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Abstract— Airborne Wind Energy (AWE) concerns systems
capable harvesting energy from the wind, offering an efficient
alternative to traditional wind turbines by flying crosswind with
a tethered airfoil. Such concepts involve a system more difficult
to control than conventional wind turbines. These systems
generally cannot be operated efficiently in very low wind
conditions, necessitating intervention by launching and landing.
In contrast to this approach, this paper proposes to continue
flying holding patterns which minimize power consumption.
Efficient holding patterns are determined by solving an optimal
control problem. The model is specified as a set of differential
algebraic equations and an approximation of the tether drag is
taken into account. Finally, an evaluation in terms of energy is
performed by means of statistical approach.

Keywords: Airborne Wind Energy, optimal control, differential
algebraic equation, tether drag, low wind conditions.

I. INTRODUCTION

In a world of continuing industrialization the demand for
energy is growing. Energy mainly comes from polluting
processes causing atmospheric changes. Renewable energy
systems such as solar systems and wind turbines have been
designed in order to reduce the effects of climate changes.
However there are physical constraints related to renewable
systems, e.g. it is not possible to arbitrarily increase the
size of conventional wind turbines. As an alternative, new
technologies are developed that aim to remove all the struc-
tural elements of a conventional wind turbine, consequently
allowing green power at a competitive cost compared to
non-renewable sources. These technologies are known as
Airborne Wind Energy Systems (AWES). A wide variety
of concepts in the field of AWES can be found in literature
[1], although according to [4] two main branches can be
distinguished. Drag mode AWES generate power using on
board turbines, relaying power to the ground via a conductive
tether. A drag mode AWES is being developed by Makani
Power [3]. Lift mode or Pumping mode AWES produce
power by performing periodical variation of tether length and
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Fig. 1. Example of a pumping cycle with a reel-in and reel-out phase

tether tension. A pumping mode AWES is being developed
by Ampyx Power [2] which they call a "PowerPlane”. Fig.
1 shows an artist impression of the two main phases of a
pumping mode AWES. In a pumping system, the generator
is located on the ground. Power generation occurs during
a so called “reel-out phase”, where the tether tension is
used to rotate a drum, driving an electric generator. A
reel-in phase is required due to finite tether length. By
changing the flight pattern in such a way that less lifting
force is produced, the tether can be wound with a significant
lower energy investment than what was gained in the power
production phase. For low wind conditions the amount of
energy consumed during reel-in can exceed the amount of
energy generated during reel-out. In this case one might
prefer to land until favorable wind conditions occur. Landing
and launching a pumping mode AWES requires sophisticated
and expensive startup methodology. One possible launch and
landing mechanism uses a rotating arm around a central axis
[23] but alternative launch mechanisms such as a pneumatic
catapult are also investigated by different AWES developers.
Moreover, the tether plays an important role in the behavior
of AWES as described in [10]. Circular optimal trajectories
were computed successfully using a full six degree of free-
dom aircraft model [12], but no tether drag was taken into
account.

In this paper, holding patterns for minimizing power
consumption during low wind condition are computed by
solving an optimal control problem. The solution is analyzed
by comparing the cost of the energy required to maintain the
holding patterns against the cost of implementing a mechan-
ical launch and land platform. The chapters are organized
as follows. Section II presents a model for pumping mode
AWES based on a multi-body approach which include a full
six degree of freedom aircraft model and an approximation
of tether drag. The parameters of the system are based on
the second generation prototype developed by Ampyx Power.
Section III presents the formulation of the optimal control



problem, specifying the physical constraints and boundary
conditions for periodic trajectories. Section IV shows the
computed results: a first result is related to the tether drag
contribution; afterwards the typical trend of optimal patterns
is shown for low wind conditions; finally an estimation of
energy balance over one year is evaluated in the case of
continuous operation of the Pumping mode AWES.

