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Abstract: The tether structure plays the role of transferring the traction force of an airborne wind
energy system (AWES) to the fixed or mobile ground system with less motion and maintains the
flying airborne system as a critical component. The implementation of a geometrically tailored
tether design in an AWES could avoid unwanted snap-through failure, which can be take place in a
conventional tether structure under impulsive loading. This concept relies on the redundant load
path of the composite structure composed of tailored length and strength. In this study, the dynamic
response of this composite tether structure to airborne wind energy systems, such as a kite wind
power system, was analytically investigated. Also, for very long tether applications, an approximate
model of the tether response was developed, which resulted in a dramatic reduction of computational
efforts while preserving the accuracy quite well compared to the exact solution.
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1. Introduction

Wind energy systems have gained much attention for their ability to provide clean
and environmentally friendly energy resources in contrast to fossil fuels [1,2]. Recently,
the geometric dimensions and capacity rate of wind turbines have been getting larger in
order to meet the required reduction of LCOE (levelized cost of energy). This became
possible due to the evolution of technologies, such as materials, structural designs, systems,
aerodynamics, and so on. It is possible to capture more energy from incoming wind
with an increased rotor size since power production is proportional to the square of the
rotor diameter [3]. Furthermore, the paradigm shift to offshore wind from onshore wind
has been accelerating the growth of wind turbine size and capacity due to steadier and
more stable wind resources, not to mention having the advantages of being far away
from artificial obstacles and potential noise issues [4,5]. However, the CAPEX (capital
expenditure) of huge wind turbine structures, which includes the material cost, installation
cost, transportation cost, and operational and maintenance costs, is becoming increasingly
unfavorable. Therefore, the sizes of wind turbines are now approaching an economically
feasible limit under current technologies [6].

There have been many innovative concepts developed to harvest wind energy effi-
ciently with a fraction of the traditional wind turbine cost. As an emerging technology,
airborne wind energy systems (AWES) utilize steadier and stronger wind resource resulting
from the high altitude [7-11]. Figure 1 shows two different concepts of AWES, Ground-Gen
systems, and Fly-Gen systems [12].

As shown in Figure 1, both airborne wind energy systems use a tether structure to
connect ground systems (mobile or fixed) to flying devices without a tower to capture wind
energy at high altitudes above those of traditional tower-based wind turbines. By con-
trolling tether length, the harvesting height can be adjusted to maximize wind resource
availability [13]. That is, the tether structure plays the role of transferring the traction force
of the AWES to the fixed or mobile ground system with less motion. Therefore, its design
life should be able to operate under the cyclic load caused by the repeated reeling motion
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and to endure the specific breaking strength limit entailed by a certain form of snap loading
caused by unexpected impulsive forces [14]. Since the tether is an extremely critical compo-
nent, it should be designed according to a fail-safe rule [15]. To avoid the accidental failure
of the tether under unexpected snap loading, the tether should be designed to increase the
capacity of energy dissipation.
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(a) Ground-Gen system (b) Fly-Gen system

Figure 1. Examples of airborne wind energy systems (AWES) [12].

In this paper, the AWES is simply modeled as a two-point mass structure with a tether
connection, where the small mass represents a flying airborne system such as a kite or
flying aircraft, and the other big mass corresponds to a ground station with little move-
ment. The benefit of this tailoring concept, applicable to the airborne wind turbine system
under impulsive tensile loading, was analytically investigated in a previous study [16].
Often, there are cases in which the tether length can increase to up to 1000 m to access
wind resources at extremely high altitudes above 500 m. In this work, an approximate
technique for such a long tether was developed in order to reduce the computational costs
dramatically while providing good accuracy, even when compared to the original full
modeling. The approximated tether modeling developed in this paper could be appli-
cable to the mooring systems of floating wind turbine systems. The efficient and light
design will bepossible by applying optimization techniques such as genetic algorithms
or gradient-based optimization to maximize the energy capacity or to find the advanced
tether geometry [17-21].

