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A global controller for flying wing tailsitter vehicles

Robin Ritz and Raffaello D’ Andrea

Abstract— We present a global controller for tracking nomi-
nal trajectories with a flying wing tailsitter vehicle. The control
strategy is based on a first-principles model of the vehicle
dynamics that captures all relevant aerodynamic effects, and
we apply an onboard parameter learning scheme in order to
estimate unknown aerodynamic parameters. A cascaded control
architecture is used: Based on position and velocity errors an
outer control loop computes a desired attitude keeping the
vehicle in coordinated flight, while an inner control loop tracks
the desired attitude using a lookup table with precomputed
optimal attitude trajectories. The proposed algorithms can be
implemented on a typical microcontroller and the performance
is demonstrated in various experiments.

I. INTRODUCTION

Tailsitter vehicles combine hover capabilities with efficient
forward flight: A tailsitter is able to take off and land
vertically on its tail with the nose and thrust direction
pointing upwards, and for fast forward flight the vehicle tilts
to a near-horizontal attitude resulting in a more efficient lift
production with conventional wings [1], [2]. Compared to
other powered lift aircraft types (such as tiltrotors [3], [4]
or tiltwings [5], [6]), the major advantage of a tailsitter is
its mechanical simplicity; no mechanism for changing the
direction of the propulsive system is required, saving weight
and reducing susceptibility to malfunctions. However, this
advantage comes at the cost of additional challenges during
controller design due to the large flight envelope of a typical
mission scenario.

Over the last decade, the research community has devel-
oped many successful control strategies for small, unmanned
tailsitter vehicles. Typically, the control architecture contains
a switching logic that chooses between a hover and a fixed-
wing flight controller, depending on the current operating
point of the vehicle [7], [8], [9], [10]. Successful transitions
between hover and forward flight (and vice-versa) have also
been demonstrated using gain scheduling methods [11], [12].
Since transitions are an integral part of the tailsitter flight
envelope, the attitude controller must be functional over a
large set of attitudes. In order to avoid singularities, typically
a quaternion representation for the vehicle’s attitude is used,
combined with linear feedback on the quaternion error vector
in order to obtain the desired angular body rates [13], [14],
[15]. However, alternative approaches for representing and
controlling attitude have been proposed in order to achieve
better tracking performance when large attitude errors occur;
see for example the resolved tilt-twist method [16], [17], or
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Fig. 1.  Picture of the IDSC Tailsitter. The vehicle has been developed at
the Institute for Dynamic Systems and Control (IDSC), ETH Zurich, as a
testbed for novel control strategies. It is used for evaluating the performance
of the controller introduced in this paper.

methods using heading-independent attitude error represen-
tations operating directly in SO(3) [18].

In this paper, we introduce a global control strategy for a
small flying wing tailsitter, which enables the vehicle to track
nominal trajectories. Similar to [14] and [15], the controller
is based on an adaptive, first-principles model of the vehicle
dynamics; parameterized models for the aerodynamic forces
and torques are learned using data from onboard sensors.
The computational requirements of the proposed algorithms
are reasonably low such that they can be implemented on a
typical microcontroller. A single control law is used for all
flight regimes, such that no manual or automatic switching
mechanisms between different controllers are required. The
controller computes a desired attitude such that the vehicle
is in coordinated flight, and this attitude is tracked with an
inner control loop that properly accounts for the different
magnitudes of attainable torques around the different rota-
tion axes. The performance of the presented controller is
demonstrated and analyzed in various experiments. Fig. 1
shows a picture of the tailsitter vehicle that is used for the
experimental validation.

The remainder of the paper is structured as follows:
In Section II we present a dynamic model for a small
flying wing tailsitter vehicle, and in Section III a method
for learning unknown aerodynamic model parameters is
described. Section IV introduces a global control strategy,
and experimental results are presented in Section V. Finally,
we conclude in Section VI.

II. FLYING WING TAILSITTER MODEL

In this section, we derive a model for the dynam-
ics of a small flying wing tailsitter vehicle. In order
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to simplify notation, vectors may be expressed as n-
tuples « = (x1,22,...,x,), with dimension and stacking
clear from context. The axes of a coordinate frame F are
denoted as xr, yr, and zx, and if a vector x is expressed
in a particular frame JF, the vector is written as x” .

