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ABSTRACT

This paper presents an analytical model and a geometric numerical integrator for a
tethered spacecraft model that is composed of two rigid bodies connected by an elastic
tether. This high-fidelity model includes important dynamic characteristics of tethered
spacecraft in orbit, namely the nonlinear coupling among tether deformations, rigid body
rotational dynamics, a reeling mechanism, and orbital dynamics. A geometric numerical
integrator, referred to as a Lie group variational integrator, is developed to numerically
preserve the Hamiltonian structure of the presented model and its Lie group configuration
manifold. This approach preserves the geometry of the configurations, and leads to
accurate and efficient algorithms that have guaranteed accuracy properties that make
them suitable for many dynamic simulations, especially over long simulation times. These
analytical and computational models provide a reliable benchmark for testing the validity
and applicability of the many simplified models in the existing literature, which have
hitherto been used without careful verification that the simplifying assumptions
employed are valid in physically realistic parameter regimes. We present numerical
simulations which illustrate the important qualitative differences in the tethered space-
craft dynamics when the high-fidelity model is employed, as compared to models with
additional simplifying assumptions.

© 2014 IAA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

as TSS, SEDS, or YES2 have been conducted by NASA and
ESA [14].

Tethered spacecraft are composed of multiple satellites
in orbit, that are connected by a thin, long cable. Numerous
innovative space missions have been envisaged, such as
propulsion by momentum exchange, extracting energy
from the Earth's magnetic field, satellite de-orbiting, or
Mars exploration [1-3], and several actual missions, such
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The dynamics of tethered spacecraft involves nonlinear
coupling effects between several dynamic modes evolving
on multiple length and time scales. For example, a full
scale tethered spacecraft may employ tethers with lengths
up to a 100 km, while recently proposed nano-tethered
spacecraft may employ short tethers of several meters in
length. This is in stark contrast to the orbital radius of
tethered spacecraft, which is several thousand kilometers.
The natural frequency of the tether is much higher than
the frequency of the rotational attitude dynamics or the
orbital period of the spacecraft. The rotational dynamics
of spacecraft is nontrivially coupled to the tension of the
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tether, which is affected by the reeling mechanism and
orbital maneuver. Therefore, it is important to accurately
model tether dynamics, attitude dynamics of the space-
craft, reeling mechanisms, gravitational force and the
interactions between them.

Several analytic and numerical models have been
developed for tethered spacecraft. However, due to the
complexities of tethered spacecraft, it is common practice
to use simplified models. Two point masses connected by a
rigid tether were considered in [5]. The dynamics of a
massless, flexible tether was included in [6]. Transverse
vibrations of two point masses connected by a flexible, but
inextensible, tether were studied in [7]. The attitude
dynamics of the payload satellite is considered in [8] in
order to provide insights into the dynamics anomalies in
the actual flight data of the OEDIPUS-A tethered rocket
payload. However, this did not entail a fully coupled
simulation, rather the paper addressed the response of
the payload to prescribed disturbances in the tether
tension, as opposed to explicitly including the dynamic
coupling between the central satellite and the tether.

Vibration mode analysis is provided in [9-11], but a
small vibrational amplitude assumption is imposed on the
controlled tether [9]; the effect of an appendage extending
at a prescribed rate is studied for a single spacecraft in
[10]; and a linearized model of a spacecraft model con-
nected to a fixed-length tether is studied in [11]. These
simplified models allow for rigorous mathematical analy-
sis, but they may fail to accurately predict the behavior of
actual tethered spacecrafts, particularly since tethered
spacecraft operations are typically based on weak non-
linear effects that act over a long time period. Recent
numerical studies consider more sophisticated tethered
spacecraft models including a varying tether length. But, in
these advanced models, rigid body dynamics is ignored
[12,13], and the reeling mechanism is neglected [12,14].

We have been motivated by these previous models to
construct a high-fidelity mathematical and numerical
model for elucidating the dynamics of tethered spacecraft
where the tether is long relative to the dimensions of the
spacecraft. This high-fidelity model can serve as a math-
ematical and computational testbed for exploring the
extent to which nonlinear coupling between the various
dynamic modes result in interesting and unforeseen phe-
nomena that could serve as the basis for novel mission
designs. While simplified models are desirable because of
their computational efficiency and the ease with which
they can be analyzed, as well as their applicability for real-
time model predictive control in embedded applications,
they typically have limited regimes of applicability in
parameter space. Our high-fidelity model provides a reli-
able benchmark for determining the range of validity for
the simplified models that have currently been studied, in
an effort to determine which, if any, of the simplifying
assumptions used in other models provide a valid simpli-
fied model in the parameter regimes for realistic tethered
satellite missions.

For such applications, the primary deployment mechan-
ism is through a reeling mechanism, and a careful model of
the reeling mechanism is essential to resolving the coupled
interactions among tether, reeling, and rotational dynamics.

In particular, this allows us to resolve the elastic waves
propagating along the tether, the dynamics of the reeling
mechanism, rotational dynamics of the satellites, as well as
the external forces arising from solar wind, atmospheric
drag or electrodynamic effects. The long aspect ratio of the
tether also means that there is effectively no resistance to
bending and torsion in the tether, and the main effect is
longitudinal elastic deformation along the tether. While
bending can easily be incorporated by including an addi-
tional term in the potential energy, torsion will require us to
consider a larger configuration space for the model. These
assumptions and observations motivate the modeling
choices that have been made in our model.

