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Abstract

Flight control actuation systems (FCASs) have a considerable impact on aircraft design as

they alter the geometrical definition of the wings and the tail. It is therefore necessary

to integrate them into the aircraft multidisciplinary design optimization (MDO) process.

In this work, an FCASs space envelope prediction tool was developed and integrated in

an industrial MDO environment at the conceptual design phase. The tool uses control

surfaces physical properties, including aerodynamic hinge moment and horn radius, with

the addition of a knowledge-based statistical method constructed using embedded aircraft

data to size primary and secondary FCASs. A business jet test case was considered. The

aircraft is optimized with and without FCASs space envelope constraints to demonstrate the

impact on optimal aircraft design. MDO results were obtained for different values of the

FCASs space envelope constraints to perform sensitivity analysis of the MDO objective. An

additional investigation was conducted to assess the potential of generating MDO results

using Machine Learning models with validation sets given by previous experimental results.
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Abrégé

Les systèmes d’actionnement des commandes de vol (FCAS) ont un impact considérable

sur la conception des aéronefs car ils modifient la définition géométrique des ailes et de la

queue. Dans ce travail, un outil de prédiction d’enveloppe spatiale FCAS a été développé

et intégré dans un environnement MDO industriel lors de la phase de conception. L’outil

utilise les propriétés physiques des surfaces de contrôle, y compris le moment de charnière

aérodynamique et le rayon du cornet, avec l’ajout d’une méthode statistique basée sur la

connaissance construite à l’aide de données d’avion embarquées pour dimensionner les

FCAS primaires et secondaires. Un cas d’essai d’avion d’affaires a été envisagé. L’avion est

optimisé avec et sans contraintes d’enveloppe spatiale FCAS pour démontrer l’impact sur

la conception optimale de l’avion. Les résultats MDO ont été obtenus pour différentes

valeurs des contraintes d’enveloppe spatiale FCAS afin d’effectuer une analyse de sensibilité

de l’objectif MDO. Une enquête supplémentaire a été menée pour évaluer le potentiel de

génération de résultats MDO à l’aide de modèles d’apprentissage automatique avec des

ensembles de validation donnés par des résultats expérimentaux antérieurs.
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Chapter 1

Introduction

1.1 Background and Motivation

Modern aircraft conceptual design involves simultaneous consideration of multiple

interacting discipline. Variables are often shared by more than one disciplines and outputs

of one discipline often flow into another as inputs. This feedback loop leads to the

formulation of multidisciplinary design optimization (MDO) problems. Typical disciplines

considered in an aircraft conceptual MDO (CMDO) problem include aerodynamics, weights

and balance, production cost, stability and control, propulsion, and more. Aircraft CMDO

allows designers to maintain a comprehensive perspective of the aircraft design during the

conceptual phase to avoid the view being dominated by one discipline only (Figure 1.1).
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Figure 1.1: Example of perspective depending on their area of responsibility, adapted
from [1]

The significance of aircraft conceptual design, in comparison with later product

development phases, lies in the ease of change in design and relatively low cost in doing so

(Figure 1.2). It is therefore important to increase the maturity of the product during

conceptual design in order to mitigate the risk of re-design in later phases, which incurs

higher level of cost and consumption of human resources. In the context of CMDO, one of

the approaches in pursuit of such goal is to include additional disciplinary considerations

and constraints to generate more conservative optimal design.

Fight control actuation systems (FCASs) become candidates to be included in aircraft

CMDO due to the significant impact of FCASs installation on aircraft wing and tail design

and aircraft weight. The FCASs studied in this work include flap systems, slat systems,
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Figure 1.2: Demonstration of relatively low cost incurred during conceptual design, adapted
from [2]

spoiler systems, and primary flight control (PFC) systems. This research focuses on the

space envelope occupied by FCASs and the related system integration constraints required

to be added to the existing CMDO environment. The existing CMDO environment is built

using the Dassault Systemes Isight [8] software and already includes several disciplinary

models.

1.2 Research Objectives

The objectives of this research are listed as below:

• Develop and automate a set of FCASs space envelope sizing methods that take aircraft-

and system-level inputs within CMDO environment.

• Integrate FCASs installation physical constraints into existing CMDO environment
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and achieve more mature product definition in early design stage.

• Assess the sensitivity of aircraft CMDO objective function to the changes in FCASs

installation physical constraints.

1.3 Thesis Organization

The thesis is organized as follows. Chapter 2 presents a literature review on aircraft MDO

research development with focus on disciplines that had been considered and the modelling

methodology for modern flight control actuators and actuation systems. Chapter 3 details

the FCASs modelling approach developed in this work, with purpose of space envelope

sizing. The CMDO environment is introduced in Chapter 4, including the existing

disciplinary models, the optimization algorithm, and the additional constraints introduced

by the integration of FCASs sizing module in the CMDO framework. Chapter 5 presents

the setup and results of numerical experiments to discuss the impact of FCASs integration

on aircraft design and weight. The thesis concludes with a summary on achievements and

limitations as well as suggestions for future work in Chapter 6.
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Chapter 2

Literature Review

2.1 Aircraft MDO Considering Existing and New

Disciplines

In early initiatives, the main objective of aircraft multi-disciplinary design optimization was

to develop more efficient wing planform designs via the coupling of high-fidelity, multi-

physics models focusing mainly on aerostructural domain [9–13]. While the capabilities

of high-fidelity aerostructural optimization continue to improve [14–17], aircraft MDO has

now reached widespread application in industrial environments, including the conceptual,

preliminary, detailed design phases [18]. The deployment of a multi-level MDO framework

in line with the aircraft design stages in an industrial environment is presented in [19]. It

introduces disciplinary models used in a typical CMDO problem: a quasi-3D aerodynamics
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model, knowledge-based weight prediction, and fixed-architecture scaled engine model. Tools

of relatively higher fidelity are also used in aircraft CMDO work, including surrogate models

built using data generated from high-fidelity simulations [20, 21]. In general, the objective

and deliverable of aircraft CMDO is to explore design space and establish a baseline reference

configuration in a time efficient manner, and therefore simulation fidelity is traded for number

of disciplines and design variables included considering limited computational budgets.

