
International Journal of Control, Automation, and Systems VV(X) (YYYY) 1-16
http://dx.doi.org/10.1007/s12555-xxx-xxxx-x

ISSN:1598-6446 eISSN:2005-4092
http://www.springer.com/12555

Fault Tolerant Flight Control for the Traction Phase
of Pumping Airborne Wind Energy Systems
Tareg Mohammed ■ , Espen Oland ■ , and Lorenzo Fagiano* ■

Abstract: A fault-tolerant control approach is proposed, for a pumping Airborne Wind Energy System (AWES)
comprising a tethered fixed-wing aircraft with integrated propellers for vertical take-off and landing (VTOL). First,
the flight control design for the traction phase of the system, when the tethered aircraft has to fly in loops using
the rudder, is presented. Then, the presence of the propellers, that are normally not used in the traction phase, is
exploited to obtain a fault tolerant controller in case of rudder malfunctioning. The approach detects a possible
discrete control surface fault and compensates for the loss in actuation by using the VTOL system. A sophisticated
model of the system is used to analyse the performance of the proposed technique. The main finding is that the
approach is able to handle abrupt rudder faults with high tolerance.
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1. INTRODUCTION

Airborne Wind Energy Systems (AWES) employ an au-
tonomous tethered aircraft to convert wind energy into
electricity. AWES have the potential to offer economically
viable and sustainable electricity production on a large
scale, according to many studies such as [1,2,4,7,10,22].
These studies consider the advantages of AWES in terms
of low capital costs and easy installation, and their capa-
bility to reach wind above 300m above ground. A key
assumption is that the system is highly robust and able
to operate reliably for long periods of time. To this end,
much research and development still need to be addressed
in terms of operational safety, fault-handling, and recon-
figuration strategies ( [12]). As stated by the study [17],
most failure mitigation measures in AWE can be ob-
tained by fault detection and isolation and correspond-
ing recovery actions. Notwithstanding the many prob-
lems of interest, the scientific literature on these aspects is
rather limited. The variety of AWE concepts ( [8, 12, 21])
makes it unfeasible to develop general fault-tolerant tech-
niques that work properly for all of them. Rather, specific
fault-tolerant approaches shall be developed for each sys-
tem/subsystem and each relevant operating phase. Regard-
ing the aircraft, redundancy of sensors and control units
can be employed to increase resilience and implement re-

covery actions, while actuator redundancy is more diffi-
cult to apply, due to the need to keep the airborne mass
low. [3] presents an electrical layout and control strategy
to achieve fault tolerance for AWES with onboard gener-
ators (the so-called drag power approach, different from
the pumping approach considered here). In [9], modeling
and control aspects and post-fault operation of the electric
drives are considered. In [14], we presented an approach
to fault-tolerant control of a tethered aircraft flying in cir-
cles parallel to the ground, with low tether force.
In this work, we consider the same AWES class as [14],
i.e., with pumping operation, rigid aircraft, and vertical
take-off and landing (VTOL). Pumping AWES accom-
plish periodic cycles of traction and retraction phases,
linked by suitable transitions, see e.g. [19]. In these cy-
cles, the aircraft operates in dynamic flight mode, con-
trolled by means of discrete control surfaces similar to
those of a glider, and the tether force can be either very
large (in the traction phase) or very low (during retrac-
tion and transitions). The operation starts and finishes with
VTOL phases, carried out with onboard propellers in a
very different flight mode, similar to a tethered multi-
copter. Besides the small ground area required for take-off
and landing [11], an advantage of the VTOL system is that
it provides redundancy of control actuators, allowing us to
design effective recovery actions in case of actuator faults.
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Building on [14], this paper introduces a new fault-tolerant
control approach for the traction phase, when the aircraft
is in crosswind flight. As a first contribution, we describe
a new design approach of a flight controller for this phase
of the pumping cycle, where the rudder is normally used
to obtain circular crosswind flight patterns. Then, as a sec-
ond contribution we present an active fault tolerant control
(AFTC) scheme to detect and accommodate a possible
rudder failure, providing the required control input with
the onboard propellers of the VTOL system. The fault de-
tection approach is based on the difference between the
observed angular accelerations and those expected on the
basis of the commanded input. When a rudder fault is de-
tected, the rotors are engaged to generate the control mo-
ments issued by the flight controller. The latter is not mod-
ified, so that the aircraft continues flying its prescribed
path until a high-level strategy commands a transition to
hovering and then landing. In this way, we reduce the risk
of stalling and/or entangling the aircraft with the tether,
which would be higher with a more abrupt transition to
hovering. We test the approach on a high-fidelity model of
the system, showing that it effectively and reliably man-
ages to accommodate faults in a wide range of wind con-
ditions.
The paper is organized as follows: Section 2 describes
the system and its model. Section 3 describes the pro-
posed fault-tolerant control design, including the nomi-
nal controller, the active fault tolerant control (AFTC) ap-
proach, and the control allocation technique for the four
propellers. Section 4 presents the results obtained by ap-
plying our approach on a detailed simulator, and conclu-
sions are drawn in Section 5.

1.1. Notation and list of symbols
Bold-faced symbols denote three-dimensional vectors.

The same symbol non-bold and with an added subscript
denotes the component of that vector along the direction
named after the subscript (e.g., Ft,x is the component of
vector FFF t in the body x-direction). A list of symbols em-
ployed in the paper follows.

