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ABSTRACT

This paper presents a methodology for the optimaliminary design of electro-mechanical actuatoree main
design drivers, design parameters and degrees eddiym that can be used for preliminary design and
optimization of EMA are described. The differergety of models used for model based design (estimati
simulation, evaluation and meta-model), and theisaciations are presented. The process preferredtdo
effectiveness in terms of flexibility and compotadi time is then described and illustrated with #xample of a
spoiler electromechanical actuator. The proposegrapch, based on meta-models obtained using thaces
response methods and scaling laws models, is vsexptore the influence of anchorage points andgnaission
ratio on the different design constraints and therall mass of the actuator.

Keywords: design exploration, electromechanicaliatctr, flight control, inverse problem, inverse siation,
Modelica, Meta-Models, Response Surface Methodolsggling laws, spoiler.

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

Annax Maximal acceleration of mechanical profile
Cin Thermal capacitance _
deomp Diameter of component (wittompthe name of component)
gx) Objective function
max Maximal force

%ravity acceleration

ﬁ X onstraint function (inequality)
X Constraint function (equality)
J Inertia
Jinax Maximal Jerk of mechanical profile

iam Oversizing coefficient for jamming constraints

Kiherm Oversizing coefficient for thermal constraints

Kvib Oversizing coefficient for vibration constraints

Length of actuator _

| comp Length of component (witbtompthe name of component)

Mcomp Mass of component (wittompthe name of component)

Reducer transmission ratio
p Roller screw pitch
R Thermal resistance
S Stroke
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tm Motion time of mechanical profile

Vimax Maximal speed of mechanical profile

Kimax Displacement of mechanical profile

X Design variables

Xas Ya Anchorage point coordinates

Xt Ve Transmission point coordinates

a Constant Jerk ratio of mechanical profile
B Constant speed ratio of mechanical profile
0 Temperature increase .

Neomp Efficiency of component (withompthe name of component)
T dimensionless parameters

1. CONTEXT

The current technical developments in aviation airmaking aircraft more competitive, greener arfdrsdhe
more electric aircraft (MEA) offers interesting ppectives in terms of performance, maintenancegiation,
reconfiguration, ease of operation and managenfguawer [1] [2].Using electricity as the prime soarof energy
for non-propulsive embedded power systems is censitlby aircraft makers as one of the most progisirans
to achieve the above mentioned goals. Actuatiofafading gears and flight controls is particulazbncerned as it
is one of the main energy consumers. This explaimg during recent years, a great effort has besrinpo the
development of Power-by-Wire (PbW) actuators agaesh level (e.g. POA, MOET, DRESS and ACTUATION
2015 European projects). This recently enabled Pdmtators to be introduced in the new generation of
commercial aircraft [3] [4], in replacement of cemtional servo-hydraulic ones (e.g. Boeing B787 EMAke or
spoiler, Airbus A380 EHA and EBHA). On their sidgpace launchers are following the same trend farsth
vector control (TVC) as illustrated by the Europ@dBGA project [5] and NASA projects [6]. Howevehelse
technological step changes induce new challenggmcally for the preliminary design process fotuation
systems and components which cannot simply duplicatmer practices.

Section 2 sums up the main requirements, desigerdrand design choices for EMA design. This saaiiso
describes the different types of models needed. different possible associations for those modets then
presented, and the most efficient and flexible gssawill be described in details. Section 3 illatgs the different
steps, models and tools for the presented methggelith the case study of a spoiler EMA.

2. MODEL BASED DESIGN FOR ELECTROMECHANICAL ACTUATION SYSTEMS

Figure 1shows the V-cycle design [7] of a mechatronicesyssuch as an EMA (architecture is described it par
3.1). The described methodology is dedicated taldseending branch of the V-cycle correspondingréiiminary
optimal sizing and device parts features synth@sis.inputs are the objectives and design conssraoming from
the specifications document or the chosen architecAs output components (rod end, roller or baikew, gear
reducer, brushless motor ...) specifications aregged in order to obtain an assembled actuayister®m which
fully meets upper requirements.

System test and
validation
Solutions System
research integration
Architectures\ \ / /
Preliminary Component
design integration

Components Components
specifications tests

Detailed design
and realization

Figure 1: V-cycle design for a mechatronic system
2.1. Requirements and key design drivers of actuation sgems
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As contributors to the safety of embedded crititaictions, aerospace actuators are subjected tenows
specific design requirements. These requirememdranslated into design constraints which thegmhesi must
meet by discerning choices. Based on recent exanipleto [13]. Table 1summarizes these design constraints,
design degrees of freedom and their possible ictierss. One can notice that the designer choicesamerous;
their impact coupled and they should address nieltiiomains. The study and comparison of differedsible
architectures must thus be supported by efficiestgh methodologies.