The most commonly seen disciplines in an aircraft MDO problem include aerodynamics,

the estimation of weight and structural response, and propulsion. Empirical (knowledge)

and panel methods-based predictions are typically used as low-fidelity aerodynamic models

[22–24], while some frameworks use computational fluid dynamics (CFD)-based aerodynamic

models [16, 25, 26]. Similarly, weight and balance estimation within an MDO environment

can be conducted through low-fidelity analysis [22,23,27] or high-fidelity models augmented

by structural analysis [28]. The analysis of structures is typically only included in detailed

design stages where increased fidelity is required [19]; therefore, the structural models seen

in an aircraft MDO work are usually based on global or detailed finite element analysis

(FEA) [25, 26, 28–30]. To this date, the finite-element based structural analyses are solely

focused on the wing [30], and their main advantage within a MDO framework is that they can

be used either to directly calculate the structural strength [30] or to provide additional data

for further static as well as dynamic aeroelastic computations [31]. Finally, propulsion models

can be built using statistical and empirical approximations [32] or supplier data [19]. The
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“rubberized” engines as low fidelity models can also be built using engine scaling factors [33].

For higher fidelity level optimizations, a real engine model built with full or partial engine

simulation is typically used [34–36]. Apart from above mentioned disciplines, there exists

a set of supplementary models that are identified as common. They are typically used

as support elements to enhance and complement the calculations within the optimization

loop. One example of this that can be seen in most MDO frameworks is a stability and

control (trim) model. A simple way to achieve trimmed state is through iterations of control

surfaces parameters [23,37], and stability can be empirically evaluated on the basis of stability

derivatives [38] or static margin [27,39]. Secondly, with weight, propulsion and aerodynamic

becoming available, a mission performance discipline can be evaluated. With a specified

set of steps to accomplish mission, the required energy to fly each segment is calculated

analytically [27,40,41] or through numerical simulations [22,42].

The scope of aircraft MDO has also expanded over time to include an alternative set of

disciplines. The environmental performance discipline has drawn interest in recent

developments. An aerial vehicle impacts the environment in two ways: Emission of harmful

gases through fuel burn [27, 35, 36, 43, 44] and generation of noise by engine and airframe

while on ground [25, 44–46], especially for the design cases of supersonic jets [28, 43, 47–49].

The common quantification approach for noise propagation is through analytical

calculation [43], while for emission calculation is through empirical equations [27, 43] and

advanced finite element methods [28, 47, 48]. One advantage of environmental performance
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consideration is to help engineers determine if a given design satisfies airport and

community regulations regarding noise and emission. Another discipline that is seldom

considered in MDO is aircraft subsystem simulations, which typically includes

hydraulics [50], environmental control [33, 51, 52], and fuel supply [52]. Consideration of

such discipline not only introduces necessary additional system weight to be included, but

also models the interaction between systems. For example, the degradation of engine

performance due to air bleeding requirements of environmental control system [33]. Further

beneficial additions includes economics discipline to estimate the R&D, production, and

operation costs [27, 35, 53, 54] and bridge the gap between technical and financial

disciplines, landing gear integration module to consider related physical constraints [55,56],

and electromagnetics to quantify the airframe radar signature for military projects’

purposes [57,58].

2.2 Modelling of Flight Control Actuation System

Over the decades, the industry has been trending towards more electric aircraft design with

with fly-by-wire flight control configuration. While some research topics remains open,

including design of hybrid gas–electric propulsion aircraft [59], electric taxi capability

without the use of tug vehicle [60], application of fuel cell in replacement of turbines [61],

and improvement of electric power distribution performance to decrease necessary system

redundancies [62], the modelling and sizing of more-electric FCASs has gained certain level
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of maturity. Diaz et al. developed a sizing workflow for electro-hydrostatic actuators

(EHSAs) and electro-mechanical actuators (EMAs), both commonly-seen in fly-by-wire

architecture [63, 64]. The sizing is performed through a mixture of physics-based and

knowledge-based methods, using the aerodynamic force that the (equivalent) actuator

cylinder is subject to as main input. The work then extends to the development of

CATIA-based parametric models for EHSAs and EMAs using output from the sizing model

to perform rapid 3D modelling. Using a similar approach, more functionalities can be

added to an actuator envelope sizing model. Weight prediction for EHSAs can also be done

using statistical-based estimation [65–67]; power consumption prediction is conducted with

additional flight condition input [52].

From a systems engineering (SE) perspective, the modelling of electric FCASs has been

considered in the literature. Fu et al. developed SE approaches for EMA based FCAS model

architecting and multi-purpose incremental modelling [68]. An aileron actuation system case

study is used to illustrate the approach, including energy consumption, thermal analysis, and

fault response. Di Rito et al. developed object-oriented modelling and sizing approaches

in Modelica-Dymola environment for both more electric FCASs and conventional hydro-

mechanical FCASs [69]. Performance comparison is then performed and the superiority of

the EMA based FCAS is demonstrated in terms of energy savings.

This thesis contributes to the above mentioned SE domain by developing a comprehensive

sizing framework for all primary and secondary FCASs with an electric or a hydro-mechanical
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architecture. Moreover, a study that integrates physical flight control actuation system

constraints into aircraft MDO at the conceptual design stage has not been conducted yet to

the best of our knowledge.
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Chapter 3

FCASs Space Envelope Prediction

Models

Modelling efforts for this work aimed at developing physics- and knowledge-based models

to estimate FCASs system envelope during the conceptual design phase. Depending on the

flight control system of interest, the FCASs system envelope can include primary control unit

(PCU), actuator box, track, carriage, and/or hinge arm. In this section, the architecture of

modelling and space envelope estimation approach for each considered flight control system

is described. The models are built using C++ and integrated into the Isight framework of the

existing MDO environment as an executable file. The work is built on the basis of existing

knowledge-based sizing methods for spoilers.

For all flight control systems, the approach starts with the calculation of aerodynamic
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hinge moment (MH), or aerodynamic load

MH = Acs · Ccs · ρ

2v2 · (chα · α + chδ · δ), (3.1)

where Acs and Ccs are area and average chord of control surface, ρ is air density, v is

aircraft speed, chα is hinge moment coefficient related to angle of attack, chδ is hinge moment

coefficient related to control surface deflection, α is angle of attack and δ is control surface

deflection [4]. The aerodynamic load on FCASs is assumed to be highly correlated with

FCASs dimensions, neglecting control surface inertia since it is relatively small. During

the early design phase, It is desired to reduce the number of flight conditions dependent

variables as they are not available without performing real-time flight dynamics analysis in

later development phase; therefore, estimation equations for aerodynamic load are sought to

eliminate the presence of dynamic pressure (ρ
2v2) and hinge moment coefficient (chα · α +

chδ · δ). The reformulation of Equation 3.1 for each different flight control system will be

introduced in the following sections.

