INTERNATIONAL CONFERENCE ON ENGINEERING DESIGN, ICED’07
28 - 31 AUGUST 2007, CITE DES SCIENCES ET DE L'INDUSTRIE, PARIS, FRANCE

CONCEPTUAL DESIGN OF SELF-OPTIMIZING SYS-
TEMS EXEMPLIFIED BY A MAGNETIC LINEAR
DRIVE’

Prof. Dr.-Ing. J. Gausemeier ', Prof. Dr.-Ing. Detmar Zimmer?, Dr.-Ing. U. Frank’,
Dipl.-Inf. Sebastian Pook', Dipl.-Ing. Alexander Schmidt?

' Heinz Nixdorf Institute, University Paderborn, Germany
2 KAt, University Paderborn, Germany

ABSTRACT

The conceivable development of information technology will enable mechatronic systems with inher-
ent partial intelligence. We call this kind of systems self-optimizing. Self-optimizing systems are able
to react autonomously and flexible to changing environmental conditions. They are capable of learning
and optimizing their behavior at run-time. This paper presents the paradigm of self-optimization and
shows in which way the principle solution of these systems, the result of the conceptual design phase,
should be specified. Furthermore, this paper describes how to analyze whether the developing system
should be implemented self-optimized or not. How the methods work we explain by the complex
magnetic linear drive of a shuttle.

Keywords: Design Methodology, Mechatronics, Identification from self-optimizing potencial, Specifi-
cation Techniques

1 INTRODUCTION

The development of the information and communication technology opens fascinating perspectives for
mechanical engineering: mechatronic systems with inherent partial intelligence. We use the term self-
optimization for these systems. Self-optimization enables mechatronic systems to react independently
and flexible according to changing operating conditions. The design of such systems is a challenge.
The already established development methodologies in the areas of classical mechanical engineering
[1] and mechatronics, for example the VDI Guideline 2206 "Design methodology for mechatronic sys-
tems" [2], are not sufficient here. This concerns in particular to the early phases "planning and clarify-
ing the task" and "conceptual design". The result of this phase is the principle solution. The principle
solution specifies the fundamental structure and the fundamental mode of action of the system. There-
fore it should be determined at this point whether a system is self-optimized or not.

A new design methodology for self-optimizing systems is developed at the Collaborative Research
Centre (SFB) 614 “Self-Optimizing Concepts and Structures in Mechanical Engineering” of the uni-
versity of Paderborn. An important component of this design methodology is a method for the identifi-
cation of self-optimization potential. This contribution describes first the paradigm of self-
optimization. Then it represents a specification technology for describing the principle solution of self-

" This contribution was developed in the course of the Collaborative Research Center 614 “Self-Optimizing
Concepts and Structures in Mechanical Engineering” (Speaker: Prof. Gausemeier) funded by the German Re-
search Foundation (DFG) under grant number SFB 614.
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optimizing systems and a method for the identification of self-optimization potential. Finally it de-
scribes how to use the methods in the conceptual design phase of a test bench, which is made to opti-
mize the efficiency of a linear motor.

2 SELF-OPTIMIZATION

The key aspects and the mode of operation of a self-optimizing system are illustrated in Figure 1. The
objectives pursued by the system play an important role. The self-optimizing system determines its
currently active objectives on the basis of the encountered influences. For example, while a rail system
is in normal operation mode the objectives include a high level of comfort and minimal power con-
sumption.

The self-optimizing system is able to adapt its objectives autonomously. This means, for instance, that
the relative weighting of the objectives is modified, new objectives are added or existing objectives are
discarded and no longer pursued. Adapting the objectives in this way leads to adaptation of the system
behavior. That is achieved by adapting the parameters and where necessary the structure of the system.
The term parameter adaptation means adapting a system parameter, for instance changing a control pa-
rameter. Structure adaptations affect the arrangement of the system elements and their relationships.

Influences on the Technical System

Surrounding User System
e.g. Uneveness of e.g. changed e.g. wear and
track-profile usage mode tear

Shuttle | |
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Figure 1. Aspects of self-optimization systems [3]

We express self-optimization as a series of three actions that are generally carried out repeatedly:

1) Analyzing the current situation: Here the current situation includes the state of the system itself
and all the observations that have been made about its environment. Such observations may also be
made indirectly by communicating with other systems.

2) Determining the system of objectives.

3) Adapting the system behavior according to the new objectives.