Table 1: Main design drivers and designer choicesuling EMA design

Designer choices and/or degree of freedom
e8| 8,
o 3 - 38| 28|
5 | |gg8|eE|®c|8L|25
I3 o Se|8s| 29| € S| ==
Q ) Se|EZS | B S|l a®
= = L= E2| 5|88
< = EGS| 35 ol Tl
o S Co|BL|2E|0G|2%
< |@ |Og|aE|S2|s" |
a6|¥g|0
oo =
Requirements Description
Functions Main functions
Specific mode of operation [14]
Performances Transient high forces O
Dynamic. Precision [5] and accuracy [15] O O O O
Environment Thermal [16] D 0 D
Vibration [10] [12] 0 O 0
Cost No Recurrent Cost O
0s Recurrent Cost O O
Safet Fail safe (winding short circuit. jamming. shocg} [10] O O
y Life time / MTBF / failure rate [17] [16] 0
Integration Mass D D o o
9 Geometrical enveloppe [18] O O O O

2.2. Models needs for electromechanical preliminary degn

To accelerate the design process, a general tsetadextend the role of modelling in design andcBation
[7] [19]. At preliminary steps of system designiffelient types of models are needed in order toagedbmplete
sizing: simulation, estimation and evaluation medel

The objective okimulation modelsis to calculate all the variables of power, engffgyce, speed, temperature
...) useful for the components selection. The temtssimulation of an EMA is becoming mandatory dese,
unlike hydraulic actuators, some strong couplingtexbetween the transient power demand, the thdremeavior
of motors, the inertia loads and the fatigue of maeccal components. These simulations are usualbed on
lumped parameters models [20], also called OD-1Diet®) run either in direct or inverse mode [21]][22
environments such as Matlab/Simulink, Dymola [2ZSYJESim [24]... The paper [22] describes the uségérse
simulation with Modelica for actuators sizing. Y&t run this kind of models, which only suits foradysis and not
for validation, components parameters may be knalat,is why some other types are needed.

Estimation modelsallow to estimate from a reduced set of indepenhgarameters (ex: max load, stroke) all
the dependent parameters/component characterigiggilations (ex: inertia, efficiency...), integ@ii (ex: mass,
dimensions) and validation of safe operating aea hax speed, degradation parameters...). Thiswsayato
replace components datasheets when they are ritaldegoften the case for aerospace applicationd apeed up
the design exploration (analysis of different secsa optimization...). The reference [14] descritmsme
estimation models based on scaling laws for theamaiponents of an electromechanical actuator.

The last model is thevaluation modelwhose goal is to check the ability of a comportergperate in its safe
operating area for the required lifetime and religb The paper [16] describes the possible modeid ways of
implementing them in system simulation environmefitgure 2describes the information exchanges between those
different models and defines the structure suitdblemodel-based design of mechatronic systems.sioec
making can be performed either manually as in 22utomatically as described in the following [gmegh.

.f;(’)) vi(’)

Simulation

Simulation

ﬁ—](’); Viei (1)

Model

Evaluation

_____Definition - Operating ‘ Decision
: parameters Estimation | areas 1 making
: Reference Model Integration >

| parameters - T

1

Figure 2: Component models structure for model-baskpreliminary design
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2.3. Models implementation and possible associations

These defined models can be implemented in diffaygres of environment. Decision making can be eatl
by different optimization methodsigure 3illustrates three different options:

1. All the models are implemented in a computer algedmnvironment (Matlab, Excel). The design and
optimization are done in the same environment. Shlation does not address time transient phenomena
problematic. However, it has the advantage suil vedding into account multiple design criteria and
exhibit fast optimization. Examples of such impleragion were presented in [25] [ [26] and [15] ;

2. All the models are implemented in a simulation emwinent for algebraic differential equations (e.g.
Modelica) and the optimization is done by extemdO software [27]. This solution allows managing
fine simulation models with time transients. Yateanain drawback is the optimization times which ca
become very long. Examples of such implementatwagiven in [28] [29] ;

3. A mix of the first two solutions can be achievedhna compact representation of time-consuming teaipo
simulations using meta-modeling technics [30]. Téddution allows to easily manage multiple design
criteria and to obtain reasonable optimization tire®wever special care should be addressed to the
accuracy of meta-models.

This last solution will be developed in the papEne use of meta-optimization is common for studig
finite elements methods in various fields [31]. Bete, the meta-models applied to 3D multi-body @DALD
simulations and the estimation models based oringciws are used to speed up the optimizatiorhef t
actuator.

Spread-sheet 0D-3D MDO software
Excel simulation
or Matlab software
Estimation 13l ’_|2_'
Model | | Ll—l
Meta Models
Simulation 1131 [o] -
Model Lil &E
Evaluation [1_?] [T? -
Model | | =] - ]
Meta Models
Decision [A13] [
making | n_lj

Figure 3: Models implementations and associations

2.4. Proposed methodology for optimal design of EMAs
As defined by [32] [33], a methodology is a colientof related process, methods and tools where:

- A process is a logical sequence of tasks perfdimechieve a particular objective (“WHATS");

- A method consists of techniques for performinigsk (“HOWSs");

- Atool is an instrument that, when applied toaatipular method, can enhance the efficiency oftdsk
(supports the “HOWS”).

Table 2presents those three aspects. The main functiegalrements and design degrees of freedom ara give
as inputs for this process. The actuator architecamd combination of power transmission componargs
also defined to meet the application functionaurezgments.

Table 2: Synthesis of the proposed methodology

Process Methods (« HOWSs ») Tools (supports the
(« WHATS ») « HOWS »)
1 | Sizing scenarios | 1.1 | Determine components design drivers. Chedhidtelds
definition (section (mechanical. Electrical,
0) thermal ...) or components.

