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KURZFASSUNG

KURZFASSUNG

Die Bedeutung von Gebaudemanagement flir die Reduktion von Energieverbrauch fuhrt
dazu, dass die Bauindustrie vermehrt neueste verfligbare Technologien flir hochgradig
integrierte Systeme in Gebaudeautomation und -regelung einsetzt.

Eine optimierte Planung und der Betrieb von Gebauden verlangt die Auslegung von Ge-
bauderegelungssystemen, die Uber die Steuerung von abgegrenzten Teilsystemen
hinausgeht. Ganzheitliche Konzepte der Gebauderegelung ermdglichen es Optimie-
rungspotentiale auszunUtzen, die gerade in den Verbindungen der hochgradig

verknUpften physikalischen Teilsystemen zu finden sind.

Entwicklungsprozesse mit komplexen Gebaudesystemen setzen einen hohen Koopera-
tionsgrad der beteiligten Ingenieursbereiche voraus und erfordern Ubergreifendes

Verstandnis und effiziente Kommunikation.

Das Ziel dieser Dissertation ist es eine Methode zu entwickeln, um fur die Planung der
Gebaudeautomation regelungsbezogene und disziplintbergreifende Entwicklungs- und
Arbeitsprozesse zu unterstitzen und die Abstimmung zwischen den Gewerken zu ver-

bessern.

Dazu wird eine automatisierbare Methodik flr die Systemdarstellung eines Gebaudes
und ein darauf aufoauender Generierungsprozess fur eine mehrstufig-hierarchischen Re-

gelungsstruktur prasentiert.

Die Arbeit folgt dabei einem strukturellen Systemansatz und einer Herangehensweise im

Sinne der klassischen Regelungstheorie.

FUr die Aufteilung des komplexen Gesamtsystems in kleinere Einheiten wird ein modula-
res Zonen-Konzept zur Abbildung der gekoppelten physikalischen Teilsysteme eines
Gebaudes vorgestellt. Die Teilsysteme werden in einfache Regelungskreise eingebunden
und zu MehrgréBensystemen verknUpft. Diese werden dann in einem mehrstufigen Pro-
zess weiter zu einer Regelstruktur in mehreren hierarchischen Ebenen bzw. Regelkreisen
mit unterschiedlichen Koordinationsfunktionen aufgebaut. Besonderer Schwerpunkt liegt

dabei auf einer automatisierbaren Umsetzung und auf der Skalierbarkeit des Prozesses.
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Das resultierende Regelungsmodell mit der Darstellung der Systemstruktur und der Re-
gelungshierarchie deckt sowohl die physikalischen Systeme im Gebaude, die
Korrelationen des Systemverhaltens als auch das Konzeptmodell der Gebauderegelung
ab.

Von besonderer Bedeutung ist ein solches Regelungsmodell im Zusammenhang mit
hochentwickelten Regelalgorithmen wie MehrgréBenregelung, hierarchischer Regelung

und modellbasierter Regelungen.

Der vorgestellte strukturelle Ansatz nutzt die Datenstruktur von BIM bzw. der IFC Daten-
modelle und ermdglicht eine einfache Integration in Architektur- und Simulations-
Arbeitsablaufe. Mit seinem interdisziplindren Ansatz stellt das Konzept verschiedene
Systemdarstellungen zur Verfligung, um die Anforderungen der beteiligten Ingenieursbe-

reiche abzudecken.
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ABSTRACT

With the rapid development of building technology and the importance of building control
in the context of reduction of energy consumption, the Architecture, Engineering and
Construction industry (AEC) is directed towards highly integrated building automation

and management systems.

To optimize building operations, the design of control systems has to go beyond
optimizing the building operation on the level of delimited subsystems or equipment. A
holistic system approach of building control allows to exploit optimization potentials
within the highly interrelated physical building system.

Dealing with complex building systems requires a high degree of cooperation among the
participating engineering domains. Development processes call for efficient communica-
tion and multidisciplinary collaboration models. This thesis intends to support such

control related inter- and transdisciplinary work processes.

The work develops a method to support control-related and multidisciplinary develop-
ment processes for the planning of building control systems and to improve the
coordination between involved engineering domains.

To this, an automatable procedure for a system decomposition and mapping of a build-
ing's systems and a consecutive generation process for a multi-level hierarchical control

structure is presented.

The thesis follows a structural systems approach and adheres to the classical closed-

loop control theory.

A modular zone concept is developed for the decomposition and structural mapping of
the complex building system into simpler subsystems; the concept also serves for the
presentation of the highly interrelated physical effects between these subsystems. These
subsystems are combined to single-parameter control circuits and further aggregated to
multi-parameter systems.

In an automated process a hierarchical multi-level control scheme with defined coordi-
nation tasks is generated. Emphasis is on an automated implementation and on the

scalability of the entire process.

The resulting control model represents the system structure and the control hierarchy; it
is covering the physical systems in the building, the interacting system characteristics as

well as the conceptual model of the building control. This is of special interest when
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advanced building control strategies as multi-parameter control, hierarchical control and

model-based controls are discussed.

The structural approach links to the structure of BIM, respectively to its IFC data models
and allows integration into architectural and simulation workflows. The interdisciplinary
approach provides multidisciplinary system views to meet the requirements of the par-

ticipating engineering domains.
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1 Introduction

With the rapid development of building technology and the importance of building control
for the reduction of energy consumption, the Architecture, Engineering and Construction
industry (AEC industry) is geared towards highly integrated building automation and man-
agement systems. Building automation and control systems target economic objectives
as cost- and energy efficiency (Mahdavi 2003): They provide for optimal working or living
environment and sustain productivity, comfort and occupants' health. Latest develop-
ments in advanced building control systems and the vast variety of available products

entail an increasing complexity of building systems and their structure.

To optimize building operations, the design of control systems has to go beyond opti-
mizing the building operation on the level of delimited subsystems or equipment. The
increased capability of electronics in control and network systems provides means to
take a holistic system approach towards building control and to exploit the optimization

potentials lying in the interfaces of the highly interrelated physical building system.

At the same time, building systems design is confronted with increasing complexity of
building systems and communications- and organizational challenges among the in-
volved engineering domains. For the multidisciplinary field of control engineering and its
jointly involved engineering domains a systematic and transferrable representation of the
buildings' systems, their relations, dependencies and control structure is essential. Highly
complex systems and requirements for cross-domain teamwork have demonstrated the

need for tools enhancing the inter-/transdisciplinary workflows.

In a structural approach, this thesis aims to support such control related inter- and trans-
disciplinary work processes. A prototypical tool maps the physical building systems, their
relations and interactions. An automated method is implemented to generate a hierar-
chical multi-level control structure. It provides multidisciplinary system views to meet the
requirements of the participating engineering domains and to facilitate the cooperative

efforts.

A structural system model of a building, with its physical systems and feedback control
systems is of special importance when advanced building control strategies as multi-

parameter control, hierarchical control and model-based controls are discussed.

Yet, there are only few structural approaches towards a general scheme, aligning impacts

and effects with building physics, -systems, -control structure and control components.
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1.1 Previous and related work

Previous work

This thesis refers to previous work on a structural control system approach, focusing on
a rule-based generation of a closed-loop hierarchical control structure for building control
systems (Mahdavi and Rader 2014, Rader and Mahdavi 2015, Mertz and Mahdavi 2003).
Their approach builds on an elementary, yet comprehensible system representation of a
building's physical and control subsystem. The system mapping is based on a simple
arrangement of device elements (imposed action), and sensing elements (system reac-

tion) within architectural entities.

A performed survey study found the presented method to be useful towards understand-
ing the impacts and improvement of buildings energy performance. It was regarded as a
support for the configuration of building's technical systems and facilitates inter-domain
communication (Rader and Mahdavi 2015, Mertz and Mahdavi 2003).

The underlying manual process requires users with experience, especially with the mul-
titude of cause-effect relationships (Mahdavi and Rader 2014) in the form of primary-,

secondary effects and effects related to mutually influencing zones.

That approach builds on an noncomplex, yet comprehensible system representation of
a building's control subsystem. A survey study found the approach to be effective in
supporting the configuration of buildings technical systems, to facilitate inter-domain
communication and to be useful towards understanding and supporting improvement of

buildings energy performance (Rader and Mahdavi 2015, Mertz and Mahdavi 2003).

Schemes involving a large number of zones and mutually influencing devices are getting
very complex (Rader and Mahdavi 2015, Mahdavi and Rader 2014).

The presented approach, however, showed some shortcomings in context with the
scalability to more complex building structures and systems; schemes involving a large
number of zones and mutually influencing devices are getting very complex (Rader and
Mahdavi 2015, Mahdavi and Rader 2014)) and graphical representations get visually clut-
tered. Furthermore, the rule-based control structure generation process for higher control

levels is not always converging.
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Related work and publications

As expected by the importance of system engineering in the AEC industry, approaches
have been developed to organize and structure automation structures. Publications on
automated support for the design and construction phase of Building Automation Control
Systems (BACS) follow functional approaches towards an automated generation of
BACS networks. These tools are based on spatial data and relate to specific products,

equipment and their functionalities (Dibowski et al. 2006).

Their functional concept builds around relations between input- and output parameters
as well as the description of system functions and functionality of hardware components.
These approaches are driven by automation network topology and product specification
and aggregate functionalities of single input/single output control (SISO) systems to a

complete BACS in form of a distributed control.

Available software tools (e.g. Auteras, Trics) (Kabitzsch 2018, Tric 2018), help to establish
a functional structure and working plans with informatics system centered views on data
points and product-function specification/database. They support the planning and im-
plementation of high numbers of available devices in a network, taking into consideration
the devices functionality, their interoperability and complexity of the device interaction
(Oezluek et al. 2009). This functional approach (DIN EN ISO 16484) supports the auto-
mated configuration of building automation networks and provides documentation
according to VDI8313, VDI 3814-6 and DIN EN ISO 16484. These software packages
provide state graphs to VDI 3814-6 and generate parts lists, cabling information, equip-

ment lists and more.

Nevertheless, these tools provide valuable support for the planning and specification of

network-based BACS systems.



INTRODUCTION | 4

1.2 Objectives, approach, scope and structure

In contrast, to the described functional concepts this thesis takes a structural system
approach. The structural approach focuses on the system's elements and their relations
and dynamic interactions. The goal is to explain the system characteristics by the struc-

ture of its elements.

Thesis Objectives
Apart from maintaining the advantages described in the previous publications, especially
the straightforward mapping and presentation approach, the main objectives to an en-
hanced approach are:
= maintain a structural approach
= definition of a modular hierarchical zone system
- modular integration of devices, sensors and controllers (Mahdavi et al.2015)
- flexible for various building configurations and geometries
- robust with respect to definition and of zones
- adaptable to various element configurations
- adapted for automated process, and
- relating to control theory and terminology
= scalable mapping and control structure generation process for large multi-zone
buildings with multiple systems
= integration into architectural workflows and embedding the structure and process
into existing data formats and system description standards (BIM, IFC)
= a simple user interface to support the system mapping and address the definition
of zones (Mahdavi and Rader 2014),
= linking with system approaches and terminology of other domains as classical con-
trol theory, system approach (IT)
= (different simple and domain-specific views (simple action-effect-view, RT-view,
SysML view)

= clear and comprehensible process steps, reproducible by manual steps

To accommodate for this set of objectives, especially the requested automatization and
the scalability of the process, the zone concept and the control structure generation pro-

cess have been newly conceived.
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Proposed approach
In the sense of classical closed-loop control a mapping method and a tool for an auto-
mated generation of a hierarchical building control structure is developed.
The thesis is structured in two major sections:
= System mapping
To reduce the complexity of the overall system, the building's system is decom-
posed into zones. These zones represent building physics principles and their
impact-effect relationship. Building control elements are mapped to multi-parame-
ter systems within affected physical zones.
To link the concept to architectural entities, the derived effect-based zone concept

is set in relation to geometric boundary conditions.

= Control structure generation
The structural system model represents elementary control circuits/elements in
their associated control zones. Aggregated, they form a controlled multi-parameter
system.
In subsequent process steps a structure consisting of multiple hierarchical control
levels is generated. Higher controller levels coordinate the relations of control do-

mains across lower level controlled zones.

The emanating conceptual control model allows to analyze and present control theory
related details. A structural representation of the buildings' closed-loop control architec-
ture is of special importance when hierarchical building controls or proactive building

control strategies as model predictive control (MPC) are discussed.

The resulting structural model is indispensable for the discussion of control options for a
real multiple-input/multiple-output system (MIMO); it goes beyond a system model con-
sisting of aggregated single-input/single-output systems (SISO).

Conceptual models allow to discuss control theory related topics without focusing on
aspects of network topology or function-based product selection. Structural system
modeling underlines primary and secondary effect paths, the attenuation and interrelation
of such effects.

A structural system model can also be used for verification of controllability and observ-
ability or to study controllability under system fault conditions.

The structural approach allows differentiation between controlled parameters as integral

part of the control circuit and external disturbance parameters. System changes can also
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refer to structural setup changes. The structural model allows to estimate such impacts
on the selection of optimal control strategies.

A new method towards the mapping and the hierarchical control structure generation
has been developed to meet the set of requirements, especially in view of the requested

automatization and process scalability.

The new zone concept is developed as modular kit. It is the basis for the system mapping
process of a building's physical effects to a set of multiple input/multiple output (MIMO)
systems. Furthermore, the process relates to existing data formats and building model

standards.

In a consecutive step this work develops a method, to generate a hierarchical control
structure in classical control theory terms, suitable for automated processing. Subse-
quently, new rules for the automated and scalable control scheme generation are

developed.

Advantages of such a systems-oriented approach include a better and common under-
standing. On one side, system complexity can be managed by system decomposition
and be broken down into understandable subsystems by system modelling. On the other
hand, communication and coordination among the involved engineering domains is of
utmost importance. Figure 1.1 relates the proposed approaches and the management

of complexity.

Complexity Tool Project/Tool Process
management objective ‘ objectives
classicla control
closed-loop ctrl.
Assessment Commu- i hod
& evaluation nication Conceptual systematic metho
sn¥|(s)t1eenl1 modular mapping
Building T ——
System ‘ Containment s structural model automated process
mapping "
scalability for
Control large structures
‘ Master & Control structure data connection
control structure into BIM/IFC
Figure 1.1 — system complexity and approach objectives
Scope

This thesis concentrates on Building Control Systems (BCS) based on a structural map-
ping of the building system and its manifold interactions between zones, devices, and
control entities. The building control domains accounted for are:

= thermal comfort: heating, cooling and air conditioning systems



INTRODUCTION | 7

= visual comfort: lighting and daylight control
» air quality: CO,, volatile organic compounds (VOCs) etc.; ventilation
Apart of the development of a technique and tool for an automatable generation of a

hierarchical control structure, and to facilitate interdomain communication,

Acoustical comfort and control aspects are not considered within the scope of this thesis.
It is, however, easily possible to add acoustical effects to the discussed concepts as
zone concept, system mapping, effect-based structural views. The generation process
for the hierarchical control structure with its comfort type related coordination levels also
can accommodate for the acoustical comfort. Adding acoustical effects does not con-

tradict with any of the presented methods (also see chapter 4.2.1).

The same stands for the impact of pressure difference as an energy type input to the
system. Effects are related especially within the topic of natural ventilation. The effects
are heavily affected by geometry and other fluid dynamic parameters and can only be
assessed by computational fluid dynamics simulations. This work is targeting for a con-
ceptual tool and not for a simulation tool, therefore these effects are not part of this thesis.
But in principle, as discussed above, also in this case, there is no contradiction of a

potential implementation with any of the presented concepts.

Thesis structure
The methodical approach towards the control scheme generation concept is shown in

figure 1.2 and described in the following chapters:

Control Structure nggrr,(t)?c;fal
& Generation Structure

3. Control Structure

Control & Structure )
Generation Process

2. System Structure System
& Hierarchy Mapping

1. Project

Objectives
& Setup

Zone Concept

Figure 1.2 — thesis structure
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1. Thesis
- introduction, previous and related work, objectives
- proposed approach, topic context
- context: system & complexity, building control, system complexity,
system engineering approaches and specifics of the AEC industry
2. Systems structure & hierarchy
- zone concept, system mapping,
- control & structure, from SISO to hierarchical MIMO control
3. Control structure generation process
- system mapping,
- generation process for control hierarchy
4. Discussion

- resulting conceptual model, control and process relevant topics

The first chapter introduces the thesis, relates to previous and other related work and
publications. The set of objectives is derived, and a proposed approach is presented.

Finally, some topics in the immediate context of this work are presented in an overview.

The second chapter prepares the base elements for the system mapping and the con-

trol structure generation process covered in chapter 3.

The zone concept is the basis for the mapping of the building's complex physical effects.
Zones allow to structurally describe the interaction between building control elements
and affected zones. To describe building physics effects within structural elements, an

impact- and effect-based zone concept is derived.

To project the zone concept to spatial structures as rooms, groups of spaces, building
sections and to entire buildings, the link between the zone's effect-based definition and
a geometry bound zone concept is examined. The necessary structured information for
a spatial decomposition of the building into spaces and zones is provided by the build-

ing's representation in the form of a data model (BIM, IFC).

Control systems, their components, controlling elements and resulting control circuits
are discussed in view of the subsequent mapping process and set in relation to the pre-
viously established zone concept. Simple single-input/single-output systems are

aggregated to multiple-input/multiple-output systems. Approaches and aspects of multi-
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parameter control are presented, and hierarchical control schemes are related to com-
monly used representations of hierarchical structures in industrial automation

engineering.

The third chapter covers the process of mapping and control structure generation itself.
The process steps of the automated process from system mapping towards the gener-

ation of a hierarchical control structure are discussed in detail.

The system mapping as first process part is based on the BIM concept with its model
based on the IFC data structure and maps the building system and system components

onto modular spatial zones.

The generation of the hierarchical control structure follows the system mapping steps.
This is a rule-based and automated process and generates a multi-level hierarchical
closed loop control scheme. The multi-level control hierarchy reflects level-specific coor-
dination and provides a structure for differentiated high-level optimization tasks.

Additional process steps for the reduction of model complexity are presented.

The results of both process parts — the system mapping process and the control gener-
ation process — are presented in different control related views of the resulting system
model. These views support domain specific perspectives facilitate interdomain commu-
nication and allow involved engineering groups to coordinate their efforts and yet follow

their specific standards and terminology.

In the fourth chapter the resulting conceptual model and its advantages are reviewed.
And some related system, process and control specific topics are discussed. An outlook

for future work completes the presentation of this thesis.
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1.3 Context

Building Automation (BA)

Even when buildings are reduced to their basic elements as external and internal walls,
windows and doors, the modelling of dynamic characteristics of buildings can get elab-
orate. Reason are the diversified physical processes interacting with each other (Chang
1999). Furthermore, a building is a system consisting of multi-variant dynamic subsys-

tems showing various linear or nonlinear behaviors.

The building as controlled system is also considerably impacted by disturbance variables
as environmental impacts (weather conditions, irradiation...) and occupancy related ef-
fects (number, activity, interaction with the system...). These stochastic environmental
and occupancy induced effects increase the complexity of control operations.

Chang (Chang 1999) ascertains that with all these interrelated effects, even a single pa-
rameter control requires a proper understanding of the interactions among related
parameters. For complete building systems this is beyond the capability of manual con-
trol efforts.

This, and the available technology led to automated building control systems, beginning
with simple thermostats. Readily available electronics and information technology ex-
tended the functionality of digital building control systems for the control of heating,
ventilation, air-conditioning (HVAC) and illumination. Further integration into building au-
tomation systems includes security and safety systems. These systems are subsumed
under the field of 'Building Automation' (BA).

Building automation (BA) provides the technology and equipment for autonomous control
of building related technical processes and systems. BA refers to the entity of monitor-
ing-, managing-, control-and optimization equipment in buildings and represents an
important element of technical facility management. The objective of BA is to automati-
cally execute process sequences and to facilitate their operation and monitoring.

The term ‘building automation’ spans across the fields of automated control, open-loop
control, control logic, optimization, monitoring and interfaces to the operation of technical
building equipment. It also includes safety and security functions and can result in highly

complex systems.

Building Automation and Control Systems (BACS)
Building Automation and Control Systems (BACS), as a subcategory of BA, emphasizes

control- and dynamic's aspects within building automation. BACS refer to hard- and
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software systems and extends into other control related areas of BA as supervision,

monitoring and optimization of building- and facility systems.

The principal objectives of BA & BACS are to operate a functional building at minimum
energy consumption and to provide an optimal working environment. For residential
buildings the focus is on providing a comfortable living environment. The core functions
of a building automation control system thus include comfort- and energy control (e.g.
Heating, Ventilation and Air Conditioning, HVAC). And it provides the infrastructure to
optimize the operation of buildings in terms of energy demand, operational cost and ef-

ficiency.

Building control

Building Control Systems (BCS) and control engineering is an integral part of modern
automatization technology and thus constitutes a central module within the building au-
tomation (BA) and BACS.

Control engineering is a discipline focusing on a wide range of dynamic systems. It re-
quires a good knowledge of the physical systems concerned, the implemented
technologies, and the equipment used. Hence the need for close cooperation and com-

munication among all directly involved engineering domains.

Building control engineering is a multi-disciplinary engineering domain. The principal play-
ers and engineering domains involved are:
= Mechanical-, Electrical engineering and Plumbing (MEP) industry
» Information technology (IT) is responsible for the processing and transmission of
non-physical information. This includes software and respective hardware and all
functionality based on digital processing.
= Control engineering domain, with the task to maintain specific output parameters
of a dynamic system within defined limits. Implementation of control algorithms
fall into the IT domain, the hardware for sensing, signal transmission and -pro-
cessing into the electrical engineering area and the actuators/devices, depending
on the physical nature of their output into the mechanical- and/or electrical do-
main.
= Architecture is responsible for the spatial boundaries. Design influences the un-
derlying dynamic characteristics and has an impact on effects of stochastic
disturbances (e.qg. irradiation through windows, material selection).
» Building physics addresses internal and external impacts to building performance

and supports building design in terms of energy efficiency and comfort objectives.
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Control in the sense of 'classical control' or 'closed-loop control' is a process to attain
or maintain a desired system condition; this is achieved by continuously comparing the
controlled process output parameter with a command- or reference-value. The controller
influences the dynamic system to bring and/or maintain the respective controlled output
parameter to the target value despite of external perturbations of the system.

