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Preface

Since my recruitment at INSA in September 2006, I have worked at research level in the Clément Ader
Institute (ICA), mainly with J-Ch Maré on the preliminary design of power systems with electromechanical
actuators in the aerospace field. This theme of research has been developed around three areas:

e Technologies: mechatronic systems and their actuation systems include power transmission
elements from different fields, which are usually treated independently. The goal of my research
is to synthesize them in a coupled manner;

e  Models: the models to set up in order to design a system are of different natures. Simulation
models are used to calculate all quantities that influence the choice of the components.
Evaluation models enable lifetime or reliability to be calculated. Estimation models give rapid
access to component characteristics, generally obtained after detailed design.

e Methods: to optimize a design, it is advantageous to develop meta-models to replace time
consuming simulations, to analyse the uncertainty of results, and to help the implementation of
the design procedures.

Figure 1 synthetizes these research areas and how the PhD students, whom I co-supervised, were able to
participate.

Technologies

Power electronics (5. 6. c. e)
Fluid power (4, d)
Electrotechnics (1, 4, 6, c, d)
Mechanics (1, 3, 6, c, d)

Mechatronic
systems
design

Meta-models (2, 4, 6, c)

Optimisation (2, 5, 6, ¢)
Uncertainties (4)

Decision theory (5, 6, c)

Simulation (1, 6, a, b, ¢, d, e, f)
Fvaluation (1, 6, ¢)

Estimation (1, 3, 6, c)

Methods Models
PhD students: Teaching activities:

1. Jonathan Liscouet (2007-2010) a) Introduction to System engineering (B2)
2. Toufic El Halabi (2008-2012) b) Multidomain modeling (M1)
3. Fabien Hospital (2009-2012) c) Power systems sizing (M1) & R3ASC tutorials
4. Amine Fraj (2010-2014) d)  Numerical simulations (M1)
5. Xavier Giraud (2011-2014) e) Mechatronic project (M1)
6. Aurélien Reysset (2012-2015) f)  Energy PTP (M2)

Figure 1 — Research areas, PhD students and teaching activities

The PhD thesis of Jonathan Liscouet (2007-2010), funded by and structured around the European project
DRESS and the French ANR project SIMPA2 C6E2, laid the foundations methodologies, such as inverse
simulation , scaling laws, and equivalent sizing variables, to reduce the complexity and the size of design
loops. The simulation models suitable for preliminary design (e.g. considering the dimensioning thermal
effects for an electric motor) have been developed and implemented in the Modelica (Figure 2a) language.
To facilitate design exploration, the parameters needed for the simulation are based on scaling laws models.
The designer thus handles a reduced set of parameters: the technological reality is considered with reference
to an industrial component, both of which contribute to the deriving of parameters (such as mass, inertia, the
thermal time constant) from a reduced number of design parameters (such as the equivalent thermal torque).
These research activities were carried out in collaboration with the LAPLACE laboratory (C6E2) and the
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LMS-Imagine (C6E2) and Messier Bugatti Dowty (DRESS) companies. They led to the creation of the
steering actuator prototype for a nose landing gear shown in Figure 2b.

@ﬁﬁQ

Worm-Gear E-Clutch  Cycloidal Brushless PowerEIectronlcs
g Reducer Motor
BLDCMolor
CytloReducer
wormGear
N=12 ""
H

cluty h
locked=true

Mission profile
Torque T{(t)

Angle a(t)

ELENELE b) Distributed and Redondant
T Electrical nose gear Steering
a) Modelica predesign library System (DRESS) actuator

Figure 2 — Jonathan Liscouet PhD - French ANR project SIMPA2-C6E2 and European project DRESS

The PhD thesis of Toufic El Halabi (2008-2012), funded by the FUI project CISACS of the ASTECH
cluster, applied these models to the optimization of the design of landing gear actuation systems. To reduce
the calculation time associated with the simulation of transient mission profiles, response surfaces were used
to optimize of the geometrical and kinematic integration of the actuators (Figure 3a). These research
activities were conducted in collaboration with Messier-Bugatti-Dowty and Sagem companies. The project
led to the realization a prototype for a landing gear extension/retraction actuator as shown in Figure 3b.

b) Extension/retraction nose landing
gear actuator

a) Geometrical integration

Figure 3 — Toufic El Halabi PhD - French FUI project CISACS (Concept Innovant de Systeme
d'Actionnement de Commandes de vol secondaires et de Servitudes)

The PhD thesis of Fabien Hospital (2009-2012), funded by an AMN ministerial scholarship, mainly
treated the mechanical aspect of component selection and control synthesis. The Figure 4 illustrates the work
performed on the sizing of housings of long actuators, e.g. of a slanding actuator, in severe vibratory
environment. The models studied showed that vibrations were a key sizing criterion for long EMA (Electro
Mechanical Actuator) housing but not for SHA (Servo Hydraulic Actuator) housing (mostly sized by the
internal pressure strength). Some exploratory studies were performed on the housing geometry to highlight
the compromise between diameter, thickness and extended length in vibration design.
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The PhD thesis of Xavier Giraud (2011-2014), funded by Airbus, deals with the preliminary design of
the embedded electrical network and associated modular power electronics bay (Figure 5a). The work
addressed the optimization (Figure 5b) of multi-physics problem (power -electronics) with large
combinatorial aspects (allocation of loads, operational scenarios). The thesis was prepared in collaboration
with Marc Sartor of the ICA laboratory and Xavier Roboam and Hubert Piquet of the LAPLACE laboratory.
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Figure 5 — Xavier Giraud PhD - Airbus Cifre

The PhD thesis of Amine Fraj (2010-2014), funded by the FUI project SYRENA, has the aim of
quantifying the effects of uncertainties in mission profiles and the estimation models and of building bridges
between 1D and 3D design using scaling laws as shown in Figure 6. Further projects are underway including
the European project Actuation 2015 which began in late 2011 and deals with the standardization of
electromechanical actuators for aerospace. I am responsible for the Model Based Design Tools work
package. In this context, PhD student Aurélien Reysset is working on mission profiles analysis, automatic
generation of sizing procedures and analysis of the effects of standardization.
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Figure 6 — Amine Fraj PhD - French FUI project SYRENA

The following synthesis of this research period is written so that included publications can be read as a
continuation or a deepening of each chapter. This research work had also many interactions with my
teachings made primarily on System Engineering aspects of the Mechanical Engineering Department in
INSA Toulouse. Students are between bachelor 2 and master 2 levels. Table 1 describes briefly these courses
and Figure 1 illustrates the links between my research and teaching activities. Over the past two last R3ASC
conferences (2012 & 2014), I also made a tutorial of one day on the preliminary design of electromechanical
actuators. The public of thirty participant was predominantly industrial and from varied geographical and
institutional origins as illustrated in Figure 7.
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Curtiss Wright ™\~
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United States of America
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Boeing Thales Systemes Aéroportés

; .t,}’;%, Labinal Power Systems
S SAFRAN Sagem

A

Nabtesco Aerospace
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Ital KAWAZA
PolitecnicodiTo:i?\c): % - Israel Aerospace Industries v /
lurkey
Roketsan A.S.

Figure 7 — R3ASC tutorial
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Table 1 - Marc Budinger, teaching activities (INSA Toulouse)

Title / Level

Teaching description

Teaching illustration

Introduction to
system
engineering

Bachelor 2

This module is an introduction to systems engineering:
functional analysis, specifications, modeling and design of
multi-domain (meca / elec / hydro / control) system. A
subject of study chosen by the students (steering, lift, flight
control) is used to illustrate and apply these concepts.

mav)

©
oot
awoy | |uworn || 1

1= | 15 [
r'} 1 1 }‘

Multidomain
modeling

Master 1

This module lays the foundation for the modeling of

mechatronic systems with lumped parameter models:

networks approach for elec / mecha / thermal / hydro
systems, bond graph, DOE/ADE solvers, causal / acausal
modeling. Simulation tools: Modelica, Simulink, AMESim

Power systems

Master 1

This module deals with the design of multi domain power
transmissions under architectural and sizing aspects. The
sizing part use the same template as this document:
estimation models, simulation models, evaluation models,
meta-models and design graphs.

Component
mission

Simulation (" simulation
Lie g Model
—_—
Estimation 5 - Cvaluauun
Model e Decision

! “ making

Sizing loop and optimization

r-»

Numerical
simulations

Master 1

This module deals with numerical simulations applied to
electromagnetic actuator, fluid power and structural
mechanics. Local aspects (FEM, CFD) and global aspects
(multibody, 0D/1D ) and their relationships are discussed
and illustrated through two examples (common rail pressure
regulator, fast steering mirror).

Mechatronics
project

Master 1

The students are brought to design a mechatronic system
from the establishment of specifications with a real
customer (industrial), the proposal of architectures to the
design and simulation of a virtual prototype. Examples of
subjects: thrust vector control actuator, brake landing gear

actuator.

Energy PTP

Master 2

Students are brought to modelize a mild hybrid vehicle in
Modelica and propose a simple command to optimize the

consumption. Some of them may participate in the
establishment of a small electric vehicle and its test bench.
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Introduction to preliminary design and sizing

ABSTRACT

This introduction defines the specificities of mechatronic products and their actuation systems. Some
examples of products and components are given. The main types of requirements and the design choices to
be made are then introduced. The complexity of these choices requires the adoption of a design process that
distinguishes preliminary design, corresponding to the specification of components or modules of the
system, from detail design, corresponding to the geometrical and physical definition of the components. This
preliminary design requires the implementation of different types of models (estimation, simulation and
evaluation models) and their combination into a dedicated process for design and optimization. The
following chapters and papers provide details of the implementation of each of the models.

Keywords: mechatronics products and components, actuation system, V design cycle, model based design.
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NOTATION

Acronyms

AC Alternating Current

DC Direct Current

DoE Design of Experiments

EHA Electro-Hydrostatic Actuator
EMA Electro-Mechanical Actuator

MDO
PMAC
TVC
0D/1D
2D/3D

Multi-Disciplinary Optimization
Permanent Magnet Alternating Current
Thrust Vector Control

Lumped parameter model

Distributed parameter model
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1. MECHATRONIC AND ACTUATION SYSTEMS

1.1. Definitions

Mechatronics, as defined by standard NF E 01-010 [1], is an approach aiming at the synergistic
integration of mechanics, electronics, control theory, and computer science within product design and
manufacturing, in order to improve and/or optimize its functionality. As illustrated in Figure 1, a
mechatronic system expands the capabilities of conventional mechanical systems through the integration of
various technological areas around:

e a power transmission part, which is a combination of components from mechanical, electrical,
power electronics or fluid power technologies;

e an information processing part, which is a combination of electronics, instrumentation, automatic,
signal processing, and information technologies.

A mechatronic system can also be called a mechatronic product or a mechatronic component according
to its degree of complexity and integration [2]. This document focuses mainly on the power transmission
part of mechatronic systems and the examples developed are mainly actuation systems. The approaches
presented could however be applied to any other technological system (electrical, hydraulic, mechanical,
thermal, etc.) used as an operating part of a mechatronic system.

MECHANICS ELECTRONICS

L Power Lransmission

part
Computer Control .
Alded Circuitry h
Design
Digital Information

Control CONTROLS processing part

Systems

COMPUTERS

Figure 1 — Mechatronics

1.2. Examples of actuation systems and components

Figure 2 gives some examples of the architecture or combination of components for various mechatronic
applications. These actuation systems typically should achieve various functions:

e Feed and modulate the power from a source of primary energy (hydraulic or electric)
depending on orders from the information processing part;

e Convert this energy into mechanical energy;

e Transform or adapt the mechanical power to the load characteristics;

e Transmit this power to the load.
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Table 1 summarizes the components conventionally used for these different functions for different

technologies.
| - %__>

L Legend:

1. Brushless motor

2. Fixed cylinder pump

3.  Hydraulic
Accumulator

4. Mode selection valve

5. Pressure limiter

Hydraulie jack

v

Legend:

Brushless motor
Power off brake
Spur gear reducer
Ball ur roller screw
Inverter

upwNE

b) EMA (ElectroMechanical Actuator) actuator of spoiler and TVC (Thrust Vector Control)
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1 = :
< || IO
= 26
Legend: +

1. DC brushed motor
2. Electromagnetic

clutch
3.  Worm gear reducer
4. Inverter
5. Battery
c) Electrical power steering of car
Figure 2 — Examples of actuation systems of mechatronic products
Function Feed Modulate Convert Adapt Transmit
/
Technology
Electromechanic AC network, Chopper, DC motor, PMAC Spur gear, Rod end,
DC network, inverter, motor, induction epicycloid gear, thrust bearing,
battery, wire, contactor, clutch, motor, etc. worm gear, connecting rod
filter, capacitor brake ball/roller screw,
rack & pinion
Fluid power Pump, Orifice, control Pump, hydraulic Rod end,
regulator, valve, motor, linear jack thrust bearing,
filter, servovalve - connecting rod
hydraulic line,
accumulator

Table 1 - Example of typical components and function within mechatronic products

In addition to the features already mentioned, an actuation system may have to manage other functions
stemming from reliability requirements (e.g. fail safe) or corresponding to specific operational modes (such
as damping of an aileron actuator). This functional integration linked to physical integration gives systems
that are complex to design especially if the environmental constraints (vibration, temperature, etc.) are harsh.
This physical and functional integration can be provided by technological solutions where several functions
are performed by a single mechatronic component. Figure 3 shows how autofocus functions classically
specific to a power off brake, a DC motor, a reducer and a clutch can be performed with one ultrasonic
motor [3].
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Rotor

o

Stator + Spring Motor Motor + Optic

Figure 3 — Ultrasonic motor (Canon USM)

1.3. Characteristics of actuation systems

This work focuses on the synthesis of the operative part of the actuation systems. Such systems must
meet a variety of requirements:

At functional level, multiple operational modes may be requested. In addition to the primary
function of positioning in active mode, specific modes can be added for each application: no load
standby or passive damping for an aileron control surface, active damping for a TVC, free
castering for steering, etc. These functions will require additional specific components or control
loops (max speed limitation function of position or flight condition, load limitation, etc.).

At performance level, the requirements may relate to transient or continuous forces, maximum
speeds, damping coefficients, accuracy levels, bandwidths, stability coefficients, stiffness or
disturbance rejection, etc. These different levels of performance and endurance can also be
expressed by typical or critical mission profiles.

At integration level, the requirements may constrain the geometrical envelope or the mass, or
define the attachment points. The environmental constraints are also numerous for embedded
systems : thermal stress, shocks and vibrations, electromagnetic pollution, humidity levels ... The
first two points, heat and vibration can have a dramatic effect on electrical components or slender
mechanical housings.

At reliability level, a critical system like an aileron must present a fail-safe operation associated
with a high rate of reliability for each mode. These requirements may have a significant impact
on the complexity of the architecture for power transmission, monitoring or control.

Figure 4 is a graphic illustration of how classical types of requirements and the key design drivers are
associated. The designer has a panel of degrees of freedom to respond to. The choice of the components,
their combination and their technology, i.e. the architecture, provides a first set. The size chosen for the
components, the parameters of the kinematic transmission, the shapes of displacement curves, i.e. the sizing,
give a second set. The overlaps between these degrees of freedom and requirements are numerous and
interconnected.

The design of the operating part of a mechatronic system therefore involves a relatively large number of
components of different technologies. Each component has specific design drivers to satisfy multiple
requirements. The following section presents the design process [4] generally used for the synthesis and
integration of such products.
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Requirements Design drivers Design choices

-Main function

- Architecture
| -Specific modes of L
operation
/ Technologies

— - Transient high forces

- Dynamics and
Performances accyuracy / Comp_ongnts
) /F specifications
- Inertia

. Environment Displacement
Actuation O\ - Thermal curve or control

system - Vibration
Cost / Kinematic and

- Non Recurring Cost

T - Recurring Cost tmncr?lcmon
ratios
Safety - Fail safe

N @ - Failure rate / Life time Design models
and tools
Integration - Dimensions Relability
~Mass allocation

Figure 4 — Requirement and design choices

2. PRELIMINARY DESIGN IN THE OVERALLL DESIGN PROCESS

2.1. System engineering of mechatronic systems

A mechatronic system is part of a set of complex technological systems to which different standards
derived from system engineering [5] [6] [7] or technical engineering [8] [9] [10] may apply. These standards
differ primarily by the product types or processes they describe. Figure 5 illustrates the various fields
covered by these standards and their different levels of detail.

System Components System Production Operation and Disposal
definition realisation integration maintenance

/ 1SO 15288 /
[ EIA 632 /

/ VDI 2206 - XP E01-013 /

/ IEEE 1220 /

[ VDI 2221 /

Figure 5 — Areas covered by the main standards of system engineering

The design process that interests us here is more precisely defined by IEEE 1200 [6] and VDI 2221 [8]
for general technical systems and by VDI 2206 [9] and AFNOR XP E01-03 [10] for mechatronic systems.
These standards define the interdisciplinary tasks required to transform needs, requirements and constraints
encountered throughout the life cycle of the system into a system solution. Figure 6 illustrates the system
design process of IEEE 1220 [6] and VDI 2221 [8].
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[ Tasks } [ Results ] [ Phases ]

1. Clarify and define
the task

: y e ~

/ Specification ) Requirement (R)
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' /Function structure/

/ /

3. Search for solution

inciol Functional (F)
principles

/ &
' V4 Principle solutiop/ Logical (L)

4, Divide intro
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| 4
T / Module structure/

5. Develop layouts of =

key modules > Physical (P)

/]\ [ //Preliminary Iayo?/

6. Complete overall
layout

T | /7/ Defined Iayout/

7. Prepare production
and operating

| A Product documeny

Figure 6 — Processus of VDI 2221

For these two standards, three sub-processes associated within the design of the system are present:

e Statement of needs: this process starts from the needs and constraints of the project participants
to reach the technical specifications that the solution must meet ;

e Functional and logical design process: this process includes functional analysis with the
allocation of requirements to functions and the design of a logical architecture that meets the
requirements;

e Physical design process: this process leads to a physical architecture with the specifications
allocated to the components to be developed or procured.

These three processes can be found in the descending branch of the V-cycle defined in the standard 2206
[9] which is dedicated to mechatronic products. The preliminary design which covers the logical and
physical design process must start from the overall requirements to synthesize and evaluate different
architectures or associations of components and compare them before the detailed design of each component
is undertaken. The designer or integrator of mechatronic systems thus has to handle a wide range of
components and model them in order to meet the expectations of the global products.
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Requirements Product

Domain-specific design
) Mechanical engineering)

) Electrical engineering )
> Information technology>

Modeling and model analysis

Figure 7 — V design cycle [9]

2.1. Model levels in V cycle

As shown in Figure 8, different types of models are used during the process of developing of a
mechatronic system. In the descending phase of the V cycle, the system is gradually defined and the
complexity of the models increases accordingly. During the first phase, modeling and simulation are
typically used to validate the correctness of the design choices. First, a functional description of the system
to be developed is made using functional simulation models (software tools: UML, SysML, etc.). In a
second step, the "solution concepts" are identified and corresponding physical or behavioural simulation
models are developed. These physical models can be static (software tools: Matlab, Mathcad, spreadsheet,
etc.) or dynamic (software tools: Matlab / Simulink, Dymola, AMESim, etc.). During the specific design
phase, the various components of the solution concepts are defined in more detail. It is then possible to
produce 3D models of these components (software tools: Catia, Abaqus, Flux3D, etc.). These 3D models can
perform local computations (finite element) and can thus verify the properties of the developed components
more accurately. Finally, during the system integration phase, the various components are assembled to form
the solution concepts and validate their performance. To do this, the highly detailed 3D simulation models,
are transformed into less detailed 0D-1D macro-models in order to perform physical simulations.
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Figure 8 — V design cycle of a mechatronic system and associated modeling levels

3. DESCRIPTION OF CHAPTERS AND PAPERS

This document deals with the preliminary or conceptual design of mechatronic actuation systems. The
work to be performed is at an intermediate level of design between the requirements of the overall system
and the requirements of each component making up the solution architecture. This level of design focuses on
the interactions between components and not on the detailed design of each component. It requires specific
models and processes. Figure 9 describes the information exchanges between those different models and
defines the structure suitable for model-based design of mechatronic systems.

Component
mission

{

Simulation

Simulation
parameter:

Evaluation

Estimation Model

Madel

Oeerating
rcas

Decision
making

1 ntegration
parameters

Sizing loop and optimization

Figure 9 — Component models structure for model-based preliminary design

Chapter 1 describes the role of estimation models and how they are established. The goal of these models
is to estimate the characteristics of components useful in system design, without going into their detailed
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design. The approach adopted here to develop these estimation models is based on scaling laws.
Buckingham's theorem is used to show that power laws of this form have, under given assumptions, a
physical basis. These assumptions, such as geometric similarity, greatly simplify the implementation of such
models. The use of these models is illustrated with some examples and the limits of scaling laws are also
highlighted. The end of the chapter shows how to model the uncertainties in the models and how to use these
uncertainties to assist in the specification of the components. The paper entitled “Estimation models for the
preliminary design of electromechanical actuators” and published in the Journal of Aerospace Engineering
of the Institution of Mechanical Engineers illustrates this type of modeling [11]. Models that are developed
in this paper enable all the parameters required by a multi-objective design to be generated from a limited
number of input parameters. The proposed approach is illustrated with the major components involved in
aerospace electromechanical actuator design. The scaling laws established provide the designer with
parameters needed for integration into the airframe, power sizing, thermal balance, dynamics and reliability.
The resulting estimation models are validated with industrial data.

Chapter 2 is devoted to simulation models. The goal of these models is to establish relationships between
the different components of a system and to access the variables influencing the selection of these
components. The term simulation as used here differs from the finite element simulation of a component
performed during the specific domain design. Here, simulations are mainly static or transient resolutions of
lumped parameter models. The objectives of these models are different from those of models used for the
synthesis of control or during virtual prototyping of the system. In contrast to the integration phase
(ascending part of the V cycle), during the synthesis steps (descending part of the V cycle) little
informations is available on components, which have not yet been selected. The level of modeling should
thus be as simple as possible so as to minimize the number of parameters to be provided, and as fast as
possible so as to allow optimization while providing access precisely to the design variables. How such
models are obtained by deduction or reduction techniques is illustrated using two examples of
electromechanical drives. Paper 2, entitled "Modelling approach for the simulation-based preliminary design
of power transmissions" and published in the journal Mechanism and Machine Theory [12], illustrates how
scaling laws and acausal modelling can be used as a design tool, exploiting inverse simulation capabilities to
evaluate technological alternatives quantitatively from limited design detail information.

Chapter 3 deals with the evaluation model, the goal of which is to check the ability of a component to
operate in its safe operating area for the required lifetime and with the required reliability. After reviewing
the state of the art on the main degradation phenomena that limit the performances and endurance of
mechatronic components, this chapter describes the possible models and ways of implementing them in
system simulation environments by focusing on lifetime evaluation and sizing of components. The
associated paper 4, entitled "An integrated methodology for the preliminary design of highly reliable
electromechanical actuators: Search for architecture solutions" and published in the journal Aerospace
Science and Technology [13], describes the reliability aspect with an integrated hybrid (top-down/bottom-
up) methodology for generating, selecting and assessing architectures for electromechanical actuators,
paying special attention to safety and reliability.

Chapter 4 illustrates how metamodeling techniques can be applied to models used in the preliminary
design of mechatronic systems. After a review of the different families of metamodels, standard regression
techniques are applied to obtain estimation models from catalogue data and to represent transient
simulations. Emphasis is placed on the possibility of using dimensional analysis and transformations to
extend the scope of these expressions and these methods. Paper 5, entitled "Scaling-law-based metamodels
for the sizing of mechatronic systems" and accepted by the journal Mechatronics [14], illustrates how these
approaches can be adapted to the generalization and synthesis of scaling laws from finite element
simulations.

The last chapter focuses on the combination of these different models to develop sizing and optimization
procedures. This chapter begins with a state of the art on the tools and methods available for design and
optimization. A first category used for Multi-Disciplinary Optimization (MDO) employs Design of
Experiments (DoE), Metamodels and Optimization algorithms on numerical models. A second category use
constraint networks and graph theory to represent the constraints and links between models. The chapter
exemplifies how these methods can be used with graphical tools. These design graphs can be used
pedagogically to introduce students to design. They can also be implemented by algorithms to help the
designer in the case of more complex devices. Paper 5, associated with this chapter, is entitled "Optimal
preliminary design of electromechanical actuators" and was published in the journal of Aerospace
Engineering of the Institution of Mechanical Engineers [15]. The paper presents a methodology for the
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optimal preliminary design of electro-mechanical actuators. The main design drivers, design parameters and
degrees of freedom that can be used for preliminary design and optimization of EMA are described. The
different types of models used for model based design (estimation, simulation, evaluation and meta-model)
are presented together with their associations. The process preferred for its effectiveness in terms of
flexibility and computational time is then described and illustrated with the example of an electromechanical
actuator of a spoiler. The proposed approach, based on meta-models obtained using the surface response
methods and scaling law models, is used to explore the influence of anchorage points and transmission ratio
on the different design constraints and the overall mass of the actuator.
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Chapter 1 — Estimation models with scaling laws

ABSTRACT

This chapter presents the estimation models that calculate the component characteristics requested for their
selection without requiring a detailed design. Scaling laws are particularly suitable for this purpose. After introducing
the assumptions necessary for the implementation of these laws, various examples of use are given. The chapter ends
with the modeling errors and uncertainties inherent in this type of model. The associated paper, entitled "Estimation
models for the preliminary design of electromechanical actuators" and published in the Journal of Aerospace
Engineering, illustrates how to obtain scaling laws for the typical components of electromechanical actuators.

Keywords: estimation models, scaling laws, geometric similarity, dimensional analysis, uncertainty.
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NOTATION

Acronyms

e.m.f electromotive force RMC Root Mean Cube

MDO Multi-Disciplinary Optimization RMS Root Mean Square
PMAC Permanent Magnet Alternative Current RSM Response Surface Modeling
Nomenclature

a Power constant parameter T Dimensionless number

C Load Q Speed

d; Geometrical dimensions & Relative error

k Multiplication constant parameter U Esperance

J Inertia o Standard deviation

L Main geometrical dimension

M Mass

P Power

pi Materials properties

T Torque

t Time

y Secondary characteristic

Indices and exponents

KXot Reference parameter x Jufer scaling law notation

em Electromagnetic
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1. ESTIMATION MODELS FOR PRELIMINARY DESIGN

A mechatronic system is an assembly of components from different technologies and different areas. The
purpose of preliminary design is to specify these components before the detailed design of each of them is
undertaken. To take the different design constraints into account, it is necessary to have models, called
estimation models here [1], to represent the characteristics of the components without defining them
completely.

1.1. Design model vs estimation model of mechatronic components

The system-level design steps require models (Figure 1a) directly linking primary characteristics, which
define the component functionally, to secondary characteristics, which can be seen as the features of
imperfections [1]. Generally, at component level, the models (Figure 1b) link the physical dimensions and
characteristics of materials used to the primary and secondary characteristics. Design at component level is
an inverse problem that requires the primary characteristics as inputs. This inversion may be done through
design codes from design mechanical standards [2], by algebraic solvers or by optimization algorithms [3].
However at system level, the approach requires very significant expertise and time for each component.

Another first approach consists of using databases as is done in some design software packages [4]. The
main disadvantage is that it is cumbersome or even impossible to implement them in the absence of a
product range as is the case in the aerospace field. Although interesting for optimization, data mining
combined with response surface modelling (RSM) [5] may be inappropriate here for the same reason. The
use of scaling laws, also called similarity laws or allometric models, has the advantage of requiring only one
reference component for a complete estimation of a product range. Such a modelling approach has already
been successfully used for component design or comparison of technologies [6] [7] [8] [9] [10] [11]. This
approach is developed here for system level design here since it appears to be one of the most appropriate
means of speeding up the preliminary design of mechatronic systems.

a)
Primary o Estimation Secondary .
charagterlstlcs Model charagtgrlstlcs
(fonctionnal) (parasitic)
b) e “Tnverse problem™ ™ ==~ - _ .
% Primary
¥ I~ characteristics
- Dimensions (fOnCtiOl’lnal)
- Physical properties Secondary
characteristics
(parasitic)

Figure 1 - Component models a) for system level design b) for component level design.

1.2. Main assumptions to simplify design model into estimation models
We use the example of permanent magnet (PMAC) motors, here, to highlight:

e the difference between the detailed design model and an estimation model for the predesign of a
mechatronic power transmission.

e assumptions that can reasonably be taken into account to reduce the complexity of obtaining the
estimation models.

At system and preliminary level, the design is driven by the following main aspects to meet the various
requirements: integration (mass, geometrical envelope) with embedded structure and actuated load,
resistance to environment (thermal and vibration), power and energy, dynamic performance, service life,
reliability, tolerance for failures, etc. When dealing with these various topics in a model-based way, the
designer often fails to obtain the relevant parameters of the component models rapidly. In order to generate
the estimation model from a reduced number of key data, we propose to categorize these parameters as
follows:
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e Integration parameters: to evaluate the masses and major dimensions (e.g. diameter, length) of
the components;

e Simulation parameters: to perform a static or a transient simulation of a sizing scenario (e.g.
inertia, resistance and heat capacity, electrical resistance and inductance, ...);

e  Operating domain parameters: required to verify the component use with respect to endurance
(e.g. mean winding temperature) or maximal performance (e.g. maximal torque or speed).

At component and detailed design level, the objective is to define the set of parameters required to
industrialize the component. For the example of PMAC motors, these parameters are numerous and of
various types:

e  Structural parameters: at the stator with the number of phases, the presence or absence of teeth,
the number and the shape of slots; at the rotor with the number of poles and the positions of
magnets in the rotor (buried or surface technology);

e Material parameters: the choice of amagnetic (insulating) and soft magnetic (iron sheet)
materials, the type of permanent magnet and all relevant physical properties (electrical and
thermal conductivity, permeability, remanent and saturation magnetic fields, etc.);

e Geometrical parameters: the choice of dozens of parameters in the form of dimensions, angles
and ratios.

The parameters handled during detailed design and preliminary design overlap only partially. During
predesign, the internal and exact definition of a component is less important than the relative change in
global parameters. The component designer often defines a range of components of the same type by
imposing the same constraints. To obtain optimum performance or optimal cost, the designer of PMAC
motors will for example set the type of materials such as iron sheets and permanent magnets. The physical
parameters are thus generally fixed. To obtain a motor with small torque pulsations, he selects a given
number of teeth and poles [12], e.g. the 10 poles / 12 slots in Figure 3. He also determines the shape of the
poles and slots to eliminate harmonics on e.m.f [13]. To avoid vibration or thermal problems, he fixes or
limits the value of some form factors as the ratio length/diameter of the rotor or stator. He can finally
optimize the free geometric parameters according to given criteria. Figure 2 shows the evolution of
dimensions according to the torque for the machine model described in [3]. The goal here is to have the
torque required while minimizing Joule losses. One can observe that the different dimensions evolve
homothetically.

Bx=[p

L

a) PMAC motor geometry (source [3])
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Figure 2 — PMAC motor optimization: evolution of dimensions for different torques
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Figure 3 — Parvex NK range of frameless PMAC motors: evolution of dimensions function of external
diameter

This geometric similarity is also found in industrial ranges as shown by the dimensions of NK Parvex
frameless motors (Figure 3). One can assume that, although the detailed design of a component requires the
definition of a significant number of parameters, the estimation of changes for these parameters compared to
an existing component can take a simplified form. The concept of scaling laws reduces the complexity of the
inversion problem of Figure 1b by using the modelling assumptions introduced on the input parameters:

e all material properties are assumed to be identical to those of the component used as the reference;
e the ratio of the lengths of the component considered to the lengths of the reference component is
constant.

It is then easy to express, Figure 4a before inversion and Figure 4b after inversion, all the useful relations
according to a few key design parameters that are associated with the component to be selected. We propose
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to call them the definition parameters, according to the layout of the proposed estimation model (Figure 4b).
The next section describes the mathematical form of scaling laws.

a) N Primary
- Dimensions ) > characteristics
r w d o Scaling law (functional)
ST model Secondary
- Physical properties y, > characteristics
B=C",p=C",... (defects)
b) .
~N > Integration parameters :
Definiti or - Scaling law . mass,.dimensions...
clinition parameter : model for |, Simulation parameters :
Rated torque estimation inertia, stiffness, ...
J——  Operating areas :

max torque, max speed, ...

Figure 4 - Scaling laws models a) according to dimension variation b) according to definition parameter.

2. ESTIMATION MODELS WITH SCALING LAWS

2.1. Scaling laws and Buckingham theorem
The mathematical form of scaling laws is a power law:
y = kL (1)

with y the secondary characteristic to be estimated, L the main dimension of the component, and & and a

constants. For simplicity of notation, £ means a constant coefficient which may have different numerical
values in the different equations.

This mathematical form is obtained if, from two previous assumptions:

a. Material similarity: all material and physical properties are assumed to be identical to those of the
reference component;

b. Geometric similarity: the ratio of all the lengths of the component under consideration to all the
lengths of the reference component is constant;

, a third one can be added:

c. Uniqueness of design driver: only one main dominant physical phenomenon drives the evolution of
the secondary characteristic y.

The Buckingham theorem [14] [15] can be used to demonstrate these 3 assumptions. Indeed, an
estimation model seeks to identify a relationship between 2+n+m parameters:

)
f X,L,dl,dz,...,dn,pl,...,pm =0

1 1+n m

with:
e | parameter corresponding to the secondary characteristic y to be estimated;
e  [+n parameters characterizing the geometrical dimensions L and d; ;
e m parameters characterizing the physical and material properties p; ;

Depending on the number of physical units u (e.g. m, kg, s, etc.) involved in the problem, this
relationship can be rewritten using dimensionless parameters 7;:

, 3)
f Ty, 1, Ty we s Ty Wp 1y +os Mopmy | = 0
N IS N S

n m'

where:
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Ty, = yLaL 1_[ p;li (4)
— (5)

L
Ty = Lowi 1‘[ pl (6)

The number m’, usually smaller than m, depends on the number of physical units u as expressed by the
Buckingham theorem:
m=1+m-—u (7

If only one main simple physical phenomenon drives the evolution of the secondary characteristic y, the
number m’ is often equal to zero. If m' is not equal to zero, the remaining dimensionless numbers can
generally be expressed through ratios of material properties with similar units. Thus these m’ dimensionless
numbers often do not depend on L. With this condition and the first two assumptions a. and b., the 7; and 7,
dimensionless numbers are constant and it follows that:

Ty, = yL% Hp?" = constant ®)

which gives relation (1) if we assume the material or physical properties p; to be constant during the
sizing.

2.2. Examples of scaling laws

To illustrate the construction and use of such laws, two examples will be given here. These examples
address conventional components of mechatronic systems: brushless motors and bearings. We assume here
that the main design criterion for the motor is the winding temperature. The dominant thermal phenomenon
is taken to be convective. The bearings are designed to withstand a maximum mechanical stress.

For the brushless motors, equations (2), (3) and (1) become the following:

e  For thermal aspects: the current density J can be linked to the dimensions through

(€))
f ],L,dl,dz,...,dn,p,e,h :0
1+n m
which, according to the Buckingham theorem, leads to (10)
| pJPL di dp dn | _ "
f W'T'T'""T = 0 where m =0
n
and (11)
J = kL705
e For magnetic aspects : the torque T can be linked to dimensions and current density through
(12)
f T,L,dl,dz,...,dn,],BT =0
—_— ——
1+n m
which, according to the Buckingham theorem, leads to (13)
' T dq d; dn | _ _
f ]BTL‘*'T'T""'T = 0 where m’'=0
n
and (14)
T =kjL*

with : J the current density, L the length of the motor, d; other geometrical dimensions, p the resistivity of
the copper, 8 the maximal temperature rise for the winding insulation, / the convection coefficient, B, the
remanent induction of the permanent magnet, and 7 the electromagnetic torque.

Combining these two aspects provides an estimate of torque depending on motor size:
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T = kI35 (15)
The assumptions a. and b. allow the motor weight to be estimated:
M =kI* > M = kT3/35 (16)
With the same approach, the weight of the bearing can be estimated from their load-bearing capacity C:
C=kl?and M = kL* > M = kC3/? (17)

Figure 5 and Figure 6 compare these relationships to data from industrial catalogues, and show that
scaling laws can provide good fits for the quantities of interest of such components.

1,LE+02
0 Kollmorgen
BH
@ PARVEX
=0 LLE+01 NX
=
w
&
> u
1,LE+00
o
1,E-01 L I I
1,E-01 1,LE+00 1LE+01 1,LE+02 1,LE+03
Torque [Nm]
Figure 5 - Brushless motor masses according to the nominal torque.
1.E+03
=Scaling law
O SKF-Ball Bearings (deep groove)
LE+02 |- @ SKF-Ball bearings (angular contact)
MW Reference
1.LE+01 |
Reference
S 1E+00 |
SL
N’
2
® 1.E-01
=
1.E-02 F
1.LE-03 F
1.E-04 ; :
1.LE+02 1.LE+03 1.E+04 1.LE+05 1.E+06 L.LE+07

Dynamic load capacity (N)

Figure 6 — Bearing masses according to the load capacity.

Figure 5 and Figure 6 validate the scaling laws by comparison with industrial ranges of components.
However scaling laws can be used even if only one reference is available for a component. For example, if a
motor of torque 7, and mass M, is known, a possible mass M for a motor of torque T of similar technology
is:

(18)

M = My (==) o M = k355 with & = et
= Myer Tref ormM = Wi _Tref3/3'5
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Scaling laws can also be written with the following notation (*) proposed by M. Jufer in [31]. The x"
scaling ratio of a given parameter is calculated as:

x = X/ X, (19)

where x,. is the parameter taken as the reference and x is the parameter under study. With this notation
relation (15) is written:

M* = T*3/3.5 (20)

It should also be noted that the scaling laws may be obtained without dimensional analysis by direct
manipulation of the equations. More details and examples of the development of such laws for mechanical
and electromechanical components are given in Paper 1 [16].

3. EXAMPLE OF USE OF SCALING LAWS

Various uses of estimation models are illustrated here with the simple example of a lift drive. As part of a
preliminary design, the scaling laws can be used to:

e analyze trends and compare technologies, in particular by the early establishment of graphical
templates or synthesis. In the example used here, the objective is to estimate the influence of the
inertia of the electric motors on the torque requirement and to help with the selection of a gear
ratio;

e support integration studies and weight estimation. In the present example, the envelope of the
actuator and its size relative to the pulley will be evaluated.

e conduct simulations by estimating the needed parameters. The example illustrates the possibility
of estimating the thermal and loss parameters in order to assess the evolution of the temperature
of the motor or the electrical power consumption.

e explore the design space by experimental design or optimization algorithms. The effect of the
radius of the pulley on the size of the motor are evaluated here.

3.1. Application presentation and main requirements

The objective of the preliminary design, here, is to evaluate the feasibility of a compact drive, with
brushless motor technology, to avoid the construction of a machine room on the roof. Table 1 summarizes
the main performance required at the elevator car. Specifications in acceleration and jerk, are imposed by the
comfort and physiological limits of the user. These dynamic specifications can be translated into a mission
profile (Figure 7) typical of the use of the elevator. The cycle of ascents and descents is assumed to be
repeated for 8 hours of operation per day and for a lifetime of 20,000 hours of use. The ambient operating
temperature is 40 ° C.

Max. acceleration 1 m/sec?
Max. speed 2 m/sec
Max Jerk 2,5 m/sec’
(acceleration derivation)
Max. load 600 kg

Table 1 — Dynamic performances of the elevator
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Figure 7 — Mission profile

The force or torque to be supplied by the drive to the pulley can be obtained by means of a simplified
mechanical model. Figure 8 shows the main modeling assumptions.

“iaca fur
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Figure 8 — Load model

Figure 9 and Figure 10 give the evolution of power and torque for three load configurations: empty
elevator (cabin 400 kg), half load (cabin 700 kg), full load (cabin 1000 kg). The graphs were obtained using
inverse simulations in Modelica [17] [16] [19] but more conventional tools such as Excel or Matlab, can be
used. More details on inverse simulation are given in Chapter 2 and Paper 2.
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Figure 9 — Power for different loads
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Figure 10 — Torque for different loads

3.2. Architectures and reference components

Following these initial results, we can already observe that:

The application requires positive and negative force and speed : the drive must be able to
manage four quadrants of the torque-speed plane;

The electrical power can be positive and negative : power electronics should able to manage the
reverse power (by reversibility or braking resistors);

The most restrictive case for power and force is the fully loaded elevator: we will use this case
for sizing the lift drive;

The highest rotational speeds are of the order of 55 rpm for this cycle with a pulley diameter of
70 cm: the electric motor may be combined with a reduction gear or be direct drive and then
have high torque / low speed characteristics.

-5 -



Chapter 1: Estimation models with scaling laws

Two configurations will be evaluated:

e acombination of cylindrical brushless motor and planetary gearbox;

e a gearless torque motor .
In both cases, a power off brake is added to hold the car when its speed is zero.

Scaling laws and the references used for these components are summarized in Tables 2, 3 and 4. More
information about how the laws were established and validated are given in Paper 1 [17]. The reference
components may be specific designed components. In this example, we use industrial components in order to
compare the results of the estimation models with constructors’ data.

. o DANAHER
Parameters Units Cylindrical motor BH626E480
Definition parameters
; * * 25,6 N.m
Nomme}l Nim T =3
electromagnetic torque em.nom
. - 480 V AC
Supply voltage vV U =n"l
Integration
parameters
367,8 mm
. * _ /3.5 (length)
Length and diameter m L =T, 142 sm
(diameter)
Mass kg M = ]:;3/205"1 23,1 kg
Simulation parameters
3
Inertia ot o s 3,04.10” kg.m?
Thermal resistance KW R; == 7;*;;2”/03,: 0,36 K/'W
Thermal capacitance JIK C,=10"= T;j/ > SSI8 /K
Thermal time constant min T ; =]"= 7;2/ ifm 33 min
Copper losses W/(Nm)’ ath* =07 = T;n_i/ 03,': 1,53 W/(N.m)?
coefficient
* * # -3 b
Iron losses coefficient | W/(rd/s)” B, =17 = Tenf/sosm 12,62.107 W/(rdss)
P, Py,
2 b
Ppertes = a']—;m + ﬂ XY
Operating area
Max. tOI'un Nm T;m,max = T;zm,nom 87,1 N.m
Max. transient speed * _ 7=l 135
(mechanical limit) pm Qs max =17 = Tonom 3850 rpm
. -l
Max. continuous speed Q° =]V =T 3.5b 6500 rpm
(iI'OIl IOSSGS) rpm cont,max em,nom

Table 2 — Cylindrical brushless motor: scaling laws and reference
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. ETEL
Parameters Units Annular motor TMB0291-050
Definition parameters
Nominal 7::" = 1*3 101 N.m
. Nm ’
electromagnetic torque
« wo%y % 600 V DC
Supply voltage V U =nl 3a)elec,max
Integration
parameters
100 mm
. * /3 (length)
Length and diameter mm I = Tem,nom 310 mm
(diameter)
* 23 20k
Mass kg M = Tem,nom £
Simulation parameters
Number of poles pairs - p* == Ez/iam 22
Inertia kg.m J = Tem,nom 39102k o m?
. * 23 0,27 K/W
Thermal resistance K/'w R,h = Tem,nom
* * 3
Thermal capacitance J/K () mw = Tenf/jom 10,2.10°J/K
. T =1 45 min
Thermal time constant s th
2 L L S
Copper losses coef. W/(Nm) &, =17 =C,prom 3,65.10 W/(N.m)’
Iron losses coef. W/(rlfl s o = T*%rb 0,487 W/(rad/s)"
) ﬂth - — Lem,nom ?
P, P
—— ——
Ppertes = anfn + ﬁ‘wb
Operating area
" X 416 N.m
Max. torque Nm em,créte = em,max
Max. continuous speed " 13
(iron lOSSCS) Qcont,max = Tvem,nom 800 pm
Q, =T
Max. transient speed om abs,ax ~ = em.nom -
(mechanical limit) P
Qel@c max = U n _11 -
Max. voltage speed ' 950 rpm
(voltage supply limit)

Table 3 — Annular brushless motors: scaling laws and reference
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Planetary gear reducer

Redex Andantex

Parameters Unit (n, stages) SRP1
s S1ag (1 stage)
Definition parameters
Nominal torque of stage i
Nominal torque o o < 370 N.m
Reduction ratio N.m o (FLJ[FLJ ’ S
kv PN g Reduction ratio 7
With a global reduction ratio &
Integration parameters
. . 170 mm (length)
Length () and diameter (d) m d =T ;{?m 179 mm (diameter)
* )3
Zi - 7;,nom H li 2 1i,min
Mass Kg Mi* — li*3 — sz’wm 13,8 kg
Simulation parameters
Tnertia kg-m’ J =17=1"" 6,5.10" kgm’
Torsional stiffness N.m/rd K [* = l[.*3 = n*om ; 315 kN.m/rad
Operating area
Max. Torque Nm T r:;ax =T ,:mm 650 N.m
Max. transient speed X . (mecshoa(;l(i)creﬁr?imi 0
(mechanical limit) and max. rad/s Q =1""'=7"
continuous speed (fatigue) e b and 1600 rpm
P g (fatigue)

Table 4 — Planetary gear reducers: scaling laws and reference

3.3. Preliminary analyses using graphical nomograms

In the case under study, the accelerations of the mission profile can induce motor rotor inertia torque and
significantly influence the total electromagnetic torque. A graphical analysis of the mission profile can
assess the importance of this effect even before the application is sized. Scaling laws enable the analysis
nomograms to be built. Figure 11 shows the characteristic point of the lift drive system with:

e  Xx-axis

: corner power product of the maximum speed by the maximum torque (generally not
achieved simultaneously);

e y-axis : the power rate product of the maximum torque by the maximum acceleration.

These two quantities are preserved through the transmission ratio (neglecting losses of reducer gear) and
enable the technological capabilities of the motors to be compared directly, without presupposing a reduction

ratio.

The corner power and the power rate can be evaluated using scaling laws:

* *

P =T 'Q

max max max

T2 7

5 * 5 * dQ ’ *

dt J I

max

These two quantities are related, for cylindrical brushless motors, by the equation:

Tmax ' [

dt

max

*2/2,5
max

-28 -
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and, for annular brushless motors, by the equation:

Tmax*[@j = 1*31*71 = Z*z = Pmax*
dt max

(23)

The last two relationships (22) and (23) are represented in Figure 11 with logarithmic coordinates,
through networks of straight lines. Such networks represent the proportion of the maximum torque of the
motor used to provide the acceleration required by the application depending on the corner power. From this
nomogram, we can deduce that the elevator is not constrained from the dynamic point of view, because the
load is very dominant in terms of kinetic energy. Specific inertia of the motor contributes far less than 1% to
the total electromagnetic torque.

10° S
g Annular 100% inertial torque
— — — Annular 10% inertial torque
10 - - Annular 1% inertial torque it =
i Cylindric 100% inertial torque -
— - — Cylindric 10% inertial torque —~
R Cylindric 1% inertial torque —— "~~~ - -
i O Elevator drive

Max torque.Max acceleration (W/s)

10° L= Lol L Lo
10 10 10 10
Max torque.Max speed (W)

Figure 11 — Evaluation of effect of inertia on electromagnetic torque

For the architecture with a reducer, the gear ratio is therefore not based on inertia and will be chosen so
as to use the electric motor just below its maximum operating speed. The latter is a function of the torque
and may also be linked to the corner power:

Qmax* o (TRMS*QIW*)q/z,s (24)

Figure 12 depicts this relationship graphically. Neglecting the losses of the gear reducer, the point
corresponding to the RMS torque (see paragraph 3.4) and the maximum speed of the load can be found on
the nomogram without presupposing the reduction ratio. The maximum motor speed can thus be estimated at
4150 rpm. Knowing the maximum speed of the load and the maximum speed of the motor, we can deduce a
reduction ratio and start selecting components. The following calculations will be made with a reduction
ratio of 75.
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Figure 12 — Maximal speed and reduction ratio estimation

3.4. Components selection and specification

The selection of components of the architecture requires the main sizing quantities to be computed, such
as the maximum torque and speed or the representative quantities for thermal or mechanical stress. More
details about these quantities are given in Chapter 3. These values required by the application can then be
compared to manufacturers’ data. Scaling laws allow an evaluation of these components parameters to be
obtained and accelerate the design process by avoiding roundtrips between the calculations and the search
for components’ characteristics, especially when there is no data catalogue. An estimate of these
characteristics from a known component can also help to specify the design of a specific component.

For gearless architecture, it is important to check the thermal behavior of the motor. The Joule losses are
proportional to the square of the electromagnetic torque and can be evaluated through the Root Mean Square
(RMS) torque when the thermal inertia of the motor is sufficient to smooth the temperature variations during
the operating cycle. The thermal time constants of motors are several tens of minutes which are high
compared to the 65 seconds of the mission profile. For the elevator application, a parking brake relieves the
motor during stops and, in these conditions, the RMS torque at the pulley is:

1 (25)
Tos = [T@).dt =760N.m

profile

From this torque value it is possible to estimate the main characteristic of the motor based on data of
Table 3. Here we choose a nominal torque of 806 Nm in order to compare the results with an industrial
component (Table 5).
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Similar industrial

Scaling laws results

component:
Annular brushless motor
ETEL
TMBO0530
Definition torque 806 N.m 806 N.m
Max. torque 3320 N.m 3320 N.m
Max. speed (thermal limit) 400 rpm 350 rpm
Thermal time constant 45 min 58 min
Mass 80,5 kg 94 kg
Inertia 0.62 kg.cm? 0.92 kg.m?
Diameter 620 mm 565 mm
Length 200 mm 160 mm
Table 5 — Annular brushless motor of the gearless lift drive

The gear reducer must be selected to withstand the maximum and average torques. The mean torque

corresponding to mechanical fatigue is calculated as for the bearings using the following formula:
(26)

T = \/Q; [lc>mlde =175 N.m

mean"” profile

Depending on the desired reliability and on the average speed, torque may be weighted. Here we choose
a nominal torque of 1370 Nm in order to compare the estimates of scaling laws with catalogue data (Table
6). The RMS torque of the motor is 10.7 Nm. We then choose a motor of 11.1 Nm in order to also compare

the results with the catalogue data (Table 6).

Similar industrial
component:

Planetary gear reducer

Redex Andantex SRP3

Scaling laws results

Low speed shaft torque 1370 N.m 1370 N.m
Reduction ratio 75 65
Stage number 2 2

Max. speed 5130 rpm 5000 rpm

Mass 64 kg 76 kg
Diameter 277 mm 300 mm
Length 328 mm 319 mm
Scaling laws results Similar industrial

component:
Cylindrical brushless
motor
DANAHER
BH-424-D
Definition torque 11,1 N.m 11,1 N.m
Max. torque 37,7 N.m 37,5 N.m
Max. speed (mechanical limits) 4060 rpm 3700 rpm
Thermal time constant 26 min 25 min
Mass 11.3 kg 12.5 kg
Inertia 9.2 kg.cm? 6.6 kg.cm?
Diameter 112 mm 130 mm
Length 290 mm 369 mm
Table 6 — Gear reducer and brushless motor of the geared lift drive
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The main simplifying assumptions made for these models are material similarity and geometric
similarity. Components in catalogues do not always strictly follow the latter assumption, often for reasons of
economic rationalization. It follows that the estimate made by the scaling law is a possible component but
not exactly the component present in the catalogue.

3.5. Geometrical integration

Scaling laws can be used to assess integration parameters such as mass or volume and can therefore
contribute in an interesting way to preliminary studies of geometric integration. In the case of the elevator,
attention is paid to the dimensions of the unit to avoid the use of a machine room on the roof. Figure 13
shows the relative dimensions of the solutions, based on data obtained from simulations, compared to the
dimensions of the pulley. This CAD draft may serve as a starting point for stronger integration between
bearings, actuator and pulley. We can see that the gearless solution seems the most promising in terms of
integration as its a smaller lateral dimension facilitates direct integration into the sheath.

Geared Gearless

Reducer

Brushless
motor

Figure 13 — Geometrical integration: architectures comparison

3.6. Estimation of simulation parameters

It may be helpful to complete the preliminary design studies with 0D/1D simulations using lumped
parameter dynamic models. The parameters useful for the simulation can be estimated using the scaling
laws. For the example studied, the concept of RMS torque (equation (25)) takes only into account the copper
losses for a given external temperature. Thus a thermal study may be interesting in order to evaluate the
effects of copper losses, iron losses and the external temperature. Figure 14 shows the a simple thermal
model for which the scaling laws of Table 2 and 3 are used to estimate the heat capacity C,, the thermal
resistance R;,. The losses are estimated with the equation:

Feopper Py (27)

f_H f_J%b
. 2

Plosses - ath 'T;m + th Q

where the copper losses (P.,,.-) are proportional to the square of the electromagnetic torque, while the
iron losses (P;,,) are a function of the electrical frequency, i.e. the angular velocity:

Tmoteur

cth -

P |
heat Rih e
S e

Text

Figure 14 — One-body thermal model
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The simulations performed on the mission profile, depending on the torque and speed of the motor, show
that:

e for the solution with an annular motor, the iron losses are small relative to copper losses as the
motor is used in a low speed range (55 rpm) compared to its maximum potential (400 rpm). An
ambient temperature of 40°C, above the rated ambient temperature of 20°C, induces a higher
temperature than the 130°C allowed by the technology. It is necessary to select a motor of 840 Nm,
and not 760 Nm.

e for the geared solution, the motor is used over its entire speed range and iron losses then play a
more important role. These additional losses induce a temperature of 200 © C with a motor of 10.7
Nm. Selecting a 11.5 Nm motor decreases to 180°C, an admissible value for this technology.

3.7. Design space exploration

The estimation models can also be used to explore the design space and the influence of different design
choices, such as gear ratios, or given requirement specifications. In the example, the radius of the pulley can
have a significant effect on the size of the actuator. The radius of the pulley is limited by the curvature that is
possible for the steel cables, but new technologies, such as flat belts, allow these radii to be greatly reduced.
Figure 15 provides a graphical summary of the sizing when the diameter of the pulley varies from 70 to 10
cm. The CAD drawing presents a simplified view of what could be the gearless solution for the smallest
pulley diameter.

Brushless motor +
gear reducer

Annular motor

Pulley
diameter

:
1
i

10cm EE ____________

Figure 15 — Geometrical integration for different pulley radii

4. UNCERTAINTY AND SCALING LAWS

4.1. Limitations of scaling laws

Scaling laws have characteristics that make them attractive for the design of mechatronic systems [18]
[19] [20]. Their simple form makes them easy to manipulate and customize as they require only one
reference to determine the multiplier coefficient k, the power coefficient a being determined by the physical
phenomena. They have a monotonous progression valid over a wide range of sizes (several orders of
magnitude) which avoids the risk of possible mathematical aberrations of metamodels used outside their
construction bounds.

