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Flat dynamic model analysis of a
delta-wing convertible aircraft *
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Patrick Lanusse *

* Univ. Bordeauz, CNRS, Bordeauxr INP, IMS, 33405 Talence, France
(e-mail: firstname.lastname@Qu-bordeauz. fr)

Abstract: This paper proposes the study of a tail-sitter, delta-wing, convertible aircraft that
combines the advantages of vertical take-off and landing (VTOL) and fixed-wing aircraft.
Control during the transition between VTOL and horizontal flight, as well as the design of
fault detection and isolation (FDI) algorithms should be considered to ensure safe operation.
The main contribution of the paper is in the analysis of the flatness property of the convertible
aircraft. Flat systems have the property that their inputs and states can be written as functions
of a set of variables called flat outputs and their derivatives. Thus, an inverse dynamic model
can be obtained which can be used to design path planning, nonlinear feedforward control, and
FDI algorithms. First, the analysis of flatness in the horizontal flight is presented. Then, it is
shown that this first set of flat outputs is singular at hover flight. Fortunately, this is only an
apparent singularity as a second set of flat outputs can be obtained, which defines a chart of

the aircraft’s dynamical model at hover and slow aerodynamic speed.

Keywords: Aerospace Control Systems, UAVs, convertible aircraft, autonomous vehicles,

non-linear systems, algebraic/geometric methods

1. INTRODUCTION

Unmanned aerial vehicles (UAVs) made their initial ap-
pearance in the military as remote-control aircrafts, but
nowadays are widely used also in civil applications. As
Phung (2015) reports, UAVs were traditionally classified
into: fixed-wing and vertical take-off landing (VTOL).
Concerning fixed-wing UAVs, the flight is mainly based
on the propellers’ thrust to cancel the drag induced by the
air movement and the aerodynamic lift on the wings to
compensate for the weight of the vehicle. These vehicles are
very efficient in the forward flight and they require runways
for take-off and landing. VTOL UAVs, in contrast, have
the ability to hover, but are not very efficient in forward
flight. Increasingly popular are convertible aircrafts which
combine the advantages of VTOL and fixed-wing aircrafts.
From the first, they take their ease of maneuverability
at slow speed, while from the second they inherit the
energy efficiency in fast horizontal flight. As such, they
are good candidates for many real-world applications (see
WingtraOne (2023) and its fields of applications).

Among the possible diverse configurations for a convertible
aircraft (Basset et al. (2014)), this paper is focused on the
tilt-body aerial vehicles, which are increasingly popular
in unmanned applications. Tilt-body convertible UAVs
require the body of the aircraft to rotate during the
transition flight and, additionally, wings and rotor hubs
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purpose of open access, the author has applied a CC-BY-NC-ND 4.0
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licenses/by-nc-nd/4.0/.

are rigidly attached to the aircraft body. Also, a special
kind of tilt-body aircraft, which is considered here, is the
so-called tail-sitter due to the ability to take-off and land
on its tail (Kubo (2006)).

In this paper, first the nonlinear dynamic model of
the delta-wing convertible aircraft is presented, which is
largely built on previous work by Airimitoaie et al. (2019).
The intent of the model is to provide a foundation for
the paper’s main contribution, namely the proof of the
differential flatness property of the model, under given
assumptions.

Flat systems have the property that their inputs and states
can be written as functions of a set of variables called flat
outputs and their derivatives (Lévine (2009)). Thus, an
inverse dynamic model can be obtained which can be used
to design path planning and nonlinear feedforward control
(see Louembet et al. (2010); Formentin and Lovera (2011);
Joos et al. (2019)), and FDI algorithms (Torres (2014)).

The differential flatness analysis of a tailsitter UAV pro-
posed in this paper can be compared with the one from
Tal and Karaman (2022); Tal et al. (2023), where the
modelling approach using the ¢-theory parametrisation
from Lustosa (2017) is used. As in these papers, the
aircraft representation for the flatness analysis is done
based on Euler angles. It is well known that Euler angles
can lose one degree of freedom when two axes of rotation
align, phenomenon better known as Gimbal lock, which
can occur in acrobatic flight maneuvers.