II. MODELIZATION OF THE PHYSICAL PLANT
A. Modeling of the Pumping mode AWES

Pumping mode AWES is modeled using a multi-body
approach. It is straightforward to see the generation device
on the ground and the aircraft as two distinct bodies, which
interact through the tether. For each body, an orthonormal
right-hand reference frame is defined. Let E the reference
frame with origin coinciding to the generator and F, concor-
dant to the gravitational acceleration vector g. It is assumed
that the wind speed increases logarithmically as function of
the altitude 4 [5], with direction towards to E,.

(D

where w(hg) is the wind velocity at altitude Ao and h, the
roughness length (details can be found in [24]). In the same
way, let e be the conventional body reference frame attached
to the aircraft with its origin coinciding to the center of
gravity (CQG) of the aircraft, where the basis vector &, spans
the wing longitudinal axis, pointing in the forward direction
and is aligned with the wing chord and the basis vector ¢,
spans the vertical axis, pointing in the downward direction.
According to [14], the tether is approximated as a rigid
link of length [ time-varying, while the position of the aircraft
CG in the reference frame E is given by the coordinate
vector 7 = [x,y,z], where x,y,z are the Cartesian coordinates.
Due to the use of non-minimal coordinates, an additional
constraint equation is required to recover the tether tension
from the inelastic constraint. Thus, with such formulation 7
is constrained to evolve on the manifold described by the
single constraint
C:%ﬁ%—ﬂ)zo 2)
The assumption of rigid link requires that the tether always
has to be under tension, although in practice it could be
realistic only during reel-out phase. Fig. 2 summarizes the
axis definition. If the tether is attached at the CG of the
aircraft, the dynamic model can be written as follow
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where 5 the identity matrix, T, = [0,0,1]7 is the unit vector
in the z-direction, m,,mr are respectively aircraft and tether

mass, J the inertia matrix, @ = [p,q,r]” the vector of angular
velocity in wing reference e. The tension force Fr appears
in the aircraft dynamics, and is resolved in (3) by adding the
second derivative of (2) as a coupled equation. This results
in a set of differential algebraic equations [14], while F and
M are respectively the aerodynamic forces and torques of
the aircraft, with an approximation of tether drag included
(details in Appendix A). As far as it regards the rotational
kinematic of the aircraft is given by

R=RQ “4)

with R = [é,,e,,¢é;] and Q the skew matrix of @.

During the reel-out phase, the generator is driven by the
tether tension Fr, thus the mechanical power will be the
latter force, times the unrolling speed of the tether

Pmech:FTi o)

It is straightforward to retrieve the angular magnitudes re-
lated to the winch

i
Oyinch = (6)
Fwinch
Twinch = FT Twineh (N

where @i, and ry;,c, are respectively the angular velocity
and radius of the winch, with 7, its torque (see Fig. 3).
The generation device, as well as the airplane are subject to
constraints due to physical limits. These can be taken into
account by means of an optimal control problem.

B. Modeling of tether drag

The main difference between a conventional aircraft and
tethered aircraft, is the presence of a tether which induces
additional drag, moments (if the tether is not placed in CG
of the aircraft) and weight. The latter was already taken
into account in (3), while the tether drag has to be modeled
properly since it gives a substantial contribution to the overall
system. In this paper the tether drag is derived for low wind
conditions, assuming the cable velocity V; is a linear function
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Fig. 2. Schematic of references frame E and e, manifold and wind direction



of both the length / and of the aircraft velocity V,, the latter

with direction always orthogonal to the cable, i.e.
S

Vt%iva

where s is a spatial coordinate along the cable of length /
(Fig. 4). The drag force for an elemental portion ds of the
cable is

€[0,/] ®)

1
Dy = EpvchNd ds 9)

where p air density, Cp, and d are drag coefficient and
thickness of the tether. The moment due to drag, taken around
the winch position, is
1
Mp, = Epv,"‘c,),vd ds s (10)

Thus, the total moment due to drag is give by the integral

P11 /s N2 1, 5
Mp, :/ 50 (3Va) Coydsds = cpV2iCp,a> (1)
02"\l 8
with equivalent drag force on the aircraft [9]
1
D, = ngazCDNdl (12)

