
Towards a Concurrent Multidisciplinary
Design Optimization of Mechatronic Systems

Fariba Rahimi

Doctoral thesis in Machine Design
KTH Royal Institute of Technology
Stockholm, Sweden, 2021



TRITA-ITM-AVL 2021:11
ISBN 978-91-7873-815-1

Towards a Concurrent Multidisciplinary Design Optimization of Mechatronic Sys-
tems
Fariba Rahimi
Doctoral thesis

Academic Dissertation which, with due permission of the KTH Royal Institute of
Technology, is submitted for public defence for the Degree of Doctor of Philosophy
on Thursday September 2nd 2021, at 1:00pm in a Zoom Webinar.



Abstract

Multidisciplinary design optimization of mechatronic systems is a cumber-
some task that considers integration of several engineering domains simul-
taneously. Hence, a holistic method should treat these engineering domains
concurrently in the development phase and result in a solution for the sys-
tem that is optimum considering several disciplines. Conventional design
approaches for multi-disciplinary systems often consider each domain sepa-
rately and integrate them at the end stage of the design. In these methods,
the interactions and couplings between parameters from different disciplines
can get lost and if any error arises at later design phase, it might lead to
back-tracking and debugging, and hence, be time and cost consuming.

Therefore, a method that includes concurrent design of mechanics, elec-
tronics, control, considering the impact of embedded control implementation
(on physical design and performance) which results in an integrated system
is of noteworthy importance. This dissertation summarizes research by
the author regarding ideas and suggestions for an integrated multi-criteria
design method. The purpose of this research is to enable an early-phase
design that takes into account three domains (physical design, control de-
sign, and embedded control implementation) simultaneously. Therefore ob-
jectives, specifications and constraints from each domain are taken into ac-
count. The efficiency feature is enhanced by the use of an early-phase design
method which reduces time and cost consuming debugging, and removes the
necessity to have iterative design loops in later design phases.

The method develops two types of components: physical and control.
Physical components are basic mechanical/electrical elements which include
three types of models: physical dimension, static properties, and dynamic be-
haviour models. Control components include control methods and dynamic
performance constraints. The concept of a mechatronic system under de-
sign in the supporting software toolbox is configured using the components
library. A multi-criteria optimization method is employed in a system level
which yields an optimal solution for the system in terms of size, imple-
mentation cost, hardware cost and control performance. Using this system
level optimization, there is no need to partition the problem or to integrate
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several optimization loops in the method.
Four design cases are used to enable some features of the software tool-

box and investigate capability of the method to handle multi-DOF non-
linear systems; and to highlight correlation between engineering domains
and broaden the coverage of disciplines. The feasibility of the method is
evaluated by variations of design tests for the design cases. Accordingly,
mechanical and control components are studied, developed and integrated
into the IDIOM (Integrated Design Optimization of Mechatronic Systems)
software toolbox. Since the model of each component is treated separately
in the design and modeling stage, any system configuration that uses the
available components can be handled by the method. The contribution of
the thesis can be summarized as follows:

• Multidisciplinary design method and investigation of couplings and
correlations between engineering domains

• Models and co-design methods to include nonlinear multi-degree of
freedom mechatronic systems

• Extended method to cover key aspects in discrete time systems, and
key factors in embedded control implementation

The goal of this thesis is to improve system development efficiency by
integrating engineering domains in an early design phase. Accordingly, the
method in this thesis is a fundamental move in evaluation of mechatronic
systems design which assists in better system development and analysis.
However, there is no single ‘best’ approach for the design of mechatronic
systems; the presented method in this thesis facilitates an efficient simul-
taneous integrated design optimization and has a broader coverage of engi-
neering domains. The results achieved by the method ensure an optimum
system solution in regards to the different involved engineering domains.
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Terminology
A few key terms that are used throughout the thesis are presented and de-
fined here to assist the reader. Some of these terms might differ depending
on the context they are used in or might not be a common knowledge.

Component– A part of a mechatronic system.

Concurrent– Pseudo parallelism treatment of different stages of the de-
velopment phase in design.

Curse of dimensionality– Exponential solution space increase when adding
extra dimensions to a design space [1].

Co-design– An approach of design that involves two disciplines/technical
fields/specifications in the design process to ensure the result meets the re-
quirements.

Discipline– An academic engineering field.

IDIOM– A supporting software corresponding to the tool that realizes
the method. IDIOM is an abbreviation for ‘Integrated Design Optimization
of Mechatronic Systems’.

Interface– A point or a device/program which assists the interaction and
communication between two systems, elements, components, behaviour, etc.

Method– A design process with encoded algorithms.

Multidisciplinary– Combining or involving several disciplines or special-
izations in an approach.

Pareto optimality– A situation where no preference criterion can be bet-
ter without making at least one preference criterion worse [2].

System concept– Interconnected or configured components.
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Nomenclature

δ Sensor resolution factor [ radpulse ]

γ number of control performance constraints

â Actuator component

ŝ Sensor Component

ν Poisson’s ratio

σy Yield stress of the material

τ Cycle time of the profile

τm Maximal stress of the arm material

bc Carrier width of the gear [m]

b Total gear width [m]

Cm Motor type constant

Cn Control component

cp Control parameters

Cmj Constant for specific machine type

cpc Control constraint

dbs Damping in the screw drive [kg/s]

dsh Shaft damping [kg/s]

Dyk Dynamic behaviour of component k

E Young’s modulus

Eq Equation list
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NOMENCLATURE

G Shear modulus

ip Input profile

ISE Integrated square error

Jbs Inertia of the screw drive [kgm2]

Jl Load inertia [kgm2]

Jm Rotor inertia [kgm2]

Jp1 Inertia of the driving pulley [kgm2]

Jp2 Inertia of the driven pulley [kgm2]

Jpg Planetary gear inertia [kgm2]

Jsh,a Area moment of inertia of shaft (torsional constant)

Jsh Shaft inertia [kgm2]

kbs Stiffness in the screw drive [N/m]

ksh Shaft stiffness [N/m]

KT DC-motors torque constant

lm DC-motor length [m]

lps Load specifications

Ml Load mass [kg]

Mb Mass of the rotational beam

Mn Mass of the nut drive

MAE Mean absolute error

max(er) Maximum error

Nr Number of requirements

obj Objective function

op Output profile

Pdk Physical dimension model of component k

q Sensor model
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NOMENCLATURE

rg Planetary gear radius [m]

rm DC-motor radius [m]

rsh Shaft radius [m]

Stk Static transformation model of component k

Tm,rated Rated torque [Nm]

Trms Root mean square torque [Nm]

Ts Sampling time [s]

vm Volume of DC-motor [m3]

wb Fastest pole of the closed loop system

wc Bandwidth of continuous time closed loop system

wm,peak Maximum allowed speed of DC-motor

ws Sampling frequency [ rads ]
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Chapter 1

Introduction

Mechatronic systems are designed using a wide range of engineering disci-
plines [3]. Design optimization of these systems is a challenging and up-to-
date topic that is usually based on sequential and step by step approaches
which integrate the domains at the end stage. This requires backtracking
and debugging if errors appear in later design phases, which involves both
time and cost consuming iterations [4]. Thus, developing approaches that
are based on early-phase integration of domains is of high importance. Sev-
eral design tools are introduced to support mechatronic system features and
are divided in two groups: ‘specific purposes’ tools and ‘generic purposes’
tools. The tools focused on specific purposes, such as Ansys [5], lack con-
current integration of physical design, control design and embedded control
implementation within an optimization algorithm [6, 7]. On the other hand,
generic tools such as Modelica [8], even though they have broad applications,
do not cover physical scaling/dimensioning approaches or constraints and
embedded control implementation factors, therefore narrowing the use case
on a different range of problems (design tools for mechatronic systems are
discussed in Sections 2.4.2.7 and 2.4.2.8).

In previous studies, a simplification is adopted that ignores the embed-
ded control implementation impact on the final control performance [7, 9]
(follow-up literature studies are discussed in Sections 2.4.2.5 and 2.4.2.6).
This yields an unreasonable choice of implementation related parameters
which deteriorates the control performance and may even cause instability
in the system. Hence embedded implementation decisions have significant
influence on the performance of the final system solution and should be
considered in the integrated design optimization methods and tools. So far,
designing embedded control systems has been considered in two dependent
steps: first the controllers are synthesized, and second these controllers are
mapped and scheduled on a given platform. This approach often leads to ei-
ther resource under-utilization or poor control performance, and may even
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CHAPTER 1. INTRODUCTION

lead to instability of control applications because of the timing problems
that arise due to certain implementation decisions [10, 11].

This research focuses on improving efficiency in design and optimization
of mechatronic systems by introducing an early-phase co-design method
which assists in reducing time and cost consuming backtracking approaches.
The method considers integrating physical design, control design and em-
bedded control implementation aspects, simultaneously. A multidisciplinary
approach is employed and models for new components are developed. The
models are deliberately kept simple by some assumptions on the dynam-
ics, statics and physical design models which focus on capturing the main
characteristics of the components (these assumptions are discussed in de-
tail in Chapter 3). The thesis is built upon a concluded PhD dissertation
[9] and considers developing models and extending an introduced IDIOM
(Integrated Design Optimization of Mechatronic Systems) supporting soft-
ware toolbox in [9] to encompass multi-DOF nonlinear mechatronic systems
with multidisciplinary features. Moreover, the correlations and the impact
of design parameters from different engineering domains on objectives are
studied. Three engineering disciplines are considered and the key features
are integrated in the supporting software toolbox.

1.1 Motivation

Mechatronic systems are found in many everyday complex products. Mecha-
tronics is a multidisciplinary field of study that synergistically combines
mechanics, electronics, computers and automation [12, 13, 14]. An inter-
dependent collaboration among the engineers from these fields of sciences
motivates a high potential for innovations and information sharing. Systems
engineering uses a concurrent method for preliminary design [15]. Accord-
ingly, mechatronics can be considered as an extension of systems engineering
which is supplemented with information systems to assist the design, and is
employed not only in the preliminary design phase but at all stages of the
design. Mechatronic design methods have synergistic combination features
and using these methods can exhibit performance characteristics which are
difficult to achieve otherwise. In summary, mechatronics increases func-
tionality and features, and enhances efficiency in the design. The solutions
derived by mechatronic design are usually more cost effective and envi-
ronmental friendly, and they improve design time, safety, flexibility and
reliability [16, 17].
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1.1. MOTIVATION

1.1.1 Mechatronics design facets
Mechatronics has a wide range of application in daily life and industry
such as in aircrafts, automation, telerobotics, intelligent highways, servo-
mechanism, sensing and control systems, vision mechanisms, calibration
devices, medical equipment, design mechanisms, home security, home ap-
pliance and industrial products. A core advantage of mechatronic systems
design is the possibility to relate product features to different involved engi-
neering domains. A typical generic design process for mechatronic systems
goes through a few phases as follows:

• Research on potential customers and identification of customer/client
needs

• Identification and analysis of the problem

• Requirement specification; i.e. identifying product constraints, crite-
ria and design variables

• Information search and literature review

• Concept generation

• Concept evaluation

• Detailed design of chosen concepts

• Evaluation of final concepts regarding requirements, constraints and
specifications

• Design of final solution

In this thesis the focus of the multidisciplinary method is on the de-
tailed design phase. Detailed design of mechatronic systems are classified
in two groups: sequential and concurrent. A typical sequential mechatronic
design process is discussed by Shetty et al. [18] which consists of three
phases: modeling and simulation; prototyping; and deployment. Tradi-
tional mechatronic design approaches often aim to add reliability and per-
formance into the mechanical part of the system during the development
stage. In these methods, the control is usually designed later to provide
performance/reliability and reduce errors in the design. Since the design
steps are often performed sequentially, these approaches can be classified
as sequential engineering design approaches. If a mechatronic system is ef-
fectively integrated with the concurrent engineering management strategy,
then it can achieve impressive optimal results [19] and it is called a concur-
rent design method. This thesis favours an integrated concurrent method.
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CHAPTER 1. INTRODUCTION

1.2 Thesis overview

Pursuant to the presented motivation, broad-spectrum of mechatronics ap-
plication, and a need for an integrated concurrent design method, the goals,
design choices, level of abstraction, delimitation and domain coverage of
this research are presented in this section.

1.2.1 Research goals

The goal of this research is to:
G1: Deepen the analysis of holistic design to enhance efficiency and

performance in the concurrent method.
In order to achieve this, a simultaneous design method for mechatronic

systems with its supporting software toolbox is to be advanced; mechanical
elements are considered as physical components, sensors and actuators as
electrical components, control laws and embedded control implementation
factors as control components.

G2: Develop a multidisciplinary multi-objective method to derive a
balanced optimum solution for a mechatronic design case.

In order to achieve this, design objectives will be derived from different
disciplines; hereupon various constraints from the same disciplines will be
imposed to the system. The design solution considering a multidisciplinary
method is a Pareto front set, and to derive a final optimum system solution
there will be a need to apply a function which prevents deteriorating other
objectives by improving just one.

G3: Verify the feasibility of the method using a few design cases with
multiple degrees of freedom and non-linearity.

In previous publications [9, 20, 21, 22, 23], the method is mainly limited
to linear one-degree-of-freedom systems. This thesis will extend the method
to handle multiple degrees of freedom components and configurations to
cover more complex systems. To achieve this, the same assumption as for
simple systems will hold, namely that the individual degrees of freedom will
be modelled as linear multiple-mass oscillators. However, multi-degree-of-
freedom (MDOF) systems typically lead to coupled dynamics, and in many
cases to nonlinear differential equations. Coupled dynamics as such is easy
to handle, but to resolve nonlinear dynamics and time-varying coefficients,
fixed operating point(s) (in the relevant state variables) should be defined
in the method wherein the equations are linearized around it to achieve a
linear local approximation. Once this is accomplished, the linear MDOF
multiple mass oscillator assumption will hold.
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1.2. THESIS OVERVIEW

1.2.2 Design choices
Throughout the development of the method, several design decisions are
made which are briefly discussed in the following subsection.

A multidisciplinary optimization approach is employed which, with re-
spect to the implemented models in the software toolbox, is capable of
deriving an optimum solution considering three engineering domains: me-
chanical, control and embedded control implementation. The volume, sam-
pling frequency and sensor resolution are considered as the main objectives
of the design from the mentioned domains. Other domains and objectives
are feasible to be considered by extending the method to include the cor-
responding models. In practice, there can be more than three objectives as
long as the models are integrated in the method.

Genetic algorithm (GA) is chosen as an optimization algorithm that is
implemented in the method since it can handle problems with discrete de-
sign variables and is implementable on problems with nonlinear objectives.
GA is an approach to solve both constrained and unconstrained problems
and can be applied to a diverse range of complex problems. To use other op-
timization algorithms with the method, the corresponding algorithm should
be integrated in the method and implemented to the toolbox. To linearize
nonlinear systems, fixed operating points are defined. Each operating point
yields a new system and requires new evaluation and should be treated sep-
arately in the optimization run. The choice of objective function(s) and
constraint(s) are flexible for each design and can be reversed.

Four design cases are considered throughout the study which had enough
complexity (regarding degrees of freedom, non-linearity, design variables,
and involved domains) and represented a real system design concept. Other
design cases with different components and configurations require extension
of the method to include corresponding models of the components. Some
features and properties relevant to modeling and evaluation are enabled in
the method and software toolbox by implementing these design cases. The
rationale for choosing these design cases is as follows (briefly presented in
Table 1.1):

• Ball-screw drive system: Physical component models (beam and ball-
screw) are studied and physical dimension, static properties, dynamic
behaviour models of the mentioned components are developed and
added to the supporting software toolbox. This system is a nonlinear
multi-DOF system, hence the method is improved to handle nonlinear
systems by the use of this design case. Multi-DOF system configura-
tion is enabled and linearization approach is added as an extra step
to the method.

• 2-DOF robotic arm: 2-DOF arm component is studied, designed and
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CHAPTER 1. INTRODUCTION

Table 1.1: Method development using the design cases
Design Case Design and Evaluation

Modelling and Properties
Ball-screw drive -Beam -Linearization

-Ball-screw -Multi-DOF configuration
Two-DOF -Two-DOF -Lagrangian mechanics
robotic arm arm -Numerical comparisons

with literature
Servomechanism -Adopted -Discrete-time systems

-Multi-domain
from [9] -Multi-objective

-Embedded control
implementation

-Numerical comparisons
with literature

Belt-drive -Belt-drive -Domain correlation
system -Sensor -Parameter couplings

-Sensor resolution/location
-Qualitative comparison

with literature

modelled. To handle nonlinearities in this system, Lagrangian me-
chanics is employed, therefore this feature is enabled in the method
and its software toolbox. This design case is used to compare numer-
ical results of the optimization achieved in our method with results
from [24]. The results of this comparison are discussed in Section 4.2
and appended Paper D.

• Servomechanism: To comprehend the impact of parameters from dif-
ferent domains, a simple system is needed where the main characteris-
tics of the system still remain. A servomechanism design case is used
to be able to analyse the system in detail and compare the numerical
results with a previously published study [9] which does not cover em-
bedded control implementation features. For the analysis using this
design case, the design and models are derived from [9], therefore the
design and modelling field is left empty in Table 1.1. A discrete time
system is considered and modeled. A multidisciplinary design method
is used where three engineering disciplines are integrated concurrently
and a multi-objective optimization problem is implemented. Two dif-
ferent load profiles that should be handled by the system one at a
time are considered to ensure broad application of the method.
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1.2. THESIS OVERVIEW

• Belt-drive system: A belt-drive component is studied and modelled
(statics, dynamics, physical design). A very simple linear model of
the belt-drive system is used in [25] which highlights the ratio between
the pulleys in the model, however physical and control design for this
system are not integrated within an optimization. This system is used
to qualitatively visualize the level of design and discipline coverage of
our method in comparison to the method in [25]. Nonlinear models
of the belt-drive component are studied and the design case is used
to further integrate design, control and optimization. The impacts of
sensor resolution and location are analysed, and the couplings between
disciplines, domains and parameters are investigated.

It should be noted that there is no specific requirement on the com-
ponents to be integrated in the method as long as it would be feasible
to develop dynamic, static and physical dimension (scaling/dimensioning
approaches/physical constraints) models for each component. Individual
component models are developed throughout the method which allows con-
figuration of system concepts, therefore any system which uses the available
developed components is realizable by the method.

1.2.3 Level of abstraction
The method is focused on an early-phase design optimization of multidisci-
plinary single and multi-objective problems for mechatronic systems. The
models that are developed in this thesis are in component level. The method
includes both component and system level evaluations. Two types of com-
ponents are developed in the method as shown in Fig. 1.1: physical and
control. Physical components are basic mechanical/electrical elements and
control components include control laws, dynamic constraints and embed-
ded control implementation factors. The models for each physical compo-
nent comprise physical dimension, static properties and dynamic behaviour
models.

The physical dimension model basically captures the load actuation ca-
pacity or load carrying capacity of the component as a function of com-
ponent properties such as size, mass, friction or cost (depending on the
target optimization criteria). Subject to the component type, the physical
dimension is based on load properties such as RMS (root mean square) and
peak values derived from the given load and motion profile as requirement.
For efficient model evaluation, Roos et al. [26] proposed a way where the
models are essentially based on algebraic relations and scaling approaches
and this work were later extended by Malmquist et al. in [22]. Budinger et
al. [27] applied a similar scaling approach to efficient early phase concept
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Figure 1.1: Level of abstraction for the design

optimization, but they do not consider control. In this thesis, the physi-
cal dimension model includes component level physical constraints (such as
speed requirements, torque/power measurements, strength), and dimension-
ing and scaling factors, or either of these. Based on the required load profile
for each component, the physical dimension models are executed and the
satisfaction of physical constraints are checked to ensure that non-feasible
component dimensions are rejected.

The static properties model captures static transformation of the load
from one side of a component to the other. These models are essential for
the physical dimension model to initially design the component with respect
to transfer of an external system load through the chain of components in
the system. As an example, the static properties of a gear is a function of
gear ratio and possibly gear friction. The static properties model excludes
the effect of damping and stiffness in the system.

The dynamic behaviour model captures the internal dynamics of a com-
ponent. Since the component models allow for straightforward configuration
of more complex systems, the component models are defined to have one
functional degree of freedom (for example a rotational degree of freedom for
a gear) and two perpendicular non-functional degrees of freedom. In the
functional degree of freedom, the mechanical component models are sub-
stantially of the same kind, i.e. second order systems consisting of two iner-
tial bodies (J1, J2) with physical connection(s) described by linear constitu-
tive equations. Clearly this means that adding just a few components—say
a motor, a coupling and a gear—already gives a high order (6th) system.

8



1.2. THESIS OVERVIEW

One way of reducing the model order is to presumably consider stiffer com-
ponents as infinitely stiff and thereby merge multiple initial bodies into one.
In our models, this corresponds to replacing the 2nd order component model
with a 1st order component model. These models and example components
are discussed further in Chapter 3.

The dynamic constraints as part of control components are imposed to
the system in the system level analysis and design. Independent design
and modeling of components allows flexibility to configure any type of sys-
tems using the available developed components, therefore each component
model is treated separately in the design and modeling process. Dynamic
constraints are evaluated via passing the system model to an optimization
solver, where the physical dimension models are also calculated. Embedded
control implementation factors are also incorporated within the optimiza-
tion loop. The system is designed, controlled and optimized with respect
to a specified requirement such as force/torque profile. One optimization
loop is utilized which removes a necessity to divide the problem into several
problems and a need for several loops, hence it is a time and cost efficient
method. The overall structure of the proposed design method in this thesis
is presented in Fig. 1.2.

1.2.4 Delimitation
In order for the method to be as holistic as possible, all design parameters
are required to be free variables, which would be unrealistic even for a
small number of components due to the curse of dimensionality. This is
also true for the large number of components. The library of components is
not yet rich enough to model and evaluate every type of system; however,
the method is capable of handling any system configuration which uses the
available developed component models. Concept generation is not the scope
of this study. The choice of the used software was made in a previously
published dissertation [9] and is not the aim of this thesis. The method is
not applicable using other software/tools, since at least one aspect of the
design will be lost. The developed software toolbox including the encoded
algorithms and models is not yet openly available.

1.2.5 Domain coverage
The contributions of research throughout the thesis covers a few domains
which are summarized as follows:

• Multidisciplinary design approach and investigation of couplings and
correlations between engineering domains: the overall contribution of
the thesis.
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Figure 1.2: Structure of the proposed design method

• Integration of static properties, dynamic behaviour, and physical di-
mension models for mechatronic components within a multidisciplinary
design: the overall contribution of the thesis.

• Models and co-design approaches to include nonlinear multi-DOF
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mechatronic systems: provided by Papers D and E. The following
detailed aspects are covered by the mentioned papers.

– Statics, dynamics and physical dimension models for ball-screw
and beam components are developed and implemented in IDIOM
(Paper E)

– Two-DOF arm is designed and modeled dynamically and stati-
cally (Paper D)

– Linearization approach is integrated in the method (Paper E)

– Multi-DOF configuration is enabled (Papers D and E)

– Lagrangian mechanics are added to the method (Paper D)

• Extended method to cover discussions in discrete time systems, key
factors in embedded control system implementation: provided by Pa-
pers A, B, and C. The following detailed contributions are covered by
the mentioned papers.

– Multi-domain approach is enabled (Papers A, B, and C)

– Multi-objective problem is studied (Papers A, B, and C)

– Pareto optimal set is derived and weighted sum function is inte-
grated in the method (Papers A, B, and C)

– Embedded control implementation impact is integrated in the
model (Papers A, B, and C)

– Features of discrete-time systems are enabled and the impact
of sampling frequency/time on the co-design method is studied
(Paper C)

– Sensor resolution model is developed using a pole placement con-
trol (Papers A)

– Statics and dynamics for the belt-drive component as a new com-
ponent are developed (Paper A)

– Design method for the belt-drive system is developed (Paper B)

– Sensor resolution model is implemented using an observer control
(Paper B)

– Domain correlation and parameters couplings are studied (Pa-
pers A, B, and C)
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1.2.6 Research questions
A number of research questions, in line with the goals, form the basis of
this dissertation.

