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Abstract— This paper presents an iterative learning based
approach for optimizing the crosswind flight path of an energy-
harvesting tethered system that executes cyclic spool-in/spool-
out motions. Through the combination of a high-tension cross-
wind spool-out motion (made possible through a high lift wing)
and low-tension spool-in motion, net energy is generated at
every cycle. Because the net energy generated by the system is
highly sensitive to the crosswind flight patterns used on spool-
out, and because the motions of the system are repetitive, we use
an iterative learning formulation to optimize the flight patterns
in real time. Using a medium-fidelity dynamic model, we
demonstrate that an optimization approach based on iterative
learning control (ILC) significantly increases the average power
generated by such a system.

I. INTRODUCTION

Traditional towered wind and marine hydrokinetic (MHK)
system designs suffer from the inability to reach high altitude
winds and harness ocean currents in deep waters, respec-
tively. In fact, atmospheric characterizations have shown
that wind resources at 600m altitude routinely possess over
five times the power density of winds at 100m altitude but
are unreachable with towered systems [1]. Furthermore, the
portion of the Gulf Stream adjacent to Cape Hatteras, NC
possesses more power than the electricity demand of the
entire state of North Carolina but also lies in waters that are
over 500 meters deep, rendering towered systems impractical
[2].

Tethered systems for wind and marine hydrokinetic en-
ergy, as depicted conceptually in Fig. 1 (a) and (b), break
the above impasse, allowing operating at high altitudes (in
the case of wind energy) and deep waters (in the case
of hydrokinetic energy). The replacement of towers with
tethers and a lifting body (wing, kite, or aerostat) additionally
enables the systems to utilize motion within the surrounding
fluid to enhance energy capture. In fact, [3] has shown that
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a high lift/drag wing that is flown in crosswind motions
can generate significantly more energy than one operating
in stationary flight. Energy can be generated through one of
two mechanisms:

1) On-board generation: Here, a rotor is mounted on the
wing itself, and power is transmitted to a base station
through a conductive cable.

2) Cylic “ground”-based generation: In this scenario, the
wing itself does not have any on-board rotors. Instead,
the wing is spooled out in crosswind flight, under high
tension, then spooled in under very flow tension. A net
amount of energy is generated each cycle at the base
station.

The present work focuses on the second mechanism for
energy generation, which is a practical solution when the in-
corporation of on-board turbines onto the wing itself presents
a severe logistical burden or the wing operates in such a harsh
environment that the inclusion of a rotor and generator on the
wing represents too large of a cost in the event of a system
failure. A single cycle of operation for these systems consists
of two phases. First, the tether is spooled out under high
tension, with the lifting body flying in crosswind patterns
in order to generate energy. During the second phase, the
lifting body is configured to minimize the tether tension and
the generator is then reversed, reeling in tether and acting as a
motor. This is depicted qualitatively in Fig. 2(a). Because the
energy generated during the spool-out phase far exceeds the
energy consumed during the spool-in phase, the net energy
produced is positive.

Given the limitations of existing dynamic modeling tools,
[4], [5], and [6] have investigated on-line adaptation of
some attributes of the crosswind flight. Specifically, [4] and
[5] seek to optimize the flight path location whereas this
work seeks to optimize the flight path shape. Additionally,
[6] optimizes a state setpoint trajectory, whereas this work
seeks to optimize a path defined only in terms of spatial
coordinates, with no reference to time. Furthermore, none of
the aforementioned works considers path optimization in the
context of a full spool-in, spool-out cycle.

Because the spool-out/spool-in process is highly repeti-
tive, there is an opportunity to leverage knowledge from
previous cycles in order to optimize our performance during
future cycles. This repetitive nature is especially helpful
in cases such as this where existing dynamic models have
large associated uncertainties. In order to capitalize on this
opportunity, recent work in [7] and [8] has developed a
strategy for maximizing an economic performance index
by altering the path geometry from iteration to iteration.



