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Cascaded Indoor Flight Controller Design for a
Miniaturized Tiltwing Aircraft

J. Müller*, D. Schatten, D.F. Duda, and D. Moormann
RWTH Aachen University, Templergraben 55, 52062 Aachen Germany

ABSTRACT

This paper presents a concept for indoor oper-
ation of a tiltwing aircraft based on a cascaded
controller for translational velocity commands.
We outline the challenges of flying a tiltwing
aircraft indoors, especially with regard to nav-
igation and confined space requirements. By
using Incremental Nonlinear Dynamic Inversion
(INDI), we are able to control our micro tiltwing
aircraft in translational direction with respect
to a horizontal reference frame. Here, focus
is placed on modeling the translational con-
trol effectivities considering aerodynamic and
propulsion models. The control performance is
analyzed by means of simulation.

1 INTRODUCTION

Operating unmanned aerial systems in confined spaces,
including indoor settings, offers a number of opportunities,
including remote aerial surveillance, inspections, and data
collection. However, such an operation environment involves
various challenges, especially when using tiltwing aircrafts.
These hybrid, unmanned vehicle have the ability to vertically
take off and land (VTOL) and also fly in a fast, efficient
forward flight. Accordingly, these systems require different
airspace dimensions for safe operation, depending on the
desired airspeed.

In this paper, we present a concept for controlling a
miniaturized tiltwing aircraft for indoor operations. Initially,
a dynamic aircraft model, conceptional constraints for
controlling a tiltwing aircraft in confined spaces and the
indoor position and heading determination are presented.
Afterwards, the translational controller implementation
is introduced with focus on the application of the INDI
control law on the aircraft’s translational motion. Since the
examined aircraft naturally rotates its wing and operates in
a low Reynolds number range, instationary effects occur,
especially during the transition from thrust- to wing-borne
flight. This leads to challenges in creating an aerodynamic
model of the aircraft, which is required for the controller
design. We address this issue by using a translational INDI
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controller, which, due to its robustness, allows for simplified
aerodynamic modeling and compensates for model inaccu-
racies. The modeling of this control concept is described
in Section 3, along with other required controller cas-
cade. Simulation results for the implemented controller are
presented in Section 4 and a conclusion is drawn in Section 5.

2 INDOOR FLIGHT

The tiltwing aircraft on which this study is based is shown
in Figure 1 and is further referred to as Idefix. With a span
of b = 0.5m and a mass of m = 175 g, it was especially
designed for indoor operations.

Figure 1: The tiltwing aircraft Idefix

The control devices of Idefix are shown in Figure 2. In
thrust-borne configuration, the main motors positioned at the
wing provide lift and roll control, while a tail-mounted mo-
tor is used for pitch control and yaw control is provided by
aileron deflections.

Figure 2: Control devices of the tiltwing aircraft.
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With increasing longitudinal velocity, the aircraft con-
tinuously transitions from thrust- to wing-borne flight, and
the main wing rotates along the lateral axis. This process is
further referred to as transition. In wing-borne configuration,
the tiltwing aircraft is actuated like a conventional aircraft
except for the yaw-control, which mainly originates from
differential thrust instead of a rudder.

2.1 Dynamic model description
The aircraft’s translational motion is described by follow-

ing equation:


u̇
v̇
ẇ


 =



u̇F
v̇F
ẇF


+



p
q
r


×



u
v
w


 (1)

Here, [u v w]T describes the translational velocity and
[p q r]T the rotational velocity in body fixed coordinates, see
Figure 3. The term [u̇F v̇F ẇF ]

T considers the acceleration
resulting from external forces acting on the aircraft’s center of
gravity. As shown in Figure 3, these forces include the thrust
force T⃗ , which is aligned with the wing-chord and tilted by σ
towards the aircraft’s longitudinal axis, the aerodynamic force
A⃗ resulting from the airspeed and the gravitational force G⃗.
Equation 2 represents these forces in body-fixed coordinates.