1.2 | Determine sizing scenarios to verify the design- Verification matrix
drivers and the actuator functions.
2 | Determination of | 2.1 | Perform initial power sizing (not optimized) | In-house Modelica library :

the active using a "sizing wave" procedure and - Inverse simulation (Modelica)
design drivers complementary simulations. - Estimation models (scaling
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(section 0) laws) .

3 | Sizing procedure | 3.1 | Determining the calculation steps order for the - N2 diagram.
setting-up and sizing procedure.
optimization 3.2 | Define the optimization problem. Influence diagram.
problem
definition (section
0)

4 | Creation of meta-| 4.1 | Non explicit calculations from step 3 may be | - RSM models.
models replaced by meta-models.
(section 3.5)

5 | Design 5.1 | Identify important parameters with quick - Excel table.
optimization exploration and reduce design space.
(section 0) 5.2 | Optimize in the reduced space. Excel solver

6 | Validate 6.1 | Repeat sizing performed during step 2 to the| In-house Modelica library :
« optimal » result obtained in step 5. - Backward simulation
solution (section (Modelica).
3.7) - Estimation models (scaling

laws).

3. SPOILER ACTUATOR CASE STUDY

3.1. Case study and actuator architecture presentation

It is proposed in this section to illustrate thsiga methodology using the case of a linear EMASs Httuator
is actuating a spoiler/airbrake with typical spieafions for a business jet. The so called spdgeonly
performing airbrake functions. Thereby possiblenariy flight control functions of commercial airasfare
not taken here into consideration: control surfaresthus controlled symmetrically with a givenpii&€ement
curve.

3.1.1Main functional requirement

The main functional requirement for the actuataioisnove the mechanical load to 3 predeterminedipos
(0. 20 and 50 °) against mainly the aerodynamiceder The retracted position (0°) has to be holdhauit
energy consumption. Anchorage points on the streaund the control surface are not imposed by iticeadt
maker and therefore, can be a degree of freedothdaitesign process.

The severe failure rate requirements at aircratllare achieved with resort to multiple controifaces.
Thus the requested failure rate of one actuatoorspatible with a simplex architecture. However imiging
mass is an objective. The architecture shouldladssafe regarding different critical cases :

- no dissymmetric deflection during a power losse: dlstuator should thus fail-freeze;

- no degradation of the surface control during gust order to avoid mechanical damage, a load
limitation must be performed by folding down thentol surface;

- no degradation of the actuator or the surface obdtre to a jamming of the control surface during t
actuator motion.

3.1.2 Actuator architecture

The physical architecture of the actuator is basedhe Moog linear actuator presented in [34]. This
architecture should be also close to the EMA aotuattuating several spoilers of the commerciaraft
Boeing 787 [32]Figure 4presents a picture of the Boeing 787 actuatoropypé and describes an association
of component meeting the requirements of sectidri3vhere:

- The selected technologies, brushless motor anelws meet the main function with a minimum mass
compared to a direct drive solution. The main dawkbof both screw and reducer is the jamming failur
mode. This failure mode is however not an issuetlier fail-freeze specification. Even if the 787 igyo
actuator uses a ball screw, a roller screw wilubed instead during the sizing and optimizatiothisf specific
application.

- A one stage spur-gear reducer with intermedidrgel allows at the same time to adapt the brushtegor
speed and the parallel axes distance (distancesbatmotor and roller screw axes).

- A power-off brake can hold the spoiler withooheuming any energy (normal mode or power failure).



Legend:

1. Brushless motor
Power off brake
Spur gear reducer
Ballscrew

P WwWnN

] ~ e T

N

Figure 4: Physical architecture

To meet the functions described in the previousgraph, a control architecture with a force feedtsmnsor
can be used.Figure 5gives the principle of this last one. Main looms fypical control architecture are:
current, speed and position loops. Load control @lan be implemented like in the examples of asrosp
actuators described in [5] and [36] to limit ext@rperturbations (high frequency vibration, gusida.). In
this case the load control is realized throughraefdeedback to torque control of the motor. Thivation of
the load control also leads to decrease of theoatttof the main position loop to allow the droptbe surface
in presence of excessive air loads.

Legend:
[> controller E Authority control decrease
Saturation Authority control increase
Limiter

_ﬂl\."l_‘ I

Position Coils commutation %—ﬁ |
order_». . . t . i‘—‘ & torque control
pee

Position loop

loop 7
( LoadL@ | ﬁr
control

Figure 5: Control architecture

3.2. Task 1 : Sizing scenarios definition
3.2.1Definition of design drivers and induced desigrvelrs

The objective of task 1 is to represent by a setceharios the degradation phenomena and funatiotie
actuator. Those scenarios form the basis for thuellegions to be carried out during the design.

The degradations of the components can be of tiferélint types, depending on the phenomena dynamics:

- What is called rapid degradation (e.g. permanerfordetion, fracture, maximum insulator
temperature...) on transient power demand. They bristvoided to ensure maximum performance of
the actuator.

- What is called gradual degradation (e.g. mechaffétigjue, insulator ageing)..They must be such as
to ensure endurance and reliable operation ofd¢hetor throughout its life.

Additionally, the components present some impeidastwhich increase stresses on themselves (edia)n
or on other components (e.g. friction, copper Issgeand can create new critical cases (e.g. highsstre
induced by jamming of inertial loads). Those impetions are called here induced design drivers.