More precisely, the goal of this paper is to develop a
high-fidelity analytical model and numerical simulations
for tethered spacecraft. This is an extension of preliminary
work that studies a string pendulum model with a reeling
mechanism [15,16]. The first part of this paper provides a
realistic and accurate analytical tethered spacecraft model
including tether deformations, attitude dynamics of rigid
bodies, and a reeling mechanism. We show that the
governing equations of motion can be developed using
Hamilton's principle.

The second part of this paper deals with a geometric
numerical integrator for tethered spacecraft. Geometric
numerical integration is concerned with developing
numerical integrators that preserve the geometric features
of a system, such as dynamical and geometric invariants,
symmetries, and the structure of nonlinear configuration
spaces [17]. Because these geometric invariants play an
important role in the long-time qualitative and structural
properties of a system, geometric structure-preserving
integrators yield computational trajectories that more
accurately reflect the qualitative and statistical properties
of the system. These methods also exhibit more robust
energy properties, and avoid the artificial numerical dis-
sipation introduced by conventional integrators. A geo-
metric numerical integrator, referred to as a Lie group
variational integrator, has been developed for a Hamilto-
nian system on an arbitrary Lie group in [18]. The pro-
posed method is competitive from the point of view of
computational efficiency. Even though the method
requires a nonlinear solve, this can be efficiently imple-
mented using a fixed-point iteration, and the method only
requires one force evaluation per time-step.

A tethered spacecraft is a Hamiltonian system, and its
configuration manifold is expressed as the product of the
Lie groups SO(3), SE(3), and the space of connected curve
segments on R>. This paper develops a Lie group varia-
tional integrator for tethered spacecraft based on the
results presented in [18]. The proposed geometric numer-
ical integrator preserves symplecticity and momentum
maps, and exhibits desirable energy conservation proper-
ties. It also respects the Lie group structure of the config-
uration manifold, and avoids the singularities and
computational complexities associated with the use of
local coordinates. It can be used to study non-local, large
amplitude and deformation maneuvers of tethered space-
craft accurately over a long time period. This is in contrast
to conventional approaches where small deformations are
superimposed to a simplified, rigid tethered spacecraft
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model and the important coupling effects between various
dynamic modes are ignored.

The main contributions of this paper are summarized
as follows: (i) a realistic mathematical model for tethered
spacecraft that characterize the nonlinear coupling
between the translation dynamics and the rotational
dynamics of spacecraft, the translation and the deforma-
tion of the tether, and the reeling mechanism, (ii) unifying
variational framework to develop equations of motion, (iii)
high-fidelity numerical model to compute complex dynamics
of tethered spacecraft accurately.

This paper is organized as follows. A tethered space-
craft model is described in Section 2. An analytical model
and a Lie group variational integrator are developed in
Sections 3 and 4, respectively, followed by numerical
examples in Section 5.

2. Tethered spacecraft

We consider two rigid spacecrafts connected by an elastic
tether. We assume that the rigid spacecrafts can freely
translate and rotate in a three-dimensional space, and that
the tether is extensible and flexible. The bending stiffness of
the tether is neglected as the diameter of the tether is
assumed to be negligible compared to its length. The tether
is connected to a reeling drum in a base spacecraft, and the
other end of the tether is connected to a sub-spacecraft. The
point where the tether is attached to the spacecraft is
displaced from the center of mass so that the rotational
dynamics of the spacecraft is coupled to the tether deforma-
tions and displacements. This model is illustrated in Fig. 1.

We choose a global reference frame and two body-fixed
frames. The global reference frame is located at the center
of the Earth. The first body-fixed frame is located at the
center of mass of the base spacecraft, and the second
body-fixed frame is located at the end of the tether where
the tether is attached to the sub-spacecraft. Since the
tether is extensible, we need to distinguish between the
arc length for the stretched deformed configuration and
the arc length for the unstretched reference configuration.
We now introduce some notations:

meR  the mass of the base spacecraft, excluding the
reeling mechanism

Fig. 1. Tethered spacecraft model. (a) Reference configuration and
(b) deformed configuration.

JeR¥>3 the inertia matrix of the base spacecraft

R e SO(3) the rotation matrix from the first body-fixed

frame to the reference frame

the angular velocity of the base spacecraft repre-

sented in its body-fixed frame

xeR>  the location of the center of mass of the base
spacecraft represented in the global reference
frame

deR the radius of the reeling drum

beR the length of the guideway

peR3®  the vector from the center of mass of the base
spacecraft to the beginning of the guideway
represented in its body-fixed frame, p =[d, 0, b].

m, e R the mass of the reeling drum

J, e R®3 the inertia matrix of the reeling drum, J, = x,d*
for a matrix x, e R33

LeR the total unstretched length of the tether

5€[0,1] the unstretched arc length of the tether between
the point at which the tether is attached to the
reeling drum and a material point P on the tether

siS,t)e RT the stretched arc length of the tether to the
material point located at s

sp(t)e[b,L] the arc length of the tether between the point
at which the tether is attached to the reeling
drum and the beginning of the guideway

rS,t)e R® the deformed location of a material point P
from the origin of the global reference frame;
r(Sp, t) = X(O)+R(t)p

0S)eR O=(sp—b—5)/d for 5 €[0,s, —b]

neR The mass of the tether per unit unstretched
length

QeR?