Figure 3: Direction of body fixed translational, angular ve-
locities and acting forces.
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 (2)

The angular motion is described in Equation 3 with
[ṗ q̇ ṙ]T being the body-fixed rotational accelerations, I rep-
resenting the inertia tensor, and [Mx My Mz] covering all
external moments such those generated by the motors or the
deflection of the aerodynamic control surfaces.
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For simulations, the aerodynamic forces and moments are
modeled using an element-based approach. Structural parts,
such as the wing, control surfaces and fuselage are subdi-
vided into sections with associated drag and lift polars. The
associated forces and moments can be derived by calculating
the inflow at each element. For elements exposed to inflows
with an angle of attack α > 12 ° , the aerodynamic polars
are extrapolated according to [1]. Each element’s associated
aerodynamic forces and moments are then superimposed in
the aircraft’s center of gravity [2]. Flight tests with various
tiltwing aircraft have shown that the described approach
models the aerodynamics with sufficient accuracy.

2.2 Transition flight in confined space

Flight systems are restricted by specific translational
acceleration and deceleration limits, as well as by certain
flight attitudes in order to operate safely. These aircraft-
specific limitations directly affect the required flight space
for defined maneuvers. Thus, the proximity to obstacles,
such as walls and ceiling, pose significant limitations that
must be considered in mission planning and controller
architecture for autonomous indoor operation. Unlike thrust-
borne multi-copters, which have similar limitations in all
directions, a transition-capable aerial system like Idefix has
direction-specific limitations that pose a special challenge in
controlling these vehicles.

As shown in Figure 4, tiltwing aircrafts accelerate
continuously along the body-fixed longitudinal axis, building
up a desired airspeed while tilting the wing downward to the
fixed-wing position. In the process, the airspeed increases,
allowing the wing to generate more lift. To maintain altitude,
the weight force must be in balance with the lift and thrust
forces. In doing so, the controller must account for nonlinear
limitations of the flight system, such as aerodynamic stall.
In contrast to the transition of tiltwing aircrafts in outdoor
operations, the influence of wind can be neglected indoors.
This allows to estimate the aerodynamic inflow only based
on the direction of translational motion and the attitude
angles of the aircraft. In addition to these aerodynamic
limitations, the absolute deflection of the actuators, such as
the elevators and ailerons and the thrust magnitude from the
propellers, are limited. Alongside these static limitations,
the actuators are subjected to dynamic limitations, including
the angular velocity of the tilt mechanism. As some of these
actuators act only in specific directions, these limitations are
directional-dependent.

To approximate the required transition length along
a straight line, a constant translational acceleration of
u̇ = 1m/s2 is assumed. Simulations show, that for Idefix
a sufficient wing-borne airspeed is reached at u = 7m/s.
Using these boundary conditions, the double integration of
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Figure 4: Indoor transition from thrust- to wing-borne flight

Equation 1 yields a transition length of ltr ≈ 25m. Thus,
to fully transition from thrust-borne to wing-borne flight
and back with u̇ = ±1m/s2, a minimum room length of
l ≈ 50m is required. This considerably restricts the range of
indoor operation for these tiltwing system.

To allow for wing-borne operation in smaller areas, the
space requirement for transitions along a circular path is eval-
uated. Assuming no external disturbance, such as no pre-
vailing wind, the minimum curve radius Rmin can be calcu-
lated depending on the horizontal ground speed Vk and lateral
acceleration ay , which during turns is dependent on the air-
craft’s roll angle [3]. With Equation 4 and Equation 5, the
minimum curve radius for wing-borne flight can be deter-
mined to Rmin = 7.5m.

Rmin =
V 2
k

|ay|
(4)

ay = tan(ϕ) · g (5)

This presumes a maximum roll angle of ϕ = 45 ° and an
increased ground speed of v = 8.5m/s, which accounts for
the extra lift required during turns. Including a safety margin
of 1m to each side, this results in a minimum required room
size of 17x17m for continuous circular wing-borne flight,
which is about three times less than for a unidirectional
transition. If the available room size is smaller than that, the
maximum allowed velocity must be reduced accordingly,
resulting in a combination of thrust- and wing-borne flight.

