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ABSTRACT

Modern and complex aerospace systems are being developed and optimized to enable the
transition towards more-electric and/or all-electric aircraft. The integration of these systems in
new generation aircraft and the multi-physics interactions between them are causing a greater
complexity in both the design and verification processes. To face this complexity, several tools
that can support integrated modelling, simulation, optimization and testing across all the stages
of the system design are being developed. In this context, the European Commission launched
the Clean Sky 2 Joint Technology Initiative. This program is a public-private partnership which
provides funding for research and development of the processes, tools and technologies that
will enable the aviation industry to increase the demand for aircraft with reduced fuel
consumption, noise and emission of pollutants. Under this initiative, the Modelllng and
Simulation tools for Systems IntegratiON on Aircraft (MISSION) project aims to develop and
demonstrate an integrated modeling, simulation, design and optimization framework
incorporating model-based systems engineering principles.

This thesis discusses the activities under the MISSION project and proposes a design platform
including models library for landing gear brake system design, especially for the integration in
a multidisciplinary design framework. In particular, physics-based models of different types of
actuator for the landing gear brake system are developed, including servo-hydraulic and
electro-hydrostatic actuators. These models will support sizing, evaluation and optimization
tasks within the landing gear system platform, in the multidisciplinary framework.

In the document, the main steps of the aircraft brake system design process are illustrated. The
first step is focused on the architecture definition, which helps to explore, evaluate and select
promising architectures for the candidate brake actuation systems. The second step illustrates
the sizing and physics-based modelling activities of different such actuator configurations. In
particular, electro-hydrostatic actuator brakes are addressed in the study. The dynamic models
are built using the standard multi-domain modelling language Modelica, with open and
commercial tools. These physics-based model libraries are developed in a hierarchical and
modular way. The sizing models are developed to estimate preliminary geometric and
performance characteristics based on first order approximations and implemented in MATLAB
environment. In addition, formal requirement models were developed using open Modelica
libraries. The last step presents a design optimization analysis, in order to evaluate the best
performances in term of mass reduction of the brake actuator using sizing and simulation
models. The methodology including trade-off analysis and design optimisation is presented
together with the associated results. All these activities are part of one of the work-package
(System Design Activities) led by United Technologies Research Centre — Ireland.



1. INTRODUCTION

1.1 Overview

In view of the growing number of passengers traveling by aircraft 1, the aviation industries are
focusing their attention on development of new generation commercial aircraft, in order to
increase their performances and to meet strict requirements regarding fuel consumption,
emissions and noise constraints. To pursue these goals, the modern aerospace systems
integrated in the aircraft have reached a high level of complexity, both in design and
development processes. They are composed of several strongly coupled subsystems and
components that interact with each other and defined by a high number of variables from
several domains (hydraulic, structural, thermal, and electrical). These factors obviously involve
high costs in terms of design, development, integration, validation and verification processes.
Therefore, the aerospace community put the attention to realize tools and efficient techniques
that effectively support all stages of system design and allow to identify potential problems
before physical prototypes are built and tested through expensive test campaigns. This is
particularly important especially in the early stages of design, where the decisions of the system
architecture will determine the future cost of the product. This result is expressed through the
diagram shown below.

100%
Com'lnitted life cygle costs ——

To8% T

50% 1+

2BRT /mended life cycle costs

)
Concept  Functions and Design Development/ Operation and System phaseout
definition requirements integration  maintenance  and disposal

Figure 1.1: Life cycle cost diagram !
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Figure 1.1 shows the life cycle cost diagram, which represents all costs associated with a
system throughout its lifetime. The bottom curve shows the percentage of the actual, expended
costs associated with a typical project. The top curve instead represents the percentage of
committed costs, due to decisions and activities performed in the early phases of the system
project. This diagram illustrates that over 75 % of the overall life cycle costs are locked in the
design phases. The early phase activities such as understanding the problem, determining
detailed functions and requirements and defining specific architectures will lock the system
developers into a particular course of action, associated with specific costs. This because any
changes in future life cycle phases would cause a substantial cost increase.

Consequently, the development and the application of modeling and simulation methods that
support design analysis, verification and validation activities in the early design phases
becomes fundamental. In this operating context, MISSION wants to realize an integrated
modelling, simulation, design and optimization framework, to support holistically the entire
design process, starting from conceptual design, toward capture of key requirements, system
design, integration, validation and verification. Figure 1.2 shows the complete platform
envisioned in MISSION.

/-{ Modelling & simulation environment } 3

| Aircraftlevel design and optimisation

Power Thermal Cperations E 1"1\..‘-1.
platform plalfiorm platform o
oo,

TL, ORI

System-level design and optimisation

[

Daggn 20T Geeoteanns Of BpETeTE
Fgrathe and pparmls 1

Moddel-based a'gorithms & control

Contral
&

Management

= HL
Valgaton Inlegration

Figure 1.2: Overview of MISSION platform 5!

The modelling and simulation environment described in the project ! focuses on different
functionalities, such as model development and validation, analysis functions with optimization
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capabilities, efficient data management and virtual testing. One of the most important feature
of the framework proposed by the project is the use of open standard multi-domain modelling
language, which is Modelica. This allows to build an open simulation environment that offers
links and provides interconnections with common industry-standard tools, via the Functional
Mockup Interface (FMI) .. This technique is used to define standardized interfaces in computer
simulations to develop complex cyber-physical systems. A more detail description of the FMI
is presented in the following sections of this document.

In the aircraft design and optimization platform, the application of multi-objective optimization
analysis on a specified aircraft architecture allows to evaluate multiple aircraft design metrics
such as emissions, fuel consumption and lifecycle cost, starting from high-level requirements.
In particular, an A/C level modelling library is developed under MISSION to evaluate the A/C
level architecture designs from a multi-domain perspective, taking into account interactions
between systems. The outputs of the design will serve as requirements for the next hierarchical
level, which is the system-level optimization platform. This platform includes overall multi-
domain libraries of subsystems and components, as well as tools for design and optimization
of different aircraft architectures, with particular attention on electrical architecture, thermal
architecture, wing architecture, landing gear, actuation systems and cockpit.

MISSION delivers also an integrated framework which include a set of specifications and
algorithms for controls and management, health monitoring and fault detection functions for
aircraft systems and subsystems. The modelling environment related to the project includes a
virtual testing platform, which enables to validate and verify the design process at multiple
levels of abstraction, including partial virtual certification of aircraft components. The platform
supports PC-based testing in early development phases and lab-based real-time testing of
simulated real control units.

Within the multi-domain modeling and simulation platform proposed by the project, the work
presented in this thesis is concentrated on the realization of a general framework of the landing
gear (LG) dynamics, especially landing gear brakes, related to the system-level design platform
of MISSION. In particular, the aim of this work is to provide the hierarchical libraries,
presented in the system design platform, with sizing and physics-based models of different
actuation systems, such as classical servo-hydraulic actuator (SHA) and the new electro-
hydrostatic actuator (EHA). The application of these physics-based and parametric models
includes design optimization, trade-off analysis and aircraft level integration.
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1.2 Problem Statement

The high level of integration and the multi-physics interactions between components are
becoming more critical as the systems are increasingly interconnected and coupled. They are
characterized by different scales in space (from very big to very small components), in time
(from very fast to very slow phenomena), and in function (consisting of complex hierarchies of
heterogeneous functionalities). All these aspects lead to difficulties to guarantee an efficient
transfer and traceability of information during all the design process.

In literature, different methods to define integrated and structured design processes are
proposed, spanning from layered design "% to component-based "-8! and/or model-based
approaches. Between these ones, the V-model is one of the widely used models in engineering
product development related to the design process. This method ! represents a sequential
progression of plans and design stages, starting from high-level, less-detailed design stage and
progressing to the low-level, more-detailed stages. The left side of the "V" represents the
decomposition flow: it starts with the stakeholder needs in terms of requirements and continues
with the definition of the specifications of systems and subsystems. The decomposition phase
is paralleled with the right side of the model by the integration, starting from subsystem level
to the final product integration. Across the cycle, it is fundamental to define the interfaces
between the different phases, to assure that specifications from previous phases are captured in
the following ones. In this way, changes at subsystem levels are reflected in expected changes
at system and aircraft level and vice versa. Besides, each of the V-cycle phases are characterized
by testing activities used to verify the compliance of the system, according to the specifications
deriving from the previous phases.
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Requirements

| Aircraft Design Prlcnduclt Aircraft Leve
Verification
System System
Modeling | Integration System Level
Sub-System Sub-System
Modeling Validation

Implementation

Figure 1.3: V-model %

MISSION adopts the V-model (Figure 1.3) to develop a toolchain to adequately explore,
design and integrate aircraft systems to evaluate impacts from system on aircraft and vice versa,
following the Clean Sky 2 objectives. The work described in this document is focused on the
subsystem modelling phase, especially in the LG brake actuation system. Within this general
framework, the relevant steps of the aircraft brake system design process are presented in this
document, following the workflow shown in Figure 1.4.
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Figure 1.4: General workflow of the Brake System design

The first step is represented by the system sizing, which consists in develop models that allow
to obtain preliminary estimates of system specifications useful for dynamics modelling and
design optimization analysis. In case of actuators, these parameters can be, for example the
cylinder mass, the pump displacement, the motor torque, obtained by models implemented as
simple MATLAB scripts. These data will be used at this point as input to test and run all the
dynamic models realized in the next phase of the design process, which is the dynamic
simulation. Within this phase, several modelling and simulation activities are performed, such
as:

» The choice of tools for modelling. In particular, all the models are built using a
standard multi-domain modelling language Modelica (following the principles of
MISSION) with the use of different software.

» The description of the hierarchical modelling, which is a modelling approach that
helps in easy maintainability of different fidelity models and their use depending on
intended purpose. This concept is applied to give the possibility to external users to
choose between different hydraulic valves applicable in the actuator models.

» The comparison between different type of libraries to realize the models. The
objective here is to verify which is the most useful and usable library for modelling,
by comparing simple EHA models and electric motor ones.

» The description of the complete realization of an EHA model and a SHA one. The
goal is to compare and evaluated them for successive design optimization analysis
and integration at aircraft level.
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» The formalisation of system requirements through the so-called formal requirement
models, 1.e. simulation models in which the system requirement is inserted and can
be tested along with the simulation tools.

