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This paper introduces a novel approach to improve the energy efficiency of a Ground-Gen
airborne wind energy system (AWES) by changing the airborne platform’s configuration. This
research presents modeling and trajectory optimization approaches of an airborne platform
during energy generation and recovery phases to improve net energy gain throughout a cycle.
We first develop the flight dynamics of an AWES based on a conventional glider, as well as its
power generation and consumption models, where the ground component is a motor/generator
system that portrays a DC machine’s electric performance. An optimal control problem is
then formulated to search for an optimal trajectory to maximize energy harvesting during the
generation phase and minimum energy consumption during the recovery phase. In the end,
the improvement of net energy gain and time reduction of the recovery phase by morphing the
wing shape during the recovery phase is justified by comparing the simulation results between
the folded wing model and the one using conventional glider geometry.
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Nomenclature
[ = the bank angle of a glider, rad
@ = the angle of attack, rad
fo = the angular acceleration of a winch, rad/s?
0% = the flight path angle, rad
0 = the azimuth angle in spherical coordinate system, rad
P = the density of atmosphere, kg/m3
1) = the zenith angle in spherical coordinate system, rad
v = the heading angle of a glider, rad
Cp, = the aerodynamic drag coefficient of a folded wing glider
Cp, = the aerodynamic drag coefficient of the glider in the generation phase
Cp, = theaerodynamic drag coefficient of a folded wing glider
Cr, = the aerodynamic lift coefficient of a folded wing glider
Cr, = theaerodynamic lift coefficient of the glider in the generation phase
Cr, = the aerodynamic lift coefficient of a unfolded wing glider
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D = the aerodynamic drag force, N

F; = the traction force, N

Iy = the moment of inertia of a winch, kg-m2

L the aerodyanmic lift force, N

M. = the coulomb friction moment, N-m

Mye, = the torque of a generator, N-m

Sy = the wing area of a folded glider, m?

A\ = the wing area of an unfolded glider, m?

T = the thrust of a glider, N

w = the weight of a glider, N

m = the mass of a glider, kg

r = the distance between a glider and a DC machine
Tw = the radius of a winch, m

V. = the velocity of the glider in inertial coordinate system, m/s
V. = the effective wind velocity to the glider, m/s

\Y} = the velocity of the wind, m/s

I. Introduction

Wind energy is getting attraction as one of the most prominent renewable energy that has achieved 540 GW
cumulative installed power worldwide by the end of 2017 and keeps increasing an extra 50 GW every year [1]. A
significant number of efforts have focused on constructing taller towers for conventional ground-based wind turbines to
take advantage of higher speed and steadier wind at a high altitude. Due to its higher construction cost and environmental
constraints, power generation efficiency and flexibility have been significantly limited. To overcome such limitations of
conventional wind turbines, the airborne wind energy system (AWES) was proposed in the 1980s with the capability of
harvesting wind energy at significantly increased altitudes around 300 m - 5 km, which increases the average wind
speed from 10 m/s to 30 m/s [2].

The Ground-Gen AWES, one of the most common mechanisms of AWESs, converts mechanical energy into
electrical energy by pulling the tethered wire connected to the ground. This mechanism has attracted increasing attention
from both research institutes and industries due to its low-cost for construction, high mobility, and easy operation. One
energy production cycle of the Ground-Gen AWES is composed of a generation phase and a recovery phase. In the
generation phase, traction force from an airborne platform tethered to the generator rotated by the tether line, that makes
the generator’s rotational motion, produces energy. In the recovery phase, on the other hand, the generator changes its
role to a motor to rewind the tether and pull the airborne platform to the starting location for the next generation phase
[3L/4]. Thus far, a great deal of research has been conducted for developing attitude control or trajectories during the
generation phase, which usually accounts for 60% of the entire production cycle[SH9]. However, in the remaining 40%
of the time period, extra energy and time consumption are required, which will reduce the net energy gain and efficiency
of the power generation phase. Therefore, novel approaches are required to overcome current challenges in increasing
the efficiency of AWES.