Q1: Can a balanced optimum solution be realized considering physi-
cal (mechanical/electrical), control and embedded control implementation
domains simultaneously without increasing the cost and complexity of the
evaluations and models?

Q2: Can the design parameters, constraints, objectives, dynamic be-
haviour, static properties and physical dimension models of mechatronic
systems be incorporated within a simultaneous multidisciplinary method
to yield a potential design for a mechatronic system concept considering
several engineering domains?

Q3: Can multi-degree of freedom and nonlinear behaviour of mecha-
tronic systems be dealt in an integrated manner in an early-phase of design
with less computationally demanding models?

1.3 Research design
Several studies have been carried out in the literature [28, 29, 30] on the
research methods in the field of systems engineering. Ferris [31] presented
a method for engineering design that is based on the project goals and the
pragmatic views of the researcher. Creswell [29] presented a framework to
characterize the research in terms of philosophical assumptions, strategies
of inquiry, and research approaches. Philosophical assumptions refer to “a
basic set of beliefs that guide action” [32], i.e. implicit philosophies that
the research is based on; strategies of inquiry is the use of quantitative,
qualitative, or a mix of both design; and research approach is the approach
to collect and analyze data including surveys, literature study, case studies
etc.

The research design choice is based on considering these three elements
as well as the research goal and problem in the study, and the personal expe-
riences of the researcher [29]. Four different philosophical assumptions are
discussed in [29]: postpositivism, constructivism, advocacy/participatory,
and pragmatism. Throughout this thesis, in the initial phase a philosophy
assumption (namely pragmatism [28]) is used. The pragmatic worldview
arises from actions, situations and consequences rather than prior condi-
tions and solutions to the problem. In the pragmatic worldview, the con-
cern is on what works and solutions to problems [33]. Therefore the main
attention is on the research problems and deriving knowledge about the
problem [34, 35]. In pragmatism, it is not essential to use any of the quali-
tative or quantitative methods, hence a mixed method can as well be used
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as long as it best meets the needs and purposes. In a mixed method which
is aligned with the goal of this thesis, researchers look to many approaches
for collecting and analysing data rather than subscribing to only one way
[29].

Strategies of inquiry are types of qualitative, quantitative and a mix
of methods designs which provide defined direction for the process in a
research design. Quantitative research includes true experiments and non-
experimental designs, such as surveys. In the quantitative method there
exists an absolute truth that can be observed by empirically analyzing a phe-
nomenon and identifying the cause, since the laws of nature can be observed
through carefully designed experiments. The ways to conduct qualitative re-
search are narrative research, phenomenology, grounded theory studies and
case studies. This thesis favours either of these research methods or a mix of
both. Different procedures are developed for mixed method strategies such
as sequential mixed method, concurrent mixed method, and transformative
mixed method [29]. Throughout this thesis, concurrent mixed method is
employed in which quantitative and qualitative data are integrated to pro-
vide comprehensive analysis of the research problem. Research approach
involves the forms of data collection, analysis and interpretation. Observ-
ing behaviours, conducting interviews and visiting a research site are some
ways of collecting data. In some forms of research, both types of quantita-
tive and qualitative data are collected, analysed and interpreted [29].

Given that the entire research design in this thesis is defined by a philos-
ophy assumption (namely pragmatism), a mixed method for the strategies
of inquiry, and a concurrent mixed method as a research procedure, the
research method that is substantially used throughout the thesis is given in
the following subsection.

1.3.1 Design Science research method
Fig. 1.3 presents a framework for Design Science research which covers the
relationship between needs and research actions, and existing knowledge
and problem solutions. The research method in this thesis is fortified by
the design science research method [36], which requires two inputs: the
needs and existing knowledge. The needs should be identified in the initial
phase to form the research goals and problems. The needs are defined in an
environment comprised of people, organization and technologies. Analysing
the aspects of environment makes it easier for the researcher to evaluate
how the research results are used in the mentioned environment. Among the
many needs that might be identified through research process, the relevant
needs are considered which, if met, can improve the mentioned environment.
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Figure 1.3: Design Science research cycles; adopted from [36]

The existing knowledge includes methods, models, experiences, and meta-
artefacts which are developed during the research activities. Existing knowl-
edge includes rigour cycle in its application to guarantee if the produced
methods, models and experiences are valid. Research activities are per-
formed using these two inputs, and theories are built which are evaluated
by an appropriate method [37]. The outcome of the research in terms of con-
tribution can differ. In the case of theory and experience as the outcomes,
it is part of the knowledge base and can be utilized in research activities.
If the outcome is an artefact, then it is considered as part of environment
that it is used in.

1.3.2 Design Science in this thesis
In this thesis, the process of research (according to Fig. 1.3) is illustrated in
Fig. 1.5, considering the Design Science research method and is divided into
the five phases (depicted in Fig. 1.4). The needs are identified which cor-
respond to the gaps, and are translated to the research goals and research
questions in order to understand the facts and concepts, synthesize existing
knowledge and analyze patterns. The needs are derived considering the en-
vironment in terms of the application domain. The environment is specified
by existing literature and the industrial background. A preliminary state
of the art review is carried out in the initial phase (phase 1) to analyse the
industrial needs and gaps in the mechatronics design area. Moreover, each
of the phases includes relevant literature to ensure that there are unsolved
gaps related to the problem, and that the solution by the method is well
reasoned. Additional follow-up state of the art is performed in the final
phase (phase 5) to certify the previous literature studies and validate the
coverage of the method and achieved results.
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The research goals in this thesis are formed by the identified gaps, needs
and unsolved problems in the literature. For the design method and models
that are employed in this thesis which are the basis of research activities,
usability in the chosen environment is specified as the main criteria. More-
over, when it was feasible, available methods (e.g. developed control laws,
common optimization algorithms) with broad applications were applied in
the design method.

Figure 1.5: Design Science research method in this thesis

The evaluation of methods and research activities is performed using
various approaches as shown in Fig. 1.5. In phases 2 and 3, and for the
method in appended Papers D and E, the evaluation is performed using
case studies and a comparison with previous studies to test if the developed
method produces better results. The software toolbox presented in the
papers is evaluated through several design cases and the application of it in
a realistic industrial context is assessed. Throughout phases 4 and 5, and for
the method in the appended Papers A, B and C, the evaluation is carried out
in two ways. Firstly, a case study and variation of design tests are used to
assess the application of the developed method and models on an industrial
conceptual design case, and express the achievements in terms of numeric
and graphs. Secondly, the feasibility of the method is evaluated by other
tools (Simulink/Simscape is used to further analyse and derive the same
type of data, and the obtained optimal system is simulated geometrically
using SOLIDWORKS to ensure that it represents a real system). The results
are compared numerically with previously published studies and the domain
coverage is evaluated qualitatively.

The contribution of appended papers in relation to the Design Science
research method is as shown in Fig. 1.5. The contribution of appended
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papers are considered to be in relation to the classification of the Design
Science research. Each appended paper includes both conceptual problem,
applications in the considered environment, and implementation in the de-
veloped toolbox. Therefore they can contribute to both knowledge base and
environment.

1.4 Thesis outline
The thesis is organized as follows. The first chapter includes an introduction
to the field, motivation and application of mechatronics followed by research
approach and goals. Chapter 2 presents a brief background research and
literature study in the field. Chapter 3 presents a proposed mechatronics
system design method consisting of applied multidisciplinary method, de-
veloped component models, optimization method, and a brief presentation
of the supporting software toolbox. In chapter 4, four design cases which
the method is applied on and tested for, are briefly discussed. Chapter
5 reviews the contribution, and gives a summary of the appended papers.
The thesis is concluded in chapter 6 with discussions around the research
questions.
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Chapter 2

Background and related research

It is a significant challenge for industrial companies to design mechatronic
systems considering reliability, size, energy consumption, cost and efficiency.
Design approaches require involvement of several engineers from different
disciplines to brainstorm and take into account the important aspects of
each domain. This is an intricate task due to the contradictions originating
from interaction and interfaces of different domains. This design method, if
not simultaneous, necessitates backtracking in case of errors happening in
the system, which is a costly iteration during the process of design, meaning
that the final optimal solution might not be a “true” optimum. A lot of re-
search haas been conducted on design optimization of mechatronic systems.
This chapter reviews the background, important related work in the area of
mechatronic systems design optimization, and multidisciplinary design.

2.1 Design of mechatronic systems
An engineered system is a combination of interacting elements to achieve one
or more (n) stated purposes [38]. Fig. 2.1 shows a relationship between sys-
tem and purposes using UML (Unified Modeling Language) abstract class
diagram in graphical form. An engineered system includes a defined con-
cept, requirements and specifications which results in defined objective(s)
in terms of stated purpose(s) while satisfying imposed constraints.

Stated
Purpose(s)

(achieves)System
1 … n

Figure 2.1: Relationship between system and stated purposes [38]

Mechatronics is a combination of mechanical engineering, electronic and
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control in the design of products and manufacturing systems. It considers
the design of systems and products to achieve an optimal balance between
mechanical/electrical structure and its control [13]. A typical mechatronic
system includes four different modules [39]:

• A ‘base’ structure, which is usually a mechanical structure,

• One or more actuators (electrical component) which actuates the ma-
chine,

• One or more sensors (control component) to measure and then provide
the information on the current state of the machine,

• One or more information processing devices, namely an embedded sys-
tem, which analyzes the information given by the sensors and control
the actuator to yield the desired behaviour.

Tetsura Mori created the name ‘mechatronics’ in 1969 when he was work-
ing for a Japanese company called Yaskawa Electric Corporation where they
were building mechanical products. Yaskawa Electric Corporation was us-
ing some electronic specifications for manufacturing mechanical systems.
Mori introduced a technical term for the new technology by combining the
words ‘mechanical’ and ‘electronics’ and created the new word “mechatron-
ics” [40]. Mechatronic system design is a design of controlled systems in-
cluding the integration of main functions from several disciplines. It uses
system engineering method (V-model) to realise the combination of different
subsystems by the required functions.

Nowadays, V-model [41] is a standard procedure of design for mecha-
tronic system development in industry. The V-model is decomposed into
three sections as shown in Fig. 2.2. The first section is the system design
with the input requirements, the second section is the domain specific design
process in different disciplines, and the third section is the system integra-
tion of disciplines which at the end results in a product that is a designed
mechatronic system. Most modern methods of mechatronic system design
are based on model based design. A model based system design using W-
model is presented in [42] which uses SysML (Systems Modeling Language)
as a tool for integrated system design. The W-model [43] facilitates the vir-
tual integration of the sub-systems during the system design. The W-model
is in a “W” shape and is based on the V-model according to VDI Guideline
2206 [39]. The W-model has the hierarchical structure of the V-model with
three levels of system, subsystem and disciplinary-specific components (de-
picted in Fig. 2.3). Complementary to the V-model, the W-model describes
the system design process with five phases: system analysis, specific solu-
tions and dependency analysis, virtual system integration, model analysis
and detailed development, and system integration.
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Figure 2.2: V-model structure [41]

An extra phase in the W-model compared to the V-model is the virtual
system integration which includes integration of system requirements, sys-
tem model and functions that allow analyses of the domain specific phase
in concept without manual integration of the system. Pahl et al. [45] intro-
duced a process for designing systems in 4 phases:

• definition phase,

• conceptual phase in an abstract level,

• embodiment phase which consists of technological ideas to implement
defined concepts,

• detailed design phase.

They considered cognitive psychology to increase the innovation in design
and proposed a method for product planning. A few principles of design for
recycling were studied and methods for quality assurance were discussed.

Traditional design approaches are based on sequential design methods
which deal with various domains separately, and integrate them at the later
design phase which, in a case of errors appearing in the product design stage,
requires backtracking and debugging that is costly and time consuming [46].
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Figure 2.3: W-model structure

2.2 Multidisciplinary design optimization

Multidisciplinary design optimization (MDO) was introduced by Schmit [47]
and Haftka [48]. They extended their approach in structural optimization
to include several other disciplines. Multidisciplinary design optimization
(MDO) refers to a research area which is concerned with developing methods
to the design of complex engineering artifacts and systems by interacting
physical phenomena [49]. MDO highlights the need for different aspects of
the design problem, such as aerodynamics, mechanics and control. MDO
was first applied on an aircraft, integrating the three disciplines of aero-
dynamics, structures and controls [50, 51]. Later, the use cases of MDO
continuously extended to other engineering systems such as automotive,
mechanical, naval and civil.

The MDO approach is a wide research area which comprises optimiza-
tion, sensitivity analysis, concept generation and information technology for
better decision making in an integrated structure, and it deals with multi-
ple disciplines and interactions of subsystems and models [52]. Development
of MDO methods has been an active research study in recent years. The
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multidisciplinary development of mechatronic systems attempts to find an
optimal balance between the mechanical design, sensor and actuator, im-
plementation impacts, information processing and the control [13, 14] as
depicted in Fig. 2.4. Therefore it is of major importance to consider elec-

Information 
Technology

• Machine elements
• Mechanical components

• Sensors
• Actuators
• Microcontrollers
• Power electronics

Mechanics Electronics

• System modeling
• Computation techniques
• Software engineering

Multi-disciplinary
design of

mechatronics
systems

Figure 2.4: Multidisciplinary design of mechatronics systems [13]

tronics, mechanics and embedded control for a holistic design procedure
which results in an integrated optimized system. To derive this optimal so-
lution, an optimization algorithm that is computationally and cost efficient
should be implemented. In the next section different optimization methods
are briefly reviewed.

2.3 Optimization methods
When one or several design concepts and disciplines are selected to optimize
a system with respect to a set of initial requirements and specifications, it
is called an early-phase (conceptual) integrated design method [53]. The
goal of such a design is to search for feasible design solutions and choose
a few of them for later design phase analysis [54]. To apply an integrated
design optimization requires choosing an optimization algorithm that is im-
plementable to a wide range of problems. Here is a brief review of different
optimization algorithms.

2.3.1 Gradient-based optimization
Gradient-based optimizations are iterative algorithms that use the gradient
information of the objective function. An example of these methods is the
gradient-based quasi-Newton sequential quadratic programming method.
The gradient-based optimization employs function derivatives and considers
design variables to obtain better optimization solutions. These optimization
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algorithms have broad applications, but are unable to solve problems with
discrete solution space or discrete design variables [55].

2.3.2 Direct search optimization
Direct search algorithms are used when the objectives are not differentiable
or continuous. In contrast to traditional optimization algorithms, direct
search methods do not use gradient or derivatives to search for optimal
points. Instead they search for an optimal set of points around a current
point where the objective function’s value is better than the current value.
Direct search methods were first proposed in the late 1950s and early 1960s
and remained popular because of their simplicity and their use cases cover
a broad range of problems [56].

2.3.3 Evolutionary optimization
An evolutionary method known as metaheuristic optimization was proposed
some years ago to solve complex engineering problems considering time as
the main factor. Metaheuristic optimization is a stochastic search algorithm
which finds near-optimal solutions in any problem. Metaheuristic optimiza-
tion emulates behaviours inspired by mechanisms and processes that exist in
nature, such as evolution [57]. Metaheuristic optimization can handle opti-
mization problems with highly nonlinear objective functions and is suitable
for optimization problems with discrete design variables. However, it has
high computational costs which reduces the use cases of these optimiza-
tion algorithms. Genetic algorithm (GA) [58], particle swarm optimization
(PSO) [59], and ant colony optimization [60] are counted as metaheuristic
optimization methods.

2.4 Literature review
2.4.1 Method
To date, many design methods for mechatronic systems have been researched
and published. In this section, we have applied a method presented in [61]
which suggested three stages for a review: planning the review, conduct-
ing the review, reporting the review. The keywords are selected from the
research goals and formalized questions in the thesis. During the search,
the author has tried to cover the most important and common synonyms of
the keywords in the research field. A digitised keyword search that is a fast
and efficient method is used which limits the search to electronically avail-
able studies (published after 1993). The keywords used in the search are
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mechatronic system, concept development, multidisciplinary design, multi-
objective optimization, integrated design optimization, control implementa-
tion, and concurrent design. Electronic documents in English are consid-
ered. A database search is used (not a forward and backward search method
[62]). The search strings are used on 3 frequently used digital libraries:

• Science Direct (https://www.sciencedirect.com/)

• Google Scholar (scholar.google.com)

• IEEExplore

Science Direct and IEEExplore include up to date research and highly
cited publications (both journals and conferences) in the area. Google
Scholar is a library that does not limit the search to a specific publisher.
The articles in other languages than English, and ones with no access to the
full text, were excluded. The articles merely focusing on analysing mechan-
ical aspects/control aspects/optimization approaches without integration
method were excluded. The studies focusing on firmware routines, hardware
protocols, co-simulation of control systems, cyber physical systems, prod-
uct management, and product life cycle were excluded. 107 publications
of more relevant research in the area were compiled (for each manuscript,
preliminary relevance was determined by its title and abstract), including
64 articles in scientific journals, 40 from conferences, and 3 book and dis-
sertation chapters.

The search for keywords was conducted as below:

1. • “integrat* design optimization” AND “mechatronic*”
• “concurrent design” AND “mechatronic*”
• “simultaneous design” AND “mechatronic*”
• “*design” AND “mechatronic*”
• “early* design” AND “mechatronic*”

2. • “concept develop*” AND “mechatronic*”
• “system* concept” AND “mechatronic*”
• “*design concept” AND “mechatronic*”

3. • “*disciplinary design” AND “mechatronic*”
• “collaborative design” OR “parallel*” AND “mechatronic*”
• “synthesized design” AND “mechatronic*”
• “*domain” AND “mechatronic*”

4. • “*objective optimization” AND “mechatronic*”
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• “*criteria” AND “optimization” AND “mechatronic*”

• “optim* solution” AND “mechatronic*” AND “dimension*” AND
“control”

5. • “dimension*” AND “control implementation” AND “mechatronic*”

• “dimension*” AND “embedded control implementation” AND
“mechatronic*”

• “sensor resolution optimization” AND “mechatronic*” AND “*ob-
jective”

2.4.2 Results
In this Section, with respect to the selected keywords, a few topics in mecha-
tronic systems design are covered as a result of the literature background
including ‘design management’, ‘conceptual design’, ‘design optimization’
and ‘design tools’. Table 2.1 presents a summary of the topics and selected
references covered in this review, divided in two groups of multi-domain and
single domain.

2.4.2.1 Design management of mechatronic systems

Adamsson [63] addressed the management of multidisciplinary and complex
product development and studied ways to increase operational performance
in multidisciplinary engineering organizations. He emphasized the interac-
tion and collaboration facets in discipline integration rather than consid-
ering mechatronic as a technical solution. He has highlighted that specific
integration features (such as organizational structure, work procedures and
methods, training, social systems and computer-aided engineering) are more
important than other aspects. Carvalho et al. [64] studied the influence and
integration of design thinking, concurrent engineering and agile as the most
effective design philosophies in mechatronic systems. They discussed that
design thinking is for exploring ideas and requirements in the early phases
of design development, whilst concurrent engineering and agile are for co-
ordinating skills of developers in early stages of the design process.

Bretz et al. [65] discussed the challenges in development of interdis-
ciplinary complex systems using model-based system engineering method.
They highlighted the need for an integrated meta models, organization, and
system model as the basis for an information management tool for the early-
phase development of engineering products. Törngren et al. [66] presented
an approach which elaborates on integrating tools using models which de-
scribe the relationships between them in terms of data exchange, traceability
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Table 2.1: Summary of the topics and selected references
Selected Topics Publication Year
(covered area) Multi-domain Single domain

Design Management 2021(1), 2019(1), 2014(1), 2003(1)
(operational performance, 2018(1), 2016(1),
interaction, agile, data 2007(1), 2002(1)

exchange, design thinking,
collaborative architecture,
knowledge management)
Conceptual Design 2019(1), 2018(1), 2016(1), 2014(1),

(performance, cost, safety, 2017(2), 2016(1), 2012(2), 2010(1),
damping time, functionality, 2015(2), 2014(2), 2002(1), 2001(1)
trajectory tracking, synergy, 2012(3), 2008(1),
system integrity, flexibility, 2007(1), 2004(1),
efficiency, intelligence) 2002(1)
Design Optimization 2019(4), 2018(2), 2020(1), 2018(2)
(performance, topology 2017(3), 2016(4), 2017(2), 2014(1)

power/energy consumption, 2015(3), 2014(3), 2012(1), 2009(1)
efficiency, safety, vibration 2013(7), 2012(2), 2008(1), 2007(1)
effect, uncertainties, path 2011(1), 2010(2), 2005(1), 2002(1)

generator, latency, reliability, 2009(3), 2008(2),
robustness, structural design, 2007(4), 2006(2)
disturbance/noise rejection 2005(3), 2004(2),
thermal characteristics 2002(3), 2001(2),
manipulability measure) 1996(1), 1993(1)
Mechatronic Design 2017(1), 2015(1), 2011(1), 2010(2)

Tools 2012(2), 2011(1), 2006(1)
2010(1), 2003(1)

and invocation. In their approach, product development is considered from
level of people, using dependency models, to relations between tools.

Wang et al. [67] described collaborative design as a design method where
a system is designed by collaboration of many designers from different en-
gineering disciplines. An approach based on knowledge management (KM)
and graph theory is presented in [68] for design optimization of mecha-
tronic systems. They have discussed the importance of KM in the design
cycle of mechatronic products and developed a platform to support it. They
have considered product knowledge, collaborative architecture and process
knowledge in their platform. Mcharek [69] proposed a KM approach to
organize the obtained knowledge during collaboration, and synthesized the
design cycle. He introduced a method for integration of system engineering
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(SE), disciplinary engineering (DE), and multidisciplinary design optimiza-
tion (MDO) for an integrated design. A conceptual design method for
mechatronic systems that is based on multi-agent approaches is discussed
in [70]. In this method, agility, intelligence, cooperation and networking are
all incorporated into the design paradigm.

2.4.2.2 Comments/discussion on the design management of mecha-
tronic systems

The studies presented in Section 2.4.2.1 highlight the necessity for integra-
tion of concurrent engineering with mechatronic design during the design
process. The need for tool integration for structuring more technical co-
design facets is discussed. However, they mainly focus on management and
organizational aspects of the design in mechatronic sytems, which is not the
scope of design in this thesis. In case the method would be developed to
integrate design philosophies such as cooperation, agile, information man-
agement, data exchange and networking, then these studies would be of
great relevance.

2.4.2.3 Conceptual design of mechatronic systems

Scheidl and Winkler [71] studied the relationships and differences between
the conceptual and detail design to evaluate the validity of a system con-
cept. They have discussed the mapping from the space of design parameters
to the space of functional requirements, and considered the development of
a hydraulic variable valve train for combustion engines as a design exam-
ple. A model-based early design phase method is presented by Safavi et al.
[72] which considers the performance, cost and safety features of a system
overall, and was examined on an industrial aircraft system. The integra-
tion method is performed by surrogate modelling techniques which yields to
low computational cost models. A method for modeling and simulation of
aircrafts is investigated in [73] which considers the sizing and analyses the
performance. This method is discussed for implementation on an aircraft
power system.

