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Abstract

The goals of governments and agencies around the world is to minimize fuel emissions for the up-
coming decades. The Flying V offers a new concept, which is an aircraft of flying wing configuration,
offering higher aerodynamic efficiency than conventional tube and wing configuration. However, such
an configuration offers challenges with its stabilty and control characteristics, with difficulties arising in
control authority, like for instance, longitudinal trim. This study aims to find the optimal control surface
layout for the FV-1000 aircraft.First, the certification requirements relevant to each control surface to be
sized in this study (aileron, elevator and rudder) are gathered, primarily based on CS-25 regulations,
and they are expressed mathematically. AVL is chosen as the tool to conduct aerodynamic analysis,
for sizing purposes. Two coefficients are compared for their viability as objective function for optimizing
a control surface,CHM and CD, CHM turns out to be the better option, it also provides control surface
for a given span as small as possible. A consistent optimization framework is applied to both the aileron
and elevator, wherein the spanwise domain is discretized and various combinations of span length and
hinge line chord percentage are evaluated. The resulting optimal configurations are spatially adjacent,
with the sizing of each control surface constrained by the span available due to presence of the other.
During validation procedure, the comparisons made between VLM and wind-tunnel when extrapolated
to comparison between VLM analysis and full scale flight case, it is observed that aileron is oversized,
(for time to bank) while control elevators are undersized (to be precise, for pull-up maneuver). Certain
solutions like high-lift devices or other methods of reducing AoA are suggested to make control sur-
face like elevator comply with requirements. Rudders are the final surface to be sized which satisfy
requirements of OEI trim at VLM analysis and even for full scale case, but is not able to satisfy the
Steady sideslip requirement by significant margin for both cases. However, these results signify need
of research on other options to assist these control surfaces, like drag rudders to assist with direc-
tional control authority, high lift devices to decrease AoA, assist surfaces like elevator in meeting the
certification requirement, which are discussed.
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1
Introduction

The aviation industry in recent decades has been growing consistently, but with growth comes an
increase in emissions. Governments and agencies around the world have taken cognizance of this
and are committing to a sustainable future, for example, ”Flightpath 2050”[12] is a vision defined by the
European Union for aviation industry, which also focuses on sustainability, for instance, it aims to reduce
the CO2 emission per passenger kilometer. In terms of technical developments, the design of new
advanced aircraft must be researched, developed and integrated in the next 30 years[1]. The Flying-V is
a commercial transport aircraft, which was proposed by Benad[7] in 2015, which has an unconventional
flying wing configuration, as can be seen in figure1.1 .This proposed design was compared with the
aircraft A350-900, which has the same capacity, initial estimates predicted 10% higher aerodynamic
efficiency, and empty weight lower by 2%. In the winglet and rudder design study done by Horwitz[23],
a study into aerodynamic analysis of control surface like the rudder is suggested for further research.

Figure 1.1: Initial artistic impression of Flying V [7]

Although the flying wing configuration promises higher aerodynamic efficiency, it is more prone to sta-
bility and maneuvering issues compared to the conventional tube-and-wing design. The preliminary
design of the layout of the control surface at the trailing edge of the outer wing was carried out using
the A350-900 aircraft as reference by Palermo[34], but was not further optimized. Cappuyns[10] de-

1
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signed a control surface that covers the entire trailing edge of outer wing ,with a split introduced in an
arbitrary position, identifying deficiencies in the lateral-directional capability of Flying-V.

1.1. Problem statement:
The research in this dissertation is thus mainly focused on sizing the control surface and eventually pro-
pose a layout for the Flying V.The purpose of this study in terms of research objective can be framed as
follows:”to size and propose a control surface layout for the flying-V aircraft(specifically FV-1000) with
help of aerodynamic analysis to obtain the required aerodynamic coefficients, such that the resulting
control surface abides the certification requirements for each type of control surface”. This objective
can be stated in a more broader terms in form of the following main research question to be looked
into:
”What is the optimal sizing and layout of control surfaces for the Flying-V aircraft?” This research ques-
tion, although it captures the essence of what needs to be done to achieve the research objective, this
study requires to pose such a broad research question into sub-questions, which need to be answered.
The sub-questions are as follows:

• How should the trailing-edge control surfaces on the outer wing be allocated between elevator
and aileron functions?(how to split trailing edge control surface)

• What is an appropriate approach to optimizing control surface sizing and allocation, in terms of
design variable selection and discretization of the design domain?

• Which control authority requirements are most limiting when designing control surfaces that must
satisfy multiple constraints?

While sizing surfaces, all the relevant constraints in terms of geometrical and structural constraints must
be considered, for instance spar position or fuel tank position. The control authority requirements can
be taken from those prescribed by regulatory bodies like CS-25 by EASA [2].

1.2. Thesis Outline:
The objective of this thesis being stated, a brief explanation of the layout of this thesis is to be provided.
First comes the background chapter, in which a brief account of relevant work that has already been
done until now on Flying V is given, after which the theoretical background of VLM-Vortex Lattice
Method is given which explains the fundamental physics of the applied analysis tool for this study.The
next chapter is methodology which provides the methods opted to achieve the optimal sizing of control
surfaces. The results of utilizing the methods discussed previously are provided in this section, also
with some explanations about how they were obtained. Finally, the conclusions and recommendations
include a short summary of all the important results of the study, some shortcomings or gaps to be filled,
and recommendations for future work in the control surface related to Flying-V are given.



2
Background

This chapter, in the first section-’Flying V’ includes the information about development of Flying-V, with
a focus on development of control surfaces or handling quality assessment studies. After that funda-
mental details of concepts which are applied in VLM, used for aerodynamic analysis in this study are
discussed in the second section.

2.1. Flying V
The Flying-V design was originally proposed by J. Benad in 2015[7], and has been an ongoing project
at TU Delft since 2016. The flying wing configuration does promise higher aerodynamic efficiency,
due to the larger laminar flow area compared to predominantly turbulent conventional tube and wing
configuration[41] , but at the same time, this configuration is prone to having difficulties in stability, ma-
neuvering, control, for example, difficulty in longitudinal trim[30].

The initial design proposed by Benad has gone through several design changes over the years. Fag-
giano[18] conducted an aerodynamic optimization study, which took the conceptual design of Flying-V
by Benad to the preliminary stage. In terms of cabin cross section,changes were made in the cabin
cross section from initial cylindrical cross section to oval cross section to provide flexibility, and ensure
fulfillment of the cabin requirements.The change in the wing planform from Faggiano’s optimization can
be observed in figure 2.1, the outboard sweep angle is increased to counter formation of shockwave
and profile was modified to increase efficiency.

3



2.1. Flying V 4

Figure 2.1: Changes made from initial conceptual to preliminary design

The fins were designed to minimize drag, while fulfilling three conditions- directional stability, OEI con-
dition and maximum crosswind landing. The fixed chord of rudder was kept as 0.3 and extending entire
fin span. To take the resulting rudder under consideration, it was the OEI condition which was found
more limiting than the maximum crosswind condition.

Palermo[35] in his study of longitudinal stability and control characteristics of subscale Flying-V model,
determined size of control surface by using A350-900 as reference, and the control surface spans
over the entire trailing edge of aircraft after the first kink (over the second and third trunk). A 16%
increase control surface volume of Flying-V control surface is noticed in comparison to A350-900, for
the proposed control surface configuration. However, decrease in control authority, worst was observed
for forward CG positions, where maximum lift coefficient decreased by 20%, with reduction in usable
control authority.

Cappuyns[10] in his thesis, researched into handling quality of the Flying V. The certification require-
ments used in the study comprised of requirements or regulation from EASA CS-25 and MIL-HDBK-
1797A (by U.S, military). A 6-DOF flight mechanics toolbox was used to simulate the flight dynamics
characteristics of the aircraft and also to simulate trim conditions and obtain the required eigenvalues.
The control surfaces used by Cappuyns, are chosen with aim of keeping design simple, not too many
surfaces incorporated in trailing edge, only two elevons taken with split position being selected ran-
domly. This control surface layout can be seen in Figure 2.2. In this study Yaw- Stability Augmentation
System, pitch controller and control mixer(trailing edge surfaces acting as elevator and aileron both) all
are integrated into the control surface.
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Figure 2.2: Elevon design opted by Cappuyns[10] for handling quality analysis

Considering the results for longitudinal control authority, for the trim at approach condition (MLW, for-
ward CG), the AoA comes out to be within the limits (18◦) and elevon deflections as well. When consid-
ering both elevons, δe comes to be 7.8◦ and increases to 13◦ for just one elevon. The other maneuver
for assessing longitudinal control authority is pull-up. This maneuver sets limits on the forward CG
position (moved from 35% to 45% MAC), so that Flying-V can execute 1.3 g pull up,aircraft weighing
at MLW, speed being approach speed. The deflection of elevon (both) for pull-up execution came out
to be 14◦. Thus, the elevon design seem enough for the longitudinal control requirements, but with a
limit imposed on forward CG position.

In context of lateral and directional control authority, when bank to bank maneuver was considered,for
All- Engine operative condition, even with using one elevon bank to bank time came out to be 6.1 sec-
onds (under the 7 second limit), only one elevon was deflected to 20◦ within limits. However, while coun-
tering the sideslip during this maneuver by yaw SAS,rudder reached deflection angle of 60◦, exceeding
the maximum rudder angle. Thus, exceeding rudder deflection makes the design non-compliant. Hor-
witz [23] conducted parametric design study of winglet, whereCnδr

values of the Flying-V are compared
with a reference transport aircraft, whose Cnδr

= −0.098. In case of Flying-V with a winglet length of
12 m, Cnδr

= −0.0044, thus this value falls short by a substantial margin in matching the Cnδr
value of

reference aircraft. This indicated lack in directional control authority, and further research in this area
was recommended, with a disclaimer that there is likely to be an error in calculation of this coefficient
(Cnδr

). Joosten [26] study on lateral directional handling quality, where the same design of control
surface as Cappuyns was used for analysis, as illustrated in Figure 2.2. In conjunction to stability and
control analysis of bareframe aircraft, Stability Augmentation system is also designed and utilized, the
system is shown in schematic diagram in Figure 2.3. Control allocation system, with yaw damper, roll
damper and sideslip angle feedback are part of this system, to improve the handling quality of control
surface design by Cappuyns.
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Figure 2.3: Stability Augmentation system opted by Joosten[26]

Dutch roll stability improved with application of SAS, control allocation helped in decreasing the deflec-
tion of control surfaces for the certification requirements. However, the implementation of this designed
prototype of control system did not fulfill all the certification requirements, like for instance the rudder
deflection exceeding by 4 degrees for time to bank requirement for take-off-OEI conditions. Moreover,
the SAS is not able to achieve compliance in context of achieving trim in forward CG configuration,
approach speed. The roll control authority is also not enough to fulfill maneuverability requirements
such as time to bank.
While most of the studies until Tooren’s study [42] were focused on optimization in terms of aerody-
namic efficiency, stability and control constraints were not considered in detail while forming these
designs. This study explored the effect of stability and control requirements on fuel efficiency, and how
the aerodynamic stability and control derivatives are effected by design aspects.The control surface
design opted in this study is illustrated in Figure 2.4. There is no sizing done for the control surface
chord fraction at ends only their value is given, as it was design variables of aircraft which were of
interest in the optimization.
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Figure 2.4: Control surface design opted by Tooren[42]

Apart from imposing geometrical constraints like those on maximum span, fuel capacity and even tail
height, the constraints provided in context of stability and control are formed on basis of certification
requirements enlisted in CS-25 regulations [2]. It was longitudinal control requirement, which proved
the critical constraining factor for limiting the safe, feasible range of center of gravity. There were
geometrical changes in aircraft, like reduction of sweep angle for outer wing, increase in fin length
were expected to increase aerodynamic efficiency. However, in terms of changes or improvements in
control authority, this study predicts satisfaction of all control requirements or constraints. It was the
hard to satisfy directional control requirements- steady sideslip, One Engine Operative trim condition,
which were satisfied by increasing the fin length by 2 m.