3.2.2Design drivers determination



The determination of the components design drigarsbe assisted by checklists for the differeriietogies or
components.



Table 3is a possible representation of those lists. Smfegences are quoted to allow further study difjus
the importance of listed items. The paper [14] aéstalls those points.

3.2.3Sizing scenarios and corresponding mission profiles

They should permit to validate the fact that thieitson meets all the functions and associated pewdoce of
section 3.1.1 and is not submitted to inapproeritmages listed in section 3.2.2. In the caséviid; those
scenarios are mainly characterized by finite tirmpesthdent mission profiles.

For the present case study, the following exampiesenarios can be defined:

a) To take into account the mechanical stresses aamipsofile representative of the maximum speed. Fo
maximum load and fatigue phenomena: a successientehsion / retraction for different speeds of the
aircraft;

b) To represent the thermal stresses: holding of tivral surface opened at 50 ° and submitted toldald
for 3 minutes within an ambient temperature of @) °

c) To take into account the effect of the motor ireerh jamming of the control surface occurring dt fu
speed ;

d) To ensure adequate dynamics during load limita@onactive retraction of the spoiler under the cfte
agust;

e) To take into account the vibratory environmentatetdal sinusoidal acceleration of 10g between 5 and
2000 Hz [37] (validation of screw and housing resurfrequencies and induced stresses).

Scenario a) to d) can be described by transientlations of 0D-1D models. Figure 6 describes spailggle
time evolution for the a) mechanical mission pefirhe paper [35] explains how to take into accegenhario
e) during the preliminary design phase using artalymodelsTable 4is a verification and validation matrix to
check that all design features or drivers are avéy those five scenarios.



Table 3: Main design drivers of EMA components

» Copper and iron lossesffect on sizing

of heat sink and housing

>
3
o . .
o Design drivers Component Key design drivers selected for the
I application
o
|_
Due to force transmission: Rod end - Maximum stress (rapid)
* Maximum stress (rapid)
« Fatigue/wear (gradual) [22] m
('|2 Due to vibratory environment: Roller Screw | - Maximum stress (rapid)
= ~" ¢ |- Fatigue stress (gradual)
T * Stress at resonance frequency (grad - - Vibratory stress (gradual)
Z [12] - Mechanical losses and frictign
8 ; (induced)
S Induced design drivers: - . -
* Mechanical losses and friction whid Thrust bearing| - Maximum stress (rapid)
8 _ ) - Fatigue stress (gradual)
o increase force/torque especially at I¢ & - Mechanical losses and friction
< speed [39] (induced)
O
<ZE Pinions - Maximum stress (rapid and gradual)
T - Mechanical losses and frictign
&) (induced)
L
=
- Maximum stress for force
transmission (rapid and gradual)
- Vibratory stress (gradual)
- Machining constraints
Current stress: Brushless - Maximal torque due to teeth
« Saturation of ferromagnetic materi motor :/Iaturatlon (rapid) . -t
%) rapid A - Mean torque an maxima
— (rapid) o B temperature due to thermal stress
= » Demagnetization of permanent magi (gradual)
% (rapid) - Maximal speed (rapid)
o) - Rotor inertia (induced)
o Thermal stress:
c§> « Insulating ageing 11] (gradual)
O . -
— Induced design drivers: P%\Neli'()ﬁ - Maximal torque (rapid)
6 * Rotor inertia which increase rake
o0 electromagnetic torque for high dynam y.
|L_) application [11] or when jamming ¢ \ -
L brutal stop [40] -
LI_JI « Rotor inertia : bandwidth effect [41]
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Figure 6: S Curve displacement for mechanical profe

Table 4: Verification matrix

Checking points Scenarios
Type Description % o - 2 .c% 5 g = )
52 |53 |E38 ugl S5t
$S% |F8 |Sz3 GSESEE
G ) ) 5} ©
Functions Displace and hold the spoiler in position O O
No degradation due to jamming O
Gust load limitation O
Design drivers Maximum stress for mechanical 0
components
Maximum speed for mechanical O
components
Fatigue mechanical components O
Induced effects of efficiency and friction 0 O O
Stress due to vibrations O
Maximal torque for motor and power off O
brake
Maximum speed for motor 0 O
Maximum temperature for brushless motor O
Induced effect of inertia O O

3.3. Task 2 : Initial sizing and active design drivers

In the considered case study, the initial sizingsaat the identification of the active design crdeand helps
simplifying the models used for the selection @ #ttuator components. This first design is made fgiven
set of anchorage and transmission points thatbeilinodified during the optimization phase comirtgrian.
But, even for this first design, different typessofulation models are used.

3.3.1Sizing wave

An in-house Modelica library for the preliminarysilgn of EMAs, shown irFigure 7 has been developed to
implement all the components models presented aid®e3.1.2 according to the structurerigure 2 Object
orientated and class inheritance properties of Maaldanguage facilitate the implementation of swch
structure. The models are thus structured in a thay they can combine inverse simulation togethigh w
parameters estimation (using scaling laws). Compisnieom the created Modelica library can be combito
represent various EMAS’ architectures. The studiechitecture has been sized up with a few number of
simulations by following the "sizing wave" procetescribed in paper [22] where inverse simulatioamseto

-10 -



size successively each component propagating pfrasmr the load to the power source. This step isalipu
called power sizing and components selection, radipect to previously defined scenarios a) and b).