2.3 Indoor position and heading determination
The main application for Idefix is autonomous indoor

flight. Flying inside enclosed rooms leads to different prob-

lems for the navigation solution than flying outdoors. While
GNSS systems are usually used to determine the position
outside buildings, they are often unavailable indoors. Also
the orientation along the earth’s magnetic field is also only
possible to a limited extend, since the magnetic field can be
strongly disturbed by building structures or electric compo-
nents. To provide a reliable navigation solution, alternative
approaches can be used, for example camera-based [4],
ultra-wide-band (UWB) [5] or ultrasound based positioning
systems (USP) [6]. The applicability of these systems mostly
depends on the aircraft and the accompanied requirements
such as accuracy, update rate, weight, range, latency and
size.

For the tracking of Idefix we employ the ultrasound-based
positioning system Marvelmind [6]. This multilateration
system estimates the aircraft’s position by measuring the run
time of the ultrasound signal using stationary and mobile
beacons, see Figure 5.

Figure 5: Architecture of the USP-System Marvelmind
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By attaching two mobile beacons with known spacing to
Idefix, the aircraft’s heading can also be estimated from the
beacon’s relative position vector. The system specifications
of Marvelmind are listed in Table 2.3. Using an extended
Kalman filter [7], the position measurements are fused with
the onboard inertial measurement unit (IMU) data to improve
the position and heading estimation. The estimation uncer-
tainties resulting from the measurement behavior of the USP
are also considered in the simulation.

mass mobile beacon 6.5 g
size mobile beacon 30 x 30 x 20mm
position deviation ±20mm
update rate 8Hz
latency 0.125 s
range 30m

Table 1: Specifications of the USP system “Marvelmind” [6]

3 CONTROLLER IMPLEMENTATION

Idefix’s flight controller runs with a sample time of
T = 0.05 s and is divided into following cascades: guidance,
translational and attitude controller, see Figure 6. In the
following section, these cascades are presented with focus on
the translational controller.

3.1 Guidance Controller

Since the translational cascade only controls transla-
tional accelerations, a super-ordinate guidance controller is
necessary. For testing and validation purposes, we use a
horizontally and vertically saturated proportional derivative
speed controller, enabling straight flight in horizontal xh-,
yh- and zh-direction. Control deviations on velocity level
are projected onto the commanded accelerations a⃗c. Gains
for the guidance controller were determined iteratively by
simulations to allow for minimum overshoot.

3.2 Translational Controller
The aircraft’s capability to transition from vertical

thrust-borne flight to horizontal wing-borne flight is ac-
companied by a complex non-linear characteristics of the
translational motion. Extensive knowledge of the flight
system’s aerodynamics in all flight states is typically required
to control this motion. However, small tiltwing aircrafts,
such as Idefix, operate in a low Reynolds number regime of
0 < Re < 70000. Element-based models, which are used
for conventional controller design, come with significant
uncertainties [8, 9]. Therefore, a translational controller
based on the concept of INDI is applied for Idefix, allowing
for robust control with lower requirements on the aircraft
model accuracy [10, 11].

When INDI is applied to the translational motion of Ide-
fix, the roll angle, pitch angle, specific thrust tm = Tm/m
and tilt angle of the wing are identified as control variable
vector u⃗ = [ϕ, θ, tm, σ]

T . The corresponding control law
is given in Equation 6, which calculates the control variable
vector u based on the control difference between the com-
manded acceleration a⃗c and the aircrafts translational accel-
eration a⃗ [11].

u⃗ = u⃗f +B−1(⃗ac − a⃗)) (6)

Equation 6 can also be reformulated in incremental form,
see Equation 7. This reformulation yields the change in the
control variables, depending on the inverse of the control ef-
fectivity matrix B and the commanded deviation from the
controlled state.