However they have some limitations. Although the similarity of the materials can be easily verified for a
given technology, the geometric similarity is not necessarily verified or sought. For motors (Figure 5), this
point mainly explains the estimation errors of scaling laws in Figure 5. Manufacturers may tend to use the
same motor diameter (i.c. the same iron sheet) for different lengths and torques (as illustrated by the A points
of Figure 3) for economic reasons. Obtaining a scaling law also requires a dominant physical phenomenon.
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For example, in the case of the electric motor, if the conductive heat transfer phenomenon cannot be
neglected, relations (9) and (10) should take the form:

f(],L, dl’ dz, ...,dn,p, 6, h,Al,Az, ...) = 0 (28)
1+n m
which gives
APl ay d dp A 2 _ (29)
f ho ﬁTiT;---;T;E,E,-.. = 0
n mr

with /; the thermal conductivities of the various materials of the motor.

If this had been the case, either it would have been impossible to establish a global scaling law or its
domain of validity would have been smaller.

A first way to overcome these limitations is to obtain more accurate scaling laws taking more parameters
into account, such as form factors and more physical phenomena. Paper 4 shows how to obtain them from
finite element simulations. A second way is to model the uncertainty in order to quantify the possible errors
when using scaling laws. The purpose of this section is to determine the laws that can be used to model these
uncertainties. To do this, we will rely on the analysis of the relative errors compared to data from industrial
catalogues.

4.1. Form of statistical laws

We focus, here, on the form of laws that can be used to represent the uncertainties within scaling laws. A
scaling law is a relationship of the form:

Yest = kx® (30)
where x is the variable definition and y,, is the estimated parameter of the component considered.

This relationship predicts the characteristic y of a component with an error &:

y:yest(1+£) (1)

The quantity ¢ is modeled here as a random variable. Sources of error are multiple: not following the
geometric similarity assumption (for a potentially large number of dimensions), not taking design constraints
into account, changing material properties and physical properties, etc. The distribution commonly used to
model phenomena representing multiple random events is the normal law. The corresponding probability
density is the Gaussian distribution and is expressed by the relationship:

o3 G2

fle)= g

oV2an

with & the mean and o the standard deviation.

Figure 16 shows the distribution of the relative error for the estimated bearing mass according to the
static load. The scaling law has the form of equation (17) where £ is calculated for a reference component
taken in mid-range. The definition of the middle of a range will be given more precisely in the section 4.2.
The distributions of errors calculated for 150 SKF bearings (radial ball bearings) are shown in Figure 16.
These errors correspond to the data shown in Figure 6.

0,20 . 120%
Error distribution
0,18 Cumulative distribution
0,16 —@—Normal distribution 100% —
’ =@— Normal distribution
0,14 +
80%
0,12
0,10 60%
0,08
0,06 40%
0.04 -
20%
0,02
O e g e e g R R R 0% e e e e
XA
O O 0O O 0O 0O 0O O OO0 O 0O 0O 0O 0O O O 0O O O 9O
GIRRED TP QT AR MITHON®OG S3BREAIIIITAIRIAIAGRDAG
a) Distribution function b) Cumulative distribution function

Figure 16 — Comparison of error distribution to a normal law
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To assess the adequacy of the observed distribution to a Gaussian distribution, a Henry diagram can be
used. This graphical method adjusts a series of observations to a Gaussian distribution along a straight line
and the mean and standard deviation of such a distribution can be read quickly. Figure 17 confirms that the
distribution of the previous error can be modelled by a normal distribution with a mean of -3% and a
standard deviation of 14%.

w

e—u

N

1
3

]

‘ : r . o¢ ’ ' ‘
40%  -30%  20% 1% * 0% 10% 20% 30%
L 2

1
‘-

*
*

N

3
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Figure 17 — Henry diagram
Several questions could now be asked:
e (Can the different errors be considered as independent or linked?
e (Can the esperance be always assumed to be zero or low?
e  What variance should be adopted? Does the value depend on the characteristics handled?

The following sections will answer these questions by a study of industrial data ranges and finally give
simple examples of the use of these distributions in the sizing process.

4.1. Correlation between errors

The implementation and effect of the uncertainty estimation models depends on wether the different
random variables representing estimation errors are independent or not. If all the variables are highly
correlated, their uncertainty can be represented by a single random variable. Otherwise, the error of each
parameter should be represented by its own random variable. This dependency can be studied using a
correlation analysis on the estimation errors. The Figure 18 corresponds to correlations between the
diameter, mass and inertia for three ranges of brushless motors.

a) Etel motors (TMB range)
diameter mass inertia
diameter 1
mass -0.439 1
inertia 0.647 -0.683 1
b) Parvex motors (NX range)
diameter mass inertia
diameter 1
mass 0.711 1
inertia 0.832 0.653 1
c) Kollmorgen motors (BH range)
diameter mass inertia
diameter 1
mass 0.457 1
inertia -0.260 -0.827 1

Figure 18 — Correlation between errors

-35-




Chapter 1: Estimation models with scaling laws

It may be noted that, although the variables can be correlated, the correlation value is never the same. It
is therefore difficult to draw a general conclusion. Without information, it seems best to assume that the
errors are independent.

4.2. Influence of choice of reference on the mean error

The mean estimation error is mainly influenced by the choice of the reference. It is therefore interesting
to analyse the variation of the mean error based on the choice of the reference. Figure 19 shows the variation
of the mean error of the mass estimation according to the torque of the reference motor (for Kollmorgen
PMAC motors, BH range). We clearly see that the error tends to be smaller when the reference is located on
the geometric mean of the extremes of the range:

X = / max(x;) min(x;) (33)

with X, the geometrical mean of the reference, x; the value of the definition parameters.

Mean error (%) for
brushless motors
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0,1 ] * 5 B Niig 1000
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Figure 19 — Mean errors according to reference chosen (Kollmorgen, BH range)

For this choice of reference, the average errors are small enough to be treated as zero. This conclusion
remains true for other ranges of components. It is therefore possible to assume that, for components not too
far (a decade around the reference) from the reference, the mean of the distribution of error is zero:

u=0 (34)

4.3. Standard deviation

The error variance takes different values depending on the quantities estimated. As scaling laws take the
form of a power law of a geometric dimension, uncertainty on a dimension may be amplified if the power is
greater than 1. It thus seems interesting to evaluate the standard deviations of the errors according to the
power of the scaling laws. Figure 20 shows the variation of the standard deviation for all references of the
range NX from Parvex, a manufacturer of PMAC motors.
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250%
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Figure 20 — Standard deviation according to parameter type

Figure 20 confirms that the potential error is greater if the power of the scaling law is higher. For
quantites linked directly to geometrical parameters, if no more information it is available, robustness studies
or sensitivity analyses can assume that uncertainties follow the power of the scaling laws: such as 10% for
diameter, 30% for mass, 50% for inertia, etc. For quantities linked to geometrical parameters but also related
to several technology limitations or design choices, the risk of uncertainty is greater. For example, the
maximum motor speed can vary considerably as shown in Figure 21. The maximum speed can be selected
on the criterion of mechanical strength or for electrical matching with an inverter. Before analysing the data,
it may be interesting to apply a filter such as a Pareto front in order to keep only the best components.

Max speed (rpm)

8000 +
|
7000 @

6000
5000 - L 4

4000 4 Pareto

3000 Catalogue

®

2000 +

1000 -

0 - ! ' ! ! ! ' Torque of reference
0 20 40 60 80 100 120 140  motor (N.m)

Figure 21 — Maximum speed versus torque for BH Kollmorgen brushless motors

4.4. Examples of effects of uncertainties of estimation models during preliminary design

The preliminary design aims to specify the components of an architecture from the requirements of the
complete system. The estimation models enable the characteristics of a possible component to be obtained in
order to perform sizing or optimization. The associated calculations are deterministic in nature. The
proposed component, which can be used for the specifications, may not correspond to the one that will
actually be made. It may be interesting to add studies to assess firstly the risk of that changes in
characteristics of the components imply for the performance of the entire system. The models proposed in
this section can be used to establish the magnitude of uncertainty associated with each parameter. If
performances is highly sensitive to certain characteristics of components, it may be interesting to determine
an acceptable range for these characteristics and enrich the components specifications in order to mitigate
the development risks.
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To illustrate this process, Table 7 shows the specifications and sizing results for a linear actuator. The
calculations carried out here are very simple and are used primarily to illustrate trends or concepts. For
example, the performance of the mechanical transmission chain is assumed to be 100%. During the sizing,
the use of scaling laws can address the issue of selecting the gear ratio to minimize the mass of the motor.
Depending on the circumstances, the choice may be made:

e [fthe inertial effects of the rotor are negligible, as in case a) of the aileron, use the motor within
its maximum speed range to minimize the torque. In this case, the reduction ratio is given by:

N = kQ7/5F_2/517_7/5 (35)

max “max

with kg enabling the maximal speed of the motor to be estimated:

Qmax = kaTar (36)

max

e If the inertial effects are important, as in case b) of thrust vector control, adapt load and motor
inertias by means of a good choice of reduction ratio. In this case, the reduction ratio is given

by:
_ _ _ (37)
7/4 —3/4 _—7/4
Nopei = k] / FmaJ/c ama/x
with k; enabling the rotor inertia of the motor to be estimated:
Jmot = Ky T (38)

The corresponding values and components parameters are given in Table 7.

Linear EMA

a) Aileron actuator

b) TVC actuator

Specifications
Static force 20 kN 40 kN
Inertia 200 kg 800 kg
Displacement magnitude 3 mm 10 mm
Frequency 0.5 Hz 5Hz
No load max speed 20 mm/s 200 mm/s
Max sinusoidal speed (V,4x) 20 mm/s 314 mm/s
Max acceleration (a,,,,) 29.6 mm/s? 9870 mm/s?
Maximum force (F,.) 20 kN 479 kN
Sizing
Reduction ratio (N) 76750 rad/m 1015 rad/m
Motor torque 0.26 N.m (mean) 95 N.m (max)

Rotor inertia

8.28 10° kg.m?

4.73 107 kg.m?

Table 7 — Linear actuator specifications and sizing

If the mean characteristics of the components are now fixed on the result of this design, it is possible to
look at the effect of estimation error on system performance. The orientation of the calculations is no longer
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in the same direction and can provide the achievable acceleration with the corresponding uncertainty: a 50%
uncertainty on the motor inertia induced uncertainty of 0.2% in the case of the aileron and 39% for the case
of TVC actuator. These two examples illustrate that a high uncertainty on the characteristics of a component
can have negligible or significant effects depending on the type of application. In the case of TVC, it seems
important to specify the motor more precisely by adding to the torque an inertia requirement with a
tolerance. If an uncertainty of 5% is acceptable in terms of acceleration, it is possible to deduce a tolerance
of about 6.5% over the inertia.

The previous example illustrated the effect and possible treatment of a single uncertainty. In the general
case, the standard deviation of performance may be due to a combination of multiple uncertainties. If we
take the example of a design criterion aimed at verifying the increase of temperature (6,;.) over a short time
(7) and limited by the thermal capacity of the windings (Cy,;) for a given torque (7):

Orise = Ct_hllptht = Ct_hllath (39)

The uncertainty for the temperature rise depends on the uncertainty of the thermal capacity (Cy,;) and the

thermal loss coefficient ():
[ (40)
OeT pise — JECthl2 + 05“2

If this uncertainty is too large, two approaches are possible:

e If we assume that the variables are independent: specify tolerances for both Cy, and o assuming,
for example, that these tolerances are proportional to the uncertainties initially assumed:

. OTO i
O7Cpy = K- Occypy @0d 07 = k. 0gq with k = ——2— (41)
OeCins +0ea’

This approach allows the tolerances to be adjusted depending on the type characteristics but
gives narrow tolerances on component characteristics if the acceptable uncertainty (a7, ) for
the temperature is low.

e If more magnitude is necessary on these characteristics: request a design that correlates these
variables, assuming, for example, that

Ecth1 = €x 42)

In this case, whatever the variations of the parameters, the temperature remains constant.

5. CONCLUSION

The estimation models presented in this chapter help in the preliminary system design of mechatronic
power transmissions. These models, based on scaling laws, are used to estimate the main characteristics of
mechatronic components. They do not replace the detailed design models specific to each technology, as
they rely on simplifying assumptions such as geometric similarity, but they can quickly extrapolate the
characteristics of a known component to the desired component that uses the same technology. This
modeling methodology can be applied to various physical domains and different design constraints. The
same reasoning can therefore be applied in the study of a complete mechatronic system. The associated
article, Paper 1, illustrates how to obtain scaling laws for the typical components of electromechanical
actuators. The parameters from these models can be used for different types of analyses during preliminary
design. This chapter has also presented how to model and handle uncertainty associated with these low
complexity models.

-39 -



Chapter 1: Estimation models with scaling laws

6. BIBLIOGRAPHY

(1]

(2]

(3]

(4]
(3]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[17]

[18]

P. Krus, «Performance Estimation Using Similarity Models and Design Information Entropy,»
chez Workshop on Performance Prediction in System-Level Design, International Design
Engineering Technical Conference and Computers and Information in Engineering Conference
(IDETC/CIE), 2008.

F. Roos, H. Johansson et J. Wikander, «Optimal selection of motor and gearhead in
mechatronic applications,» Mechatronics, vol. 16, n° 11, pp. 63-72, 2006.

F. Messine, B. Nogarede et J.-L. Lagouanelle, «Optimal Design of Electromechanical
Actuators: A New Method Based on Global Optimization,» IEEE transactions on magnetics,
Vols. %1 sur %2vol. 34, no. 1, 1998.

ControlEng, ServoSoft software, www.controleng.ca.

T. Simpson, J. Peplinski, P. Koch et J. Allen, «Metamodels for Computer-Based Engineering
Design: Survey and Recommendations,» Engineering with Computers, vol. Vol. 17, pp. pp.
129-150, 2001.

G. Pahl et W. Beitz, Engineering Design: A Systematic Approach, Springer, Ed., 2007.

M. Jufer, «Design and Losses - Scaling Law Approach,» chez Nordic Research Symposium
Energy Efficient Electric Motors and Drives, Skagen, Denmark., 1996.

G. Ricci, «Mass and rated characteristics of planetary gear reduction units,» Meccanica, vol.
vol. 27, pp. pp. 35-45, 1992.

G. Ricci, «Weight and rated characteristics of machines: positive displacement pumps, motors
and gear sets,» Mechanism and Machine Theory, vol. vol. 18, pp. pp. 1-6, 1983.

B. Multon, H. Ben Ahmed, M. Ruellan et G. Robin, «Comparaison du couple massique de
diverses architectures de machines tournantes synchrones a aimants,» chez Société de

l'Electricité, de I'Electronique et des Technologies de l'Information et de la Communication
(SEE), pp. 85-93, 2006., 2006.

K. J. Waldron et C. Hubert, «Scaling of robotic mechanisms,» chez [EEE International
Conference on Robotics & Automation, San Francisco, CA., 2000.

J. Cros et P. Viarouge, «Synthesis of High Performance PM Motors With Concentrated
Windings,» IEEE TRANSACTIONS ON ENERGY CONVERSION, Vols. %1 sur %2Vol. 17, n°.
2,2002.

T. Jahns et W. Soong, «Pulsating Torque Minimization Techniques for Permanent Magnet AC
Motor Drives-A Review,» [EEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, Vols.
%1 sur %2Vol. 43, n° 2, 1996.

G. Murphy, Similitude in engineering, The Ronald press company. New York, 1950.
E. S. Taylor, Dimensional Analysis for Engineers, Oxford University Press, 1974.

M. Budinger, J. Liscouét, F. Hospital et J.-C. Maré¢, «Estimation models for the preliminary
design of electromechanical actuators,» Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, vol. 226, n° %13, pp. 243-259, 2012.

M. Budinger, J. Liscou{\"e}t, J. Mar{\'e} et others, «Estimation models for the preliminary
design of electromechanical actuators,» Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, vol. 226, n° %13, pp. 243-259, 2012.

M. Pfenning, F. Thielecke et U. Carl, «Recent Advances Towards an Integrated and Optimized
Design of High-lift Actuation Systems,» chez SAE Int. J. Aerosp. 3(1):55-64, 2010,
doi:10.4271/2009-01-3217., 2010.

- 40 -



Chapter 1: Estimation models with scaling laws

[19] M. Petersheim et S. Brennan, «Scaling of hybrid-electric vehicle powertrain components for
Hardware-in-the-loop simulation,» Mechatronics, vol. 19, p. pp 1078—1090, 2009.

[20] J. Liscouet, M. Budinger, J.-C. Mar¢é et S. Orieux, «Modelling approach for the simulation-
based preliminary design of power transmissions,» Mechanism and Machine Theory, vol. 46,
n® 13, pp. 276-289, 2011.

-4] -



Chapter 1: Estimation models with scaling laws

-4 -



Paper 1: Estimation models for the preliminary design of electro-mechanical actuators

Paper 1 - Estimation models for the preliminary design of electro-mechanical
actuators

ABSTRACT

This paper presents estimation models for the model-based preliminary design of electro-mechanical actuators.
Models are developed to generate all the parameters required by a multi-objective design, from a limited number
of input parameters. This is achieved by using scaling laws in order to take advantage of their capability to reflect
the physical constraints driving the actuator's component sizing. The proposed approach is illustrated with the
major components that are involved in aerospace electromechanical actuator design. The established scaling
laws provide the designer with parameters needed for integration into the airframe, power sizing, thermal
balance, dynamics and reliability. The resulting estimation models are validated with industrial data.

Keywords: electro-mechanical actuator, estimation model, more electric aircraft, model-based design,
preliminary design, scaling laws, power-by-wire.

Referencing: M Budinger, J Liscouét, F Hospital, and J-C Maré, Estimation models for the preliminary design
of electromechanical actuators, Proceedings of the Institution of Mechanical Engineers, Part G: Journal of
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Abstract: This article presents estimation models for the model-based preliminary design of

electromechanical actuators. Models are developed to generate all the parameters required by a
multi-objective design, from a limited number of input parameters. This is achieved using scaling
laws in order to take advantage of their capability to reflect the physical constraints driving the
actuator’s component sizing. The proposed approach is illustrated with the major components
that are involved in aerospace electromechanical actuator design. The established scaling laws
provide the designer with parameters needed for integration into the airframe, power sizing,
thermal balance, dynamics, and reliability. The resulting estimation models are validated with

industrial data.

Keywords: electromechanical actuator, estimation model, more electric aircraft, model-based
design, preliminary design, scaling laws, power-by-wire

1 CONTEXT

The current technical developments in aviation aim
to make aircraft more competitive, greener, and
safer. The more electric aircraft offers interesting
perspectives in terms of performance, maintenance,
integration, reconfiguration, ease of operation, and
management of power [1]. Using electricity as the
prime source of energy for non-propulsive embed-
ded power systems is considered by aircraft makers
as one of the most promising means to achieve the
above-mentioned goals. Actuation for landing gears
and flight controls is particularly concerned as it is
one of the main energy consumers. This explains
why, during recent years, a great effort has been
put into the development of Power-by-Wire (PbW)
actuators at research level (e.g. POA, MOET, and
DRESS European projects). This recently enabled
PbW actuators to be introduced in the new genera-
tion of commercial aircraft [2, 3], in replacement of

*Corresponding author: Université de Toulouse, INSA/UPS,
Institut Clément Ader, Toulouse 31077, France.
email: marc.budinger@insa-toulouse.fr

conventional servohydraulic ones (e.g. Boeing B787
EMA brake or spoiler, Airbus EHA, and EBHA). On
their side, space launchers are following the same
trend for thrust vector control (TVC), as illustrated
by the European VEGA project [4] and NASA projects
[5]. However, these technological step changes
induce new challenges, especially for the prelimi-
nary design process for actuation systems and com-
ponents, which cannot simply duplicate former
practices. Moreover, up to now, optimizing the aero-
space actuators has not been consistent with the sys-
tematic use of generic and standard (off-the-shelf)
components as is the case for industrial applica-
tions. Therefore, specific actuator components are
specified for each new project. In consequence, the
actuator design loop requires significant time, parti-
cularly for the architectural trade-off of numerous
candidate solutions. To accelerate the design pro-
cess [6, 7], a general trend is to extend the role of
modelling in design and specification [8, 9]. In the
frame of this evolution, this study aims to propose
efficient, simple prediction models as enabling tools
for quick and easy preliminary design of electrome-
chanical actuators.

Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering



244 M Budinger, J Liscouét, F Hospital, and J-C Maré

Section 2 sums up the state of the art to make a
need assessment of models to predict both the
nature of technological components and the param-
eters to be calculated. The beginning of section 3
describes the various methodologies for implement-
ing estimation models and the modelling assump-
tions of the methodology proposed in this article.
Section 4 addresses the main design drivers of the
components of electromechanical actuator (EMA).
The laws derived from these constraints are then
used in section 5 to establish models for the compo-
nents and parameters defined in section 2. Section 5.3
validates these models on constructors’ data. Section
6 gives examples of possible applications of these
estimation models.

2 NEEDS FOR PREDICTION MODELS

From the overall requirements, the preliminary
design task should allow candidate solutions to be
synthesized, assessed, and compared before deci-
sions are taken and detailed design starts. These over-
all requirements include, in particular, the following.

1. Functional requirements for the different opera-
tion modes, as inputs to the architecture design
task that must define which types of component
are involved and how they are organized. This
topic is addressed in section 2.1.

2. Performance requirements and design constraints,
as inputs to the multi-objective sizing of the com-
ponents. Section 2.2 lists the relevant parameters
or characteristics of components required for these
different design steps.

2.1 What components for aerospace
electromechanical actuators?

As contributors to the safety of embedded critical
functions, aerospace actuators are subject to specific
design requirements. In electromechanical PbW
solutions, high-reduction ratios between the motor
and the load cannot be avoided in response to the
low torque density of electric motors. Reliability
requirements are usually met at the expense of mul-
tiple redundancies. Depending on the application, as
the ultimate safety mode of operation, the load may
have to be held in position (no motion), or its free
motion may have to be damped. Based on recent
examples [4, 5, 10-16], Table 1 summarizes the
main components that are involved in PbW aero-
space actuators in response to these constraints.
The last line of Table 1 points out the components
that have been considered as sufficiently generic to
make the development of dedicated estimation

models worthwhile. The objective of these models is
to provide tools that enable a quick evaluation of dif-
ferent actuators architectures during the preliminary
design.

2.2 What parameters for the preliminary design?

The actuator design is driven by the following main
aspects to meet the various requirements: integration
(mass, geometrical envelope) between airframe and
actuated load, resistance to environment (thermal
and vibration) [17], instant power and energy
saving, dynamic performance, service life, reliability,
and resistance to or tolerance of failures. When deal-
ing with these various topics in a model-based way,
the designer often fails to obtain the relevant param-
eters of the component models rapidly. In order to
generate the estimation model from a reduced
number of key data, these parameters are proposed
to categorize as follows.

1. Integration parameters, required to evaluate the
masses and major dimensions of the components.

2. Simulation parameters, required for sizing from a
dynamic simulation of the mission profile (e.g.
inertia or moving mass, heat capacity, and reducer
compliance).

3. Operating domain parameters, required to verify
the component use with respect to, e.g. service
life or safe operating areas.

Table 2 is used to help the categorize component
characteristics (columns) according to the multiple
design tasks (lines), which are generally considered
individually, as illustrated by the bibliographical
references. In the following sections, all the para-
meters listed in this table will be derived from key
design parameters, called definition parameters
here, to make the estimation model as versatile as
possible.

3 ESTIMATION MODELS FOR SYSTEM-LEVEL
DESIGN

3.1 Estimation models

As described in section 2.2, the system-level design
steps require models (Fig. 1(a)) directly linking pri-
mary characteristics, which define the component
functionally, to secondary characteristics, which
can be seen as the features of imperfections [27].
Generally, at component level, the models (Fig.
1(b)) link the physical dimensions and characteristics
of materials used to the primary and secondary char-
acteristics. The design at component level is an
inverse problem which requires the primary

Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering
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Note: MTBF, mean time between failures.

characteristics as inputs. This inversion may be done
through design codes from design mechanical stan-
dards [23], by algebraic solvers or by optimization
algorithms [28]. At system level, this approach
requires very significant expertise for each compo-
nent. It is therefore cumbersome to implement and
it shrinks the component range to a reduced number
of candidate technologies.

A first direct approach consists of using databases
as is done in some design software packages [29]. Its
main disadvantage is that it is cumbersome or even
impossible to implement in the absence of a product
range as is the case in the aerospace field. Although it
is interesting for optimization, data mining combined
with response surface modelling [30] seems inappro-
priate here for the same reason. The use of scaling
laws, also called similarity laws or allometric
models, has the advantage of requiring only one ref-
erence component for a complete estimation of a
product range. Such a modelling approach has
already been used with success for component
design or comparison of technologies [31-35]. This
approach is developed here for system-level design
with the components defined in section 2.1, since it
appears to be the most appropriate means of speed-
ing up the preliminary design of aerospace actuators.

3.2 Main assumptions

Scaling laws study the effect of varying representative
parameters of a component compared with a known
reference. This article uses the notation proposed by
Jufer [31]. The x* scaling ratio of a given parameter is
calculated as

X=X/ Xpof )

where X, is the parameter taken as the reference
and x the parameter under study.

The scaling laws reduce the complexity of the
inversion problem of Fig. 1(b) using two key model-
ling assumptions on the input parameters.

1. All material properties are assumed to be identical
to those of the component used for reference. All
corresponding scaling ratios are thus equal to 1.
For example, E*=p*=1 with E* and p* being,
respectively, the variation of the Young’s modulus
and density of the material.

2. The ratio of all the lengths of the considered
component to all the lengths of the reference
component is constant. Used in range defini-
tion [36], this geometric similarity assumption
leads to dimension scaling ratios that are all iden-
tical and equal to a dimension variation, noted *
here.
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Using scaling laws reduces the number of inputs, as
shown in Fig. 2(a). It is then easy to express all the
useful relations (section 2.2) as a function of a key
design parameter that is associated with the compo-
nent under design. We propose to call it the definition
parameter, according to the layout of the proposed
estimation model, Fig. 2(b). The remainder of this
article will describe how to obtain these parameters
by pointing out the main assumptions and the phys-
ical or design drivers that are at the origin of the rel-
evant scaling law. The scaling laws supporting
parameter estimation will be given as tables in sec-
tion 5.

3.3 Direct effect of geometrical similarity on
parameters

The parameters representing geometric quantities
can be directly derived from the assumption of geo-
metric similarity. For example, the variation of the
volume V of a shaft (cylinder) of length [/ and radius
1, in the case of identical variation for all geometrical
dimensions (r*=[¥) is

1% ar?l

‘/>k = —
Vieg 7 rzef lref

_ r*2 l* — l*3 (2)

This result remains valid for any other geometry. In
the same way, it is possible to calculate the variation
of the mass, M, and rotational moment of inertia, J, of
the shaft

3.4 Different ways of finding the scaling laws

The scaling laws can be obtained in different ways.
Three of them will be illustrated using the example of
the thermal time constant of an electric motor. It is
assumed here that the motor temperature rise is uni-
form and is mainly due to convection between the
stator and the air (this assumption can be refined,
cf. section 5.2.1).

3.4.1 Direct approach

The first approach [31] directly uses the analytical
expression for the quantity under study. The thermal
time constant t,, can thus be expressed by

T = Ry Cyy 4)

with Ry, the thermal resistance and C;, the thermal
capacity. As

Ry=1/hS= Ry, =1"? (5)

with & the convection coefficient and S the thermal
exchange surface and

Cin = cp.p.M = C, = 1" (6)

with ¢, the thermal capacity density, p the density,
and M the motor mass the corresponding scaling
law for the thermal time constant becomes

o = I @)

_ * __ J%3 . .
M= [ om dV =M - ! 3) 3.4.2 Dimensionless number approach
J=[r*dM=J =1

A second approach uses the dimensionless number
where p,, is the mass density of the shaft. obtained from the ratio of power or energy [36, 37].
(@) (b) .-~ Tnverse problem™ ==~~~ _ N
o Primary
Primar o S d 4 > characteristics
y Estimation econcary | - Dimensions (fonctionnal)
characteristics Model characteristics _ Physical properties
(fonctionnal) (parasitic) y prop Secondary
characteristics
(parasitic)
Fig. 1 Component models for (a) system-level and (b) component-level designs
a .
(@) Primary o > Integration parameters :
- Dimensions ) characteristics o Scaling law mass M", dimensions d'=1"=...
Fed = =1 Scaling law (functional) Definition parameter model for » Simulation parameters :
- Physical properties model Secondary Rated torque T estimation inertia J , stiffness K, ...
E'=p =.=1 — Characteristics —»  Operating areas :
(defects) max torque 7', max speed K, ...

Fig. 2 Scaling laws models according to (a) dimension variation and (b) definition parameter
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The dimensionless number corresponding to the pre-
sent example, close to the Fourier number, is
obtained as the ratio of the energy stored in a solid
to the convective heat flux

Energy rate of storage in solids  ¢,.1 ®)
Energy rate of convection  h.t

with t a characteristic time for the phenomena. This
number is constant for

_ Cml
= ©)
Thus

3.4.3 Buckingham theorem approach

A third approach uses the Buckingham = theorem [38,
39] to obtain dimensionless = numbers. For our
example, there is a relationship

f(Tl‘hr dv lr hr Cy, /0) =0 (11)
with d and I/ the diameter and the length of the motor,
respectively.

Using the Buckingham = theorem, this relationship
becomes

cpl 1
Fl—,5)=0 12
(hfth d> ( )
The assumption of geometric similarity reduces the =
numbers to be considered. We thus find the relation

F’(C”pl> ~0 (13)
hty,
Thus
ol _ e (14)
hfth
and finally
S (15)

4 MAIN DESIGN DRIVERS FOR
ELECTROMECHANICAL COMPONENTS

Product ranges are usually defined using the same
material stresses and the same design drivers. The
induced relations link the dimensions with the differ-
ent parameters (definition, integration, simulation,
and operation area) associated with the components.
This section summarizes these design drivers for elec-
tromechanical components and prepares the writing
of estimation models of section 5.

4.1 Mechanical design drivers
4.1.1 Mechanical stress

For mechanical components, the mechanical stresses
in the materials must be kept below elastic, fatigue, or
contact pressure (Hertz) limits [40]. Taking the same
stress limit o [36] for a full product range yields

o =1= F* = [*? (16)

The dimensional analysis enables the transmitted
force F, or the transmitted torque T to be linked
with geometrical dimension for a rotational
component

Fr=1? & T =13 (17)

From the previous expression, the evolutions of the
diameter, length, mass, inertia, and all other param-
eters can be expressed as a function of the transmit-
ted nominal force F* or torque evolution T*

The ratio between fatigue stress and maximum
stress is fixed for a given material. In the case of a
reducer, the absolute torque that the reducer can
transmit corresponds to the maximum stress it can
withstand. Therefore, the change in maximum peak
torque T, is proportional to the change in nominal
torque Tyom

Thn =T, =T (18)

nom

4.1.2 Stress—strain relationship effects

For components with a maximal constant stress, the
stress—strain relationship gives

o=FEe= AI/I" =1 (19)

with E the Young’s modulus.

This suggests that, for a given technology, a range of
rotary components (e.g. gear reducers) has a constant
backlash

AG* = A/ =1 (20)

and a stiffness that is proportional to the transmitted
torque

K* = T*/A0" = T* (21)

4.1.3 Maximal speed of rotation

The maximal rotational speed wp.x 0f @ mechanical
component can be limited by mechanical constraints
induced by centrifugal forces or by axial or transverse
vibrations. At high speeds, rotating components, e.g.
permanent magnets of brushless motors, run a risk of
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detachment due to centrifugal forces. Assuming all
dimensions vary with the same ratio gives
ot = w?. I (22)

centr

The resonance frequency fcan be linked to density p,
Young’s modulus E, and dimension / using a dimen-
sional analysis

1 |E*

= T\ o (23)

With the assumptions o* = E* = p* =1, these two

equations provide the same scaling law for maximal
speed

Wt =11 (24)

4.2 Electromagnetic design drivers

The main design driver of electromagnetic devices
concerns their magnetic and electrical circuits.

4.2.1 Magnetic circuit with permanent magnets

For a magnetic circuit including permanent magnets,
such as those encountered in brushless motors, the
magnetic field can be high even with a significant air
gap. The flux density in the common iron sheet must
not exceed given values in order to avoid saturation
and corresponding associated losses. A range of elec-
tromagnetic components must be sized with a con-
stant maximal flux density. Hence

B =1 (25)

For a magnetic circuit involving a magnet character-
ized by a remanent magnetization B,, alength L,, and
an airgap of width e, the flux density can be expressed
by the following relation [41]

1
B=B—=B"=1 26
"I (e/L) 2
The assumption of geometric similarity induces a
constant magnetic field for an entire range of

Permanent
magnet

Ao copper
section area

products. The electromagnetic torque can therefore
be deduced from the Laplace forces [31, 35]

= / JBrdv = T* = J*I*'B* = J*I* (27)

4.2.2 Magnetic circuits without
permanent magnets

For magnetic circuits without permanent magnets,
such as those encountered in clutches and brakes,
air gaps must be small in order to get large magnetic
fields. The mechanical constraints described in the
preceding paragraph must also be taken into account.
Assuming homothetic variation and using the nota-
tions of Fig. 3(b), the flux density can be expressed by
the following relation [41]

B =JAw . B =) (@28)

(e/uo)(1 + (Alron/.ure))

The magnetic fields increase with machine size,
which could lead to iron saturation. For small size
magnetic circuits, the electromagnetic force is
expressed by

F* — ]* l*SB* — ]*2 l*4 (29)
4.2.3 Electrical circuits

Electrical circuits including windings should be
designed to make their operating voltage compatible
with the power source or the power electronics. This
voltage is related to the number of coil turns n. An
analysis of the back emf constant K enables to find n
as a function of the operating voltage U
U U*
* *2 %

K =g =" *I**B* = n* = g (30)
The number of turns is also involved in the expres-
sions for winding resistance and inductance

R = I’L*Zl*71 (31)
L = n?[* (32)

Ajron iron cross
section area

TOSS

Winding

L,, magnetic
circuit length

Fig. 3 Induction in magnetic circuit with (a) permanent magnet and (b) coil
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4.3 Thermal design drivers
4.3.1 Temperature rise limits

Thermal stress is an important design driver for elec-
tromechanical components. The temperature rise of
the winding insulation and of the lubricant of
mechanical components must not exceed given tem-
peratures if they are to operate correctly. The maxi-
mum temperature 6 should be constant throughout a
range of products, giving

g =1 (33)

For electromechanical components, the relation-
ships between energy loss and temperature are estab-
lished assuming a geometric similarity. Heat
dissipation is essentially proportional to the convec-
tive surface area because the materials involved,
mainly metals, are good thermal conductors. The
temperature gradients are essentially localized at
the outer surfaces for convection with the surround-
ings or at the insulation of the coils for conduction
(the insulation thickness is constant for a given volt-
age range). Therefore

Pi = I2A0" = P =1 (34)

The design constraints induced depend on the nature
of the losses encountered.

4.3.2 Electromagnetic losses

For brushless motors or electromagnetic devices,
the Joule effect is the main source of losses at low
speed

Plt)ss,]oules = ]:12 I (35)

with J,; the surface current density.

With a fixed maximum admissible temperature, the
nominal current density in the conductors is thus
expressed by [31]
ko 1*71/2 (36)

el

The iron losses can become significant for higher
speeds, especially in the brushless motors used in
aerospace applications, with high speed or high
torque and a large number of poles. Some brushless
motors are thus not limited in speed by the centrifu-
gal forces on the magnets but rather by the thermal
constraints and iron losses. The losses of a motor are
given mainly by the sum of the Joule losses P;
(copper) and iron losses, Pjon

Ploss, motor — P] + Piron (37)

According to the Steinmetz-like formula provided in
reference [42], the variation of the iron losses can be
expressed as

J - f*b.M* (38)

iron iron

where fis the electrical frequency and M., the iron
mass.

Based on the study of Grellet [42], an average
value of 1.5 can be considered for b. According to
the thermal limit of the motor, the maximum iron
losses Piron, w,,, that occur at the maximum speed
(when not limited by the centrifugal constraint)
are equal to the maximum admissible power losses
since no electromagnetic torque causes Joule losses
(Fig. 8). Thus, the evolution of the f,,x maximum
electrical frequency with respect to the thermal
limit is

Fras = 17 (39)

Taking into account of the number of pairs of poles,
the maximum admissible speed of a motor with
respect to its thermal limit can be expressed easily.

4.3.2 Mechanical losses

Other sources of loss are the frictional losses in
mechanical parts. These losses increase with speed,
causing the temperature to rise. Consequently, the
lubricant becomes more fluid, with degraded bearing
properties that increase the friction coefficient.
Beyond a critical temperature, i.e. at maximum
speed wmax this phenomenon causes unacceptable
wear damage. This speed limit is common to many
mechanical components, e.g. rolling bearings, which
are also present in screws or reducers

=V Fr = ot IF = of = PE L (40)

nom nom nom

5 EMA COMPONENT MODELS

This section describes estimation models for the elec-
tromechanical components of Table 1. The models
are oriented to minimize entry definition parameters
as proposed in Fig. 2(b). The bulk of the contribution
of this section is contained in Tables 3 to 7.

5.1 Mechanical components

5.1.1 Bearings and ball/roller screws

Bearings and ball/roller screws, Fig. 4, are mainly
modelled here assuming a constant admissible

stress, as explained in section 4.1. Resulting scaling
laws are given in Table 3.
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Table 3 Established scaling laws for bearings and ball and roller screws
Rolling bearings Ball and roller screws
Parameter Unit (incl. end-bearings) Spherical bearing (nut and screw) Equation
Definition parameter(s) Dynamic load capacity Nominal static load Nominal output force
Cnum (N) G) (N) Fan (N)
Integration parameters
Length, diameter, width M I =cl2 =g I* = F:}/? (diameter) (41)
and depth
Inner diameter M Ain = dext — (F)'* Ad,yp in = dext — (F)'* Adyoy - (42)
Mass kg M* = C32 M+ =GP M* = F2/2 (nut) (43)
Mass per unit length kg/m - - My =F;,,, (screw)
Simulation parameters
Moment of inertia kg.m? - - Ji = Fioie (nup) (44)
Moment of inertia per kg.m - - J; = F;2,, (screw) (45)
unit length
Operational limit parameters
Maximum force N Crax = Crom Cax=G Erox = From (46)
_1)2 Ohaxvip = Frane 172
Maximum speed rad/s &ax = Chont - o ) 47
max,nut — * nom
Table 4 Established scaling laws for gear assembly and worm gear reducers
Parameter Unit Pinion or wheel Equation Worm gear Equation
Definition parameter(s) Nominal torque Nominal output (wheel) torque
Thom (Nm) Tyn (Nm)
Number of teeth Z Internal wheel diameter
dwh,in (m)
Integration parameters
Tooth module M m* = Ti3 7173 (48)
Diameter M as = m*.Z* = Tyom . 2%/ (49) A e Ay = Tiip2/3 (50)
Width M b* = m* = Ty 2513 51) I, =di =T:1/3 (52)
l;c = d*wh,ext
Mass kg M* = d?2b* = T, .Z* (53) My = Thy, (54)
Simulation parameters
Moment of inertia kg.m? J* = d®br = T3 2478 (55) Jog =Tl (56)
Operational limit parameters
Maximum torque N.m Thax = Thom (57) Tropmax = Liphnom (58)
Maximum speed rad/s Dhax = P bearing (59) Ofax = Ohax sc (60)
Table 5 Established scaling laws for the speed reducers
Speed reducer - 1 stage Speed reducer - n stages
Parameter Units Cycloidal, harmonic drive Planetary gearboxes Equation
Definition parameter Nominal output torque Nominal output torque (Nm), (66)
Thom (Nm) stage number i
Transmission ratio k . .
Tifnom = 1 ns,m:m y 1< N
k(“;)(lfm)nns—i
Total reduction ratio k
Integration parameters
Length (/) and diameter (d) M d* = Thoh d; =T 67)
I* = Tom =T i > limin (68)
Mass kg M =T, M =T} pom (69)
or Mj = T2om.If (70)
Simulation parameters
Moment of inertia kg-m? JE =T33 Ji = Tl*fu/jn (71)
or Ji = Tytom.If (72)
Torsional stiffness Nm/rad K*=T;,, K = Tromi (73)
or Ki = Tyt . 1! (74)
Operational limit parameters
Maximum torque Nm Trax = Trom Thax = T nom (75)
Maximum speed rad/s oy = Trom Ohax = 11, s (76)
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Table 6 Established scaling laws for brushless motors
Parameter Units Cylindrical motor Annular motor Equation
Definition parameter
Nominal continuous torque Nm T} nom = 132 T} nom = 13 (78)
Operating voltage Vv U* =n*l* U = m* 1Bl max (79)
Integration parameters
Length and diameter m I = Tolss, I =Tol30m (80)
Mass kg M =Tl M* = T om @81)
Simulation parameters
Moment of inertia kg-m? Jr=Tols T =Tl om (82)
Joule loss coefficient W/(Nm)? ot = Tomlas ot = Tomhlon (83)
Iron loss coefficient W/ (rad/s)? B =T, 2‘3/ ,31,,5,,, B =T ;,ﬁam (84)
Thermal resistance(s) K/IW Ry, = TQ};Z,,/S,,? Ry, = TQ‘,;,Z,,/S,,L (85)
Thermal capacitance(s) J/IK "= Te*,i{ i;m "= Te*,i{ ﬁum (86)
Thermal time constant(s) S T, = T;‘,},{ f‘uf’m =1 (87)
Torque or emf constant N/A or V/(rad/s) K* = U*Ta 3, K* = 1% = TSy om (88)
Electrical resistances ® R* = U T332 R =212 = T3203 (89)
Electrical inductances H LF = U2 T5,Y3s LF = n?2 k2 = 123, (90)
if n*=1
Operational limit parameters
Absolute maximum torque Nm T3 peak = Tomnom T3 peak = Tom, max (91)
Absolute maximum speed (mechanical rad/s O s max = Temom O max = Temtom (92)
limit) Maximum speed (electrical limit)
e, max = U
= U Ty tom it =1
Continuous maximum speed (thermal limit) rad/s Ofont, max = Z,ﬁ,ﬁ,m Ofont, max = Tl (93)
Table 7 Established scaling laws for electromagnetic clutches and brakes
Parameter Units Clutch and brake Equation
Definition parameter
Torque Nm T* = I (94)
Operating voltage \ U* = n*I*1/2 (95)
Integration parameters
Length and diameter m I = T*l/4 (96)
Mass kg M* = T3/ 97)
Simulation parameters
Moment of inertia kg-m? J¥ = T*%/4 (98)
Loss w Py, = T*/2 99)
Thermal resistance K/wW R}, = 2 (100)
Thermal capacitance J/K C, = T;‘%{ o (101)
Thermal time constant S = T;‘,},/_ dom (102)
Electrical resistance ® R* = U*2T+1/2 (103)
Electrical inductance H L* = U*? (104)
Operational limit parameters
Absolute maximum torque Nm ;mynmk = T nom (105)
Absolute maximum speed rad/s O max = TZ,;},{ﬁm (106)

5.1.2 Gear assembly and worm reducer

Gear assemblies and worm gearings, Fig. 5, are used
to adapt the motor to the load impedance and also for

power summation or power split. Force summation
allows duplex power paths or geometric adaptation to
the load (distance between centres, interface with
load, countershaft, etc.). Their description, even at
preliminary level, may therefore require geometric
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(a) Ball bearing

(b) Spherical bearing

(c) Ball/Roller screw

Fig. 4 Bearings and ball/roller screws: (a) ball bearing, (b) spherical bearing, and (c) ball/roller

SCrew

(a) Spur Gear

(b) Worm Gear

Fig. 5 Gear assembly and worm gear reducers: (a) spur gear and (b) worm gear

(a) Cylcoidal Drive

(b) Harmonic Drive

(c) Epicycloidal reducer

Fig.6 Reducers and gear boxes [43-45]: (a) cycloidal drive, (b) harmonic drive, and (c) epicycloidal

reducer

parameters to be used with increased attention. The
assumption of geometric similarity is made here on
the tooth or the screw thread which bears the
mechanical stress.

By associating scaling law models, in particular for
pinions and wheels as described in Table 4, a spur gear
model can be built in agreement with the reduction
ratio, the minimal number of pinion teeth and use of
the same tooth module for pinion and wheel. In the
same way, a worm gear scaling law can be defined. The
ball bearing model of the previous section can also be
used to complete this reducer definition.

5.1.3 Reducers and gearboxes

The estimation models can be used for planetary
gear, harmonic drive [43], or cycloid drive reducers
[44] (Fig. 6). Unlike harmonic and cycloid drives,
planetary gearboxes involve multiple gear stages to
provide high reduction ratios. Therefore, Table 5 dis-
tinguishes single-stage (or first stage) and multiple-
stage reducers. Once again, the main modelling
assumptions are the geometric similarity (section
3.3) and the range sizing at constant admissible
stress (section 4.1).
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For planetary (epicycloidal) gearboxes, the manu-
facturers’ data show that each stage can reach a fixed
maximum reduction ratio, k; max (€.g. 10 for the plan-
etary gearings in reference [45]) due to geometrical
interference. The overall reduction ratio kis assumed
to be shared equally between the n, stages here
(k; = k™). On the one hand, the last stage (i=n,
low speed shaft) is sized with respect to the torque
to be transmitted. The scaling laws developed previ-
ously respect this requirement and therefore are
applied to the last stage without changes. On the
other hand, the torque values transmitted by the sup-
plemental stages are significantly reduced. Their
sizing is not only driven by the transmitted torque
but also by fatigue phenomena. Therefore, these
stages are sized to match the lifetime of the last
stage with respect to fatigue. The lifetime and the
associated cumulated damages Qy, of a gearing with
respect to fatigue is a function of its nominal torque
and nominal speed, w,,,,, [46]

Qh = T,ll)om~wnom (61)

where p is an experimental constant that is equal to
10/3 or 3 depending on the bearing technology.

Equalizing the cumulated damages of the ith stage
of reduction (for i < ny) with that of the last stage by
considering the transmission ratio and mechanical
efficiency of each stage gives

T*
7 ngnom 62
i,nom k(l_i)(l_n_is)nns—i (62)

where T; ., is the nominal torque of the ith stage.
It should be noted that the fatigue constraint in
the supplemental stages may be superseded by
manufacturing or thermal constraints. There results
a minimum length, [,;,, for a reduction stage. The
total length of the planetary gear train is the sum of
the stage lengths

lto[ == Z li (63)
i=1

A detailed analysis of manufacturers’ catalogues
shows two tendencies: the first one (69) where geo-
metrical similarity is used for each stage, the second
one (70) where, to rationalize production, outer
diameters of the supplemental stages are imposed,
identical to the last one in general. The total mass of
the reducer is the sum of the stages masses.

In the same way, the inertia, J; of the ith supple-
mental stage is given by equation (71) or (72). The
total equivalent inertia, J.,, at the high speed shaft is

the sum of the stage equivalent inertias, with a reduc-
tion equally shared among the stages

B ns ]i 64
Jeq = Z Jc2(i—1)/ng (64)
i=1

The torsional stiffness, K;, of the ith supplemental
stage is given by equation (73) or (74). The total equiv-
alent stiffness K., at the low-speed shaft is the com-
bination of the different stage equivalent stiffnesses
Kieq

-1
ns
Kog = (Z I<i,ei]) , where Ko, = Iq.kz(nﬁi)/m
i=1

(65)

The mechanical limit to the maximum torque is given
by the last stage of reduction, where this constraint is
maximized. On the other hand, the limit to the max-
imum speed of the assembly is given by the first stage
that has the smallest conductive surface area and the
highest rotational velocity. Therefore, the expressions
for the maximum peak torque (75) of the maximum
admissible speed (76) are applied to the last and first
stages, respectively.

5.2 Electromechanical components
5.2.1 Brushless motors

The permanent magnet brushless motor can have
two different geometrical configurations:

(a) cylindrical (Fig. 7(a)) with a constant number of
poles and homothetic variation of all the
dimensions;

(b) annular (Fig. 7(b)) with an increasing number of
poles and a constant ring thickness e, for an
increasing radial dimension.

For both types of motors, the estimation models
can be obtained under the same main assumption
of a constant magnetic field, as described in section
4.2. However, the assumptions of geometric similarity
differ and generate two different sets of relations, as
presented in Table 6. Depending on the type of
motor, the typical operational areas can also be dif-
ferent. As shown in Fig. 8, it can be interesting to dis-
tinguish the speed limit from original mechanical
constraints (section 4.1) waps,max from those of ther-
mal origin (section 4.3) wcontmax- 1IN the latter case, it
is important to take into account the general trend of
losses. As explained in section 4.3, the Joule (or
copper) losses are proportional to the square of the
electromagnetic torque, while the iron losses, as
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Stator

(a) Cylindrical

Permanent magnets
Windings

(JI Elementary

\ block

(b) Annular

Fig. 7 Brushless motors (based on reference [35]): (a) cylindrical and (b) annular

Cylindrical brushless motors
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E= Continuous domain of

Power supply limit

Legend em Demagnetization or

== Absolute operational limit A / current supply limit
em,peak %

= Continuous operational limit “«\{/

[ Transiant domain of Tem,nom

Thermal limit T

Mechanicaklimit

Annular brushless motors

T,

em Demagnetization or

A current supply limit
em,peak ‘/

e “‘
i iclpto “\ Power supply limit
- N /

emnom | D

s Volttige supply limit

& Mechanical limit

»

operation

abs,max

cont,max

1 ra) © T ) »

cont,max abs,max

()]

Fig.8 Typical operational boundaries of cylindrical (left) and annular (right) brushless DC motors

given in reference [42], are a function of the electrical
frequency, i.e. the angular velocity

P] Pimn
2 b
Ploss, motor = &. Tem + ﬁ.wmmr (77)

where the coefficients o« and B are the Joule and iron
loss coefficients, respectively.

The estimated iron losses are also of importance
when their damping effect (negative slope in
torque/speed characteristic) is used to avoid flutter
[14]. This loss model can be connected to one- or
two-body thermal models (distinguishing the
copper temperature from the iron temperature or
not) [47], where the thermal resistances are propor-
tional to the surface area and the thermal capaci-
tances are proportional to the mass.

5.2.2 Electromagnetic clutches and brakes

The dimensions of electromagnetic clutches and
brakes are mainly related to those of their electro-
magnet. The design criteria are therefore those
described in section 4.2.3.

5.3 Validation of estimation models

Unlike the similarity laws obtained statistically [27],
the form and the exponents of the relations

established in section 5 were justified by the physical
considerations of section 4. These scaling laws have
been compared with manufacturing company data
[43-45, 48, 49] for validation. The proposed equa-
tions remain valid for extrapolating the performance
of a single component. Figure 9(a) to (c) illustrates the
interest of the estimation models for motors and
reducers. The good agreement is also confirmed for
other components. Log-log graphs have the advan-
tage of covering a large definition range by giving
straight lines as a result of the analytical form of the
scaling laws. The slope of the log/log graph is given by
the exponent of the power law while the selected ref-
erence product fixes a particular point of this curve

y=xt =y =20 5 tog(y)
ref
— log (y o ) + b.log(x) (107)
xref

Figure 9(a) to (c) validates the scaling laws estab-
lished for mass, inertia, and maximal speed estima-
tions. In the context of technology selection, it can be
seen in Fig. 9(a) that all the three types of reducers
studied have comparable torque/mass ratios,
although the harmonic drives show the best charac-
teristics, followed closely by the cycloid reducer.
Motor data are plotted for framed -cylindrical
motors as well as frameless annular motors. The
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latter, therefore, have an advantage with respect to
mass considerations, partly for their hollow rotor
shaft and absence of rotational bearings.

Figure 9(a) shows that the scaling laws established
for the motors’ thermal simulation parameters pro-
vide an efficient estimation of the effective values
given by the manufacturer. The dispersion observed
for annular motors comes from the non-homothetic
scaling of the whole product range as designed by the
manufacturer according to his catalogue. Different
lengths of motors are proposed for a given diameter,
allowing easy derivation of a given design to obtain an
extended range. This is one limitation of the
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Fig. 9 Mass, inertia, and speed as a function of the
nominal torque for brushless motors and redu-
cers: (a) brushless motor and speed reducer
masses as a function of the nominal torque,
(b) brushless motor and speed reducer
moments of inertia as a function of the nomi-
nal torque, and (¢) maximum speed as a func-
tion of the nominal torque

estimation models developed on the basis of the geo-
metrical similarity principle.

Figure 9(c) globally confirms the capability of scal-
ing laws to estimate the maximal admissible speed.
However, the maximum losses of annular torque
motors do not differ significantly from the estimated
value for definition torques below 40 Nm. Analysing
the manufacturers’ data shows that these motors
become limited by the maximal input voltage. The
design driver used to establish the scaling laws is no
longer applicable. The speed limit evolution for a
fixed maximum input voltage (here 600 VDC) has
been represented by a dashed line in Figure 9(c).
This input voltage constraint can be explained by
the rationalization of the power electronics product
range associated with the motors. In this sense, the
established scaling law provides the maximum
speeds that the motors could reach without restric-
tion on power electronics.

The predictive significance of the scaling laws of
Table 4 can be observed in Fig. 10, which plots the
manufacturing company’s data [50-53] versus what
is predicted from the estimation model. Figure 10
shows that points representative of mass and inertia
of gear and worm pinions fall closely around a
straight line of slope one with a standard deviation

(a)0%0000
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Fig. 10 Mass and inertia of pinions and wheel in gear

and worm reducers: (a) pinion masses for
spur and worm gears and (b) pinion inertia
for spur and worm gears
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for the error of these models of less than 10 per cent.
Estimation models for other components such as ball
bearings and roller screws are validated in reference
(54].

6 FURTHER APPLICATIONS OF THE
ESTIMATION MODELS

The objective of this article is to provide enabling
tools for the pre-design, simulation or optimization
tasks. The proposed estimation models associated
with other system simulations, CAD, reliability, and
optimization models support the preliminary design
efficiently, where only a few design parameters are
available but major technical decisions are to be
taken.

1. Their use with system simulation models and
inverse simulation enable quick sizing and archi-
tecture evaluation even with complex mission
cycles. References [18, 54-56] give examples of
the implementation of such CAE tools in the
Modelica language [57] dealing with examples of
an aileron, a spoiler or nose landing gear steering
actuators.

2. Their connection with CAD software can improve
and accelerate the integration study. Reference
[19] gives an example of a geometrical integration
study in the CATIA framework for a nose-landing
gear door actuator.

3. Their uses with degradation models enable life-
time and reliability to be assessed. Thus, reference
[58] deals with the design for reliability of electro-
mechanical actuators.