This optimization strategy consists of two key steps which
are performed at the beginning of every iteration. First, we
update an estimate of the response surface, using a recursive
least squares formulation. Second, we apply an iteration-to-
iteration update law to adapt the path geometry, based on the

estimated shape of the response surface.
The present work differs from our earlier work in [7]

and [8] through (i) the application of the economic ILC
strategy to a spool-out/spool-in application (where power
generation is dictated by tether tension and spooling rates,
rather than crosswind flight speed), and (ii) the application
of this approach to a system that is tailored toward marine
hydrokinetic applications. In particular, the contributions of
this work are threefold:

1) The model initially developed in [9] and extended in
[8] has been extensively modified to better reflect the
dynamics of a tension-based AWE or MHK system.

2) The model parameters have been refined and sized to
reflect a 100 kW system.

3) The control and optimization strategies have been
adapted to AWE and MHK systems that utilize cyclic
spool-out/spool-in motions to generate energy.

II. PLANT MODEL

This work expands upon prior work by the co-authors in
developing a dynamic model appropriate for a tension-based
AWE or MHK system. This model, termed the “unifoil”
model, utilizes the unicycle model of [9] to describe the
kinematics of the system but derives the driving forces and
moments from a physics-based model that is based on the
aerodynamic characterization of the underlying lifting body.
The system, characterized by two coordinate systems and a
path, is shown in Fig. 3. We summarize some key features
of this model, also presented in [8], here. Specifically:

1) The model is kinematically constrained to move on the
surface of a sphere centered on the base station. This
is the “taught-tether” assumption commonly found in
the literature.

2) The system moves in the direction that it is pointing
on the surface of the sphere (i.e., the familiar “no slip”
condition).

3) Translational and rotational motion is driven by the
aero or hydrodynamic forces and moments generated
by control surfaces.

Several features have been added to the model in order
to increase model fidelity, make the model applicable to
hydrodynamic environments, and capture the spool-in, spool-
out modes of operation. These include:

1) The inclusion of added mass effects. While these may
be insignificant for a relatively heavy AWE system,
they can have a profound impact on MHK systems
and AWE systems that are relatively lightweight.

2) The inclusion of an actively controlled horizontal sta-
bilizer.

3) Allowance for tether length variation.

4) Estimation of  tether  tension based on
aero/hydrodynamic force characterizations

(which is essential for characterizing power
generation/consumption on a  spool-out/spool-in
system).

5) Sizing of system dimensions to approximate a neutrally
buoyant 100 kW MHK system.

A. Translational and Rotational Dynamics

Because of the no slip condition mentioned above, the
only translational acceleration of this system occurs in the
direction of the bod-fixed x-axis, xp. This results directly
from the aero or hydrodynamic forces on the main wing,
rudder, and horizontal stabilizer. It is calculated as
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In this expression, g, B is the projection of the gravitational
force vector onto the body fixed x-axis, m is the total
mass of the system (including added mass), p is the fluid
density, A;“e’;’s is the reference area of the wing, ridder, or
horizontal stabilizer, and C';’;” represents the coefficients of
lift and drag of the wing, rﬁdder, and horizontal stabilizer,
respectively. The aerodynamic coefficients are implemented
using lookup tables.

The system induces rotational motion by generating an
aerodynamic force on the rudder. This generates a moment

about the body fixed z-axis, 2B, according to
1 2 s T
M, = §p(vfpp) lfATefCL(ozr) cos(vr), 2)

where [, the length of the fuselage, determines the moment
arm.

B. Added Masses and Inertias

The added mass and inertia for this system are ap-
proximated by representing the airfoil cross-sections of the
aerodynamic surfaces as ellipsoids. We assume that flow
comes primarily from the front of the lifting body and that
rotation occurs only about the body fixed z-axis. We can then
approximate the added mass from [10] as

ho\” hs\? he\ 2
madd—pﬂ-(sw<2> +Ss(2> +Sr(2) )7 3)

where the fluid density, p, along with the wing, stabilizer,
and rudder spans and thicknesses, Sy, sy, s, are given in
table I.