Once the dynamic models are built, it is possible to perform design optimization analyses in
order to obtain the optimal design point with respect to both dynamic performance and non-
performance characteristics, such as power consumption and mass respectively, in reference
to the actuators. At the end of the design cycle proposed, the models can be integrated in the
MISSION framework in order to support methodological approaches to link architecture
exploration and design optimization. This process, called Architecture Exploration and
Evaluation, is illustrated in the next sections of this document. In addition, the models can
also be integrated at aircraft level to evaluate the impacts on it (in terms for example of power
consumption, fuel burn, system weight) and on the other subsystems.
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2. BACKGROUND AND STATE OF ART

Most of commercial aircraft in service today use the centralized hydraulic system to feed all
the actuation devices, from those applied to the flight control surfaces, to those used in the
landing gear dynamics. Usually, the pressurized fluid produced by an engine-driven pump acts
on the cylinders to move the control surfaces of the Flight Control System (FCS), or to push
the disks of the LG brake to reduce the rotational speed of the wheels, or also to drive the
retraction/extraction system of the LG.

Recent developments in aerospace actuation systems technologies allow to substitute the
hydraulic system with localized devices, such as EMA and EHA. From 20% century % the
researchers have begun to develop and use alternative methods and tools to support the design
of these new type of actuation systems. Jackson D. 2l in his work compares a conventional
hydraulic actuation and a hybrid architecture featuring both EHA’s and hydraulic actuators.
Fraj A. et al. '3} propose a simulation-based preliminary design method involving sizing of
EMA’s for primary flight control surface. This methodology is used to combine no-causal
modeling, metamodeling and scaling laws to take advantage of simulation capabilities of recent
system level simulation software. The goal is to obtain technological alternatives quantitatively
from a limited set of required data, in the same way to what has been achieved through the
sizing models presented in this work. Chakraborty 1. et al. 4! show a MATLAB/Simulink
methodology for the sizing, simulation, analysis, and optimization of electric actuators for the
primary and second flight control surfaces of more-electric aircraft. This work focuses on the
development of: the flight load estimation capability; the modelling and simulation
environment where some actuator performances and thermal dynamics are analyzed; and the
weight estimation method. The work describes also an actuator optimization problem for a
given objective function and a set of constraints, as done in this thesis. Liscouét J. et al. [*! give
an integrated procedure for preliminary design of EMA’s in a redundant electro-mechanical
nose gear steering system. The methodology proposed in the paper puts emphasis on finding
the most promising candidate architectures that are compliant with the project requirements in
general and the safety and reliability requirements.

Several efforts have been supported also by different European Union projects. For example,
CRESCENDO" provides demonstrations of simulation-based product development across all
the design phases. TOICA 18! develops an integrated platform for the aircraft thermal system.
MOET "?! presents a framework for integration and validation of electrical technologies for
more-electric aircraft.

17

Created at UTRC-Ireland. This document does not contain any export-controlled technical data



3. BRAKE ACTUATION SYSTEM DESIGN

3.1 Generic Brake Configuration

All modern aircraft are equipped with brakes. Their main function is to guarantee safe
operations of the aircraft on the ground, including (1) to slow and stop the aircraft in a
reasonable amount of time, (2) to keep the aircraft positioning during engine run-up, and (3) to
support steering maneuvers during taxi. The brake unit in general is mounted in each wheel of
the main gear, while the nose wheel or tail wheel usually does not have a brake. In common
brake system as shown in Figure 3.1, mechanical and/or hydraulic linkages to the rudder pedals
allow the pilot to control the brakes. The basic operation of brakes involves converting the
kinetic energy of motion into heat energy through the creation of friction. A significant amount
of heat is developed and forces on the brake system components are demanding.
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Modern aircraft use disc brakes in different configurations such as single, dual or multiple discs
brake.

Wheel Rotors

Pressure
plate

.

Pistons

LT

Torque —
tube
| SN
End Stators
plate
a) Rotors freewheeling. Brakes-off. b) Rotors-Stators clamped together. Brakes-on.

Figure 3.2: Rolling stock of multiple disc brake 2

Figure 3.2 shows a simple scheme of a multiple disc, where the stators are attached to a torque
tube (which is fixed and does not rotate) while the rotors spinning between the brake stators.
When the breaks are activated, the actuators compress the pressure plate against the end plate.
This reduces the space between the stators and rotors that, pressed against each other, produce
a friction torque that decelerates the rotating wheel. This motion can be performed from
different type of actuators, currently varying in number from 4 to 8 for each wheel.

The most common actuation system on commercial aircraft is hydraulic: the hydraulic energy
produced by a pressurized fluid is converted in mechanical energy by the actuator. The pilot
input is transmitted to a hydraulic servo-valve by an electric bus, with the fly-by-wire system.
This valve (Figure 3.3) commonly consists in an electric torque motor that move a flapper,
which is the first stage of the valve. The displacement of the flapper, even if very small,
produces an asymmetry in the oil flow coming out from the nozzles; this induces a difference
in pressure between the two compartments of the valve, generating a displacement of the spool.
The pressurized oil, passing through small orifices, flows inside the piston causing the
movement. The spool position is fed back to the flapper mechanically through the feedback
spring.
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Another possible actuation configuration is the Electro-Mechanical Actuator (EMA), as
depicted in Figure 3.4: differently from classical hydraulic actuation systems, the mechanical
power is entirely obtained from the electrical system (such as used in B787). These actuators
are characterized by the following components:

» A brushless DC motor, converting electrical power into mechanical power;

» A reducer, which allows to couple the mechanical characteristics of the motor with
the users;

» A control electronics unit, implementing the control logic, comparing the command
signal to the actual user position and/or velocity, depending on the control logic
adopted;

» A static power converter, transforming direct current into three phase alternating
current for operating the motor.

Thanks to the development of modern brushless motors, these systems find practical uses for
the implementation of secondary flight controls, especially for small implementation powers
(< 7 kW). Further applications of the EMA are still tested and analyzed because their fault
modes are not yet completely known, and their reliability is still lower than hydraulic actuators.
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In order to replace the traditional hydraulic actuators, another configuration applicable in more-
electric aircraft is the Electro-Hydrostatic Actuator (EHA), as shown in Figure 3.5. The EHA
is commonly characterized by an electrically powered system, where a variable speed brushless
motor drives a fixed displacement axial piston pump. Pressurized hydraulic fluid then moves a
piston in the same way of a classical electro-hydraulic actuators. The circuit is then completed
by the presence of:

» Pressure relief valves, with the main purpose to limit the maximum supply pressure;

» Proportional-directional control valve, that adjusts the circuit pressure;

» Small fluid reservoirs.
The actual position of the piston is commonly measured by a Linear Variable Differential
Transducer and fed back to the control electronics. The advantage of using the EHA is the
absence of the centralized hydraulic system that feeds the actuator elements, which is replaced
with the electrical system. All the actuator elements are therefore positioned in the point where
their use is required. Besides, this system can provide very high forces, exhibits rapid responses
and has a high power-to-weight ratio, compared to the previous technologies. All these aspects
make them particularly useful in the breaking system, where fast actuation forces are required
in short time. Actually, these actuators are applied in Primary Flight Control System (especially
in light controls). However, thanks to optimization studies and analysis like the ones shown in
this thesis, they could be used also in aircraft brake systems.
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3.2 Architecture Definition

The preliminary design is a fundamental stage in every design cycle, especially for preliminary
size, modelling, optimization and features synthesis of system components. Supported by
advanced computational tools, early verification and virtual validation of solutions in
preliminary design can offer significantly costs reduction and quality enhancement over the
entire design process.

The first important step in the design process is the definition of a preliminary architecture,
based on a series of system requirements. It consists in drafting a series of potential components
and a basic idea as to what their interconnections and functions are. As described above, the
braking system of a landing gear needs the wheels and brakes, which are further decomposed
into their components including the rolling stock, the actuators, the control units and all the
fittings and structural elements. Since these components can interact differently depending on
the design choices, a multitude of potential architectures are generated, not all of them feasible.
Therefore, it becomes essential to concentrate only on the best candidates inside the design
space for future analysis and studies, to avoid high computational costs. To do this, Garcia
Garriga A. et al. 2*12% propose a 3-step procedure:
» Architecture Exploration, where the architecture design space is explored in order
to find feasible architectures;
» Architecture Evaluation, where these architectures are evaluated in term of impacts
at the A/C level,
» Architecture Localization, where the results of the evaluation are processed to find
a subset of candidate architectures that can be analysed in more detail at the system
level.
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For sake of completeness, these three steps are described in the following Sections 3.2.1, 3.2.2
and 3.2.3. This overview of the methods proposed by Garcia Garriga A. et al, 2412% in intended
to give a clear view how the design toolchain related to MISSION is leveraged and how the
models developed in the context of this thesis (Section 3.4) are employed for the design or
system architectures. It must be noted that the models used in such analysis are abstractions of
detailed models or existing legacy models. This is presented here to motivate the reader about
the applicability of dynamic models developed, upstream in architecture definition phase which
is usually an iterative process.

3.2.1 Architecture Exploration

The Architecture Exploration step identifies a feasible collection of architectures excluding all
those that violate the requirements defined by the stakeholders and the constraints imposed by
regulations. In MISSION, all this process is made by a particular in-house tool called
Architecture Exploration and Enumeration/Evaluation (AEE) 22!, This method follows a
filtering process, where the design space is reduced in successive refinement levels. In
particular, the method generates an abstraction of the architecture space to rapidly explore it
and identify feasible and infeasible solutions. The feasible set is then further screened using
higher fidelity analysis in the second step, which is the evaluation phase. Figure 3.6 shows the
AEE technology screening process.
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In order to give a clear view how the method is carried out, the following sections illustrate an
application example. The method is adopted to select between two different actuation
technologies (electric or hydraulic) for the PFCS of a short range single aisle aircraft, like the
Airbus A320 3, Some preliminary results have been also evaluated internally in UTRC-I for
the same actuation configurations, but applied in the landing gear brake system.

The configuration studied 2*2%! on A320 is characterized by:

» Aileron actuators (2 surfaces and 2 actuators per surface).

» Elevator actuators (2 surfaces and 2 actuators per surface).

» Rudder actuators (1 surface and 3 actuators).

Assuming to consider 3 different design options (EHA, SHA or EMA) for each actuator, the
number of possible architectures is about 3!''. Obviously, many of these potential candidate
architectures are not feasible or violate regulatory norms. Typical constraints such as those
proposed by Bauer et al. 2% are listed below:

» The left and right aileron and elevator must be exactly symmetrical.