During the recovery phase, most external forces applied to the airborne platform are aerodynamic forces that
impede the rewinding motion. Unlike a fixed-wing glider, morphing shape during the recovery phase provides adjusted
aerodynamic characteristics that will shorten the period’s length and reduce the power consumption. Unlike a kite, a
fixed-wing aircraft has a propulsion system to provide additional thrust force when it is needed. In order to change the
attitude of a kite, traction control [10] is used to change its bank angle or angle of attack. In addition, works in [11}[12]
model the kite as a soft and inflatable body on the spherical coordinate system. Moreover, multi-body dynamics have
been considered in [13}[14]. These approaches focus on the fluid-structure interaction that requires highly sophisticated
modeling techniques. On the other hand, the glider platform has been selected for AWES because of extensive studies
of rigid-wing aircraft and relatively simpler models compared to soft and flexible bodies, such as kites. Work in [15/[16]
demonstrates the AWES based on the unmanned aerial vehicle (UAV) system derived from Lagrangian and [[17] presents
the six degree-of-freedom (DoF) UAV model based on principles of flight dynamics. Moreover, the thrust gives more
flexibility to change the aircraft’s attitude or velocity which contributes to the reduced duration and power consumption.

Several control strategies have been developed for AWES, e.g., figure-eight trajectory control [9]]. Moreover, model
predictive control has been applied to both generation and recovery phases [[18]. However, there are limited studies on
optimal control of the recovery phase. This paper aims to develop an optimal control scheme for a morphing airborne
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platform to reduce wind resistance leading to reduced time occupation and energy consumption of the recovery phase
and eventually enhances energy generation efficiency.

The organization of this paper is as follows. §lljintroduces a foldable glider type Ground-Gen AWES and objective.
demonstrates the entire AWES, including the glider, winch, and generator/motor. §[V|presents the formulation
of a multi-phase optimal control problem and the trajectory optimization approach. In the integrated model for
simulation is presented with results compared to a conventional glider model. Conclusions are addressed in

I1. A Foldable Ground-Gen AWES

There are two major types of AWES. One is Ground-gen, where the generator is located on the surface of the ground.
The generator produces electrical energy by pulling the line connected to the airborne platform. The other one is Fly-gen,
where the airborne unit carries the generator and the energy is transmitted through the line to the ground station. In this
study, we focused on a glider type Ground-Gen AWES. Compared to a kite, a Ground-Gen AWES has similar flight
characteristics. Flying a kite on the ground has some physical limitations that impede continuous energy generation,
such as the length of the line or wind speed. Therefore, one cycle of Ground-Gen AWES consists of two phases, the
generation (traction) phase and the recovery (retrieval) phase. As shown in Fig. [T} a glider is connected to the ground
DC machine with a line. During the generation phase, the glider keeps pulling the line with a particular flight pattern to
reach a terminal condition. Then, we need to retrieve the released line such that the glider can be prepared for the next
generation phase. In the recovery phase, the glider flies back to the initial position to restart the next cycle.

| \ — — = Generation
= — — Recovery

//VV ind - Ground DC machine
Ground DC machine

Generation phase Recovery phase

Fig.1 Generation phase and recovery phase in glider type Ground-Gen AWES

Most Ground-Gen AWES studies have been conducted using kites to harvest wind energy. However, kites need
extra energy to drive a motor to retrieve cable during the recovery phase. Kites are considered to have advantages in
terms of wind energy harvesting since the effective area is generally larger than conventional wing type AWES. Larger
effective area guarantees larger aerodynamic forces, which implies significantly increased traction force. However, a
kite has limited maneuverability compared to a conventional aircraft. Thus, two issues in the recovery phase have been
identified: 1) it takes a considerably long time to take the kite back, and 2) the system requires extra energy that can be
dramatically increased in headwind scenarios. In order to address these issues, a glider type AWES is considered as an
alternative option to reduce the time and energy consumption during the recovery phase.

