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ABSTRACT

A low/middle range fidelity model is highlighted
in this work through the development of a con-
servative extension in order to assess a signifi-
cant part of the UAVs community’s current is-
sues. Such as flutter control, gust alleviation,
trajectory tracking, energy harvesting strategies,
parametric studies... One aims at providing an
efficient tool for the quick design of high aspect
ratio UAVs coupled with advanced control laws.
The work recalls the theoretical background used
on the model, the methodology applied to en-
hanced it, and 3 illustrative examples.

1 INTRODUCTION

Nowadays’ the trend regarding UAVs is the improvement
of efficiency, endurance, and impact on the environment lead-
ing to lighter and flexible aircraft, rising new problems re-
garding its sensitivity to the surrounding environment.

The last works regarding UAVs rise the need for modu-
lar and fast simulation model to capture sophisticated flight
dynamics as well as the structure behaviours both coupled
with advanced control strategies. Such a tool could assess the
different issues risen by UAVs such as flutter damping ([1],
[2],[3]), energy harvesting strategies ([4], [5], [6]), flap in-
version behaviour due to structural deformation ([7]), flight
envelopppee extension ([8]), gust alleviation ([9],[10])

There exists differents tools to asses those problems
adapted to high aspect ratio UAVs such as ASWING [11],
UM/NAST [12], CA2LM [13] and others used in [14]. De-
spite the recency of some of them, after an overview of the
theoretical background used, the authors choice converged to
ASWING for 3 main reasons derived below:
structural part:
Some of them do not consider all the 6 degrees of freedom,
inertial coupling, and local damping. Moreover, coupling be-
tween local beam variables is not considered (cross-sectional
bending/twisting). Few models assume small beam deflec-
tions and a linear beam behavior. Elastic, tension, and grav-
ity’s center’s positions can not be specified. Others use a rect-
angular beam assumption for bending and stiffness matrices
computation.
aerodynamic part:
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Figure 1: ASWING working with MATLAB

Propeller jet-induced velocities are neglected in most of
cases. For some compressibility effects are not taken into
account as well as ground effects. Shed vortices are approx-
imated by a temporal Theodorsen function. Other models do
not present a post-stall behavior capture.
applied forces:
Added mass effects, unsteady effects on propeller blades,
joints, and struts loads are not usually considered as well.
Joints degrees of freedom restriction, and concentrated efforts
neither.

Furthermore, as most of those low order models are de-
signed on MATLAB, calling external libraries costs a lot of
time especially in temporal loops. Memory is dynamically
allocated and freed leading to slower simulation. As a com-
piled program ASWING is very fast and works in real-time
with nowadays computers. With an improved temporal solver
and a compiled version on a dedicated device, it could show
interesting performances.

However, MATLAB remains a very efficient and pro-
ductive tool for analysis and post-simulation data treatment.
Consequently, one’s objective is to present an extension of
ASWING that the user could run through MATLAB as an
”opened” black box as shown in figure 1 The use of a fast
compiled simulation software with MATLAB would allow
large parametric studies of flexible UAVs for a small com-
putational time cost.

Unfortunately, ASWING provides a very limited control
law toolbox which limits its use in the flight control commu-
nity highlighting the main contribution of this work.

2 PROBLEM STATEMENT

In ASWING [15],[16] the dynamic of a given aircraft is
described by a non linear system with x as a states space vec-
tor:
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Figure 2: ASWING configuration representation [15]

x =

(~ri, θi,Mi, ui, ωi, ṙi, ω̇i : beam node variables (18NB)
rJ , θJ ,MJ , FJ ; joints variables (12NJ )

A1, . . . , AK , Ȧ1, . . . , ȦK : circulation modes (2K)

~RE ,
~̇RE , ~Θ, ~̇Θ, ~U, ~̇U, ~Ω, ~̇Ω : global position and rates (32)

~a0, ~α0 : absolute accelerations variables (6)
δF1, . . . δFN , δE1, δEN : flaps and engine level (32)

)T

y is the output variables measured at each sensor location
which are x dependant. The feedback-able variables are the
local freestream velocity, angle of attack and sideslip, local
positions, angles, velocities, rotations rates and accelerations,
internal beam loads and circulations.
u denotes the forcing vector defined by :

u =

(y∗ : desired output behaviour
δ∗F1, . . . δ

∗FN , δ
∗E1, δ

∗EN : desired flaps,
engine levels

~Vwind(x, z, y, t) : turbulence velocity model

)T

The 6 degrees of freedom of every beam node are gov-
erned by the non-linear Euler Bernouilli beam equations in its
multivariable differential form. By denoting q = (~ri, ~θi)i ∈
[1, NB ].