mp e R the total mass of the base spacecraft, including
the reeling mechanism, i.e., m, = m+m;+psp
mseR  the mass of the sub-spacecraft

JeR the inertia matrix of the sub-spacecraft

Rs € SO(3) the rotation matrix from the second body-
fixed frame to the global reference frame

Qs e R the angular velocity of the sub-spacecraft repre-

sented in its body-fixed frame

the vector from the point where the tether is

attached to the sub-spacecraft to the center of

mass of the sub-spacecraft represented in its

body-fixed frame

ueR control moment applied at the reeling drum

ps e R

A configuration of this system can be described by the
locations of all the material points of the deployed portion
of the tether, namely r(s,t) for 5 € [sp, L], the location and
the attitude of the base spacecraft (x,R)e SE(3), the
attitude of the sub-spacecraft R; e SO(3), and the length
of the undeployed portion of the tether, s,eR. So,
the configuration manifold is G = C*>([0, L], R?) x SE(3)x
SO@3) x R, where C*([0,L],R’) denotes the space of
smooth connected curve segments on R>, SO3)=
{Re R3*3| RTR=1,det[R] = 1}, and SE(3) = R* ®SO(3) [19].

Throughout this paper, we assume that (i) the radius of
a reeling drum and the length of a guideway is small
compared to the length of a tether; (ii) the reeling drum
rotates about the second axis of the first body-fixed frame
attached to the base spacecraft; (iii) the deployed portion
of the tether is extensible, but the portion of the tether on
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the reel and the guideway inside the base spacecraft is
inextensible; (iv) the gravity is uniform over the base
spacecraft and the sub-spacecraft.

The attitude kinematics equation of the base spacecraft
and the sub-spacecraft is given by

R=RQ, R,=RQ;, 1)

where the hat map ° : R>—s0(3) is defined by the condi-
tion that Xy = x x y for any x,y € R? [18]. The inverse of the
hat map is denoted by the vee map: (1) : s0(3)— R>.

3. Continuous-time analytical model

In this section, we develop continuous-time equations
of motion for a tethered spacecraft using Hamilton's
variational principle.

3.1. Lagrangian

Kinetic energy: The kinetic energy is composed of the
kinetic energy of the base rigid body T, the kinetic
energy of the reeling mechanism T,,, the kinetic energy
of the deployed portion of the tether T, and the kinetic
energy of the sub-spacecraft Ts. The kinetic energy of the
base rigid body is given by

Tp, =imx-x+1Q.JQ. )
The kinetic energy of the reeling mechanism is given by
Ty, =3 (M +7asp) % - X+ spSh+3 k257, 3)

where x; =e; - kre. This is obtained by integrating the
infinitesimal kinetic energy of the material points on the
undeployed portion of tether, and ignoring higher-order
terms of b, d due to the assumption that the radius of
reeling drum d and the length of the guideway b is much
less than the length of the tether.

Let 7(5, t) be the partial derivative of r(3, t) with respect
to t. The kinetic energy of the deployed portion of the
tether is given by

L
1. .
th/spjﬁr(s)-r(s) ds. 4)

Let 5 € R® be the vector from the end of the tether to a
mass element of the sub-spacecraft represented with
respect to its body-fixed frame. The location of the mass
element in the global reference frame is given by r(L)+Rsp.
Then, the kinetic energy of the sub-spacecraft is given by

TS:/ %II?(L)+RSQSﬁ\\2dm

= %msf(L) -F(L)4+msi(L) - Rs-ésﬂs+ %-Qs -Js€2s. (5)
Here, we use the fact that [,pdm=p, and J;=
— fBS,f)? dm. The total kinetic energy is given by
T=Tp +Tp, +Tc+Ts.

Potential energy: From the assumption that the reeling
drum is small relative to the length of the tether, the
gravitational potential of the base spacecraft and the

reeling mechanism can be approximated as follows:

_ . GM GM
Vb=—(m+mr+ll5p)m—— bl (6)
where the gravitational constant and the mass of the Earth
are denoted by G and M, respectively.

The strain of the tether at a material point located at
r(s) is given by

. AsS(S)—As
e= lim ————
AS -0 AS

=56)-1,

where () denotes the partial derivative with respect to s.
The tangent vector at the material point is given by

o OG) _rG) &5 _1'G)
=TS _ _

os 05 0sS)  S(5).

Since this tangent vector has unit length, we have
s'(S)=|I"(S)|l. Therefore, the strain can be written as
e=||r'(3)||—1. Using this, the elastic potential and the
gravitational potential of the deployed portion of the
tether are given by

L _ 3 ' oM
vt=%/ EA(IF ®)Il - 1)? ds*/ I v

5)I ds,
where E and A denote Young's modulus and the sectional
area of the tether, respectively.