The solution proposed in the present paper is to introduce
a second set of Euler angles, complementary to the first one
in the sense that one can switch between them to avoid



Gimbal lock at all configurations in space. The flatness
property is first analysed in the fast horizontal flight and
a flat output is proposed. Then, analysis in hover flight
shows that this initial set of flat outputs is singular in this
case (see Kaminski et al. (2018) for a definition of intrinsic
and apparent singularities of differentially flat systems).
Fortunately, this singularity is only apparent as a second
set of flat outputs can be found for hover and slow speeds.

This paper is organized as follows. Section 2 introduces the
notations and conventions that will be used. The system is
described in Section 3. In Section 4 the forces and moments
acting on the aircraft are given and the nonlinear model,
using the Newton-Euler formalism, is shown in Section 7.
This model is used for the flatness analysis in horizontal
flight, illustrated in Section 8.1, since it uses Euler angles
for attitude description, which are not suitable to deal with
the gimbal lock issue. Hence, for the vertical and hover
flight modes, a modification of this model and its related
flatness analysis is proposed in Section 8.2. Concluding
remarks are given in Section 9.

2. NOTATIONS AND ASSUMPTIONS

Notations and assumptions similar to those in Airimitoaie
et al. (2018) are used. They are recalled in this section
for completeness. The trigonometric functions sin, cos, tan
are abbreviated into ¢, s, t respectively, and in some of the
following equations the dependence on time (t) is avoided
to save space.

A constant gravity field is assumed, hence the Center of
Mass (CoM) of the aircraft coincides with its Center of
Gravity (CG). The earth is assumed flat and fixed.

The reference frames are indicated with upper-case calli-
graphic letters and the lower-case superscripts denote the
projection frames, and are expressed with the right-hand
rule.

The inertial-frame Z = (O;z*,y% 2*) has the origin O at
the surface of the earth and the North-East-Down (NED)
convention is used to define its axis z*, y*, 2"

The vehicle-carried normal Earth O = (CG;z°,y°,z°),
has the origin at the CG of the aircraft and its axes are
parallel to those of Z. The gravitational force vector is
defined in this frame as G° = [0, 0, mg]T.

The body-frame B = (CG;x?,3°, 2°) is centered in the
aircraft’s Center of Gravity. Its orientation can be observed
in Figure 1.

The relation between the body-frame B and the normal
Earth-frame O is through 3 successive rotations ¢(t), 6(¢)
and 9(t), called Euler angles:

Ry = R.(4(t)) Ry (6(2)) R ((1)) (1)
where the subscript b denotes a vector defined in the frame

B, which is transformed into a vector in the frame O,
denoted with the superscript o.

The kinematic frame K = (CG;z*, y*, z¥) has the origin
at the aircraft CG, and the axis z* points towards the
direction of the kinematic speed of the aircraft.

The aerodynamic-frame A = (CG;z% y® 2%), with the
origin at the aircraft CG, has the z® axis pointing towards

the aircraft’s aerodynamic speed. Frame O is related to A
as:

ko = R.(x (1) Ry (7()) R (14(2)) (2)
Through the angle of attack «(t) and the side-slip angle
B(t), the relation between A and B can be defined as:

R, = Ry(—a(t))R.(B(1)) (3)
When the aerodynamic velocity v, (t) = 0, the axis of the
frame A and those of the frame B are aligned.

The relation between the kinematic speed, aerodynamic
speed and V,,(t), the velocity of the air mass relative to
the ground, namely the wind velocity is given by:

Vie(t) = Va(t) + Va(t) (4)
Assuming zero wind condition, V,,(t) = 0, then Vi(t) =
Va(t), namely A coincides with K.
The angular velocity of B relative to O is (p,.

Taking into account the symmetry of the aircraft, the
inertia matrix is defined in frame B as:

I, 0 —I,,
I=| 0 I, 0 (5)
1. 0 I,

3. SYSTEM DESCRIPTION

Figure 1 shows the schematic model of the delta-wing
convertible aircraft proposed in this paper. It is a tail-

6el \\
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Fig. 1. Schematic model of the convertible aircraft.

sitter, tilt-body, with two counter-rotating rotors. The
wings are symmetric triangular shaped, called delta-wing.

Generally, when standard aircraft configurations are con-
sidered, the control surfaces include the elevator, the
aileron and the rudder (see Beard and McLain (2012)).
The aileron, rudder and elevator deflections are denoted
respectively as d,, 0, and J..