In this paper, we propose the concept of a foldable wing configuration to retrieve the glider with much reduced
time and energy consumption efficiently. As shown in Fig. |2} a glider with a foldable configuration folds to half of the
wingspan. The glider will then require less energy to counteract the aerodynamic force due to the reduced wing area.
Meanwhile, the folded wing configuration has a higher descent rate than the original configuration, leading to a reduced
recovery duration. This study aims to verify the concept that a glider type AWES with foldable configuration can reduce
time and energy consumption, which will eventually increase the efficiency of each energy harvesting cycle. For the
generation and recovery phases, the glider has different physical characteristics and interaction modes with the DC
machine. As shown in Fig. [3] the glider and DC machine’s behavior will change according to the phase. In the next
section, we will present the kinematic and dynamic models for the generation and recovery phase, respectively.
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Unfolded Configuration Folded Configuration

Fig. 2 Two configurations of a glider

AWES
Ground System Glider
Recovery Motor Tether Folded configuration
phase Winch force
Generation Generator Torque Unfolded configuration
phase Traction
force

Fig.3 The overview of the AWES model

IT1. AWES Model
In this section, the glider’s kinematics and flight dynamics, as well as the dynamics of a ground system, are presented.
For the generation phase, we use the spherical coordinate to facilitate the calculation of the traction force from the
glider. In the recovery phase, we use the Cartesian coordinates to represent the dynamics of a glider. In addition, using
characteristics of ground segments, we consider the transformation from mechanical energy into electrical energy.

A. Glider in Generation Phase

Assuming that the AWES generates wind energy near the surface, we can consider a flat Earth as a reference
coordinate E. E is defined with the X axis aligned with east, the Y axis aligned with north, and the Z axis pointing up
from the surface. We also assume that the wind velocity direction is aligned with the X axis. Then the wind velocity
vector is expressed as

Vi=|0 (1)

where V,,, is the component along the X axis, which is defined as

Viwx =6+ 0.007z ()

In the spherical coordinate system, the position of the glider can be described by the distance between the glider and
the ground station, denoted as r, zenith angle 6, and azimuth angle ¢, shown in Figdal The equations of motion of the
glider are represented by
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(a) Spherical / local coordinates (b) Wind coordinate system of glider

Fig.4 Coordinate systems of glider in generation phase

= rf — ré” sinf cos 6 + 20r

= r¢sin@ + 2rf¢ cos O + 204 sin 6 3)

Sllc NP

=i —r6> — ré?sin’ @

where Fy, Fys, and F, are the sum of the external force represented in the local coordinate system. The transformation of
the two coordinates can be expressed as

cosfcos¢ —sing sinécos¢
Cgs = [cosfsing cos¢ sinfsing 4)
—siné 0 cos 6

Then, the glider’s position in the Cartesian coordinate is expressed as

X = rsinf cos ¢
y =rsinfsin¢ (&)
z=rcosf
The external forces applied to the glider are aerodynamic forces, gravitational force, and traction force. In this study,
the line’s weight can be negligible because the scale of the airborne platform is smaller than commercial vehicles, and

the distance is also relatively shorter. In addition, for the generation phase, we assume that the glider has a fixed angle of
attack that has fixed aerodynamic coefficients Cr,,Cp, during the generation phase.