∆u⃗ = u⃗− u⃗f = B−1(⃗ac − a⃗) (7)

The control effectivity matrix B is derived from a sys-
tems linearization and describes the change in acceleration
caused by a change in control variables. This matrix strongly
depends on the current state of the control variables, leading
to complex interrelations between them. In contrast to
the rotational INDI, translational accelerations a are mea-
sured directly and do not need to be derived from velocity

Figure 6: Controller Architecture
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measurements. This is also true for the feedback of the
control variables ϕ and θ which are direct outputs from the
navigation solution. However the control variables tm and σ
are yet to be estimated by dynamic models analogous to the
rotational INDI [12].

Coordinate Systems

Choosing coordinate systems and rotation orders of the
attitude angles that do not show any singularities in the atti-
tude’s description within the entire flight envelope is neces-
sary to describe the control effectivities. Following, the re-
quired coordinate systems are presented.

Figure 7: Geodetic, horizontal and body-fixed coordinate sys-
tem

Figure 7 illustrates the horizontal coordinate system in-
dexed □h along with the body-fixed coordinate system in-
dexed □b and geodetic coordinate system indexed □g . In the
horizontal coordinate system xh corresponds to the projection
of the body fixed axis xb onto the xg-yg-plane. The zh-axis is
equivalent to the zg-axis and the yh-axis lies in the horizon-
tal plane with its direction resulting from the convention of
a right turning coordinate system. This allows for formulat-
ing the aircraft’s attitude with respect to the horizontal frame
according the standard rotation order ψ, θ, ϕ with ψ = 0.

Figure 8: Trajectory, horizontal, body- and wing-fixed coor-
dinate system

The wing-fixed coordinate system indexed □w is shown
in Figure 8. This coordinate system represents the rotation
of the body-fixed coordinate system around the yb-axis about
the wing tilt angle σ [12]. Figure 8 also shows the trajectory
coordinate system indexed □t, which is rotated about the slip
angle βf and the slope angle γ with respect to the horizontal
coordinate system.

For the translational INDI a reference frame in horizontal
coordinates is chosen. All changes in direction and magni-
tude of the thrust T⃗ , aerodynamic load A⃗ and weight force G⃗
due to changes in the control variables are summarized in in
the control effectivity matrix B. However, the weight force
vector remains unaffected in this reference frame, yielding
the zero-entry-matrix BG,h. The thrust- and aerodynamic
force-related effectivities BT,h and BG,h are more complex
and described below.

Thrust control effectivity
Since the tail motor produces less than 10% of the main

motor thrust and is primarily designated to maintain the pitch
equilibrium in thrust-borne and slow forward flight, only the
main motor effectivity is considered in the translational con-
trol effectivity model. The main motors are aligned with the
wing chord and the thrust force can be written as follows:

T⃗w =



Tm
0
0



w

(8)

Using a thrust model, the thrust force Tm can be estimated
from the current throttle position δT and the estimated inci-
dent flow velocity. The acceleration in the horizontal frame
resulting from this thrust force depends on the aircraft massm
and the current transformation relation Mhw = f(ϕ, θ, σ).

a⃗T,h =
1

m
MhwT⃗w (9)

Differentiation of Equation 9 for the control vector
u⃗ = [ϕ, θ, tm, σ]

T , allows to derive the corresponding control
effectivity BT,h ∈ ℜ3x4:

BT,h =
da⃗T,h
du⃗

=
1

m

(
dMhw

du⃗
T⃗w +Mhw

d⃗Tw
du⃗

)
(10)

Appendix A.1 shows the complete derived thrust related
effectivity matrix. Due to the transformation relations
from the wing coordinate system into horizontal coordinate
system, dependencies of the angles ϕ, θ, σ are included in
the formulation of BT,h. The change of the thrust force
magnitude is only dependent on the change of throttle
position, and thus the expression d⃗Tw/du⃗ can written as
[0, 0, dTm/dδTm , 0]

T .
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Aerodynamic control effectivity
The determination of the acting aerodynamic forces via

an aerodynamic model is challenging for Idefix because of its
highly Reynolds number-dependent lift and drag polars at an-
gles of attack in a range of −180◦ < α < 180◦ [9]. Even
though models for airfoil lift an drag extrapolation exist in
literature [1], they show noticeable uncertainties, especially
for |α| >> 0◦. Alternatively, the aerodynamic forces Ah can
be obtained from the force equilibrium in horizontal coordi-
nates according to Equation 11, with G⃗h as the gravitational
force, T⃗h as the motor thrust and a⃗h as the aircraft’s measured
acceleration.