3.1 System Envelope Sizing Method for Flaps

Space envelope estimation for flaps actuation system was separated between different flap

deployment mechanisms. Two commonly seen mechanisms are considered in this work:

Fowler types and dropped hinge types.
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3.1.1 Fowler Type Flap System

Fowler type works by extending flaps out on rails or tracks. The system is composed of

carriages, tracks, and actuators, as shown in Figure 3.1.

Figure 3.1: Components of Fowler type flap system, adapted from [3]

In order to size the actuator box and carriages, an estimated hinge moment is required

as mentioned in Section 3. For flap systems, the equation becomes

MH = Acs · Ccs · V 2
fe · δmax, (3.2)

where Vfe is the maximum aircraft velocity with flaps fully extended, and δmax is the

corresponding flap deflection. All required inputs in Equation 3.2 can be supplied by 1)

aerodynamic and wing design analysis, which also determines position of flap panels, 2)

performance, stability and control analysis, and 3) fixed design choice, including number of
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flap panels.

The space envelope of carriages and actuation box is assumed to be directly correlated

with aerodynamic hinge moment. As shown in Fig. 3.2, the data are known from existing

aircraft, and prediction can be done using the correlation a linear model.

Figure 3.2: Example of correlation analysis for carriage length sizing based on different
types/configurations of aircraft

Track space envelope for Fowler type flaps can be more accurately estimated by looking

at geometry and kinematics of deployment. Flap track is attached to the rear spar, and

extends depending on the distance travelled by the flap from zero to full deployment. The
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flap track length and height envelope considering track deployment motion is shown in Fig.

3.3.

Figure 3.3: Illustration of fowler type flap track envelope length and height, adapted
from [3]

In Figure 3.3, DRS FLE is the distance between rear spar and flap leading edge at retracted

position, DFLE TES is the distance between flap leading edge and wing trailing edge shroud.

The flap track envelope length and height are then

LtrackF = DRS FLE + DFLE TES + LcarriageF cos δmax (3.3)

and

HtrackF = LtrackF tan δmax. (3.4)

The track envelope width is estimated using correlation with aerodynamic hinge moment
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as in Fig. 3.2. Another output of interest for flap systems is the flap track fairing wetted

area. Intuitively, this can be correlated with enclosed area of track space envelope, which is

calculated using track space envelope length, width and height. To summarize, the sizing

flowchart for Fowler types flap system is shown in Fig. 3.4.

Figure 3.4: High-level diagram of Fowler type flap system sizing method
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3.1.2 Dropped Hinge Type Flap System

The dropped hinge flap is characterized by a simple mechanism of a flap connected to a fixed

hinge and pure rotational movement. Flap supports for this type consist of a hinge arm that

is attached to the rear spar, a support link between the arm and the flap, and a hydraulic

actuator. Fig. 3.5 shows the sketch and components of a typical dropped hinge type flap

system.

Figure 3.5: Components of dropped hinge type flap system, adapted from [3]

Since the hinge arm is the only mechanism connected to rear spar (and therefore

interacting with wing design and the general aircraft design process), only the space

envelope of the hinge arm is considered in the sizing process.
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The aerodynamic hinge moment calculation is similar to that for Fowler type flaps as

Equation 3.2, and hinge arm envelope height can be predicted by determining its correlation

with hinge moment. Since the hinge arm is fixed and incapable of performing any motion

(rotary motion is done by flap support for deployment), its envelope length is simply the

distance between the leading edge of a retracted flap and the rear spar. For the width

envelope, a correlation with flap panel area is sought due to the lower R2 value found

comparing to that with hinge moment. The dropped hinge flap fairing wetted area can

then be predicted with obtained hinge arm space envelope enclosed area, similarly to the

procedure outlined in Section 3.1.1.
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Figure 3.6: High-level diagram of dropped hinge type flap system sizing method

3.2 System Envelope Sizing Method for Slats

Based on the differences in deployment mechanism, slat actuation systems can be separated

into linear type and rotary type. In this work, only rotary type actuators (or two-position

actuator) are considered since this is the type that will be widely used on modern and future

aircraft [4]. The rotary type actuator works by transferring the rotary motion of drive shaft

to an attached track that is connected to the slat panel in order to control the position of
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slats. A schematic of the slat system is shown in Fig. 3.7. Space envelope parameters of

interests are identified considering wing thickness constraints on slat system integration: The

first constraint is the actuator envelope diameter (dactS) in addition to the track thickness

(TtrackS) should be enclosed by height of front spar, and the second constraint is the retracted

track space envelope (LtrackS and HtrackS) should be enclosed by the airfoil.

Figure 3.7: Slat system schematic and space envelope parameters of interests, adapted
from [4]

The hinge moment for slats system can be calculated using Equation 3.2; it can then be

used to correlate with dactS. The slat system track length (LtrackS) is defined as the chordwise

movement of the track aft of the front spar. Therefore, its length is equal to the movement of

the slat in chordwise direction, which can be estimated using the slat chord (Cslat) and wing

under slat surface (WUSS) chord (CWUSS) as defined in Fig. 3.8. Specifically, considering the

deployment kinematics of a typical rotary slat system, the track envelope length is calculated
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by

LtrackS = (Cslat − CWUSS) cos δmax . (3.5)

Figure 3.8: Definition of slat chord, WUSS chord, and hinge radius, adapted from [4]

The slat chord and WUSS chord are input to the sizing method, and are expressed

as ratio to wing chord at specific airfoil station (slat panel station). The WUSS chord is

determined from aircraft anti-icing requirements within aircraft performance module in the

existing CMDO framework.

The hinge point is defined as the point where the rotary motion of slat deployment is

taken about, and is assumed to be below the front spar for simplicity reason. From Fig. 3.8,
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it can be inferred that the hinge radius (rhinge) depends on the required chordwise motion

of the slat, which is the track envelope length as previously determined, and maximum

deployment angle. After trial and error, the correlation with least R2 is found to be

rhinge ∝ LtrackS
δmax

.

A correlation has also been found between the track height and the estimated slat travel,

HtrackS ∝ rhinge δmax .