Hafner et al. [74] presented a mechatronic design method and a soft-
ware/hardware environment for engine control systems. They studied a
dynamic engine test including a Rapid Control Prototyping (RCP) system
to increase the speed of implementation of new control algorithms. Awtar
et al. [75] presented a design for a ball-on-plate balancing system which was
built from an initial design concept. The design objective was to make the
ball-on-plate balancing system compact, cheaper and quicker considering
constraints such as cost, performance and functionality. Gausemeier et al.
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[76] presented a graphical method to express the functional principle solu-
tion of a mechatronic system called the semi-formal specification language.
They applied this method on a vehicle guidance system.

A method based on VDI 2206 standard is presented in [77] to design, val-
idate and integrate a two-axis sun tracking system. They created an efficient
energy collection system through a combination of design mechanisms, in-
strumentation systems and trajectory tracking control. Their method does
not use optimal design techniques. Rooker et al. [78] presented a con-
cept to model flexible mechatronic systems using simulation support and
distributed control programs. They developed modular mechatronic com-
ponents and analysed the behaviour and requirements of each component in
the assembly system. Chaaban et al. [79] used AUTOSAR standard rules
to design a safety critical mechatronic system and applied their method
on an embedded steering-by-wire system. They specified the software and
hardware architectures based on safety and functional requirements of the
system, and simulated the system both at system and behavioural levels.
Komoto and Tomiyama [80] presented a framework for conceptual design
of multidisciplinary systems where the system architecture was used to de-
compose design information within different engineering domains. Their
method consisted of a few steps:

• identify requirements and translate them to a system level specifica-
tions,

• decompose the specifications to component level specifications,

• define structure of subsystems and interfaces.

A multi-disciplinary design method based on model-based systems engi-
neering (MBSE) is presented in [81], which integrates the interdisciplinary
modeling tool SysML. The feasibility of applications in mechanical and plant
engineering for this method is presented by using five design cases based on
an industrial development environment. The risk assessment is integrated
to the mechatronic system design in an early stage of design by Sierla et al.
[82]. Their approach is capable of identifying fault propagation paths that
has different disciplinary constraints, and investigates the impact of several
faults in software-based automation subsystems, electric subsystems, and
mechanical subsystems. They used a boiling water nuclear reactor as a de-
sign case. A design method based on multi-agent technique is presented
by Hammadi et al. [83] to improve the design integration while reducing
optimization complexity and computation cost. They applied their method
to a design case of an electric vehicle and verified the effectiveness of their
method.
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Amulti-agent method is studied in [84] which considers multi-abstraction
modelling issues in mechatronic systems. Using their method, a multi-level
design is decomposed into agents where each agent has an abstraction level.
The links between these levels were derived by relationship models. They
tested their method on a piezoelectric energy harvesting system, and inves-
tigated how their method reduces design cycle and modelling errors. Yavuz
[85] introduced a method for systematic conceptual design of an intelligent
autonomous mobile robot. The core facts in his approach are system in-
tegrity, efficiency, performance and synergy. This approach is capable of
developing numerous types of robots with different configurations and spec-
ifications. The advantages of using smart sensors are highlighted, and the
benefits of function oriented analysis in mobile robots to derive integration
guidelines are studied. A conceptual data model is presented in [86] to
evaluate system properties caused by design changes in the physical archi-
tecture of systems. They studied the impact of design decisions on final
system performance and applied their approach on a mechatronic design of
an electrical assistance for a wheelchair.

For multi-disciplinary conceptual design, a method based on integrated
principle solution synthesis (IPSS) is proposed in [87] which uses functional
knowledge and structural knowledge. Their method is capable of deriving a
solution that satisfies the desired function as well as solving physical conflicts
between different selected principle solutions. An approach for the concep-
tual design that is based on an evaluation model is presented in [88]. The
proposed method includes three features: intelligence, flexibility, and com-
plexity of mechatronic systems. Their method includes conceptual decision
making in a discrete search space. However, continuous space in the con-
current detailed design is not discussed and their method does not consider
interactions between criteria. Hammadi et al. [89] presented a multi-criteria
performance indicator as a neural network of radial basis functions for early
stage mechatronic systems design. However, this method does not consider
modeling the interactions of objectives or sub-domains. Oestersötebier et
al. [90] studied a design approach which considered flexible manipulators as
design systems. They applied a linear quadratic regulator (LQR) method
to evaluate system performance. The objectives of design in their method
were damping time, the deflection of link tip and the rise time.

A method for mechatronic system development is presented in [91] which
incorporates fuzzy based delphi method (FDM), interpretive structural mod-
eling (FISM), analytical network process (FANP) and quality function de-
ployment (FQFD). FDM identifies the requirements and engineering char-
acteristics, FISM is used to priorotize the important factors, and FQFD
and FMEA handle the customer requirements and failure analysis in the
design process, respectively. Casner et al. [46] integrated optimization in
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the design phase of mechatronic systems where their focus was mainly on
the embodiment phase of the design. Their approach assists in deriving
a design layout solution from a set of design concepts. In another study
[92], they presented a novel multidisciplinary design optimization method
for mechatronic systems which extended the V-model with the modelling
and optimization process. Their presented approach consisted of four levels:

• the definition step from V-model,

• the modelling step which derives a parametric model for different com-
ponents, subsystems and systems,

• the optimization step which derives an optimized prototype,

• the validation phase which the design process terminates with.

2.4.2.4 Comments/discussion on the conceptual design of mecha-
tronic systems

The focus in the presented research in Section 2.4.2.3 is on the conceptual
design rather than detail design of the systems. These studies consider
functionality and performance aspects; moreover, they have used complex
and costly modeling approaches and applied their approach on a specific
design case or design problem. The models are in system level rather than
in component level, which limits the generality aspect of the design. Our
method focuses on individual component models rather than system level
models, therefore it gives flexibility to configure any system concept (generic
feature) which uses the available developed components. A few of these
studies, along with their focus area and application, are summarized in
Table 2.2. Computation time, cost, safety, efficiency, synergy, performance,
intelligence, functionality, flexibility, failure analysis and complexity are the
main criteria discussed in the above research. Some of these factors (such as
computational cost, efficiency, flexibility and complexity) are already taken
into account in our models and method. The rest are good criteria to be
considered as an extension of the method in the future. As with much
other research in the field, these studies do not cover the integration of
physical design, control design and embedded control implementation in
the early phases of the design process. Accordingly, a correlation between
the domains and parameters is not investigated.

2.4.2.5 Design optimization of mechatronic systems

A single objective optimization problem based on an artificial bee colony
algorithm (ABC) is presented in [24]. They have tuned control parameters
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Table 2.2: Design methods and their focus area
Focus Ref. Application

Detailed vs [71] Combustion
conceptual design engine

Surrogate [72] Industrial
modeling aircraft
Functional [76] Vehicle guidance

principle solution system
Efficient [77] Two-axis sun

energy collection tracking
Safety [79] Steering-by-wire

system
Risk [82] Boiling water

assessment nuclear reactor
Multi-agent [83] Electric
technique vehicle

Multi-abstraction [84] Energy
modeling harvesting system

for a two-DOF robotic manipulator by defining three objectives one at a
time: mean absolute error (MAE), mean of root of squared error (MRSE),
and reference based error with control effort (RBECE). They investigated
the coupling between the joint torques applied by the actuators and the po-
sition and acceleration of the robot arm. A concurrent design optimization
method is presented in [93] which considers quad-copter as a mechanical
device and optimizes the length of the arms and the LQR control gains.
The control effort is minimized by minimizing the power consumption of
the electric motors to increase the battery life of the aircraft, and a few
control related objectives such as Integrated Square Error (ISE), Integral
of Time Squared Error (ITSE), Integral of Time Multiply Absolute Error
(ITAE), and Integral of Absolute Error (IAE) are considered one at a time
to be minimized by the genetic algorithm. However, there are no physical
and control design constraints integrated in the approach. Additionally,
specifying more free physical design parameters could yield a better and
more realistic design.

A constrained linear-quadratic optimization method is used in [94] to
design a dual-linked dual drive gantry system. The objectives of the design
in their method was to minimize the vibration of the end effector, and
the tracking errors by finding solutions for flexure stiffness and the control
parameters. A concurrent design optimization method is applied on a single-
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link flexible manipulator system in [95] where a simple PID control is also
integrated in the model. In their method, the efficiency and complexity of
the optimization are considered as the main design characteristics.

A controlled random search (CRS) approach is presented in [96] for
structural and control design optimization, applied on a single-beam ma-
nipulator. They used a finite element method (FEM) to model the flexible
link system dynamically and applied a PD control to derive the closed loop
system model. A method for structural and control optimization of an ac-
tive suspension system is presented in [97]. Their method considered the
riding and safety performance as the main system criteria. They used a
simulated annealing (SA) method to optimize the system parameters. SA
is advantageous for problems where finding an approximate global optimum
is more important than finding a precise local optimum in a fixed amount
of time, and is often used when the search space is discrete. An optimiza-
tion approach to model and simulate a mechatronic system is proposed in
[98]. This approach was implemented in MATLAB [99] and Simulink and
was tested on a controlled semi-active suspension. In this method, the opti-
mization optimizes the sub-system parameters while preserving the car ride
and performance.

A multi-objective problem is formulated in [100] for robust concurrent
design of a 2-DOF collaborative robot. The error of trajectory tracking
and sensitivity to uncertainties in the model are defined as optimization
objectives. The source of uncertainty in their design is from the human op-
erators (due to interactions). The uncertainties are modeled as time-variant
forces imposed on the system. They formulated their robust concurrent de-
sign approach as a nonlinear dynamic optimization problem and verified
the effectiveness of it by conducting a comparison between a robust and a
non-robust method. Carabin et al. [101] presented a point-to-point trajec-
tory optimization to reduce the energy consumption of a linear axis 1-DOF
mechatronic system with an electric motor, a transmission and a toothed
belt and a load. Yacoub et al. [102] implemented an energy optimization
algorithm using predictive control on a two-DC motor-driven wheels mobile
robot while crossing a ditch. They simulated and compared the predictive
control algorithm with the PID control and the open-loop control.

Casner et al. [103] integrated optimization tools to improve the function-
alities and performances of mechatronics systems during the development
phase. They developed an evolutionary case-based design approach to op-
timize both the structure and design parameters of a system, and applied
their method to optimize an XY table for laser cutting applications. Coel-
ingh et al. [104] presented a method to provide a design solution considering
four design factors on the system performance: motion specification, path
generator, control system and plant system. They classified plant dynam-
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ics and presented different types of open-loop transfer functions and later
described how these transfer functions are acquired from different system
models and sensor locations. They studied the relationship between design
factors and system performance, and applied their method on an electro-
mechanical motion system with flexibility.

Jiang et al. [105] introduced a method for design optimization of mecha-
tronic systems by sensitivity analysis of design parameters to reduce the
design solution space. They used a neural-network-based optimization de-
sign approach to investigate the system performance using the key design
parameters. Simon et al. [106] proposed a method for robust control and
scheduling co-design. They tuned the control periods according to their
impact on the control performance and then regulated an outer scheduling
controller in real-time according to the allocated computing power. Subse-
quently, Simon et al. [107] presented a method to design a robust controller
by taking the sampling interval into account as a control variable of the
system. They considered plant parameter uncertainties in robustness of the
control.

Cervin and Eker [108] presented design of a flexible real-time control
system for implementation of feedback control tasks in embedded systems.
They studied some features of the model, such as latency and sampling
time/jitters, from an embedded control implementation perspective. Kurdi
et al. [109] used a temporal spectral element method for discretization of
time-dependent differential equation and optimization of a dynamic system
by computing monolithic-time responses and constraints. An optimal design
of mechatronic systems with configuration-dependent dynamics is consid-
ered in [110]. They tested their approach on a pick and place robot with
a gripper, and studied the non-convex nature of the optimization problem
and challenges in modeling of a serial machine with flexible components
and its embedded controller. Subsequently, a method for modelling and
simulation of a mechatronic system with configuration dependent dynamics
considering its embedded control system is presented in [111]. They have
used co-simulation between LMS Virtual.Lab Motion and Simulink. They
examined their method on a pick and place machine. Their method is ca-
pable of evaluating a system not only in discrete operations but also in a
continuous one. The couplings between Finite Element (FEM) analysis and
system simulation are considered in [112] to design mechatronic systems.
Their method studied the nonlinear effect of the electrical machine, such as
saturation and tooth harmonics. Dumlu [113] proposed a fractional-order
adaptive integral sliding mode control scheme to perform a trajectory track-
ing control of six-degrees of freedom robotic manipulator. Their research
is one of huge number of other studies that focuses on control of robotic
systems where the component design and optimization is neglected.
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Affi et al. [114] compared a sequential design optimization method with
a simultaneous design method. They tested their method on a four-bar
mechatronic system using genetic algorithm optimization. In a sequential
method, they considered optimizing geometry of mechanism for a given
path, and later solving dynamic problems with a fixed structure. In a
simultaneous method, all the parameters of the design are considered con-
currently and a multi-objective problem considering path error, current and
current fluctuation are specified as objectives of the design. They discussed
the advantages of a multi-objective optimization method over a single ob-
jective one. A concurrent topology optimization method is presented in
[115]. They used level sets to model dynamics with random and interval
uncertainties. The material layout was derived for the structure in both
macro and micro scales and the dynamic compliance was minimized, and
the influences of the uncertainties on the optimized structures were studied.

A bond graph-based system tool was introduced in [116] where a two
loop method was developed using genetic algorithm (GA) and genetic pro-
gramming (GP) for design optimization of mechatronic systems. GA was
used to find system solutions in terms of parameters and GP was used to
optimize system topology. They implemented their method on an electro-
hydraulic manipulator of an industrial fish processing machine. Subse-
quently, a mechatronic design method using a niching genetic algorithm
was presented in [117]. The method was performed in two stages: first
different feasible configurations were derived using the niching genetic al-
gorithm and then the achieved solutions were compared according to all
criteria involved in Mechatronic Design Quotient (MDQ). This method was
tested on an industrial fish cutting machine as an electro-mechanical system.
A reliability-based framework is introduced in [118] which investigates dy-
namic interactions between system topology and components. They claim
that their method reduces design errors which arise when reliability based
topology and components are considered separately.

An approach based on SysML is presented in [119] for designing phys-
ical architecture of mechatronic systems. Their method is composed of
two stages: gathering all the requirements and information for design; and
finding solutions and comparing them to derive a final architecture for the
system. A multi-objective optimization method based on a cascaded evo-
lutionary process to design a directional control valve is presented in [120].
In their method, the optimization is divided into an outer and an inner pa-
rameter set. The outer loop for the optimization only dealt with hardware
without considering control. The tuning of the inner set necessitated the
need for parameterized model with lumped parameters. Hence whenever
the plant behaviour changed, the controller parameters were updated. An
artificial immune system (AIS) method is used in [121] to integrate domain
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knowledge incorporation and concurrent mechatronic design. To handle the
optimization of both topology and parameters, two optimization loops were
used. The inner loop uses an optimization tool for parameter tuning in
generated topology by combining AIS. The outer loop synthesizes the num-
ber and the structure of the elements using AIS tool. Albers et al. [122]
proposed a topology optimization approach to optimize the structure of a
controlled mechanical system. In their method, they integrated multi-body
system dynamics (MBS), finite element analysis (FEA), control system sim-
ulation and topology optimization.

A gradient-based framework is presented by Lee et al. [123] for opti-
mization of an aerodynamic system, and the controller is designed using
high-fidelity models. They considered the system’s general properties, such
as time scales of the model, and used cost function to reduce the compu-
tational task of fluid dynamic simulations. They reduced the optimization
time by control of the error of gradient which is computed by an optimizer.
They provided a few use cases that show their method is applicable for op-
timizing supersonic vehicle shapes and can handle both sharp and smooth
geometry design parameters. An approach for designing an optimal control
for ‘hybrid’ mechanical systems is presented and implemented on a compass
gait biped in [124]. In their method, ‘hybrid’ refers to both continuous dy-
namics that are in the form of Lagrangian equations and discrete behaviour
of different motion phases of the biped. They used Discrete Mechanics and
Optimal Control (DMOC) to formulate optimal control as a constrained
optimization problem. Samii et al. [125] studied a formulation and solu-
tion for control and scheduling co-design problems. They optimized overall
performance of control loops for a given set of plants with disturbances and
measurement noise.

Hehenberger et al. [126] used hierarchical models to design mechatronic
systems, and to analyse and evaluate functional requirements and design
parameters of possible solutions. Their method is capable of combining
solution principles from different mechatronic domains as well as handling
complexity of the integrated design tasks. Villarreal-Cervantes et al. [127]
presented an approach which considers robustness in structure-control de-
sign in the presence of uncertain parameters. The objectives of the de-
sign in their method are the tracking error and the manipulability mea-
sure. They tested their method on a five-bar planar parallel robot with a
proportional-integral-differential (PID) control. Subsequently, a concurrent
design method was applied on a planar five revolut two degrees of freedom
(5R 2DOF) parallel robot in [128]. Two optimization approaches were im-
plemented: a nonlinear programming technique and a novel evolutionary
approach. A PID control was used and the kinematics and dynamics of the
system were treated in only one design step. A decoupled design method
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is presented in [129] using decoupled design models. They also conducted a
comparison between a decoupled model and a multi-objective optimization
problem. Feasibility was evaluated by applying their method on a four-bar
mechanism.

Chhabra and Emami [130] presented a method using bond graphs and
block diagrams for a concurrent design approach. In their method, a mecha-
tronic system is considered as an energy system and they used the laws of
thermodynamics to specify design criteria. The principles of a multidisci-
plinary system and the flow of energy and information throughout its differ-
ent constituents were studied. Subsequently, they introduced a fuzzy logic
based concurrent design framework and used a 5-degree-of-freedom indus-
trial robot manipulator as a design case. They applied a holistic concurrent
design approach to transform a multi-objective constrained optimization to
a single-objective unconstrained problem [131]. In another study [132], they
have used modular hardware-in-the-loop simulation to discuss a concurrent
design method for robot manipulators. Using this method, it is possible to
have physical components in the simulation loop which makes the computa-
tions efficient. They applied a holistic concurrent design (HCD) approach to
convert a multi-objective constrained optimization problem into two single
objective unconstrained problems.

Trivedi et al. [133] proposed an optimal design method for OctArm
manipulators which involves specifications of air muscle actuators and con-
figuration of sections to maximize dexterity and load capacity for a given
actuation pressure. In their method, after generating design rules for the
optimization problem, optimal solutions for pneumatic and hydraulically
actuated soft robotic manipulators were obtained. Their method addressed
trade-off in soft manipulator design between dexterity and strength. Ly-
shevski [134] studied classification of micro-mechatronic systems (MMS)
and developed concepts for structural synthesis and optimization of motion
control problem. They used mathematical models for MMS and applied
the Lyapunov theory to derive solutions in prospective applications of MMS
in aerospace and automotive industry. A method for optimizing a rotary
inverted pendulum is presented in [135] which considers the disturbance
rejection and domain of attraction as the main objectives of the design.
However, their method does not provide a unique optimum solution for a
system.

A holistic co-design approach for robot arm structure is presented in
[136]. Their approach includes optimization of the design parameters de-
scribing arm link geometry, actuator locations and feedback gains consider-
ing the settling time of the system as the objective function. The structural
parameters are optimized using a non-linear programming technique to ob-
tain an overall optimal performance. A method that combines experimen-
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tation with a design process is developed in [137] to integrate design and
control of a mechatronic system. The control gains are optimally tuned.
Using those optimal values, the mechanical structure is modified until the
control performance is improved. Domingues et al. [138] presented a design
method to achieve size, efficiency, optimal driving performance and ther-
mal characteristics of electric powertrain components. Their method finds
optimal component combinations based on some requirements. The driv-
ing cycle behaviour and specific operating modes (such as maximum wheel
speed) are considered. Their method allows the selection of electrical ma-
chine, sizing of the gearbox and the power-electronic converter needed to
handle the wheel torque and speed requirements. They used their method
to optimize an electric powertrain of a passenger vehicle.

A design optimization method is presented in [139] that is divided into
two stages- structure design process and control design. For structural de-
sign, a CAD modeling tool (namely Pro/ENGINEER) was employed and 3D
models designed, and the AnSys which delivers product modeling solutions
was used to design the structure. Later, the control was designed in MAT-
LAB. The method of design in their approach is a sequential method where
different stages of design are executed sequentially, therefore the design
might not yield a true optimum solution. O’Driscoll [140] used the design
for manufacture (DFM) method to address the coupling between product
design and manufacturing by considering manufacturing needs during prod-
uct development. DFM is used to design products by taking manufacturing
issues into account. Early consideration of manufacturing related require-
ments shortens the product development cycle time, minimises the cost for
development, and ensures a smooth transition into production.

Broenink et al. [141] presented a method to support design and imple-
mentation of control software for mechatronic systems. They considered
the process as a step-wise method from physical system models and con-
trol laws for efficient computer code. Allison [142] applied plant-limited
co-design (PLCD) method on a robotic manipulator. PLCD is usually used
on an existing system to modify control or physical design at minimum
cost, and attempts to meet new specifications and requirements. The new
requirement in their method for this design case was defined to minimize en-
ergy consumption for a pick and place task. Subsequently, a formal method
to identify plant modifications was introduced in [143]. In this method, a
co-design approach was used to minimize the cost of plant modification, as
with PLCD. A concurrent multi-objective dynamic optimization approach
is presented in [144] which considers energy, tracking error and total weight
of the motors to be minimized and attempts to select AC servomotors for
industrial manipulators. In their method, the optimization constraints are
defined to avoid overheating and overexertion of the powertrain (motor-
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reducer-load).
A multidisciplinary method is applied by He and McPhee [145] to de-

sign a vehicle with active suspensions. They used the LQR control method
with a Kalman filter and integrated design and control and obtained an
optimal solution using a genetic algorithm. Allison and Herber [146] pre-
sented a multidisciplinary dynamic system design optimization where they
used MDO to integrate disciplines such as energy domain, and studied the
behaviour of dynamic systems to derive a better system performance that
yields efficient solutions. A multidisciplinary interface model is developed in
[147] to integrate design discussions from different disciplines. Interface is
used to refer to logical or physical relationships that integrate components
of one mechatronic system (or the components) with the environmental
factors. Their method is based on three steps:

• interface classification—the foundation of the multidisciplinary ap-
proach,

• interface model—the product model with all the information required
for the design,

• interface compatibility—to assure the correct integration of different
components in the system.

Alexandrov and Lewis [148] presented a collaborative method for mul-
tidisciplinary design optimization purposes. These methods are considered
to be in a bi-level structure. In a local level, the system performance is
optimized, and in a global level the attempt is to reduce the discrepancies
among the disciplines by minimizing interdisciplinary inconsistency in the
variables. To support multidisciplinary design optimization, a method is
presented in [149] which concentrates on intelligent modeling systems in or-
der to generate a multi-physics simulation automatically. To achieve this,
they used a knowledge based engineering (KBE) approach, and integrated
the design and simulation knowledge from multiple engineering domains.
In their method, the required knowledge from a multi-physics information
model (MIM) are extracted to instantiate sub-models, then the sub-models
were combined to construct the multi-physics simulation model. Subse-
quently, a design method that is based on knowledge-based techniques is
presented in [150] for mechatronics vehicles. Their method consists of two
stages: first multi-physics simulation models are generated within an opti-
mization framework, and then a controller is designed. Their method assists
in analysing performance of unstable mechatronic vehicles in early stages of
design.

A multi-objective design method is presented in [151] which deals with
uncertainties in mechatronic systems. Their method is tested on a mecha-
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tronic sewing machine where the motor current and its fluctuations were
defined to be the objectives of the optimizer to be minimized. They studied
the impact of uncertain design parameters on the performance of the sys-
tem. Guizani et al. [152] presented a constraint based partitioning method
to break down mechatronic design problems to several partitions and then
optimize the system. Each partition has a model and optimizer. They
used Modelica [8] to handle coupling between partitions and applied their
method on an electric vehicle to optimize the electric motor and gearbox
with one ratio. Nevertheless, these methods are complex to apply due to
the requirement for reformulating the problem [153], hence they can lead to
high computational time. A nonlinear multi-objective dynamic optimiza-
tion method is presented in [154] to design the mechanism, control and
servo drive subsystems. In their method, the objectives of the design are
considered to be tracking error, manipulability measure and energy. Their
method is only discussed to be applicable for robot manipulators.