4. Their use in the design of experiments and optimi-
zation algorithms enables optimal design of elec-
tromechanical actuators. Reference [59] is an
example of optimal geometrical integration of a
linear actuator with a minimal mass objective.

7 CONCLUSION

A technology shift towards more electric solutions is
emerging in aerospace actuation. New technology
brings new challenges, especially for the preliminary
design process of actuation systems and components
that cannot simply be a duplicate of former practices.
In this way, it is no longer meaningful to proceed to
sizing by points (as for hydraulic actuators). Instead,
it is necessary to take into account mission profiles
covering all possible sizing drivers (e.g. maximum
speed and torque, fatigue, thermal behaviour, vibra-
tions, and shocks) and addressing various design cri-
teria (e.g. geometrical envelope, weight and
reliability). For this purpose, appropriate top level

evaluation tools should be developed to support an
efficient preliminary design. In this article, such tools
have been proposed in the form of models for the
major generic EMA components, which are first iden-
tified by a state-of-the-art of the actuation systems in
aerospace and aeronautics. This state-of-the-art also
highlights the different stages or design points of view
encountered in early preliminary studies. Then, a
classification of the design parameters associated
with these stages has been proposed to fit into a
model-based design approach. Obtaining these
parameters quickly and easily is a critical issue for
sizing calculations and early simulations in the
framework of risk mitigation. The scaling law
approach presented in this article responds to this
issue by allowing the development of component
models from a limited number of input parameters.
Moreover, the scaling laws developed are representa-
tive of the state-of-the-art of technology and require a
single component reference instead of a large amount
of data that are cumbersome to set-up and maintain.
These laws have been compared with manufacturers’
catalogue data to validate their relevance. Finally,
the usefulness of these estimation models has been
illustrated with potential applications for EMA
model-based designs.
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ABSTRACT

The objective of simulation models is to establish the relationships between the different components of a system and to
access the variables influencing the selection of these components. The sizing scenarios at system-level can often be represented
by lumped parameter models simulated with static, transient or harmonic solvers. The level of modeling should be as simple as
possible to minimize the number of parameters to be provided, and as fast as possible to allow optimization while giving access
precisely to the design variables. Such models can be obtained by deduction or reduction methods. The associated paper,
entitled "Modelling approach for the Simulation-Based Preliminary Design of Power Transmissions" and published in the
journal Mechanism and Machine Theory, illustrates how transient inverse simulation and estimation models with scaling laws
can be used to size actuation systems.

Keywords: simulation models, sizing scenarios, mission profiles, forward and inverse simulation, model deduction, model
reduction.
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NOTATION
Acronyms
DAE Differential-Algebraic Equations RMS Root Mean Square
DC Direct Current SOA Safe Operating Area
EMA Electro-Mechanical Actuator PDE Partial Differential Equations
ODE Ordinary Differential Equations 0D-1D  Lumped parameters models
PMAC Permanent Magnet Alternative Current 2D-3D  Distributed parameters models
PDE Power Drive Electronic
Nomenclature
e Effort (bond-graph) vV Speed
f Viscous friction coefficient or flux (bond-graph) | ¢ Fatigue coefficient
F Force
M Mass
X Position
x Speed
X Acceleration
Indices and exponents
th Thermal RMC Root Mean Cube
RF Rolling fatigue RMS Root Mean Square
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1. SIMULATION MODELS

1.1. Objectives of simulation models

This chapter is devoted to simulation models at system level. The simulations used here differ from the
geometrically based simulations of a component during its detailed design. References [1] and [2] stress that
the design of multi-domain mechatronic systems requires different modelling layers as represented in Figure

1:
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A mechatronic layer, to account for the functional and physical coupling between components.
This level of modeling is usually achieved using 0D-1D models [1], also called lumped
parameter models, represented by algebraic equations, ordinary differential equations (ODE) or
differential algebraic equations (DAE) [3].

A specific domain layer, to describe the performance limits and parameters necessary in the
previous layer, based on a geometric representation. The specific domain phenomena are
generally represented through partial differential equations (PDE). This level of modeling can
be achieved, for simplified geometries, by using analytical models or, for complex 2D and 3D
geometries, by using numerical approximations, like the finite element method (FEM) for
Instance.

Figure 1 — Hierarchical design models (based on reference [2])

This chapter will focus on the models to be developed in the mechatronic layer for the synthesis of the
operative part of a physical system and more particularly of an actuator. The goal of these models is to
establish relationships between different components of a system and access the variables influencing the
selection of components. These variables can concern power and energy (e.g. force, speed) or other physical
variables (e.g. temperature) which can cause a component to deteriorate rapidly or gradually. In the example
of section 1, the design of a spoiler required the representation of different configurations of use called
sizing scenarios. These scenarios may take the form of:

operating points with power, speed or force constants for applications with steady states.

a transient mission profile, such as a temporal mechanical profile giving access to the maximum
speed, forces and fatigue of mechanical components or a transient thermal profile providing
access to the thermal stress of a brushless motor;

critical events, such as jamming of the control surface, which can create violent internal efforts
by the sudden deceleration of the motor inertia, or a violent gust of wind requiring a rapid
decline of the control surface.

Several questions can then arise:

How can the simulation be performed? What tool and what kind of resolution should be
adopted? The end of this section deals with the type of models usually chosen in mechatronic
design.
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e How can the sizing scenarios which can be operating points, mission profiles or critical events,
be defined? Section 2 will focus on the main design drivers of EMA components and will
describe how to take them into account through simulations.

e  Which model level should be adopted for the simulation? How can the adequacy of the
simulation model and the sizing scenario be ensured? Section 3 illustrates the concepts of model
deduction or model reduction to define the level best suited to the design phases under
consideration.

1.2. Modelling formalisms and modelling levels

To represent the main design variables and the interaction between components, the modelling of
mechatronic systems mainly uses lumped parameter models. A lumped element model simplifies the
description of the behaviour of spatially distributed physical systems into a topology consisting of discrete
entities. Table 1 summarizes the main representation formalisms and simulation tools available with the
example of a DC motor.

The balance between the needs of the application and the simulation model will depend on the response
times and the bandwidths to be represented:

. For phenomena that vary relatively slowly, steady state or quasistatic analyses can be used. The
resolution is done through a set of algebraic equations manipulating constants or harmonic
amplitudes.

. When the mission profiles show faster changes it may be necessary to take into account one
dynamic effect, as the inertia of the rotor. This type of simulation can be represented with one state.

. With rapid transients, resonance modes can be excited and add significant oscillations. This type of
simulation requires several states to represent inertial and capacitive effects.

The representation of the components will depend on the phenomena to be simulated. For preliminary
design, a hydraulic cylinder can often be initially modelled without considering inertial and capacitive
effects, which have little effect on the power demand. An electromechanical actuator, on the other hand, may
require the representation of transient effects of thermal capacity or mechanical inertia. Table 2 develops
different modeling levels for some typical components of actuators as an illustration.
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Lumped parameter model to be represented

g

The DC motor can be modelled by a set of
differential-algebraic equations (DAE):

{55 = f(xy,u®)
0= h(x,y,u(t))

where Kirchhoff’s laws provide algebraic equations
and characteristic equations of elements give the state
variables.

Block diagram and state space representation

Typical software packages: Matlab/Simulink [4],
Scilab/Xcos [5]

A link transmits a signal representing a variable. The
solver is able to solve ordinary differential equations
(ODE):

X = f(x, u(t))

The equations of the DC motor need to be rearranged
in order to be rewritten as:

di U-Ri—-Kw dw Ki—-fw
— = and &2 = K7f@

dt L dt Ji

, before block diagram is drawn up or state space is
modelled.

Bond-graph and causal models representation

I:L I
U 1 GV:K 1
B

R:R R:f

Typical software: 20-sim [6], AMESim [7]

A link transmits a set of two power variables (effort /
flow variables). The resulting representation is much
more physical and enables knowledge to be built up
and stored in dedicated libraries.

The analysis of causality generates model structures
leading directly to ordinary differential equations.
This analysis can be done graphically by prohibiting
certain non-causal associations [8].

Nodal representation and declarative or non-causal
models :

J
L L
i K

Typical software: Modelica [9], VHDL-AMS,
Matlab/Simscape

A link transmits the necessary quantities to Kirchoff's
laws (across / through variables).

The models are declaratives with no preferred
orientation. A symbolic treatment enables the
equations resulting from the combination of basic
models to be oriented [10].

Table 1 - Representation formalisms and examples of available simulation tools for lumped parameter

models
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Components Functional model Main imperfections
(transformers) Quasistatic Transient
(losses) (capacity and inertia)
Compressibility Mobile mass
c I
Hydraulic jack i
y ] P TF F g;o TF 1 C W
Q v P CF
L L q =0 TF 1
: R : :
leakage friction R R
Inertia Stiffness
| K
Ball screw p
LIS /. LIRS 1—F i
Q Vv Q v !
T ) F
L 51 TF 1—
\ :
friction
R
Inertia Stiffness
(T; TF 1 TZ | K
Reducer T T 1 Q, ;
1~ TF 2 ~ L W
2 2 L 1 TF 1-2
R Q, Q,
friction L
R
I:iL 12
/ /
DC motor T
U o T y GY:K
Y:K - 1 H 1 |
i G Q i L Q L U | = GY:K T . 1
i Q
R:R R:f L y
R:R R:f

Table 2 — Different level of modelling represented with bond graph formalism

1.3. Orientation and use of simulation models during sizing activities

The advantage of a non-causal model is its ability to carry out both direct (or forward) and inverse
simulations [11] [12]. Inverse simulation eliminates control loops and corresponding blocks by calculating
the inputs to be applied to the components (current, voltage to the motor, for example) for a given load
mission profile [13]. Figure 2 illustrates how the effort required to obtain an imposed displacement on a
sliding mass with viscous friction can be found through direct simulation or inverse simulation. Modelica
enables these two simulation modes thanks to its acausal modelling capability [14].

- 48 -




Chapter 2: Simulation models for preliminary design

a) Forward or direct simulation

puise_drect

P|siSensor.

sine_direct firstOrder P P
feedback_p. eedsens.
<

Imposed >

displacement x e % -
| .
Force to 1
be klr
applied ?

Mase b) Backward or inverse simulation
pulse_inverse

Friction —|_|—|_
mechT.. real_to... period=Z
£ mass_inverse =" secondOrde... freqHz=0.5
O —
A X —od \/\ /\ /

w=BW_teta... sine_inverse

dwep

AU I9

Figure 2 — Direct vs inverse simulation

To perform an inverse simulation, the roles of u and y in the following system of equations have to be
reversed [12]:

{J'C = f(x,u)
y=gxu)

x = Ax + Bu (1)

which becomes, after linearization, {y - Cx + Du

If D # 0, inverse system state equations are deduced straightforwardly. If D = 0, the inverse of the
system is obtained from & successive time derivation of the output y until the input u appears [15]:

x = Ax + By@® (2)
u=x+y®
withA = A — B(CA*'B)™'CA% B = B(CA* 'B) ', = —(CA* 'B) 'CA%and D = (CA*'B)!

For the example of Figure 2, two successive derivations have to be applied to inverse the system.

-0 O+, [H=C DEO+O)s ¥
y=re@n () w=r =01 )+ 005

Within Modelica these derivations are achieved by manipulating equations [16] and using the second
order filter which is added to the imposed displacement. The inverse simulation is not always possible,
however. For example, in the case of a Coulomb friction, for efforts located in the cone of friction, matrix B

is null and the state inversion is impossible.

To illustrate the precautions to be taken when using inverse simulation through a numerical case,
simplified simulation conditions, nevertheless respecting the order of magnitude of the conditions of an
aileron in cruise flight, are used:

e The displacement requested is a sinusoidal movement with an amplitude of 3 mm and a
frequency of 0.5 Hz;

e The mass, which accounts of the inertia of a brushless motor, is 20.10° kg, the viscous friction ,
which represents few percent (5%) of the maximum load at maximum speed, is equal to 30

kN/m.s'l;
e  The required bandwidth for the position loop is 2 Hz at -3 dB gain;
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e A disturbing force, acting as a driving load with steps between 10 kN and 20 kN, simulates the
effect of aerodynamic efforts and also the change of quadrant and efficiency in a screw/nut
system.

Without disturbing efforts, if the dynamics of the correctors (direct simulation) and filter (inverse
simulation) are set to obtain the required bandwidth, then the effort, speed and position variables are exactly
the same. The “inverse simulation” filter not only allows inverse simulation but can also simulate the
dynamic response required ot the actuator on a mission profile. The inverse simulation then avoids having to
calculate the controller parameters and accelerates model design and shortens simulation time [17].

With a disturbing force, direct and inverse simulation may present greater differences when the
bandwidth of the speed loop is low and the disturbance rejection is poor. Figure 3, however, shows that for
the case studied here, the differences are small. In the case of an electromechanical actuator, the bandwidths
of different control loops are indeed well separated effects: typically 1-10 Hz for the position loop, 50-100
Hz for the velocity loop, 500-1000 Hz for the torque or current loop.
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s.684]
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2584 —— Time (s)
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Figure 3 — Simulation results (direct and inverse) with disturbance force

The activities of sizing and design at system level may need to use the models according to two
resolution modes:

*  Inverse simulation, which allows backward propagation of power variables can be used during
power sizing for a quasi-static operational point or a transient mission profile, for life time
calculation, etc.

*  Direct or forward simulation can be used for critical case simulation (short-circuit, jamming),
resonance mode calculation, transient thermal simulation, closed loop performance estimation
(bandwidth, response time), etc.
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2. REPRESENTATION OF DESIGN SCENARIOS

2.1. Design scenarios and design drivers

Design scenarios are shaped to describe situations that the mechatronic system can encounter during its
service life. These situations result from operating and environmental conditions, and also from performance
indicators and duty cycle requirements. In addition to this system integrator knowledge, the system
suppliers’ knowledge is required to complete the definition and validation of design scenarios as illustrated
in Figure 4 for flight control actuation systems. The airframe manufacturer possesses information that does
not relate to specific components or technology, whereas the system supplier has detailed information on
component functions and characteristics. At the first stage most of the information is strictly qualitative
except for environmental conditions, mission profiles and operating points. Figure 5 shows the information
breakdown pertaining to both the airframe manufacturer and the system supplier during the requirements and
design scenarios definition process. In Figure 5 design drivers refer to component performance limitations.
The limitations can be of two different types, due to rapid or gradual degradation. Typically, a rapid
degradation design driver is linked to maximum values that must not be exceeded, while a gradual
degradation driver refers to fatigue effects over a repeated number of cycles. Not all the rapid and gradual
degradation drivers of a component may be reached during sizing; they must, nevertheless, be addressed and
validated. A description of the main design drivers of the main mechatronic components is given in chapter
4. In addition to these drivers, components have some parasitic characteristics like mechanical friction,
stiffness inertia etc. which can have an impact on the whole actuator sizing. For his reason, they will be
considered as new (parasitic) drivers. Examples of parasitic effects are given Table 2. Integration can also
impact part design, adding new geometrical design drivers.

Figure 4 - Informations exchanges between system supplier and airframe manufacturer during definition
of design scenarios [18]

-5] -



Chapter 2: Simulation models for preliminary design

Qualitative Only
Aircraft flight control
g l---- Qual. & Quantitative
=
=
-3
=
£ Operating modes H
7]
£ l
= ] ]_ | quantify--—~-bL -~ |
o= ; = pEasSsEses 1 Mission profiles!
-« Required | | Operating i Environmental ' Performance < snd :
functions conditions b _c_c}Edﬂjo_nE 1 and duty cycles : operating points !
] _____ e
define P FiSmrgaea)
= T |
: : . e
= tectures . : pecia I
é (Phyisical and Control) : Beisian scenatics 1 validate : mission profiles |
7] ! .
a Ymne Cenne FoCononsos ;
validate validate
define
) : :
=T} Available Operating : . ; : o
E functions conditions Design drivers and operational limits
z | |
=
2 l .
-
@
- Operating modes H
=5
=
v
E
=
2 Component
v

Figure S - Design scenario definition process [18]

2.2. Sizing scenario types

The design scenarios can take different forms: steady state operational points, transitory mission profiles
or critical cases. Operational points and mission profiles express the power demand of the load. Critical
cases express abnormal or extreme uses of the system. Figure 6 illustrates a mission profile expressing the
variation in needs for force, position, and speed with time, expressed at the level of the load, and which have
to be driven by the nose landing gear steering actuator. This power requirement is often represented in a
force/speed plane in order to superimpose the capacities of the actuator and the requirements of the load in
the same plane. Figure 7 illustrates this approach with the example of a hydraulic actuator and an electric

actuator.
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Figure 6 - Example of mission profile for a nose landing gear steering actuator
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Figure 7 - Example of mission profile compared to a) hydraulic and b) electric actuator safe operating

arecas

Figure 7a shows that the need for power which is expressed in the force/speed plane is included in the
safe operating area of the hydraulic actuator. This envelope is representative of the continuous and transitory
capacity of the actuator. Therefore, the actuator is able to meet the need. The mission profile may thus be
extremely simplified and represented by effort/speed operational points. On the other hand, as shown in
Figure 7b, the electric technology is characterized by a transitory operational area different from the thermal
continuous limits. It is then necessary to evaluate the entire mission profile and not just operational points.

The synthesis of a mission profiles depends on the application as illustrated in Figure 8 :

Predefined mission profiles: the displacement curve/ profile can be fixed once and for all by a
point-to-point displacement curve. For aircraft actuation systems, typical applications are

-53-



Chapter 2: Simulation models for preliminary design

landing gear, doors and some secondary flight controls (flaps and slats). Some shape parameters
can be used to optimize the actuator on the criterion of velocity, acceleration or maximum
power.

e  Mission profiles extracted from simulator or measurements: Effort/movement profiles are
generated by a global system simulator or directly acquired by measurements on previous
applications. For aircraft actuation systems, typical applications are primary flight control as
ailerons or rudder. This mission profiles can present non-physical discontinuities & higher
dynamics than that required (sampling, various flight stages put together). A filter implemented
as a state model can be used to adapt a profile with dynamics compatible with the main
saturations or main power limits of actuators.

Position ==y
d
100% 100%
50% 50%
50% Too% 0% oo% =
d: movement stroke [rad] Mimax: Maximum possible speed [rpm]
= ot e . "max = TF 7,  (independentof a)
Acceleration =
a J
100% 100%

imax: maximum jerk [rad/s®]
4 d

Bz Maximum acceleration [radis?] )
Imax = aT+P)1-20-B 17
at., = jerk time
(dependent of a and §) Pt,, = time with constant speed

e ____._d
(IR -2a-B) 1,7

Positon (mm)

b) Mission profiles from simulator or measurements

Figure 8 — Different types of transient mission profiles

2.3. Mission profile analysis and simplification

Design scenarios represent stresses involving slow or rapid degradation. Gradual degradation scenarios
are those that cause failure of the actuator after an expected lifetime. While rapid degradation is produced by
maximum performance, transient power demand or failure conditions. For permanent flight control actuators
like ailerons and elevators, airframe manufacturer mission profiles contain the required actuator speed and
applied loads for a long period of time. Such profiles, containing multiple phases as illustrated in Figure 9,
are usually complex. It can be convenient to simplify them in order to validate specific duty cycle
requirements and shorten the preliminary optimal sizing process and further tests. The process for doing this
consists of finding the simplest equivalent test profiles that can stress the components equally. For that
purpose graphical maps and numerical indicators can be used in order to compare complete and simplify
mission profiles.
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Figure 9 — Different phases of an airframe manufacturer's mission profile for an aileron [18]

Generally, the highest speeds and loads must be kept in the profile in order to verify the behaviour of
mechanical and electrical components against required actuator performance levels. If the mission profile
actuator dynamics do not match the specification, as illustrated in Figure 10, a state space filter can be added
in order to adapt the mission profile. An implementation of such a filter is shown in Figure 11, and includes:

e An acceleration limitation: linked to maximum motor torque/ power electronics maximum

intensity and global inertia.

e A speed limitation: linked to the Power Drive Electronics (PDE) voltage limit, rotor mechanical

limit or electronic switching.
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Figure 10 — Actuator mission profile
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Figure 11 — State model filter

Concerning mechanical fatigue and cyclic phenomena, rolling-fatigue can be characterized by the
indicator:

Qrr = le"‘Vldt @

where o depends on the rolling contact geometry (3 for circular contact and 10/3 for linear), while " and
V are respectively the force and speed developed. Figure 12a and b give 2 examples of the rolling fatigue
distribution (% of total mission fatigue) calculated:

e on position intervals to see if fatigue is shared equally over the whole screw thread.
e on time intervals to see if fatigue is shared equally over the flight.

For this example, most of the damage occurs during the cruise phase and is concentrated on few screw a
threads as suggested by the rolling fatigue distributions. It is then possible to define a simplified sinusoidal
motion profile with constant load during a reduced time. This leads to the same maximal degradation as the
original airframe manufacturer’s profile with the advantage of easier design calculations and validation tests.
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Figure 12 — Rolling fatigue distribution in time and space [18]
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Representing motor overheating is more complex because the behavior of a thermal model has to be
considered to compare transient winding overheat to average overheat. The latter can be represented
mechanically with the Root-Mean-Square (RMS) of the mechanical load F as,

1 % 1 %
Fos = (;fuﬂmr) o (;-flﬂdt)

This is proportional to the copper losses, which depends on the square of the current i of the motor. To
characterize the electric motor’s transitory thermal behaviour, the square load can be filtered by using a
function with the same time response as a typical brushless motor. The thermal model shown schematically
in Figure 14 can be used for this purpose.

)

Rth ] th;’ Cy,; - copper thermal capacity
| . .
P J —J Cy> : iron thermal capacity

—L Ry,; : copper-iron thermal resistance

L o .
thl th? Ry : iron-ambient thermal resistance

P;: copper losses
Figure 13 — 2-body electric motor thermal model [18]

A simplified equivalent profile must lead to the same motor thermal behaviour as the original profile. For
this purpose, the evolution of the RMS filtered load can be analysed as shown in Figure 14 for an aileron
application. Since an exact thermal time constant is not known, the motor’s thermal model can be varied
between possible extreme values in order to observe critical behaviour. For this analysis it has been assumed
that the actuator has no time to cool down during the aircraft preparation phase on the ground. The complete
mission profile can be replaced by a constant load with a small sinusoidal movement for a reduced time.
Figure 14 shows that the maximum temperature is the same for the complete mission profile and for the
simplified one.
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Figure 14 — Filtered RMS load given by two different 2-body thermal models [18]

Dimensionless indices can also be used to compare degradation phenomena of the different components
and determine the most important ones e.g. root-mean-cubic load which is related to rolling-fatigue can be
compared to maximum load.

3. CHOICE OF MODELING LEVELS
During the downward-sloping branch of the V cycle, the information available on components, which

have not yet been selected, is limited. The modelling level should be as simple as possible to minimize the
number of parameters to be provided, should be as fast as possible to allow optimization, while providing
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access to the useful design variables. Way of obtaining such models by deduction or reduction [19] are
illustrated here with two examples of electromechanical drives.

3.1. Deduction approach

The model deduction approach gradually refines the model until the appropriate level of modelling is
obtained: the components are first represented by their ideal functional behaviour and the imperfections are
added to represent phenomena with smaller and smaller time constants (Table 2). To illustrate this approach,
we will look at the modelling of a fan motor assembly present in a cooling tower of a power plant where the
heated water is cooled by a stream of upward cool air. These induced draft cooling towers are tending to
replace conventional natural draft cooling towers for reasons of visual impact and flexibility of adjustment.
The fan motor, Figure 15, shown on top of the tower, comprises an induction motor, a shaft, a gear reducer
and the propeller fan. The motor is directly connected to the electrical network via switches and protective
elements. No variable speed controller is used and therefore the motor operates in a steady state at a fixed
speed except when starting up.

GEAR REDUCER FAN DRIVE SHAFT

/" TORQUETUBE

FAN STACK

Gear reducer Torque tube Induction motor

Figure 15 - Diagram and components of the fan motor (source [20])

The Figure 16 presents the different levels of modeling with gradually increasing complexity:

a) The first level model, quasi-static, represents only the torque / speed characteristics of the motor
and load, and the reducer with its transformation and loss aspects. This model represents torque
and speed in the steady state after startup.

b) The second level represents the inertia of the engine and the propeller, and can take the
acceleration and the maximum torque of the induction motor during start-up into account.

c) The third level takes the flexibility of the shaft into account, which can generate oscillations in
conjunction with the inertias.

d) The last level takes the electrical time constants of the stator and rotor into account.

Figure 17 gives simulation results at the high speed shaft of the gear reducer for each modelling level.
The objective of these simulations is to evaluate the maximum torque applied on this component. Steady
state results are similar for all modelling levels. However, during start-up, the maximum torque is highly
sensitive to the model chosen. For this application, the stiffness of the shaft and the mechanical resonance
mode thus seem to be of primary importance. This mode is excited by the torque step due to direct-on-line
connection and also by the negative damping characteristic of the first part of the torque / speed curve of an
induction motor. The last level d) does not provide any additional information for this maximum torque. The
proper model here is the level c).
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Figure 16 - Different modelling levels for the motor fan

-59.



Chapter 2: Simulation models for preliminary design

Torque (N.m)

5000
4000
/ Model ¢)
3000
2000
Model b)
1000 LR fl !.

0- v \
Model a)

-1000

-2000

-3000

-4000 T

0 - 8 12 16
Time (s)

a) High speed shaft reducer torque

Speed (rad/s)
350

[ Model a)
300 —

250 - Model b)

200+

\

150
Model ¢)

100+

-50 T T T T T T T
0 < 8 12 16
Time (s)

b) High speed shaft reducer speed

Figure 17 - Simulations of the different modelling levels (high speed shaft)

The high start-up torque of an induction motor can be reduced if a smooth speed profile is applied thanks
to a speed controller. Figure 18 shows the corresponding model where the speed controller can be
represented by a PI controller or by an inverse simulation. The inverse simulation avoids having to design
the controller with the desired performance by imposing a zero error directly between the reference speed
and the movement obtained. Both models provide the same results. It may be noted, Figure 19, that the
maximum torque applied to the gear reducer has a much lower value in this case compared to previous
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architecture and the torque oscillations are significantly reduced. Level b) of modeling could even be used in
this case with small error.

Forward simulation with speed controler :
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Inverse simulation :
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Figure 18 — Motor fan with speed controller
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Figure 19 — Torque and speed with inverse and direct simulations

3.2. Reduction approach

The model reduction approach starts with a very detailed model and keeps only the elements that most
influence the desired response model. Ersal et al. [19] classify the reduction modeling techniques presented
in the literature into frequency-, projection-, optimization-, and energy-based. Only the energy-based
methods are studied here because they can work directly on the lumped parameter model without shifting the
representation to frequential (transfer function) or state space (matrix) models. The energy-based proper
modelling techniques are built on the premise that in a power system, the most important components to
model accurately are those characterized by the largest magnitudes of energy (or power) flow. Therefore,
these algorithms simplify a given model by eliminating less energetic components, while trying to minimize
the effect of the elimination on the overall energy flow. The activity of an energetic element is defined as the
time integral of the absolute value of the power flowing through it over a particular time-window for a
particular input. In a bond-graph setting, where the flow through an element and the effort across it are
denoted as f'and e, respectively, the element’s activity 4; is defined as:
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i 6
4= f F(Oe()]dt ©)

This metric was defined by Luca in [21]. These indexes are directly present in some programs such as
AMESim [7]. They are easily implementable in any environment, as here Dymola / Modelica [22], in the
form of sensors as shown in Figure 20.
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b) Sensor associated with a rigid component

Figure 20 — Activity index sensors

The model reduction will be exemplified here with the modelling of a critical case: the short-circuit
torque of a submarine propulsion motor. This calculation corresponds to a sizing scenario for the drive shaft
and could be part of the overall design procedure of submarine propulsion. Figure 21 represents the electrical
and mechanical diagrams of such a propulsion system.

—| Alternator
1 . 1 Generator set
Electrical |
panel |
M.E.P | |
Battery pack

Electric motor

Electrical components : schematic wiring diagram
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Figure 21 — Propulsion system (DC propeller motor — SIEMENS)

Figure 22 represents a full lumped model with all electrical and mechanical phenomena where:

e the DC electric motor is modelled by a electromechanical gyrator, an electrical resistance, an
electrical inductance, mechanical viscous friction and mechanical inertia;

e the propeller is modelled by inertia and a quadratic torque source ;

e the shaft is modelled by stiffness with low internal damping ;

e the packing gland and the thrust bearing are modelled by dry friction.

The short circuit is modeled by setting the supply voltage to zero after a gradual rise and stabilization.
Table 3 gives the evaluation of the element's activities: the third column indicates the value of each activity
as a percentage of the overall amount of activities. It may be noted that the motor inertia and shaft stiffness
have lower power activities than the motor inertia and the propeller inertia. It therefore seems worthwhile to
eliminate them to simplify the model. Figure 24 compares the simulation results for the full model and the
reduced model. The difference between the two simulations for the short circuit torque is slight. The reduced
model, shown in Figure 23, seems therefore suitable for the sizing of the shaft.

resistor inductor

élu
[
(]

L=20e-3
Propeler_quadrat. ..

I inertia_motor shaft_stiffness_lusspmpemr—fridiun Propeler_Inertia
=700 e ] L L
O— @ o0
— —
= == 7

C=,
d=25000 J=150e3

e

afefosaloel o

@
3

friction_mator

d=10

||}—-—n—_(

ground1

fixed

Figure 22 — Full model for the propulsion system

Sensor Max Value Percentage
Motor inductor 1.51E+07 33%
Shaft stiffness 6.12E+05 1%
Motor inertia 3.47E+05 1%
Propeller inertia 2.96E+07 65%

Table 3 — Activity indexes
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Figure 23 — Reduced model for the propulsion system
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Figure 24 — Transient torque during short circuit for full and reduced model

4. CONCLUSION

The models used during design at system level usually take the form of lumped parameter models. This
chapter has shown that, to staisfy the various viewpoints encountered during the design of a mechatronic
system, simulation models can take multiple levels of description and different orientations. They need to be
simple to minimize the information needed during synthesis, and as exact as possible, in order to reach the
main sizing variables. These objectives can be achieved by working on the definition of mission profiles and
sizing scenarios and with the use of the right simulation models. Different analysis techniques have been
presented and illustrated with examples. Paper 2 shows how inverse simulation presented in this chapter, and
scaling laws, presented in the previous chapter, can be used together in order to obtain sizing tools.

- 64 -



Chapter 2: Simulation models for preliminary design

5. BIBLIOGRAPHY

(1]

[12]

[13]

[14]

[15]

[19]

H. Van der Auweraer, J. Anthonis, S. De Bruyne and J. Leurdian, "Virtual engineering at work:
the challenges for designing mechatronic products," Engineering with Computers, vol. 29, pp.
pp- 389-408, 2013.

P. Hehenberger, F. Poltschak, K. Zeman and W. Amrhein, "Hierarchical design models in the
mechatronic product development process of synchronous machines," Mechatronics, vol. 20,
pp. pp. 864-875, 2010.

F. Cellier and J. Greifeneder, Continuous System Modeling, Springer, Ed., 1991.
MathWorks, "www.mathworks.com," [Online].

Scilab, "www.scilab.org," [Online].

20-sim, "www.20sim.com," [Online].

L. Imagine, "www.lmsintl.com," [Online].

D. C. Karnopp, D. L. Margolis and R. C. Rosenberg, System Dynamics: Modeling, Simulation,
and Control of Mechatronic Systems, Wiley. com, 2012.

M. Association. [Online].

S. E. Mattsson, H. Elmqvist and M. Otter, "Physical system modeling with Modelica," Control
Engineering Practice, vol. 6, no. 4, pp. 501-510, 1998.

J. Bals, G. Hofer, A. Pfeiffer and C. Schallert, "Object-oriented inverse modelling of multi-
domain aircraft equipment systems with Modelica," in 3rd International Modelica Conference,
Linkdping, Sweden, November 3-4,2003.

D. J. Murray-Smith, "The inverse simulation approach: a focused review of methods and
applications," Mathematics and Computers in Simulation, vol. 53, pp. 239-247, 2000.

J. Liscouet, M. Budinger, J.-C. Maré¢ and S. Orieux, "Modelling approach for the simulation-
based preliminary design of power transmissions," Mechanism and Machine Theory, vol. 46,
no. 3, pp. 276-289, 2011.

S. E. Mattsson, H. Elmqvist and M. Otter, "Physical system modeling with Modelica," Control
Engineering Practice, vol. 6, no. 4, pp. 501-510, 1998.

R. Ngwompo, S. Scavarda and D. Thomasset, "Inversion of Linear Time-invariant SISO
Systems Modelled by Bond Graph," J, Franklin Inst., vol. Vol. 333(B), pp. pp. 157-174, 1996.

C. Maffezzoni, R. Girelli and P. Lluka, "Generating efficient computational procedures from
declarative models," Simulation Practice and Theory , vol. 4, no. 5, pp. 303-317, 1996.

A. Froberg and L. Nielsen, "Efficient Drive Cycle Simulation," IEEFE transactions on vehicular
technology, Vols. Vol. 57, n° 3, pp. pp. 1442-1452, 2008.

D. Arriola, A. Reysset, M. Budinger, F. Thielecke and J.-C. Maré, "From Airframer
Requirements to Detailed Technical Specification of Electromechanical Actuators Aided by
Knowledge-Based Methods," in SAE 2013 AeroTech Congress & Exhibition, Montréal,
Quebec, Canada , September 24-26, 2013..

T. Ersal, H. K. Fathy, L. S. Louca, D. G. Rideout and J. L. Stein, "A review of proper modeling
techniques," in Proceedings of IMECE2007, November 11-15, 2007, Seattle, Washington,
USA., 2007.

H. Group, "www.hamon.com," [Online].

L. S. Louca and J. L. Stein, "Physical Interpretation of Reduced Bond Graphs.," in Proceedings

- 65 -



Chapter 2: Simulation models for preliminary design

of 2nd IMACS International Multiconference: Computational Engineering in Systems and
Applications (CESA'98), 1998.

[22] D. S. Dynasim, "www.dynasim.se," [Online].

- 66 -



Paper 2: Modelling approach for the Simulation-Based Preliminary Design of Power Transmissions

Paper 2 - Modelling approach for the Simulation-Based Preliminary Design of
Power Transmissions

ABSTRACT
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especially for the specific or detailed design stages, from controller design to finite element analysis. However,
the Model Based Design of actuation systems lacks methodologies and expressive simulation models that are
suited to preliminary design, where key technical decisions are taken considering various design alternatives and
few available design details. In order to fill this gap, the present paper illustrates how scaling laws and acausal
modelling can be used as a design tool, exploiting inverse simulation capabilities to evaluate technological
alternatives quantitatively from limited design detail information. The application of the modelling approach is
shown for two major components of mechanical transmission systems. roller bearings and ball and roller screws.
The scaling laws presented are validated with manufacturers’ data. To conclude, the suitability of the proposed
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1. Introduction

The current competitive market environment calls for cheaper, safer and more environmentally friendly systems, along with
ever shorter times to market and an increasing demand for quality and advanced functionalities. The preliminary design [1] is a
critical phase of a project that engages most of the decisions and development costs. The goal of this phase is to define and
technologically embody a concept that complies with all the different engineering disciplines and requirements involved. Later on
in the development, it may appear that the solutions identified do not cope with the various and numerous requirements. With
rapidly advancing computational technology, simulation-based and virtual prototyping designs offer great potential for reducing
cost and improving design quality by supporting early verification and virtual validation of solutions [2,3]. Therefore, in recent
decades, a big research effort has been put into developing software tools dedicated to virtual prototyping early in the
development process [2-7]. Nevertheless, there is still a lack of simple and expressive (i.e. adequate level of detail) simulation
models suited to the needs of preliminary design, where only a few design parameters are available but major technical decisions
are to be taken. This paper introduces an original model-based process that automates the sizing task for power transmission
systems like actuators. This process provides the designer with a rapid capability to make top-level decisions. For this purpose, the
candidate designs must be compared globally, considering the whole set of criteria: power capability, operation domain, service
life, reliability and integration (mass and envelope). As an output, the sizing task must allow the designer to specify the parameters
that define the power transmission system components. The proposed sizing process is described in detail in Section 2.

Besides the complexity of multi-criteria design, the complexity also stems from the huge number of parameters associated with
the above mentioned criteria. Section 3 is dedicated to scaling laws that can reduce the number of parameters to be handled by
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Nomenclature

CAD Computer Aided Design
FEM Finite Element Method
RMS Root Mean Square

SOA Safe Operating Area

3D Three-dimensional

the designer. The interest of this choice is illustrated through the general case of rolling bearings, then in the particular case of
ball/roller screws.

Section 4 describes the tools supporting the methodology, which are implemented here as a Modelica library.

Section 5 is used to point out the interest of the proposed methodology for the preliminary design of a redundant aileron
actuator for a single aisle aircraft. Special attention is paid to the geometrical integration, the mode of operation and the service life.

The last section summarizes the advances made possible by the proposed approach and suggests further developments.

2. Proposed methodology for the preliminary design

As defined by Refs. [10,11] a methodology is a collection of related processes, methods and tools where:

- a process is a logical sequence of tasks performed to achieve a particular objective (“WHATs");
- a method consists of techniques for performing a task (“HOWSs”);
- atool is an instrument that, when applied to a particular method, can enhance the efficiency of the task (supports the “HOWSs”).

The proposed methodology is applied in the framework of Fig. 1 "sizing wave" process that propagates backwards, in the
direction opposite to the functional power path. The system components are considered in sequence, from the customer's power
need to the system power source. As shown by the flow diagram of Fig. 1 for a given component, the proposed process is iterative
and decomposed into four tasks for each component, which are detailed in the following sections. The process is iterated until the
calculated system performance matches the customer's requirements.

Requirementand architecture definition:
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Fig. 1. “Sizing wave” process.
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2.1. Task 1: Automatic calculation of the whole vector of component parameters

The proposed "method" is based on reducing the number of component parameters to be handled by the designer. The
parameters involved in the sizing process are then automatically calculated with estimation or prediction models [12]. These
models should reach a similar level of representativeness and have to reflect the state-of-the-art of technology. An efficient way to
ensure this homogeneity is found by developing the models through a uniform approach. The most direct approach is to use
databases like some software designers [13] do. This approach has the disadvantage of being cumbersome, or even impossible, to
implement in the absence of product ranges, as in aerospace applications. For the same reason, metamodels using response surface
methodology [14], interesting for optimization, seem inappropriate here. Some design codes from mechanical design standards
may also be used [6]. The latter approach requires a significant level of expertise for each component and is therefore cumbersome
to implement and reduces the number of technologies that can be considered, depending on the availability of experts. The use of
scaling laws or similarity rules has the advantage of needing only one reference component for the complete evaluation of a range.
Such a modelling approach has already been applied for system design or comparison of technologies [15-20].

Estimation models used in system-level design aim to link functional characteristics (input) to secondary characteristics
(output). To this end, we propose to define four different types of parameters here:

- Definition parameters (input). To support the designer in pre-specifying or selecting off-the-shelf components, the definition
parameters are defined as those given in the product requirement definition and commonly used in manufacturers’ datasheets
for component selection. For example, the proposed definition parameters for a ball screw are the nominal output force, the
pitch, the stroke and the lifetime. Some parameters are defined by requirements (e.g., life time) and architecture choices (e.g.
pitch). The others should be defined by iteration during the sizing process (e.g. nominal output force and stroke).

- Simulation parameters (output). From the definition parameters, the scaling laws generate the simulation parameters that are
required for the time domain simulation of step 2 (Fig. 1). In the case of a ball screw, the simulation parameters are those
affecting the instant power need and the dominant dynamics (e.g. moment of inertia and friction).

- Integration parameters (output). The scaling laws also have to generate the integration parameters that are used to verify that
the customer's integration needs are met. The integration parameters are typically associated with mass and geometry (e.g. ball
screw's diameter, length and mass per unit length).

- Operational parameters (output). The estimation models also have to generate the operational parameters that define the Safe
Operating Area (SOA). The SOA is representative of the limit of operation of the component in terms of its ability to fulfil its
mission safely during the whole specified service life (e.g. ball screw's maximum output force, maximum speed and dynamic
load).

Input to task 1 is the vector of definition parameters as defined by the designer. The first loop of the sizing wave is run with the
initial vector provided by the designer from rough sizing. Output of task 1 is the vector of simulation and integration parameters
that is automatically generated by the specifically developed library of component models that integrate the proposed estimation
models described in Section 3. Even though this step involves only pure algebraic calculation, the numerical calculations are
implemented with the Modelica [21] time domain simulation language, which was selected to meet the specific needs of step 2.

2.2. Task 2: Calculation of power variable time history

The selected "method" consists of the inverse simulation of the full top-level component model that allows backward
propagation of power variables. Inverse simulation of power variables is enabled by modelling based on a non-causal language,
Modelica [22], which have recently been introduced as industrial "tools". Step 2 requires continuous time dynamic models that are
expressed by Differential Algebraic Equations (DAE) and are based on a lumped parameter representation of the component. In
the early preliminary design phase, the simulation models have to capture all the relevant states without being too detailed. For
example, only the mechanical inertias, electrical resistances, electromotive forces, thermal capacitances and resistances, and the
dominant energy losses are relevant for the power sizing and integration of electromechanical transmission components. More
detailed phenomena, such as electrical inductance, mechanical compliances, and backlashes (etc.) can be neglected in a first
approximation as they usually introduce second-order effects. The Modelica models are simulated here (see Sections 4 and 5)
within the Dymola [23] environment. The Modelica choice was motivated by the non-causal and object-oriented capabilities [21]
that suit the virtual prototyping of multidisciplinary systems well [3-9]. Compared with a causal approach, where relations
between variables are oriented and predefined by procedural statements, non-causal modelling involves only non-oriented
relations between variables [21] that are defined by declarative statements. The advantage of a non-causal model is its ability to
carry out both the direct and inverse simulations [24,25] which can meet different engineering needs through the mechatronic V
design cycle [26]. Corresponding mathematical and numerical aspects are not developed in this article but are described in Ref.
[27]. A modal analysis or the verification of a controller is generally supported by a direct simulation. As illustrated in Fig. 2,
efficient power sizing avoids modelling the controller when using inverse simulation of the power flows going from the actuated
load to the power source through the architecture components [24].

Input of task 2 is the vector of simulation parameters generated during step 1 and the mission profile supplied by the customer.
Output of step 2 is the time history of all the component variables (e.g. ball screw's instant screw speed, acceleration or torque)
that are automatically calculated using the specifically developed dynamic model library.
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Fig. 2. Inverse vs direct simulation of an actuation system controlled in position.

2.3. Task 3: Performance calculation

The "method" consists of collecting the time domain data and extracting quantities that are representative of the power
capability, the operating limits, the service life and the reliability. Safe operation domain analysis and degradation models for
lifetime and reliability have been developed and are involved as key "tools" for this task [28]. Correct sizing must ensure that,
during a mission, the components’ transient and continuous operational boundaries are not exceeded. On the one hand, a mission
profile included within the transient operational capabilities of the components prevents rapid degradation (e.g. overheating of
electric motor windings). On the other hand, a mission profile included within the continuous operational boundary ensures
confidence in the components throughout their operational lifetime by taking slow degradations (e.g. mechanical fatigue and
thermal ageing) into account. The continuous operational boundary should include reliability and lifetime aspects. Over time, slow
degradations of component properties (e.g. mechanical strength) progressively increase the probability of their being exceeded
during a mission and thus increase the probability of failure. In the proposed “method”, an adapted formulation of the
corresponding reliability has been developed that compares the specified and obtained standard lifetimes to calculate the actual
reliability parameters of the component for the specified lifetime. Then the reliability parameters can be tailored efficiently by
iterating on the component sizing or lifetime. The methods, models and references associated with this stage are developed
further in [28].

The inputs of task 3 are the operational requirements and the time history of the component variables (step 2). The output of
task 3 is the effective performance of the actual design in terms of safe operating area (SOA) and reliability for the service life.

2.4. Task 4: Component design validation

The “method” consists of summarising the actual design capabilities and comparing them with the required power needs. The
integration parameters are taken directly from step 1 while power capability, operational limits, lifetime and reliability come from
step 3. For the time being, the iterative process is based on the designer decision to run another loop modifying the definition
parameters with respect to the difference between required and calculated power capabilities. However, it has been observed, in
many and various case studies, that convergence is ensured within a few iterations.

2.5. Synthesis and optimization

Once power sizing is achieved for all components, it is possible to synthesize the whole system characteristic, which may take
the form of a mass balance, global reliability or overall size. A manual or automatic iteration (optimization) over the entire
architecture can be implemented on the parameters of the global architecture. Ref. [29] gives an example of the sizing process
automation (link (d) on Fig. 1) and global optimization (link (e) on Fig. 1). The rest of this paper focuses more specifically on the
models for the sizing process needed.
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3. Preliminary sizing models with scaling laws

Appendix A recalls the notations and geometrical assumptions adopted here for establishing scaling laws.
3.1. Proposal of scaling laws for rolling elements

3.1.1. Proposed model for bearings

Rolling bearings are basic elements present in most mechanical devices. In some applications, like those addressed in this paper
(Section 5), the resulting radial and axial forces are very large and cause the rolling bearing to have a major influence on the
component geometrical envelope and mass. Therefore, it is interesting to develop a dedicated sizing and simulation model for this
basic component and to re-use it later in the roller-screw model. Moreover, the relative simplicity of the rolling bearing makes it a
good start for introducing the proposed approach.

In the context of power sizing in preliminary design, bearings are assumed to be ideal rigid pivots. A three-dimensional
translational connector is added to this model, in order to simulate withstanding the radial and axial forces transmitted to the
bearing and to calculate the equivalent static or dynamic load that is a combination of these forces [33]. Selecting a bearing with an
adequate load rating with respect to its mission ensures confident operation throughout its lifetime. Typically, in bearing
manufacturers’ catalogues (e.g., [30-32]), the primary selection parameter is F,,,, the nominal equivalent dynamic load. Therefore,
the dynamic load is chosen as a definition parameter. The scaling laws, developed in this section, aim to establish the relationships
between this definition parameter and the simulation, integration and operational limit parameters.

For mechanical components like bearings, the mechanical stresses in the materials must be kept below elastic, fatigue or
contact pressure (Hertz) limits [33]. Taking the stress limit 0y,4, to be the same for a full product range yields

Opax = 1 =>F;om =12 (1)

where F,,, is the nominal load applied to the bearing and [ its dimensional parameter.

The integration parameters are the diameters and length of the bearing, which define its geometrical envelope. Assuming
geometrical similitude (see Appendix A), all these geometrical dimensions are related to a single scaling ratio I, The scaling law or
the variation relative to a reference component of bearing mass M is thus expressed by:

M =1% = Fuo' )

Since the bearing sizing is based on mechanical stress, the F,,, maximum load variation is proportional to the nominal
load:

Fr*nax = F;om 3)

The frictional losses increase with the speed, causing the temperature of the bearing to rise. Consequently, the lubricant film
becomes thinner and the friction coefficient increases. Beyond a critical temperature, this phenomenon rapidly causes
unacceptable wear damage. In other words, the speed limit of the bearings is the image of a maximum admissible temperature
increase during steady nominal operation. The heat exchange between the bearing and its environment is mainly convective and,
to a first approximation, the convection coefficient is assumed constant. Thus, the variation of the thermal resistance depends on
the variation of the external surface area of the bearing. Moreover, the losses in the bearing are proportional to the mechanical
power transmitted. Thus:

* _ pr—1 __ p2
Q=R =00 = R ? @)
Qi = V' From = 0" " Fropy
where Qg is the thermal power dissipated by the bearing, R, is the thermal resistance equivalent to the convection between the
bearing and its environment, v is the tangential velocity of the bearing balls (or rollers), o is the speed of the bearing and .y is its
maximum admissible speed.
Based on the scaling laws described in this section, it is possible to calculate the three integration parameters (length, diameter
and mass) and the two operational limit parameters (maximum admissible speed and load) of the proposed rolling bearing model
from the nominal load only and a reference representative of a given technology (e.g. type of materials).

3.1.2. Proposed model for ball and roller screws

Ball and roller screws transform a rotational motion into a translational one or vice-versa. The power is transmitted between
the nut and the screw via balls or rollers. The use of rollers instead of balls significantly increases the points of contact. So, while it
allows much higher forces to be transmitted, it decreases the power transfer efficiency. Axial pre-loading is commonly used in
applications requiring high accuracy and frequent speed reversals. In the context of the preliminary design and for the purpose of
simplification, the pre-loading of the ball and roller screw is not taken into account in the following example.
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In the context of power sizing for preliminary design, the ball and roller screws are assumed to be rigid but subject to
acceleration and frictional losses. Consequently, we propose a simulation model (Fig. 3) made of the screw rotational inertia, an
ideal rotational-translational motion transformation, a friction loss depending on the quadrant of operation, the nut translational
inertia and, finally, the end-bearing, for which the model is equivalent to that of the rolling bearing described in Section 3.1.1. The
sizing of the end-bearing is driven by the equivalent static/dynamic load it has to stand. Therefore, the simulation model of
bearings has a 3D force port that interfaces with the radial and axial forces making up this equivalent load.

As shown in Fig. 3, the proposed model involves five simulation parameters: J;. the screw moment of inertia, p the pitch of the
screw per unit angle, 14 the direct and 7); the indirect efficiency, and M, the nut translational inertia. The friction force is calculated
[34] from the direct or indirect efficiencies depending on the quadrant of operation (driving or back driving).

Typically, in ball and roller screw manufacturers’ catalogues [24,25], the primary definition parameters are pitch and the
nominal output force F,,,,, Which ensures confident operation during the component's lifetime. Therefore, the nominal force was
chosen to be the definition parameter from which the definition, simulation and operational limit parameters were derived.

As for the bearings, the scaling laws of the ball and roller screws are based on a fixed maximal mechanical stress. The length of the
screw depends on the application, i.e. the required stroke, which is a definition parameter. Consequently, this component cannot be scaled
fully homothetically like the nut and end-bearing, It is rather interesting to scale its mass M; and moment of inertia J; per unit length:

M, = J-pmd5 =>M = I? = From

(5)
Ji=Jpnr?ds=)i = 1" =Fg,

The screw mass and inertia are then obtained by multiplying the mass and inertia per unit length by the total length, which is
the sum of the stroke plus the nut and end-bearing lengths. The total mass of the ball and roller screw is the sum of its different
part masses. Similarly, the overall moment of inertia is the sum of the rotating element moments of inertia. In the same way, the
model translational inertia is the sum of the translating element masses.

The efficiency of ball and roller screws mainly depends on rolling frictions. The direct and indirect efficiencies are obtained
[31,33] from the friction coefficient, the pitch of the screw, and its diameter, which is deduced from scaling laws.

As for the bearing, ball and roller screws are very sensitive to local deformations. In the same way, the variation of the
maximum static force Fpqy,0 is proportional to the nominal force (Eq. 3). Another factor limiting the maximum force applied to the
screw is the risk of buckling. The maximum force that can be applied to the screw with respect to buckling is obtained by a
common calculation of the first mode of deformation (Euler) according to dimensions deduced by scaling laws.

At high rotational velocities, the imperfect balance of the screw causes transversal vibrations that can be damaging. The
corresponding maximum rotational velocity is obtained by a common calculation of the first mode of vibration of a full cylindrical
shaft mounted on two simple supports. Safety and mounting factors are applied in order to take account of possible inaccuracies in
the mounting, as well as different possible mounting configurations. The other screw rotational velocity limit is generally due to the
nut mechanism. It is obtained experimentally as the nut maximum admissible translation velocity. The set of scaling laws (Eq. 6)
reflects the aforementioned screw speed limits:

«1/2 p—1
("):nax.vib = km'Fnoin l;
B *—1/2 (6)
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Fig. 3. Main components of ball or roller screws and equivalent model.
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where ®maxvip i the screw speed limit due to vibrations, ®max nut i the screw speed limit due to the maximum admissible nut
translational velocity and I is the screw length. The resulting lowest speed limit constrains the ball or roller screw operation. The
factor k,, is to be applied to the corresponding scaling law to refer to a change of mounting compared to the reference mounting
type.

Based on the scaling laws described in this section, it is possible to calculate for the proposed ball and roller screw model: five
simulation parameters (screw moment of inertia, screw pitch, direct and indirect efficiencies and nut translational inertia), nine
integration parameters (lengths, diameters and masses of the screw, nut and end-bearing) and four operational limit parameters
(maximum admissible output forces and screw speeds with respect to vibrations, buckling and nut limit). It is interesting to note
that the designer has only to define three definition parameters (screw pitch, nominal output force and stroke) along with a
reference representative of a given technology (e.g. recirculating balls and planetary rollers).

3.1.3. Validations of the scaling laws

The scaling laws established above and summarized in Table 1 were compared with the manufacturers’ data [30-32] for
validation by focusing on the mass. These laws, validated on an industrial product range here, can be used with specific domain
components.

Fig. 4(a) to (d) shows the validations in log-log graphs which represent the power laws as straight lines. The scaling laws
represented were calculated from a single reference (see Appendix A for the use of references with scaling laws) which was chosen
near the geometric mean of the definition parameter range here. These curves show that the manufacturers’ products follow the
trends given by the established scaling laws. Each comparison is given with an evaluation of the relative range width of the
manufacturer's products around the scaling law drawn. Independently of the choice of the reference, the established scaling laws
lead to existing or feasible products. It also appears that the manufacturers tend to extend the range of their products by varying
some dimensions without keeping homothetic scaling in order to reduce manufacturing and inventory costs. Finally, note the wide
range of validity of the established scaling laws, which generally covers three decades of the definition parameter, while the design
exploration of an actuator rarely covers more than one decade.

Fig. 4(a) and (b) shows the validity limits of the scaling laws for rolling bearings and end-bearings. The limits occur at
either very high or very low values of the definition parameter, where the sizing constraint driving the component
dimensions might change. In order to prevent abusive use of the scaling laws, a verification of the definition parameter values
with respect to the manufacturer's catalogue ranges has been implemented in the proposed general component model (see
Section 4).

4. Tools supporting the methodology

The tools, which support the “HOWSs” of the methodology presented in Section 2, take the form of an in-house library of
electromechanical component models (Fig. 5) here. The parameter setting interface (upper part of Fig. 5) presents parameters to
be set by the user. Minimizing the number of parameters aims at facilitating the manual use, exploration or optimization during
the preliminary design phases.These component models can be assembled in any way to form electromechanical power
transmission architectures as illustrated in Fig. 6 for the aileron actuator of the Section 5 case study. In this way, the complete flight
control actuator model requires a total of seventy-five parameters for electronic, electromechanical, thermal and mechanical
components. As shown by the parameter flowchart in Fig. 6, the parameters useful for simulation model (label 3), transient
operation domain (label 4), geometrical integration test (label 5), mass budget (label 6) can be provided by sizing models (label 2,
scaling law models) from a few definition parameters (label 1) and given reference parameters.