In aerospace aerodynamic the convention is to normalize
forces by dividing by dynamic pressure times the wing
surface area S, i.e. %pVazS. Hence, the drag coefficient of
the tether normalized with respect to the aircraft is [11]

Cp,d

Cp = —2—1] 13

D, as (13)

III. FORMULATION OF THE OPTIMAL CONTROL
PROBLEM

The prevalent aim of any AWE system is to maximize the
average power output. The latter, can be written as an integral
over the pattern along the time horizon 7'. In our case, since
the harvested energy comes from the tether tension and the
model of the winch does not include any electrical part, the
mechanical power given by (14) will be maximized

PAV—T/ Prech(t)dt = /FT t)dt

Moreover a quantity often penalized in an optimization
problem is the integral of squared control action u(z) both

}7’
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Fig. 3. Sketch of the winch during reel-out phase

for discouraging aggressive maneuvers and to keep the opti-
mization problem well posed, improving convergence [12],
[22]. In this paper we also choose to penalize the side slip
angle B (details in appendix A) in order to avoid undesired
side forces and additional drag on the airplane. Thus, the
objective function can be written as

= [ w02, 4o B

1

—Fr(t)i(t)dt

are definite positive weighting matrices

15)

where 2! and 6~
with proper sizes.
The model explained in section II can be expressed as a set
of implicit differential-algebraic equation (DAE):

0=1f(x,x,z,u,p,?) (16)

with state X = [F, 7, &y, &y,&;, @,1,1,1, §a, 9o, ¢,]7 € R>*, where
Oq, @e, 9, stand respectively for aileron, elevator and rud-
der deflection. The input vector is defined by u =
(1,04, de, 8,7 € R?, the algebraic variable z = Fr € R, while
the vector p gathers all the parameters of the Pumping mode
AWES and ¢ is time. The control actuators are incorporated
into the state equations so that practical limits can be
applied to the actuator rates in the problem formulation. The
minimization of the rates in the cost function also helps to
generate smoother output trajectories. The formulation of our
optimal control problem (OCP) in continuous time can be
stated as follows

minimize J(x,u,z,p,?,T)
x,z,u,T
subject to  f(%,x,z,u,p,) =0,t €[0,7]
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Fig. 4. Representation of tether drag



where h and c¢ are respectively the path and boundary
constraint functions. OCPs in continuous time domain as (15)
can be first approximated by a finite dimensional nonlinear
program (NLP) and then solved through a general-purpose
NLP solver [18]. For long integration times, a correction of
the numerical drift may be needed both for the orthonor-
mality of R and for the dynamics relative to (2) (details
in [14], [15], [17]). However, this is not required in the
framework of Model Predictive Control [25]. Finally, Since
the NLP is in general non-convex due to the nonlinear
dynamics constraints, the NLP solver will only find a local
solution. The latter depends greatly on the initial guess, and
globalization strategies need to be employed in order to
retrieve a good initial guess [26]. In this work the homotopy
strategy is used (details in [15]).

A. Characterization of path constraints

The path constraints are mainly related to the physical
limitations of the Pumping mode AWES and they can be
summarized as follow (details in appendix A):

o True airspeed of the aircraft as well as the altitude need
lower bounds for safety issues.

« Angle of attack « is bound to be less than the value at
which stall is expected.

o Side-slip angle is limited between B, < B < Buax in
order to bound side forces.

« Control surfaces ¢, ¢. and ¢, of the aircraft are subject
to limitations both in angles and speeds, related to the
installed servos.

« Mechanical torque T, is upper limited since it is
strictly related to the tether tension Fr, and the latter
can lead both to unacceptable mechanical stress of the
aircraft and tether severance.

o Constraints related to the tether /,/,/, depend on the
intrinsic characteristics of the generation device.

o Constraint Fr > 0 is required to keep the tether under
tension.

B. Characterization of boundary conditions

Boundary constraints are defined a function of both the
type of formulation employed in section II and for the
requirement of periodicity related to the NLP solution. They
can be summed as follows:

« Since the model equations use non-minimal coordinates
(i.e., there are more generalized coordinates than de-
grees of freedom), the algebraic constraint (2) must be
enforced as initial condition, as well as its respective
derivative [14]

R fo—1lg =0 (18)

it Fo—Ilolo =0 (19)
Similarly, the initial rotation matrix R must be orthonor-
mal i.e.