» Each actuator must be connected to the appropriate power source type. For
instance, a SHA must be connected to a hydraulic power source; an EMA must be
connected to an electric power source.

» Depending on the actuators in the architecture, an appropriate power source
(hydraulic and/or electric) must be generated.
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» Each actuator must be connected to at least one FCC and to a maximum of two
FCCs.
» Each actuator must be connected to only one control surface.
» The actuators for each primary flight control surface must be of (at least) 2
different types.
These constraints serve as the first refinement level in the AEE method and allow to reduce the
dimension of the design space by approximately 3 orders of magnitude. In order to explore the
design space following some performance and non-performance criteria, it becomes
fundamental therefore to develop performance models associated with a specific architecture.

3.2.2 Architecture Evaluation

The second step of the method consists to evaluate the impacts at aircraft level of the reduced
number of feasible architectures. This process is made using the power platform process
developed under MISSION project and presented by Garcia Garriga A. et al 2*12% This
application is illustrated just from a descriptive point of view, since it is not part of the work
done for this thesis. Nevertheless, the physics-based models developed and presented in this
work in the following section could be integrated and tested in such framework with different
levels fidelity.

The primary scope of the power platform, developed at UTRC, is to enable trade-off analysis
of different aircraft system architectures with respect to some A/C level power objectives. A
scheme of the methodology for the power platform design is shown in Figure 3.7. The inputs
of the power platform are the external requirements, a given aircraft platform and a set of design
options and available choices. All these data are fed into different system models represented
by dashed blocks. These models, defined a different level of details, have two kinds of outputs:
aircraft level impacts (in terms of mass, fuel burn etc.) and their impacts on other systems. In
order to reduce the computational cost, these detailed models are run offline or using reduced
order surrogates in the first evaluation loop considering as input parameters based on expert
knowledge or previous design history. For the case of the PFCS, the models are integrated as
power consuming systems and run offline for the exploration step.
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Figure 3.7: Schematic of the power platform data flow 24120

\

In the study case presented by Garcia Garriga A. et al 2120 the dynamic models are developed

to be tested in the worst cases scenario, considering the maximum hinge moment and maximum
deflection of the surfaces. This will define consequently the size, the geometry and the power
consumption of the actuators. All the feasible architecture performances are compared to a
baseline conventional aircraft configuration including an all-hydraulic actuation configuration
and other conventional systems. The comparison between EHA and EMA actuators and the
baseline performance (which is obtained from running the models for each control surface
under the same stall load conditions) is presented in Figure 3.8. In particular, the power
consumed by the electric actuators is compared to the SHA performance, by calculating the
hydraulic power needed from the mass flow rate and pressure of the system. From Figure 3.8
it 1s possible to notice how both the electric configurations of the actuators are significantly
heavier than the conventional hydraulic solution. The diagram shows also how the use of EMA
and EHA actuators involves a notable reduction of the power consumption. However, the
option with the best performance cannot be established since the lower power consumption of
these configurations might balance out their larger mass. Therefore, the need to analyse the
effects this change in technology at A/C level becomes apparent early in design process.

26

Created at UTRC-Ireland. This document does not contain any export-controlled technical data



EMA

EHA

o o o o
[X] S m ta

4 Peak Power (%)
5]
ra (=]

i NormalOperation Power (%)

(=]
|

&

b
S

&
m

o
o

i

N
ra

[y
=

)
o

I
ta

EMA

Figure 3.8: Comparison of electric actuator to the baseline 2

3.2.3 Architecture Localization

In the last step of the method, similar architectures (according to their performances) are
grouped into a set of possible solutions, thanks to a clustering algorithm developed internally
in UTRC-I and proposed by Garcia Garriga A. et al. 2*2 The algorithm goes to reduce the
number of solution candidates to the cluster centroids, that do not necessarily represent real
architectures in the design space. Therefore, it is necessary to refine the selection to a real set
of architectures and then, run another discrete optimization loop inside each of the cluster. The
performances in term of power extracted, weight and fuel burn are illustrated in the graphs
referring to Figure 3.9, where each control surface is powered by both hydraulic and electric
actuators through hybrid architectures. From the graphs it is possible to notice how the hybrid
architecture with EHA’s and EMA’s is efficient in terms of power required, but heavier
compared to the baseline according to what is shown in Figure 3.8. This is due to the greater
mass of the actuator themselves, that impacts therefore on the overall systems weight.

27

Created at UTRC-Ireland. This document does not contain any export-controlled technical data



Power Extracted from Engine System Weight Aircraft Fuel Burn
2.7 2.7
2
2.2 2.2 4
2 2 2
] = N ]
e 1.7 § 1.7 815
0 £ 0
g 12 g 12 - g
Q [=] Q
1] [} 1]
g 0.7 g 0.7 - o 1
] H ]
5 5 5
® 02 ® 0.2 R
0.5
-0.3 0.3
0 . N oL w—
Hybrid with  Hybrid with Hybrid with Hybrid with Hybrid with ~ Hybrid with
EMA EHA EMA EHA EMA EHA

Figure 3.9: Comparison of hybrid architectures with distributed hydraulic and electric power 24

The primary objective of the work presented by Garcia Garriga A. et al 24129 is to define a
methodological framework for the trade-off analysis of early design decisions (especially for
the PFCS), evaluating a range of possible and feasible architectures according to their
performances. Within this context, the models illustrated in this work could be particularly
useful.

3.3 System Sizing

This section describes the design process of the brake actuation system and the development of
sizing models and their usage in the design optimisation workflow. System sizing is usually the
first step in modelling activities, because it is fundamental at this level of the multi-objective
design process to obtain low fidelity estimates of system parameters useful for future model
simulations and optimization analysis. These data are basically determined by expert designers
relying on the historical knowledge or through detailed analyses such as finite element methods
for structural or aerodynamic studies based on CAD diagrams and CFD studies.

The approach presented in this work aims to help the preliminary design on the development

of models called estimation models (or sizing models) that asses the component characteristics

requested for their selection before requiring a detailed design analysis. These models enable

to obtain design specifications such as cylinder mass, pump displacement, motor speed, motor

torque that are then passed as dependent parameters to simulation models. In addition, this
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approach to modelling can support a more general methodology capable to capture and
incorporate higher fidelity information (for example provided by refined FEM/CAD
representations) during all the phases of the design process.

In this document, a sizing model of the landing gear brake systems is proposed. In particular,
this model is implemented as a simple MATLAB scripts based on a logical flow that is
illustrated in Figure 3.10. Starting from generic system requirements and assumptions, it is
possible to define a-priori the aircraft architecture, the operational environment and the
characteristics of the brake. In particular, the configuration of the A320 has been chosen,
including geometry information such as wheelbase, maximum take-off weight and speeds (1,
Viaxi, Vlanding, Vtyre). Other il’lplltS include:
» The environment, i.e. the characteristics of the runway (length, width, elevation)
and the external temperature;
> The wheels and brakes features, such as the material, the dimensions and friction
parameters. In particular, the tire data is referred to the Michelin database 2”.

Aircraft/Environment,
. System Brake Actuator Mass, Component
System assumptions, Sizing D ) o
Regulations FAR 25.735.. IMENSIons, rower...

Figure 3.10: System sizing logical flow

One of the most important input for both the brake and the actuator system sizing is the aircraft
maximum kinetic energy (KE) that to overcome by braking. This value is obtained knowing the
A/C mass (mayc) and the A/C ground speed according to Equation 3.1.

KE = myc - Vi 3.1)

In this case, the kinetic energy is calculated referring to the take-off decision speed Vi, or rather
the maximum speed in the take-off at which the pilot must take the first action (e.g., apply
brakes, reduce thrust, deploy speed brakes) to stop the airplane within the accelerate-stop
distance 128, The choice of this speed has been made considering the brake sizing for the worst
scenario, specifically the reject take-off (RTO). Since the kinetic energy is converted to friction
energy (Wp according to Equation 3.2, the fotal longitudinal braking force required (Frot Br)
is defined knowing the stop distance of the airplane (dswp), which is normally evaluated
according to regulations.

KE = W; (3.2)
29
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We

FTot_Brk = do
stop

(3.3)

By dividing the total longitudinal braking force (Froc srx) by the number of wheels (nwhneel) (it
is considered that each wheel has a brake), it is possible to evaluate the braking force for each
brake ( Far).

F:
FBrk — Tot_Brk (34)
Nwheel

The actuator force (Fo) is then computed following Equation 3.5, knowing the number of
actuators (nact) for each wheel (in this case 4 actuators have been considered) and the friction

coefficient (uf).

F, = _FBrk (3.5)

Nact'Kfr

At this point it is possible to size the actuator. The entire sizing sequence can be schematized
as shown in Figure 3.11, especially for the EHA actuator. In the MATLAB scripts that
characterized the sizing model, two different methods are defined to estimate single parameters.
The next sections explain in detail the two approaches.
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Figure 3.11: Logical flow of the EHA sizing process

3.3.1 Classical Method

The first method is based on available literature component catalogue data to size the actuator
cylinder (such as the rod, the piston, the housing volume), then the pump (the displacement and
the rotational speed) followed by the motor characteristics (the torque and the speed). In
particular, all the mass parameters referring to the pump (mpump), the motor (mmotor), the power
electronics (mpe) (including capacitors, resistors and so on) and the integration block (mpix)
(including checking valves, filters, and accumulators) have been predicted by scaling laws,
according to the relations reported by Wu S. et al 2%,

_ 3/3.5
mmotor =ar Tm/ + b (36)
PmOtOr
Mpp =~
{mblk =1 Protor T 02 (37)

where a, b, cz and cz are coefficients given by regression fit of available data and reported in
the paper 22, Dinand Tinare respectively the pump displacement and the pump hydraulic torque
and Pumotor 1S the electric motor power.
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The logical steps for sizing the EHA components are:

1.

[98)

8.

9.

10.
11.
12.

13.
14.

From the max braking load (or else the required actuator force) multiplied by a
safety factor (to account for uncertainties) and knowing the operating pressure
rating, find the area of jack.

Find the rod diameter from catalogue 2% as a function of the braking load and the
piston stroke.

Find the volume of the piston and its mass.

From the tensile yield stress of the cylinder, find the thickness and then the volume
of cylinder housing (considering a steel cylinder) and the fluid inside.

Find the mass of the cylinder like sum of the mass of housing, mass of piston & rod
and the mass of fluid.

From the stroke speed and the piston area, find the flow required.

