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This paper presents a methodology for the design of the primary flight control surfaces,
in terms of size, number and location, for fixed wing aircraft (conventional or
unconventional). As test case, the methodology is applied to a 300 passenger variant of the
Prandtl Plane. This box wing aircraft is deemed to have low induced drag compared to
conventional aircraft. The methodology is completely physics based and includes an
aerodynamic analysis, followed by a control allocation algorithm and an analysis of the flight
mechanics. The design has to fulfill a set of handling qualities requirements with a
minimum total control surface area. An optimization algorithm is used to find the best
design. Results indicate that thisis possible with ailerons outboard on both wings, elevators
inboard on both wings and conventional rudders in the vertical tail. The configuration
allows for pure torque control and also direct lift control in the longitudinal axis. These
features can potentially enhance airfield performance.

Nomenclature
B = aerodynamic effectiveness matrix [Nm/rad]
CA = control allocation matrix
Happ = altitude during approach [m]
He = cruise altitude [m]
H:ot = altitude at take-off rotation [m]
L = aerodynamic roll moment in body axes [Nm]
my = desired moment vector [Nm]
M = aerodynamic pitch moment in body axes [Nm]
N = aerodynamic yaw moment in body axes [Nm]
Vapp = airspeed during approach [m/s]
Ve = cruise airspeed [m/s]
Vot = speed at take-off rotation [m/s]
Xa = lateral stick input [-]
X = longitudinal stick input [-]
Xp = pedal input [-]
o = vector of all control deflections [rad]
aq = deflection of i-th control surface [rad]
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I. Introduction

Back in 1924, the famous Ludwig Prandtl developéueary that calculated drag on sets of multiplegsinThe
theory describes how a larger vertical spacing betwthe wings further decreases induced drag. &untire,
Prandtl discovered that when keeping the total arhai lift constant, the larger the amount of wirthat are
located above each other to create this lift, tleeenefficient the total system becomes. The mdatiefit system
therefore is the theoretical situation where amite amount of wings is situated on top of eadmeot The most
efficient system from a practical point of viewasbox wing design with two horizontal wings conmeglcto each
other with vertical elements. The horizontal wirgfould have a constant plus elliptical lift distrilon and the
vertical wings should have a butterfly shapeddifitribution. This design is called the best wirygtem. Several
civil aircraft designs, incorporating the best wisgstem, were
developed by a consortium of five Italian univeéest®. In honor of
Ludwig Prandtl, these are designated as PrandieBIéFig. 1).

Primary flight control surfaces are not yet definkmt this
aircraft. The aim of this research study is to dgvex methodology
for the automated design of flight control surfadesterms of
number, size and location. This method should Ipficgble to any
fixed wing aircraft type (conventional or unconviengl). The
Prandtl Plane is considered to be an appropriater@evant test-
case since conventional design methods that relystafistical Figure 1. 300 passenger variant of the
information cannot be applied to this aircraft. Prandtl Plane Aircraft®

The outline of this paper is the following. Firshe design
process is described (Section Il). This design ggsctarts with an initial design, which is presdrih Section .
The various tools used in the design process agosdted in Section IV. A summary of the main lssis
presented in Section V and finally conclusions ewbmmendations are made

[I. Design Process

The overall design process, which is depictedig B, consists of two distinct phases. First, mitial design
must be developed, which is done by an engineeugfr a systems engineering process. The seconéd phase
design process is automated. The initial desidirssdefined in a parametric aircraft model, afegrich the input
for the aerodynamic analysis tool is then creataget on this aircraft shape. An aerodynamic datiastten
constructed. In principle, it is possible that thare a redundant number of control surfaces. urtbre, they can
have combined functionalities; e.g. a control stefan the front wing can be used both for pitch ieofid A control
allocation scheme must therefore be derived th&graénes which control surfaces deflect and to wdeent,
following a pilot input. This is done via a direuethod' . Finally, the aerodynamic data and control systewa, as
well as some structural data and propulsion sysigormation is combined in a flight mechanics mauaigl
toolboX. The handling qualities of the design are assesatéxdthis toolbox. An optimizer can then be usedind
the design with a minimum control surface areargbg minimizing aircraft weight, which fulfills alequirements.
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Figure 2. Design process
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The set of requirements which the design must cpmh is summarized in Table 1. These requiremengs
considered to be the most essential. Howeverjghedn easily be extended.