In the context of this thesis, the term ‘control’ is used for closed-loop control in the sense
of classic automatic control theory, control circuits and respective definitions according
to DIN IEC 60050-351 (DIN IEC 60050-351).

The employed building control systems act on numerous dynamic subsystems of differ-
ent physical nature. Control systems include controllers for heating, ventilation and air-
conditioning (HVAC), lighting systems, shading systems, systems in the Mechanical,
Electrical and Plumbing industry (MEP). The controlled dynamic systems consist of enti-
ties as internal spaces, elements of the building structure and envelope (e.g. walls,

windows).

The control objectives relate to human comfort, economic and energy implications and
are primarily acting on comfort parameters for thermal-, visual- comfort and air quality

while optimizing energy performance.

AEC industry

Specifics of the Architecture, Engineering and Construction industry (AEC) are the con-
siderable number of domains involved throughout the entire life cycle of building projects.
The number of participating domains constitutes one of the drivers towards increased
system complexity. Trans-disciplinary or a well-working interdisciplinary project manage-
ment approach is an organization form to face the challenges of increasing complexity in
building design and building control (Lam et al. 2004). The complex project and devel-
opment processes require a high level of cross-functional cooperation and coordination
as well as elaborate data exchange tools for efficient communication between the in-

volved domains and crafts.

The AEC industry sector therefore has not only relied on the technology developments
within the participating domains but also puts emphasis on enhancing their multi- and
interdisciplinary communication and workflows. In early stages, computer-aided design
was introduced to provide consistent 2- or 3-dimensional model views across the indus-

tries. The AEC industry also adopted system engineering methodologies and continued
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their efforts towards a more efficient and integrated workflow by introducing the unified

digital process concept of Building Information Modelling (BIM).

The building information modelling (BIM) has gained importance as an innovative process
to design and manage AEC projects. The BIM approach and its data structure, as a
collaborative and transdisciplinary data repository, improves building development and
building operations processes. The underlying digital building information model charac-
terizes, among others, the geometry, spatial relationships, geographical information,
quantities and properties of building elements, cost estimates, material inventories, and

project schedule.

Complexity of buildings
From a system view, a building and its subsystems represent a multidimensional interac-
tion field with a wide variety of impacting effects and activities:
= building characteristics influenced by physical processes interacting with each
other and with the environment (Halonen et al. eds 2010)
= multi-variant dynamic subsystems with various linear and nonlinear behaviors
» impact magnitude of disturbance variables as environmental and occupancy pa-
rameters and occupancy control operations
» multi-domain engineering influence across AEC domains and beyond (AEC,
MEP, IT, Electro, Mechanical, Architects, ...)
* numerous building automation subsystems and control equipment, elements and
devices

= challenging and conflicting objectives for control and optimization

Figure1.3 shows the drivers of complexity in building systems.

Drivers of Building
complexity complexity
Number of

domains
Number of Building

interrelations
Type of System
interrelations
Complexity
Number of
elements

Figure 1.3 — drivers of building complexity
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System complexity

The term 'complexity’ in context of systems refers to an internal structural characteristic;
the complexity of a system increases with the number of system elements, the number
of interactions and interdependencies of its elements and the functionality of these inter-
actions. Complex systems require extensive control actions and/or knowledge of the

underlying process mechanisms (Haberfellner et al. n.d.).

Complexity can be seen in view of different aspects (Helenbrand 2013)

= Structural complexity
results from the number and diversity of its elements and relations and the inter-
disciplinary interrelation of its elements. Complexity not only grows with the
number and type of its elements and subsystems, but also with the number of
involved parameters, interfaces, boundaries and conditions.

= Coordination complexity
Further drivers of complexity in course of the process are the involved or partici-
pating domains and the process organization. It describes the complexity of
communication, information sharing and information dependency among teams
and coordination efforts emanating from teams working on an interdependent
framework of components (Yang et al. 2015, Yang and Zheng 2016).

= Dynamic complexity
stems from the number and kind of system states and their interactions in view
of the variability of its structure.

= Aggregated complexity
deals with the coaction of single elements, aggregating a system with complex
characteristics, coaction and relations of the system elements, the internal sys-

tem structure and the resulting system performance.

Management of complexity
According to Eben and Lindemann (2010) and Lindemann et al. (2009) the management
and control of complexity requires understanding and knowledge of the system and its

structure. This approach comprises the following sub-strategies:

= Assessment and evaluation of complexity including the collection of necessary
data, system dynamics, effects and their interrelations as well as their suitable
modelling and subsequent analysis and visualization.

This part will be discussed in chapter 2, ‘zone concept & control structure’.
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modularization, hierarchization, partitioning and integration.

Chapter 3 ‘system mapping’ relates to this sub-strategy.

= Master and control of complexity referring to actions taken to run systems with

support from other technical processes (automation, control).

Chapter 3 ‘control structure’ relates to this sub-strategy.

The proposed methods to manage complexity in context with building systems are

shown in figure 1.4.

Drivers of Types of Building Systems Complexity
complexity complexity complexity complexity management
Number of

domains | Coordination Structural gxsseslsn][ent

complexi . complexit evaluation
Number of P Building ey
interrelations

Structural Hierarchical ]
__Type of complexity System complexity Containment
interrelations

Complexity ‘
Number of Aggregated Functiona Master &
elements complexity complexity control

Figure 1.4 — management of complexity

System concepts
The system notion covers three aspects: the functional, the structural and the hierarchical

system concept. Figure 1.5 indicates the principle characteristics of these system con-

cepts.
Functional concept Structural concept Hierarchical concept
input states - - - M
w internel
Syster transfer hierarchy

characteristic

output states - -

black box system model

white box system model

Figure 1.5 — system concepts (Ropohl 2009)
= the structural system concept
is referring to the system as an entity of interconnected elements. The structural
approach focuses on the elements and their multitude of interrelations and dy-
namic interactions, leading to diverse system characteristics. The objective is to

describe the system behavior and how a system output is generated from an
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input setting, by the structure and the dynamic interrelation of its elements (white

box concept).

This approach is examining and describing a system based on the question

‘what is it?’.

= the functional concept
is referring to a system as a black box with its input parameters and output states.
[t characterizes the system in the form of a transfer function by observing the
relations between its properties from an external view, disregarding the inner sys-
tem structure. Among those properties to describe a system are the input

parameters and the output states.

This is studying a system based on the question ‘what is it doing?’.

= the hierarchical concept
is emphasizing the fact that the parts/subsystems of any decomposed system
are again representing systems, thus establishing several levels of a system hier-
archy. This approach allows level-differentiated views without losing the overall
context (Storchi and Wiesendanger 2003). Moving down in a system hierarchy
provides a more detailed explanation of the system, whereas getting to higher
system hierarchy levels gives a broader understanding of its relevance and its

delimitation from higher or meta systems and the environment.

The focus of this work and the derived process steps follow the structural- and hierar-

chical aspects of system engineering.

System models

System engineering is coordinating the inter-domain project activities using a defined
collaboration framework with a structured data set. Project related data, specifications,
requirements and information are defined in a common data vocabulary. Such data
framework is called a ‘model’ and refers to conceptual models as compared to e.g.
physical- or mathematical models. A model is a representation of an entity. Models allow
to abstract selected system characteristics, to focus on a limited subset of the repre-
sented system and to study and understand certain properties (Mahdavi 2004) and to
examine variants and modifications to the existing system (Storchi and Wiesendanger
2003). Furthermore, system models facilitate the communication and coordination

among team members and involved domains.
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A central conceptual model collects project and system data, dependencies and rela-
tions and links them with domain specific modelling tools. These conceptual models
constitute a unified project repository and provide an interdisciplinary system view. Its
data is shared across domains, keeping a consistent notation and defined relationships
throughout the available views. The different aspects, perspectives and filtering options
allow domain specific views in their specific standards and terminology.

In case of systems with numerous or complex relations such models are developed and

employed to provide a better or common understanding of reality.

Relating model categories with system concepts, building models can be grouped in
categories:
= white box models:
models are based on prior knowledge of the internal physical systems and their
interactions.
= black box models:
models based on the response of output states to a set of input values, without
knowledge of the systems internal structure or physical interrelations
= grey box models:
these models are based on some knowledge of parts of the internal system. Pa-
rameters of these models are adapted to fit measured input/output

characteristics/states

Model based System Engineering

A System Engineering interdisciplinary approach using repository-based modelling tools
and relating to system data models (digital models, conceptual models) is referred to as
Model Based System Engineering (MBSE). MBSE is a system engineering methodology

centered around the creation and evaluation of conceptual system models.

The underlying system data model allows to extract and maintain precise and distinct
views of its subsystems, their behaviors and interactions in different levels of abstraction.
The data consistency and completeness of the system data model closes the gap be-
tween the different domains and their respective workflows, processes and tools. The
MBSE approach aligns product requirements, physical characteristics and system/sub-
system performance through the design and life cycle process. MBSE with its centralized
data model replaces manual document-based information exchange and thus increases

the productivity of the development process and projects with large teams. Figure 1.6
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shows the concept of a shared data model as applied in model-based engineering in

context of a transdisciplinary organization scheme.

Transdisciplinary BIM Shared
organisation data model

Civi Structura Civi % =Ll
engineer | .~/ 1 [\ Engineer engineer Engineer
suiding X\ / T e Buiding VAO
owner X AN 77T engineer owner ”eer
Faciities -\ L Energy Facilities Energy
manager | . / consultan manager consuftan

Construction

manager

Construction!
Figure 1.6 - shared data model (Claus and Schuller 2015)

manager

BIM

In the AEC industry the data modelling concept is referred to as 'Building Information
Modeling' (BIM). BIM describes a computer aided process for optimal planning, con-
struction and management of buildings in all phases of the life cycle. It supports
connectivity of multiple parameter categories, including project information, assembly
specifications, building operation, and building users.

The conceptual building data model makes all current and relevant data available for all
participating domains and teams and enhances the information exchange between in-
volved engineers. This allows coordination across different domains and crafts and
enables all involved domains and stakeholders to access data from a single and main-
tained source.

All building relevant data is stored, combined and maintained in a centralized digital
model, the commonly shared building information model. The building data model sup-
ports different domain-specific views and data retrieval of the total building database on
different aggregation levels and provides domain-specific information.

The model uses a data model based on the Industry Foundation Classes (IFC) data
model. Data from domain specific models are translated into the IFC's descriptions and

made accessible across all involved domains.
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IFC

The Industry Foundation Classes/IFC (buildingSMART 2018) refer to a standard defining
an interchangeable data format for computer models in Architecture/Engineering/Con-
struction (AEC) domains. (Lam et al. 2003). The objective is to provide the necessary
interoperability within the AEC industry.

IFC is an open file format specification (DIN EN ISO 16739) and defines a data model in
an object-based file format, managed by buildingSMART (buildingSMART 2018). The IFC
data model serves as a commonly used collaboration format in Building Information Mod-
eling (BIM) projects and facilitates the consistency and exchange of data between
involved domains and domain-specific applications.

The conceptual data model is capable of mapping a wide range of building related ele-
ments, functional and behavioral relationships and materials. The IFC model includes a
range of element description concepts including: spatial elements (space, storey, ...),
building elements (doors, windows, walls), shapes (walls, pipes), equipment (fans,
pumps) and relations between elements. The entities are put in relation to each other and
thus establish a hierarchical structure. Non-building element classes refer to e.g. actors
(people, organizations), costs, work plans and schedules and resources in a facility man-

agement context (inventories, maintenance histories).

SysML

The System Modeling Language — SysML (SysML 2018) represents another type of mod-
eling language. SysML was established by the Object Management Group (OMG 2018)
based on the widely used and software oriented Unified Modeling Language (UML) and
is specialized for modeling in system engineering. SysML and its base is originally coming
from the IT- and automation industry and addressing requirements for mapping dynamic
and functional characteristics, processes, behaviors, and their relationships.

SysML is currently one of the most widespread modeling languages. Its focus is on the
description of system characteristics in different graphical views. The advantage of this
language is the capability to model various system aspects, from topological features to
operational and functional characteristics. Such systems can comprise hardware, soft-
ware, information, personnel, procedures and facilities.

SysML is a general-purpose graphical modeling language and supports the specification,
analysis, design and verification of complex systems. With its graphical representations
it is capable of representing the main aspects in a flexible way and to cover different

domain-specific modeling techniques.
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Design oriented graphs are the requirement graph (req) and block definition graph (bdd)
serve to document the design process of the system, whereas the internal block dia-
grams (ibd) and parametric diagrams (par) are analysis oriented. Further graphical
representations in the form of diagrams include behavior diagrams and structure dia-
grams. With the thesis's focus on systems and their structure, the structural
representation group, as block diagrams (bdd), internal block diagrams (ibd) and para-

metric diagrams (par) are of interest.

IFC vs/and SysML

For a building related system engineering approach, both IFC and SysML show strengths
and shortcomings.

Building Information Modeling (BIM) started from a focus on static geometric models. It
focuses to improve collaboration in the design and construction phase of buildings and
extends to project management throughout all life cycle phases. The underlying Industry
Foundation Classes (IFCs) data model definition covers typical building concepts, includ-
ing building space hierarchy, building elements (doors, windows, walls) and their shapes
and relations, equipment (MEP, HVAC), interior elements and a wide range of building
project related elements. IFC also focuses on the hierarchical interaction between build-
ing elements and infrastructure and provides elements for modeling in building design,
construction, and facility management.

This data model is a rather static description and shows shortfalls on dynamic and func-

tional system characteristics and their interdependencies (Geyer and Buchholz 2010).

The System Modeling Language (SysML) on the other hand, focuses on the definition
and description of dynamic system- and functional characteristics and provides different
cross domain views. Its strength lies in the versatility to define structural, operational,

functional system and dynamics features.

Combining the advantages of these two MBSE modeling approaches, as in BIM, the IFC
and SysML modelling languages can enhance each other. SysML adds additional func-
tional aspects to the geometry- and element-based view of current IFC and it links the
definition of system requirements and supports the modelling of dynamic impacts/affect
relations with respective flows of energy, mass and information.

A combination of the BIM/IFC and SysML modeling approaches increases the multidis-
ciplinary information horizon and allows to integrate AEC industry domains with system

domains as control engineering, IT and automation domains.
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2  System Structure & Hierarchy

Multi-parameter Hl%rgrrlc’zrc;fal
control
Control Structure
Structure & Hierarchy
Control & Structure 3. Control Structure

Generation Process

Control Elements
& Circuits

2. System Structure
& Hierarchy

Spatial

‘ patal
1. Project Decomposition

Zone Concept

Device & Physical
Zones

Figure 2.1 — structure chapter 2

This chapter establishes the ground for linking physical effect relations to a zone concept

as well as control interventions to classical type control structure.

Zone structure

In the first section of this chapter a modularized and scalable zone concept is presented.
The concept maps building control elements and physical systems to effect-based
spheres. This allow a systematic compartmentalization and structural modelling of a

building and its control system into flexible sub-entities.

The notion of zones refers to a structural and hierarchical concept, which serves as basis
for the subsequent control structure generation process (see chapter 3.6). The mapping
relates a physical effect-based structure to classical control schemes. The zone con-
cept's modular framework is essential for an automated mapping process as described

in chapter 3.4 and at the same time facilitates the understanding and human intervention.

The ‘zone’ concept thus provides the framework for the functional mapping of the build-
ing's complex structures. The mapping process centers on the interactions between
building control devices, their respected areas of intended impact, external disturbances
and effects between zones. The zone represents the target of control impacts and a

container for resulting physical effects.
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From the underlying concept, zones are not necessarily linked to architectural entities as
rooms. The zones are defined by physical effects and represent flexible entities. These
entities may however be associated with parts, whole or aggregations of architectural
spaces. To that, the relationship between an effect-based impact zone of active compo-
nents and the geometrical building structure is examined. Such reference is necessary
to relate the physical effect-based zone concept to spatially organized data models com-

monly used in the AEC industry.

Control structure

The second part of this chapter covers classical control aspects with the previously de-
rived physical zone as the controlled element. It departs on selectable modular control
elements and develops to basic control circuits. Simple single-input/single output sys-
tems are aggregated to a multi-parameter hierarchical control concept.

The control structure is compared to standard hierarchical feedback control structures

as well as to related strategies in automation engineering.

This part thus develops the basis for the mapping process and the subsequent genera-
tion of a control structure. An established relationship of the zone concept with
architectural entities allows to establish a workflow using existing building data models.
The modular zone concept facilitates user interactions, base modules with predefined
effect paths for standard device types assure a complete set of the basic building physics

effects.

Views are introduced to represent the simple decomposed subsystems, all the way to
agglomerated and complex multi-parameter systems. The system representations also
cover domain-specific approaches and views for control-, automation-, IT- and building

engineers; the views include graphs, adjacency matrices and SysML-type graphs.
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2.1 The Zone Concept

Structural Mapping

One way to contain a building system's complexity is to decompose big structures into
smaller and more accessible subsystems. These building subsystems are described in
terms of zones; they contain abstract model elements and a representation of their phys-
ical cause-effect relations and interdependencies. This mapping results in a structural

model of a building's system.

Zone concept
The zone concept combines the
= decomposition of a complex system into delimited areas/spheres, subject to spe-
cific system impacts
= mapping of involved system elements together with their impacts and effects to

these areas.

The structural and hierarchical notion of zones constitutes the basis for the subsequent
control structure generation process. The zone concept also links an effect-based sys-
tem representation to classical control approaches.

The strictly modular framework is essential for an automated and scalable mapping pro-

cess. At the same time, it facilitates the understanding and manual intervention.

Zone mapping
The zone mapping is based on two primary zone types and an aggregated zone. The
primary zones and their elements are:
= Device zones (DZ) represent the effect of control actions within their intended
impact sphere.
= Physical zones (PZ) are defined as an aggregated set of overlapping device

zones.

A next level of zone aggregation is represented by a Control zone (CZ), aggregating the
first level of:
- controlling elements, the
0 device controllers and
0 devices, and the
- controlled system

0 one physical zone (as aggregation of device zones).
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The relation of these 3 interlaced zones is depicted in figure 2.2.
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Figure 2.2 — zone mapping

To map the effect of controlling device actions on their affected physical zone and to

generate a control model it is necessary to build on physical cause-effect relations.

The zone concept and the mapping process is not necessarily linked to architectural
entities as rooms. A zone as a flexible entity however can be projected to a building's
constituent spaces and elements (Mahdavi et al. 2015). Physical zones and respective

control zones will be used to relate the mapped physical effects to architectural entities.

Zone concept - requirements

The previously published system description approach has shown good acceptance
amongst users for its straightforward and simple scheme (Mahdavi et al. 2015). This
mapping defines a direct action-effect relation between devices and the sensors meas-
uring their impact.

This zone concept will be extended for a scalable and flexible mapping process.

These adaptions are necessary for the cross-domain understanding of the concept and
for the automated generation process of a hierarchical control structure. The underlying
zone concept and its description throughout the process steps is more elaborate and
offers more system options. And it is designed for a higher degree of interrelations, to
make the system description scalable and to allow an automated process. Nevertheless,
the process will maintain the straightforward initial dataset as well as produce a similarly

clear result view (Mahdavi et al. 2015).
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Figure 2.3 depicts such a simplified effect path view on the right, as well as the repre-

sentation in the form of an impact zone.

control device

control device port

Devwce zone 1 Effect path

state monitoring pomt

Sensor

Figure 2.3 — zone, base representation
The pursued extended zone concept has to fulfill requirements as:
= the request for automated processing calls for a modular concept.
= the modular concept needs added capabilities for mapping interrelations between
Zones.
= to master large multi-zone buildings with multiple systems, the sought scalability of
the process requires a system representation in an abstract mathematical form,
e.g. in form of a matrix.
= for further discussions on control structure and hierarchies, the zone concept
needs to be adapted to classical control theory terms.
= various building system components, characteristics and configurations demand
for adaptability and flexibility of the targeted modular system
= aflexible and robust zone definition (extent, number) to yield comparable structural
results with freely selectable system decompositions
= structural concept that is transferrable to other engineering domain specific ap-
proaches and terminology.
= provide simple and domain-specific views, from a simple action-reaction/device-
sensor (D-S) relationship graph (see figure 2.3 right) to more involved graph- and

matrix representations, control views and SysML-type views.
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2.1.1 Device Zone

Device (D)

A controlling device — in this context also related to as ‘device’ represents the 'final con-
trolling equipment acc. to IEC 60050 (DIN IEC 60050-351). It is a technical equipment or
system, designed to deliver a quantity of energy and/or mass to a passive-/physical zone

as controlled system (see figures 2.3 and 2.4).

Its function is activated by a controller output variable and/or an actuator. Typical exam-

ples of devices are heaters, radiators, windows, etc.
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Figure 2.4 — control circuit (DIN IEC 60050-351)

In this thesis the term 'device’, or ‘controlling device' comprises:

» an actuator (if present) “generating the manipulated variable required to drive a
final controlling element from the output variable of the controller” (DIN IEC
60050-351).

= the ‘final controlling equipment’. Because of its dynamic behavior it is usually
considered as part of the controlled system. It manipulates the mass or energy
flow to the controlled system.

As this thesis's structural approach does not focus on the dynamics but centers
on the structure and effect paths of the system, the final controlling equipment
is, for modularity reasons, considered to be part of the controlling device. This
definition has no effect on the control structure generation process (chapter 3).
The function level of ‘devices’ will be later eliminated for the reduction of com-

plexity and for graphical display reasons (see chapter 3.5.1).

Taking the example of a radiator as controlling device, the motor valve represents the
actuator; it regulates the amount of heating fluid for the radiator. The radiator itself con-
verts the energy of supplied heating fluid into radiation- and convective heat, resulting in

a temperature rise within the impacted space.
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For this concept, the actuator/valve and radiator as final controlling equipment are com-

bined in one abstract component, the ‘device' or 'controlling device' (D).

The presentation of IEC 60050 (DIN IEC 60050-351) with the adaptations as described

above reflects the setup for this thesis and is shown in figure 2.5.
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Figure 2.5 — control circuit, modified device interfaces

The term 'device' is not limited to one physical device (set of actuator and final controlling
element), but a device can consist of a commonly activated or controlled set of devices.

An example of a device set is a set of lamps activated by one switch (actuator).