A⃗h = a⃗h ·m− G⃗h − T⃗h (11)

The aerodynamic forces are analyzed in the aerodynamic
coordinate system, where they can be divided into lift and
drag forces. The aerodynamic force in yh-direction is as-
sumed to be negligible since only small slip angles are antic-
ipated during both transition and wing-borne flight. Thus, af-
ter transforming into the aerodynamic coordinate system with
use of the transformation matrix Mah, the aerodynamic force
can be written as follows:

A⃗a =MahA⃗h ≈



D
0
L



a

(12)

The resulting acceleration and the related control effec-
tivity in horizontal coordinates can be described with Equa-
tion 13 and 14 with Mha being the transformation matrix
from aerodynamic to horizontal coordinate system.

a⃗A,h =
1

m
MhaA⃗a (13)

BA,h =
da⃗A,h
du⃗

=
1

m

(
dMha

du⃗
A⃗a +Mha

dA⃗a
du⃗

)
(14)

At this point a timescale separation-based assumption af-
fecting the derivatives of the aerodynamic force has to be
made. It is assumed, that the aircraft’s attitude changes sig-
nificantly faster than its trajectory. The slope angle γ and the
slip angle βf = χ − ψ of Idefix therefore remain constant
between two controller time steps. Thus, the transformation
matrix Mha can be written as a function of ϕ, θ, σ, γ and βf .
This also means that the change in the wing’s angle of at-
tack αw is directly influenced by a change in the translational
control variables resulting in an analytical description, shown
in Appendix A.3. Consequently, Equation 14 can be trans-
formed into Equation 15.

BA,h =
da⃗A,h
du⃗

=
1

m

(
dMha

du⃗
F⃗a +Mha

dF⃗a
dα⃗w

dα⃗w
du⃗

)
(15)

Assuming that only the wing induces the aerodynamic
force, the derivative dF⃗a/dα⃗w can be expressed with Equa-
tion 16 and 17.

δL

δαw
=

ρ

2
· v2 · S · CL,αw (16)

δD

δαw
=

ρ

2
· v2 · S · CD,αw (17)

These equations includes knowledge of the derivatives
of the lift and drag polars with respect to the angle of
attack CL,αw and CD,αw . Without conducting wind tunnel
experiments, these derivatives can only be obtained by
differentiating the corresponding polars gained from the
Montgomery approximation with respect to the angle of
attack. Since the extrapolated polars of CL and CD are
subject to uncertainties, so too are the derivatives CL,αw
and CD,αw . However, the absolute changes in lift and drag
dL/dαw and dD/dαw are quadratically proportional to
the airspeed and significant control effectivities are only
achieved at higher airspeeds, which are accompanied with
smaller angles of attack and thus smaller errors in the polars.

To describe the change in the aerodynamic forces between
two controller time steps more precisely, their dependency
on a change in airspeed also needs to be considered. Since
the airspeed is no direct function of the control variables, the
derivative of the aerodynamic force with respect to the control
variables can not be described. However, the inflow veloc-
ity is assumed to change slowly between two controller time
steps and the induced change in aerodynamic force is consid-
ered negligible in context of the timescale separation. Taking
all described aerodynamic effects into account, the aerody-
namic related effectivity matrixBA,h is yielded, see A.2. The
entire control effectivity matrixB can then be summed up ac-
cording to Equation 18.