The location of the center of mass of the sub-spacecraft
is r(L)+Rsp, in the global reference frame. Since we assume
that the gravity is uniform over each spacecraft body, the
gravitational potential energy of the sub-spacecraft is
given by

GM

Vem —my— 0
s= TS T D) TRl

(8)
From (2)-(8), the Lagrangian of the tethered spacecraft
is given by

L=(Tp, +Tp, =Vp)+(Tc=Vo)+(Ts—Vs) 9)

L=Ly+L+L. (10)

3.2. Euler-Lagrange equations
Let the action integral be

t4
® = thb+Lt+Lsdt=(ﬁb+05t+(ﬁs. i
0
According to the Lagrange-d'Alembert principle, the var-
iation of the action integral is equal to the negative of the
virtual work for fixed boundary conditions, which yields
the forced Euler-Lagrange equations. For the given teth-
ered spacecraft model, there are three aspects that require
careful consideration: (i) the rotation matrices R,Rs that
represents the attitudes lie in the nonlinear Lie group
SO(3); (ii) the domain of the integral depends on the
variable s,(t) at (4); (iii) since the tether is assumed to be
inextensible in the guideway, and it is extensible outsize of
the guideway, there exists a discontinuity in strain at the
beginning of the guideway.
Variation of ®,: The attitudes of spacecraft are repre-
sented by the rotation matrix R, Ry € SO(3). Therefore, the
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variation of the rotation matrix should be consistent with
the geometry of the special orthogonal group. In [18], it is
expressed in terms of the exponential map as

4

SR=

=0 de

- Rexp e =Rp, (12)
d€ e=0

for n € R3. The key idea is expressing the variation of a Lie
group element in terms of a Lie algebra element. This is
desirable since the Lie algebra so(3) of the special ortho-
gonal group, represented by 3 x3 skew-symmetric
matrices, is isomorphic as a Lie algebra to R3. As a result,
the variation of the three-dimensional rotation matrix R is
expressed in terms of a vector € R>. We can directly show
that (12) satisfies S(R'R)=6R"R+R'6R= —#+#=0. The
corresponding variation of the angular velocity is obtained
from the kinematics equation (1):

A d

RYR =@+ xn". (13)
0

€=

Using (12) and (13), and integration by parts, the variation
of ®, is given by

t
5(5,,:/ {_mbk_ps'px_GMm,,%}.ax
to Xl
. Lo GM
+{—(ﬁsp+xz)sp+%;7<x-x—sﬁ+2m)}6sp
—(JQ+QJQ} -y dt. (14)

Variation of ®,: The action integral for tether namely &,
is expressed as a double integral on (t,5) € [to, t7] x [Sp(t), L],
given by

GM
IrSli

Thus, its variation should take account of the s,(t) varia-
tion:

ds dt.

AL N | L )
Se= [ [ SEE: 1O~ SEAIrEI-17+7
Jtg sy

ok &)l —1
= . _FA__ V" VWA
o0 /[ /s,,”r(s) O~ FA )i ) - or®)
MO seevasde [ i (s i (st
Ml\r(?)\|3 or(s) ds dt ./t0 {zur<sp) r(sp).
1 , , _ GM
_EEA(Mr(s;)ll—l) +7 Hr(sp)\l}ésp dt, (15)

where 7(s, ) represents the material velocity at the outside
of the guideway.

Now, we focus on the first term of (15). We cannot
apply integration by parts with respect to 3, since the order
of the integrals cannot be interchanged as s,(t) depends on
t. Instead, we use Green's theorem [15]:

t, L
£ (3) - or(3) ds = /[ ! / %(f(?)ﬁr@)) ds dt, (16)

where ¢ represents the counterclockwise line integral on
the boundary C of the region [to, t] x [sy(t), L]. The bound-
ary C is composed of four lines: (t=to,5 €[sp(to),L]),
(t= tf, Se [Sp(ff), L]), (t € [to, ff], S= Sp(t)), and (t € [to, tf],
5 =1L). For the first two lines, 6r(s) =0 since t = tg, t;. For
the last line, ds =0 since 5 is fixed. Thus, parameterizing

the third line by t, we obtain

i 3) - or(3) ds = /

to

t
! T (sp()) - 81(sp(1))$p(F) dt.

Substituting this into (16) and rearranging, we obtain

t L
/ ' / #&) - 5 (3) d5 dt
to Jsp
t L
- [ {/ —i(S) - or(s) d§+f(sp)-5r(sp)s'p} dt. a7
to S

Substituting (17) into (15), and using integration by parts,
the variation of ®; can be written as

t, L
56 = /[ ' / {—/4?(§)+F’(§)—/46M Irrg))I3} - 51(5) ds dt

[ ) ol ) pemars

_ GM s
—H r(sp)u} S
+HT(sy ) - 81(sy )Sp—F(L) - 6r(L)+F(sp) - 61(sy) dt,
(18)

where F(S) = EA(IF'(S)Il = 1)/ I ST’ (S).

This is further simplified as follows. Let r, = r(sp(t), t) be
the location of the beginning of the guideway. Since it can
be written as rp = x+Rp, we have 6rp = ér(s,7)+1'(sy )dsp =
5x+Rip. Thus,

or(sy ) = —1'(s, )5Sp+6x—Rpn.
Similarly, we obtain
F(sy )= —T(s5)Sp+X —RpQ.

Substituting these into (18), the variation of &, is
expressed in terms of r(5), 8sp, dx, n, and &r(L).

Variation of ®,: Similar to (14), the variation of G is
given by

rl . 2 5
G5 = / { —mgT (L) —msRs Q2 ps — MsRs825pg
to

T(L)+Rs/)s s ~ pTs
—GMmy—————=— 5 -r(L)+< —JQs—msp R T(L
s I\r(L)+R5pSII3 (L) .] s sP sl (L)

—OJ0s —GMmSM } e dt. 19)
(L) +Rsps |

In short, the variation of the action integral is given by

(14), (18), and (19).