Find the equivalent pump delivering this flow from catalogue ! (if several pumps
deliver the flow, consider the one with the smallest displacement subject to speed
constraints).

Find the pump speed and the hydraulic torque, knowing the hydraulic efficiency
(due to the pressure drop).

Find the pump mass as a function of the displacement.

From the pump parameters, find the electric motor speed and torque.

Find the mass of motor as a function of the torque.

From the motor characteristics, find the motor power (knowing the motor
efficiency).

Find the mass of the power electronics as a function of the motor power.

Find the mass of the integration block as a function of the motor power.

3.3.2 Similarity Law Method

The second method presents two substantial differences with respect to the previous case. The
first difference is in the calculation of the rod diameter, which is obtained with a structural
approach based on the buckling load. The critical load Fo, coinciding with the max braking
force, is evaluated by the FEuler’s equation (Equation 3.8) and the Rankine’s formula
(Equation 3.9).

e El
FO(Euler) = nlz (3.9)
E-A
FO(Rankine) = 1+a(£) 3.9
k
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where ccoincides with the factor accounting for the end conditions (fixed to 4 considering both
A4

ends fixed), £ is the modulus of elasticity, I = n;i

is the moment of inertia (with d the rod

: . . I :
diameter), I represents the stroke, A = %dz is the piston area, k = \/; defines the radius of

gyration and a is the Rankin’s constant (it depends on the piston material. Fixed to a = prepes

considering steel). Knowing the geometric and structural parameters, the rod diameter d is
evaluated as the maximum between the results of the two previous inverted formulae.

The second difference is associated with the definition of the electric motor characteristics
related to the actuator: they are evaluated with the use of similarity laws presented by Budinger
M. B3l With this approach, the design of the motor requires the definition of a significant
number of parameters and the estimation of changes for these ones compared to an
existing/reference component. For doing that, two constraints must be imposed:
» Material similarity: all material and physical properties are assumed to be identical
to those of the reference component;
» Geometry similarity: the ratio of all the lengths of the component under
consideration to all the lengths of the reference component is constant.
The similarity laws are implemented in a MATLAB script, dedicated to motor sizing; Table
3.1 reports the laws with the reference on a PARVEX NK-420 electric motor.
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Table 3.1: Similarity laws of motor parameters 133!

PARAMETER SIMILARITY LAWS UNIT
1/3.5
T
MOTOR DIAMETER Ay = Ay res - ( > N-m
N Tref
T 1/3.5
MOTOR LENGTH b = L res ( ) m
N Tref
T 3/3.5
MOTOR MASS My = My yer <_) kg
N Tref
BUS VOLTAGE Veus = Veus ref \
T 2.5/3.5
SATURATION CURRENT isat = Isat e * | =— A
- Tref
T 5/3.5
MOTOR INERTIA Iy = Ly res <_> kg-m?>
- Tref
T -2/3.5
COPPER-IRON RESISTANCE | R, = Re; yoy - ( > k/W
- Tref
T 3/3.5
COPPER CAPACITY Ce = Ce ref - < ) J/k
- Tref
T 3/3.5
IRON CAPACITY Cr = C ey ( > J/k
N Tref
T -5/3.5
JOULE LOSS COEFFICIENT (U = A ref < ) W/N-m?
Tref
3/3.5
IRON LOSS COEFFICIENT | g =g, .- dv, (T > W/(rad/s)"*
} f
T re—1/35
MOTOR SPEED Wi = Wiy ref <_> rad/s
- Tref

For sizing the power electronics and the motor housing, two formulae have been used deriving
from ACTUATION2015 22! project. In particular, the power electronics mass is calculated as a
function of the length, with and depth of the power electronics block and the heatsink mass.
The motor housing mass instead is defined in function of the dimensions of the motor housing.
Knowing the mass of all the components, the mass of the EHA (Mgua) is computed as
summation overall the mass components (M) defined in Equation 3.10.

Mgya = 2?21 M; (3.10)
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where N is the number of actuator components. In addition to geometric and performance
parameters, thermal characteristics are also estimated according to the relation proposed by
Daidzic N. and Shrestha J. B4,

KE

Tbrake_r = (3.11)

Mprake’C

where the temperature rise in the brake 7hrake ris calculated as function of the kinetic energy
KE and the specific heat capacity c. Finally, the scripts give also simple estimate of reliability,
linked with the number of brake wear cycles (considering 99 % of wear) and the number of
possible missions and reject take-offs before replacing the brake. The considering mission
scenario is characterized by six stops at 25 knots (three for taxi-out and three for taxi-in with a
brake wear of 25 % for each taxi maneuver), plus a landing stop at 195 knots.

Tables 3.2 and 3.3 show a list of the so called key design drivers, i.e. the relevant parameters
used to size the EHA components and also the results of the sizing process, in term of mass of
a single EHA. In both the tables the values associated with the first method have been set as
references, while the parameters of the second method have been evaluated as percentage
variation of the references (in order to protect the technical data produced internally in UTRC-

D).

Table 3.2: Key design drivers values (1)

Method 2
Parameters Percentage Variation Unit
on Method 1
CYLINDER
Rod Diameter drod -9.41% mm
Mass Meyi -2.22% kg
ELECTRIC MOTOR
Mass Mmotor -3731% kg
FULL EHA
Mass Mewa +9.27 % kg

From Table 3.2 it is possible to notice how both the rod diameter (and consequently the mass
of the cylinder) and the electric motor mass are decreased comparing the values of the first
sizing method. These changes are therefore reflected in different values assumed by the EHA
mass at the end of the sizing process. Unlike the other parameters shown in the table, the EHA
mass is increased respect to the reference values (+ 9 %). This value is motivated by different
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methodology adopted for the calculation of the power electronics mass: adopting the A-2015
method, the mass of this block is increased more than 90 %, causing the increasing of the EHA
mass.

In Table 3.3 instead the percentage variation of the parameters is set to 0 %. This because the
key design drivers are evaluated with the same equations in both the sizing methods.

Table 3.3: Key design drivers (2)

Method 2
Parameters Percentage Variation  Unit
on Method 1
CYLINDER
Max Braking Load (Fbrk)mox 0% kN
Operating Pressure p 0% Bar
Piston Diameter dpiston 0% mm
Piston Stroke strk 0% mm
Piston Stroke Speed strk_speed 0% m/s
PUMP
Required Flow Q 0% m3/s
Displacement Dm 0% ml/rev
Hydraulic Torque Thyd 0% N-m
Rotational Speed wp 0% rpom
Mass Mpump 0% kg
ELECTRIC MOTOR
Torque Tm 0% N-m
Power Pmotor 0% w
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3.4 System Modelling and Simulation

This section illustrates all the modelling activities related to the system design chain. Once the
design variables coming from the sizing process are fixed, the second step consists to choose
which is the most advantageous tool and the appropriate modelling language to develop models.
Then, once model commercial/open libraries have been selected, it is possible to start the model
development.

3.4.1 Modelling Tools

All the dynamic models are built upon standardized multi-domain modelling language
Modelica, with the use of two different tools: OpenModelica and SimulationX. The first is an
open-source Modelica-based modelling and simulation environment. The software is free
distributed in binary and source code form for research, teaching, and industrial usage. In
particular, it has been used to learn the physics-based modelling and the a-casual characteristics
of Modelica language. The second is a computer-aided engineering proprietary tool used as
main simulation environment for all the modelling activities in the MISSION project and for
the work discussed in this thesis. The choice of this tool has been made because it represents
the “state of art” for modelling and simulation software, able to offer different modelling
approaches, including classic dynamic analysis of linear and non-linear systems modelled with
equations, to physics based and signal-oriented modelling.

The first modelling approach, known as network modelling, is the simplest way to describe any
kind of physical behaviour in physical object-oriented modelling activities. The models are
developed in terms of objects which are interconnected to each other by connections, also called
nodes. In SimulationX, the objects are pre-defined components from various physical domains,
whereas the connections are created simply connecting elements to each other at ports. One of
the most important characteristic of the network connections is their bi-directionality also
called a-causuality. Unlike main simulation tools (Simulink for example) where it is possible
only evaluate the effects that the variation of input parameters have on the output, the special
connection types of SimulationX allow to transfer the information in both directions. One of
the main advantage is that the physical architecture is more or less preserved in modeling.

In SimulationX, the physical relationships in network models are formulated in terms of
potential and flow quantities. The potential quantities reside in a connection and are identical
for all element connectors. These are, for example, the displacement, the speed, and the
acceleration in mechanics, pressure in fluid libraries, voltage in electronics, or temperature in
thermal models. The flow quantities instead are parameters, for which some balance equations
must be fulfilled. For instance, forces or torques at connections in mechanics must balance to
zero. Knowing therefore the real physical element that must be modelled and his behavior, the
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user can easily translate it in a model using the physical model packages, with pre-defined basic
and advanced model components.

. | X(t) Sinus

SpringDamperl

F()

Massl 4 Mass2
M:a m

Figure 3.12: Translation between physical model and simulation one

Another approach for modelling is the signal-oriented, in which the elements of a signal
structure generate output data from input provided to them. In this type of models, it exists a
clearly defined information flow and causality. The physical models are connected to the
signal-oriented ones thanks sensors, which translate physical quantities into signals. This
modelling approach is used to model control systems and auxiliary structures for computing

dependencies in physical libraries. An example of a signal-oriented model is shown in Figure
3.13.
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Figure 3.13: Example of signal-oriented model 33!

Another greater advantage offered by SimulationX is to provide interconnections with other
common industry-standard tool, using the Functional Mockup Interface standards. FMI is an
independent standard tool to support both model exchange and co-simulation of dynamic
models, using a combination of xml-files and compiled C-code *!. Its primary function is to
create a component called Functional Mockup Unit (FMU) that contain a copy of the binary
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code of the developed model. Figure 3.14 shows the schematic workflow of a FMI (for model

exchange) code export.

SimulationX

Solver

Model

Steps:

FMU forModel Exchange
Library {DLL)
€'{f. FhiL

G-code generafion {model equations)
Compillaiion and binding

Generafion of model descriphion
Packaging offiles

Figure 3.14: FMI Code Export for Model Exchange !

Thanks to the FMU, it is possible to reuse and manage the models with different simulation
tools and also to protect the intellectual property of the supplier. During the code generation,
the model’s developer can select which variables and output show to the user and also the type
of FMU: if the model contains proprietary information, the tool wraps it in a sort of “black box™

such that the user cannot access inside.
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Figure 3.15: Spring-damper oscillator exported as FMU

In Section 3.4.2 some aspects of modelling approach are explained along with application to
the modelling problem. This is to illustrate both the process and application.