Table 1
Established scaling laws for the rolling bearings and ball and roller screws.

Parameter Unit Rolling bearings (incl. end-bearings) Eq. Ball and roller screws (nut and screw) Eq.
Definition parameter(s) Dynamic load capacity Nominal output force

Fnum (N) Fnum (N)
Integration parameters
Length, diameter, width and depth m F=F\? (1) I*=F;}/?(diameter) (1
Mass kg M* =F? (2) M* = Fjiaf? (nut) (2)
Mass per unit length kg/m - M = Fom (screw) (5)
Simulation parameters
Moment of inertia kg m? - Ji=Fiaw’ (nut) (5)
Moment of inertia per unit length kg/m - Ji =Fy2 (screw)

Operational limit parameters

Maximum force N Frl2=Fp L2 3) Fax =Flom (3)
Maximum speed Td/S w;mx = F;ogil/z (4) w:nx.vib = km 'F:;éz*ljil (6)

. "
Ohaxnut = Fpom
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The task 3 in Fig. 1 of the “sizing wave” process is performed for transient and continuous operational boundaries:

* by block (4) of Fig. 6 that computes the margins between the simulated mission profile and the SOA limits.

= by block (8) of Fig. 6 that provides the continuous quantities that are equivalent to the mission profile for a typical reliability of
90%. It helps the user to specify the definition parameters adapted to the mission profile.

* by block (7) of Fig. 6 to size the components for a given reliability.

The task 4 is realized by block (9) of Fig. 6 which enables validating the use of the component in the authorized operation area.
This block also verifies that the component remains within an industrial range if the limits of this range are defined in the reference
component.

5. Case study: Pre-design of an aileron actuator

Taking advantage of the development of power electronics and permanent magnets, electromechanical actuators show great
promise with respect to automatic operating mode, power management, reliability and maintainability, for example. For this
reason, it is interesting to study the replacement of current actuators based on a technology that is less promising in these fields
(e.g. hydraulic) by electromechanical ones. A good illustration of this trend is the research effort towards the “more electric
aircraft” in aeronautics [35]. In this context, the test case presented aims to pre-design an electromechanical actuator driving the
ailerons of a single aisle commercial aircraft.

To illustrate the proposed methodology, the study presented focuses on the very first steps of actuator design. In particular, it
addresses the electromechanical parts of the power transmission (from the electrical motor to the roller screw), i.e. the power
sizing and integration study. Based on the principles described in Section 2, the general methodology is applied as follows. The load
model and associated mission profile are supplied by the customer. Then, each component mission profile (e.g. force vs. speed
curve for the mechanical components) is computed by inverse simulation, following the entire actuation chain backwards. Thus,
every component is sized to match its mission profile. Finally, the integrability of the resulting actuator geometrical envelope
within the wing profile is verified and the total mass is computed for analysis.

5.1. Design hypothesis and requirements

For this case study, an electromechanical actuator with the same kinematics as the current hydraulic one (i.e. three pivots, one
lever arm and an actuator stroke of 0.04 m, see Fig. 7) is developed. In the current configuration, two actuators are connected to
the load in parallel and operate in active-damping mode, where one drives the aileron while the other acts on standby as a
damper. When the active actuator fails, it is switched into the damping mode while the other becomes active to take over the
mission duty. With the current hydraulic technology, the damping mode is achieved by bypassing the two hydraulic chambers of
the actuator cylinder. With an electromechanical solution, the damping mode requires de-clutching the failed actuator and
providing damping means. However, for the sake of simplicity the de-clutching and damping functions are not addressed in this
study.

The model of the load used for this study is an equivalent aileron moment of inertia of 1 kg m?, with a lever arm of 0.045 m. The
force generated by the back-up hydraulic actuator is composed of the damping specified by the aircraft manufacturer and the
inertia of the hydraulic cylinder. It does not notably impact the power sizing and is therefore neglected. In the same way, the low
friction in the pivots of the load kinematics is not taken into account. Finally, the aerodynamic forces are given by the aircraft
manufacturer, together with the mission profile as a function of time.

On the one hand, the mechanical components are sized with respect to the maximum force and speed, and also the fatigue
cumulated over their specified lifetime. On the other hand, the motor is sized with respect to the maximum force and speed, and

‘%_ Pivot 3

f Crank shaft

Aileron

i " : Pivot 2
it profile

25° \ Max position

. . Ao
Wing profile Min position \ angle

angle Horizontal
position

Fig. 7. Kinematics of the hydraulic aileron actuator.
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Fig. 8. Mechanical (left) and thermal (right) aileron mission profiles at the actuator output.

also thermal constraints (e.g. temperature and RMS' torque). In consequence, we propose to use two mission profiles for the sizing
task: one representative of maximum force and speed and the other representative of the thermal loads. Fig. 8 illustrates these two
mission profiles propagated at the actuator output (pivot between the actuator and lever arm) in the force-speed power plane.

5.2. Sizing

The sizing methodology described in Section 2 is used to size the components. Links (a), (b) and (c) in Fig. 1 between tasks 1, 2,
3 and 4 are automatically made during the Modelica model simulation. The simulation of a mission profile takes only a few
minutes or even less for a relatively long (1000 s) and variable profile. The ability of the component to fulfil its function safely is
assessed by verifying the integrity of its SOA during a complete mission cycle (with the same type of force-speed power plane as in
Fig. 8 by means of block (4) of Fig. 6) and by calculating its reliability over its entire lifetime for continuous or intermittent duty
cycles (block (7) of Fig. 6). Thus, the user can adjust the design iteratively to stay within the component SOA and reach the desired
lifetime reliability, while meeting integration requirements. More information about lifetime and reliability models can be found
in Ref. [28]. It should be noted that the rated dynamic load criterion is valid only for a component staying within its SOA.

The model structure implemented does not allow direct calculation of the definition parameters corresponding to a specified
safe operation. To make this calculation, the corresponding iterative process, link (d) on Fig. 1, has to be carried out by the user.
This process is supported by the calculation of the margins between the simulated operation and SOA limits (e.g. maximum nut
force and screw speed margins calculated by block (8) of Fig. 6). The user is also supported by the calculation of the rated dynamic
load (e.g. rated nut force, block (9) of Fig. 6), which ensures safe operation for the entire component lifetime (typically with a
reliability of 90%). This process can be performed automatically as illustrated in Ref. [29].

In order to minimize the size of the electrical motor, the overall reduction ratio of the transmission is set to match the electrical motor
maximum speed during the mission cycle. First, the pitch of the roller screw is minimized (5 mm/rev) and thus the mass of the speed
reducer is minimized. The speed reducer ratio is adjusted to match the maximum speed (calculated by scaling laws) of the motors in order
to minimize the motor output torque and thus its mass. This process corresponds to iterations of link (e) in Fig. 1 and compares several
possible solutions. Done by hand here, they can easily be automated as in [29], to minimize mass or integration volume for example.

5.3. Results

The results obtained by following the sizing methodology as described in Section 5.1 are gathered together in Table 2. From
these results, it is possible to carry out an efficient mass and integration analysis. Table 2 also includes the component references
used by the scaling laws, and off-the-shelf components corresponding to the scaled ones. It is clear that, although the references
are often far away from the scaled components (e.g. the nominal torque of the speed reducer reference is more than twenty times
that of the scaled one) the scaling laws match existing off-the-shelf products accurately.

The comparison between the scaled and off-the-shelf actuators in Table 2 illustrates the accuracy of the approach developed. It
can be seen that the off-the-shelf actuator is heavier than the scaled one. This difference of mass is mainly due to the fact that,
when there is no off-the-shelf component exactly matching the scaled one, then the next biggest component is selected. In the
same way, the chosen reducer has a maximum reduction ratio lower than the scaled one. In consequence, the electric motor has a
greater RMS torque and is heavier. From the dimensions listed in Table 2, the actuator geometry can be represented within the
wing profile to verify its integrability as illustrated in Fig. 7. The maximum allowed length of the actuator is given by the distance

! The RMS torque is equivalent to the steady state torque that would produce the same motor heating over a given mission cycle.
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Table 2

Actuator sizing for a lever arm length of 0.045 m, a component lifetime of 48 000 h and an active/damping configuration (baseline).

Brushless motor

Speed reducer (epicyclical)

Roller screw (stroke =0.04 m)

Reference MAXON EC-60-167131
RMS torque =0.83 Nm

Diameter 0.06 m

Length 0.129 m

Mass 2.45kg

Scaled RMS torque *=0.23 Nm

Diameter 0.04 m

Length 0.09 m

Mass 0.8 kg

Off-the-shelf MAXON EC-45-136212,

RMS torque =0.28 Nm

Diameter 0.045 m
Length 0.101 m
Mass 1.1kg

REDEX-ANDANTEX SRP1
Nominal torque =370 Nm
Reduction ratio =7

0.17 m

0.18 m

13.8 kg

Nominal torque =17 Nm
Reduction ratio =71
0.064 m

0.078 m

0.8 kg

NEUGART PLE 60,
Nominal torque =18 Nm
Reduction ratio =64

0.063 m
0.118 m
1.1kg

SKF TRK 44 (roller screw)
SKF BLRU 4 (end-bearing)
Nominal forces =86.9 kN
0.086 m

0.3 m

114 kg

Nominal force ® =26 kN
Pitch=7.96 10 m/rd
0.047 m

0.142 m

1.5kg

SKF TRK 21 (roller screw),
Nominal force =27.85 kN
Pitch=7.96 10* m/rd
SKF BLRU 2 (end-bearing),
Nominal force =27.9 kN
0.049 m

0.162 m

1.8 kg

Actuator mass =3.1 kg

Actuator mass =4 kg

@ Sized with respect to the maximum force to be transmitted.
b Sized with respect to the lifetime (fatigue or thermal constraint).

between the pivots 1 and 2. Mounting all the components in line does not allow the actuator to fit between these two pivots. A
possible solution is to mount the brushless motor and the reducer alongside the roller screw, inserting spur gears between the
reducer output and the roller-screw input.

In order to take advantage of the proposed methodology, further design explorations were carried out. The first investigation
aimed to study the effect of varying the length of the lever arm (increased from 0.045 to 0.065 m), the second aimed to evaluate
the influence of the actuator lifetime (reduced from 48000 to 24 000 flight hours) and the last one assessed the influence of the
mode of operation (active/active configuration instead of active/damping configuration).

As shown in Table 3, increasing the lever arm length tends to decrease the actuator mass by 25% as a direct consequence of the
sizing of each component. In the baseline, the sizing of the roller screw and the speed reducer is dominated by the maximum force
to be transmitted, while the motor is sized with respect to thermal considerations. In consequence, modifying the actuator
lifetime, while keeping the same reliability, impacts the motor sizing only and thus limits the mass saving to 6%. On the other hand,
dividing the lifetime by two induces a major increase in the operational costs (maintenance, repairs, replacement) of the actuator.
Finally, when the two actuators are in an active/active configuration, the individual duty load is divided by two. However, in case of
failure, a single actuator must be able to fulfill the mission duty during at least one cycle. Therefore, the maximum force to be
transmitted and the thermal constraint in the motor remain identical. Consequently, the sizing is the same for the active/active
and active/damping (baseline) configurations.

Finally, besides providing interesting results, this comparative study has shown how the use of the library developed allows fast
modelling, and the exploration of different design configurations (active/damping, active/active) and design parameters (lever arm
length and lifetime), thus supporting good technical decision-making early in the preliminary design by providing rich insight in an
efficient way. This methodology can be extended to more complex multi-domain systems and design criteria. To this end, further
component models of electrical power supply (e.g. batteries and ultra-capacitors), modulation (e.g. power electronics), transformation
(e.g. electrical motors) as well as mechanical power transmission (e.g. speed reducers) and end-effectors (e.g. rack and pinions and spur
gears) have been developed or are under development. In some cases, the high dynamic performance required for the system is a

Table 3
Mass results for different lever arm lengths, component lifetimes and duty ratios.

Baseline Lever arm increased by 44 %. Lifetime divided by 2. Active/active instead of active/
damping configuration.
Duty (%) 100 100 100 50
Lifetime (h) 48 000 48 000 24000 48 000
Lever arm length (m) 0.045 0.065 0.045 0.045
Roller-screw mass (kg) 1.5° 1.1° 157 15°
Speed reducer mass (kg) 0.8? 0.6 0.8? 0.8?
Electrical motor mass (kg) 0.9° 0.7° 0.7° 0.9°
Total mass (kg) 3.2 24 3 32
Mass saving (kg) 0.8 (25 %) 0.2 (6%) 0 (0%)

@ Sized with respect to the maximum force to be transmitted.
b Sized with respect to the lifetime (fatigue or thermal constraint).
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critical issue. Therefore, it is planned to extend the component models with a modal analysis capability (e.g. with structural anchorage
and transmission compliances) and to take the controller design and its impact on the actuator performance into consideration.

6. Conclusion

The proposed methodology is intended to improve the preliminary design of power transmission systems by providing fast and
efficient means for multi-criteria sizing and virtual prototyping. The main advances implied by this methodology are a reduction of
the size of the parameters vector to be handled by the designer, generation of a multi-purpose top-level component library and
automation of the sizing process. In this aim, a reduced vector of top-level definition parameters has been introduced, from which
all other parameters are automatically calculated to feed the simulation models that can support power sizing, service life and
reliability studies. Scaling laws have been proposed as the enabling tool for parameter vector reduction. This choice allows all the
parameters to be linked to the definition parameters on the basis of physical design constraints. The component models have been
developed in an innovative way, not only considering time domain simulation but also addressing reliability, geometrical envelope
and mass as a whole. Model implementation has drawn benefit from non-causal modelling and simulation capabilities recently
offered by the Modelica language that allows the same models to be used for any step of the proposed process. First, the interest of
the proposed methodology has been illustrated by developing and validating the roller screw sizing model. Then, the whole
process has been applied to the preliminary sizing of an aileron actuator. The total mass has been rapidly calculated from the
automatic sizing process considering power, service and reliability requirements. This case study has shown how the proposed
methodology can provide a fast and efficient means of design exploration, being able to deal with power transmission as well as
service life or mode of operation. In order to draw even more benefit from this new approach, works are in progress to extend the
model library, address environment requirements, include optimisation features and ensure continuity of the model-based
systems engineering. In this framework, it is planned to link the present process to requirements and architecting (upper stage)
and to 3D CAD and FEM analysis (lower stage).
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Appendix A. Scaling law basics

The scaling laws, also called similarity laws, are an efficient way to study the effect of varying representative parameters of a
given component. They are used in various domains such as micro-systems, mechanics, hydraulics and fluid mechanics to compare
different technologies, to adapt the dimensions of a mock-up in fluid dynamics, to size mechanical, hydraulic or electrical systems,
to develop and rationalize product families or to evaluate costs [15,19,20]. In some cases, it is difficult or impossible to identify and
write the equations linking the parameters representative of a given overall problem in a simple way. In these particular cases, an
alternate solution can be found in by carrying out a dimensional analysis to establish the scaling laws [36,37].

A.1. Notation

This article uses the notation proposed by M. Jufer in [15]. The I* scaling ratio of a given parameter is calculated as
r=1/r
where I’ is the dimensional parameter taken as the reference and [ is the dimensional parameter under study.
For example, the variation of the volume of a shaft (cylinder) in case of an identical variation for all geometrical dimensions is

2
V= K/ _ Tlrzl — 2y
A

where Vis the volume of the shaft, | its length and r its radius. The parameters under study are differentiated from the references
by a prime symbol.

A.2. Geometrical similitude
Models have been developed with geometrical similitude in this paper. Widely applied, the hypothesis of homothetic scaling
for all the geometrical dimensions leads them to be related to all to their reference values by a single scaling ratio. For the cylinder

example, this assumption gives:

r=rsv=r3
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This result remains valid for any other geometry. In the same way, it is possible to calculate the variation of the mass, M, and

rotational moment of inertia, J, of the shaft:

M= [p,dv=M =17
J=[PdaM=) =17

where py, is the mass density of the shaft.

A.3. Reference use

When the characteristics of a reference component are known, it is possible to determine the new characteristics for a given

change of parameter. For example:

AN Ly’
M= Mref' <E> and J :]ref'<g>
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Chapter 3 — Evaluation models and sizing for lifetime and reliability

ABSTRACT

This chapter deals with evaluation models, the goal of which is to check the ability of a component to operate in its safe
operating area for the required lifetime and reliability. After reviewing the state of the art of the main design drivers that
limit the performance and endurance of mechatronic components, this chapter describes the possible models and ways of
implementing them in system simulation environments by focusing on lifetime evaluation. The associated paper 3,
entitled "An integrated methodology for the preliminary design of highly reliable electromechanical actuators: Search
for architecture solutions" and published in the journal Aerospace Science and Technology, describes the reliability
aspect with an integrated hybrid (top-down/bottom-up) methodology for generating, selecting and assessing
architectures for electromechanical actuators, paying special attention to safety and reliability.

Keywords: safe operating area, lifetime, reliability, degradation phenomena.
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NOTATION

Acronyms

EMA Electro-Mechanical Actuator

MTBF Meant Time Between Failure

MTTF  Mean Time To Failure
Nomenclature

ag Adaptation factor for lifetime

age Adaptation factor for sizing parameter
b Failure distribution form factor (Weibull)
E Experimental constant

f Failure distribution function

k Boltzmann constant

Lo Lifetime

Ny Number of load cycles for a reliability of 90%
p Experimental constant

(0] Cumulated damage

qn Degradation per time unit

v Speed

vV Voltage

t Time

T Temperature

R Reliability

Indices

siz Sized

eq Equivalent

f Final

h Hours
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ref
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Root Means Square
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Initial
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1. OBJECTIVES OF EVALUATION MODELS

1.1. Rapid and gradual degradation phenomena

The evaluation models determine whether each component will remain within its performance limits and can
be expected to have the required lifetime and reliability. The 2 aspects to check are:

e Transient power demands to ensure system performance: the models have to analyze the maximum
stress (such as torque or speed) to avoid rapid deterioration. Component degradation can be avoided
if the use is kept inside a Safe Operating Area (SOA). This point can be checked by the simulation
models of chapter 2 and operating domains deduced from the estimation models of chapter 1.

e Continuous power demands to ensure the endurance of the system: the models have to calculate
quantities equivalent to the nominal point of operation and reliability rate in order to avoid critical
degradation over time (e.g. fatigue). This point will be treated in greater detail in this chapter.

Not all rapid and gradual degradations may be reached together during a sizing calculation. Nevertheless they
must be addressed and validated. To better understand the meaning of “safe operating area” (SOA) of a
component, a concept related to rapid degradation phenomenon, Figure 1 shows the example of a brushless
electric motor SOA. Here, both the “steady-state operating area” and the “transitory operating area” refer to
rapid degradations but address different dynamics. For example, one is linked to the coil insulator maximum
temperature for a long working time (low dynamic), while the other can be the maximum demagnetization or
saturation torque leading quickly to motor malfunction (high dynamics).

Cylindrical brushless motors Annular brushless motors
Legend j"em Demagnetization or Tem Demagnetization or
. . Ly limit s limii
== Absolute operational limit A Current supply A current supply limit
” Tem,peak / = Pow b Limi em,peak / 2
= Continuous operational [imit S SHPPY it Thermal limit b
i 3% Thermal limix T firsisiss y, Power supply limit

[ Transiant domain of ILm, oM e em,nom | %

operation N Voltuge supply limit

- i MechanicatJimit Ry \Mechanical limit

W] Szeadyrszayea'omam of W Y PN

operation t » } »

wabs, max wcant,max w cont,max wafu'. max

Figure 1 - Brushless electric motor SOA

A gradual degradation driver for the motor can be the fatigue of the rolling bearings or insulator ageing, both
being fatigue phenomena. The lifetime, which can be expressed in days, hours, or number of revolution, is
function of the damage accumulated due to the service conditions, which can depend on force, torque, and
temperature, etc. Part 2 is a summary of the main rapid or gradual degradation phenomena to be taken into
account in mechatronic design.

1.2. Link between evaluation models, estimation and simulation models

Figure 2a) describes the exchange of information between the estimation models of chapter 1, the simulation
models of chapter 2 and the evaluation models of this chapter. This structure of component models is suitable for
model-based design of a mechatronics system. Decision-making can be performed either manually or
automatically. The example in Figure 2b) is a view of a Modelica implementation of a screw/nut drive model
showing the three models mentioned above [1].
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a) Component model structure for model-based preliminary design
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Figure 2 — Structure of component model for model-based preliminary design

The principle of performance checking to avoid rapid degradation is quite trivial: for a given parameter to be
checked, the current value is simply compared with the maximum allowed value. For the screw/nut example, the
parameters are the speed and the force, represented as inputs to the validation module of Figure 3. One way to
visualize SOA is to plot the ratio F(?)/F,,,. (force) versus the ratio V(?)/V,.. (speed) and see wether the graph
goes beyond the interval [-1; 1] on the x-axis or the y-axis (Figure 3). When the graph exceeds the limits, this
means that the component is under sized, and that the sizing values of the component need to be higher, leading
to the direct consequences of larger dimensions and mass. Speed V. and force F,, values come from

estimation models and are re-evaluated when the definition parameters of components change.

»w
'D-f

Validation i

screwnut.Validation.indicators. Ratio_f

displ

v/

T
-0.04

T T T
0.00 0.04 0.08
screwnut.Validation.indicators.Ratio_w

Figure 3 - Validation of SOA for a screw/nut drive
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Endurance checking, which enables critical degradation over time to be avoided, goes through the mission
profile analysis and calculation of equivalent quantities to the nominal point of operation and reliability rate. In
Figure 3 the user has set a desired reliability and lifetime for the component. The calculation module calculates
the estimates of lifetime and reliability values for the chosen component and the component definition parameter
to select for the desired lifetime and reliability. These calculations are based on the formulas given later in the
section 3.

EReliability )
-CL_dim 720000s Desired life/maintenance time, dimensioning Lifetime RO”Ing R
OR_dim 09 Desired Reliability of component P f :‘::: .
“LIR_ret 0.9 Reliability tor reference component -
-0 le+06s Turn number for reliability R_ref m :‘
-IQh_ref S5.67884e+21 Cumulated damage for Lh_ref o
-OFf 25261.1 Curront flowing from pin p o pin n ac input cignal » \ b '
v 1.719e-08 Current flowing from pin p to pin n as input signal
-[lsigma_sizing 26881.9 Minimum dynamic load to achieve the reference reliability with the desired lifetime
-L_h 3.34991e+07 Lifetime for reference reliability (often 90%
-OR 0.999668 Reliability obtained with the actual load and the desired lifetime
-[sigma_sizing_R 26881.9 Minimum dynamic load to achieve the desired reliability with the desired lifetime
“[JL_Rdimh 3.34991e+07 Lifetime for the desired reliability

Figure 4 - Example of reliability values for a screw/nut drive [2]

2. DEGRADATION PHENOMENA

For each typical component of actuation systems, we list the causes of rapid and gradual degradation. The
plan followed depends mainly on the gradual degradation mechanisms. For these degradation phenomena, only
the simplest laws usable at preliminary design level will be given. This section does not describe the detailed
design of each component exhaustively but focuses on the selection of a component.

2.1. Mechanical power transmission components

Typical components in mechanical power transmission can be divided into 3 categories according to the type
of gradual degradation:

e Rolling mechanisms: bearings, roller/ball-screw and linear ball bearings
e  Sliding mechanisms: rod-end, bushing and electromagnetic clutch/brake
e  Gears mechanisms: gears, reducers and worm-gear.

=

h

¢) Sliding mechanisms
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d) Gear mechanisms

Figure 5 - Mechanical power transmission components

For the last category, the failure mechanism can be complex and involve a mix of various fatigue
phenomena. Nevertheless, when normal conditions of functioning (lubrication, sealing, etc.) are assumed, the
first fatigue phenomena must be rolling fatigue of bearings, as gears are often designed to have much higher
tooth flexural or Hertz stress fatigue limits.

The ISO (15243.2004) system divides mechanical component failure modes into six major categories:
fatigue, wear, corrosion, electrical erosion, plastic deformation and fracture. During preliminary design, only
the first two and the last two are generally studied.

Rapid degradation: maximum speed and force

Drivers of rapid mechanical degradation, unlike drivers of gradual degradation, do not differ if the
component is based on a sliding or a rolling working principle. The maximum stress limit is defined by some
norms (ISO 281, ISO 3408, ISO 4379, ISO 6336-5, ISO 10300, NF E 22-057-4, NF-E-023-015...) as allowable
static load capacity that does not lead to too much plastic deformation or to fracture (for a rolling mechanism,
permanent deformation must not exceed 0.01% of the rolling element diameter).

Maximum transitory speed criteria can be linked to part balancing and natural vibration frequency,
centrifugal forces, rolling element recirculation principle, or wear damage and the internal temperature limit.

Gradual degradation drivers: rolling fatigue and wear

Under varying stress or repeated deformations, micro-cracks are created in the material of a component,
reducing the resistance of this component to stress and plastic deformation. This is referred to as fatigue. During
a component’s lifetime, three stages of failure due to fatigue effects can be identified. They are displayed in a
log-log graph in Figure 6, which shows the relationship between the number of cycles and the applied load.
During the early life cycle, so-called low cycle failures can be identified which appear within the first 10* cycles
and are caused by elastic effects. Most of usage of component is above 10* cycles, where micro-cracks, as
described, reduce the stress resistance. Under a certain stress-level, the component then shows unlimited
resistance to stress that is not further reduced by a greater number of cycles. An example of fatigue effects on
transmission systems is shown in Figure 7, where fatigue caused the rupture of a tooth of the gear.
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Figure 6 — Applied load o (force, torque, stress, etc.) vs lifetime L (hours, days, number of cycles, etc.) for
mechanical fatigue [3]

Figure 7 — Breaking of a tooth of a gear due to fatigue induced by the bending stresses caused by the
transmission torque [4]

Power transfer between mechanical components always involves to surface contact. In an ideal case,
sufficient lubrication should avoid this contact completely, but, in reality, the thin film is not sufficient and
friction between surfaces leads to the production of small debris that again increase friction between components
because of uneven surfaces. This already occurs before any movement has taken place. At the start of
transmission any unevenness of the contact surfaces has to be overcome to allow initial movement which
produces very high friction. Even though the surface will be more homogeneous at first, worn surfaces will be
subject to increased wear. Increased surface degradation will finally lead to de-alignment of surfaces for
example, of bearings, or to jamming of gears due to friction forces that are too high. The result is a loss of
precision in the transmission system that can in the case of an EMA cause a fatal failure if operation of the power
transmission is not directly interrupted. The results of wear on a worm gear mechanism are shown in Figure 8.

Figure 8 — Abrasive wear of a worm gear
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Degradation laws: Palmgren Miner and Archard laws

The calculation of fatigue and wear effects are harmonized here. For a mechanical component subject to
fatigue this lifetime formula can normally be applied.

Nig. 0% =Q (1)

The concept is based on the Palmgren Miner law [5]. Here N, refers to the standard number of load cycles
for bearings (normally 1 million cycles) that can be guaranteed for a standard reliability of 90%, ¢* is the applied
stress and Q the resulting sum of cumulated damage. For the same component and the same reliability, the
amount of cumulative damage must remain constant and identical whatever the (N, o,) pair leading to
degradation of the component. For rolling components, the power coefficient p is a value greater than 1 and
indicates that a larger load causes more damage than a load of lower value. For ball bearings, the coefficient o is

equal to 3. The cycle number N, has no power coefficient which indicates that the amount of damage is linear
and cumulative.

In terms of calculation, it can be important to express the lifetime as a function of the time unit L; ;o instead
of the number of cycles. With N;y=L;, ;o.v this leads to the calculation of the cumulated damage Q as a function
of time:

Nlo.O'“ = Q = Lhrlo.o-a.vl :Q (2)
In a similar way, the influence of wear on the lifetime of a component can be calculated. It was originally

defined by the formula of John F. Archard which is a simple model used to describe sliding wear. It is based
around the theory of asperity contact and can be a function of speed v.

Lp1o-0% VPt =@ 3)

This directly shows, that for fatigue effects the same formula can be used by choosing =0 as there is no
influence of the speed on the intensity of damage.

2.2. Electrical motors and electrical components

This category consists mainly of components where temperature effects and thermal degradation are the
major phenomena leading to failure: electrical motors, cables and wires, capacitors and resistors.

Figure 9 — Example of electrical components: brushless frameless motor, film power capacitor and braking
resistor

Rapid degradation: maximum current, voltage and temperature

Motors are composed of mechanical parts (bearings, housing and heat-sink which can be directly machined
in the housing) except when they are sold in frameless form. Therefore they inherit all the rapid degradation
drivers of the mechanical parts and especially the speed limit. Another speed limit will result from centrifugal
forces applied to rotor coils or permanent magnets.

The other main operational limits are due to:

e  Current: current and thus torque are limited either by saturation or by magnet demagnetization.
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e  Temperature: when considering steady-state thermal exchange, the copper losses (which depend onf
torque and current) and iron losses (which depend on speed) must not exceed the nominal/rated
torque or current defined for a given thermal environment.

e Voltage: power electronics limitations can impact motor performance by introducing power
limitation or additional speed limitations linked to the voltage limitation.

In Figure 1 the effects of the mechanical, electrical and thermal operational limits for cylindrical brushless
motors and annular brushless motors can be seen. The figure also shows that continuous operation limits are
much lower than absolute transient operational boundaries.

Gradual degradations: thermal ageing of insulation material

Temperature effects and thermal degradation are the major causes of failure of many electrical components.
As described by [6] electrical components fail due to degradation of thermo-insulation which induces arcing,
short circuits and leakage currents.

Degradation laws: Arrhenius laws

As the effects of mechanical degradation only apply to the motor and can be calculated in the same way as
for mechanical components in section 2.4.3 this section will focus on the thermal effects that are predominately
linked to the thermal ageing of the insulation material and overheating of winding. The lifetime of electronic
components depends on the class of the insulation materials as illustrated by Table 1 and Figure 10. Thermal
ageing of the insulation material is described in [7] [8] as a function of the Arrhenius relation, which gives the
speed of chemical reactions induced by temperature.

v=A. e_T(pT )

Here v is the speed of the reaction, A is an experimental constant, ¢ is the activation energy required to
activate an electron from the material used, &=0.8617.10"* eV/K is the Boltzmann constant and 7" the temperature
of operation.

This means that the speed of the reaction, which is the speed of degradation of the component in this case, is
increasing exponentially with increasing temperature. Therefore, the total ageing or sum of degradation of a
component Q due to temperature is:

@
Lp1o-€ kT =Q )
Some authors, e.g. [6], use a simplified model for thermal degradation :
Lp10- el = Q (6)

Table 1 - Activation energy and maximum temperature of insulation classes

Insulation | Max winding temperature | ¢ (V) | 0 (K™
class (°C)/ (K) L,=20000h | L,=45000h
A 105/378,15 0,6 0,032
B 130/403,15 0,8 0,073
F 155/428,15 1,05 0,078
H 180 /453,15 1,38 0,085
H’ 220/493,15 1,27 -
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1,LE+06

LE+05

LLE+04 -

Effective lifetime In(hour)

1,E+03
90 140 190
Winding temperature (°C)

Figure 10 — Winding life time as a function of the temperature of operation for insulation classes A, B, F and H.

For some components small adaptations might be necessary even though their degradation is described
mainly by the physical Arrhenius law. For example, when calculating the lifetime and reliability of capacitors or
super-capacitors the dependency on the operating voltage ¥ described by [9] or [10] can be taken into account
with the equation:

(7

_e
Lh'lo.e kT VP = Q

2.3. Power electronics

This category is mainly composed of power semiconductor components subjected to thermo mechanical
aging. The Figure illustrates the IGBT modules in an inverter of the TVC actuator for the VEGA launcher.

Figure 11 — Twin inverters for TVC EMA actuators of VEGA launcher
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Rapid degradation: voltage and temperature

As they consist of different microelectronic components made of different materials as can be seen in Figure
12, various possible failure cases may occur. In terms of Safe Operation Areas (SOA), the IGBT or MOS
modules have thermal and electrical limits [11]. Manufacturers provide maximum temperature values for the
components. In [11] the chip is specified to fail beyond 125°C in continuous use and 150°C for short period
operation. This junction temperature is linked to commutation and conduction losses. Solders melt at
temperatures of 180-220°C, which is higher but if the chip heats abnormally, hotspots can be created in the
solder, causing earlier failure. Depending on the size and construction of the IGBT or MOS modules, different
electrical limits apply, e.g. the voltage throughput.

Junction Rier S35 Ripeos heatsink  ambient

Cu busbar — I
yip . ’ . T I Ry
- ¥ o P, € T —1%—{“
, " sobrte sder i L Ry Ritntia
TD [ 1 I ] —
Pry

Figure 12 — Thermal model of an IGBT module [12]

Gradual degradation: Thermo-mechanical fatigue

The prediction of the lifetime and reliability of power modules has been discussed in many dissertations and
has proved to be a difficult task, due to the complexity of the high temperature micro-electronic module [13].
Typically mechanical failures caused by temperature cycling are more predominant. As a simplification, this
thermal-mechanical failure is characterized as cracks or mechanical fatigue that are caused by thermal cycling
[14]. As a result, the influence of the change of the temperature between the contact points of different materials,
such as junctions, is the major cause of failure for power modules.

alumina

copper

a) Solder Joint b) Wirebond crack ¢) Substrate
Figure 13 - IGBT module thermo-mechanical failures [15]
Degradation law: Coffin-Mason model

The major causes of IGBT module failure are solder joint fatigue, wire-bond cracks and, less frequently,
substrate rupture (Figure 13). As the first two failure principles have the greatest impact and probability, this
section focuses on the modelling of solder joint fatigue and wire-bond cracks. The major physical phenomenon,
the influence of the change of junction temperature AT is described by the modified Coffin-Manson model, a
simplified version of which is the equation below. It describes the possible cycles to failure Ny as a function of
the change of junction temperature per cycle with an experimental exponential factor a that is constant for a
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given application. The factor a depends on the solder material used, the thickness of the solder and other material
constraints that influence the shear strength of the material.

Ny AT = Q (8)

Following a calculation procedure [16] proposed by Infineon, a supplier for electronic components and
power modules, this equation is valid for the calculation of solder joint fatigue with an experimental factor
2<0<4.5. The failure of IGBT modules due to wire bond cracks that are influences by the total junction
temperature T; and therefore the Arrhenius relation for the insulation of wires leading to the equation:

Nf.A7}“.e<';'_$f> =0Q )

In the equation below, O, 4 and a represent experimental coefficients that depend on the solder and wire
materials used and R is the gas constant. For a typical power module solder tin and silver SnAg are used which
lead to a factor Q/R=8690. Also for solder joint fatigue a=4.416 may be applied for the calculation of wire-bond
cracks.

A Cycle
1000 000 +Number
100 000 -+ * .,
10 000 |
(]
1000 | ATj (°C)

40 50 60 70 80

Figure 14 — Thermo-mechanical degradation of IGBTSs according to junction temperature

3. EVALUATION MODELS DURING SIZING ACTIVITIES

3.1. Proposed process for sizing for reliability

In this section we will focus only on aspects of design related to gradual degradation. The component
selection process to avoid rapid degradation is more obvious and is carried out by comparing the component
mission profile to the transitory operating area of the component (Figure 3). The evaluation of a component
generally shares the following data:

- A temporal mission profile or operational points representative of main degradation phenomena
- A desired lifetime and a target reliability for the component under consideration

It is then possible to select the component for the most restrictive criterion. If gradual degradation dominates
the selection procedure, the design process must generate the definition of the component to be selected. It is
also possible to determine the lifetime and reliability of a known component already selected on other criteria.
Finally, the process, given in Figure 15, that can been applied for all components follows the following main
steps:

1. Definition and simplification of physical laws and interdependencies, see Table 2.

T AT, ...).

2. Calculation of equivalent effort of mission profile (G,,, T,

eqr

3. Calculation of equivalent damage per unit time g;, based on simulation results and calculation of global
cumulated damage Q for specified lifetime L,,.

4. Comparison with known reference L, ,N,; ,R.s to calculate component failure time L, N, when
cumulated maximal damage Q is reached.

5. Sizing of component to reach required lifetime with reference reliability R,
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6. Calculation of reliability R of component with current mission profile and required lifetime L ;.

7. Sizing towards desired reliability, modification of sizing effort according to the reliability distribution.

Reference Definition
Parameters Parameters
¥ ¥
t
Mission Profile
Reliability Calculation
Specified
lifetime L.,
Mission Sizing towards
. Calc. |[—™» R
profile equivalent effort of _|-> standard reliability
Y E—— mission profile
VAV N | l
1L = Calc.
Caz 1A Sizing towards
i ”hl | Cale. desired reliability
Mean damage
per unit of time
/h) Y
Law deserihing physice of failure
(Fatigue, Arrhenius) Calc. | = Reliability R calculation
T \\ Distribution of
reliability
Specified
component

Figure 15 — Proposed methodology for sizing for reliability

Table 2 - Summary of physical degradation calculation for EMA components

Category Name Miner- Archard Arrhenius Cornell Coffin
Palmgren Doublier Manson
Bearings g%
. R T
Mechanical educers & o%
gearboxes
Wormgears g% vP
Electric motors e'k%
Braking o
resistors e kT
Thermal —
Electric wires _e
and inductors e kT
Capacitors e‘k% w
Thermo- Power -Q ) AT
mechanical semiconductors e\RTj J

3.2. From mission profile to rated values
General principle

The components are generally characterized by rated quantities corresponding to a given lifetime or a given
number of cycles in a specified environment. However in practice the components are used for different
operating point or for variable mission profiles that vary with time. To move from these to equivalent continuous
variables, we assume here that the damages is linearly cumulative. Thus, for a degradation law of the following
form:
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N.X% =0 (10)

the degradations of each operating point .X; repeated N; times accumulate a total damage:

QTZZQL'ZZNL-X{I (11)

for a total number of cycles: Np = Y; N;.
The equivalent stress X,, is then expressed by :

(12)

Nix\ 1/
Xeq = (ZLZI:’—ILV)?) because Qr = NrX¢,

Equivalent effort for mechanical components

For temporal simulation, the sum of cumulated mechanical damage on the mechanical components during a
simulation time Q;, can be calculated as below:

H (13)
Qsim = f|a(t)“.v(t)b’+1|dt

where #, represents the time of the start of the mission cycle, #,the time of the end of the mission cycle and v the
speed of operation.

The equivalent effort 6,,, can be calculated as:

1
tr a (14)
1
=\>7————"F—- % v(t)B+|at
Onom (tf — to).ﬁ'g"'l tf|0'( ) V( ) |
0

where v represents the average of the absolute speed.

Equivalent temperature for electrical components

If the temperature of the insulation is not constant over the mission cycle, the cumulated damage Q.;, is
based on the integration of the Arrhenius equation:

tr tr tr
d P __ 2
f d—f.dt = Qgim = f e kKTOdt = f e *Teadt
to to to
The equivalent temperature T, can be calculated as:
Teq == (pt [ (15)
kin| —2— [ e ETMqt
(tr-to)t0
because
tr
J @
Qsim = f e ®eadt = (t; — t,).e *Tea
to
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Equivalent temperatures of power module junctions

For IGBT modules degradation depends only on the junction temperature change A7} for solder joint fatigue,
and depends on A7} and T; for wire-bond cracks. Therefore, the simulation of the wire-bond crack fatigue will be
more difficult as two different parameters influence the function. As an example, the solder joint fatigue will be
calculated first.

N (16)
AT “.N = Q = AT;,,".N = y AT} “
i=1
Solving this equation for the equivalent temperature change per cycle AT leads to:
(17)
ATjeq =

This evaluation needs to count the number of cycles, N, and the amplitude of the temperature change in each
of the cycles AT}, through cycle counting algorithms such as the rainflow method [17].

3.3. Lifetime calculation for a selected component
General principle

If a component has already been selected, its effective life N can be calculated from the equivalent stress X,,.
The selected component is characterized by a pair of points (X, N,.). N is obtained by assuming that the
cumulated damage, as represented Figure 16, is equivalent for (X,.; N..) and (X, N):

Q = Nyep. X5 r = N.X& (18)

X a
N = Nyef (Xi'f>
eq

Log(X) 1

Xref

cumulated
damage

Xnom

N0, ref Nio Log(N )V
Figure 16 — Lifetime calculation of a given component
Lifetime calculation for mechanical components

The previous expression may be applied directly to the mechanical components. It may also be useful for a
simulation that does not represent the whole lifetime to calculate the cumulated damage per unit of time ¢,
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o . (19)

tr—ty tp—to

tr
an f lo@®)*.v(t)P*1|dt
to

For a reference component the corresponding lifetime Ly ¢ is known as is the corresponding nominal speed
and stress to reach this lifetime. These values are normally derived from manufacturers’ databases. For bearings,
for example, the dynamic load C; with a reference speed v, is given for which a nominal lifetime of Ne=10°
revolutions is achieved with a probability of R usually of 90%. During simulation, the specific lifetime
depending on the mission profile, defined as L;, j can be calculated from this:

L _ Qref _ Qref (20)
h,10 — - 1 tf
fto lo()®. v(t)A+1|dt

dn

tr—to

Equivalent temperature for electrical components

For electrical components, the lifetime L ;o related to the specific mission profile of the application can be
derived as a function of reference components and equivalent temperature T, of the mission profile which was
calculated previously :

(p< 11 ) @ @ (21

oot “Fre; e
Lo = Lyyer.€\"e0 Tref) because Q = e *"ref Ly 0r =€ *Tea Ly,

where T, and L, ., are the reference values provided by the manufacturer.

Lifetime calculation of power modules

For power modules, it might be important to identify the number of cycles that are possible before the
component fails. This can be calculated directly using the equivalent temperature change:

ATj,refa-[vref = Qref = ATj,eqa-Nh,lo (22)
AT; ref ¢
Nh,lO =N f( L
e AT, g

The lifetime of the power modules, or the time until the failure of solder joints here, can be calculated using
the damage per unit time from the previous equation as shown below.

N
i 1
qn = Qsim — Z ATj,ia

tsim tsim n
i=1

(23)

Also, it has been assumed here that the total damage that the solder joint can withstand is similar to the total
damage until failure of the reference component Q,.rdepending on its rated condition.

Qref — Qref- tsim _ Qref- tsim (ATj,ref>a tsim (24)

L = = = . .
10 qn Qsim ATj,eqa- Nsim ref ATj,eq Nsim

3.4. Selection of component for standard reliability
General principle

When a desired service life N has to be achieved, an equivalent nominal stress for component sizing Xomsi,
needs to be derived. Nominal stresses are generally defined for a given number of cycles, N,.,, which gives:

-82 -



Chapter 3: Evaluation models and sizing for lifetime and reliability

Q= Nref'Xgom,siz = N'ng (25)
N 1/a
Xnom,siz = Xeq- <m)

Selection of a mechanical component

Therefore the mission profile with varying stress and speed has been mapped on a reference point that is
described by the equivalent nominal load o, and the equivalent nominal speed V. This can be expressed more
easily if the cumulated damage per unit time g, has already been calculated. Then, the following relation can be
calculated:

qn = 0, " VFH! (26)

The equation can then be solved towards the sizing stress o, which is similar to the equation introduced
earlier:

(82 27)

Osiz = qn

Electrical components and power modules

For electrical components such as windings of motors and power modules, the lifetime is directly linked to
the temperature and not directly to a selection parameter such as a torque or a current. If direct selection of a
component is difficult, a target operating temperature can help to select it or to define the associated cooling
system. From previous equations, the equivalent dimensioning temperature of operation T; that achieves the
specified desired lifetime L;, ;.. can be calculated.

Tyiz = ————————g— for insulation (28)
k.In| —RSPEC o KTeq
Lh,ref

a [N
AT} iy = AT; . | 2222 for power modules
’ ' Naim

3.5. Effects of reliability
Reliability basis

The previous calculations were made by considering a general standard reliability provided by manufacturers
for the rated conditions of 90% success in completing its mission until the specified lifetime. While the
calculation of the lifetime and dimensioning for a desired lifetime of the actuation system is very useful to reach
high maintenance intervals needed to reduce operating costs, safety requirements request usually demand a
higher reliability than given by the standard reference parameters from manufacturers. The reliability is
expressed in terms of the probability of a component or system performing a required function successfully
under defined conditions and for a defined period of time. Therefore failure is the contrary event, the termination
of the ability of an item to perform a required function. If F(?) is the function of the probability of failure (also
called density function), and f{?) is the failure density that occurs in a time interval /0,¢/, then the Reliability R(?)
of a component or a system can be expressed as:

; (29)
RO)=1-F@t)=1- ff(t)dt
0

At component level, the failure rate A, which is the probability per unit of time of a failure occurring in a
specific interval, is more interesting as it classifies the reliability of a component. The failure rate of a
component can be obtained through experiment from the failure density or calculated through the function of
failure F(?) or the function of reliability R(z):
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ey = FQ+8D —F@©) _ R — Rt + Ar) (30)
© = R(t).At a R(t).At

The time between two failures of a component is then referred to as the Mean Time To Failure (MTTF)
which can also be calculated as:

+0oo (31)
MTTF =f R(t)dt
0

By adding the Mean Time To Repair (MTTR), the Mean Time Between Failures (MTBF) can be calculated.
As the repair time is often neglected or unknown the MTBF is often taken as equal to the MTTF.

MTBF = MTTF + MTTR =~ MTTF (32)

In this section, the link between reliability parameters and the lifetime is established in a generic way, in
order to address different components independently of the failure process (e.g., fatigue and thermal aging). The
focus is on the following three reliability parameters: the probability of success R, the failure rate A, the mean
time to failure MTTF.

Electrical components: Exponential failure distribution

Electrical components such as windings and capacitors are subject to random failures during the major part of
their service life. A constant failure rate or an exponential failure distribution is then often assumed for
simplicity. In Figure 17, the failure density, the number of failures per time, and the failure distribution or failure
probability function are shown for an exponential failure distribution.

1.6
1.4}
1.2f
1.0
T 0.8}
0.6}

0.4
0.2}
09 1 2 3 4 5

X
a) Failure density function b) Failure probability function

o

> > > |

Il
t—-»—-c
(93}

Figure 17 — Exponential Failure distribution for 3 different constant failure rates

This allows a very simple calculation of the components reliability R(¢, 4), the MTTF and the failure
probability F(z, 1):

R(t, 1) = e (33)
+00
MTTF = f R(t)dt =%
0
Fit, D)=1—-Rt, ) =1—e*

As lifetime is linked to reliability R = et , a derated lifetime L, for a probability of failure of n% can be
evaluated with :
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log(R,) (34)

L =a,L, witha, =
log(R,)

Mechanical components: Weibull distribution

When the failure rate A is not constant, as for mechanical components, multiple options for the description of
the reliability functions through a shape factor are available. Besides the exponential distribution, the Normal,
Lognormal, Gamma and Weibull distributions are common, the Weibull distribution being the most widely used.
The big advantage of the Weibull distribution is that it can be made to fit many distributions by adjusting the
shape factors of the function. The shape factor b can therefore imply an increasing hazard rate when 5>0 or a
decreasing hazard rate when <0 as well as a constant hazard rate as for the exponential distribution with 5=0.
The scale parameter i symbolizes the mean life time of the component u=MTTF. Differing from an exponential
distribution, it cannot be calculated directly, as it is a function of the shape factor. Following this, the hazard rate,
the density and the failure distribution function are shown in Figure 18.
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Figure 18 — Weibull Failure distribution with variable failure rate

The failure and reliability values can thus be calculated similarly to the exponential distribution by taking
account of b as the shape and u as the scale parameter. The failure density, the failure probability, the reliability
and the variable failure rate can be calculated as:

b t®-1 o(=t/w)P (35)

failure density: f(t) = A
U

failure probability: F(t) = 1 — e~(t/w°

reliability: R(t) = 1 — F(t) = e~¢/w’
b.t®=b
failure rate: A(t) = P

From the previous expression, the reliability variation can be expressed as a function of the lifetime variation
as:

Lyspee | (36)
R= Rref[ Ly ]

where R is the reliability for the specified lifetime L, .. and R, is the standard (reference) reliability
corresponding to the effective lifetime L;, 4.
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Expression (36) also provides a reliability factor az that modifies the specified lifetime to match a reliability
R,y different from the standard one:

ln(Rspec ) " (37)

L lniRref ]

hspee = aRLh’eff with a, =

For the components subject to mechanical fatigue, the previous expression allows us to propose a sizing
factor agc that modifies the sizing parameter (e.g., nominal output torque for the speed reducer) to match a
specified reliability as follows:

_ (38)
b,
Ape = (CZR) Wp = lln(imec) 3
1’1[ reif'j

These corrective sizing factors for lifetime and reliability have been computed for p=3 and »=1.5 in Table 3.

Table 3 - Corrective factors ap and agc that modify the specified lifetime or sizing (nominal torque or force)
in order to reach a reliability R,...

Ry, 0.9 0.92 0.94 0.96 0.98 0.99
ag 1 0.86 0.70 0.53 0.33 0.21
Arc 1 1.05 1.13 1.24 1.45 1.68

Relationship of components to systems

Further complications in the determination of reliability are introduced when system reliability is being
considered, rather than component reliability. A system consists of several components of which one or more
must be working in order for the system to function. Components of a system may be connected in series, as
illustrated in Figure 19 which implies that if one component fails, then the entire system fails.

Component 1 Component 2

Reliability 0.90 Reliability 0.90

Figure 19 — Reliability block diagram of 2 components in series

In this case, reliability of the entire system is considered, and not necessarily the reliability of an individual
component. The system reliability in a series configuration is less than the reliabilities of each component. Thus,
series reliability can be expressed in the following relationship:

Rseries = H?:1RComponent,i (39
and for example of Figure 19:
RSystem = RComponentl X RComponentZ =0.90x0.90 =0.81 (40)

When very high system reliabilities are required, the designer or manufacturer must often duplicate
components or assemblies, and sometimes even whole sub-systems, to meet the overall system or equipment
reliability goals. In systems or equipment such as these, the components are said to be redundant, or in parallel.

Although the reliability of a group of series components decreases as the number of components increases,
so the opposite is true for redundant or parallel components. Redundant components can increase the reliability
of a system as illustrated by the example of Figure 20:
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failure probability:F = (1 — R1) x (1 — R2) = 0.1 X 0.15 = 0.015 (41)
reliability: R = 1 — failure probability =1 — 0.015 = 0.985

However, this increase in reliability comes at the expense of factors such as weight, space, and
manufacturing and maintenance costs.

Component 1
R1=0.90

Component 2

R2=0.85

Figure 20 — Example of 2 parallel components

4. CONCLUSION

Some applications, especially in the aeronautical field, require high reliabilities and extended lifetimes. It is
therefore essential to address these aspects early in the preliminary design process. With this in mind, this
chapter has developed lifetime and reliability calculations that take the sizing and the damage occurring due to
operation into account. These calculations have been implemented into an in-house software tool with Modelica
language [18]. The proposed approach focuses on systematic failures, which are related to progressive
degradation under normal conditions of operation (e.g., fatigue, wear, thermal aging). Other factors of failure
appear in manufacturing and operation (e.g., miss-handling, unexpected conditions of operation, external shock).
In some fields, e.g. aerospace, the influence of these last factors is minimized by a strict control of the
manufacturing and operating conditions. In other fields, this limitation of the proposed approach should be
addressed carefully, e.g. by comparing the desired reliability objectives with data based on field experience.
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1. Introduction

The study presented in this paper was conducted in the frame-
work of the European project DRESS (Distributed and Redundant
Electromechanical nose gear Steering System) [24,25]. As illus-
trated in Fig. 1, the project aims to develop and test an electrically
powered nose gear steering system [10] with high reliability al-
lowing automatic on-ground guidance. By giving the aircraft a true
all-weather (true zero visibility) capability, it will offer significant
aircraft operation gains and increase the Air Transport System effi-
ciency. The work reported focuses on the design of the electrome-
chanical actuator (EMA) replacing the current servo hydraulic one
scaled to single aisle commercial aircraft (Fig. 1).

To move towards more electric aircraft [15], this challenging
project must provide a technology leap, improving safety and reli-
ability to allow automatic guidance with a limited weight impact.
Such a critical embedded electromechanical actuation system is
very complex to design and to optimize, especially because of its
multidisciplinary character [46] and its multiple modes of opera-
tion. The design of the power transmission, modulation and trans-
formation must cope with multiple and opposing constraints when
considering mass, reliability, safety, shimmy damping and control-
lability [36,23,37], and operability (towing).

In this paper, an integrated methodology covering the search for
and evaluation of high-reliability architectures for the preliminary

* Corresponding author.
E-mail address: jean-charles.mare@insa-toulouse.fr (J.-C. Maré).

1270-9638/$ - see front matter © 2011 Elsevier Masson SAS. All rights reserved.
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Highly reliable
electromechanical actuator

Single aisle transport
commercial aircraft’s
nose landing gear

Angular Whel

position
sensor

Servo l::> Electric
hydraulic motors
actuator
Wo
? Speed
Clutch
sear reducer

DRESS actuator

Fig. 1. DRESS - replacing a conventional hydraulic nose gear steering system by a
highly reliable EMA.

design of an EMA is introduced. The preliminary (or conceptual)
design [45] is a critical phase of a project that engages most of the
decisions and development costs. The aim of this methodology is
to simplify and speed-up this phase. The focus is on the search for
architectures compliant with highly demanding safety and reliabil-
ity requirements.

In the first part of Section 2, the general principles of the pro-
posed integrated methodology for the search and assessment of
EMA architectures are described. In the second part of the sec-
tion, the approaches finding solutions in the conceptual design are
reviewed before presenting the method developed in the DRESS

Please cite this article in press as: ]. Liscouét et al., An integrated methodology for the preliminary design of highly reliable electromechanical actuators: Search for
architecture solutions, Aerospace Science and Technology (2011), doi:10.1016/j.ast.2011.05.010
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Nomenclature

CAD Computer Aided Design
EMA Electromechanical Actuator
RR Rotational-Rotational

RT Rotational-Translational

TR Translational-Rotational
RRR Rotational-Rotational-Rotational
RTR Rotational-Translational-Rotational

project. In Section 3, the main requirements of the DRESS project
are introduced. In Section 4, the method developed in the DRESS
project for finding highly reliable EMA architectures is described
in more detail together with its results. In Section 5, the reliabil-
ity of the architectures obtained is quantitatively investigated in
order to specify actuator elements in consequence and to assess
the severity of the reliability objectives. In Section 6, the process
for evaluating the architectures is briefly described and references
for further details are provided. In Section 7, the results obtained
by applying the integrated methodology to search for and assess
highly reliable EMA architectures in the DRESS project are pre-
sented. Finally, these results and possible future works are dis-
cussed in Section 8.