A multidisciplinary design method is presented in [155] which uses par-
ticle swarm optimization algorithm and a fuzzy-based method to integrate
the design criteria and objectives from different disciplines into a single per-
formance index. They tested their approach on a vision-guided quad-rotor
UAV system. A multidisciplinary method is presented in [156] which consid-
ers the aerodynamic and structural disciplines and optimizes a wing design
considering minimization of the weight. In this method, a response surface
model (RSM) was used to approximate the objective and constraint func-
tions and to obtain the wing geometry model for aerodynamic and structural
analysis, and parametric modeling was applied. Later, the structural op-
timization is employed by NASTRAN, and the aerodynamic flow field was
performed using FLUENT.

Ivanov et al. [157] proposed a method based on interdisciplinary knowl-
edge which focuses on environmental mechatronic applications within re-
newable energy production, smart grids and electric vehicles. Gulec et al.
[158] proposed a nonlinear multidisciplinary method with a focus on the
magnetic, thermal and structural issues of Axial-Flux Eddy Current Brakes
(AF-ECB) with an aim to find the actual brake performance. They studied
nonlinear magnetic modelling by 2D reluctance network approach and em-
ployed a modified Newton-Raphson method as a nonlinear solver. They con-
sidered braking torque, temperature in the disc, safety factor, and deflection
of the disc as function of time in their proposed method. A multidisciplinary
design approach is presented in [159] for designing a micro gyroscope which
focuses on the coupling effects of fabrication process, structural parameters,
environments and electronics.
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2.4.2.6 Comments/discussion on the design optimization of mecha-
tronic systems

Section 2.4.2.5 presented the most relevant studies in the area, however
their focus is mainly on control design optimization, physical design or ar-
chitecture/concept/topology design optimization for mechatronic systems.
They cover different disciplines such as energy, thermal, structural, aerody-
namic and control. However, concurrent integration of physical, control and
embedded control implementation considering efficiency and performance is
not found to be discussed in any of these papers. Moreover, the domain
correlation and parameter couplings are not covered in the above research.

The above research integrates different methods of design such as se-
quential approach, optimization partitioning, the use of several optimiza-
tion loops as well as complex methods such as finite element analysis (FEA),
artificial immune system (AIS), simulated annealing, and fuzzy-based ap-
proaches which are computationally costly algorithms. Some detailed design
aspects in these studies are considered, such as the influence of uncertain-
ties on the optimized system, which is a good additional research aspect
that we have not discussed for our method and can be considered for future
research. Our method can also be extended to cover several other engi-
neering domains which are frequently discussed in the literature, such as
aerodynamic and energy, to broaden the use cases and application.

The problems formulated in these approaches are single or multi-objective
problems. For the latter, the problem is usually converted to several single
optimization problems to be solved where the correlation between disci-
plines, objectives and variables are lost. Furthermore, the models in these
studies are often considered in a system level rather than in a component
level, which does not allow for consideration of detailed design constraints
and objectives, and limits the use cases since the application is merely de-
fined to be on a specific system. Table 2.3 presents some of the research
which either covers physical design (Phycl), control design (Cntrl) or embed-
ded control implementation (Embd), where x indicates the inclusion of each
discipline. Note that our method integrates these three domains, simulta-
neously, in a detailed component level design. A large number of studies in
the literature are focused only on control or other disciplines which are not
included in this table.

2.4.2.7 Mechatronics design software tools

In a multidisciplinary design method, use of modern software design tools
with a systematic development approach is required. A frequently suggested
solution is the use of tool integration software [160, 161]. This approach is
mainly suitable for detailed design of systems and not for concept eval-
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Table 2.3: Some recent methods in concurrent and integrated design of
mechatronic systems

Method Ref. Phycl Cntrl Embd Level of
abstraction

Artificial [24] - x - System
bee colony level
Random [96] x x - System
search level

Simulated [97] x x - System
Annealing level

Evolutionary [103] x x - Component
case-based level
Real-time [108] - x x System
control [110] x - x level

Temporal [109] - x - System
spectral element level
Fractional-order [113] - x - System
adaptive control level

Nonlinear [127] x x - Component
programming level
Nonlinear [128, 136] x x - System

programming level
Response [156] x - - Component

surface model level

uation due to the evaluation time and the modeling effort needed. This
becomes crucial when optimization and dynamics are involved in the design
process, since a large amount of time-consuming evaluations of different
system variations are required. Some commercial system engineering tools
such as Modelica [162] and 20-Sim [163, 164] are used for model-driven
development within several engineering domains. System models in these
tools are generated by combining predefined blocks based on bond graph
methods [165] to simulate dynamic behaviour [80]. Some of the papers in
the literature which integrated tools in the design are presented as below.

Amerongen [166] discussed the need for tools for early stages of design
methods which support simulation and modelling of physical systems in-
cluding the controllers. They considered a few examples to show how a
simulation software such as 20-sim, which is based on physical system mod-
els, is helpful in finding proper parameters of mechanical and control com-
ponents. Subsequently, an energy-based object oriented modelling method
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is presented in [25] to model physical systems, which allows reusable and ex-
tendable models. They used 20-sim as a modelling and simulation software
which gives the possibility to have inputs in the form of iconic diagrams,
equations, block diagrams and bond graphs. Their approach was tested on
a design example including a flexible transmission and a mobile robot. For
planning of a design process for mechatronics systems, distributed devel-
opment processes were modelled and simulated using object-oriented Petri
Nets in [167]. Becerra et al. [168] introduced PSOPT (open source optimal
control solver written in C++), which is used for the solution of complex
optimal control problems. They used an illustrative example to explain the
features and capabilities of this software.

Chami et al. [169] proposed a method for intelligent conceptual design
evaluation of mechatronic systems using SysML. Their method captures the
interdisciplinary information in system engineering and generates a system
design model using SysML. The models were mathematically formulated
to satisfy a set of prioritized numerical requirements by non-parametric re-
gression. Subsequently, a SysML based approach for evaluating the design
concept of mechatronic systems is presented in [170]. They have integrated
model based system engineering and artificial intelligence methods to ac-
quire an efficient design method called SysDICE. A SysML based method
for modeling and design of mechatronic packaging machine for Tetra Pak
Packaging Solutions SpA is presented in [171]. Their method uses a hierar-
chy of models to describe the system at different levels of abstraction.

Delbecq et al. [172] presented a Python framework for the design of
embedded mechatronic systems, in order to support the designer in satis-
fying constraints such as energy consumption, influencing the environment,
geometrical integration and reliability. The dynamic simulation through
0D-1D models of the system is used to validate the architectural choices.
Their optimization approach cannot be applied to the system level even dur-
ing the early design phases. A UML (Unified Modelling Language) based
method is proposed in [173] for conceptual design of mechatronic systems
which uses major diagrams to represent the behaviour and structure of sys-
tems. This method is applied on a robot design example and the design of
a complex mechatronic system which can be considered as an information
system design by analysing specifications, functions and design structure.

A method to extend and integrate SysML with simulations in Simulink
is proposed in [174] to model the complex hybrid discrete/continuous be-
haviour. Therefore a meta-model based method is used to integrate the
system design and simulation models of mechatronic systems. Stereotypi-
cal definitions are formulated to model hybrid dynamic behaviour that is
based on SysML, and the required information is used to support analysis
of dynamic behaviour with simulations. However, most existing methods
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employ SysML to specify the software aspects of mechatronic systems while
the use of SysML in modeling mechanical subsystems is still an issue [175].
An object-oriented system integration framework is presented in [176] which
was tested on a conceptual design of a plate making system for DNA micro-
array manufacturing automation. Their method considered cost and design
optimization, and focused on system level integration rather than individual
components.

2.4.2.8 Comments/discussion on the mechatronics design soft-
ware tools

A large number of studies in mechatronic system design use 20-sim for their
evaluations. However, 20-sim is a modeling and simulation program for only
dynamic systems, although it can handle models in the form of equations,
block diagrams, bond graphs and physical components. A tool called Petri
Net [177] which is a mathematical modeling language is used for descrip-
tion of distributed systems. A number of studies use SysmML [178] which
is a graphical modeling language for modeling system requirements, behav-
ior and structure that is used to integrate with other engineering analysis
models. SysML is known as an extension of the Unified Modeling Language
(UML). UML [179] is usually used to visualize the design of a system.

A number of studies use Modelica to realize their method. Modelica
[8] is an object-oriented, multi-domain modeling language for modeling sys-
tems which include mechanical, electrical, electronic, hydraulic, thermal,
control, electric power or process-oriented components. CAMeL-View [180]
supports interactive model based and object oriented design for mecha-
tronic systems. Two types of connection are used in CAMel-View to connect
graphical components: physical connect line and signal flow, which are used
for hydraulic or mechanical components and electrical components, respec-
tively. CAMeL-View supports modeling of mechatronic systems, however
only the mechanical and control components are feasible to model and no
embedded control implementation features or physical design constraints
for physical component design are included. Ansys [5] is used to develop
multiphysics simulation for product design and testing. The application of
Ansys is to simulate computer models of structures, electronics or machine
components for analyzing strength, toughness, elasticity, temperature dis-
tribution, electromagnetism, fluid flow and other attributes. It does not
cover dynamics, control and embedded control implementation factors.

Most of these methods and tools are for design thinking or system level
design of mechatronic systems and they do not support integration of dimen-
sion/scaling approaches/physical constraints for physical design of systems,
neither do they include embedded control implementation impacts within
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co-design optimization in the concurrent method. MATLAB in combina-
tion with SIMULINK [181] is a platform for technical computations, simu-
lation and model based design in both mechanical and electrical domains.
MATLAB is often used for algorithm development, data visualization, data
analysis and numeric computation. SIMULINK is used for dynamic mod-
eling of continuous time and discrete time systems graphically without any
need for code [182]. Therefore, MATLAB is used as a basis for tool devel-
opment and encoding algorithms in the previously published thesis [9] and
as a continuation in this thesis.

2.4.3 Summary
The keywords for the literature study are selected from the research goals
and research questions. The search for the keywords tried to cover most
common synonyms in the research field. Three digital libraries, Science Di-
rect, Google Scholar, and IEEExplore are considered which are important
databases in the research area and include highly cited publications. Science
Direct and IEEExplore are the most frequent libraries used in the review
papers (e.g. [183]). Including a non-specific platform would influence the
result of study; however, Google Scholar is one of the libraries that does not
limit the search to a specific publisher. Limiting the studies to the electron-
ically available articles after 1993 which are in English narrows the search;
however, according to the research topic and a need for tools/software, up
to date research is more appreciated in the field. Research older than 25
years risks being outdated.

As illustrated in the reported results of the literature study, prevalent
design methods are usually based on sequential steps, where the physical
system is designed first followed by a controller design. The principle in
the sequential design process is that each new design task must be started
when the previous one has ended. These methods do not allow flexibility
for the design and if errors appear in the system, they require costly itera-
tions. Therefore, in order to achieve a concurrent design which results in a
true optimal solution, exploiting synergies between physical, control design
and embedded control implementation decisions is required. The physi-
cal design, control, behavioural aspects and implementation factors are not
found to be adequately dealt with (overall, simultaneously) in the discussed
research in Section 2.4.2; and the impact of parameters from different engi-
neering domains on the design optimization solution is not considered.

According to the literature so far, the main focus of research in the
mechatronics design area is on conceptual design, concept development,
topology and architectural design or control design optimization using com-
plex and time consuming algorithms, methods and models. Moreover, when
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talking about the design of mechatronic systems, the focus is mainly on
dynamic behaviour aspects of the systems rather than static properties,
and structural/physical design features (including scaling/dimensioning ap-
proaches/imposed physical constraints) and the integration with implemen-
tation facets. The concurrent aspect and simultaneous feature of the design
is lacking. Dealing with multi-degrees of freedom nonlinear mechatronics
systems considering the physical dimension, static properties, dynamic be-
haviour, and system performance which yields an optimum solution is a
cumbersome task that is missing in the literature.

Some of the discussed research in the literature considers design of
mechatronic systems with a focus on design management, design thinking,
agile, cooperation and networking, information management, intelligence,
and functionality in the design. The objectives of the design in these stud-
ies are mainly defined to be design philosophies such as safety, reliability,
time, integrity, synergy and performance. A large number of studies are
in multidisciplinary design fields with a focus on aerodynamic, energy, con-
trol, thermal or magnetic domains, however, they are only applicable for a
particular mechatronic design case since the models are in a system level.
Hence generality of the application is not found to be adequately dealt with
in these studies. In our method, the component models are treated indepen-
dently, which allows for configuring any type of system as long as the models
are already developed. Domains coupling, parameters correlation, and early
phase integration of mechanical, electrical, control, and embedded control
domains as well as a study on the interaction between parameters from the
involved disciplines are all missing in the literature. Objectives and con-
straints from the mentioned engineering domains are not integrated in an
early-phase design, therefore the results are usually not balanced/optimal
with respect to the employed disciplines; i.e. the true optimum solutions
are not obtained.

Designing a mechatronic system which includes both mechanical and
electrical properties and checks for dynamic responses involves constraints
that need to be satisfied over a time interval where the objective functions
should also be evaluated over the mentioned interval. Designing a con-
strained optimization efficiently is challenging, since the responses are im-
plicitly correlated with the design variables. The main focus of this research
is on early-phase integration of physical and control design optimization con-
sidering the embedded control implementation impact as well as capturing
the correlation between the domains. To achieve this goal, physical dimen-
sion models, dynamic behaviour and static properties of the components are
all developed. The design cases which represent real system design concepts
are studied. The thesis covers modeling, optimization, control and design
facets, and the problems that are dealt with are multidisciplinary design
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problems.
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Chapter 3

Proposed mechatronics system design
method

According to the literature background and the gaps in the research area, a
method for multidisciplinary co-design optimization of mechatronic systems
is presented in this thesis which considers physical structure from mechani-
cal and electrical domains, control, and implementation factors from control
and embedded control domains, concurrently. Model based design and op-
timization allows us to take all domains into account simultaneously, since
design variables are determined in parallel by optimizer and not sequen-
tially. A library of re-usable component models allows quick modelling and
saves time which assists in evaluating more concepts. Efficient models and
straightforward modelling methods allow computational complexity to be
kept at a reasonable level. The method results in an efficient optimum solu-
tion and the correlations between the domains are studied and highlighted
to enable a qualification for a product design without increasing unneces-
sary iteration loops. Moreover, the impact of core parameters from different
domains on the final system solution and performance is investigated.

Among the computer modeling approaches presented in the literature
background (Section 2.4), symbolic methods allow building equations of mo-
tion in symbolic format, whilst, numerical methods produce the equations
of motion as complex numerical procedures. On the other hand, symbolic
format has an advantage of efficiency. Therefore in this thesis, for effi-
ciency reasons, a tool called IDIOM (introduced in [9]) which is developed
in MATLAB and integrated with Wolfram Mathematica [184] is extended
to handle symbolic equations and later use the numerical feature of the
mentioned software.

This tool is used to realize the multidisciplinary design optimization
method for mechatronic systems. This chapter includes the proposed mul-
tidisciplinary method, developed component models, optimization method,
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and the extended software toolbox in order to answer the research questions.
Details are skipped and the reader is referred to the appended papers.

3.1 Conceptual design method
The method presented in this thesis includes two types of components: phys-
ical and control. Fig. 3.1 depicts a typical model of one physical and one
control component in the software toolbox where IPk and OPk represent
input and output sets of physical component k and they carry two types of
signals: position and torque (detailed definitions are presented in appended
Paper D). Each physical component (Ck) is associated with three main
models—physical dimension, static properties and dynamic behaviour. The
control component (Cn) represents the control law, dynamic constraints,
cpcγ , related to control performance, and includes embedded control imple-
mentation factors.

Control component (𝑪𝒏) Physical component (𝑪𝒌)

Physical 
dimension 
(𝑷𝒅𝒌)

Static 
properties
(𝑺𝒕𝒌 ) 

Dynamic 
behavior
(𝑫𝒚𝒌 ) 

Dynamic 
constraints

Control 
law

𝑰𝑷𝒌 𝑶𝑷𝒌

Embedded control 
implementation factors

Figure 3.1: The structure of one physical and one control component

The physical dimension model (Pdk) captures the load profile specifica-
tions of the component as a function of component properties such as size,
mass, friction or cost with respect to the final optimization criteria. Using
the physical dimension model, each component is designed based on already
defined physical constraints, consk, (examples of these constraints are pre-
sented in Section 3.6). Depending on the component type, the physical
dimension is a function of load properties such as RMS (root mean square)
and peak values obtained from the given torque and motion profiles. For ef-
ficient model evaluation, an approach is adopted from [26] where the models
are practically based upon algebraic relations and scaling approaches.

The static properties model (Stk) performs static transformation of the
load from one side of a component to the other. These models transfer an
external system requirement as a load through the chain of components in
the system and are required for initial physical dimension models. The static
properties model excludes the effect of damping and stiffness in the system.
The dynamic behavior model (Dyk) is related to the internal dynamics
of a component. The system is designed based on a set of requirements

50



3.1. CONCEPTUAL DESIGN METHOD

and specifications. Load specification (lps) is a major requirement on the
system and is a position profile connected to an inertia/mass component
which imposes constraints on the needed torque/force for the entire system.
Fig. 3.2 shows a typical system requirement as a load profile.

𝑁𝑚
𝑁𝑚

Figure 3.2: Trapezoidal (load) profile

3.1.1 Physical component
Physical components (Ck) refer to basic mechanical and—in some cases—electrical
components that are used throughout development of the method. We have
different types of physical components regarding the application, such as
actuator components, structural components, and load components. Actua-
tor components provide energy/power/torque to the mechanical system and
carry the control signal. A structural component carries load and transforms
position/torque throughout the system. Examples of structural components
are transmissions, mechanical springs and robot arms. A load component is
an inertia/mass body and is the last component in the open chain system.
It carries the position profile requirement for the system.

3.1.2 Control component
The core capabilities of the method and tool discussed in this thesis are the
integration of design and optimization which is performed holistically over
a full closed loop system. Therefore consideration of controllers and control
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related components is crucial in terms of component modelling. A control
component (Cn) is specified by a parameterized control structure and it
represents a control method that is designed to minimize the difference
between desired output profile and actual system output for a particular
implementation.

3.2 Multidisciplinary design
In order to integrate several engineering domains simultaneously, the need
for a multidisciplinary method arises. Engineering a system is categorized
as holistic and to derive an optimized system considering all design param-
eters is a challenging task that may be unfeasible even for domain engineers
[185]. Thus a multidisciplinary design optimization (MDO) is a fundamen-
tal method to explore the solution space for design, and to obtain the final
optimum system considering major disciplines concurrently [186]. Through-
out this thesis, the system is optimized subject to different engineering dis-
ciplines shown in Fig. 3.3 to minimize the size, implementation cost and
hardware cost of the systems.

Other disciplines and respective objectives and constraints are feasible
to be included in the method as long as the models would be developed and
integrated in the method and its toolbox. Dimensioning a system physically
relates to a mechanical/electrical domain, control design is from a control
domain and implementation aspects are from an embedded control imple-
mentation domain. Considering couplings, correlations and interactions be-
tween domains increases the complexity of the design. For multi-objective
optimization problems, this complexity increases even more.

Multidisciplinary Optimization

Discipline 1:
Physical
design

Discipline 2:
Control 
design

Optimizer

𝑥𝑜𝑏𝑗%(𝑥)

Discipline 3:
Embedded control 

implementation

Figure 3.3: A multidisciplinary optimization method
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3.3 System model
Given a set of component models, the system concept is configured in the
proposed method. The physical dimension and static transfer models are
used in component level analysis. However, dynamic behaviour models of
each component with already defined interface equations are gathered to
form a system model in a conceptual phase for holistic analysis and opti-
mization purposes in a system level. The entire method from component
libraries, system concept evaluation, requirements, system configuration
through to deriving a final optimal system solution is depicted in Fig. 3.4.
Details about evaluation of the static properties model and system model
can be found in appended Paper E. An example of a configured system in
the system configuration stage, as well as system requirements and the opti-
mization process are visualized separately in Fig. 3.5, Fig. 3.6, and Fig. 3.7,
respectively.

Optimization
process

Control component libraryPhysical component library

load

• Physical dimension
(𝑃𝑑#)

• Static properties (𝑆𝑡#)
• Dynamic behaviour

(𝐷𝑦# )

StructuralActuator

System 
concept (𝐺))

Control 
method

Disturbance

Constraints

sensor

System 
configurationSystem 

requirements

Figure 3.4: System modelling and evaluation

The system concept is a specific configuration of a mechatronic system
which is composed using the library of physical and control components.
The system model is developed for each concept separately. Different sys-
tem concepts can be evaluated one at a time. For design analysis and
system evaluation, a fixed system concept should be configured. System
requirements include load and dynamics specifications, and a definition of
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System configuration

Control

Sensor
Gear assembly

Position cog

Output shaft

PotentiometerDC-
motor

Figure 3.5: Example of a configured system
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Figure 3.6: System requirements

objectives and design parameters/variables. Physical dimension and static
properties models are evaluated within the optimization in component level
to evaluate physical design constraints. Dynamic constraints are evaluated
in system level to examine satisfaction of the boundary conditions.

The system model is capable of dealing with both linear and nonlin-
ear components and system configurations. For the nonlinear case, the
method uses defined fixed operating points (in the relevant state variables)
and linearizes the equations around that point to achieve a linear local ap-
proximation (this is performed either in component level if the component
dynamics are nonlinear, or in the system model evaluation stage if the con-
figuration is nonlinear). Different operating points yield different system
models, therefore they should be evaluated separately, e.g. for a system
with multiple separated operating points, each operating point results in a
new system model and is dealt with independently. The evaluated system
is designed and analysed by the optimizer. The optimization is applicable
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Figure 3.7: Optimization process

on both multi-objective and single objective problems.

3.3.1 Basic assumptions
For simplicity of the implementations and design, and to reduce complexity
and computation time, some assumptions are made in the models as follows:

• Dynamic models are intended to be simple and computationally in-
expensive, yet accurate enough to capture major component charac-
teristics. The detailed assumptions related to the dynamic behaviour
models are presented in models of each component in Section 3.6.

• The developed design method in this work targets early concept phases,
hence a reasonable assumption is that it suffices to use controllers with
low complexity to have less computationally demanding model evalu-
ations (Section 3.7).

• Volume calculation for all physical components (including complex
components such as ball-screws, 2-DOF arm and belt-drive) uses geo-
metrical calculations by simplification of the shapes, e.g. the volume
for a DC-motor is approximated as a cylinder.

Detailed assumptions related to the models are discussed in the relevant
section.

3.3.2 Encoded algorithms
In order to evaluate each model and later on use them for optimization
purposes, three algorithms are employed. The algorithms are presented for

55



CHAPTER 3. PROPOSED MECHATRONICS SYSTEM DESIGN
METHOD

an arbitrary system composition with K component models, and defined
objective function(s), fχ(v). Related detailed definitions and examples are
presented in appended Paper D. The arbitrary system composition is equiv-
alent to the configured system concept in Fig. 3.4. A chain in the algorithms
refers to a serial assembly of connected components. Moreover, the algo-
rithms assume a particular ‘reading order’ for the components and it would
terminate when a defined class of component is read.