In the case of a delta-wing configuration, the control
surfaces are called elevons. The left and right angular
deflections are denoted respectively as d.; and d,.. Driving
the elevons differentially d.; = —J¢, has the same effect
as ailerons, providing a torque about the x axis of the
aircraft (roll control), instead driving the elevons together
0e; = der has the same effect as an elevator, producing
a torque about the y axis of the aircraft (pitch control).
The yaw movement is controlled with different spinning
of the propellers w; # w,, called “Differential Propeller



Rotation”. Thus, the four control inputs are defined in
this way:

® 0,0, which are the deflections of the left and right
elevons, are expressed in (rad).
e w;,w, which are the rotation speeds of the left

and right counter-rotating propeller-engines, are ex-
pressed in (PWM).

When the elevons are deflected downward simultaneously,
a mnose-up pitching moment is generated, causing the
aircraft’s nose to pitch up (positive pitch control), instead
for upward deflections of the elevons a negative pitch
control is generated. When the left elevon is deflected
upward and the right elevon is deflected downward, the
aircraft rolls to the right (positive roll control), instead for
opposite deflections of the elevons a negative roll control
is generated.

During the take-off, landing and hover flight modes, the
aircraft is positioned vertically on its tail, the aerodynamic
velocity is small (or zero during hover) and the thrust from
its propellers allows it to take off, hover and land like a
helicopter. During the horizontal flight (cruise) the aircraft
flies horizontally with higher aerodynamic velocities, like a
conventional fixed-wing airplane and the control surfaces
become the primary means of maneuvering the aircraft.

4. FORCES AND MOMENTS
4.1 Longitudinal aerodynamics

Lift and drag forces, Fiif, and Fyrag, act in the 2% and 2°
axis, and the pitch moment, mpitch, in the yb axis:

1
Rift = §pvgscL(aa q, 66)

1
Fdrag = EPU(%SCD(% q, 66)

1
§PU§SCm(0% q, 68)

(6)
(7)
(®)

Cr,Cp and C,, are non dimensional aerodynamic coeffi-
cients, S (m?) is the planform area of the wing and p is
the air density. Phung (2015) proposes to model the lift
and drag aerodynamic coefficients as nonlinear functions
of a. The lift coefficient is given by the interpolation of
two models: one for small angles of attack and one for
large angles of attack:

Mpitch =

cr1(a, Re) = ¢1sin(2a)  for 0 < a < ap(Re)
or 180° — a,(Re) < a < 180°
cra2(a, Re) = casin(2a)  otherwise
9)

where Re is the Reynolds number.

A function (o, ao(Re)), which combines two sigmoid
curves is exploited:

1 1
1+ eax—ao(Re) 1 +6180°—a—a0(Re)

o(a,a.(Re)) = (10)
where a,(Re) represents the stall angle, that depends
on the Reynolds number. Thus, the lift, drag and pitch
moments are given, respectively, by the following relations.
(More details in Beard and McLain (2012)):

Figs = %pviS(cLl(a,Re)U(a,ao(Re)) (11)
+ cra2(a, Re)(1 — o(a, ap(Re))) (12)
+C,5-q+Ci, 8. (13)

1 . c
Farag = =pv2S(c1 + 2cosin® (o) + Cp, 209 + Cps, de)

2
(14)
1 Cim,cq
Mpitch = §p’l}35(cm0 + CmaOé + T + Cmée (56) (15)

Lift aerodynamic coefficient versus the angle of attack
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Fig. 2. Lift aerodynamic coefficient C'r versus the angle
of attack a, for Re,.f = 160000. The linear behaviour
Cr = Cr, + Cr_a is maintained for small a.

4.2 Lateral Aerodynamics

The lateral force F),, the roll moment ! and the yaw
moment n, are respectively:

1

F, = ipU(ESCY (5717, T, Oel, 667') (16)
1

| = ip’l}(%SbCl(ﬁ,p, T, §el765r) (17)
1

n = §vaSan(B,p, 7, el 567“) (18)

with b (m) the wingspan of the aircraft, namely the
distance from one wingtip to the opposite wingtip, and
Cy, Cr, and C), non dimensional aerodynamic coefficients.
Common representations of the aerodynamic coefficients
are developed in the following equations and detailed
explanations can be found in Beard and McLain (2012):