In this model, the dominant added inertia effects will
result from the added mass of the rudder, rotating about
the body fixed z-axes, at the end of the fuselage. We
approximate this added mass as a point mass at the end of
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Fig. 1: Diagram of an AWE and MHK system, along with the spool-in and spool-out phases of operation of a MHK system.
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Fig. 2: Diagrams showing the relative configuration of important aerodynamic surfaces, along with their associated controlled
deflections, and angles of attack. Note that the horizontal stabilizer operates exactly like the main wing.

the fuselage. The added inertia about the body-fixed z axis
is then approximated by

L\’
Jadd = p’errlJQf () 5

. )

where [ is the distance along the body fixed x-axis from the
center of mass to the aerodynamic center of the rudder, and
L, is the reference length, or chord length of the rudder.

C. Tether Tension Estimation

The tether tension in this system is estimated by summing
the components of the aero or hydrodynamic forces from
the main wing and stabilizer that point in the direction of
the tether. Due to the taut-tether approximation, combined
with the constraint that the -2z, plane is perpendicular to
the sphere, this is the same as the body-fixed z-axis. As
is common practice with MHK systems, the system mass
has been tuned to make the system neutrally buoyant. The
result is that gravity contributes nothing to the tether force.
Additionally, all of the forces acting on the rudder act in the
body-fixed x-y plane, so they also contribute nothing to the

tether tension. The total tension is then
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where the lift and drag coefficients of the wing and stabilizer,
C/"*, and C}"”, are implemented as an interpolated lookup
tables.

D. Parameters Tuned to Approximate 100kW MHK System

Specific parameters and dimensions of the lifting body,
along with environmental conditions used in this work, are
given in table I. All three aerodynamic surfaces are charac-
terized by NACA airfoils. Initial estimates of aerodynamic
parameters are obtained from XFLRS and then corrected
to account for induced drag from wind tip vortices. The
main wing is modeled as an asymmetric NACA 2415 airfoil,
whereas the rudder and horizontal stabilizer are modeled as
symmetric NACA 0009 airfoils.

III. CONTROL DETAILS

To develop a control system that both optimizes and tracks
the crosswind path, we divide our control strategy into two
parts. The first, referred to as the lower level controller, is
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Variable | Description Value Units
m System mass 6184 kg
Madd Added system mass 739.6 kg

J Rotational inertia about body z-axis 104,850 | kg m?
Jadd Added rotational inertia about body z | 724,530 | kg m?
Ly, Chord length of main wing 2 m

L, Chord length of rudder 0.75 m

Lg Chord length of stabilizer 0.6 m

Sw Span of main wing 10 m

Sy Span of rudder 2.5 m

Ss Span of stabilizer 2.5 m

hw Thickness of main wing 0.30 m

hy Thickness of rudder 0.0675 m

hs Thickness of stabilizer 0.0540 m
A ¥ Reference area of main wing 20 m?
AT, ¥ Reference area of rudder 1.875 m?
A3, ¥ Reference area of stabilizer 1.875 m?
ARY Aspect ratio of main wing 5 -
AR" Aspect ratio of rudder 3 -
ARS Aspect ratio of stabilizer 4.167 -

ly Length of fuselage 8 m

\%4 Volume of lifting body 6.033 m3
Vw Fluid flow speed 1.5 m-s— 1
P Fluid density (seawater) 1025 kg-m—3

TABLE I: Plant parameter values sized to approximate a 100
kW marine hydrokinetic energy system.

responsible for path-following, control surface manipulation,
and tether speed commands. The second, referred to as
the upper level controller, is responsible for measuring and
estimating performance, and then adjusting the shape of the
path in order to maximize performance. The integration of
both levels of the controller, along with the plant dynamics,
is depicted in Fig. 4.