As illustrated in Fig. 2, the vehicle is actuated by two
propellers that are mounted in front of the wings, and two
flaps located at the wings’ trailing edges. We assume that
the dynamics of the propeller motors are fast compared to
the vehicle dynamics, and that a low-level motor controller
accounts for varying airspeed of the vehicle when choosing
the nominal angular rate of the propellers. Hence, we assume
that we can directly set the propeller forces f; and f,. without
dynamics or delay. Similarly, the flap servos are assumed to
be fast such that we can instantaneously set the flap angles §;
and d,.. The actuators are subject to the saturations limits

fmin < flaf'r‘ < fmaz>

6'rm'n < 6la 67' < 5'maw7

(D

where the thrust limits f,,;, and f,,,, may vary with the
vehicle’s airspeed. We assume that the propellers can only
produce positive thrust, i.e. f, > 0.

An inertial coordinate frame Z is chosen such that the
gravitational acceleration is aligned with the negative z7-
axis, and we introduce a body-fixed frame B with origin
at the vehicle’s center of mass. The zg-axis is aligned
with the thrust direction, the zg-axis points along the left
wing, and the yp-axis completes the right-handed coordinate
system. The attitude of the vehicle is described by a rotation
matrix R that represents a rotation from the inertial frame Z
to the body-fixed frame B. The position of the vehicle’s
center of mass relative to the inertial frame 7 is denoted
as p = (pa, Py, p-). The translational velocity of the vehicle
is denoted as v = (v,,v,,v,), and the rotational velocity
is denoted as w = (w,,wy,w.). The position and attitude
kinematics yield

T _ T
p =v,
2

R= ~[wP]R,

Fig. 2. Tllustration of a flying wing tailsitter vehicle. The vehicle is
actuated by two propellers that produce thrust forces along the zg-axis,
and two flaps that produce an aerodynamic force and torque by deflecting
the airflow behind the wings.

where [w?] denotes the skew-symmetric cross product ma-
trix of the body rate vector [19]. We model the vehicle as a
rigid body with mass m and rotational inertia J, where J is
assumed to be diagonal with entries J,, J,, and J... The
dynamics are given by the Newton-Euler equations:

.7 T B T
mv” = R f,, +mg”,
(3)

B _ B B B
Jw” =mp, —w” x Jw”,

where g is the gravitational acceleration, and the vectors f,,,
and my,; denote the total force and torque, respectively,
acting on the vehicle. In the following, models for both the
total torque my,; and the total force f,,, will be derived.

A. Torque model

In Section IV-D, we will present a body rate controller
based on the assumption that we can apply a desired torque
to the vehicle by choosing corresponding actuator inputs.
Therefore, we derive an expression for the total torque that
captures all relevant first-order effects of the actuators, as
well as first-principles aerodynamic effects of the vehicle
body. The total torque is separated into an aerodynamic and
a propeller component:

m?ot = mf’ir + m;frop’ (4)
and in the following we will derive expressions for both
terms.

1) Aerodynamic torque: Typically, the body of a flying
wing vehicle causes an aerodynamic pitching moment around
the wing axis (i.e. the xp-axis) that depends on the angle of
attack « and the reference airspeed v, with
B B
yor Yz )7 )
(vg)? + (vF)?.

Note that we assume that the ambient air is at rest, such
that the vehicle’s ground velocity is equal to its airspeed.
Typically, it is difficult to find an accurate model-based
description for the aerodynamic pitching moment. Therefore,
we denote it as myicn(a,v) and treat it as an unknown
function during the modeling process. In Section III, we will
introduce a method for learning the pitching moment during
flight using onboard sensors.

For each wing, the effect of the actuators on the aero-
dynamic torque is computed separately, assuming no cross
coupling between left and right wing. Further, we assume
that the entire flap is in the slipstream of the propeller, and
that if the vehicle is flying forward (i.e. for positive v5)
the slipstream velocity is uniform and can be approximated
using Momentum Theory [20]. For backward flight (i.e. for
negative v2) Momentum Theory is not valid. In this case,
we neglect the relative airflow and assume that backward
velocities are small and negligible. Thus, for each side s,
s € {l,r}, the reference airspeed over the flap along the zz-
axis is modeled as

o = arctan2 (v

v =

2fs
ng = \/pj; + max (0, v8)?, (6)
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where p denotes the density of air and d is the propeller disk
area. The total reference airspeed over the flap yields

(vy)? + (v3.)%. 9

We assume that the flap deflects the airflow behind the wing
by a small angle proportional to the flap angle §5. Hence the
aerodynamic torque can be written as

Vg =

B _ B B B
Myir = (mair,x’ mair,y7 mair,z) ’ (8)
with
2 2
mfir,r = (b’C + Cﬁf(;l) ] + (bx + Cxér) U + Mpitch (Oé, ’U) )
B _ 2 2
mair,y - byvl - bvaV

maBir,z = (b, + Czél) le — (b, + Czér) U%v

©))
where the constants b, by, b., c;, and c, are wing and flap
characteristics.