The winglet of the aircraft was optimized in a study by Amur[3], where the aim was to improve the
aerodynamic efficiency, for which the winglet are primarily used in aircraft. However, this study aimed
at multi-objective optimization, therefore stability requirements are to be fulfilled to maximum extent by
the winglet design. This study also explores the performance of rudder at maximum deflection. The
chord fraction of the rudder is kept at 30%, similar to rudder design opted for the twin fin design by
Faggiano[18], considering the rear spar as the constraining factor. The winglet spans over the winglet
trunk, with inclusion of ’Kuchemann’ tips at ends and appropriate lateral gaps. These features are in-
cluded also for the reason that analysis is being done in RANS where their effects can be captured
through simulation. The rudder parameterization is illustrated in Figure 2.5.
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Figure 2.5: Rudder parameterization used by Amur[3] for winglet optimization

The design was optimized by using Oosterom’s [33] wing design and a modified version of Horwitz’s
winglet [23]. In the context of control authority or effectiveness-related changes after optimization, the
rudder is predicted to be unable to meet the steady sideslip requirements up to the limiting steady
sideslip case of β = 10◦. However, as the sideslip angle increases beyond this point, the aircraft
transitions from an unstable to a stable state. This behavior arises from the non-linear response of
the yawing moment and side force induced by the winglet with rudder deflection, which reverses the
expected trend—shifting from increasing instability toward improved stability. This is addressed by
Amur as being caused by ”uninvestigated and unexplained flow phenomenon[3]”.

The outer wing optimization study by Van Luijk [29] did not involve detailed sizing of the elevons on
the outer wing; however, the control surface was included as a constraint during the aerodynamic
optimization process. The constraints applied to the control surface dimensions in each iteration were
not based on certification requirements for control authority, but rather on geometric limitations—such
as restrictions on hinge line placement—or on empirical data from other sources, which suggested
that further increases in control surface chord would not lead to significant improvements in control
authority. Including the control surface as a constraint in the optimization study limited the achievable
aerodynamic efficiency. Specifically, it resulted in a 4.4% reduction in aerodynamic efficiency compared
to a case without the control surface constraint.
Nelson[24] studied the aerodynamic effects of winglet/rudder combination in flying V wind tunnel model
and the effect of airspeeds on rudder effectiveness, a similar rudder design to Faggiano[18] was used
for analysis, a substantial reduction in effectiveness is observed with AoA reaching 20◦ even more than
the decrease in effectiveness with airspeed. As discussed earlier, the handling qualities assessment
conducted by Joosten [26] on the control surface design developed by Cappuyns [10] revealed that
many certification requirements were not met due to excessive control surface deflections, even with
the newly designed control system. Horowitz[23] in his design study of winglet, in accordance with
the result, he recommended the study of the limitations in directional stability. Torelli [40] did low-
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speed handing quality simulation of Flying V, results indicated that the approach speed, if- less than
0.3 Mach might pose control and safety issues. Arjav’s[3] performed optimization of winglet design,
and a baseline rudder design on the winglet deflected at 30◦ was found to be insufficient for steady
side-slip cases, upto sideslip angle of 10◦. The recommendations and results of previous studies
on control surfaces for Flying-V presents research opportunities into sizing the control surfaces of an
aircraft design as novel as Flying-V.

2.2. Theoretical background for aerodynamic analysis
In this section, descriptions of some important fundamental physical concepts as well as the flow mod-
eling concepts relevant to this thesis are explored. After introducing the concepts which form the the-
oretical framework of the aerodynamic analysis tool used, the tool itself is introduced, which is the the
Athena Vortex Lattice (AVL).

2.2.1. Biot-Savart Law
Vortex flow is one of the elementary flow, which can be visualized through a point or through a vortex
filament, now this filament can either be a straight line or curve, which generates a flow-field around it.
The velocity at any point in the field is quantified through the well-known Biot-Savart Law. In equation
2.1 r is the radius vector to point P, Γ is vorticity strength of the filament and ’dl’ is the infinitesimal length
vector along the vortex filament length, this is illustrated in 2.6.

V =
Γ

4π

∫
dl × r

|r3|
(2.1)

Figure 2.6: Vortex filament induction at a point

Helmholtz was first to introduce vortex filament for analysis of inviscid flow and he proposed two theo-
rems about them [4]:Firstly,”The strength of a vortex filament is constant along its length” and ”A vortex
line cannot end in a fluid; it must extend to the boundaries of the fluid or form a closed path.”
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2.2.2. Prandtl Classical Lifting line theory

(a) Single bound vortex on a finite wing (b) Induced angle of attack on a local section

Figure 2.7: Visualization of vortex and induced drag concepts [4]

Ludwig Prandtl with his colleagues came up with this theory in 1911-18[4]to explain the aerodynamic
characteristics of a finite wing, by using the ”horseshoe vortex filaments”. Firstly, the finite wing was
replaced by a bound vortex which extended along the wing span, which instead of a free vortex which
moves with the flow while this vortex is always with the wing itself ’bound’ to it. Now according to
Kutta-Joukowski theorem it is known lift depends on circulation of airfoil as follows:

L = ρ∞V∞Γ (2.2)

If a singular vortex (in figure 2.7a), which has two trailing semi-infinite vortex (as the filament can’t end
abruptly in the fluid, Helmholtz theorem), as considered until now if, taken it mathematically leads to
infinite downwash at the tips, according to the formula in equation 2.3, where ’w’ denotes the downwash
and b is the wingspan, whose magnitudes are shown schematically in figure 2.7a.

w(y) = − Γ

4π((b/2)2 − (y)2)
(2.3)

Figure 2.8: Infinite Horseshoe vortices on lifting line [4]
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To overcome this conundrum, instead of a single bound vortex, on the lifting line, infinite horse shoe
vortices are super-imposed along the lifting line, such that each has an infinitesimal strength of dΓ as
can be seen in figure 2.8 . The angle of attack equation is formed, which is the fundamental equation of
Prandtl’s Lifting Line theory(equation 2.4), where geometric angle of attack is represented in terms of
effective angle of attack and induced angle of attack.This induced angle of attack is what is responsible
for causing induced drag through tilting of the lift vector as can be observed from figure 2.7b.

α(y0) =
Γ(yo)

πV∞c(y0)
+ αL=0(y0) +

1

4πV∞

∫ −b/2

b/2

(dΓ/dy)dy

y − y0
(2.4)

The lift and induced drag generated by the wing both can be calculated by Kutta-Joukowski theorem
through application of equation 2.2.Firstly, the lift over the finite wing is mathematically formulated as
in equation2.6.

L = ρ∞V∞

∫ b/2

−b/2

Γ(y)dy (2.5)

CL =
L

qS
=

2

V∞S

∫ b/2

−b/2

Γ(y)dy (2.6)

Now for formulating the induced drag, through the vector diagram in figure 2.7b, induced drag per unit
span(D’) in terms of lift per unit span(L’) is formulated as:

D′
i = L′sinαi (2.7)

However if the induced angle of attack is small, sinαi can be approximated to α, thus the equation
becomes:

D′
i = L′αi (2.8)

The total induced drag(Di) is calculated by integrating the equation above over the wingspan, thus final
equation for drag and drag coefficient comes out as follows:

Di =

∫ b/2

−b/2

L′(y)αi(y)dy (2.9)

= ρ∞V∞

∫ b/2

−b/2

Γ(y)αi(y)dy (2.10)

Induced drag coefficient is written as:

CDi =
2

V∞S

∫ b/2

b/2

Γ(y)αi(y)dy (2.11)
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2.2.3. Vortex Lattice method- VLM

Figure 2.9: Horse-shoe vortex system on a finite wing [4]

Since extensive computational power is accessible, another method of aerodynamic analysis that builds
on previously discussed concepts is the Vortex Lattice Method (VLM). Moreover, the lifting line theory
does not predict the results for swept wing or straight wing [4], a higher-order method is required.
Several horseshoe vortices are superimposed on each other, and this forms a lattice as shown in
figure 2.9. To understand the workings of this method, a single horse shoe vortex can be taken, lets
take abcd shown in the figure above. The point shown trailing the bound vortex bc is the control point,
and usually multiple panels (suppose of length ’l’) are used to define the wing and the bound vortex
of horseshoe is placed at l/4 along the center line of panel and the control point is placed at 3l/4. It
is at this control point the ’flow tangency’ boundary condition is enforced. According to this condition
normal velocity component induced at the control point due to horseshoe vortex is zero. Now, multiple
horseshoe vortex are now placed to form the vortex lattice system to define the finite wing, each having
its own circulation strength. After considering the superposition of vortices, it can be seen that strength
varies spanwise, and chord wise along the wing, but for trailing wake the vortices vary in strength along
the span of wing as there are no vortices used to model wake here parallel to direction of span of wing.
Finally, considering all the control points, and using Biot-Savart law to measure velocity at control point
induced due to all the horseshoe vortices, and normal component must be zero. This forms a system
of equations, which when solved leads to value of strengths of all the vortices. These values and then
are used to measure the required forces and moment.

For control surfaces, the flow tangency condition is applied by rotating the normal vector(n0i ) at control
surface depending on the deflection of control surface, defined by δl(where l is control index varies from
1 to N), instead of using the control deflection angle(δe or δa), done about hinge vector(ĥli ), as shown
in figure 2.10. The equation of normal vector (ni) is shown in equation 2.12

ni(δl) = n0i +

N∑
l=1

nliδl (2.12)

where nli is expressed mathematically as

nli =
∂ni

∂δl
= glĥli × n0i (2.13)
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Figure 2.10: Flow tangency condition at a control point- influenced by rotation of vector by deflection[15]

Flow tangency boundary condition is imposed at the control point, as shown above for a control point
on control surface, using Biot-Savart law and considering the Nv horseshoe vortex system, where U is
aircraft velocity and Ω is the rotation rate and the free stream velocity-V∞, mathematically the equation
for imposing this condition can be written as follows:(

Nv∑
i=1

ΓiV̂i(r
c
i )− (U +Ω× rci )

)
.n0i +

Nl∑
l=1

V∞x̂.nli .δl = 0 (2.14)

2.2.4. Trefftz Plane-far field analysis
In lifting line theory, the finite wing is replaced by single lifting line and the variation of vortex strength
along the stream wise direction is not considered, so if a thin trailing vortex sheet is considered, then
through the method of Trefftz plane analysis, where to compute forces on the body analysis is done on
far downstream plane and it is also termed as far-field analysis.

Figure 2.11: Trefftz plane analysis for induced drag, with focus on perturbations caused in the Trefftz plane [15]

To summarize how drag is calculated mathematically, integral momentum is applied in the x-direction,
and the Trefftz plane is sufficiently far-away that except for the perturbations downstream in the Trefftz
plane, everywhere else the perturbations are zero. Perturbation velocity is denoted by ∇ϕ and u’, v’
and w’ are x,y and z component of perturbation velocity.

∇ϕ2 = v′2 + u′2 + w′2 (2.15)



2.2. Theoretical background for aerodynamic analysis 14

Moreover, it is further assumed that perturbations along x-direction(free-stream flow direction) dies
away, and perturbation along x-direction much lower than perturbation in yz plane[15]

u′2 << v′2 + w′2 (2.16)

The final mathematical equation for induced drag via this method lead to equation 2.17.

Di =
1

2
ρ

∫ ∫
ST

(v′2 + w′2)dS (2.17)

So only perturbations in the yz plane, caused by the trailing vortices is considered for drag calculation
as seen in equation above, and it can further be observed that the induced drag is caused because
kinetic energy is transferred into cross flow (in the yz plane, via trailing vortices), and it can also thus
be concluded that induced drag is countered by the aircraft’s thrust and thus propulsive energy is lost
to induced drag.



3
Methodology

This chapter mainly deals with description of tools used for aerodynamic analysis tool required for
control surface sizing, then various certification requirements pertinent to the control surfaces to be
sized are enlisted and mathematical equations involved in the respective maneuvers are given which
use the stability and control derivatives derived as a result of the aerodynamic analysis. The final
section deals with the method to size the control surfaces. This section includes the reasoning behind
the chosen objective function when optimization of the control surface is pursued, with explanation of
the optimization algorithm and procedure adopted.