3.4.2 Hierarchical Modelling

One of the key advantage of using Modelica is the hierarchical modelling. This approach is
useful because it gives a better overview and clear structure of the developed models and helps
with easy maintainability of different fidelity and their usage depending on intended purpose.
Some key aspects in system design, combined with the hierarchical modelling approach, are
the concepts of partial models and standard interfaces. A partial model is a kind of empty
“black box” which can be filled with different fidelity models, while the interfaces represent
the “connections” between the various partial models (i.e. hydraulic, mechanic, electric,
thermal). Figure 3.16 shows a schematization of these concepts. The macro blocks 4 and B
shown in the figure represent the partial models, which are extended with different fidelity
models A;, A2, A3, B1, B>and Bs. Through the same interfaces, defined by the coloured arrows,
it is possible to link the partial models and fill them with the models mentioned above, creating
what is called the “hierarchy” between models.
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Figure 3.16: Graphical representation of partial models and interfaces

The advantage of this modelling concept is combined with the possibility to fill the empty
partial model with any kind of models organized in hierarchical way. Depending on the
application, these models can be chosen and connected to each other, as long as the interfaces
of the external partial models are respected. For example, if the interfaces of a partial model
are electric (as in the case of the block 4 shown in Figure 3.16), the parameters referring of the
internal models must be of the same type, in order to guarantee the connections.

In SimulationX, the model developers have at their disposal a sophisticated development
environment called TypeDesigner that allows to create partial models. Thanks to
TypeDesigner, it is possible to develop user-defined elements specifying connectors, model
components, enumerations and documentations.

For the work done in this thesis, the hierarchical modelling approach is applied to create a
package similar to a Modelica standard library, in which the user has the possibility to choose
between two different types of hydraulic valves:

» The first one is a 4/3 proportional-directional control valve, which is already inside
the SimulationX library in the hydraulic package (which is illustrated in detail in
the next section of the document);

» The second is a custom control valve like the one mentioned above, with some
extension elements.

The implementation of the two valves is shown in Figure 3.17, where they are connected with
other elements such as a double acting cylinder, hydraulic lines and pressure sources. The left
model shown in Figure 3.17 represents the custom valve, while the other model is related to
the 4/3 control valve. The simple actuator models shown in the figure are not completely
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described in detail, because the goal here is to create a partial model and fill it with the two
valves models.

...... S emsarat e e

" Rilot_Command

Pilot_Command1

Sl >

Tapkl ~ ° Pump_Pressurel
]

Figure 3.17: Implementation of the two hydraulic valve models

With the reference to Figure 3.16, the two valves (coinciding for example with the internal
block 4; and A>) are inserted in a partial model (the macro block 4) and both connected with
the external hydraulic connectors (the interfaces). By selecting this partial model and
connecting it with the external elements (i.e. the devices that characterize the actuator), it is
possible to choose directly from the SimulationX command window which type of valve to
use, without intrusively accessing their representations. Once the valve model is chosen, the
user must define simply the parameters associated to the selected element, because the
hydraulic connections of the other valve presented in the partial model are bypassed.

Figure 3.18 shows the realization of the partial model and its extension with the two valve
models described above. However, all the models have been developed so that the user can
access inside each component by opening the various compound but cannot modify. Figure
3.19 shows the internal view of a custom valve, compared with its physical representation. The
spring-mass system represents the mechanical part of the 2" stage of the servo-valve, i.e. the
spool displacement. The two elements named as “Area_X" and “Area_Y” (piston area elements
in the hydraulic library of SimulationX) are used to model the hydrostatic pressure force acting
on the spool surface. For what concerns the four valve edges, they are used to model the flow
cross section areas, that is the spool openings where the pressurized oil flows. With these
elements, the users can select among several pre-defined geometric shapes or specify directly
the function between the opening area and the spool stroke. The high-fidelity model of the
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valve represents an extension to a normal 4/3 control valve mode: this configuration takes into
consideration not only the hydraulics characteristics, but also the edge’s geometry, therefore
leading to a higher fidelity model.
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Figure 3.18: External and internal view of the valve partial model
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Figure 3.19: Real valve representation (up) 3% and dynamics model (down)




Figure 3.20 shows the piston stroke related to the cylinder (Figure 3.18) of the two valves,
while Figure 3.21 the pressure drop; the green line is referred to the model with the default 4/3
valve, whereas the red represents the response of the custom valve. In comparison, the two
valves show the same trend except for the initial phase where the dynamic response of the
custom valve presents some oscillations, probably caused by the different geometry that
distinguishes the two valves.
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Figure 3.20: Piston stroke of the two valves
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Figure 3.21: Pressure drop of the two valves

3.4.3 Library Comparison

The use of open libraries to realize and compare models often implicates the absence of useful
elements to model dynamic behaviors of different complexity. Therefore, it becomes
fundamental to make a trade-off and choose between different types of libraries, before starting
any modelling activities. The choice is between two options: to develop directly the missing
models with an open library, writing the equations with the standard Modelica language; or
acquire directly a commercial library that contain inside all the useful elements. Usually, this
choice is based on how much a commercial library costs with respect to the man-hours expenses
to develop a new one.

The next paragraphs illustrate the different libraries. In particular, a first comparison is made
between two model libraries used to realize the electric motor of the actuator. The second
comparison instead, is referred to the hydraulic elements of the actuator.
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Electric Motor Library

Under some circumstances, it is important to develop new components not available in standard
library. A key application of this approach is given by the use of A-2015 library, created under
the project ACTUATION2015 B2 for modelling electric motor. This library contains a
common set of standardised, modular and scalable EMA models for different uses (flight
control, high lift, landing gear, door, thrust reverser) and for all types of aircraft
(business/regional/commercial airplanes and helicopters). This library is used to develop an
electric motor model shown in Figure 3.22, which it is applied then to the various actuator
models. The selected motor is generic three phase electrical machine, which is mainly
characterized by the electrical torque constant Kr, which expresses the relationship between
torque Tm and current Ia.

K, = (3.12)

The control logic is implemented by creating a speed controller, because the motor model is
speed controlled. In particular, the controller provides the current loop with the required current
based on the feed-back speed, measured by a speed sensor linked to the motor shaft. The speed
demand is than passed to a PI controller with a filter upstream that reduces the possible noises
come from the input signal. To close the control loop, a 3-phase current controller plus the
electric power supply block (comprising a DC voltage source and an inverter) are inserted, to
feed the motor with the required current.
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Figure 3.22: Custom electric motor model

This motor model is compared with a servo-motor model, comes from the SimulationX
proprietary library, in order to decide which type of elements library adopt. This model
represents a speed-controlled motor, including the PI controller and current limitation. Figure
3.23 shows the external representation of the motor model, while Figure 3.24 shows the
internal structure.
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Figure 3.23: Servo-motor application model
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Figure 3.24: Servo-motor internal view 32

Inserting the same control gains in the controllers and giving the same speed command as input
(a constant signal), the dynamic responses of the two models are similar, as shown in Figures
3.25 and 3.26. In particular, Figure 3.25 shows the motor torque of the two models compared,
while Figure 3.26 shows the rotational speed measured by the speed sensor. From this figure
it is possible to notice how the motors reach the command speed with a fast response, but the
servo-motor shows some oscillations in the settling phase. This discrepancy is probably
associated with the different elements involved in the internal structure of the motor models
and from the different control logic. Since the trends of the dynamic responses of the two
models compared are similar, the choice of a library like the A-2015 is preferable. This because
it allows to modify a larger quantity of parameters, by accessing directly into the elements; this
indeed, is not possible with a proprietary elements library such the SimulationX one. In
addition, its hierarchical nature makes it more applicable for further design optimisation tasks.
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Figure 3.26: Motor shaft speed of the two motor models
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Hydraulic Library

For what concern the hydraulic elements of the actuator, the library selection has been made
between an open library and a commercial one. To pursue this decision, two simple EHA
models are compared focusing only on the hydraulic and mechanical elements, neglecting the
electric motor and the motor-drive electronics.

The first model library is OpenHydraulics ©7, which is a free-standard Modelica package
downloadable for free from internet and used to model hydraulic components and circuits. Like
all the Modelica libraries, the package is built up in a hierarchical way, starting from basic fluid
phenomena such as pressure, volume and temperature sources, laminar restriction etc. These
basic models are then combined into models for hydraulic components (cylinders, lines,
motors-pumps, sensors, valves, volumes). Finally, these components are incorporated into
circuits, such as a pressure compensated load sensing circuit.

The second library instead is presented inside SimulationX environment. Since the developed
models are made in a physical-oriented perspective, the users can create models according to
the hydraulic circuit diagram, without any need for setting-up differential equations, signal flow
diagrams or transfer functions. Furthermore, many elements provide an interface to other
domains and libraries. For example, the hydraulic actuators can be connected to elements from
the library Mechanics, and completed with elements from the Thermics library, in order to
account for heat transfer effects. Figure 3.27 shows the structure of the two hydraulic libraries
(the left library is OpenHydraulics, while the right library is the SimulationX one).
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Figure 3.27: Draft of OpenHydraulic (left) and SimulationX (right) libraries

Figure 3.28 shows the EHA model realized with OpenHydraulics. For what concern the one
developed with SimulationX components and realized by one of the UTC business unit, a
detailed description of the involved elements will be provided without the insertion of any
images, in order to protect the intellectual property of the company.
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Figure 3.28: EHA model realized with OpenHydraulics

As mentioned previously, the absence of the electric motor is replaced with an element that
define a constant rotational speed; this element acts like as input to a constant-displacement
pump.

A first difference in the models is about the number and type of tanks chosen. In the
OpenHydraulics library, the two elements named simple tank are considered to infinite volume
and do not allow to insert the parameter. Therefore, they have been replaced with a single Oil
Tank with a double volume respect to the two small reservoirs presented in the SimulationX
model. The elements pressure-relief valves, connected in both the models with the tanks and
the pump, are used to limit the maximum pressure in the system. The relief valve is designed
to open at a predetermined set-pressure to protect pressure vessels and other equipment from
being subjected to pressures that exceed their design limits. In this case, the valves are used
also to return all, or part of the fluid discharged by the pump back to the storage reservoirs. In
order to ensure stable operation of the models during the simulation, the elements volume have
been inserted in the hydraulic connections. Otherwise the valves will try to control the pressure
of an infinitely small volume, which is impossible in most situations.