Algorithm 1 builds dynamic configuration of the component models.
Hence linear/nonlinear dynamic differential equations of each physical com-
ponent with the interface equations are configured to construct the open
loop and closed loop models in terms of transfer functions or state space
models. The inputs for Algorithm 1 are the system concept and the system
attributes. The outputs of Algorithm 1 are the symbolic representation of
the open loop and closed loop system models in terms of transfer functions/
state space models. This algorithm is executed in the chain between the
two specified physical components as actuator (â) and sensor (ŝ) compo-
nents (the class of these components are defined as inputs, further details
are presented in Section 3.8), see the pseudo-code in Algorithm 1.

• In line 1 and 2, when the algorithm starts, the transfer functions/
state space models and the equation list, Eq , are as yet empty sets,
∅.

• From lines 3 to 10, the dynamic behaviour model, Dyk, of each com-
ponent is read and added into a newly formed equations list (Eq).

• The interface equations between physical components are added to
Eq if and only if k is not the sensor component; i.e. reading the inter-
nal dynamics and interface equations is performed until reaching the
sensor component in the chain (the component models are defined as
class methods which represent objects in the optimization run, details
in Section 3.8).

• The equation list, Eq, is complete when k equals the sensor compo-
nent.

• Wolfram Mathematica [184] is used in lines 11 and 12 and the Math-
ematica kernel is started and the symbolic Eq is sent from Matlab to
Mathematica together with the control parameters/attributes. Wol-
fram Mathematica is integrated in order to symbolically manipulate
equation systems.

• The open loop transfer functions/state space model is derived in Wol-
fram Mathematica (for a nonlinear system, the model is linearized in
the mentioned software) and is sent back to MATLAB in line 13.
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Algorithm 1 Dynamic System Configuration (DSC)
[TFop/SSop,TFcl,SScl]=DSC(Gp,â,ŝ,cp)
Require: system concept (Gp), actuator component (â), sensor component

(ŝ), control parameters (cp);
Ensure: Symbolic Open Loop Transfer Function (TFop)/State Space

Model (SSop), Symbolic Closed Loop Transfer Function (TFcl)/State
Space Model (SScl);

1: TFop/SSop = ∅
2: Eq = ∅
3: if k ∈ {â, ..., ŝ} then
4: Read Dyk
5: Write in Eq
6: if k 6= ŝ then
7: Read interface equation (Ek,k+1)
8: Add to Eq
9: end if

10: end if
11: Send Eq and cp to Wolfram Mathematica
12: Obtain TFop/SSop by Wolfram Mathematica
13: Read TFop/SSop by MATLAB
14: Implement (Cn) method on TFop/SSop
15: Construct closed loop system (Ccl)
16: Output TFcl/SScl

• Control method, Cn, is applied on open loop system model in line 14.

• Symbolic closed loop system is constructed in line 15.

• The closed loop system model, in a form of transfer function/state
space model, is outputted in line 16.

In Algorithm 2 physical dimension (Pdk) and static properties (Stk)
models are used to evaluate the size/energy/cost of each component. The
evaluation process for this algorithm is adopted from [9]. The results of
analysis in component level are the design answers (Ask) of each physical
component. Since this algorithm is executed in a component level rather
than system level, it is not visualized in Fig. 3.4. The design answers are
used later to calculate the final objective(s). The inputs for Algorithm 2
are the system concept, the number of requirements (Nr), output profile
(opK(t)) of the load component (K) (depicted in Fig. 3.1), design param-
eters (pk), design variables (vk) and their ranges (Dk). The output is the
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Algorithm 2 Component Level Static Model Evaluation (CLSME)
Ask=CLSME(Gp,opK(t),pk,Dk,Nr,vk,lps)
Require: system concept (Gp), output profile (opK(t)), design parameters

(pk), design variables range (Dk), number of requirements (Nr), design
variables (vk), load specifications (lps);

Ensure: design answers (Ask);
Read opK(t) and lps

2: Execute StK on opK(t)
Calculate ipK(t)

4: for k = K − 1 : −1 : 1 do
opk(t) = ipk+1(t)

6: Read pk, vk
Compute Pdk

8: if consk is true then
Calculate Ask

10: if k 6= 1 then
Execute Stk and Calculate ipk(t)

12: end if
else

14: Ask = ∅
ipk(t) = ∅

16: end if
end for

18: Output Ask, k = 1, ...,K

design answers (Ask) of each physical component in terms of physical di-
mension model.

• In lines 1-3, the load profile (opK(t)) is called and the static properties
model (StK) is executed to calculate the input profile (ipK(t)) of the
same component.

• In line 4, a for loop starts to go through the components from output
to input side in order to execute the physical dimension (Pdk) model
using the output profile (opk(t)).

• The loop starts from component K − 1 in the open loop chain and
ends at the first component which is generally the actuator component
(component K is the load component which does not have a physical
dimension model and the specification for this component is given).

• In line 5, the profiles on the input side of Ck are defined to be equal
to the profiles on the output of Ck−1 for configuration purposes.
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• In lines 6 and 7 in the same loop, physical dimension model, Pdk, is
computed using pk and vk.

• In lines 8-16, component k is designed in the component level consid-
ering physical design constraints (consk) (physical design constraints
are explained in detail in Section 3.6, and are defined inside the phys-
ical dimension model (Pdk) of each component).

• If the physical design constraints are satisfied, the design answers
(Ask) are calculated in line 9, otherwise they are defined to be empty
(Ask = ∅) in line 14.

• The static transfer model, Stk, is executed as long as the component
is not the first component in the chain (k 6= 1): lines 10-12.

• The algorithm is completed when Ask is evaluated for all of the com-
ponents in the loop.

Algorithm 3 checks for the satisfaction of the dynamic constraints (cpcγ)
and computes the optimization objectives for the system of physically de-
signed components. Therefore the inputs for this Algorithm are the output
of Algorithms 1 and 2.

• In line 2, Algorithm 1 is executed, hence the symbolic transfer func-
tions (TFcl) or state space models (SScl) are computed.

• In line 3, Algorithm 2 is executed to get the design answers (Ask) of
a particular system composition/configuration.

• If the design answers from Algorithm 2 are real values (Ask, k =
1, ...,K − 1), the numerical values of TFcl or SScl in lines 5 and 6 are
evaluated by re-using Ask from Algorithm 2, otherwise there is no
optimum solution (the result is invalid).

• In lines 6-15 the dynamic constraints (cpcγ) are calculated for γ num-
ber of constraints and the satisfaction of them are evaluated to be in a
defined boundary, b̂γ , (these constraints evaluate control performance
and are presented in detail in Section 3.7.2).

• If any of the dynamic constraints would not be met, the solution will
be rejected (invalid final optimum solution).

• The algorithm is repeated until the optimization generation and pop-
ulation size are achieved: line 20.
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Algorithm 3 Optimization Objective(s) Calculation (OOC)
[minvk∈Dk

∑χ
j=1 fj(vk), cpcγ ] =OOC(TFcl/SScl,Ask)

Require: TFcl/SScl, Ask;
Ensure: minvk∈Dk

∑χ
j=1 fj(vk);

1: repeat
2: [TFop/SSop,TFcl,SScl]=DSC(G,â,ŝ,cp)
3: Ask=CLSME(G,opK(t),pk,Dk,Nr,vk)
4: if Ask ∈ RQk then
5: Evaluate numerical TFcl/SScl
6: for j = 1 : γ do
7: Compute cpcj
8: end for
9: if cpcj ≤ b̂j (∀j = 1, ...γ) is true then

10: Compute numerical cpcj
11: Compute

∑χ
n=1 fn(vk)

12: else
13: cpcj = ∅
14: fn(vk) = invalid (∀n = 1, ..., χ)
15: end if
16: else
17: cpcj = ∅
18: fn(vk) = invalid (∀n = 1, ..., χ)
19: end if
20: until (generation and population size for the optimizer are finished)
21: Normalize objectives
22: Evaluate minvk∈Dk

∑χ
n=1 hnf̂n(vk)

23: Output minvk∈Dk

∑χ
n=1 hnf̂n(vk), cpcγ

• In line 21, the optimization objective(s) are normalized to have even
range between 0 and 1 (normalized objectives are denoted with f̂), χ
is the number of objectives.

• In line 22, a weighted sum function (presented in Section 3.5.3) is
applied on the Pareto front [187] set with defined weights as hn, and
the final optimum solution is derived (minvk∈Dk

∑χ
n=1 hnf̂n(vk)).

The algorithm is terminated with an optimal co-design solution for an
IDIOM system concept.
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3.4 Optimization
Genetic algorithm (GA) [188] is classified as metaheuristic optimization
which is applicable on problems with highly nonlinear objectives including
discrete design variables. GA is an approach to solve both constrained and
unconstrained optimization problems based on a natural selection process
that mimics biological evolution. Evolutionary methods such as GA are well
suited for mechatronic design optimization due to their ability to obtain so-
lutions for a diverse range of complex problems. Therefore the optimization
that is used in this work and implemented in IDIOM is the genetic algorithm
(GA).

GA is a method that has its roots in biology and makes use of Darwin’s
principal of survival of the fittest. In this evolutionary algorithm (EA), indi-
viduals that are possible solutions are bred by relying on mutation, crossover
and selection steps. The evolution starts with a randomly generated popu-
lation of individuals and is an iterative process with the population that is
called generation inside each iteration. The fittest individuals are selected
for reproduction in order to produce offspring for the next generation. The
offspring inherit the characteristics of the parents and will be added to the
next generation. If parents have good fitness, the offspring will be fitter than
their parents and have a better chance at surviving. This process keeps on
iterating and at the end, a generation with the fittest individuals will be
found [189]. Five phases are considered in a genetic algorithm:

• Initial population: a set of individuals that are chosen randomly. Each
individual is a solution to the optimization problem that is to be
solved.

• Fitness function: determines the fitness of each individual where the
probability for an individual to be selected for reproduction is based
on it.

• Selection: two pairs of individuals as parents are selected based on
their fitness.

• Crossover: a new offspring is generated and added using exchange of
the genes between parents until the randomly selected crossover point
is reached.

• Mutation: in a newly created offspring, some of the genes can be
mutated to maintain diversity within the population.

When the population does not produce offspring which are significantly dif-
ferent from the previous generation, the optimization algorithm terminates
and provides a set of solutions for the problem.
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The method in this thesis treats mechanical, electrical, control and em-
bedded control implementation domains with multiple design objectives as
well as constraints in a concurrent manner. Thus the evaluation of different
concepts with this method should be simple and quick. Therefore, due to the
multidisciplinary nature and consideration of objectives/constraints from
different domains, a multi-objective optimization is employed. Such a prob-
lem is generally defined as a set ofm > 1 conflicting objective functions, obji,
which are maximized [190]. The maximization is to avoid loss of generality
and for the case of minimization we have, min{obj(x)} = −max{−obj(x)}.
Such a multi-objective problem is defined as given in (3.1).

max obj(x) = [obj1(x), obj2(x), ..., objm(x)]
s.t. gn(x) ≤ 0; n = 1, ..., N (3.1)

where m is the number of objectives, N is the number of inequality con-
straints and x is a vector of design variables. Multi-objective optimization
involves minimizing/maximizing multiple objective functions subject to a
set of constraints. In this regard, analyzing design trade-offs, selecting opti-
mal product or processing designs where you need an optimal solution with
trade-offs between two or more conflicting objectives need to be considered.
This is taken care of by the proposed method.

3.5 Multi-objective design

To name an approach as a multidisciplinary method, it should include spec-
ifications, methods and algorithms from each domain separately and inte-
grate them as a whole. An optimization method that is able to integrate
physical and control design, together with embedded control implementa-
tion aspects is a multidisciplinary method and is likely to lead to better
engineering results. A multidisciplinary design method can be formulated
as a single or multi-objective problem. In the method presented in this the-
sis, multiple objectives and constraints from the mentioned disciplines are
considered and imposed on the system. The system is optimized for three
objectives as volume, sampling frequency and sensor resolution to reduce
the size, implementation cost and hardware cost. In practical problems,
the method can handle more than three objectives. As an example, the
system can be optimized for energy/losses, and other control related objec-
tives, if the corresponding models would be integrated in the method and
implemented in the tool.
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3.5.1 Physical design objective
For physical design of a system, the objective can be size (mass/volume),
energy/losses and cost. Throughout this thesis, the size (volume/mass)
of the entire system has been considered as a main mechanical/electrical
domain objective. Some examples of volume are as follows:

• DC-motor volume: The volume for DC-motor is approximated as a
cylinder,

vm = πr2
mlm (3.2)

where rm and lm are the motor radius and length, respectively.

• Gear volume: As for the motor, the gearbox volume is approximated
as,

vg = πr2
gb (3.3)

where b and rg are the total width of the gear and outer radius of the
gear, respectively.

• Shaft volume:
vsh = πr2

shlsh (3.4)

where rsh and lsh are the shaft radius and length, respectively.

3.5.2 Control design and implementation objectives
In previous studies [142, 144, 145, 154, 156], a simplification is considered
while designing mechatronic systems and that is to neglect the influence of
embedded control implementation on the performance of the final controlled
system. In control design and embedded control implementation, sampling
period choice, communication delays and sensor resolution have significant
impact on performance. An improper decision on these implementation
related parameters causes the system to be unstable or deteriorates the
control performance [7]. Hence, to consider these discussions, sampling
frequency and sensor resolution are considered as control objectives of the
optimization that require the system to satisfy extra control performance
related constraints (appended Paper C). In this method, the control design
is applied on a continuous time system and the closed loop system is later
discretized using calculated sampling time. Thus, a proper selection of
sampling time is a basis for this method. Obviously, a shorter sampling
time yields a better performance (closer to the corresponding continuous
time system). On the other hand, a longer sampling time yields lower
computational load and may reduce numerical challenges. To address this

63



CHAPTER 3. PROPOSED MECHATRONICS SYSTEM DESIGN
METHOD

trade-off issue, the sampling frequency is defined as one of the optimization
objectives and the sampling time is derived using (3.5) [191],

Ts = 2π
cbwb

(3.5)

where wb is the fastest frequency of the closed loop system and cb is a fre-
quency coefficient that is defined to be a real valued optimization parameter
in the range of [2, . . . , 30]. The defined range for cb is related to the sampling
rates. A factor of 2 is generally a limit posed for signal reconstruction, but it
is too small for control purposes. Therefore considering dynamic constraints
(Section 3.7.2) would simply take care of this (which is more tangible in the
obtained design solutions in appended Papers A, B and C). For economical
reasons, sampling rates should be kept as low as possible: a low rate leaves
more time for execution of a control algorithm, and it can be carried out on
slower computers. On the other hand, if the sampling frequency is too low,
the systems may become unstable. The choice of sampling rate depends on
the fastest pole of the closed loop system. According to Shannon’s law, the
sampling rate must be at least two times faster than the fastest closed loop
pole [192]. The sampling frequency of the system is derived in (3.6),

ws = 2π
Ts

(3.6)

where Ts is variant according to (3.5). To prevent an aliasing effect in
sampling signals, it is necessary to set a constraint on the sampling time,
Ts. Aliasing is an effect of the sampling that causes signals to become
indistinguishable. Due to aliasing, the signal that is reconstructed from
samples may be different than the original continuous time signal. This can
deteriorate the performance if proper care is not taken. Considering this
fact and Nyquist–Shannon sampling theorem, sampling time should be in a
defined range in (3.7) [193].

5wc ≤ 2π
Ts
≤ 100wc (3.7)

where wc is the desired bandwidth of the continuous time closed loop system.
Although defining the sampling frequency, ws, as a second objective func-
tion reduces computational costs, a too low sampling frequency degrades
the control performance. To avoid this problem, control performance con-
straint(s) are considered. Integrated square error, ISE, and maximum er-
ror, max(er), are defined as dynamic constraints on the optimization prob-
lem (Section 3.7.2).

Since the implementations are usually performed by digital computers,
the quantization and sensor resolution should be considered in embedded
control implementation. To the best of our knowledge, this factor has not
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been considered in previous integrated design optimization methods for
mechatronic systems [21, 22, 136, 137, 145, 187]. To model the quanti-
zation, floor function is used which quantizes the value of input for the
sensor [194].

ys,out = bys,in

δ cδ (3.8)
where ys,out and ys,in are the output and input signals of the sensor, re-
spectively. Sensor resolution factor, δ, is in rad

pulse which indicates revolu-
tion. This sensor in principle acts as a rotary encoder; a sensor with an
application of a linear encoder is implementable in the method as long as
the model would be developed and integrated). Smaller δ means higher
resolution. As δ increases, the system that we are trying to control becomes
unstable. As known, resolution is a primary specification in control design.
Without enough resolution, the necessary measurement might provide a
too large quantization error while an over performing sensor is an increased
cost. It is important to note that resolution is different from accuracy. Sen-
sor resolution is meaningful within the context of system bandwidth, the
application and the measurement method.

3.5.3 Weighted-sum method
In a multidisciplinary design method, a single point that optimizes all the
objectives together does not normally exist. Pareto optimality is the result
of multi-objective optimization problems to extract solutions. In the Pareto-
optimal set, it is not possible to improve one objective without deteriorat-
ing the others. A typical solution of Pareto-optimization is a compromise.
Without additional subjective preference, all Pareto optimal solutions are
considered equally good. Consequently, in order to find a single solution
that satisfies the subjective preference, there is a need to have a proper
definition of a function that yields a reasonable single optimal solution for
all of the objectives. Hence a weighted sum function is defined as given in
(3.9). A weighted sum function method aggregates the objective values to
a single quality measure [195, 196].

f = h1 obj1 + h2 obj2 + ...+ hn objn
(3.9)

where h1, h2, ..., hn are the Pareto front weight factors and have a relation-
ship presented in (3.10).

h1 + h2 + ...+ hn = 1 (3.10)

Considering the definition of weight factors, if h1, h2, ..., hn are positive,
minimizing f yields a single optimum solution as a Pareto-optimality so-
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lution [197]. However, it is still difficult to decide the weights to indicate
the relative importance of each objective due to the difference in objectives
magnitudes. One proper method to have even weight factors is to nor-
malize [198] the objectives to have identical range between 0 and 1. This
is done using (3.11) and (3.12) for minimizing and maximizing objectives,
respectively.

objnormi = max(obji)−obji

max(obji)−min(obji) (3.11)

objnormi = 1− max(obji)−obji

max(obji)−min(obji) (3.12)

where i is the numeric of total number (n) of objectives, obj.

3.6 Physical components examples
Some of the physical components developed during this PhD project are
presented in this section. These models extend the method to cover discus-
sions for non-linear multi-degree of freedom systems and are implemented
in the IDIOM software toolbox. The models for DC-motor and gearbox
components are adopted from [9, 20] and are used in the design cases. As
shown in Fig. 3.4, each physical component consists of three models: physi-
cal dimension, static properties, and dynamic behaviour models. The phys-
ical dimension model of each component includes internal physical design
constraints. In this Section, the models with the constraints for each com-
ponent are presented. Detailed dynamic models for components are usually
complex and costly to evaluate. In many cases, to evaluate performance
in early stages of design, it is possible to use reduced order linear models,
based on multiple mass oscillators [199]. The models use the indices in and
out to denote the input and output of a component.

Physical design of the system includes component level physical con-
straints such as speed requirements, torque/power measurements, strength
and dimensioning and scaling factors. As an example, there is a constraint
on the maximum allowed speed of the DC-motor, wm,peak, which should be
higher than or equal to the speed specification of the load, φ̇l, [20].

wm,peak ≥ max | φ̇l | n (3.13)

3.6.1 Ball-screw drive
Physical design of the ball-screw considers the peak-load force and the al-
lowed stress of the material. During the execution of models and optimiza-
tion, the peak transferred load force and proposed pitch by optimization are
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used to select suitable ball-screw out of given SKF standard tables [200].
For the dynamic behaviour model, the screw is considered as two inertial
bodies as Jbs,1 and Jbs,2 which are functions of the nut’s position (yn,out)
and the length of screw (lbs) from static specifications. The parameters used
in (3.14)-(3.18) for modelling the ball-screw are shown in Fig. 3.8.

Jbs,1φ̈bs,in = Tbs,in − kbs(φbs,in − θbs)− dbs(φ̇bs,in − θ̇bs) (3.14)

Jbs,2θ̈bs = kbs(φbs,in − θbs) + dbs(φ̇bs,in − θ̇bs)− Tbs,d (3.15)

Mnÿn,out = Fbs,d − Fbs,out (3.16)

we have,
Tbs,d = Fbs,d(

pbs
2πη ) (3.17)

θbs = yn,out(
2π
pbs

) (3.18)
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Figure 3.8: Ball-screw drive for dynamic modelling

where kbs is the torsional stiffness of the screw, dbs is the effect of friction
damping (material damping is not considered), Mn is the mass of nut and
Fbs,d is the drive force between the nut and the screw which is proportional
to the drive torque (Tbs,d) by the conversion ratio as given in (3.17). η is
the normal efficiency (0.9− 0.95) and pbs is the pitch of screw. It should be
noted that the thread friction is neglected in the above model. Indexes bs,
n and d are for the ball-screw, the nut and the drive force, respectively.
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3.6.2 Rotational rigid beam
A beam is a rotating rigid body with a distributed mass (Mb) and the length
of Lb. The dynamics of the beam are derived from a configuration shown in
Fig. 3.9. The beam is modelled as it is driven by a DC-motor. DC-motor
2 which drives the beam is along the z-axis (the rotor’s rotational angle is
γ). The assumption for modelling is that the beam is initially oriented in
the y direction. The model is part of a design case presented in Section 4.1
and appended Paper E.

load

𝑦" ,$%&

𝑥" ,$%&

𝑦(,)*

𝐹" ,$%& ,, 𝑇",)*

𝑥

𝑦

γ" ,)*
𝐿" , 𝑀"

𝑧

𝐹" ,$%& ,2

Top view

DC-motor 1
Screw nut

D
C

-
m

ot
or

 
2

beam

DC-motor
2

z
y

x

Figure 3.9: Dynamics of a rotational beam component (top view) that is
driven by a DC-motor around Z axis.

Tb,in + Lb((Mbÿm,in sin(γb,in)
2 ) + Fb,out,y sin(γb,in)+

Fb,out,x cos(γb,in)) = Jbγ̈b,in

(3.19)

Fb,in,y − Fb,out,y = Mb(
ÿb,out + ÿm,in

2 ) (3.20)

Fb,in,x − Fb,out,x = Mb(
ẍb,out + ẍm,in

2 ) (3.21)

xb,out = −Lb sin(γb,in) (3.22)
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yb,out = ym,in + Lb cos(γb,in) (3.23)

Since it is assumed that initial orientation of the beam is in the y di-
rection, the inertial force effect caused by the translational acceleration of
the motor is shown by the term Mbÿm,in sin(γb,in)

2 in (3.19). Tb,in is the input
torque to the beam by the motor. Fb,out,y and Fb,out,x are the forces re-
sulting from the load mass by configuring equations at the end of the beam
in two directions. (3.19)-(3.21) show that the beam is rotating around the
rotor of DC-motor.

3.6.3 2-DOF arm
The physical constraint on the 2-DOF arm for design purposes requires the
strength of the two arms to be larger than the required force (for simplicity
of the design analysis, bending effect is neglected). The equation is derived
from Hamrock et al. [201],

max(F
A

) ≤ τm (3.24)

where F is the force orthogonal to the cross sectional area and is derived
from the output force signals on the 2-DOF arm, A is the cross sectional
area and τm is the maximal allowed stress of the arm material.

