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Abstract

In this paper an analytical model is used for the development of the controls for the optimal longitudinal
performances of two small UAV aircraft which differ exclusively on the wing: an optimum Fixed Wing (FWA) and a
telescopic and camber varying Morphing Wing (MWA). The aerodynamic data of the two wings is based on previous
coupled FEM-CFD work. Both static and dynamic formulations for the longitudinal control are presented and applied
to the two aircrafts. The static results show that the MWA has an extended operational range when compared to the
FWA with the exception of the rate of climb which is slightly penalized. The dynamic results include the analysis of
128 different missions which include climb-cruise missions and descent missions. The dynamic formulation shows
very satisfactory results in optimal control calculation for trajectory tracking. Energy actuation estimates based
on the optimal control obtained for the missions are calculated and total mission energy consumption estimates
comparisons are presented. The actuation energy estimates show that actuation energy is two orders of magnitude

inferior to the engine output.

Keywords: Blended wing body; Dolphin shaped; Conceptual design;
Aerodynamic efficiency

List of Indexes
i=Number of aircraft part,
j=Number of aircraft control,
m=Constant index representing a time span increase t =t +mAt,

n=Variable Index representing a general time ¢ =t +nAt.

Nomenclature
a,...a,=Objective function’s terms weighing factors
A=System matrix
B=Input matrix

C=Gradient matrix of input vector u relative to the state vector X
at the initial time

c=Aircraft part i reference chord length (m)

C,,, =Drag coefficients of aircraft part i

C,, =Lift coefficients of aircraft part i
C,,,=Pitching moment coefficient of aircraft part i

D=Gradient matrix of input vector u relative to the control vector
d at the initial time

D, =Drag force vectors of aircraft part i
D=Drag of aircraft part i
e e, e,=Trajectory tracking estimated errors (m)

I, =Moment of inertia of aircraft part i (Kg/m?)

k=Number of time spans used for future aircraft position prediction
used in the constraints

L, =Lift force vectors of aircraft part i
L=Lift of aircraft part i

Z:Aerodynamic Center (AC) position vector of aircraft part i

relative to aircraft Center of Gravity (CG) position

I=Absolute value of the AC position vector of aircraft part i relative
to aircraft CG position

m=Mass of aircraft part i (kg)
M, =Pitching moment of aircraft part i
P =Maximum power of part i (W)

7.=CG position vector of aircraft part i relative to aircraft CG
position

r=Absolute value of CG position vector of aircraft part i relative to
aircraft CG position

S=Aircraft part i reference surface area (m2)

t=Time (s)

T, =Thrust force vector of aircraft part i

T ,T =Thrust force components (N)

u =Input vector

U=Absolute value of aircraft velocity (m/s)

U, U =Components of the aircraft velocity vector (m/s)
X =State vector

x,z=Referential coordinates

(x,z,)=Position of aircraft part i point of application of forces

*Corresponding author: Afzal Suleman, University of Victoria, Victoria, British
Columbia V8W EP6, Canada, E-mail: suleman@uvic.ca

Received August 09, 2013; Accepted October 31, 2013; Published November
07,2013

Citation: Vale J, Lau F, Suleman A (2013) Energy Efficiency Studies of A Morphing
Unmanned Aircraft. J Aeronaut Aerospace Eng 2: 122. doi:10.4172/2168-
9792.1000122

Copyright: © 2013 Vale J, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Aeronaut Aerospace Eng
ISSN: 2168-9792 JAAE, an open access journal

Volume 2 - Issue 5 + 1000122



Citation: Vale J, Lau F, Suleman A (2013) Energy Efficiency Studies of A Morphing Unmanned Aircraft. J Aeronaut Aerospace Eng 2: 122.

doi:10.4172/2168-9792.1000122

Page 2 of 11

and moment (m)
(xcgl,zcgi):Position of aircraft part i center of gravity (m)

a=Angle of attack (AOA) (Rad)
y=Angle of climb (AOC) (Rad)
6j:Value of control inputs (elevator, power, span, camber)
0=Pitch angle (Rad)
A=Incidence angle of aircraft part i (Rad)
p=Air density (Kg/m®)
Introduction

MORPHING aircraft are usually defined as aircraft that are capable
of large or small changes in its configuration that produce an increase in
the aircraft performance parameters, usually expanding its operational
range.

Examples of morphing technologies are high lift devices such as
flaps and slats, which are used since very early times in aviation history.
These technologies allow the aircraft wing to change its camber and
increase its chord and area, allowing the aircraft to fly at lower speeds
during take-off and landing. More recently, there has been some
research on new ways of changing camber and wing area through usage
of several types of novel and traditional actuators [1].

Camber morphing is performed using smart materials as actuators.
Piezoceramic composite actuators were studied and optimized for
camber morphing using fluid-structure interaction [2] and further
developments of this technology led to wind tunnel and flight
demonstration [3]. Other studies about hingeless camber morphing
wings using elastomeric skin patches [4] and on the static aeroelastic
behaviour of such devices using nonlinear models [5] were also made.
Shape memory alloy is another example of a smart materials used in
camber morphing actuation [6].

Studies on aerodynamic optimization and internal structure
calculations have been performed [7] as well as studies on determinate
structures [8], both for camber morphing. Aerodynamic optimization
of span wise camber morphing in a high aspect ratio wing [9] is another
example of a study involving camber change.

New concepts for the traditional flaps have also been subject of
research. Flaps achieving specific shapes at the trailing edge were studied
through nonlinear numerical models [10]. Other novel but simple flap
concept that ensures continuity of the upper surface of the airfoil was
studied and compared with a conventional flap both numerically and
experimentally [11].

Studies on the effects of significant geometric changes on the wing
area include span [12,13] and chord morphing. A study on the chord,
span and airfoil morphing of a flexible skin wing was performed using
numerical methods coupling finite element models with aerodynamic
optimization algorithms [14], while configuration optimization of
telescopic wings for both minimum drag and roll rate calculation [15]
and evaluation of actuation performance on telescopic wings have also
been studied [16].

Other morphing concepts include variations on wing geometric
parameters as wing twist [17,18] or continuously change the shape of
wingtips [19] or winglets [20], usually for stability and maneuverability
improvement. Studies on compliant structures for morphing have also
been performed [21-23]. An extensive review on materials that stand as

candidates for morphing structures can be found in [24].

The evaluation of the morphing technologies benefits and penalties
has also been studied. Effects of weight increase in morphing aircraft
[25], performance of telescopic wings in loiter and attack missions
[26] and overall quantification of morphing benefits [27] are just some
examples of studies on this area.