Table 1. Handling qualities requirements overview

Take-off rotation speed Approach speed Cruise speed
Sea level Sea level Cruise altitude {10500 m)
Requirement crest‘:vind Crosswind crns'::vind Crosswind crusﬂsc:vind Crosswind
Aircraft trim v v v v v Vv
Take-off rotation® (7 deg/s®) v v
Push pull maneuver® (0.5 to 2.0 ‘g") v v v v
Minimum time to bank® (2.3 s to 30 deg) v v
Qne engine ir‘opcrutivcn' 10 (trimmed flight) i W
Steady turn v v
[11. Initial Design

The basic aim of the control surfaces is to prewich, roll and yaw control. There are many desigtions for
the placement of the primary flight controls of fAendtl Plane. One can place elevators on thé Worg, on the
rear wing, or both. The same holds for the ailerénsthermore, it is possible to combine functidtiesd; surfaces
that are used both for pitch and roll control. Yeentrol can be achieved with conventional rudderbyoplacing
drag rudders in the vertical wing connections. thlt design options are summarized in Fig. 3. No& tirtual
drag rudders’ are also listed as a design optiomrinciple, the elevators and ailerons or elevoars be deflected
such that no resulting pitch or roll moment is teelebut a drag difference between the left and righg is created.
This drag difference causes a yawing moment jist di real drag rudder would do, hence the namaalidrag
rudder’.

Provide
control
Design
aptions
Provide Provide Provide
roll control Bch yaw
control cantrol
! i . 1
Separale crﬁl"';‘:;‘rt‘ceﬁ Sepﬁtacl:le
roll control
control control
L i 1 £ i h ; I L i l A J L ]
. : Front and e . Front and Front and “Wiral Rudders Drag -
F:itlletr?nng jo;v::g rear wing F':&x‘"g RZ‘L&"TQ rear wing FSSJ:U':Q ReT:«::t:rg resar wing split drag in vertical rudders in ?:T::
ailerons elevons alevator rudder’ fin sidewings

Fiaure 3. Control desian option tree

Two trade-off studies were conducted to deterntiree most suitable option. The first trade-off wasd®a to
determine whether separate or combined controasesf for pitch and roll should be used. Resultpersented in
Table 2. Five factors were taken into account. Thwetrol effectiveness is largest for the separat#on because
elevators can be placed inboard and ailerons otdb@#ich maximizes the moment arm. The complegitghe
separate controls is considered to be lowest beaaugombined functionalities have to be createithénactuation
of the flight control system. On the other handddes imply that more control surfaces must betedealhe
unintended control influences are smaller for thpasate surfaces. When the remaining space isd=yesi for
placing high lift devices, then the combined suefa@re the best option because it is likely thatemspace is
available, in particular at the inboard sectiortha wing where flaps are most efficient. After appd weights to
the influencing factors, it can be determined thatseparate roll/pitch control option is slighpiseferred over the
combined roll/pitch surfaces.
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Table 2. Trade-off separate ver sus combined controls

3
Scores Weight Weighted scores
separate | combined separate combined
rollfpitch | rollipitch rollipitch roll/pitch
_ control effectiveness per control function (large = good) o 1 3 ) 3
: total control effectiveness per unit control surface (large = good) 1 3 2 2 &
' complexity (low = good) 3 2 2 (5] 4
unintended control influence (small = good) 3 1 2 (5] 2
space for high-lift devices (large = good) 1 3 E 3 3 g
1 = bad 1 = less imporiant 26 24
Scores: 2 = fair Weights: 2 = moderately important
3 = good 3 = very important

The second trade-off study (Table 3) was madeeterthine whether pitch and roll control surfacesuth be
placed on the front wing, the rear wing or on bethgs. Several factors were taken into accounhéttade-off.
First, a design with low complexity is preferreec8nd, the aircraft should be controllable in sthitonditions. The
front wing of this aircraft stalls first due to tifect that the rear wing is in the downwash offtleat wing. Third, it
is beneficial if a pure moment can be created leycibntrols and if they are in their most effecipaesition. With a
conventional tail, a pitch up rotation is precedgda slight downward motion due to a negative favoethe tail
plane. If elevators are placed on both wings, ttines effect can be eliminated. Finally, it was dkext whether
direct lift control can be created with the conteohfiguration. The trade-off study clearly showattcontrols on
both wings are preferred for both pitch and roll.