A reasonable engineering intuition is to relate track thickness to slats system structural

strength, which is then demanded by the aerodynamic load that slat panel is subject to. After

experiments with existing aircraft database, it is found that a correlation between thickness

and slat panel area yields highest accuracy. Therefore, track thickness, envelope height, and

length can now be predicted in a similar manner as in Fig. 3.2. Since the retracted slat

system is fully enclosed within airfoil and therefore eliminate the design of fairing like in

flap system, sizing of track envelope width becomes unmotivated as its purpose is for fairing

wetted area calculation.
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Figure 3.9: High-level diagram of slat system sizing method

3.3 System Envelope Sizing Method for Spoilers

The first step towards method development is to investigate different types of spoiler

actuation system mounting. Four main types are identified as shown in Fig. 3.10. Amongst

the identified mounting types only pin-to-pin and trunion mounts are used in spoiler

actuation systems of the considered aircraft database. The trunion mount is the only type

included in this work since it requires less space than pin-to-pin and and it is the mounting
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type used mostly in the aircraft database. In addition, since commonality between each

type of spoiler has been a common practice in this system’s design [70], a common

actuation system is assumed for multi-function spoilers (MFS) and for ground spoilers

(GS). An example of actuator space envelope definition is shown in Fig. 3.11. ODSP and

IDSP are outer and inner diameter of spoiler actuator cylinder, respectively. The space

envelope of spoiler FCAS is described by actuator length LactSP, height HactSP, and width

WactSP.

Figure 3.10: Different types of spoiler actuator mountings
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Figure 3.11: Example of space envelope definition for a common spoiler actuator

The first part of the sizing process is to determine the hinge moment from the spoiler

control surface. Equation 3.2 can be used to estimate the MFS hinge moment. For ground

spoilers, due to the difference in working condition, the V 2
fe term is replaced by aircraft

reference approach speed (V 2
ref), which is an aircraft-level design specification. The next

step in this sizing process is to estimate the horn radius (rhorn), which is the moment arm

associated with hinge moment. Estimation of horn radius requires a detailed definition of

spoilers and flaps’ installation, since they are both installed aft of rear spar. As shown in
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Fig. 3.12, the horn radius can be calculated by

rhorn = TW@HL − TF@HL − DHL uOML , (3.6)

where TW@HL and TF@HL are wing and flap thickness at hinge line, respectively. The

Figure 3.12: System installation schematic for horn radius estimation

distance from the hinge line to the upper outer mold line (OML) DHL uOML is approximated

as 0.9” from observation of aircraft data in this work. At this stage, the aerodynamic load

on spoiler actuator (Faero) can be obtained as

Faero =
MH
rhorn

fsafety, (3.7)

where fsafety is a safety margin selected to be 1.2 after consultation with industrial specialists.

The actuator load is the driving factor for the piston area and therefore the inner diameter

of the actuator cylinder (as shown in Fig. 3.11). As a result, the cylinder inner diameter

can be approximated using its correlation with actuator load. The outer diameter can then
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be obtained by finding an average ratio between inner and outer diameters from aircraft

database using the proportionality relations

IDSP ∝ Faero and

ODSP ∝ IDSP .

Finally, the cylinder outer diameter is used to predict the spoiler actuation system

envelope using the proportionality relations

LactSP, HactSP, WactSP ∝ ODSP .

The envelope prediction method for the spoiler system is summarized in Fig. 3.13.
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Figure 3.13: High-level diagram of spoiler system sizing method

3.4 System Envelope Sizing Method for Primary

Flight Controls

The sizing methods for actuation systems of primary flight controls (PFC), namely rudder,

elevator, and aileron, are considered as an ensemble. This is because primary control

actuation systems share similarities in
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• Deployment mechanism: The actuators, or primary control units (PCUs) for primary

flight controls in the scope of this work are all of linear type, which works by linearly

moving the hydraulic piston - cylinder rod - lever arm assembly to realize control

surface deployment motion. Contrary to linear actuator is rotary vane actuator, which

is much less commonly seen in current flight control actuation designs. A graphic

illustration for both actuator types is provided in Fig. 3.14.

• System installation: All actuation systems are installed in trailing edge portion of the

wing, due to the working nature of primary flight control surfaces; primary flight control

PCUs are all installed in between rear and front spar for all aircraft configurations

considered in this work. Finally, all aileron are designed without fairings (unlike flaps),

which results in a similar process as that for the design of the elevator and the rudder.

Figure 3.14: Example of linear and rotary vane actuators for primary flight controls [5]
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Apart from these similarities, the PCU box of primary flight controls can be classified

based on the difference in aircraft control configuration: Hydro-mechanical actuators

(HMAs) for conventional fly-by-cable aircraft, and electrohydrostatic actuators (EHSAs)

for more electric fly-by-wire aircraft. An HMA PCU box generally occupies a larger

envelope than that of EHSA, due to the extra weight and volume of steel cables. However,

the diameter of EHSA hydraulic rod is larger due to the existence of a linear variable

differential transformer (LVDT), which is an electrically powered transformer used for

measuring linear displacement that is installed inside the inner hollow part of EHSA

hydraulic rod [71].

A schematic for the actuation system configuration of interest in this work is shown in

Fig. 3.15. The diagram is simplified and does not contain detailed components of EHSA

or HMA actuators. The envelope parameters of interests include height, length, and width,

while the spanwise parameter is not shown on the diagram.

Figure 3.15: PFC system schematic and space envelope parameters of interests
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To estimate the hinge moment for PFC surface, Equation 3.2 is reformulated as:

MH = Acs · Ccs · M2
OM , (3.8)

where MOM is the aircraft maximum operating mach number. This formulation eliminates

the usage of δmax and is empirically found be to be more accurate than Equation 3.2 for a

PFC system.

Another important intermediate parameter is the horn radius (rhorn), which is the lever

arm between the control surface pivot point (hinge point) and the hydraulic cylinder rod. To

achieve a design without blister or fairing, the horn radius has to be constrained by the rear

spar height. Through analysis of aircraft database, a linear correlation between the horn

radius and the rear spar height has been found for the aileron and the elevator. Since the

rudder system’s hinge point is centered on the control surface cross section instead of close

to the upper surface as in Fig. 3.15, a separate correlation formulation with rear spar height

for rudder is established to yield a lower estimation of horn radius.