This sequence of actions is called a self-optimization process. From a given initial state, the self-

optimization process passes, on the basis of specific influences, into a new state, i.e. the system under-
goes a state transition.
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3 RELATED WORK

There are a wide variety of approaches to the specification of technical systems in the early phases of
product development. All of them fundamentally map the elements of the system and their interrela-
tions, but no approach specifies the self-optimization process. ModCoDe — a system for the object-
oriented modeling of mechatronic product concepts — models active elements and their interrelation-
ships, including associated behavior models, described by means of block diagrams, state charts and
bond graphs [4]. SchemeBuilder is a development tool for modeling and simulating conceptualized
mechatronic systems by mapping and linking functions, active principles and components. Formulat-
ing behavior models enables simulation models to be derived automatically [5]. The emphasis here is
on mapping kinematic, dynamic and control behavior.

Suh subdivides the description of technical systems into the domains: customer, function, physics and
process. He formally models the domains and the relationships between them. He defines axioms that
enable him to derive modules and determine the ideal solution concept. The formal specification can
also be used as the basis for establishing the system’s stability [6]. In Buur’s work on the description
of mechatronic concepts the emphasis is on modeling functions depending on system states and state
transitions [7]. The specification technique for describing mechatronic systems developed by the pro-
ject iViP focused on mapping models to describe requirements, functions, structures, constraints and
shape and the cross-links between them [8].

The ordering concept CARTRONIC [9] and the specification technique for modeling mechatronic ma-
chine tool concepts that was formulated during the project “Planning mechatronic production systems”
[10] both utilize software specification techniques such as UML. Here the focus is on communication
relationships. An OMG consortium formulated SysML™ (System Modeling Language), which is a
standard based on UML for the specification, analysis, verification and validation of technical sys-
tems. Here the emphasis is on modeling system structures, parameters, requirements and behavior
(such as the system’s activities, states and interactions) [http://www.omgsysml.org/]. Methods for
identifying the self-optimization potential are not known to the authors.

4 SPECIFICATION TECHNIQUE FOR THE PRINCIPLE SOLUTION

In order to describe the principle solution of a self-optimizing system we use a set of semi-formal
specification techniques [11]. For a complete description we need several views on the self-optimizing
system. The developed set of specification techniques allows describing these views and how they are
interlinked. Each view is mapped by computer onto a partial model. As shown in Figure 2, the princi-
ple solution is made up of the following eight views respectively partial models: requirements, envi-
ronment, system of objectives, functions, active structure, shape, application scenarios and behavior.
This last view is considered a group because there a various types of behavior (e.g. the logic behavior,
the dynamic behavior of a multi-body system, the cooperation behavior of system components etc.).
There are also relationships between the partial models, leading to a coherent system of partial models
that represents the principle solution of a self-optimizing system.

Previously, in mechatronics, the focus was normally on the system’s active structure, but here the sys-
tem’s states and state transitions are in the foreground, i.e. the self-optimization process and its effects
on the active structure and the processes taking place within the system.

These partial models are worked out not sequentially, but interactively. Each of the development steps
undergoes numerous iterations, and the order in which they are carried out will depend upon the object
being developed, organizational constraints, and — especially — on the preferred approach of the indi-
vidual developer and the use of a suitable methodology (cf. [12]).
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Figure 2. Coherent system of partial models for describing the principle solution
of a self-optimizing system

5 IDENTIFICATION OF SELF-OPTIMIZATION POTENTIAL

The result of the development is to achieve a system without weak points. In order to reach this goal,
the contradictions and weak points must be identified and eliminated during the development of the
principle solution. The paradigm of self-optimization is a possibility to dissolve contradictions and
eliminate weak points. However, it is to be examined firstly whether self-optimization is suitable for
each specific case. The steps synthesis, analysis and evaluation of the system are continually executed
during the development of the principle solution. For the identification of self-optimization potential
the phases represented in Figure 3 have to be added to the analysis of the system.

General system analysis: The goal is the investigation of parameters and system structures, which
can be changed within certain boundary conditions in such a way that they enable dissolving contra-
dictions and eliminating weak points. Firstly the weak points and contradictions are to be identified.
An example of a weak point of a drive is not reaching the demanded driving power. Then, each spe-
cific case should be analyzed. The task is to find out which influence of the environment (e.g. wind
force, heat force) and of the system (system parameter and structures, e.g. adjusting forces) affect this
weak point and/or these contradictions. In addition, we use the influence analysis and the analysis of
physical regularities. Afterwards it is to examine whether the identified influences can be controlled or
regulated by the system in such a way that the weak point is eliminated and the contradiction is solved.
We call the regulating influences (parameters and structures) adjustable parameters and structures. At
last, boundary conditions for these adjustable parameters and structures are to be investigated. The
partial models active structure and environment are the basis for this phase. The result of the general
system analysis is possible weak points and contradictions within the system and adjustable parame-
ters and structures, with which the system can dissolve the weak points and contradictions within cer-
tain limitation.
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Figure 3. Approach for the identification of self-optimization potential