[M(x)]q̈ + [C(x)]q̇ + [K(x)]q = 0 (1)

where [M(x)], [C(x)] and [K(x)] are non linear mass,
damping and stiffness matrices. They take into account the
effect of structural damping, loads and rates, external dis-
tributed and concentrated loads. Distributed loads are lift and
drag, added mass effect, inertial and gravity loads integrated
along the beam. Concentrated loads recover the effect of en-
gine thrust and drag, point mass, struts, and joints loads.
Joints variables are introduced to connect and constraint
beams. Circulation modes are used in an extended unsteady

lifting line theory taking into account compressibility effect
and velocity influence of wing thickness; shed and steady
vortices of every lifting beam and propeller jet stream. Cir-
culation modes are constraints in a flow tangency condition
with post-stall modelization. Those circulation modes are
used to compute lift and drag. Distributed lift is computed
with the unsteady form of Kutta-Joukowsky theorem for sur-
face beams, and with slender body theory for fuselage beams.
Distributed drag sums up the friction and pressure drag and
post-stall contributions. For both lift and drag, the knowledge
of tangent and orthogonal relative stream velocity is neces-
sary which is a function of infinite freestream, local beam
node positions and rates, turbulence, and induced velocities.
The global position, rates, and absolute accelerations vari-
ables are governed by the ”rigid” kinematic and trajectory
equations known as :

d~RE
dt
− T̄E ~U = 0 (2)

d~Θ

dt
− C̄E~Ω = 0 (3)

d~U

dt
+ ~Ω× ~U − ~ao = 0 (4)

d~Ω

dt
− ~αo = 0 (5)

where T̄E and C̄E are global position and orientation de-
pendant transformation matrices. Moreover, absolute accel-
erations can be constrained for a free flight or anchored con-
figuration.

The flaps and engine-level variables are governed by a
control law equation introduced later in the document.

In the end, the behavior of the state space vector x is gov-
erned by the non linear system :

(Σ) :

{
ẋ = f(x, u)

y = h(x, u)
(6)

Depending on the number of beams and their associated
mesh, the total number of states variables can rise very fast
and reach more than 10000. Using this discrete model as an
analytical tool for control law design would be unadapted.
Therefore ASWING provides a reduced-order model (ROM)
generator function leading to the linear system

(ROM) :

{
ż = Λz +Bu

y = Cz +Du
(7)

where Λ is a diagonal matrix containing the aircraft modes
and z is an alternative state vector equivalent to x defined as:

z = V x (8)
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Control laws
Linear Non Linear

PID Gain Scheduling
LQG Slidding mode control

H∞/H2 Control-Lyapunov functions
µ-analysis Backstepping

Guardian mapping Non linear damping
Fractional order Controller Feedback Linearization

Table 1: Examples of implementable control laws

In practice, the user can select slower and fast undamped
or unstable modes to drastically reduced the dimension of z.
Moreover, he can select different outputs to study the small
perturbations’ effects of each mode. The system (7) is then a
useful intel for control laws design.

Unfortunately, ASWING comes with a limited control
law known as outputs proportional feedback :

δ = δref +Ky(y − yref ) (9)

where Ky is a bi-scheduled matrix. One must note that
integral errors are part of the y vector allowing the user to im-
plement PID controllers. However the main problems of this
form are the assumptions of perfect knowledge of the outputs
and direct impact of actuators (no noise, no sensors/actua-
tors dynamics or saturations), and the lack of the controller’s
internal dynamic. Consequently, advanced control synthesis
and benchmark are limited leading to the contribution of this
article.

3 ASWING ADVANCED CONTROL LAWS

One is seeking to implement a multi-inputs multi-outputs
(MIMO) non-linear control law as depicted on figure 3. To
fulfill this objective, one must introduce a new state vector to
consider its internal dynamic. Thus for a set of control states
variables vector xc the control law takes the form:

(C) :

{
ẋc = fc(xc, y, yref , δref ) = f(xc, uc)

δ = hc(xc, uc)
(10)

10 recovers many control law forms used in MIMO non
linear and linear theory sum up in table 1. Moreover, this
form remains conservative, meaning that the original PID can
still be implemented. Thus the next lines aim at giving the
critical steps to apply so that such control laws could be used
on ASWING.