= ICA_PreliminaryDesign_Actuation2015 Motors
3 @i N = = [ 2 B8

# E Electrical Owerc
= M Mechanical

Estimation model

Bearings Reducers

= . . .
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2 SensorSources B CQ:V LQ:; Hystere...

Axai Bearng Race Bearny Harmoni ey cedl reducer Ecycoan reaucer pachpich
L
fangeR

Spur Gears .—[ » i ]

e . ocd : Evaluation model

E bk B ol m—n
£ i .(; “ )>_( 1 Rémp
[(Acnni oth I s

2 ]Spoilers e

i - . »
 (P)Reducers =0 | =}, &g sk X | swepo o
= @ Parts B 17 ARl u @
S} Ka Connectors Screw/nut drive

# 9| Interfaces

= B Data b) Components model from the library

i JaddNewBearing

flangeT

L‘
E%f

vy
®

JaddNewSpurGear

JaddNewScrewNut

JaddNewRodEnd »T

* @ Records P Phi

@ {7 Databanks - ’/4\

= [FscalingLaws Spoler
@ (Deearings j M\

L\

b

@Spindles StartTime=40  pTP_MissionProfile_Spepdinput

Angular Position

Torque

@Reducers bearing_Radial_Pi mu spurGear bearing_Radial_Whdel ‘ bearing_Axial screwnut rodEnd

[ A.Rellablllty ! ,_’_._ | j :fhmm o \“v;©.
# = Damages T = *
A RatedEfforts T %

@ELifetime_Reliability fixed_pinion fixed_wheel fixed_bearing_screwnut] fixed_screwnut
) Validation Viotor Sl thrast bearing whe Serownat drve Rod end
~ {&lRrolling_Reliability
® T Thermal

@ 1 Utilities

« @ Examples

i %, Status_Badges

a) Library structure

c) Spoiler actuator model

Figure 7: In-house Modelica library for the preliminary design of EMAS

From this initial power sizing, it is interesting mote that:

- The motor inertia does not impact the maximum ed&cagnetic torque because the load is mainly
aerodynamic and can be considered as a nonlint#faess depending on airspeed and surface steering;

- The friction models of mechanical components haveettaken into account for the motor sizing;
- Thermal aspect is really important for motor setext
- The requested lifetime and reliability are noticait for this case study and can be neglected.

3.3.2Critical cases

For selected components, the needed parameteimsittae scenarios ¢) and d) can be calculated ukiag
scaling laws. The type of simulation used for cil @) scenarios is direct simulation. Components loan
oversized to meet the requirements issued frothadle scenarios.

For the considered case study:

-11 -



- According to the reduction ratio, the mechanicahponents may be oversized in order to bear thesstre
induced by the jamming of the spoiler running dit$peed.

- The maximum motor torque must allow a retractiost fnough to limit extreme load occurring during a

gust.

For scenario e), the length of the actuator istikaly short that is why the vibratory environmdrds no
significant impact on the housing induced stredser&fore, the main design driver will be the minima
machining thickness constraint.

3.3.3Initial sizing overview

Table 5gives an overview of the masses, estimated themksaling laws, for the various components of the
EMA and the related criteria leading to their setet criteria which should be considered duringjrajzation
(task 3).

The process leading to those results is the foligwi

Choose first the anchorage points on structurendatt of the hinge axis to facilitate actuator
integration;

Select average values for all other parametering@tibfn part 3.4.3).
If motor thermal constraint is not validated, iracse motor size (i.e. thermal over-sizing coeffiien
If jamming induced stress constraint is not vakdiaincrease mechanical safety coefficient.

Component Active design drivers Mass
Rod end « Maximum stress (rapid) 0.47 kg
Roller Screw « Maximum stress (rapid) 0.64 kg

» Mechanical losses and friction (induced)

Thrust bearing «  Maximum stress (rapid) 0.94 kg

» Mechanical losses and friction (induced)

Pinions *  Maximum stress (rapid and gradual) 0.65 kg

» Mechanical losses and friction (induced)

Housing * Maximum stress for force transmission (rapid) 1.41 kg

Brushless motor with « Maximal torque due to magnetic saturation at tgeth 4.18 kg
housing (rapid)
 Mean torque and maximal temperature due| to
thermal stress (gradual)

» Maximal speed (rapid)

* Rotor inertia (induced)

Power-off brake | « Maximal torque (rapid) 0.65 kg

Global Mass : 8.94 kg

Table 5: Initial sizing

3.4. Task 3 : Sizing procedure and optimization problendefinition

3.4.10bjectives

The objective of this step is to define the sizimgblem as an optimization problem which can benfdated
mathematically as follows:

Minimize objective function  f(x)
Subject to equality and inequality constraintsh(x) = 0, g(x) <0

By action on the parameters vector in the rangg,<x<Xypp
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Where:

- The goal, here the global mass, is the objectinetfanf;

- Design alternatives are expressed by a set of vadssigned to the design variablesvithin a design
domain;

- Constraints If & g) limit the number of alternatives to those satigfyphysical principles and design
specifications, that is to say feasible design.