The selection of device components is done by their intended effect, dynamic character-
istics, for their energy sources, etc. The specified requirements may be covered by
various technologies or types of devices, by groups of employed devices of a kind, or by
a combination of different devices, with their primary and secondary effects adding up

(see table 2.1 — primary and secondary effect of devices).

Table 2.1 — devices and primary/secondary effects

Effect thermal | visual |air qual.
primary/secundary | o
> D
g |2 =
21518l olals
. c|ZE| 2 o
Devices g 5 % g 8 g
radiator/convector P|S
heating/ radiation heat\ng P | S
, floor heating P | S
cooling  aciivated celings Pl S
HVAC PP PP
external shading p P.S
shading | extemal louvers =)
intemal louvers S P
lighting lighting p
—_— windows PP Pl p
ventilation — koo 1 p 1P
disturbance ._2ccuPaNcy (number) | P | P PP
occupancy (activity) PP PP
SRS climatic impact PIPI|IPI|P
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A single device may also have an impact on more than one physical zone. This is the
case for e.g. outside shades extending over several windows, with the windows assigned

to different physical zones. These cases are covered in chapter 2.1.5 - special zones.

Device zone (D2)
The area of intended impact of a device is the device-controlled zone and is referred to
as 'Device Zone' or 'DZ'. The device zone represents the controlled element of a control

system (see figure 2.7a).

A device induces energy or mass (with positive or negative algebraic sign) into its in-
tended activity environment. E.g. a heater supplies energy in the form of radiation (energy)
and convection (mass/fluid transport) to its environment, a lamp emits radiation (energy,

in form of visible light) onto a working plane and thermal energy to the air, etc.

The above described general concept relates the action of an active element (controlling
device) to a physical impact within its intended impact sphere (device zone).
These spheres are device-centered and effect based and therefore are referred to as

‘device zones'; this general concept does not relate them to architectural entities.

The device zone can be imagined as a 3D sphere, delimited by an iso-surface of a certain
impact magnitude. The DZ can also relate to a 2-dimensional measuring plane (e.g. illu-
mination on a work plane) as shown in figure 2.6 or to a 3D-resembling construct of a

compiled stack of 2D measurement planes.

Impact sphere - Device zone
- on measurement plane
N limit <20% of max. iluminance

/G\\ light source

Y N\

/ \ Device controlled zone DZ
vt \ lighting = device
7 \ zone of intended impact

photometric
polar diagram

measurement plane

Figure 2.6 — device zone
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The abstract 2- or 3-dimensional shape of the impact area depends on the

= type and characteristic of the device,

= principal physical impact type (energy/mass),

= effect propagation mechanism,

= defined boundaries (limitational impact magnitude) or existing propagation discon-

tinuities

The device zone's sphere of influence is not necessarily a static entity but can be chang-
ing over time, e.g. variant intensity and angles of incidence of irradiation through a

window.

Device zone - extended system and definitions
Mahdavi et al. (2015) proposed a convincingly uncomplicated action to response (device-

sensor) mapping concept (see figure 2.7a).

a) Simple approach /’ N b) System approach &
————£ne|l N interface definition
Device controller f \
! I Controlling elements
@ Device \ /
N / energy & mass flow
AN < from other sources,

external or other zones

energy or mass flow

Control device port
flow port

Device zone Controlled system

Device zone

system state
monitoring point

Flow port
System state terminal(s)

/ energy & mass
——— _ Sensor —— to other zones
dissipation energy & mass flow

Figure 2.7 — device zone, extended system view

To enhance that approach towards a system and control related description and to pre-
pare for mapping of interrelations between zones, additional related terms are defined

(see figure 2.7b) without changing the underlying concept (figure 2.7a).
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The controlling elements of a control system include:

The device controller (DC) operates the device (D). It is as-
sumed that every individual controlling device is operated

by a device controller (DC).

The device is the technical equipment inducing quantities of
mass and/or energy and is as-signed to influence certain

system states within the control zone.

The controlled system relates to a technical/physical pro-
Cess.

The controlled system is represented by the:

or 'device-controlled zone' corresponds to the sphere af-

fected and controlled by the control devices action

depict the physical interfaces of the controlled system (D2).

A port depicts the energy/mass flow interfaces where en-
ergy or matter is transferred from one element or subsystem

to another element or subsystem (Karnopp et al. 2000).

is the interface node where information on attributes or pa-
rameters are made available to other system elements and

structures.

The exit flow port as the interface for mass/energy flow is
depicted as a nested port (SysML term), providing flow
properties as well as state information. E.g. it is assumed
that air extracted from the zone has identical characteristics
as the air within the zone; the properties (temperature, hu-
midity, CO. content, etc.) are accessible through the state
terminals nested within the flow port.

In terms of Karnopp (Karnopp et al. 2000) this concept re-
fers to the terms of 'through-variables' (flow properties) and

associated 'across-variables' (state variables).

Is the interface of a device to its device zone and where

energy or mass is induced into the device zone.
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Sensor mapping

Sensor (S) Monitors the value of a controlled variable. The respective
parameter is measured within the device zone at the moni-
toring point and provided at the respective state terminal.
The sensor as system element is here considered as a sep-
arated element. This to align with common control views
and for process reasons (see node reduction, chapter
3.5.1).

System states State variables describe the physical condition of a dynamic
system. E.g. air within the control zone can be character-
ized by state variables as temperature, humidity, CO,
content etc. The states are the system response to interac-
tions of devices, external impacts and disturbances (e.g.

ventilation, occupancy effects).

System state Represents a virtual position of the measuring element
monitoring point within a device zone or along a mass/energy flow exiting a
zone (e.g. in a ventilation duct extracting air from a zone).

Virtual sensors combine state signals to a virtual sensor
value and hence do not refer to an actual position within the

zone.

System state terminal is the interface where system state information (e.g. meas-

ured parameters) are made available
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Flow- and state concept
With the above definitions the zone concept combines two system aspects into one rep-
resentation.
= Flow concept
Changes in a device zone can be expressed in terms of added/removed energy
and/or mass. The balance of energy/mass flows through in- and out-ports must
satisfy the law of conservation of energy and the principle of mass conservation.
This aspect is important when for interlinking zones through energy/mass transfers.
= State concept/control system aspects
Control parameters (manipulated variable) as signal inputs to a controlled system
and its output parameters (controlled variables) do not necessarily refer to an en-
ergy/mass flow but reflect various system states. These states can be attributes or

properties of the involved energy/mass flows.

In the above terms the aspects of the flow concept are described with 'ports’, whereas

the information on states is passed through 'terminals' (see above)

Figure 2.8 shows these concepts, the flow concept in the physical view and the state

concept in the control view.

Physical system view Control system view
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/
77777 r"‘“ - xj controlled varaible
© = elemen
- mass/energy > 2 % M .
states & attributes o 9 «flow Port» «state terminals»
2 < 3 - mass - states
o £ - energy - attributes

Figure 2.8 — device zone, physical & control view

In the context of defining an impact zone it is worth mentioning that the sphere of influ-
ence is not necessarily a static entity but can be changing over time, e.g. the influence
sphere of external irradiation through a window, with the light beam/sun rays having time

variant intensity and angles of incidence.
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2.1.2 Physical Zone (P2)

In the context of building control there is rarely a space affected by a single controlling
device only; building sections include a considerable number of controlling devices and
overlapping device-controlled zones. Figure 2.9 shows a setup with 2 overlapping device

zones).

control device

control device port e

~Device zone 1>
’ / \ Effect path

I ( D\ﬁ Device zone 2

state monitoring point

system state terminal
sensor

Figure 2.9 — physical zone, multiple device zones

Physical zone as aggregation of device zones
The overlapping device zones are of particular interest for the design of a suitable control

strategy.

The physical zone (P2) is introduced as a new element; the physical zone element con-
sists of one or several device zones. The PZ thus describes the dynamic effects and

interrelations caused by the action of one or multiple controlling devices.

The abstract shape or extent of a physical zone relates to the shape and extent of the
impacting device zones. In case of a single device the extent of the physical zone can

be, but not necessarily is identical with the impacting device zone.

An example configuration as shown in figure 2.9 can be broken down into several sub-

zones with differing device impact situations (figure 2.10a).
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Figure 2.10 — physical zone configurations 1
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For the setup of a physical zone the position of the actual sensors (their position is related
to the respective system state monitoring points) is of decisive importance. States in
subareas without any state monitoring point (sensor position) cannot be accessed and
there is no mesurable control related impact. Such subsections can be attached to other

sections or eliminated in the agglomeration process of a PZ.

The interesting area for control system design is the intersecting set of the device zones.
Based on the monitoring points in the example, the four non-overlapping subzones could

be neglected leading to a configuration as shown in figure 2.10c.

A physical zone can also be set up as a set union of device zones (see figure 2.11d).
With this setup it is assumed that the entire space shows identical states as at the mon-

itoring positions. That is also where the sensors are located.

Furthermore, the physical zone can be defined by a subset of the interesting sphere of
overlapping device zones (see figure 2.11¢) or as an aggregate zone, consisting of sev-
eral overlapping and/or non-overlapping device zone clusters (see figure 2.111). These

cases are of special interest in context with geometries of building entities.

e) sub-set of intersecting set

d) combined zones
set union

Pl ~

I Pz

_______

f) agglomeration of
sub-zones i

Figure 2.11 — physical zone configurations 2

The zone concept allows physical zones to be linked with each other via their ports. This
feature makes the definition of the PZ very robust with respect to decomposition into
smaller subsystems or aggregation to bigger system units.

For complex or large zone geometries showing considerably differing internal character-
istics or constraints, zones can be split into any number of smaller interrelated
subsystems.
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In a wider sense and not in mathematical terms, the physical zone element can be com-
pared to a simplified finite element description method for effect links within an
architectural space configuration (Wong and Mahdavi 2000). Figure 2.12 shows the de-
scribed splitting into smaller subsystems.

Figure 2.12 — physical zone configuration 3

Concluding, a physical zone corresponds to a 2- or 3D sphere as subset, intersecting
set, union set or agglomeration of device zones. Within that PZ sphere it maps physical

effects induced by devices. At this point, such a zone is not yet linked to architectural
entities.

Physical zone - impacts and relations

The physical zone (see figure 2.13) can be viewed as a module, manipulated by several
controlling devices via (input-) ports. Within the physical zone the primary and secondary
effects of the control actions are effect-wise linked to the PZ's state space and made
available at the system state terminals.
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Figure 2.13 — physical zone, impacts and relations
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The physical zone is also subject to disturbances as occupancy effects (number of per-

sons, their activity) or climatic conditions (external climate, irradiation, wind, ...).

The physical zone is the base element of the modular zone construction kit as used in
this thesis. It is the pivot point for the device modules and for the access to the system

states.

Primary- and secondary effects
Most device induced effects consist of a primary effect (intended effect) as e.g. illumi-
nance induced by a lamp and secondary effects as e.g. the temperature rise due to the
introduced thermal energy by the lamp.
A physical zone is not only affected by the contained several overlapping device zones
but also by other physical zones. Figure 2.14 shows the primary- and secondary effects

of a typical physical zone.
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Figure 2.14 — physical zone, connections

Physical zone as single- and multiparameter systems

The minimal setting of a physical zone is represented by a system description with a
single device effecting changes on only one state of the physical zone (primary effect
only). Such a system is referred to a single input/single output system (SISO systems).

This setting is presented in figure 2.15a.

In building physics, however, there are usually secondary effects associated with the
desired primary effect. Such secondary effects imply changes of other system states
than the primary controlled variable state, leading to a single-input/multiple-output sys-

tem (SIMO systems). This situation is shown in figure 2.15b.
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a) SISO system b) SIMO system c) MIMO system

single-input/single-output single-input/multiple-output multiple-input/multiple-output
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Figure 2.15 — SISO, SIMO and MIMO systems

Practical building control typically deals with physical zones affected by several devices
with overlapping impact spheres (device zones). With overlapping device zones, PZ thus
involve multiple device actions. Each of them causes primary and secondary effects and
affect multiple states of the physical zone. Such systems are referred to as multiple in-

put/multiple output systems (MIMO systems).

Physical zone -base module

The physical zone is the base element of the modular zone construction kit. It is the pivot
point for the device modules and for the access to the system states.

To facilitate the system mapping in a simple way as shown in figure 2.3, the PZ modules
incorporate a set of predefined ports and terminals (see figure 2.16) as well as predefined

effect paths for primary and secondary effects (see figure 2.17).

The multitude of prewired but potentially unused ports/terminals and effect paths does
not add to the final complexity (see chapter 3.5.1). Any unused ports, terminals or effect
paths are eliminated in the course of the overall process. Figure 2.16 shows the prede-

fined ports and terminals of the base module.
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Figure 2.16 — physical zone module, ports and terminals
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The reason for setting the cause-effect relation within the PZ-module is the conversion
of the relational setup to a matrix representation. The predefined relations guide the user
by proposing a set of common effect paths. Furthermore, it allows a simple straightfor-
ward linking process with the devices acting on the physical zones. The physical zone
not only models the internal physical dependencies but also provides the necessary ports

to map physical interactions of zones among each other.

Additional effect paths can be added to the matrix description of the physical zone or

can be added to the system mapping in the form of units (see chapter 2.1.5).

Presentation as Graph- or Matrix

Graph description

Figure 2.17 shows another way to represent the relations between system inputs (control
device ports) and outputs (ports and system state terminals) in form of a graph. Each
system input port and output port/terminals are represented by a graph vertex. The con-
necting lines/edges between the vertices define a physical relationship. The causality
relation is represented by a directed graph (see figure 2.18). The mapped physical effects

have a defined direction, in this case from the input port to the output port (from top to

bottom).
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Figure 2.17 — physical zone, input-/output relations

Figure 2.18 shows the relations in a table- and a graph view.

A graphical representation is convenient for the visualization of system relations; however,

it is not suitable for manipulating complex graphs or for computer algorithms.
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Matrix description

The physical relationship of the graph can also be described mathematically in the form
of a matrix, referred to as adjacency matrix; the input and output nodes are assigned to
the rows and columns, non-zero elements indicate a presence of a connection. The ele-
ments can also store a weight, in the case of the physical zone the values correspond to

the estimates for effect attenuation between input and output (0<f<1).

The causality relation translates into a non-symmetric adjacency matrix (see figure 2.18

with non-weighed graph edges).
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Figure 2.18 — physical zone, graph and matrix description

The matrix representation is very useful as it links graph theory and matrix algebra. A
description using adjacency matrices allow graph manipulations by operating within the
algebraic space of matrices. Matrices facilitate computation operations and aggregations

of complex underlying systems and thus enables a scalable system approach.

2.1.3 Zone concept - context with building geometry

A declared objective is to embed the project process in established data structures, in
this case into the IFC data structure used in the BIM concept. It is therefore necessary
to verify whether a link between the effect-based zone concept and the spatial and geo-
metric oriented structure of the IFC data can be established; and whether zones can be

associated with parts, units or aggregations of architectural spaces (Mahdavi et al. 2015).

Physical zone - effect- or geometry-based
Physical zones (as device zones) are primarily linked to the characteristics and induced

effects of controlling devices. As described before, the zone concept does not imply that
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the impact area of a device follows the shape of architectural geometries or spatial enti-

ties as spaces or rooms.

Architectural workflows however are mostly centered around 2D- or 3D-description of
building geometries. Establishing a link between the effect-based spheres of physical- or
device zones and geometrical boundaries would allow to relate the zone concept to ar-

chitectural workflows and their geometry-based data structures.

Geometry-type building elements, also affect the virtual extent of the device zones. In
general, such elements represent discontinuities for the propagation of device induced
effects (e.g. opaque wall in case of light transmission). Such objects constitute disconti-
nuities to the propagation of effects induced by devices (e.g. opaque wall for light
transmission). Such discontinuities do represent a set of limiting boundaries, putting ge-

ometric limits to an effect-based impact sphere.

To analyze to what degree a link of the effect-based extent of the impact sphere with a
geometric boundary can be established, the effect's primary propagation mechanism

needs to be considered:

Propagation by radiation

With a given device characteristic, e.g. the photometric polar diagram of a lamp, the
sphere can be easily calculated (see figure 2.21). For effect propagation by radiation the
impact area can be imagined to be delimited by an iso-effect surface of a selectable
limitational magnitude (0O < lower limit value < effect magnitude < max. caused effect at
the device). However, the limiting value (e.g. level of radiant flux or illuminance) can be
chosen arbitrarily without questioning the underlying effect-based concept of a device
zone. Lowering the limit values for the boundary definition will increase the virtual extent

of the effect-based two- or three-dimensional impact sphere.

Depending on the arbitrarily chosen limit value, geometric boundaries can become active
before/instead of the effect-based boundary by the iso-effect surface. Figure 2.20 shows

an example configuration with active geometric boundaries.
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Figure 2.20 — impact sphere

In such cases the PZ configuration results in a subset of overlapping device zones as

depicted in figure 2.21.

Figure 2.21 - physical zone, geometry limits
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Propagation by fluid transfer (convection)

The task of defining the influence sphere of devices gets more complex once the device
induced effect is propagated by the displacement of fluid (e.g. air). Thermal transmission
effects like convection or ventilation cannot be derived intuitively and are difficult to cal-
culate and need simulation in CFD (computerized fluid dynamics). Complexity increases
as these spheres, delimited by iso-effect surfaces, do not necessarily form a convex area.
Furthermore, they change their shape and size over time. Therefore, delimiting the impact
area by arbitrary threshold values will not give a simple definable or delimitable 3-dimen-
sional volume (see figure 2.22).

The assessment, calculations and simulations of fluid dynamics do require a complete
set of boundary conditions, especially the indispensable geometry boundaries. Hence,
for effect propagation based on mass transfer (e.g. convection, ventilation) there is a

mandatory link into geometric boundaries.

CFD simulation
heat propagation
heat source: radiator

B—

Figure 2.22 — propagation by convection (Osterberg 2011)

Simultaneous propagation modes

Some devices act on their environment based on more than one physical transmission
effects. These can show different modes of effect propagation, leading to different
spheres of influence. E.g. a room heater displays both a radiant and convection effect;
the more definable radiant part, and the convection part showing above described fluid

dynamics impact.

Other effects
Geometric boundary conditions not only cause propagation discontinuities by changing
the intensity of the transfer effect but can also cause reflection effects. Such effects man-

ifest another link between the effect- and geometry-based concept of the active zone.
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Effect-based vs. geometry-based - summary

The zone concept describes the areas of intended impact (device zones) and the derived
aggregations (physical zones) as spheres being independent from shape or geometry of
architectural entities. The typical impact area and the extent of the device zone is initially
only influenced by characteristics of the device and the underlying physical propagation
effect.

As derived above, for radiant propagation effect a relation of the physical extent of a
device zone and the geometry of spaces can be derived via propagation discontinuities.
To derive the extent of impact spheres for propagation effects involving fluid dynamics,
geometric boundary conditions are mandatory. This situation by definition links the effect-

based zones with geometrical boundaries.

Thus, even though the effect-based concept does initially not relate to building geome-
tries, a relation between the extent of physical zones and the geometry of building spaces
can be established or is even required.

2.1.4 Control zone (C2)

A control zone level is introduced in order to establish the first controlled level within a
hierarchical and coordinating control structure. In terms of control circuits, it represents
the controlled system to the zone controller (ZC).

The control zone combines the lowest level of controlling elements (device controllers,
devices) and one controlled system (physical zone as aggregation of device zones). Fig-
ure 2.23 depicts the structural sequence of device zone — physical zone — control zone.

The control zone is in general related to geometry-based zone boundaries.

Control Zone
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Figure 2.23 - control zone
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2.1.5 Units (U) and Elements (E) as special constructs

As described, the physical zone is the base element of the modular zone construction
kit. It provides a set of predefined ports and terminals as well as their related effect paths
(see figure 2.17). Users can easily select the devices and sensors by choosing from pro-
vided related ports and terminals.

The modules predefined effect paths relate the primary and secondary effects of the
selected devices to the respective system states. Selecting components from a list facil-
itates a straightforward system mapping approach. The multitude of prewired effect
paths for different devices does not add to the complexity for the mapping process (see
chapter 3.5.1) as the unused connections are automatically eliminated in the course of

the overall process.

However, not to overload the predefined functionality of a physical zone module, some

special cases are mapped by using other constructs, the physical 'units'.

Completing the 'zone' concept, the ‘unit’ concept describes encapsulated systems (e.g.
HVAC systems) or systems with very specific functionality. They are modelled as abstract
zones and can be implemented within the presented zone concept. The out-ports (mass
or energy) of such systems are linked to the input ports of one or more physical zones.
Higher-level building control can act on these virtual zone systems by transmitting target
values.
Examples of such units are:
= Systems, incorporating themselves a complex self-contained control system as
HVAC systems
= Devices influencing more than one physical zone as e.g. an outside shade or louver
system, spanning the same setting across several windows or a bigger area of the
buildings envelope, thus influencing several physical zones.
Such devices are mapped as self-contained zones. They can contain a controller
for e.g. the shades position. The out-ports of such 'special zones' are linked in a

1:n relation to the input ports of the affected physical zones.
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2.2 Spatial structure

Decomposing bigger structures to manageable substructures is the principle approach
for the structural system mapping process. This not only stands for the discussed zone
concept, but also applies to breaking down big and complex building structures into
smaller architectural entities.

The spatial decomposition process extracts the necessary geometry and spatial data
from the IFC building data model.

The IFC structure and the described spatial elements is structured hierarchically. The
spatial hierarchy — building-storeys-space — corresponds to the hierarchical composition
of building objects in the IFC - Industry Foundation Classes (buildingSMART 2018).

Spaces can be seen as the equivalent to a physical/control zone; but can also comprise

several physical zones or relate into a bigger aggregated physical zone.

IFC spatial structure hierarchy
An IFC spatial model is composed of IFC entities, organized in a hierarchical order (see
figure 2.24).

IFC spatial structure

lficProject - J Ifc project data
fcSite Vo‘,q Ifc spatial location data
lfcBuilding on

Building control relevant Ifc spatial elements
fcBuildingStorey ~ ~"y~ J

fcSpace o.n

Figure 2.24 — IFC spatial structure hierarchy

The principle and relevant elements for the spatial data model are listed below, the defi-
nitions are following (buildingSMART 2018):

= [fcSpatialStructureElement
A spatial structure element (IfcSpatialStructureElement) is the generalization of all
spatial elements used to define a spatial structure. That spatial structure is often
used to structure and organize a building project.