B = BG,h +BT,h +BA,h (18)

3.3 Attitude Controller
The attitude controller cascade, see Figure 6, is based on

a rotational INDI controller described in [11, 13, 14], which
determines the control inputs of the aircraft’s main motors
δright, δleft, tail motor δtail, ailerons ξ and elevator η based
on the control deviation in angular acceleration. The transfer
function of the rotational INDI is approximated with the
dynamic model of the aircraft’s control devices. This allows
for the use of a linear quadratic regulator (LQR) to calculate
the optimal commanded angular accelerations based on the
control deviation in thrust and attitude angles. Due to the
coupling of attitude angles and the translational controller
described in 3.2, the attitude control behaviour, analysed in
[13], is included in the interpretation of the simulation results.
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4 SIMULATION

The simulation is implemented in MATLAB/Simulink
according to the dynamic model described in Section 2.1.
The response to commanded velocity steps of ±1m/s in all
translational axes is analyzed in both thrust- and wing-borne
flight to verify the controller. The control performance in a
velocity range of 0 − 8m/s is also examined to account for
the aircraft’s ability to transition from thrust to wing-borne
flight. In all cases, the translatory accelerations are limited
to ±1m/s2, and all velocity steps are applied separately in
all axes. The heading of the aircraft is kept constant for all
simulations.

4.1 Thrust-borne flight
Figure 9 shows the step response of the velocity controller

in thrust-borne flight. A similar response behavior can be
observed in all axes, with a rise time of about 1.3 s for both
acceleration and deceleration with no noticeable overshoot.
The response is slightly delayed at the beginning of the steps,
resulting from Idefix’s mass inertia and actuator dynamic.

Figure 9: Velocity steps in thrust-borne flight (0m/s)

This behavior can observed more clearly in the response
behavior of the corresponding accelerations in Figure 10. It
can also be seen, that the delay in yh-direction is about 0.1 s
more than in xh- and zh-direction. Since an acceleration
in yh-direction can only be indirectly achieved by a change
in roll angle, this dynamic is significantly slower than
accelerations in xh- and zh-direction, which are directly
controlled of the control devices main motor thrust and tilt
angle. It is also noticeable, that the commanded maximum
acceleration is not reached in the time-span of the maneuver.
This can be explained by the change of drag force induced

by the change in velocity, which was neglected in the
controller design due to the argumentation in Section 3.
However, neglecting this effect has only a minor impact on
the acceleration response behavior and does not significantly
affect the control performance.

Figure 10: Accelerations in thrust-borne flight (0m/s)

4.2 Wing-borne flight

In wing-borne flight, the velocity controller’s step re-
sponse shows similar behavior to that of the thrust-borne
flight, see Figure 11.

Figure 11: Velocity steps in wing-borne flight (7m/s)
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The only noticeable difference is a slightly longer rise
time of about 1.5 − 2 s. This effect can consequently be ob-
served in the corresponding acceleration response, see Fig-
ure 12. The change in dynamic can be explained by the resis-
tance increasing quadratically with airspeed and the change
of the control variable responsible for the movement in yh-
and zh-direction.

Figure 12: Acceleration in wing-borne flight (7m/s)

Whereas in thrust-borne flight, the main motor was
directly responsible for acceleration in zh-direction, in
wing-borne flight this is taken over by the change in pitch
angle, which primarily changes the aircraft’s attitude and
subsequently the vertical acceleration. In yh-direction, the
acceleration is still induced by a change in roll angle, but
the control device on attitude controller level changes from
differential thrust to aileron deflection [11]. Even though
these control devices have a similar dynamic, the roll damp-
ing in wing-borne flight is quadratically proportional to the
airspeed [15] and therefore much higher than in thrust-borne
flight. Since the control performance on velocity controller
level is still sufficient, the assumptions made in the attitude
controller and Chapter 3 can be considered valid.

4.3 Transition from thrust- to wing-borne flight

The control performance of the controller during the tran-
sition from thrust- to wing-borne flight is shown in Figure 13.
During the transition, a steady increase in velocity at about
1m/s can be observed with no noticeable influence on the
velocities in yh- and zh-direction. This confirms the applica-
bility of the translational INDI controller to the entire velocity
range of the highly unsteady transition from thrust- to wing-
borne flight.