2. Proposed methodology
2.1. General principle

A design process, such as the V cycle, is inherently highly it-
erative [50]: It starts with a limited level of detail and a limited
number of parameters and criteria to be considered. As the design
progresses, the level of detail and number of issues to be taken
into account increase. As detailed design information comes late in
the process, the designer must proceed in an iterative way. If the
selected solution finally fails to meet the requirements regarding
the different engineering domains involved, then a large loop back
to the first steps of the process might be required. Such a loop has
a direct impact on development costs, times and risk.

The purpose of the proposed methodology is to implement
more iterative capacities in the early preliminary design phase. In
this way, it is possible to take more details and design criteria into
account early in the design process. Thus, the size and number
of iteration loops are reduced. Consequently, the design process
speeds up and is more secure.

In the framework of the DRESS project, the high demand for
reliability is a design driver that must be considered early during
the generation and selection of architectures [44]. Accordingly, the
method described in the next sections specifically addresses this
aspect by creating early iterations on the reliability aspect, both
qualitatively and quantitatively.

The methodology introduced here deals with the preliminary
or conceptual design phase as defined in the generally accepted
systematic engineering design process model [45,34,48,35,32,17,22,
47], which aims to optimize the search for an optimal design. In
this process the conceptual design can be divided into four main
highly iterative steps:

1. Specification (requirements).
2. Definition
a. Search for principle solutions (concepts).
b. Embodiment (solution variants of the chosen concepts).
3. Evaluation (comparison of the chosen concepts).
4. Decision (selection of a concept for the detailed design).

The proposed integrated methodology encompasses the defini-
tion and evaluation of highly reliable electromechanical actuators.
As previously mentioned, this paper places the emphasis on the

systematic search for principle solutions and their embodiment,
which make up the definition phase of the conceptual design.

2.2. Search for architecture solutions: State-of-the-art and proposed
method

Solution finding methods aim to find an optimal solution that
fulfills all demands in the requirements and can be realized within
the time, budget and resource constraints set for the project. As
defined in [35], in a systematic approach the first step is to gen-
erate a range of solutions from a function structure. A function
structure is the compatible combination of sub-functions to give
an overall function. In a second step, physical effects are assigned
to each of the sub-functions. Solution variants are generated while
the function structure is being developed and when physical ef-
fects are selected. The solutions generated are then evaluated and
compared before selection.

Two main approaches can be distinguished in the development
of a new product: (1) Improving or deriving an existing technical
solution; (2) Producing a new solution from scratch. In the aero-
nautics industry, as in many others, starting from a proven existing
technical solution (e.g., previous product) is one of the most im-
portant means of generating new designs and improving existing
ones as it reduces development risk, time and costs. Generating a
new solution from scratch offers greater potential for optimization,
but also increases the development risk, time and cost. Starting
from scratch is generally motivated by a demand for innovation,
as is the case in the DRESS project with a demand for a tech-
nological breakthrough from hydraulic to electric actuation tech-
nology. In both approaches, the search for solutions should start
by gathering state-of-the-art information from e.g. technical litera-
ture, trade publications, professional fairs and exhibitions, catalogs,
patents and analysis of existing products. One of the main interests
of this preliminary activity is to avoid the unproductive process
of involuntarily re-inventing an already existing technical solution
(that might be patent protected). In case of the improvement of or
derivation from an existing solution, this information can also be
used to identify candidate existing solutions to serve as a basis. In
case of the search for an innovative solution this information can
feed the search, e.g. with working principles.

The search for an overall solution or individual solution (part
of the overall design solution) can be based on conventional, in-
tuitive or discursive methods [35]. Conventional methods include
extracting solutions from state-of-the-art information, e.g. by anal-
ysis of existing solutions, analysis of natural artifacts (e.g., organ-
isms, structures, processes) or analogies with similar problems. In
intuitive methods the designers seek and discover solutions for
difficult problems by intuition. Good ideas are developed and mod-
ified, until one leads to a solution to the problem. The methods
to support intuition for identifying solutions and solving prob-
lems range from simple discussions among colleagues to more
sophisticated brainstorming methods. The main issue with purely
intuition-based methods is that an optimal solution may be sim-
ply overlooked. Discursive methods provide a solution in a more
systematic step-by-step approach. Note that discursive methods do
not exclude intuition, which can be involved in the finding of in-
dividual solutions. Discursive methods for deriving new solutions
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Fig. 2. Common intuitive methodology vs. proposed more systematic methodology for highly reliable EMA architectures.

from existing ones are based on variant design for the specifi-
cation task (e.g., [16]) and analogical reasoning for the definition
task (e.g., [26]). For new solutions from scratch, discursive methods
are based on the systematic study of physical processes [40,35],
classification schemes [12,35] or first-principle reasoning (e.g., [32,
35,49,6,26]). First principle reasoning is a compositional synthesis
process that involves databases of basic knowledge about work-
ing principles or components (e.g., design catalogs [42,35]) used as
building blocks that are combined together to form solutions.

All the aforementioned methods can be used independently for
defining the different parts of the overall solution. In that case,
the next step is to combine them to form this overall solution.
This task can be conducted intuitively or in a more systematic
way. The systematic combination of local solutions is a combinato-
rial problem, the objective of which is to combine only promising
compatible solutions satisfying all the demands of the require-
ments. In order to manage the solution space (generated solutions)
efficiently, i.e. to generate valuable solutions only, this combina-
tion should be visually supported e.g. by means of classification
schemes also referred to as morphological matrices [51,35]. The
advantage of a systematic approach is to encompass the broadest
range of solutions and thus to minimize the risk of missing an op-
timal solution. However, the problem is that more solutions are
generally produced than can be seriously considered by the de-
signer. To take advantage of a systematic approach it is therefore
essential to limit the number of solutions generated. One can dis-
tinguish two main approaches for managing the number of solu-
tions generated: the feasibility and the similarity approaches [33].
In the feasibility approach, design constraints and rules are used to
discard (to filter) solutions, e.g. by limiting the number of building
blocks in the overall solution or constraining the position of cer-
tain blocks. The similarity approach harks back to the concept of
classification schemes: Rules of similarity are used to group solu-
tions. The designer can then assess a group by investigating only
one or a few of its solutions.

In the DRESS project, the demand for a technological break-
through from hydraulic to electric technology together with a
demand for a highly reliable solution led us to look for a new
design from scratch. At the beginning of the DRESS project, a com-
mon method based on the intuitive identification and combination
of technological solutions was first applied. As shown in Fig. 2,
this method starts with the identification of the possible techno-
logical solutions. Then, the identified technological solutions are
intuitively combined into candidate architectures. Finally, the ar-
chitectures generated are optimized and evaluated before being
compared.

Such common methodology allows proven solutions to be re-
used by combining them in an innovative way to obtain new
functionalities and by minimizing the development risk. On the
other hand, because of the variety of forms (redundancies [20])
and number of solutions for high-reliability architectures, this in-
tuitive approach does not efficiently support the elicitation of the
most promising architectures for the given application. In other
words, it does not converge to generate a reduced number of
valid solutions with confidence in not missing a valuable design.
Therefore, a more systematic method has been developed on the
basis of first-principle reasoning applied to an in-house expertise
based catalog of functions, concepts and proven components for
electromechanical actuation applications. In this way, the broadest
possible range of solutions is generated to increase the chances of
finding an optimal design. The generation of solutions is performed
over three distinct levels of abstraction: functional, conceptual and
technological (embodiment). The number of solutions is managed
by filtering by constraints at each level of abstraction. As a re-
sult, the proposed method involves, in compliance with related
works in the field of design research (e.g., [38,9,41]), two kinds
of steps: divergent (generation) and convergent (filtering). By re-
peating these two steps over three levels of abstraction, a multiple
divergence—convergence solution generation process with an over-
all convergent trend is obtained as illustrated in Fig. 3. Thus, the
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Fig. 3. Multiple convergence-divergence solution generation process of the DRESS
project.

proposed method can be qualified as a ‘balanced search’ as defined
in [19]. The constraints used for filtering are either domain-neutral
(e.g., limited number of basic elements making up the overall de-
sign) or domain-based, i.e. imposed by the state-of-the-art of elec-
tromechanical technology (e.g., invalidity of a direct-drive solution
due to its massive weight impact). Because of the importance of
reliability in the DRESS project, special care was taken to establish
reliability based constraints (e.g., domain-neutral: fault contain-
ment next to the load in the transmission chain, domain-based:
no end-effector components with a significant risk of jamming).
Finally, as mentioned previously, it is essential to enable visual-
ization of the solution generation to manage the solution space.
Therefore, a functional architecture framework for representation
of the functional solutions (see Fig. 5) and morphological repre-
sentations of conceptual and technological solutions (see Fig. 6 and
Fig. 7, respectively) have been developed.

The output of this first part of the overall methodology is a
reduced number of architectures that are qualitatively compliant
and most promising with respect to the requirements.

It is then possible to proceed to a quantitative reliability anal-
ysis, in order to allocate reliability targets (failure rates) to the
different parts of the EMA. We also propose to take advantage of
this analysis here to validate or to support the redefinition of the
quantitative reliability requirements very early in the design pro-
cess. In this way, a second iterative capacity focusing on reliability
(Fig. 2) is implemented early in the process.

Finally, as shown in Fig. 2, in addition to the traditional power
sizing, the reliability target allocation allows sizing with respect to
the reliability of the architecture components for a better evalua-
tion of the different solutions before the trade-off.

3. The nose gear steering system

The work reported here encompasses the design of the elec-
tromechanical power transmission from the power electronics to
the mechanical interface with the nose gear turning tube (Fig. 1).

The modes of operation and the mission cycle of the nose
gear steering system depend on the different aircraft operation
phases: towing, taxiing, take-off, flying gear-down, flying gear-up,
and landing. For safety purposes, the nose gear steering system
also includes a reversionary and an ultimate mode of operation. In
case of a single failure, the actuator remains operative by switch-
ing to the so-called reversionary mode. In case of a combination of
failures, the system becomes passive and leaves the wheel steering
free to move. It is assumed that a mission cycle is repeated a given

Rotational Velocity (normalized)

Fig. 4. DRESS mission cycle - torque vs. angular velocity (normalized).
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Fig. 5. Actuator functional architecture framework.

number of times per day for the entire life of the aircraft. This al-
lows the required system lifetime to be calculated, e.g. for fatigue
and reliability sizing.

In the towing and ultimate operation modes, the steering sys-
tem is passive: The actuator does not oppose too high a resistant
torque against motion of the nose gear, while the aircraft is steered
by an operator on the ground. During taxiing, take-off and landing,
the steering actuator operates in the closed-loop control position
and the steering angle demand is limited according to the air-
craft velocity. In the reversionary mode, the actuator might have
reduced power (force or speed) capabilities that are sufficient to
complete a mission cycle. Fig. 4 illustrates the power need for the
steering system in the normalized torque-speed plane.

4. Systematically generating solution concepts

This section illustrates the proposed method for systematically
generating solution concepts (architectures) while giving special
consideration to mass and safety. The process starts from the
results of a requirement and functional analysis of the steering
system under study. Once the actuator major sub-functions and
requirements driving the design of the electromechanical power
transmission have been identified, a functional architecture frame-
work can be developed. As shown in Fig. 5, the proposed functional
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architecture framework consists of functional stages taking the
form of boxes that are linked together by following the electrome-
chanical power transmission path(s) from the power source to the
actuated load. The advantage of this framework is to represent
all the solutions at the functional level, while being representa-
tive of the physical appearance of the actuator to be developed.
All the possible functional architectures are obtained by system-
atically combining all the identified functions with the help of
the architectural framework. The next step consists of embodying
this framework at conceptual and then technological level. Because
of its systematic aspect, this process generates a large number of
solutions. In order to maintain an overview and keep control of
this process, it is proposed to filter the solutions generated at the
three different levels of detail considered: functional, conceptual
and technological, while paying special attention to the safety re-
quirements. This systematic architecture generating and filtering
process leads to a limited number of actuator architectures that
comply with the system requirements in general and the safety re-
quirements in particular.

A functional analysis of the actuator identifies the actuator
functions driving the design of the electromechanical power trans-
mission:

To transform electric power into mechanical power;

To distribute and transform mechanical power;

To allow free castoring during towing;

To remain operative after a single failure (reversionary mode)
and to fail passively (wheel is free to move) after a combina-
tion of two failures (ultimate operation mode).

4.1. Functional architecture framework

The previously identified actuator sub-functions and require-
ments are the foundation of an architectural framework as de-
scribed in Section 4. Drawing such a framework still requires some
high level decisions to be taken. For example, the event of generat-
ing a huge number of redundancies (power paths) is not consistent
with efficient progress at that point. It is first necessary to define
this aspect in greater detail.

For many reasons, such as integration or safety, an actuator
can comprise multiple power paths. In order to simplify the de-
velopment of the functional architecture framework and to cope
with the weight constraint, it is first assumed that the number of
power paths is limited to two. This balances redundancy needs and
weight impact. In order to minimize the number of unique parts
and improve maintainability of the system [18], it is subjectively
decided to design symmetrically parallel power paths.

In the functional architecture framework, at least one stage
must correspond to each actuator sub-function. However, the func-
tion “transform mechanical power” can involve more stages as me-
chanical power can flow in either rotational or translational ways.
Transforming a rotational motion into a translational motion would
require only two functional stages. Yet it could be interesting
to consider a Rotational-Translational-Rotational (RTR) mechani-
cal power transformation, especially because of the high reduction
ratio and compactness that this solution might offer (e.g., use of a
roller-screw). Therefore, three functional stages correspond to the
function “transform mechanical power”.

The resulting functional architecture framework is illustrated in
Fig. 5. As shown, the power can flow through single (in gray) or
parallel (in black) functional stages (i.e., power paths). To go from
a single to a parallel functional stage and vice versa, it is necessary
to divide or merge the mechanical power path(s). Thus, each archi-
tecture is a unique combination of single and parallel stages, i.e. of
black and gray segments alternating through mergers and dividers
in Fig. 5.

From a combinatorial calculation, 7860 different possible solu-
tions are found for the given architecture framework:

5 functions (E1-E5) Possibilities of

to combine redundancy
—_— =
Ny= 5! 26 = 7860 (1)

In order to reduce this number before embodying at conceptual
level, it is interesting to study the impact of the safety require-
ments. The two major undesired failure events that can be caused
by the electromechanical part of the actuator are jamming (classi-
fied as catastrophic) and loss of torque control (classified as haz-
ardous) at the turning tube. Based on the fail-safe principle, no
single failure of the actuator is allowed to lead to these events.

To illustrate the impact of these requirements, it is interesting
to start by considering an actuator consisting of a single power
path. A failure-inhibiting element has to be mounted downstream
of the last component that may fail, in order to ensure that no
single failure will lead to the aforementioned undesired events. In
case of a single power path, jamming of the landing gear turning
tube and loss of torque control are antagonistic failure events. In-
hibiting jamming by declutching causes a loss of torque control of
the turning tube, and inhibiting a loss of torque control failure by
holding position causes jamming of the turning tube. This clearly
indicates that at least two independent power paths are necessary.
In this way, a single failure occurring in one path can be inhibited
by the corresponding element located downstream the failed com-
ponent, while the remaining healthy path takes over the actuator
functions.

To sum up, safety considerations reduce the actuator func-
tional architecture framework to two independent power paths.
The power is combined at the turning tube only. These statements
completely fix the redundancy and thus reduce the number of
different possible solutions from 7860 to 120 (function combina-
tions).

4.2. Conceptual architecture framework

The transition from the functional to the conceptual level of de-
tail consists of deriving each sub-function into physical principles
[35]. In consequence, during this transition, the number of solu-
tions is increased.

At conceptual level, the function “transform electric power into
mechanical power” can be carried out by either a rotational or a
translational electric motor. A comparative preliminary power siz-
ing study led to the selection of a rotational motor on the basis of
the mass requirement.

At mechanical transmission level, there are four candidate types
of power transformers:

e Rotational-Rotational (RR);
o Rotational-Translational (RT);
e Translational-Rotational (TR);
e Translational-Translational (TT).

They can be associated in three stages, the first stage being
driven by a rotational electric motor. This gives eight different pos-
sible combinations. The use of a rotational electric motor and the
rotational nature of the actuator output (landing gear turning tube)
reduce the problem to four possible combinations, which can be
resumed in two main concepts, RRR and RTR transmissions. RRR
stands for a pure rotational mechanical power transmission, while
RTR stands for the use of an intermediate translational transmis-
sion (e.g., roller-screw combined with a gear rack).

The function “allow free castoring” ensures the towing capa-
bility of the aircraft on the ground. This can be realized in two
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Fig. 6. Actuator conceptual architectures.

different ways: making a completely reversible actuator or discon-
necting the actuator from the turning tube during towing opera-
tions.

Mechanical power flows can be combined in a speed or torque
summation scheme. On the one hand, speed summation offers
the capacity to drive the turning tube even in case of jamming
of one upstream power path; while torque summation would jam
the turning tube. On the other hand, torque summation offers the
capacity to drive the turning tube even in case of loss of torque
control of one upstream power path, while speed summation leads
to loss of torque control of the turning tube. Thus, inhibiting a sin-
gle failure requires braking and declutching elements in the speed
summation and torque summation configurations respectively. At
technological level, speed summation can be realized with a plan-
etary gear train directly mounted on the turning tube. Because of
the number of rotating elements in such a component, it is not
acceptable in terms of risk of jamming. Additionally, this compo-
nent would have a mass greater than the specified mass. Therefore,
only torque summation is considered with the corresponding de-
clutching elements. Additionally, the declutching element can be
used to ensure the function “allow free castoring” if it can be de-
clutched and re-armed during operation. The resulting conceptual
architectures are illustrated synthetically in a morphological fash-
ion in Fig. 6.

Before discarding translational motors and speed summation
with respect to technological constraints, there were 1920 differ-
ent possible solution concepts:

Linear or rotary Speed or effort

Function  motors, mechanical Ssummation, declutching
combination transmission or braking
—~ = —~— = —~ =
Ne1 = 5! 8 2
=1920 )

The aforementioned decisions, obtained by systematic reasoning
and their impacts on the other actuator functions reduced this
number to 16:

RLR or RRR Positioning
transmission Of the clutching
—— ——
No= 4 4 =16 (3)

4.3. Technological architectures

Usually, rotational electric motors used in EMAs are DC, syn-
chronous (brushless) or induction motors, with cylindrical shape
and internal rotor.

The induction motor consists of a simple assembly, and is ro-
bust and cheap. However, it has a low torque density compared
with the DC and synchronous permanent magnet motors. For this
reason, its use is generally limited to industrial applications.

The DC motor is easy to control and minimizes the cost of the
associated controller. Also, it delivers a smooth torque. However,

this advantage is balanced by the presence of brushes, which have
to be protected from harsh environments and are subject to wear.

The high performance synchronous permanent magnet (brush-
less) motor [8] has high efficiency and power density. It requires
a rather more complex and expensive controller than a DC motor
to offer the same torque smoothness. The absence of brushes sig-
nificantly reduces the maintenance needs and inhibits critical be-
havior in a harsh environment. Its mass and reliability advantages
make this motor the current standard for aeronautical applications.

In the DRESS project, the partner responsible for motor man-
ufacturing provided a high performance permanent magnet syn-
chronous motor with physically and magnetically decoupled
phases, which has a higher torque to mass ratio and very inter-
esting features for high-reliability operation [27].

Rotational-rotational mechanical power transmission can be
obtained by combining cycloidal reducers, harmonic drives, plan-
etary trains, worm gears, spur gears, etc. For integration purposes,
worm gears and spur gears offer interesting means of interfacing
with the turning tube. Cycloidal and harmonic reducers have a
higher power density than planetary trains but are dedicated to
rather high transmission ratio ranges while planetary trains are
more relevant for lower transmission ratios. Therefore, it is in-
teresting to consider planetary trains for small transmission ratios
and cycloidal or harmonic reducers for high transmission ones.

The roller-screw technology was identified as the most suitable
solution for carrying out RTR mechanical power transformations
interfacing with the turning tube, especially for integration pur-
poses and because of its high load capacity and transmission ratio.

Disconnecting the complete actuator from the turning tube dur-
ing towing operations or from one power path in case of failure
can be done by an electromechanical clutch. This clutch can be
mounted only upstream of the component interfacing with the
turning tube. Therefore this interfacing component is located in
a single path from a safety point of view, and has to be jamming
resistant. The failure behavior of roller-screws and worm gears is
well known and not subject to jamming in normal operating con-
ditions. In the same way, spur gears are simple components that
can be adequately oversized to ensure resistance to jamming.

An ultimate solution against jamming could be to develop an
in-house declutching system that would be installed in parallel to
the interface between the actuator and the turning tube. Basically,
it would isolate the failed power path by pushing its interfacing
element (e.g., rack, pinion, worm screw) out of the turning tube
gear. On the one hand, such a device would raise re-arming is-
sues to ensure its necessary testability against dormant failure and
would have a significant impact on the system’s mass, maintain-
ability and reliability. On the other hand, it is not proved that it
will be sufficient to ensure the jamming resistance of the actuator.
Therefore, it is not considered further here. Fig. 7 summarizes the
resulting power transmission candidates at the technological level
in a morphological fashion.
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Before filtering on technological level, there were 48 different
technological solutions:

Motor Speed reducer RRR or RTR
types types transmissions
—~= —~ = —~ =

No= 3 4 4 =48 (4)

Filtering with respect to technological constraints (imposed by
partnerships and technology state of the art) allowed a reduction
of the number of different possible solutions from 48 to 2 (Fig. 7).
Such a limited number of candidate architectures is acceptable for
preliminary reliability analysis, pre-sizing and comparison studies.

5. Reliability analysis
The objectives of the present reliability analysis are:

e To allocate reliability targets (failure rates) to the different
parts of the EMA;

e To validate or support the redefinition of the quantitative reli-
ability requirements if necessary;

e To enable sizing for reliability [30].

The evaluation of the candidate architectures regarding reliabil-
ity is based on general fault trees for the three failure events that
can be caused by the electromechanical power transmission part
of the actuator:

e Jamming of the nose landing gear;
e Loss of torque control;
e Reversionary mode.

The reversionary mode refers to the fail operative condition,
where one power path fails and is disconnected while the remain-
ing healthy power path carries the actuator functions alone for a
limited duration.

In a common reliability analysis based on fault trees, the fail-
ure probabilities of the different components and their effects are
propagated through the trees up to the desired upper level effect
(e.g., to system level) to obtain the occurrence rates of the failure
events studied [20,43]. First, this traditional bottom-up method-
ology is used here to check the validity of the candidate archi-
tectures with respect to the reliability objectives. Second, a hybrid
(top-down/bottom-up) methodology, described below, is proposed
to define reliability targets for the different parts of the EMA and
thus to reach the system reliability objectives. In order to support
the design for reliability, this methodology focuses on assessing the
failure rates for two main groups of components. The first group

exponential distribution function.

Reliability calculation requires failure rate data for all the com-
ponents involved in the candidate architectures. Most of the values
used in this study are adapted from published summaries [39].

Reliability calculation also requires the operating times of the
system parts to be taken into account. If a system is not working
continuously during a mission it is less exposed to failure and thus
can reach a higher reliability level over its lifetime. It is assumed
that the safety critical components and the clutches are always
exposed to failure except during in-flight phases, where they are
not operating. The system upper parts are assumed to be exposed
during taxiing, take-off, landing and gear-down phases. Thus, for
a typical mission, the operating times of the critical components
and system upper part correspond to 35% and 30% of a flight hour
respectively.

5.2. Hybrid methodology for assessing reliability targets

The proposed methodology for assessing component reliabil-
ity targets is based on a common bottom-up fault tree approach
modified with a top-down propagation of top-level failure rate ob-
jectives. The usual process has component failure probabilities as
inputs and the occurrence probabilities of the top-level events un-
der study as outputs. Here, this process is modified in order to
take the occurrence probabilities of the studied top-level events
as inputs and to output the relationships between the reliabil-
ities required for the safety critical components and the system
upper-part. In this respect, the common fault tree calculations are
mathematically adapted to include the top-level events and the
safety critical component probabilities of failure as inputs and the
corresponding required maximum probability of system upper-part
failure as output. The detailed calculations are described in [29] (in
French). In this way, varying the critical component probabilities
of failure provides, for the given reliability objectives, the numeri-
cal relationships between the maximum acceptable probabilities of
failure of the system upper-part and the safety critical components.

The relationships obtained, as illustrated in Fig. 8, support the
trade-off between critical components and the system upper-part
reliability requirements. In this way, the proposed methodology
efficiently supports a consistent design for reliability from com-
ponent level to system level.

5.3. Probability of jamming

The jamming of the turning tube being classified as catastrophic
implies a failure rate of 10~ per flight hour as required by the avi-
ation authorities [28]. This failure is inhibited in case of jamming
of a component located upstream the electromechanical clutch.
This implies a properly operating clutch. The jamming of any com-
ponent located downstream of the electromechanical clutch (in-
cluding clutch output shafts) would make the turning tube jam.
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Therefore, these critical components must be designed with spe-
cial consideration to jamming resistance.

The other focus of this study is the target reliability of the
system upper part. The jamming of a component located in the
system upper part must be combined with a clutch blocked in the
engaged position to really cause the jamming of the landing gear
leg turning tube. Due to the very low probability of this event,
power electronics reliability is not restricted by the jamming relia-
bility target. Thus, from the jamming reliability target of 10~° per
flight hour; it is possible to assess a target jamming failure rate of
2 x 1079 per operating hour and per path for the critical compo-
nents.

5.4. Probability of loss of torque control

The loss of torque control is classified as hazardous, implying a
failure rate specified by the aviation authorities of 10~7 per flight
hour [28]. However, in order to move towards an automatic on
ground guidance, a failure rate of 10~ per flight hour is targeted.
The control of the torque is lost if the two power paths simultane-
ously either declutch to prevent failure propagation or loose torque
control at any point of their architecture.

In order to assess the reliabilities of the critical components
and system upper part, it is interesting to draw the relationship for
an overall system failure rate for a loss of torque control of 10~
per flight hour obtained following the methodology described in
Section 5. Fig. 8 illustrates the relationship obtained in terms of
maximum acceptable system upper-part failure rates versus critical
component failure rates.

As shown, in case of ideal failure behavior (no failure) of the
system part, the maximum acceptable failure rate for the loss of
torque control of a safety critical component is about 10~* per
flight hour and per path. On the other hand, in case of ideal failure
behavior (no failure) of the critical components, the parts upstream
of the power electronics have a maximum acceptable general fail-
ure rate of about 10~ per operating hour and per path. Note that
reliability levels of 10~% per operating hour are not design con-
straining.

5.5. Probability of reversionary mode

The reversionary mode characterizes the case of an active ac-
tuator failure, i.e. a power path has been disconnected to inhibit a
failure occurring in one of its elements and the remaining healthy
path has taken over the actuator functions. Being in reversionary
mode dramatically reduces the reliability of the actuator with re-
spect to the loss of torque control. Indeed, in this case, a general

AESCTE:2653

J. Liscouét et al. / Aerospace Science and Technology eee (eeee) see—cee

failure of the system parts upstream of the power electronics or
a loss of torque control of the critical components automatically
leads to declutching of the remaining power path, i.e. it leads to a
total loss of torque control.

Calculation shows that the target probability for switching to
the reversionary mode can significantly constrain the reliabilities
of the critical components and system upper part. Additionally, it
shows that it is not possible to reach a failure rate lower than
about 5 x 10~% per flight hour for this event. Based on this revision
of the reliability target, the maximum acceptable loss of torque
control of the critical components and the maximum acceptable
general failure rates becomes about 10~ per flight hour and per
path.

5.6. Conclusions of the reliability analysis

The reliability analysis permits a jamming failure rate of 2 x
10~° per operating hour for the safety critical components inde-
pendently of the actuator architecture. It supports the assessment
of the maximum acceptable general and loss-of-torque failure rates
for the critical components and system upper part. As a result,
these failure rates are calculated as 10~° per operating hour. Fi-
nally, the methodology presented has pointed out the excessive
severity of the first reliability target for the occurrence of the
reversionary mode and has provided a more realistic assessment
with an order of magnitude of 5 x 1078 per flight hour.

Based on these results, it is possible to take measures to reach
the overall reliability target for the actuator. It should be noted that
high reliability of a component can be ensured by adequate sizing
(e.g., derating) and design (e.g., internal redundancy) for reliability,
scheduled maintenance or monitoring [20,11].

In other words, the proposed methodology results provide a
way of obtaining a consistent design for reliability from compo-
nent to system level.

6. Architecture assessment

The evaluation of the candidate architectures identified for
comparison (e.g., in terms of power, mass, integration) is outside
the scope of the present article. However, this activity is a major
part of the proposed overall methodology described in Section 2.
More information about the achievements related to this activ-
ity is available in [30,2,5,1,13,21,31], where the authors propose
a methodology and a software tool for the computer aided design
of electromechanical actuators. Within the framework of prelim-
inary design, the focus is on the selection and sizing of various
components used in the actuator architectures. The design crite-
ria addressed are the mass, environmental integration (installation)
[2,5,1,13,21,31] and operational reliability [35] for given force and
speed profiles. The library of components developed for the simu-
lation takes advantage of the non-causal and object oriented char-
acteristics of the Modelica language [14]. Thus, the library models
can carry out an inverse simulation of the energy flows going from
the mechanical load to the power source. Additionally, the number
of parameters to be entered by the user is minimized by the use
of scaling laws [4], which return all the parameters that are nec-
essary for the simulation. To support the design process efficiently,
the scaling laws developed are representative of the physical con-
straints driving the sizing of the different types of components
considered [31]. The proposed methodology and software tool are
illustrated with the sizing and comparison of actuator architectures
for aircraft landing gear steering [30,5,1] and extraction/retraction
systems [13], and flight control systems [5,21,31]. These examples
also demonstrate how the library developed allows fast modeling,
which is useful for an exploration of different design configura-
tions and parameters. In this way, the capacity for taking technical
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Fig. 9. Schematics (left) and mass comparison (right) of the candidate architectures.

decisions early in the preliminary design is improved by providing
rich insight into the design in an efficient way.

Finally, within the overall methodology described in Section 2,
the aforementioned evaluation approach provides additional iter-
ation capacities, in particular with respect to the power, mass,
environmental integration and reliability aspects.

7. Results

The comparison study of the candidate architectures identified
in Section 4 is conducted on the basis of the approach introduced
in the previous section.

The nose gear steering system operates for limited times com-
pared with the other airborne systems. Thus its energy consump-
tion does not have a significant impact on the overall aircraft
performance. On the other hand, its weight can be significant and
thus impact the overall aircraft performance. Therefore, the com-
parison study conducted focused on the mass criteria. The results
are shown in Fig. 9, right.

During the study, it appeared that the mass consideration for
the application in question (with rather low dynamics) favored ar-
chitectures with a high overall transmission ratio. As a result, both
candidate solutions reached nearly the same total mass (Fig. 9).

As for the mass information, the proposed evaluation approach
provides the dimensions of the different architecture components.
In this way, it is possible to proceed to an integration study, which
leads to comparable total volumes (not detailed here) for both can-
didate architectures and underlies their integrability on the landing
gear leg.

It should be noted that the mass analysis conducted does not
include the actuator housing mass. And yet this part of the ac-
tuator appears as a key contributor to the total mass. This point
should be therefore addressed in further work to enlarge the pro-
posed methodology and the scope of the associated software tool.

In the framework of the DRESS project, the candidate archi-
tecture based on the worm-gear design has been selected for the
detailed design. Among the different motivations for this choice is
the interest for studying an original solution, while the other ar-

chitecture, based on a spur gear, was already being considered in
an independent research project [7].

8. Conclusion

The methodology presented has opened up the discussion and
the applied design approach, which were originally only driven by
intuition and experience. The very demanding requirements, in-
cluding severe operational aspects (e.g., free mode for towing, free
mode in ultimate response to failure), did not allow an efficient
application of a common intuitive methodology in the search for
solutions. Instead, a more systematic methodology has been de-
veloped and applied. While covering a broad range of solutions, it
generates and evaluates a reduced number of the most promising
architectures that are compliant with the project requirements in
general and the safety reliability requirements in particular.

Starting from a countless number of possible solutions, two
most promising architectures were identified by paying a particu-
lar attention to the safety and reliability aspects. Moreover, besides
interesting results, the preliminary evaluation activity provided a
limited framework for the specific design of these solutions, sig-
nificantly reducing the remaining development time and effort.
Hence the proposed methodology has proved to be a significant
step towards designing electromechanical actuators for safety and
reliability.

In order to take advantage of this methodology, work is in hand
to extend it to a more multidisciplinary design including thermal
and hydraulic aspects. In this way, it will support efficient and fast
trade-offs between different actuator technologies. Work is also in
progress to implement optimization capability in order to address
more design parameters and criteria [13]. For a more robust de-
sign, it is planned to study the uncertainty of the models used in
the evaluation activity, along with the associated impact on the
results. Finally, towards an even more integrated design approach,
work for more continuity between the proposed methodology for
preliminary design and the following detailed design phase is on-
going (e.g., in terms of CAD modeling [3]).
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Chapter 4 — Metamodels for model-based-design of mechatronic
systems

ABSTRACT

This chapter illustrates how metamodeling techniques can be applied to models used in preliminary design of mechatronic
systems. After a review of the state of the art in the different families of metamodels, standard regression techniques are
applied to obtain estimation models from catalogue data and to represent transient simulations. Emphasis is placed on the
possibility of using dimensional analysis and transformations to extend the scope of these expressions and these methods. The
publication that follows this chapter, entitled "Scaling-law-based metamodels for the sizing of mechatronic systems" and
published in the journal Mechatronics, illustrates how these approaches can be adapted to the generalization and synthesis of
scaling laws from finite element simulations.

Keywords: metamodel, surrogate model, response surface, dimensional analysis, transformation, Design of Experiments.
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NOTATION

Acronyms

DAE

Differential-Algebraic Equations

DACE Design and Analysis of Computer
Experiments

DC Direct Current

DoE Design of Experiments

EMA Electro-Mechanical Actuator

LHC Latin Hyper Cube

LVDT Linear Variable Differential Transformer

MSE Mean Squared Error

ODE Ordinary Differential Equations

Nomenclature

X Input parameters

y Output response

Ry, Thermal resistance

Cy, Thermal capacitance

W, H, Geometrical dimensions

L

U Voltage

1 Current

m Modulation index

cos(p)  Power factor

Frequency
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PWM
RBF

RSM
RMS
RZ

SSE
SSTOT
TVC

OIS

Pulse Width Modulation
Radial Based Function

Response Surface Model
Root Mean Square

Normal regression parameter
Sum of Squared Error

Total Sum of Squares

Thrust Vector Control

Vector of parameters or temperature rise
Error

Box-Cox transformation coefficient or
Lagrange multiplier coefficient
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1. INTRODUCTION

1.1. Generalities about metamodels

A metamodel [1] is a simplified or approximate descriptive model of another model. Metamodel are
also called surrogate model [2] or response surface approximations [3]. This approach is also known as
behavioural modelling or black-box modelling. When only a single design variable is involved, the process
is known as curve fitting.

A surrogate model is an engineering method used when an outcome of interest cannot be easily
calculated with a cheap explicit mathematical relationship. Different cases may be encountered:

e The knowledge is in the form as statistical database and no mathematical models are available;

e The design problem requires physical experiments;

e The design model is solved through a costly numerical simulation which can take many
minutes or hours to complete;

e The design model is light but implicit and needs to be inverted to access the quantity of
interest.

The surrogate model can be used during design and optimization tasks to evaluate design objective and
constraint functions as functions of design variables. An important distinction can be made between two
different applications of surrogate models:

e Design optimization: the aim is to find the optimal parameter vector. Optimization process and
metamodel building are linked in order to update the experiment/simulation at a new promising
location found by a search;

e Design space approximation: the aim is to represent the global behaviour of the system.
Optimization can still occur as a post processing step but with no update procedure.

Here, we focus on the second case which can be approached in two ways [4]:

e One level: the first approach generates one metamodel for the target answer expressed directly
with the parameters of the models. In the case of an electromechanical system, this can result in
a metamodel that expresses the global mass of the actuator as a function of design parameters;

e  Multi-levels: The second approach builds several simple metamodels and assembles them to
form the objective function. In the case of an electromechanical system, several explicit weight
estimation metamodels of components can be summed to obtain the total weight.

Figure 1 shows the difference between the first approach and the second approach. The second multi-
level approach, which leads to simple (and reusable) approximations representing complex responses, will
be privileged here.

F(P) F(P) Vs
1
y2
P; P
One-level Multi-level

Figure 1 — Building one- and multi-level metamodels

The section 2 will present the state of the art for these methods by focusing on a phenomenological
description.
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1.2. Metamodels and model based design of electromechanical actuators

In the preliminary steps of system design, different types of models are needed in order to obtain
complete sizing for an actuation system: Figure 2a) of Chapter 3 illustrates the component model structure
composed of simulation, estimation and evaluation models.

The estimation models (Chapter 1) take a reduced set of independent parameters (e.g. max load, stroke)
and estimate all the dependent parameters/component characteristics: simulations (e.g. inertia, efficiency),
integration (e.g. mass, dimensions) and validation of safe operating area (e.g. max speed, degradation
parameters).

The objective of simulation models (Chapter 2) is to calculate all the variables of power, energy (force,
speed, temperature, etc.) useful for the selection of components. The transient simulation of an EMA is
becoming mandatory because, unlike in hydraulic actuators, some strong coupling exists between the
transient power demand, the thermal behaviour of motors, the inertial loads and the fatigue of mechanical
components.

The last model is the evaluation model (Chapter 3), inteneded to check the ability of a component to
operate in its safe operating area for the required lifetime and reliability.

Metamodels can be used to represent or construct these models:

e For estimation models: scaling laws are an easy way to develop estimation models [5] but,
when these laws are not suitable, metamodels can be used. Characteristics of components from
datasheets can thus be fitted to speed up the design exploration (analysis of different scenarios,
optimization). Section 3 will illustrate this point with examples of reducers and heatsinks. The
characteristics of the components can also be obtained from finite element simulations or
dedicated design codes. However, these simulations are time consuming or can be implicit and
require iterations of solvers. They do not lend themselves to the preliminary design of EMA.
Paper 4 shows how a new form of scaling-laws-based metamodels can be used in order to
express their results in a very compact way;

e For simulation and evaluation models: the goal is to replace long transient simulations (in the
case of a procedure optimization) by algebraic expressions. Section 4 illustrates the building of
metamodels with thermal, electrical or control-loop simulations.

2. STATE OF THE ART

2.1. Graphical syntheses and classifications of methods

Metamodels are relatively simple mathematical relationships between input parameters and output
response:

y=1(x,60) ()

where:

e Xxis a vector of x; input parameters or variables which can be design parameters (useful for the
optimization problem) and environmental parameters (with probability distribution, for
reliability/uncertainty study);

e  yis the output response;

e (@ is avector of parameters associated with the family of functions to construct the surface.

The building of these functions is often based on limited data coming from physical experiments or
numerical simulations. The planning for experimentation is called Design of Experiments (DoE). Figure 2
illustrates the difficulties encountered in the development of such models:

e The input parameters or output variable may present uncertainties. In the case of physical
experiments the error distribution is often modelled by a normal distribution of zero mean and
uniform variance;

e  The model chosen to perform the modelling does not match the phenomenon. The error introduced
has a non-uniform distribution.
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Figure 2 — Error sources

In the case of physical experiments, the main source of error derives from the uncertainty on y.
Assuming that errors on x are zero and that the model chosen to represent the phenomenon is correct,
Figure 3 illustrates that the choice of experiments greatly influences the quality of the metamodel. In design
and analysis of physical experiments, random variation is accounted for by spreading the sample points out
in the design space and by taking multiple data points (replicates).
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Figure 3 — Measurement errors
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In the case of computer experiments, the simulations are deterministic and the main source of error is
the model chosen to represent the phenomenon. Sample points should be chosen to fill the design space in
order to better assess the distribution of the error and refine the choice of model as illustrated Figure 4.
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0.5
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1.5

Figure 4 — Model errors
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These graphics (Figure 3 and Figure 4) highlight the importance of the DoE definitions and how the
form of the model form is selected. Simpson at al. [1] add another criterion to the two just mentioned so as
to classify the different approximation techniques. This last criterion is the type of algorithm used to choose
the vector € of equation (1). Figure 5 shows different metamodelling approaches and classifies them
according to these three criteria,.

SAMPLE
EXPERIMENTAL MODEL MODEL APPROXIMATION
DESIGN CHOICE FITTING TECHNIQUES
(Fractional) |t Polynomial » Least Squares —p Response Surface
Factorial | (linear, quadratic) Regression Methadology
Central Composite Splines Weighted
Box-Behnken {linear, cubic) Least Squares
. Regression
D-Optimal™—t-1. Realization of a Ha o
G-Optimal Stuchastiv Piovess stLinoar _L_, -
i Unbiased Predictor Kriging
Orthogonal Array | | Kemel Smoothing
Plackett-Burman ) Best Linear
Radial Basis Predictor
Hexagon Functions
i Log-Likelihood
. Hvbrid INSTWOTK Of og-Likeli Noural
Latin HYPEYCUDG/, < Neurons =P Backpropagation—+—> Networke
Select By Hand\.,
_ [~ Rulebase or P> Entropy Inductive
Random Selection Decision Tree {info.-theoretic) Learning

Figure S — Classification of Approximation techniques (Source : [1])

A metamodel is obtained through several stages [1] as shown in Figure 6:

Implementation of the detailed design model on which DoE will be performed;
2. Selection of design parameters and response variables;

W

Reduction of design parameter numbers if necessary: dimensional analysis [6] and/or screening techniques
[3] can be used for this step;

Generation of a DoE suited to a complete regression;

Choice of the form of the regression function and selection of transformations to apply to data;
Construction of the metamodel [3] [2];

Check on the quality of the regression;

® Nk

Implementation and use of the metamodel.

Dimensional
analysis (optional)

l

Run Screening
Experiment

l

I Reduce 7 of
Build predictive factors
model

Model

Screening

Run modelling :
experiments |

Meta Model é
building |

Model
quality
?

Desiyn spuce

exploration
Meta Model P -

exercising 1Xz)

Figure 6 — Mctamodelling process
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As mentioned previously, we can differentiate between (i) traditional Design of Experiments (DoE) and
response surface (RS) modelling where errors come mainly from variability of experiments (Modeling for
physical experiments) and (ii) Design and Analysis of Computer Experiments (DACE) where errors come
mainly from the choice of model. As illustrated in Figure 7, the DoE, fitting algorithm and validation are
not the same.

DOE/RS Modeling DACE/Kriging Models
for Physical Experiments for Computer Experiments
Experimental Design Account tor Variability Space Filling

3 . ° -e 3 - ¢ " -

Input settings at whichto | _|. " . - . _

obtain output wzlee - N I - .

o o - . . . -

3 il s Ea - - P -

Models I east Squares Fit Maximum I ikelihood Estimate

Inexpensive model to

/
//o:.

estimare ourpurt at unwried | 2 2
input . ‘ ~
8 . 8
° o4 02 00 02 04 3 M St
X 04 2 00 02 04
x
Validation t-teste, F-ctatistics Crosc-validation
Determine fit accuracy R2. R2adj: Residual plots Mean Squared Error
(see, e.g.. Ref. 33) (see, e.g.. Ref. 25)

Figure 7 — Models for physical experiments vs computer experiments (Source: [7])

2.2. Response surface families

There are a number of families of models that approximate a response surface. A primary criterion of
choice relates to the flexibility or the ability to follow a surface with peaks and valleys. We illustrate the
different families using an example of a damped sine function of one parameter, x, here:

_X2

f(x) = e 1° sin(x) )

The observation range of the parameter x enables a curve with a more or less regular behaviour to be
obtained as shown in Figure 8.

Variable y

Variable y

Parameter x

08 I I . . . I . I .
-1 08 -06 04 02 0 02 04 0.6 0.8 1
Parameter x

xe[-10; +10]
xe[-1;+1]

Figure 8 — Function to be approximated

The response surfaces generally have few discontinuities. This property means that approximations can
be obtained in different ways.
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Non-parametric regressions weigh the simulation results to obtain a smooth surface. They include: K-
nearest-neighbour, which averages the values of the K responses at the experimental points closest to x;
Kernel regression, which averages neighboring values with a weighted average expressed by a kernel
function. Non-parametric regression requires larger sample sizes than regression based on parametric
models.

Parametric regressions are based on models requiring the estimation of a finite number of parameters
that express the effects of basis functions on the response surface. With polynomial interpolation or
regression [3], the basis functions are {1, x, x°, ..., x’}. The idea is to obtain a surface that is differentiable
and continuous. For a polynomial development of order 2 (p = 2), the expression is:

X

k k_ k
y=f(x,0)=6,+> 6x,+> > 6,xx, with x=| ... 3)
i=1 =l j=l
Xk

X

which, for the n experiments, can be written with a matrix representation:

Y=X6+e
O
y 1 x" X 6, eV
" “4)
with ¥ =] ... , X = ,0=|. , E=
() 1 x® 2 (m (m)
y nx1 H xkx nxky 9"9 kgx1 € nxl
where :
e [, is the number of design parameters;
e 1 is the number of experiments of the DoE;
e  pis the order of the polynomial function;
e kyis the size of vector 6.
If n=ky, the matrix X is square and the interpolation is possible:
0=X"Y )

In the most common case, where ky is lower than n, interpolation is impossible. The objective of
regression is to find an approximation showing an error of zero mean and a minimum standard deviation.
The errors are expressed by:

e=Y-X0 (6)
The standard deviation is a function of the sum of the quadratic error gt £ and is minimum for:

o=(XXx)'XY )

As illustrated by Figure 9, a polynomial of order 3 approximate the range xe[-1; +1] well. Larger values
of Taylor expansion terms will usually yield a more accurate approximation. However, the greater the
number of terms, the more flexible the model becomes. The response may be corrupted as illustrated
Figure 9 with a polynomial of order 30. To enable interpolation without the use of a high-order polynomial,
Multivariate Adaptive Regression Splines [8] use linear or cubic spline functions with a partitioning of the
data into disjoint regions, each of which can be treated independently.
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Figure 9 — Polynomial approximation

Other metamodel families assume that samples taken close together are likely to have highly correlated
response values, whereas samples taken far apart are not. Radial basis functions, which are radially-
symmetric functions, and Kriging methods [9] [10] are thus underpinned by the idea that the sample
response values exhibit spatial correlation. RBF and Kriging methods have been found useful for modelling
general surfaces that have many peaks and valleys and when exact interpolation of samples is desired. A
common choice for the basis functions of RBF are the Gaussian functions:

7Hx—xm 2/O‘2 X ,
Y o < S NN L
Y:f()_C,Q)Z,U+ZHie ='u+20il_[e‘j i e ®
=1 i=1 Jj=1
Kriging functions have a similar form:
< i —‘x/—x(/i) bi /(J'/2
i= Jj=

with:

e 1 the mean value of experiments; this mean value is a common choice but can be replaced by a polynomial
approximation;

e  p;asmoothness parameter which is between 1 and 2 for kriging and frozen at 2 for RBF;

e 0 is a parameter called correlation parameter or kernel width/radius.

Kriging has more parameters (p; and o;) and is therefore more flexible but more complex to implement.
The interpolation process with these functions is:

e (alculate the expected mean value of the output variable

1 =mean(Y) (10)
e Evaluate the correlation matrix R and the function parameters 6
Y=1Lu+RO
R Lo
withR=| ... ... .. where 7;; = kll_[ke (11)
Vap e Ty, *

and =R (Y —Lu)

e  Predict the response values at the selected point x*
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y(g*)=,u+gg with r =

n/ nx1

where 7, =

PN
—‘xk—x,(c‘) /o?

k=1..k

X

(12)

Figure 10 compares a polynomial and an RBF function: they are comparable for a smooth surface, but
the RBF function shows more flexibility in following complex surfaces.

0.8
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Parameter x

S experiments ; order 3

1

Variable y

.5

—  —exp(-x¥10).sin(x)
O experiments
polynomial

RBF

Parameter x

15 experiments ; order 7

Figure 10 — RBF and polynomial comparison

The prediction quality of RBF or kriging functions depends greatly on the estimation of parameters p;
and o;. Figure 11 illustrates the effect of parameter o for RBF functions. This radius sets the scale at which
the basis function is significantly non-zero and corresponds to a size of the spheres of influence of the
points with known function values. The unknown parameters p; and o; are generally chosen to maximize a
likelihood function. Much research effort has been directed at devising suitable training strategies. Another
key benefit from the estimation of these parameters is that it provides an estimated error of predictions [2].

0.6

RBF

0.8 — — exp(x¥10).sin(x)
O experiments d

Variable y

Parameter x

Radius 0 =2.66

2.3. DoE and validation

Variable y

0.8
0.6
0.4
0.2

-0.2

-0.4

-0.6
-0.8

— — exp(-x¥10).sin(x)
O experiments
RBF

Parameter x

Radius 0=10.33

Figure 11 — Effect of radius parameter

The quality of a metamodel depends not only on the model choisen but also on the DoE. Design
parameters x; are characterized by areas of variation that may be of different magnitudes. DoE techniques
normalize these domains between -1 and 1 (or between 0 and 1) for all parameters. This normalization
facilitates the comparison of the effects of various design parameters and the planning of the DoE. Figure
12 shows the different DoE graphically in the case of 2 or 3 design parameters. The choice of the DoE
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depends on the objective (screening, building a response surface) and the choice of the model (quadratic,
RBF, kriging). A more detailed description of DoE can be found in [2] [3].

y:b0+Zlel+ZbUXlX]+Zqulz++£
Main ) Higher
Mean value  effect Interaction orders Error
DoE name Graphical representation Numerical representation
2 level Full Factorial Design (x x x|
For screening step: suitable for main -1 -1 -1
and interaction effects. - -1 -1 +1
-1 +1 -1
All levels are present an equal number '3
of times. Require 2 experiments where & is -1+l +1
the number of parameters. +1 -1 -1
P +1 -1 +1
X +1 +1 -1
|+1 +1 +1]
Fractional Factorial Design
For screening step: suitable for main o ox]
and interaction effects. Lo
-1 -1 +1
Not all combinations of levels are -1 1 -1
experimented because they are not required 1 -1 -1
for the estimation of coefficients. Useful for L1
studies with a large number of parameters. - B
Central Composite Design I % ]
-1 -1
For. building step: well suited to » L o4
quadratic models. IR
Experiments are added to model : : oAl
- L B L —141 0
quadratic terms. The new samples are t i »
placed in the middle to assess the curvature % +L4l 0
of the surface and at the periphery to reduce 0 -4l
the effects of uncertainties. o Y —® 0 +14
.1 L o 0 |
Full factorial (X levels) and Latin Full factorial (3 levels) Full Factorial Latin HyperCube
Hyper Cube - - . - .
b RIS X X,
For bu{lding step: suitable for model 1 -1 +040 —033
of. o.rder hlgher than 2 or for RBF and X R 4 1o ~0.03 +0.74
kriging functions.
-1 +1 +0.16 +0,21
Samples are placed to fill the design ® 0 -1 +0.87 +0,97
space uniformly. LHC DoE allows a large ' 0 0 —037 —0.06
number of levels to be evaluated for each Latin HyperCube ’ '
parameter while minimizing the number of 0 +I1 +0.57 -0.89
experiments. ® e +1 -1 -0.72 +0.45
. +1 0 ~0.85 —0.40
b [+1 +1] | -0.15 +0.66 |

Figure 12 — DoE synthesis

To assess the quality of a Response Surface Model, various error measures and regression parameters

can be examined:

e The Sum of Squared Errors (SSE) can be calculated as:
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SSE = Z (=3, F (13)

i=1
where y., is the output value predicted by the metamodel.

e The Mean Squared Error (MSE) measures the average of the squares of the errors :

vise = _SSE_ -
n—p+1

e The Total Sum of Squares (SSTOT) is the sum, over all experiments, of the differences between each
experiment and the overall mean:

ssToT =3 (4 -3 f (15)

i=1

where the mean output value for all experiments is:

n
(@)
&

= p (16)
SSTOT only takes information from the experiments not from the metamodel.
e  The normal regression parameter R? can be calculated with the above error measures as:
. SSE
~ssToT a7

A value close to 1 indicates a good quality of the model.

RBF and Kriging functions have exact interpolation of the given sample response values, which prevent
to direct use of these criteria. Cross validation techniques are thus used to evaluate the quality. To compute
the cross-validation error, the surrogate model training data is split (randomly) into g roughly equal subsets.
Each of these subsets is removed in turn from the complete training data and the model is fitted to the
remaining data. At each stage the removed subset is predicted using the model that has been fitted to the
remaining data. The cross-validation error is then calculated as:

n

n_, OF
gng”ym) %)
n

cv

The cross-validation error can also be used for surrogate model parameter estimation and model
selection.

Graphical tools can also be used to help judge the quality of a model:

e The scatter plot which represents model-predicted values versus simulated values. Ideally the
samples should follow the straight line y=x. Figure 13 gives two examples of scatter. To improve
the results of regression models, the order can be increased or data transformation can be used. If
areas with errors are not in the area to be explored during the design, it may be decided to keep the
model while limiting its validity range.

e  The residual plot, Figure 14, which represents the difference between model-predicted values and
simulated values. A uniform scatter of points with small mean square error indicates that the
regression model fits the data well. A visible pattern in this diagram can be explained by an
unsuitable choice of regression model.
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Figure 13 — Scatter plots
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2.4. Transformations

Figure 14 — Residual plots
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Simulation
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In the case of metamodels established on numerical simulations, the errors mainly depend on the choice
of model. Some transformations of the data handled can be used to improve the quality of predictions. In
particular, for the prediction at points involving extrapolation (i.e. outside the initial study domain), the

surface will often be more accurate if it contains some well-chosen “structural component”.

These transformations can be applied:

e to all the data, input parameters x and output y, with dimensional analysis. Papers [11] [12] and [6]
illustrate this approach. Coupled with sensitivity analysis, the grouping of parameters in order to
obtain dimensionless numbers significantly reduces the number of parameters to be handled. A
physical basis is also given to the regression.

e to the outputs with power or logarithmic transformations. Box and Cox [13] give a detailed
description of the type of processing and the analysis that can be made. In simplified terms, if the
regression is performed on y’l and not on y there, the analysis of the error in the estimation allows
the most appropriate power A to be chosen.