The functions (f, g, h) can be explicit or impljcitlgebraic or realized by subroutines that soteeatively
systems of differential equations. The goal of thsk is to define those functions within a sizprgcedure.
The calculation steps of the sizing procedure gshd time efficient, and to do so, only algebraiplieit

functions without iteration loops are to be impleteel. The number of design parameteend constraintg

andh should also be minimized to reduce design segrabesand thus, optimization time.

3.4.2Sizing procedure definition

The sizing procedure is the sequence of calculatieps to be carried out for defining the actuatonponents.

As mentioned before, step 2 allows to determinentmémum number of design criteria to consider idev to
have a correct but lighter optimization problem.isTprocedure can be represented as an algorithm or
flowchart. The Design-Structure-Matrix (DSM) [42] N2 diagrams [43] can also represent this sequekite
those representations are useful for the assessrhém models needed and exchanged quantitie$oaride
visualization of the sequencing quality. FigureeBalls the principle of representation by N2 dsags. The
objective is here to avoid any information feedidp thanks to a good choice of calculations omleby
introducing additional constraints and design patans being managed by the optimization algoritimrthe
case of DSM matrix representation, the objective isbtain a triangular matrix.

Format : Structure :
in in
out out Calculation ° °
b b 1
in
Calculation It
2
pata . ° -
junction
No data ‘ >< Calculation  Out
junction 3

Figure 8: N2 diagram principle

Figure 9represents the sizing procedure for the EMA ofgpeiler for the present case study. As an example,
the bearing is sized before the roller screw ireotd get the values necessary to define the lesfgtie screw.
Constraints have been added in order to make tbggrdenatrix triangular: calculations of the resdnan
frequency of transversal vibrations of the screfapotor temperature and of maximum load during jangn
The corresponding oversizing coefficients are adddtie first set of design parameters and areedrby the
optimization solver. Some models, as the multiybeshd thermal models, require long time dependent
simulations: their behavior will be translated irggplicit mathematic functions thanks to meta-miudgl
techniques (Section 3.5).
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Figure 9: N2 diagram of the sizing procedure

-14 -



3.4.30ptimisation problem definition

The optimization problem can be defined only whbha sizing procedure is known. To represent it, an
influence diagram [44Figure 1Q can be used. Here:

- The main design parameters are internal reductatios (roller screw pitchp and reducer ratid\),
integration parameters (anchorage to airfragpey, and transmission to load, y; points), shape of the
displacement curvea(  displacement curve parameters as described irrd-ig)y oversizing coefficient
(jamming coefficienkam, brushless motor thermal coefficidgt.mand screw vibration coefficiekt,);

- The main objective is the total mass obtained lgydhm of the masses of all the components estimated
thanks to scaling laws;

- The constraints are used to represent some designsdwhich cannot be addressed in a direct wathby
sizing procedure. Oversizing coefficients enableake care of these constraints during optimization

Legend:
Calculation XoVa Xp Ve Anchorage and transmission points positions
Design p, N Roller screw pitch and reducer transmission ratio
\:’ parameters a ﬂ S displacement curve parameters
)

Objectives & ;4 k.., Oversizing coefficient for jamming, thermal
constraints Yiamr “therm» Mvib N i X
and vibration constraints

/ \ Screw
Sizing procedure resonance

Thermal

‘ Anchorage ‘

: n N
Design ‘

al3 Gust
‘ Motion law  |————————

] Jamming
’ Over-sizing ‘

Actuator

N -

Figure 10: Influence diagram of the optimization pioblem

i

3.5. Task 4 : Meta-models synthesis
3.5.1Process

To facilitate and accelerate the design explorationing optimization, it is more suitable to usedals with
only static parameters and without time dependaniakles. The meta-modeling techniques [30] enable
extract a response surface from a set of simulaésults. The calculated meta-models have herdyagmial
form to facilitate their easy implementation intealculation sheets (e.g. in the MS Excels enviremn(Task
5, section 3.6). The generation of a meta-modédid the process showviigure 11and is performed here with
the Optimus software [45].

Simulation | 2 i & &+ Dimensional ;
Model analysis
0 (optional)
{ :
' Run Screening ! Screening
Run modelling 1 Experiment
experiments i T ;
: 5 Reduce # of
; Build predictive o factors
Meta Model ! model i
building | P '
; Design space :
Meta Model exploration
exercising | [xz

Figure 11: Meta model synthesis process
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3.5.2.Multi-body meta-model

The meta-models representing multi-body simulatlonk the effect of actuator geometric integration
(anchoragex,, Y, and transmissior;, y; points parametersigure 13 and the displacement curve fora, (3
displacement curve parameters) to useful sizirtgraias stroke, maximum speed, maximum load, R&tE a
RMC load. The identification of the main factossdone through screening. This screening step sltow
conclude that for this application case, parameatexsd have only an influence on the maximum speed.

The meta-model building is realized here with arL&typercube DOE of 1000 experiments. It is impott@

note that the model quality depends on the matheahdtinction used to represent the behavior [46for

example assuming R .« has a polynomial form better suits than expressimgctly F.x as a polynomial
function. With a second order development, the maddel provides a regression coefficient R betbant
0.999 for all calculated values.