This paper contributes to the state of the art by introducing a new
methodology for the assessment of the benefits of morphing technologies
based on energy balance and performance evaluation and comparison.
Using this methodology, engine output energy and actuation energy are
quantified as well as several longitudinal performance parameters as
climb and descent rates and angles, stall speed and maximum cruise
speed, allowing the comparison between different aircraft in terms of
cinematic and energetic performance in a set of missions.

The methodology is used to calculate and compare the static and
dynamic longitudinal performances of two aircraft which differ only
on the wing: one is equipped with an optimum fixed wing (Fixed Wing
Aircraft-FWA) while the other is equipped with a morphing wing which
allows changes in span and camber (Morphing Wing Aircraft-MWA).

Section II describes the morphing and fixed wing geometries and
the morphing wing span and camber variation capabilities.

In Section III the analytical model is explained and in section
IV static analyses for cruise, climb and descent at different speeds
and angles are made for both aircraft using a first order optimization
algorithm. Results are presented as well as conclusions about the
benefits and penalties of the morphing technology usage.

Section V describes the dynamic modeling formulation for optimal
control calculation and Section VI presents the results of its usage in a
set of climb-cruise and descent missions analyses for both aircraft, and
comparisons are made. Section VIII presents the concluding remarks.

FWA and MWA Wings Description

Details about the morphing wing and the potential aerodynamic
benefits of the telescopic and camber morphing be found in a previous
paper [28]. The MWA half wing is a telescopic half wing composed
by an outer wing and an inner wing that slides out of the outer wing,
therefore increasing span. In addition to the span increase capability,
the inner and outer wings are equipped with variable camber airfoil
stations, which allow the wing to change its airfoil shape continuously
from a NACA0012 to a NACA7312 [29], maintaining the same airfoil
shape along the span for both the outer and inner wing.

Table 1 show the geometric parameters of the morphing wing and

Dimension (half wing) Quantity
Inner wing chord 0.208 m

Inner wing span 0.950 m
Outer wing chord 0.261m
Outer wing span 1.000 m

Span variation 2.000-3.400 m

Span increase Up to 70.0%
0.521-0.813 m?

Up to 56.0%

Area variation

Area increase

Aspect ratio variation 7.68-14.22
Aspect ratio increase Up to 83.6%
Camber variation 0%-7%

Table 1: Morphing wing geometric data.
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Figure 1 shows the airfoil shape variation from no actuation to full
actuation.

The FWA wing geometry is the result of an aerodynamic
optimization process described also in [28], which minimized wing
drag for a lift production of 98.6 N and a cruise speed at sea level of 30
m/s. For comparability, the airfoil family used for the optimization was
the same of the morphing wing (NACA 4 digit series) as well as some
other geometric constraints.

Table 2 shows the geometric characteristics of the optimum fixed
wing.

Analytical Model

The analytical model is used to analyze and compare the
longitudinal flight performances of the aircraft equipped with the
optimized fixed wing (FWA) and the same aircraft equipped with the
morphing capability (MWA) and a weight penalty of 9.9 N (1 kg mass
penalty, therefore requiring a total of 108.5 N lift in cruise) resulting
from the extra morphing mechanisms and structures. This weight
penalty, although arbitrary, is based Finite Element Model weight
results, representing 55% of the total wing weight and 10% increase in
the total aircraft weight relative to the FWA [28].

In this work, the aircraft parts considered for the analytical model
are described in Table 2 (Figure 2).

For each aircraft part, the data on Table 3 is provided along with
the aerodynamic functions describing the Lift, Drag, Pitch Moment
variation with the Angle of Attack (AOA) and controls of as well as
engine efficiency with speed on the Annex. Please refer to the list of
symbols for the meaning of each property.

The data on Table 3 and in the Appendix along with the flight
conditions of the aircraft (air density, speed, climb/descent angle, pitch
angle and pitch rate) and the values of the control surfaces and power
can be used for calculation of the longitudinal dynamic system.

Figure 1: Camber morphing rib unactuated (left) and fully actuated (right).

Dimension Quantity
Root chord 0.250 m
Tip chord 0.167 m
Root camber 5.3%

Tip camber 0.0%
Span 2.000 m

Table 2: Optimum fixed wing geometric data.

Figure 2: Aircraft parts considered in the analytical model.
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Part# S (m) c (m) CG (m) AC (m) M (kg) lyy (kg A(°) Cont Power
m?) (W)
1-MW 0.813 /0.261 (-0.104,-0.4) (0,-0.4) 220 |9.33e-3 24 2 0
1-FW 10.417 |0.209 (-0.083,-0.4) (0,-0.4) 120 3.26e-3 24 0 0
2-HT 0.209 0.209 (-1.136,-0.3) |(-1.052,-0.3) 0.10 2.7e-4 0 1 0
3-FS 0417 0.2 (03-03) ((-0.3-03) [1.00 [0.141 0 0 0
4-EN 0 0 (0.3-0.35) |(0.3-0.35) 1.60 0O 0 1 2942
5-BAT 0 0 (0,0) (0,0) 075 0 0 0 0
6-PL 0 0 (0,-0.3) (0,-0.3) 535 0752 0 |0 0

MW-Morphing Wing FW-Fixed Wing HT-Horizontal Tail FS-Fuselage EN-Engine
BAT-Battery PL-Payload

Table 3: Data used in the analytical model describing the inertia and power
properties of the different aircraft parts.

Assuming that the aircraft and its movement are always symmetrical
relative to the xz plane in Figure 2, and that the local coordinate system
in Figure 2 remains attached to the CG and parallel to the inertial
coordinate system, the CG movement can be expressed as in (1) [30].

Calculation of forces and moments acting on each aircraft part
consider the local angle of attack and the effect of the controls. For that,
the pitch rate and the distance from the center of gravity of the aircraft
are used. Local airspeed variations relative to free stream speed due to
aircraft rotation are neglected (2).

Aerodynamic interference between aircraft parts is neglected or
assumed included on the aerodynamic coefficient functions provided.

This model was programmed and run in Matlab© environment.

X - =T, cos(8+ A,)— D, cos(y) — L, sin(y)]
> mi

d -=Y[-T;sin(0+ 4) + D, sin(y) — L, cos(y)]
> mi
g (1

o] =Y[M,, +[,x L+, xD,+1,xT]

[

wyi

U’ U’
L = CLi(ai’al“ﬁj)Sip? D, = CDi(ai’é‘l"'é‘j)SIPT

2
M, :CMi(ai,5l...5j)S,.pU7 C, T, =P(5,..8)n,U)U @

xi

_U‘

a,=0+1 - =tan”' z
1 1 7L }/t [ U J
U,=U,~18sin@ U, =U.lBcosO

Static Analysis

Considering static cruise, climb or descent, one can use the analytical
model to calculate the necessary values of the aircraft controls in order
to minimize some objective function. The optimization algorithm used
is the fmincon function in Matlab© with all options left with the default
values.