For statistical analysis of data from catalogues, errors can be modelled by a noise with zero mean and
variance proportional to the output amplitude. The linear regressions are, however, usually based on the
assumption that the error is uniform. To ensure that this last assumption is met, the following
transformation can be performed on the equation (4):

Y

= X6+

|tn>
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y“) /yU) =1 1/ y® x® /O xkz M /™
with ¥ =/ ... CX=| . o ,
Yy =1 = 1™ ™™ xi“’) / y™ »
el /y0 '
£=

(n) M
€ /y nxl

3. ESTIMATION MODELS FROM STATISTICAL DATA

The objective of this section is to show how it is possible to implement estimation models from
statistical data typically coming from manufacturer’s catalogues or previous studies. This statistical
approach is particularly useful when scaling laws are impossible to establish or generate inappropriate
models. With statistical data, DoE is impossible and the sample points cannot be chosen. To determine the
most important parameters to keep as design parameters, two tools (Figure 15) are used here:

e a graphical tool: the scatter plot, which displays data as a collection of points, each having the
position on the horizontal axis determined by the value of one variable and the position on the
vertical axis determined by the value of the other variable. This kind of plot is also called a
scatter chart, scatter diagram or scatter graph. One of the most powerful aspects of a scatter
plot, however, is its ability to show non-linear relationships between variables. Furthermore, if
the data is represented by a model that is a mixture of simple relationships, these relationships
will be visually evident as superimposed patterns;

e anumerical tool: the Pearson product-moment correlation coefficient which is a measure of the
linear dependence between two variables X and Y, giving a value between +1 and —1. It is
widely used as a measure of the strength of linear dependence between two variables. The
correlation coefficient 7, is defined by the relation:

> -2 -y)

i=l

i(x(i) —)_c)zzn:(y(i) —;)Z (20)
i=1

i=1

Xy =

with y and y mean values of x” and y” samples.
20 X2
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Scatter plot and correlation coefficients

Figure 15 — Scatter plot and correlation
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The two tools can suggest various kinds of correlations between variables:

e  positive: rising scatter plot, correlation coefficient close to 1;
e negative: falling scatter plot, correlation coefficient close to -1;
e uncorrelated: no distinct pattern in the scatter plot, correlation coefficient close to 0.

3.1. Example of gear boxes

A database of speed reducers including over 720 references of manufacturers such as Neugart, Redex
Andatex, Harmonic drive, and Sumitumo will be analysed here. The first objective is to determine the most
important parameters for estimating the mass or inertia of a reducer. Correlation analysis between the
different characteristics of reducers can take the form of a matrix summarizing this set of values
graphically. This matrix is symmetrical and can also be used also to superimpose scatter plots.

Figure 16 shows the correlation analysis performed in Excel or Matlab. It can be concluded from this
example that the output torque has the most significant effect on the mass. The stiffness is strongly
correlated with the mass but is not an independent parameter and therefore cannot be used here. The
reduction ratio is weakly correlated to the mass.

number torque torsional
stage ratio output rate input efficiency stiffness backlash  inertia input mass Power Diameter Length
() () (Nm) (tr/min) (%) (Nm/arcmin)  (arcmin) (kg cm2) (kg W) (mm) (mm)
Ns N Tout Win Eta K Dteta J M P D L

Ns
N 0,35450125
Tout -0,2040CC4 0,0C075457

Win | 053051261 0,04077852 -0,43671583
Eta | -0,60873002 0,08845588 -0,27292672
K 02360475  0,0700002 [IB01BE7009 -0,42728105  0,0825145
Dteta | 0,68030539 0,18242422 -0,32047954 0,63989789 -0,50521074 -0,33298718

-0,23878505 0,05752925 ) -0,3018039 0,08214942] -0,25692035
-0,10381446 -0,00020668 I -0,44297658 0,07308041 -0,28896769  0,58756642
-0,20318226  -0,2440105 -0,12748389 0,35783086 0,21901128 -0,16789681  0,3479299
-0,26393542 0,04308085 | -0,65233631 0,15663879| 0,82023445 -0,46578206  0,6402751 0,24569978
0,29395175 -0,09875818 0,35025998 -0,13999483 0,00015464 0,28026656 -0,02363722 0,17644432 0,59226977 0,35562667 0,42859163

0,29526058

~0UuT <

This matrix was obtained using Excel Data / Data Analysis / Correlation Analysis and
colored by Home / Style / Conditional Formatting / gradation.

Scatter and correlation matrix
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This matrix was obtained using plotmatrix and corrcoef Matlab functions

Figure 16 — Scatter plot and correlation matrix of the speed reducers statistical data
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The analysis of the range of Sumitumo cyclodrives (1 stage) in Figure 17 confirms this trend: the main
parameter influencing the mass or inertia is the output torque. Regression of the data according to this
parameter gives:

e For the mass, a good approximation with a simple linear relationship. The regression
cogfﬁgient R? is 0.97. There is thus a relation of the form M=k.T confirming the scaling law
M =T.

e For the inertia, the relationship is not purely linear. A second order regression gives good
results with a regression coefficient R? of 0.99. However, a Box-Cox analysis [13], Figure 18,
shows that the data are suitable for a transformation y}‘ with lambda equal to 0.6. The
regression of order 1 is thus of the form J=k.T""=kT"%". Once again a result similar to the
scaling law, J=r"3=r *‘1’67, has been found.

For other technologies, such as epicyclic gears or harmonic drives, the reduction ratio has an influence
that remains lower than the torque, but is not negligible. A combination of a power law for the torque and a
polynomial regression for the reduction ratio can then be used.

torque torsional
ratio output stiffness  inertia input mass Diameter Length
-) (Nm) (Nm/arcmin) (kg cm2) (kg) (mm) (mm)
N Tout K J M D L

0,97044096 0,96071272
0,96849584

0,97717008 0,97205652 0,90188716  0,9792652
0,96210266 0,95688965 0,87412428 0,9634068

'_UZQXC—*Z
c

Scatter and correlation matrix

i

.
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N Tout K J M D L

Figure 17 — Scatter plot and correlation of Sumitumo cyclo reducers
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Box-Cox Power Transformation for a Linear Model
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Figure 18 — Box-Cox analysis of inertia data

3.2. Example of heat sink

The previous example showed that power-law based transformations give a more compact expression.
A multiple inputs expression, taking the form of a product of power laws, can be linearized by a logarithmic
transformation:

y=a,[[x" = log(») =log(a,)+ Y a,.log(x,)
i J

21
A set of p data can be expressed by the following matrix expression:
log(y,) 1 log(x,) ..\ B, £ N
=|.. i e |H] o |—Y =X B+E
log(y,) 1 log(x,) ..\B, £, (22)

,with S, =log(a,) and B, =a, for i #0.

This form can assess, for example the thermal resistance R, of a heat sink according to its dimensions
W, H, L W; D; Hy (Figure 19). A correlation analysis of statistical data from a database of heat sinks (84
references of AAVID Thermalloy extruded heatsinks), show that the outer lengths W, H and L are related
to the quantity sought Ry, and also to secondary lengths W, D,and H,. Only the outer lengths are thus kept
as input parameters:

Rth,n == kWaHbLC (23)

LAY

Figure 19 — Heat sink section (Length L)

The coefficients obtained from regression do not necessarily have physical foundations. Reference [14]
describes how to add constraints taking the dimensional analysis into account. If all the factors influencing

- 105 -



Chapter 4: Metamodels for model-based-design of mechatronic systems

the secondary parameter are represented by the choice of primary parameters X, , the dimensions of Hxia'

should be the same as those of y. These constraints resulting from the dimensional analysis can be
expressed in a matrix form:

RB=borC(B)=RPF-b=0 (24)
where R expresses the units of x; and b the units of y.

With one constraint, the optimum is, as shown in Figure 20, where the objective is tangent to the
constraint. The normals obtained by the gradients of the functions are therefore collinear:

grad (L)— A, grad (C) =0 (25)

with A, the Lagrange multiplier.

With n constraints, n Lagrange multipliers are added:

grad(L)— Zk)/’tk grad(C,)=0 (26)

A minimum is obtained for:

B) (x'x R '(2x'y
1 R 0 b 27

where [ is the vector of exponents that minimizes the quadratic error and verifies the constraints
coming from dimensional analysis.

A

B Minimum of L
without constraint

Minimum of L with

Figure 20 — Minimization with or without constraints

In the heatsink context, physical characteristics involved in natural convection, such as fluid
compressibility £, density p, viscosity 4, thermal conductivity of air A and gravity acceleration g have to be
taken into account. The units for quantities of primary and secondary parameters, expressed by the matrix R
and the vector b, are defined in Figure 21. For more details on this method of regression and associated
Matlab algorithms, the reader is invited to refer to reference [14].
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Figure 21 — Contraints matrix

The resulting regression has the following form:

_ -1 -0,5 y-0,75 .-0,75 _-0,33 ,,0,75 9-1
Ry = ag 0 H S0 p 0 g 08 07

which gives with scaling law notation:

* *~1 rr*-0,5 r*-0,75
R, =W HL

(28)

(29)

Figure 22 compares the results obtained by this scaling law, on the abscissa, to data catalogue values, on
the ordinate for all different catalogue dimensions (W, H and L). A perfect estimation would give a straight
line. Note that the scaling law obtained by regression on the AAVID catalogue data remains valid for
another range of heatsinks from the manufacturer Arcel. A polynomial regression without transformation
gives results of much lower quality which are not transferable to another technology.
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Dimensions ranges and references:
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H € [19;300] mm
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Reference :
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Figure 22 — Estimated vs catalogue’ thermal resistances
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4. METAMODELING OF SIMULATION AND EVALUATION MODELS

As part of the preliminary design of actuators, transient simulations of the mission profile or critical
scenarios are often used to obtain some useful sizing parameters. Lumped parameter models (simulation
models) can be completed by additional calculations (evaluation models) as for rolling mean fatigue or
thermal ageing. Using these DAE (differential algebraic equation) or ODE (ordinary differential equation)
simulations during optimization phases can be extremely costly in computer time. In this context, it may be
important to distinguish between a simulation model, a reduced model and a metamodel (Figure 23):

e A simulation model is an abstract description of a component or a system combining several
components. A simulation model admits inputs, outputs, design parameters and response
parameters. In a simulation model, the relationships between design parameters and response
parameters are implicit because they are calculated during the simulation.

e A reduced model has the same implicit characteristics as a simulation model but is
characterized by a reduction in the number of states or parameters represented in order to
accelerate the simulation.

e A metamodel is an abstract description of a model for a specific application which
corresponds to an explicit function between a specific response variable and several design
parameters. A metamodel represents the link between the design parameters and response
parameters by an algebraic equation that is very fast to evaluate.

This section will illustrate how metamodels can be applied to these simulation and evaluation models to
provide an approximation of the desired quantities while using much less computer time.

Three examples will illustrate the usefulness of metamodels during preliminary design. The first deals
with the transient temperature rise of an electric motor subjected to a torque step. The second shows how to
evaluate an RMS current with an algebraic equation instead of using a transient simulation at PWM
constant time. The last illustrates how it is possible to take the imperfections of a mechanical component
into account in the closed-loop performance of an actuator.

Design Output

parameters parameters
Input

variable i(t)l

X, Model ¥y,
Implicite
model { l Output
l variables o(t)
Xpci Reduced Vie;
model
\ %k’is asub is a sub set
set of ‘/’ l of j’
Explicite X Meta-
model kei——» model +—— Vic,

Figure 23 — Reduced vs metamodels

4.1. Transient thermal response of a brushless motor

The selection of a motor may require the assessment of the maximum winding temperature during a
constraining scenario with a high torque. Paper 5 used this kind of calculation for a spoiler actuator which
must be able to maintain full extension at full effort on the control surface during a given time. For this
transient simulation, the thermal model of a motor, given in Figure 24, has to distinguish the temperature of
the winding from the temperature of the yoke by using a two thermal body model.
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Figure 24 - Thermal model of the motor

The relationship needed to define the temperature increase is characterized by 6 parameters:

The heat capacity of the winding Cy,;;

The heat capacity of the yoke Cy,»;

The thermal resistance between the winding and the yoke R, ;;
The thermal resistance between the yoke and the ambient air R,,;
The thermal losses Py,

The temperature increase 0 of the winding after a given time ¢.

The desired function could be derived from the direct solution of differential equations of the lumped
parameters model shown in Figure 24. The thermal impedance Z,,(p)= 6(p)/P(p) is given by the following

Laplace transfer function :
Ry -Ropo
(1 + Ciop

Ry + Ry 1+T,p

Zy() =R, +R,,) =R, . (30)
" " "1+ ((Rthl + Rthz)Czhl + th2Czh2)p + RthlctthchCth2p2 o (1 + T1p)(1 + sz)
This gives the following step response:
T -T T -T
0t)=R,  P,|(1-e"")L—L4(1-¢") 22
(=R, ., m(( )Tl-Tz ( ) T T, 31)

However, the aim here is to illustrate how a designer can obtain algebraic expressions from any
numerical models. Metamodels thus enable him to focus more on sequencing the calculations than on
solving them. For this example, the main factors are identified by dimensional analysis [11] [12], which
reduces the number of parameters to be studied without any loss of information. The Buckingham theorem
[11][12] can be used to reduce this number to 4 dimensionless parameters:

7, =f(m,,7,,7;) with 7T} = ot T, = Con T=—' a7, =
= ) ) 1= ) 2 = > 3 = 4 =
) 1 ’ ! Rthz Cthz Rthl Cthl Rthl Pth

With a Latin Hypercube DOE of 100 experiments, a third order polynomial development provides a
coefficient of regression R better than 0.99 for this function. This type of expression can be obtained even if
the thermal resistances are non-linear as in the case of convection or radiation or if the thermal model is
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more complex and involves more elements (after a possible sensitivity analysis step). However the results
obtained when the function is evaluated outside the range studied are to be handled with caution: the errors
obtained can be coarse as shown in Figure 25.
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Figure 25 — Error outside studied domains
4.2. RMS current into the DC-link capacitor of an inverter

The inverter is classically realized with a 3-phases IGBT module that generates the motor AC voltage
according to the PWM modulation control signal. The DC bus link capacitor provides a low impedance
path for the ripple currents associated with PWM frequency switching. The RMS-current in the DC-link
capacitors is the main source of loss. Industrial data sheets give an equivalent serial resistance (R,) which
enable these losses to be calculated. This alternating current takes the form represented in Figure 26 and
requires PWM time scale simulations. Obtaining an RMS average of this current analytically is not as
simple as in the case of a chopper converter. Renken [15] develops this calculation for the case of PWM
modulation with sine/triangle intersection. We show here how it is possible to find the same result directly
from simulation analysis using metamodelling techniques.

current
.

—TTTTT7 —TTTTTT

time

Figure 26 — Alternating current flowing into DC link capacitor

Initially, the RMS current is assumed to be a function of all the characteristic parameters of the study:
Upc the DC bus voltage, m the modulation index, cos(@) the power factor of the load, f the switching
frequency of the inverter, f,,, the modulation frequency, and /,¢, the current amplitude absorbed by the
load. Thus:

Ic rus = [ (Upc, m, c0s (@), f, fnoar Lacm) (32)

As a first step, the influence of each of these parameters is investigated with a 2-levels screening DoE
(2® = 64 experiments). Correlation or Sobol [16] analyses of the results lead to the conclusion that only
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Licm, m and cos(@) have an influence on the RMS current. /,¢, is the major contributor and is strongly
linearly correlated with /¢ zys. Using these results and dimensional analysis, the problem (32) can therefore
be rewritten as:

RS _ fm, cos(p) ) ¢

IACm

where each coefficient Izys/l4c,, m and cos(@) is a dimensionless number.

The metamodel can now be built using a more complete DoE, here an LHC with 64 experiments. A 4™
order polynomial regression is performed from these data. A Box-Cox analysis [13] is then carried out to
determine whether a transformation improves the standard deviation of the error.

0,0025

0,0015

0,0005 > *

Standard deviation of the estimation error
@

0 0,5 1 1,5 2 2,5 3 35

transformation coefficicent
Figure 27 — Box-Cox analysis of the transformation coefficient
The figure clearly shows that the regression is suitable for a power 2 transformation. The regression is

finally conducted with (I pus / Lne)’ data. The following expression is finally obtained (the coefficients
with very low values are neglected):

Ic rus 34)

= \/0.14m + 0.55m. cos(p)? — 0.56m?2. cos(¢)?

Imax

= \/0.14m + (0.55m — 0.56m?) cos(¢p)?
where me[0,1] and cos(@)[0,1]

This expression is identical to the equation obtained analytically in [15]:

(35)
ICR;MS — \/\/g + (Em _ im2> cos(¢)?

Lo Jar " \7 ™ 16

Other numerical studies verify that this expression remains valid for PWM modulation with addition of
harmonic 3 (in this case me [0, 2/+/3]). The same metamodelling methodology can be applied to obtain the
expression of the RMS current for other types of modulation.

4.3. Effect of stiffness an inertia on closed loop stability

The power sizing does not usually take account of the internal stiffness of an electromechanical
actuator. This stiffness may have a destabilizing effect during the synthesis of control loops however. It
may therefore be useful, during the preliminary design, to have rules for proper designs taking these
stability aspects into account. The objective here is use metamodelling techniques to obtain an algebraic
equation that is simple to handle and enables the design to be constrained so as to have an actuator that is
naturally suitable for the required closed-loop performance.

Figure 28 shows a typical position cascade control scheme composed of 3 control loops [17]. The
bandwidths characteristics typically encountered are: between 500Hz and 1000Hz for the current loop
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which is not dependent on the load, tens of Hz for the speed loop, and a few Hz to ten Hz for the position
loop [18]. The mechanical mode resonance frequencies are generally below S0Hz or 30Hz. It is therefore
possible to neglect the current loop, which does not occur in the area where mechanical effects have an
influence. As the study here only concerns the stability and sets aside the precision aspect, the corrector of
the speed loop is taken to be purely proportional. If the motor is assumed to be equivalent to an inertia, the
mechanical transmission to a stiffness and the load to an inertia, the dynamics of the actuator can be
modelled as in Figure 29 with in a) a perfectly rigid actuator and in b) an actuator having elasticity in the
mechanical transmission part. Dissipation effects on stability are not represented but the choice of the
structure of the speed loop, Figure 29, is used to represent a stabilizing action equivalent to a viscous
friction.

Tm Tl(?
Electrical { Speed | Electrical | | Mechanical
network [ controller H motor :I:_ nransmission:I:I Load
ch 0[{]

o* —1 Uy~
o

Current control loop
Sensor I—

Speed control loop

Position control loop

Figure 28 - Classical cascade control of EMA actuators
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k=2"Eps*w0*M

Losuagpaads
esuaguanysad
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feedback_posi feedback_speed force
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kew0rZH

k=2 Eps w0l
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b) Actuator with internal stiffnesses (screw K and transmission K,)

Figure 29 — Models adopted for a) controller synthesis and b) stability analysis

If the actuator is assumed to be infinitely rigid, as in Figure 29a, and therefore to be a purely inertial
load, the correctors are easy to calculate to obtain a bandwidth ay and a damping coefficient & (usually set
to 1/v/2). These performance levels are generally imposed by the actuator specifications. In these
conditions; the parameters K, and K, are expressed by:

-112 -



Chapter 4: Metamodels for model-based-design of mechatronic systems

K,=a’M and K, =2Eo,M (36)

where M=M,,+M,,, is the global inertia, i.e. the sum of the load inertia M,, and the motor equivalent
inertia M,,,.

These coefficients give the following closed loop transfer function:

1
I, = 2
1426 P 4 P (37)
w0, a,

For these values of corrector parameters, taking account of the internal stiffnesses can destabilize the
control loop. These internal stiffnesses are thus of the screw / nut system Ky and thus of the rod ends K.
The position is usually measured by a linear LVDT sensor placed between these two stiffnesses. To
highlight the variables that may influence the stability, it is interesting to analyse the transfer function
linking the actuation force F and the motor speed X ,,,:

2

. 1+p—2
X 1 W,

mo

F~ = . 2 (38)
F M,
Pt p—z
Wy
where:
_ eq . .
o W, = is the antiresonance angular frequency;
lo
KK
o Keq =—"T s the equivalent stiffness;
K, +K,

s W=, 1+k ; is the resonance angular frequency;

M, L
e k ;= is the inertia ratio between load and motor.

mo

We see that the pure inertial behaviour is modified by resonance pole and antiresonance zero which are
linked together by the inertia ratio. The following interesting dimensionless numbers appear:

[0
. kw =—2  the ratio of the antiresonance frequency and the required bandwidth which
@y
generally takes a value between 2 and more of 10 ;

e k 7= —lo , the inertia ratio close to 1 for highly dynamic applications such as TVC but can
take low values of 1/100 for less dynamic flight control applications;

K

o ky= —5 | the ratio of the stiffness of the screw and of the structure. This ratio has values of
T

more than 10 for prestressed roller screws but may decrease significantly in the presence of
backlash.

A state space representation of the model Figure 29b can be used to obtain the damping parameters of
the different modes. To assess the risk of instability with these dimensionless parameters, the value of
inertia ratio k; leading to instability of the control loop (set with parameters of equations (36)) is evaluated
according to the parameters k, and kg. Figure 30 shows the evolution of &, for this instability limit. It may
be noted that for a flight control application, such as an aileron characterized by values of k, and &y of
about 10, there is considerable latitude in the choice of the equivalent inertia of the motor and thus the gear
ratios. Applications with higher bandwidth, however, can be constrained by this design criterion. A first-
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order regression of these results gives better results after a logarithmic transformation and leads to the
following very simple expression:

kim =06k, k" (39)
for the analysis range of k, € [1-10] and k,e [2 - 10].

Negative values of the two power coefficients suggest that a Box-Cox transformation y>‘ can be applied.
The application of a A coefficient -1 minimizes the error of regression of a third-order polynomial
development:

-1 2 2
kjim =-1+k, +k, k;

thus

lim

40
) ! (40)

k=
g M +1)-1

This expression can be easily used in a design procedure to constrain the motor inertia, stiffness of the
screw-nut system or reduction ratio. The same modeling approach could be adapted to other types of
control loop types [19].

10 0.14
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0.12
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0.1
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G 0.08
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[8)]

- 10.06
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0.04
3
Ll
2 0.02
\ \

2 3 4 5 6 7 8 9 10
k,, frequency ratio

Figure 30 — Evolution of the inertia ratio k, leading to instability

5. CONCLUSION

We have shown here that metamodeling techniques are very useful to reduce computation time and allow
the design and optimization of mechatronics systems. The decomposition of the complete design problem
into simpler subproblems means we can settle for standard regression techniques. Their assembly in a
design code will enable all design constraints to be taken into account. Chapter 5 will illustrate this aspect.
As part of the design of physical systems, conventional linear regression can rely on other concepts in order
to extend its scope. Dimensional analysis can reduce the number of parameters to be taken into account and
provide more robust expressions that are more general. The transformations allow the use of forms of
functions such as power laws to express the characteristics of a component based on its dimensions. Paper 4
shows how these approaches can be combined to extend the use of scaling laws in order to extract compact
estimation models from finite element simulations.
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1. Introduction

A mechatronic system [1,2] expands the capabilities of conven-
tional mechanical systems through the integration of different
technological areas (Fig. 1) around:

e A power transmission part, which is a combination of compo-
nents from mechanical, electrical, power electronics or fluid
power technologies.

e An information processing part, which is a combination of elec-
tronics, instrumentation, automatic, signal processing, and
information technologies.

The Refs. [3,4] highlight that the design of such multi-domain
systems require different modeling layers as represented Fig. 2:

e A mechatronic layer, to take into account the functional and
physical coupling between components. This level of modeling
is usually done using 0D-1D models [3] also called lumped
parameter models represented by algebraic equations, ordinary
differential equations (ODE) or differential algebraic equations
(DAE) [5].

o A specific domain layer, to describe the performance limits and
parameters necessary in the previous layer, based on a geomet-
ric representation. The specific domain phenomena are
generally represented through partial differential equations

* Corresponding author. Tel.: +33 561559960; fax: +33 561559950.
E-mail address: marc.budinger@insa-toulouse.fr (M. Budinger).

0957-4158/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.mechatronics.2013.11.012

(PDE). This level of modeling can be achieved, for simplified
geometries using analytical models or, for complex 2D and 3D
geometries, using numerical approximations like finite element
method (FEM) for instance.

The design of the power part with a system integrator’s point of
view should allow to optimally size and specify the components of
multiple technologies [6] interacting together. This system level
design, distinct of component design, needs to represent in the
mechatronic layer the key informations of the specific domain
layer with dedicated models [7-9]. The latter enables the designer
to take multiple design constraints into account easily. They are
referred to as “estimation models” in this paper. They directly
and explicitly link a few primary characteristics, such as overall
dimensions of components, to the secondary characteristics
needed for the sizing [9] and optimization [10]. The capacities
required of these estimation models are: to present a form that
is simple to handle and to implement in different calculation tools,
to lend themselves to easy analytical manipulations, and to be
reusable in an area slightly different from the one where they were
initially employed. To satisfy these constraints, simplified analyti-
cal models are often used [11,12]. Among them, scaling laws have
proved effective to represent a physical phenomenon over wide
ranges of variation [13,8]. However, these models are valid under
certain conditions, among which one can mention geometry and
material similarities, and uniqueness of the driving physical phe-
nomenon. For the system designer the models should be as predic-
tive as possible. Detailed finite element models, able to precisely
predict the physical phenomena are still too time-consuming in

dx.doi.org/10.1016/j.mechatronics.2013.11.012
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Fig. 1. Mechatronic system (based on Ref. [3]).

Information processing

such a context. Despite a recent thrust of work on model order
reduction [14,15], the computational cost of finite element models
remains prohibitive in the preliminary design phase. The use of
metamodeling techniques [16-18] is thus interesting for this pur-
pose. In this paper, we propose an enhanced power law type model
based on metamodels to represent the models of the specific do-
main layer (Fig. 2) into the mechatronic layer.

The second section of this paper will show the interest of scal-
ing laws to establish the estimation models needed by the system
designer. In the third section, a metamodeling method based on
scaling laws will be proposed to extract simple, global expressions
of estimation models from local numerical simulations (FEM). The
regression process is first illustrated with a mathematical function
and then with two examples of mechatronic components from dif-
ferent domains: a limited-angle electromagnetic actuator and a
flexible mechanical hinge. Noise effects and comparisons with clas-
sical metamodeling techniques are illustrated through these
examples.

2. Estimation models with scaling laws
2.1. Scaling laws and Buckingham theorem

Scaling laws based on dimensional analysis, also called similar-

throughout the past decades for solving scientific and engineering
problems and for presenting results in a compact form. In the
design of mechatronic systems scaling laws [8,13], allow estima-
tion models to be obtained from a single reference component by
using three main modeling assumptions:

(a) Material similarity: all material and physical properties are
assumed to be identical to those of the component as the
reference.

(b) Geometric similarity: the ratio of all the lengths of the com-
ponent under consideration to all the lengths of the refer-
ence component is constant.

(c) Uniqueness of design driver: only one main dominant
physical phenomenon drives the evolution of the secondary
characteristic y.

The mathematical form of scaling laws is a power law:
y = kL* (1)

With y the secondary characteristic to be estimated, L the main
dimension of the component, and k and a constants. For simplicity
of notation, in this article, k means a constant coefficient which may
have different numerical values in the different equations.

This form and the conditions for obtaining Eq. (1) are demon-
strated here using the Buckingham theorem [19-21]. An estima-
tion model seeks to identify a relationship between 2+n+m
parameters:

f y-,L,d],dZ,--~,dn,p],~‘-7pm =0 (2)
1+n m
with:

e 1 parameter corresponding to the secondary characteristic y to
be estimated;

e 1+n parameters characterizing the geometrical dimensions L
and d;;

e m parameters characterizing physical and material properties

ity laws or allometric models, have been very successfully used Di
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Fig. 2. Hierarchical design models (based on Ref. [4]).
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Depending on the number of physical units u (e.g. m, kg, s, etc.)
involved in the problem, this relationship can be rewritten using
dimensionless parameters 7;:

flmy,m,mo . T, Tp1, ..., Ty | =0 (3)
n e

where

my =y [ i (4)

m=9 5)

i = L% T pf (6)

The number m’, usually smaller than m, depends on the number of
physical units u as expressed by the Buckingham theorem:

m=1+m-u (7)

If only one main simple physical phenomenon drives the evolution
of the secondary characteristic y, the number m’ is often equal to
zero. If m’ is not equal to zero, the remaining dimensionless num-
bers can generally be expressed through ratios of material proper-
ties with similar units. These m’ dimensionless number thus do
not depend on L. With this condition and the first two assumptions
a. and b., the m; and n,; dimensionless numbers are constant and it
follows that:

m, = yL* [ [ p{" = constant (8)

which gives relation (1) if we assume the material or physical prop-
erties p; to be constant during the sizing.

2.2. Examples of scaling laws

To illustrate the construction and use of such laws, two
examples will be given here. These examples address conventional
components of mechatronic systems: brushless motors and bear-
ings. We assume here that the main design criterion for the motor
is the winding temperature. The dominant thermal phenomenon
will be assumed to be convective. The bearings are for their part
designed to withstand a maximum mechanical stress.

For the brushless motors, Egs. 2, 3, and 1 become the following:

e For thermal aspects: the current density J can be linked to the
dimensions through

f ]7L’d17d27'~~7dn7p7()3h =0 (9)
1+n m

which, according to the Buckingham theorem, leads to

(erLdid  dy ,_
f<h0’L’L""’L” =0 where m' =0 (10)
and

J=kL* (11)

o For magnetic aspects: the torque T can be linked to dimensions
and current density through

f T7L7d17d27"'7dn7.]73r =0 (12)
1+n \m,/

which, according to the Buckingham theorem, leads to

f T ,d—l,%,....,ﬁn =0 where m' =0 (13)
4

JBL*V L L L

and

T =KL (14)

with: J the current density, L the length of the motor, d; other geo-
metrical dimensions, p the resistivity of the copper, 0 the maximal
temperature rise for the winding insulation, h the convection coef-
ficient, B, the remanent induction of the permanent magnet, and T
the electromagnetic torque.

Combining these two aspects provides an estimate of torque
depending on motor size:

T = k[*® (15)
The assumptions a. and b. allow the motor weight to be estimated:
M = kL’ = kT*? (16)

With the same approach, the weight of the bearing can be esti-
mated from their load-bearing capacity C:

C=kI* and M = kI* = kC*"? (17)

More details and examples of the development of such laws for
mechanical and electromechanical components are given in [8].
Figs. 3 and 4 compare these relationships to data from industrial
catalogues, and show that scaling laws can provide good fits for
the quantities of interest of such components.

2.3. Interests and limitations of scaling laws

Scaling laws have assets that make them attractive for the
design of mechatronic systems [22,23,9]. Their simple form makes
them easy to manipulate and customize as they require only one
reference to determine the multiplier coefficient k, the power coef-
ficient a being determined by the physical phenomena. They have a
monotonous progression valid over a wide range of sizes (several
orders of magnitude) which avoids the risk of possible mathemat-
ical aberrations of metamodels used outside their construction
bounds.

However they have some limitations. Although the similarity of
the materials can be easily verified for a given technology, the geo-
metric similarity is not necessarily verified or sought. For motors
(Fig. 3), this point mainly explains the estimation errors of scaling
laws in Fig. 3. Manufacturers have a tendency to use the same
motor diameter (i.e. the same iron sheet) for different lengths
and torques. Obtaining a scaling law also requires a dominant
physical phenomenon. For example, in the case of the electric

1,E+02
O Kollmorgen
BH
= PARVEX
= 1LE+01 + NX
=
]
o
=
1LE+00 |
o
1,E-01 - - -
1,E-01 1,E+00 1LE+01 1,E+02 1,LE+0:

Torque [Nm]

Fig. 3. Brushless motor masses according to the nominal torque.
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Fig. 4. Bearing masses according to the load capacity.

motor, if the conductive heat transfer phenomenon cannot be ne-
glected, relations (9) and (10) should take the form:

flJ.Ldi,da,....dy,p,0,0,0,72,...] =0 (18)

14+n m

which gives

, p_]zL d] d2 dn M A o

f(h@’L’L"”’LmhLVIL"”'m/ =0 (19)
—_— ———

with /; the thermal conductivities of the various materials of the
motor.

In this case, either a global scaling law would have been impos-
sible to establish or its domain of validity would have been smaller.

3. Scaling laws based on regression

The objective of this section is to show how it is possible to
increase the use and validity of scaling laws through appropriate
regression techniques as proposed by our method.

3.1. Form of models

To maintain the physical meaning and benefits of scaling laws,
the regression model will be based on the power form (1). How-
ever, to eliminate assumptions b. (geometric similarity) and c.
(uniqueness of design driver), estimation models of the following,
more general form will be sought:

) = k(my, Ty, .. )L™ ™) with 1 = di (20)

y=f(L 1, mo,.. I

where
e y is the parameter to be estimated.
e L is the main dimension of the system.
e d; are the secondary dimensions of the system.
e 71; are the dimensionless numbers representative of form factors
of the system.

With geometrical similarity, the form factors are constant (7; =
CY and the form (20) simplifies into the classic scaling law form
(1). The desired form of model (20) lends itself to direct regression
less easily than polynomial response surfaces [24], radial basis
functions [16,25], or kriging [26,27] directly on the parameter y.
The objective of the coming sections is to give an approach to
determine the shapes of functions k(7,75,...) and a(ny,y,. . .) rep-
resentative of multiplier and power coefficients.

3.2. Regression process

Fig. 3 describes the overall meta-modeling process proposed to
carry out regressions of form (20). The three main steps of the pro-
cess are described below and the details of each step are described
in the following subsections.

e Step 1 - data generation: the objective is first to generate the
combinations of variables L and 7; to be simulated. With deter-
ministic computer experiments, these sample points should be
chosen to fill the design space. Once the DoE is defined, a call is
then made to the finite element codes, or any other sizing code,
to obtain the desired data y. The data y are then projected
according to form (20) by calculating the coefficients k and a
for each configuration 7; of form factor parameters.

e Step 2 - study of the general shape of the function: the evolution
of each coefficient k and a is then analysed to determine the
overall shape to be imposed on function (20) through the choice
of the forms of functions k(my,75,...)and a(m,7y,...). These
forms of functions cannot be initially assumed and depend on
each problem.

e Step 3 - building of the metamodel: based on the function forms
selected in the previous step, a regression process is applied to
simulation data. A comparison of the results predicted using Eq.
(20) with the initial data y can then validate the quality of these
regressions.

Even though the model form of Eq. (20) cannot be expressed by
linear combination of basis functions, some of its characteristics
are interesting and will be used for the proposed meta-modeling
process. The following subsections describe the choices made here
for each of these steps according to these characteristics.

3.2.1. Step 1 - Data generation

The range of variation for the parameter L is potentially very
large and is potentially much smaller for the shape parameters
7. The proposed process will use a DoE (design of experiments)
which is logarithmically distributed on n; levels for the parameter
L and linearly distributed on n, levels for the p parameters 7;. This
simple DoE enables the design space to be filled. This DoE (step
1.1), mainly similar to a full factorial design, requires at least three
levels for each parameter in order to calculate (steps 1.3) and ana-
lyse (steps 2.1 and 2.2) coefficients k and a.

According to this DOE, calls are then made (step 1.2) to the
finite element codes, or any other sizing code, to obtain the desired
datay. The final number of data y is n;. nf. The conventional regres-
sion techniques use these simulation data directly. Here in order to
adapt the data to form (20) and as a power law can be represented
linearly in logarithmic-scale graphs, the projection of the data y
onto the coefficients a and k (step 1.3 of Fig. 5) is done in a logarith-
mic plane plotting the y according to L data for each combinations
of the form factors 7;. Fig. 6 represents the graphs where, for each
combination of coefficients 7;, the evolution of y according to L fol-
lows a power law and is therefore described by a straight line in a
logarithmic plane. The algorithm computes the slopes a of the seg-
ments between two consecutive values of L and returns the mean
average slope mean(a) for each combinations of 7t;. The multiplier
coefficient k is calculated for each curve by minimizing the least
square error for the average slope. In order to check that the data
are well fitted by power laws, a quality criterion is also calculated.
This criterion expressed by the relation std(a)/mean(a) is usually
very close to zero and shows that the problem is well expressed
by using a scaling law for a given configuration of form factors.
After this step, the n..nk values y are transformed into n%, values
vectors for all coefficients a and k.
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Fig. 6. Power law coefficients calculation.

3.2.2. Step 2 — Metamodel form definition

The objective of this step is to determine the form that can be
given to functions a(m,7y,...) and k(7q, 7Ty, . . .).

The power coefficient a(m,7,,...) of scaling laws is constant if
the physical phenomenon that drives the design of the system does
not depend on the form factors ;. If the physical phenomenon
switches from one to another (e.g. convection to conduction for
thermal transfer), the power coefficient is a function that changes
between 2 extreme values. If the switch between the two physical
phenomena is progressive (often the case for components of mech-
atronics systems) then the surface a(m,7,,...) will be character-
ized by a small number of peaks and valleys and can potentially
be well approximated by a polynomial function. It remains to
determine the exact form of the polynomial function. Since all

corresponds to a sensitivity analysis, which is conducted here by
performing a linear regression after normalization between —1
and +1 of parameters ;. The analysis of the regression coefficients
leads to the quantification of the average influence of each param-
eter. Only relevant parameters will be considered in the final
expression of a(mq,s,...). Note that any other technique of sensi-
tivity analysis could be used here (e.g. ANOVA [28] or Sobol’s indi-
ces [29]).

The multiplication coefficient k(7y,75,...) of scaling laws can
often take the form of products of functions, some of which may
also be expressed in the form of power laws. Step 2.1 (Fig. 5)
analyses these options by using a logarithmic plane again as the
functions that can be decomposed into products are represented
by parallel curves in logarithmic-scale graphs (Fig. 7a). The power
laws are represented by straight lines (Fig. 7b). If:

k(my,mo,...) = f(1m1)8(7a, . .
= log(f(m)) + log(g(m2....))

the evolution of values of k(7,75,...), a function of 7, for different
T;.; configurations, can give 3 possibilities: factorizable (Fig. 7a),
factorizable with a power law (Fig. 7b), or non-factorizable
(Fig. 7c). This type of analysis can be carried out for each variable
7; and quantified by indicators describing:

.) or log(k(my,m,,...))
(21)

e The possibility of factorizing k(7,,7>,...) by a function of 7;. To
assess this possibility we introduce the indicator defined by
(max(E) — min(E))/(max(log(k) — min(log(k)), where E quantifies
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the difference between two curves for different values of ;. If
the difference between two curves is constant, this indicator
is equal to zero and points out the possibility of factorization.

o The opportunity of expressing this function by a power law. To
assess this, we introduce the indicator (max(s)— min(s))/
|(mean(s)|, where s quantifies the slope of a curve. If the slope
is constant, the indicator is equal to zero and indicates a power
law.

These criteria can be condensed graphically on a plane, as illus-
trated in Fig. 7d, to quickly assess the form that the function
k(mq,75,...) should have.

3.2.3. Step 3 - Metamodel building

The last step aims to build the metamodels from data generated
in step 1 and according to the forms of functions defined in step 2.
This process of regression is done in two sub-steps:

20 Coeflicients calculation

10 T .
The mean slope and the
coefficient a of this curve is 3 {
with less than 0.24 % of error ////
108 ( std(a)/mean(a)) T

Log(y)

0 1 102 3 ¢

Log(L)

Fig. 8. Power law coefficients calculation for the test function.

e The first uses the data a and k (outputs of step 1.3, Fig. 5): a least
squares polynomial regression, using the most influential
parameters, is directly performed on the data a to obtain an
approximation for a(my,s,...). Depending on the decomposi-
tion of k(my,my,...) derived from the indicators of step 2.1
(Fig. 7d), the regression is performed on each of the factorizable
functions. Power laws are processed first by linear regression in
logarithmic planes. Functions that cannot be expressed by
power laws are approximated by polynomial functions using
least squares regression.

e The second uses y data directly (outputs of step 1.2, Fig. 5): this
nonlinear regression is initialized with results of the first
regression and minimizes relative errors thanks to the Isqnonlin
function of Matlab.

Finally a comparison of the two regression functions with
respect to the initial data y can validate the quality of these
regressions.

3.3. Example with a test function

A purely numerical example will help to illustrate and detail the
various steps of the process described in Section 3.2. This test func-
tion, which uses the form of Eq. (20), is:

y =1, (4 4 5m,ms) T LA 0™ (22)

A numerical uniformly distributed noise can be added to y data in
order to test the robustness of the process to the possible computer
noise of design codes or to variations due to neglected phenomena.
For the first numerical application, this noise is set to +/—1% of y
data. The different stages of regression, shown from Figs. 8-11, are:

e Step 1.1, the generation of a design of experiments: L with 4 lev-
els between 1 and 10* and each parameter 7; with 3 levels
between respectively .5 and 2, 1 and 10, 2 and 7, 1 and 10.
The number of simulations and data y is 4.3% = 324.

e Step 1.3, the y data projection: The straight lines (cf. Fig. 8)
imply the power law nature of the relationship. For the example
of Fig. 8, the slope a is equal to 3. The deviation from a power
law is expressed by a quality indicator, std(a)/mean(a) as
explained in 3.2.1, which has the value of 0.24% and also
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e Step 3, the construction of the metamodel based on functions
forms selected in the previous step: functions k'(7,,73) and
a(m,) will be approximated by polynomial function. The first
regression allows functions k(7q,75,...) and a(7mq,7,...) to be
obtained independently by a log plane study (for the power y = (4.84 —0.147, — 0.3773 + 5.017, 73 + 0.01 72
law) or linear regression (for the other function). This first 2099, 37 (2+0.10my)
regression (step 3.1) gives: +0.0373) 1, "L (24)

Fig. 11. Noise effect on indicator map and final regression quality.
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The second non-linear regression (step 3.2) working directly on y
and 7t; data enables us to find:

¥ =(3.988 +0.0027, + 0.00275

2+0.1073)

+5.0017,73) 7wy 3L 25
1 7

For the 2 regressions, the mean square error minimizes the relative
and not the absolute errors. The regression quality check shows that
less than 1% of error is achieved with Eq. (25). Without noise, exact
relationship is found directly with the first and second regression.
Even though numerical simulations are deterministic, errors
may exist due to simplifications of the mathematical model or sys-
tematic errors of the numerical scheme. To quantify the effect of
errors on the proposed process more precisely, we assume here
that the error is similar to white noise of amplitude proportional
to the quantity of interest y. The calculation process was repeated
for different values of maximum noise: 0.2%, 0.5%, 1%, 2% and 4%.
Fig. 9 shows the results of step 2.1 and 3.3 for these different levels.
Fig. 11a) was plotted with 10 runs for each noise level. Fig. 11b)
quantifies the maximum error found between the expression and
the simulation results (with noise) or the pure analytical formula
(without noise). From these results we can conclude that:

e Step 3 (regression), with its two regression sub-steps, is quite
robust to noise and even decreases the influence of noises.

e Step 2.1 (determination of the shape of the coefficient k) is more
sensitive to noise but allows the form of the function to be dis-
tinguished for noise levels less than +/—2%. The FEM simula-
tions should therefore have a meshing quality sufficient to
allow for this step.

3.4. Comparison with other analysis and regression methods

Ref. [16] gives a classification of the different approximation
techniques according to 3 criteria: the type of doe, the choice of
model and the model fitting approach. Here, the proposed meta-
modeling approach is based on:

o A full factorial DoE with logarithmic distribution of levels distri-
bution for the main dimension L parameter.

e A model choice based on scaling laws and power laws.

e A fitting approach using mainly linear and non-linear least
square regression based on a projection of the data on scaling
law coefficients.

Classic regression procedures generally start with a screening
step mainly focusing on selection of the input parameters. The pro-
cess assumes that this selection has been performed thanks to a
previous sensitivity analysis or the designer’s knowledge. Preli-
minary analysis, here, is devoted to determining the exact form
of the model. Indicators and a graphical synthesis, similar to the
Morris method [30], have been proposed for this purpose.

Compared to the classical meta-modeling approaches (polyno-
mial, kriging, radial basis functions, etc.) the advantage of the
method proposed here lies mainly in its physical justification,
demonstrated here by using the Buckingham theorem. A recent re-
view about dimensional analysis and pi-theorem illustrated by an
example of application to the modeling of a Flexible Manufacturing
System can be found in [21]. Some other authors [31-33] have also
used this theorem with the main objective of reducing the number
of parameters to be handled by polynomial regressions. Other
authors [34] have used dimensional analysis to determine
constraints on power law regressions. Their approach, like other
approaches solely based on dimensional analysis, however
requires handling of all the parameters representing the dimen-
sions and physical properties. Moreover, the scaling laws em-
ployed are pure power laws without the possibility of using
other functions to express multipliers or power coefficients.

The approach proposed here does not directly use dimensional
analysis but the particular form of the functions representing the
physical characteristics of a component subjected to a change in
size in the case of particular similarities. Previous studies [35,20]
on similarity have also worked on the development of models valid
in the case of non-similarities (called distored models) but have
not been applied to numerical simulations within a general frame-
work. The possibility of keeping constant the ratios of some of the
dimensions reduces the complexity of representation of the
detailed design models. A compact model is then obtained with
only the relevant design parameters for the design of mechatronic
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(a) Limited Angle Torque (LAT) actuator (source :
[37]): thermal and electromagnetic domains

(b) Flexural hinge (source [38]): mechanical domain

Fig. 13. Mechatronics component from different domains.

layer without having to handle all the parameters of the detailed
design.

4. Case studies

The objective here is to illustrate the proposed regression pro-
cess on mechatronic components from different domains. The
main focus is placed on the illustration of the regression process
and not to on the complete design study of a system. Ref. [10] pre-
sents a methodology for the optimal preliminary design of electro-
mechanical actuators using a model-based approach with different
types of models (estimation, simulation, evaluation and meta-
model).

The components considered are:

e An electromagnetic limited angle actuator [36], as shown in
Fig. 13a from [37], which illustrates the thermal and electro-
magnetic domains.

o A flexural hinge composed of thin blades, as shown in Fig. 13b
from [38], which illustrates the structural and mechanical
domains.

The regression process could be applied to other types of motor,
such as a brushless motor or a voice coil actuator [39], other flex-
ural hinge [39,38] or any other physical mechatronic components.
These 2 components associated with a mirror, a position sensor
and control electronic could be used to build up a scanning mech-
anism [40]. The overall design of such mechatronic systems
requires consideration of the various constraints that have a direct
impact on the size of the components. These design constraints
may come from different types of specifications:

e Performance specifications, particularly in terms of motion
range, accuracy or bandwidth: the motion is linked to the
rotational stiffness of the hinge and to the torque capability of
the LAT actuator; the accuracy and the bandwidth are linked
with resonance modes, which depend on the inertia and stiff-
ness of components.

Endurance specifications, particularly in terms of life time and
resistance to extreme stresses: the flexural link should be used
at stress levels consistent with these specifications.

These two points are influenced by the environmental mechan-
ical stress (vibration, acceleration) or thermal stress (a function of
the type of heat transfer and the ambient temperature). Embedded
applications add constraints of integration (size, volume or mass).
All these constraints can be represented (Fig. 12) by design scenar-
ios such as:

(a) Thermal and mechanical mission profiles: these mission
profiles are representative of the movement of the mirror
during scanning. These time simulations can be used to cal-
culate the average electromagnetic torque developed by the
LAT. One can note that there exists a coupling of this torque
with the rotational stiffness of flexural hinges.

(b) Stability analysis: the transfer function of the overall multi-
physic system can be used to estimate the closed loop per-
formance especially in terms of bandwidth and stability
margins. The indicators will be significantly influenced by
the rotational resonance modes.

(c) Vibratory environment: transient or frequential profiles for
acceleration at the support can be used to represent the
aggressive vibratory environment. The transverse or longitu-
dinal modes of resonance are all influenced by the trans-
verse or longitudinal stiffness of the flexible pivots and the
mass of components.

To manage all these constraints and iterate quickly between
mechatronic and domain specific layers during preliminary sizing,
it may be interesting to have estimation models expressing, for
example:

e For the LAT actuator, torque or inertia depending on the
dimensions.

e For the flexure hinge, stiffness (in translation or in rotation),
maximal stress depending on the dimensions.

The following paragraphs show how these models can be
obtained using the regression process presented in this article.
The results of scaling-law-based metamodels are compared to
polynomial approximations [24] or Radial Basis Functions (RBF)
[41] and kriging [27].

4.1. Limited angle actuator study

The objective here was to illustrate how it is possible to link the
continuous torque T to the main dimensions, the length, L, and the
diameter, d, of the actuator. All radial dimensions were geometri-
cally similar to d. With such a choice, one has two design parame-
ters influencing significantly the torque and inertia of the actuator,
two main characteristics for the system level design, without rep-
resenting all dimensional parameters used during the component
level design. The desired equation thus took the following form:

T =f(L,my) = k(my)L"™) with 7, = %i (26)

The design code, to which the regressions were applied, was set up
using two 2D finite element simulations (Fig. 14) with FEMM soft-
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ware [42]. A first thermal simulation found the permissible current
density J for static continuous operation. The thermal environment
was modeled by convective heat transfer between the periphery of
the actuator and the environment. A second electromagnetic
simulation used the previously calculated current density in order
to obtain the continuous torque.

Several cases illustrate the regression method:

e The winding was moulded with or without a potting resin that
ensured better conductive thermal transfer. This point
addressed the effect of assumption c. (Section 3.1). An equiva-
lent thermal conductivity of copper and resin or air was
deduced from a homogenization of the winding [43,44].

e Two DoE for different ranges were used to test the robustness
and validity of the regressions obtained outside their original
design. The two DoE had 4 levels for L and 6 levels for ©; which
led to 24 experiments. The difference between the DoE came
from their range: for L, [20;60] mm for the first DoE and
[10;100] mm for the second, and for 74, [0.5;2.5] for the first
DoE and [0.1;5] for the second.

Fig. 15 illustrates the step 2.1 of the process for the cases of
winding with or without potting. In the case of winding with pot-
ting, the power coefficient varies between 3.42 and 3.49. Without
potting, this coefficient varies between 3.23 and 3.48. The 2 cases
have a power coefficient varying between 3.5 (demonstrated in
Section 3.2), characteristic of purely convective thermal transfer,
and 3, characteristic of a purely conductive thermal transfer. A coil
without potting is naturally more influenced by the conductive
effect. For both cases, it was interesting not to consider parameter
a(m,;) as a constant.

Next, the proposed approach was applied to a winding with
potting. The form of the scaling-law-based metamodel (SLAWMM )
was:

T = k(TCl)La(nl) =0 niZLC3+C4T[1+C5TE% (27)
It was compared to three other approximations depending on the
two design variables L and d: a 3rd order polynomial response sur-
face (RSM) [24], a Gaussian Radial Basis Function (RBF) [41] and a
kriging approximation [26]. The polynomial functions were built
with the same DoE as the scaling-law-based metamodels. The RBF
and kriging approximations were built with a specific DoE: a latin
hypercube (LHC) with the same range and number of experiments
as the scaling-law-based metamodels, in this case 24. The polyno-
mial regression, RBF and kriging functions were obtained with L
and d parameters and not with L and 7; which would not have been
such a good choice. The least square regression for polynomial func-
tions has minimized the relative error and not the absolute error in
order to avoid gross errors on small actuators. The Gaussian width
factor of RBF was chosen by minimizing a cross validation error

(a) Thermal simulation

107

10'

10°

Log (y)
3

Log (L)
(a) With potting resin

Log (y)

Log (L)
(b) Without potting resin

Fig. 15. Effect of conductive thermal transfer on the power coefficient.

[41]. The kriging approximation used a quadratic regression model
and a Gaussian correlation function.

Fig. 16 illustrates step 3.3, the model quality check, of the
regression process. These validations were performed by compar-
ing the 48 simulated results, 24 for the SLAWMM DoE and 24 for
the LHC DoE, with the estimated results using each metamodel.
Each approximation was thus tested with 24 configurations of
the initial DoE that served for their construction and 24 other con-

(b) Electromagnetic simulation

Fig. 14. 2D finite element simulations of the LAT actuator.
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Fig. 16. Quality check of the regressions for different range of study.

figurations within the same range. Note that the DoE using
range 2 was much wider than when using range 1, leading to four
additional orders of magnitude of variations on the output quantity

that was being approximated. In all cases (range 1 and range 2), the
scaling-law-based metamodels (SLAWMM) showed good
prediction qualities: less than 2% and 10% of maximum error for
the range 1 (Fig. 16a) and range 2 (Fig. 16b) regression. The expres-
sions obtained for Eq. (18) differ slightly between the 2 ranges (see
figure captions). Polynomial approximations, on the other hand,
even with twice number of coefficients to be determined, showed
a larger maximum error: 3% (Fig. 16a) and 79% (Fig. 16b) for range
1 and 2 respectively. For range 2, the maximum error was 18.5% at
the points of the DoE used for polynomial response surface con-
struction but increases to 79% with the 24 configurations of the
DoE that did not serve for its construction (predictive capability).
Radial basis functions and kriging led to even worse results. These
two metamodels had difficulty in coping with the very wide range
of variation of the output quantity, which led, in particular to large
errors for very small values.

When the predictive capability of metamodels was assessed by
testing them at points well outside their construction bounds,
regression-based scaling laws remained valid (less than 15% error
in Fig. 16¢). Gaussian RBF and kriging functions, with their high
flexibility enabling a multiple peaks surface response to be repre-
sented, were at a disadvantage in this case of fairly monotonous
surfaces: they could give very poor results at points involving large
extrapolation. All three classic regression techniques (RSM, RBF
and kriging) gave very poor results, even negative torque for small
actuators, when they were used well outside the points that served
for their construction (equations of range 1 used into range 2 as
illustrated in Fig. 16c).

Power law forms are thus interesting as “structural compo-
nents” for the specific metamodels of sizing problems where geo-
metrical dimensions can have a wide range of variation. This
robustness property can be important when conducting explor-
ative design studies in areas not originally planned. As the regres-
sion form has a physical basis, some coefficients can be fixed after a
first complete study. For example, the c; coefficient of Eq. (27) can
be fixed at 3.5 (see section 3.2) and future FEM simulations with
different configurations have to find just 4 coefficients (c;, ¢y, C4
and cs) with a reduced size DOE.

4.2. Flexural hinge study

The objective here was to illustrate how it is possible to link the
rotational stiffness, K;, to the main dimensions: L the length, d the
diameter, e the thickness, and r the blade root radius (Fig. 17a) of a
flexural hinge composed of 2 thin blades of titanium alloy. The
desired equation thus took the following form:

K, = f(d, 7y, 3, T3) = k(my, 7tp, 03)d“™ ™™ with
r e L
=g m=gand = (28)

The design code, to which the regressions were applied, is set up
using a 3D finite element simulation (Fig. 17b) with ANSYS software
[45]. This static analysis gave the angular deflection for a given tor-
que on the hinge, which, by ratio, gave the rotational stiffness. The
meta-modeling process was applied to this data K, but could also
have been applied to other quantities of interest for the design, such
as the stress-to-deflection ratio or the radial stiffness. This regres-
sion problem involves more parameters than the previous applica-
tion example and allows us to illustrate the interest of the
multiplication coefficient form analysis (step 2.1 of the process
given in Fig. 5).