2) Propeller torque: The propellers are mounted with
an offset of [ along the positive and negative zpg-axis,
respectively, and the thrust direction is parallel to the zp-
axis. Consequently, the torque created by the propellers is
given by

msrop = (Ovl(fr - fl)aﬁ(fT - fl))’

where x denotes the torque-to-thrust ratio of the propellers.
Note that the left propeller rotates counter-clockwise, and the
right propeller rotates clockwise.

(10)

B. Force model

Similar to the total torque, the total force acting on the
vehicle is separated into an aerodynamic and a propeller
component:

ffot :frljir+f1fl>grop' (11)

1) Aerodynamic force: As we will introduce in Sec-
tion IV-B, the expression for the total force is used to
compute a desired attitude and a desired total thrust value
in a high-level control block. Therefore, in order to keep
the problem tractable, we derive a simplified model for the
aerodynamic force that does not capture differences in actu-
ator inputs between the left and the right wing. In particular,
we apply a first-principles aerodynamic model based on the
following two assumptions: 1) the lateral aerodynamic force
acting on the vehicle is negligible!, and 2) the aerodynamic
force is a function of the angle of attack «, the reference
airspeed v, and the average propeller force f, = (f; + f.)/2.
The aerodynamic force can thus be written as

.faBir = (07 flift(aa v, fa)a _fdrag(a7 v, fa)) )

where fi;71(a, v, fo) and fyreq(a, v, f,) denote the aero-
dynamic lift and drag force, respectively. Typically, it is
difficult to derive an accurate model-based description for
the aerodynamic forces, and therefore in Section III we will
introduce a method for learning these forces during flight
using onboard sensors.

12)

! Here, the lateral direction refers to the direction along the x-axis.

2) Propeller force: The force due to propeller thrust is

Foop = (0,0,2f,). (13)

III. LEARNING AERODYNAMIC FORCE AND TORQUE

Accurate maps for the pitching moment mp;zcp (v, v) and
the aerodynamic forces fi;ri(a,v, fo) and faraq(, v, fa)
might be obtained, for example, by wind tunnel measure-
ments. However, if a wind tunnel is not available or if the
aerodynamic surfaces are changed regularly, this approach is
impractical. Another method for modeling the aerodynamics
is to simulate the airflow around the vehicle numerically
using tools from computational fluid dynamics. For a vehicle
that has its wings and flaps in the slipstream of the propellers,
however, the aerodynamics are complex which imposes high
requirements on the spatial and temporal resolution of the
simulation and on the accuracy of the three-dimensional
model of the aerodynamic surfaces. Therefore, in this pa-
per we use a different approach for approximating the
aerodynamics of the vehicle: We estimate the aerodynamic
properties using onboard sensor data. This approach provides
the advantage that we can run the estimation onboard during
flight and are thus adaptive to changes in the aerodynamic
properties. A drawback of this approach is that the model of
the aerodynamic forces and torques might be inaccurate if
we enter a new flight regime.

A. Parameterized aerodynamic functions

We apply a parameter learning scheme, due to its low
requirements on computation and memory compared to other
learning methods [21]. The structure of the parameterized
functions is based on heuristics and first-principles aerody-
namic effects, and might depend on the particular vehicle
design. Herein, we use the following parameterized functions
for the pitching moment and aerodynamic lift and drag force:

Mpiteh (00, V) = kp1 sin (a)v?,
fige (@, fa) = (i sin (@) cos (a)® + kiz sin (a)”) 02
+ki3 fas
farag (@, v, fo) = (kdl sin (a)2 cos (a) + kgo cos (a)) V2
+kaz fa,

(14
where k) are the parameters that are learned. Ideally, these
parameters are constant over the domain of the aerodynamic
functions.