1. Aerodynamic Force
Aerodynamic forces can be determined by calculating the effective wind velocity Ve, determined from

Ve=Vi-V, (6)
where V, is the ground velocity, expressed in the local coordinate system as
or
V.= |¢rsind (7N

7
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Then, the magnitude of the effective wind speed can be calculated as below

IVell = IV: = CesVall ®)

The aerodynamic forces can be derived in the local coordinate system, expressed as

Fa
6
1 1
F* = |Fg| = —5p [IVell> SuCr, 2w — 5P IVell® SuCp, Xw )
Fe
where p is the density of the air, S, is the wing area of the glider, CLg and CDg are the lift and drag coefficient of the
glider, and x,,, and z,,, are the basis vectors of the glider wind coordinate system, demonstrated in Fig4b]

2. Gravitational Force

Due to the small scale of this AWES system that we proposed, the weight of the line between the ground station and
glider can be neglected. The gravity force is directed along the -Z direction in the Cartesian coordinate. So we can
derive the gravitational force in the local coordinate

Fg 0 mg sin 6
F=|F¢|=cse | 0 | =] 0 (10)
F§ -mg —mg cos @

where m is the mass of the glider and g is the gravitational acceleration.

3. Traction Force
The traction force is applied to the kite along the e, direction. By using the third equation in (3) and the external
forces that we derived above, the traction force F' is expressed as

F'=-F, + F + F*
1D

= —i'm + rm6” + rm¢* sin> @ + FS + F¢

Traction force is measured by a load cell of the ground segments, which provides information to a controller of the
DC machine. The DC machine can then regulate the rate of the unwinding speed 7. Considering the traction force and
the unwinding speed, the mechanical energy during the generation phase is shown as follows

Ig
E8" = / F'idt (12)
0

where ¢, is the duration of the generation phase.

B. Glider in Recovery Phase

No traction force is applied to the glider in the recovery phase, and the glider can use its control surfaces to adjust its
attitude. The external forces acting on the glider include the lift force L, drag force D, thrust 7', and gravitational force
mg. Then the equations of motion for the glider are expressed as. In addition, we also consider the wind effect on the
glider [19]. As we assumed that wind is a function of altitude, therefore the time rate of wind velocity can be denoted as
the following.

- Vi, .
Viwx = — ahx V. siny (13)

Then, the equations of motion with variable winds are formulated as below
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X =V,cosycosy + V,x
y = Ve cosysiny

z=-V,siny
. Tcosa—-D ) OVix .
Vo= == +gsiny + V. =% cosy siny cos y (14)
. (Tsina + L)cos® gcosy AV, 9
= — + -
% 3 7 ah cosy sin”y
. (Tsina + L)sin® Vi, |
= - - t
v mV, cosy oh sinytany

where V, is the effective speed of a glider, 7y is the angle between the velocity and the horizontal plane, i is the heading
angle, « is the angle of attack, @ is the bank angle. The x-axis of the local coordinate C is aligned to the effective
velocity. The transformation matrix between local coordinate C and inertial coordinate E is determined by

Cce = [CI D)W C()]
COSy cos ¥ cos 7y sinyr —siny
= |—cosDsiny +sin®sinycosy cosDcosy +sin®@sinysiny  sind@cosy (15)
sin®siny + cos@sinycosyy —sin®@cosy +cosPsinysiny cosDcosy
VA

t
I
I

\
X Y

Fig. 5 Cartesian / local coordinates

C. Winch and DC Machine Model

The winch is designed and built for the interconnection between a DC machine and a glider. During the generation
phase, this model converts the traction force to the rotational motion of the generator. For the recovery phase, the
rotational motion from the motor rewinds the unwound cable to get prepared for the next energy generation phase. The
dynamic model of the winch is formulated as

Iy = rgF" — M, — Mge (16)

where Iy, is the moment of inertia of the winch, ay, is the angular acceleration of the winch, ry, is the winch radius, F; is
the traction force, M. is the coulomb friction moment, and My, is the torque of the DC machine.