= IfcProject
The IfcProject establishes the context for information exchange with the main

purpose to provide the root instance and the context for all other information
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items included such as default unit assignment, geometric representation context
and world coordinate system.

= |fcSite
IfcSite positions and references the IFC data set with an absolute placement in
relation to the real world.

* [fcBuilding
A building or a collection of buildings is associated with a site. A building can also
be decomposed in parts, where each part defines a building storey or section.

= [IfcStorey
The building storey typically represents a horizontal aggregation of spaces. Build-
ing spaces, however, can also be aggregated in vertical parts, where each part
defines a building section. As the spatial hierarchy decomposition for the system
mapping is not limited to a horizontal aggregation direction, e.g. in case of vertical
zoning (Mahdavi et al. 1998). The term IfcStorey in this context is thus used to
refer to a horizontal and/or vertical section of a building, leaning more towards
the term ‘area’ as defined in VDI3813 (VDI 8313).

= |fcSpace
A space represents an area or volume bounded actually or theoretically. Spaces
are areas or volumes that provide for certain functions within a building (build-
iNgSMART 2018). The IFC-structure also provides for further division and a space

can also be decomposed in partial spaces.

Subspaces
The concept of a physical/control zone does not necessarily form a one-to-one relation

with architectural spaces as rooms as represented by lfcSpaces.

Spaces can be seen as the equivalent to a physical/control zone; but can also comprise

several physical zones or relate into a bigger aggregated physical zone.

Depending on the device zone characteristics and/or the size and shape of rooms more
than one physical zone can be assigned to a single space/room. In this case the zone
represents the physical system within a partial space. A zone can also refer to bigger

physical zone as aggregation of several architectural spaces.

The IFC-structure does provide elements with similar names to the zone concept — the
[fcZone and IfcSpatialZone — but these do not translate directly into the representation of

a physical zone.
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= |fcZone
An IfcZone is a spatial system, grouping individual lfcSpace's (and other
IfcZone's). However, an IfcZone does not represent an own geometric represen-
tation

» |fcSpatialZone
A spatial zone is used for a functional and not hierarchical decomposition. Spatial
zones can be used to represent a thermal zone, a construction zone, a lighting
zone, a usable area zone. This would qualify the IfcSpatialZone element as the
counterpart of a physical zone, however it is a potentially overlapping element

with independent placement and shape representation.

Figure 2.25 shows the relation of the hierarchical spatial structure (IFC data structure)
and the zone concept. The building complex is broken down to the lfcSpace-level. Within
that framework the zone elements - from the device zones up to the physical- and control

zone - serve as the first elements of the bottom up aggregation of the hierarchical control

system.
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lficSite ojw
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lfcBuildingStorey O'”woj
fcSpace S Control Zone _

Physical Zone Device Controller (DC)

S p———

1
|
1 K
W — | ] |
! Device Zone ‘ - ! ;
i i ,, ]_Tr| m i Device (D)
J'\—‘%—/ I |
Tl s sensors)

Figure 2.25 - IFC spatial structure, zones and control structure
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2.3 Control - structure & hierarchy

In this section, the system elements acting on a controlled element (physical zone) are
reviewed in more detail from a classical control theory (closed-loop control) point of view.
Basic control circuits are based on modular control elements. Simple single-input/single
output systems are aggregated to a multi-parameter hierarchical control concept and

established control structures for the control of such MIMO systems are examined.

The control structure is compared to standard hierarchical feedback control structures

as well as to related strategies in automation engineering.

2.3.1  Control

Building control systems

In terms of classical control theory, a building and its systems represent a dynamic mul-
tivariant controlled system with partially nonlinear characteristics of its subsystems.

The building's controlled system is significantly impacted by environmental (climatic con-
ditions, irradiation) and occupancy induced disturbance parameters. Occupancy number
and activity level are direct impacts to the controlled system; but occupants also indirectly
influence the system by defining the target setting of comfort parameters, as thermal-,

visual comfort and indoor air quality.

Another building specific system behavior relates to a generally slow response charac-
teristic compared to the dynamic of the disturbance variables. On the other hand, this
fact entails potential energy savings when using the buildings thermal mass as interme-

diate energy storage to reduce and shift the peak energy demand (Xu 2010).

An integrated approach to building controls, needs to consider the multivariant charac-
teristics of the subsystems (MIMO) and interactions between them. The control system
structure has to be robust with respect to changing dynamic parameters, interrelation

effects and operational characteristics (Kim et al. 2012).

Control elements & circuits
The used terms follow the IEC 60050-351 (IEC 2014). The control groups and elements

of basic control system are depicted in figure 2.26).
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Control circuits
Control systems are a central part of automation with the objective to attain and/or main-
tain a targeted system condition despite any occurring disturbances (e.g. external

conditions, occupancy interference, ...).

There are two principal control structures:

= the open-loop or feed-forward control (see figure 2.27)
In an open-loop control, the control actions affecting the system are set inde-
pendently and without measuring the actual controlled process variable, thus
without information whether or to what degree a targeted result has been
achieved.

» the closed-loop or feedback control (see figures 2.26 and 2.27)
closed-loop control is a process to reach or to maintain a desired system condi-
tion; this is achieved by continuously comparing the controlled process output

parameter with a command- or reference value.
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i |r Controlling system—i zf ol £y |
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i : I Comparing ~ Controller | | Final coﬂrommg equipment: I
: [ element Gonrol . . Iy Final
ontrollin: ; X
] : elementg I il | » Actuator t > controlhng! ' »
i I | element | |
S T | Lo e — . |
! J| Controlled system |
| |
i Measuring |4 |
i element 1
et e H
w  reference variable m controller output variable
y  manipulated variable r  feedback variable
x controlled variable z disturbance variable

Figure 2.26 — closed-loop control circuit (DIN IEC 60050-351)

The standard DIN |[EC 60050-351 (DIN IEC 60050-351) defines feedback control as:
“closed-loop control or feedback control, a process whereby one variable quantity,
namely the controlled variable is continuously or sequentially measured, compared with
another variable quantity, namely the reference variable, and influenced in such a manner

as to adjust to the reference variable”.

Control actions are reactions to a deviation of the control variable from its targeted value,
hence classical closed-loop control strategies can be categorized as a reactive process.
Other, more advanced control strategies, as simulation- or model-based control strate-

gies (see chapter 2.3.6) are considered to be proactive processes.
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Basic control systems - elements & parameters

Open-loop control

In an open-loop control, the control actions affecting the system are set independently
and without measuring the actual controlled process variable, thus without information

whether or to what degree a targeted result has been achieved.

Open-loop control Closed-loop control
[Control system) W 77777 ! [Control system ] W 7777 B

. |Controlling system !

I Device
4————e Controller (DC)

Device (D)

Controlled Sisteﬁ) 7777777 i [Controlled system) |y
Physical Physical

Zone (P2) Zone (P2)

<] Sensor (S)

Figure 2.27 — open- and closed loop control

A minimum configuration of an open-loop control system consists of:
= Controlled system:
- Physical zone
= Controlling system:
- Actuator

- Device (including the final control equipment)

For the previously discussed zone concept such a minimum open-loop control system
consists of an actuator and/or device acting via the device zone on a physical zone.

In case of manual operation there is no device controller, e.g. if the actuator as element
within the controlling equipment (actuator and final controlling element — device) is oper-
ated manually/externally. The primary (and secondary) effects linked to a specific device
type result in state changes of the respective controlled variable or PZ's output parame-

ter.
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Closed-loop control

The control objective in technical processes is to maintain one or more output parame-
ters (controlled variables) of the controlled physical system within specified limits. This,
over time and under the impact of disturbance variables on the physical system. To meet
these objectives, the respective output values of the physical systems are measured and
compared with the target value. The controller continuously adjusts the controller output
variable, based on the computed offset between the target value and the actual meas-

ured output value (controlled variable).

Figure 2.28 shows the basic elements of a closed loop control system based on to DIN
IEC 60050-351, modified for the applied component names in this thesis (e.g. the 'de-

vice' component).
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y  manipulated variable r feedback variable
x controlled variable z disturbance variable

Figure 2.28 — control circuit, modified device interfaces

A base configuration of a closed-loop control system consists of:

= Controlled system — Physical zone (PZ).
The controlled system reflects the dynamic relations between the input parameter
(manipulated variable) and the controlled variable(s).
The controlled system directly corresponds to the previously described physical

zone (PZ) of the zone concept.

= Controlling system — Controlling Device (D)
The controlling equipment directly correlates with the concept of the device con-

troller (DC) and the controlling device, or ‘device’ (D).

= Measurement element - Sensor (S)
The measurement unit or sensor (S) accesses the state of the controlled variable
and provides the information type feedback variable. In this work it is assumed that

a sensor information is made available throughout the building automation network,
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hence to all controllers requiring information on a specific output state.

Sensors also can establish non-accessible, estimated or virtual system information
by computation from accessible parameter values and/or knowledge of systems
dynamics (e.g. state observers).

Representation of control structure/circuits
From this point onwards the well-known horizontal depiction of a control system, as dis-

cussed in chapter 2.3, will be presented in a vertical form, as shown in figure 2.29.
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Physical = Z |
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<]

controller output variable
feedback variable
energy/mass supply

controlled variable/
output state(s)
manipulated variable

=03

disturbance variable

N <

reference variable/set value

energy, mass flowy
-------- information flow

Figure 2.29 - closed loop control circuit

The reason for this arrangement is that for hierarchical system considerations a vertical
representation is more consistent with the concept of hierarchical control and control

structure; and it is easier expandable to several hierarchical levels.
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2.3.2 Single- & multi-parameter control systems

Controlled system
When looking at the effect paths or transfer function of a controlled system, these sys-
tems can be categorized by the number of input variables and the number of the

respectively affected output parameters (see figure 2.30).

As discussed before, most device actions entail primary- and secondary effects, charac-
terizing them as SIMO controlled systems (single-input/multiple-output systems). This is
the standard model describing device zones.

a) SISO system b) SIMO system c) MIMO system

single-input/single-output single-input/multiple-output multiple-input/multiple-output

P, in: mass

physical
zone (P2)

System

~

T~
out: mass C
Pout energy effect paths k

Figure 2.30 - SISO, SIMO to MIMO system

Building control typically involves physical zones affected by several devices with over-
lapping impact spheres (device zones). The PZ's are thus modelled as system blocks
with multiple inputs (device control ports, manipulated variables). Such systems as ag-
gregations of SIMO systems, are referred to as multiple input/multiple output systems
(MIMO systems) (Fradkov et al. 1999).

Control of SISO, SIMO and MIMO systems
SISO-systems
Basic forms of controlled systems have one input variable (manipulated variable) and one

output variable (controlled variable).

In a simple control circuit, the controlling equipment (controller and respective controlling
device) acts on a single input parameter of the controlled system. In a SISO controlled
systems only one output parameter is affected. Such systems are referred to as single-
input/single output systems or SISO systems. The figures 2.26 to 2.28 and 2.30a refer
to such SISO control systems.

Measured by the sensor, the actual state of this output variable, the controlled variable,

is fed back to the controller (see figure 2.29).
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SIMO systems

For SIMO systems a change of a single input parameter of the controlled system affects
multiple output states. The system response regards at least one output relating to the
primary effect and other output changes caused by secondary effects. The sensor signal
for the closed-loop control is usually taken from the system output variable related to the
primary effect.

Figure 2.31 shows control circuits for SISO, SIMO and MIMO systems.

SISO System SIMO System MIMO Systems
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internal view: internal view: internal view:
SISO control system SISO control system 2 SISO control systems
single-input/single-output control single-input/single-output control single-input/single-output control
single parameter control SIMO system SIMO system
SISO system single parameter control single parameter control
single output multi parameter output multi parameter output

Figure 2.31 — SISO, SIMO and MIMO system control

Control of MIMO systems

The control of building systems typically involves the simultaneous control of multiple and
often interacting/interrelated parameters. The change of one actuating variable effectu-
ates changes of more than one system output parameters, and in some cases more than

one controlled variable (see figure 2.30).

2.3.3 Multi-parameter control

The control of MIMO systems is more complex than controlling specific outputs in a single
parameter control loop.
Multi-parameter control systems manage multiple control parameters of a coupled MIMO

system simultaneously. Examples for multi-parameter control of MIMO systems are air-
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conditioning control systems, controlling the strongly coupled parameters ‘temperature’

and ‘humidity’, or ventilation with linked effects on temperature, humidity and CO. level.

Building's controlled systems consist of a high number of physical zones and their inter-
relations and tend to become very complex. Due to the involved system complexity and
scalability issues it is not practical to create one centralized building control in a form of
a monolithic control system. Such centralized control is also not suitable for integration
of additional BACS tasks beyond performing control as e.g. complex optimization pro-
cesses with multiple target settings (situation context, optimization targets) to
simultaneously achieve optimal comfort criteria, energy savings, and optimize economi-

cal parameters.

Building control involves a multitude of MIMO systems and results in structural complex-
ity. Such structures can be managed with different concepts, depending on the structural

and dynamic characteristics (e.g. degree of coupling).

Decentralized control

In case of weak parameter interrelations, the multi-parameter control system can be split
into a set of independent SISO control systems, acting on their respective subsystems
only (Knorn 2011). Figure 2.32 shows the structure of a decentralized control vs. a cen-

tralized control strategy, figure 2.33 shows the control related view.

controller
PZ1| PZ2 PZ1| PZ2 | PZ3

,,,,,, interconnected
subprocesses
centralized decentralized
control control

PZ3l---------

Figure 2.32 — centralized vs. decentralized control

The concept of decentralized control is based on the decomposition techniques of com-
plex systems, where a large-scale control problem is broken down to more manageable
subsystems. These subsystems are then considered as independent and autonomous
control systems. In this approach coupling effects to other subsystems are disregarded;
as a consequence, the remaining coupling effects into other controlled SISO/SIMO sys-

tems are considered as disturbance variables.
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Each SISO subsystem with one manipulated- and one controlled variable is controlled
by a designated controller. Disturbances being coupled in from other subsystems are
compensated by the controller. This method is widely used and provides reasonable

results with weak coupling or with slow coupling effects compared to the main controlled

system.
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Figure 2.33 — decentralized control

In case the subsystem can be operated with only locally available information (system
states/outputs) the implementation of such decentralized control of subsystems requires
less communication with other subsystems, which has economic and reliability ad-

vantages (e.g. self-contained subsystem operation).

However, the compensation actions for coupling/disturbance effects can lead to dynamic
perturbations (beats and instabilities) and to suboptimal performance with respect to the
overall performance (e.g. energy consumption).

The subsystems are optimized with respect to sub-goals considering their respective
tasks and requirements. There is no coordination in order to optimize or adapt the pro-

cesses to meet higher-level optimization targets or overall goals.

Control with decoupling controller

The control of a MIMO system can be set up analog to control of single parameter sys-
tems.

The system consists of standard type closed-loop control circuits with a controller as-
signed for every controlled variable (C1, C2).

Added decoupling controllers compensate process interactions and the impact of other

actuating variables on the respective controlled variable. Figure 2.34 shows a control
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circuit with decoupling controllers. For changes of one command/set variable (w), the

decoupling control only affects a change of the one respective controlled variable.
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Figure 2.34 — MIMO control with decoupling controllers

In a building's high number of control circuits with interrelating effects, the system of
decoupling controllers quickly gets too complex. The concept of decoupling controllers
is hardly scalable to bigger systems as for complete buildings. Furthermore, it is not flex-
ible in case of control system relevant adaptions or changes during the utilization phase
of the building.

Genuine Multi-parameter Control

A multi-parameter controller has n inputs (N = number of controlled variables) and m out-
puts (M =number of manipulated variables). The coupling effects between the
components are accounted for in the controller concept/algorithm. Some control strate-
gies have an inherent multi-parameter control capability (e.g. Model Predictive Control
algorithms).

The disadvantages for scalability and when dealing with large-scale and complex sys-

tems resemble the previously discussed (decoupling controller) approach.
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Higher-level MIMO control

If genuine multi-parameter control is not applicable (controller complexity and robust-
ness) a coordinating controlling algorithm can assign target values for individual SISO
control circuits to decouple or minimize the cross effects. E.g. algorithms as Model Pre-
dictive Control (MPC) are suitable to limit unwanted cross effects by minimizing their
predicted effect magnitude. Figure 2.35 shows the principle of a higher-level coordinating

control.
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Figure 2.35 — hierarchical control

2.3.4 Multi-level control

Another approach to multi-parameter control of complex systems is to add higher level

controls for the coordination of decentralized control cells.

Cascade control

Cascade control represents a hierarchical control system. It is not a control strategy for
MIMO systems per se, but it displays some structural similarities to hierarchical multi-
parameter control (see below).

Instead of using closed-loop control as one dynamic block, it can be useful to partition

the controlled and controlling system into subsystems which are linked in series.
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Cascade control is a closed loop control in which the output variable of one controller,
the main or leading controller, is the reference variable of a secondary control loop (see
figure 2.306).

The inner/secondary control is operating on the reference variable, provided by the main
controller and with measurement and feedback of secondary controlled variables only
DIN IEC 60050-351 (DIN IEC 60050-351:2006).
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Figure 2.36 — cascaded control

A dynamically important aspect are the time constants of the stacked and interlaced
control layers. The inner controller (C1) generally is designed for a faster dynamic re-
sponse and relieves the outer controller of high dynamic responses.

The outer controller (C2) can operate on a less dynamic variable and/or has a longer
response time to allow additional tasks (e.g. perform optimizations) or use more compu-

tationally intensive algorithms (e.g. model based control algorithms).

A dynamically significant faster inner control circuit results in a de facto separation of the
two control processes and simpler configuration of the controllers (Schumacher and
Maurer 2014).

In the context of hierarchical control systems, there are different notions of ‘controlled
system’ boundaries involved. For a simple control circuit, the controlled system is as
depicted in figure 2.38, whereas for the next control hierarchy level, the controlled system

comprises the complete lower level control circuit. The higher-level controller output
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variable is the input for its controlled system; there it reflects the command variable (ref-

erence- or target variable) for the lower-level control circuit/controller (see figure 2.38).

Hierarchical control

For highly complex systems as building systems, it is in general not reasonable to develop
a centralized control with one monolithic global controller but to develop a structure of
coordinated decentralized control systems. A complex system decomposed into strongly
related control subsystems can be coordinated in an added coordination level. Control-
lers at this coordinator layer manage the interrelations between the decentralized control

subsystems and synchronize the sub-targets in order to attain an overall optimum.

DIN IEC 60050-351 (DIN IEC 60050-351) defines hierarchical control as a "functional
structure of a control system with several control levels placed one over the other, in
which controller assigned to a higher level coordinates the operation of the controllers
assigned to the next lower level, providing for instance command variables, reference
variables or final control variables". Figure 2.37 shows the concept of hierarchical control

in context with centralized and decentralized control.

Pz1| PZ2 Pz1| PZ2| PZ3

coordinator

controller

PZg|---------- PZ1| PZ2| PZ3 |---------- PZ1| PZ2| PZs| PZa| PZs ---- interconnected
subprocesses
centralized decentralized hierarchical
control control control

Figure 2.37 — centralized, decentralized and hierarchical control structure
(DIN IEC 60050-351)

Hierarchical control combines a distributed control approach, higher-level MIMO control
and a multi-level control as discussed in cascaded control. The hierarchical layer repre-

sents a coordination layer designed for cross segment control tasks.

The advantage for cascade control of relieving higher control levels from the need for fast
dynamic response also applies to hierarchical control. As the required computer opera-
tions increase disproportionately with the increase of control system’s complexity, this
advantage can be decisive (Clemens 1993). The controller strategies in hierarchical layers
can be optimized for response requirements (dynamic response) and/or different time

horizons for predictive control strategies. (Hopfgarten n.d.).
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Other than with the distributed control, the interrelations between the subsystems can
be factored into the coordination strategies, the subsystems targets can be coordinated
in view of a more holistic optimization process. Conflicts of objectives due to differing
targets can be addressed in coordination layers of the hierarchical control structure by

different strategies, e.g. rule-based or by more involved multi-parameter optimization.

The hierarchical control approach is flexible with respect to changes of the building spatial
setup (zones) and provides scalability both in the necessary software modules as well as

in the overall control structure.

Multi-level hierarchical control
Depending on the required coordination aspects, it can be necessary to organize a hier-
archical system in form of a multi-level hierarchical control. Figure 2.38 shows a

hierarchical control with 3 levels.
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Figure 2.38 — multi-level hierarchical control

The lower control levels are responding fast within short reaction time to deviations of the
controlled parameter or to disturbances. The higher hierarchical levels may react slower
and therefore have computational capacity apart from coordination tasks. Such addi-
tional tasks are optimization processes with hierarchically differentiated target settings or
computationally intensive algorithms. They span from decoupling control for lower coor-
dinating levels up to energy supply/minimization and economical optimization tasks for

the higher coordination levels.
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Moreover, the respectively next hierarchical controller can provide fault mode functional-
ity in case of malfunctions in lower controller levels, thus providing increased system
robustness and support towards fault tolerant operation of the control system.

The level and task assignment is attributed depending on the actual control application.

For the underlying building control scheme these layers are (also see chapter 3.7):

e process level <-> physical zone PZ
represents the controlled physical process or in this case the concept of the
physical zone PZ and devices assigned to the physical process are located to
this level.
e control level <-> device controllers DC
refers to the controllers directly acting on the actually controlled system PZ con-
trol.
e coordination level 1 <-> zone controller ZC
coordination of spatial level (e.g. several device controllers acting on one output)
e coordination level 2 <-> high level controller HC
coordination on functional level (e.g. several ZC acting on one DC controller)
e supervision/management level <-> meta controller MC
other organizational processes, general optimization and coordination of pro-

cess, fault diagnosis, etc.

2.3.5 Structural Representation

Adjacency matrix structure

The structural mapping of a system or hierarchy can be represented in the form of a
directed graph and/or by the graph’s adjacency matrix.

As the modular block scheme of the structure itself, the hierarchy representation within
an adjacency matrix can be built in a modular manner. Figure 2.39 shows the internal

structure of the adjacency matrix with the zone subsets on its diagonal.
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Figure 2.39 - Structure of adjacency matrix

Relations and effect paths within control zones are represented by submatrices within
the overall system’s adjacency matrix. Physical zones within a control zone hence are a
further subset to these block matrices. Several control zones as well as coordinating
higher controller levels can be aggregated and linked within the system’s adjacency ma-
trix. Links from elements or blocks figure to the right of these submatrices. Relations into

blocks are arranged above these blocks.