B. Parameter learning

For each learning update, we first compute the aerody-
namic torque and force that is currently acting on the vehicle,
and then update the function parameters k(. based on these
values.
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By combining and rearranging (3), (4), and (9) we obtain
an expression for the pitching moment acting on the vehicle:
Jyy)wBwB
— (by + co61) v — (by + c26,) V2.

- B
Mpitch = Jzzwm + (JZZ -

Similarly, by combining and rearranging (3), (11), (12),
and (13) we obtain an expression for the lift and drag force:

Juipe = Ay M,

(16)

fdrag = fl + f’l" - a§72m7

where a,, denotes the proper acceleration”. An inertial mea-
surement unit provides measurements for the proper accel-
eration as and for the body rates w?. Through numerical
differentiation we obtain the angular acceleration wB , and
we assume that an estimate of the current velocity v is
available. Hence, we can evaluate (15) and (16) in order to
obtain the aerodynamic torque and forces currently acting
on the vehicle. These values are then used to estimate the
parameters k(,) with an extended Kalman filter, as described
for example in [21].

IV. CONTROL STRATEGY

In this section, we introduce a global control strategy
for tracking a desired trajectory. The desired trajectory is
given by position and velocity trajectory p;., and Ugdes,
respectively, and feed-forward acceleration ay;. If the de-
sired trajectory contains sequences where the nominal aero-
dynamic forces vanish (such as hover), we might also specify
a desired yaw angle trajectory tg4.s. (When the vehicle
is hovering, the yaw angle corresponds to the vehicle’s
rotation around the zz-axis.) We assume that an onboard
state estimator delivers a full state estimate of the vehicle, i.e.
estimated position p,,, estimated velocity v.s:, estimated
attitude R4, and estimated body rates wg;.

We use a cascaded control architecture: Based on position
and velocity errors an outer control loop computes a desired
attitude keeping the vehicle in coordinated flight, while
an inner control loop tracks the desired attitude using a
lookup table with precomputed optimal attitude trajectories.
A flowchart of the controller is shown in Fig. 3, and the
individual control blocks are introduced in the following.

A. Position control

As proposed in [22], a desired acceleration @45 iS com-
puted based on position and velocity errors. The control loop
is shaped such that for each coordinate the system behaves
like a linear second-order system with some desired time
constant 7, and damping ratio (,. The desired acceleration
is thus given by

1 2
a’ges = a?f + ﬁ (pges - pgst) + T: (’Uges - vgst) . (17)
p

2In this context, proper acceleration refers to the acceleration relative to
free fall.

th 'Uist fi fr 81 6r
L X tttt
position £ des coordinated " body rate
control flight atitude control
T
Pdes Vdes Qff Vref Ydes T Vref West
Rest

Fig. 3.  Flowchart illustrating the control architecture. The controller is
based on a cascaded control scheme, and the individual control blocks are
described in Section IV.

Subsequently, the desired acceleration is converted to a
desired force vector

z
fdes =

which is then fed to the next controller block.

(al., —g")m, (18)

B. Coordinated flight

In the following, the average propeller thrust f, and the
desired attitude R .5 are computed such that two conditions
are satisfied: 1) the vehicle is in coordinated flight?, and 2)
the resulting total force f,,, acting on the vehicle matches
the desired force f,., demanded by the position controller.

The desired attitude can be written as three subsequent
rotations:

Rdes = RcRbRa7 (19)

where the the individual rotations are introduced in the
following. For a more intuitive notation, we will describe the
rotations using the axis-angle representation, i.e. a rotation
is described by an angle o and a unit vector n denoting the
rotation axis [19]. A vector x expressed in the intermediate
coordinate frame defined by R, is denoted as x(%). Similarly,
vectors expressed in the coordinate frames defined by Ry R,
and R.R,R,, are denoted as 2(?) and (%%, respectively.