Considering the AWES has two operational phases, a generator and a motor are required to harvest energy in the
generation phase and retrieve the glider back in the recovery phase. We utilize the integrated motor/generator technology
that simultaneously adopts a permanent magnet DC machine working as a generator and motor. As shown in Fig. [6 an
asymmetric half-bridge power converter is used to change the working modes.
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Generator mode ‘ Motor mode

Energy Generation Energy Storage Torque generation Freewheeeling

Fig. 6 Function of half-bridge

In the generation phase, the DC machine working under the generation mode has two stages, namely energy
generation and energy storage, which is controlled by the switch T2, shown in Fig. [ When the switch is turned off, the
current flows through two diodes and is expressed as below

. di
e=up+Ri+L,— +2U,
dt
(17)
L duy,
i=— ink——
RL Link dt
where e is the counter-electromotive force (CEMF) of the armature winding, uy, is the voltage of the load side, R is
the armature resistance, L, is the armature inductance, Uy is the voltage drop of the diode and switch, Ry is the load
resistance, Cink is the DC-link capacitor, and i is the armature current, which will also determine the electromagnetic
torque 7, of the machine. The dynamic motion of the machine is governed by the kinematic equation, expressed as

Te - Ktl
dw
J— =T, -Tp - Byw - Ty (18)
dt
e=K.0w

where J is the moment of inertia of the rotor, 77, is the load torque from the glider, B,, is the viscous friction coefficient,
Ty is the Coulomb friction torque, w is the rotation speed of the machine, which also determines the CEMF, and K, is
the voltage constant of the machine. In addition, it should be noted that T, and 77, have different signs in the generation
mode and motor mode, which is determined by

if T, Tr, < 0 : generator mode (19)
if T,,Tr, > 0 : motor mode

In contrast, when the switch T2 is turned on, the current flows through diode D2 to switch T2 and follows the voltage
equation

i
e=Ri+ Lad—; +20y, (20)

In this case, the current will increase when the CEMF has the same direction as the armature current. It generally
increases the power generation capability by increasing the electromagnetic torque. In this paper, considering we apply
the glider’s optimal trajectory to obtain the maximum energy generation, the converter in the generator mode will
be a passive rectifier. The generator will only work on the energy generation stage to simplify the control strategy.
However, we can also apply the maximum power point tracking algorithm on the generator side to improve the net
energy generation.
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In the recovery phase, the DC machine works in the motor mode and has two working stages, namely torque
generation and freewheeling, as shown in Fig. [6] by controlling the switches T1 and T2. When both switches are turned
on, the current flows through two switches and is governed by the armature voltage equation:

i
Kk=e+m+L%é+ﬂm Q1)

where V. is the voltage of the DC power source. In contrast, when only switch T2 is turned on, the current cannot
suddenly decrease to zero and will freewheel through diode D2. In this case, the current will decrease as the CEMF
has the opposite direction with the armature current, which generally decreases the output torque. By using a
proportional-integral (PI) controller, the duty cycle of the switch T1 can be controlled based on the feedback of motor
speed to achieve constant speed control. A maximum power point tracking algorithm can also be applied to the motor to
find a balance between energy consumption and retrieving time to achieve the maximum energy gain.

IV. Optimal Control Problem
In the generation phase, the glider flies like a kite and keeps pulling the tether line to generate the energy from the
ground station. When the generation phase is over, the glider changes its wing shape to fly or dive to the initial point of
the generation phase. Nonlinear programming is applied here to determine the optimized flight path and corresponding
control commands for both phases. This optimal control problem can be considered as two separate problems associated
with the generation and recovery phases. For the recovery phase, two different airborne platforms are used to determine
which type of glider is more advantageous in terms of increasing energy efficiency in every cycle.