As energy consumption is usually the most promising parameter
to minimize when economic and environmental issues are considered,
the engine output power was considered the objective function to
minimize in an optimization procedure which calculates the optimum
elevator control value and, in the case of the MWA, the span and camber
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configuration control values for cruise flight, while constraining linear
and angular accelerations to zero.

Climb performance evaluation consisted in calculating the
maximum/minimum climb angle for a prescribed aircraft speed using
the same optimization algorithm with different objective functions.

Table 4 summarizes the optimization statement for engine output
power minimization in cruise, and for maximum and minimum climb
angle calculation.

For the MWA case, §,..5, represent the components of the
control vector § which are elevator, engine power, span and camber
respectively. Span control values indicate the actual span to minimum
span ratio, varying from 1 to 1.7, corresponding to 1 m to 1.7 m half-
span; camber and engine power control values represent the fraction of
their maximum values which is used at different speeds, varying from
0 to 1, corresponding to 0% to 7% in the camber case and to 0 W to
2942 W in the engine power case; elevator control values represent the
fraction of the maximum positive or negative displacement, varying
from -1 to 1, corresponding to -40° to 40°.

For the FWA case there is no span and camber controls, therefore
the control vector has only two components §,...0,, which represent
elevator and engine power varying from -1 to 1 and from 0 to 1
respectively, corresponding to the same values as for the MWA.

In both cases the Angle of Attack (AOA) of the wing, which is
given by the pitch angle 6 subtracted by the incidence A1, is limited to
prevent the wing from operating at angles outside the range limited by
the negative and positive stall angles [-10, 10](°). Also in both cases the
value of the climb angle y is constrained to be null, representing the
leveled flight condition.

Aircraft Objective Function: Variables Constraints
min F=
Cruise | Climb Cruise Climb Cruise Climb
MWA -1<93, <1 $=0
0<9,<1 =0
18,17 ;5
3 f=0
0<9, <1 ;
¢ 0=0
T T T
_ﬁs6+ﬂ1 —7<0<5 ——<0+4-y
A
O+ <= z
theg 202 9+ﬂ1—7§§
52 -y
FWA -1<9, <1 =0
z=0
0<93,<1 A
2 6=0
6=0
7 <o ool V4
“gS0tA 2 2 ——<0O0+A4-y
18
=0
T _7 z T
0+/11sﬁ 7 <7<3 9+/1‘_7£E

Table 4: Optimization statements for the MWA and FWA in cruise, climb and
descent flight: Objective function, variables and constraints.

£ 06 P A=

2.432 - MWA

2.432- FWA

Cruise Speed (m/s)

Figure 3: Comparison between engine output power at different cruise speeds
for the MWA and FWA.

-+ =S5pan
— e Camber
= == Elevator MWA

= = = = Elevator FWA

Control values

P Eng. Power MWA

e Eng. POWer FWA

Cruise Speed (m/s)

Figure 4: Optimal controls variation with cruise speed for MWA and FWA.

Maximum Angle of Climb (-}

Maximum Rate of Climb (m/s)
°

-10

Aircraft Speed (m/s) Aircraft Speed (m/s)

Figure 5: Variation of maximum rate of climb (left) and angle of climb
(right) with cruise speed for the MWA and FWA.

Cruise power requirement performance comparison

Figure 3 compares the engine output power in cruise of the FWA
and the MWA with the same incidence angle.

From the above results, it is expected that power requirement in
cruise of the MWA is higher than the power requirement of the FWA
only in a narrow range of speeds between 30 and 35 m/s. The maximum
power requirements penalty of the MWA is about 4% at 34 m/s. It is also
clear that the MWA reaches higher cruise speed and lower stall speed.

Figure 4 shows the variation of the morphing wing optimal
configuration (span and camber), as well as engine power and elevator
actuation of both the MWA and FWA with cruise speed.

Variation of the morphing wing configuration shows, as expected,
that at lower speeds span and camber are at its highest values. As
speed increases, the first parameter to change in the morphing wing
configuration is the span, followed by the camber, which varies
continuously and closely linearly within the speed range from 19 to 30
m/s from maximum to minimum value.

The span varies within three speed ranges closely linearly with
different slopes for each speed range, always decreasing. The first speed
range is from 15 to 20 m/s, the second is from 20 to 30 m/s (coincident
with the camber variation) and the third is from 30 to 44 m/s. Above 44
m/s minimum span is reached.
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Elevator actuation for the aircraft MWA increases as speed increases
and the AOA decreases. As wing camber reaches its minimum value
and the span reduces maintaining the AOA, elevator actuation is
approximately constant and close to zero. When minimum span is
reached and speed increases there is a reduction in AOA and therefore
an increase in elevator actuation for pitch moment balance.

For the FWA elevator actuation is always increasing as speed
increases and AOA decreases, balancing the pitch moment.

As the calculation is made for a range of speeds, one can identify
both the maximum climb angle as well as the maximum rate of climb.
Figure 5 shows the variations of maximum rate of climb and maximum
climb angle with aircraft speed. It can be seen that, in the speed range
between 24 and 39 m/s, the climb performance of the FWA is better
than the performance of the MWA. Also the maximum rate of climb is
higher in the FWA case and the maximum climb angle is higher for the
MWA case. Maximum penalties in rate of climb and angle of climb are
12.1% and 12.4% respectively, at 34 m/s.

The results for the optimal controls variation with speed for
the morphing wing equipped aircraft at maximum climb rate show
similarity with the wing configurations for cruise condition, as could be
expected since the engine output power minimization in cruise leads to
a configuration with the most available engine power for climb.

Dynamic Analysis Formulation

Although static analysis gave the insight on the benefits/penalties
and limits on the longitudinal performance of the MWA relative to the
FWA, it does not account for morphing wing actuation capability and
energy, acceleration performance and transient influence on engine
power output.

To study these issues the dynamic model introduced in the previous
section is used in a wider optimization scheme in order to determine
the control of the MWA and of the FWA that allows the best adjustment
to a given trajectory while also considering the best configuration for
minimum engine power output.

Dynamic system linearization for control optimization

Considering a time step sufficiently small and a given set of
functions representing the aircraft controls variation with time the
accelerations calculated using (1) and (2) can be considered constant
along the duration of the interval. Velocities and positions at the end
time of the time step can then be calculated through integration of the
accelerations as long as the previous state is known (3).