Analysis on situation dependence: The goal is to present in detail, whether the system behaves dif-
ferently due to changing influences. The influences on the system can be depend on way and time, i.e.
they are not always equivalent intensively present. In the first step, the influences will be analyzed on
occurrence frequency and occurrence duration. Then important characteristic situations are investi-
gated for the system. Therefore consistent bundles of influences occurring at the same time are formed
and summarized to situations. Afterwards, it is to analyze, in which situations which weak points and
contradictions occur. If different weak points and contradictions occur in different situations, we speak
of situation-dependence of the weak points and contradictions. The partial model environment is rele-
vant for these investigations. The result of this phase is the statement whether the weak points and
contradictions are situation-dependent or not.

Analysis on ogjecitve dependence: The key of self-optimization is that the system determines its op-
timization objectives independently and adapts its behaviour through parameter and structural change
if necessary. The system optimizes itself in dependence of its situation. In this phase, optimal adjust-
able parameters and structures for the situations are investigated to achieve an optimal behavior. Af-
terwards, objectives and their weightings are thought of for each situation. Then the objectives and
their weightings will be compared in each situation. If all objectives and their weightings are the same
in each situation, the system does not have to be self-optimizing. A simple regulation or adaptation is
sufficient in this case. If different objectives or if different weightings of the objectives are relevant in
the situations, the system should be self-optimizing.

6 APPLICATION EXAMPLES

The procedure described above will be clarified in the following on the basis of the example "linear
drive of a shuttle". Autonomous shuttles build the core of the innovative rail system "Neue Bahntech-
nik Paderborn/RailCab". The rail system is realized at the university of Paderborn as a surrounding
test station on a scale of 1:2,5 [http://nbp.www.upb.de]. This rail system acts as a demonstrator for the
SFB 614. The drive of the shuttles is developed with the help of a doubly fed linear drive. Its stator is
placed between the rails; the rotor is fastened to the shuttle. The three-phase alternating current coils
lying in the stator produce a magnetic field, which moves itself along the rail. The magnetic force ef-
fect is developed in the air gap between stator and rotor magnetic field. The active structure in Figure
5 on the left clarifies the section of the regarded system in this contribution. It specifies a shuttle and a
rail section as system elements, which consist of subsystem elements such as carrying structure
(frame) and rotor or stator and track in each case. The stator and the rotor are combined into the logi-
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cal group linear motor. The rotor current I and the stator current Is flows into the rotor and stator. It
produces a magnetic field. The drive and brake force F results from this magnetic field. The system
parameters magnetic air gap and indirectly the mechanical air gap affect the drive and brake force F.

An advantage of the linear motor is that the contact between the wheel and the rail is not used for the
transmission of the drive and brake force. Furthermore, the function "transfer the energy into the vehi-
cle" is realised by the drive. Overhead lines or power rails can be omitted in this way. The disadvan-
tage of this innovative drive principle is the lower efficiency compared to conventional, gyratory
three-phase induction motors (TPIM) which provides comparable performance (Figure 4) [13].

Efficiency - Power - Portfolio
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Figure 4. Efficiency — Power - Portfolio

The analysis in the following sections demonstrates that the efficiency of the linear motor can be im-
proved with a self-optimizing concept. The last section presents a concept for the improvement of the
efficiency, which uses the paradigm of self-optimization.

6.1 General System Analysis

It is to be analyzed in the first step, which parameters and structures affect the efficiency within the
system. For this purpose, all relevant parameters of the system that are identified in the active structure
are registered in an influence matrix. Their influence to each other will be estimated (Figure 5). The
estimation is made under the generally accepted physical regularities. This will be described in the fol-
lowing:

The efficiency of the linear motor can be indicated on the basis of the generally accepted description
of the efficiency by the relationship of the usage to the expenditure:

_ effective mechanical power (P,,,)

injected electrical power (P,)) ( tion 1)
equation

_Fv_Pel_Pv_l_Pv
U-1 P P

el el

According to Grothstollen’s [14] theory the drive and brake force F can be calculated:

3 .
F="Z.1, (I, sin9

Tr (equation 2)
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Figure 5. Left: Cu-tout from the active structure of the shuttle with a linear drive;
Right: Cut-out from the influence analysis of the system