Symbol Description
A Wind reference frame
Ap Propeller swap area
B Traction reference frame
B̂Q Quad rotor control allocation matrix
B̂S Dynamic control effectiveness matrix
CD Aerodynamic drag coefficient
CL Aerodynamic lift coefficient
Cl Aerodynamic roll coefficient
Cm Aerodynamic pitch coefficient
Cn Aerodynamic yaw coefficient
CY Aerodynamic side force coefficient

CG Aircraft center of gravity
FFFA Aerodynamic force vector
FD Aerodynamic drag force
FL Aerodynamic lift force
FPz Sum of propellers’ thrust along the aircraft

z-axis
Fre f Desired tether pulling force
FFF t Tether force exerted on the aircraft
F t Tether breaking load
FFF tGS Tether force exerted on the winch
FTz,d Desired thrust along aircraft z-axis
FY Aerodynamic side force
J̄P Inertia matrix of the propeller
JP Propeller inertia about its axis
Jxx Aircraft moment of inertia about the x-axis
Jxz Cross-moment of inertia about the x- and

z-axis
Jyy Aircraft moment of inertia about the y-axis
Jzz Aircraft moment of inertia about the z-axis
Kc Circular path error correction gain
Kd Rotor spinning speed decreasing gain for

saturation management
Kr Yaw rate controller gain
Kt Total tether stiffness
Kt,e Tether stiffness per segment
Ku Rotor spinning speed increasing gain for

saturation management
Kwinch Winch controller feedback gains
Kυ Reference yaw rate controller gain
(L,M,N) Axes of the traction reference frame
MMMG,i ith propeller gyroscopic moment
MMMG,tot Vector sum of MMMG,i over i = 1, . . . ,4
MMMA Aerodynamic moment
MMMd Desired aircraft moment
MMMt Moment exerted by the tether on aircraft
Nt Number of nodes in the tether model
OOOB Vector pointing from the origin of wind

frame to the origin of the traction frame
Pinduced,i ith propeller induced power
Ppro f ile,i ith propeller profile power
Qi,max ith propeller maximum torque
QPi ith propeller aerodynamic torque
R2−norm 2-norm of the residuals Rx,Ry, and Rz

Rp Propeller blade total length
Rt Desired helical path radius
Rx Aircraft roll moment residual
Ry Aircraft pitch moment residual
Rz Aircraft yaw moment residual
S Wing surface area
Ti ith propeller thrust
Ti,max ith propeller maximum delivered thrust
U Aircraft speed along the body x-axis
V Aircraft speed along the body y-axis
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W Aircraft speed along the body z-axis
WWW s Absolute wind speed vector
(X ,Y,Z) Axes of the wind reference frame
ap Propeller blade lift curve
b Wing span
bi ith motor thrust to squared speed ratio
bp Number of blades of each propeller
c̄ Wing cord
ci ith motor torque to squared speed ratio
cp Propeller blade effective cord
d Distance between the aircraft position

projected on the (L,M)-plane and the
origin of the traction frame

h Aircraft altitude from ground level
hmin Minimum allowable aircraft height
ℓt Tether length
ℓt,min Minimum allowable tether length
ma Mass of the aircraft
p Aircraft angular rate about the x-axis
ˆ̇p Estimated angular acceleration about the x-axis
pppk Aircraft position vector
pppB

OB
Aircraft position relative to the
origin of the traction frame, expressed in
the traction frame

ṗppk
B Aircraft velocity vector expressed

in the traction frame
pppPi/CG Location of propeller i with respect to CG
q Aircraft angular rate about the y-axis
q̂ Aircraft attitude quaternion
ˆ̇q Estimated angular acceleration about the y-axis
q̂B/A Quaternion rotation from the wind frame to

the traction frame
q∞ Dynamic pressure
r Aircraft angular rate about the z-axis
ˆ̇r Estimated angular acceleration about the z-axis
rre f Reference yaw rate in traction frame
vvva Apparent wind vector at the aircraft
vi ith propeller induced velocity
v′i ith propeller effective flow speed
vvvPi ith propeller blades’ velocity vector relative to

air
vt Tether linear reel-out speed
vre f

t Tether reference linear reel-out speed
xp x-axis distance of front/aft motors from CG
yp y-axis position of left/right motors from CG
α Aircraft angle of attack
β Aircraft side slip angle
δa Aircraft aileron deflection
δe Aircraft elevator deflection
δr Aircraft rudder deflection
ε t Tether elongation at tether breaking load
θ0 Propeller blade angle in the root of the hub
θ1 Propeller blade linear twist

θh Elevation angle of traction phase of helical
path axis from ground surface

ρ(h) Air density at altitude h
τw Time constant of winch speed control loop
υ Velocity angle of the aircraft projected in

the (L,M)-plane
χc Desired flying course in traction frame
ω̃b/A Skew-symmetric matrix of the aircraft

angular velocity relative to the inertial frame
Ωi ith propeller spinning speed
ΩM,max Maximum spinning speed achievable by the

motor
ΩM,min Minimum spinning speed set to the motor
ωωωP,i ith Propeller angular velocity vector

2. SYSTEM DESCRIPTION AND MODELING

The AWES under consideration is illustrated in fig.
1, which shows its layout, main subsystems, and power
generation operating principle. The system consists of a
ground station connected to the aircraft through a tether

Wind

Traction phase

Mechanical structure
Winch
Foundation
VTOL platform
Electric machine
Power converter
Grid connection
Ground sensors
Ground actuators
Ground control
Supervisory control

Generator

Ground station

(a) Traction phase (power generation)

Ultra High Molecular
Weight Polyethylene

Motor

Retraction phase

Wind

Tether

Kite
Airframe
VTOL system 
Onboard sensors 
Onboard actuators 
Flight control 
Energy storage 
Energy regeneration

(b) Retraction phase (power consumption)

Fig. 1. Main subsystems and components of the Airborne
Wind Energy System (AWES) considered in this
paper, with a rigid wing and Vertical Take-Off and
Landing (VTOL) system. The figure also presents
the two main phases of power generation, namely
traction and retraction. The focus of this work is
the flight control system during the traction phase.
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made of polymeric material. The ground station features
an electric machine that can act as either a generator or a
motor, depending on the operational phase, connected to a
winch with a spooling system, which can reel in or out the
tether. The aircraft has a rigid wing with discrete control
surfaces and four vertical-axis propellers, as shown in fig.
2, which is a real-world, small-scale system developed by
Kitemill. In the so-called traction phase (see Fig. 1), the
aircraft flies fast in crosswind conditions: the generated
lift force is large enough to keep the aircraft airborne and
to apply a large force on the tether. The latter is reeled
out until a prescribed maximum value, while the electric
machine on ground applies an opposite torque, thus gen-
erating energy. In the retraction phase, a small fraction of
such energy is consumed to reel-in the tether under low
force with the electric machine, while the aircraft glides
towards the ground station until a pre-defined minimum
tether length is reached, and a new cycle starts. The result-
ing pumping cycle achieves a net positive average power
that depends on the wind speed. We refer the reader to [12]
and the references therein for more details on the funda-
mentals and state of the art of airborne wind energy sys-
tems.