3.1 Modal analysis and time marching

For the next lines one will prefer the residual form of 6
written as :

r(x, ẋ, u) = ẋ− f(x, u) (11)

The state vector temporal evolution can be solved by us-
ing a multivariable Newton alogorithm depicted in [17] and
[18] as :

xi+1
n = xin −

[
∂r

∂x
+ k0

∂r

∂ẋ

]−1

i

ri (12)

where i is the Newton iteration index and n is the time index
such that t = nTe. Again for the next lines one will prefer
the shorter notation of the matrix:

[
∂r

∂x, ẋ

]

i

=

[
∂r

∂x
+ k0

∂r

∂ẋ

]i
(13)

To solve 12 a Gaussian block elimination [17] is used to
invert the matrix (13). Such matrix representation appears
suitable for different types of analysis. In fact by forcing k0
to zero, one force 12 to the steady case and by inspection of
13 eigenvalue one recovers the modal response of the aircraft
for a given steady flight condition. Secondly, it provides an
accurate time-marching behavior for a relatively small time
step choice. To embed 10 in the solver 12 one must split the
state vector x such as :

xT =
(
xTQ, x

T
V , x

T
P , x

T
D

)
(14)

with:

xTQ =
(
~ri ~θi ~Mi

~Fi ~ui ~ωi

)
i∈[1,NB ]

xTV =
(

∆~rJ ∆~θJ ~MJ
~FJ A1 A2

. . . AK e)J∈[1,NJ ]

xTP =
(
~RE ~Θ ~U ~Ω ~ao ~αo

)

xTD = (δF 1, . . . , δFN, δE1, . . . , δEN)
T

where evey variables from xQ, xV , xP , xD have been
described in section 2. At the light of the state vector form,
12 is equivalent to invert the matrix:

[
∂r

∂x, ẋ

]−1

i

=




[
∂rQ
∂Q,Q̇

]
i

[
∂rQ
∂V,V̇

]
i

[
∂rQ
∂P,Ṗ

]
i

[
∂rQ
∂D,Ḋ

]
i[

∂rV
∂Q,Q̇

]
i

[
∂rV
∂V,V̇

]
i

[
∂rV
∂P,Ṗ

]
i

[
∂rV
∂D,Ḋ

]
i[

∂rP
∂Q,Q̇

]
i

[
∂rP
∂V,V̇

]
i

[
∂rP
∂P,Ṗ

]
i

[
∂rP
∂D,Ḋ

]
i[

∂rD
∂Q,Q̇

]
i

[
∂rD
∂V,V̇

]
i

[
∂rD
∂P,Ṗ

]
i

[
∂rD
∂D,Ḋ

]
i




−1

(15)

As mentioned before a Gaussian block elimination of order 4
is used to solve 15. Note that, the jacobian matrix

[
∂rQ
∂Q,Q̇

]
i

follows a bi-tridiagonal block pattern. Thus the order of def-
inition of the state vector in Eq. (14) is relevant because the
first step of Gaussian Block elimination will not affect the up-
per left matrix block. For the rest of the inversion, one uses
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LU factorization to invert the diagonal matrix blocks. Con-
sequently one must not change the order of definition of the
state vector, otherwise, a huge slow down effect during simu-
lation will be witnessed.

3.2 Extension to a control law with an internal dynamic
As one rises the state vector x with xc, the problem be-

comes:



[
∂r
∂x,ẋ

]
i

[
∂r

∂xc,ẋc

]
i

... Rx
[
∂rc
∂x,ẋ

]
i

[
∂rc

∂xc,ẋc

]
i

... Rxc




(16)

which leads again to the seek of:

[
∂r

∂x, ẋ

]−1

i

=



[
∂r
∂x,ẋ

]
i

[
∂r

∂xc,ẋc

]
i[

∂rc
∂x,ẋ

]
i

[
∂rc

∂xc,ẋc

]
i



−1

(17)

As one was seeking to modify as less as possible
ASWING code and as it implements a 4th order Gaussian
Block Elimination and not a generic one, it is consequently
not possible to just add the Jacobian matrix associated to Xc

andRXc (bottom right block in (17)). Consequently, the code
has been modified so that the new set of control law xc is a
part of the xD state vector.