Table 3. Trade-off between roll- and pitch controls on one or both wings

Scores Waight Waighted scores
rafl pitch roil pitch
cantral -pure coupleftorqua? (yes=good) | - | - | - |1 |1 |3 3 - - - 3 3 9
. effectiveness | gouble moment arm? (yes = good) [ T | 3| -]|-]- 3 3 3 ] -
produce negative lift @ pitch-up? (no = good) -] - il | s 3 = - - 9 3 9
complexity (low = good) g |a ] |'s 3 9 |9 |3 |9e|9]s
unintended control influence (small = goad) 3 | 2 | 2 |53 2 2 2 6 4 4 3]
loss of control after stall? (no = good) 213 |3 el 103 2 4 6 6 2 6 6
Best Wing System (symmetry) {yes = good) ol (el s ™= 3 3 3 9 3 3 9
direct-lift possible? (yes = good) - - e IWE |3 1 - - - 1 1 3
1 = bad 1 = less impaortamnt 21 23 33 31 28 45
Scores: 2 =fair Weights: 2 = moderately important
3 = good 3 = very important

The outcome of the trade-off studies results & ‘thitial design’ displayed in Fig. 4. So, separatevators are
placed inboard on both the front and rear wingewihs are present outboard on both wings. Conveadtimidders
are located in the vertical tails. In short, themfiguration is most effective due to the large neminarm to the
center of gravity. Furthermore, a pure torque mdnaerd direct lift can be created. A trade-off studgs also
conducted to determine the best option for yaw rebnThis study is not included in this paper foetsake of
brevity. Results show that conventional rudderspsferred over drag rudders because they are\eprdesign
(low risk). Now, the optimum size for the contratsist be found through an automated design process.
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Figure4. Initial design Figure 5. Aerodynamic analysis

IV. Analyss

The parametric aircraft model is created by a Matbutine in which all the geometric design paramsecan be
defined. This includes parameters such as the wosgition, the chord length, wing sweep, airfoil éygontrol
surface location, etc. The basic aircraft shageefg constant in this study. The only design vdeslare related to
the control surfaces. Based on this information, imput file for the aerodynamic analysis is creaté@the
commercial off the shelf software package VSAERI® used in this study. This is a first order pamethod with
viscous boundary layer integration. The computatiore of this method is relatively low when comghte CFD
methods with a higher accuracy. The main reasamtose this method is that many different configars must
be analyzed and thus computation time should belkap An impression of the resulting pressurerdistion on
the aircraft with asymmetrically deflected contsairfaces is presented in Fig. 5. An aerodynamiasgatis
constructed by analyzing the model in various flighnditions. Mach number, angle of attack, andlsideslip and
control surface deflection angles are varied adogty.

Subsequently, a control allocation scheme musteivetl, to determine a relationship between theetipilot
inputs (longitudinal stickg, lateral stickX,and pedal¥p) and a deflection of the control surfaces (Fig. 6)

?

el N
< Control allocation >
N ﬁ//

[¥, X5 %]

Figure 6. The control allocation problem

Many theories and allocation methods for managingtipte, redundant control effectors exist. The gh
control allocation problem can be defined with Eq.

m, =Bo 1)
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Heremy is the desired moment vectd,is the aerodynamic effectiveness of the contrald &is the control
deflection vector. The control deflection limitseaassumed to b£30 deg for all controls. So, in fact this is a
constrained control allocation problem. For therenr application, there is an infinite amount ofusons to this
equation. In this study, it is merely the objectieecreate a simple and constant gearing ratio dstwhe pilot
inputs and the control deflections. It is decidedise a direct method as described in Refs. 5 and 6

The direct methatlis derived by assessing the moments created bindidual control surfaces. In short, a
control allocation routirfeuses the aerodynamic effectiveness matrix anccdmérol surface deflection limits to
create the maximum attainable moment subset (abiple control deflection combinations within thmits,
multiplied by the aerodynamic effectiveness matriXhe routine is subsequently used to evaluate it
minimum required control surface deflections argénerate a unit moment in each of the three grahehoment
directions (roll moment., pitch momentM and yaw momeni). The relative magnitudes of the required control
surface deflections per principal moment directioe then related to the individual entries in tbatml allocation
matrix per pilot input. The result is one constemttrol allocation matrix@A) representing the relation between the
pilot inputs and the control surface deflectionssifple gearing ratio is subsequently added toestta# required
pilot inputs to obtain maximum control surface deflons to a unit input.