2. Concept of a Tailored Tether

The original concept of the tether to be used for AWES application was addressed in
detail in [16,22], where a one-dimensional flexible composite was proposed. The tether
structure consisted of a matrix and high-strength fibers and was designedwith supplemen-
tary and additional load paths in case of sequential failures. Figure 2a shows the schematic
concept modeled in drawing software and Figure 2b shows the physically manufactured
demonstration of the tether made of the elastomer matrix and high-strength glass fiber.

(b)

Figure 2. A schematic concept of a tether structure (a) and its physically manufactured example (b).
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A tailored structural member was conceptually designed to generate a yield-type re-
sponse with applicability to the arrest of a moving body. The structural member comprised
a primary load path, called the primary element, connected in parallel to a longer secondary
load path, called the secondary element, at a pair of common nodes. Both primary and
secondary elements were combined to form the connector element, which had the sum of
the cross-sectional areas of both elements. When external loads were applied to the system
in the longitudinal direction, the main elements and connectors were subjected to the
tension loads. If all the main elements had the same geometric and material distributions,
the failure probabilities of the main elements were the same. In reality, however, there exists
an unpredictable progressive failure sequence starting from the main elements, meaning
that the secondary elements break after all the main elements break. Figure 3 shows the
progressive failure mechanism of the tether structure with ten main elements. As shown in
Figure 3, complete failure occurs after the failure of all the main elements and the ensuing
failure of the one of secondary elements. Figure 3 also shows the traditional tether structure
made of a single element with constant cross-sectional areas along the longitudinal direc-
tion with the same total length. The failure responses of both traditional and tailored tether
structures are shown in Figure 3 as straight line and zigzag-type (yield-type) responses,
respectively. In Figure 3, the areas under the traditional and tailored tether structures
represent the mechanical work (force times displacements) required to reach complete
failure for each structure. They show that more energy is required to completely break the
tailored tether structure compared to the traditional structure because of the larger area
(Ats) compared to the area (Aus) of the untailored traditional tether structure.

Untailored structure

¥ Tailored structure

0.4+ AUS

Normalized force

141/
Ats

0.5 1 1.5 2 2.5 3
Normalized displacement

0.2

Figure 3. Comparison of response prediction.

3. Application of a Tailored Tether to AWES

In this work, a tailored tether structure with characteristics of progressive failure (or
yield-type failure response) was applied for the purpose of arresting an airborne wind
energy system under snap loading; the analytical modeling of the failure response is
described in this section.

3.1. Simplification of an AWES with a Tailored Structure

The AWES model was simplified as a two-degree-of-freedom system with two longi-
tudinally moving masses, M and m, and two masses connected by a tether, as shown in
Figure 4.
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Xi(t) =

Airborne system

Tether

Station 7

Figure 4. Simplified AWES model connected with a composite tether.

The displacement and velocity components of an airborne system were represented
as x (lower case) and v (lower case) and the station components as X (upper case) and
V (upper case). In this study, only the longitudinal motion was considered. When the
distance between the two masses is less than the total tether length, the effect of the external
load on the structure is negligible. Otherwise—that is, when the distance between the
two mass systems is greater than the tether length—the tether structure is subjected to
impulsive (or snap) loading. The response of the tailored tether structure under impulsive
loading was analytically modeled as described below.

3.2. Dynamic Response Model of Simplified AWES Model

Based on the simplified model shown in Figure 4, the motion of the airborne system
(m) can be expressed by Equation (1) [23].
mx = Fl —P((S) = Fl —Ki[é— (l— 1)([5 —lp)] = Fl —Ki[ul — Uy — (Z— 1)(15 - lp)]

=F-K[x—X-L—(i-1)(Is—1,)] =F —Ki(x— X —L;) @

where P is the internal load, ¢ is the end displacement, p is the primary element, s is
the secondary element, 7 is the failure stage, L; is the total tether length at the ith stage, L, is
the tether length of the primary segment, L is the tether length of the primary segment,
K; is the equivalent tether stiffness at the ith stage, 17 is the displacement of the mass m,
and uj is the displacement of the mass M.