By extending the IDIOM toolbox library to cover complex component
models, some major changes must be performed in the configuration of
components. For instance, since a 2-DOF arm component is considered as
one whole physical component, a multi-input (multi-port) feature is enabled
in the graphical interface. Statics and dynamics of the 2-DOF arm are
presented below. The angular positions of the arms are derived from inverse
kinematics [202]. For angular position of the second arm, θ2, we have,

θ2 = cos−1(
x2
a,out + y2

a,out − l21 − l22
2l1l2

) (3.25)

For the first arm’s angular position, θ1, we have

θ1 = tan−1( ya,out
xa,out

)− tan−1( l2 sin(θ2)
l1 + l2cos(θ2) ) (3.26)

We employ Lagrangian mechanics to derive the relationship between the
input torque and the output position. Let xi, yi (i = 1, 2) be the position
coordinates of the tips of the two arms as illustrated in Fig. ??.

x1 = l1 cos(θ1), x2 = l1 cos(θ1) + l2 cos(θ1 + θ2) (3.27)
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y1 = l1 sin(θ1), y2 = l1 sin(θ1) + l2 sin(θ1 + θ2) (3.28)
To avoid complicated dynamics, we assume that the mass of each arm is
concentrated as a point at the tip. The kinetic and potential energies of the
two arms are as follows

Eki
= 1

2mi(ẋ2
i + ẏ2

i ) (3.29)

Eki
(i = 1, 2) are the kinetic energies of the first and second arms, respec-

tively. The total kinetic energy of the 2-DOF arm is obtained from (3.29)
and defined as

Ek = Ek1 + Ek2 (3.30)
The potential energies are

Eui = migyi (3.31)
The potential energy [203] of the robot arm is the sum of the potential
energies of arm1 and arm2 which is obtained as follows

Eu = Eu1 + Eu2 (3.32)
The Lagrangian [204, 205] of the robot arm is given in (3.33).

L = Ek − Eu (3.33)
where for the torques on the joints of the two arms, Tθ1,in and Tθ2,in, we
have

Tθ1,in = ∂
∂t (

∂L
∂θ̇1

)− ( ∂L∂θ1
) =

m1θ̈1l
2
1 +m2θ̈1l

2
1 +m2θ̈1l

2
2 +m2θ̈2l

2
2 + 2m2θ̈1l1l2 cos(θ2)

−2m2θ̇1θ̇2l1l2 sin(θ2) +m2θ̈2l1l2 cos(θ2)−m2θ̇
2
2l1l2 sin(θ2)

+m2gl1 cos(θ1) +m2gl2 cos(θ1 + θ2)

(3.34)

Tθ2,in = ∂
∂t (

∂L
∂θ̇2

)− ( ∂L∂θ2
) =

m2θ̈1l
2
2 +m2θ̈1l

2
2 +m2θ̈1l1l2 cos(θ2)−m2θ̇1θ̇2l1l2 sin(θ2) +m2gl2 cos(θ1 + θ2)

+m2l1l2θ̇1(θ̇1 + θ̇2) sin(θ2)
(3.35)
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These torques are equal to the output torques from the DC-motors. Here-
upon, in the design phase, the static properties model considers the maxi-
mal values of the torque/force throughout the chain of components and uses
them to determine the physical dimension of each component.

3.6.4 Timing belt
The physical design model for timing belts considers designing a feasible
timing belt structure with a suggested driving pulley’s radius as optimiza-
tion variables. The arc of the belt contact for driving and driven pulleys
as shown in Fig. 3.10 are α1 and α2, respectively, and are calculated using
(3.36) and (3.37).

α1 = π − 2sin−1( r2−r1
C ) (3.36)

α2 = π + 2sin−1( r2−r1
C ) (3.37)

where r1 and r2 are the pitch radii of the driving and driven pulleys. The
length of the two arcs corresponding to α1 and α2 are given as

arc1 = 2πr1( α1
360 ) (3.38)

arc2 = 2πr2( α2
360 ) (3.39)

For the length of belt, Lb, we have

Lb = 2
√
C2 − (r2 − r1)2 + arc1 + arc2 (3.40)

where C is the center to center distance between the two pulley [206]. The
length of belt segments sl is lc (shown in Fig. 3.10), that is used in dynamic
behaviour model and is derived using:

lc = Lb−arc1−arc2
2 (3.41)

A selected timing belt should be able to handle the pre-tension force, F0,
that is calculated by the dynamic equations. As depicted in Fig. 3.10, F1
and F2 are the belt tensions both on the slack and tight side, and we have

F2 − F1 = Fout (3.42)

Dynamics of the timing belt are adopted from [207]

Jp1 θ̈1 = Tv,in + r1(F1 − F2) (3.43)
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Figure 3.10: Timing belt drive

Jp2 θ̈2 = Tv,out − r2(F1 − F2) (3.44)

F1 = F0 + EA+F0
lc−r1θ1+r2θ2

(r1θ1 − r2θ2) (3.45)

F2 = F0 + EA+F0
lc−r2θ2+r1θ1

(r2θ2 − r1θ1) (3.46)

where Jp1 , Jp2 , θ1 and θ2 are the driving and driven pulley inertias and
angular positions, respectively. Tv,in and Tv,out are the input and output
torques to and from the pulleys. A is the cross sectional area of the belt,
and E is the Young’s modulus of the material. By substituting (3.45) and
(3.46) in (3.43) and (3.44), we get

Jp1 θ̈1 = Tv,in + r1(EA+ F0)( r2θ2−r1θ1
lc−r2θ2+r1θ1

− r1θ1−r2θ2
lc−r1θ1+r2θ2

) (3.47)

Jp2 θ̈2 = r2(EA+ F0)( r1θ1−r2θ2
lc−r1θ1+r2θ2

− r2θ2−r1θ1
lc−r2θ2+r1θ1

) + Tv,out (3.48)

Considering a nonlinear function, ẋ = f(x(t), u(t)), an equilibrium point,
x̂, an equilibrium input, û, and deviation variables, δx(t) = x(t)− x̂, δu(t) =
u(t)− û, and by using Jacobian Linearization method (presented in (3.49)),
we linearize the nonlinear model in (3.47) and (3.48) at defined operating
points equal to θ10 = 0 and θ20 = 0, which results in (3.50) and (3.51).

δ̇x(t) = ∂f
∂x

∣∣∣
x=x̂
u=û

δx(t) + ∂f
∂u

∣∣∣
x=x̂
u=û

δu(t) (3.49)

Jp1 θ̈1 = Tv,in − 2r2
1(EA+F0)θ1

lc
+ 2r1r2(EA+F0)θ2

lc
(3.50)
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Jp2 θ̈2 = Tv,out + 2r1r2(EA+F0)θ1
lc

− 2r2
2(EA+F0)θ2

lc
(3.51)

By substituting (3.45) and (3.46) in (3.42), we derive the following expres-
sion for Fout,

Fout = (EA+ F0) 2lc(r2θ2−r1θ1)
l2c−(r1θ1−r2θ2)2 (3.52)

Solving (3.52) for (r1θ1 − r2θ2) we have

r1θ1 − r2θ2 = lc(EA+F0)+lc
√

(EA+F0)2+F 2
out

Fout

(3.53)

To get rid of angles in the definition of forces, we substitute (3.53) in (3.45)
and (3.46), and we obtain

F1 = F0−Fout−EA−
√

(EA+F0)2+F 2
out

2
(3.54)

F2 = F0+Fout−EA−
√

(EA+F0)2+F 2
out

2
(3.55)

The required minimum cross section is determined by

A1,2 = F1,2
σy

(3.56)

where σy is the allowable stress of the belt, where we have σy = σε. σ is
the yield stress of the belt and ε is a safety factor. By solving each equation
for the area by Wolfram Mathematica solver, we have

A1 = 4(σy+E)F0−2Fout(2σy+E)+
√

(−4F0(σy+E)+2Fout(2σy+E))2+32F0Foutσy(σy+E)
8σy(E+σy)

(3.57)

A2 = 4(σy+E)F0−2Fout(2σy+E)+
√

(−4F0(σy+E)+2Fout(2σy+E))2−32F0Foutσy(σy+E)
8σy(E+σy)

(3.58)
These two equations are used in design analysis, but since σy is very small in
comparison with E, for simpler computation, we can consider, σy +E ≈ E.
The required area of belt is defined to be the maximum of areas derived in
(3.57) and (3.58)

Areq = max([A1, A2]) (3.59)

The Young’s modulus is used and the belt material chosen is polyester.
The actual belt area is adjusted based on a fraction of the cross section area
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that the belt’s tension member constitutes. Belt-drive dimensions such as
volume and stiffness are derived based on the geometry of the belt.

Compared to the nonlinear belt-drive system, a simplified linear model is
also considered where the span effect as a modeled spring on the belt stiffness
is neglected. Therefore the model for stiffness is assumed to be F = EA∆l

Lb
.

Accordingly, simplified dynamics of the belt-drive are as follows

F1 = F0 + EA∆l1
Lb

(3.60)

F2 = F0 + EA∆l2
Lb

(3.61)

where we have

∆l1 = r1θ1 − r2θ2 (3.62)

∆l2 = r2θ2 − r1θ1 (3.63)

By substituting (3.60)-(3.63) in (3.43) and (3.44), we get

Jp1 θ̈1 = Tv,in + 2r1
EA
Lb

(r2θ2 − r1θ1) (3.64)

Jp2 θ̈2 = 2r2
EA
Lb

(r1θ1 − r2θ2) + Tv,out (3.65)

This system is already linear and there is no need to apply linearization
algorithms on it.

To configure mechatronic system case studies throughout this thesis,
some physical components developed in previous studies are used (described
as follows).

3.6.5 DC-motor
The DC-motor is an actuator component. The models for DC-motors are
adopted from scaling approaches presented by Roos et al. [26] which specify
the relationship between the rated torque and the actual root mean square
torque as in (3.66). In many machine data sheets the peak torque rating
is given as a multiplier of the rated torque. The rated torque is equal to
the required torque. In order to avoid overheating, the continuous torque
rating of the machine has to be higher than the root mean square (rms) of
the machine torque.

Tm,rated ≥ Trms (3.66)
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where Tm,rated and Trms are the rated torque, and the root mean square
torque, respectively. The rated torque is derived based on the mechanical,
magnetic and thermal effects [20].

Tm,rated = Cmlmr
2.5
m (3.67)

where Cm is a motor type constant for the same cooling conditions (natural
convection at an ambient temperature of 25◦C), lm is the motor’s rotor
length and rm is the radius of the stator. The motor’s RMS torque is
derived as

Trms =

√
1
τ

∫ τ

0
((Cmj lmr4

m + Jm)φ̈m,out + Tm,out)2dt (3.68)

where Cmj is a constant for a specific machine type and is derived from
a reference motor of the same type, τ is the cycle time of one load cycle,
i.e. the time period for which the load profile is valid, φ̈m,out is the angular
acceleration of the rotor. Tm,out is the output torque of the motor and Jm
is the inertia of motor’s shaft and bearings. Combining (3.66)-(3.68) results
in (3.69).

Cmlmr
2.5
m ≥

√
1
τ

∫ τ
0 ((Cmj lmr4

m + Jm)φ̈m,out + Tm,out)2dt (3.69)

The dynamic model of a DC-motor can be described as follows

KT i = Tm,out + Jmφ̈m (3.70)

where KT is the torque constant dependent on the motor type and the
reference motor according to the scaling approach presented by Roos [26], i
is the current which is considered as actuation/control signal acting on the
dynamic input port. Tm,out and φ̈m are torque and angular acceleration of
the DC-motor and Jm is the total rotor inertia.

3.6.6 Planetary gear
The gearbox design model is adopted from [20]. The main constraints on
gears are bending stress in the root of gear teeth and Hertzian pressure on
the teeth contact surfaces. If the number of sun gear teeth is small and/or
the gear is made from ductile steel, the Hertzian pressure is the constraining
factor for the design of the gears. Every tooth surface needs to fulfill (3.71),

r2
gr b ≥ Z2

HZ
2
MZεKHαKHβ

Tg,out(n− 1)2

6(n− 2)σ2
H,max

(3.71)
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where ZH , ZM , Zε, KHα and KHβ are parameters with minor impact on
the system and therefore can be considered independent of the gear ratio,
n. rg, rgr and b are the outer gear radius, pitch radius of the ring gear and
gear total width, respectively, shown in Fig. 3.11. σH,max is the maximum
allowed flank pressure and is given by (3.72).

Figure 3.11: Schematic of a three-wheel planetary gear [20]

σH,max = σH,lim

SF
(3.72)

where σH,lim is the maximum allowed Hertzian pressure for the particular
gear material and SF is the safety factor. Depending on the shape of the
load profile, the safety factor may be set to 1.

There is one more equality constraint that needs to be fulfilled [20]:

bc = 0.5b (3.73)

where bc is the carrier width.
In the dynamic model of the gearbox, the inertia and gear ratio are

considered and other factors such as friction and stiffness are neglected.

(Tpg,in − Jpgφ̈pg,out)n = Tpg,out (3.74)

φpg,in = nφpg,out (3.75)

where Tpg,in and Tpg,out are the input and output torques of the gearbox.
Jpg is the combined inertia, from all rotating members in the planetary gear,
felt at the output shaft, and φpg,out is the angular position.
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3.6.7 Flexible shaft
The physical dimension model for the shaft is from classic solid mechanics.

• The shaft is only dimensioned for torsion (bending is neglected)

• The shaft is only dimensioned for yield by shear stresses (fatigue is
not included)

The following equations describe shaft properties [23]

rsh = 3

√
2T̂sh,out
τsh,maxπ

(3.76)

Jsh,a = πr4
sh

2 (3.77)

G = E

2(1 + ν) (3.78)

ksh = GJsh
lsh

(3.79)

where rsh is the shaft radius, Jsh,a is the polar second moment of area
(torsional constant), T̂sh,out is the peak transferred torque, τsh,max is the
maximum permissible shear stress, G is the shear modulus, E is the Young’s
modulus, ν is the Poisson’s ratio, and ksh is the shaft stiffness [208]. The
shaft dynamics are modeled as all the inertia is at the output side.

Tsh,in = ksh(φsh,in − φsh,out)−
dsh(φ̇sh,in − φ̇sh,out)

(3.80)

Jshφ̈sh,out = ksh(φsh,in − φsh,out)+
dsh(φ̇sh,in − φ̇sh,out)− Tsh,out

(3.81)

where Jsh and dsh are the moment of inertia and damping factors of the
shaft. Tsh and φsh are the torque and angular position, respectively.

3.6.8 Load component
The geometrical specifications of the load component are defined by the
user. Hence it includes no physical dimension model. The dynamics of this
component are defined considering the load as rotational or translational.
In rotational case we have

Jlφ̈l,in = Tl (3.82)
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φl,in = φl,out (3.83)

where Jl is the load inertia, φl,in and φl,out are the input and output load
position profiles and Tl is the load torque.

For translational load we have

Mlẍl,in = Fl (3.84)

xl,in = xl,out (3.85)

where Ml is the load mass, xl,in and xl,out are the input and output load
position profiles, and Fl is the force acting on the load.

3.7 Control components examples
This section presents a number of examples that are considered as control
components in the IDIOM software toolbox.

3.7.1 Control methods
A few control methods are implemented in the presented IDIOM software
toolbox. Here is a brief overview and structure of them.

3.7.1.1 Optimal PID control

PID controllers are widely used in industry to provide optimal and robust
performance for stable, unstable and nonlinear processes. In this thesis,
PID control is implemented with a low-pass filter to remove high frequency
noises caused by the derivative part. The optimization is used to tune and
re-tune the PID controller and the low pass filter parameters for a class of
time-delayed unstable systems. When applying optimal PID control on a
system, the aim is to search the optimal controller parameters by minimising
the cost function. The dynamic constraint criterion can be considered as
the cost function, which guides the method to get the optimised controller
parameters. The transfer function for PID control is given in (3.86).

Gc = kp + kds

s+ r0
+ ki

s
(3.86)

where kp, kd and ki are the proportional, derivative and integral gains,
respectively. r0 is a factor of low pass filter.

This control method can be applied as an error feedback or output feed-
back structure on the plant system (depicted in Fig. 3.12).
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Figure 3.12: Structure of the control method

For output feedback and error feedback, the control signal, u, is derived
using (3.87) and (3.88), respectively.

u = Gffrdes −Gfbyout (3.87)

u = Gc(rdes − yout) (3.88)

where rdes is the desired reference signal and yout is the controlled mea-
sured/output signal. If Gff = Gfb, the two structures are equivalent. In
some cases, PID control cannot produce a stable feedback loop due to the
presence of poles in the right-hand side of the s-plane, or because the plant
does not have sufficient stabilizing coefficients of the characteristic polyno-
mial. Therefore defining the desired pole locations for the controlled system
by pole placement control method assures the stability.

3.7.1.2 Pole placement control

The desired pole locations are specified by user to assure the stability of the
closed loop system and the pole placement method is applied on the open
loop dynamics as shown in Fig. 3.13. The control signal, u, is derived using
(3.89).
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Figure 3.13: Pole placement control

u = rdes −Kx(t) (3.89)

We assume that the physical system is described by a linear time invari-
ant model or is linearized at specified operating points. Hence, if the open
loop system state matrices are A, B, C, and D, and the open loop system
dynamics are as presented in (3.112),

ẋ(t) = Ax(t) +Bu(t)
yout(t) = Cx(t) +Du(t) (3.90)

then the closed loop state matrices are Acl = A−BK, Bcl = B, Ccl = C,
Dcl = D (for all physicall systems, D = 0), and for the states we have

ẋ(t) = (A−BK)x(t) +Brdes(t) (3.91)

3.7.1.3 Full state feedback control

The full state feedback control is adopted from an approach presented by
Åström and Wittenmark [209] and is derived using a pole placement control.
This control has different feedback and feed-forward transfer functions as
below

Gfb(s) = S(s)
R(s) = Sns

n + ...+ S0

sn + rn−1sn−1 + ...+ r0
(3.92)

where Si and ri are the control parameters and n is the number of plant
poles. The closed loop polynomial, Acl, and the desired closed loop polyno-
mials, Ad, are as follows

Acl(s) = A(s) R(s) +B(s) S(s) (3.93)

Ad(s) = Am(s) +A0(s) (3.94)
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where A and B are the plant’s transfer function’s denominator and nomi-
nator, respectively, and Am is a desired polynomial that has the same order
as A, and A0 has an order equal to order(Acl) − order(Am). To derive
feedback control parameters, S and R, we solve (3.95)

Acl(s) = Ad(s) (3.95)

The feed-forward control is

Gff = T (s)
R(s) (3.96)

where T (s) = t0A0(s), and t0 = Am(0)
B(0) .

3.7.2 Dynamic constraints
The control parameters, depending on the control method, are either spec-
ified by desired close loop pole locations or are defined to be design vari-
ables to satisfy control performance constraints such as maximum error
(max(er))/integrated squared error (ISE) or overshoot and response time.

ISE =

√∫ T

0
(θd(t)− θ(t))2dt (3.97)

max(eri) = max(θd(t)− θ(t)) (3.98)

where θd is the desired position, and θ is the actual controlled and sensed
output position.

3.7.3 Sensor component
A sensor component is defined to sense and measure the output variable
of a specific physical component. A sensor component can be defined in
the context of resolution and can be a finite or infinite gain, or it can be
defined as a transfer function. The resolution can be used as an objective
to be optimized. The sensor is usually regarded as a black box where the
relationships between its output and input signals matter. This relationship
may be a simple linear connection or a nonlinear dependence, (e.g. loga-
rithmic, exponential or power function). In many cases, the relationship is
uni-dimensional (i.e. the output versus one input) [210].

q(x) = a+ bx (3.99)

where a is the intercept (i.e. the output signal at zero input signal) and
b is the slope, which is called sensitivity. x is the sensor input and q(x)
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is the sensor output which, depending on the sensor characteristic, can be
amplitude, frequency or phase. In some cases, sensor function is not a simple
function and is a logarithmic, exponential and power function, as follows

q(x) = a+ b ln x (3.100)

q(x) = aemx (3.101)

q(x) = a+ bxm (3.102)

where m is a constant.
Modelling the sensor as quantization is another method to define the

sensor function. In this regard the resolution is an important factor that is
used to quantify sensed input, and therefore the value and specified location
for the sensor both have significant impact on the control performance.

q(xi) = δi

⌊
xi

δi

⌋
(3.103)

where q(x) and x are the output and input signals of the sensor, respectively.
δi represents the sensor resolution in rad

pulse . Lower δ means a high resolution
of sensor and is an expensive hardware.

3.7.3.1 State feedback pole placement control

To apply the sensor model in the system using state feedback control, the
output of a plant system or the state that is to be quantized should be first
sensed by the sensor and then controlled as shown in Fig. 3.14. In this
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Figure 3.14: Pole placement control

system, the LTI model of the physical system is as follows

ẋ = Apx+Bpup
y = Cpx

(3.104)
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The sensor can be located anywhere in the component chain to quantize
the output of a defined physical component. It is then fed to the full-state
feedback control. The control system is derived as a gain, kc, and the control
output is yc = kcuc, where sensor output is uc = [q(x1);x2;x3; ..., xn] for the
case when sensor quantization is applied on the first state and the control
signal is up = kpr − yc. By simplifying further, we derive

up = kpr − kc


q(x1)
x2
x3
...
xn

 (3.105)

Substituting equivalent of up in (3.110), the closed loop system is derived
as

ẋ = Apx+Bp(kpr − kcx− kc


q(x1)− x1

0
0
...
0

)

y = cpx

(3.106)

Considering a function ψ(x) as in [211]

ψ(x) : Rn → Rn
x 7→ q(x)− x (3.107)

for every x ∈ Rn, and i = 1, 2, ..., n, we have

| q(xi)− xi |≤ δi (3.108)

where q(xi)−xi is a time variant vector which, at this stage, we do not have
information about, so in order to avoid unnecessary simplifications of the
method by applying algorithms that reduce the impact of δ, we let Simulink
solve the above model. Therefore a Simulink model is integrated inside the
constraint function in the optimization algorithm. The only drawback with
this is that the system execution time is increased, albeit at a reasonable
level to solve a multidisciplinary problem.

The presented above closed loop system is when the sensor quantization
is applied on the first state. By applying quantization on the second state,
we derive the closed loop system as
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ẋ = Apx+Bp(kpr − kcx− kc


0

q(x2)− x2
0
0

)

y = Cpx

(3.109)

The sensor quantization in estimating states acts as sensor measurement
noise and disturbs the tracking performance of the reference, therefore a pro-
portional feed-forward control gain, kp, that is defined to be an optimization
variable, is applied to assist in reducing the rise time and steady state error.

3.7.3.2 Observer-based control

In order to apply an observer on the system to estimate the states, the
sensor quantization model should be applied on the output of the system.
An observer-based optimal pole placement control is designed by defining
desired pole locations for both the observer and state controller as optimiza-
tion variables. The structure of the controller is depicted in Figure 3.15.
The system is continuous-time with a quantized output,
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Figure 3.15: Observer-based pole placement control

ẋ = Apx+Bpup
y = q(Cpx) (3.110)
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The control system is derived as a gain, kc. We assume that the system
given in (3.110) is controlled with a dynamic output feedback control of the
form in (3.111).

˙̂x = Apx̂+Bpu+ Lo(y − Cpx̂)
up = kp r − kc x̂

(3.111)

Tracking a non-constant reference is called a servomechanism problem; there-
fore we added a feed forward gain, kp, to assist the tracking performance.
This system structure is based on a Luenberger observer [212], and the state
x̂ is considered as an estimate of the state x. Therefore, the closed-loop sys-
tem can be written as

ẋ = Apx+Bpu
˙̂x = (Ap −Bpkc − LoCp)x̂+Bpkpr + Loq(Cpx) (3.112)

3.8 IDIOM software toolbox
The presented method in this thesis is supported by a software toolbox
which is implemented in MATLAB with symbolic evaluation of the dy-
namic systems performed by Wolfram Mathematica solver. The algorithms
described in Section 3.3.2 are encoded in MATLAB. The software toolbox
was developed in a previously published PhD thesis [9], and here in this the-
sis is extended to cover more complex problems and engineering gaps (such
as multi-DOF systems with nonlinear dynamics) and multidisciplinary prob-
lems with the impact of embedded control implementation on the co-design.
The IDIOM software toolbox is visualized in Fig. 3.16, where the compo-
nent libraries, load specifications, optimization and system attributes are
visualized.