Note that it’s not necessary to give all the jacobian ma-
trices. Concidering the definition of the control law from
Eq. (10) and by having in mind that ∂y∂x is automatically pro-
vided by ASWING code [16], the user only needs to provide
fc(xc, u, y), hc(xc, u, y),

[
∂fc
∂Xc

]
,
[
∂fc
∂y

]
,
[
∂hc
∂Xc

]
and

[
∂hc
∂y

]

With thoses intels, one can recover both residual forms of the
controller defined in Eq. (10)

rD = δ − hc(xc, u, y)

rXc = ẋc − fc(xc, u, y)
(18)

and its associated Jacobian matrices:

[[
∂rXc
∂Q, Q̇

]

i

[
∂rXc
∂V, V̇

]

i

[
∂rXc
∂P, Ṗ

]

i

[
∂rXc
∂D, Ḋ

]

i

]
=

− ∂y

∂x

∂fc
∂y

[
∂rXc

∂Xc, Ẋc

]

i

=

[
k0I −

∂fc
∂Xc

]

[[
∂rD

∂Q, Q̇

]

i

[
∂rD

∂V, V̇

]

i

[
∂rD

∂P, Ṗ

]

i

[
∂rD

∂D, Ḋ

]

i

]
=

−
[
∂y

∂x

∂hc
∂y

]
+ [0 0 0 InD ]

[
∂rD

∂Xc, Ẋc

]

i

=

[
∂hc
∂Xc

]

[[
∂rQ

∂Xc, Ẋc

]

i

[
∂rV

∂Xc, Ẋc

]

i

[
∂rP

∂Xc, Ẋc

]

i

]T
=

[0 0 0]T

(19)

Figure 3: Proposed closed loop in Aswing including ad-
vanced control laws

3.3 Linear Pattern
Equations (19) and (10) are the milestone of the ASWING

control laws extension but they still need to be implemented
in the source code. Therefore one proposes a linear pattern
depicted in figure 4. The user only needs to provide every
A,B,C,D matrices of each block in a MATLAB format. If a
block is not used, it will be automatically removed from the
program. Regarding the pattern itself, one can implements
sensors and actuators dynamics and saturations, a full MIMO
linear controller, and an anti-windup system. Moreover, every
block can be bi-scheduled by every measurable output. Fur-
thermore, noise can be added to the simulation for temporal
robustness studies in a stochastic environment. This pattern
is motivated by the fact that UAVs are using small embedded
sensors and actuators leading to a noisy environment, satura-
tions delays, etc. The authors consequently thought it would
be relevant to consider them directly in a numerical tool. Let
xc = (xA, xS , xAW , xK)T be the control states vector, fol-
lowing Eq.(18), In its full configuraiton (every block used)
one has :

h(xc, y, u) = sat(CAxA) (20)

where sat(CAxA) sat(CSxS) are the saturation function as-
sociated to actuators and sensors
Moreover, one has

∂h(xc, y, u)

∂xc
=
(

∂sat(CAxA)
∂xA

0 0 0
)

(21)

The jacobian matrix becomes :

∂h(xc, u, y)

∂y
= 0nδ,ny (22)

At the light of figure 4 fc expression comes:
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f(xc, y, u) =



AaxA +BACKxK +BADK,Qsat(CSxS)
ASxS +BS(y + wy)
AAWxAW +BAW (CAxA − sat(CAxA))
AKxK +BK,Qsat(CSxS)−BK,QQ∗

+BAδ
∗

. . .

. . .
BK,AW (CAWxAW +DAW (CAxA − sat(CAxA))




(23)

With its associated jacobians:

∂f

∂xc
=




Aa BADK,Q
∂sat(CSxS)

∂xS
0ns,nA AS
BAWCA −BAW ∂sat(CAxA)

∂xA
0nAW ,nS

DAW

(
CA − ∂sat(CAxA)

∂xA

)
BK,Q

∂sat(CSxS)
∂xS

OnA,nAW BACK
0nS ,nAW 0nS ,nK
AAW OnAW ,nK
BK,AWCAW AK




(24)
And

∂f

∂y
=




0nA,ny
BS
OnAW ,ny
OnK ,ny


 (25)

Adding 23, 24, 25, 20, 21 and 22 to 19 recovers 10 for the
linear pattern case.
Interpolation methods:
Interpolation methods have been implemented to set up the
A,B,C and D matrices of each block regarding their discrete
scheduled values. The first method is the nearest neighbor,
the second a bilinear interpolation and the third is a 2D poly-
nomial interpolation. Interpolation methods are often used as
gain scheduling methods, however, a stability study must be
made to ensure that the flight envelope is not too coarse to
threaten the stability of the overall closed-loop system dur-
ing working point switches. ASWING modification does not
provide such an analytical tool. The user will consequently
make sure that the aircraft flight envelope has enough points
to avoid such stability problems.