3.1. Athena Vortex Lattice- AVL
The analysis of control authority of a control surface requires the aerodynamic forces and moment
results in the required conditions, to obtain these results a tool to simulate the required condition is
neededwhich can be aptly chosen according to the level of detail and accuracy required. Since themain
objective is to search for the most optimized design of control surface with sufficient control authority,
this leads to a lot of design iterations to be run at predefined aerodynamic parameters(density, speed
etc.), during the optimization, a relatively quick and simpler numerical method is required for which
Vortex Lattice Method can be considered appropriate. Although higher order methods such as RANS
and LES offer more accurate and detailed solutions and also capture turbulence in the flow at smaller
scales, these methods are based on solving modified forms of Navier-Stokes equations , VLM uses a
system of equations as discussed in Section 2.2.3, and provides a comparatively faster solution.

15
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Figure 3.1: Geometry of Flying-V analyzed in AVL

The software tool used here for analysis is AVL- Athena Vortex Lattice- which was written in 1988 by
Harold Youngren, build upon the previous work of other contributors, notably Lamar and L. Miranda
(VORLAX)[14].In AVL, compressibility is treated using Prandtl-Glauert Transformation, as explained in
its user guide [14], this remains valid for mach number below 0.6.In this study , almost all aerodynamic
analysis is conducted in range of 0.2 to 0.25, so reasonable results are to be expected. This software
conducts analysis on a defined geometry, which is formed as an ’.avl’ file, and the states and parameters
can be set in the command interface or input as ’.run’ file. The geometry for flying V here is defined by
using spanwise sections, which include leading edge coordinates and chord at each section and the
defining of vortex spacing. The vortex spacing for the wing consists of 30 vortices for half-wingspan,
using cosine spacing in both the spanwise and chord wise directions, resulting in a total of 60 vortices
across the full span. Similarly, as both winglets are defined as separate surfaces in the .avl geometry
file, their vortex spacing is specified as follows: 30 chord wise vortices and 15-vortices spanwise.The
use of cosine spacing is intended to increase the concentration of vortices near the winglet tips and
the wing-winglet junction. Additionally, chord wise cosine spacing ensures higher vortex density at the
leading and trailing edges of the wing and winglets. The final geometry of the FV-1000 that was used
can be seen in figure 3.1. The geometry of FV-1000 used in this study is the one provided by Laar[28].
The avl command interface does provide the option to conduct analysis through sweep of angles, like
angles of attack(α), but another way to automate the varying flight parameters and states is by using
the ’AVLWrapper’ package in python [37].

3.2. Certification requirements for control authority
The control surfaces of a civil aircraft need to satisfy specific certification requirements, which are laid
down by governing authorities. The regulations of interest in this study are from Certification Specifica-
tions and Acceptable Means of Compliance for Large Aeroplanes- (CS-25- 28th Amendment) [2], which
are laid down by European union Aviation Safety Agency. The critical criteria for each control surface
is identified and chosen, so feasibility of a particular control surface layout or design can be evaluated,
these were already listed in Tooren[42], in this study the surfaces must satisfy these requirements to
prove their utility. The mathematical equations to define each criteria is taken from Kay[27], where defi-
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nition of many such requirements or performance considerations are compiled with respective sources,
but the ones relevant to the control surface whose designs are under consideration (aileron, elevator
and rudder).

The criteria are enlisted in succeeding sections with inclusion of flight conditions at which control surface
need to perform (velocity, angle of attack) and also the center of gravity position is defined which is
considered the most limiting case.

3.2.1. Longitudinal Trim
The aircraft should be able to longitudinally trim itself for a level flight, which can be done at all opera-
tional speed, to be more precise according to CS-25[2], 28th amendment regulation,”Level flight at any
speed from 1∙3 VSR1, to VMO/MMO”. Based on the fact that net vertical force and moment being zero
at longitudinal trim, equations below describe the mathematical relation among the angle of attack, ele-
vator’s deflection angle and the relevant aerodynamic coefficients, these are taken from Kay[27], where
in turn these are based on equations from Etkin[17] :

CLtrim =
W

qS
= CL0 + CLααtrim + CLδeδetrim (3.1)

Cm = 0 = Cm0
+ Cmα

αtrim + Cmδe
δetrim (3.2)

From 3.1 we can get αtrim,

αtrim =
CLtrim − CL0 − CLδe

δetrim
CLα

(3.3)

Putting αtrim’s expression into 3.2, and also with help of the fact that,

Cmα

Clα

=
dCm

dCL
(3.4)

following equation for δetrim is obtained:

δetrim =
Cm0

+ dCm

dCL

(
CLtrim−CL0

)
−CmδE

+ dCm

dCL
CLδe

As CLtrim=W/qS from equation 3.1,so now equation above becomes:

δetrim =
Cm0

+ dCm

dCL
(WqS − CL0

)

−CmδE
+ dCm

dCL
CLδe

(3.5)

The most limiting or constraining condition at which aircraft needs to be longitudinally trimmed is at
MaximumLandingWeight(MLW), with C.G. being at most forward position, with flight speed at approach
speed(Vapp).

3.2.2. Lateral control:Time-to-bank
One requirement which is crucial for an aileron design to fulfill is the ’Time-to-bank’ which puts require-
ments on the aircraft to be able to have enough control authority or capability to perform a banking
maneuver in a specified time-limit. According to CS 25.147 (AMC 25.147(f)) [2], the aircraft must be
able to roll from a steady 30◦ banked position through about 60 degrees to a banked 30◦ in opposite
direction in or under 7 seconds. The most constraining condition is at approach speed, while weighing
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at Maximum Landing Weight (MLW), with the CG being at aft most position[42]. Now, for the mathe-
matical expression to assess the ability to execute this rolling motion, deflection angle is kept constant
here, following are the required expressions:

ϕ̇ = p (3.6)

ṗ =
qSb

IXX

[
Clδa

δa + (Clpp)

(
b

2V

)]
(3.7)

The equation for bank angle as a function of time which is used to finally test if required bank angles are
reached within certified times or not, is found by integration of roll rate equation, with aileron deflection
assumed constant,this equation is put forth by Kay[27]:

ϕ(t) = −2V

b

Clδaδa

Clp

[
t+

1

Lp

(
1− eLpClp t

)]
(3.8)

Roll mode time constant is defined as −Lp
−1, whose expression is the following:

Lp =
qSb2

2V IXX
Clp

3.2.3. Steady Sideslip
Aircraft requires sufficient roll and yaw control power to be able to keep steady sideslip, and there are
certain guidelines by certification bodies which define the conditions for these requirements.The cross-
wind component at which steady sideslip has to be maintained is based on the maximum crosswind
velocity defined in CS 25.237[2], which states it should be at least 37 km/h (or 20 knots) or 0.2 times stall
speed, which ever is larger, but this crosswind velocity must not exceed 25 knots or 46 Km/h-(12.86
m/s).

The rudder and aileron both are used to maintain this steady sideslip, and the bank angle should not
exceed 5◦[27].The limit on aileron deflection is 25◦ [42]and rudder the maximum deflection is capped
at 30◦ [32] .

The most limiting condition or critical flight condition for steady sideslip is at MTOW at minimum control
speed [42]. While checking the feasibility of a rudder-aileron combination for steady sideslip both ex-
tremes of CG position-forward and aft are considered.The mathematical formulation[17],[27] to express
the unknown angles (δr, δa andϕ) is derived from first forming the equations for side force, yawing and
rolling moment coefficient for trim :

CYβ
β +

(
W

qS

)
cos(γ)ϕ+ CYδr

δr + CYδa
δa = 0 (3.9)

Cnβ
β + Cnδr

δr + Cnδa
δa = 0 (3.10)

Clββ + Clδrδr + Clδaδa = 0 (3.11)

Solving 3.10 and 3.11 together provides the rudder angle (δr) and aileron angle(δa). These values are
put into equation 3.9 to find the required bank angle.

δr = β
−Cnδa

Clβ + Clδa
Cnβ

Clδr
Cnδa

− Cnδr
Clδa

(3.12)
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δa = β
Cnδr

Clβ − Clδr
Cnβ

Clδr
Cnδa

− Cnδr
Clδa

(3.13)

ϕ = −
Cyββ + Cyδr

δr + Cyδa
δa

W
qS cosγ

(3.14)

3.2.4. One- Engine Inoperative (OEI) trim
In case that one-engine fails, an aircraft should have enough roll and yaw control authority to achieve
trim under such conditions. This is thus achieved by operating the rudders and ailerons together, and
this must be done at the most limiting condition of being at minimum control speed(Vmc), with weight
being Maximum Take-Off Weight(MTOW)[42]. Similarly to steady sideslip, while checking a control
surface configuration for OEI trim requirement, both forward and aft CG can be tested. Before stating
the mathematical expressions, the side force and rolling effects of the asymmetrical thrust as well as the
windmilling drag of the inoperative engine of OEI condition is ignored, and only the significant induced
yawing moment is considered for countering by control surfaces, and this yawing moment coefficient
is evaluated as follows[42]:

CnOEI
=

NOEI

qS
=

−0.5TTOyeng
qS

(3.15)

Now similar to steady sideslip with the required modification we form the equations for trim similar to
what was done by Kay[27], but here sideslip angle is ignored or assumed to be zero, , as was done
by Faggiano[18], while the satisfying requirement of OEI was framed although aileron deflections were
ignored in that study, which leads to following equation:

CY = 0 =
W

qS
cos(γ)ϕ+ CYδr

δr + CYδa
δa (3.16)

Clδr
δr + Clδa

δa = 0 = Cl (3.17)

Cnδr
δr + Cnδa

δa + CnOEI
= 0 = Cn (3.18)

The equations for bank angle and control surface deflections can be derived using the three trim equa-
tions above.

3.2.5. Longitudinal- Pull-up Maneuver
The aircraft should be able to carry out the longitudinal pull up Maneuver at the required load factor(n)
as stated in the airworthiness regulations. As stated in Section 6- Acceptable Means of Compliance
- Flight Test Program: General Controllability and Manoeuvrability in CS-25[2], a load factor of 1.3 g
is required; the limiting case for executing this maneuver is at approach speed with aircraft weighing
at Maximum Landing Weight (MLW), C.G. at the most forward position.[10] [42]. The effect of this
maneuver on control surface deflection and angle of attack of the aircraft, in terms of change in these
values, can be determined mathematically as shown below which was derived by Kay[27].

The pulling up maneuver constitutes the generation of additional lift(∆CL) and pitch rate, another point
to note is this motion begins from 1-g trimmed flight, these two terms can be expressed as following:

∆CL =
∆L

qS
=

(n− 1)W

qS
(3.19)
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pitch rate is expressed in a non-dimensionalized manner(q̂):

q̂ =
(n− 1)cg

2V 2
(3.20)

The additional lift coefficient(∆CL) can be expressed in terms of change in angle of attack or elevator
deflection with help of stability and control derivatives(equation 3.21) , same for change in pitching
moment coefficient(∆Cm)(eq. 3.22), but as flight needs to trimmed , ∆Cm = 0,

∆CL = CLα
∆α+ CLq

q̂ + CLδe
∆δe (3.21)

∆Cm = 0 = Cmα
∆α+ Cmq

q̂ + Cmδe
∆δe (3.22)

Using the values expressed in equations 3.19 and 3.20, substitute them in equations 3.21and 3.22,
which can then be solved for the two unknown quantity elevator deflection angle(∆δe) and change in
angle of attack(∆α) which can help in confirming whether they are crossing the design limitations.