The mutual inductance of the rotor and stator coils Lg results from the reciprocal value of the air gap
multiplied by a factor Kq [15]:

LSL = K,

1
o (equation 3)

The factor K4 contains the effective numbers of turns in rotor and stator, in the magnetic field constant,
the pole pair number, the pole width and the pole division. The mutual inductance Lg, of the stator and
rotor sinks thus with rising air gap. The following simplified association is conducted as a result of us-
ing equation (3) into equation (2) under the assumption that the phase angel between stator and rotor
current v between rotor current || and stator current lg lie in +/- 90°:

1
F :3.15 1K,

(equation 4)

The factors Ky, as well as the factor K4, summarize the values that can not be influenced, e.g. the mag-
netic field constant or the pole division.

An improved efficiency results according to equation 1, if an enhancement of the drive and brake
force F can be achieved with equal lasting electrical performance Pg. The equation 4 shows that the
air gap should be as small as possible for this purpose. In the next step, it is investigated whether the
air gap can be minimized to any value or whether there are restrictions for it. Investigations of the sys-
tem design shows that the actually adjustable air gap is smaller than the magnetic one. The magnetic
air gap is the distance between the coils of the rotor and the stator which build magnet fields. Both the
rotor and stator coils do not lie openly. They are embedded in a potting compound. Thereby the sub-
stantially smaller mechanical air gap &, is resulted. Now it is to be analyzed whether this can be mini-
mized to any value or whether there are further restrictions.

The mechanical air gap can not be minimized to any value to avoid the contact of the rotor and the sta-
tor. For example, the air gap of the shuttles is adjusted to 10 mm at present. This relatively large air
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gap makes the engine durable in relation to small deviations of the distance from its ideal condition. It
provides thus a higher security against a collision of the rotor and the stator. However, a small effi-
ciency results under these circumstances. Additionally, the normal force Fy has influence on the air
gap. It results from the magnetic field between the rotor and the stator and can be expressed simplified
as following:

—-Is-1, - K, (equation 5)

A high normal force leads to increased burden of the wheel bearings and the carrying structure. It has
thus a higher wear of the burdening shuttle components [13]. A contradiction between the design goals
"a small air gap as possible" and "a low normal force as possible" occurs as a consequence. We ana-
lyze in the end, which influences of the environment affect the air gap and whether these values can be
affected by the system shuttle. For this purpose, the relevant influences in the partial model environ-
ment are to be identified and opposed in an influence matrix. Shifting tolerances, temperature influ-
ences, storage mistakes, setting in the gravel, and also wear of wheels and rails have influence on the
air gap for example. The system can affect only the wear of the wheels, because it can be reduced by
increasing the air gap, as well as by decreasing the normal force. That contradicts however the actual
goal of the system.

6.2 Analysis on Situation Dependence

First the influences determined in section 6.1 are analyzed regarding occurrence frequency and dura-
tion. The regarded influences such as shifting tolerances, storage mistakes, setting in the gravel, and
also the wear of wheels and rails, depend on the quality of the installation works, the use duration and
the use intensity. For example, setting in gravel of reinstalled rails is larger than of old ones, therefore
the air gap is larger with newer rails than with old ones under the same system configuration. Addi-
tionally, the setting on the rail course is not constant. The wear of the rails depends on the use of the
rail section. Frequently used rail sections show a higher wear than those only rarely used. The wear of
the wheels correlates with the use of the shuttle. Shuttles, which are rarely used and have small loads,
exhibit therefore a smaller wear than shuttles with higher operating burdens. It can be derived that the
air gap is a value depending on distance and time.

The next step is to investigate the characteristic situations for the system shuttle. Only the influences
“wear and gear” and “track placement” are regarded here. And on the basis the extreme situations "no
track placement"/“no wear and gear” and "track placement"/“wear and gear” are considered.

Beside the air gap, the rotor current I; was also identified as a parameter, which affects the drive and
brake force and therefore also the efficiency in the section 5.1. The rotor current I is adjusted for the
generation of the drive and brake force, depending on the planned driving profile of the shuttle. The
demanded driving profiles result from the different situations, in those the shuttles can be and from the
requirements in these situations. Typical situations of a shuttle are "start-up procedure in a station",
"travelling on an unknown track section", "travelling on an incline", and "damage in the support struc-
ture". The shuttles must be differently driven and brake with different forces in these situations. The
rotor current is like the air gap also a situation-dependent value. Subsequently, the situations identified
for the air gap and the rotor current are combined to the situations specified in the table 1.