In the remainder, we consider a body reference system
(x,y,z), fixed to the aircraft. The x-axis points forward
along the fuselage, the z-axis points downward, and the y-
axis completes the right-handed system. We also consider
an inertial, right-handed reference system A = (X ,Y,Z),
named the wind frame, with the X-axis pointing in the pre-
vailing wind direction, and Z-axis normal to the ground
and pointing downwards along the Earth’s gravity. The
origin of frame A is located at the ground station, and
the aircraft position is given by vector pppk. We denote with
h = −pk,Z the aircraft’s height above ground. In the re-
mainder, we omit the continuous time variable t ∈ R for
the sake of simplicity; constant parameters can be distin-
guished from time-dependent variables based on the con-
text.

Fig. 2. The small-scale “KM0” aircraft developed by the
company Kitemill.

2.1. Winch and tether models
The winch is modeled in close loop with a velocity-

tracking controller, expressed in the Laplace domain as:

vt(s) =
1

τws+1
vre f

t (s),

where s is the Laplace variable, vt is the linear reel-out
speed of the tether, vre f

t its reference value, and τw is the
close-loop time constant. Such an approximation is suit-
able for this study, which is focused on the flight control
system. The value of vre f

t is computed by a higher-level
controller, as described in Section 3.
The tether model is described in detail in [5, 6, 13], and
briefly recalled here for completeness. It features a se-
ries of lumped masses at Nt nodes. Considering the three-
dimensional (3D) position and velocity of each node, the
state of the tether model has thus dimensions 6Nt . Con-
sidering the Nt nodes plus the ground station and aircraft
at the two extremes, there are Nt + 1 segments in total.
Any such segment is modeled as a linear damper in par-
allel with a nonlinear spring, where the nonlinearity ac-
counts for the fact that the tether can transfer forces only
when taut. Moreover, the aerodynamic drag forces act-
ing on each tether segment are considered. The balance
of forces on each node determines the corresponding 3D
acceleration vector, which is integrated twice to obtain ve-
locity and position vectors. The length of reeled-out tether,
denoted by ℓt , is computed by integrating the winch speed:

ℓ̇t = vt .

The total tether stiffness is determined by:

Kt =
F t

ε tℓt

where F t and ε t denote the tether breaking load and corre-
sponding elongation, respectively. For instance, ε t = 0.03
means that the breaking load corresponds to 3% of elon-
gation. Since the tether elements are in series, the stiffness
Kt,e of each one is computed as:

Kt,e = (Nt +1)Kt .

which preserves the overall stiffness. Thus, the stiffness
of each tether element is not constant, rather it depends on
the winch position via the tether length. The other tether
parameters (viscous friction coefficient, mass per unit of
length, diameter, drag coefficient) are assumed constant.
To link the tether model to those of the other subsystems,
the motion of the ground extreme is imposed equal to zero,
and that of the aircraft side equal to the aircraft’s 3D posi-
tion and velocity. The forces applied at the tether extremes
corresponding to the winch and to the aircraft are denoted,
respectively, with FFF tGS and FFF t . The tether is assumed to be
attached at the aircraft’s center of gravity CG, and there-
fore it does not exert any moment on the aircraft body.
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2.2. Propellers’ thrust and torque models
The rotors are 2-bladed propellers, each producing

thrust without the capability of inverse rotation. In unteth-
ered multicopter modeling, the effect of apparent airspeed
on the propellers’ flow, thrust, and torque is often over-
looked due to the relatively small apparent wind veloc-
ity experienced by the aerial vehicle. However, the AWES
considered here operates at a minimum of fourteen me-
ters per second apparent wind speed during looping, ne-
cessitating improved modeling of this aspect. Therefore,
we created a detailed lookup table that considers several
variables that affect the propellers’ functioning. Let us de-
note the apparent velocity vector of the aircraft with vvva:

vvva =

 va,x

va,y

va,z

=

 Ws,x(pppk)−U
Ws,y(pppk)−V
Ws,z(pppk)−W


Here WWW s is the absolute wind speed vector, expressed in
the body frame, at the aircraft position pppk, and U , V , and
W are the aircraft’s velocity vector components relative
to the ground and expressed in the body frame. The first
step is to calculate, for each rotor i = 1,2,3,4, the veloc-
ity vector relative to air at the propeller’s blades, which
is denoted by vvvPi and can be obtained using the following
equation:

vvvPi =

 vPi,x

vPi,y

vPi,z

= vvva + ω̃b/A pppPi/CG (1)

In equation (1), pppPi/CG denotes the location of propeller i
with respect to CG, while ω̃b/A is a skew-symmetric ma-
trix indicating the aircraft angular velocity relative to the
inertial frame A.

The effective flow speed, denoted by v′i, is then calcu-
lated as follows:

v′i =
√

vPi,x
2 + vPi,y

2 +(vPi,z − vi)
2 (2)

Here, vi represents the induced velocity of the propeller
under consideration, to be determined. The thrust of the
propeller is a function of both v′i and vi and is given by:

Ti = 2ρ(h)Apv′ivi (3)

In this equation, ρ(h) is the air density as a function of
altitude h, Ap = πR2

p, and Rp is the propeller’s diameter.
Additionally, the thrust Ti can also be expressed using the
following equation, which depends on the airspeed com-
ponents and propeller’s parameters ( [18]):

Ti =
ρ(h)apbpcpRp

4
[(vPi,z − vi)ΩiRp+

2
3 (ΩiRp)

2
(
θ0 +

3
4 θ1
)
+(

vPi,x
2 + vPi,y

2
)(

θ0 +
1
2 θ1
)] (4)