3.2.6. Take-off rotation speed:
The take-off rotation speed is defined as speed at which enough dynamic pressure exists that the
wheel just comes off the ground, hence the aircraft rotates as explained in Kay[27]. It is the elevator or
elevon which provides the required moment which helps in lifting the nose-wheel of the ground. Thus
the moment due to weight of aircraft is to be countered by aerodynamically derived moment due to
deflection of elevator, which in case of Flying-V is deflection upwards or negative. The angle of attack
while the aircraft is accelerating on ground is taken based on strut lengths of nose and main landing
gear, which if based on study by Bourget[9], comes out to be -3.92◦. The elevator would be deflected
upwards to the maximum limit based on Tooren’s study[42]. The formula for calculating the rotation
speed is presented as equation 3.23[42].

VR =

√
W (xcg − xmlg)

−ρc̄SCmmlg

(3.23)

The position of landing gear-xmlg is taken from the study by Bourget[9]. The term- ’Cmmlg
’ is the

coefficient of moment about the main landing gear. The requirement for this speed as stated in CS-25
.107 [2] is that this speed is less than minimum take-off safety speed-(V2min

) plus the speed gained
before reaching the height of 11 m . However, when Tooren imposed the constraint on rotation speed,
it was framed as VR < V2min

− 5, which means a more conservative constraint was put forth.

3.2.7. High Angle of attack departure: Lateral Control Departure Parameter (LCDP)
& CnβDY N

Apart from maneuvers and trim cases required to be executed to test the control authority of the sur-
faces, there are other parameters to test departure tendency of the aircraft, at high angle of attacks.
The one under consideration here is the lateral Control Departure Parameter- ’LCDP’. As stated by
Kay[27], LCDP indicates the spin resistant capability of aircraft [11] and if the configuration is not prone
to departure induced by aileron deflection at high AoA [25].

LCDP = Cnβ
− CnδA

ClδA

Clβ (3.24)
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A positive value of this parameter (LCDP>0), indicates the design being resistant to departure tenden-
cies of spin and aileron induced departure. Evaluating this parameter at the most limiting angle of
attack is the appropriate step to check this parameter, where it must be positive. This angle of attack
is set to be limited to 20 degrees, as imposed by Tooren[42], as pitch break is expected to occur when
AoA starts increasing above 20◦.
The other parameter of interest at high angle of attack, although not related to control authority, is the
”CnβDY N

”. This parameter gives indication of open loop directional stability of aircraft. Aircraft with
positive value of this parameter for high angle of attack, which here is taken as 20 degrees [42], the
aircraft is predicted to be resistant to yaw departure. The equation for calculating this parameter is as
follows:

CnβDY N
= Cnβ

cosα− Izz
Txx

Clβsinα (3.25)

All the requirements stated till now are summarized in table 3.1. The values of limitations on deflections
of elevator, aileron and rudder are stated in later sections as well, where these requirements are to be
checked as part of the sizing procedure or to test the optimized designs against these requirements.

Table 3.1: Certification requirements - tabulated

Certification requirements Flight condition Constraint

Longitudinal trim Forward CG & approach speed,
MLW

δe < δe,max; α < αmax

Longitudinal maneuver
pull-up (1.3 g)

Forward CG & approach speed,
MLW

δe,final < δe,max; αfinal < αmax

Time to bank Aft CG & approach speed ϕ > 60◦

Steady sideslip Vmc, MTOW δa < δa,max; δr < δr,max; ϕ < ϕlim
OEI trim Vmc, MTOW δa < δa,max; δr < δr,max; ϕ < ϕlim
Take-off rotation speed (VR) α = −3.92◦; δe = −25◦,

forward CG, MTOW
-

CnβDYN
& LCDP α = 20◦ LCDP > 0 & CnβDYN

> 0

3.3. Initial optimization- objective function-selection
The sizing of control surfaces- aileron, elevator and rudder are subjects of interests. The control sur-
faces designed must satisfy the constraints required which can be derived from the requirements ex-
plained in section 3.2. One option to find a feasible design is to go through several iterations of control
surface design and check which one satisfies the constraints. However, if the sample pool of designs
is too large, an optimization algorithm with an appropriately chosen objective function and constraints
might be the more efficient option.

Therefore, in this study, instead of testing a set of layouts for the control surface, a step-by-step proce-
dure is chosen to design control surfaces. The optimization procedure requires an appropriate objective
function to be minimized. To select the apt value to be minimized, two coefficients- ”CD” and ”CHM ”
are first used to optimize the control surface design. The control surface chosen to be optimized to test
the objective functions is the elevator, at longitudinal trim. To simplify the parameterization of control
surface, the elevator span is kept as the whole trailing edge of the outer wing. This span extends from
the outermost trailing edge kink in the wing (at y=21 m) to just before the wing transitions into winglet(at
y=30.6 m), similar to the control surface span used by Cappuyns[10].The optimization problem can be
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expressed in mathematical terms as following:

MinimizeFobj(x); (3.26)

Subject to these constraints at longitudinal trim

δe < 25 (3.27)

α < 20 (3.28)

The Fobj takes the value of drag coefficient(CD) and hinge moment coefficient(CHM ), so that results
are to be observed and a single objective function is eventually selected. Minimizing drag is always
integral to designing a subsonic-large civilian aircraft, as minimizing the drag leads to less consumption
of fuel, which is a priority while designing such a civil aircraft. Another objective function which is con-
sidered is the hinge moment coefficient because it is critical to calculate the actuation power required
to operate the control surface. As explained by Denieul[13],this actuation power required for a control
surface can be approximated by a quantity called corner power(PCP ) (equation3.29), which is actuation
power required at the stall load at maximum deflection rate. Corner power(PCP ) is calculated by maxi-
mum hinge-moment(HMmax) and maximum deflection rate(δ̇max). However, actuation power(Pact) is
approximated as shown in equation 3.30[20]

PCP = HMmax × δ̇max (3.29)

Pact ≈ 0.85PCP (3.30)

In some mass estimation models, the maximum hinge moment is used as an input to calculate the
actuator’s mass.[39][13].If the deflection rate is assumed to be constant for any maneuver involving a
control surface, the hinge moment under the most critical flight conditions, in terms of control authority,
can be minimized as an objective function(Fobj). While the mass estimation model uses the maximum
hinge moment as an input, optimization for minimizing the CHM , eventually leads to minimizing the
hinge moment for all conditions(i.e. across the range of dynamic pressure), which means that the
maximum hinge moment(HMmax) reduces as well. Thus, a decrease in HMmax can be expected,
which in turn reduces the required actuator power (Equation 3.30) and actuator mass (as predicted by
certain mass estimation models). This approach reduces the required actuator power and mass while
ensuring that the control surface design complies with the certification requirements.
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Figure 3.2: Elevator’s area of domain used for initial optimization trial

The domain over which this initial optimization is conducted, over the outer wing of FV-1000, the lower
bound set on chord percentage (chord percentage at which the control surface hinge line is placed) is
set at 73.13% of chord. This is derived from the scaled layout of FV-1000 provided by Oosterom[33],
it can be seen in figure 3.2 as a shaded area. The limit for chord comes from the fuel tank as pre-
sented in layout by Oosterom[33].The study by Van Der Tooren[42], place the rear spar at 60% of the
chord, drawn perpendicular to the leading edge of the outer wing. This chord percentage translates
to 69.18% in streamwise direction (which is the way it is defined in AVL). Therefore, a more restricting
bound is chosen for this study, choosing 73.13% instead of 69.18%. There are two ways in which this
optimization can be done, apart from trying objective functions- CHM & CD, it is either allowing different
hinge line chord fractions at the inboard(inc) and outboard(outc) ends of the control surface (elevator),
or keeping a constant chord fraction of hinge line of the elevator at both ends. Mathematically this can
be framed as:

x = [inboard end chord fraction, outboard end chord fraction] (3.31)

OR
x = [Constant chord fraction] (3.31)

The optimization algorithm used here is CMA-ES (Covariance Matrix Adaptation Evolution Strategy),
which is a stochastic, evolutionary based optimization algorithm, and can be applied in many type of
cases as discussed in Mkhoyan et al.[31][36][16].This algorithm has good convergence behaviour as
well, although not a surety, but it does converge on many functions[21]. Therefore, for optimization
for control surface design, this algorithm is utilized. To integrate AVL aerodynamic analysis and opti-
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mizer to optimize the objective function(in this case, which are CHM and CD), Python is used as the
programming language. In further detail, the avlwrapper package[37] is utilized in conjunction with the
cma package [22] for optimization.

For the constant-chord fraction and different-chord fraction-based optimization, results are tabulated in
table 3.2 and the figures 3.3a & 3.3b display the optimized control surfaces respectively.

Case Objective Function Design Vector Elevator Deflection [◦] AoA [◦] CD CHM

Different chord fraction at ends CHM [0.8088, 0.7984] 24.97 17.97 0.04881 0.000235
Different chord fraction at ends CD [0.7314, 0.7376] 21.91 18.00 0.04875 0.000263

Constant chord fraction at both ends CHM [0.791, 0.791] 24.20 17.98 0.04879 0.000245
Constant chord fraction at both ends CD [0.7408, 0.7408] 22.14 17.99 0.04875 0.000264

% Improvement in CD for constant-chord 0.12%
% Improvement in CHM for constant-chord 7.19%

Table 3.2: Results of initial optimization cases

The optimization results with CD as an objective function can be observed from the results tabulated in
Table 3.2.The case where the design variables are the different chord fractions (equation3.31),resulting
fractions for both ends of elevator are 73.14%-inboard end and 73.76%-outboard end(in figure3.3b).The
case of constant chord fraction at both ends, as formulated in design variable(equation3.3),the result-
ing optimized design is 74.08%(in figure3.3a). The chord fractions for both cases are very close to the
lower bound(73.13%). This means optimization with the objective of minimizing drag for designing a
control surface, which in this case is elevator, leads to a design which is control surface with chord as
large as possible. This increasing of size by shifting hinge line as forward as possible is the result of
aiming for a design which deflects to a lesser or minimum angle.
The resulting optimization designs with CHM as objective function show a different trend. The optimiza-
tion case where chord fractions for elevator are with different chord fraction-ends(equation3.31)-results
are 80.88% (inboard end) and 79.84%(outboard end)(in figure3.3b). The optimization case when con-
stant chord fraction is enforced at both ends of elevator(equation3.3) result is hingeline at 79.1% ( as
illustrated in figure3.3a). The results for both cases indicate the same thing, optimizer tries to minimize
the chord of control surface, but only to the extent that no constraints are violated (equations 3.28) and
CHM can be minimized.

(a) (b)

Figure 3.3: Optimized elevators-results of initial optimization:a) Constant chord fraction ;b) Different chord fraction

Based on the overall results, tabulated in Table 3.2 the comparison of both cases-constant chord
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fraction-based optimization and case where design variables allow different chord fractions at both
ends, an important observation is made. The second case offers the optimizer flexibility to choose
vastly different chord fractions for both ends, but the convergence leads to a result for the second case
has fractions just different from each other by at most 1%. It can be concluded that including different
variables in the design vector for the inboard end chord fraction and outboard end chord fraction does
not offer much different or improved results. Therefore, all the sizing and optimizing of control surfaces
is to be done by opting for constant chord fraction at both ends for the control surface.
This decision can also be supported by the fact that different chord fractions might pose structural dif-
ficulties compared to designs with constant chord fraction. In particular, different chord fractions can
require the spars to be curved instead of straight spars[38], which are structurally simple.

To finalize on the objective function, the optimized design results based on minimizing the hinge mo-
ment coefficient (CHM ) and the drag coefficient (CD) are compared. When the drag coefficient of both
cases are compared, for the optimized design based on CD only an improvement of 0.12% is observed
compared to the optimized design based on CHM . However,the optimized design based on CHM ,
shows 7.19% reduction in the hinge moment coefficient compared to the optimized design based on
CD, noticeably bigger than improvement in CD. Optimizing with CHM offers a more compact design,
that is, the hinge line is shifted aft, and drag coefficient does not differ much from the optimized design
based on CD, while there is significant improvement in hinge moment coefficient. In summary, opting
for CHM as objective function leads to a more compact design, thus saving space, and lesser CHM

potentially reduces actuator mass, while the resulting design still satisfies the imposed constraints.