Variational principle with discontinuity: Let r(s; ), and
r(s,”) be the material point of the tether just inside the
guideway, and the material point just outside the guide-
way, respectively. Since the tether is inextensible inside
the guideway, IIr'(s, )Il = 1. Since the tether is extensible
outside the guideway, II7'(s; )l =1+¢*, where et repre-
sents the strain of the tether just outside the guideway.
Due to this discontinuity, the speed of the tether changes
instantaneously by the amount e ™ [$| at the guideway.

As a result, the variation of the action integral is not
equal to the negative of the virtual work done by the
external control moment u at the reeling drum. Instead, an
additional term Q, referred to as Carnot energy loss term,
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should be introduced [13,20]. The resulting variational
principle is given by

t
56+ [ (Q+u/dss,—ue, -y dt=0. (20)
Jto

The corresponding time rate of change of the total energy
is given by E= (Q+u/d)sp, where the first term Qs,
represents the energy dissipation rate due to the velocity
and the strain discontinuity. The corresponding expression
for Q has been developed in [15]

Q= -1 s, )l — 1)25‘5 —JEA(I (s, )l — 1)2. (21)

Euler-Lagrange equations: Using these results, and the
variational principle with discontinuity (20), we obtain the
Euler-Lagrange equations for the given tethered spacecraft
model in (22)-(27). In (25), we require that r(sy) =x+Rp
for the continuity of the tether.

These equations provide a comprehensive, analytical
model of tethered spacecraft, including rotational
dynamics of spacecraft, deformation of tether, and reeling
mechanism. We have shown that the equation of motions
can be derived based on a variational principle in a unified
way. These can be simplified in a number of special cases.
For example, we can substitute $, =0 when the length of
the deployed portion of the tether is fixed, and we can set
p=ps=0 when the main spacecraft and the sub-
spacecraft are modeled as point masses instead of rigid
bodies:

— (m+m;+psp)X —GM(m-+m;+isp) INE
+Sp(—1'(5;)5p — Rp2) +F(sp) =0, (22)

—JQ—QJQ+a$ppR (—T'(s, )sp+X —Rp<2)
+pRTF(sp)—ue, =0, (23)

1. . . R 1_.
— (Esp+x2)Sp— j,7(><—Rpg) -(X—RpQ)+ S FX

. 6M oM o
RN eSS TR 7] ~F(s) 7 (s5)
wmsp(1r (s ) 1-1) +g -0, (24)
e e r(s) _
—Mr(s)JrF(s)—MGMW =0, (Se[sp.L], r(sp) =x+Rp),
(25)
— (L) +MsRsp Q25 — msRszgps
_ SM —F(L)=0, (26)
(L) +Rsps |
. o N . L)+ Rsp.
s —MspRTF(L) — 025 — GMmgp R D FRps
.IS S Sps S () SJs S Sps S ”r(L)+R5psH3
(27)

where F(S)=EA((IT") I —1)/1I7'(5)Ir'(S) denotes the ten-
sion of the tether.

4. Lie group variational integrator

The Euler-Lagrange equations developed in the previous
section provide an analytical model for a tethered spacecraft.

However, the standard finite-difference approximations or
finite-element approximations of those equations using gen-
eral purpose numerical integrators may not preserve the
geometric properties of the system accurately [17]. For
example, it has been shown that a general purpose numerical
integrator fails to compute the energy dissipation rate cor-
rectly [21], and that explicit Runge-Kutta methods do not
preserve the orthogonal structure of rotation matrices,
thereby yielding unreliable numerical results for the rotational
dynamics of a rigid body [22,23].

Geometric numerical integrators deal with numerical
integration techniques that preserve the underlying geo-
metric properties of a dynamical system, such as invariants,
symmetries, or the structure of configuration manifolds
[17,24]. Variational integrators provide a systematic method
to construct geometric numerical integrators for mechanical
systems [21], where a numerical integrator is developed
according to a discrete analogue of Hamilton's variational
principle. Numerical flows of variational integrators can
have desirable properties such as second-order accuracy,
symplecticity and momentum preservation, and they can
exhibit good energy behavior over a long time period.

In particular, Lie group variational integrators are
developed for Lagrangian/Hamiltonian systems evolving
on a Lie group [18]. They inherit the desirable computa-
tional properties of variational integrators, and they also
preserve the Lie group structures of a configuration mani-
fold naturally by updating a group element using the
group operation. These are in contrast to projection-
based methods where projection at each time-step may
corrupt conservation properties, or constrained-based
methods where a nonlinear constraint needs to be solved
at each time-step. They also avoid singularities introduced
by local parameterizations of a Lie group.

The unique feature of Lie group variational integrators
is that they preserve both the symplecticity of mechanical
systems and the nonlinear structure of a Lie group config-
uration manifold concurrently, and it has been shown that
this is critical for accurate and efficient simulations of
multibody dynamics [23].

In this section, we develop a Lie group variational
integrator for a tethered spacecraft. We first discretize
the tether using a finite-element model, and we construct
a discrete Lagrangian, which is used to derive the discrete
Euler-Lagrange equations for tethered spacecrafts.