The IDIOM software toolbox uses an object oriented programming paradigm
[9]. The component models are defined as class methods which represent
objects in optimization run. When the optimization begins, the software
toolbox checks for errors and missing points of the configured system (san-
ity check). After this, dynamic and static preparation functions of the com-
ponents are executed to determine the plant model and load the necessary
data into the memory. In this stage, parallel pool and workers are employed
to acquire best use of a multi-core computer. The multi-objective function
is evaluated by the algorithms mentioned in this chapter, and physical di-
mension, static properties and dynamic behaviour models are executed in
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Physical components
library

System Concept

Load speciifications Library of control components

System attributes

Figure 3.16: IDIOM software toolbox

order to obtain a final optimum solution for a conceptual system. The tool
has a graphical user interface, GUI, (depicted in Fig. 3.16), which allows the
user to define the motion profiles used as load specifications. The procedure
of system configuration in IDIOM is as follows:

1. Earlier mentioned physical and control components required for sys-
tem concept configuration are dragged, dropped and interconnected
from the library of components.

2. Components are connected manually to define the interconnections
and interface equations for static transformation and dynamic config-
uration.

3. System specifications and attributes, such as requirement on the sys-
tem in the form of a load profile, are defined.

4. Component parameters such as material and dimensions are specified.
The design parameters can be either fixed or defined as optimization
variables. Design variables can be either a floating point span, integer
span or an enumerated set of possible values.

5. Dynamic constraints and their boundaries are specified.

6. The internal optimization parameters (such as tolerance function,
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number of generations, the stall generation limit) and the objectives
are specified.

Once the system is configured, the optimization begins to derive solutions
for a defined multidisciplinary problem. During the optimization loop, the
optimizer generates a number of individuals as proposed solutions, and com-
pares them with each other. The objective function(s) is used to evaluate
each individual solution. This goes through a few steps [9]:

• Instantiate a system with its components and defined design variables
and parameters.

• Evaluate the static transfer model’s fitness according to the process
described in Algorithm 2.

• Physical dimension models of the components are evaluated in com-
ponent level, and if the system does not give valid static design answer
values (presented in Algorithm 2), then it is discarded.

• The implemented dynamic programming approach prevents unneces-
sary model evaluations, i.e. the model for a specific component is
generated and stored, and if the same component is used more than
once, the same information does not need to be reevaluated.

• Dynamic model of the entire system is evaluated symbolically in a
system level (Algorithm 1).

• Dynamic constraints (Algorithm 3) are evaluated by replacing sym-
bolic transfer function constants with numerical values for the plant
model as well as for the controller.

• If dynamic constraints are not satisfied, the solution is discarded.

• Otherwise, the objectives are derived.

• Final optimum system solution is evaluated.

The method presented in this chapter, unless the models are integrated
in the tools, is not implementable using other tools/software, since they do
not support dimension/scaling approaches for physical design of the sys-
tems, nor do they include embedded control implementation impacts in the
co-design method. The core feature of this method and tool is to integrate
static and dynamic modelling, optimization, physical design, control design
and embedded control implementation factors all together in an early phase
of development, concurrently.
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Chapter 4

Design cases

The method presented in the previous chapter can be applied on any sys-
tem configuration which uses already developed models (see Sections 3.6 and
3.7) in the method and toolbox. This chapter briefly presents the design
cases that are used to develop the design method and extend the software
toolbox features, and covers important gaps in the studies on integrated
multidisciplinary design optimization of mechatronic systems. The design
cases are modelled and implemented in the toolbox and are verified dynam-
ically in Simulink/Simscape and geometrically in Solidworks. The designs
are complex problems since the systems consist of several components with
multi-DOF configurations, with several design variables, and include non-
linear dynamics, thus representing real system configurations.

4.1 Ball-screw drive system
In order to apply the method on this case study, the library of components
should be advanced to cover physical components: ball-screw drive with a
nut and nonlinear beam. The ball-screw is a high-efficiency mechanism that
converts rotary motion to translational motion. The ball screw assemblies
are made of a ball screw shaft and a nut with ball bearings and end sup-
ports. Circulating balls move inside the thread of the screw and nut, and
balls are recirculated through return mechanisms. These balls transmit the
force between the threads. Without a return mechanism, the balls fall out
of the end of the ball nut when they reach the end of the nut. For this
reason several different recirculation methods have been developed. Fig. 4.1
depicts a ball-screw assembly. The ball-screw, compared to a conventional
sliding screw, requires driving torque of one-third or less, making it ideal for
saving drive motor power [214]. The application of ball-screw assemblies in
industry is to move heavy objects, such as an axis within a CNC machine,
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Figure 4.1: Ball-screw drive assembly [213]

or to position an object, e.g. moving an object as a pick and place system.
Selecting a ball screw mechanism which meets the user’s exact needs and
requirements has major importance in the design. With a wrong selection,
there might be a need to redesign the component or even the system, or it
may result in production losses due to poor machine performance. In our
design analysis, to reduce the computational time and complexity of the
system, the ball and thread mechanisms are not considered.

A beam is a machine element which resists the load that is applied to
the beam’s axis laterally. Heavy loads can cause deflection of a beam and
bend it. The forces on the beam generate shear forces and bending mo-
ments, which produce the deflection, internal stresses and strains. There
are many applications for beams in industry, for example constructing floor
systems for ships, buildings and bridges, submerged floating tunnels, buried
pipelines, railroad tracks, automotive automobile frames, aircraft compo-
nents, machine frames, etc. [215].

The system configuration for the pick and place application used in
this thesis is a multi-DOF mechatronic system with nonlinear dynamics
consisting of two DC-motors, a ball-screw-drive and a beam, as depicted
in Fig. 4.2. The case study demonstrates the ability of the method and
supporting toolbox in modelling and optimizing multi-degree of freedom
systems with nonlinearities. The configuration of the system components
is described as follows. A DC-motor and a ball-screw are along the y-axis,
a second DC-motor is mounted on the nut section of screw system and the
rotor of the second motor is along the z-axis. The dynamic force from the
beam to the nut is dependent on the angular position of the beam. The
features of nonlinear systems with multiple degrees of freedom are enabled
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in the supported software toolbox in the presented method. Linearization
of the system at several given operating points is performed. This system
includes a 2-DOF moving platform on top of which a rotational beam is
mounted. The first DOF is implemented by a ball-screw transmission and
the second DOF is the rotational movement of the beam. The movement
and force on the beam have a nonlinear effect on the ball-screw transmission
(appended Paper E). The load specification for this system is here assumed
to be given as a 2-DOF profile shown in Fig. 4.3 that is decomposed into
two profiles that are used in each degree of freedom, as depicted in Fig. 4.4.

Figure 4.2: System configuration
with ball-screw drive

Figure 4.3: Load profile

This system is linearized at specified operating points (OP1 and OP2 in
Fig. 4.3) as inputs, and the models are verified in Simulink. The nonlinear
system is compared to the linear system both in Simulink and SimMechan-
ics. The couplings between the two-degrees of freedom are investigated
and modelled dynamically and presented in appended Paper E. The system
is optimized for volume of the entire system and the impact of dynamic
constraints on the final optimal solution is studied. The results are com-
pared when the system is linearized at Op2 for two scenarios: including
and neglecting dynamic constraints. The optimized variables are shown in
Table 4.1.

Comparing the optimized parameters and objective, we clearly see that
including the dynamic constraints changes the optimal solution significantly,
and it results in a larger volume of the entire system. It is obvious that dy-
namic constraints have substantial effect on the result of the optimization
for the parameters and objectives. Consequently, enabling dynamic con-
straints makes it harder for the optimizer to find an optimized solution for
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Figure 4.4: Decomposed load profile into two trajectories and the nut posi-
tion profile

the system. The linearized and nonlinear systems are evaluated and com-

Table 4.1: Design optimization results
With Without Property

Dynamic Dynamic
Constraints Constraints

Vtot[m3] 6.9e− 04 4.8e− 04 Total Volume
rm1[m] 0.0122 0.0133 Radius of DC-motor 1
pbs[m] 0.0099 0.0068 Pitch of screw
rm2[m] 0.0187 0.0157 Radius of DC-motor 2
ISE 0.097≤ 0.5 − Integrated Square Error

max(er) 0.17≤ 0.5 − Maximum error

pared for both nut and beam movements to investigate the fidelity of the
models. The nonlinear model is verified both by Matlab SimMechanics (sec-
ond generation) and Simulink. SimMechanics is a physical modeling tool
with a machine elements component library. There is no need to write equa-
tions to evaluate the dynamics, since the equations are provided by Matlab
and can be configured by the user. Using these two different modeling tools,
the system behaviours are compared with the Simulation result of the lin-
earized state space model obtained by the IDIOM toolbox. Two simulation
scenarios are considered for effective comparison of the three distinct models
of the design case. First, apply an input of sine wave with maximum am-
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plitude of 1Nm only to the first DC-motor rotating the ball-screw. Second,
the same input is applied only to the second DC-motor. In each scenario,
translational and rotational motion profile of the nut transmission of the
ball-screw and the beam are analyzed. Fig. 4.5-4.8 depict the simulation
results of the three models.

Figure 4.5: Nut movement for the
three models

Figure 4.6: Beam movement for the
three models

Figure 4.7: Nut movement for the
three models

Figure 4.8: Beam movement for the
three models

As shown in these figures, the beam in the SimMechanics and nonlinear
Simulink models oscillates when there is an input torque to the first actua-
tor; however, it does not fluctuate in the linear model, and it continuously
moves in one direction (Fig. 4.6). Similar oscillation behaviour is perceived
in the nut’s motion in the two nonlinear models when there is an input
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torque to the second motor; however, the nut continuously moves in one
direction in the linear model (Fig. 4.7). This is because linearization re-
moves the trigonometric functions and hence the cyclic movement becomes
unobservable. However, the models should be analyzed in the vicinity of
the operating point where all the models have the same magnitude. This is
done by analysing the root mean square (RMS) error values in 2 seconds for
the beam and nut positions in two different models in the mentioned two
scenarios (details in appended Paper E). The tracking performance of the
output position profile for the nut when implementing a full-state feedback
control for the linear approximation at a specified point is derived (shown
in Fig. 4.9) which satisfies the boundary definition for the control perfor-
mance. Using this design case, the capability of the method and supported
software to handle nonlinear multi-DOF systems is evaluated and enhanced
(details are referred to appended Paper E).

Figure 4.9: Dynamic performance of the linearized system at OP1

4.2 2-DOF robotic manipulator
Nowadays, the demand for robots is increasing rapidly and they have wide
applications across almost every area. The robotic arm design with control
optimization has significant uses in a wide range of industries, from manu-
facturing, bio-mechanics, welding and automotive to monitoring pipelines,
space exploration, the military and even online trading [216, 217, 218].
Robotic arms are capable of working in unpredictable and dangerous en-
vironments and circumstances that are not secure and safe for humans.
The robotic arm has gained increasing interest in health services as well.
They are used to distribute and administrate drugs to disabled and aged
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people where high accuracy is required for efficient applications [219].
As a design case in this thesis, a two degree of freedom robotic arm rep-

resenting a nonlinear mechatronic component is implemented in the toolbox
as one whole physical component. The system is configured using two DC-
motors where each motor drives one arm (depicted in Fig. 4.10). To consider
the interactions between the arms and the relationship between the inputs
and outputs, Lagrangian mechanics is employed. For this design case, the
load to be handled by the system is a 2-DOF load, shown in Fig. 4.11 and
Fig. 4.12, that is used in inverse kinematics given in (3.25) and (3.26) to
evaluate the angle of rotation of each arm, and DC-motors for dimensioning
and scaling purposes. The required torques/forces and speeds are derived
using the position profiles.

Figure 4.10: 2-DOF robotic arm
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Figure 4.11: Defined load profile
(motion profile) for the system

Figure 4.12: Decomposed load tra-
jectory for the system

The trajectory tracking performance of the two arms and the load are
evaluated and presented in Fig. 4.13 and Fig. 4.14. Fig. 4.15 shows the
error of the trajectory tracking by the 2-DOF arm. Fig. 4.16 depicts the
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end-effector trajectory tracking of the 2-DOF arm as a result of controlling
the angles which satisfy defined boundaries for dynamic constraints. The
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Figure 4.14: Trajectory tracking of
the second arm
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system is compared to a previously published method [24] which ignores
physical design in terms of dimensioning/scaling and optimizes the system
for the control performance using a bee colony method (presented in Table
4.2). lm1, lm2, l1, and l2 are the length for DC-motor 1, DC-motor 2,
arm 1, and arm 2, respectively. kP1, kI1, kD1, and kP2, kI2, kD2, are
the proportional, derivative and integrated gains for the two PID controls
applied on the two-DOF of the system, separately. v is the volume of the
entire system and MAE is the mean absolute error that is derived using
(4.1).
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Table 4.2: Comparison results
Optimization Method in Method in
Parameter this Thesis [24]

lm1 0.0121m -
lm2 0.0894m -
l1 0.328m 1m
l2 0.349m 1m
kP1 178 200
kI1 29 50
kD1 3 6.9577
kP2 188 189.496
kI2 12 47.2071
kD2 7 7.2797
v 0.0083m3 -

MAE 0.0427 0.04636

MAE =
1
T

∫ T
0 (θd1(t)− θ1(t)) + (θd2(t)− θ2(t))dt (4.1)

where θd1 and θd2 are defined as desired positions and θ1 and θ2 are the
actual controlled outputs. As depicted in Table 4.2, the presented method
using this design case is complete in the sense of covering physical dimension,
dynamic evaluation and static properties of the system.

This method shows that the results achieved by including dynamic con-
straints are competitive even though considering physical design and dy-
namic constraints imposes limitations in the final design solution. Using
this design case, it is shown that the method can replicate the results pre-
sented in [9] in an efficient manner considering time for multi-DOF complex
system configurations with nonlinearity. Furthermore, the design case is
used as an illustrative example to facilitate comprehension of computation
rules, and concepts which are expressed in a form of definitions and theo-
rems in appended Paper D (the details of which are skipped in this thesis
to avoid distraction from the main goals of the research).

4.3 Servomechanism
Synchros and servomechanisms are usually used in combination. A synchro
consists of a stator and a rotor and they are used to transmit torque [220].
A servomechanism, on the other hand, senses the error between the actual
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signal and the reference signal and corrects it [221]. Nowadays, servomech-
anisms are used in automatic machine tools, satellite-tracking antennas,
telescopes, automatic navigation systems and anti-aircraft-gun control sys-
tems. To explore the impact of embedded control implementation on the
integrated design method, a system with less complexity of the model and
fewer design variables is needed, hence a servo system configuration is used
(shown in Fig. 4.17). Even though the models of this system are simple,
the main characteristics of the system remain, therefore it facilitates com-
prehension of the impact of parameters from different domains. Using this
system, some features of discrete-time systems such as evaluating sampling
period/rate are considered in the method. The closed loop system is dis-
cretized, modelled and optimized to reduce computational cost and size of
the system.

To decide the sampling time, it is necessary to take some major impacts
into account. As well-known, small enough sampling time assists in repro-
ducing the open-loop time response precisely, i.e. small enough sampling
time mimics a continuous design closer. Moreover, it causes the system
to react readily enough to the affecting disturbances. On the other hand,
large enough sampling time reduces numerical issues and aids in avoiding
fast and expensive control implementation. Hence the method allows for
a reasonable choice of the sampling period to minimize the data loss and
at the same time leaves enough time for the microcontroller to process the
data within the two sampling instants.

Reference
Trajectory

Dc-
Motor

Planetary
Gearbox

Defined
Load

+
-

sensor

PD + filtere u

𝑦"#$

𝑟&'(

Figure 4.17: Servomechanism with error feedback, PD control

The requirement on this system is defined as two different load profiles
that should be handled by the system one at a time to ensure the broad
application of the method: a sinusoidal load that has different frequencies
and amplitudes during time and a trapezoidal profile as shown in Fig. 4.18
and Fig. 4.19, respectively. The system is designed and optimized for small-
est volume and slowest sampling frequency by varying the boundaries of
the dynamic constraint, max(er). Analysing the results clarifies that the
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relationship between the dynamic constraint, max(er), sampling frequency,
ws, and bandwidth, wc, follow a pattern as expected (control theory). The
changes for volume value are not considerable (extra investigation is needed,
as presented in Section 4.3.1). Derived patterns that are intuitively correct
(from control theory) confirm the couplings and correlation between the do-
mains (shown in Fig. 4.20). A few test cases for this very servomechanism
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design case are examined by varying the boundary for dynamic constraints,
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and the tracking performance of the reference signals are derived (details
in appended Paper C). The final system solution for one of the tests is ver-
ified dynamically using Simulink (shown in Fig. 4.21 and Fig. 4.22) and
geometrically (physically) using SOLIDWORKS (shown in Fig. 4.23). The
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Figure 4.23: CAD model using optimal parameters

sensitivity of the solution with respect to the weight factors (presented in
Section 3.5.3) are discussed (extra analysis are presented in Section 4.3.1).
Planetary gear is a core component in this configuration. The effect of gear
ratio as an important parameter of the planetary gear (in physical and con-
trol optimization of mechatronic systems) for the optimization and control
performance is investigated. The system is optimized for a few defined fixed
values of gear ratio. Fig. 4.24 depicts the result before implementing the
weighted sum function on the Pareto optimal set for these tests.

The results depict that the control performance improves with gear ratio,
which is in line with Roos [20], i.e. it is possible to decrease dynamic
constraint boundaries by increasing the gear ratio. This is due to an increase
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of the torque margin with gear ratio. The decrease in max(er) requires
an increase in bandwidth of the closed loop system. Hence the sampling
frequency of the system is increased. These results show that larger values of
gear ratio, n, result in an optimized system without an unnecessarily small
sampling time causing computational cost. Moreover, larger values of n
result in better control performance from a dynamic constraints perspective.
In further studies it should be considered to have n as a free design variable
during the optimization.
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Figure 4.24: Different gear ratio analysis

4.3.1 Complementary analysis
In order to track the impact of co-design parameters in detail, we have
extended the presented results and analysis in appended Paper C. In the
presented analysis, due to the uneven range of the two objectives (volume
and sampling frequency), the impact of sampling frequency on the final
optimum solution is highlighted and—accordingly—the impact of volume
is not considered. Applying the definition of weight factors in (3.9), and
normalization expressions in (3.11) and (3.12), results in a range between
zero and one for all of the objectives. Hence the selection of weight factors
based on the importance of relevant objectives becomes more realistic. A
few tests are performed, presented in Table 4.3. The gear ratio, n, for these
tests is selected to be fixed as 40 and the shaft damping, dsh, is defined
to be 8. The parameters of PD control, the low-pass filter and sampling
frequency factor, cb, are defined as free variables, but are excluded in these
Tables to avoid confusion. The same patterns (as shown in Fig. 4.20) hold
for the results given in Table 4.3, i.e. a larger boundary for the dynamic
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Table 4.3: Optimization results for k1 = 0.5, k2 = 0.5
Test 1 2 3 4
lm[m] 0.081 0.0864 0.0931 0.091
rg[m] 0.0544 0.0503 0.0424 0.0391
lsh[m] 0.0714 0.0452 0.0593 0.0894
max(er) 0.11≤ 0.11 0.1196≤ 0.12 0.13≤ 0.13 0.138≤ 0.14
v[cm3] 930.8 844 691.5 625.1

ws[rad/s] 298.8 244.2 228 215.9
wb 129.1 121.2 102.6 84.4

constraint, max(er), allows for smaller bandwidth of the closed loop system,
and—accordingly—smaller sampling frequency, ws.

For comparison purposes and in-depth study of the impact of weight
factors on design parameters and objectives, we have defined k1 = 0.9 and
k2 = 0.1 and k1 = 0.1 and k2 = 0.9 in Table 4.4 and Table 4.5, respectively.
These choices are made based on the importance of the objectives after
normalization. Checking the impact of weight factors k1 and k2 on the

Table 4.4: Optimization results for k1 = 0.1, k2 = 0.9
Test 1 2 3 4
lm[m] 0.0826 0.0865 0.0932 0.0912
rg[m] 0.0544 0.0503 0.0424 0.0391
lsh[m] 0.0715 0.0453 0.0594 0.0896
max(er) 0.1094≤ 0.11 0.1196≤ 0.12 0.13≤ 0.13 0.138≤ 0.14
v[cm3] 935.5 845 691.9 626

ws[rad/s] 295.9 243.2 227.9 215.7
wb 129 121 102.5 84.2

objectives individually, we see in Table 4.4 for corresponding tests, the final
optimized result for ws is better (minimized) than volume (minimizing ws
is prior to minimizing v). Therefore, in each test in Table 4.4, volume is
larger than the equivalent test in Table 4.3, but ws is smaller. As a result,
the dominant parameter in volume calculation, i.e. the length of motor,
becomes larger in the presented tests in Table 4.4 than Table 4.3.

Changes in sampling frequency affect physical design parameters indi-
rectly, i.e. smaller ws results in smaller natural frequency and smaller eigen-
values in the system, wb, (related to the physical design parameters), which
yields a larger length of the shaft, lsh, (even though the differences are very
small, we can see this by comparing each test in Table 4.3 and Table 4.4).
The opposite explanations hold when comparing Tables 4.3 and 4.5. As it
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Table 4.5: Optimization results for k1 = 0.9, k2 = 0.1
Test 1 2 3 4
lm[m] 0.0752 0.0863 0.0931 0.0792
rg[m] 0.0544 0.0503 0.0424 0.0392
lsh[m] 0.0655 0.0446 0.0592 0.058
max(er) 0.11≤ 0.11 0.1188≤ 0.12 0.13≤ 0.13 0.138≤ 0.14
v[cm3] 914.1 843.8 691.4 589.9

ws[rad/s] 324.2 245.3 228.2 279.9
wb 131.1 122 102.8 84.7

is obvious from the tables, a larger boundary for the dynamic constraint,
max(er), allows larger solution space for both of the objectives (minimized
values for v and ws).

4.4 Belt-drive system
Nowadays, timing belts are widely used in innovative drive solutions in
mechatronic systems which combine mechanics, sensors, control systems
and servo technology with freely programmable and distributed drive solu-
tions [207]. A timing belt is a type of mechanical belt that transfers rotary
motion from one shaft to another. Timing belts have similar accuracy to
gears and are cheaper. They have teeth to form based engagement with the
pulleys. The name timing is due to their performance where they transfer
motion at exact preset timing. In addition to an endless variety of indus-
trial applications of timing belts as mechanical elements, there are different
every-day machines that employ timing belts such as treadmills and sewing
machines.

A system with a belt-drive is considered in this study (depicted in
Fig. 4.25). The design case includes a DC-motor, a belt-drive and a ro-
tational load component with an optimal full-state feedback pole placement
control and an optimal proportional feed-forward control (presented in Sec-
tion 3.7.3.1), and a sensor quantization model is considered. This system is
used to highlight the impact of sensor resolution, sensor location and cou-
plings on the achieved design solution. It is common knowledge that reso-
lution is an important specification in control design and embedded control
implementation. Without enough resolution, the necessary measurement
might not be reliable, and an over performing sensor is an increased cost.
Using this design case, the resolution factor, δ, is defined as an optimiza-
tion objective that is maximized to reduce hardware cost (maximization
of δ translates to reduced resolution). On the other hand, control perfor-
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Figure 4.25: Case study representing the concept of a belt-drive system

mance constraint requires small enough δ to satisfy the boundary condition.
Therefore, considering these two primary facts as design criteria, a reason-
able resolution is derived.