1 Cy,bp ~ Cy,br
Fy ~ 5/)7}25(0}/0 + Cyﬁﬁ + 20, + W + CY5a 5(1)
(19)
1 Clpbp Cy, br
IS EpviSb(Clo +C, B+ T 20, + Ci;, 0a)
(20)
1, Cn,bp  Cp bp
n~ §pva5b(Cn0 + CnyB+ 20 + 20 + Chs, 0a)

(21)



4.8 Propulsion Forces and Moments

Based on the Bernoulli’s principle, Beard and McLain
(2012) proposes the following equations to model the
propulsion force and torque in frame B:

1
FI};/L' = 7pSPFOPCPTOP [(klrnotor(-di)2 — U?L 00

2 I

(22)

T
my = [—Kr, (kqw;)® 0 0] (23)
with ¢ € {I,7}. kmotor specifies the efficiency of the motor,
K, is a constant obtained by experiment and Q = (kqw;)
the left and right propeller speed.

Each propulsion force induces also a moment, in 5, as:

my, = (CG, 0|5 A [F2 0 0]" (24)

where (CG, O; )\ B gives the coordinates of the application
point for each of the two propulsion forces in the body-

frame, i € {l,r}.
Since the two propellers are positioned in a symmetric way
in the plane formed by 2 and y°, with a distance of xp on
the axis 2% and Yp = % on ¢, then the total moment from
the propulsion forces, in frame B, is:
b b
mp = [0 0 yp( P pr)

5. WING-PROPELLER INTERACTION

)" (25)

In order to allow attitude control in hover flight, it is
necessary to introduce the slip-stream air induced velocity,
due to the spinning of the two propellers:

1 2}'ﬁthrust
v = = v cos(@))? + ——— — v, cos(«
2 [\/ (vocos(e)? + S22 1, cos(a)

where Sprop (m?) is the area of the propeller disk. More
details in Lustosa et al. (2015). The aerodynamic forces
and moments in the slip-stream area are considered to act
in the body frame B and are given by the lift force, the
drag force and the pitch moment respectively:

(26)

1

L, = Epv?SwCLée O (27)
1

Dw - ipU?SwCDge 66 (28)
1

My = §pvchwC’mée e (29)

Sy & %S is called wet area. It is also considered the roll
moment induced by the propeller wing interaction in B:

1
Me = Yp ipv?SwCLsa (5!1) (30)
6. TOTAL FORCES AND MOMENTS
The total force vector acting in frame A is given by:
X(t)
F*= |Yt)| = F¢ + RyF) + Ry F, (31)
Z4(t)

with F? defined as the contributions of the lift force, the
lateral force and the drag force in frame A:

Fg = [~Farag Fy —Fie]” (32)
and F? as the contribution of the aerodynamic forces due
to the wing-propeller interaction:

FY =[=Dy 0 —Ly,]" (33)

The total torque vector is expressed in frame B:

Lb(t)
70 = Mb(t) =T§+mp+mt+mw+me (34)
N*(t)
with the vector 70 defined as follows:
Lb(t) l
e = |My(t)| = mpitch} (35)
Na(t) n

7. NONLINEAR DYNAMIC MODEL

The nonlinear model for the convertible aircraft is de-
scribed using the Newton-Euler formalism, where the
equation for the translational motion are expressed in
frame A and those for the rotational motion in frame B:
£= RV, (36)
dVaa a a a o\T o
+ Qe AMVE=F*+ (R G (37)
(

Lan
38)

Ry = R[Q5,]
(I
Ae,,) dtbO) + Qo NI, =T
Qb = [p,q,r]T, where (p,q,7) are the rotational speeds,
and []x represents the skew-symmetric operator. The

relation between Q2 and QY derives from the following

(39)

property:
Qoo = Qap + o (40)
Projecting this equation in frame A:
04, = Q4 + R, (41)
and using:
R, =Ro[Q0]x = [Q4)x=(R)TR,  (42)

it becomes possible to determine the elements of Q¢ as
functions of «(t) and S(¢), and their derivatives:

a : R

QY = [~asB —acB b] (43)

Substituting (43) in (41), the expression of %, as a
function of QY  is obtained.