4.1. Discretized tethered spacecraft model

Let h > 0 be a fixed time-step. The value of variables at
t=to+kh is denoted by a subscript k. We discretize the
deployed portion of the tether using N identical line
elements. Since the unstretched length of the deployed
portion of the tether is L—sp,, the unstretched length of
each element is Iy = (L—sp,)/N. Let the subscript a denote
the variables related to the a-th element. The natural
coordinate on the a-th element is defined by

(S—sp)—(a—D
I

Cka(S) = (28)

for s e [sp, +(a— D), sp, +ali]. This varies between 0 and 1
on the a-th element. Let Sy and S; be shape functions given
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by So(¢)=1-¢, and S;(¢) =¢, respectively. These shape
functions are also referred to as tent functions.

Using this finite-element model, the position vector
r(s,t) of a material point in the a-th element is approxi-
mated as follows:

1($) =So(ka)ka+S1(Cka) ka+1- (29)

Therefore, a configuration of the discretized tethered
spacecraft at t=kh+to is described by g, = (Xk;Ry;Sp,;
Tk1s--Tkn+1:Rs), and the corresponding configuration
manifold is G=R> x SO(3) x R x (R*)N*! x SO(3). This
is a Lie group where the group acts on itself by the
diagonal action [19]: the group action on Xy, Sp,, and ry4
is addition, and the group action on Ry,R;, is matrix
multiplication.

We define a discrete-time kinematics equation using
the group action as follows. Define f) = (Axy;Fy; Asp,;
ATkq, ..., ATgny1:Fs) € G such that g, =g.fy:

K15 Res13Sp, 13 T 1,05 Riep 1)
= (Xg -+ AXy; ReFii; Sp, 4+ ASp, s T a + ATy a; Rs, Fs).- (30)

Therefore, f, € G represents the relative update between
two integration steps. This ensures that the structure of
the Lie group configuration manifold is numerically pre-
served since g is updated by f; using the right Lie group
action of G on itself.

4.2. Discrete Lagrangian

A discrete Lagrangian Ly(g.f,): G xG—R is an
approximation of the Jacobi solution of the Hamilton-
Jacobi equation, which is given by the integral of the
Lagrangian along the exact solution of the Euler-Lagrange
equations over a single time-step:

La(@ o) ~ / LE(.2~ (O 1) dt,

where g(t):[0,h]—G satisfies Euler-Lagrange equations
with boundary conditions g(0) = g, (h) = gf. The result-
ing discrete-time Lagrangian system, referred to as a
variational integrator, approximates the Euler-Lagrange
equations to the same order of accuracy as the discrete
Lagrangian approximates the Jacobi solution [21].

We construct a discrete Lagrangian for the tethered
spacecraft using the trapezoidal rule. From the attitude
kinetics equations (1), the angular velocity is approxi-
mated by
Q= %RTk'(Rk-H —R) =
Define a non-standard inertia matrix J; =1 tr{JJ—J. Using
the trace operation and the non-standard inertia matrix,
the rotational kinetic energy of the main spacecraft at (2)

. . ~ A AT
can be written in terms of Q as 1@Q.jo=1 tr[Q]dQ }

Using this, and (2), (3), the kinetic energy of the base
spacecraft is given by

1
E(Fk_l)-

21? (Sp, +xs) Asp,
tr[I—F)/4]. 31

1
Tk,b = ﬁ (m+mr +/7$pk)AXk - AXy+

where we use properties of the trace operator: tr{AB] =
tr[BA] = tr[ATB] for any matrices A, B e R>*3.

Next, we find the kinetic energy of the tether. Using the
chain rule, the partial derivative of r(s), given by (29),
with respect to t is given by

T,((S) {SO(CR a)Arka"‘sl (gk a)ArkaJrl

+

(L - 5) (rk,a - rk,a + l)
(L*Spk) lk Aspk }

Substituting this into (4), the contribution of the a-th tether
element to the kinetic energy of the tether is given by

1
1 .
Tk,a = /0 jﬂlk 17 (Ck,a) I 2 dz:k,a
1 .1 1.5
= —5MAryg - Argg+ —5 MjArgg 1 Alggiq
h 2h
MkaAs

2h h
+h MkaAspk Arka+1+h MkaAspk ATia, 32)

2Mk Arka : Arka+1

where inertia matrices are given by
1
Mllc = §/71ks M% = Mllp
- (3N?+3N+1—6Na— 3a+3a2)

M § %
1 _ 1_(1+3N—-3a

M lk’ M 6 % (rl<,a_rk,a+l)>
1 2+3N—-3a

Mgla = gﬁ% (rk,a_rk,a+1)~

Similar to (31), from (5), the kinetic energy of the sub-
spacecraft is given by

1 1
Tk,s = WmsArk‘NH CATRN 1+ ? tr[(I—Fsk) Sd]

1
+ h—zmsArk,N-H - Rs, (Fsk —I)Ps~ (33)

From (31), (32), and (33), the total kinetic energy of the
discretized tethered spacecraft is given by

N
Te=Tp+ X Tiat+Tis (34)

a=1
Similarly, from (6), (7), and (8), the total potential
energy is given by

Vi = —GM(m+m;+psp,) Tl

N 1
+ —2GMply ——————

TR

1EA 1
+2 I (IMka+1—Tka ‘_Ik) GMmsm~

(35)
Using (34) and (35), we choose the discrete Lagrangian
of the discretized tethered spacecraft to be

Lg, (8-fr) = Ty (k- fi) — h Vk (& fr) — h Vk+l (k- fr)-

(36)
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This corresponds to an approximation to the action integral
given by (11) over a single time-step, with second-order
accuracy as it is based on the trapezoidal rule. It can be
shown that the resulting variational integrator will have the
same second-order accuracy [21].