For what concern the check valve elements, they are used to model a hydraulic resistance like
filters, fittings, bends or armatures depending on the type of flow (laminar or turbulent). Inside
the tool, five different flow descriptions are available: two of these are based on the geometry
of the flow cross section, while the other three are based on measurement data. The flow
description used for the simulation, called alpha-Reynolds description (a (Re)), is based on a
dimensionless flow coefficient a. This coefficient relates the volume flow Qto the pressure loss
Ap according to Equation 3.13.

Q=a-A-\E-\/A_p (3.13)
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with the cross section area A and the flow density p. The flow coefficient itself is defined as a
function of the Reynolds number.

Re = & (3.14)

with the hydraulic diameter dn and the kinematic viscosity v. Reasonable values for a should
be in the range of 0,6 — 0,9 considering the flow completely turbulent.

One of the most important element in any hydraulic circuit is the regulation valve that allows
to regulate the flow in transit in the actuator. Consequently, it also regulates the force exerted
by the actuator and the spool displacement. The chosen element for both the models is a 4/3
proportional-directional control valve, already mentioned in Section 3.4.2. This element can
be used to model both a servo or a proportional valve. In general, servo-valves have a linear
relationship between spool position s and flow area A, while proportional valves usually have
a considerable overlap so (generally around 20 %) and a non-linear characteristic between
position and flow area.

(s —50)% s=s

A(s)~{ 0 s<n (3.15)

In the models under examination, this valve is practically a switching valve that in steady state
is either completely open or completely close. Its command signals are therefore binary signals
“on” or “off” (in the models the command signal is defined by a constant function). Inside the
element there is a limitation function called stroking, that relates the input signal to the stroke
signal. The main purpose of this function is to limit the range of the stroke signal: values smaller
than -1 are limited to -1, and values greater than 1 are limited to 1, as shown in Figure 3.29.
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Figure 3.29: Stroke function 3%

The fundamental characteristic that must be defined in the valve model is the Q (y) function.
This relationship defines the volume flow at certain measurement conditions (in terms of
pressure drop, density and kinematic viscosity) that passes through metering orifices. The 4/3
proportional-directional control valve has four different edges': EdgePA represents the flow
restriction between portP and portA; EdgePB represents the flow restriction between portP and
portB and so on. In this case, EdgePB and EdgeAT are opening edges and EdgePA and EdgeBT
are closing edges, as shown in Figure 3.30. The option chosen for the simulation assumes a
linear relationship between the relative valve stroke and the volume flow. The user can also
specify the lap condition and the flow per stroke ratio for each edge, which in this case are
assumed identical.

! An Edge in this sense is represented by the variable flow restriction between two different ports of the valve. In general, there are
two different kinds of edges: opening and closing. An opening edge is characterized by an increase of the flow cross section with
increasing stroke signal. In opposite, a closing edge is characterized by a decrease of the flow cross section with increasing stroke
signal.
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Figure 3.30: Internal view of the 4/3 proportional control valve 3%

The last element that complete the hydraulic circuit is the cylinder. Its main function is to
convert the hydraulic energy supplied by the pump and by the valves into useful work, or rather
mechanical energy.

e P B

Figure 3.31: Scheme of a single-acting cylinder

The model of an ideal single-acting cylinder (Figure 3.31) is given by simple relations
according to Equation 3.16.

F=p-A
{ _p ax (3.16)
Q=4-—

where F' is the actuation force, p is the pressure in cylinder chamber, A is the piston area, Q1s
the flow rate and x and dx/dt are the cylinder position and the cylinder velocity respectively.
The chosen element to model the cylinder does not consider any mass inertia. Therefore, the
mass inertia of piston must be modelled by connecting the element mass to the mechanical
connector of the piston. In this case the mass represents also the external load acting on the
actuator. In particular, considering an EHA associated with a brake, the external load is
represented by the braking force. In the selection window, the user must insert the cylinder
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dimensions, the dead volumes and the coordinate transformation between housing and piston
dxy. This parameter defines the displacement difference between the coordinate systems of the
mechanical connectors, as presented in Table 3.4.

Table 3.4: Typical parameter settings for dx, 2>

Cylinder
Position

o =

- maxStroke/2 | maxStroke/2 EE%:I
- maxStroke maxStroke :m:

dxy, Sketch

In order to ensure that the piston stroke does not exceed its working range, it is necessary to set
up the characteristics of the end-stop. The behaviour can be described either as rigid, or elastic.
The elastic end-stop model basically works like the spring-damper, adding one natural
frequency to the system. The velocity difference after the impact is determined by the velocity
difference before the impact, by the end-stop stiffness cstop, the end-stop damping dstop as well
as by the mass of the piston. In the rigid end-stop instead the contact with the stops is modelled
as an ideal impact, based on the theorem of momentum conservation. When the piston reaches
one of the stroke ends, the piston velocity changes immediately within one-time step. The
velocity difference in particular is related only with a coefficient kstwop. This impact number
must be in the range 0 < kstop < I: if kstop = 0 the end-stop is considered ideally plastic
(inelastic shock), while kst«op = 1 the end-stop is ideally elastic (elastic shock).

In the simulation, an elastic end-stop has been considered with the adding of a rectangular pulse
signal that simulate the braking force. The single signal, with a duration equal to the simulation
time, is perceived after 6 s from the beginning of the simulation (dead-band). Figure 3.32
shows the volume flow of the 4/3 control valves in the Edge PB adopted in the two EHA
models; Figure 3.33 shows instead the pressure drop of the two valve models. In both the
figures the red line is referred to the responses of the EHA model shown in Figure 3.28, while
the green line is associated to the responses of the SimulationX model. Despite the trend on the
responses is similar, the differences visible in the diagrams are properly linked with the
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adoption of two different type of libraries, though the selected elements are the same for both
the models. The difficulty therefore in matching the results derived from how the physical
behaviour of the elements is modelled, with the use of mathematical equations.
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Figure 3.32: Volume flow of the two directional-control valves
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Figure 3.33: Pressure drop of the two directional-control valves

In order to improve the results, regression tests have been made. This technique consists in
testing every single component of the circuit, starting from the cylinder then from the pump
and the valve, varying the same parameters at the same time and comparing the responses. This
approach ultimately allows to find the differences in the models deriving from the two libraries.
Figure 3.34 displays simple models realized with OpenHydraulics and SimulationX hydraulic
library for doing the regression tests. The models on the left of the figure are developed to test
the cylinders, while the models on the right are used to test the 4/3 control valves. Comparing
the models, it turned out that the hydraulic parameters such as the maximum pressure in the
circuit, the pressure drop in the edges and the nominal flow rate at the nominal pressure cause
the greatest differences respect to the geometric and mechanical ones. In this case, the choice
therefore of a commercial library is preferred due to its ability to manage the elements and also
the parameters in more simple way, without having to recreate additional models or modify
their internal equations.
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Figure 3.34: Example of regression tests on the cylinder (left)
and on the hydraulic valve (right)

3.4.4 Actuator Comparison

In the following section, a description of two different actuator models are presented.

These models, inside the design and optimization chain, can be used: to evaluate the possibility
to choose between different feasible architectures with the AEE process, as described in
Section 3.2; or being integrated into an aircraft model to evaluate the impacts on it and on the
other subsystems.

The first actuator model is an EHA, shown in Figure 3.35. This model is characterized by a
speed command that acts as input for an electric motor that drives a constant displacement
pump. The motor used is the same as described in Section 3.4.3 (with reference to Figure 3.22),
in which the components are aggregated with the use of the command compound. The pressure
level and the oil flow are controlled by a 4/3 directional-control valve that feeds the cylinder
(both these elements are described in Section 3.4.3). The other elements included in the model
are:

» The pressure-relief valve, used to limit the maximum pressure in the system;

» The volume, which ensures stability during the simulations (based on what has been

already described in Section 3.4.3);
» The oil tank.
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Figure 3.35: EHA model

The second actuator model instead is a SHA, which is illustrated in Figure 3.36. In this model
all the elements such the motor, the pump and the valves are replaced with a piloted servo-
control valve. This valve is a two-stage servo valve, with the 1% stage represented by a 4/3
directional control valve directly linked with the pilot command, while the 2" stage is
characterized by the elements of the custom valve described in Section 3.4.2. Also in this case,
all the elements of the valve are aggregated with the command compound.
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Figure 3.36: SHA model

In both the models, the cylinder is linked with another compound called Disk Brake that
represents a simple model of a brake. This compound is well described in the following
paragraph.

Brake — Wheel Model

The internal structure of the brake compound is shown in Figure 3.38. The first element on the
left side of the figure translates rotary force and motion quantities into the corresponding linear
quantities and vice versa. In this case, it transfers the actuation force (Facr) come from the
cylinder into the friction torque ( T#ict) according to Equation 3.17.

Trrict = Face "V (3.17)

where y is the transmission ratio equal to the product of the wheel radius and the friction
coefficient. The forque therefore acts as input for the element Wheel, which is a physical-
oriented model that simulates the contact between the aircraft wheels and the ground. This
element estimates a slip value and assigns the friction coefficient according to a prescribed slip
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characteristic. In particular, the curve that describes the slip is shown in Figure 3.37 and it is
computed with the definition of four parameters with the reference on Table 3.5. This approach
is illustrated by Wohnhaas A. et al 52!,
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Figure 3.37: Slip characteristic curve 38

Table 3.5: Values of the four parameters of the slip curve 38

PARAMETER INFLUENCE VALUE
A | Maximum value pmax 0.2<A<12
B | Slope at origin 10<B<50
C ‘ Difference to maximumvalue 0<C<A
D ‘ Turning point 10<D< 100

Once the four parameters are defined, it is possible to calculate the friction with a function
illustrated by Wohnhaas.

_B 0.01-C-eDAx
ug) = A-(1— e Bhx) — ((5_0.01)+:01-e9"lx - 0.01) (3.18)

Normally the s/ip ratio Axis evaluated considering the input-drive speed vi and the output load
speed vz2.
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* 7 max(jvq vz (3.19)

In order to define the friction model applied by the wheel, it is necessary to insert as parameters
the normal force F,which acts as load on the wheel and the wheel radius. This value is
calculated considering the configuration of the A320, while the force is calculated considering
the maximum take-off weight unloaded in the main gear (the normal force is equal to the 70 %
of the maximum take-off weight unloaded on the main LG). The selected friction model
considers a rigid friction with slipping, but without sticking. The element mass together with
the rigid friction model shown in Figure 3.38 represent a simple model of the LG; the mass is
equal to the main LG of the A320, while the rigid friction defines the rolling resistance of the
wheels.