The equation of motion for the station system can also be similarly expressed as

MX = —F+P(8) = —F + Ki(x — X - L;) )

At the ith stage, the global motion of the two-degree-of-freedom system is given by
following matrix form.

m0 X + Ki — Ki X o F + KiLi
oM X —KiK; X [ 7| =B —-KL; (3)
1<i<(n+1),(x—X)e (L+6,L+05"]

Therefore, the general solutions are

= 1B2B (p 10)? 4 A (t—10) + Bi + Cicosw; (t — °) + Dysina; (t — 10)
—l—m;’g (KiLi—l—q(Fl—l— sz)) 4)
qmi( ) — Hami(t) = %fr};f}l (t—T ) + Ai(t— T 9 +B — % Cicos wj(t — TZ.O) — %Disinwi(t—rlo)
—siz (KiLi + e (B + 5 F2))
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where, q,,;(f) is the generalized coordinate of the mass m at the ith stage of the specific
time t, qp;(t) is the generalized coordinate of the mass M at the ith stage of the specific

time t,and w; = + Ki(m+M)

At the ith stage, the initial conditions are

6(wf) =0 () =0, X () = x0.%(xf) = Vi ©

Given the initial conditions from Equation (5), the coefficients of Equation (4) are
the following.

A mo? + MV} B _ mx) + MX? o _KiLi(m + M) — mMw? (x) = X7) + MFy + mF, D M(2) — V?) ©)
oom+M T o m+ M m(m + M)w? TN m(m+ M)w;

The maximum elongation at the ith stage is

o) = xi(t) = Xi(H) — Li

B 7
_ \/(Ci(l ) 4 (Dy(1+ 1)) Esin (s (£ — T0) + o) + Izlafnﬁljz) @)
where, a; = arctan(g ) and F/max = { 1;;57 i ifnifli; .

The above equation is valid in the interval Tio <t< Tl-f , Where the final time is given by
FWIIZX
f 1 K'I% FlltrAT/'[‘Fz C;
T = —J arcsin — > —arctan (’) } (8)
wj V(C+0)) +(Di(1+ §)) Di

Subsequently, if 5} > &7

¢ 1, the following equations of motion are obtained:

2
mx; = F }:> x1*2m<t_r’f) +ai(t_Tif>+bi {(x—X) (L+0, L+6,) } o)
Xi

~ 2 ’ . ~f
() = — 12 (t - Tif) s (t _ Tif) +d; applicablefort/ <t < T

with the initial conditions:

jfi(rif) :xi(*[l.f) :ai’[lqubi,j(vi(Tf) :Xi(T[) = a; 10
%) =) el +ak () -x(d) e

Therefore, the solution to Equation (9) is given by

J?i(t):z%(t—rif) +x1( )(t—rf>+xl(rf)

1

(0=~ fal -~/ 5 (7)1 ) % () "

where ?If is the solution to X; (?If) — f(i( f) =L+6,
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3.3. Approximate Response Modeling of Simplified AWES

In the previous section, the computation was executed whenever any elements failed,
and the failure time and criteria were calculated at each step. For a very long tether,
however, this requires expensive computational efforts. This section describes the approx-
imate modeling of an AWES following the hypothesis that the mechanical work of an
approximate response model should be close to one of the original models, as shown in
Figure 5.

A

Stage III

Ky Stage II

3, 3, 8,
Figure 5. Approximation technique for tether response of an AWES.