The DoE used had 4 levels for L and 3 levels for each ;
parameters. The range studied was: de[5;50] mm,
7 € [0.05;0.015], ; € [0.01;0.04] and 75 € [0.5;2]. As illustrated
by the result of step 2.1 (Fig. 18), the power coefficient a was
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(a) Hinge geometry

(b) Flexural deformations of the hinge

Fig. 17. Geometry of the flexible hinge (2 blades).

constant and equal to 3 for any 7; parameters configurations. Thus,
only one physical phenomenon drove the evolution of the rota-
tional stiffness: the elasticity of the material. Fig. 19, the result of
step 2.1, shows that the influence of n, and 73 parameters can
be modeled by power laws expressions. The form of the 7; function
cannot be a power law and was modeled here by a polynomial re-
sponse surface here. The form of the scaling-law-based metamodel
was be thus:

K: = (co + 171 + 2 n$ gt d® (29)
The regressions results were (with K, in N m/rad and d in m):

K, = (1 93.10° +3.10.10"m, + 2.30.10“n§) %nl%d® (30

for the first one, where regression was carried out with a and k data
(see step 3 Section 3.2.3).

K, = (1.93.1010 +3.10.10*7, +2,30.10“n$)n§n;d3 (31)

for the second one, carried out on the y data with a least squares fit
(see step 3 Section 3.2.3).

For the last regression, powers of 7, and 73 parameters were set
to 3 and 1 respectively. Eq. (31) presents a simple form that can be
handled and implemented in different calculation tools. As shown
in Fig. 20, the relative error is controlled for a wide range of results
with a maximum error of less than 15%. These results are com-

3 Coefficients calculation
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Log (y)
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10° - s - s
10 10 10
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Fig. 18. Scaling laws with geometrical similarity.
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Fig. 20. Quality check of the regressions.

pared to a 3rd order polynomial function here, which was the
metamodel that performed the least poorly of the three alterna-
tives (polynomial response surface, radial basis function, kriging)
in the previous application example. The expression of the polyno-
mial response surface required the determination of a large num-
ber of parameters: 26 parameters compared to 5 for the
proposed form, and showed a maximum error of 21%. The scal-
ing-law-based metamodel allows light and compact models to be
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obtained, which can be easily integrated into other design
algorithms.

5. Conclusion

The design of mechatronic systems requires estimation models
to make the link between the design details of each component
and the overall design of the system. The article has shown that
scaling laws possess interesting properties for performing this role
during the sizing tasks. A demonstration of the criteria for obtain-
ing these scaling laws with the Buckingham theorem highlighted
the assumptions required for this work. Two of these assumptions,
geometric similarity and the uniqueness of the design criteria, limit
the generality of their use. A method was proposed to overcome
these limitations and generalize the form of scaling laws. The pro-
cess of regression adapted to this form was described and validated
on various examples. The regressions obtained were compared to
classical metamodels and showed the interest of the physical basis
of scaling-law-based metamodels for preliminary sizing of mecha-
tronic components: their shape is easy to handle while remaining
valid over a wide range of sizes, even for prediction or extrapola-
tion purposes. The proposed form of regression can be applied to
various fields encountered in mechatronic systems and is illus-
trated here by simulations on thermal, electromagnetic and
mechanical examples.
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Chapter 5: Design graphs for sizing procedures and optimization problems definition
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Chapter 5 — Design graphs for sizing procedures and optimization
problems definition

STRACT

This last chapter focuses on the proper combination of the previous models to develop sizing and optimization procedures.
state of the art on tools and methods available for design and optimization is reviewed. A first category of methods and
tools, known as Multi-Disciplinary Optimization (MDO), uses Design of Experiments, Metamodels and Optimization algorithms
on numerical models. A second category uses constraint networks and graphs theory to represent the constraints and the links
between algebraic models. The chapter exemplifies how to use these methods together with graphical tools. These design graphs
be used pedagogically to introduce students to the design. They can also be implemented by algorithms to help the designer
in cases of more complex devices. The associated paper, entitled "Optimal preliminary design of electromechanical actuators"”
and published in the Aerospace Science and Technology journal, show how to implement the different types of models
(estimation, simulation and evaluation models) and to combine them into a process dedicated for design and optimization.

Keywords: sizing procedure, optimization problem, graph theory, matching problem.
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NOTATION

Acronyms

BFS Breadth First Search

DFS Depth First Search

DSM Design Structure Matrix

EMA Electro Mechanical Actuator
HIL Hardware In the Loop

H&K Hopcroft & Karp

KBE Knowledge Based Engineering
MDO  Multi Disciplinary Optimization
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N’D
SCC
SIL
0D/1D
2D/3D

N square diagram

Strong Connected Component
Software In the Loop
Lumped parameter model
Distributed parameter model
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1. FROM MODELS TO OPTIMAL PRELIMINARY DESIGN OF MECHATRONIC SYSTEMS

This chapter is dedicated to the generation of sizing procedures used during the preliminary optimal
sizing of physical parts of mechatronic systems. The inputs are the objectives and design constraints coming
from the specifications document or the chosen architecture. As output, specifications for components (rod
end, roller or ball screw, gear reducer, brushless motor ...) are generated in order to obtain an assembled
actuation system that fully meets the requirements. The objective is not to design the components in detail,
but to specify each of them as well as possible, taking all design scenarios into account.

1.1. Design models and possible association

The previous chapters have presented the different types of models required for the analysis and
synthesis of a mechatronic system. These models establish links and constraints between the specifications
of the overall system and the component characteristics to be selected. The models (chapters 1-4) can be
implemented in different types of environment and decision making can be achieved by different
optimization methods. Figure 1 illustrates three different options.

The first one implements all the models in a computer algebra environment (Matlab, Excel). The design
and optimization performed in the same environment. This solution does not address time transient
phenomena problems. However, it has the advantage of being very suitable for taking multiple design
criteria into account and providing fast optimization. Examples of such implementation are presented in [1]
[2] and [3].

The second one implements all the models in a simulation environment for algebraic differential
equations (e.g. Modelica) and the optimization is performed by external MDO software [4]. This solution
allows fine simulation models with time transients to be managed. Examples of such implementation are
given in [5] and [6]. However, one main drawback is the optimization times, which can become very long.
In addition, some design scenarios may not be represented by system simulation models.

The third one is a mix of the first two first solutions and can be achieved with a compact representation
of time-consuming temporal simulations or FEM simulation using meta-modeling techniques [7]. This
solution makes it easy to manage multiple design criteria and to obtain a reasonable optimization time. This
is the solution that will be developed in this chapter.
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1.2. Sizing procedure vs optimization

Generally the engineering models enable the designer to determine the opposite relationship to those
desired during sizing, i.e. calculate the performance of the system (which is required by the specification)
from the characteristics of components (which are sought during sizing). In the third case of Figure 1, all
representative models of the design can be reduced to a set of algebraic equations that can be manipulated in
order to solve this inverse problem. There are essentially two types of solutions to the problem:
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e selection or sizing procedures, a judicious succession of calculations and tests, which determine
the main characteristics of components to select.

e optimization algorithms that minimize the difference between desired and achieved performance
by changing the main characteristics of components.

In this chapter, we seek to make joint use of these two approaches (procedures and optimization). Part 2
of this chapter will present the state of the art in tools implementing these two solutions or their associations
and the different ways of representing a design procedure. Part 3 will then show the typical problems
encountered in the implementation of a design procedure. We will focus on their resolution using simple
graphical means or using algorithms from graph theory. The different approaches and issues will finally be
illustrated with simple examples.

2. STATE OF THE ART

2.1. Design Frameworks

Once the physical system is defined, the various components and the control scheme can be integrated
virtually thanks powerful, complete and connectable engineering platforms : OD-1D simulation, co-
simulation with multi-body simulation, rapid prototyping, HIL, SIL, reduced models from finite elements,
etc. More details about virtual prototyping are available in reference [8]. Here, we focus on the software
tools usable during the physical system conceptual synthesis phase.

Industrial sizing tools

During synthesis steps, the designer of mechatronic systems may use, industrial component design or
selection tools. A first category takes the form of sizing tools based on engineering standards. Figure 2
illustrates the example of MIT Calc [9] which proposes a set of Excel sheets devoted to the design of
mechanical components such as reducers, couplings, and so on. These tools are more usable by specialists of
specific domains than by designers of mechatronic systems as the coded calculations are more oriented
towards analysis and validation and require the definition of a large number of technological and
dimensional parameters.
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4.3 Mumber of teeth (Sun, Planet, Ring Gear) [ 7 30 76

2
44, Speed (5un, Planet Carrier, Ring Gear) n | 3000.00 548.39 0,00 [imin]
45 Normal pressure angle o 20 el
4.6 Helix angle 3 . 20 " 1
4.7 Setting of the ratio of the width of the sun to its diameter TR .
4.8 The ratio of the sun wickh to s diameter Vi fmax 100 <14 Sl
45" Module  Standardzed value m s | - ®
4.10 Diametral Pitch (Citreular Pitch) P 50 00393 w| O
4.11 Reference diameter dofd1fd2 54.273 95.776 -242.633 [mm]
4.12‘ Recommended width of gearing 30.4-76 [mm]
413 Face width (Sun, Planet, Ring Gear) bofb1/b2 54.000 56.000 55.000 < Jtmm]
4,14 Working face width bw [ seom0 | ssom © frm)
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4,16 Working center distance w [ 75025 | 50 | [mm]
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4.18  Minimum coefFicient of safety SHISF 1.42 10.24
419" Movement of gears (step and current angle) 10 o [l m

L]

I

b0
b2

Figure 2 - Geometrical and strength design and validation of epicyclic gearing with MIT Calc [9]

A second category includes selection procedures proposed by some manufacturers of components. Figure
4 illustrates the sequence of calculations and tests proposed by Harmonic Drive to select a gearhead in their
ranges [10]. These procedures need catalogue’ data, the access to which needs to be automated for an
optimization process. Although these sizing procedures highlight the key design drivers of the components,
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they may have to be adapted or modified to reflect specificities of the overall system and to better integrate
the overall design process.
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Figure 3 — Example of a gearhead selection procedure (Harmonic Drive)

A final category takes the form of selection tools for mechatronic assemblies intended for the industrial
field such as reducers, motors and inverters. Often offered by solution providers [11], some tools, such as
Servosoft [12], shown in Figure 4, are independent. They are characterized by a large database, load and
mission profile definition, sizing variable calculation and selection of components with filters on given
criteria. Architectures are modifiable according to a given, reduced set of topologies. The optimization
capabilities are weak and selection criteria or modelling capabilities are devoted to industrial applications, so
cannot always match specific applications.

| T «m I — -]
FI T T TR T ee= [ B~
W | i =
= #
o — e o
o o
i = !
" , 24
o E
Esd -
- IF S o e
o BT M
Ly I% el TV
| == - R
EE— i 24 b
. [ i mnE g
I pread kg rebirgaree o N
l:-l = _:é . "
S e
e Mhohon comiens iy .
& ] rwene
p————— sovene
Bers) e = =) B}
MO 0 6N 96 160 (X0 1a00
o o et e, v | T JE

Figure 4 — Sizing of servo systems (Servosoft) [12]

Although these tools are interesting by their technological content, they are too rigid or incomplete to
satisfy the design objectives set.

Multidisciplinary Design Optimization (MDO) frameworks

Another category of tools comes from Multi-disciplinary Design Optimization (MDO) [4]. MDO is a
field of engineering that uses statistical and optimization methods to solve design problems incorporating all
relevant disciplines represented by 2D/3D FEM analyses, 0D/1D simulations and algebraic calculations
simultaneously. Each specific computation is considered as a black box which can be called directly,
analysed with design of experiments (DoE), and represented with surrogate or meta-models. All calculations
can be linked together and used for design exploration, sensitivity, optimization and robustness analyses.

-121-



Chapter 5: Design graphs for sizing procedures and optimization problems definition

iSight [13], Optimus [14], modeFRONTIER [15] are examples of such frameworks. Figure 5 gives an
overview of the Optimus environment.
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Figure 5 — Optimus MDO framework

These optimization and statistical enabling tools allow the steps of the design process to be linked in a
freely chosen sequence. They do not, however, provide help in choosing how the connections in the
calculations are structured, or which parameters are to be taken into account as design parameters,
constraints or objectives.

Knowledge Based Engineering (KBE) and component based frameworks

Knowledge Based Engineering (KBE) is a discipline combining knowledge-based approaches and
computer aided design. The KBE software packages are dedicated to centralizing all the know-how and
expertise for the design of a specific product. Scientific concepts and methodologies used in these
environments are:

e Knowledge bases and computer-aided design: the knowledge of the components is capitalized
with unoriented algebraic equations (declarative approach) [16]. These components can be
easily assembled to describe different architectures.

e  Constraint networks, graph theory and optimization: the set of equations initially defined in
declarative form is oriented in order to obtain a calculation procedure usable by an optimization
algorithm.

The adaptation or analysis of the equations may be supported by symbolic computations, interval
calculations or artificial intelligence. These KBE tools can be:

e linked to a CAD software as in Genus Designer [16] which captures the configuration rules and
performs process automation for Solidworks ;

e dedicated to a specific domain as in Enventive [17] for the conceptual design of planar mechanisms
(optimization, tolerance, sensitivity analysis) ;

e developed over several domains, as in the case for FST institute software (TUHH university)
which, from the same basis, supports the preliminary design of lift mechanisms [18], hydraulic
networks [19] and EMA of aircraft. Figure 6 illustrates the general process and gives an example of
a graphical user interface.

e General, such as TKSolver [20], Ascend [21], Cades [22], Design sheet [23], Design 43 [24] or
PaceLab suite [25]. Figure 7 illustrates the graphical user interface of TKSolver, a declarative
language that enables a set of algebraic equations to be used with different inputs depending on the
design objectives.
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. definition of design problem (constraints) N
- constraint propagation (narrowing, consistency)
- implementation of objective/fitness function(s)

""""""""""""""" .. expression

constraint matrix
Vi Vo Vg Vg o Vi Vy
f 00 . -

i o B Dk Cltmeed [Jormmtrs [Iometerr ot oty 3 ket e

|:>f3 0 0o ) L
7 fqo +100 " 10 T [T O Gieeen G
variable ( ) / floo+1+1 0 4
\\___o_pltiimzatfon
- determination of computational flow and decision
\_ variables A /
= 2
Ve N
I initialisation of population GA
individual
& | || ordered evaluation of directed equations
28 (includina fitness functions)
]
g3 L 2
G E propagation of inequality constraints
yy consistency check — — s
consistent individuals
Selection
. 4

Figure 6 — New computer-aided methods for preliminary architecting and sizing of lift and hydraulic
systems [18] [19]
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Figure 7 — Declarative TK Solver framework

These tools can provide an interesting and important help for the designer especially when the system
becomes complex with multiple technologies. Paired with MDO tools, they might represent the future of the
design of mechatronic systems.

2.2. Sizing procedure representations

The sizing procedure can be considered as a major part of the whole preliminary sizing process. When
the problem is complex, with numerous interactions between components of various fields (mechanical,
electrical, etc.), methods for the representation and analysis of such interactions become valuable. We will
focus here, on the representation methods.
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Causal diagram

The causal diagram is a graphical tool representing the causal relationships between variables. It is, in
fact an oriented graph representing a calculation scheme. Figure 2 gives examples of causal diagrams used in
the Salome platform for the Pre- and Post-Processing of numerical simulations [26] or for a space envelope
estimation performed by [27].

SAoME $ 14 - (Sl

[ETR——
AR —
ame [ nee] ™
P o [ied

1 e £}
le - 3| s | Cance semn|

a) Yacs editor of Salome platform [26]

Legend:
[ System design choice ][ idered |

DGR ool Intermediate
s
‘Actuator sizing input Total control surface Contr

[ e | —— T ik gt
. [~

‘ ntrol surta ‘ |m¢m.a| ’camm-muHmu:v)umy
& (v

area (5) MAC (c) H“""‘""”‘

Number of PCUs " Sa——
per control surface

(Nec)

N 1 L.

-
PCU technology

‘Aerodynamic Surface Hinge moment
HM=S" ¢ Vipi2 * [ena " 0+ Cop * B]

Hom radius load on actuator ||
(HR) Frcy = HWHRNpcy

PCU amangement L [

Dogbone length t
(flange-mount. pin-
to-oin, reaction || (07 for flange ‘
link)
:
(HMA or EHSA)

Hydraulic system | 1|
pressure

piston stroke = |
TC(ST'HR) Piston area

1

P | |

L

Size of other /l
(manifold,valves...)
- i -
5

b) Space envelope estimation for aerospace application [27]

Figure 8 — Causal diagram examples

With a causal diagram, the couplings between the different entities can be difficult to visualize. A major
problem is that of algebraic loops, which is well known in industrial processes where Excel spread-sheets
bring together component sizing procedures that must not present circular reference errors (i.e. loops) such
as y=f(x) and x=g(y). Several solutions are possible: reject the possibility of such loopbacks in the
construction of the causal diagram [28], solve all the coupled equations (this analytical solution is not always
possible even with a symbolic maths package) analytically, solve these equations using a numerical solver.
For the latter, two implementations are possible. In the first, the numerical solver used is internal to the
calculation procedure and its computer support. This sizing procedure is difficult to export to other
optimization or calculation tools, however. For the second implementation, the code generated, which
corresponds to the sizing procedure, postpones the task of numerical solver to the optimization algorithm. It
is then necessary to add design parameters and additional constraints in the optimization problem to manage
these algebraic loops.
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N? diagrams

The N”D formalisms were introduced in the 1970s by the system engineer Robert J. Lano [29]. N is the
number of entities considered. This diagram is a causal diagram where the graphical entities (blocks) and
interactions (arrows) are dictated by an organization convention as shown in Figure 9. The inputs of the
blocks are represented by vertical arrows while the outputs must be horizontal arrows. This display provides
a quick visual summary of the organization of the system studied. In particular, the couplings and algebraic
loops between blocks are easily identifiable, for example, Figure 9, when a block "2" provides an input to
block "3" and block "3" provides an input to block "2".

Format : Structure :
in in
J |
out out Calculation "
D — —> 1
inT .
Calculation
Data 2
junction
No data Calculation Ot
junction 3

Figure 9 — N? diagram principle

DSM matrixes

A Design Structure Matrix or Dependency Structure Matrix (DSM) is the adjacency matrix of an N°D.
The DSM, as its name implies, is a matrix representing links or information exchanges which can be used at
various levels: working group, system level, component level [30]. It draws dependency between entities,
parameters, etc. In the example of Figure 10, a cross located at row ‘i’ and column ‘j” means parameter/task
‘1’ depends on parameter/task ‘j’. This highlights links between the front and rear piston sizes, meaning that
if two different teams are working on those two tasks they will share information. This will be called strong
connected components later. In this representation, a perfect sequence is represented by a lower triangular
matrix, while un upper box that is non-empty represents a feedback loop.
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Figure 10 — DSM applied to automotive brake system design [31]
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Graphs and dependency matrixes

Finally, a sizing procedure is quite similar to a constraint network [32][34] where sizing parameters
represent variables and equalities/inequalities represent constraints. Therefore, all the tools applied to the
representation of constraint networks and so graph theory, can be applied. Thus, various algorithms applying
to graph theory can be integrated into a global calculation ordering method.

In the following sub-parts, different graphical representations will be used. Some of them represent how
equations match parameters, in which case both equations (square node) and non-determined parameters
(circular node) are represented in a non-oriented graph. Let us take the equation (declarative equation, not
imperative assignment) of Figure 11a, to show this representation. Matching is generally represented in what
is called a bi-partite graph, Figure 11b, with all the equation nodes on one side and on all all the non-
determined parameter nodes on the other side. A matching parameter/equation is then represented by a
double-column. Once equations are oriented (one parameter is matched to the equation, i.e. is calculated by
the equation), Figure 11c, a simplified graph can be drawn with no more equation nodes.

. EQ1
EQL: 7;ut_sznl?l—tChZO
" 5? 210

a) Non-oriented graph and equation

EQ2

b) Bi-partite graph

pitch EQ1

EQI : Tout = Lin:

of
QG

¢) Oriented graph and equation
Figure 11 — Graph representations of equation

A set of equations can be represented by a graph or also by a dependency matrix. To understand this
concept, let us take a simple mathematical example which is represented by a non-oriented graph as in
Figure 12a. In this example, , where “y’ is a known parameter and thus is not represented. Once treated, the
simple problem presented below will look like Figure 12b where the sizing sequence is once again
represented by a lower triangular matrix.

- 126 -



Chapter 5: Design graphs for sizing procedures and optimization problems definition

EQ1

Eql: 2x-3y-7=0

Eq2: x+5y-z=0

EQ2 > >

a) Representation of a 2x2 problem before matching

EQ1
Eql: x=0.5(7+3y)

Eq2: z=x+5y

EQ2 |

b) Representation of a 2x2 problem after matching
Figure 12 — Matching of a 2x2 problem

3. SIZING PROCEDURE DEFINITION AND DESIGN GRAPH

3.1. Objectives

The set of models presented in the previous chapters (simulation, evaluation and estimation models) can
be expressed by algebraic equations or represented with algebraic equations using meta-models. KDE tools
can store and use these models according to needs. This section will show how to represent a set of design
calculations and how to order flows of information into a sizing procedure. In order to have a well posed
sizing procedure that is easy to use in any computing environment, the procedure must be explicit without an
internal numerical solver. Section 3.2 presents the typical inputs and outputs of such procedure used in an
optimization problem. Section 3.3 describes the proposed methodology and process. Section 3.4 illustrates
how to set up a sizing procedure manually using graphical tools. Section 3.5 illustrates a computer
implementation using algorithms from graph theory. Section 3.6 identifies the typical possible main
problems that may arise on elementary examples.

3.2. Input and outputs of an optimization problem

An optimization problem can be formulated mathematically as follows:

Minimize objective function fx)
Subject to equality and inequality constraints h(x) =0, g(x) <0
By action on the parameters vector in the range Xiow<X <X,

where:

- the goal is the objective function f;

- design alternatives are expressed by a set of values assigned to the design variables x within a
design domain;

- constraints (4 & g) limit the number of alternatives to those satisfying physical principles and
design specifications, that is to say feasible design.

The functions (f; g, /) can be explicit or implicit, algebraic or performed by subroutines that solve
systems of differential equations iteratively. The goal of this section is to define such functions within a
sizing procedure. The calculation steps of the sizing procedure should be time efficient and so only algebraic
explicit functions without iteration loops are to be implemented. The number of design parameters x and
constraints g and % should also be minimized to reduce the design search space and thus the optimization
time.

The optimization problem can be defined only when the sizing procedure is known. To represent it, an
influence diagram [33] can be used. For aerospace actuations systems:
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- the main design parameters can be internal reduction ratios (roller screw pitch and reducer
ratio), integration parameters (anchorage to airframe and transmission to load points), shape of
the displacement curve, oversizing coefficient, etc.;

- the main objective is often the total mass obtained by the sum of the masses of all the
components estimated through scaling laws;

- the constraints are used to represent some design drivers that cannot be addressed in a direct
way by the sizing procedure. Oversizing coefficients to take care of these constraints during
optimization.

Mission profile N \
shape | Masse
—
Mechanism Volume
kinematic & B
geometrical "
integration Design Force i Legend:
Speed
Actuation models [:I Design parameters
component . >
parameters D Calculation through Modcls
Controller Reliahility <> Objectives and constraints
parameters \ / — Parameter flows

Figure 13 — Influence diagram for optimal design of aerospace actuation systems

3.3. Ordering methodology and process

The equation ordering methodology is organized in 3 main steps summed up in Table 1: problem
definition with equations/inequations and parameters, orientations of these equations (matching problem),
treatment of algebraic loops. The implementation of the methods of the process is detailed in the following
two sub-sections. This global method helps to reveal additional design parameters and to structure the sizing
procedure which can be used by an optimization algorithm.

This process of triangularization may be applied to any type of knowledge represented by a set of
algebraic equations and parameters. However, in the case of a mechatronic system, it is possible to
distinguish two levels of knowledge:

e acomponent layer that represents the knowledge of specific domains for each component. This
knowledge is represented by parameters (definition, integration, simulation, evaluation) and
equations (estimation models of Chapter 1, metamodels of Paper 4) linking these parameters
and only those of one component. Each set of equations and parameters is independent
component by component and can be thus stored and reused in the form of library.

e a system layer that represents the system-level interactions between components and
specifications for any sizing scenario. This layer is made up of all parameters from the
specifications and all representative equations for simulation or evaluation models (Chapters 3
and 4). These equations can link characteristics of multiple components from the component

layer freely.
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Table 1 - Synthesis of the proposed methodology

Process Methods (« HOWs ») Tools (implement the «<HOWSs »)
WHAT : -
(« $7) DesignGraph tools GraphSize tool
(section 3.4) (section 3.5)
Problem 1.1 | Gather all the Component knowledge
definition equations/inequalities in component layer.
describing the problem. Design  scenario and
requirement parameters
in mechatronic layer.
Orientate the | 2.1 | Match equations/parameters Hopcroft and Karp
problem algorithm [34]
2.2 | Identify and highlight over- Dulmage-Mendelsohn
constrained and  under- decomposition [35]
constrained singularities
2.3 | Errors are fixed by the designer manually modifying parameters status (to
determined/input) or moving inequalities to constraint while introducing safety
factors.
Break problem | 3.1 | Identify and  highlight Tarjan algorithm
calculation algebraic loops or strongly
[36]
loops. connected components
(SCO)
3.2 | Identify and highlight the Heuristic algorithm
minimum set of parameters [37]
to be fixed in each SCC to
suppress calculation loop
errors.
3.3 | Loops are displaced to upper layer manually by the designer.

3.4. “Design Graph”: Sizing procedure synthesis through graphical manipulations

For design problems characterized by a reduced set of equations, a skilled designer will be able to order
design constraints of his area of knowledge quickly and intuitively. It is, however, also possible to represent
and order these equations graphically. This graphical representation, called "Design Graph" here, can be
used with advantage as a teaching tool with students or as an analysis tool for an engineer in the case of new
design scenarios or new technology.

The problem definition, Task 1 of Table 1, is realized with a bipartite graph for each design layer

(mechatronic system layer and components layer) as represented in Figure 14 where :

e the parameters are set at mechatronic system layer level from requirements specifications
(performance, constraints) and at component layer level by listing the components of the
architecture and their main characteristics.

e cquations are then introduced to link the different parameters: at mechatronic system layer level
with equations representing design scenarios, at component layer level with estimation models.

At this point the relationships between the parameters and equations are represented as non-oriented

edges. It is not necessary to express the equations in detail.
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parameters models parameters models
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Component 1

Component 2

Design scenario models link
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components and system

parameters

Estimation models link only
parameters of one component

Mechatronic system layer Components layer

Figure 14 — Component layer and Mechatronic system layer

The orientation of the equations is the next step and corresponds to Task 2 of Table 1. The parameters set
by the specifications are selected as inputs for the sizing procedure. Some parameters in the specification
may take the form of outputs if the wording of the requirement defines them as an objective to be minimized
or maximized or as a maximum or minimum limit constraint to be respected. Figure 15a summarizes the
graphical notation that can be taken to represent these parameters in a form approaching an influence
diagram (Figure 13) in order to prepare the implementation of the optimization problem.

As an equation can generate only one output, the edges have to be oriented to have only one output per
calculation node (Figure 15b). If a given equation remains undetermined for several parameters (Figure 15c),
some design assumptions have to be made by stating some parameters as known. These new design
parameters can be included in the optimization problem and their optimal value can be determined via the
optimization algorithm. A preferred choice for these new design parameters would be parameters
participating in a large number of equations (such as reduction ratio) and values defined within a known
range (min, max). These assumptions balance the number of equations available and the number of
parameters to be determined by the calculation procedure. Example 1 of the section 3.6 illustrates this case
of an under-constrained problem.

If several equations of design scenarios have the same output, Figure 15d, the problem may be over-
constrained. Two solutions can be applied: adding a safety factor and managing one of the equations as a
constraint in the optimization problem, or giving the assignment to the most restrictive equation when direct
comparison is possible. Example 1 of the section 3.6 illustrates this case of an over-constrained problem.

The treatment of possible algebraic loops is the last step and corresponds to Task 3 of Table 1. We
typically find an algebraic loop when the selection of a component involves the use of characteristics of this
same component. This case is represented graphically by a loop involving a design scenario equation and an
estimation model equation as shown in Figure 15e. Adding a new design parameter, such as an oversizing
coefficient, and a constraint to be checked by the optimization algorithm makes the sizing procedure explicit.
Example 3 of the section 3.6 illustrates this case.

At the end of this graphical treatment, the final sequence of equations can be represented as a triangular
N2 diagram or a dependency matrix in order to check that the sequence of equations is explicit.
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Figure 15 — Graphical orientation of equations

3.5. “Graph Size”: Sizing procedure synthesis through algorithmic manipulations

In the case of a design of a multi-domain product characterized by a large set of equations, it can be
difficult for an engineer to pose and order the equations properly in order to establish a design procedure. A
computer tool, that can help him in this work, then becomes of interest. Here, we present a Matlab
implementation of such software that we have called "Graph Size."

For the problem definition, Task 1 of Table 1, "Graph Size" represents the equations and parameters in
the two layers, the component layer and the mechatronic system layer, defined in the previous two
paragraphs. This decomposition facilitates the reuse of models through component libraries (Component
layer) or sizing scenario libraries (Mechatronic system layer). The relations, called rules, may take the form
of equations or inequalities. The tool automatically lists the parameters from the equations. These rules can
be declared in an equation section, and will then be analysed to be ordered, or in a constraint section, and
will then be used as constraints in the optimization algorithm.
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Figure 16 — Graph Size and the 2 layers (components & system)

The problem is thus defined by a given number of non-oriented equations/inequalities. Most of the time,
optimal values are obtained for a solution around the constraint. As an example, for a motor where the
design driver is the coil maximum temperature, we may check that 7,,;< T, leading to an over-sizing. But
if in addition to that inequality, the motor mass is minimized final, the final result will tend to an equality
T,0is =Ta Therefore, at first, inequalities in the equations section will be considered as equalities and only
if the problem is over-constrained, will some adaptation be made by adding an over-sizing parameter and
moving superfluous inequalities to the constraints section.

So, having a problem of ‘n’ equations that are functions of ‘m’ unknown parameters, it will first be
interesting to assign one output parameter to each equation in order to orient the problem. The orientation of
the equations corresponds to Task 2 of Table 1. This means that the equations will be transformed as
follows: f7(x,x2, ..., x,)=0 — x,=f; (x1,X3, ...,X,,). To ensure that the assignment number is as high as possible,
an augmenting path method will be applied. This method is based on the matching Hopcroft & Karp
algorithm [34]. Before applying the H&K algorithm, a heuristic method is applied to match equations (rows)
and parameters (columns). It consists of matching each equation to the first free column encountered that is
linked to the row, repeating the principle from first to last row. Then, if the matching is lower than the
maximum possible assignment (minimum matrix dimension), H&K is applied to an assigned matrix (like the
one presented in Figure 12). The algorithm presented in [34] consists of two steps (a breadth first search or
BFS and a depth first search or DFS), repeated till the assignment does not increase. It must be applied to a
graph that is not disjoint(i.e. all the nodes are reachable by performing a DFS or BFS with a single starting
node):

1. Generate the graph by applying a breadth first search (BFS) starting from all currently free row
nodes (equations) and stopping when a first free column node (parameter) is encountered. During
this step, while descending the graph tree, a parameter node is linked to its matching equation node,
while an equation is linked to the remaining parameters. During the breadth first search,
dependency matrix crosses are replaced by level orders so as to identify the path orientation and
simplify the following step.

ii. Starting from a free column node, a depth first search (DFS) is applied crossing decreasing indices
of the dependency matrix. Then, when an augmenting path is encountered, matching along the path
is modified and the algorithm returns to step i).

The next step will identify parts of the problem presenting under-constrained (more unknown parameters
than equations) or over-constrained singularities [35]. Of course, if n#m, the problem is singular, but we will
see that n=m does not necessarily mean the problem is not singular. This step may help the designer to fix
parameters as inputs and modify inequality equations into constraints.

When the equation orientation has been done, and some dependency matrices, as shown in Figure 12 can
be drafted, feedback loops and strongly connected components or SCC (represented by bold squares in the
figure) will be extracted thanks to a Tarjan algorithm [38][36]. And here comes the last step (task 3 of
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Table 1) of the method. For each SCC, a heuristic algorithm fixes the minimal number of internal
parameters to determine all the other parameters encountered in the SCC [40][37]. Normally, these particular
parameters are used as inputs to the numerical iteration loops, and then all other parameters are obtained and
the inputs values are calculated again until the error between fixed and obtained value falls below an
acceptable value. In our case, the SCC input parameters will be extracted at input level and defined with a
range, then the value calculated within SCC will be compared to the input through an additional constraint.
These problem solving choices were driven by the desire to use an independent solver generating a standard
code which can be imported into as many calculation/optimization environments as possible.

3.6. Typical problems

Global concepts were presented in the previous parts and the idea is now to present a few examples to
highlight the interest of such methods. The examples discussed here are deliberately simple to facilitate the
demonstration but they treat each of the typical issues encountered in the implementation of sizing
procedure.

Under-constrained singularity: hydraulic jack

The aim is to implement the selection procedure for a hydraulic servo-actuator (jack and servovalve) to
ensure a nominal effort ) and a nominal speed V), for a useful stroke dx. The anchorage structure has a
stiffness K and does not tolerate efforts higher than F,,,. The maximum flow rate Q,,, required by the
actuator should be minimized to reduce the mass of the hydraulic supply system.

The physical equations for such a system are given in Table 2 and can be represented using a Design
Graph as shown in Figure 17.

Table 2 — Hydraulic jack equations

Fu stall load
Eql:F,>S.Pe S: piston section
P,..: network pressure
C: total stroke
dx: desired stroke
K: structure stiffness
FO: maximal load
Eq3: Fy=S.P, Py: maximal pressure
Vy: maximal speed

Eq2: C=dx+K.F,

Eq4: V=005 Qy: maximal flow
) _ Pnet—P, O,om: nominal valve flow
£q5: Qo = Qnom dPnom dP,,,: nominal valve pressure drop
Eqé:
Pnet

Opax: 10 load flow

Qmax = Qnom AP
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d OO0

Jack
Qnom
Servovalve
Mechatronic system layer Components layer

Figure 17 — Servo-actuator design graph (non-oriented)

Among the listed parameters, some will be determined as input by the customer’s specification
document: Fy, V), dx, P, and K; while others are objectives: O,,,, (which must be minimized) or constraints:
F . (limited by structure maximum allowable load). But even if some parameters are defined as outputs
they are still undetermined and therefore the problem is reduced to 6 equations and 8 parameters.

HC SC

|
Qmax=Qnom*(Pnet/dPnom)*0.5 | x x x O :
|
|
Q0=Qnom™{{Pnet-P0)/dPnom)*0.5 | x x x O x|
|
|
FO=S*PO X x O : HR

|
|
Fmax=S*"Pnet | x x O :
|
|
VO=Q0/S X X ol
|

__________________ +—
I

C=dx+K*F0 X X X 19 SR

|

TEXPQIEEER ® gl

a € 2 2 £
(«] % («] e

Figure 18 — Dependency matrix for the hydraulic jack
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Fo
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Qron i
i Servovalve
Mechatronic system layer Components layer

b) Oriented equations
Figure 19 — Servo-actuator design graph (oriented)

Within the HC set, we find parameters Q,.ue, AProms Onoms Po> S, Frar and Qp. As mentioned before O,
and F,,,, may be outputs, and it seems strange to fix piston section S, so this leaves: Py, Qp, dP,om and Q,om.
The design graph can also highlight the sub-constraints: calculation nodes 3 and 5 (Figure 19a) need 2
parameters to be assumed known to allow the sequencing of computations. As dP,,,, may be given by valve
technology, it may be taken as input and P, is easy to limit to a range equal to [0, P,.], so it will be taken as
a second input (variable).

Therefore, helping the designer choose parameters to fix in order to solve an under-constrained
singularity will lead to the result of Figure 20.

C=dx+K*F0 X X X 0
FO=S*PO | x X 0
Fmax=S*Pnet X x O
VO0=Q0/S X X 0
QO0=Qnom™*((Pnet-PO)/dPnom)0.5 | x x X x O
Qmax=Qnom*(Pnet/dPnom)*0.5 X X x O
REE*EREY°EG S &
a § & &6

Figure 20 — Perfectly matched hydraulic jack problem

An optimization problem with P, as design parameter, 0, as objective and F,,,, as constraint is thus
obtained. The optimization enables a classical hydraulic design rule to be found: the pressure P, must be
equal to 2/3 of P, in order to minimize Q-
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Over-constrained singularity: roller-screw

Here we consider an over-constrained problem that is quite simple but which presents the way to solve
this kind of singularity. The objective is to select a roller screw subject to two constraints: a static load and a
dynamic load. Let us consider the equations of Table 3from some scaling laws (3, 4, 6) as explained in
Chapter 2.

Table 3 — Roller-screw equations (initial set)

Fy: roller-screw static load

Fu: maximum applied load

Fy: roller-screw dynamic load

F,..: rolling fatigue applied load

Fuep: voller-screw  dynamic  load  (reference
Eq3: Fi=Fe(Fy/F 0,4)0‘9 component)

Foyer: voller-screw static load (reference component)
L,: roller-screw nut length

Lyyf: roller-screw nut length (reference component)
Ly screw length

Eq5: L=C+L,+L, C: actuator stroke

Ly: thrust bearing width

my: screw linear mass

Eq6: me=myo(Fo/Forey Mot SCrew linear mass (reference component)
Eq7: Mi=mL; M,: screw total mass

Eql: Fy>F e

Eq2: F;2F

Eq4: Ly=L,e(Fo/F o)™

T

O

max

"

T

Lb

i

Roller-screw

T
1
1
1
1
1
1
|
1
1
1
1
]
1
1
1
]
1
1
]
1
1
]
'
1
1
1
1
1
1
1
1
1
]
1
1
L

Mechatronic system layer Components layer

a) Full non-oriented graph

Fimax 1 >CF—(D
2

Frmc

b) Over-constrained part
Figure 21 — Roller-screw design graph

As reference component data are available for sizing just like F,,, and F,,. specifications, and as the
thrust bearing will be considered to be sized first, then the problem is in fact expressed in 7 equations with 6
undetermined parameters.
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SC VC
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|
I
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ISR
Ls=C+Ln+Lb X X x O |
I
|
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________________ _i___
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Figure 22 — Dependency matrix for the rollers-screw with Av sub-matrix

The matrix obtained clearly points out that one of the last 3 equations must be removed to obtain a non-
singular problem. To do this, one of the inequalities must me moved to constraints (¥,>=F,,,. for example).
Yet, without modifying the other equation (considered as: F=F,,,), if fatigue is the sizing criterion, the
constraint will never be met. That is why a degree of freedom ‘k.” must be introduced to the equation: k.*
Fy=F,.., with k. a variable input within the range [/,;Inf] here. Then the final result is the one presented in
the figure below, where k. represents an over-sizing coefficient to validate dynamic sizing. The new problem
is then given in Table 4.

Table 4 — Roller-screw equations (new set)

Fy: roller-screw static load

F s maximum applied load

Fuep: voller-screw  dynamic  load  (reference
Eq2: Fi=F4e(Fy/F 0,4)0‘9 component)

Foyer: voller-screw static load (reference component)
L,: roller-screw nut length

Lyyp: roller-screw nut length (reference component)
Ly screw length

Eq4: L=C+L,+L, C: actuator stroke

Ly: thrust bearing width

my: screw linear mass

Eq3: me=miyo(Fo/Forey Myt SCrew linear mass (reference component)
Eq6: M=mL; M,: screw total mass

Cstl: F,>F,,. Fy: vollers-screw dynamic load

F,..: rolling fatigue applied load

Eql: Fy=k.F e

Eq3: Ly=Lye(Fo/F o)™
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FO*ke=Fmax |x X 0
ms=ms_r_e_f*(FO/FO_r_e_f) X x x O
Ln=Ln_r_e_f{FO/FO_r_ e f0.5 X X X 0
Ls=C+Ln+Lb X X x O
Ms=ms*Ls X x O
Fd=Fd_r_e_f*(FO/FO_r_e_f)"0.9 X X X 0
LELEEEOS FRESLLE
w b b £

Figure 23 — Perfectly matched roller-screw problem

Strongly Connected Components (SCC): brushless electric motor

The purpose of the last example is to highlight strongly connected components within a sizing procedure.
To do this, a brushless electric motor will be sized considering only the maximum transient torque it has to
deliver. In that case and applying [38] one more time, we have the equations of Table 5.

Table 5 — Brushless electric motor equations (initial set)

Ty: motor maximum torque
Tioaq: torque demanded
J: motor inertia
dw: acceleration demand
a2 J= (5/3.3) Jref: motor inertia (reference component)

q2- J_JrE/(TO/TOrEj) Ty - ;

oref? MoOtor maximum torque (reference component)

M: motor mass
M, motor mass (reference component)

Eq] T():T/()ad—"_ldw

Eq3: M=M,o(Ty/Tpe)"”

As reference components such as torque and acceleration demand are determined, the problem is
composed of 3 equations and 3 unknowns.
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SC

TO=Tload+J"dw | x X 0 X
J=J_r_e_f(TO/TO_r_e_f)*(5/3.5) X X X 0 SR
M=M_r_e_f*(TO/TO_r_e_f*(3/3.5) X X X 0
T 3 FF ER =
- =

Figure 24 — Brushless electric motor sizing procedure highlighting SCC

) (%)

i Roller-screw

Mechatronic system layer Components layer

Figure 25 — Brushless motor design graph

In Figure 24, an SCC appears since the computations of 7, and J computation are linked. Design graph
also highlights this algebraic loop. To break the loop, and as the SCC set size is 2, we may only fix one of
the parameters as input (variable), say J. Then, the validation formula has to be moved to a constraint: J-
Jref (TO/T0,)”*=0.

Since equality is a very hard constraint to validate, we may accept a relative error: (J-
eatentatedTeateutaed<0-01, With Jowientasea=Jrer*(T0/T0,)”>°. The new problem is then given in Table 6.

Table 6 — Brushless electric motor equations (new set)

Ty: motor maximum torque
Tioaa- torque demanded
J: motor inertia
dw: acceleration demand
Jref: motor inertia (reference component)
Eq2: Jeateutatea=Iref(To/ Torep)” :
92 Jeatewtaiea=Jref(To/ Torey) Torer: motor maximum torque (reference component)
M: motor mass
Eq3: M=M,/(Ty/ Ty
4 (T Torer) M, motor mass (reference component)
Cstl:
(J'Jcalculated)/Jca/cu/atedSO 01

qu T0:Tlaad+']-dw
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An other way is to introduce an oversizing coefficient within Eql and reuse the initial equation as a
constraint: Eql : 70=k,,T},.s and Cstl : Tp>T,,00+J.dw.

These new sizing procedures have no algebraic loops, thanks to the introduction of a new design
parameter and a new constraint for the optimization problem.

4. CONCLUSION

In this chapter, we have shown that ordering the calculation steps of a whole, highly constrained sizing
procedure is not always an easy task. We proposed graphical representations or algorithms that can be
applied to highlight the different problems the designer has to face (singularity, calculation loop) and may
help him solve these problems by proposing alternatives. Finally the problem is formulated to be
implemented easily in all solvers/optimization tools. So the goal is actually to help the designer define a
standard structured problem. This is especially useful for mechatronic design because of the highly
constrained sizing and the interaction among fields. The paper 5 illustrates optimal preliminary design with
the example of a spoiler electromechanical actuator. The proposed approach, based on meta-models obtained
using the surfaces response methods and scaling laws models, is used to explore the influence of anchorage
points and transmission ratio on the different design constraints and the overall mass of the actuator.
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ABSTRACT

This paper presents a methodology for the optimal preliminary design of electro-mechanical
actuators. The main design drivers, design parameters and degrees of freedom that can be used for
preliminary design and optimization of EMA are described. The different types of models used for
model based design (estimation, simulation, evaluation and meta-model), and their associations are
presented. The process preferred for its effectiveness in terms of flexibility and computational time is
then described and illustrated with the example of a spoiler electromechanical actuator. The proposed
approach, based on meta-models obtained using the surfaces response methods and scaling laws
models, is used to explore the influence of anchorage points and transmission ratio on the different
design constraints and the overall mass of the actuator.

Keywords: design exploration, electromechanical actuator, flight control, inverse problem, inverse
simulation, Modelica, Meta-Models, Response Surface Methodology, scaling laws, spoiler.
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Context

The current technical developments in aviation aim
at making aircraft more competitive, greener and
safer. The more electric aircraft (MEA) offers inter-
esting perspectives in terms of performance, mainten-
ance, integration, reconfiguration, ease of operation
and management of power.'? Using electricity as the
prime source of energy for non-propulsive embedded
power systems is considered by aircraft makers as
one of the most promising means to achieve the
abovementioned goals. Actuation for landing gears
and flight controls is particularly concerned as it is
one of the main energy consumers. This explains
why, during recent years, a great effort has been
put into the development of Power-by-Wire (PbW)
actuators at research level (e.g. POA, MOET,
DRESS and ACTUATION 2015 European pro-
jects). This recently enabled PbW actuators to be
introduced in the new generation of commercial air-
craft>* in replacement of conventional servo-
hydraulic ones (e.g. Boeing B787 electro mechanical
actuator (EMA) brake or spoiler, Airbus A380 EHA
and EBHA). On their side, space launchers are fol-
lowing the same trend for thrust vector control
(TVC) as illustrated by the European VEGA project’
and NASA projects.® However, these technological
step changes induce new challenges, especially for
the preliminary design process for actuation systems

and components which cannot simply duplicate
former practices.

Section ‘“Model-based design for electromechan-
ical actuation systems’ sums up the main require-
ments, design drivers and design choices for EMA
design. This section also describes the different types
of models needed. The different possible associations
for those models are then presented, and the most
efficient and flexible process will be described in
details. Section “Spoiler actuator case study’ illus-
trates the different steps, models and tools for the
presented methodology with the case study of a spoi-
ler EMA.

Model-based design for
electromechanical actuation systems
Figure 1 shows the V-cycle design’ of a mechatronic

system such as an EMA (architecture is described in
section “Case study and actuator architecture
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Figure |. V-cycle design for a mechatronic system.

presentation’). The described methodology is dedi-
cated to the descending branch of the V-cycle corres-
ponding to preliminary optimal sizing and device
parts features synthesis. The inputs are the objectives
and design constraints coming from the specifications
document or the chosen architecture. As output com-
ponents (rod end, roller or ball screw, gear reducer,
brushless motor, etc.) specifications are generated in
order to obtain an assembled actuation system which
fully meets upper requirements.

Requirements and key design drivers of
actuation systems

As contributors to the safety of embedded critical
functions, aerospace actuators are subjected to
numerous specific design requirements. These require-
ments are translated into design constraints which the
designer must meet by discerning choices. Based on
recent examples Refs.> #4%%347 Table 1 summarizes
these design constraints, design degrees of freedom
and their possible interactions. One can notice that
the designer choices are numerous; their impact
coupled and they should address multiple domains.
The study and comparison of different possible archi-
tectures must thus be supported by efficient design
methodologies.

Models needs for electromechanical
preliminary design

To accelerate the design process, a general trend is to
extend the role of modelling in design and specifica-
tion.”!® At preliminary steps of system design, differ-
ent types of models are needed in order to get a

complete sizing: simulation, estimation and evalu-
ation models.

The objective of simulation models is to calculate all
the variables of power, energy (force, speed, tempera-
ture, etc.) useful for the components selection. The
transient simulation of an EMA is becoming manda-
tory because, unlike hydraulic actuators, some strong
coupling exists between the transient power demand,
the thermal behavior of motors, the inertia loads and
the fatigue of mechanical components. These simula-
tions are usually based on lumped parameters
models,'** also called 0D-1D models, run either in
direct or inverse mode'*'” in environments such as
Matlab/Simulink, Dymola,'® AMESim,” etc. Ref."
describes the use of inverse simulation with
Modelica for actuators sizing. Yet, to run this kind
of models, which only suits for analysis and not for
validation, component parameters may be known,
that is why some other types are needed.

Estimation models allow to estimate from a reduced
set of independent parameters (e.g. max load, stroke)
all the dependent parameters/component characteris-
tics: simulations (e.g. inertia, efficiency, etc.), integra-
tion (e.g. mass, dimensions) and validation of safe
operating area (e.g. max speed, degradation param-
eters, etc.). This is a way to replace component data-
sheets when they are not available (often the case for
aerospace application) or to speed up the design
exploration (analysis of different scenarios, optimiza-
tion, etc.). Ref.!® describes some estimation models
based on scaling laws for the main components of
an electromechanical actuator.

The last model is the evaluation model whose goal is
to check the ability of a component to operate in its
safe operating area for the required lifetime and
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No Recurrent Cost
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®

Recurrent Cost

®

Fail safe (winding short circuit. jamming. shock)®'? ®

Life time/MTBF/failure rate'"'**

Mass

Safety

Integration

Geometrical envelope'“"’44

reliability. Ref.!" describes the possible models and
ways of implementing them in system simulation
environments. Figure 2 describes the information
exchanges between those different models and defines
the structure suitable for model-based design of
mechatronic systems. Decision making can be per-
formed either manually as in Ref.'? or automatically
as described in the following paragraph.

Models implementation and possible associations

These defined models can be implemented in different
types of environments. Decision making can be
achieved by different optimization methods.
Figure 3 illustrates three different options:

1. All the models are implemented in a computer
algebra environment (Matlab, Excel). The design
and optimization are done in the same environ-
ment. This solution does not address time transi-
ent phenomena problematic. However, it has the
advantage suit well taking into account multiple
design criteria and exhibit fast optimization.
Examples of such implementation were presented
in Refs.;!#1519

2. All the models are implemented in a simulation
environment for algebraic differential equations
(e.g. Modelica) and the optimization is done by
external MDO software.® This solution allows
managing fine simulation models with time tran-
sients. Yet, one main drawback is the optimization
times which can become very long. Examples of
such implementations are given in Refs.;*!"*

3. A mix of the first two solutions can be achieved
with a compact representation of time-consuming
temporal simulations using meta-modeling tech-
nics.>* This solution allows to easily manage mul-
tiple design criteria and to obtain reasonable
optimization time. However, special care should
be addressed to the accuracy of meta-models.

This last solution will be developed in the paper.
The use of meta-optimization is common for studies
with finite elements methods in various fields.?* But
here, the meta-models applied to 3D multi-body and
0D/1D simulations and the estimation models based
on scaling laws are used to speed up the optimization
of the actuator.

Proposed methodology for optimal design of EMAs

As defined by Refs.,>>*® a methodology is a col-
lection of related process, methods and tools where:

1. A process is a logical sequence of tasks performed
to achieve a particular objective (“WHATSs”);

2. A method consists of techniques for performing a
task (“HOWSs™);
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3. A tool is an instrument that, when applied to a
particular method, can enhance the efficiency of
the task (supports the “HOWSs”).

Table 2 presents those three aspects. The main
functional requirements and design degrees of free-
dom are given as inputs for this process. The actuator
architecture and combination of power transmission
components are also defined to meet the application
functional requirements.

Spoiler actuator case study
Case study and actuator architecture presentation

It is proposed in this section to illustrate the design
methodology using the case of a linear EMA. This
actuator is actuating a spoiler/airbrake with typical
specifications for a business jet. The so-called spoiler
is only performing airbrake functions. Thereby pos-
sible primary flight control functions of commercial
aircrafts are not taken here into consideration: control

surfaces are thus controlled symmetrically with a
given displacement curve.

Main functional requirement. The main functional
requirement for the actuator is to move the mechan-
ical load to three predetermined positions (0. 20 and
50°) against mainly the aerodynamic forces. The
retracted position (0°) has to be held without energy
consumption. Anchorage points on the structure and
the control surface are not imposed by the aircraft
maker and therefore, can be a degree of freedom for
the design process.

The severe failure rate requirements at aircraft
level are achieved with resort to multiple control
surfaces. Thus, the requested failure rate of one
actuator is compatible with a simplex architecture.
However, minimizing mass is an objective. The
architecture should also be safe regarding different
critical cases:

e no dissymmetric deflection during a power loss: the
actuator should thus fail-freeze;
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Table 2. Synthesis of the proposed methodology.

Process (“Whats”) Section Methods (“Hows”) Tools (supports the “hows”)

Sizing scenarios definition (sec- 1.1 Determine components design Checklist by fields (mechanical,
tion Task |: Sizing scenarios drivers. electrical, thermal, etc.) or
definition) components.

1.2 Determine sizing scenarios to - Verification matrix
verify the design drivers and
the actuator functions.

Determination of the active 2.1 Perform initial power sizing (not In-house Modelica library:
design drivers (section Task 2: optimized) using a "sizing - Inverse simulation (Modelica).
Initial sizing and active design wave" procedure and com- - Estimation models (scaling
drivers) plementary simulations. laws).

Sizing procedure setting-up and 3.1 Determining the calculation - N? diagram.
optimization problem defin- steps order for the sizing
ition (section Task 3: Sizing procedure.
procedure and optimization 3.2 Define the optimization - Influence diagram.
problem definition) problem.

Creation of meta-models (sec- 4.1 Non explicit calculations from - RSM models.
tion Task 4: Meta-models step 3 may be replaced by
synthesis) meta-models.

Design optimization (section 5.1 Identify important parameters - Excel table.

Task 5: Optimization and with quick exploration and
design exploration) reduce design space.
5.2 Optimize in the reduced space. - Excel solver
Validate “optimal” solution (sec- 6.1 Repeat sizing performed during In-house Modelica library:

tion Task 6: Validation)

step 2 to the result obtained
in step 5.

- Backward simulation
(Modelica).

- Estimation models
(scaling laws).

e no degradation of the surface control during gust:
in order to avoid mechanical damage, a load limi-
tation must be performed by folding down the con-
trol surface;

e no degradation of the actuator or the surface con-
trol due to a jamming of the control surface during
the actuator motion.

Actuator architecture. The physical architecture of the
actuator is based on the Moog linear actuator pre-
sented in Ref.?” This architecture should be also
close to the EMA actuator actuating several spoilers
of the commercial aircraft Boeing 787.%% Figure 4 pre-
sents a picture of the Boeing 787 actuator prototype
and describes an association of component meeting
the requirements of section “Main functional require-
ment” where:

e The sclected technologies, brushless motor, gear
reducer and screw meet the main function with a
minimum mass compared to a direct drive solution.
The main drawback of both screw and reducer is the
jamming failure mode. This failure mode is however
not an issue for the fail-freeze specification. Even if

the 787 spoiler actuator uses a ball screw, a roller
screw will be used instead during the sizing and opti-
mization of this specific application.

e A one-stage spur-gear reducer with intermedi-
ary wheel allows at the same time to adapt the
brushless motor speed and the parallel axes dis-
tance (distance between motor and roller screw
axes).

e A power-off brake can hold the spoiler without con-
suming any energy (normal mode or power failure).