With the hinge moment and the horn radius calculated, the actuator aerodynamic load

can now be obtained using Equation 3.7. The required piston area can then be obtained as

Apiston =
Faero

Psystem − Preturn
, (3.9)

where Psystem = 3000 psi and Preturn = 160 psi based on the input from an aircraft

manufacturer. The obtained piston area can be used to calculate the diameter of the piston

cylinder. The cylinder is a hollow design for weight saving purpose, and its inner diameter
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can be calculated by

IDPFC =
√

π

4 · Apiston + d2
rod , (3.10)

where drod is the diameter of the rod connected to the piston cylinder. An empirical approach

can be applied to correlate the cylinder outer diameter (ODPFC) to cylinder inner diameter

(IDPFC) using aircraft database. In this case the relationship found is

ODPFC = 1.5 · IDPFC . (3.11)

The rod is also of hollow design for EHSA, in order for the LVDT to be installed as

previously mentioned. The required cross sectional area is defined through stress analysis

(tensional stress and buckling analysis), which results in the required stress (σreq) that the

rod is anticipated to be subject to. The expression of rod diameter can then be analytically

obtained by

drod =

√√√√π

4 · Faero
σreq

+ D2
LVDT , (3.12)

where Faero is evaluated using Equation 3.7. DLVDT is the inner diameter of the rod cross

section equals to 0.75”. In the case of HMA, the rod is solid and thus DLVDT = 0. For the

conceptual design phase, the required stress on PCU rod (σreq) is given by the structure team

as a fixed value (31000 lb/in2 for HMA, 24600 lb/in2 for EHSA), instead of being computed.

The piston cylinder outer diameter can be determined using Equations 3.11, 3.10, and

3.12. The PCU space envelope height is found to be highly correlated with cylinder outer

diameter through aircraft database analysis.

Due to the working mechanism of the linear actuator, the PCU envelope length depends
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on the required piston stroke, which is a function of the total control surface travel and the

horn radius. It would be intuitive to use the piston cylinder length as a driving factor to size

envelope length, but due to the lack of cylinder length data in the gathered aircraft drawing

database such a correlation is not considered here. Nevertheless, the following correlation

yields adequate estimation from a statistical point of view (relatively low R2 value):

LPCU ∝ δmax rhorn ,

where δmax is the total control surface travel.

The sizing method for PCU envelope width is separated between HMA and EHSA, due

to their work load difference as mentioned previously in this section. As the case of flaps,

spanwise parameters are generally estimated using the correlation with aerodynamic load.

For primary flight controls the correlation with actuator load yields better accuracy:

WPCU ∝ Faero .

Correlation formulation for HMA and EHSA systems are developed separately. Fig.

3.16 provides a schematic of the developed primary flight control system envelope prediction

method.
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Figure 3.16: High level diagram of primary flight control system sizing method
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3.5 Model Validation and Uncertainty Quantification

Although accuracy is considered mainly during the prediction model development process, a

comprehensive method validation for all flight control actuation systems is considered after

the models are developed. The aircraft database included in this work contains reference

parameters (intermediate parameters and space envelope parameters; availability of these

parameters varies for each aircraft in the database), and can be used to compare against

estimated parameters from the models. In case the mean error is high (>20%), a correction

factor is manually added to the calculation of the corresponding parameter. The value of

the correction factor is determined by the average of Estimated parameter value
Reference parameter value . An example

of such validation applying to hinge moment estimation of primary flight control system is

shown in Fig. 3.17. It is noted that the PFC hinge moment estimation is less accurate for

rudder systems, which is discussed further in Section 6.

Due to the estimation nature of the model, uncertainty exists. From a systems integration

point of view, it is of interest to investigate the influence of uncertainties on the final predicted

space envelope results in order to obtain the required design margin during the early design

stage. The first step is to identify the parameters with uncertainty. Since most procedures

of the prediction methods are uncertain and since that uncertainty propagates through the

prediction process, it is more efficient to consider only low-level parameters as random. In

the example case of aileron (primary flight control system), the assumed random variables

are aerodynamic hinge moment and horn radius. In addition, an intermediate parameter,
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rod diameter, is included due to its high level of uncertainty.

Figure 3.17: Example of determining correction factor value for PFC hinge moment
estimation

The next step is to model the identified random variables. Considering the amount of data

provided in the database, it is more realistic to assume linear (triangular) distributions for

the random variables, with mean, lower and upper limits of error calculated at the validation

step. Random variable modelling is shown graphically in Fig. 3.18.

Monte-Carlo simulation is conducted to obtain system envelope distributions for a given

set of inputs. The results are presented in Fig. 3.19 for the example case of aileron PCU

envelope height estimation. The useful lessons obtained by these results include:

• For a high level of confidence, the range of predicted result will fall between 6.33” and
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6.54” for the aileron PCU envelope height.

• The value of the system space envelope is highly unlikely to exceed 6.62” of aileron

PCU envelope height.

• The likelihood to raise a flag during system integration is not large. For example, with

a sparwise space constraint considering margin to be 6.55”, the probability of aileron

PCU sparwise integration failure is 8%.

In general, the results of this uncertainty quantification make the prediction model more

robust in supporting decision making process during the conceptual design phase.
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Figure 3.18: Random variable modelling for Aileron actuation system space envelope
estimation

Figure 3.19: Monte-Carlo simulation of aileron PCU envelope height distribution
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Chapter 4

Aircraft CMDO Workflow Overview

4.1 Aircraft CMDO Environment and Architecture

The developed FCAS space envelope prediction models are integrated in an existing CMDO

framework, which is a monolithic multidisciplinary design feasible (MDF) architecture shown

in Fig. 4.1. The CMDO framework is implemented as a workflow in Isight [72]. Isight

is a tool-integration, design-optimization software developed and distributed by Dassault

Systems. The objective of the MDO problem is to minimize the maximum take-off weight

(MTOW) of the aircraft (under a fixed payload, this is equivalent to minimizing aircraft

structural weight), since it serves as a proxy of several disciplines including cost and climate

impact through fuel burn. For this reason, an economics discipline is not included in this

study. Note that aircraft structural strength analysis is not included at the low-fidelity
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CMDO stage; a fixed wing airfoil geometry is used throughout the aerodynamic module

(airfoil shape optimization is not considered in CMDO).

The constraints of the MDO problem include

• Aircraft performance requirements: balanced field length, maximum range, initial

cruise altitude, approach speed, etc. This is discussed in [73–75].

• Stability and control requirements: center of gravity (CoG) limits, static margins about

Fwd/Mid/Aft CoG during cruise, climb and approach. This is discussed in [76].

• Landing gear integration requirements: landing gear geometrical constraints

considering retraction kinematics, ground handling constraints. This is discussed

in [55,56].

• FCASs integration requirements: FCASs envelope geometrical constraints obtained

after post-processing of FCASs sizing model output. This will be further discussed in

Section 4.3.

The design variables of the MDO problem include

• Wing-related: area, taper ratio, thickness, sweep, span.

• FCASs-related: number of actuators, number of control surfaces and panels, PCU

technology, system deployment mechanism.