The system described in (3) is similar to the usual formulation in
linear systems control [31]. In this study, the input vector u_n is the
acceleration vector, which is a function of the inputs of the controls (4).

Nevertheless, one can assume that the acceleration vector varies
linearly with the state vector and the controls variation, in the vicinity
of a known initial acceleration vector u, (5). Furthermore, assuming
the controls variation to be linear in time (6) and expanding one can
calculate the state vector in the time span mAt (7). The formulation
in (7) is suitable for estimation of the aircraft state vector in a time
span which is a multiple of the time step At and small enough for
the assumption of linear controls variation and linear variation of
acceleration with the state vector and controls to be valid as a good
approximation. The formulation also assumes that the aircraft mass is
constant in the time span.

[Ac 0 0]
1o o0oo0o0o) [ [0 A 0O
N 0 1 0 00 0fx OZOA’X
: 0 0 1 000 ATy o
= +
|Tlar 0 0 1007 T : 3
0 0 A 0 0 1 of@ 0o A ol
x 0 0 At 0 0 1 2 !
Af?
z z OOT
_g_nH _9_”_ .

X, =AX, +Bu,

(4)
u, = f(X,,6,)
u, =uy(X,,6,)+C(X, - X,)+DAS,
_ou
Xlx, s )
_ou
Sy, s
Ao, = QnAt
dt
Xn+l = AXn + Bun (6)

u, =uy(X,,6,)+C(X, —XO)+D%}1AZ

(4+BC)" =3 7 (4+BC)""" BC]X‘,+Z;’:O(A+BC)'" " Buﬂ+zm (4+BC)"" Bme% (7

p=0

m=1
Optimal control calculation

The optimal control for the minimization of an objective function
involving the aircraft position, speed and configuration at time
t =t +mAt can be calculated using the estimate of the state vector
given by (7). As the optimal control variation within the time span is
determined, integration of the accelerations produced by such control
can take place using (1), (2) and (3). At the end of the time span, a
new state vector and control vector may now be used to continue the
calculation of the optimal control in time.

This procedure allows changing the control variable boundaries at
the end of each time span, which can be used to introduce limitations
on actuation speed on the dynamic modeling. It allows also the
renewal of C and D in (6) using finite differences, therefore obtaining
the derivatives of the acceleration vector in the vicinity of the initial
acceleration vector relative to the components of the state and control
vectors. Thus the influence of the state vector and control variation on
the acceleration vector is recalculated at each time span mAt. Figure 6
shows the optimal control calculation procedure flowchart.

The objective function: The objective function used in the
procedure of Fig. 8 is intended to enforce, by order of priority:

Trajectory altitude tracking (avoiding collision with obstacles
like buildings or terrain)

+ Global trajectory tracking (altitude and position)
«  Optimal wing configuration (in the MWA case)
o Static flight

These goals are mathematically expressed in (8):
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Figure 6: Optimal control calculation procedure flowchart.
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X, 7, and Gm are the first three components of the estimated state
vector Xm, representing the estimated ground position, estimated

altitude and estimated pitch angle, respectively, while X, Z, and Gm
are the last three components of X , representing the estimated ground
speed, estimated vertical speed and estimated pitch rate, respectively, all
at time ¢, =, +mAt x, and z_ are the ground position and altitude

estimates at f =t,+mAt, which assume constant acceleration

components estimates during tm to t, Xm, Z and ém, calculated

m

based on the estimated state vector information.

x(t,), X(¢,) and X(¢,) are the ground position, ground speed and
ground acceleration from the desired trajectory at time t_. Similarly
H(tm) and é(tm) represent the desired trajectory pitch rate and pitch
acceleration (assumed null in this study, we cannot foresee any practical
situation when it could be different).

z(x,) represents the desired trajectory altitude at the ground
position x .

5 gaicU) and 6, (U) represent the prescribed values for the
MWA configuration for span and camber at the desired trajectory
speed (U) and flight stage (climb, cruise or descent), obtained from the

static analysis.

Coefficients a,...a, can be chosen in order to produce different
solutions, emphasizing more ou less the wing configuration or static
flight conditions over trajectory error.

The constraints: In this optimization scheme, the constraints are
used not only for limiting flight parameters such as AOA and pitch
angle 0 (9) but also to aid preventing trajectory overshoot as result of
the optimal control calculation and maintaining static flight conditions,
therefore improving the convergence of the algorithm.

T
g |l<—
116, Il 3
T T
-5—<6_+4— <10—
180 est ﬂ'l 7est 180
: . 2 9
6.,=0,6+06. mAt+6'mM ©)
o =tan (- ZZAL
X+ X mAt

0, and y_ are the pitch and trajectory angle estimates calculated

est

with the same assumptions as x,_ and z__.

One constraint (10) is used to estimate the aircraft ground position
error in a period of time equal to k time spans based on the current and
desired positions, velocities and accelerations, maintaining the aircraft
behind or ahead the desired ground position at the end of that time
period, depending on the aircraft being behind or ahead the desired
ground position at the beginning of the time span, respectively.

(kmAr)’ <0

(x(tm)—xm)+($c(tm)—écm)kmAz+(jé(tm)—jém)
ifx(t,)-x, <0

(x(tm)_xm)+(;c(zm)_xm)kmm{x(zm)_xm) :

ifx(T,)-x, >0

2 (10)

Another constraint (11) is used in a similar fashion to the previous
one, this time to maintain the aircraft below or above the trajectory
at the end of the time span, depending on the aircraft being below or
above the trajectory at the beginning of the time span, respectively.

2(x,,) = (z, +%m kmAt + Zn M) <0
ifz(x,,) -z, <0
Z(xm)—(Z,,,+ém kmAt+§mM>0 (11)
ifz(x,,)—z, >0
(e

Xy = X,, + X kAL + X

Finally, one last constraint (12) prevents the aircraft from climbing
or descending indefinitely (thus decreasing or increasing ground
velocity) if the aircraft is ahead or behind the desired ground position
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respectively, by limiting the maximum altitude deviation.

. A 2
12 (3, ) = (2, + 20 kAL + 21 @)nso.s (12)

It is not certain that these constraints can be respected at every time
span. Therefore, if the solution is infeasible due to the impossibility
to respect any of the constraints expressed by (10), (11), or (12) the
constraint or constraints that are not respected are discarded and a new
calculation takes place for that time span.