3.4. Method adopted for control surfaces
The sizing of three control surfaces is aimed: aileron, elevator and rudder. These three are to be tackled
first because they are the main control surfaces that provide the longitudinal and lateral control authority.
Although certain other unconventional control surfaces can be explored(like drag rudders), but before
them more basic control surfaces need to be sized. This sizing will be done through optimization,
which is to be further built upon the work done in the previous section, where AVL provides the required
aerodynamic analysis and cma-based optimization is done through optimization.

The surfaces are designed in the following order:

• The ailerons are designed first, with initial constraint of keeping the outboard end fixed as further
as possible(at y=30.6) in the outer wing, while trying to find the smallest aileron possible.

• The remaining space available in the trailing edge along the outer wing(within structural con-
straints) provides the domain within which the elevator is sized. Moreover, it is made sure that
the elevator and the aileron are consistent with each other.

• The rudder is sized last out of the three surfaces, as most of its demanding requirements are to
be satisfied in conjunction with aileron(like for instance, steady sideslip).

The template adopted for optimizing the size of control surfaces when adopted for any of the surfaces
applicable, within the structural constraints(and at respective critical flight conditions) remains similar
with few alterations.There can be few other constraints based on these span divisions, like fixing one
end of control surface and giving optimizer the freedom to vary the other end, to test different spans
of the control surface. surfaces like the aileron are given increasingly large domain from the outboard
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end till a feasible design is obtained.

The domain over which a control surface with constant chord can be laid out can be defined by the lower
limit of chord fraction(here that is limited by fuel tank, obtained from Oosterom[33]) and the span in the
trailing edge extends over most of the trailing edge until the hinge line is not forced to be kinked for the
control surface. The whole span of domain is discretized into multiple small divisions, it is usually kept
from 15 to 25 number of divisions of span, as illustrated in figure 3.4 although this figure is a schematic
representation of the concept and does not include the real dimension of bounds. Each division is small
enough but not too small so as to make possible design population size too large, and the optimizer
can fixate on a suitable span fairly quickly into the first few iterations.

Figure 3.4: Representative domain for sizing the control surface;divisions or cells highlighted via dashes

The optimization procedure for a control surface first starts with input of initial design variables which
defines the spanwise positions of inboard and outboard ends, thus the span, and the chord fraction of
the hinge line. This control surface is then integrated into the geometry definition of the whole FV-1000
and the ’.avl’ file is constructed. The geometry is used as an input and aerodynamic analysis is done for
the respective defined critical flight conditions, and all design iterations by optimizer goes through this
procedure, until constraints and convergence conditions are met. The critical flight conditions are to be
set for the respective control-related maneuver accordingly, with the appropriate parameters like speed,
weight, and the center of gravity position, which have been discussed in Section 3.2. To elaborate on
this procedure, a visual flow chart of process is illustrated in figure 3.5.
However, not all surfaces in this study will be designed using an optimization procedure such as the
one explained in the flowchart above. The rudder designs in some previous handling quality related
studies like those by Cappuyns[10], Joosten[26] have concluded that the rudder comes short by a fair
margin, like for the OEI trim condition in Cappuyns’ study and steady sideslip condition in Joosten’s
study, so rudders extending the full span possible over the length of the winglet should be adopted and
its analysis needs to be done to verify their ability to satisfy the certification requirements. Instead of
optimizing the size of rudder surface for any of certification requirements related to directional control,
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Figure 3.5: Flowchart- optimization algorithm for control surface(aileron,elevator)
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first the biggest possible rudder size and few iterations of design with varying position of hinge lines can
be tested to check their feasibility. Since previous studies have confirmed deficiencies in lateral control,
in case the rudder is not feasible even at the largest possible size, it can cause prolonged optimization
through python-based CMA optimization, and this procedure, which might take hours, might not even
yield any results as feasible designs are not possible within bounds. So, this manually iterative process
is opted rather than algorithm-based optimization through programming for rudder sizing.

(Note: There are certain passages throughout the thesis where original text by author is rephrased
using chatgpt, used as a grammar correcting tool)



4
Validation

4.1. Stability and Control derivatives
Since there is a crucial role of stability and control coefficients in the control surface design procedure,
the values predicted by AVL (Vortex Lattice Method) need to be validated against experimental data.

Figure 4.1: Half-Flying-V section used for wind tunnel experiment
[34]

Figure 4.2: Flying V subscale model for flight test
experiment [19]

The experimental data here consist of data obtained from wind tunnel tests [5] for the Flying-V half-wing
model, as can be seen in Figure 4.1. The tests were conducted at a low subsonic speed of 24.4 m/s
under various configurations, including a clean wing (zero control surface deflection) and combinations
of elevon and rudder deflections, at a mean Reynolds number of 1.3×106. Apart from this wind-tunnel
experiment, there is comparison with subscale flight experiment. The flight model is 4.8% of full-scale
size and its image can be seen in Figure 4.2. The flight experiment is conducted at relatively lower
angle of attack ranging from 0◦ to 10◦ , sideslip or even the control surface deflection(δr, δa and δe), so
this study can provide some dynamic coefficients of interest, but for more nonlinear effects, which occur
at higher control surface deflections or angle of attack for this wind tunnel experiments are useful. The

29
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sideslip angle is varied from ±5◦, elevator and aileron deflection ranges ±5◦ and rudder deflection is
varied from ±10◦.

The coefficient ”Cmδe
”(Table 4.1) at different angles is taken from the wind-tunnel experiment results

by Asaro[5],including the the Experimental value of ”Cmα
” , which is tabulated in Table4.2. The VLM

coefficients in both the tables are the results of AVL aerodynamic analysis of the same model.

Table 4.1: Comparison of Wind-tunnel and VLM results for different angles of attack of Cmδe

Angle of Attack [◦] Wind-tunnel Cmδe
VLM Cmδe

Ratio: VLM/Wind-tunnel
0 -0.363 -0.617 1.698
5 -0.369 -0.614 1.664
7.5 -0.372 -0.609 1.638
10 -0.374 -0.602 1.605
15 -0.330 -0.580 1.757
20 -0.287 -0.552 1.922

Table 4.2: Comparison of Cmα values: Experimental vs. VLM at α = 7.5◦

Cmα

Experimental (Wind-tunnel) -0.4788
VLM -0.8740
Ratio: VLM / Experimental 1.8254

The above coefficients are used for comparing the longitudinal trim results between VLMand experimental(wind-
tunnel) results. In Table4.1,it can be observed with increasing AoA, there is decrease in elevator effec-
tiveness, and the ratio of effectiveness increases with increasing AoA. Thus, it can be expected that
disparity between, elevator deflections for same AoA will increase with increasing AoA. The resulting
AoA and elevator deflections can be calculated by using longitudinal trim equation given below:

Cmδe
δe + Cmα

α = 0 (4.0)

To obtain the required angles at longitudinal trim for VLM case, the case of α = 7.5◦ is used as the
corresponding ”Cmα,V LM

” value for the Cmδe,V LM
value is only available for this value in Asaro’s [5]

study. The δe,V LM ,elevator deflection angle for VLM analysis, is calculated as follows:

−Cmα,V LM

Cmδe,V LM

× 7.5 = δe,V LM = −10.77 (4.0)

Similarly, the elevator deflection(δe,exp) at α = 7.5◦ is calculated using coefficients obtained from wind-
tunnel at the same angle of attack-Cmδe,exp and Cmα,exp. The equation 4.1 results in deflection as
follows:

−Cmα,exp

Cmδe,exp

× 7.5 = δe,exp = −9.66 (4.0)

The ratios of VLM/Tunnel in Table 4.1, show that VLM overestimates the elevator effectiveness(Cmδe
)

compared to wind tunnel result. However, when calculating the required elevator deflection, VLM pre-
dicts a higher deflection than wind tunnel(10.77◦ > 9.66◦), thus VLM underestimates the control au-
thority offered by the elevator design. The required elevator deflection for trim comes more than the
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experimental value by 11.55%, so it can be stated that the elevators designed based on the VLM data
will be conservative designs.

Thus, the comparison of results for VLM and windtunnel by analyzing elevator and pitching moment
related coefficients and computing the surface deflections(δe) suggest that VLM is expected to size the
elevator conservatively.

Further example is investigated, to compare the VLM results and experimental values for other control
authority case, which here is the steady sideslip case, to analyze the directional controllability case.
The coefficients for the VLM and the experimental cases here are taken from the work of Asaro [5],
where the VLM coefficients are also obtained through AVL. The coefficient derivatives involved in this
case are tabulated in table 4.3, their ratio can be seen enlisted as well. To calculate the deflections of
aileron and rudder required to maintain the steady sideslip at a particular sideslip angle, the equations
3.13 and 3.12 are used.

Table 4.3: Comparison of Coefficient Derivatives: Experimental vs VLM

Coefficient Derivatives Experimental VLM VLM / Experimental
Clβ -0.108 -0.159 1.480
Cnβ

0.055 0.071 1.288
Cnδr

0.028 0.037 1.345
Clδr -0.008 -0.012 1.465
Cnδa

-0.001 -0.011 6.760
Clδa 0.142 0.163 1.150

The plots in figure 4.3 show the variation of control deflections required for various sideslip angles. Tak-
ing the value sideslip angle (β), suppose as β = 9.83◦, the corresponding deflections are listed in table
4.4. The ratio obtained between Experimental and VLM values shows that the effectiveness of control
surface is exaggerated , by overestimation of the control derivatives.The aileron(δa) and rudder(δr) de-
flections obtained for a steady sideslip case, which are obtained through the trim equations for steady
sideslip, which are equations 3.13,3.12 and 3.14. The ratio between deflections of experimental and
VLM case shows opposing behaviour for aileron and rudder. The rudder deflection predicted by the
VLM analysis is approximately 15% lower than that observed in the experimental case. This indicates
that the control surface size estimated by VLM is undersized relative to the actual requirement. Con-
versely, the aileron deflection predicted by VLM exceeds the experimental value by 32%, suggesting
that an aileron sized using VLM-based deflection constraints would be oversized compared to the re-
quirement observed in experiments.
This oversizing can be quantified in terms of deflection angle. Suppose, if the aileron is designed by
optimizing it at requirement-Time-to-bank, aileron deflection is limited to 25◦, and the time to bank is
calculated by deflecting to the maximum limit. The obtained optimized design will be functional in real/-
experimental case by deflecting it to 18.91◦(≈ 25/1.32). To put this in other way, for VLM analysis the
limit of 25◦ in experimental case is equivalent to the limit of 33.04◦≈ 1.32× 25.
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Figure 4.3: Steady-sideslip trim at a sideslip angle; Sideslip angle(β) vs. Control deflection(δr & δa) deflection comparison-
Experimental & VLM-based data

Table 4.4: Deflection of rudder and aileron in subscale for β = 9.83◦, for steady sideslip

Experimental Value VLM Value Ratio: VLM/experimental
Rudder deflection (δr) −19.02◦ −16.17◦ 0.85
Aileron deflection(δa) 6.38◦ 8.44◦ 1.32

4.2. Center of Gravity range determination
To assess the control authority or functioning of control surfaces it is important to have estimation of
the limits and positions of center of gravity, which is done through the loading diagram or C.G (Center
of gravity) envelope, which illustrates graphically the values of front and aft limit of center of gravity
positions for a particular mass.

To do an estimation of the limits, the range is set with reference to the neutral point. The neutral point
of an aircraft is its aerodynamic property and is independent of mass or its distribution itself. Thus for
ranges of Center of gravity, taking each case and sweeping over from -8◦ to 15◦ as seen in Figure 4.4.It
can be observed from the AVL’s VLM analysis that few CG values show the trends in the Cm vsα plot of
having the pitching moment coefficient approaching zero for all angle of attacks ranging from negative
to positive.
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Figure 4.4: Cm vsα for various C.G. positions

For the center of gravity position xcg = 31.65m following are the Cm values for the stated angle of attack
ranges.

Cm = [0.00042, 0.00012,−0.0, 0.00036, 0.0008, 0.00118, 0.00245], for α = [−8,−5, 0, 5, 8, 10, 15]

It is observed that for CG position at 31.65 m, the values across the negative and positive ranges are
closest to zero, thus this value is chosen as neutral point.