The first rotation R, is a rotation that, starting from the
inertial frame Z, aligns the vehicle’s forward axis (i.e. the
zp-axis) with the current direction of flight:

oI
04 = arccos | —<2 |
[[vresll
n, — _vrIef,y U%ef,x
a — ) ) )
H(U%ef,;lﬂv'%ef,y?())n ||(v%ef7;1;7v7z'ef,y70)”
(20)
where || - || denotes the Euclidean norm, and the reference

velocity v,..y can be chosen to be either the desired ve-
locity vges or the estimated velocity ves:. (For the exper-
iments presented in this paper we use V,.f = Vqes.) If the
vertical velocity components vZ, 7., and v, ¢,y are zero, then
either the vehicle’s forward axis is already aligned with the
direction of flight (vfefyz # 0) or the vehicle is hovering

3Here, coordinated flight refers to a flight state with no sideslip and no
lateral acceleration.
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WZ, 7,» = 0). In both cases, the rotation R, can be chosen

to be identity:

R, =1s. 21

In practice, we define a threshold wv;, and choose R,
according to (21) if ||(v},; ., vF.f , 0)]] < ven.

The second rotation R, rolls the vehicle around its current
zp-axis (i.e. the zp-axis after rotating by R,) such that the
desired total force has no lateral component and is positive
along the new yp-axis. The rotation R, yields

(a)
des,y

1(£52) ., ézi,yﬂ)”) (22)
ny = (0, 0, — sign (féii,x)) :

If the vehicle is hovering or if the desired force is parallel to
the vehicle’s direction of flight, then both f, 5230 and f 52 y
are zero and the angle o} is undefined. In this case, we

choose R, as

Op = arccos (

Oy = wdesy

ny = (0a051)7

(23)

where 14, is the desired yaw angle that is part of the desired
trajectory. Note that if the vehicle is hovering, then g
corresponds to the vehicle’s rotation around the zz-axis.
Again, in practice we define a threshold f;;, and choose R,
according to (23) if ||(f§ggym,f(§27y,0)|\ < [tn-

Finally, the third rotation R, pitches the vehicle around its
current xg-axis (i.e. the xp-axis after rotating by R, and R})
such that the resulting total force f,,, matches the desired
force f,.,. Consequently, the rotation axis is chosen as

n.=(-1,0,0), (24)

and the rotation angle o. corresponds to the desired angle
of attack a (if the vehicle is not hovering). Our objective
is to choose the angle o, and the desired average propeller
thrust f, such that the following condition is satisfied:
B ! abe
Fior = (o)

des

(25)

where the total force ffot is given by (11). Noting that the
z-component of (25) is trivially satisfied, the condition can
be written as

| b . b
fiigt (¢, Vreps fa) = cos (JC)fcg:s,)y +sin (oc) C(l:sv)z’

f(ab)

des,y"

(26)
Since the reference airspeed v,.. s is invariant under a rotation
around the xp-axis, we can compute it with

ab ab
Uref = \/(Uf“ef),y)Q + (vf“ef),z)z

Hence, (26) is a system of two equations for the two
unknowns o and f,. For reasonably complex aerodynamic
maps fiiri(o, v, fo) and farqq(, v, fo) no closed-from solu-
tion to the above system of equations exists, moreover there

! a .
2fa - fd'rag (Uca Uref, fa) = Cos (Jc)féeg,)z — Ssin (Uc)

27

might not exist a solution at all. Therefore, we numerically
minimize a quadratic residual function

1 (0c, fa) = Ay (0e, fa)* + ALs (00, f2)°, (28
with
Afy (Ucv fa) = flift (0C7U'I"ef7 fa)
=08 0ty =S Ol o
Afz (Ucafa) = 2fa - fdrag (UC7Urefafa)
— cos (Uc)fézs,)z + sin (Uc)fQZS?y.

The pitch angle o is constrained to the interval [—m, 7|, and
we constrain the average propeller force f, to be within the
saturation 1imits [fiin, fmaz]- Thus, we get the following
optimization problem:

minimize 7 (o, f4)

subject to o, € [—, 7], (30)

fa € [fmi'm fmaw] .

For every controller update, we apply 50 iterations of the
Nelder-Mead method [23], in order to find a local optimum
of the above optimization problem. This delivers the desired
rotation angle o, and the desired average propeller force f,,
and thus completes the coordinated flight controller block.

C. Attitude control

We apply an attitude controller based on Optimal Control,
enabling the vehicle to recover from large attitude errors. The
attitude control law is obtained by solving an optimal control
problem, with the objective of correcting large attitude errors
by turning primarily around the vehicle’s strongly actuated
yp-axis*. Solutions for a set of initial attitude errors are
precomputed and stored in a lookup table. For each controller
update, the desired body rates are obtained by reading the
optimal body rates from this table:

dees = Wopt (Rerr) > 31D

where wp(-) denotes the lookup table containing the opti-
mal body rates, and R, is the attitude error given by

Rerr = Rest (Rdes)_l- (32)

For a better intuition of the attitude control law, we note that
for small attitude errors the map with the optimal body rates
can be written as

dees ~ _inerraerm

«
where 7, is a desired first-order time constant, and 7.,
and o, describe the axis-angle representation of the attitude
error R.,... For a more detailed introduction of the attitude

controller we refer to [24].