• Engine-related: engine scaling factor.
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In this study the engine scaling factor was kept constant. Such an assumption is common

in aircraft conceptual design due to the presence of a pre-existing engine platform. FCASs

variables are also fixed since these are assumed as pre-defined engineering choices.

Figure 4.1: Schematic of aircraft MDO problem with integration of FCASs sizing discipline

The variables linking disciplines include:
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• Subsystems weight (structure, fuel, aircraft systems, wing, engine, miscellaneous)

• Engine characteristics (bleed characteristics, fuel consumption, power rating)

• Wing and tail planform (control surfaces’ and panels’ surface area and chord length)

• Wing and tail structure (FCASs’ and control surfaces’ spanwise and chordwise location,

control surfaces’ and panels’ thickness, spars’ location and length)

• Aerodynamics parameters (drag, lift, buffet, aerodynamic coefficients)

• High lift system parameters (control surfaces’ total travel, panels’ maximum

deflection.)

The optimizer of the MDO formulation in Isight calls different disciplines using a

sequential approach. The sequence definition of discipline evaluation is shown in Fig. 4.2.

The FCAS sizing module is added to the end of existing sequence since it requires input

from multiple modules.

Figure 4.2: Sequence of discipline evaluation within current MDO formulation with chosen
sequence addition of FCASs Sizing
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4.2 Aircraft CMDO Optimizer

In this study, a constrained Bayesian optimization (CBO) framework is used to solve the

MDO problem [6]. The CBO framework is a form of surrogate-based optimization, which uses

surrogate model (Kriging for CBO) to compute objective and constraint function values [77].

A schematic of the surrogate-based optimization workflow is shown in Fig. 4.3.

Figure 4.3: Overview of the general surrogate-based optimization algorithm, adapted from
[6]

In Figure 4.3, x represents the design variables, ŷ(x) and ĉi(x) represent objective and

constraint functions computed by surrogate models, and m denotes number of constraints.

The surrogate model is trained using data obtained from a design of experiments (DoE).

To determine the next point to be evaluated by the high-fidelity model to adapt the
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surrogate model with the goal of improving its predictive capability, an infill criterion α(x)

is maximized. This iterative process is terminated when a pre-defined maximum number of

iterations is reached. The solution of the CBO is the point with the minimal feasible value

of the objective function. Fig. 4.4 presents an example of the one-step selection of the next

best DoE, and it can be seen that the surrogate model is further adapted to better match

the objective function.

Within this context, an efficient global optimization (EGO) algorithm is developed using

expected improvement (EI) derived from likelihood maximization as infill criterion. EGO is

modified into super EGO (SEGO) with the usage of Watson and Barnes infill criterion [78],

which introduces subtraction of mean value of the Kriging surrogate from EI. A detailed

discussion of EGO and SEGO algorithm can be found in [79,80].

To mitigate the objective and constraint functions’ non-linearity that exists in most

industrial engineering problems, a mixture of experts (MOE) technique is added to SEGO

to develop the SEGOMOE algorithm. The key idea is to use different local approximation

models, including Kriging, Kriging with partial least squares (KPLS), polynomial regression,

and radial basis functions to construct the surrogate models. A detailed discussion of the

SEGOMOE algorithm developed by ONERA as a python tool-box is available in [81]. It

comes with an Isight interface and is adopted as the optimizer in this study.

In this study, a SEGOMOE-based optimizer is used to solve the aircraft MDO problem

with a given set of constraints. In addition, a linear sensitivity analysis of the objective
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function to the constraints is pursued. In particular, it is of interest to investigate the

feasibility of performing such sensitivity analysis through a machine learning (ML)-based

approach considering the high computational cost of solving the MDO problem. To develop

such approach, a standalone SEGOMOE ML model is trained with a set of constraint values

obtained from CMDO loop evaluations. The model is then able to make predictions on

objective function with a desired set of constraint values as input. Details and preliminary

results generated from the developed ML-based methodology is recorded in Section 5.3.

Figure 4.4: Illustration of one step DoE enrichment and surrogate model adaptation on
an example of one-dimensional Forrester function. (a) Kriging prediction and the location
of the next update DoE, (b) Infill criterion (Expected Improvement, EI), adapted from [7]
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4.3 Integrated FCASs Space Envelope Prediction

Model within CMDO

A data flow schematic of the FCASs sizing module is shown in Fig. 4.5 to visualize the

dependencies arising from integrating the module into the CMDO environment. It also

contains post-processing, which takes FCASs sizing module output and generates parameters

that were treated as newly-introduced constraints. These constraints include:

• Sparwise clearance related constraints: a design margin must be kept in the sparwise

direction (thickness direction). This is calculated as the difference between height of

actuator/PCU/track and the spar height at the spanwise location of actuation system

attachment.

• Aileron PCU and slat track chordwise gap: A sufficient chordwise gap must be kept

to allow for other wing structures (pneumatic system, fuel tank, etc.) to be installed.

This is calculated as the distance between rear and front spar subtracted by the sum

of slat track and aileron PCU length. This is considered at spanwise locations where

slat and aileron actuation systems are both present.

• Spoiler actuator area ratio: This is the spoiler actuator area divided by the available

area aft of rear spar. Typically, a less than 50% area ratio is sought.

• Spoiler actuator chordwise clearance: a design margin must be kept between the spoiler
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actuator length and the chordwise space aft of rear spar. As in Fig. 3.12, the actuator

length sought here is the projection of envelope length on the chordwise direction, and

can be calculated using known horn radius.

• Flap track fairing wetted area ratio: This is considered as the best criterion for flap

system space envelope constraints, since the system is implemented inside the wing

fairing instead of wing. The wetted area must be controlled for aerodynamic reasons,

and it is evaluated as a ratio to wing planform area.

Chordwise clearance constraints for PFC actuation system are not considered, since they are

implemented in between rear and front spar, where chordwise space is considered ample. A

similar argument can be stated for slat systems, whose track length envelop is measured aft

of front spar as in Fig. 3.7. The spoiler actuator sparwise clearance is not considered either,

since its sparwise location is constrained by the distance from the hinge line to the upper

outer mold line (OML) (DHL uOML) as in Fig. 3.12.
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Chapter 5

Numerical Investigation and Results

5.1 Comparison of Obtained Designs

After the integration of the FCASs space envelope sizing model into the CMDO

environment, the first investigation is to execute the updated optimization workflow and

report the results in comparison with the ones obtained with no FCASs space envelope

constraints. A business jet aircraft with aft mounted engines and a T-tail design is adopted

as the reference aircraft, and a common starting design is used for both test cases. The

values of each FCAS space envelope constraint are carefully determined to ensure it

satisfies product development requirements from a system integration point of view.