Figure 3.38: Internal structure of the disk brake

In order to compare the EHA model with the SHA, some dynamic simulations have been
performed. Figure 3.39 shows the piston stroke of the cylinder, in which the red line is referred
to the SHA response, while the green line is associated to the EHA response. Figure 3.40
instead displays the rotational speed of the element Wheel. In this figure, the EHA output is
represented by the red line, while the green line is the SHA response. The noticeable difference
in the rotational speed of the wheel is obviously linked with the different elements involved in
the two models. In the realization of the SHA, the topic is focused on the development of the
servo-hydraulic mechanism, neglecting therefore some elements. In particular, the pump has
been replaced with a simple pressure source, with a maximum pressure equal to the one defined
in the EHA fixed-displacement pump. In addition, the adoption of two different valve
configurations obviously causes some discrepancies in the dynamic responses. Future detailed
analyses, such as the regression tests mentioned above, and a greater fidelity of the models can
improve the quality of the results.
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Figure 3.39: Piston stroke of the two actuator models
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Figure 3.40: Wheel rotational speed of the brake of the two actuator models
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3.4.5 Formal Requirement Models

Another key point in the system modelling phase is the formalisation of requirements. This
aspect is quite important, since the requirements typically capture the quality of service
conditions that a system should fulfil along its lifecycle.

The traditional approach in industrial applications is still to define requirements in textual form,
using for example Microsoft Word and managed by tools such as DOORS. Recently, formal
approaches to requirements have been developed with the goal to provide representations with
a semantic foundation for modelling system requirements. A typical example is the MODRIO
requirement library %), which is an open Modelica package to formally define requirements
and evaluate them automatically during simulation. Practically, the elements of this library
allow to translate a formal requirement into a simulation model that can be associated and run
with behavioural models.

This allows first of all to develop an automation process to define formal requirements, causing
a considerable saving of time compared to the classic written techniques. In addition, the
reusability of these requirement models makes them particularly suitable in the framework of
test automation-continuous integration principles and in model-based system engineering
approaches. Figures 3.41 and 3.42 show two formal requirement models associated with the
LG, all realized with SimulationX. The first requirement model (defined as MI-5 requirement
number) referred to the Federal Aviation Regulation (FAR) 25.109, 25.735 regulations % is
literally defined as:

“The aircraft shall be able to brake in 600 m (40% of runway) in dry conditions (RTO). Thermal
requirements and tyre integrity do not apply in this situation”.

The second requirement (MI-6 requirement number) taken from the tyre data-book of
Goodyear, *! cites:

“The maximum braking force per wheel shall be 50 kN .
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Figure 3.41: MI-5 landing gear requirement model
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Figure 3.42: MI-6 landing gear requirement model

In both the models, the formal requirement is printed inside an element defined as Check
requirements property. This model monitors its property input and computes its status at the
end of the simulation, which could be:
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» Requirement is Violated, if the signal input is violated at least once;

» Requirement is Untested, if the input is undecided for the complete simulation run;

» Requirement is Satisfied, if the input is satisfied at least once, and is never violated.
Another block that is always present in the requirement models is the Print violated, which
prints a summary of the status of all requirements into a log file in textual format. All the other
elements involved are signal blocks of type Boolean that are used to “create” the formal
requirement model. As outline above, the real importance of develop formal requirements is to
combine and test them with physical models, thus speeding up the verification times. Figure
3.43 shows the MI-6 requirement readjusted for the integration with the EHA model. The first
element referred to the requirement takes as input the braking force computed by the Wheel
and returns a real expression, which is compared with the parameter threshold presents in the
second element of the requirement model. This element simply defines the output “true” if the
input is greater or equal than the threshold, otherwise the output is “false”. In this case, the
threshold is represented by the max braking force per wheel defined in the requirement.
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Figure 3.43: EHA model with the MI-6 landing gear requirement model
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Running the simulation, the result printed in the text file shows that the requirement is violated.
This because the braking force, that is shown in Figure 3.44, remains constant until 6 s, then
decreases to 0 with some oscillations when the wheel is totally braked. Therefore, the

requirement remains satisfied until the force change its value like shown in Figure 3.45, that
represents in percentage the satisfaction of the requirement during the simulation time.

Braking Force

kM =

WheslFi

Figure 3.44: Braking force on the wheel
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Figure 3.45: Requirement satisfaction in percentage

This modelling activity is shown for purpose of illustration and not all the requirements
captured are translated as models. Inside MISSION, there is an activity planned in one work
package on formalising requirements and building an augmented test model (models + test
scenario) to evaluate such formal requirements.
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4. DESIGN OPTIMIZATION

4.1 Generic Optimization Workflow

As already mentioned in the previous sections, one of the main goal of MISSION — and more
in general of Clean Sky 2 projects — is to develop new technologies to make aircraft more
competitive, greener and safer. In this sense, the use of electric technologies such as EHA in
more-electric aircraft may potentially reduce significantly aircraft weight and maintenance
costs eliminating the centralized hydraulic system. For example, A380 saves over 450 kg
introducing two redundancy power-by-wire actuation systems in the FCS 2, Applications of
EHA'’s to aircraft brake are only at early stages of conception and approaches that are described
in this work may help in such studies. Therefore, it is important and interesting to optimize the
actuator performances in the preliminary design phase and then evaluate their impact at aircraft
level. In particular, for an EHA, the key performances can include light-weight, high efficiency,
quick dynamic response and low cost.

The design optimization activities carried out in this work are not focused on optimisation
techniques (for example answering is it optimal in a mathematical sense or which is best
approach to do this optimisation), but rather building the component models which can be used
both in architecture definition, design optimisation and integration. The goal is therefore to
couple performance models, in particular the sizing model realized with the MATLAB scripts
(presented in Section 3.3) with the physics-oriented ones developed with SimulationX (the
various actuator models presented in Section 3.4), to get the best possible design or to explore
design space adequately respecting some performance and non-performance criteria, such as
the mass, the efficiency, the cost and so on. Though the optimization approach described may
appear relatively simple, in reality this involves many stakeholders, multiple iterations and
additional analyses between them. From this point of view, it becomes difficult to associate the
performance models, since they are usually done by separate people, namely system modeller
(or designer) and preliminary system designer. In addition, these models are exploited for
optimization by an expert in optimization techniques, who usually does not have system design
knowledge, but rather focused on numerical aspects of optimization 12!,

In order to have a clearer view how this optimization workflow is carried out, a logical scheme
is presented in Figure 4.1. As first step, all the three persons involved namely, designer,
modeller and optimization expert should be agreed on a typically architecture definition to
develop individual components, defining the optimization problem. Subsequently, the designer
starts to develop for example MATLAB scripts or excel sheets to give a first estimate of
components parameters. Similarly, the modeller with the use of simulation tools creates
dynamic models, which are tested and run with the use of the design parameters estimated by
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the designer. Since the two models are realized in two different environments, not all the
estimate parameters can be associated between the two models. For this reason, a template
called design dependency matrix must be filled together by designer and model developer to
clearly understand the dependency between the models. Finally, the optimization expert
chooses the solver, tool and techniques to generate reduced order models and then performs a
multi-objective optimization analysis (MOO) getting the data from both the performance
models.

Formulation
Decision Variables
Constraints —
Objectives
A 4
.. D d .
Sizing . ipe_n_erfy ____________ > Dynamics
Models ‘\ Models (V'
N
——» Optimization ————

\J

Figure 4.1: Optimization workflow
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4.2  Multi-Objective Optimization Problem

A typical MOO problem can be defined by the subsequent formulations 3.

Minimize/Maximize  f,,(x) m=12,.. M
Subjected to gi(x)=0 j=12,..,] (3.20)
he(x) =0 k=12, .. K

xl.(L) <x; < xi(U) i=12,..,n

with x = (x4, x5, ..., x,) is the vector of the design variables, which are all the system
parameters ranging from a lower L to an upper U limit to find the optimal design. g;(x) and
hy (x) represent instead respectively the constraints of inequality and equality. The solutions
are all which comply with both constraints and variable bounds. In particular, each solution x
is assigned to a vector f, = z = (24, 2y, ..., Z,) describing one point of the M-dimensional
objective space.

Several procedures have been developed to solve a MOO problem. One of the most common
consists to transfer the multi-objective problem into a single-objective one in two ways:
choosing a preferred objective function and introducing the remaining objectives as constraints;
or combining all objectives in a single function using individual weights.

Figure 4.2 shows the flowchart of the MOO procedure. After defining the design variables, the
various inputs and constraints, a sensitivity analysis may be done before optimisation, in order
to assess the impact of the design variables on the objective function. By definition, a sensitivity
analysis is: “the study of how the uncertainty in the output of a model can be apportioned,
qualitatively or quantitatively, to different sources of variation in the input of a model” *¥
(Saltelli et al. 2008). This study is done to analyse the impact (the sensitivity) of the design
variables variation with respect to the results and also which of the design variables have not
appreciable impact on the outcome of simulation. In this way, it is possible before starting the
optimization to discard the design variables not useful for the analysis.
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Figure 4.2: Multi-objective optimization logical flowchart 3!

4.3 Optimization Implementation

4.3.1 Choice of Design Variables and Constraints

The optimization approach where the performance models are integrated to perform the
analysis is made with the use of a tool called OptiSLang **!. The method illustrated in this
thesis is applied to demonstrate the resolution of a typical optimization problem. In particular,
the described problem is single-objective, because it has been considered only one objective
function.

Following the workflow presented in Figure 4.1, the first step consists to define the inputs of
the analysis or rather the design variables and the constraints, according to the system
requirements. In the specific case, the key design drivers of an EHA can be chosen analysing
the brake formal requirements. The first design variable is the piston stroke. This parameter,
being an input of the sizing model explained in Section 3.3, it influences all the geometric
aspects of the cylinder and therefore its configuration and then the maximum actuation force
that it is able to generate. The second variable is about the pump, in particular the pump speed.
This parameter, with the pump displacement, delineates the size of the pump and impacts also
in the electric motor performances (motor torque and speed). The last design variable is the
transmission coefficient Kp between the pump torque and the motor one. This parameter
considers the possible mechanical losses and the friction in the transmission between the two
elements.
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The constraint chosen for the optimization analysis is associated with the maximum motor
power. Since it is proportional both to the motor torque and speed, reducing its value means
limit both. In particular, the motor speed must be maintained under certain values to avoid
mechanical problems on the transmission shaft and losses. Also, the torque, being associated
with the motor saturation current, cannot be too high, in order to avoid Joule losses in the motor
armature.