0=RIRo—1I (20)

o The periodicity condition is usually enforced simply by
xo = x7, however, because of the non-minimal coordi-
nates, the latter condition would produce an overcon-
strained NLP which will cause problems in the NLP
solution. Thus, the periodic condition will be [12]
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as well as the three upper off-diagonal components of

RIRr =1 (22)

where the subscripts refer to the initial and final time.

Hence, the equations (18),(19),(20),(21),(22) represent the
boundary condition ¢(xp,x7) =0 of the OCP in (15).

IV. EXPERIMENTAL RESULTS

The OCP is solved by a direct collocation technique using
degree 4 interpolating polynomials with Radau polynomial
roots as collocation points [12]. The optimization problem
was built using CasADi, a symbolic framework for algo-
rithmic differentiation and numeric optimization [6] in the
Python environment (version 2.7.10) and using RAWESOME
Airborne Wind Energy Simulation, Optimization and Model-
ing Environment [7]. The NLP solver employed was IPOPT,
a software package for large-scale nonlinear optimization [8].
The model parameters come from the second generation of
prototype designed by Ampyx Power B.V. [27], Fig. 5. shows
both the generator located on the ground and the powerplane.

A. Effect of tether drag on the Pumping mode AWES

Fig. 6,7 show the drastic effect that tether drag has on
the system performance. In the absence of tether drag, the
PowerPlane exploits the total available tether length in order
to reach high altitudes where the wind is more consistent.
The system works in boundary regions, using maximum
tether speed and torque in order to harvest as much energy as
possible and a single reel-in phase occurs for each loop. The
average mechanical power produced at each loop is equal
to 13.15 kW. Once the tether drag is taken into account,
it is no longer optimal to fly at higher altitudes and longer
tether lengths due to the losses incurred from the total drag.
The reel-in (consumption) phase is completed as quickly as
possible but twice per loop at the corners of the pattern.
In these regions the power production is least efficient due
to the reduction in cross-wind motion. Average mechanical
power for this case is downsized at 9.67 kW per loop. Fig.
8 shows the significant contribution (linear) provided by the
tether over the total drag.



Fig. 5. Generator and Powerplane owned by Ampyx Power B.V.
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Fig. 6. Comparison of patterns with and without tether drag in 3D. wind
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B. Optimal holding patterns for low wind conditions

For this simulation, optimal holding patterns which ap-
proach zero wind speed are computed. The range of wind
speed chosen is between O and 3 m/s with a step size
of 0.5 m/s at altitude sy = 100 m. The minimum altitude
allowed was set at K, = 100 m. Fig. 9 shows that with
decreasing wind speed, the trajectories get closer to the
generator, reducing at the same time their inclinations. As
in the previous case, the reel-in phase occurs in the corners
for all cases. In low wind conditions, the winch is used to
insert kinetic energy into the system. The speed of the aircraft
increases when the tension on the tether is increased by the
winch. The gained speed is then converted into potential
energy and it is repeated cyclically. For this simulation, the
system starts to produce power from w(hg) ~ 2.5 m/s.