Dynamics of the belt-drive are studied and a design model is developed
(presented in Section 3.6.4, and Papers A and B). The system is configured
and linearized at specified operating points. A multidisciplinary optimiza-
tion is executed to obtain a final optimum solution, and the sensitivity
of the physical and control design and embedded control implementation
parameters are investigated. A few design tests are executed by varying
the boundary for dynamic constraint and the sensitivity of the solution is
investigated as shown in Fig. 4.26.

The system is optimized and the results are compared for two scenarios,
where the sensor quantizes output of the motor (sensor1 is applied) and the
load component (sensor2 is applied), one at a time. Control performance in
both scenarios is checked over output of the load component and evaluated
by tracking of a reference signal. Considering the results, it is clear that
a lower (more optimal) sampling frequency is possible with a more loose
definition of dynamic constraint boundaries, which is in line with the results
presented in appended Paper C (true for both scenarios of sensor locations,
sensor1 and sensor2). As the boundary for max(er) increases, the derived
optimal value for δ increases, which is intuitively correct (control theory). A
larger ratio between the pulleys, n = r2

r1
, yields less torque requirement on

the motor, consequently smaller length of the motor, lm, which is in line with
the results achieved in [20]. Comparing the two scenarios, we see that when
sensor2 is applied we have a better resolution (performance-wise) for the
system than when sensor1 is implemented; i.e. quantizing the position of
first pulley degrades resolution in the output side (due to the ratio between
the pulleys, i.e. physical design parameter impact on co-design). Moreover,
when sensor2 is applied, better control performance, max(er), is achieved
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Figure 4.26: Patterns generated from system behaviour

than when sensor1 is applied.

The control performance of the optimal pole placement with feed forward
proportional gain is verified by the position tracking of the output position
(Fig. 4.27). The control performance of the optimal control method satisfies
the constraint by adequately tracking the reference input. To evaluate the
final solution of the system, different weight factors considering k1+k2+k3 =
1 are applied on normalized objectives (shown in Table 4.6). Test main is
when the weights are equal, i.e. the objectives have the same importance.
As stated, Test 1 has higher weight on the volume of system, vtot, therefore
volume is more optimal (minimized) than the two other objectives compared
to Testmain. Test 2 gives higher importance to the sampling frequency, ws,
hence the results prioritize minimizing sampling frequency rather than the
two other objectives compared to Test main. In Test 3, resolution factor, δ,
has higher weight and the method results in a better (maximized) solution
for δ.
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Figure 4.27: Trajectory tracking performance

Table 4.6: Results of the co-design for different weight factors
Test k1 k2 k3 vtot[cm3] ws[ rads ] δ[ radpulse ]
main 1/3 1/3 1/3 1.17e4 658 0.002
1 0.8 0.1 0.1 9.87e3 887 0.0019
2 0.1 0.8 0.1 1.43e4 571 0.002
3 0.1 0.1 0.8 1.2e4 693 0.0022
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Comparing these results verifies the significant importance of weighted
sum factors. In order to derive a final solution that is optimum without
deteriorating any objective or giving high priority to just one, these fac-
tors should have exactly the same weights, i.e. equal numeric. To track
the impact of poles on the physical and control design, an observer-based
control is implemented and a sensor quantization model is integrated in the
model (presented in Section 3.7.3.2). A number of optimizations with dif-
ferent fixed values for the poles, and fixed boundaries for max(er) and ISE
are executed. The change for physical properties of the system (volume)
with respect to the dynamic specifications are investigated. As depicted in
Fig. 4.28, faster poles put higher demand on actuator effort (in line with
presented results in [222]).

The sampling frequency of the system and sensor resolution have similar
patterns as presented in Paper C, i.e. as the boundary for control constraints
max(er) and ISE increase, the optimization allows larger solution space for
both of the objectives (decreased ws and increased δ). Using this design case,
the importance of integrating different engineering disciplines concurrently
in the design process is highlighted and the correlation between the domains
are derived (details in appended Papers A and B).

The problems presented in this chapter are all multidisciplinary design
problems, however they are formulated either as single objective or multi-
objective optimization problems.
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Chapter 5

Summary of appended papers

This dissertation provides a brief explanation of the research presented in
the appended papers. The method can be divided into a few sections: ap-
proach, component models and case studies. In all papers, besides extending
a method to cover some new aspects of integrated design optimization for
mechatronic systems, we have presented new component models and ex-
tended the supporting software toolbox to handle the detailed features of
the models.

Paper A:

Multi-Criteria Co-Design Optimization of Mechatronic Systems

Paper A studies sensor resolution and sensor location impact as an em-
bedded control implementation parameter on the co-design optimization
approach. For the physical component, a belt drive is studied and the
corresponding dimension and dynamic behaviour models are considered to
enhance the modelling capability of the toolbox. The system is highly non-
linear; therefore the system is linearized at specified operating points. A
quantization sensor model is applied on the optimal pole placement control
method and the system is optimized for three defined objectives—as volume
of the entire system, sampling frequency, and sensor resolution—to reduce
the implementation and hardware costs, besides keeping the best perfor-
mance of the system. The method is applied on a case study including a
DC-motor, a belt-drive and a load component to evaluate the feasibility of
the solution.
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Paper B:

Holistic Multidisciplinary Method for Optimization of Mechatronic Systems

Paper B presents a method based on holistic approaches. This paper
extends the method published in paper A to investigate the control per-
formance impact on the co-design objectives and parameters, and overlaps
with Paper A in the used design case and some test results. A detailed
design model for the belt-drive is developed which aided in reducing the
complexity of analysis by decreasing the number of free design variables.
An observer-based optimal pole placement control design is employed. The
system is optimized for three objectives from three engineering domains
to reduce size, implementation cost and hardware costs. A weighted sum
function is applied on the result of optimization as a Pareto optimal set to
provide even weights for the objectives. The sensitivity of the objectives to
the weight factors are evaluated. The optimum system is derived, control
performance is evaluated, and the correlations between parameters from
different domains are studied.

Paper C:

Concurrent and Optimal Structure, Control and Implementation Design

Paper C extends the method to study the impact of parameters such as
sampling frequency and bandwidth from the embedded control implemen-
tation domain on the co-design. Three engineering domains are considered:
mechanical, control and embedded control implementation. The approach
is developed to consider a multi-objective optimization where each objective
is from the mentioned engineering domains, and corresponding constraints
from these domains are included. The couplings and inter-connections of
these domains are studied, and the method is applied to a design case con-
sisting of a DC-motor, a planetary gear, a flexible shaft and a rotational load
component. The system is optimized for two given trapezoidal and sinu-
soidal profiles including several amplitudes and frequencies. The impact of
physical and control design parameters and weighting factors are presented
and the system is verified dynamically via Simulink and geometrically using
SOLIDWORKS.

Paper D:

Towards a Formal Framework for Simultaneous Optimization of Dimension
and Control of Mechatronic Systems

110



Paper D explains the system concept, and computational rules in IDIOM
toolbox. The modelling features of the toolbox are advanced to include a
nonlinear 2-DOF robotic arm. To facilitate comprehension of the concepts,
a mechatronic case study including two DC-motors to actuate each arm
of a robotic system, 2-DOF arm and a load component is considered. The
Lagrangian approach is employed to derive dynamic behaviour model of the
configured system and the system is linearized for optimization purposes.
Inverse-kinematics is used to determine joint references which results in a
specified end-effector position profile. The evaluation of the system model
together with the pseudo code for the algorithms is presented.

Paper E:

Early-phase Design Optimization of Mechatronic Systems

Paper E extends the method and IDIOM supporting software toolbox to
cover multi-DOF mechatronic systems and to handle nonlinear dynamics of
the model. Some physical components such as ball-screw and a rotational
beam were studied. Physical dimension, static properties and dynamic be-
haviour models for a design case including a DC-motor, ball-screw with a
nut, DC-motor, rotational beam and a load were developed and added to
the toolbox. The system has complex physical dimension and dynamic be-
haviour models in comparison to previously published design cases in this
area. The nonlinear system is linearized at a few specified operating points
given a two-DOF load profile, and is optimized for the size of the entire sys-
tem. The control performance of the system is evaluated. The final optimal
solution for the system is verified via both Simulink and Simscape.
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Chapter 6

Discussion and Conclusion

The aim of this thesis is to employ a concurrent design optimization method
on mechatronic systems that integrates different engineering domains in the
early design phase in order to enhance efficiency and reduce cost. Further-
more, the aim is to advance the performance in the system development.
The aim is defined in the form of research questions as presented in Section
1.2.6 and are briefly answered in this chapter.

6.1 Discussion on research questions

Q1: Can a balanced optimum solution be realized considering physi-
cal (mechanical/electrical), control and embedded control implementation
domains simultaneously without increasing the cost and complexity of the
evaluations and models?

A1: Different detailed design objectives and constraints from corresponding
engineering domains can be considered, simultaneously, by the use of less
complex models.

A library of physical and control components allows for treating each
component model individually, which assists in the detailed design of sys-
tems and inclusion of constraints and objectives from different domains.
Design of embedded control systems which is based on two dependent
phases—incorporating controllers and mapping them to a given platform—yields
resource under-utilization, poor performance or instability of the applica-
tion, since timing problems may arise due to implementation decisions [10].
The method presented in this thesis considers important implementation
factors such as bandwidth, sampling time/frequency and sensor resolution
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in the design process. Hence a proper control system is designed with op-
timized configuration by taking into account design constraints (presented
in Chapter 3) from physical, control and implementation domains. The
method has a broader coverage of engineering disciplines in comparison with
the methods and tools presented in [6, 223, 224]. The mentioned domains
are incorporated seamlessly in the co-design optimization method, which
resulted in a study on parameters correlation as well as couplings between
disciplines (results presented in Chapter 4).

The main advantage of the design method in this thesis is the possibility
to relate system properties and parameters to different involved engineer-
ing disciplines. With respect to the involved domains, three design objec-
tives are defined—the volume/mass, sampling frequency/time and sensor
resolution—in order to minimize size, implementation cost and hardware
cost. Other frequently used domains and objectives in the literature such
as magnetic, thermal, energy and aerodynamic can be integrated easily in
the system analysis, if the corresponding models are added to the method.

The optimizer determines design variables from different domains, con-
currently. Cost and efficiency are taken into account in the optimization
process by keeping the system complexity at a reasonable level and includ-
ing simple enough models while capturing the main characteristics of the
components. Simple models are based on the detailed assumptions pre-
sented in Chapter 3 for the dynamic, static and physical dimension models
of each component. A Pareto optimality set is the result of such a multidis-
ciplinary multi-objective problem. In this set, it is not possible to optimize
one objective without deteriorating the others. Without additional prefer-
ence, all Pareto optimal solutions are considered equally good. Hereupon,
in order to find a single solution that satisfies the preference, there is a need
to have a definition of a function which results in a reasonable single optimal
solution for all of the objectives. A weighted sum function is integrated in
the method which aggregates the objective values to a single quality measure
and yields a balanced optimum solution between the involved domains.

Contradictory to the studies presented in [116, 120], the method consists
of one optimization loop which significantly reduces evaluation time. More-
over, the design problem is considered as a holistic problem rather than
partitioning the problem and implementing several optimizers to solve the
models in partitions separately as in [152]. The method is capable of solv-
ing multi-objective constrained problems without the need for approaches
which decompose the problem into several single-objective unconstrained
problems as presented in [131, 132]. The presented method allows config-
uration of conceptual mechatronic systems for simultaneous integration of
optimal structure, control and implementation design.
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Q2: Can the design parameters, constraints, objectives, dynamic be-
haviour, static properties and physical dimension models of mechatronic
systems be incorporated within a simultaneous multidisciplinary method
to yield a potential design for a mechatronic system concept considering
several engineering domains?

A2: Considering models for dynamics, statics and physical dimension in
component level as well as a multidisciplinary method which integrates free
design variables, fixed design parameters, design attributes, constraints and
objectives can realize a simultaneous design which yields an optimum solu-
tion for mechatronic system concepts.

Unlike the studies presented in [139, 150] which are based on sequential
design approaches, the method presented in this thesis is a simultaneous
design method where the design parameters, constraints, objectives from
different disciplines, dynamics, statics and physical dimension models are all
considered and evaluated simultaneously. Since the method in this thesis is
developed based on individual components rather than considering a model
in a system level, it allows more flexibility for design and configuration of
systems. Thus any system concept which uses the available developed com-
ponent models in the method can be configured and designed. The method
includes two types of components: physical and control. Physical compo-
nents are basic electrical/mechanical elements which include three types of
models: physical dimension, static properties and dynamic behaviour. The
physical dimension models are in a component level and either use scaling
of existing components or are based on defined physical constraints to be
satisfied. Static properties models are also executed in a component level
to transform a defined requirement, such as a load profile, throughout the
component chain for physical design purposes. These models are executed
in each optimization run based on the presented method and algorithms in
Section 3.3.

In order to evaluate a system, the dynamic behaviour models of each
component in the form of ordinary differential equations (ODE) are gath-
ered to be configured using algebraic equations (AE) as interface equations.
Symbolic representation of the system in the form of a state space model
or transfer function model is derived and a controller is implemented on it.
The numerical system is evaluated using physical system parameters gener-
ated by the optimizer. Both physical and dynamic constraints are imposed
to the method to be satisfied by the designed system. A large number of
studies [90, 94, 95, 96, 97, 100, 104, 106, 107, 108, 109, 150] in the litera-
ture only consider dynamics in the design of mechatronic systems with no
integration of physical/structural design. Hence no dimensioning/scaling or
static models are considered in their methods.
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Q3: Can multi-degree of freedom and nonlinear behaviour of mecha-
tronic systems be dealt within an integrated manner in an early-phase of
design with less computationally demanding models?

A3: The main design features for multi-DOF components as well as con-
figurations and nonlinear components/systems can be enabled in an early-
phase design method by treating components and models individually and
integrating them in a system evaluation step.

Early-phase design refers to the stage where the system configuration is
defined. Integrating several design facets in this stage yields an early-phase
design method. Design optimization of mechatronic systems in an early
phase is currently one of the most challenging and active research topics.
This motivated a study on developing a method as well as a tool for early
phase design optimization of mechatronic systems to avoid costly iterations
in case of errors appearing in later design phases.

Unlike the methods presented in [72, 76, 83, 84, 97, 127, 136, 113] which
use time and cost wasting complex models and methods, this thesis focuses
on improving efficiency in the design optimization of mechatronic systems by
taking into account reasonable design and model assumptions (presented in
Chapter 3) and design choices (given in Section 1.2.2) which lead to simple
enough models while capturing the main features and characteristics of the
components.

The method allows for multi-degree of freedom system evaluation by
using either multi-degree of freedom components or multi-degree of configu-
rations (with rotational and translational movements). A library of physical
components which handle multi-DOF compositions facilitates these system
concept configurations. A linearization method is used either in the compo-
nent level (if component dynamics is nonlinear) or in the system evaluation
stage (if the configuration is nonlinear) by the aid of Wolfram Mathematica
solver. Lagrangian mechanics is studied and incorporated in the dynamic
behaviour model of components. In the system evaluation stage, differential
equations representing the system dynamics are gathered symbolically and
sent to the mentioned solver to be linearized at specified operating points
(presented in the Algorithms in Section 3.3).

6.2 Discussion
The method presented in this thesis is an early-phase integrated design
which considers three engineering domains simultaneously. A non-synchronous
method that disregards the impact of control and embedded control im-
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plementation in optimization of mechatronic systems might cause an over-
dimensioning in one or more of the involved engineering domains. Hence the
presented simultaneous method facilitates an integrated design optimization
method to cover some major key concepts in the closed loop system design.
In this method, contradictory to a sequential design process, the design
tasks are all performed concurrently. Sequential design limits the design
space by locking the design aspects in each phase of development and adds
additional constraints to the next sequence, hence the final system solution
is not truly optimized. One other major disadvantage with sequential design
is time wasting since each sequence can begin only when the previous one
is ended. A sequential design method requires backtracking and debugging
if any errors appear in the later phases of design or the later design tasks,
which is time and cost consuming and therefore not considered efficient.

Most design methods in the literature [73, 75, 85, 93, 94, 95, 97, 100, 101,
102, 113, 120, 133, 134, 136, 138, 142, 145, 150, 154, 158, 159] are just appli-
cable on a defined set of problems or case studies and they lack the generality
feature of the design. This limits the focus of design properties and domain
coverage, since the problem is formulated to be implemented on a particular
system with respect to the specified characteristics. However, the method
presented in this thesis is applicable to any type of system configuration
(linear or nonlinear), as long as the models and the constituent components
of the system are already developed and integrated in the method. There is
no specific requirement on the components to be integrated in the method
as long as it would be feasible to develop dynamic, static and physical di-
mension (scaling/dimensioning approaches/physical constraints) models for
each component.

To consider the method as holistic, all design parameters should be
defined as free variables, which would be unrealistic even for a small number
of components due to the curse of dimensionality. This is also true for
systems with a large number of components, since extra free design variables
will be required. Despite this, the method is still considered as an efficient
design process because, even for larger systems, the method will still focus
on simultaneous early-phase analysis of the design.

The method is flexible in the sense that it can solve both single and multi-
objective problems, and allows flexibility in the definition of objectives and
constraints; i.e. the constraints can be defined as objectives and vice versa.
It is feasible to add more objectives from various engineering domains to
the design as long as the models are integrated in the method. For system
evaluation and analysis, the system concept is defined as fixed, i.e. the
number and configuration of components for the system should be specified
prior to the evaluation. The method gives the possibility to define different
operating points for linearizing components and systems; however, each of
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the operating points yields a new system and should be evaluated separately.
According to the main goal and focus of the thesis which is on develop-

ing models and extending a tool for integrated design optimization, three
engineering domains—physical, control and embedded control implementa-
tion—are taken into account. The size of system in terms of mass/volume,
sampling frequency/time and sensor resolution are considered as the main
objectives of the design from the mentioned domains. However, other do-
mains and objectives are feasible to be considered by extending the method
to include the corresponding models. In practice, there can be more than
three domains and objectives as long as the models are integrated in the
method. The couplings between disciplines and interactions between the
design parameters are analysed which is essential in product development
and assists in achieving a qualification for a design with reduced unnecessary
iteration loops.

GA is implemented in the method and toolbox as an optimization al-
gorithm since it is capable of solving problems that include discrete design
variables as well as highly nonlinear objective functions. This algorithm can
also handle constrained and unconstrained optimization problems, hence
there is no need to divide constraint multi-objective problems to several
unconstrained single objective problems. GA is a good fit for mechatronic
design optimization problems due to its capability in deriving solutions to a
diverse range of complex problems. However, other optimization algorithms
with respect to a defined purpose and goal can be studied to incorporate
the models in the method and implement them in the toolbox.

For system analysis, a library of components is developed which in-
cludes two types of components: physical (mechanical/electrical) and con-
trol. Each physical component consists of three models: physical dimension
model for designing/scaling the elements; static properties model to trans-
late the load profile (position/torque) throughout the component chain for
physical dimensioning purposes; and dynamic behaviour model to evaluate
dynamics. The models are used later in the optimization phase as objectives
and constraints. This library allows for treating each component separately,
but it is not yet rich enough to model and evaluate every type of system;
however, the method is capable of handling any system configuration which
uses the available developed component models.

Four design cases which represented real system design concepts and
had enough complexity regarding degrees of freedom, non-linearity, mod-
eling, evaluation, design variables and involved domains were studied. To
evaluate other design cases with different components and configurations,
the method should be extended to cover corresponding models of the com-
ponents. Additionally, there is no specific requirement on the components to
be integrated in the method and toolbox, as long as is a dynamic behaviour,
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static properties and physical dimension model for the corresponding com-
ponent.

System specifications and requirements are to be defined both in the
system level and component level. Mechatronic systems features are con-
sidered both design-wise and dynamic-wise. The method is extended to
cover multi-degree of freedom mechatronic components and configurations
with nonlinear dynamics. Approaches to handle these features are studied
and developed in the method and its supporting software toolbox.

6.2.1 Limitations, threats to validity
This subsection assesses the threats to validity and discusses limitations on
the research approach (touched upon in section 1.3).

Validation of quantitative nature research is generally challenging be-
cause, unlike qualitative research which handles nonnumerical information
and their phenomenological interpretation, and tie in with human senses
and subjectivity, quantitative research deals primarily with numerical data
and their interpretations under a reductionist, logical and strictly objective
paradigm. The results achieved by the presented method in this thesis are
reliable since the method and the results are replicable and in accordance
with the control, embedded control implementation logic and theories, and
are also in line and comparable with previously published research in the
area. The results derived from assessing the design cases can be generalised
to wider groups of problems and variations of design cases, which is another
common way of validating quantitative research. Though the method pre-
sented in this thesis has broad application and is verified via design cases,
it cannot claim to be the only way to solve the same problem in a sim-
ilar context. The key words for the claims made through this work are
sufficiency and ideally, not the only solution. A threat lies in the lack of
opinions from industrial experts and partners. Even though the opinions of
various academic experts are used to shape the thesis, missing an industrial
viewpoint could induce a bias in the findings. To address this threat, other
experts than the authors of the papers were selected to review the validity
and assess the findings.

6.3 Conclusion
The method presented in this thesis (along with its supporting software tool-
box) is capable of integrating several engineering domains simultaneously.
A successful system design can be achieved if the interactions between com-
ponents and disciplines are thoroughly considered. The overall goal of this
thesis is to integrate engineering domains in an early design phase to improve
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product development efficiency via a better system analysis. Therefore this
work can be considered as a key move in evaluation of mechatronic systems
design which assists in better system development and analysis.

The thesis covers a few technological fields such as modelling, optimiza-
tion, physical design, control and embedded control implementation. The
optimization is advanced to solve multidisciplinary problems where engi-
neering features of systems from different engineering domains are consid-
ered. The method allows the simultaneous integration of mechanical, elec-
trical, control and embedded control implementation domains.

For the multidisciplinary design, some properties of the systems are stud-
ied, such as volume/mass, bandwidth, sampling frequency/time, and sensor
resolution. Different constraints with respect to the objectives and involved
domains are added to the method. A Pareto front optimal set is derived
and the final optimum system is obtained using normalized objectives and
a weighted sum function. The couplings between domains and correlation
between parameters are studied and the impact of parameters on objectives
is investigated.

Design cases are used to evaluate the feasibility of the method and its
supporting software toolbox. The method is compared qualitatively and
quantitatively with previous research in the field, and the advantages of the
method are highlighted. The dynamic models and control performance of
the systems are verified using Simulink (Simscape/SimMechanics) and the
geometry of the physical designs is verified using SOLIDWORKS.

6.4 Future work
Regarding the multidisciplinary design method, different properties of sys-
tems such as energy losses, aerodynamics, cost, sustainability features and
other embedded control implementation aspects like communication delays
can be considered. This requires extension of the method to include the
models and constraints related to each property and discipline. To im-
prove the dynamic behaviour of the method, disturbance and noise models,
the impact of uncertainties, and different models of sensors with a variety
of applications to measure (e.g. temperature, proximity, acceleration and
pressure in a form of complex functions/transfer functions) can be studied.

Another extension to the method can be the integration of management
and organizational aspects to the design. Concept generation can be consid-
ered as another stage of the design to be incorporated in the method. The
research presented in this thesis includes several different theoretical design
cases where no physical prototype is built, and no physical experiments are
performed. Therefore a good future step would be to apply the presented
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method on a designed prototype and examine the feasibility of the solution
in the real world with realistic limitations.
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