4 EXAMPLES

The authors must notify, that the change in ASWING
code lets the previous one unchanged meaning that the exam-
ples presented in [11] are still valid and usable. The lecturer
must see this work as a conservative exension.

Span 4.4m Time range 36h
Weight 14kg Range 3000km

Cruise speed 24m/s nominal altitude 100m

Table 2: Mermoz main specs

4.1 open loop control behavior with actuator dynamic:

The first example aims at showing the effect of an added
dynamic and saturations to an aircraft actuator such as an en-
gine. The aircraft used in the next examples is the Mermoz
UAV hydrogen prototype [4] shown on figure 5 whose main
characteristic are depicted on table 2. The engine limits are
arbitraly set to 0 and 7N for a non negative thrust behavior
and limited engine. A first order linear system with a time
response of 3s is used to recover its dynamic. To ensure that
the simulation would not crashed, the aircraft is cantilevered
to the ground. The figure 6 shows the benefit of added pattern
to take into account actuators dynamic and saturations. The
black line accounts for the previous way, and the blue the new
one.

4.2 Output feedback Longitudinal controller for gust har-
vesting: effect of actuators or sensors dynamics

As Mermoz is supposed to fly around 100m over the at-
lantic ocean, one plans to harvest or alleviate the turbulence
created by the sea waves. Futhermore as the altitude is quite
low, the aircraft trajectory must be holden in a given range ris-
ing a control law problem. [6] [5] have shown that there exists
control law stategies for small UAVs which lead to power sav-
ing using the surrounding aircraft environement. They firstly
shown that for a single pulsation sinewave vertical gust, one
could harvest energy and witness a positive gain in altitude.
The proposed control law was a PD control using the encoun-
tered vertical gust velocity measurement as input. In this ex-
ample, one proposes a simple propotionnal feedback of the
aircraft pitch angle as a horizontal stab control law, leading to
a gain in altitude. However one presents the effect of actuator
or sensor dynamic on the performance. 3 different first order
dynamics have been studied with a time response of : 0.1 s
1s and 10s (respectively blue, orange and yellow on figure 7).
The vertical gust is a 1Hz sinewave with hyperbolic tangent
activation function, the amplitude is 1.5m/s. The feedback
gain is set to -1.8. The figure 7 shows that for slow actua-
tors one witness a delayed flap answer with smaller ampli-
tude. However the performance in gain of altitude seems to
be better with a slow actuator. This means that the optimum
feedback gain used for the simulation should be smaller. Con-
sequenlty if the actuator dynamic response is slower or near
the aircraft one, it is highly possible that the control law will
witness a change in its performance.

4.3 Performance robustness to a full bandwith gust model:

The last example follows the same protocole as the pre-
vious example. However the authors has extended the gust
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Figure 4: Linear control pattern proposed

Figure 5: Mermoz aircraft: ASWING configuration

model function of ASWING with a full 3D spatio tempo-
ral Von Karman turbulence model based on the adaptation
to UAV work of []. The figure 8 clearly show that the control
does not satisfy the energy harvesting objectives no matter
the dynamic of the actuator. One must consequently seek for
a better and more robust control law to fullfill the objective
for an extended gust bandwith.

5 CONCLUSION

This article has presented a methodology to modify
ASWING source code so that control laws with internal dy-
namics commonly used by the control theory community can
be implemented. One has presented the different algorithms
used in ASWING and the proper modifications that have to
be made to fulfill this objective. Some theoretical results
have been recalled for a better understanding of the method-
ology. Moreover, one has to make sure that the modifica-
tions brought do not lead to an added stiffness on the dif-
ferential equations leading to the solver divergence. Finally,

the modification has been illustrated with 2 examples to have
a quick partial view of the modification. From this modifica-
tion, the users can use this methodology to quickly implement
and benchmark sophisticated bi-scheduled controls law such
for example Linear quadratic Gaussian, H∞ / H2, Guardian
mapping, Fractional order controller, µanalysis. He can also
investigate sensors and actuators’ saturations effects and im-
plement anti-wind-up and or observers. Sensors noises can
also be taken into account for robustness study to stochas-
tic environment. Future works aims at providing a ”craftable
fyable aircraft” design tool which respects ASWING theoret-
ical background for automatic and parametric design of UAVs
based on modern crafting technics
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