The complete nonlinear dynamic equations of the model
are developed as follows:

Z(t) = exeyvg (44a)
§(t) = sxeyve (44b)
2(t) = —syv, (44c)
X(l
Da(t) = — —s7g (44d)
. Y(l
B(t) = sap — car + cyspmg + 1 (44e)
mu,
. cyep g zZ
=q— = 44f
() =g  (cap+ sar)tp + TP L T aan
. —Z%u+Y%u
X(t) = ——-— (44g)
UgMCp
. —cygm — Y%spu — Z%pu
y(t) = (44h)
Vg
. —cucysfg  pea+ rsa Z%sB .
— - 44
lt) Vo * cf vgmef (449
Yeeu — 2°
n sy(Yep sft) (44j)

Vamey



p(t) - Iwwlzz - I%Z
(2, = L.(yy — L2))r)qg + Loz N* + L. L"
Irszz - I:%z
(44k)
“Lxz 2 — Iza: _Izz Imz 2 Mb
(t) = et =1 P+ Loar” & (441)
Iyy
. _ ((Igz + Iww(lxw - Iyy))p
T(t) B I:c:c-[zz - Ifz
_ Ixz(-[m:v - Iyy + Izz)r)q + Ix:an + Ia:sz
Iwwlzz - I%z
(44m)

8. DIFFERENTIAL FLATNESS ANALYSIS

Flatness is a system property that extends the notion of
controllability from linear systems to nonlinear dynamical
systems.

In particular, a nonlinear system

z = f(z,u), uwelR™ zeR", (45)
is differentially flat if, and only if, there exists an m-
dimensional vector

y = o(x,u, i, ..., u'®) (46)

such that x and u can be expressed as functions of
the components of y and a finite number of their time
derivatives. If one system proves this property is called
flat system and the outputs y are called flat-outputs.

m<n

Before introducing the overall analysis, it is necessary to
remark that the aircraft has to perform a rotation of
90° around the pitch axis from the vertical take-off to
the forward flight, and from the forward flight to the
vertical landing. The use of Euler angles #(t), 8(¢) and
¢(t) introduces a gimbal lock issue for 6(t) close to 90°.
Also, the aerodynamic velocity is equal to zero in hover
flight and singularity issues can arise. To overcome these
problematics, in this paper it is proposed to perform two
different flatness analyses: one for the horizontal flight
and another one for the vertical take-off, vertical landing
and hover flight. More detailed explanations are present in
Section 8.1 and Section 8.2.

8.1 Differential flatness analysis for horizontal flight

Assumptions: The equations (44) are considered with the
following simplifying assumptions. It is assumed that the
side-slip angle f3 is equal to zero, which implies Y*(¢) = 0.
Also, the velocity induced by the propeller-wing interac-
tion is assumed to be null and the aerodynamic coefficients
are assumed to be linear in a(t).

A set of flat-outputs for this model is given by:

y = (2(1),y(1), 2(1), (1)) (47)
where z(t),y(t), z(t) is the position of the CG of the
aircraft relative to frame Z and «(t) is the angle of attack.
The first step consists in deriving from (44a), (44b), (44c),
the aerodynamic velocity v,(t) and the angles v(¢) and

x(t):
— /1.'2+y2+2.2

va (1) (48)

~(t) = aresin (-5) (49)

—

Recall that no singularities are present in (49), as in all
the following equations, since the aerodynamic velocity is
always greater than zero, and it is exploited the atan2
instead of the arctan in (50).

Dividing (44g) by (44h), the angle u(t) is obtained:
)

(50)

vame(y)X )
vamy + c(y)gm

Z(t) is computed from (44h):

u(t) = arctan ( (51)

vamy + c(y)gm

Zt) = — 52
(1) - (52)
From (44d), X*(¢) is computed:
Xt) = mig + s(v)g (53)
The pitch angular rate ¢(t) is obtained from (44f):
c(y)e A
o(t) = 6 — (Velw)g (54)

Vg mu,

Then the roll and yaw angular rates, p(t) and r(t), are
obtained from (44j) and (44e) respectively:

_ 1 B onia (80 sin(n)g
p(t) = (1 + tan?(a)) (cos(a) tan(a) ( cos(a)vg (52)
Z%sin(p) sin(7)
m cos(y)v, cos(a) ) (56)
r(t) = Vg sin(a )p + cos(7y) sin(p (57)

cos()v,

Finally, the components L’(t), M®(t), N®(t) of the total
torque vector 77, see (34), are computed from (44k), (441)
and (44m):

Lb(t) = mxp - Imzr - q((Iyy - Izz)TIzzp (58)
MP(t) = 41,y + Lop® + 7Ly — Lo)p — Lpor? (59)
NP(t) = —Lpop+ Lot — (Lo — Iyy)p — Ior)  (60)

The total state vector x is now defined as functions of
only the flat-outputs and a finite number of their time
derivatives, of which the maximum order is four, included
in the derivatives of the states: vy, Ua, ¥, ¥, X5 X» [ [b
ze, P, ¢ and 7, which are needed to express all the states
found above.