Figure 12: Anchorage and transmission points

3.5.3Thermal meta-model

The meta-model described here will be used to lgetmaximal temperature of the motor winding during
scenario b) (Cf section 3.2.3). For this examgle,rhain factors' identification is done by dimensilcanalysis
[47] [48] which will reduce the number of paramstéo be studied without any loss of informationeTh
thermal model of a motor given Figure 13 distinguish the temperature of the winding frdra temperature of
the yoke by using a two thermal bodies model.

The relationship to define is characterized by Gpeeters:
- The heat capacity of the windii@,s;
- The heat capacity of the yok&,,;
- The thermal resistance between the winding angldke Ry,q;
- The thermal resistance between the yoke and théatrdir Ry,»;
- The thermal losseB;
- The temperature increa8ef the winding after a given tinte
Buckingham theorem [47] [48] can be used to redbisenumber to 4 dimensionless parameters:

: C t 7
m, = f(m,m,, m,) with 77, =&, T, =" andr, =

) 7T3 =
R[h2 c:th2 R[hlcthl Rthl I:)th

With a Latin Hypercube DOE of 100 experiments, adttorder development provides a coefficient of
regression R better than 0.99 for this functione Tesired function could also be derived from threctl
solution of differential equations of the lumpedaraeters model showfigure 13 The aim here is to show that
the designer can however get an algebraic exprefsim any numerical models. The meta-models thogva
him to focus more on the sequencing of calculattbas on the solving of each calculation.
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Figure 13: Thermal model of the motor

3.6. Task 5 : Optimization and design exploration

The optimization process has been implemented gireadsheet in the MS Excel environment takingfien
of the work done at previous steps: structuringptadblem (task 3) and synthetizing meta-modelk(#sThe
design procedure is thus explicit and easily addptid any solvers or exploration functions (e.gtadtables,
scenarios)Table 6summarizes the optimal results obtained after Rutes of computation on a standard PC
(Intel core i5 processor) with nonlinear GRG solaad Multi-Start option. The optimization has beanried
out for different integer values screw pitches iilimeters to take into account manufacturing coaists and

to evaluate the effect of this important parametiglure 14gives the mass distribution for the optimal salati
obtained using a 5mm/rev screw pitch.

Parameters Range Isrrlzﬁlr?i Optimal sizing (discrete screw pitch)
Pitchp [mm] [2;5] 5 2 3 4 5
Reducer ratio N [-] [1;5] 3.00 2.44 4.40 5.00 4.99
Transmissiong [mm] [-50;0] -25.0 -33.4 -33.7 -37.0 -50.0
Transmission [mm] [-80;-30] -55.0 -80.0 -80.0 -80.0 -80.0
Anchoragex,.[mm] [-400;-300] -400.0 -400.0 -400.0 -396.3 -400.0
Anchoragex, [mm] [-150;50] -150.0 -149.8 -149.7 -148.0 -150.0
S curve coefficienB[-] [0.05;04] 0.25 0.4 0.4 0.4 0.4
Jamming oversizingam [-] [1;4] 1.02 1.47 1.48 1.43 1.44
Thermal oversizinge: [-] [1;4] 1.10 1.18 1.21 1.20 1.19
Vibration oversizindi [-] [1;4] 1 1 1 1 1
Total mass [kg] 8.94 6.42 6.01 5.99 5.92

Table 6: Optimum configurations
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Figure 14: Mass distribution of an optimal sizing pitch of 5 mm/rev)

It is important to remark that the proposed proggs®erates a gain of 33% on the mass in companigbrthe
initial sizing of section 0. The initial sizing $ilbeen done choosing an anchorage point on thewsteuvhich
facilitates the geometrical integration and talavgrage values for lever arm. At this point, a magt of the
actuator mass was devoted to the brushless mdtooga50%) due to a low global reduction ratio.

The parameters obtained for the optimal solutiagklight that:

- As inertial torque due to the motor inertia hasitiéth impact on the maximal electromagnetic torghe S
curve parametef? (constant speed ratio), has been maximized iardmdminimize motor maximal speed.
The conclusion can change if accelerations areehighd/or load features are different as for TV@iaors
[12].

- The lever arm has been maximized to minimize loati@mponent masses. The conclusion can be ditferen
if the actuator is longer, as for a landing gesemsion/retraction actuator, where the housingsmas
representing the major part of actuator mass, &sa® significantly with its length in order to stsio
transverse vibratory stress [35].

- The global reduction ratio is limited here by glaenming requirement. This ratio can be differdnthie
expected lifetime is greater (as for an aileromaicir) or for a different type of aircraft.

The different pitch values can be compared thralegign explorations around the optimal points. taphs
given inFigure 15illustrate the evolution of the overall mass arainmdesign constraints according to the two
most influent parameters, i.e. the location thedmaission point (parametexs and y,. The other design
parameters are set to the optimal valuesabfe 6 Each constraint is represented with dotted lares defines

a feasible solution search area with upper andrdweands. For a 2 mm pitchigure 1%), the feasible design
field is clearly limited by all these constraintherefore, the designer has a poor design flekibMhile for a

5 mm pitch,Figure 1%) the feasible search space is much bigger. T can thus choose a slightly
different solution without adding significant weigto the actuator, while increasing robustnessegards to
the assembly and jamming constraints.