In this equation, Ωi represents the propeller’s rotational
speed, bp is the number of blades, cp is the blade’s effec-
tive chord, θ0 is the root blade angle, θ1 is the linear twist
along the blade, and ap is the slope of the blade’s airfoil
lift curve.
Solving numerically equations (2), (3) and (4), we ob-
tain lookup tables for thrust Ti and induced velocity vi

for each propeller. Each lookup table has five inputs, i.e.,
vPi,x,vPi,y,vPi,z,Ωi,h. An interpolation algorithm is then uti-
lized to determine each propeller’s thrust and induced ve-
locity for a given operational condition. These lookup ta-
bles are referred to as:

Ti = fT (vPi,x,vPi,y,vPi,z,Ωi,h)

vi = fv(vPi,x,vPi,y,vPi,z,Ωi,h)

As an example, Figs. 3(a)-3(b) show the propeller thrust
as a function of the apparent wind components, and Fig.
4 shows the rotors’ induced velocity at different operating
conditions. It can be seen how the apparent velocity’s ver-
tical component strongly affects the propeller’s thrust and
induced velocity.

To calculate the aerodynamic torque of each ro-
tor/propeller, denoted with QPi , we use a formula that
takes into account the thrust, surrounding airspeed, and
rotor spinning speed:

Pinduced,i = Ti (vi − vPi,z)

Ppro f ile,i =
ρ Cd0 bpcp ΩiR2

p

8
[
(ΩiRp)

2 + vPi,x
2 + vPi,y

2]

QPi =
1

Ωi
(Pinduced,i +Ppro f ile,i) (5)

The induced power and profile power denoted as Pinduced,i

and Ppro f ile,i, respectively.where the zero-lift drag coeffi-
cient of the propeller blade’s airfoil is represented by Cd0 ,
see [18] for details. We also include the gyroscopic mo-
ment exerted by each motor/propeller on the aircraft, de-
noted with MMMG,i:

MMMG,i =− ω̃b/A J̄P ωωωP,i (6)

where J̄P is the inertia matrix for the propeller, and ωωωP,i

is the angular velocity vector of the spinning rotor. For a
propeller/rotor with rotational axis aligned with the pos-
itive body z-axis and moment of inertia JP, equation (6)
can be simplified as follows:

MMMG,i =− ω̃b/A

 0
0

JPΩi

 (7)

We finally denote with MG,x MG,y MG,z the algebraic sum
over i = 1, . . . ,4 of the x,y,z components of MMMG,i.
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Fig. 3. Propeller thrust as a function of the propeller
speed, for various horizontal (a) or vertical (b) ap-
parent speed values.

2.3. Aircraft model

To derive the state-space ordinary differential equations
for the aircraft model, we consider the forces and mo-
ments generated by the aerodynamics, propellers, tether,
and gravity. The aircraft angle of attack α and sideslip an-
gle β are derived using the following equations:

α = atan2(va,z,va,x)

β = arcsin(va,y/va)

The aircraft apparent airspeed is va = ∥vvva∥2. To calculate
the total drag, side force, and lift aerodynamic coefficients
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Fig. 4. Induced velocity as a function of the propeller
speed, for various horizontal (a) or vertical (b) ap-
parent speed values.

(CD,CY, and CL, respectively), equation (8) is utilized:

CD =CD(α)

CY =CY(β ,δr)+CYp

pb
2va

+CYr

rb
2va

CL =CL(α,δe)+CLq

qc̄
2va

(8)

Where, δr and δe are the rudder and elevator deflections,
respectively, p, q, and r are the aircraft angular velocities
about the x, y, and z axis, b is the aircraft wingspan and c̄
its mean aerodynamic chord. To compute the total aerody-
namic moment coefficient for roll, pitch, and yaw, Cl,Cm,
and Cn, respectively, equation (9) is applied.

Cl =Cl(α,δa)+Cl(β ,δr)+Clp
pb
2va

+Clr
rb
2va

Cm =Cm(α,δe)+Cmq

qc̄
2va

Cn =Cn(α,δa)+Cn(β ,δr)+Cnp
pb
2va

+Cnr
rb
2va

(9)

Where δa is the aileron deflection, and CYp , CYr , CLq , Clp ,
Clr , Cmq , Cnp , and Cnr are the aircraft damping coefficients.
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The aerodynamic coefficients and functions appearing in
equations (8)-(9) are specific to each aircraft; those used in
our simulation study have been sourced from [16] and are
omitted here for the sake of brevity. For more information
on these coefficients, we refer to this source.
The components of the aircraft’s aerodynamic force vector
are then calculated as follows:

FD = q∞SCD

FY = q∞SCY

FL = q∞SCL

where S is the wing area and q∞ the dynamic pressure,
calculated as follow:

q∞ =
1
2

ρ(h)va
2

To obtain the aerodynamic force vector in the aircraft
body frame the following rotation is applied: FAx

FAy

FAz

=

 c(α)c(β ) −c(α)s(β ) −s(α)
s(β ) c(β ) 0

s(α)c(β ) −s(α)s(β ) c(α)

 −FD

FY

−FL


where c(·) and s(·) stand here for cosine and sine, respec-
tively.
The aerodynamic moments around the axes x,y,z are cal-
culated as:

MA,x = q∞SbCl

MA,y = q∞Sc̄Cm

MA,z = q∞SbCn

and the total vertical thrust contributed by the propellers
is:

FPz =−(T1 +T2 +T3 +T4)

where Ti, i = 1, . . . ,4 are the thrust forces contributed by
each of the four propellers, see (2)-(4). The propeller mo-
ments acting on the body frame x,y and z axis are given
by:

MR,x = yp(T3 +T2 −T1 −T4)
MR,y = xp(T1 +T3 −T2 −T4)
MR,z = QP1 +QP1 +QP1 +QP1

(10)

where xp,yp are the distances between the aircraft CG and
each rotor along the x-axis and y-axis, respectively (the
considered aircraft features a symmetrical configuration;
equation (10) can be easily generalized to non-symmetric
rotor placements).
Finally, the differential equations of the aircraft model are
given by:

U̇ =
(FAx +Ft,x)

ma
+gx −Wq+V r

V̇ =
(FAy +Ft,y)

ma
+gy −Ur+W p

Ẇ =
(FAz +FPz +Ft,z)

ma
+gz −V p+Uq

˙̂q =
1
2


−q1 −q2 −q3

q0 −q3 q2

q3 q0 −q1

−q2 q1 q0


 p

q
r



ṗ = (c1r+ c2 p)q+ c3(MA,x +MR,x)+ c4(MA,z +MR,z)

q̇ = c5 pr− c6(p2 − r2)+ c7(MA,y +MR,y)

ṙ = (c8 p+ c2r)q+ c4(MA,x +MR,x)+ c9(MA,z +MR,z)

where ma is the aircraft mass, q̂ = [q0,q1,q2,q3]
T is the

quaternion defining the relative orientation of the body
frame with respect to the inertial one, gx,gy, and gz are
the gravity acceleration components acting in the body
frame, computed as gx = 2g(q1q3−q0q2); gy = 2g(q2q3−
q0q1); gz = g(q2

0 − q2
1 − q2

2 + q2
3), ṗ, q̇, ṙ are the angu-

lar accelerations about the x,y,z axes. The parameters
c1,c2,c3,c4,c5,c6,c7,c8 and c9 used in the rotational dy-
namics’ equations are given below:

c1 =
(Jyy − Jzz)Jzz − J2

xz

Γ
, c2 =

(Jxx − Jyy+ Jzz)Jxz

Γ

c3 =
Jzz

Γ
, c4 =

Jxz

Γ
, c5 =

Jzz − Jxx

Jyy
, c6 =

Jxz

Jyy

c7 =
1

Jyy
, c8 =

Jxx(Jxx − Jyy)+ J2
xz

Γ
, c9 =

Jxx

Γ

Where Γ = JxxJzz−J2
xz and Jxx, Jyy, Jzz, Jxz are the non-zero

elements of the model inertia matrix.

3. FAULT-TOLERANT FLIGHT CONTROL
DESIGN

3.1. Nominal controller
The objective of the control system for the traction

phase is to reel-out the tether under a desired pulling force
Fre f , while the aircraft flies a helical pattern with a con-
stant radius. Fig. 5 presents an example of such a trajec-
tory. The reference reel out speed vre f

t for the winch is
computed by a proportional force-tracking controller that
exploits the measure of the tether force magnitude at the
ground station:

vre f
t =−Kwinch(Fre f −∥FFF tGS∥2)

where Kwinch is the controller gain.
To describe the flight controller, we consider an auxiliary,
inertial coordinate frame B = (L,M,N), named traction
frame, see Fig. 5. In the remainder, the upper script B
will be used to indicate that a vector is expressed in such
a frame. Frame B is defined by choosing the following
design parameters, which are typical in AWES: the min-
imum tether length during the traction phase, ℓt,min, the
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Fig. 5. Example of the targeted flight trajectory, showing
the traction phase coordinate systems A = (X ,Y,Z)
and B = (L,M,N).

minimum flight altitude, hmin, the radius of the desired he-
lical pattern, Rt , finally the inclination of the helix axis
relative to the Earth’s surface, θh. Based on these parame-
ters, the vector OOOB pointing from the origin of frame A to
the origin of B, expressed in frame A, is obtained as:

OOOB =

 OB,x

OB,y

OB,z

=


√
ℓt,min

2 +(hmin +Rt cos(θh))
2

0
−(hmin +Rt cos(θh))


(11)

Vector OOOB is shown with the dashed magenta line in Fig. 5.
Basically, the traction frame can be obtained by applying
a translation and a rotation to the coordinate axes of the
wind frame A. The translation is described in (11), while
the rotation is obtained by applying first a right-hand ro-
tation with amplitude θh + π about the Y -axis, with the
quaternion

q̂Y = [cos((θh +π)/2) 0 sin((θh +π)/2) 0]T .

then, a right-hand rotation with amplitude π about the X-
axis, using the quaternion

q̂X = [cos(π/2) sin(π/2) 0 0]T .

The quaternion q̂B/A that performs the rotation from the
wind frame to the traction frame is thus:

q̂B/A =


q0B/A

q1B/A

q2B/A

q3B/A

= q̂Y ∗ q̂X

where ∗ denotes the quaternion multiplication.
The flight controller shall make the projection of the air-
craft position on the (L,M)-plane follow a circular path
centered at the origin of frame B. For clarity, the (L,M)-
plane is shown as a transparent cyan rectangle in Fig. 5.
The desired circular path corresponds to the projection of
the wanted helical pattern on plane (L,M). The pitch of
the helix will be non-constant as it depends on the air-
craft’s velocity vector, which in turn depends on the wind
speed and reference force set for the winch controller. In
general, the larger the wind speed seen by the aircraft, the
higher will be all three components of its velocity, while a
higher reference force Fre f will lead to higher (L,M) ve-
locity components and lower N component.
Let us now consider the aircraft position relative to the ori-
gin of the traction frame and expressed in the latter, pppB

OB
.

This vector can be computed using the coordinate trans-
formation rules for quaternions and considering the air-
craft position in wind frame, pppk, and vector OOOB:

[
0

pppB
OB

]
=


0

pB
OB,L

pB
OB,M

pB
OB,N

= q̂−1
B/A ∗

[
0

pppk −OOOB

]
∗ q̂B/A

In a similar way, the velocity vector of the aircraft in the
wind frame ṗppk is transformed to the traction frame as (con-
sidering that both reference frames A and B are fixed):

[
0

ṗppk
B

]
=


0
ṗB

L
ṗB

M
ṗB

N

= q̂−1
B/A ∗

[
0
ṗppk

]
∗ q̂B/A

Now, the distance d of the aircraft from the origin of the
traction frame B is:

d =

∥∥∥∥[ pB
OB,L

pB
OB,M

]∥∥∥∥
2

In order to follow the desired circular path, the so-called
vector field orbit guidance algorithm from [15] is used.
This approach entails calculating the aircraft’s desired
course in the traction frame, denoted by χc:

χ
c = arctan

(
pB

OB,M

pB
OB,L

)
+π/2+arctan(Kc(d−Rt)/Rt)
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where the gain Kc affects how aggressively the path error
corrections are made. The velocity angle of the aircraft
projected in the (L,M)-plane υ is given by:

υ = arctan
(

ṗB
M

ṗB
L

)
and the reference yaw rate rre f about the N-axis is then
calculated as:

rre f = Kυ(χ
c −υ) (12)

with the proportional gain Kυ being a design parameter.
The computed reference yaw rate (12) can be tracked, in
general, by using either the rudder or the aileron, or a com-
bination of both, see also [19]. In fact, as a first approxima-
tion, one can assume that the body z-axis is aligned with
the N-axis during looping, and that the x-axis is aligned
with the aircraft’s velocity vector. Thus, the yaw moment
induced by a rudder deflection would directly translate
into a yaw rate about the N-axis, while an aileron deflec-
tion would produce a centripetal force component, which
induces a turning maneuver with angular velocity aligned
with the N-axis as well. Using the ailerons allows one to
obtain tighter paths, however at the cost of lower force
pulling the tether, since a larger part of the aerodynamic
lift is employed to counteract the centrifugal force. For
this reason, in the proposed control strategy the desired
yaw rate is tracked by means of the rudder only, while the
aileron deflection δa is set to zero. The rudder deflection
δr is computed by a lower-level proportional controller:

δr = Kr(rre f − r)

where Kr is chosen by the designer. Regarding the pitch
motion, a fixed elevator deflection in the traction phase δe,t

is used, and its value is chosen to increase the angle of at-
tack in order to have higher tether tension. Such a choice is
an established practice in Kitemill and finds its theoretical
justification in the flight stability analysis of rigid, single-
tethered aircrafts, presented in [20]. This study shows that,
in tethered flight, the aircraft pitch dynamic has an equi-
librium with a dominant eigenmode, named “Loyd mode”.
Convergence of this mode is mainly affected by the tether
attachment point on the aircraft. In other words, with a
suitable choice of the tether attachment position relative
to CG, the aircraft’s pitch can be passively stabilized, and
there is no need of active pitch control. In our simulated
system, attaching the tether to the CG complies with such
a stability condition. Therefore, a fixed elevator deflection
in the traction phase, δe,t , is used, and its value is an ad-
ditional degree of freedom to adjust the tether force, if
needed.
About the controller’s tuning, the gains Kυ and Kr can be
tuned via classical cascade control design techniques, con-
sidering a linearized model of the aircraft’s attitude dy-
namics and imposing suitable close-loop bandwidth val-
ues. Then, using the traction phase simulator, the gain Kc

can be tuned, by keeping the chosen values of the other
gains constant, starting from a small value and increasing
it until the flight trajectory becomes close to the wanted
helical path.

3.2. Fault detection
In [14], the fault-tolerant approach employed a daisy

chain allocation strategy between discrete surfaces and
propellers, which could engage the latter also in non-
faulty conditions. Here, the daisy chain approach has been
removed for two reasons: first, the apparent airspeed of
the aircraft in the traction phase is high enough to pro-
vide sufficient control authority by using only the discrete
surfaces, second, using the rotors leads to higher onboard
energy consumption. Thus, during the traction phase, the
rotors shall not be used in non-faulty conditions. How-
ever, they can still be exploited to retain control authority
in case of a fault of the rudder, allowing the aircraft to con-
tinue flying in crosswind until reaching a suitable attitude
to terminate the traction phase without risking a stall or
entangling with the tether.
The architecture of the proposed AFTC scheme is shown
in Fig. 6. First, the desired moment MMMd generated by the
discrete surfaces’ deflection is estimated as follows:

MMMd =

 Mx,d

My,d

Mz,d


=

 q∞ SbCl,a 0 q∞ SbCl,r

0 q∞ S c̄Cm,e 0
q∞ SbCn,a 0 q∞ SbCn,r


︸ ︷︷ ︸

B̂−1
S

 δa

δe

δr



(13)

where B̂S is the dynamic control effectiveness matrix,
which is updated online based on the aircraft’s relative
airspeed and its aerodynamic characteristics. In particular,
Cl,a is the coefficient of incremental roll moment due to
aileron deflection, Cl,r is the coefficient of incremental roll
moment due to rudder deflection, Cm,e is the coefficient of
incremental pitching moment due to elevator deflection,
Cn,a is the coefficient of incremental yaw moment due to
aileron deflection, and Cn,r is the coefficient of incremental
yaw moment due to rudder deflection. These coefficients
are specific to the considered aircraft and can be extracted
from its aerodynamic tables; we used those presented in
[16] for the simulation tests in this paper. Then, for the
sake of fault detection, we consider the angular accelera-
tions of the aircraft in the body frame, and compute the
following residuals regarding the longitudinal and vertical
axes:

Rx = (c1r+ c2 p)q+ c3Mx,d + c4Mz,d − ˆ̇p

Ry = c5PR− c6(p2 − r2)+ c7My,d − ˆ̇q

Rz = (c8 p+ c2r)q+ c4Mx,d + c9Mz,d − ˆ̇r



10 Tareg Mohammed, Espen Oland, and Lorenzo Fagiano

෠𝐵𝑠
−1

𝛿𝑒
𝛿𝑟

෠𝐵𝑄
𝑴𝑑

Threshold 

Lock

Kite 

dynamic

[Ω1, Ω2, Ω3, Ω4]

𝛿𝑎

∙ > ThresholdLPF

Fault 

detection

[0 0 0]

Nominal controller

Control 

allocation and 

saturation 

management

[0 0 0 0]

𝑅𝑧
𝑅𝑦
𝑅𝑥

Fig. 6. Active Fault-Tolerant Control structure for the considered hybrid fixed-wing quad-rotor.