6.3 Analysis on Objective Dependence

In the first step of the analysis on objective dependence, the adjustable parameters are investigated for
each situation, which lead to achieve an optimum efficiency (table 1 center). For example, while the
shuttle is "starting from a station", a maximum driving force is required, and the air gap must be small
and the rotor current must be large. However, if the environment changes, die to wear of the wheels
and rails or by setting in the gravel, the air gap must be increased. The rotor current must keep large in
order to produce the necessary strength.

In the second step, every possible objective and their weightings are thought ahead for each situation.
The objectives "maximize the drive and brake force", "maximize the security" and " maximize the ef-
ficiency" are useful in this example. In order to obtain the optimal parameter in the situations, the ob-

jective should be weighted as in table 1 and be traced by the system. In this example, if there are no
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Chart 1. Characteristic situations, the parameters to be adjusted and the possible objective
combinations to achieve the parameters to be adjusted

Situation Ristinet objective
parameters .
foroem=* safetymax efficiency™*
No wear and
tearf no track I\ tigh» 8m small 0,6 0,2 0,2
Start-up procedure placement
in a station
Track placement
/wear and tear I towe Srnig 0.4 Ot 0:2
No wear and
Travelling on an tearf no track I 1o S smal 02 0,4 0,4
unkown track placement
section Track placement
{ wear and tear I tows 1 g Uj . e
No wear and
tear/ no track I\ high Brm smal 0,6 0.2 0,2
Travelling on an placement
incline
Track placement
/ wear and tear I smais 8 big 0,3 0.5 0.2
No wear and
tear/ no track I tower & amial 0,1 06 0.3
Damage onthe placement
support structure
Track placement
f wear and tear 1o 8 big 0. 8 £

wear and no setting while starting from the station, the objective "force" should have the highest prior-
ity. However, if wear or setting in the gravel occurs, the objective security is more important and gets
higher weighted.

To the end, a comparison of the objective determined in each situation shows that the system should
change the objective to achieve an optimal behaviour. Therefore there is a potential for the application
of self-optimization.

6.4 Conceptional realisation of the self-optimization

The following section describes a concept for an optimal air gap adjustment depending on the status of
the rail way and the characteristic situations, which are exemplarily specified in the table 1. The basic
idea of the concept is "learning from experience" (Figure 6). The shuttles should be able to learn from
the experiences of other shuttles. These experiences are made while the shuttles are driving on a cer-
tain rail way section. The acquired knowledge should be used for the own objective and for the pa-
rameters to be adjusted. For this purpose, each rail way section owns a track section control (TSC).
This control provides current distance data and experience data from other shuttles before the own
passage. The data form the so called External Preview, which represents the basis for a situation-
dependent optimization in connection with the data of the current shuttle. A shuttle, which should
drive on a rail way section, can call up these data and adjust the air gap depending to the situation, re-
garding the rail course and the necessary energy for the adjustment. After passing this rail way section,
the shuttle sends back the optimization result and the current air gap distribution to the track section
control.
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Figure 6. Communication between shuttle and track section control (TSC)

The self-optimization process takes place in the shuttle according to Figure 7. This process is repre-
sented in the partial model "behaviour — activities". In the situation analysis, the rail way data, the
shuttle default values (force/efficiency/security) and also information from other modules, for example
from the energy management, are continuously queried. Furthermore, continuous determination of the
completion degree of the current objectives follows. The situation analysis is made in soft-real time.
The objective determination of a new system of objectives is specified from the shuttle default values,
the default value of other modules of the shuttle and the current objectives. The air gap distribution
will be investigated first during the behaviour adjustment. On this basis, suitable parameter and con-
troller variants for the self-optimizing air gap adjustment will be selected in connection with the new
system of objectives. The parameters and the controller variants are not only used as optimization re-
sults in the shuttle, but are a+lso sent back to the track section control.

7 OUTLOOK

The experimental investigations for active air gap adjustment are to be realised on a new conceived
hardware-in-the-loop (HIL) test bench at the chair for Construction and Propulsion Technology (KAt).
The test bench enables the simulation of a test track and their stator position errors. Furthermore, dif-
ferent driving and route profiles can be produced. This enables the investigation of different actuators
regarding their applicability for the situation-related adjustment of the air gap during operation.
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SYMBOLS

efficiency (of a system)

mechanical power

Pmech
Pel

elektrical power

dissipation loss

Py

drive- and brake force (force)
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v velocity
voltage

I current

Lg mutual inductance of the rotor and stator coils

Is stator current (primary motor part)

I rotor current (secondary motor part)

magnetic air gap
m mechanical air gap

) phase angle between stator and rotor current
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