Matrices represent a suitable method for scalable system descriptions, calculation algo-

rithms and graph calculations.

2.3.6 Advanced control strategies

The most general objective of building control is to provide an optimal working or com-
fortable living environment. Especially for functional buildings, additional optimization in
terms of energy demand, operational cost and efficiency are the dominant objectives.
Big efforts are undertaken to lower the energy consumption and with modern technology
considerable energy savings have been realized. Advanced control strategies and opti-

mized building control systems are ways to potentially further reduce the energy demand.

Braun (Braun 2003) and others refer to significant savings potential when

the building's thermal mass characteristics are included for the control optimization.

Potential savings are sensitive to many factors, including utility rates, type of equipment,
occupancy schedule, building construction, climate conditions, and control strategy. The
analysis of theoretical energy savings showed that the largest potentials are for building

zones connected with large energy fluxes as solar gains or internal gains (Gyalistras and
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Gwerder 2010). However, these factors, relate to environmental or occupancy impact

and thus are uncontrollable disturbance variables to the building system.

To get to these potential energy savings — using the buildings thermal mass and providing
for the environmental and occupancy impacts — advanced control strategies have been
developed. They go from the classical 'reactive' control methods and move to 'proactive’
algorithms. Furthermore, they allow to refine the optimization by trying to find optima,

best satisfying multiple objectives.

Model based control — Model predictive control

Model-based control is a control strategy based on testing a set of potential control ac-
tions (controller output variable, manipulated variable) on a mathematical model which is
a representation of the actual controlled system. Model predictive control (MPC) is a
model-based control strategy, widely used in industrial control. The simulated future sys-
tem states of various input sequences are compared within a defined time horizon, and
the sequence minimizing a cost function is adopted as the control action for the next
time step. After that time step has elapsed, the simulation/optimization procedure is re-

peated.

The model needs to have an adequate structure, parametrized to approximate the dy-
namic characteristics of the actual system with adequate accuracy. The simulation not
only is based on current system states but allows to include estimates and forecasts of

disturbance variables (e.g. external climatic conditions, occupancy effects).

The selection of a control action, based on simulated future response under future/fore-

cast impacts ranks this control strategy to be a 'proactive' control approach.

Advantages of the model predictive control strategy are:

e with the dynamic behavior encapsulated in the model, the MPC has the potential
to exploit the building's thermal storage capacity (Gyalistras and Gwerder 2010).

e MPC can include forecasts for external impacts or boundary conditions in the
simulation process

e model based control also work well in context with the control of multiple-in-
put/multiple-output systems (MIMO). The model represents the dynamic
interrelations between the input and output states. The simulated results are
measured and ranked against the criteria of the objective function. Depending on

the structure and parameters of the objective function, unwanted dynamic cross
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effects can be minimized. The model-based control thus inherently represents a
multi-parameter controller.

o MPC can take actuator limitations into account (actuator range, energy supply)

o with the flexible definition of a cost-/objective function it can be easily adapted to
different tasks and optimization criteria (e.g. economic model predictive control
EMPC, where economical parameters and terms (cost, energy cost) are included
in the cost function for optimization.

e apart from the applied underlying dynamic model, MPC can be seen as modular

control function block.

Model predictive control with adaptive models

The dynamic building system can significantly change during the utilization phase. From
changes in the room layout and utilization category to refitting projects. All these changes
need to be mapped to the building model for the model-based control.

Adaptive algorithms are designed to 'adapt' the model based on the measured inputs
and outputs of the dynamic system and change its structure and/or parameters. The
model predictive control thus can be made very flexible or robust against structural build-

ing changes.

Distributed model predictive control

Distributed MPC has been developed for large systems where a central MPC was not
feasible. Interdependent subsystems are controlled by their own MPC, which are com-
municating among each other. Depending on the overhead communication, the local
MPC's are optimizing their control actions for the respective subsystem only; or perform

a coordination function for the impacts between the distributed subsystems.

Artificial intelligence approaches

Control techniques based on the Al approach have entered several engineering applica-
tions. The methods include e.g. neural networks, fuzzy logic techniques, and genetic
algorithms.

Al based methods do not require specific models of the dynamic system, but they do
require a lot of measured data for the learning process. If enough data is available, the
learning Al approach facilitates the implementation. However, it is hard to put the

learned/derived model in relation to the physical system. It is not suitable for optimization
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processes and the learning process does not work well with changes in the system (e.g.
physical changes in the building, occupancy behavior).

Al techniques have been proposed in the field of forecasting. They are used for forecast-
ing short- and long-term climatic impact variables (weather, irradiation, etc.) and building
energy use. These forecasts can be used for the model predictive control to calculate

the trajectories of system output states for a set of potential control values.

2.3.7 Automation- vs. control hierarchy

In the technical domain of automation — with classical closed loop control as one of its
subsections — the tasks are also centered around a technical process. With actuators/de-
vices to influence, and sensors to measure the process parameters, the automation
system covers information acquisition and -processing. Internal communication systems

(networks) provide for data exchange and external interfaces.

Industrial and building automation covers a wider range of approaches of automation
process compared to classical closed loop control theory. Nevertheless, it is worth com-
paring the established hierarchical automation structure to the proposed hierarchical
control structure.

Furthermore, setting a hierarchical control concept in relation to the well-known ‘auto-
mation pyramid' supports the goal of an intensified inter-domain communication and

better understanding and acceptance in the automation and IT domain.

Industrial automation of complex processes also requires the decomposition of the total
system to more tangible subsystems. As the previously discussed multi-level hierarchical
control for complex system control, automation industry also applies to distributed con-
trol systems with process coordination assigned to a hierarchical controller structure. The
multiple hierarchy levels are described in the ‘automation pyramid’. Figure 2.40 compares

the levels of automation (left) to those of the hierarchical control approach of the thesis
(right).

The automation pyramid was developed for the classification of control technology sys-
tems. Each hierarchical layer represents differing functional requirements, specific tasks
and roles within the overall system. The higher up the level, the more the information on
the system gets aggregated, and the further down the more detailed and field-relevant

information about the process is available.
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Figure 2.40 — automation pyramid
The structure and principle task assignment of the previously derived multi-level hierar-
chical control is directly comparable to the hierarchy concept in automation engineering.
An overview comparison of these two related hierarchical system concepts is shown in

figure 2.40 shows a comparison.

Automation/hierarchical control hierarchy levels:

¢ Field level — controlling system/elements
The field level is the lowest level of the automation hierarchy, controls the tech-
nical process and includes field devices like sensors and actuators/devices. The
actuators/devices manipulate the technical process and sensors convert real

time process parameters and provide data for the automation system network.

e Automation level — control level
The control level contains the base controller structure. The controller drives the
actuator/device based on control deviation and sensor signals. In industrial auto-
mation Programmable Logic Controllers (PLCs) are widely used as controllers,

programmed to execute automatic operations sequences.

e Group control — coordination level
The first coordination level aligns the MIMO system, aggregated from several
SIMO control circuits. In automation the group level also aggregates systems of

the automation level.
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e Supervising control level — advanced control and coordination
This layer provides coordination functionality, setting overall system targets,
breaking them down to subsystem targets. The Supervisory Control and Data

Acquisition (SCADA) functionality is also located on this level.

e Management level — control management level
In this top level of the industrial automation pyramid, the entire automation system
is managed. The tasks of this level include more commercial and logistics aspects

of the automation system and the automated process.

2.4 Summary - zone- and control concepts

This chapter developed the necessary base elements towards a scalable and automat-
able process for the generation of a hierarchical control scheme for complex building

control systems (see chapter 3).

A modular zone concept based on physical effects initiated by controlling devices was
developed. From a simplified system approach, the involved elements were adapted to
a more versatile and flexible system type approach. The physical zone as base module
was introduced. Preassigned system description elements (ports, terminals, relation
paths) facilitate a simple way and a scalable approach to complex building system con-
figurations. The approach to system mapping with modular elements underlines the
comprehensible concept. The modules also provide domain-specific system views

(building physics, control engineering, IT, etc.).

A spatial decomposition of a building structure was discussed in order to reduce system
complexity into more manageable and smaller subsystems.
To align the effect-based modules with a spatial building decomposition, the effect-based

zone concept and boundaries have been set in relation to geometric type boundaries.

To embed the structure and process into an existing data standard, the decomposition
accesses the IFC spatial data structure (also in line with the spatial structure as per VDI

3813) and breaks the building system down to a space or subspace level (physical zone).

On the other hand, the zone concept serves as basis to develop complex control circuits
in a modular way. From simple SISO to MIMO systems, and from single parameter con-

trol to multi-parameter control.
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To manage the MIMO control a hierarchical control approach was presented. Finally, the
hierarchical control approach was put in relation to the hierarchical structure in the auto-

mation industry, referred to as the 'automation pyramid'.

The strictly modular approach provides a simple but effective way to work with the zones
and map control related elements. A hierarchical control structure lays the base towards
a scalable control structure. Figure 2.41 presents the derived relation of the spatial de-

composition, the mapping elements and the hierarchical control concept.
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Figure 2.41 — from spatial structure to control structure

The zone structure provides the basic elements for the mapping of physical systems
contained within an architectural building structure. The zone concept allows a system-
atic compartmentalization and structural modelling of a building and its control system

into flexible sub-entities.
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3 Control Structure Generation Process
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Figure 3.1 — structure chapter 3

This chapter leads through the process steps of the automated generation of a hierar-
chical control structure as basis for control related views and inter-domain process

management.

The three-stage process — setup, mapping and control structure - takes from data from

a building data model to a control structure proposal (see figure 3.2).

Throughout the process, the focus remains on a systematic and straightforward ap-
proach, which is easy to understand, readily applicable and easily implemented. This
work also addresses additional ways to provide the results in domain specific views in

order to facilitate the inter-domain project coordination.

The developed method focuses on the scalability of the underlying structure, as e.g. for

large and complex buildings, and the integration into automated processes.

3.1 Process from IFC data model to control structure

The principle process steps from the IFC data to a hierarchical control structure are
shown in figure 3.2:



CONTROL STRUCTURE GENERATION PROCESS | 71

building data
- BIM/IFC data model

1 zone setup

- /1. spatial decomposition

- /2 requirements & equipment
- Z3: zone definiition

1 SETUP

reduction of complexity 1
R1 - spatial & functional clustering

2 system mapping

- step 2.1: physical zone PZ

- step 2.2: control devices (D)

- step 2.3; device controllers (DC)
- step 2.4 sensors (S)

- step 2.5: connecting zones

2 MAPPING

reduction of complexity 2
R2 - reduction of node levels
R3 - elimination low interrelation effect

3 generation of control structure

- step 3.1: zone controllers (ZO)

- step 3.2: high level controllers (HC)
- step 3.3: meta controller (MC)
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Figure 3.2 — process from IFC to control structure

The principle process steps are:
= Zone setup
The zone setup process accesses the building data from the IFC data structure of
a BIM model and prepares a spatially decomposed building structure for the zone
mapping. This includes the definition of zones (at space-, sub-space- or aggre-

gated space level) and the completion of equipment profiles (devices and sensors).

= System mapping

The physical system and the building equipment are mapped to zones (device-
and physical zones) within spatial entities.

The physical zone as controlled system and the controlling system with modular
control elements, as controllers, devices and sensors, are the base for classical
closed-loop control systems. This mapping establishes the effect relations of con-
trol actions, including primary- and secondary effects as well as cross effects
between zones.

A modular approach and a construction kit like process facilitates this mapping.
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= Generation of hierarchical control structure

The third process stage describes the generation of a control and coordination
structure. This work proposes a new, scalable and converging method and set of
generative rules towards the structural configuration of a multi-level control logic.
The rule-based procedure for the definition of the higher hierarchical levels of a
multi-level control logic scheme and the assignment of the coordination tasks takes
a different approach than proposed in previous publications (Rader and Mahdavi
2015, Mertz and Mahdavi 2003).

Special focus is on the scalability of the underlying structure, as e.g. for large and
complex buildings. The proposed steps and rules for a control scheme generation

can be processed in an automated process.

This chapter continues in the sense of the structural approach and adds a hierar-

chical system aspect for the generation of the control scheme.

For the first coordination control level (zone controller, ZC), the controlled system
consists of the above described aggregation of SIMO systems (several device con-
trollers and the affected physical zone). Controller at this level influence multiple
lower-level controllers. Their controlled system has multiple inputs (one for the tar-
get value for every device controller) and multiple outputs and thus forms a typical
MIMO system.

The multi-level control hierarchy assigns specific coordination and optimization
tasks in each of the levels created.
e The first hierarchical controller level — zone controller, ZC — coordinates in
case of more than one device impact on a single system output or state.
e The second level — the high-level controller, HC — coordinates for more
than one zone controller acting on one device controller.
e The last level the meta controller, MC — coordinates the targets for the

respective highest-level controllers in the line of control command.

= Reduction of system complexity
Looking at entire buildings and their large number of spaces and zones, each con-
taining numerous interrelated effects, the mapping process leads to a highly
complex model. This subsequently translates to involved computational effort and
high number and complexity of higher-level controllers (ZC, HC). Hence additional

process steps towards a reduction of complexity are applied:
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Before running the generative algorithm, zones and/or spaces are tested
for potential clustering. The control scheme is then generated with one
representative elements of each cluster.

Reduction of graph nodes within the control zones: an extensive number
of nodes and edges are initially provided with the physical zone modular
base element for the modular pick & place functionality. In this step, un-
used nodes and edges are eliminated.

Applying a minimum threshold for the induced primary and secondary
effects and cross effects. When passing an effect through more than one
physical zone or propagation type, their impact magnitude weakens. In
case attenuation factors (edge weights) were assigned, some aggregated
cross effects will show a relatively low estimated level of impact. If below
the threshold, these impacts can be disregarded for the overall structure.
For the control, these residual cross effects will then be treated as a dis-

turbance variable.

Sample setup

Throughout the explanation of the process — system mapping and generation of the con-

trol structure — a simple sample/setup serves as an example.

A single room is affected by control actions from four devices - external shades, window,

radiator, and a lighting equipment. The controlled variables are air temperature, relative

humidity and CO. content as well as the illuminance.

Figures 3.3 and 3.4 show the sample setup's floorplan and initial system graph.
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Figure 3.3 — sample setup, floorplan

Figure 3.4 — sample setup, initial system graph
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3.2 Zone setup

3.2.1 Step Z1 - Spatial decomposition

To reduce the system complexity the building model is spatially decomposed into smaller
units, all the way down to the physical zone and ‘control zone’ level.

Based on the BIM framework, the data objects, attributes and relations for the spatial
decomposition can be extracted from the IFC data model. The hierarchical spatial struc-
ture of the IFC data allows to computationally break the building down into storeys and
spaces. The IFC data model also holds data on assigned technical equipment with its

relations into spaces.

3.2.2 Step Z2 - Requirements & equipment

All relevant requirements for the BACS are collected, either from the IFC attributes, de-
ducted from utilization types (VDI3813-1, room utilization types, occupancy planning and
room types) or inquired from other sources as planners or owners. Requirement profiles
reflect all stipulations as to the quality of the working or living environment, especially the
aspects of thermal and visual comfort and air quality demands. These requirements

translate into the choice of equipment to be employed.

The equipment data is either available within the IFC data model or needs to be com-

pleted manually.

The selected devices have to sufficiently influence the targeted set of system output
states (manipulated variables with boundary conditions). The configuration needs to be
altered in case the device does not affect the controlled variable (non-controllable varia-
ble) or the sensor is not within the respective device zone.

The selected controllers, devices and sensors are integrated as modular system ele-
ments in a ‘pick and place’ like manner. The respective data can also be managed via
templates, similar to templates of other software tools working with BIM/IFC (Kabitzsch
2018, Dibowski et al. 2006). These templates also allow to edit the equipment, change
their impact weighing and to overrule any predefined settings of the physical zone mod-

ule.

3.2.3 Step Z3 - Zone definition

In the case of a one-to-one relation between a geometrical space and a physical zone

the data can be directly accessed from the building model. For complex or large space
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geometries and areas showing differing internal characteristics, conditions or constraints,
several physical zones within one architectural space can be specified and be put in
relation with each other (Wong and Mahdavi 2000).

In case of a 1:n relation of a space to its zones the control elements & devices have to

be assigned to the respective zones (subspaces, PZ's).

3.3 Reduction of complexity R1

3.3.1 Step R1 - Space/Zone clustering

Before running the mapping and the generative process, the system structure can be
tested for potential clustering, to reduce the large number of entire building's spaces and

Zones.

Space characteristics
Spaces/zones are assessed for sharing similar characteristics such as
= common control related equipment
= interactions between control actions,
= relations to external conditions (external/internal walls, orientation, windows, etc.),
= thermal requirements
= tilization, function purpose
= occupancy impacts, behavior and schedules, number of individuals
= similar areas or volumes
= geometric adjacency relations (strict adjacencies), functional adjacencies, distance
relations (Mahdavi et al. 1998)

3.4 Zone mapping — Steps 1-5

The first process steps guide through the modelling of the principal control relevant ele-
ments and their relations within a control zone as well as the interrelations between such
zones.

In a modular process, devices, controllers and sensors are mapped to the physical zone
by selecting the respective ports/terminals from the predefined PZ module. For the pri-
mary effects, this results in a set of basic control circuits (SIMO) within the physical zone
related to a building space or -subspace.

The mapping yields a structural system view on physical effects of control actions within

and across physical zones.
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All described steps are performed within the adjacency matrix representation.

3.4.1 Step1 - Physical zone (PZ)

The physical zone element is the base element of the modular zone construction kit.
For the zone concept, the PZ is the pivoting element for actions induced by the respective
controlling elements. The physical zone maps the primary and secondary effect relations
of a specific input parameter to the PZ's output state space.

The predefined PZ block has ports for linking device modules and terminals for the sen-
sors. The PZ module provides an initial set of predetermined primary and secondary
effect relations between device actions (system inputs) and their resulting system states

(system outputs).

3.4.2 Step2 - Controlling devices (D)

To satisfy a specific given comfort requirement (e.g. room temperature for thermal com-
fort) selected devices are connected to the respective ports of the physical zones.
In the modular kit concept, this can be depicted as a set of devices being plugged onto

the respective input ports of the physical zone module, as shown in figure 3.5.

physicél zone

Figure 3.5 — modular kit concept 1

3.4.3 Step3 - Device controllers (DC)

In the course of this thesis, it is assumed that all controlling devices are operated by

device controllers (DC). These DC modules are linked to their respective devices.
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3.4.4 Step4 - Sensors (S)

In this process step, appropriate sensors for the type of controlled variable, are linked to
the physical zone. They provide PZ’s output state measurements to the control system.
The feedback connection is considered to work via a network, thus its graph represen-

tation is omitted.

Sensor elements can represent physical sensor modules or virtual sensors. Virtual sen-
sors use available measurements and other process parameters and calculate/estimate
other states or process parameters of interest by using mathematical models (e.g. com-
fort by PMV value). These can be necessary in cases where the sought state cannot be

measured by a physical device, an installation is not possible or economically not feasible.

3.4.5 Control zone - system & control circuit

The set of base elements as controller, controlling elements (actuator/device), controlled
system (physical zone) and sensor corresponds to a discrete single-input/single-output
(SISO) closed-loop control circuit, with the primary effect output as controlled variable.
Taking the secondary- and cross effects into consideration, the SISO systems become

single-input/multiple-output (SIMO) systems.

Figure 3.6 shows a basic control circuit, the feedback connection is considered to work

via a network, thus it is omitted.

This mapping reflects the effect paths of induced control actions, from controller via de-

vice to physical zone and sensors; including primary-, secondary- and cross effects.

Device controller

Device
Physical Zone

Sensor

Figure 3.6 — modular system mapping 2
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From SISO to MIMO systems
Aggregating several devices acting on device zones onto one PZ will thus superpose

each of the typically single-input/multiple-output systems (SIMO; one action, primary-

and secondary effects). The physical zone as controlled system is then a multiple-in-
put/multiple-output (MIMO) system (see figure 3.7).

p) SIMO system c) MIMO system
single-input/multiple-output multiple-input/multiple-output

a) SISO system

single-input/single-output
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Figure 3.7 — SISO, SIMO and MIMO systems

The complete setup of a control zone in 'LEGO-terms' results in a system description as

shown in figure 3.8.
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Figure 3.8 — modular system mapping result

Zone description methods
The simple representation of a modular zone system mapping in form of a LEGO-set only

was selected to illustrate the mapping process using pre-defined modules docked to a
physical zone. This depicted LEGO composition is helpful to visualize the modular setup,
but of course is not an engineering type approach. It cannot translate to an automated
process, nor does it satisfy system specification needs of the involved engineering do-
mains. Of course, the zone mapping and the underlying subsystems with modular

system elements can be presented in various, more technical views, as control view,

SysML views, graph view and matrix view.
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Control views are usually shown in form of block diagrams. Figure 3.9 shows the sample

setup in such a block structure; a simple SISO control circuit on the left. However, for

more complex structures and/or with systems incorporating several physical zones, such

graphs are quickly getting visually cluttered.
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Figure 3.9 — system mapping — control view

SysML-type view - internal block diagram

SysML is a general-purpose graphical modelling language and supports the specifica-

tion, analysis, design and verification of complex systems. With its graphical

representations it is capable to represent the main aspects in a flexible way and to cover

different domain-specific modelling techniques.
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Figure 3.10 — system mapping — SysML ibd view

An internal block diagram (ibd) provides the internal view (white-box view) of a system

block. The ibd-graph shows internal parts, flows and interaction points (ports and
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terminals) with other elements of the system (SysML 2018). Figure 3.10 shows a SysML-

style internal block diagram of the sample control zone.

Graph view

Graphs are visualizing structural relations and provide a way to present the modeling of
relations between discrete entities and dependencies within systems. Graphs consist of
nodes (representing controllers, devices, sensors and the physical zone's ports/termi-

nals) and edges, representing the effect- or flow path (energy, mass flow or information).