where ˆ̇p, ˆ̇q and ˆ̇r are the estimated angular accelerations
around the aircraft x, y and z axes, respectively, obtained
by numerical differentiation of the measured roll and yaw
rate and applying appropriate low pass filters to suppress
unwanted high-frequency noise. The 2-norm of the resid-
uals Rx,Ry, and Rz, denoted with R2−norm, is used for fail-
ure detection. During looping, the R2−norm signal contains
high-frequency components in normal (i.e., non-faulty)
conditions due to tether force oscillations. To suppress
such components, which are not linked to faults, a low-
pass filter (LPF in Fig. 6) is employed, tuned on the basis
of data collected in non-faulty system operation. In partic-
ular, we used a first-order filter with bandwidth equal to
3.4 rad/s, discretized at 0.01 s, which is also the control
sampling period. The absolute values of the filtered resid-
uals are then used to detect a fault in the actuation system
by setting a suitable threshold. Once the failure indica-
tor is triggered, a threshold lock algorithm is used to hold
this condition even if the residuals fall below the thresh-
old, and the actuation system is reconfigured to employ
the four rotors instead of the rudder, as described next.

3.3. Quad rotor control allocation and saturation man-
agement

After detecting the fault, all the discrete surface com-
mands are set to zero, and the desired moment is allocated
to the rotors as follows:


Ω2

1
Ω2

2
Ω2

3
Ω2

4

= B̂Q

[
FTz,d

MMMd

]
(14)

where FTz,d is a user-chosen total thrust force, and B̂Q is the
control allocation matrix, computed as:

B̂Q =


b1 b2 b3 b4

−b1 xp b2 xp b3 xp −b4 xp

b1 yp −b2 yp b3 yp −b4 yp

c1 c2 c3 c4


−1

(15)

The terms bi and ci, i = 1, . . . ,4 in (15) are time-varying
and computed as:

bi = Ti,max/Ω
2
M,max

ci = Qi,max/Ω
2
M,max

where Ti,max and Qi,max are, respectively, the maximum
thrust and torque achievable by propeller i based on the
current state of the plant, obtained using the derived ro-
tors’ look-up tables (see equations (2)-(5)), and ΩM,max

is the motor’s maximum speed. Regarding the choice of
FTz,d in (14), in untethered quad-copter control this would
be normally set on the basis of the vertical motion of
the drone, for example using a vertical position or speed
controller. However, in tethered flight during the traction
phase, this value can be set to zero since the lift force pro-
duced by the rigid wing is large enough.
Applying (14), it can happen that some of the Ωi values are
out of range, i.e. higher than ΩM,max or lower than a mini-
mum value ΩM,min, set by the user (typically about 20% of
the maximum speed in this application). In these cases, to
avoid an uncontrolled alteration of the applied moments,
we propose a rotor saturation management algorithm, pre-
sented in Fig. 7. Essentially, the algorithm considers the
three possible cases of rotor speed saturation:
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1. If any allocated speed is below ΩM,min and none ex-
ceeds ΩM,max, then all rotors’ speeds are increased by
a factor Ku which is large enough to avoid the lower
speed limit, maintaining the equivalent moment ef-
fect. The increase in rotors’ speed will lead to a larger
total thrust, which is typically much smaller than the
aerodynamic lift force during crosswind flight and
will be eventually compensated by the ground station
controller to keep the same tether force. Specifically,
the gain is

Ku =
Ω2

M,max − B̂(imax,1)
Q FTz,d

B̂(imax,2)
Q Md,x + B̂(imax,3)

Q Md,y + B̂(imax,4)
Q Md,z

(16)

where B̂(i, j)
Q indicates the element in the ith row and

jth column of matrix B̂Q, and imax is the index of the
rotor with largest speed;

2. If any speed value is above ΩM,max and none is be-
low ΩM,min, then all rotors spinning speeds are scaled
down by the factor Kd :

Kd =
Ω2

M,min − B̂(imin,1)
Q FTz,d

B̂(imin,2)
Q Md,x + B̂(imin,3)

Q Md,y + B̂(imin,4)
Q Md,z

where imin is the index of the rotor with the smallest
speed. If, afterwards, any rotor speed is below ΩM,min,
then all values are scaled up by the factor Ku follow-
ing equation (16).

3. If both upper and lower limits are violated, then the
algorithm calculates which limit is exceeded the most
and applies the corresponding procedure of either
case 1) or 2).

4. SIMULATION RESULTS

4.1. Model and control parameters
The parameters of the AWES model and control sys-

tem considered in our simulations are reported in Tables
1-3. Regarding the aircraft, all aerodynamic data, dimen-
sions, mass, and inertia matrix for the considered system
have been taken from [16]; for the sake of space, we re-
fer the reader to this source for details and the numerical
values. To carry out the simulations, we employed Mat-
lab and Simulink with a variable step solver, in particular
ode45 with relative tolerance equal to 10−3. The control
and fault detection/recovery algorithms have been imple-
mented in discrete time with a sampling period of 0.01 s.

4.2. AFTC simulation
To test the proposed AFTC approach, we carried out ex-

tensive simulations with average wind speed in the range
8-14 m/s, a uniformly distributed wind perturbation along
all three axes in the range ±10% of the average value, and
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Fig. 7. Rotor speeds’ saturation management

random injection of a rudder failure at different points dur-
ing the looping maneuver. In all the tested cases, the ap-
proach successfully identified the fault and reconfigured
the actuation system to safely continue system operation.
As an example, we describe here the results obtained with
12m/s average wind speed and fault injection when the
aircraft is at the bottom of the loop. Three scenarios are
presented: a no-failure scenario, a rudder failure scenario
without AFTC, and a rudder failure scenario with AFTC.
The rudder failure has been injected in the simulator at
35s, such that the rudder is stuck at zero degrees. Fig. 8
shows the rudder deflection in the three scenarios. In Fig.
9, the aircraft trajectory in the no-failure scenario is com-
pared with the one in the rudder failure scenario without
applying the proposed AFTC method. The figure shows
that in the latter case, the aircraft does not maintain an

Table 1. Ground station and aircraft parameters

Parameter and symbol Value Unit
Aircraft mass ma 4.778 kg
Aircraft inertia Jxx,yy,zz,xz 1.74, 0.28, 1.83, -0.02 kg m2