For an approximate response model, the parameters at each point, such as stiffness,
force, and elongation, should be obtained. The stiffnesses of the tether at the first stage (I)
and the last stage (III) are given by:

1 1

Ky = » K= 35— (13)
1 1 1 —1 -2 1 2 -1

kcts + E + + nkT + Zcpp + kctp m + l:is + Tlicps

kcps

Fromthe approximate force-displacement relationship, the corresponding load values
are expressed as:

Fi=Ki6, = Kz((sz— (ﬂ+1—1)(ls —lp)), F :K3(53— (n—|—1 —1)(15 —lp)) (14)

Next, for the numerical computation, the responses are considered in detail for
each stage.

Response at stage I

The equations of motion can be obtained according to the Euler-Lagrange equation
% (g%) + g—“;]_ = Q;. Equation (15) expresses the kinetic and potential energy and the final
equations are expressed in Equation (16) in matrix form.

T = mid + IMX,
= zmxl + 2 1 ) (1 5)
V =1K6% = JKy(x1 — X4 — L)

ol E bl S w

Next, the forced vibration response of the tether at the first stage can be obtained
as follows. .
x1(t) = qm(t) +qm(t) = A1(t — 1) + By + Cicoswi (t — 19) + Dysinwy (t — 1) %cﬁz a7
1 K4L

X1(t) = qm(t) — 379m(t) = A1(t — 1) + By — §;Crcoswi (t — T9) — fyDisinwy (t — 10) — M w2
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where w;? = %(1 + )
By applying the initial conditions x(19) = xo, %(70) = v, X (1) = Xo, X (1) = Vp to
Equation (17), we can obtain the coefficients.

_ mug + MV, _ mxg + MX c 7_K1L(m+M)—me2(x0—Xo) D — M(vg — Vp) 18)
YUmeM TN T M T m(m + M)w? C T (m+ M)w,
Response at stage 11
The tether response at stage II is shown in Figure 6.
Force
A
Fl
F*..
F, p
K,/ Stage II £
Stage I
ol 6 5 4 N
3, d & 3, Elongation
Figure 6. Force and displacement plot for the first and second stages.
In Figure 6,
1 F, - F
KZZWr Kd:*g_(slll F2:K2((52*N)(ls*lp) (19)

Kcts Ks Kess

Since the response of the second stage (II) is inelastic, the virtual work resulting from
nonconservative force needs to be plugged into the Lagrange equation.

— — — —
W =F,uti X 5(A) = —[Fl — Kd(A— 51)] 1 X §(A) = —[Fl — Kd(x —X—-L-— 51)] i x (53(2 — 5X2) i (20)

= —[F1 —Ky(xg — Xp — L —67)]0xp + [F1 — Ky(xp — Xp — L — 61)]6Xp = Q1xp + Q26X>
Based on the rule of Euler-Lagrange’s equation, % (37) + g—; = Q;, the equations of

motion are given by:

m 0 X2 _ K, —Kj X2 _ —F — Kd(L + 51) 1)
0 M X —K; Ky Xo F +Kd(L+§1)
Next, the forced vibration response can be obtained as follows:

xz(t) = qm(l’) + qM(i’) = A (t — Tfl) + By + CzExp(wz (t — Tfl)) + DzExp(wa (i’ — Tfl); %wLZZ[Fl + Kd((51 + L)} (22)

Xo(t) = qm(t) — fpam(t) = Az (t — Tf1) + B, — %CzExp(wz (t — Tﬂ)) — %Dﬁxp(—wz (t - Tn ) —m L L 1 K8+ L))

MMQ)ZZ

where wy? = 54 (14 1) (14).
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By applying the initial conditions x; (Tf1> = Xf, X2 (Tf1> = v, X2 (Tfl) =
Xr1, X, (Tfl) = Vy1 to Equation (22), we can obtain the coefficients:

+MV, +MX
Ay = mv];lHM = , Ba= me;erM £ ’
C, = (m+M)P1 + mMwy [—wz(xﬂ _Xfl) — (Ufl — Vfl)} /[m(erM)wﬂ
+(m+ M)K;(L+61)
D, = — (m+M)P1 + mMcwy [—wz(xﬂ _Xfl) + (vfl _Vfl)} /[m(m—f—M)wﬂ
+(m+ M)K;(L+61)
(23)
Tether status check at stage I1
The tether failure can be checked according to the work—energy theorem.
-W = (TOtﬁll Area) A1 + Aozag — Azas o4
= 11:151 + ﬁ; F1 Kd(5 (51 dé — fd F* +K1(5 5*)]615 (24)
where 6% = x(#*) — Xa(t*) — L, F* = F; — K4(6* — &), andd = - + &*
The kinetic energy variation can be expressed as:
S S oy SR S W P S SR
AT =T T0—2m<v* +V*) Zm(vo +V0) (25)

In cases in which the kinetic energy variation of the moving flying object (m) is higher
than the amount of work produced by the external force and elongation (¢,), all the main
elements will fail.

Response at the second stage (II) when the failure of primary elements occurs

The corresponding response at the second stage when some of the primary elements
fail is as follows:

x3(t) = qm(t)+  qm(t)
= Az (t — sz) + B3 + Cscosws (t — sz) + Dssinws (t — sz)
o [<F* 4+ Ky (6" 4 L)) o6
Xs(t) = gu(t)~ fiam(?) )
= Aj ( Tf ) + B3 — 1 Cacosws (t — sz) — a1 Dasinws (t
~Tp2) — Bk [P+ Ka (6" + 1))

where w3? = (m+mll\\/14)1<1.

By applying the initial conditions x3 (Tf2> = X2, X3 (sz) =0p, X3 (Tf2> = Xp, Xg, (sz) =
Vi, to Equation (26), we can obtain the coefficients:

A mvy+MVy B mx; +MX5
3~ +M s D3 m+M
o = (MEMP tmM@ (x-X5) Ky (8" +L)(mbM) 1 M(o—Vy (27)
3= m(m+M)w? e (m~+M)w,
The final time is given by:
T3 = Ty + = T — ArcSin(0) — ArcTan G (28)

Response at the last stage (11I)
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The corresponding response at the last stage when some of primary elements fail is
as follows:

x3(t) = qm(t)+  qum(t)
— As (t - sz) 1 By + Cscosws (t - sz) + Dssinws (t - sz)
L [~F+K3(6 + L)]

mws

(29)

Az (i’ — sz) + B3 — %Cg,coswg, (t — sz) - %Dg,sil’lwg,(t
) = B[R+ Ks(&2+ 1)

mws2

M)K
where w3? = %

By applying the initial conditions x3 (sz) = Xfo, X3 (sz) =0p, X3 (sz) = Xp, X3 (Tf2> =
Vi, to Equation (29), we can obtain the coefficients:

mo 2+MV2 mx 2+MX 2
Az = fm+M 2, By = fm+M 2, 30
Cn [(m+M)Fy+mMcws® (xp2—X gy ) =K5(62+L) (m+M)] Da = M02=V,) (30)
3= m(m+M)w? 123 = (m+M)w,

4. Numerical Results

Figures 7 and 8 show the comparison plots of the approximate and the full response
of the tether structure. The higher the initial velocities were, the closer the approximate
response was to the full response result. Also, as shown in Figures 9-12, the approximate
solutions demonstrated very good correlation to the full response results as the number of
elements, that is, the length of tether, increased from N = 15 to N = 1000. The benefit of
the approximate solution concerns the computational cost. For N = 1000, the computation
time was just 5 s while the full analytical results took about 10 min. Even for N = 10,000
elements, the approximate model took 10 s while the fully analytical model took more than

an hour.