Now that neutral point position is estimated, the C.G. position is always in front of neutral point, a
safety margin is kept of 0.5 m and the width of C.G. range was estimated as about 2 m by Toorn[42],
at maximum take-off weight(MTOW) the range of C.G. is estimated to be more restricted to 1 m.

Parameter Value (in kg)
Maximum Take-off Weight (MTOW) 266000
Main Landing Weight (MLW) 0.76×MTOW = 202160
Operational Empty Weight (OEW) 127000
Payload Weight (Wp) 34000
Zero Fuel Weight (ZFW) OEW+Wp+10 = 161000

Table 4.5: FV-1000- component weight information [33]

As a full mass distribution study is not done a linear variation of forward position of center of gravity is
estimated as seen in Figure 4.5. The distribution is used for finding the range of center of gravity for
different mass values of aircraft, and main points of interest for the ranges are Maximum landing weight
(MLW) and Maximum Take-Off Weight (MTOW), which are weights of interest to test control authority
for control requirements.
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Figure 4.5: Loading diagram or C.G. Envelope



5
Results

This chapter includes the results obtained by using the methods discussed in the methodology section.
First section is the aileron sizing section, where an initial aileron size is obtained by choosing a value for
αtrim, at which optimization is done. After the span of aileron required is calculated, it over the remain-
ing span, the elevator sizing is done. Based on this optimized elevator design, the corresponding αtrim

is used to find updated aileron size through optimization. Third section deals with rudder sizing, the
control surfaces already designed are required for simulating the certification requirements for rudder
aerodynamically. Different rudder designs are aerodynamically analyzed and results are discussed
accordingly. At the end of each section, expected performance of each control surface for full scale
flight case is discussed based on points made in ”Validation” section.

5.1. Aileron-sizing
The aileron will be sized based on a suitably selected certification requirement. In this study, the Time
to Bank requirement, previously described in Section 3.2.2, is used for sizing. To evaluate this require-
ment using aerodynamic analysis (AVL), a corresponding trim angle of attack (αtrim) must be specified.
Therefore, an appropriate value of αtrim is selected for the analysis.

5.1.1. Selection of αtrim

Aileron will be sized by keeping outboard end of aileron fixed at y=30.6 m. It is the aileron that will be
first designed and then elevator in the remaining area. Since there is no way to size an initial elevator at
this stage without an accompanying aileron, an approximate, reasonable value of αtrim is taken. This
value is taken from the results of initial optimization trials tabulated in Table 3.2. The elevator design
is chosen from the case:”Constant chord fraction at both ends”, where optimization is done based on
CHM , where αtrim = 17.98◦

35
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5.1.2. Sizing at the selected αtrim

The main idea of sizing the aileron is to keep the outboard end fixed and vary the inboard end of aileron,
thus the span and the hinge line position. The domain of sizing for aileron is chosen as the entire trailing
edge of outer-wing from span wise position of y=21.0 m to y= 30.6 m. The lower limit of hinge line chord
percentage is 73.13%. The whole span is discretized into 15 divisions, and it is along these spanwise
stations the ends of aileron are varied, these divisions can be seen as dashes in the figure below.

Figure 5.1: Domain for sizing the aileron;divisions or cells highlighted via dashes

A point to be noted is that small size aileron for example those spanning only 2-3 divisions will not posses
enough control authority to satisfy the time to bank requirement. Therefore, it is practical to eliminate
certain aileron spans early on as infeasible design options. To achieve this, the hingeline is fixed at the
most forward position possible (73.13%-chord percentage). This helps reduce the design space and
sampling population for the optimizer in later stages.The aileron spans in increasing order were tested
for Time to bank requirement, with δa = 25◦, at critical flight condition (approach speed=70.7 m/s, MLW,
aft-CG=31.15 m), results are in Table5.1. The moment of inertia(IXX )about x-axis is approximated
from the value of inertia at MTOW estimated by Tooren[42] on design of Oosterom[33], by using the
ratio between MLW and MTOW used by Oosterom[33].

IXX,MLW = 0.76× IXX,MTOW (5.0)

The angle banked in 7 seconds is calculated from equation 3.8, where t=7 seconds, δa = 25◦, and
aerodynamic coefficients from AVL analysis are put into it.The banked angle should be at least 60◦, to
satisfy the requirement.

Table 5.1: Effect of Aileron Span on Bank Angle Over 7 Seconds

Aileron Span (m) Angle Banked in 7 Seconds (◦)
27.40 to 30.6 32.75
26.76 to 30.6 39.84
26.12 to 30.6 49.42
25.48 to 30.6 56.86
24.84 to 30.6 67.03
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The results in the table above clearly show that the smallest aileron span that meets the ”Time to Bank”
requirement is from y = 24.84 m to y = 30.6 m. All smaller spans fail to satisfy this condition and can
therefore be excluded from further consideration.

The angle banked by aircraft using this smallest span aileron is 67.03 degrees. Since this angle is
more than 60◦, and certification requires at least 60◦ of banking The aileron will be sized by fixing this
span and letting the hingeline vary by varying the chord percentage.Now, to find the design with least
hinge moment(CHM ), span of aileron is kept from y=24.84 m to 30.6 m which is the smallest span of
aileron which satisfy the requirement, and the optimizer is allowed to vary the chord position of hinge
line at both ends. The spanwise stations from y=21.0 to y=30.6 are numbered as n=1 to 15, the decision
variables are defined in accordance with the discretization done and optimization is defined as follows, :

Design vector = [inboard spanwise station of aileron,

outboard spanwise station of aileron,

chord position of hingeline of control surface]

Initial design vector = [7.3, 16.2, 0.745]

Lower bound = [7.1, 16.1, 0.7313]; Upper bound = [7.4, 16.4, 0.93]

(5.0)

The numbers inboard station numbers although given as fractional numbers as input to the optimizer,
a rounding-off function rounds it off to lowest near integer, and appropriate inboard and outboard ends
are thus assigned. The chord percentage are entered as chord fraction, and all this information is then
used to build the required ’.avl’ file for aerodynamic analysis required during optimization. The bounds
limit the span from y=24.84 to 30.6 m, and chord fraction can vary from 73.13% to 93%, although 93%
is not a realistic design it is just set to give optimizer a wide domain to search, without limiting it to
some arbitrary value of higher chord percentage.The constraints on the optimization include the limit
on angle of attack & aileron deflection angle, moreover, the angle banked through in 7 seconds should
be at least 60 degrees as stated before. The constraints are summarize below.

α < 20◦ (5.0)

ϕ > 60 (5.0)

δa < 25 (5.0)

To make the procedure of optimization more clear, the sequence of processes is illustrated in flowchart
3.5.The initial optimization at αtrim = 17.98◦ results in aileron design as shown in Figure 5.2, with
hingeline at 79.05% chord, constant chord fraction at both ends.The optimization was terminated as
result of tolerance of decision variables (Tolx=0.01) being satisfied.This design is not the final proposal
for aileron, as within the remaining span available in trailing edge, the elevator will be designed. The
spatial discretization of domain for elevator is discussed in next section, a newer aileron will be design
to be consistent with the outcome design for elevator. ”Consistent” in this context means that the newly
designed elevator results in a different trim angle of attack (αtrim). Consequently, the aileron—designed
after the elevator—must be optimized based on this updated αtrim to ensure consistency in the overall
aerodynamic configuration.
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Figure 5.2: Optimized aileron, designed at αtrim = 17.98◦

In validation section, when VLM and wind-tunnel results of aileron were compared it was observed that
VLM tends to oversize the aileron, so there is a possibility of making a smaller sized aileron than the one
illustrated in Figure 5.2. This aileron is optimized by keeping aileron deflection to its limit at δa = 25◦,in
VLM. If the comparisons made in the validation section for sub scale aircraft are applied here, and it is
hypothesized that trends between VLM data and wind tunnel is equivalent to trends between full scale
VLM analysis and the full scale flight behaviour, then the initial optimized aileron design can be defined
differently.

Assuming that the trends observed between VLM and wind tunnel data for the sub scale aircraft also
apply to the full-scale case, and that the relationship between full-scale VLM analysis and full scale
flight behavior follows a similar pattern, this new aileron design can be proposed as follows in full
scale conditions:”a conservative aileron design, designed via optimizing at αtrim = 17.98◦, with aileron
deflected at 18.91◦(18.91 ≈ 25/1.32,from Section 4.1), for the time-to bank requirement”. Thus, it is
evident that aileron design illustrated in figure 5.2 can fulfill the time-to bank condition requirement at
αtrim = 17.98◦, with some fraction of control authority still remaining. To quantify this remaining control
authority the δa for both VLM and full scale flight behavior can be compared, δa = 18.91◦ for full scale
flight case while achieving the same requirement in VLM analysis leads to aileron deflection of δa = 25◦.
Thus, it can be stated that for full scale flight case, ailerons can work at 75.64% of full control authority
and still execute the time-to-bank requirement maneuver.

When this optimized aileron is compared with the time to bank maneuver assessed by Cappuyns[10],
the inner elevon when deflected to 10 degrees, the maneuver is done within 7 seconds (6.1 s). How-
ever, here the rudder exceed the limit deflection, as δr = 60◦, as to counter side-slipping while rolling
by the yaw-Stability augmentation system. In this study, the formulation of equations were taken from
Kay[27], the rudder deflection required during this rolling motion is not considered. Hence it can be
said that aileron in itself could prove to be enough to execute this banking maneuver, but needs a com-
plimentary rudder which can within constraints assist in execute this banking maneuver. To estimate
the performance of aileron in high angle of attack, whether the design exhibits departure tendency,
LCDP- Lateral Control Departure Parameter is calculated. LCDP for this aileron, at AoA=20◦, where
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LCDP=0.1503>0. The positive value of parameter indicates that design is spin resistant and less prone
to lateral or aileron induced departure[27].

5.2. Elevator sizing
The elevator sizing is done via optimization as well, but the bounds for this control surface are set in
accordance with the span of the aileron designed in the previous section. The certification requirement
at which elevator is optimized is described and domain for elevator design is defined. At last the
optimization procedure opted is described briefly, and results are presented with discussion. At last,
the results from VLM is extrapolated to result for full-scale flight case, this discussion is supported by
comparisons made in validation chapter.

The aileron, as described in the previous section, spans from y = 24.84 m to y = 30.6 m. As a result,
the elevator is designed within the span limits of y = 16.81 m to y = 24.84 m. The inboard limit of
y=16.81 m is set so as not to encroach on the fuel tank and cargo area, and even though there is kink
in leading edge aircraft, the hinge line of control surface remains without any kink, a straight line. The
space available for elevator sizing is illustrated in Figure 5.3. The span from y = 16.81 m to y = 20.65
m is divided into six segments, each 0.64 m long, consistent with the segment length or discretization
used in the aileron sizing. The only segment not 0.64 m in length is from y=20.65 to y=21 m. In total,
there are 22 segments spanning from y = 16.81 m to y = 24.84 m.

Table 5.2: Effect of Elevator Span on Trimmed Angle of Attack and Elevator Deflection

Elevator Span:(in y coordinates, metre) Angle of Attack (◦) Elevator Deflection (◦)
16.81 to 21.00 18.72 42.00
16.81 to 21.64 18.68 38.00
16.81 to 22.28 18.63 32.95
16.81 to 22.92 18.59 30.11
16.81 to 23.56 18.54 26.82
16.81 to 24.20 18.50 24.18
16.81 to 24.84 18.47 22.63
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Figure 5.3: Domain for sizing the elevator;divisions or cells highlighted via dashes

The certification requirement at which elevator is sized through optimization is the longitudinal trim
condition.The critical flight condition at which this longitudinal trim is simulated can be described as
follows: MLW, CG is at most forward position (xcg = 29.51m), at approach speed (Vapp = 70.7). The
same condition is described in Section-3.2.1. The inboard end of elevator is kept fixed at spanwise
position y=16.81 m and span is increased in outboard direction. However, some spans of elevator
are not feasible, as they will not provide enough control authority. Therefore, first spans are tested
in increasing order in trim condition as tabulated in Table 5.2. The hingeline is kept at lowest chord
percentage-73.13%, which means control surface is kept maximum for the given span. The following
constraints are placed on elevator deflection angle (δe) and the angle of attack (α).