(33)

“Typically, compared to the other axes, the control authority around the
yp-axis is high. This is because the control torque around this axis is directly
produced by the propellers’ differential thrust.
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D. Body rate control

The body rate controller is designed such that the elements
of the body rate error vector follow three decoupled linear
first-order systems with desired time constant 7,,. The desired
torque is obtained by rearranging the angular dynamics (3),
which yields

mh = %J (W5, —wh,) +wE, x Jwb

est est*
w

(34)

The actuator inputs are computed such that the desired torque
is acting on the vehicle, and such that we achieve the desired
average propeller thrust. Hence, the following conditions
must be satisfied:

B L B
M,y =M )
tot | de (35)
fl +fr = Qfaa

where m%, is given by (4). Solving for the actuator inputs
yields

fim fu o essb
2pdl — 4b,
o g Mdesyd
" “ " 2pdl — 4b,’
bzvf — bzvl2 + fik — fre+ mdBes)z
0= 2c, v}

2 2 B
bwvl + bl‘vr - mdes,x + Mypitch (047'5]‘; Uref)

—2¢, v} ’
b.v2 — bzvl2 + fik — fre+ mgesyz
T —2¢,v2
bEUIQ + bz“? - mges,x + Mpitch (arefu 'Uref)
+ —2¢,v2 ’

(36)
where a,..y is computed by inserting v,y into (5). If
the resulting actuator inputs are not within their attainable
range, we adapt the desired torque and propeller forces
with the prioritization method described in [24]. Finally,
these actuator inputs are then applied to the system and this
completes the derivation of the control algorithm.

V. RESULTS

In this section, we present results demonstrating the
performance of the control strategy introduced herein.
A video of the vehicle performing various maneuvers is
available at https://youtu.be/wfmf-eJ89T4. The
vehicle has been showcased in front of a live audience
during Raffaello D’Andrea’s talk at the TED conference
2016, available at https://www.ted.com/talks/
raffaello_d_andrea_meet_the_dazzling_
flying_machines_of_the_future.

A. The IDSC Tailsitter

The IDSC Tailsitter has been designed at the Institute for
Dynamic Systems and Control (IDSC), ETH Zurich, as a
testbed for novel control algorithms for tailsitter vehicles.

The airframe of the vehicle is based on a Clark Y profile
and designed such that for regular flight the pitching moment
vanishes for zero flap angle, and such that the aerodynamic
neutral point is close to the vehicle’s center of gravity. The
objective of this design is to allow agile maneuvers for all
flight regimes and to avoid flap angle saturation problems
caused by large trim angles. Fig. 1 shows a picture of the
vehicle.

The vehicle is equipped with custom onboard electronics:
The control algorithms run on a 168 MHz Cortex M4F
microcontroller with an update rate of 500 Hz. The onboard
state estimation algorithms and technology are provided by
the ETH spin-off company Verity Studios®. The vehicle is
able to communicate with a ground station using a 2.4 GHz
radio connection. Communication can be established for
recording telemetry data or for sending high-level commands
to the vehicle, such as ‘take-off” or ‘land’. However, the
vehicle is able to fly autonomously and the trajectories being
tracked are stored onboard.

For the plots shown in the following, the data is sampled
at a rate of 25 Hz and for the acceleration measurements a
low-pass filter is applied in order to remove high-frequency
noise and generate more readable figures.

B. Parameter values

Table I shows the control and physical parameter values
that are used for the experiments. The propeller force bound-
aries, aerodynamic coefficients, and torque-to-thrust-ratio are
measured on a load cell, and we assume that the values do
not change significantly over the vehicle’s flight envelope.
The components of the rotational inertia around the different
axes are obtained with a CAD model of the vehicle.