4.3. Discrete-time Euler-Lagrange equations

We define the discrete action sum G4 = Y7} _ Lg, (8k.f1)-
According to the discrete Lagrange-d'Alembert principle,
the variation of the action sum is equal to the negative of
the discrete virtual work. This yields the discrete-time
forced Euler-Lagrange equations, which we call a varia-
tional integrator.

In [18], the following Lie group variational integrator
has been developed for Lagrangian systems on an arbitrary
Lie group:

TZLfkq : kaql‘dk—l _Ad*k” : (TZLfk 'kaLdk)
+Tilg, - Dg Ly, +Ug, +Qq, =0, (37)

81 =8k (38)

where TL : TG— TG is the tangent map of the left transla-
tion, Dy represents the derivative with respect to f, and
Ad* : G x g*—g* is the co-Ad operator [19].

The virtual work due to the control input and the
Carnot energy loss are denoted by Uy, € g* and Qgq, € ¥,
respectively, and they are chosen to be

h
Ug, - (87 "08x) = 7 45Sp, —hugey -y, (39)

B h/ 5o
Qdk : (g 15g1<) = - ﬁ (ﬂAspk/h +EA>
<(Ire2 =Tk ll = 1) 85, (40)

By substituting (36), (39), and (40) into (37) and (38),
we obtain a Lie group variational integrator for the given
discrete tethered spacecraft model. This involves deriving
the derivatives of the discrete Lagrangian and their co-
tangent lift. More details about the derivation and the
resulting Lie group variational integrators are summarized
in the Appendix, which also includes a description of the
computational approach.

Computational properties: One of the desirable compu-
tational properties of the proposed Lie group variational
integrator is that it is developed directly on the special
orthogonal group, using rotation matrices. It is well known
that local parameterizations of SO(3), such as Euler angles
or Rodrigues parameters, have singularities. Therefore,
they are not suitable for numerical simulation of complex
rotational maneuvers of spacecraft, as one has to continu-
ally transform into new local parameterizations in order to
avoid the numerical ill-conditioning that arises near the
coordinate singularities.

Quaternions do not have singularities but since the
group SU(2) of quaternions double-covers SO(3), there is
an ambiguity in representing attitudes. Furthermore, the
unit-length of quaternions is not generally preserved in
numerical simulations, and therefore attitudes cannot be
determined accurately. In some cases, numerical solutions

are obtained by applying a one-step method and project-
ing onto the unit sphere at each time-step. But, such
projections interfere with the desirable long-time proper-
ties of numerical integrators, since the projection typically
breaks the structure-preservation property, and the errors
accumulate over time.

In the proposed approach, rotation matrices are
updated using the corresponding group operation, namely
matrix multiplication, and therefore the group structure is
preserved automatically to the level of machine precision,
without the need for projection. This also avoids the
singularities and ambiguities that arise in other attitude
representations.

Numerical flows of the proposed Lie group variational
integrator are symplectic and momentum preserving as it
is developed according to Hamilton's variational principle.
These ensure long-term structural stability in computa-
tional results, and they avoid the artificial numerical
dissipation that appears in general purpose numerical
integrators. These conservation properties are difficult to
achieve in conventional approaches that are based on
finite-difference approximations of the continuous equa-
tions of motion.

When the reeling mechanism and the rotational
dynamics are ignored, i.e., Asp =p=p.=0, it can be
shown that the proposed Lie group variational integrator
for the deformation tether dynamics is equivalent to the
commonly used explicit central-difference algorithm or
the Newmark method (with =0 and y =1); this integra-
tor has been widely used for numerical simulation of
structural dynamics and vibrations [25,26]. This reflects
the fact that variational integrators encompass a wide
range of structure-preserving integrators as special cases,
depending on the choice of the discrete Lagrangian [21].
Consequently, we expect that the wave propagation and
tether deformation dynamics computed by the Lie group
variational integrator for the tethered spacecraft are
second-order accurate and they inherit many of the other
good properties of the Newmark class of integrators,
including accuracy of amplitudes and frequencies. Due to
the complexity of the complete dynamics of the tethered
spacecraft, it is not possible to quantify the accuracy
properties of the proposed Lie group variational integrator
for the combined orbital/attitude dynamics, tether defor-
mation, and reeling mechanism.

5. Numerical example

In this section, computational properties of the Lie
group variational integrator are illustrated.

5.1. Validation

The proposed approach is implemented on Matlab and
it is first validated by checking that it generates numerical
results consistent with a tethered spacecraft model con-
sidered in [14]. A case where a sub-spacecraft is released
from a stationary base spacecraft under the effects of
gravity is considered, and the corresponding detailed
simulation parameters are described in [14]. Fig. 2 illus-
trates the length of tether in the reeling mechanism and
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Fig. 2. Validation of algorithm: computational results of the proposed approach (red circles) are compared with a tethered spacecraft model (black) in [14].
(a) Length of tether in the reeling mechanism s,,. (b) Tension at the guideway. (For interpretation of the references to color in this figure caption, the reader

is referred to the web version of this paper.)

the tension of tether at the guideway, where the corre-
sponding figure images from the reference [14] are copied
as backgrounds. It is shown that the proposed approach
(red circles) generates numerical results comparable to
[14] (black curves).