The design variables: The design variables in this optimization
scheme are the rates of change of the controls with time d§/dt, assumed
to be constant in the time span mAt. This assumption means that the
controls vary linearly in the time span, but the slope of the variation can
change from one time span to the next.

The boundaries of the design variables can also be changed
from one time span to the next. Therefore, the actuation time can be
simulated by bounding the design variables in accordance to their value
at the beginning of the time span and their maximum and minimum
achievable values at the end of the time span.

Missions analysis

Table 5 indicates the mission profiles analyzed. 128 missions with
climb-cruise profile were analyzed and 5 missions with descent profile
were analyzed.

The climb-cruise mission profiles start with the aircraft at 10 m
altitude cruise at the same speed as the total aircraft speed in the climb
phase and with the corresponding minimum power configuration, in
the case of the MWA. Then follows a transition from cruise to climb
which translates in a constant acceleration in periods that vary between
1 s and 4 s. Higher transition times are used for higher climb angles to
prevent excessive trajectory error in the beginning of the calculation.
The climb and cruise flight phases take 60 s each, and the optimal
control calculations were done for the first 120 s of the missions.

These profiles also present a discontinuity in the climb to cruise
transition, with a sudden change in ground speed and rate of climb.
These discontinuities are used to assess and compare the acceleration/
brake performance of the MWA and the FWA, as well as the advantages/
disadvantages of the wider speed range and weight of the MWA relative
to the FWA. It allows also the evaluation of the optimization algorithm
with respect to its capability to capture the expected adaptability of the
MWA to the flight conditions and the trajectory.

Control optimization algorithm parameters: In the performed
analysis, the time step Af=0.01 s, while the time span mA#=0.5 s. The
integration of the forces and moments obtained from the calculated
controls variations is made using the same time step. The weighing
factors on the objective function (7), a, a,, a,, a,, and a,, were equal to

Climb Cruise

Speed (m/s) Angles (°) Speed (m/s)

20 5,10, 15

25 5,10, 15

% 510,15 20, 25, 30, 34, 35, 40

34 5,10 T 45: 50’ T

35 5,10

40 5,10

45 5

Table 5: Profile Climb-Cruise.

1,1, 5, 0.5 and 10 respectively. The k factor used in the constraints (10)
and (11) was equal to 5.

The elevator and thrust controls are assumed to vary from -1 to 1
and from 0 to 1 in a minimum of 0.5 s, respectively. For the MWA the
span control is assumed to vary from 1 to 1.7 in a minimum of 5 s and
the camber control is assumed to vary from 0 to 1 in a minimum of
2 s. Inverse control variations are assumed to take the same amounts
of time. These parameters are used in the calculation of the design
variables upper and lower bounds.

The optimization algorithm used is the fmincon function in
Matlab®© with all options left with the default values.

Dynamic Analysis Results
Climb-cruise missions analysis

Trajectory tracking: In a qualitative analysis the optimization
algorithm used calculates the control required for the trajectory tracking
in a very satisfactory way. Trajectory altitude is tracked efficiently and
the trajectory line is closely followed in space. Only during transitions
between flight phases the desired trajectory is not tracked, but the
aircraft attempts immediately to recover the right trajectory track.
Altitude and ground position error are kept below 0.5 m and 1 m
respectively, when the aircraft is close to static flight conditions and
close to the desired trajectory point.

Ground speed and rate of climb show the corresponding behavior
both when the aircraft is on track and when it is not, accelerating/
braking and descending/climbing as required to correct the trajectory.

Pitch angle, AOC and AOA are all within the limits of the constraints
applied in the calculation of the control. The trajectory AOC is well on
track in the majority of the trajectory length since trajectory altitude
tracking is the most enforced term in the objective function, meaning
that the relation between ground position and altitude of the desired
trajectory is maintained even if the ground position error is large. There
are however oscillations around the desired AOC whenever flight stage
transitions occur, reflecting the aircraft attempt to recover the desired
altitude for the current ground position, whether it is in the transition
from the initial cruise to climb at the start of the mission, or recovering
the desired trajectory speed after reaching the trajectory track.

Figures 7a-7e show the trajectory related data from the control
calculation and acceleration integration for three different climb-cruise
missions as examples that confirm these observations. The missions
include climb at low climb angle and high speed followed by cruise
at low speed (mission 1: AOC=5° U=45 m/s, U=20 m/s), climb at
medium climb angle and medium speed followed by cruise at medium
speed (mission 2: AOC=10°, U=34 m/s, U=34 m/s) and climb at high
climb angle and low speed followed by cruise at high speed (mission 3:
AOC=15°, U=20 m/s, U=45 m/s).

Acceleration and brake performance: One can observe from the
ground speed variation with time curves of mission 1 for the MWA
and FWA on Figure 7c that the FWA has slightly higher acceleration
capability than the MWA, since the FWA reaches higher speed earlier
that MWA after the transition from climb to cruise. On the other hand,
the ground speed variation with time curves of mission 3 for the MWA
and the FWA on Figure 7c show a slightly higher capability to slow
down of the FWA relative to the MWA, since the FWA reaches lower
speeds earlier than the MWA after the transition from climb to cruise.
The major reason for this is that the FWA has smaller mass than the
MWA.
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Actuation time of the MWA could also influence acceleration/
brake performance since the MWA does not change configuration
instantaneously, therefore limiting its capability to reach optimum
configurations at a specific time. In the mission 1 case the actuation
time of the MWA does not allow it to change configuration and
accelerate enough at the time around 85 s and therefore the MWA
overshoots the trajectory position and stays behind the desired ground
position. This result comes from the observation of the referred curves
and the corresponding span and camber control variation with time
curves in Figure 8.

Wider MWA cruise speed envelope

The influence of the wider cruise speed envelope is shown in the

ground speed variation with time curves and the ground position
error variation with time curves of missions 1 and 2 in Figure 7c and
a respectively. The lower stall speed and the higher maximum speed of
the MWA allow it to reduce the ground position error in a smaller time
in missions 1 and 3 respectively.

Algorithm for adaptability: The control optimization algorithm
allows the MWA configuration to change from the prescribed
configuration if the altitude and/or ground position error is large. This
situation happens in the climb to cruise transitions of missions 1 and
3. Figure 8 shows the span and camber control variation with time
calculated for the three missions.