Shttp://www.veritystudios.com/

TABLE I
PARAMETER VALUES

description

param [ value

fmin 0.1N minimum propeller force

fmaz 1.2N maximum propeller force

Smin —0.87rad minimum flap angle

Smazx 0.79rad maximum flap angle

m 150g mass of the vehicle

ez 4.62 x 10~* kg m? rotational inertia around x g-axis
Jyy 2.32 x 1073 kg m? rotational inertia around yp-axis
Jsz 1.87 x 1073 kg m? rotational inertia around zpg-axis
p 1.2kg/m? air density

d 133 cm? propeller disk area

by 7.46 X 1075 Nm/(m/s)? aerodynamic coefficient

by 4.12 x 1079 Nm/(m/s)? aerodynamic coefficient

b, 3.19 x 1076 Nm/(m/s)2 aerodynamic coefficient

Cy 2.18 x 107*Nm/(m/s)?/rad | aerodynamic coefficient

C, 3.18 x 107* Nm/(m/s)?/rad | aerodynamic coefficient

l 14cm propeller offset along x -axis

K 8.72 x 1073 N m/N torque-to-thrust ratio

Tp 0.6s position control time constant
Cp 1 position control damping ratio
Ta 0.25s attitude control time constant
Tw 0.05s body rate control time constant
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C. Figure eight maneuvers

Using the control strategy described herein the vehicle
can track arbitrary feasible trajectories. As an example, we
track a figure eight trajectory at a speed of about 6 m/s at
a constant height. The horizontal position trajectory consists
of two half-circle segments with a radius of 2.1 m and two
splines connecting the two segments. The order of the splines
is chosen such that the trajectory is continuous in snap. Fig. 4
shows a top and side view of the desired and estimated
position during the figure eight maneuver, and in Fig. 5 the
attitude trajectory of the vehicle is illustrated. Further, in
Fig. 6 the angle of attack and aerodynamic force trajectories
are shown.

D. Transitions maneuvers

Transitions between hover and fast forward flight are an
integral part of typical tailsitter missions. Therefore, it is
crucial that the controller can track trajectories than contain
such transitions. Fig. 7 shows the trajectory of a constant-
height transition from hover to forward flight.

VI. CONCLUSION

We have introduced a global control strategy for a flying
wing tailsitter vehicle, and its performance has been analyzed
in experiments where the vehicle autonomously tracks de-
sired trajectories. The proposed controller shows good track-
ing performance and is able to perform transitions between
hover and fast forward flight. However, the experiments also
unveil some systematic position tracking errors, and a bias
between desired and estimated pitch angle in forward flight is
observed. The reason for this might be, among other things,

py [m]

Fig. 4.  Desired and estimated position of the vehicle while tracking a
horizontal figure eight trajectory. The plot on the top shows a top view of
the maneuver, and the plot on the bottom shows a side view. The position
estimation accuracy depends on the orientation of the vehicle, which might
be the reason for the repeatable tracking offsets in the different segments
of the trajectory. Another reason could be aerodynamic effects not captured
by the first-principles model of the vehicle.

¥ [rad]
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Fig. 5. Attitude of the vehicle while tracking a figure eight trajectory. The
plots show data from five executions of the maneuver, each line illustrates
the trajectory of one execution. For an intuitive illustration, the desired and
estimated attitudes are converted to Tait-Bryan angles being the yaw W,
pitch ©, and roll & angle that are typically used to describe the attitude of
fixed-wing airplanes [19]. The time when the vehicle enters a half-circle or a
spline segment is denoted with ¢, or tsp, respectively. The plot on the top
shows the yaw trajectories, indicating that the yaw angle tracking error is
reasonably small. In the middle plot, showing the pitch trajectories, we can
observe that there is a systematic error between desired and estimated pitch
angle. The reason for this might be, for example, inaccurate models for the
aerodynamic forces that are used to compute the desired angle of attack, or
an offset of the vehicle’s center of gravity. The plot on the bottom shows
the roll trajectories, and we can see that a high roll angle is required during
the half-circle segments in order to make the turn. The plot also indicates
that the roll angle tracking exhibits some overshooting at the beginning of
the turns. Note that the scale of the vertical axes is not equal.

unmodeled aerodynamic effects or an artifact caused by the
state estimation algorithms.

Future work includes experiments with a ground truth
sensor, such that the performance can be quantified in a
more rigorous way. Further, with experiments in a larger
flying space the controller’s performance could be analyzed
for higher velocities, which might uncover additional aero-
dynamic effects.
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