Figure 3.11 shows the sample setup in form of a graph. The causality relation within the
control circuits are represented by directed graphs, with a defined direction for the vec-

tors/edges.
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Figure 3.11 — system mapping graph view

For more complex systems and aggregation of subsystems, the graphs quickly become
very dense and confusing. Therefore, node-edge diagrams are not a good choice for

displaying complex systems with many nodes and edges.

Matrix view

The graph data specifying the node relationship can also be described mathematically in
the form of a matrix, referred to as adjacency matrix. Adjacency matrices offer a compact
representation of graphs (Shen and Ma 2007) and thus a more suitable representation of
complex systems or dense graphs. In an adjacency matrix, the nodes are assigned to
the rows and columns; non-zero matrix elements indicate a presence of a connection.
The elements can also store a weight, in the case of the physical zone the values of the
non-zero elements represent the effect attenuation estimates between two nodes. Edges

defining an information transfer do not have an attenuation, their edge weight equals 1.
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For the physical zone the causality relation of input and output states are represented by

directed graphs; such graphs translate into a non-symmetric adjacency matrix.

As the modular block scheme of the structure itself, the hierarchy representation within
an adjacency matrix can be built in a modular manner. Figure 3.12 shows the internal
structure of the adjacency matrix with the zone sets on the diagonal. Connections within
zones are represented by submatrices within the adjacency matrix. Physical zones are a
further subset to these block matrices.

The links between modules are represented in the off-diagonal elements above or below

the submatrices.
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Figure 3.12 — system mapping - matrix view

The matrix representation is very useful as it links graph theory and matrix algebra. A
description using adjacency matrices allows graph manipulations by operating within the
algebraic space of matrices. Matrices facilitate computation operations and aggregations

of complex underlying systems and thus enables a scalable system approach.

3.4.6 Step5 - Interconnecting zones

In steps 1-4 the building system is mapped onto the control zone level. In most cases
the control zone level will be equivalent to the building's space or subspace level.

For the system aggregation from zone level to combined structures, the interrelations
between physical zones have to be put in a structural context.

To account for cross effects between zones (e.g. heat transfer through walls, cross ven-

tilation through doors, etc.), the respective zones need to be linked. This is done by
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connecting the output ports of one physical zone with the respective input ports of the

affected zone.

Geometric relations

Adjacency relations are examined for further reductions:

Simplified sample simulations have shown big thermal time constants and a high atten-
uation for effect transmissions across walls. When excited with sinusoidal input signals
(e.g. air temperature changes in one space) the transmitted effect magnitude is reduced
even further to a very low level.

Insignificant effect propagation is also expected in case of a small overlapping wall area

or for adjacencies across the edges of spaces (e.g. across connecting corners).

An equal connection process is necessary for linking special constructs as units (U) or
elements (E). These can affect several zones (e.g. exterior shades across multiple rooms)
or control units with their own control system (e.g. HVAC systems, mechanical ventila-

tion, etc.).

Figure 3.13 shows a sample of zone interaction modes. The control unit's (U) physical
zone of subsystem 3 impact two other zones (zones 2 and 4). On the other hand, the

zones 4 and 5 show a cross-relation and affect each other.
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Figure 3.13 — system mapping — zone interrelations

3.5 Reduction of complexity - R2 & R3

3.5.1 Step R2 - Reduction of nodes

This process step involves a reduction of graph nodes. The physical zone module is
preset with an extensive set of potential internal primary- and secondary effect paths for

a variety of device types. Thus, an extensive number of nodes and edges are initially
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provided with the physical zone base element, but not all of them are used for the map-
ping of a building zone.
Reduction process:
» unconnected PZ nodes/edges
In this step, nodes and edges of the physical zone which are not connected to any
device, sensor or port of an adjacent physical zone are eliminated.
= |evel of devices
Under the assumption that devices always have a device controller the displayed
level of devices, used for system deduction reasons, can be discarded. The device
is represented within the device controller level (controlling elements)
= PZ's ports and terminals
To simplify the graphical representation also the physical zone’s ports and termi-

nals are eliminated.

As a result of this reduction process, the device controllers and their impacted effects

captured by sensors show as directly linked.

This presentation corresponds to the pursued simple action-response graph concept as
shown in figure 2.3).

This reduction process does not have any limiting effect on the mapping of physical im-

pacts nor an implication on the overall control structure.

Figure 3.14 shows the sample room's initial system graph (left) and the status after step
R2 (right).
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Figure 3.14 — reduction of complexity R1
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3.56.2 Step R3 - Elimination of low-level effect paths

In case the optional edge weights have been assigned in the graph/adjacency matrix,
this process step reduces the number of low effect cross relations in and between phys-

ical zones as well as other type zones (units and elements).

As mentioned before, the edge weights of the effect relationships (graph representation)
relate to the adjacency matrix elements Aij (O < Aij < 1); they represent an estimated
relative magnitude of the induced primary and secondary effects. When propagating an
effect with an attenuation Aij < 1 through more than one physical zone, its impact mag-
nitude weakens (combined effect = product of edge weights on the path). Consequently,
some of the secondary effects can show a relatively low estimated level of impact. In
such cases, the respective impact can be disregarded for the control structure (connec-
tions with Ai < residual limit). In control theory terms, these residual cross effects will then

be treated as a disturbance variable.

3.6 Generation of the control structure

In the first part the building structure has been spatially decomposed, and control relevant
elements have been mapped to control zones to a building's space or subspace level.
When aggregating the SISO and SIMO structures of several device zones, the physical
zone as controlled system becomes a real multiple-input/multiple-output (MIMO) system.
This MIMO system is controlled by a set of controllers and their respective devices. Each
of these controllers act on a controlled SIMO system with the primary effect parameter
as its controlled variable. Disturbance effects from other control circuits also affect the

physical zone.

These described control elements — device controller and devices as controlling ele-
ments, and the physical zone/device zones as controlled elements — are combined into
a control zone. For a next hierarchical control level these control zones represent the
controlled system and exhibit multiple-input/multiple-output (MIMO) system characteris-

tics.

As described in chapter 2.3.3, the control of MIMO systems is more complex than con-
trolling SISO systems. Multi-parameter control systems are systems where multiple
control parameters of a MIMO system are controlled simultaneously and where the ma-

nipulated-/control- parameters are strongly coupled.
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The controlled system, with its numerous physical zones and cross-relations, is highly
complex. For the building structure it is not practical to create a global building control in
a form of a single monolithic control system. Apart from the involved system complexity
and scalability issues, this is not suitable for integration of additional BACS tasks. Such
tasks not only involve control tasks but also control optimization processes with different
target settings as to achieve optimal comfort criteria, energy savings, and optimization of

other economical parameters.

Hierarchical control structure
Different approaches to MIMO control have been presented in chapter 2.3.3.
Integrating control coordination levels and generating a hierarchically organized control
structure is a scalable approach to MIMO control.
The hierarchical control approach has been selected based on the advantages as being:
= capable of coordination tasks for MIMO systems
= suitable for an automatable generation process
= flexible with respect to changes of the building spatial setup
= adaptable to optimization processes with differing objectives
= provides scalability of the overall control structure
= relatively robust against failure on lower controller levels,
This makes it a highly promising approach and thus was the selected control form for

this control structure generation process.

A multi-layer hierarchical control, with more than one coordination layers allows to inte-
grate the interrelations between and within the subsystems. The coordination strategies,
and the subsystems hierarchical target values can be coordinated in view of a more ho-
listic optimization process. Conflicts of objectives can be addressed in the coordination
layers of the hierarchical control structure by different strategies, e.g. rule-based, by more

involved multi-parameter optimization and/or model-based control algorithms.

Coordination function

For setup and parametrization of controllers it can be problematic to govern very different
dynamics in terms of controlled system's time constant within one single controller. Es-
pecially for optimization processes such multi-time-scale dynamics are difficult, a
situation that can be handled through a temporal decomposition of the control system.
Different strategies tend to partition the control as e.g. in form of cascaded control (see

chapter 2.3.4) where the different ranges of system time constants are dealt with different
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cascaded controller levels. The fast dynamics are controlled by the inner control circuits,

the slower systems/parameters by the outer control circuit.

In the case of building control, the controlled systems exhibit very different dynamic re-
sponse and a wide range of time constants. From time constants of basically zero as in
the case of light to rather slow systems as floor heating in terms of air temperature as the

controlled variable.

The first control elements/circuits acting within the control zones — device controller, de-
vice, physical zone, sensor — can be easily parametrized to the respective device
controller and SIMO subsystem (primary effect loop). The control zone itself, as aggre-
gated controlled system represents a MIMO system. The next control level includes a

coordination function to govern the control circuits within that MIMO system.

In terms of classical control, the first approach would be examining the dynamic charac-
teristics/response of the controlled variables, respectively their time constants, to assign
similar dynamic response characteristics to a coordinator. To manage the multi-time-
scale characteristics of building systems, the coordination task thus needs to be decom-

posed into dynamic response categories, from slow to fast (Xu et al. 2015).

For the many different devices and physical characteristics, it is however cumbersome
to first establish all time constants (e.g. by simulation) and then rank and cluster the

equipment by their time constant.

When looking at the devices and their dynamics from a different angle, there is a corre-
lation between devices/system dynamics and their primarily designed target effect in
terms of a specific comfort type (thermal, visual, air quality).
The category of targeted comfort class correlates with a subrange of dynamic response
or time constant:
¢ instantaneous response/time constant basically zero for light and radiation in
general. Acoustics effects also would fall in this category.
e medium range of time constant for air quality and mass flow related effect, and
e slow dynamics and big time constants for effects involving considerable thermal

mass.
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Figure 3.15 shows this relation of system time constants versus their classification/attrib-
ution to comfort aspects.
thermal aspects

- thermal mass
- thermal comfort

air-quality
- mass tansfer
- ventilation

visual aspects
- visual comfort
- light, radiation

fast response slow dynamics
<< time constant >> time constant

Figure 3.15 — relation system time constants vs. comfort classification

Hence, a reasonable approach for the definition of the coordination is grouping the de-
vices/subsystems according to the targeted comfort type into:

e visual effect coordination — fast dynamics

e air quality effect coordination — medium dynamics

e thermal effect coordination — slow dynamics

3.7 Control level & tasks — steps 6 — 8

Generation Process

The steps towards a hierarchical control structure follow a strictly rule-based process,
suitable for automated generation.

Through the stringent definition for the linking rules into zone controllers and high-level
controllers, the proposed method is convergent. By the definition of their coordination
tasks, the number of zone controllers is limited to 3 per zone (thermal, visual, air quality).
The number of high-level controllers is 4 (thermal-visual, thermal-air quality, visual-air
quality and thermal-visual-air quality). In most cases they reduce to 2 (thermal-visual and
thermal-air quality) with 2 rare control coordination combinations (visual-air quality and

thermal-visual-air quality).

The automated generation process is based on the system description in form of a di-
rected graph, respectively by its adjacency matrix. Matrix calculations are suitable for
automated processing, and the involved operations can be handled up to considerable
matrix dimensions. The process thus remains scalable and can be applied to big size

buildings with high complexity of their systems.
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In a set of generation rules (steps 6-8) a hierarchical control structure is established to
coordinate and manage the control tasks of the previously mapped control zones
(steps 1-5).

The generation of the hierarchical control layers relates to additionally available system
information as to the categorization of subsystem dynamics of the respective controlled

parameter.

The generation rules towards a hierarchical control structure are applied in 3 consecutive
steps and result in a 3-level scheme for the building control.
e step 6: zone controller (ZC) - coordination of comfort aspects across multiple
device controllers (devices) , jointly acting on output states
e step 7: high-level controller (HC) - coordination across multiple basic comfort
types and their related conflict of objectives (across zone controllers/coordinators
resulting from step 6).
e step 8: meta controller (MC) - accounting for prioritization tasks among high-

level controllers as well as interactions between spaces or storeys.

These steps towards the generation of the hierarchical structure are explained on the

previously used sample setup (see chapter 3.1) as shown in figure 3.16.

L DC-device

[ ] &K ﬁ /& controllelr
% \/ Egr;ghysmal
nduBun

E RH T CO2 S-sensors

Figure 3.16 — control structure - initial setup

3.7.1  Step6 - Zone controller (ZC)

This layer accounts for the coordination of a comfort aspect across multiple devices and

device controllers.

The zone controllers' layer is generated as follows: if more than one device controller DC
impacts one measured zone output state (sensor) these respective DC’s are linked to
one of four zone controllers. The targeted zone controller depends on the dynamics clus-
ter this zones output/sensor signal is attributed to. E.g. a temperature sensor is attributed
to thermal effect/comfort, hence the specific device controller is linked to the thermal

zone controller). This generation rule is depicted in figure 3.17 and 3.18.
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Figure 3.17 — control structure — assignment of zone controllers
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For the computation process, the system's adjacency matrix is evaluated for the indegree
of the sensor nodes (see figure 3.17). Indegree refers to the number of edges pointing to
a node in a directed graph. An indegree >1 indicates that the output/sensor node is
impacted from more than one device controllers. The device controllers acting via their
controlling devices on these PZ input ports are thus jointly impacting the one termi-
nal/output node represented by the sensor node. The concerned device controllers need
to be coordinated by a corresponding zone controller. The coordinating zone controllers

are assigned based on the (comfort) category the affected output/sensor is attributed to.

For the sample setup the temperature output/sensor has an in-degree of 4 (the output is
impacted by 4 different device controllers). The temperature is a parameter adhering to
the thermal comfort category, hence the respective 4 device controllers will be coordi-
nated by a zone controller for thermal aspects (ZCw). The relative humidity output sensor
node has an in-degree of 3, with 3 device controllers affecting its state. With the relative
humidity also pertaining to the thermal comfort category, these three device controllers
need to be connected to the thermal zone controller as well, which in this case has al-

ready been done through the previous process step for the temperature output. The
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llluminance sensor node has an in-degree of 2, thus the two device controllers affecting
this output have to be coordinated in a zone controller for visual aspects (ZCyis). The
sensor node for CO; level has an in-degree of 1 and does not need any coordination as

it is only affected by a single device controller (window).

Previously published methods (Rader and Mahdavi 2015, Merz 2002) also create zone
controllers in case more than one impact is affecting a single sensor. However, the cre-
ated zone controllers do not cluster specific sensor parameter attributes (indirectly
relating to the subsystems' time constant). This leads to a higher number of zone con-
trollers which can cause problems with the convergence of the overall control system.
That zone controller's assignment results in impact combinations that are not easily re-

lated to meaningful building physics topics groups (e.g. comfort groups).

3.7.2 Step7 - High-level controller (HC)

This layer accounts for the coordination across multiple basic comfort types and their

related conflict of objectives. This generation rule is depicted in figures 3.19 and 3.20.

In case a device controller (DC) receives control requests from more than one zone con-
trollers, a high-level controller (HC) is assigned to coordinate the actions of these zone
controllers. Up to four HC categories are assigned by interdependency types. These cat-
egories are referring to the combinations of visual-thermal, visual-air quality, thermal-air
quality and visual-thermal-air quality aspects. The common ones involve the thermal-

visual and the thermal-air quality relations.

For the matrix operations the indegree of the device controller nodes is evaluated (see
figure 3.19).
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Figure 3.19 — control structure — assigning high-level controllers
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The zone controllers acting on these device controllers are coordinated by a correspond-
ing high-level controller (HC). The coordinating high-level controllers are assigned based

on the category combination involved zone controllers.

igh—\eve\ Controller
ihermal-visua

HOthvi

Zone Controller
o '_:',',',',‘,:@ Visua‘ZOﬂe Controller

thermal

Physical 20
- n
iﬂ

Figure 3.20 — control structure — high-level controllers
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Applying this rule to the sample setup, the lighting device controller shows an in-degree
of 2, being influenced by two zone controllers (ZC.is, ZCt,). To coordinate these two, the
thermal- and the visual zone controller, a high-level controller, designated to the visual-
thermal conflict is added and linked to the two respective zone controllers. The device
controller for the blinds is also affected by two zone controllers. As they are the same as
before, no new coordination connection (graph edge) is added. The newly established
high-level controller coordinates the visual- and thermal zone controller. It indirectly influ-
ences the lighting- and blinds devices via ZC.s, and the devices for lighting, window,

radiators and blinds via ZCy.

3.7.3 Step 8 - Meta-controller (MC)

For coordination across spaces and building sections (e.g. storey), all the way to com-
plete buildings, a meta controller is established. The meta controller connects to the

spaces’ highest controller level. This generation rule is depicted in figures 3.21 and 3.22.

In the case of the sample setup, there is only one high-level controller. This controller is
linked to the meta controller. With only one subordinate controller in this case, the meta
controller does not act in a coordinating function but provides optimization and setpoint

settings for the control hierarchy below.
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Figure 3.21 - control structure — linking meta controller
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Figure 3.22 — control structure — meta controller
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3.8 Example

A floor of an office building serves as an example case. Figure 3.23 shows the floor plan
with 18 rooms. 8 offices are oriented towards the north and south respectively, 2 open
plan offices extend from the southern to the northern facade. Due to the size and the

different external impact the open plan offices are split into two physical zones.

The layout with its setup and employed devices allows a reduction by clustering, leaving
4 room types and 5 zones, the northern and southern offices, the hallway and the open

plan office with its two internal zones (see figure 3.24).
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Figure 3.24 — example - reduced floor plan
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Figure 3.25 shows the mapping result and modular zone structure derived from this room
setup with its respective devices.
The line width between device controllers and sensors corresponds to the edge weight

of the connection, reflecting the extent of the estimated primary and secondary effects.
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Figure 3.25 — example - control zone structure

Figure 3.27 (with the legend in figure 3.26) presents the result of the automated genera-
tive algorithm, with the additional layers of zone controllers, high-level and meta

controllers.
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Figure 3.26 — legend for hierarchical control graph



CONTROL STRUCTURE GENERATION PROCESS | 95

e . - —_ iy = []
ko) o K0) = u0Bzlcshl = 5
= = = 3] S
2 o = ® o 2
>
o 8 o g e
E D (0] 1 n
) > < O
5 ]
= 2 X a
c
(s) =) (N) s05z2sac
g 88@% CW) TN 28%%22?11
2 ﬁggzgﬁiy S052252
s05z2zvi1 [N~ sUozCl S0522sil1
s0b6z1sac
s056z1sah1
385523 S'IaSH
s05z1si
i s05z1sil2
zggzl :‘[[3% s05z1sil1
z
s04z1satl
, =
/ u03zicsh ke
c
/ »
Y SN
/
4 Yy s02z1sact
/ J/ s02z1sah
Y SOS? ?V\T\ s02z1sat1
s02z1cli i
. 2 Gl - s02z1sil2
, 80271l | s0271sil1
SOZZ1Z\/|E - | g |
I I
s02z1zth1 | so2z1cfi 2 |
-~ ' ,c]lj« |

Ve . sO1zisact

sO1z1sah1
i sO1z1sat
| “sO1z1msel j s01z1sii2
so1z1zv|g e sO1z1sil
sO1z1htv o |
Dimzuth Q :
¥ |
fffffffff ’Z/,

Figure 3.27 — example - hierarchical control structure
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Figure 3.28 shows the structure of the final adjacency matrix (subset of complete adja-

cency matrix) for the example setup.
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Figure 3.28 — example - adjacency matrix
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3.9 Summary - control structure generation process

This chapter presented the complete process towards a hierarchical building control
structure.
= Zone setup
preparing a spatially decomposed building structure for the system/zone mapping
=  System mapping
mapping of physical system and building equipment to zones within spatial enti-
ties/aggregates
= Generation of hierarchical control structure
a rule-based procedure for the definition of the higher hierarchical levels of a multi-
level control logic scheme and the assignment of the coordination tasks
= Reduction of complexity
intermediate process steps to cluster for space characteristics and geometry rela-
tions and to reduce systems adjacency matrix complexity by eliminating unused
nodes and weak effect paths
The automated rule-based generation process steps towards a multi-level hierarchical
control structure was presented in detail and the generation of the coordinating control
functions in respective hierarchy layers was derived. By the applied generation principles,
the process is convergent. The system representation in form of an adjacency matrix
provides scalability through matrix algorithms and is suitable for a large number of nodes
and edges. The presented generation process is scalable to big and complex building

structures.

Figure 3.29 gives a complete view of the hierarchical aspects (spatial hierarchy and con-
trol hierarchy). It links the spatial decomposition with the zone concept and the generation

of the hierarchical control structure.
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Figure 3.29 — process, from spatial structure to control structure
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4 Discussion & Results

41 Conceptual control model

The derived conceptual model describes the system and control context and encom-
passes the essential relational characteristics of the system. The system mapping with
its description of the manifold interrelated dynamic systems provides a consistent ground
for the building system design. The developed hierarchical control structure for complex
building systems constitutes a basis for a system- and project documentation; the com-
prehensible and transparent approach enhances the understanding communication

between participating engineering domains.

The model covers the essential relations of dynamic effects of the buildings systems. The
structural aspect provides a concept for the selection and simulation setup of control
algorithm options. The model is comprehensive and can serve as structural basis for the

specification of the control system.

The benefits of the building's control conceptual model in terms of Robinson (Robinson
et al. 2015) are that it:

= minimizes the likelihood of incomplete, unclear, inconsistent requirements

= facilitates and guides the development by expressing the modeling objectives, and

model/system inputs and outputs

= supports the documentation of the controlled and control system

= guides the specification and the development of control/system equipment

= provides basis for a verification and validation process of the model, simulation and

system design

The structural control hierarchy scheme does not link to a specific hardware concept,
nor does the control scheme or controller nodes refer to specified types or algorithms

but the model represents a structural framework for control semantics.

For the building system design and the building performance simulation workflow the
derived conceptual model supports the model abstraction, facilitates the prioritization of
control actions and -effects, and helps to reduce the model complexity by eliminating
negligible action-effect relations (Robinson et al. 2015). The activity of establishing a con-

ceptual model goes beyond the planning and construction phase of a building. Changes
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during the utilization phase can have a decisive impact on the dynamic relationship of

control elements and controlled systems.

4.2 System-, process- and control relevant topics

4.2.1 System topics

Lighting
The importance of the quality of lighting and the relevance of daylight for the well-being

and productivity underlines the importance of lighting control.

Lighting - dynamics

In control terms and in the context of building control 'light' as actuating variable displays
very special characteristics.

The instantaneousness of the dynamics of light as actuating variable leads to the time
constant of the illuminance system response being basically zero with an only negligible
reaction time of the lighting controller itself. In a cascaded or hierarchical control setup,
the dynamics characteristic is only influenced by the dynamic response of the higher-

level control circuits.