In mission 1, one can observe clearly the adaptation of the span
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Figure 10: Engine output difference with time for the MWA relative to the
FWA for 3 different climb-cruise missions: Mission 1 [[AOC=5°, U=45 m/s)-
(U=25 m/s)]; Mission 2 [(AOC=10°, U=34 m/s)-(U=34 m/s)] and Mission 3

[(AOC=15°, U=20 m/s)-(U=4 m/s)].

and camber to a high drag configuration in order to slow down the
MWA (starting at t=60 s), followed by a quick transition to high speed
configuration for acceleration (at t=85 s), trying to avoid ground
position overshoot (as mentioned above) and finally assuming the best
cruise configuration for the 25 m/s cruise as the ground position error
becomes small.

In mission 3, there is a reduction of span and camber in order to
allow the MWA to accelerate and recover from the delay after the climb
to cruise transition. No further changes in the wing configuration

happen afterwards since at 45 m/s and above the best wing configuration
is minimum span and camber.

In mission 2, relatively small span and camber configuration
changes occur at the beginning of the mission, in the transition to climb
and afterwards the configuration is maintained.

Elevator control: Figure 9 shows the control values of the elevator
for the three missions. The absolute values of the MWA elevator control
are significantly lower than the absolute values of the FWA elevator
control at speeds significantly higher or lower than the FWA optimum
speed (34 m/s). Observing the AOA variation with time in Figure 7e
one can see that the MWA also operates at lower absolute values of the
AOA than the FWA. Thus lower forces act on the MWA elevator and
one can expect lower elevator actuation energy for the MWA relative
to the FWA.

Engine output energy: Figure 10 shows the engine output energy
difference between the MWA and the FWA relative to the FWA total
engine output difference. One can see that, as expected, engine output
difference is linear with time when the aircrafts are in static flight
conditions. The energy output difference variation with time curves
show different slopes in different flight phases.

Transitions between flight phases also have effect on the energy
output difference, but its significance in the final value depends on the
amount of transitions and also in the time length of the flight phases.

In the cases of missions 1 and 3, one can see that there is less engine
output energy consumption in the MWA than in the FWA, both in
climb and cruise. In mission 2, the MWA consumes more engine output
energy than the FWA, also both in climb and cruise. These observations
agree with the static data presented in section IV.

Actuation energy estimate and total energy difference

Span and camber: Based on experimental values obtained in
laboratory tests (Table 6) for the maximum actuation power for changes
in span and camber, the maximum energy per meter of span variation
required for the actuation is about 0.3 kJ/m and the maximum energy
per percent variation in camber relative to maximum camber is 0.5
KkJ/%.

These values are based on the maximum current read while
changing the span and camber of the morphing wing under loading
with DC electrical actuators at fixed voltage. Therefore they represent a
conservative estimate of the actuation energy, since the loading and the
current varies with the configuration of the morphing wing.

Multiplying these values by the integral of the control values
changes for span and camber in each time step we obtain a conservative
estimate of the energy spent in actuation of the morphing wing in each
mission. The maintenance of a specific configuration is assumed not to
require actuation energy.

Elevator: The actuation energy for the elevator control is assumed
to be proportional to the displacement of the elevator relative to the
zero position and to the time it is kept in that position. This assumption

No. of actuators 1(A) V (V) Act. time (s)
Span 2 1.76 12 5
Camber 18 1.5 9.6 2
Elevator 1 1.5 6 -

Table 6: Voltages and maximum currents assumed valid for the actuation of the
span, camber and elevator controls.
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penalizes the elevator actuation energy for the FWA in the wider range
of the missions analyzed, since, as stated before, the levels of the elevator
control for MWA are generally lower than for the FWA.

The authors believe that the overall energy balance would be more
complex but not significantly different if mechanical trimming would
be included in the model.

Magnitude differences between actuation and engine output
energy: Table 7 indicates the maximum and minimum engine output
energy for each phase of all the climb-cruise missions for the MWA and
FWA and also the maximum and minimum engine output energy of all
the complete climb+cruise missions, and compares these values with
the maximum actuation energies for the span, camber and elevator
controls.

The engine output energy values are calculated assuming that
variation of the engine power output with the engine power control
is linear and varies from 0 to the maximum power indicated in Table
3. The engine power is considered constant during At and integrated
accordingly.

From Table 7 one can observe that the magnitude of the actuation
energies used for span, camber and elevator control are one or two
orders of magnitude smaller than the engine output energy for both
the MWA and the FWA. In fact, when comparing every climb-cruise
mission, the maximum ratio between the sum of span, camber and
elevator control energies and the engine output energy is only 1.4%.

One can also observe that the energy spent changing camber is
significantly higher than the energy spent in span control, that is also
higher than the energy used in elevator control for the MWA. Another
observation is that the higher elevator control energy used with the
FWA relative to the MWA, which confirms what was stated before in
comments to Fig. 11 under the assumptions made about the energy
calculation

Total energy differences

Table 8 shows the energy difference between the MWA and the
FWA at each phase of the climb-cruise missions.

The energy differences values for the cruise flight phase were
calculated using the energy values obtained from the missions with the
preceding climb phase at climb speed equal to the cruise speed and at

Control energy (KJ) |Climb Cruise Climb+Cruise
MWA FWA MWA FWA MWA FWA
Engine Max 172.2 1649 176.1 176.4 3414 3411
Output
Min 73.9 91.8 28.9 504 1115 149.0
Span 0.2 - 0.6 - 0.7 -
Camber 0.5 - 2.0 - 21 -
Elevator 0.06 0.24 0.16 0.25 0.16 1 0.48

Table 7: Maximum and minimum values of engine output energy and maximum
actuation energies for span, camber and elevator control for the MWA and the FWA
for all Climb-Cruise missions analyzed (all values in KiloJoules).

AOC(°)/U |20 25 30 34 35 40 45 50
(m/s)

0 -45.12% -14.93% 1.87% |4.52% 1.86% -8.72% |-17.02% |-16.48%
5 -27.47% -6.01% 4.98% 6.91% 5.03% -3.45% |-11.17% -

10 -17.48% -1.19%
15 -11.64% 1.19%

6.51% |8.15% 6.73% |-0.33% |- -
6.77% - - - - -

Table 8: Total energy differences between the MWA and the FWA in the climb and
cruise missions phases relative to the FWA total energy.

U (mis) 20 25 30 34 35 40 45 49 \

Power [-46.44% -16.94% 0.45% 4.08% |1.29% -9.64% -16.86% |-19.04%
diff

Table 9: Engine output power differences between the MWA and the FWA in
cruise obtained from static analysis.

the minimum climb angle (5°), with the exception of the value for cruise
at 50 m/s, which was calculated using the results of mission (AOC=5°,
U=45 m/s)-(U=50 m/s). Therefore, since the configuration changes
and actuation energy used in the transition between flight phases is
minimum, they represent an approximation to the energy differences
values that would be obtained if the flight phase is long enough for the
actuation energy significance to become reduced.