Actuator mass [kg] Actuator mass [kg]

----------

2 N s 2
. 5 = +  Jamming

Thermal 20 ) N : O Thermal 0

a  Assembly

Assembly

7, mm)
¥, (mm)

a) 2 mm/rev pitch b) 5 mm/rev pitch

Figure 15: Mass and constraints exploration
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3.7. Task 6 : Validation
For validation, it is particularly important to atlethat for the optimal parameters:

« The response surface approximation, establishethgluask 4 (section 3.5), is sufficiently accurate.
Otherwise, it is hecessary to construct the respensface again, refining mathematical formulauad
the point of interest;

* The simplification assumptions established durimgkt2 (section 0), remain effective. If a desigivedr
defined as inactive during the initial design beesndominant for the optimal configuration, this new
constraint must be integrated and the optimizdaonched again.

In the case study considered here, time domainlations validate the results obtained within spshaets. It

may also be interesting to validate the estimatioadels results (extrapolation of selected industria
components features) comparing them to real inidlistomponents extracted from manufacturer datashee
Table 7 compares optimal results for a 5mm/rev screw piteing scaling (column 1) to real industrial
components (column 2). The mass deviation givesdaa of the mass penalty which may be due to

components standardization and discretization pfaguct range. Yet, the scaling laws, in the casa o
specific design as typically encountered till nawaerospace domain, allow specifying or estimatieg/

components features.

Component definition

Scaling laws estimation for optimal
configuration

Nearby industrial components

(0.02kg/0.10kg/0.41kg)

Rod-end 58KN (0.34kg) SKF-SAKB22F 58.5kN (0.46kg)
Plain bearing 58kN (0.04kg) SKF-GE17C 56kN (0.05kg
Screw 5mm/tr-18mm-58kN (0.34kg) SKF-BRC21x5 (0.47kg
Nut @38mm. 54mm (0.24kg) @45mm. 64mm (0.40kg)
Thrust bearing 58kN (0.76kg) SKF-5308E 65.5kN (kb
Reducer 16/40/80 module 1 QTC-MSGA1-20/35/100

(0.02kg/0.09kg/0.68kg)

Motor (frameless)

6.6Nm (linear)

KOLLMORGEN-RBE02114

(1.76kg) 6.4Nm
Motor (housing) (0.24kg) (2.18kg)
Brake 4.5N.m (0.33kg) OGURA-TMB-0.6 (6Nm)
(0.32kg)
Housing d1/el/d2/e2 38/2/87/2mm (1.33kg) 38/2/8M2fh.33kg)
Total mass ~6.0kg ~7.1kg

Table 7: Scaling laws and on the shell componentsmparison

Solution using standard components does not didfdot from obtained “optimal” configuration, with a
difference lower than 20% on the overall mass. Thiference is mainly due to weak manufacturer pobd

choices when considering thrust bearing and rglbeew components.

It may be noted that the overall methodology islwalted to collaborative work and development afitim

domain systems:

- The rationalization of the sizing scenarios detaeation in step 1 is well suited to group meetings;

- The distribution of work is intrinsic to the methadgy. The system engineer can define the siziogeaure
(step 2) and achieve the final optimization in éXstep 5). Experts of different technical areagdknatics
and mechanical power transmission, thermal of ebattmotors. ...) can establish meta-models;

- Thanks to distinction between simulation models asiimation models (scaling laws), the managemént o
supplier’'s data are facilitated. The updatinga#ling laws references enables to take into acdeahnical
developments or to compare some technologies;

- Meta-modeling takes into account multiple desigteda within multiple domains;

- Verification / validation are done through stepantl 6.
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4. CONCLUSION

A technology shift towards more electric solutidasemerging in aerospace actuation. New technology
brings new challenges, especially for the prelimirdesign process of actuation systems and comp®tiesit
cannot simply duplicate former practices. In theywit is no longer meaningful to proceed to staimng by
typical operating points as was possible for hylitaactuators that do not induce strong couplingsleésign.
Instead, it is necessary to take into account igahsnission profiles covering all possible sizagvers (e.qg.
maximum speed and torque, fatigue, thermal behavidorations and shocks) and addressing variosgyde
criteria (e.g. geometrical envelope, weight andabdity). For this purpose, appropriate models and
methodologies should be developed to support eiexft optimal preliminary design. In this papestaucture
for component model has been presented in ordeamsform the system simulation tools into desigois.
This model structure is based on three differgpesyof models: estimation, simulation and evaluatmdels.
This paper also mainly describes a six step dasigiihodology to define the sizing scenarios to aersand
gradually transform the corresponding transienutations into design models combining judicioustalshg
laws and response surface approximation into sefeqirocedures established using N2 diagram. This
decomposition facilitates the optimization modéle texploration of the design space, taking intooant
multiple design constraints. This methodology fik®ll in a collaborative engineering work for the
decomposition of tasks and studies; verificatiomalidation process, the rapid updating of technicklg
references; and the optimization and knowledge mment process. This methodology has been illestrat
with a study case of an EMA dedicated to spoilénatton which is realistic and representative @ tumber
of functions, the multiple points of views for dgsiand the different technological domains to takte
account in order to achieve preliminary design mfE8MA. This case study has illustrated the intecdghe
methodology and has enabled to describe all thes.td$his methodology is applicable to other configions
(TVC, landing gear actuator...), other technologibgd(aulic, power electronics, control) and eveneoth
technical systems.
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