The lower level controller follows a conventional, closed-
loop, continuous time formulation. However, the upper level
controller operates on an iteration-to-iteration basis where the
calculations are performed once, in between iterations, and
then the updated path geometry is provided to the lower level
controller. For the purposes of this work, we consider one
iteration to be one complete cycle of spool-out and spool-in,
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Fig. 4: A block diagram showing the iterative update strategy,
applied between iterations, on top, and the lower level spool-
in, spool-out, crosswind flight controller on bottom. The
signals 7, ©, and ® are the spherical radius, azimuth and
zenith coordinates. The signals u,,, u,, and us are the control
signals for the wind, rudder and stabilizer.

in that order. This distinction between iteration-domain and
time-domain control is delineated in Fig. 4.

A. Lower Level Flight Control

The lower level controller retains many of the individual
components from [7] and [8] but embeds them within a
switched formulation. As shown in Fig. 4, the lower level
controller is comprised of individual controllers for the tether
spool speed, main wing, stabilizer, and rudder.

1) Tether Speed Controller: The tether speed command,
u,(t), switches between a constant spool-in speed, uf;", and
a spool-out speed calculated as

_ 1 Uflow(t)

ug(t) = 350 (0(1)) (6)

where vy, is the known flow speed of the surrounding
liquid, and ® is the zenith angle shown in Fig. 3. Here,
ul¥(t) is chosen so that the horizontal component of the
spool-out speed matches the optimal spool-out speed derived
in [3].

Switching between spool-out and spool-in is controlled via
the state machine shown in Fig. 5. The raw speed command,
u,., produced by this state machine is passed through a low
pass filter in order to avoid sudden, unrealistic motion in the
7 direction.

2) Aero/Hydrodynamic Surface Controllers: Downstream
from the tether speed controller, the controller dictating the
angle of the main wing, relative to the plane tangent to the
sphere, u,, (t), switches between a controller designed to hold
a constant angle of attack during spool-out, and a controller
that attempts to reduce the tether tension resulting from the
main wing to zero.

This controller estimates the tether tension resulting from
the main wing by approximating the lookup tables used to
calculate lift and drag coefficients in the plant, C}*(a) and
CY (), with closed form linear and quadratic approxima-
tions. Specifically it approximates the first two terms of (5)



T > Tmin

Spool-Out,

Stationary Flight

w, = ult

Spool-Out,
Crosswind Flight
u, = up™ ) r > hnax &

sgn(6(t)) # sgn(8(t —Ta))

Fig. 5: State machine used to determine the raw tether speed,

u,. The parameters r,,;, and r,,,, are min and max tether

lengths set by the user, and the third switching condition,

sgn(6(t)) # sgn(0(t—T,)) triggers the transition from spool-
out to spool-in when the system passes back over the zero-

azimuth position, or the xg — 2 plane. The time Ty is a
unit time delay.

as

1
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where kjo, ki1, kqo, kq1, and kgo are the coefficients of the
best fit line to the linear region of the wing Cj(«) table and
the coefficients of the quadratic fit to the wing Cy(«) table.
The variables ~,, and -, are shown in Fig. 2(b) and 2(c). The
value o™ that will produce no tether tension is calculated as
the smallest of the two solutions to this quadratic equation
at every instant in time. The commanded wing angle during
reel-in is calculated from the relationship shown in 2(b),
Uy = Y — Oy

The angle of attack during spool-out, u2"*, is heuristically
chosen to provide efficient flight, quantified by a large lift-to-
drag ratio, while ensuring that the system maintains positive
tether tension, quantified by a large lift coefficient. The full
form of the switched wing angle controller is then

wot) = {u:‘:fm(t)),

ug (Y (1)),

The stabilizer controller operates in a similar fashion
during spool-in, rotating about it’s span to minimize drag.
However, during spool-out it aligns the stabilizer to be
tangent to the sphere.