Force (N) Force (N) Force (N)

F F F
700, 140 1404
600 1204 1204
500 1004 100
4004 800 80
300 600 60
200 400 4004
100 200 2004

t t + t
0.005 0.01 0.015 0.02 0.025 0.005 0.01 0.015 0.02 0.025 0.03 0.0025 0.0075 0.015
time (s) time (s) time (s)
(@) v=7m/s (b) v=13 m/s (c)v=14m/s

Figure 7. Forced responses at various initial velocities (v =7 m/s, 13 m/s, 14 m/s). Number of segments = 15, red line:
approximate solution, blue line: exact solution.

elongation (m) elongation (m) elongation (m)

X, % X
0.0 0.14 0.1§
0.04 0.1 0.1

o 0.19 0.19
0-04 0.1 0.1
0.0: 0.0 0.0
0.04 0.0 0.0

0.04 0.04

.

0.0 0.04 0.03
. . t t t
0.005 0.01 0.015 0.02 0.025 0.0050.010.0150.020.0250.03 0.0025 0.0075 0.0125 0.0175
time (s) time (s) time (s)
(@) v=7m/s (b) v=13 m/s (c)v=14m/s

Figure 8. Elongations at various initial velocities (v = 7 m/s, 13 m/s, 14 m/s). Number of segments = 15, red line:
approximate solution, blue line: exact solution.
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Force (N)
F
700
600
500f
400
300
200f
100

Force (N) Force (N)
F F

1204

1400
100 1204
800 1004
600 800

600
4004

40
200 20

0.01 0.02 0.03 0.04 0.05 0.086
time (s)

(a) v=20m/s

t
0.01 0.020.(1_30‘04 0.050.060.07

ime (s)

(b) v=34m/s

0.01

0.02

0.03

time (s)

(c) v=37m/s

ot

Figure 9. Forced responses at various initial velocities (v =20 m/s, 34 m/s, 37 m/s). Number of segments = 100, red line:
approximate solution, blue line: exact solution.

Elongation (m)
X,

0.4

Elongation (m)

*u

1
1

0.8
0.4

0.4
0.4
0-4 0.4
0.2 0.7

Elongation (m)

0.01 0.02 0.03 0.04 0.05 0.06
time (s)

(a) v=20m/s

t
0.010.020.030.040.050.060.07

time (s

(b) v=34m/s

0

.01 0.02 0.03
time (s)
(c) v=37m/s

0.

04

Figure 10. Elongations at various initial velocities (v = 20 m/s, 34 m/s, 37 m/s). Number of segments = 100, red line:
approximate solution, blue line: exact solution.

Force (N) Force (N) Force (N)

F F F
70 1404 140Q
60 1204 120
50 1004 1004
40 8004 800
30 60 600
20 4004 400
10 200 200

t t
0.05 0.1 015 0.2 - 0.05 0..:1 0.15 0.2 0.020.040.060,08 0,1 0,120,14
time (s) time (s) time (s)
(a) v=70m/s (b) v=113m/s (c)v=114 m/s

Figure 11. Forced responses at various initial velocities (v =70 m/s, 113 m/s, 114 m/s). Number of segments = 1000,

red line: approximate solution, blue line: exact solution.
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Elongation (m) Elongation (m) Elongation (m)
Xq X, %,
10
10
4
o 8
)
6 6
5
4 q
1 2 2
t t t
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2 0.020.040,060,08 0.1 0,120.,14
time (s) time (s) time (s)
(@) v=70m/s (b) v=113m/s (c) v=114 m/s

Figure 12. Elongations at various initial velocities (v =70 m/s, 113 m/s, 114 m/s). Number of segments = 1000, red line:
approximate solution, blue line: exact solution.

5. Conclusions

The applicability and benefits of a tailored tether for an airborne wind energy system
(AWES) were investigated. The AWES system with a tether structure was simplified
as a two-degree-of-freedom system and an exact response was mathematicallyobtained.
The composite tether was proven to show better endurance under impulsive loading
compared to the conventional structure since more mechanical work was required to reach
complete structure failure, thanks to the multiple load paths (primary and secondary
elements). Furthermore, an approximate response model was developed, which resulted
in a dramatic reduction of computational cost as well as showing good correlation with the
original results.
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