δe < 25◦

α < 20◦

The constraint on elevator deflection is based on limit set in Tooren’s study[42] and angle of attack is
limited to 20 degrees to avoid exceeding the limit where pitch break is predicted [42]. It is observed that
when the elevator spans from y=16.81 m to y=24.2 m, then angle of attack at trim is 18.5 and elevator
deflection angle is 24.18◦, thus constraints are not violated. For elevator designs, with lesser spans
than this design, the designs violate the constraints, thus are not feasible in context of longitudinal trim.

The optimization problem is defined in a way that the span varies from the inboard end (kept fixed) and
the outboard end varies from y=21.0 m(corresponds to spanwise number=8, according to divisions in
Figure-5.3) to y=24.84 m(limited by the adjacent smallest spanned-aileron).The bounds are set more
than feasible range (from station 13 to 14) so optimizer can go through infeasible designs as well,
discard them, and come up with a feasible design with minimum CHM possible.The chord fraction of
outboard end of elevator is part of design vector not the inboard chord fraction, it is calculated by using
equation of hingeline, it can’t be kept same because the presence of leading edge kink at spanwise
position :y=21.0 m. After the leading edge kink at y=21.0 m, chord length increases and the constant
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chord fraction is not mathematically valid when control surface extends inboard of y=21.0 m.

Design vector = [outboard spanwise station of elevator,

chord position of hingeline of control surface at outboard end]

Initial design vector = [13.37231784, 0.853173212]

Lower bound = [8, 0.731386545]; Upper bound = [14.4, 0.97]

(5.0)

The procedure of optimization is identical to one explained in flowchart 3.5, the constraints are on angle
of attack and elevator deflection angle, these are outcomes from trimming the aircraft at the critical flight
condition stated previously.

The result obtained from the optimization of the elevator done for longitudinal trim is displayed in Figure
5.4, its the red surface with hinge line at chord percentage-76.91% on the outboard end which is at
outer wing. this optimized elevator spans from y=16.81 m to 24.84 m. This result thus introduces the
spanwise position where trailing edge control surfaces over outer wing is split (y=24.84 m).The aircraft
is trimmed at αtrim = 18.44◦ and the elevator deflects by 23.87◦. The aileron is again optimized at this
new αtrim and a newer design is obtained. This design spans between the same spanwise positions as
before (y=24.84 m to 30.6 m), the hingeline for this is at 78.87% chord percentage at both ends. Since
the current trim angle of attack, αtrim, is higher than that used in the previous design optimization,
the resulting aileron surface is slightly larger (78.87% compared to 79.05%). However, the increase is
minimal, as the optimizer simultaneously aims to minimize the hinge moment coefficient, CHM , while
providing sufficient control authority to meet the time-to-bank requirement.

Figure 5.4: Elevator and aileron design- optimized combination

This elevator design is then checked for the longitudinal maneuver condition, for pulling up at 1.3 g.
The limiting or critical flight condition for this is at approach speed, CG positioned at forward position,
aircraft weighing MLW, pull-up starts from longitudinal trim position. The elevator deflects at δe = 35.47◦

and α = 24.49◦. These angles are calculated using two equations 3.21 and 3.22. One possible solution
to keep the angle of attack within constraints(α < 20), and check if current elevator design is feasible,
is to calculate the amount of extra lift(∆CL) is required at the αtrim for this elevator design, such that
the change in angle of attack(∆α) and elevator deflection(∆δe) does not cause these angles to exceed
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the constraints. The solution of equations taking into account this additional lift estimates at least
∆CL,add = 0.163, required at which angle of attack goes below the 20◦, but in this case is still deflected
by δe = 29.04◦ to execute the longitudinal pull up.

To keep the deflection of the elevator under constraint, even more additional lift will be required, this
means finding the additional lift required to keep the deflection of the elevator to a maximum of 25◦.
This additional lift turns out to be ∆CL,add = 0.265, at which the angle of attack is 17.18◦, and elevator
deflection is 25◦(δe = 24.99◦ ≈ 25◦). Therefore, additional lift at trim required to execute pull up of 1.3 g
and keep α, δe under the set constraints, is∆CL,add = 0.265 instead of 0.163. This amount of additional
lift ensures that the optimized design proposed in Figure 5.4, can meet the certification requirement of
the longitudinal maneuver,the 1.3 g pull-up, without violating the constraints.
The design shown in Figure 5.4, if required, can be simplified further, if structurally it is easier. This
simplification can be done by letting the aileron and elevator have a hinge line at the same chord
percentage(76.91%), thus for the outboard end of the elevator and both ends of aileron the chord
percentage becomes the same. This version of design can be seen in Figure 5.5, if closely observed
and compared by Figure 5.4 the shift in chord percentage of hinge line is noticeable, it seems one
single hinge line in the new version.If this newer aileron is checked for Time-to-bank condition,with
aileron deflection at maximum (δa = 25◦), in 7 seconds aircraft banks through 62.4◦ instead of 60.06◦,
which was case of the optimized aileron(hingeline-78.87%). Thus, with increasing aileron area, comes
increase in control authority as expected.

Figure 5.5: Elevator and aileron design- optimized combination, aileron’s hingeline matched to elevator’s hingeline

To make a comparison between the performance of elevator between VLM-analysis results and full-
scale expected result, the comparison between full scale flight test result and VLM analysis done in
Section4.1 can be used as a reference. The current optimized elevator design in the VLM analysis,
trims at αtrim = 18.44◦ while it deflects to δe = 23.87◦. At the same trim AoA, the deflection can be
approximated for full-scale flight case,by using the ratio: Cmδe,V LM

/Cmδe ,fs
= 1.115 and longitudinal

trim equation 4.1.The deflection of the same optimized elevator design for full scale flight case comes
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out to be∼21.41◦,thus within the constraints imposed on δe. To predict the deflection for full-scale case
for longitudinal pull up, it comes out to be δe = 31.81◦, still above the prescribed constraint of 25◦.
One other constraining certification requirement which is to be considered is the Take-off rotation speed.
The optimized elevator is deflected to the maximum deflection chosen in this study (δe < 25◦), and
AoA=-3.92 is a result of nose and main landing gear length, as discussed previously in 3.2.6. The
rotation speed for most forward CG position (xcg = 30.15), MTOW comes out to be 38.15 m/s. This
value is about 50% of the maximum constraint value set on it(< (V2MIN − 5) ∼ 76.6m/s). The take-off
rotation speed coming this low in comparison to the limit can be explained if it is put in context of the
result for the same in Tooren’s study[42]. In that study for the optimized FV-1000 design, the take-off
rotation speed keeps on decreasing with rearwards shift in CG, and to a higher extent. This higher
decrease in rotation speed can be explained by the fact that the elevon employed as elevator in this
case spans almost entire outer wing in contrast to the optimized elevator in this study which extends
∼58% of outer wing span.

When comparing the optimized elevator design to the elevon configurations from Cappuyns [10] for
longitudinal control requirements, the trim deflection angles were found to be significantly lower in the
latter: δe,1 = 13◦ for elevon-1 alone, and δe,1 = 7.8◦ when both elevons were used, compared to a
deflection of 23.87◦ required by the optimized elevator. This difference may be attributed to several
factors: the control surfaces in Cappuyns’ design had a larger chord (with the hingeline at 68% chord
instead of 73%), a higher approach speed was assumed (78 m/s compared to 70.7 m/s in this study),
and the elevator span was also larger. Even the span of elevon-1 (inner elevon) (from y = 12.88 m
to y = 23.31 m) exceeds that of the optimized elevator (from y = 16.81 m to y = 24.84 m). Both
these larger sized elevons of Cappuyns with deflection of 14◦ are able to pull-up 1.39 g. However, the
optimized elevator even when accompanied by deflection of optimized aileron does not satisfy 1.3 g
pull-up requirements as CG chosen in this case is a bit more forward than Cappuyns and approach
speed is noticeably lower.

This justifies the integration of a high-lift device operating in conjunction with the elevator. The need
for these devices arise so the angle of attack can be reduced, and at lower angles of attack, control
authority of aileron increases. Another method of decreasing this AoA is to increase the approach
speed (current value assumed in this study-Vapp = 70.7m/s), which reduces the required αtrim, thus
satisfying all the constraints..

5.3. Rudder sizing
The rudder for an aircraft cannot be sized by itself as a separate task, it needs the accompanying
aileron and elevator design. This is attributed to the fact that so much of rudder usage in control-based
maneuvers is done simultaneously with the other two control surface. Since, in previous two sections
aileron and elevators are designed with their respective optimization procedures, the designs from
those two sections, particularly aileron, are tested with possible rudder designs to check their viability
in satisfying the relevant certification requirements. Rudder designs as discussed in previous studies
have been found lacking in terms of control authority for particular control requirements, for instance
Cappuyns[10] for OEI trim and Joosten[26] for his rudder design concluded noncompliance for both
OEI condition and steady sideslip.

The sizing of the rudder for the Flying-V as discussed in section3.4 , will not involve optimizing the
span and chord for the control surface, but chosen iterations of the rudder designs will be tested for the
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relevant certification requirements. In a study consisting of optimizing the winglets by Amur[3], chord
fraction of the rudder is maximum 30%, constrained due to the aft spar, which was also the case in the
study by Faggiano[18]. Both of these studies place the aft spar at chord fraction of 0.7 (x/c=0.7).

Figure 5.6: Two-dimensional side-view of Rudder designs with hinge line at chord fraction-0.6(red) & 0.7(blue)

CY = 0 =
W

qS
cos(γ)ϕ+ CYδr

δr + CYδa
δa (5.0)

Clδr
δr + Clδa

δa = 0 = Cl (5.0)

Cnδr
δr + Cnδa

δa + CnOEI
= 0 = Cn (5.0)

First, various rudder designs are checked if they are able to trim the aircraft in OEI condition.The angles
of interest in this case are δe, δa &ϕ. This angles are calculated using equations for side force, rolling
moment and yawing moment. The three equations used for calculating the three unknowns:controls
surface deflections(δa, δr) and the bank angle(ϕ) are equations 5.3,5.3 and 5.3. The thrust of one engine
which is operating, used to calculate-”CnOEI ”, is taken from the work of Asaro et al.[6], thrust taken is
for MTOW, obtained from a thrust to weight ratio graph. All variations of the hinge line chord fractions
from 0.6 to 0.9 in increments of 0.05, for both the forward and aft positions of CG at the minimum control
speed-Vmc weighing at MTOW are tested. The critical flight condition in work of Tooren[42] specified
the speed as Vmc and weight as MTOW.The minimum control speed is estimated as 1.13 times the
stall speed[2], stall speed is based on maximum lift coefficient, which is taken as 1.1[9].The value of
Vmc is calculated to be 74.21 m/s. The rudder designs for each iteration span over the whole winglet as
shown in 2-D side view of winglet planform as show for two chord fractions (0.6,0.7) in the Figure5.6.
The OEI trim condition control deflection results are presented in Figures 5.7a (for rudder deflection)
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and 5.7b (for aileron angles) for forward CG and aft CG-OEI trim condition respectively.

(a) Rudder Deflection vs Hingeline (b) Aileron Deflection vs Hingeline

Figure 5.7: Comparison of deflections (absolute values) for OEI trim condition at forward CG (xcg = 30.15m) & aft CG
(xcg = 31.15m)

From the results in the figures above for OEI, it can be observed that the critical condition is when
CG is placed at the aft position, with deflections of both aileron and rudder being more for this case
than for forward CG. The rudder deflection for hinge line-0.7 for aft CG case is −13.7◦, larger than the
forward CG case (−13.2◦). Thus, it is OEI-trim at aft CG, which requires more control authority. OEI
trim has been shown to be plausible for a variety of rudder sizes. All chosen rudder iterations (hinge
line from 0.6 to 0.9), which are analyzed at the OEI trim conditions, do not need to be deflected above
the imposed limit of 30◦ on rudder deflection angle(δr).