A. Generation Phase

During the generation phase, the accumulative energy term, F’7, is to be maximized. The direction of the traction
force F' is aligned with the tether line. Therefore, we need to extract the radial direction component of the acceleration
of a glider in the spherical coordinate. The cost function is expressed as

Ig
Jo = / Flidt (22)
0
where the traction force is determined from

F' = —im + rm6* + rm¢* sin® 6 + FS + F¢ (23)

The optimal control problem during the generation phase is formulated as

mqe)lx Jg 24)
s.t. Xg = f(xg, ug) (25)
initial condition x(0) = xo (26)
terminal condition  r(tg) =1, 27
control variable ~ ® < ® < ® (28)
7 = const 29)
0<0<80 (30)
p<p<¢ 31)
1 2 1 2
L= EpSuVe Cr,, D= szuVe Cp, (32)
F, . . .
LA r¢2 sin 6 cos 0 + 207 (33)
m
Fy . .. _—
— =r¢sinf + 2rfpcosd +20¢ sin b (34)
m
Fo . o a9
=7 —rf° —r¢-sin“ 0 35)
m
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where {0, @,r, 0, ¢} are the states, the bank angle @ is the control variable, and Cr, < and Cp . are constant in this phase.
During this phase, we assume that 7 is constant. Then the distance between the glider and the ground segment increases
at a fixed rate. The aerodynamic forces are calculated based on the unfolded wing area S,,. @ and @ are the lower and
upper bound of the bank angle input, § and 6 are the lower and upper bound of the zenith angle, and ¢ and ¢ are the
lower and upper bound of the azimuth angle, respectively. B

B. Recovery Phase

When the glider needs to be recovered, the glider flies back to the initial point of the generation phase. And the
motor rewinds the tether line. In this phase, we need to minimize the energy consumption of both the glider and the
DC machine. The glider changes to a folded configuration, which will contribute to reduced resistance and time. We
assume that the motor operates with constant power. The objective function is written as

iy iy
Jr = —/ Prwdt—/ P(T)dt (36)
t t

8

where ?7 is the duration of the entire cycle, Py, is the power consumption of the ground motor, which is assumed to be
constant, P(T) is a function of the power consumption due to the thrust from a glider. For the folded wing configuration
case, the aerodynamic parameters (Crof, Cr, r Cpos.Cp,1r,Cp,2r) and wing area Sy will be applied to calculate the
aerodynamic forces. In this phase, the glider is not affected by the tether reaction force. The initial condition of this
problem is the terminal condition of the generation phase problem. Then, we can formulate the optimal control problem
of the folded wing configuration for the recovery phase, written as

min JRr (37)
T,a,®
s.t. i = f(xp,uy) (38)
terminal condition x,(t7) = x4(0) (39)
control variable 0 < T < Thax, Omin < @ < Uax, @ < © < ) (40)
CLf = CL()f + CLafa/, CDf = CDOf + CD(,lfa + CD(,2f02 (41)
1 1

L= E,oSuvchf, D= Epsuvjc,)f (42)
X =V,cosycosiy + Vi, 43)
y =V, cosysiny 44)
z=-V,siny 45)

. T -D OVivx
Ve=&+gsiny+VeWcoszﬁSinycosy (46)

(Tsina+ L)cos® gcosy OVix .2
=— - 4
s + 7 3 cos ¥ sin”y 47
. T si L)sin® 9V,
'70:_( sina + L)sin _ Wx o tany (48)
mV, cosy oh

P(T) = PTy + PTy X T + PT, x T* (49)

where PTy, PTy, and PT, are the coefficients for the power consumption of the glider’s motor. These parameters are
extracted from experimental tests. In the recovery phase problem with unfolded wing configuration, different parameters
of aerodynamic coefficients (Crou, Cr,u- Cpoou> Cp,, 1u- Cb,2u) and wing area S, are used to determine the coefficients
Cp, and Cp, and forces.

V. Simulation
A. Integrated Model

To build the entire structure of the AWES, we need to connect all subsystem models. In this paper, we utilize Matlab
Simulink to validate the net energy gain of the production cycle. Figure [3]demonstrates the overall system and relations

10
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between the subsystems.