Aircraft wing area S 0.76 m2

Aircraft wingspan b 3.7 m
Aircraft mean chord c̄ 0.22 m
Winch time constant τw 0.16 s
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Table 2. Rotors/Propellers’ parameters

Parameter and symbol Value Unit
Zero lift drag coefficient of
the propeller blade airfoil Cd0

0.03 -

Rotor moment of inertia about
spin axis JP

1.2201 10−4 kgm2

Propeller radius Rp 0.3841 m
Number of blades in each propeller
bp

2 -

Propeller blade effective chord cp 0.0823 m
Propeller root blade angle θ0 12.3056 deg
Propeller linear twist along the
blade θ1

-4.6146 deg

Propeller airfoil lift curve slope ap 4 -
Rotors maximum spinning speed
ΩM,max

5000 rpm

Rotors minimum spinning speed
ΩM,min

1000 rpm

Table 3. Controllers’ parameters

Parameter and symbol Value Unit
Reference tether force on the winch Fwinch 700 N
Winch speed controller gain Kwinch 0.03 -
Circular path controller gain Kc 0.6 -
Yaw rate controller gain Kυ 1.5 -
Rudder controller gain Kr -0.6 -
Elevator deflection in traction phase δe,T -5 deg
Desired total thrust force for rotors’
allocation FTz,d

0 N

acceptable flying trajectory. In a real flight, this may lead
to unpredictable situations, including structural damage if
the aircraft is entangled by the tether, or a stall. The simu-
lator shows that the aircraft starts to fly in smaller circles
after the failure is injected. The divergence from the de-
sired path in case of discrete surface failure can take less
than one loop to be severe, this can be observed from the

Fig. 8. Rudder surface deflection δ ◦
r in the three scenarios.
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Fig. 9. Aircraft trajectory in the simulator in the no-failure
scenario (thick gray line), and in the rudder failure
scenario without applying AFTC (black thin line).

aircraft altitude which is illustrated for the three scenarios
in Fig. 10.
In the third scenario, the AFTC method is applied. The
residuals are exploited to detect the failure, the R2−norm

threshold is set to 10 (rad/s2). Fig. 11 presents the resid-
uals’ R2−norm in the three scenarios. With our AFTC ap-
proach, the rotors are used to recover from the fault. The
resulting trajectory is compared with the non-faulty one
in Fig. 12, and the moments exerted on the aircraft body
with the AFTC approach are shown in Fig. 13. It can be
noted that in this case, the aircraft is able to maintain an
acceptable path notwithstanding the rudder fault.

In Figs. 14-15 we present the results obtained when the

Fig. 10. Comparison of the aircraft altitude in the three
scenarios.
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Fig. 11. Comparing the residuals’ R2−norm in the three sce-
narios.

fault is injected at four representative points: on top of
the loop, at the bottom, and on each side (i.e. one ascend-
ing, and one descending). It can be noted that in all cases,
the AFTC allows the aircraft to continue its flight with
very little discrepancy with respect to the non-faulty sce-
nario (Fig. 15), while without AFTC the flight trajectory
is always compromised, see Fig. 14. Finally, Figs. 16-17
report a quantitative analysis of the discrepancy between
the flight trajectory with and without AFTC. In fact, they
present the average and maximum values of the Euclidean
distance ∥p̃ppk(t)− p̄ppk(t)∥2 where p̄ppk(t) is the aircraft posi-
tion without any fault, and p̃ppk(t) the position with a rudder
fault and either no countermeasure (Fig. 16) or the pro-
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Fig. 12. Aircraft trajectory in the no-failure scenario (thick
gray line), and in the rudder failure scenario with
the proposed AFTC approach (thin black line).
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Fig. 13. Simulation of the faulty scenario with AFTC. Mo-
ments applied by the surfaces, desired moments,
and moments applied by the rotors about the air-
craft body axes.

posed AFTC (Fig. 17). The average and maximum val-
ues are computed over a tim period corresponding to one
full loop in the non-faulty scenario, starting from when the
fault occurs. It can be noted that the AFTC keeps the aver-
age and worst-case distance among trajectories at very low
values, in the order of 5 m, while the discrepancy with-
out any fault tolerant approach is one order of magnitude
larger, i.e. about 50 m on average and more than 150 m
maximum in the considered time span.
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Fig. 14. Aircraft altitude in the non-faulty scenario (thick
gray line) and in presence of a rudder fault in-
jected at the bottom of the loop (I), in the ascend-
ing part (II), at the top (III), and in the descending
part (IV), without any fault detection and recov-
ery approach.
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Fig. 15. Aircraft altitude in the non-faulty scenario (thick
gray line) and in presence of a rudder fault in-
jected at the bottom of the loop (I), in the ascend-
ing part (II), at the top (III), and in the descending
part (IV), with the proposed AFTC approach.

5. CONCLUSIONS AND FUTURE
DEVELOPMENTS

A new active fault-tolerant control (AFTC) approach
for the traction phase of a pumping airborne wind energy
system using a hybrid fixed-wing/quad-rotor aircraft has
been presented and tested in simulation. As seen from the
simulation results, the suggested AFTC is able to main-
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Fig. 16. Average and maximum distance between the air-
craft trajectory in the non-faulty scenario and the
one obtained with a rudder fault injected at four
representative points in a loop, without any fault
detection and recovery approach. The average and
maximum values are computed over a time period
corresponding to one loop in the non-faulty case.
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Fig. 17. Average and maximum distance between the air-
craft trajectory in the non-faulty scenario and the
one obtained with a rudder fault injected at four
representative points in a loop, with the proposed
AFTC approach. The average and maximum val-
ues are computed over a time period correspond-
ing to one loop in the non-faulty case.

tain acceptable performance in the presence of sudden
discrete control surface failures. Possible future develop-
ments of this research are the development of approaches
for other fault scenarios, for example during other oper-
ational phases, and of an overall fault management ap-
proach able to bring the system to a safe state, eventually
landing the aircraft on the ground platform.
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