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® qux. propulsion system = improved communication ~ ® small scale model for
= up to 2000 kW engine ship to shore airborne wind energy
equivalent power = qutomatic fuel and ® installed in a trailer

condition monitoring

® pilot customer operation ® kites up to 30 m?

since 2008 ® in operation on 35+ ships = qutopilot controlled

= qutopilot controlled
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SkySails Marine - Towing Kite System
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Airborne Control Pod

Kite sizes up to 320m?

Substitute 1-2 MW

of main engine power
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(Marine Video)

See http://youtu.be/ckyHeizCAdk
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SkySails Power

e Pumping Cycle

2. Transfer Phase

3. Return

/ Phase

1. Power
Phase

e, = wind direction

M. Erhard, H. Strauch,

Flight control of tehered kites in autonomous pumping cycles for
airborne wind energy,

to appear in Control Engineering Practice (2015)
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Economic energy generation = Fully automated AWE plants

=> Reliability of control system crucial
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(Power Video)
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Coordinate System

. Position @, 0, [

e Qirientation l/[/
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Model Assumptions
1.) Forces huge compared to masses = Neglect Accelerations & Masses

2.) Airflow in Roll Direction

epﬂch

&

€roll E v,
3.) Glide Ratio Condition

Side View
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Paraglider (Free flight) : v, = 10m/s Tethered Kite:

Utot
Vyert

Vhor

Uhor

FE =
Uyert

Vit = 1..Evg
F. = 1..E2F,

Wind v, = 10m/s with E=5 yields
Vio; = 10..50m/s |
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e Equations of motion for ¥, ¥ and [ (3d kite position)

X tan®\ |/
VA VT(COS — ag )—Ztanﬁ
; Va si@ ientation ¢
= - - e orientdarion
14 Isin 0 orte

[ = < * winch speed Vyinch

v, =(vwE cos® — IE
Parameters
e glide ratio

e wind speed

Michael Erhard, SkySails GmbH, Talk at IMTEK, University of Freiburg, January 20, 2015



Kinematic Equations of Motion =ISkySails
POWER
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Angle V¥ is the central control variable:
, Va tan ¥
- Determines force (1) = arctan(E cos v)) v = 7 COS Y — E
- Keep static zenith position (p=const h— 2 sin
g g | | v [sin ¥ v

Periodic signal on ¥ vyields pattern:

Wind = Symmetry Axis
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Steering by means of canopy (and force vector) rotation

Side Force

<— Aerodynamic force vector

Passive section

Actively steered section
Control pod

<&— Towing rope

Turn Rate Law

V.fm — nga5
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Sensors and Navigation
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Barometer

Servo Control —>O Motor

Line Force Sensor
(Strain Gauge)

Energy Buffer

Cable: Data/Energy
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Sensor Quantity
Inertial Measure- Wy o
ment Unit (IMU)
ds &---______
Impeller Va o
Anemometer
Strain Gauge Pod F -
Barometer h
Tow Point s, O & === = m oo
Ship Anemome- Uy, Qw &----- -
ter !
Ship IMU &------------------- s
Line length [ e-—------ i— ____________________________________________
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® Quaternion integration... Quaternion Integration

of Gyro Rates
,/"‘)“H- - é’yaw
e S —
. ) €Epitch
€z %é
gy groll
€ Sensor Frame
Inertial Reference Frame
® Problem: drift of turn rate sensors
Quaternion Integration
g of Gyro Rates
/
T R
," \‘\\ 7 '""““‘\ Eyaw
— N s —
633 N epitch
é, N
= Eroll
€z
Inertial Reference Frame Integration Reference Sensor Frame
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Reference to ,Down’-Direction
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Inertial Reference Quaternion Integration
\ of Gyro Rates
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M. Erhard, H. Strauch, Sensors and Navigation Algorithms for Flight Control of Tethered Kites, Proc. European Control Conf., 2013
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Wind Referencing
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Complementary Filter
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M. Erhard, H. Strauch, Sensors and Navigation Algorithms for Flight Control of Tethered Kites, Proc. European Control Conf., 2013
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Validation of Kinematics
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Flight Direction

y = arctan(—@sin ¥, )