During the Generation phase, the glider has an unfolded wing configuration equivalent to the conventional glider
geometry. It provides traction force to the winch. The winch converts the traction force to the generator’s rotational
motion. The glider changes to folded wing configuration for the recovery phase and flies back to the initial generation
phase location while the motor is rewinding the tether line. The DC machine specifications are described in Table (]

Winch / DC machine specification

radius [m] 0.03
mass [kg] 0.066
back-emf constant [V /rpm] 0.013
total inertia [kg - m? 0.000192
viscous friction coefficient [N - m - 5] 0.0002
coulomb friction torque [N - m] 0.11337

Table 1 Specifications of a winch and DC machine

Glider
1 Propulsion
} Force & Moment —{ 6 DOF Equation of Motion [
— Aerodynamics
J Environment [+
Air Data
Controller

Fig.7 The overview of a glider model

The glider model in the simulation environments consists of several blocks, as shown in Fig. [7] The equation of
motion block is built based on the dynamics of the glider. The environment block generates gravitational force, air
density, and wind speed, based on the location and velocity of the glider. Air Data block calculates airspeed, angle
of attack, and dynamic pressure. The controller block follows the control input from nonlinear programming. The
Aerodynamic block generates aerodynamic coefficients. Force & Moment block sums all the external forces and
moments acting on the glider. The glider has two configurations with the main wing, as shown in Fig. [J] We choose an
arbitrary wingspan ratio to fold. In Table. [2] the glider’s specification for both configurations are shown as below

Glider Specification | Folded | Unfolded
Wingspan [m] 0.5 1.1
Wing area [m?] 0.106 0.204

Cr, 0.0833 0.1956
Cp,. 0.0182 | 0.0051
& 81.4 18.9
Length [m] 0.867
Weight [kg] 0.738

Table 2 Glider Specifications with unfold/fold configurations

11
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Fig. 8 Folded wing configuration

In order to extract the aerodynamic characteristics for two configurations, we used "XFLRS5", one of the well known
Computational Fluid Dynamics (CFD) tools, to extract coefficients under a varying angle of attack. In this analysis,

the effect of the fuselage is not considered. The lift and drag coefficients are shown in Fig. 0] As a general glider,
unfolded wing configuration has large g—lL) than folded wing configuration. For the folded configuration, the slope of lift

coefficient is larger, and the minimum drag is smaller than that from the folded wing configuration.

—— folded winta e 18 = folded wing
| |~ = —unfaded wing " 1 = = =unfolded wing

| L | | L
-16 -10 5 o 5 10 15

7 Angle of attack [deg] CD
(a) Lift coefficients (b) Drag polar

Fig. 9 Aerodynamic coefficients

B. Optimal Trajectories

Combined with the two problems, the optimal path will be calculated, as shown in Fig. [I0] The trajectory for
the generation phase is designed for maximizing the energy harvested. On the other hand, the recovery trajectory is
determined for minimizing energy consumption for both the airborne platform and ground DC machine. If the DC
machine harvests energy, the sign of the energy is positive. The sign of energy is negative when the DC machine or
glider consumes energy.

1. Generation Phase

The initial condition and the terminal condition and constraints of the generation phase are listed in Table[3] In the
generation phase, the energy harvested by the glider is 879/ in 30s. Most of the time during the generation phase, the
trajectory follows the "8" shape shown in Fig. [T2] While the glider following the shape, the attitude angles, such as 6
and ¢, change periodically, shown in Fig[TTa] The distance increases with a constant rate 7 till it reaches 15 m at the end
of 30 seconds. In this phase, we set aerodynamic coeflicients for C, and Cp, as 1.33 and 0.65 respectively.
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Fig. 10 Trajectories of one cycle

States | Initial Condition | Terminal condition Constraints
6 [rad] 0.52 - 0.1<6<0.6
¢ [rad] 0 - -1<6<1
r [m] 95 110 -
[rad/s] 0.18 - -
$[rad/s] 0.18 - -
F[m/s] 0.5 0.5 F=0.5

Table 3 States of the generation phase
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G
100
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time(s] £ 80
W
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_ 105 F 5
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Too t = A0
95 : : : : . 20 ! ! ‘ ! [
0 5 10 15 20 25 30 0 5 10 15 20 25 30
lime[s] time[s])
(a) History of the states (b) Control input and traction force