The rudder controller follows the a feedback linearizing
model reference control strategy discussed in [7] and [8].
For completeness, a summary is included here. Effective path
following requires two components:

« First, the heading setpoint, I',,, is calculated by picking

a point a set distance ahead of the current position on
the path. This is referred to as the “target” or “carrot”.
The heading setpoint is then calculated as the heading-
on-a-sphere from the current point, to the target point,

« Second, the system heading, I', is controlled to asymp-

totically track a filtered version of the calculated set-

point, dictated by a second order reference model.
The rudder controller is implemented as a feedback lineariz-
ing model reference controller. Specifically the rudder angle

ur(t) >0
otherwise.

®)

controller is given as

J 1 2.
MZO (77)]{;21 (7_2 (Fsp F) TP> ’YT (9)
Here, the term M,q(,) includes all the terms of equation
(2) other than the aerodynamic coefficients C'7, which have
been replaced with the approximated coefficient k7 ,. Note
that because the rudder airfoil is symmetric, kr is zero and
therefore does not appear in the controller.

up(t) = —

B. Iterative Learning-Based Path Optimization

While the lower level control strategy detailed above is
designed to track prescribed crosswind flight paths over
spool-in and spool-out cycles, it does nothing to optimize the
crosswind flight paths themselves. In seeking to maximize
the performance of the system we adapt tools from iterative
learning control (ILC) to our application. This framework
has been developed in prior work, specifically [7] and [8];
however, we make two significant alterations in order to
extend that framework to apply to this system:

1) The performance index is adapted to fit the energy

generation method of the tension-based system.

2) A single iteration has been redefined to encompass two

phases of operation (spool-out and spool-in).

The performance index for this application is chosen to
capture two simultaneous goals. The first term of this perfor-
mance index characterizes the mean power generation over
a single iteration, and the second term serves as a penalty on
paths that cannot be followed accurately, helping to ensure
robust and repeatable flight. Specifically, the performance
index at each iteration is calculated as

te,i
tei - ts,i ts,i
where ¢5; and t.; are the start and end times of the ¢-th
iteration, T'(t) is the estimated tether tension, k is a scalar
weight, and d,,;,, is the minimum distance from the system
to the path at each instant.

Using this performance index, we then apply our ILC
update law to adjust the vector of parameters that define
the path geometry, b:

b1 = b; + kL VJi(b) + E; (11)

where £k, is a scalar learning gain, Vji(b) is the gradient of
the estimated response surface at the current iteration, and

E, is a persistent excitation term. _
At each iteration, the estimated response surface .J, is

updated using a recursive least squares (RLS) estimator that
assumes a quadratic dependence on each of the elements
in b. This RLS estimator includes an exponential forgetting
factor that provides two benefits:

1) It helps accelerate convergence by ensuring that the
response surface is weighted towards the most recently
acquired data.

2) It allows the estimated response surface to adapt to
reflect changing environmental conditions (such as
changing wind speed).



To estimate .J (b ), we model the performance index as
the inner product of a regressor vector, h(b) € R?, and a co-
efficient vector, 3 € RY, as .J(b;) = h(b;)” 3;. Here, J(b;)
represents an approximation of the performance index, and
the regressor vector structure, h(bj), is selected to encode
the anticipated dependency of J on the basis parameters.
The coefficients to the estimated response surface, 3 are then
identified at each iteration, j, using recursive least squares
(RLS), with an exponential forgetting factor, A, as follows:

C1(,,  Viah(b)h(b)TV;
V=3 (Ve R w2
Bj = Bj—1 + Vih(b;)(J(b;) —h(bj)"B1).  (12)

The persistent excitation, E;, ensures that the measured
design points contain sufficient informational richness to
maintain an accurate measurement of the response surface,
particularly in the presence of a changing environment.

In general, the vector of parameters that define the path,
b, can be anything, so long as they completely define a path
in space. However, as is commonly the case, there is a trade
off between the number of design variables and the speed of
convergence. For this example, we employ a vector of two
parameters:

o the overall “width” of the course, W, defined as the
azimuth sweep angle spanning the course, and

o the overall “height” of the course, H, defined as the
zenith sweep angle spanning the course.