With the immediate response, and without storage or inertia effects, control strategies
cannot improve the system (e.g. energy consumption) by better managing the dynamics

of lighting.

Lighting - secondary effects

With the widespread employment of LED lighting technology, the secondary effect of a
thermal impact affecting room temperature (and relative humidity) is becoming less im-
portant. The residual thermal energy impact could be treated as a constant or schedule-

based offset, based on occupancy or equipment.

These two effects,

- reaching the reference value without delay, and

- reassignment of secondary effects

allow to view lighting control as a simple and immediate control to maintain a desired

illuminance level.
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Lighting control
Halonen (Halonen et al. eds 2010) categorizes three lighting control levels:
= control of artificial lighting alone
= control of artificial lighting considering parameters as daylight, occupancy, etc.
= control of artificial lighting under parameters as daylight and coordinating with

other elements as shades, blinds, louvres, all the way to HVAC systems.

In the derived multi-level control structure, all three levels can be realized, depending on
the finally implemented control strategies. The first two levels of lighting control do not
require a link to a coordinating controller. The third level corresponds to the thesis' ob-

jective to establish a control structure coordinating all interrelated devices and systems.

For lighting, the priority is to provide as much daylight as possible, but to prevent ramifi-
cations as glare effects (direct glare, reflected glare) or thermal effects as potential
overheating due to irradiation. The more daylight available, the less energy consumption
for the artificial lighting. The artificial lighting provides the necessary illuminance levels in
case of insufficient irradiation or in areas of reduced daylight factor. Lighting control main-
tains the stipulated illuminance level in the designated measuring areas/planes/points,
regardless of the

= intensity (weather impact, direct/indirect irradiation) and the

= direction of incoming daylight irradiation (angle of incidence, date and time depend-

ing) and

= changes of the interior room setting (reflections).
If daylight is considered the priority source of lighting, artificial lighting represents a sec-
ondary lighting source and is supplying just enough light to bring the illuminance level to

a desired level.

In such case, the energy demand level of the necessary artificial lighting becomes a func-
tion of:
= direct/indirect irradiation (measured, forecasted)
= gspace internal reflection setup (walls, furniture, etc. — unknown but past values
available)
and of parameters, accessible in a geometrical context and calculations:
= angle of incidence is a geometric function of building location and orientation of the
window, calendar day and time of the day (known)
= |uminous flux (irradiation) through windows or glass facades, function of direct and

indirect irradiation (weather situation, measured) and angle of incidence of direct
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irradiation (known),
= attenuation factor of shades (internal or external) or louvres— specified or measur-

able characteristic, function of blinds setting and angle of irradiation incidence.

These relations together with weather/irradiation forecasts allow to forecast the energy
demand for the additionally necessary artificial lighting.

be completely separated from the control systems in the hierarchical structure.

This can be of specific importance in context with predictive control as the artificial light-
ing states could be eliminated from the underlying model description. This reduction of
system states could reduce the MPC's computational load or allow more extensive op-

timization algorithms.

The short reaction time characteristics make the lighting system a time- or dynamic pri-

ority control system. Without back effects to other control systems, lighting control could

Acoustics

Acoustic comfort related aspects rely largely on geometry, material properties and dis-
turbance parameters as occupancy related and external noise sources.

Sources from within the building and its systems are accessible for control, or for limiting
them to be more precise. Such controllable noise sources include active devices as fans

or HVAC ducts, mechanical ventilation and other noise produced by building equipment.

Acoustic parameters can be influenced through e.g. doors and windows, which repre-
sent controllable attenuators for noise propagation. Continuous operation of
opening/closing doors and windows to correct for disturbance noise, does not seem
practical, especially in view of potential 'overcorrecting' for sudden, short-lasting and lag-
less noise impact.

Except for potential noise cancelling systems, there are no devices to actively interact
with the physical system and to control noise and acoustic comfort parameters.
Currently there is only limited equipment available to passively control these acoustical

parameters (e.g. shades with acoustic noise-reducing effects).

Acoustics - dynamics
The propagation dynamics of noise has similar characteristics as for light. It shows in-
stantaneous effect, basically without any lagging dynamic effects. With these immediate

effects, acoustic control also would have dynamic priority. For building control, they can
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also be interpreted as limiting factors for the manipulated variables as window/door
opening position. The acoustical aspects can thus be integrated by specifying limits to
the range of actuator actions, e.g. by limiting the max opening of windows as function of

predicted external noise levels or limiting the maximum airflow for mechanical venting.

Acoustics - conceptual fit

The underlying concepts in the form of effect-based structural views allow to add acous-
tical effects to the zone concept and the hierarchical control with its comfort type related
coordination levels. It does not contradict with any of the derived zone concepts or pre-

sented methods all the way to the generation of the hierarchical control structure.

It is easily possible to integrate the effects of acoustical impact if deemed necessary.
There is no contradiction with any of the derived zone concepts or presented mapping.
And it fits seemingly with the project concept, all the way to the generation of the hierar-
chical control structure. Figure 4.1 shows where and how the acoustical impact would

enter the zone concept (physical zone).
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Figure 4.1 — physical zone with acoustical control

Natural venting

Apart from providing fresh air and external CO: levels, natural venting can help to signifi-
cantly reduce energy consumption for cooling of buildings.

The driving factors are pressure differential across the building caused by wind exposure
and temperature difference between zones/spaces. The flow can be controlled via the
pressure loss coefficient defined by e.g. the opening position of doors (airflow resistance
of the opening). In case the pressure- or temperature difference parameter is zero, there
is no natural ventilation effect (only static air mixing across the opening), regardless of the

position of the door or window.
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A venting effect can be represented by linking of physical zones, a device as e.g. a door

would represent such a link.

Control of openings cannot be implemented in the form of device controllers and devices
but can be implemented as control unit with variable transfer edge weights. The effect of
a door/window is a nonlinear multiplicative functional relation of the pressure/temperature
difference and the door/window position. The pressure and temperature levels are defin-
ing the boundary conditions for the range of the control effect, the position is changing

the flow within this range.

Coupled thermal and humidity effects

With the relative humidity as function of the temperature (and the pressure) within the
physical system, the two control parameters ‘temperature’ and 'relative humidity' repre-
sent a highly coupled system, linked by thermodynamic laws. The system corresponds
to a strongly coupled MIMO system with thermal energy and humidity as inputs and air

temperature and relative humidity as output or controlled variables.

For HVAC equipment the control of these parameters is done within the HVAC control
units (CU) and air with required properties (temperature, relative humidity) is delivered to

the control zones (rooms/spaces).

For the system mapping and subsequently for the control structure the consequence of
this highly coupled system is that any device feeding thermal energy to the physical sys-
tem affects not only the air temperature but also the relative humidity. There are only few
devices actively affecting the humidity within a physical zone other than HVAC control
units, e.g. humidifiers and dehumidifiers; with changing the humidity content in the air

these devices also directly affect the zone's air temperature.

State-space description, model identification

Transfer to state space description

The structural system relations, as described by the adjacency matrix reflect the system
with its cause/effect relations. Under certain assumptions, the inherent system structure
can be transferred to a state space system description. Non-zero adjacency matrix cells
represent a dynamic response/transfer function between the two adjacent nodes. If the
system order of that dynamic transfer function can be assumed, an approximate system

equivalent in a state space system structure can be derived.
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Model identification

Such state space structure, however, is not an equivalent of a white box model (structure
of real system is known), but an approximation based on the system order assumption.
Nevertheless, such state space structure model could serve as a grey box model for

further parameter- or model identification steps.

Model based control

Model for model-based control

In case the identified system model has shown fitting system dynamics and passed a
validation and verification process, for steady state- and satisfactory prediction proper-
ties, the model can be used as dynamic system model for a model predictive control

algorithm (Privara et al. 2013).

Model reduction

A further application of a validated and verified grey box state space model are mathe-
matical model reduction approaches. These methods applied on state space system
descriptions aim to reduce the number of states. The reduced model yields comparable
dynamic system response to the variables of the real system. Such reduced models are
preferred prediction models for model-based control, as the numerical effort of these

control algorithms goes up considerably with the number of predicted states.

4.2.2 Process topics

Graph edge weights

As described in chapter 'physical zone', the systems graph description can hold infor-
mation on estimated (relative) effect attenuation for the dynamic response of the system
(e.g. similar to Bode-diagram attenuation). This information can be assigned to the graph
edges connecting the input ports and output terminals of the physical zone. These at-
tenuation factors (O < attenuation < 1) lead to reduced (multiplicative) effect magnitude
along the effect path, the more attenuated paths segments within physical zones are

passed.

Initial weight values are rather rough estimates. Refined estimates can be derived from
simulations. On the other hand, the simulations can revert to the structure of the pre-

sented system mapping.
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Simulations with very simplified models have shown similar results to Figueiredo
(Figueiredo and Sa da Costa 2012), stating that the interrelated effects between adjacent
rooms across common walls are of relatively small magnitude. The big time constants of
walls together with a sinusoidal temperature of the active/transmitting room lead to even
stronger attenuation effects. Applying a sinusoidal cycle of 1/day, the transmission effect
is drastically reduced. Such test frequency is characteristic for building cycles, as all ma-
jor external impacts (weather, irradiation, occupancy, etc.) change with that cycle period
(Pfafferott et al. 2005). Any cross effects initiated with higher frequencies (e.g. control
switching for thermal control, pulse width modulation control) lead to an elimination of

the already low cross-effect on adjacent rooms.

Relative energy/mass impact

The system description by adjacency matrices also allows to assign relative weights rep-
resenting the magnitude of the devices impact effect. E.g. a device impacting the system
thermally with 100W will have different effects than a device with 1000W. To stay in line
with assigned edge weights, such relative weights can be assigned to the graph's edges
between the devices and their respective input port to the physical zone. A normalization
of the device effect magnitudes (e.g. W/m?) can get involved, especially when several

zones are linked.

Default weights

Nonetheless, the system mapping and control structure generation process can also be
done without assigning any attenuation factors and using a default value of 1 (full effect
propagation). This also results in a valid structural model representing the building's re-
lational system and can be used to derive a hierarchical control structure. In this case the
reduction step R3 does not have any effect and is omitted. The resulting conceptual

model still can serve as a basis for the control simulation or for system identification.

Connex to simulation
The presented methods relate to building simulation in different ways. E.g. simulations
on reduced detail level can provide valuable estimates for primary and secondary effect

impact magnitude (Gladt 2014) and a frequency analysis of system responses.

In turn the presented method provides an assessment method to qualify control structure
parameters by impact ranking (Pareto analysis). By concentrating on control variables

with significant impact, the complexity and computational load of control simulations for
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complete building setups can be reduced. Control effects with low impact magnitude

can be identified and excluded and treated as disturbance variables.

The conceptual models also allow analysis for controllability, which is important for inves-
tigations on operation modes in case of equipment failure (e.g. graceful degradation). The
model can indicate characteristic building setups for simulation under varying structural
situations (e.g. doors, natural ventilation, ...) and supports systematic simulation compo-

sition in case of devices spanning across multiple zones (e.g. external blinds or louvers).

As further energy demand savings are expected in context with exploiting thermal mass
effects, simulations emphasizing such conditions are of special interest. Simulations in
this context are particularly interesting for studies on predictive control algorithms and for

decoupling and energy peak shifting techniques.

The resulting control hierarchy and its flexible node definition allows the simulation of
hierarchical control structures of complex control algorithms, namely model based, pre-
dictive control and multi-objective optimization e.g. economic-, hierarchical and
stochastic MPC.

The structural information of the system description in form of an adjacency matrix can
serve as basis for grey-box identification processes and state space description of the
system. Mathematical models derived from such model identification are required for
model-based control algorithms. They are also the basis for mathematical model reduc-
tion methods to reduce the order of the system model. This approach can be a decisive
advantage, especially for complex control algorithms and for simulations with high com-

putational requirements,.

Impact estimation of relevant building changes

Structural changes in the building configuration can change the effect propagation within
and between zones and thus alter the structural model significantly (e.g. air exchange
through open doors between control zones). Evaluations of such changes in context of
a control structure derived for other setups may be helpful in the system development
and specification.

The model can indicate characteristic building setups for simulation under varying struc-
tural situations (e.g. doors, natural ventilation, ...) and supports the simulation
composition in case of devices spanning across multiple zones (e.g. external blinds or

louvers).
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4.2.3 Control topics

Manual control impact

The conceptual model also supports studies on effects caused by manual operations.
Manual input to the control and system structure can be integrated at either the device
level or at the controller level by setting the command/set variable. With the control model
the effect of such interaction can be tracked to directly/indirectly affected output ports.
This can be important when manual operation has to take over in case of equipment

malfunction.

Controllability

Usually the controllability of a system is checked with the state space description of the
control system. The controllability can also be checked with the control structure model.
If there is an effect path from the controller to the systems measured output (sensor at
output port of the physical zone) this parameter is controllable by the respective control-
ler.

As the graphs get more involved and graphical display too confusing. The graphs and
their description in form of adjacency matrices however are suitable for algorithmic
searches of path connections between two points. With these path search algorithms

automated check for controllability can be performed.

In case of a controller failure, an interaction via a secondary effect paths might be useful.
Controlling via secondary effects is an uncommon but possible setup and can be ana-

lyzed with the structural model.

4.3 Conclusion

The thesis has demonstrated the feasibility of an automatable generation process for a

building control structure in a classical closed-loop control approach.

The selected structural approach permits to map the buildings systems and to follow the
impact-effect description throughout the process. Intermediate steps keep the process
transparent and comprehensible for all involved domains. The systematic method pro-

vides domains specific views of system and control relevant characteristics.

The process is deployable within the BIM framework and its workflows. By accessing
building models represented in the IFC data structure, users are not burdened with data

inconsistency or potential incompatibilities of a new data format.



The structural approach involves a strictly modular concept; this includes the developed
zone concept and control and system relevant elements for the mapping process. The
hierarchical concept with control circuits and controller elements is consistent with the

modular principle.

The automated rule-based generation process towards a multi-level hierarchical control
structure is based on the description of a directed graph in form of its adjacency matrix.
Matrix calculations are suitable for automated processing, and the involved operations
can be handled up to considerable matrix dimensions. The process thus remains scala-

ble and can be applied to large size buildings with high complexity of their systems.

The structural control hierarchy scheme does not link to a network topology or hardware
concept. Controllers do not represent a specific product, algorithm or functionality but
represent structural nodes as containers for any type of controlling algorithm or control

semantics. This allows flexibility for the selection and optimization of control algorithms.

Outlook
Further developments in technology and the commitment for further optimization of build-
ings (energy, comfort) offers a wide field for research and will continue to drive the

development of building automation and control strategies.

Continuing work concentrates on linking the control structure model into the domains of
simulation, model identification, and support tools for building automation as well as into
system engineering and its models, as e.g. automated generation e.g SysML model de-

scriptions.

| 108



INDEX | 109

Index

Abbreviations

AEC Architecture, Engineering and Construction
Al Artificial Intelligence

BA Building Automation

BACS Building Automation Control Systems
bdd block definition diagram (SysML)

BIM Building Information Modeling

CFD Computerized Fluid Dynamics

DC Device Controller

DZ Device Zone

HC High-level Controller

HVAC Heating, Ventilation and Air Conditioning
ibd internal block diagram (SysML)

IFC Industry Foundation Classes

T Information Technology

MBSE Model Based System Engineering

MC Meta Controller

MEP Mechanical, Electrical and Plumbing
MIMO Multiple Input - Multiple Output System
MPC Model Predictive Control

par parametric diagram (SysML)

PZ Physical Zone

SCADA Supervisory Control and Data Acquisition
SE System Engineering

SIMO Single Input - Multiple Output System
SISO Single Input - Single Output System
SysML System Modeling Language

UML Unified Modeling Language

ZC Zone Controller



INDEX | 110

List of figures

Figure 1.1 — system complexity and approach objectives ........cccovvviiiiiiiiiciviiiiciie e, 6
Figure 1.2 —thesiS SIIUCTUIE ......oiviiii e 7
Figure 1.3 — drivers of building COMPIEXILY ......vviiiiieii e 13
Figure 1.4 — management of COMPIEXILY ......ovvviiiiiiii i e 15
Figure 1.5 — system concepts (Ropohl 2009)..........ccvvviiiiiiiiiiiiiii 15
Figure 1.6 - shared data model (Claus and Schuller 2015)..........cccccciiiii. 18
Figure 2.1 — structure Chapler 2 ... e 21
IOV R o] 1= o 1T o] o] ol I 24
Figure 2.3 — zone, base representalion ...........ccoiiiii i e 25
Figure 2.4 — control circuit (DIN [EC 60050-351) ..o 26
Figure 2.5 — control circuit, modified device interfaces...........cccccvvvviiii v, 27
FIQUIE 2.8 — ABVICE ZONB...uu ittt e e e e e s 28
Figure 2.7 — device zone, extended SyStEmM VIEW ...........uvviiiiiiiiiiiiiiiie e 29
Figure 2.8 — device zone, physical & CONIOl VIEW ......cocvvviiiiiiiieececccin e 32
Figure 2.9 — physical zone, multiple deviCe ZONES ...........cceeviiiiiiiviiiii e 33
Figure 2.10 — physical zone configurationS 1 ......ccoooviiiiiiiiii e 33
Figure 2.11 — physical zone configurationS 2 .........ccceiiiviiiiiiii e 34
Figure 2.12 — physical zone configuration 3 .......ccoooeeiiiiiiiiiii e 35
Figure 2.13 — physical zone, impacts and relations .........cccoovve i, 35
Figure 2.14 — physical zone, CONNECLIONS .........ciiiiii i 36
Figure 2.15 — SISO, SIMO and MIMO SYStEMS ......coooiiiiiiiiii 37
Figure 2.16 — physical zone module, ports and terminalS..........cccccceeeeiiieeivveiciiien e, 37
Figure 2.17 — physical zone, input-/output relations............cccoooo 38
Figure 2.18 — physical zone, graph and matrix description.........cccccviiiiivieecevviiiciennn. 39
Figure 2.19 — impact sphere and limit definition ............cccooii i, 41
Figure 2.20 — IMPACE SPNEIE .....coiviei i e e 41
Figure 2.21 - physical zone, geometry IMitS ......ccoooeeiiiiiiiiii e, 41
Figure 2.22 — propagation by convection (Osterberg 2011).......ccoovevveieeveeeieeeeeens 42
FIgure 2.23 - CONTIOI ZONE ... e e e s 43
Figure 2.24 — IFC spatial structure hierarchy ...........ccccccccciiiiiiiii 45
Figure 2.25 - IFC spatial structure, zones and control structure ..............cccccc 47
Figure 2.26 — closed-loop control circuit (DIN IEC 60050-351).......ccccevviiiiiiiinin. 49
Figure 2.27 — open- and closed 100p CONTIOL ......iiiei i e 50
Figure 2.28 — control circuit, modified device interfaces...........ccccvvviiiiii v, 51
Figure 2.29 - closed l00p CONLrol CIFCUIL.......vvvveiii e e 52
Figure 2.30 - SISO, SIMO to MIMO SYStEM ....cccovviiiiiiii 53
Figure 2.31 — SISO, SIMO and MIMO system control .........cccccccviiiii 54

Figure 2.32 — centralized vs. decentralized CONtrol..........ccceeiiiiiiiiiiiii e 55



INDEX | 111

Figure 2.33 — decentralized CONTIOL........cciiiiiiiiiii e e 56
Figure 2.34 — MIMO control with decoupling controllers ...........ccccceeiiii. 57
Figure 2.35 — hierarchical CONTIOl........iiiii i e 58
Figure 2.36 — cascaded CONTION . ...uuuiii e e 59
Figure 2.37 — centralized, decentralized and hierarchical control structure .................. 60
Figure 2.38 — multi-level hierarchical CONTrol.......covvveiiiiiiii e 61
Figure 2.39 - Structure of adjacency MatriX ........cccccvviiiiiiii 63
Figure 2.40 — automation PYramid ... .oveeceeeeies e 67
Figure 2.41 — from spatial structure to control StrUCTUre ......ovvviiiiiiiiiiii e, 69
Figure 3.1 — structure Chapler 3 ... e 70
Figure 3.2 — process from IFC to control StruCture..........cccccvvvviiii 71
Figure 3.3 — sample setup, floorplan.........covvviiiiiii e 73
Figure 3.4 — sample setup, initial system graph........ccccvviiii 73
Figure 3.5 —modular Kit CONCEPT T ..uuviiiiiiiiii e 76
Figure 3.6 — modular sySterm MappiNg 2.......vueuiiiieeeiiiiiii e e 77
Figure 3.7 — SISO, SIMO and MIMO SYStEMS .......ccvvvvviiiiiiiiiiee 78
Figure 3.8 — modular systerm mapping reSUt ........cooviiiiiiiiiii e 78
Figure 3.9 — system mapping — CONTIOl VIBW ......uiiiiiiiiiiiiiis e 79
Figure 3.10 — system mapping — SysML DA VIEW ... 79
Figure 3.11 — system mapping graph VIBW........iviiieiiiiiis e 80
Figure 3.12 — system mapping - MatfiX VIEW .......coiiiiiiiiiiiii e 81
Figure 3.13 — system mapping — zone interrelations..........cooovveviiiiiin e 82
Figure 3.14 — reduction of complexity R ... 83
Figure 3.15 — relation system time constants vs. comfort classification .............ccce..... 87
Figure 3.16 — control structure - iNitial SELUD ..vvvviieiiiiii e 88
Figure 3.17 — control structure — assignment of zone controllers..........vevvvvvvviiiinnnnn. 89
Figure 3.18 — control structure — zone CoNtrollers ...........cviiiiiiiiiiiiiii e 89
Figure 3.19 — control structure — assigning high-level controllers...........ccccvvvvvviiinieenn, Q0
Figure 3.20 — control structure — high-level controllers ...........cccccvvviiiiie e, 91
Figure 3.21 - control structure — linking meta Controller............vvvviiii i, 92
Figure 3.22 — control structure — meta controller.............ccveiiiiiiiiii e, 92
Figure 3.23 — example - flOOr PIAN ... 93
Figure 3.24 — example - reduced floOr PIan........coviiieiiiiiiiiiii e 93
Figure 3.25 — example - control zone StrUCTUre ... 94
Figure 3.26 — legend for hierarchical control graph ... 94
Figure 3.27 — example - hierarchical control StruCture..........cccccii 95
Figure 3.28 — example - adjaCeNCY MALIIX......uuuiiieeeieiiiiiiiieie e e e 96
Figure 3.29 — process, from spatial structure to control structure.............coevvvvvvvnnnnn. a7

Figure 4.1 — physical zone with acoustical CONrol.............coocciiviiiiiiiii s 102



INDEX | 112

List of Figures - Appendix

Figure A.1 — Example, floor Plan ... 118
Figure A.2 — Physical effect relations...........oovvi 119
Figure A.3 — CoNtrol StrUCTUME........covviiiiiiiie e 119
Figure A.4 — Example, 163N ........oiiiiiiii 120
Figure A.5 — Control path VIEWS ..........ccuviiiiiiii 121
Figure A.6 — Example, CONrol StrUCTUNE ........vvviiiiiiiieeeeeee 122
Figure A.7 — Door CONfIQUIAtioN .........ccvvviiiiiiiiiiiiii 123
Figure A.8 — Door impact, control path VIEWS ... 123
Figure A.9 — Door impact, control path backtracking ..........cccccccci 124

List of tables

Table 2.1 — devices and primary/secondary effects ...........ccccc 27



INDEX | 113

Literature

Braun J.E. 2003. Load Control Using Building Thermal Mass. Journal of Solar Energy
Engineering 125(3), 292-301, Aug 04, 2003, doi:10.1115/1.1592184.