The control inputs can now be derived from 7% and F®,
since they depend on Lb(t), M®(t), N®(t) and X2(t), Y4(t)
assumed to be equal to zero and Z%(t), obtained from the
flatness analysis.

The following diagram resumes this discussion.



53

i

d
(Sel» 687‘7 Wiy, Wy

8.2 Differential flatness analysis for wvertical take-off,
vertical landing and hover flight

The analysis performed in Section 8.1 does not take into
account the gimbal lock, introduced in Section 8, and it
also raises singularity issues due to the aerodynamic veloc-
ity which is zero in hover flight. Therefore another flatness
analysis is performed for the vertical take-off /landing and
hover flight. In this paper it is proposed to express the
equations for the translational motion of the nonlinear
dynamic model in frame Z and those for the rotational
motion in the body frame B. The orientation of the aircraft
from frame B to frame O, is in terms of vertical Euler
angles ¢,,0,,1,, presented in Castillo et al. (2005), in
order to avoid the gimbal lock issue. When the aircraft
is in a vertical orientation, the following rotation matrix
is used:

o ™
Ry, = Ry (5) R0 Ry (0 Ro(00)  (61)
The resulting model is given by:

E=Vy (62)
md;/t" = RYF® +G° (63)
Ry = RYIO%, ]« (64)

d(IQ?
AUI,) dtbo) +Qp, NI, =7 (65)

VO = [vg,,y,,v5,]T is the vector of the components of the

velocity along the x,y, z directions in the frame Z.

Assumptions: Since the aircraft is flying with a null or
small aerodynamic speed, then the aerodynamic forces,
R, Fyy and Fyrag, are neglected. The lift force due to the
propeller wing interaction, L,,, is also neglected. Hence:

F*=[F' =D, 00]" (66)
The chosen flat-outputs are:
y = (2(t),y(t), 2(t), 9o (1)) (67)

where z(t),y(t), z(t) is the position of the CG of the
aircraft relative to frame Z and ¢, (t) is the roll angle.

From (62) v,(¢) is computed:

Va(t) = V@2 + 2 + 22 (68)
From (63) F} — Dy, ¥,(t) and 6,(t) are obtained:
Fy = Dy = my/# + % + (£ - g)? (69)

1, (t) = arctan <g g Z) (70)
0,(t) = — arcsin (Zif) (71)
From (64), p(t), ¢q(t) and 7"( ) are derived:
p(t) = —thysty + by (72)
q(t) = b%%cﬁ + 0,00, (73)
r(t) = d’vC@bvco —0, wSPu (74)
b

From (65), the components of the total torque vector 7
are computed:

Lb( ) = Tyap — Lyt — ((Iyy zz)TIaczp) (75)
MO(t) = Gy + Lop® + r(Ipw — L2)p — Lpor? (76)
Nb( ) = - rzp + Izzr - ((Ixr - Iyy)p - I.'zczr) (77)

The control inputs can be now derived from the total
torque vector 7% and the total force vector F°.

The following diagram resumes this discussion.
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9. CONCLUSIONS

The differential flatness property studied in this paper
can be used for the design of feedforward—feedback (FF-
FB) control, path planning, and software analytical sensor
design in FDI algorithms. In the context of FF-FB con-
trol and path planning, an offline pre-recorded trajectory
and feedforward control based on the flatness property
can be enhanced in real-time by the feedback correction
given sensor measurements and observations, in order to
obtain fast and precise transitions between the convertible
aircraft flight phases (in a similar way to the feedforward
flatness based control of a pendulum swing up in Graichen
et al. (2007)).

Flat dynamic systems have the inherit property that their
inputs and outputs are functions of the flat output and
a finite number of its derivatives. This can be used to
compute analytical sensor observations, which compared
to true sensor outputs, can provide residual signals that
can be used for FDI (as described in Rammal et al. (2022)).
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