[0, ... & =[X, Xs X.]'CA @

This control allocation can easily be implemente@ imechanical flight control system. It is a recoemdation
for future work to find the best control allocatieeheme for each flight condition and to make a mamison
between the various control allocation methodslabli. For example, the weighted pseudo-inversédoakt can
also be considered. This however, should be ddee thie design of the flight control surfaces inrg of size and
position is completed and is therefore not parthed research study. Now the control allocatiodeésermined, the
flight mechanics analysis can be conducted.

The flight mechanics modeling toolbox used for #malysis is based in Matlab / Simulink. It is a ggén and
modular toolbox that can handle any fixed wing rfictype. The aircraft model is automatically ciousted based
on user input such as the number, type and locafidhe engines. Relevant data has to be providbdesjuently.
The structure of the toolbox is such that it cannpglemented in a multi-disciplinary design optieibn. Once the
aircraft model is created, then various routinas loa executed for analysis. For example, a trimnailggrithm is
present to find the aircraft attitudes and conimplts for a prescribed flight condition. Linearcaaft models can be
derived based on the full nonlinear model. Handbjoglities analysis can be done in both the lirmeal nonlinear
domain. For example, complete maneuvers can beateduwith the nonlinear model, whilst the lineandel can
be used to identify the aircraft Eigen motions. Aredetailed description of the toolbox is giverRief. 6.

V. Results

Once the design process was implemented, an etidmsearch through the design space was conduoted
obtain a clear understanding of the problem. Resalé presented in Fig. 7. The green area showfe#sible
design space. The numbers in the green boxes tediva total control surface area. The numberbeénréd boxes
indicate which requirements are not satisfied. Tines the engineer a powerful insight in how thggical aircraft
design influences the aircraft controllability ahdndling qualities. The engineer can easily ingasé what the
effects of resizing the control surfaces or relgxaertain requirements will be. A simple examples tnfeasible
designs with a large aileron span width and snialtagors do not comply with the push — pull reqoiemt (6 and
11). In the interpretation of the results, one mmaslize that the control allocation scheme alltes ailerons to be
used partially as elevators and vice-versa. So taeyot be seen as pure ailerons or elevators.rifieless, the
inboard surfaces are designated as elevators armltboard surfaces as ailerons.
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Figure 7. Results

Clearly it is not always possible to perform ahauxstive search throughout the design space. Amizgtr can
also be linked to the process to find the bestt®wiu This was also tested successfully. It depesrdshe initial
design, which solution is found. For example, ifigitial design with large ailerons and small ekewa is used, then
the solution will be on the Pareto front in theioegwith large ailerons and small elevators. Thegent study is not
focused on optimization techniques however. Theaegtive search is therefore seen as a good validafi the
control design method. The highlighted cell in FHidgs chosen as the final design because it iglgraent of the set
of optimal solutions with the smallest elevatore\Etors are located inboard and ailerons outbdiaedefore adding
elevators on the wing has a larger negative effecherodynamic performance of the wing than addiferons
(high lift devices which could be placed insteactlgfvators/ailerons have a better performance mhdde smaller
the elevator, the better. The resulting final desidnich was selected is presented in Fig. 8.
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Figure 8. Final design

V1. Conclusons and Recommendations

A methodology is presented that allows the autochdessign of primary control surfaces for all tymddixed
wing aircraft, in terms of number, size and locatibhe method is purely physics based which makgarticularly
suited for unconventional aircraft. The automatedt @f the design process includes an aerodynamétysis,
control allocation and a flight mechanics analygis. a test case, flight control surfaces are desligior a 300
passenger variant of the Prandtl Plane, a box wémgiguration. This aircraft is deemed to havew induced drag
compared to conventional aircraft. Elevators awcegdl inboard, both on the front and rear wing. rails are
located on the outboard portions of both wings. ¥emtional rudders are placed in the vertical t&lssults indicate
that the controls are most effective at these lonat The aircraft must be able to fulfill a sethaindling qualities
requirements with these control surfaces. Furthesptbe total surface area is minimized to redueeadt weight.

The overall aircraft design has been kept congtatitis research. In future work, the flight dynamof the
Prandtl Plane will be evaluated in detail, as veallithe influence of design variables such as wimgep on the
flight dynamic behavior. Furthermore, the desighl & evaluated with a detailed aerodynamic met@€D) and
the complete aircraft flight mechanics should baleated through a piloted simulator trial. Furthere the
potential that direct lift control and pure momewontrol (or a combination of both) offer will be @wited in the
design of an automatic flight control system.
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