β = tan−1

(
Cwvel

Vmc

)
≈ 9.83◦ (5.0)

The other requirement which must be fulfilled is the steady side-slip.Similar to the OEI trim condition, for
steady sideslip deflections are evaluated for variation of rudder sizes at forward and aft CG positions,
speed at Vmc, weight MTOW. The sideslip angle is calculated according to Vmc, and the cross-wind
component(Cwvel) is decided based on values specified in regulations CS-25, 28th amendment[2],
which finally yields the sideslip angle to be β = 9.83◦, as can be observed from Equation5.3 . The data
for both CG positions is plotted in Figures 5.8a for rudder deflection and 5.8b for aileron deflection.

(a) Rudder Deflection vs Hingeline (b) Aileron Deflection vs Hingeline

Figure 5.8: Deflections(absolute values) for steady sideslip condition at aft CG (xcg = 31.15m) & aft CG (xcg = 31.15m)
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From the results of the control surface deflections plotted in the figures above, it is quite clear that none
of the rudder designs can satisfy the constraints on aileron(δa < 25◦) and rudder deflections(δr < 30◦).
It seems from results that deflections, both the rudder (δr)the and aileron (δa) are more for forward CG
in the Steady sideslip case, so this CG position is more demanding and thus the critical flight condition
for the Steady sideslip requirement. Since for forward CG position, while trimming the aircraft with the
elevator design(optimized one), αtrim = 21.42◦, the deflections of the control surfaces are calculated
for lower AoA values. This is done with the objective of finding out whether the deflections violate the
constraints. The results for the design of the rudder with chord fraction 30% are shown in Table 5.3.
This particular position of hinge line is chosen as previous studies have stated that the position of the
aft spar is at 70%.

Table 5.3: Deflection angle at various AoAs for chord fraction=0.7, at forward CG (xcg = 30.15), Vmc, mass-MTOW

AoA [◦] Beta [◦] Aileron Angle [◦] Rudder Angle [◦]
0.0 9.83 -1.84 -17.46
1.0 9.83 -5.06 -16.60
2.0 9.83 -8.25 -16.18
3.0 9.83 -11.40 -16.19
4.0 9.83 -14.52 -16.60
5.0 9.83 -17.61 -17.55
6.0 9.83 -20.67 -18.99
7.0 9.83 -23.71 -20.78
8.0 9.83 -26.73 -23.23
9.0 9.83 -29.66 -26.32
10.0 9.83 -32.63 -29.81
11.0 9.83 -35.53 -34.01

The results show that it is when the angle of attack is α = 7◦, the aileron (δa = 23.71◦ < 25◦) and rudder
deflections (δr = 20.78◦ < 30◦) are under the limiting value. It seems from the results of Table 5.3 that
an increase in the angle of attack depletes the rudder effectiveness. In fact, a previous study done on
winglet and rudder deflection by Johnson[24] concluded that change in AoA, reduced the magnitude
of rudder control derivatives(CYδr

, Cnδr
andClδr

) significantly. Moreover,changes in airspeed also re-
duced the magnitude of those derivatives, but even the maximum change caused is lesser than the
change caused by AoA changing from 0◦ to 20◦. So, to decrease the αtrim, one approach can be to
increase the value of Vmc, which in turn means increasing the stalling speed or the approach speed
as well. These changes can help to tackle the steady sideslip condition while keeping control surface
deflections under constraints. Any design change apart from changing the chord fraction of the hinge
line in the rudder (0.7 considered as the lower limit in previous studies[18][3]) is only further possible
when the winglet design is modified, which is beyond the scope of this study as control surfaces are to
be sized within limits of structural constraints such as the aft spar being the limiting factor in this case.

If the relation between rudder deflection angle (δr) for VLM analysis and wind-tunnel results are hypoth-
esized to be similar to ratio of deflections for the VLM full scale model analysis to the full scale flight
case, certain approximations can be made for the performance of a rudder design analyzed in AVL. In
’Validation’ section, it was discussed that VLM predicts a rudder deflection angle for a geometry, which
is 15% less than the deflection predicted by using aerodynamic coefficients obtained from wind-tunnel
results. Considering the hypothesis made, this means that the deflection of a rudder with hinge line
at 70% chord percentage (lower limit),δr = 13.7◦(absolute value) at OEI trim condition will be equiva-
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lent to δr = 13.7 × (1/0.85) = 16.11◦‘ for full scale flight. Thus, rudder design with hinge line at 70%
chord percentage possesses enough control authority to comply with the OEI requirement, while the
δr = 16.11 < 30◦. However, for the steady sideslip requirement, the rudder sized (even the maximum
rudder size,x/c=70%) misses compliance by a significant margin. As discussed before, the rudder is
undersized for full-scale flight case, the rudder design will not comply with steady sideslip requirement
by even bigger margin than predicted through VLM analysis.

The optimized design when compared against the result of optimization done by Tooren[42]. the control
surface layout opted by Tooren is illustrated in Figure 2.4, are shown to be non-compliant to both the
requirements- Steady sideslip & OEI trim but Tooren’s design satisfies both requirements. Tooren’s
rudder design consists of 40% chord of winglet, spans full length, while in this study hingeline is placed
at 70% chord, so this design is smaller in terms of the rudder’s chord. Moreover, in Tooren’s optimized
design, fin is notably increased in length from 7 m to 9.05 m, which provides the extra control authority
required to satisfy the lateral requirements. However, in the same study it was recommended that
structural feasibility was not taken into consideration. In this study the fin length is about 7.9 m, and
it is only the control surface design which is varied within bounds (like the aft-spar) of design based
on Laar’s study[28]. Thus, this increase in winglet size can provide possible solution to deficiency in
steady sideslip case.

Although not directly related to control authority or power the value of parameter-’CnβDY N
’ indicates the

static directional stability, and also the yaw departure tendency.For current configuration this value is
positive (0.335>0) thus this design is expected to display minimal yaw departure at high angles of attack.
When both the LCDP value (LCDP = 0.1503) and CnβDY N

are considered together, according to
Weissman chart these values together fall in zone-A of Weissman chart, thus this aircraft configuration
of FV-1000 is in ”non-departure zone”[8].
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Conclusion and Recommendations

6.1. Conclusion
The objective of this study was to find the optimal or suitable sizing of control surface for the Flying-V
aircraft to be specific FV-1000. To achieve the objective first the relevant certification requirements
put forth by agencies such as EASA(CS-25,28th Amendment) were gathered and their mathematical
equations were presented. For the aerodynamic analysis required in the control surface sizing process,
AVL was chosen as the primary tool. Since most control authority assessments are conducted at
low speeds—such as approach speed (Vapp) and minimum control speed (Vmc)—AVL is considered
sufficiently accurate and appropriate for this purpose.

A comparison between drag coefficient (CD) and hinge moment coefficient (CHM ) as potential objec-
tive functions for elevator optimization revealed that CHM provides a more effective option. Moreover,
constant chord fraction is used to define every control surface in this study, which also ensures straight
spars instead of spar with kinks. The objective function for optimizing the hinge moment coefficient
(CHM ) was used to size the aileron and elevator. These control surfaces were then individually opti-
mized to meet their specific design requirements. The outer wing, ranging from y = 21,m to y = 30,m,
was divided into 15 segments for optimization. First, in case of aileron, an initial optimized design is
obtained extending from y=24.84 m to y=30.6 m, the smallest feasible span, with the hinge line at
79.05%(at αtrim = 17.98◦).The optimization was done by fixing the span and letting the hinge line posi-
tion vary.The certification requirement chosen for the aileron optimization is the time-to-bank maneuver.
When comparison of this VLM-based design is done to its full-scale flight performance, it is predicted
that this design will be able to satisfy the Time-to-bank requirement with approximately 75% of total
control authority in full-flight case.

After the initial sizing of aileron, elevator was designed using the remaining available control surface
space as its domain.The remaining space is also discretized spanwise, each division measuring 0.64
m same length as done for aileron. The optimized elevator spans from y=16.81 to y=24.84 m, with con-
stant chord percentage at 76.91%. While this elevator configuration achieved longitudinal trim, it failed
to comply with the longitudinal maneuver-pull up requirement, due to AoA exceeding limit of 20◦. This

48
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highlights the need for an additional lift-generating device, which can through additional lift, keep both
AoA and δe below the constraint limits(δe < 25◦ &α < 20◦). However, based on validation discussion
for elevator, the optimized elevator is predicted to be deflected by magnitude of 21.41◦ for longitudinal
trim, even for pull-up this deflection comes out to be-δe = 31.81◦, still violating the constraint. Thus, it
is a requirement to decrease the AoA, which can help decreasing the required ’δe’.

The rudder design was previously found to be limiting for certain conditions in some previous studies
as mentioned in previous sections. As a result, a manual, iterative approach was adopted to analyze
various selected rudder configurations. The rudder, when combined with the proposed aileron, is suffi-
cient to meet the One Engine Inoperative (OEI) trim requirement. However, it fails to meet the steady
sideslip condition by a significant margin. This is the case for rudder with hinge line at 70% chord
percentage, thus biggest sized rudder, based on constraint imposed by aft spar. When the rudder
deflection obtained from VLM are extrapolated to full scale flight case, in case of OEI trim the rudder
deflection remain within the limit of 30◦. However, for Steady-sideslip, the full scale rudder deflection
is even more, thus compliance for this requirement is missed by bigger margin.

A notable trend observed is the sharp decline in rudder’s control authority with increasing angle of
attack (AoA), similar to decrease in rudder effectiveness with AoA predicted in study by Johnson[24] .
This further emphasizes the need to reduce AoA during critical conditions, reinforcing the requirement
for a high-lift device. An alternative solution could be the incorporation of drag-based control devices,
such as split flaps or split ailerons (ruddervons), which could enhance directional control authority while
serving the roles of both aileron and rudder. To summarize, aileron design proposed in this thesis is
expected to be function for the full scale flight as well, while the elevator and rudder design, need some
structural change(change of winglet design) or assist from other control device to function within the
constraints.

6.2. Recommendations:
The results of this study, do give some control surface design which should satisfy the certification
requirements like aileron, at the same time control surfaces like elevator and rudder fail to comply with
some certification requirements, without structural or design changes, or adding other control surfaces
fo assistance. However, there are results in this study upon which further research can be built,

• Future studies should include the influence of the landing gear on aircraft stability derivatives.
This was not accounted for in the current AVL vortex lattice model due to its limitations and would
require RANS simulations or experimental data for more accurately capturing this effect.

• A re-evaluation of OEI conditions is necessary if there is any change in the engine’s spanwise
position in future design iterations, as this would affect control requirements.

• The identified need to reduce AoA for effective rudder performance, along with the elevator’s
inability to support the pull up maneuvering, justifies the need for a dedicated high-lift device
study. This device should be designed to work in conjunction with the current control surface
configuration—or an improved version of it—to confirm it can assist the control surfaces in fulfilling
certification requirements.

• One potential improvement could be the integration of a split flap into the existing aileron-elevator
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combination. This can be achieved by splitting the outboard control surface, which here is the
aileron and installing a split flap in the outer section of the proposed aileron. High-fidelity simula-
tions should be used to assess the effectiveness of this configuration, to produce results of higher
accuracy than VLM analysis.

• This study primarily focused on the sizing of control surfaces. However, these single continu-
ous surfaces—originally sized as ailerons and elevators—can be divided into multiple segments.
Subsequently, a control allocation study can be performed for these segmented control surfaces,
with control mixer where they can serve as both aileron and elevator (elevon).

• The exploration of increasing stability by using a Stability Augmentation System (SAS) with set of
feasible control surfaces can be pursued in future. This can help in fulfilling any insufficiency in
inherent stability characteristics of the aircraft and even increase control authority as illustrated
to an extent by Joosten [26], where required control deflections can be decreased for fulfilling the
requirements.
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