Thus, the vector of iteration-varying basis parameters is
b, = [ W; H; ]T. The shape of the path, ;(s,b;) =
(ri(s,b;),0;(s,b;), ®;(s,b;)), is then calculated from a
parametric form of the figure-eight known as the Lemniscate
of Gerono (see [11]), where:

ri(s,b;) =7i(t) Vi (13)
©;(s,b;) = Wjcos ((2s + g)ﬂ'), (14)
®,(s,b;) = —H;sin (2(2s+g)7r> +®. (15)

where s € S is a path variable and the manifold of all path
variables, S, is a circle with the points s = 0 and s = 1
identified as equal. The quantity ® is the mean zenith angle
of the course.

IV. RESULTS

In the following simulation results, the system was tested
under a spatially and temporally constant flow profile. In this
simulation, the course geometry was held constant over three
full iterations, in order to allow initial transients to dissipate.
The RLS estimator used to estimate the response surface
was then initialized by testing five points in the design
space and solving for the best fit surface. The following
results represent the evolution of the system under the ILC
update law but do not show the initial transient settling and
initialization phases.

Variable| Description Value| Units
Tr Tether speed command filter time con- 1 S
stant
A Forgetting factor 099 | -
P Mean path elevation angle 30 deg
Trmin Tether speed transition point, lower 40 m
Tmazx Tether speed transition point, upper 100 | m
uin Tether spool-in speed 3 m s?
agdut Wing angle of attack during spool-out 5.7 deg
k Performance index weight 10 kW m~1!
Wnp, Width sensitivity normalization constant | 5 deg
hn Height sensitivity normalization con- | 0.5 deg
stant
w Normalized width excitation amplitude 0 deg
h Normalized height excitation amplitude | 0 deg
Wi Initial course height 90 deg
Hi Initial course width 20 deg

TABLE II: Parameters used in simulation.

A. Simulation Setup

It was observed during simulation that this system was
much more sensitive to one basis parameter than the other.
Accordingly, the ILC update used in simulation was per-
formed on a set of normalized basis parameters, b; =
[ XE/L fﬂ ]T where the normalization constants, w,, and
h, were chosen to reflect the relative sensitivity of the
performance index, J to each basis parameter.

The persistent excitation, E; was implemented as two
independent unit white noise generators, indicated by the
functions W7 (7), and W5(7) according to:

) — . T
E; = 20(W1(i) — 1) 2r(Wa(i) — 3)] (16)
where  and h are normalized excitation amplitudes. Specific

values of the parameters used in simulation are given in table
1L

B. Simulation Results

The full three-dimensional shape of the achieved path
both before and after the optimization is shown in Fig. 6.
We can see that the optimization decreased the path width,
W; significantly. Although the change in the zenith basis
parameter, H; is not obvious from Fig. 6, Fig 7 shows that
that it was also reduced, although to a lesser degree.

The primary components contributing to energy generation
are shown in in Fig. 8. These include the rate of change
of tether length, u, or 7, tether tension, and the estimated
power output or consumption. During spool-in (negative 7°),
the tether tension is small, and during spool-out, the tether
tension is much higher, producing a large positive power
output. Furthermore, it is apparent that the overall duration of
the iteration was reduced between the first and last iteration.
The data shown in Fig. 9 suggests that the optimization
converges to an optimum. Finally, Fig. 10 shows that this
optimization strategy increases the mean power output of the
system by approximately 35% compared to the initial course
geometry.
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the first term in (10), over the course of optimization.

V. CONCLUSION

This paper presented an iterative approach for optimizing
the crosswind path of a tension-based AWE or MHK system
in order to maximize energy generation. By leveraging
knowledge of past performance, and the parameters asso-
ciated with that performance, we reduce the need for the
controller to rely on complex or uncertain models. Further-
more, the optimization method is relatively computationally
lightweight, thus making real-time implementation feasible.
The strategy was then demonstrated on a medium fidelity
model and shown to increase energy generation over the
course of several iterations.
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