For both test cases, the size of initial DoEs is set equal to 50, and the maximum number

of evaluations is set equal to 300 (i.e., a total of 350 evaluations). Both test cases converged
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to the same objective value within the allocated number of evaluations. The number of

feasible runs for the test cases with and without FCASs space envelope constraints are 89

and 117, respectively. A selected set of parameters comparing optimization results with and

without FCASs constraints are shown in Table 5.1.

Table 5.1: Variance of optimization results obtained with FCASs constraints comparing to
the results obtained without FCASs constraints

It is noted that the wing and tail span remain similar, since the FCASs sizing module

does not introduce spanwise constraints. The increase in wing planform area (2.1%) is caused

by the increase in wing mean chord, which implies that one or all of the wing chordwise

constraint(s) is (are) active. The sizing effect is more evident on wing and tail thickness (6.9%

and 5.8%), due to the introduced sparwise constraints. The FCASs integration consideration

finally leads to an increase in MTOW (1.2%) and decrease in cruise range (2.1%).

The comparison of wing planform design and wing thickness sizing is graphically

illustrated in Figure 5.1 and Figure 5.2. Figure 5.3 provides the spanwise location of each

FCAS, excluding that of flaps since it is housed inside wing fairing instead of wing. Figure

5.3 also illustrates the location of wing airfoil selected in Figure 5.2.

From Figure 5.1, it can be seen that the tail planform design remains similar. It is also

noted that the increase in chord length is more evident towards the wingtips, which implies
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that the aileron PCU & slat track chordwise gap constraint is active, based on the spanwise

location of aileron and outboard (away from wing root) slat FCAS. Both test cases reach

maximum wing sweep angle, and considering the lower aspect ratio of the design optimized

with FCASs constraint, it is concluded that such design is less aerodynamically efficient and

contributes to the decrease in cruise range (-2.1%). Another observation drawn from Figure

5.2 is that the difference in wing thickness is less evident towards the wingtips, which is

expected since the wing design module imposes such convergence of thickness towards the

tip.

Figure 5.1: Optimal wing and tail planform designs with and without FCASs constraints
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Figure 5.2: Optimal wing airfoil designs with and without FCASs constraints at (a) 57%
spanwise location and (b) 89% spanwise location.

A detailed list of the design variables and constraints of the two test cases is provided

in Table 5.2. The engine scaling factor is fixed at 1 and is therefore excluded in Table 5.2.

The number of actuators/PCUs is assumed to be the same as the number of corresponding

control surfaces (i.e. one actuator/PCU per control surface assumed). The identified active

constraints include:

• The reference landing speed (Vref ) is active only in the test case with FCASs

constraints. This is led by the increase in MTOW.

• Landing gear tip over angle and landing gear skin clearance, which depends on the

positioning of the main landing gear relative to the wing and aircraft CoG [56].

• Aileron and elevator PCU sparwise clearance, which contributes to the increase in

wing and horizontal tail average thickness. It is noted that the rudder PCU sparwise
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clearance constraint is not active, which results in the vertical tail average thickness

being similar to the reference test case.

• Inboard slat actuator sparwise clearance, which contributes to increase in wing

thickness. This constraint for the outboard slat panel is not active due to the increase

in wing thickness caused by aileron actuator. In addition, it can be inferred that the

envelope height of slat track is smaller than that of slat actuator, since the constraint

for the former is not active.

• Aileron PCU & slat track chordwise gap, as previously explained.

• Spoiler actuator area ratio. The activity of this constraint contributes to the increase

in wing thickness, given that the spoiler actuator chordwise clearance constraint is not

active.
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Table 5.2: Comparison of optimization results with and without FCASs constraints
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Figure 5.3: Location of flight control surfaces and corresponding FCASs of the optimal
aircraft design with FCASs constraints

5.2 Optimal Design Sensitivity Analysis

This section investigates the sensitivity of the objective (MTOW) with respect to the values

of the FCASs space envelope constraints. This is done by altering one of the interested

constraints by a certain percentage (±10% in this study) while holding the rest of the CMDO

problem formulation unchanged. The constraints of interest in this section are selected to be
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the active constraints identified in Section 5.1. Experiments are performed with the value

of these constraints taken at 90%, 94%, 98%, 100%, 104%, 108%, and 110% of the reference

value. The reference value is taken as the constraint value set up in Section 5.1. The list of

constraints investigated and their reference values are summarized in Table 5.3. Note that

the outboard spoiler is referred to as multi-functional spoiler (MFS).

Table 5.3: Constraints to be investigated and their corresponding reference value

The results of sensitivity analysis are plotted in Figure 5.4 and tabulated in Table 5.4.

Figure 5.4: Sensitivity analysis results
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From the results, it can be observed that:

• Aircraft weight is monotonically increasing with increasing FCASs constraints, except

for MFS actuator area ratio. MTOW is most sensitive to the change of Aileron PCU

& slat track chordwise gap constraint, partially due to its largest true value of change

(2 inches for 10% of difference). MTOW is least sensitive to the change of Elevator

PCU sparwise clearance, since this constraint only effects on horizontal tail instead of

main wing.

• Outboard sparwise constraint has more significant impact than an inboard one, based

on the observation that MTOW is more sensitive to aileron PCU sparwise clearance

constraint than inboard slat actuator sparwise clearance constraint. This is expected

since an increase in wingtip thickness implies an simultaneous increase in wing thickness

to a greater extent.

• The Aileron PCU & slat track chordwise gap constraint is not active when its bound

is at 90% of its reference value. This is likely caused by the discrepancy in decrease

trend of MTOW.

• MTOW increases with decreasing MFS actuator area ratio, since the constraint forces

the wing to expand in sparwise or chordwise direction. A discrepancy at 98% of

reference constraint value is due to the true change in constraint value that’s too small

(0.8% for 2% of difference in area ratio).
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Table 5.4: Sensitivity analysis results

5.3 Machine Learning-Based Sensitivity Analysis

This section explores the potential to generate MTOW response from CMDO workflow

with varying constraint values rapidly, using a Machine Learning (ML) model. Although

the CMDO optimization algorithm itself is surrogate-based, such investigation is still sought

due to extra capabilities desired: To investigate MTOW sensitivity with isolated, continuous

variance in constraint of interest over a desired range. The isolation here refers to holding

other constraint values, instead of bounds as in Section 5.2, unchanged while varying the

value of a constraint of interest.