Fig. 11 History of generation phase
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Fig. 12 Projected view of generation phase

2. Recovery Phase

In the recovery phase, the initial states are the same as the terminal states of the generation phase, as shown in Table
A] In the recovery phase, the glider flies back to the initial position of the generation phase, as shown in Fig. [T3] Two
configurations with different aerodynamic characteristics lead to different flight paths. In addition, the time histories of
states are demonstrated in Fig. [T4a] As shown in Fig. [T4b} the power consumption of the ground motor for the unfolded
wing significantly increases to rewind the tether line. Furthermore, the duration of the unfolded wing configuration is
more extended than that of the folded wing configuration.

States Initial Condition Terminal condition Constraints
X [m] r(tg) sinO(tg) cos ¢(tg) | r(0)sin#(0) cos ¢(0) -
y [m] r(tg) sin6(tg) sin ¢(tg) | r(0)sinH(0) sin ¢(0) -

z [m] r(tg) cos 6(tg) r(0) cos 6(0) -
Ve [m/s] Vel(ty) Ve (0) 0<V, <40
y[rad/s] arcsin ||‘</eez((z:,g))|| arcsin ”“IZ+(((§)))” -06<y<08
Y [m/s] arctan :;Zi—gj; arctan X%E(O); -

Table 4 States of the recovery phase

Folded wing
= = = Unfolded wing

20

30
20 40
10
East MNarth

Fig. 13 Trajectories of recovery phase with two different configuration glider
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(a) History of the states (b) Power consumption of two configurations
Fig. 14 History of recovery phase
Folded Unfolded
Period [s]/(Rec. phase) 34.11/(4.11) 38.97/(8.97)
Net energy gain [J]/(Rec. phase) | 854.28 /(-24.72) | 825.13/(-53.87)

Table 5 Result of two configurations from nonlinear programming

3. Nonlinear model simulation

In order to verify our results obtained from nonlinear programming, we simulate the formulated optimal control
problem under the same assumed conditions using Simulink. As shown in Fig. [T6] the simulation also demonstrates
that a folded wing configuration shows improved net energy gain and reduced cycle duration compared to those for an
unfolded wing configuration. The detailed results are shown in Table. [6]

Simulink model
Nonlinear programming

100

MNorth

Fig. 15 Generation trajectories

Overall, the folded wing configuration is advantageous in terms of energy consumption and duration. The airborne
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(a) Power history of folded wing configuration (b) Power history of unfolded wing configuration

Fig. 16 Power history over a cycle for two configurations

Folded Unfolded
Period [s]/(Rec. phase) 34.11/(4.11) 38.97/(8.97)

Net energy gain [J]/(Rec. phase) | 1177.8/(-39.00) | 1129.3/(-48.50)

Table 6 Result of two configurations from nonlinear model simulation

platform we consider is only a 1m-size RC glider. Based on the simulation, the folded configuration has reduced the time
by 16%, and decreased the energy consumption by 24% for one cycle. It shows that if multiple cycles are considered, its
advantages will be more significant. For example, 30 minutes of the operational period, the unfolded-wing glider can
run 46 cycles and harvest 52kJ. Instead, the folded option can run more than 52 cycles and generate 61kJ.

VI. Conclusion

This paper demonstrates the new concept of the airborne wind energy system (AWES) with a foldable wing to
improve energy and time efficiency. First, we build a glider and a DC machine to emulate their mechanical and electrical
characteristics. We then formulate optimal control problems with different dynamics and constraints based on the
multi-phase AWES operations. A folded wing, which contributes to reduced wind resistance during the recovery phase,
leads to a reduction in power consumption. Comparative simulation is provided to verify that the new approach has
enhanced energy and time efficiency. Future research will explore the operations of the physical AWES in outdoor
environments.
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