Figure 13: Transition from 0− 8m/s

5 CONCLUSION

In this paper, a concept for operating a miniaturized
tiltwing aircraft in confined spaces was presented. Taking
into account tiltwing-specific flight dynamic constraints and
a maximum longitudinal acceleration of ±1m/s2, it was
shown, that an operation area 17 x 17m is sufficient for a full
transition from thrust- to wing-borne flight along a circular
path. Due to the absence of GNSS signals within enclosed
spaces, an alternative concept based on ultrasound was
employed to determine the aircraft’s position and heading
with an accuracy of ±0.02m and ±2°.

For the aircraft’s translational control, a cascaded INDI
based approach was implemented, showing complex inter-
relations between control variables and control effectivities.
To improve the model of the control effectivities, in-flight
measured aerodynamic forces were used in addition to stan-
dard lift and drag models. The functionality of the controller
was validated in simulations with focus on the translational
cascade. On velocity and acceleration level a stable and
agile response behavior was achieved for thrust-born and
wing-borne flight as well as the transition between both.

Future work will focus on translating this simulative work
into fully autonomous real flights. Along with the controller
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implementation of a circular transition pattern at a fixed
height, this also includes a validation of the selected indoor
navigation system and the integration in the existing naviga-
tion solution.
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APPENDIX A: DATA

A.1 Thrust control effectivity

BT,h =



tmλ1 −tmλ7 −tλ8 dtm

dδt
λ6

tmλ2 0 tλ4
dtm
dδt

λ5
tmλ3 −tmλ6 tλ9 −dtmdδt λ7


 (19)

columns: ϕ, θ, σ, tm
rows: u̇, v̇, ẇ

where:

λ1 = sin(ϕ) sin(σ) sin(θ)

λ2 = cos(ϕ) sin(σ)

λ3 = cos(ϕ) sin(σ) sin(θ)

λ4 = cos(σ) sin(ϕ)

λ5 = sin(ϕ) sin(σ)

λ6 = cos(θ) cos(σ)− cos(ϕ) sin(θ) sin(σ)

λ7 = sin(θ) cos(σ) + cos(ϕ) cos(θ) sin(σ)

λ8 = cos(θ) sin(σ) + cos(ϕ) sin(θ) cos(σ)

λ9 = sin(θ) sin(σ)− cos(ϕ) cos(θ) cos(σ)

A.2 Aerodynamic control effectivity

BA,h =




[
da⃗A,h
dϕ

]
x

[
da⃗A,h
dθ

]
x

[
da⃗A,h
dσ⃗

]
x

0[
da⃗A,h
dϕ

]
y

[
da⃗A,h
dθ

]
y

[
da⃗A,h
dσ⃗

]
y

0
[
da⃗A,h
dϕ

]
z

[
da⃗A,h
dθ

]
z

[
da⃗A,h
dσ⃗

]
z

0


 (20)

columns: ϕ, θ, σ, tm
rows: u̇, v̇, ẇ
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A.3 Angle of attack of the wing in horizontal coordinates

αw,h = tan−1

(
sin(γ)ϵ1 + ϵ2ϵ3 − ϵ4
sin(γ)ϵ5 + ϵ2ϵ6 + ϵ7

)
(21)

where:

ϵ1 = sin(σ) sin(θ)− cos(ϕ) cos(σ) cos(θ)

ϵ2 = cos(βf ) cos(γ)

ϵ3 = cos(θ) sin(σ) + cos(ϕ) cos(σ) sin(θ)

ϵ4 = cos(γ) sin(βf ) cos(σ) sin(ϕ)

ϵ5 = cos(σ) sin(θ) + cos(ϕ) cos(θ) sin(σ)

ϵ6 = cos(σ) cos(θ)− cos(ϕ) sin(σ) sin(θ)

ϵ7 = cos(γ) sin(βf ) sin(ϕ) sin(σ)

(22)
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