A standalone ML model was developed using data from DoE points generated during

CMDO executions. The training dataset used is a matrix formed by all constraint function

evaluations from each CMDO loop, and the label is the corresponding objective function

(MTOW) evaluation. To perform a prediction, a vector of constraint functions is fed into

the trained model. To perform predictions with continuous variation in one constraint of
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Figure 5.5: Training and prediction generation process for SEGOMOE ML model

interest, a matrix formed by the previous vector but with variation in the constraint of

interest is input to the model. Figure 5.5 summarizes the training and prediction workflow.

A python implementation of the SEGOMOE algorithm is used to train the ML model

and make predictions. As discussed in Section 4.2, the SEGOMOE-based ML model is

constructed with the combination of local experts including Kriging, KPLS, polynomial

regression, and radial basis functions.

In this study, 550 DoE points are used to train the model. Finally, the predicted

MTOW sensitivity to two selected FCASs space envelope constraints are shown in Figure

5.6. Table 5.5 is created to compare results obtained from CMDO experiments and ML

model prediction. It can be observed that the developed model generated correct data

trends: MTOW increases with increasing aileron PCU clearance constraint and decreasing

MFS actuator area ratio constraint. The model is also able to correctly predict that
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Figure 5.6: ML-based results for MTOW sensitivity to selected FCASs space envelope
constraints

MTOW is more sensitive to aileron PCU sparwise clearance, comparing to MFS area ratio.

One limitation of the model is the lack of quantitative accuracy: The deviation from

experimental results ranges from 20% to 40%. However, the variance values given in Figure

5.6 shows the potential to further adapt the model using a larger training dataset size to

improve prediction accuracy.

Table 5.5: MTOW sensitivity results comparison
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Chapter 6

Summary and recommendations

In this work, a methodology to model and size the primary and secondary flight control

actuation systems has been developed and integrated into an aircraft multidisciplinary

design optimization environment for the conceptual design phase. A test case of business

jet with aft mounted engines and T-tail design configuration was optimized with and

without the developed FCASs sizing module. Comparison of the optimal designs

demonstrated the impact of additional FCASs space envelope constraints on both design

variables (aircraft design) and objective function (aircraft weight). Numerical experiments

were conducted with different values of FCASs space envelope constraints to assess the

sensitivity of object function; the most important constraint is the one linked to aileron

PCU & slat track chordwise gap. A Machine Learning model was trained using MDO data.

The predictions of the trained model demonstrated its capability to perform sensitivity
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analysis on a qualitative basis much more rapidly.

The work has some limitations:

• A uniform sizing method is used for all PFC systems (aileron, elevator and rudder),

which necessitates the use of different correction factors for different PFC systems, as

introduced in Section 3.5. From the benchmark of PFC hinge moment estimation as

shown in Figure 3.17, it can be seen that elevator and rudder end up with higher

correction factor than aileron. This is due to the fact that these control surfaces have

larger surface area and chord length, which leads to higher evaluation of equation 3.8

with similar MOM which is an aircraft level parameter. The hinge moment evaluation

for elevator is considered accurate after introduction of correction factor, since the

variance found from benchmarking is low. On the other hand, with a high variance

such evaluation for rudder is assumed inaccurate. The error propagates in the sizing

procedure and the outcome is testified in Section 5.1: With the same lower bound

requirements, the rudder actuator sparwise constraint is not active when similar

constraints for aileron and elevator are active.

• The weight of the FACSs is currently not included in the weight prediction module

within the CMDO environment. As a result, the change (increase) in MTOW

summarized in Table 5.1 is conservative since it only take into account the change in

wing thickness and planform design brought by FCASs implementation.
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• The results of sensitivity analysis are influenced by the actual change of value of

different constraints, when keeping a uniform percentage of change. The potential

consequences are discussed in Section 5.2.

• The results generated from Machine Learning-based sensitivity analysis are based on

MDO points, while the results generated from experiment-based sensitivity analysis

were based on optimal designs. This difference contributes to the mismatch of results

presented in Table 5.5.

The presence of winglets is not considered in this study, which is a common practice seen

in many aircraft design problems at conceptual stage [6]. However, the addition of winglets

consideration within the CMDO framework will improve the optimized design: Increased

MTOW due to addtional structural weight is expected, but the induced drag reduction will

offset the negative weight effects and produce net benefits with respect to key performance

metrics including maximum cruising range, maximum angle of attack and maximum rate of

climb/descent [82].

Similar to many types of analysis methods and modules used in aircraft conceptual design,

the developed FCASs space envelope prediction model is a low-fidelity tool. It has a fast

calculation time but also inherent uncertainty. The found optimum might therefore be

infeasible when re-evaluated using higher-fidelity analysis. Uncertainties in the FCASs sizing

module need to be modelled to generate more reliable optima, thus performing uncertainty-

based MDO.
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In order to do this, the work in Section 3.5 provides an approach to model the FCASs

sizing module uncertainties, and transforms the model output into random variables with

CDF as exampled in Figure 3.19. The FCASs space envelope constraint functions,

generated from post-processing of FCASs sizing module output with deterministic output

of other CMDO modules, are also uncertain functions. The high level description of the

MDO problem can therefore be reformulated as a reliability-based one [83]:

where P (•) is the probability measure, Gi(x) are FCASs constraint functions, αt is the

target reliability, and cj(x) are deterministic constraints, respectively.
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utveckling, Linköpings universitets, 2008.

[3] J. Qiang, Y. Zhang, C. Haixin, and Y. Junke, “Aerodynamic optimization of a high-

lift system with adaptive dropped hinge flap,” Chinese Journal of Aeronautics, vol. 35,

no. 11, pp. 191–208, 2022.

[4] P. K. Rudolph, “High-lift systems on commercial subsonic airliners,” Tech. Rep. NASA-

CR-4746, National Aeronautics and Space Administration (NASA), 1996.

[5] G. Nikas, “Fundamentals of sealing and tribology of hydraulic reciprocating seals,”

Proceedings of the IMechE, 2008.



Bibliography 66

[6] R. Priem, H. Gagnon, I. Chittick, S. Dufresne, Y. Diouane, and N. Bartoli, “An efficient

application of Bayesian optimization to an industrial MDO framework for aircraft

design,” in AIAA Aviation 2020 Forum, p. 3152, 2020.

[7] J. M. Parr, A. J. Keane, A. I. Forrester, and C. M. Holden, “Infill sampling criteria

for surrogate-based optimization with constraint handling,” Engineering Optimization,

vol. 44, no. 10, pp. 1147–1166, 2012.
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