BuildingSMART . IFC Standard - Industry Foundation Classes (IFC). buildingSMART In-
ternational Ltd. (2018). www.buildingsmart-tech.org, accessed May 2018.

Chang S. 1999. A Hybrid Computational Model for Building Systems Control. Disserta-
tion Carnegie Mellon University, Pittsburgh, PA;
www.researchgate.net/publication/264878992, accessed September 2016.

Clemens D. 1993. Zur hierarchisch optimalen Regelung nichtlinearer Systeme. For-
schungsbericht Nr 2/93, Universitat - GH - Duisburg; www.uni-
due.de/imperia/md/content/srs/forschung/msrt_paper/1993/fb02_93.pdf, ac-
cessed May 2016.

Dibowski H., Oezluek C., Ploennigs J., Kabitzsch K. 2006. Realizing the Automated De-
sign of Building Automation Systems. 2006 IEEE International Conference on
Industrial Informatics.

DIN EN ISO 16484-3:2005. Building automation and control systems (BACS) — Part 3:
Functions (ISO 16484-3:2005). Berlin, Deutsches Institut fur Normung e. V.

DIN EN ISO 16739:2013. Industry Foundation Classes (IFC) for data sharing in the con-
struction and facility management industries (ISO 16739:2013). Berlin, Deutsches
Institut fir Normung e. V.

DIN [EC 60050-351:2014. International electrotechnical vocabulary — Part 351: Control
technology. Berlin, Deutsches Institut fur Normung e. V.

Eben K.G.M., Lindemann U. 2010. Structural Analysis of Requirements — Interpretation
of Structural Criterions. 12th International Dependency and Structure Modelling
Conference, DSM’10, 22 — 23 July 2010, Cambridge, UK.

Figueiredo J., Sa da Costa J. 2012. A SCADA System for Energy Management in Intel-
ligent Buildings. Energy and Buildings 49 (2012) 85-98.

Fradkov A.L., Miroshnik I.V., Nikiforov V.O. 1999. Nonlinear Control of MIMO Systems.
Nonlinear and Adaptive Control of Complex Systems. Mathematics and Its Applica-
tions, vol 491. Springer, Dordrecht; DOI https://doi.org/10.1007/978-94-015-9261-
1_5, ISBN 978-90-481-5294-0.

Geyer P., Buchholz M. 2010. System-Embedded Building Design and Modeling.
eCAADe 28 -Simulation and Visualization, Prediction and Evaluation; http://pa-
pers.cumincad.org/data/works/att/ecaade2010_166.content.pdf,accessed May
2017.

Gladt M. 2014. An algorithm for the automatic reduction of multi-zone models for ther-
mal building simulation. PhD. Thesis, TU-Wien.



INDEX | 114

Gyalistras D., Gwerder, M. (eds.) 2010. Use of Weather and Occupancy Forecasts for
Optimal Building Climate Control (OptiControl): Two years progress report. Terres-
trial Systems Ecology ETH Zurich, Switzerland and Building Technologies Division,
Siemens Switzerland Ltd., Zug, Switzerland, 158 pp, Appendices. ISBN 978-3-
909386-37-6.

Haberfellner R., Zist R., Walter U., Griffin M. n.d. Einleitung System Engineering.
Weiterbildender Masterstudiengang ,Sensorsystemtechnik®, Universitat Ulm;
http://www.uni-ulm.de/fileadmin/web-
site_uni_ulm/adprostu/Studiengaenge/SST/Module/SyT/syt_einleitung.pdf,accesse
d June 2017.

Halonen L., Tetri E. and Bhusal P. (eds.) 2010. Lighting Control Systems. IEA Interna-
tional Energy Agency, ECBCS Energy Conservation in Buildings and Community
Systems - Annex 45 - Energy Efficient Electric Lighting for Buildings, ISBN 978-
952-60-3229-0.

Hellenbrand D. 2013. Transdisziplinare Planung und Synchronisation mechatronischer
Produktentwicklungsprozesse. Dissertation, Technische Universitat Mdnchen;
https://mediatum.ub.tum.de/doc/1120629/1120629.pdf.

Hopfgarten S. n.d.. Hierarchische Steuerungssysteme. Technische Universitat limenau;
www.tu-ilmenau.de/simulation; accessed June 2016.

Kabitzsch K. 2018. AUTERAS tool. Technische Universitat Dresden; http://www.au-
teras.de/, accessed July 2018.

Karnopp D., Margolis D.L., Rosenberg R.C. 2000. System Dynamics. Wiley, 2000
ISBN 0471333018.

Kearney K. 2014. Path between nodes. https://github.com/kakearney/pathbetween-
nodes-pkg/blob/master/pathbetweennodes/pathbetweennodes.m; accessed
December 2018.

Kim D., Narayanan S., Li P., Cliff E.M. 2012. Whole Building Control System Design
and Evaluation: Simulation-based Assessment. ResearchGate; https://www.re-
searchgate.net/publication/262911545_Whole_building_control_system_design_an
d_evaluation_Simulation-based_assessment.

Knorn F. 2011. Topics in Cooperative Control. Dissertation, Hamilton Institute, National
University of Ireland, Maynooth; https://www.hamilton.ie/publications/PhD_the-
sis_Florian_Knorn.pdf, accessed September 2018.

Lam K.P., Wong N.H., Shen L.J., Mahdavi A., Leong E., Solihin W., Au K.S. and Kang
Z.J. 2003. Mapping of Industry Building Product Model for Thermal Simulation and
Analysis. Eighth International IBPSA Conference, Eindhoven, Netherlands, August
11-14, 2003.



INDEX | 115

Lam K.P., Wong N.H., Mahdavi A., Chan K.K., Kang Z., Gupta S. 2004. SEMPER-II: an
Internet-based Multi-domain Building Performance Simulation Environment for early
Design Support. Automation in Construction 13 (2004) 651- 663.

Lindemann U., Maurer M., Braun T. 2009. Structural Complexity Management — An Ap-
proach for the Field of Product Design. Springer-Verlag Berlin Heidelberg, DOI
10.1007/978-3-540-87889-6.

Mahdavi A. 2003. Self-organizing Models for Sentient Buildings. Spon Press, Taylor &
Francis Group, New York and London. ISBN 0-203-07367-3.

Mahdavi A. 2004. Reflections on Computational Building Models. Building and Environ-
ment 39 (2004) 913 — 925.

Mahdavi A., Rader B. 2014. Testing a Method for the Generation of the Systems Con-
trol Schemes for Buildings. Proceedings of the 2nd ICAUD International Conference
in Architecture and Urban Design Epoka University, Tirana, Albania, 08-10 May
2014.

Mahdavi A., Akin O. and Zhang Y. 1998. Formalization of Concurrent Performance Re-
quirements in Building Problem Composition. DDSS. Maastricht, The Netherlands:
Eindhoven University of Technology, 1998; https://cumincad.architex-
turez.net/doc/oai-cumincadworks-id-ddss9840, accessed August 2016.

Mahdavi A., SchuB M., Rader B. 2015. A multi-domain multi-zonal schema for system-
atic compartmentalisation of building systems control logic. Journal of Information
Technology in Construction - ISSN 1874-4753.

Mertz K.B., Mahdavi A. 2003. A Representational Framework for Building Systems
Control. Eighth International IBPSA Conference, Eindhoven, Netherlands, August
11-14, 2003.

Merz R. M. 2002. Objektorientierte Modellierung thermischen Gebaudeverhaltens. PhD.
Thesis, Universitat Kaiserslautern; https://kluedo.ub.uni-kl.de/frontdoor/deliver/in-
dex/docld/1345/file/kluedo-1500.pdf, accessed August 2017.

Oezluek C., Dibowski H., Kabitzsch K. 2009. Automated Design of Room Automation
Systems by using an Evolutionary Optimization Method. IEEE 2009, 978-1-4244-
2728-4/09.

OMG - The Object Management Group 2018. . www.omg.org, accessed December
2018.

Pfafferott J., Herkel S., Wapler J. 2005. Thermal Building Behaviour in Summer: Long-
term Data Evaluation Using Simplified Models. Energy and Buildings 37 (2005),
844-852.

Privara S., Cigler J., Vana Z., Oldewurtel F., Sagerschnig C., Zacekova E. 2013. Build-
ing modeling as a crucial part for building predictive control. Energy and Buildings
56 (2013) 8-22.



INDEX | 116

Rader B., Mahdavi A. 2015. Usability Assessment of a Generative Building Control
Logic Distribution Scheme. eWork and eBusiness in Architecture, Engineering and
Construction - Martens, Mahdavi & Scherer (Eds), 2015 Taylor & Francis Group,
London, ISBN 978-1-138-02710-7.

Robinson S., Arbez G., Birta L.G., Tolk A., Wagner G. 2015. Conceptual Modeling:
Definition, Purposeand Benefits. Proceedings of the 2015 Winter Simulation Con-
ference, IEEE 978-1-4673-9743-8/15.

Schumacher W., Maurer M. 2014. Grundlagen der Regelungstechnik. Technische Uni-
versitat Braunschweig; www.ifr.ing.tu-
bs.de/static/files/lehre/vorlesungen/gdr/Skript_GdR.pdf, accessed May 2017.

Shen Z., Ma K.L. 2007. Path Visualization for Adjacency Matrices. Eurographics/IEEE-
VGTC Symposium on Visualization (2007) Museth K., MUller T. and Ynnerman
A.(Editors).

Storchi M., Wiesendanger R. 2003. Zusammenfassung SYEN (System Engineering).
Zusammenfassung SYEN. Lehrgang Eidg. Dipl. Wirtschaftsinformatiker 2002/20083;
www.ethz.ch/content/dam/ethz/special-interest/mtec/chair-of-entrepreneurship-
dam/documents/BMS_Downloads/ZF_SYEN.pdf, accessed October 2017.

SysML 2018. SysML Open Source Project. SysML Open Source Project.
www.sysml.org.

TRIC 2018. TRIC GA Software. MERVISOFT GmbH, Wiesbaden, Germany 2018. TRIC
GA Software. www.tric.de, accessed May 2018.

VDI 3813/1 2011. Building automation and control systems (BACS) - Fundamentals for
room control. VDI 3813-part 1. Dusseldorf, Verein Deutscher Ingenieure e.V..

Wong Nyuk H., Mahdavi A. 2000. Automated Generation of Nodal Representations for
Complex Building Geometries in the SEMPER Environment. Automation in Con-
struction 10 2000. 141-158.

Xu P. 2010. Demand Shifting with Thermal Mass in Large Commercial Buildings in a
California Hot Climate Zone. Open Access Publications from the University of Cali-
fornia; https://escholarship.org/uc/item/2112m2wm, accessed October 2017.

Xu X., Jia H., Wang D., Yu D.C., Chiang H.D. 2015. Hierarchical Energy Management
System for Multi-source Multi-product Microgrids. Renewable Energy 78 (2015)
621-630.

Yang Q., Zheng L. 2016. Managing Coordination Complexity in the Remanufacturing of
Aircraft Engines. Frontiers of Engineering Management, DOI 10.15302/J-FEM-
2016022.

Yang Q., Kherbachi S., Hong Y.S., Shan C. 2015. Identifying and Managing Coordina-
tion Complexity in Global Product Development Project. International Journal of
Project Management 33 (2015) 1464-1475.



INDEX | 117

Graph-/image Sources

Claus C.C.J., Schuller K. 2015. Industry Foundation Classes Data Model Based Light-
ing Analyses Building Information Modeling Workflow Optimization. Master Thesis,
Eindhoven University of Technology; https://pure.tue.nl/ws/files/46914631/801838-
1.pdf, accessed June 2018.

DIN [EC 60050-351:2014. International electrotechnical vocabulary — Part 351: Control
technology. Berlin, Deutsches Institut fur Normung e. V.

Osterberg D. 2011. . Osterberg D. 2011. CSC - IT Center for Science Ltd., Espoo, Fin-
land; www.csc.fi/web/elmer, accessed August 2018.

Ropohl G. 2009. Allgemeine Technologie: Eine Systemtheorie der Technik. Karlsruhe:
KIT Scientific Publishing, 2009, ISBN: 9782821877580.



APPENDIX | 118

Appendix

Visualizations help to effectively communicate a system's structure and to facilitate a
common system understanding; and close the gap between domains and their respec-
tive views of a building's control system.

The presented control path views show the conceptual control structure model and ex-

amples of evaluations to enhance a common inter-domain understanding.

Evaluation of the control paths, all the way to the effect on the controlled variable, pro-
vides information on whether control nodes can directly assume auxiliary control
functionality for a specific controlled variable or whether this has an impact on the con-
troller design and specification. The conceptual model allows analysis on operation

modes in case of equipment failure (e.g. graceful degradation).

Example

A floor of an office building serves as an example case (same setup as described in
‘example' chapter 3.8). Figure A.1 presents the floor plan with 18 rooms. 8 offices are
oriented towards the north and south respectively, 2 open plan offices extend from the
southern to the northern facade. Due to the size and the different external impact the

open-plan offices are split into two physical zones.

The layout with its setup and employed devices allows a reduction by clustering. This
leads to 4 room types and 5 zones, the northern and southern offices, the hallway and

the open-plan office with its two internal zones (see figure A.1 bottom).
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Figure A.1 — Example, floor plan
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Figure A.2 shows the mapping result and modular zone structure derived from this room
setup with its respective devices.

The line width between device controllers and sensors corresponds to the edge weight

of the connection, reflecting the extent of the estimated primary and secondary effects.
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Figure A.3 (with the legend in figure A.4) presents the result of the control structure gen-

eration algorithm, with the additional coordination/control layers of zone controllers (ZC),
high-level (HC) and meta controllers (MC).

To keep all systems relations, the generation process of the control structure omitted
step R3 - elimination of low-level effect paths.
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Legend \Fg—radiator
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S z-zone controller (ZC) )
s-space  nh-high-level controller (HC)  tv-thermal-visual
u-unit m-meta controller (MC) ta-thermal-air quality

Figure A.4 — Example, legend

Control path views

These graphs represent the information-, energy- or mass (fluid) paths in a control net-
work, in this case within a building and its control system. The edges connecting the
controller nodes (controlling system) represent information flow, whereas the edges
within the physical systems (controlled system) are of energy and/or mass flow type.
The underlying graph is a directed graph with the connections leading from the top to
the bottom. The feedback signals (sensor feedback) are not shown in the graphs, the
measurement information is considered to be made available to all control nodes

through a network system.

The example structure of the building is analyzed in two ways:
» following the control action paths, from controller (via the device) to a sensor, rep-
resenting a measured output variable
» back tracking the effect path, from a sensor node back to controller nodes having

an impact on the respective output state (sensor value)

Control paths: controller to outputs
In this case the source node is a controller node and, due to the structure of the directed
graph, all ‘other' reachable nodes are either other controllers down the control hierarchy

structure or all affected output nodes.

For the control structure as well as for the physical structure (controlled system), the total
edge weight (multiplicative edge distance) is the product of the edges passed.

The shortest path is indicating the path with the biggest impact from to a controller node
to any other reachable node, especially the output nodes. In case several paths have

the same weight, only one will be indicated.

However, the objective of this specific case is to show all control action paths from a
controller to an output, not only the shortest one. A routine has been adapted (Kearney

2014) to return all available paths together with their total weights (product of edges).
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Figure A.5 shows samples of such control path views. Subfigure a) shows the effect

paths from a device controller (device: radiator in zone 1, N-room). A more complex

effect path structure is shown in b) with a thermal zone controller (ZC) as source (thermal

zone controller, subzone within open-plan office, S-hall); this view is further extended to

c), the thermal/visual High-level controller (HC).

The view d) shows the view with the meta controller (MC) as source node. This result is

trivial as by definition, the meta controller as highest control instance has an impact to

controllers within the hierarchy. The shown effect paths coincide

all outputs via its sub

with the control structure as shown in figure A.3.
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Effect backtracking — output to controller

For some system examinations and evaluations, it is of importance to analyze for the
controlling/impact sources for a specific system state (sensor node).

To find the respective effect paths in the directed graph, it is necessary to backtrack the

edges coming into an output node against the signal and effect path direction.

The backtracking can be performed in two ways:
» Reversing the direction in the system's adjacency matrix by mirroring/flipping the

matrix over its diagonal and then perform a search for all paths from an output

node to all controller nodes (as explained before)

= Applying the control action path search in the direction of the directed graph (as
described above), iterating through all controllers and retaining the connection

paths leading to the specified output node.

Figure A.6 a) shows an output node (illuminance) impacted via three device controllers
(device controller & device), one via the illumination control and lighting and the other via
the control of the external shades and the third via the other illumination equipment.

Subgraph b) shows the situation for a thermal output (zone temperature); this represents
a system state (output node) with multiple incoming effect paths (multiple controllers
impacting); main effects are cross effects of the open-plan office, consisting of two

zones, with each of the two zones being affected by multiple devices.
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Impact views with relevant building changes

In this example configuration, effect path variations are introduced by changes of the

underlying system interrelation (linking edge weights) due to the opening status of doors

or openings between rooms. Figure A.7 shows the considered door/opening functions.

Doors:
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Figure A.7 — Door configuration

the sample doors (A, B

Note: as this view reflects the clustered/reduced floor geometry,

and C) always refer to all doors of a kind. E.g. door A refers to all doors between all

southern rooms and the hallways.

controller to outputs

Control paths

Figure A.8 shows control paths to the thermal zone controller for the southern room

zone with different door settings (zone cross relation settings).
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Figure A.8 — Door impact, control path view
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shows the same

refers to the altered system with open doors A. Figure c)

LNYLZLOS O 1Wz1ZL0s O

Figure A.8 a) represents the controller effect paths for the initial case with all doors
closed, b) refers to the altered system with all doors A (S-room to hallway) being open
Subfigure ¢) shows the same view with doors A and B open. Finally, element d) shows
the effect paths from the thermal zone controller to the affected outputs for all three door
Figure A.9 shows the views of a selected output state (air temperature in zone 2, S-room)
and indicates which controllers are having an impact on the selected output node (back-
As before, subfigure a) represents the effect paths for the initial case with all doors
view with doors A and B open and subfigure d) shows the impact paths for all three door
types in open condition, from various controllers on the selected output (air temperature
These graphs show the changing complexity of the control structure when the underly-

ing system changes during the utilization phase or due to occupancy actions.

and shows an additional effect path into the hallway.
types in open condition.

Effect backtracking — output to controller

in zone 2, S-room).

tracking view).
closed, b)
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Figure A.9 — Door impact, control path backtracking



Curriculum Vitae — Norbert Sterl

Professional Background

2016-18

1999-13

1997

19956-99

1993-95

1992-93

1992

1986-91

1983-86

1981-82

1975-79

Project related work
Associate Expert, special projects at expert's offices
SachverstandigenbUro Soucek KG and EXPERT TRADE & SERVICES Ltd.

Business Development Manager, Global Product Manager,
Manager Technical Marcom;
TYCO ELECTRONICS AUSTRIA GmbH, Business group relay products

Director; SCHRACK COMPOSANTS ELECTROMECANIQUES S.A.

Head of departments 'Strategic Business Development’,
‘Projects & Innovations’ and Marketing Communications;
EH-SCHRACK COMPONENTS AG a Siemens Company

Product Marketing Manager, Head of ‘Marketing Services’;
EH-SCHRACK COMPONENTS AG

Head of department ‘Security Engineering’;
STEYR-DAIMLER-PUCH SPEZIALFAHRZEUG AG

Business Consultant

Export Manager and Head of Marketing Services (89-91),
Assistant Product Manager (86-89);
EH-SCHRACK COMPONENTS AG

Development Engineer and Project Manager;
VOEST-ALPINE-FRIEDMANN GmbH., VOEST AUTOMOTIVE

Teaching Assistant in Electrical Engineering,
DREXEL University, Philadelphia, PA, USA

Internship positions in Austria, Switzerland and England

| 125



| 126

Educational Background
2016- PhD program at the TU-Wien
2013-16  Graduated in Master program ‘Building Science & Technology’, TU-Wien

1989 Graduated in Industrial Management/Economical and Social Sciences at the
Vienna University of Economics and Business

1981-82  Fulbright-scholarship at Drexel University, Philadelphia, PA, USA

1982 Graduated Engineer in Mechanical and Electrical Engineering at the TU-
Wien

Publications

2018 ‘System Mapping and Generative Hierarchical Zone Control Structure for a
Scalable Building Control Logic’, Bausim 2018, Karlsruhe, Germany

2016 ‘Consideration of Heating Elements’ Behaviour in a Co-simulation Setting
using Model Predictive Control’, BauSim 2016, Dresden, Germany

2016 ‘Exploring the Energy Saving Potential of Model-Predictive Controls via
Dynamic Co-Simulation’, Clima 2016, Aalborg, Denmark

1997 Technical book on relay technology ‘Power Relays’, ISBN 3-9500637-0-6