C. Statistical analysis for power production related to hold-
ing patterns

It is possible to make a trade-off between continuous flying
without landing during disadvantageous wind conditions
in terms of cost of a complex landing device and power
consumed during holding patterns over a year. The analysis
could be done using a statistical approach employed for
wind turbines. The power available from a generic AWE
system can be shown using power curves vs wind, while
the probability of a wind speed that occurs, between a fixed
range of wind at desired location and height, can be summa-
rized by means of Weibull probability density function. Fig.
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10 shows the power curve related to the specific Pumping
mode AWES, the wind class 2 wind distribution [28] and the
average wind Energy E,,. The latter can be computed from
average mechanical wind power P, by the integration of the
product between power curve times the probability density
function of wind speed. Moreover, it is assumed that the
system must land for wind speed over 22.5 m/s for safety
issues. Such analysis reveals that the relative cost, i.e. the
ratio between the energy consumption to keep the system
aloft (using optimal holding patterns) and the total energy
harvested by the system is 0.5%. The total energy used is
274 kWh while the total energy harvested is equal to 52.27
MWh, that is approximatively 52 MWh of energy produced
by a small Pumping mode AWES in one year. Finally, it
is interesting to evaluate the system in terms of capacity
factor. This can be expressed by the ratio of actual power
output over a year and the potential maximum output if it
were possible for the AWE system to operate at full capacity
continuously over one year. For such system, the capacity
factor is equal to 52.54 %.
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Fig. 10. From the top: power curve related to the Pumping mode AWES;
Weibull probability density function for wind class 2; Power production per
year where the orange area indicates the total energy used, while blue area
stand for the total positive energy harvested.



V. CONCLUSIONS

In this paper we have shown that tether drag in an Pumping
mode AWES plays an important role on the overall behavior.
In particular, the amount of power produced is strongly
downsized due the additional drag. A trend of minimum
power consumption holding patterns which approach zero
wind speed have been computed. By means of statistical
analysis, it has been shown that the choice to continue flying
during low wind conditions can potentially avoid the need
for launch and landing procedures compared to a negligible
amount of energy used to keep the aircraft airborne. These
results have brought to light that AWE systems are sensitive
to the tether effect and they suggest to spend more effort on
the tether modeling with proper drag, e.g. model the tether as
a set of point masses connected by inelastic rods [29], [30].
However may present some challenges if used in the context
of controllers designed using predictive control algorithms.

VI. APPENDIX A

The aerodynamic forces and torques F, M are modeled
using a standard coefficient approach plus an additional term
coming from the approximation of the tether drag derived in
section II. Let ¥ = [vy, vy, v,]7 the aircraft velocity relative to
the wind w in the reference frame e given by

V=7r—Ww
defining the local unit vector in y direction as &, = [0,1,0]”
and the ¥ = m with ||7|| the euclidean norm of v then the
forces and moment can be written in a compact form as
follow

_ 1
F= §p|w\|25R(cLéy x ¥ — CpP — Cy (& x V) x ¥)

-1
M:EpS||17||2[bCl cCn bG)"

where p is the air density, b, ¢ and S are respectively span,
chord and wing area reference of the aircraft with R the
rotation matrix. Aerodynamic coefficient of lift Cy, drag Cp,
side force Cy, roll Cj, pitch C,,, yaw C,. Defining the angle
of attack a and sideslip angle f as

o = arctan (\Q) B = arcsin (V_y>
Vx 7]l

the force coefficients are expressed as
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as well as the moment coefficients
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Cn 0 Cn¢a Cn¢r ¢r B
1 Cl b C Iy C[r b P
+ m Cn » Cmq Cn, cq
Ci, Cuy Cn br |
0 Gy G a ]
+|Cu, O O B
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TABLE 1
MODEL PARAMETERS
Name Symbol Value
aircraft mass my 36.8 kg
tether mass my; 1.5kg
reference wing area N 3 m?
reference span b 55m
reference chord c 0.55m
moments of inertia JoJy, I | 22,32,53 kg-m?
radius winch Fyinch 0.25m
cable thickness d 0.002 m
drag coefficient Cpy 1.2
reference altitude ho 100 m
minimum altitude Rinin 100 m
roughness length hy 0.1m
gravitational constant g 9.81m/s”
air density o 1.23 kg /m?
TABLE II

TABLE OF CONSTRAINTS

Name Unit Bounds
tether length m 1 <71<1000
tether speed m/s —95<i<95
tether acceleration | m/s? —-15<i<15
torque N-m Tyineh < 500
angle of attack deg —B<a<22
sideslip angle deg -5<B<5
aileron deflection deg -20<¢,<20
elevator deflection deg -30< ¢, <30
rudder deflection deg -30< ¢, <30
deflection rate rad/s | —2 < (ue, <2
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