The energy differences in cruise show a small penalty relative to
the values obtained in the static analysis for the engine power output
which originated Figure 3 and are presented in Table 9. Therefore the
speed range where the MWA experiences an energy penalty relative to
the FWA in cruise is slightly wider than calculated in static conditions,
mainly due to the actuation energy which is now accounted for.

There is a decrease in the MWA benefits relative to the FWA as the
AOC increases at all speeds. This is due to the weight penalty of the
MWA, which puts extra demand on engine thrust as the AOC increases.

Dynamic analysis observations

The dynamic modeling described in association with the
optimization algorithm seems suitable for optimal control calculation
for trajectory tracking, allowing definition of actuation times and
aircraft configuration adaptability.

The wider operating speed range of the MWA allows it to recover
from the trajectory errors more rapidly than the FWA when high or low
speeds are required to do so.

Elevator actuation values for the MWA are in general significantly
lower than the elevator actuation values of the FWA, which associated
with a generally smaller absolute value of AOA of the MWA means a
smaller trim drag than trim drag of the FWA. The same is observed for
pitch angle, meaning that the fuselage is in general better aligned with
the airflow, causing less pressure drag in the MWA than it would in the
FWA.

The 10% weight penalty of the MWA associated with the actuation
times for span and camber penalizes slightly the acceleration and brake
capability when compared to the FWA. The weight penalty also causes
a wider speed range where there is penalty in energy consumption for
the MWA relative to the FWA, as the AOC increases.

The dynamic analysis of the climb-cruise missions confirms that,
as long as the flight phases are long enough, the actuation energy used
for configuration change between flight phases in the MWA is kept at
low level, representing no more than 1.4% of the engine output energy.

The cruise energy consumption performance comparison between
the FWA and the MWA based on the dynamic model agrees with the
performances calculated in the static analysis. Calculation of energy
benefits and penalties of the MWA relative to the FWA could be made
based on the static calculations with small errors, since the energy spent
on transitions from one flight phase to another is small.

The benefits/penalties of the MWA relative to the FWA increase/
decrease as the AOC increases.
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Concluding Remarks

Analytical models of the MWA and the FWA based on CFD
aerodynamic data from previous work [28] were built and a dynamic
modeling based on optimization was built and used to calculate the
optimal control parameters for trajectory tracking.

The controls variations in time for the MWA and FWA were
calculated for numerous missions and the algorithm has shown to
successfully calculate the control for close tracking of trajectory, while
allowing aircraft configuration adaptation when necessary.

The comparison between the MWA and the FWA described
here shows that introduction of span and camber morphing on a 10
kg aircraft expands the range of operation significantly with not so
significant penalties relative to the FWA.

Energy penalties calculated do not exceed 10% in any analyzed
mission phase and performance parameters like acceleration and brake
or climb speed are only slightly affected.

The descent performance of the MWA greatly exceeds the FWA
one.

Acknowledgments

This work was possible due to the funding provided to the project SMORPH
by the Portuguese FCT (Fundagdo para a Ciéncia e Tecnologia) and the
funded project POCTI-EME-61587-2004 and the funding provided to the project
NOVEMOR under the 7" Framework Programme of the European Union.

The author José Vale would like to also thank the Portuguese FCT for the
Graduate Fellowship.

References

1. Barbarino S, Bilgen O, Ajaj RM, Friswell MI, Inman DJ (2011) A Review of
Morphing Aircraft. J Intel Mat Syst Str 22: 823-877.

2. Bilgen O, Friswell Ml, Kochersberger KB, Inman DJ (2011) Surface Actuated
Variable-Camber and Variable-Twist Morphing Wings Using Piezocomposites.
52nd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and
Materials Conference 4-7 April Denver Colorado.

3. Bilgen O, Butt LM, Day SR, Sossi CA, Weaver JP, et al. (2012) A novel
unmanned aircraft with solid-state control surfaces: Analysis and flight
demonstration. J Intel Mat Syst Str.

4. Seber G, Sakarya E (2011) On the Use of Elastomeric Materials in a Seamless
Adaptive Camber Wing. 52nd, AIAA/ASME/ASME/ASCE/AHS/ASC Structures,
structural dynamics and materials.

5. Seber G, Sakarya E (2010) Nonlinear Modeling and Aeroelastic Analysis of an
Adaptive Camber Wing. J Aircraft 47: 2067-2074.

6. Strelec JK, Lagoudas DC, Khan MA, Yen J (2003) Design and Implementation
of a Shape Memory Alloy Actuated Reconfigurable Airfoil. J Intel Mat Syst Str
14: 257-273.

7. De Gaspari A, Ricci S (2011) A Two-Level Approach for the Optimal Design
of Morphing Wings Based on Compliant Structures. J Intel Mat Syst Str 22:
1091-1111.

8. Baker D, Friswell Ml (2009) Determinate structures for wing camber control.
Smart Mater Struct 18: 035014.

9. Frank GJ, Joo JJ, Sanders B, Garner DM, Murray AP (2008) Mechanization
of a High Aspect Ratio Wing for Aerodynamic Control. J Intel Mat Syst Str 19:
1101-1112.

10. Di Matteo N, Guo S, Ahmed S, Li D (2010) Design and Analysis of a Morphing
Flap Structure for High Lift Wing. 51st AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference.

11. Marques M, Gamboa P, Andrade E (2009) Design of a Variable Camber Flap for
Minimum Drag and Improved Energy Efficiency. 50th AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics, and Materials Conference.

12.Bae JS, Seigler TM, Inman D (2004) Aerodynamic and Aeroelastic
Considerations of a Variable-Span Morphing Wing. 45th AIAA/ASME/ASCE/

20.

2

=

22.

23.

24

25.

26.

27.

28.

2

©

30.

3

=

AHS/ASC Structures, Structural Dynamics & Materials Conference.

. Vocke Il RD, Kothera CS, Woods BKS, Wereley NM (2011) Development and

Testing of a Span-Extending Morphing Wing. J Intel Mat Syst Str 22: 879-890.

. Gamboa P, Vale J, Lau F, Suleman A (2009) Optimization of a Morphing Wing

Based on Coupled Aerodynamic and Structural Constraints. AIAA Journal 47:
2087-2104.

. Mestrinho J, Gamboa P, Santos P (2011) Design Optimization of a Variable-

Span Morphing Wing for a Small UAV. 52nd AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics and Materials Conference April 4-7 Denver
Colorado.