, tan 1%
= arctan | sin Y/, cos Y/ —
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C> Turn rate

Parameter

Vi = ng35

Air path speed Steering deflection

y , Control Actuator
<

Control Pod

Towing Line
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o .2
Gls)
Wy — T

kite”

Challenges:
e How to fly open loop and not crash 2
e Flight pattern ¢

e Operational point 2 (Flight speed, wind window position, ...
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Logfile: 061026_154525

Test Turn Rate Law?e FR2002-2083s T
+60 ‘,';‘ - S - ‘ N
Bang-Bang-Experiment 5 / AR ‘
- O a"r."JI-T" ,"‘. - . .
It . \J'.'.J ‘.\‘ " :\»I— -\'.
A _ 30 X Lo
w o5 Alr path speed'va " Ambient wind speed v, L ey e N
E i i S ANy
2 15 e, = wind direction ~iooi
? 10
E 5
; 0 1 1 1 1 1
b

E
o
=
2 1
= 2 i
2 0 = '
N \ / .
7 i Wm = gk Va O
° -1
g
@
‘T -2 [ Legfile: 061026_154525
m 1 1 1 1 1
1850 1860 1870 1880 1890
Time [s]

Michael Erhard, SkySails GmbH, Talk at IMTEK, University of Freiburg, January 20, 2015



Extended Turn Rate Law =ISkySails
POWER

cos B sin Y

Va

Ym :gkva6+M

2 Fit Parameter

110824_11143Z_params.log, lines [72000:144000), fit pararneter [g_factor) = 0.03% 110624 _11143% pararns.log, lines [72000:144000), fit: v = 3 16%:x

.25 -z0 -15 -10 -5 0 5 10 13 20 25 -0l0 008 008 o004 o002 0.00 0.0z 0.04 0.08 .08 0,10
Windspeed * deflaction [rys] Static terrm: cos(theta g*sinlpsi_ghv gl...]
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A t
Weighted least-square §, = arg min Zﬂ(t’ k)[y(k) o (k)6’]2
0 k=1
0, =R™() (1)
. t
R(t) =Y. B(t.K) p(K)e" (k)
kel
t S_ee e.g.: S
f (t) = Zﬂ(t, k) (p(k) y(k) Liung, Sysfem identification
=

fit «-eeen-
Example: turn rate law

Wm = gy'/ Va5

y(k) 6 oK)

\
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v, 8 [arb. units]

Y, [arb. units]
A M 4 O a4 oW N
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1 Weight
B(t,k) =e 77 = 100
> Time
,now’
Recursive algorithm: é)t - ﬁ‘l(t) f(t)
R(t)=AR(t-1) +p(t)p" (t)
F(t)=41(t-1)+e(t)y(t)
Applications:

> System monitoring (degrading, damage, ...)
> Adaption of controller
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kai

Human Control Strategy?

= Use Angle w.r.t. horizon (or wind)
Orientation determines flight direction

Controlled System (Plant)

Turn Rate Kinematic
Law

Steering Input - Orientation - Flight Direction
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e Cascaded control setup

i o !
i ‘ " Trigger event |
\ ¥ .‘ : s
------------------------------ © Tes.._ | Switching ———=  Flight > Control > Stabilize [~
“+ of target s |
" of targe | . . . . . ‘
points : direction orientation yaw axis | |
-, |
Position | |
(Dm;ﬁmgi ______________________________ .
Cycleand | ¢ oy, i Vi v
winch Ve
winch
control 1\ ,1\ ,T\ -
kinematics |€ Turn rate law |
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Challenges and limits

Wind is challenging: Profile
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How to model the wind field?
> Profile?

- Boundary layer?

2> ...



Challenges and limits
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Soft Materials

= Modelling Accuracy is limited

=» Limited Sensor *Accuracy’
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Due to gusts or wave induced motion: temporarily untethered system
%
€ pitch
-
€ rol
%
€ roll
e
yaw & yaw
Angle w.r.t. Horizon
‘undefined’
|
Vi
|
Line Angle
Sensor
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