To meet the functions described in the previous
paragraph, a control architecture with a force feedback
sensor can be used. Figure 5 gives the principle of this
last one. Main loops for typical control architecture are:
current, speed and position loops. Load control can
also be implemented like in the examples of aerospace
actuators described in Refs.>* to limit external per-
turbations (high frequency vibration, gust load, etc.).
In this case the load control is realized through a
force feedback to torque control of the motor. The acti-
vation of the load control also leads to decrease of the
authority of the main position loop to allow the drop of
the surface in presence of excessive air loads.
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Task 1: Sizing scenarios definition

Definition  of design drivers and induced design
drivers. The objective of task 1 is to represent by a
set of scenarios the degradation phenomena and
functions of the actuator. Those scenarios form the
basis for the calculations to be carried out during the
design.

The degradations of the components can be of two
different types, depending on the phenomena
dynamics:

e What is called rapid degradation (e.g. permanent
deformation, fracture, maximum insulator tem-
perature, etc.) on transient power demand. They
must be avoided to ensure maximum performance
of the actuator.

e What is called gradual degradation (e.g. mechan-
ical fatigue, insulator ageing, etc.). They must be
such as to ensure endurance and reliable operation
of the actuator throughout its life.

Additionally, the components present some imper-
fections which increase stresses on themselves (e.g.
inertia) or on other components (e.g. friction,
copper losses, etc.) and can create new critical cases
(e.g. high stress induced by jamming of inertial loads).
Those imperfections are called here induced design
drivers.

Design drivers determination. The determination of the
components design drivers can be assisted by check-
lists for the different technologies or components.
Table 3 is a possible representation of those lists.
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Table 3. Main design drivers of EMA components.

Key design drivers selected for the

Technology Design drivers Component application
Mechanical Due to force transmission: Rod end - Maximum stress (rapid)
components e Maximum stress (rapid)
o Fatigue/wear (gradual)® m
Due to vibratory environment: Roller Screw - Maximum stress (rapid)
e Stress at resonance frequency - Fatigue stress (gradua|)
13 i
(gradual) g - Vibratory stress (gradual)
- Mechanical losses and friction
(induced)
Induced design drivers: . . .
e Mechanical losses and friction which Thrust bearing B Ma?(lmum stress (rapid)
increase force/torque especially at - Fatigue .stress (gradual) o
low speed®®# - Mechanical losses and friction
(induced)
Pinions - Maximum stress (rapid and gradual)
- Mechanical losses and friction
“ e
Housing - Maximum stress for force transmis-
sion (rapid and gradual)
m - Vibratory stress (gradual)
- Machining constraints
Electrical Current stress: Brushless motor - Maximal torque due to teeth satur-
components e Saturation of ferromagnetic materials ation (rapid)

(rapid)
e Demagnetization of permanent
magnet (rapid)

Thermal stress:
o Insulating ageing'’ (gradual)

Induced design drivers:

e Rotor inertia which increases elec-
tromagnetic torque for high dynamic
application'” or when jamming or
brutal stop3I

e Rotor inertia : bandwidth effect®?

e Copper and iron losses: effect on
sizing of heat sink and housing

- Mean torque and maximal tempera-
ture due to thermal stress (gradual)

- Maximal speed (rapid)

- Rotor inertia (induced)

- Maximal torque (rapid)

Some references are quoted to allow further study or
justify the importance of listed items. Ref.'® also
recalls those points.

Sizing scenarios and corresponding mission profiles. They
should permit to validate the fact that the solution
meets all the functions and associated performance
of section ““Main functional requirement” and is not
submitted to inappropriate damages listed in section
“Design drivers determination”. In the case of EMAs,

those scenarios are mainly characterized by finite time
dependent mission profiles.

For the present case study, the following examples
of scenarios can be defined:

(a) To take into account the mechanical stresses a
mission profile representative of the maximum
speed. For maximum load and fatigue phenom-
ena: a succession of extension/retraction for dif-
ferent speeds of the aircraft;
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(b) To represent the thermal stresses: holding of the
control surface opened at 50° and submitted to
full load for 3 min within an ambient temperature
of 30°C;

(c) To take into account the effect of the motor iner-
tia: a jamming of the control surface occurring at
full speed;

(d) To ensure adequate dynamics during load limita-
tion: an active retraction of the spoiler under the
effect of a gust;

(e) To take into account the vibratory environment: a
lateral sinusoidal acceleration of 10g between 5
and 2000 Hz* (validation of screw and housing
resonant frequencies and induced stresses).

Scenario a) to d) can be described by transient
simulations of 0D-1D models. Figure 6 describes spoi-
ler angle time evolution for the a) mechanical mission
profile. Ref.** explains how to take into account scen-
ario ¢) during the preliminary design phase using ana-
lytical models. Table 4 is a verification and validation
matrix to check that all design features or drivers are
covered by those five scenarios.

Task 2: Initial sizing and active design drivers

In the considered case study, the initial sizing aims at
the identification of the active design criteria and
helps simplifying the models used for the selection
of the actuator components. This first design is
made for a given set of anchorage and transmission
points that will be modified during the optimization
phase coming later on. But, even for this first design,
different types of simulation models are used.

Sizing wave. An in-house Modelica library for the pre-
liminary design of EMAs, shown in Figure 7, has been

developed to implement all the components models
presented in section “Actuator architecture” accord-
ing to the structure of Figure 2. Object-orientated and
class inheritance properties of Modelica language
facilitate the implementation of such a structure. The
models are thus structured in a way that they can com-
bine inverse simulation together with parameters esti-
mation (using scaling laws). Components from the
created Modelica library can be combined to represent
various EMAs’ architectures. The studied architecture
has been sized up with a few number of simulations by
following the “sizing wave” process described in Ref."?
where inverse simulation means to size successively
each component propagating power from the load to
the power source. This step is usually called power
sizing and components selection, with respect to pre-
viously defined scenarios a) and b).

From this initial power sizing, it is interesting to
note that:

e The motor inertia does not impact the maximum
electromagnetic torque because the load is mainly
aerodynamic and can be considered as a nonlinear
stiffness depending on airspeed and surface
steering;

e The friction models of mechanical components
have to be taken into account for the motor sizing;

e Thermal aspect is really important for motor
selection;

e The requested lifetime and reliability are not crit-
ical for this case study and can be neglected.

Critical cases. For selected components, the needed
parameters to simulate scenarios c¢) and d) can be
calculated using the scaling laws. The type of simula-
tion used for c¢) and d) scenarios is direct simulation.
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Table 4. Verification matrix.

Checking points Scenarios
c) Jamming  d) Gust
a) Mechanical ~ b) Thermal  at full and load e) Vibratory
Type Description profile profile speed limitation environnmenet
Functions Displace and hold the spoiler ® ®
in position
No degradation due to jamming ®
Gust load limitation ®
Design drivers ~ Maximum stress for mechanical ®
components
Maximum speed for mechanical ®
components
Fatigue mechanical components ®
Induced effects of efficiency ® ® ®
and friction
Stress due to vibrations ®
Maximal torque for motor ®
and power off brake
Maximum speed for motor ® ®
Maximum temperature for ®
brushless motor
Induced effect of inertia ® ®

Components can be oversized to meet the require-
ments issued from all those scenarios.
For the considered case study:

e According to the reduction ratio, the mechanical
components may be oversized in order to bear
the stress induced by the jamming of the spoiler
running at full speed.

e The maximum motor torque must allow a retrac-
tion fast enough to limit extreme load occurring
during a gust.

For scenario e), the length of the actuator is rela-
tively short; that is why the vibratory environment has
no significant impact on the housing induced stress.
Therefore, the main design driver will be the minimal
machining thickness constraint.

Initial sizing overview. Table 5 gives an overview of the
masses, estimated thanks to scaling laws, for the vari-
ous components of the EMA and the related criteria
leading to their selection, criteria which should be
considered during optimization (task 3).

The process leading to those results is the following:

e Choose first the anchorage points on structure far-
thest of the hinge axis to facilitate actuator
integration;

e Select average values for all other parameters
(defined in section “‘Optimisation problem
definition”).

e If motor thermal constraint is not validated,
increase motor size (i.e. thermal over-sizing
coeflicient).

e If jamming induced stress constraint is not vali-
dated, increase mechanical safety coefficient.

Task 3: Sizing procedure and optimization problem
definition

Objectives. The objective of this step is to define the
sizing problem as an optimization problem which
can be formulated mathematically as follows:

Minimize objective function: f(x)

Subject to equality and inequality constraints:
h(x)=0,g(x)<0

By action on the parameters vector in the range:

Xiow <X < Xypp
where

e The goal, here the global mass, is the objective
function f;

e Design alternatives are expressed by a set of values
assigned to the design variables x within a design
domain;

e Constraints (4 and g) limit the number of alterna-
tives to those satisfying physical principles
and design specifications, that is to say feasible
design.
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Figure 7. In-house Modelica library for the preliminary design of EMAs.

Table 5. Initial sizing.

Component Active design drivers Mass (kg)

Rod end e Maximum stress (rapid) 0.47

Roller Screw e Maximum stress (rapid) 0.64
e Mechanical losses and friction (induced)

Thrust bearing e Maximum stress (rapid) 0.94
e Mechanical losses and friction (induced)

Pinions e Maximum stress (rapid and gradual) 0.65
e Mechanical losses and friction (induced)

Housing e Maximum stress for force transmission (rapid) 1.41

Brushless motor with housing e Maximal torque due to magnetic saturation at teeth (rapid) 4.18
e Mean torque and maximal temperature due to thermal stress (gradual)
e Maximal speed (rapid)
e Rotor inertia (induced)

Power-off brake e Maximal torque (rapid) 0.65
e Global mass 8.94
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The functions (f, g, h) can be explicit or implicit,
algebraic or realized by subroutines that solve itera-
tively systems of differential equations. The goal of
this task is to define those functions within a sizing
procedure. The calculation steps of the sizing proced-
ure should be time efficient, and to do so, only alge-
braic explicit functions without iteration loops are
to be implemented. The number of design param-
eters x and constraints g and / should also be mini-
mized to reduce design search space and thus,
optimization time.

Sizing procedure definition. The sizing procedure is the
sequence of calculation steps to be carried out for
defining the actuator components. As mentioned
before, step 2 allows to determine the minimum
number of design criteria to consider in order to
have a correct but lighter optimization problem.
This procedure can be represented as an algorithm
or flowchart. The Design-Structure-Matrix (DSM)*
or N? diagrams*can also represent this sequence.
All those representations are useful for the assessment
of the models needed and exchanged quantities and
for the visualization of the sequencing quality.
Figure 8 recalls the principle of representation by N?
diagrams. The objective is here to avoid any informa-
tion feedback/loop thanks to a good choice of calcu-
lations order or by introducing additional constraints
and design parameters being managed by the opti-
mization algorithm. In the case of DSM matrix rep-
resentation, the objective is to obtain a triangular
matrix.

Figure 9 represents the sizing procedure for the
EMA of the spoiler for the present case study. As
an example, the bearing is sized before the roller
screw in order to get the values necessary to define
the length of the screw. Constraints have been
added in order to make the design matrix triangular:
calculations of the resonant frequency of transversal
vibrations of the screw, of motor temperature and of
maximum load during jamming. The corresponding

oversizing coefficients are added to the first set of
design parameters and are driven by the optimization
solver. Some models, as the multi-body and thermal
models, require long time dependent simulations:
their behavior will be translated into explicit mathe-
matic functions thanks to meta-modeling techniques
(Section “Task 4: Meta-models synthesis™).

Optimisation problem definition. The optimization prob-
lem can be defined only when the sizing procedure is
known. To represent it, an influence diagram,®’
Figure 10, can be used. Here:

e The main design parameters are internal reduction
ratios (roller screw pitch p and reducer ratio N),
integration parameters (anchorage to airframe x,,
v, and transmission to load x;, y, points), shape of
the displacement curve (a, 8 displacement curve
parameters as described in Figure 6), oversizing
coefficient (jamming coefficient kj,,, brushless
motor thermal coefficient k,.,,, and screw vibra-
tion coefficient k,;,);

e The main objective is the total mass obtained by
the sum of the masses of all the components esti-
mated thanks to scaling laws;

e The constraints are used to represent some design
drivers which cannot be addressed in a direct way
by the sizing procedure. Oversizing coefficients
enable to take care of these constraints during
optimization.

Task 4: Meta-models synthesis

Process. To facilitate and accelerate the design explor-
ation during optimization, it is more suitable to use
models with only static parameters and without time
dependent variables. The meta-modeling techniques®
enable to extract a response surface from a set of
simulation results. The calculated meta-models have
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Figure 11. Meta model synthesis process.

here a polynomial form to facilitate their easy imple-
mentation into a calculation sheets (e.g. in the MS
Excels environment) (Task 5, section “Task 5:
Optimization and design exploration’). The gener-
ation of a meta-model follows the process shown
Figure 11 and is performed here with the Optimus
software.*®

Multi-body meta-model. The meta-models representing
multi-body simulation link the effect of actuator geo-
metric integration (anchorage x,, y, and transmission
X;, ¥; points parameters, Figure 12) and the displace-
ment curve form (o, 8 displacement curve parameters)
to wuseful sizing criteria as stroke, maximum
speed, maximum load, RMS and RMC load.
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The identification of the main factors is done through
screening. This screening step allows to conclude that
for this application case, parameters o and S have
only an influence on the maximum speed.

The meta-model building is realized here with a
Latin Hypercube DOE of 1000 experiments. It is
important to note that the model quality depends on
the mathematical function used to represent the
behavior®® for example, assuming 1/F,,,. has a poly-
nomial form better suits than expressing directly F,,,,.
as a polynomial function. With a second-order devel-
opment, the meta-model provides a regression coeffi-
cient R better than 0.999 for all calculated values.

Thermal meta-model. The meta-model described here will
be used to get the maximal temperature of the motor
winding during scenario b) (cf. section “Sizing scenarios
and corresponding mission profiles”). For this example,

the main factors’ identification is done by dimensional
analysis***" which will reduce the number of parameters
to be studied without any loss of information. The ther-
mal model of a motor given in Figure 13, distinguish the
temperature of the winding from the temperature of the
yoke by using a two thermal bodies model.

The relationship to define is characterized by six
parameters:

e The heat capacity of the winding C,;,;;

e The heat capacity of the yoke C,,;

e The thermal resistance between the winding and
the yoke R,,;;

e The thermal resistance between the yoke and the
ambient air R,;>;

e The thermal losses P,

e The temperature increase 6 of the winding after a
given time 7.

Buckingham theorem***!' can be used to reduce

this number to 4 dimensionless parameters:

. R Cin
7ty = f (w1, 7m0, 7w3) with m; = ——, 7y = .
Rin Cun
t d 0
73 =—— and 714 =
Ry Cip Ry Py

With a Latin Hypercube DOE of 100 experiments,
a third-order development provides a coefficient of
regression R better than 0.99 for this function. The
desired function could also be derived from the direct
solution of differential equations of the Iumped

Windin

P, th

N

Rm:

housing

Stator
/ Insulating yoke

CILET]

TsTamb
L i
Ry emaronment

Figure 13. Thermal model of the motor.
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Table 6. Optimum configurations.

Parameters Range Initial sizing Optimal sizing (discrete screw pitch)

Pitch p [mm] [2;5] 5 2 3 4 5
Reducer ratio N [—] [1;5] 3.00 2.44 4.40 5.00 4.99
Transmission x, [mm] [—50;0] —25.0 —334 -337 —37.0 —50.0
Transmission x, [mm] [—80; —30] —55.0 —80.0 —80.0 —80.0 —80.0
Anchorage x,.[mm] [—400; —300] —400.0 —400.0 —400.0 —396.3 —400.0
Anchorage x, [mm] [—150;50] —150.0 —149.8 —149.7 —148.0 —150.0
S curve coefficient g [—] [0.05;04] 0.25 0.4 0.4 04 0.4
Jamming oversizing kjgm, [—] [1;4] 1.02 1.47 1.48 1.43 1.44
Thermal oversizing kiner [—] [1;4] 1.10 1.18 1.21 1.20 1.19
Vibration oversizing k,;, [—] [1:4] | | | | |
Total mass [kg] 8.94 6.42 6.0l 5.99 5.92

Rod ends. Screw

6% 6%. ':;‘:
Housing : f

oy ,
/ Thrust
. bearings
= - 13%
Power off ‘
brake
6% Red

9%

Figure 14. Mass distribution of an optimal sizing (pitch of
5mm/rev).

parameters model shown in Figure 13. The aim here is
to show that the designer can however get an alge-
braic expression from any numerical models. The
meta-models thus allow him to focus more on the
sequencing of calculations than on the solving of
each calculation.

Task 5: Optimization and design exploration

The optimization process has been implemented using
spreadsheet in the MS Excel environment taking
benefit of the work done at previous steps: structuring
the problem (task 3) and synthetizing meta-models
(task 4). The design procedure is thus explicit and
casily adaptable to any solvers or exploration func-
tions (e.g. data tables, scenarios). Table 6 summarizes
the optimal results obtained after 20 min of computa-
tion on a standard PC (Intel core 15 processor) with
nonlinear GRG solver and Multi-Start option. The
optimization has been carried out for different integer
values screw pitches in millimeters to take into
account manufacturing constraints and to evaluate
the effect of this important parameter. Figure 14
gives the mass distribution for the optimal solution
obtained using a 5mm/rev screw pitch.

It is important to remark that the proposed process
generates a gain of 33% on the mass in comparison
with the initial sizing of section ““Task 2: Initial sizing
and active design drivers”. The initial sizing has been
done choosing an anchorage point on the structure
which facilitates the geometrical integration and
taking average values for lever arm. At this point, a
major part of the actuator mass was devoted to the
brushless motor (almost 50%) due to a low global
reduction ratio.

The parameters obtained for the optimal solutions
highlight that:

e As inertial torque due to the motor inertia has lim-
ited impact on the maximal electromagnetic
torque, the S curve parameter, 8 (constant speed
ratio), has been maximized in order to minimize
motor maximal speed. The conclusion can change
if accelerations are higher and/or load features are
different as for TVC actuators.*

e The lever arm has been maximized to minimize
load and component masses. The conclusion can
be different if the actuator is longer, as for a land-
ing gear extension/retraction actuator, where the
housing mass, representing the major part of actu-
ator mass, increases significantly with its length in
order to resist to transverse vibratory stress.>*

e The global reduction ratio is limited here by the
jamming requirement. This ratio can be different
if the expected lifetime is greater (as for an aileron
actuator) or for a different type of aircraft.

The different pitch values can be compared
through design explorations around the optimal
points. The graphs given in Figure 15 illustrate the
evolution of the overall mass and main design con-
straints according to the two most influent param-
eters, i.e. the location the transmission point
(parameters x, and y;). The other design parameters
are set to the optimal values of Table 6. Each con-
straint is represented with dotted lines and defines a
feasible solution search area with upper and lower
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Figure 15. Mass and constraints exploration.

Table 7. Scaling laws and on the shell components comparison.

Component definition

Scaling laws estimation for optimal configuration

Nearby industrial components

Rod-end

Plain bearing
Screw

Nut

Thrust bearing
Reducer

Motor (frameless)
Motor (housing)

58kN (0.34kg)

58kN (0.04 kg)

5 mm/tr-18 mm-58 kN (0.34 kg)

@38 mm. 54 mm (0.24 kg)

58kN (0.76 kg)

16/40/80 module | (0.02 kg/0.10 kg/0.41 kg)
6.6 Nm (linear) (1.76 kg)

(0.24 kg)

SKF-SAKB22F 58.5 kN (0.46 kg)

SKF-GEI7C 56 kN (0.05 kg)

SKF-BRC21 x 5 (0.47 kg)

@45 mm. 64 mm (0.40 kg)

SKF-5308E 65.5kN (I.15kg)
QTC-MSGAI1-20/35/100 (0.02 kg/0.09 kg/0.68 kg)
KOLLMORGEN-RBE021 14 6.4 Nm (2.18 kg)

OGURA-TMB-0.6 (6 Nm) (0.32kg)

Brake 4.5N.m (0.33 kg)
Housing dl/el/d2/e2 38/2/87/2 mm (1.33 kg)
Total mass ~6.0kg

38/2/87/2 mm (1.33kg)
~7.1kg

bounds. For a 2mm pitch, Figure 15(a)), the feasible
design field is clearly limited by all these constraints.
Therefore, the designer has a poor design flexibility.
While for a Smm pitch, Figure 15(b), the feasible
search space is much bigger. The designer can thus
choose a slightly different solution without adding sig-
nificant weight to the actuator, while increasing
robustness with regard to the assembly and jamming
constraints.

Task 6: Validation

For validation, it is particularly important to check
that for the optimal parameters:

e The response surface approximation, established
during task 4 (section “Task 4: Meta-models

synthesis”), is sufficiently accurate. Otherwise, it
is necessary to construct the response surface
again, refining mathematical formula around the
point of interest;

e The simplification assumptions established during
task 2 (section “Task 2 : Initial sizing and active
design drivers”), remain effective. If a design driver
defined as inactive during the initial design
becomes dominant for the optimal configuration,
this new constraint must be integrated and the opti-
mization launched again.

In the case study considered here, time domain
simulations validate the results obtained within
spreadsheets. It may also be interesting to validate
the estimation models results (extrapolation of
selected industrial components features) comparing
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them to real industrial components extracted from
manufacturer datasheets. Table 7 compares optimal
results for a Smm/rev screw pitch using scaling
(column 1) to real industrial components
(column 2). The mass deviation gives an idea of the
mass penalty which may be due to components stand-
ardization and discretization of a product range. Yet,
the scaling laws, in the case of a specific design as
typically encountered till now in aerospace domain,
allow specifying or estimating new components
features.

Solution using standard components does not
differ a lot from obtained “optimal” configuration,
with a difference lower than 20% on the overall
mass. This difference is mainly due to weak manufac-
turer product choices when considering thrust bearing
and roller-screw components.

It may be noted that the overall methodology is
well suited to collaborative work and development
of multi-domain systems:

e The rationalization of the sizing scenarios deter-
mination in step 1 is well suited to group meetings;

e The distribution of work is intrinsic to the meth-
odology. The system engineer can define the sizing
procedure (step 2) and achieve the final optimiza-
tion in excel (step 5). Experts of different technical
areas (kinematics and mechanical power transmis-
sion, thermal of electrical motors, etc.) can estab-
lish meta-models;

e Thanks to distinction between simulation models
and estimation models (scaling laws), the manage-
ment of supplier’s data is facilitated. The updating
of scaling laws references enables to take into
account technical developments or to compare
some technologies;

e Meta-modeling takes into account multiple design
criteria within multiple domains;

e Verification/validation are done through steps 1
and 6.

Conclusion

A technology shift towards more electric solutions is
emerging in aerospace actuation. New technology
brings new challenges, especially for the preliminary
design process of actuation systems and components
that cannot simply duplicate former practices. In this
way, it is no longer meaningful to proceed to static
sizing by typical operating points as was possible for
hydraulic actuators that do not induce strong cou-
plings in design. Instead, it is necessary to take into
account transient mission profiles covering all possible
sizing drivers (e.g. maximum speed and torque, fati-
gue, thermal behaviour, vibrations and shocks) and
addressing various design criteria (e.g. geometrical
envelope, weight and reliability). For this purpose,
appropriate models and methodologies should be

developed to support an efficient optimal preliminary
design. In this paper, a structure for component
model has been presented in order to transform the
system simulation tools into design tools. This model
structure is based on three different types of models:
estimation, simulation and evaluation models. This
paper also mainly describes a six-step design method-
ology to define the sizing scenarios to consider and
gradually transform the corresponding transient
simulations into design models combining judiciously
scaling laws and response surface approximation into
selection procedures established using N2 diagram.
This decomposition facilitates the optimization
model, the exploration of the design space, taking
into account multiple design constraints. This meth-
odology fits well in a collaborative engineering work
for the decomposition of tasks and studies; verifica-
tion/validation process, the rapid updating of techno-
logical references; and the optimization and
knowledge management process. This methodology
has been illustrated with a study case of an EMA
dedicated to spoiler actuation which is realistic and
representative of the number of functions, the mul-
tiple points of views for design and the different
technological domains to take into account in order
to achieve preliminary design of an EMA. This case
study has illustrated the interest of the methodology
and has enabled to describe all the tasks. This meth-
odology is applicable to other configurations (TVC,
landing gear actuator, etc.), other technologies
(hydraulic, power electronics, control) and even
other technical systems.
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Appendix

Notation

Pseudonyms

DOE Design of Experiments

EBHA Electrical Back-up Hydraulic Actuator
EHA Electro-Hydrostatic Actuator
EMA Electro Mechanical Actuator
MDO Multi-Disciplinary Optimization
MEA More Electric Aircraft

MTBF Mean Time between Failures
PbW Power-by-Wire

RSM Response Surface Method
RMC Root Mean Cube

RMS Root Mean Square

TVC Thrust Vector Control

Variables and constraints

Amax

Cu

dcomp

f(x)
F, max

g
g(x)

h(x)
J

Jmax

k jam

k therm

kvih

™~

l comp

<

comp

S5 RS =
=

“

xa» y(l
Xmax

xt; yt

Neomp

TT;

Maximal acceleration of mechanical
profile

Thermal capacitance

Diameter of component (with comp the
name of component)

Objective function

Maximal force

gravity acceleration

Constraint function (inequality)
Constraint function (equality)
Inertia

Maximal Jerk of mechanical profile
Oversizing coefficient for jamming
constraints

Oversizing coefficient for thermal
constraints

Oversizing coefficient for vibration
constraints

Length of actuator

Length of component (with comp the
name of component)

Mass of component (with comp the
name of component)

Reducer transmission ratio

Roller screw pitch

Thermal resistance

Stroke

Motion time of mechanical profile
Maximal speed of mechanical profile
Design variables

Anchorage point coordinates
Displacement of mechanical profile
Transmission point coordinates
Constant Jerk ratio of mechanical profile
Constant speed ratio of mechanical
profile

Temperature increase

Efficiency of component (with comp the
name of component)

dimensionless parameters
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Postface and perspectives

As presented in the preface of this document, my research work undertaken in recent years has been
developed on different areas: technologies, models and methods. These different aspects will be summarized
here and the prospects, which I consider for each axe, will be given.

1. TECHNOLOGIES

1.1. Collaborative work on electromechanical actuators

The aerospace environment of Toulouse generated for our team contracts and projects about
electromechanical actuators for flight control and landing gear systems. Our work is mainly devoted to the
design and the modeling of these systems as a whole. The realization of prototypes with demanding
aerospace standards was most often done by industrial partners of these collaborative projects. Our
contribution in these projects was focused on architectures, methods and models of existing actuator
technologies. The system level design of such technologies, exhibiting multi-domain aspects (mechanical,
electrical machines, power electronics, etc.) with coupled constraints of the embedded environment and
strong objectives of integration, includes very interesting challenges.

1.2. Towards innovative mechatronic components and systems

If the primary functions and core technologies of electromechanical actuators, such as electric machines
with permanent magnets and mechanical power transformation with roller screws are intensely studied and
optimized at the industrial level, it may be interesting to study secondary functions or new functions of
actuators with innovative technologies of electromechanical conversions. The proposed work as perspective
track would be to study the use of resonant piezoelectric actuators, an area where I have experience through
my PhD thesis work [1], for the realization of these functions.

A first axis concerns mechatronic components for EMA. The EMA have advantages compared to
hydraulic actuator such as easier maintenance and better energy management. However, they have some
disadvantages such as higher mass. Moreover, in order to fulfill some particular operational modes (e.g. the
function of free castoring for the nose landing gear steering actuator) or to meet fail safe requirements (e.g.
the free fall function for the extension/retraction actuator of landing gear), they require the addition of bulky
components such as clutches, electromagnetic brakes or complex electromechanical systems. Piezoelectric
technology seems to be an interesting track to follow to meet those functions of clutch, brake or
disconnection devices. Indeed piezoelectric materials are characterized by a density of force 10 to 100 times
higher than the electromagnetic solutions [2] and thus allow to imagine solutions close to the mechanical
load. The stroke generated by piezoelectric ceramics are however very small and have to be amplified by a
mechanical resonance to avoid sensitive mechanisms to variations in temperature and wear. The first
research works of the state of the art on the subject modulate the contact force and the apparent coefficient of
friction by vibrations and action on the normal force [3] [4]. I'm starting this topic with some research
projects of INSA students. The first goal is to compare different operating configurations as illustrated in
Figure 1. It would be then interesting to develop the most interesting concept within the Research Axis
Assemblies, a transverse axis of the ICA laboratory. For relatively small effort, as a few hundreds of N, this
type of device can be applied for pin-puller mechanisms which are used to release pre-stressed structures in
space applications. It is therefore possible to consider funding as R&T projects of CNES on the subject
before working on the higher effort ranges, several tens of kN, typical of aircraft actuators.
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a)

b)
Figure 1 — First prototype for piezoelectric disconnection device

A second axis relates to embedded systems serving different functions than the flight controls as the de-
ice systems on the leading edge of wings or engine inlets. Classical solutions use warm air which is bled
from engines and is ducted into a cavity beneath the surface to be anti-iced and heats the surface up to a few
degrees above 0 °C, preventing ice from forming. A bleed less aircraft needs to fulfill this function by
electrical means such as heated resistive elements embedded in the leading edges of wings and tail surfaces.
This solution, however, requests high electric power and has a significant impact on the mass of the
electrical network. Other solutions using pneumatic or electromechanical actuators have been developed and
present good performance while being more energy efficient but are still bulky. The resonant piezoelectric
actuators thus seem also to be advantageous to fulfill to this function in a more compact way. Early
American work [5] shows that it is possible to break the ice instantly using resonant piezo actuators (Figure
2). However levels of stress in ceramics are high and can lead to their destruction. A multi-partner
collaboration begins with ISAE / ENSICA, for control and measurement, Carleton University (Canada), for
ice-phobic materials, and Airbus for realistic specifications. The objectives are: the study of different
resonance modes and corresponding stress level for a leading edge, choice of the most appropriate
excitations, design of the actuators and study of surface coating to reduce the shear strength of the ice. These
early studies begin with a collaborative funding of Toulouse (TTIL) that will fund several interships and a
test bench. European fundings allowing collaboration with Canada are also possible depending on results.

SS: CASE 61 and 62

Temp: -10

Fully Bonded Glaze Ice:
Translucent Appearance

Ice Fracture

Partial Delamination Observed by
Change in Ice Color Appearance
(white opaque)

Figure 2 — Rotor blade ultrasonic deicing [5]
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2. MODELS

2.1. Models for design at system level

Any engineering or scientific activity is supported by models which must be adapted to the considered
study. The design of mechatronic systems requires specific models that formed the first chapters of this
document. The mechatronic devices are usually represented by models of system simulation. If these models
are useful in the synthesis of control, they are not sufficient for the design of the physical part. It has been
shown that it was necessary to add to these models, useful for analysis, other types of models to make
design. These models were called here, estimation models and evaluation models. They provide access to the
required technological knowledge of components without requiring the design of each component in detail.

2.2. Towards a knowledge transfer from specific domain to system level domain

The regression algorithm presented in the paper 4, aims to provide estimation models usable at system
level from knowledge of specific domains. A perspective work area will be on the improvement and the use
of this regression process. The potential application areas are many, but the first works will concern the
thermal field. The Electromechanical actuators, as all more electrical systems, are indeed highly constrained
by their temperature. For the simulation of the thermal behaviour, a wide range of tools, such as finite
elements or finite volumes, is available. However, all these tools require a defined geometry. Consequently,
they are used in the bottom of the V-cycle or in the ascending phase using reduction techniques models, but
are totally unsuitable for the descending phase (i.e. preliminary design). The objective of this work would be
the generation of analytical laws of thermal models for geometries and boundary conditions misrepresented
by the available semi-empirical laws. This work starts in collaboration with I. Hazyuk, new researcher in the
team, and F. Sanchez, research engineer funded through Syrena and Actuation 2015 projects. First works
have tested the algorithm SLAWMM to configurations found in the literature [6] and have shown the
interest of such models to compare cooling architectures (Figure 3). The following of this theme goes
through a funding application to a doctoral thesis from MEGEP school and a deposit of ANR project in 2014
in response to the call FRAE "Modelling and simulation of thermal models." This latter project was set up in
collaboration with the company Epsilon specialized in thermal simulation.

* Natural convection cooling: D * Internal forced convection cooling:
Size (D,L) m=g . D
Power (P) ——> p gBE)LY Size (D,L) T= i
A3 Gr = 'uz; Flow (q) —_— p(%)e
330 .. Re ]
T(K) T(K) H
Constraints: I Constraints:
Y« T=0,1Nm « T=01Nm

as @ Ae max: 50 OC * AQ max= 50 OC

N30 7 = 1.010D-0.227-0.07590234 h— (77 42,795m | 2,187n2 | 5,876Ro 0,07Ro? 0,205mRo)AL™1

Size D =5,56cm; L =2cm | Size D =29m; L =2cm
Motor mass m = 250g Motor mass m = G0g
Rotor inertia 1=9,6.10"%kg.m* |Rotor inertia 1=0,7.10"% kg.m?

Figure 3 — Cooling architectures comparison for a LAT actuator
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3. METHODS

3.1. Formalization of the design problem at system level

To design EMA actuators, different combinations of models have been tested. The combined use of the
three types of model (estimation, simulation and evaluation) in a Modelica environment is interesting for the
design requiring the evaluation of transitory profiles mission. The main interest of this kind of
implementation is for initial sizing. Direct interaction with the designer and the simulation tool provides
insight into the design problem. These simulations also allow the main design criteria for the application to
be determined. However, the optimization of the device by direct appeal of this type of simulation is time
consuming. It is more efficient to represent transient simulations required by meta- models. The set of
algebraic equations representing the design problem can then be formalized by design graph or by
algorithms from the graph theory.

3.2. Towards a computer aided sizing of mechatronic systems

The combined use of different types of models to realize design tools was applied to no propulsion
systems (actuators, mutualized power electronics). A new collaboration with the laboratory Laplace (X.
Roboam) on this design tools thematic is being prepared via a grant application for a Phd funding (Cifre
Airbus). It aims to extend these approaches to multi-domain propulsion systems (thermodynamics,
mechanics, electrotechnics, power electronics). In this context a first study contract with D. Leray,
researcher of the ICA laboratory, and J. Thauvin, research engineer, prepares this thesis on reducer aspect.

If the graphs design helped to formalize some industrial problems or are used by our students, the
algorithmic scheduling of equations is quite new for our team and start via the thesis of A. Reysset. A
perspective work therefore regards the extension of this research axis to provide algorithms and tools needed
to sizing at system level with: a multi-view approach by taking into account various design scenarios, the
compact representation of models (using metamodels or reduced models), the capitalization of knowledge in
the form of libraries, the scheduling of equations according to the need of the considered design problem
(optimization, robustness study, etc..). The computer implementation of such an environment starts, but will
certainly require additional national or european projects.
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Annexe 1 — Curriculum Vitae, version détaillée (Francaise)

1. CURRICULUM VITAE

1.1. Situation administrative et professionnelle

Date et lieu de naissance :

Situation de famille :

Situation professionnelle :

Adresse personnelle :

Adresse professionnelle :

1.2. Formation

24 mai 1975 a Mt St Martin (54)
Marié, 2 enfants

Maitre de conférences au département de génie mécanique de I'INSA de
Toulouse.

17, rue Saint Hyacinthe

31500 Toulouse

Tel.:  (0033) 0562 16 39 36
(0033) 06 66 70 00 11

marc_budinger@yahoo.com

INSA Toulouse, Institut Clément Ader
135 Avenue de Rangueil

31004 Toulouse, France

Tel.: (0033) 0561 559960

marc.budinger@jinsa-toulouse.fr

2000-2003 : Thése au Laboratoire d’Electrotechnique et d’Electronique Industrielle (UMR CNRS-
ENSEEIHT Toulouse). Doctorat en Génie Electrique obtenu le 26 mai 2003.

Qualifié¢ en 60éme (mécanique) et 63éme section (électrotechnique et électronique).

1995-2000 : Eleve de 'ENS de Cachan aprés admission sur concours lere année.

DEA Génie Electrique ENSEETHT-UPS Toulouse (Mention : Trés Bien, 1%).

Agrégation de Physique Appliquée (Classement : 17).
Maitrise EEA Orsay-ENS Cachan (Mention : Trés Bien).

Licence Ingénierie Electrique Orsay-ENS Cachan (Mention : Bien).

1993-1995 : Classes préparatoires Math Sup, Spé Technologiques T.
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1.3. Activités d’enseignement

INSA - Toulouse, 2006-

Cours, TD et TP en ingénierie systéme (actionneurs électriques, simulation globale et locale,
automatique) et en génie mécanique (automatique, simulation systéme, vibrations). Pour plus de détails
voir la section description des enseignements a INSA Toulouse.

Lycée A. Bourdelle - Montauban, 2005-2006
Cours, TD et TP d’Electronique en BTS Systémes Electronique 2¢ére année (10 h/semaine)

Cours, TD et TP en premiere Génie Mécanique (3 h/semaine)

Lycée Champollion - Figeac, 2004-2005
Cours, TD et TP d’Electronique en BTS Systémes Electronique 1¢re année (10 h/semaine)

Cours et TD d’Electrotechnique en BTS productique 1ére année (2 h/semaine)

Ecole Nationale Supérieure d’Ingénieurs en Constructions Aéronautiques (ENSICA) -
Toulouse, 2002-2006

TP du module CSF (Contrdle de Structures Flexibles) du master recherche SAID (simulation d’une aile
active et obtention d’un modéle pour la commande a 1’aide d’ANSYYS).

2010-

Cours et TD sur la conception préliminaire d’actionneurs aé¢ronautique

Ecole Supérieure d’Ingénieurs de Poitiers (ESIP) — Poitiers, 2005-2007

Cours et TD sur les actionneurs et transducteurs piézoélectriques (structures, modélisation et commande)
en derniére année AGE (Automatique et Génie Electrique).

Ecole Nationale Supérieure d'Arts et Métiers (ENSAM) - Bordeaux, 2000 et 2003-2004
TD-TP d’Electronique, d'Electrotechnique et d'Electronique de puissance.

Ecole Nationale Supérieure d'Electrotechnique, d’Electronique, d’Informatique et d’Hydraulique de

Toulouse (ENSEEIHT) - Toulouse, 2000-2003

Micro Projet d'électronique de puissance (étude et réalisation d’un onduleur)

TER (Travaux d’Etude et de Recherche) sur les moteurs piézo-électriques (simulation éléments finis et
réalisation d’un petit moteur ultrasonore)

Projet Long CEM (simulation et mesures CEM en électronique de puissance)

CESI (Centre d’Etudes Supérieures Industrielles) Aquitaine - Bordeaux, 2000-2004

Cours, TD et TP dans le module de remise a niveau en physique de la formation ingénieur.
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1.4. Responsabilité administratives, examens et concours

INSA Toulouse — 2007-2011

Responsable de la 4éme année Génie des Systémes Industriels (GSI).
Concours TIPE - Paris, juillet 2003- 2005

Examinateur aux oraux en section PT, TSI et PSI.
Agrégation de Physique Appliquée - Paris, 2006-2009

Membre du jury. Rédaction de 2 sujets d’écrit.

1.5. Expériences professionnelles

JEUMONT Industrie (groupe FRAMATOME) — Jeumont (59)- Septembre 1998 a Juin 1999

Poste de scientifique du contingent DGA au bureau d'étude des activités électromécaniques. Participation
au dimensionnement d'un moteur électrique de sous-marin (moteur synchrone a aimants permanents de 3
MW a grand nombre de phases).

Laboratoire d'Electrotechnique et de Machines Electriques - EPFL (Suisse) — Juin et juillet 1997

Dimensionnement d'actionneurs et de moteurs linéaires a aimants permanents.

LESIR (Laboratoire d'Electrotechnique, de Signal et de Robotique ENS Cachan) - Mai 1997

Alimentation d'un moteur linéaire a réluctance variable.

JEUMONT Industrie (groupe FRAMATOME) — Jeumont (59)- Juin et Juillet 1996

Stage ouvrier sur la plate-forme d'essais de moteurs électriques (mesures électriques et thermiques).
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ENSEIGNEMENT
Intitulé Type et niveau Description de I’enseignement
d’enseignement
Code apogée
Introduction a CM-TD-PJ | Ce module est une introduction a I’ingénierie des systémes sur les aspects
I’Ingénierie analyse fonctionnelle, mise en place d’un cahier des charges, modélisation
Systéme 21C et conception systeme pluri technique (meca/élec/hydro/commande). Un
sujet d’étude au choix des étudiants (direction assistée, motorisation
I2IC IS11 30 h /an d’ascenseur, commande de vol) permet d’illustrer et d’appliquer ces
notions.
Responsable
d’UF Apport personnel : Création de ['UF
Systémes TD Ce module concerne les outils mathématiques et les concepts nécessaires a
dynamiques la modélisation de systémes dynamiques : transformée de Laplace,
3IC fonction de transfert, diagramme de Bode, espace d’état.
I3IC Sb11 Spring Apport personnel : Mise en place une série de TD adaptés aux spring
semester semester, étudiant américains en échange (développement mathématique
moins abstrait).
20 h /an
Modélisation CM-TD Ce module pose les bases de la modélisation de systémes mécatroniques a
multiphysique parametres localisés : approches réseaux en elec/meca/thermique/hydro,
4GM-IS bond graph, solvers ODE/ADE, modélisation causal/acausal.
141S MP11 _
4AE-IS Outils : Modelica, Simulink, AMESim
35h/an Apport personnel : Création de I’UF sur |’aspect énergie en collaboration
Responsable avec J-Ch Maré
d’UF
Chaines d’énergie CM-TD-PJ Ce module traite de la conception de transmissions de puissance multi
et domaine en meca/hydro/elec sous les aspects analyse, synthése et
d’instrumentation 4GM-IS dimensionnement.
I41S EIl1 4AE-IS En plus des CM-TD, un PJ aux choix permet aux étudiants d’illustrer et
35h/ d’appliquer les connaissances acquises.
an
Apport personnel : Création du module en collaboration avec J-Ch Maré
Asservissement TD Ce module concerne la commande des systémes bouclés :
précision/stabilité, synthese de correcteurs, retour d’état.
I4GM SY11 4GM-IM
15h/an
Simulation CM-TD Ce module traite de la simulation numérique appliquée a
numérique I’électromagnétisme, la mécanique des fluides et la mécanique des
4GM-IS structures. Les aspects locaux (FEM, CFD) et globaux (Simulation
141IS MT22 multicorps, systéme 0D/1D) et leur liens sont abordés et illustrés a travers
25h/an

Apport personnel : Création du module sur les aspects électromagnétisme,

deux exemples concrets (régulateur de pression de common rail, miroir
piloté).

simulation systéeme, et mis en place des projets fils rouge.
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Conception CM-TD-PJ Sur la partie PJ mécatronique de cet UF, les étudiants sont amenés a
d’architectures concevoir un systéme mécatronique depuis la mise en place d’un cahier
4GM-IS des charges avec un client réel (industriel), la proposition d’architectures,
141IS CA11 4AE-IS le dimensionnement et la simulation d’un prototype virtuel. Exemples de
- sujets : actionneur de pilotage de tuyere de fusée, actionneur de frein
20h/ d’avion.
an
Apport personnel : Création du module en collaboration avec J-Ch Maré
Responsable
d’UF
PTP Energies PJet TP Les étudiants sont amenés par une série de TP a modéliser un véhicule
simulation hybride 1éger sous Modelica et a proposer une commande simple
S¢éme année permettant d’optimiser la consommation.
20 h /an

Certains d’entre eux peuvent participer a la mise en place d’un véhicule
électrique léger et de son banc de roulage au travers de PJ.

Apport personnel : Création du module d’enseignement et mise en place

des PJ

RECHERCHE

3.1. Résumé des travaux de recherche

Actuellement (Institut Clément Ader ICA, INSA Toulouse, 2006-)

Sujet : Conception préliminaire des systémes mécatroniques et des actionneurs électromécaniques.

Mots clés : Modélisation, Simulation, Actionneurs électromécaniques, Conception préliminaire.

Dans le cadre du Post-Doc (IMS ex IXL, Université Bordeaux I, 2003-2004)

Sujet : Etude de la fiabilité des microsystémes (MEMS).

Responsable : Claude Pellet (équipe Capteur et Microsystémes)

Mots clés : Microsystémes, MEMS, claquage électrique, micro actionneur thermique, couplage thermo-
mécanique, transformateur piézoélectrique, technologie hybride

Dans le cadre du DEA et de la thése (LAPLACE ex LEEIL Toulouse, 2000-2003)

Sujet : Actionneurs piézo-¢électriques a deux degrés de liberté (translation et rotation)

Directeur de thése : Bertrand Nogarede (Responsable de 1’équipe Machines et Mécanismes Electroactifs

du LEEI)

Mots clés :Actionneurs piézoélectriques, matériaux électro-actifs, mécanique vibratoire, modélisation
analytique et éléments finis, électronique d’alimentation et de commande.

3.2. Encadrement de chercheurs

Encadrement de théses
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Jonathan Liscouet (2007-2010)

« Conception préliminaire des actionneurs électromécaniques- Approche hybride, directe/inverse »,
thése soutenue le 4 janvier 2010.

Ecole doctorale MEGEP, encadrement a 50% avec J-Ch Maré.

Thése financée sur les projets européen DRESS (Distributed and Redondant Electrical nose gear
Steering System, 2007-2009) et ANR SIMPA2-C6E2 (Conception des SYStémes Electriques
Embarqués, 2007-2009).

4 revues, 6 conférences, INCOSE FOUNDATION and STEVENS INSTITUTE OF TECHNOLOGY
Doctoral Award 2009.

Toufic El Halabi (2008-2012)

« Méthodologies pour la conception optimale des systémes d’actionnement électromécaniques », thése
soutenue le 22 mars 2012.

Ecole doctorale MEGEP, encadrement a 50% avec J-Ch Maré.

Thése financée sur le projet FUI pdle de compétitivité ASTECH CISACS (Concept Innovant de
Systéme d'Actionnement de Commandes de vol secondaires et de Servitudes, 2008-2012)

1 revue, 3 conférences avec actes, 2 conférences sans actes.

Fabien Hospital (2009-2012)

« Conception préliminaire des actionneurs électromécaniques basée sur les modeles : lois d'estimations
et régles de conception pour la transmission de puissance mécanique », thése soutenue le 22 octobre
2012.

Ecole doctorale MEGEP, encadrement a 50% avec J-Ch Maré.
Thése financée sur une bourse AMN.

3 revues, 1 conférence.

Amine Fraj (2010-2014)

Cette thése traite des de la conception préliminaire d’actionneurs électromécaniques et hydrauliques sur
les aspects incertitudes, liens avec la 3D.

Ecole doctorale MEGEP, encadrement a 50% avec J-Ch Maré.

Thése financée sur le projet de coopération aerospace-valley SYRENA (SYstéme de REgulation
Nouvelle Architecture, 2010-2013).

1 revue, 3 conférences.

Xavier Giraud (2011-2014)

Cette thése traite de la conception préliminaire et I’optimisation de réseaux électriques d’avion sur les
aspects synthéses des logiques, allocation des charges, modéles d’estimations.

Ecole doctorale AA, co-encadrement ICA (M. Sartor, M. Budinger), Laplace (X. Roboam, H. Piquet).
Financée sur une bourse Cifre Airbus.

1 revue, 2 conférences.
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Aurélien Reysset (2012-2015)

Cette thése traite d’outils d’aide a la conception d’EMA et de la standardisation des composants
électromécaniques.

Ecole doctorale MEGEP, encadrement a 50% avec J-Ch Maré.
Financée sur le projet européen ACTUATION 2015 (2012-2015).

3 revues, 2 conférences.

Masters recherche ou projets de fin d’étude (ERASMUS) :

Toufic El Halabi (2008, master recherche MEGEP) : Mise en place d’une librairie Modelica de
dimensionnement a I’aide de simulations inverses.

Daniel Ortega (2009, projet de fin d’étude ERASMUS, Espagne) : Dimensionnement préliminaire en
électronique de puissance.

Amine Fraj (2010, projet de fin d’étude ENIS, Tunisie) : Lien Modelica/Catia et conception
préliminaire/CAO.

Hiba Elouni (2011, projet de fin d’étude ENIS, Tunisie) : Obtention de méta-modeles a base de lois
d’échelles.

Robert Vallmajo Ribas (2011, projet de fin d’étude ERASMUS, Espagne) : Conception préliminaire de carter
en environnement vibratoire sévere.

David Morczinek (2012, projet de fin d’étude TUHH, Allemagne) : Durée de vie et fiabilité des composants
mécatroniques.

3.3. Participation a des contrats industriels

Contrat SAGEM — ENSICA (2005)

Etude de faisabilité d’un systéme générateur de vibrations pour tripode optique.

Projet ANR SIMPA2-C6E2 (Conception des SYStémes Electriques Embarqués, 2007-2009)

Outils, modéles et méthodologies d’aide a la conception d’actionneurs électromécaniques.

Projet FUI pole de compétitivité ASTECH CISACS (Concept Innovant de Systéme d'Actionnement de
Commandes de vol secondaires et de Servitudes, 2008-2012)

Optimisation de la conception de systémes d’actionnement de trains d’atterrissage (Messier Bugatti),
dimensionnement préliminaire d’un actionneur EMA de spoiler pour avion d’affaires (SAGEM SD,
Dassault aéronautique).

Projet de coopération aerospace-valley SYRENA (SYstéme de REgulation Nouvelle Architecture,
2010-2013)

Conception préliminaire d’actionneurs hydrauliques et électromécaniques pour la régulation d’entrée
d’air de turbines d’hélicoptéres.
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Projet Européen FP7 ACTUATION 2015 (Modular Electro Mechanical Actuators for ACARE 2020
aircraft and helicopters, 2012-2015)

Outils d’aide a la conception d’actionneurs EMA et analyse de ’effet de la standardisation des
composants.

3.4. Mobilité

Congé pour Recherches et Conversions Thématiques (CRCT) d’un semestre avec mobilité, de février a
juillet 2013, a I’universitt TUHH d’Hambourg et plus particulicrement a I’institut FST (systémes
aéronautiques).
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Annexe 2 — Curriculum Vitae, short version (English)

PERSONAL INFORMATION

Name: Marc BUDINGER
Position: Associate professor, Department of Mechanical Engineering at INSA Toulouse

Adress:

Home : University :
17, rue Saint Hyacinthe INSA Toulouse, , Institut Clément Ader
31500 Toulouse 135 Avenue de Rangueil
(33) 05621639 36 31004 Toulouse, France
(33) 0666 7000 11 (33) 0561 5599 60
marc_budinger@yahoo.com marc.budinger@insa-toulouse.fr

RESEARCH

My current research topic concerns the model based design of electromechanical actuators and actuation
systems. I am currently investigating the conjoint use of estimation/prediction models, 0D/1D simulation

models, reliability models and metamodels for design and optimization.

My previous research activities have included the design of an electrical submarine propulsion motor

(military service), piezoelectric actuators (Phd) and MEMS (post doc).

EDUCATION
2000-2003 Phd on Piezoelectric ultrasonic actuators
ENSEEIHT, Toulouse
1999-2000 Master of science in Electrical Engineering
ENSEEIHT, Toulouse
1995-1998 Applied Physics Aggregation (french teaching diploma)
ENS Cachan, Orsay University, Paris
PUBLICATIONS

2 patents, 10 journal papers, 35 conference papers.
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TEACHING/ADMINISTRATION EXPERIENCE

2006- Associate Professor — INSA4 Toulouse, Mechanical Engineering Department

Courses (lectures, tutorials and labs) in systems engineering (control, system
dynamics and power systems design), electrical engineering (electrical actuators,
electromagnetic FEM simulation) and mechanical engineering (vibrations).

Responsible of the fourth year for the specialty systems engineering.

2004-2006 Applied physics teacher for High Level Technician — Academy of Toulouse
Aggregation of Applied Physics : recruitment jury member

OTHER WORK EXPERIENCES

2003-2004 Post-Doc researcher - CNRS, IXL, University of Bordeaux

MEMS, electrical breakdown, thermal micro actuator, thermo-mechanical
coupling, piezoelectric transformers, hybrid technology.

1998-1999 Military Service, design engineer - JEUMONT Industrie (FRAMATOME)

Electric motor submarine (permanent magnet brushless motor of 3 MW).
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Annexe 3 — Publications

Articles dans des revues internationales avec comité de lecture (classées IWK)

1.

10.

V. Budinger-Pommier, M. Budinger, Sizing optimization of piezoelectric smart structures with meta-
modeling techniques for dynamic applications, International Journal of Applied Electromagnetics and
Mechanics, accepté le 16 décembre 2013.

F. Hospital, M. Budinger, A. Reysset, J-Ch. Maré, Preliminary design of aerospace linear actuator
housings, Aircraft Engineering and Aerospace Technology (Emerald), accepté le 8 décembre 2013.

. M. Budinger, J-Ch. Passieux, Ch. Gogu, A. Fraj, Scaling-law-based metamodels for the sizing of

mechatronic  system, Mechatronics (Elsevier), accept¢ 1le 30 novembre 2013, doi:
10.1016/j.mechatronics.2013.11.012.

X.Giraud, M.Sartor, X.Roboam, B.Sareni, H.Piquet, M.Budinger, S.Vial, Load allocation problem for
optimal design of aircraft electrical power, International Journal of Applied Electromagnetics and
Mechanics, Volume 43, Number 1-2, pp. 37-49, 2013.

M. Budinger, A. Reysset, T. El Halabi, C. Vasiliu, J-Ch. Maré, Optimal preliminary design of
electromechanical actuators, Proceedings of the Institution of Mechanical Engineers, Part G: Journal of
Aerospace Engineering, Accepté 19-7-2013.

M. Budinger, J. Liscouet, F. Hospital, J-Ch Maré., Estimation models for the preliminary design of
electromechanical actuators, Proceedings of the Institution of Mechanical Engineers, in Proceedings of
the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering Volume 226 Issue 3,
March 2012, , 0954410011408941.

J. Liscouet, J-Ch. Mare, M. Budinger, An integrated methodology for the preliminary design of highly
reliable electromechanical actuators: Search for architecture solutions, Aerospace Science and
Technology, Volume 22, Issue 1, October—November 2012, Pages 9-18.

J. Liscouet, M. Budinger, J-Ch. Mare, S. Orieux, Modelling approach for the simulation-based
preliminary design of power transmissions, Mechanism and Machine Theory, Vol. 46, n° 3, 276-289,
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