. Felicio J, Santos P, Gamboa P, Silvestre M (2011) Evaluation of a Variable-

Span Morphing Wing for a Small UAV. 52nd AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics and Materials Conference April 4-7 Denver
Colorado.

Stanford B, Abdulrahim M, Lind R, Ifiju P (2007) Investigation of Membrane
Actuation for Roll Control of a Micro Air Vehicle. J Aircraft 44: 741-749.

. Mistry M, Gandhi F, Nagelsmit M, Gurdal Z (2011) Actuation Requirements of

a Warp-Induced Variable Twist Rotor Blade. J Intel Mat Syst Str 22: 919-933.

. Bourdin P, Gatto A, Friswell MI (2010) Performing Co-ordinated Turns With

Articulated Wing-Tips as Multi-Axis Control Effectors. The Aeronautical Journal
114: 35-47.

Bourdin P, Gatto A, Friswell Ml (2008) Aircraft Control via Variable Cant-Angle
Winglets. J Aircraft 45: 414-423.

.Johnson T, Frecker M, Abdalla M, Gurdal Z, Lindner D (2009) Nonlinear

Analysis and Optimization of Diamond Cell Morphing Wings. J Intel Mat Syst
Str 20: 815-824.

Lesieutre GA, Browne JA, Frecker Ml (2011) Scaling of Performance, Weight,
and Actuation of a 2-D Compliant Cellular Frame Structure for a Morphing
Wing. J Intel Mat Syst Str 22: 979-986.

Liu N, Huang WM, Phee SJ, Fan H, Chew KL (2007) A generic approach for
producing various protrusive shapes on different size scales using shape-
memory polymer. Smart Mater Struct 16: 47-50.

.Sun L, Huang WM, Ding Z, Zhao Y, Wang CC, et al. (2012) Stimulus-responsive

shape memory materials: A review. Mater Design 33: 577-640.

Campanile LF (2005) Initial Thoughts on Weight Penalty Effects in Shape-
adaptable Systems. J Intel Mat Syst Str 16: 47-56.

Leylek E, Costello M (2010) Benefits of Autonomous Morphing Aircraft in Loiter
and Attack Missions. AIAA Atmospheric Flight Mechanics Conference 2-5
August Toronto, Ontario Canada.

Wittmann J, Steiner H, Sizmann A, Luftfahrt B (2009) Framework for
Quantitative Morphing Assessment on Aircraft System Level. 50th AIAA/ASME/
ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference
4-7 May Palm Springs, California.

do Vale JL, Leite A, Lau F, Suleman A (2011) Aero-Structural Optimization and
Performance Evaluation of a Morphing Wing With Variable Span and Camber.
J Intel Mat Syst Str 22: 1057-1079.

. http://en.wikipedia.org/wiki/NACA_airfoil.

Etkin B, Reid LD (1995) Dynamics of Flight: Stability and Control. 3rd edn,
Wiley, USA.

. Borgan WL (1990) Modern Control Theory 3rd edn, Prentice Hall, USA.

J Aeronaut Aerospace Eng
ISSN: 2168-9792 JAAE, an open access journal

Volume 2 - Issue 5 + 1000122


http://jim.sagepub.com/content/22/9/823.abstract
http://michael.friswell.com/PDF_Files/C296.pdf
http://intl-jim.sagepub.com/content/early/2012/09/21/1045389X12459592.abstract?patientinform-links=yes&legid=spjim;1045389X12459592v1
https://getinfo.de/app/On-the-Use-of-Elastomeric-Materials-in-a-Seamless/id/BLCP%3ACN079975368
http://arc.aiaa.org/doi/abs/10.2514/1.C000312?journalCode=ja
http://jim.sagepub.com/content/14/4-5/257.abstract
http://jim.sagepub.com/content/22/10/1091.abstract
http://iopscience.iop.org/0964-1726/18/3/035014
http://academic.udayton.edu/dimlab/pubs/journal/2008/frank.2008.pdf
http://arc.aiaa.org/doi/abs/10.2514/6.2010-3096
http://arc.aiaa.org/doi/abs/10.2514/6.2009-2196
http://arc.aiaa.org/doi/abs/10.2514/6.2004-1726
http://arc.aiaa.org/doi/abs/10.2514/6.2004-1726
http://jim.sagepub.com/content/22/9/879.short
http://deepblue.lib.umich.edu/handle/2027.42/77091
http://arc.aiaa.org/doi/abs/10.2514/6.2011-2025
http://arc.aiaa.org/doi/abs/10.2514/6.2011-2074
http://www.researchgate.net/publication/239414601_Investigation_of_Membrane_Actuation_for_Roll_Control_of_a_Micro_Air_Vehicle
http://jim.sagepub.com/content/22/9/919.abstract
http://aerosociety.com/News/Publications/Aero-Journal/Online/576/Performing-coordinated-turns-with-articulated-wingtips-as-multiaxis-control-effectors
http://arc.aiaa.org/doi/abs/10.2514/1.27720?journalCode=ja
http://jim.sagepub.com/content/20/7/815.abstract
http://jim.sagepub.com/content/22/10/979.abstract
http://iopscience.iop.org/0964-1726/16/6/N01/
http://www.sciencedirect.com/science/article/pii/S0261306911003359
http://jim.sagepub.com/content/16/1/47.short
http://arc.aiaa.org/doi/abs/10.2514/6.2010-7507
http://arc.aiaa.org/doi/abs/10.2514/6.2009-2129
http://jim.sagepub.com/content/early/2011/07/30/1045389X11416031
http://en.wikipedia.org/wiki/NACA_airfoil
http://www.amazon.com/Dynamics-Flight-Stability-Bernard-Etkin/dp/0471034185
http://www.amazon.com/Modern-Control-Theory-3rd-Edition/dp/0135897637

	Title

	Abstract
	Keywords
	List of Indexes
	Nomenclature
	Corresponding author
	Introduction
	FWA and MWA Wings Description
	Analytical Model
	Static Analysis
	Cruise power requirement performance comparison

	Dynamic Analysis Formulation
	Dynamic system linearization for control optimization
	Optimal control calculation
	Missions analysis

	Dynamic Analysis Results
	Climb-cruise missions analysis
	Wider MWA cruise speed envelope
	Total energy differences
	Dynamic analysis observations

	Concluding Remarks
	Acknowledgments
	Figure 1

	Figure 2

	Figure 3

	Figure 4

	Figure 5

	Figure 6

	Figure 7

	Figure 8

	Figure 9

	Figure 10

	Table 1

	Table 2

	Table 3

	Table 4

	Table 5

	Table 6

	Table 7

	Table 8

	Table 9

	References