With the reference of Table 4.1, the ranges of the design variables and the constraint related to
the electric motor power are shown. These values are chosen analysing literature cases 2111401
and system catalogues “7-*¢! In order to protect the data produced internally in UTRC-I and

to respect the ITC policy of the company, the tables above show no-numerical values.

Table 4.1: Design variables and constraint of the optimization problem

DESIGN VARIABLE VALUE UNIT  NSTRAINT  VALUE  UNIT
STROKE \ strky < stroke < strkx  mm MOTOR
PUMPSPEED | Wp1 < WpS Wp2 rpm cower | PmS (PMimac W
TRANSMISSION <K<K y
COEFFICIENT PL= D= w2

4.3.2 Optimization Objective and Case Study

Weight is one of the most crucial aspect in any aerospace system design. Therefore, the
objective function of the optimization is focused to minimize the mass of a single EHA,
obtaining therefore possible weight reduction of the entire brake system and other benefits at
A/C level such as fuel burn, reduction of power consumption and so on.

The optimisation at aircraft level has not been presented in this work, due to the lack of a detail
A/C model. Besides, its integration with the other two performance models would be complex
considering all the variables involved. Some preliminary results at A/C level are therefore
evaluated in the MISSION framework, thanks to the collaboration between UTRC and the
partners.

In this study, the optimization is evaluated for two different cases in order to evaluate and
compare different results:
» Study Case I: the sizing model is the one described in Section 3.3.1 which is
associated to the EHA with the servo-motor model (with the reference on Figure
3.23).
» Study Case 2: the sizing model is the one combined with the similarity-law method
(described in Section 3.3.2) associated to the EHA with the electric motor model
developed with the A-2015 library (with the reference on Figure 3.22).
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Once the dependency between the performance models has been clearly defined, or rather
which are the parameters that are passed and varied at every simulation run, OptiSLang creates
a “template” with the connection between the models. This template, shown in Figure 4.3, is a
kind of black box similar to the partial model described previously, which are filled with the
models illustrated in the two study cases.

Figure 4.3: General template of OptiSLang

At this point, it is possible to start the sensitivity analysis dragging and dropping in the template
a specific item called sensitivity wizard. Depending on the design variables involved and their
ranges, the tool suggests the best method to perform the analysis. In particular, in both the cases
described a method based on Latin Hypercube is applied **.. This mathematical approach is a
stochastic sampling method widely used in Monte Carlo simulation, to generate random
samples of parameter values. By definition, a Latin Square **! is a square grid containing
sample positions, where there is only one sample in each row and each column. A Latin
Hypercube is the generalisation of this concept to an arbitrary number of dimensions, whereby
each sample is the only one in each axis-aligned hyperplane containing it. Given a function of
N variables, the range of each variable is divided into M equally probable intervals; M sample
points are then placed to satisfy the Latin Hypercube requirements. For more detail about the
method, the reader can refer to Iman, R. and Conover W. P2,

In the same way done for the sensitivity analysis, the optimization is exploited dragging and
dropping the optimization wizard. In this case, the applying method for the two study cases is
called Adaptive Response Surface Method “*). This approach is part of the Design of
Experiments (DoE) methods Y used to approximate an unknown polynomial function for
which only a few values are computed. The procedure starts with the realization of a single
DoE scheme as the initial centre point. Based on the approximation of the model responses, the
optimal design is searched within the parameter bounds of the DoE scheme. After the first
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iteration step, a new DoE scheme is built around this optimal design. The scheme is moved,
shrunken or expanded, depending on the distance between the optimal designs of the current
and previous iteration steps. The algorithm converges if the change of the optimal design
position and its objective value between two iteration steps is below a specified tolerance; or if
the DoE is shrunken to a minimum size. More details about the procedure can be found in
Etman L. et al b2,

Finished the whole simulation, OptiSLang creates the complete optimization template that is
shown in Figure 4.4 (the template is the same for both the study cases).

» j ARSM <L F
g %\ j
bR ——
MY_EHASEing.m EH_ModeLizx Poslprac=szng (1)
# Sensitivity ] »
| Tolol
o _,a._ _-.{? i Ty Xz
MY_EHASking.m EHA_Madelisx | —
Ly b <\ by ) 0

Postprocsssing

Figure 4.4: Complete optimization implementation template

In the next paragraphs, the results of the sensitivity and the optimization analysis are presented
for both the study cases.

Study Case 1

One of the relevant outcome of the sensitivity analysis is the correlation matrix that defines the
correlation between the design variables, the objective function and the constraint. This
dependency is evaluated with coefficients called Coefficients of Importance (Col), that quantify
the input variable importance using the Coefficient of Determination (CoD) measure *3, Based
on a polynomial function, the Col of a single variable X; with respect to the response Y is
defined according to Equation 3.20.
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Col(X;,Y) = Colyx, = R} x — R} x; (3.20)

where R?yxis the CoD of the full model and R?yx~s1s the CoD of the reduced model, where all
terms belonging to X;are removed from the polynomial basis. These coefficients represent the

relative amount of variation explained by the approximation given by Montgomery D. and
Runger G B3,

The following diagrams show the Col’s expressed in percentage in order to quantify the design
variables importance. In particular, Figure 4.5 shows the Col’s of the three design variables
chosen in relation to the objective function of the problem (the minimization of the EHA mass).
Figure 4.6 instead displays the Col’s in relation to the constraint (the electric motor power).
From both the diagrams it is possible to notice how the transmission coefficient Kpis the design
variable that affects more both the outputs, despite the Col associated to the pump speed is
lightly high in the outcome related to the constraint.

Linear corretation

INPUT 8 stroke
™
-0.025

2.5

Z

INPUT : speed pump
0.337

ascending order

1.5

2! 1] 0,
Parameter vi. Output: obj_massEHA

Figure 4.5: Col as a function of the objective function (Study Case
1)
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Figure 4.6: Col as a function of the constraint (Study Case 1)

For what concern the optimization results, they are presented in Table 4.2 starting from the
outputs of the sensitivity analysis. The optimal design point shows how the EHA mass is
decreased significantly combined with the values of the decision variables. The values Kpz, wp1
and strk: presented in the table are referred to the lower limit of the variation range of the
design variables (with the reference of Table 4.1). These results from a system point of view
can be considered acceptable, comparing the typical values associated to an EHA findable in
literature “!. However, the results are not yet validated and is being done with the
corresponding business units in future. It must be stressed that the objective is to build candidate
models and tools to perform such design optimisation tasks and not the validation per se.

Table 4.2: Optimization results of the Study Case 1

Best Design

Mega — _15,05 % - Wy = Wp1
stroke= strik,
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Study Case 2

Also for this study case, the diagrams referred to the Col’s are presented: Figure 4.7 shows the
relation between the Col’s and the objective function; Figure 4.8 displays the Col’s in relation
to the constraint. The sensitivity analysis outcomes show again that K is the dominant variable
on the responses. The only difference is associated with the Col of the pump speed that results
minor on the output response of the objective function, then the value shown on the Study Case
1.

TEUT |
145

Figure 4.7: Col as a function of the objective function (Study
Case 2)
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Figure 4.8: Col as a function of the constraint (Study Case 2)

Table 4.3, referred to the optimal design point of this study case, shows differences on the
optimization results compared to the previous optimization analysis. The similarity laws
adopted to size the motor cause an initial increase on the EHA mass, as shown in Table 3.3.
Nevertheless, the optimal design point presented in Table 4.3 shows that the mass is decreased
less than in the Study Case 1. For what concern the design variables, the optimization analysis
indicates that the stroke and the transmission coefficient are optimized on the same values for
both the cases, while the pump speed is increased around 40 % (respect to the upper limit). This
because the pump is characterized by a greater displacement and a greater speed, being powered
by an electric motor that results lightly oversized using the similarity laws.

Table 4.3: Optimization results of the Study Case 2

Best Design

Mgpga = _9,36 %

stroke= strk;

Although this optimization approach is limited only on mass and performances, it could be well
extended to other domains such as thermal analysis, manufacturing, cost, reliability and so on.
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5. CONCLUSIONS AND FUTURE WORK

This thesis proposed a multidisciplinary framework for landing gear brake actuation design as
part of landing system design and integration activities in the MISSION project. Sizing and
physic-based models of electro-hydrostatic actuator and servo-hydraulic actuator for the
aircraft brake systems have been developed, in order to analyze a sizing, evaluation and
optimization workflow carried out in MISSION. Once the estimation models have been
developed and obtained the sizing parameters of the actuator components, several modeling
and simulation activities has been performed to evaluate the possible uses of these new
actuation devices in new generation aircraft. A design optimization analysis has also been
executed to analyze some actuator performances.

The results presented with this work demonstrated that the model library is suitable for
exploration and evaluation purposes, in support of the design of novel improved actuation
solutions. In particular, this work is partially done with some preliminary results that are
presented in some deliverables of MISSION project.

In addition, these models can also be integrated at aircraft level to emulate the typical
interaction between airframers (who build the aircraft model) and system suppliers (who build
the system model) in the design process. In this way, it is possible to evaluate the effects of the
integrated systems on different A/C metrics such as the power consumption, the fuel burn, the
number of missions. For more details on this study, the reader can refer to the public available
work presented by Cimmino N. et al %),

It has been analyzed how the use of sizing models can support the preliminary design process,
when high fidelity parameters are not available. It has also been shown how the use of an a-
causal modeling language (Modelica) and the development of reusable component libraries and
partial models are particularly helpful for physics-based modeling activities. Moreover, thanks
to the adoption of open interfaces, it is possible to easily exchange models between different
tools with the use of FMI standards.

In addition, it has been demonstrated that the optimization analysis gives the optimal design
point associated to the EHA mass. Based on the chosen design variables, an effective reduction
in the weight of the actuator has been obtained.

Potential areas for future research related to this work could include:

» The application of multi-objective optimization problems with the prediction of
cost, efficiency and other dynamic performances of the EHA.

» The improvement of the fidelity of the models considering, for example, thermal
and electrical losses. In this way, these models could feed the various aircraft
platforms, especially improving the analysis related to the power platform 24-126!
and the thermal one.

» The development of control design systems applicable to the realized models to

increase the quality of the dynamic results in the simulations.
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