5.2. Benchmark study

Next, we perform benchmark studies using the follow-
ing tethered spacecraft model. The properties of the
tethered spacecraft are chosen to be

m=490kg, m,=10kg, ms;=150kg,
=120 km, p=24.7kg/km, EA=659,700N,
J = diag[5675.8, 5675.8, 61251 kg m?, p=[0.5,0.0,1]m,

J; =diag[500, 500, 3001 kg m?, p,=[0,0,1]m.

Initially, the base spacecraft is on a circular orbit with an
altitude of 300 km, and the tether and the sub-spacecraft
are aligned along the radial direction. The initial
unstretched length of the deployed portion of the tether
is 20 km, i.e., s5(0) =100 km. The initial velocity at each
point of the tether and the sub-spacecraft is chosen such
that it corresponds to the velocity of a circular orbit at that
altitude.

We consider the following three cases. In the first case,
the reeling drum is fixed so that the length of the deployed
portion of the tether is fixed, i.e., S, = 0. In the second case,
the reeling drum is free to rotate, and the tether is released
due to the gravity gradient between the base spacecraft
and the sub-spacecraft. The third case is the same as the
first case except that the initial velocities of the base
spacecraft and the sub-spacecraft are perturbed by about
15% to generate a tumbling motion. For all the cases, the
number of tether elements is N=20. The orbital period of a
point mass on a circular orbit at the altitude of 300 km is
5410s.

Simulation results, including time-step, CPU time, and
the mean deviation of conserved quantities, are summar-
ized in Table 1. The CPU times are reported for a Matlab
implementation on a Macbook Air notebook with Intel
Core i5 1.7 GHz processor. For the first case and the third
case, we compare the computational properties of the
proposed Lie group variational integrator with a Runge-

Table 1
Simulation results (LGVI: Lie group variational integrator, RK: Runge-
Kutta).

Case Parameters LGVI RK

I h (s) 0.05 0.003

tr=6000s  CPU time (h) 415 4.80
mean|AEy| 7.90 x 1078 891 x 1072
mean |1 —RLR, | 7.38 x 10714 459 %108
meanl[-RlR;, I 611x10"™  7.04x10"°

1l h (s) 0.05 -

tr=3848s  CPU time (h) 3.97 -
mean |/ —R{R, | 440x107" -
meanl[-Rl Ry, I 516x107" -

1 h(s) 0.01 0.0004

tr=6000s  CPU time (h) 24.22 36.17
mean|AEy| 7.18 x 1072 1.89 x 10!
mean |1 —RER, | 973x 10~ 230x1073
meanl[-Rl Ry, I 1.58x 107"  314x107?

Kutta method: the tether is semi-discretized using the
same finite-elements, and the resulting system of
continuous-time equations is integrated with an explicit
Runge-Kutta method with the same second-order accu-
racy. They serve to illustrate that the numerical conserva-
tion properties of the proposed algorithm are far superior
to even a highly resolved Runge-Kutta simulation with
time-steps chosen to exceed the computational cost of the
proposed Lie group variational integrator. The required
computation time can be dramatically reduced by imple-
menting the algorithm using a compiled language such as
C, by using fixed-point iterations instead of Newton itera-
tions, and by implementing the method on a parallel
computer (see, for example, [27]).

Figs. 3-5 illustrate simulation results for each case. We
consider a fictitious local vertical, local horizontal (LVLH)
frame that is attached to an imaginary spacecraft on a
circular orbit with an altitude of 300 km. For each figure,
we have the following subfigures: (a) the maneuvers of the
tethered spacecraft are illustrated with respect to the LVLH
frame. To represent the attitude dynamics of spacecraft,
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Fig. 3. Case 1: Circular orbit, Fixed unstretched tether length. (a) Snapshots observed in the LVLH frame (km) (The size of spacecraft is increased by a factor
of 100 to illustrate the attitude dynamics.). (b) Tpase + Toup (red), Tretner (gr€€N), Vgraviey (Cyan), Veyasiic (blue), total energy (black) (108]J). (c) Computed total
energy deviation E(t)—E(0) (LGVI: red, RK: blue, dotted) (10°]). (d) Angular Velocity of the base spacecraft 2 (LGVI: red, RK: blue, dotted) (rad/s)
(e) Unstretched length of the deployed part of the tether (red), stretched length (blue) (km). (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this paper.)

the size of the spacecraft is increased by a factor of 100,
and the relative strain distribution of the tether at each
instant is represented by a color shading. (Animation that
visualizes each maneuver of tethered spacecraft has also
been submitted as supplementary materials.) The remain-
ing subfigures show (b) the energy transfer, (c) the
computed total energy deviation from its initial value, (d)
the angular velocity of the base spacecraft, and (e)
the unstretched/stretched length of the tether. For the
first case and the third case, the computed total energy
deviation and the angular velocity of the base spacecraft
are compared with the results from the Runge-Kutta
method.

In the first case, we observe a pendulum-like motion
where the tether is taut and its stretched length is almost
close to the unstretched length. But, one observes a strain
wave that propagates along the tether, and nontrivial attitude
dynamics for the base spacecraft and the sub-spacecraft. The
proposed Lie group variational integrator exhibits excellent
conservation properties, as shown in Table 1. The Runge-
Kutta method exhibits relative large deviations in the total
energy, and large errors in the preservation of the orthogonal
structure of rotation matrices. As illustrated in Fig. 3(d), the
errors in preserving the conserved quantities also cause
errors in computing the angular velocities: there is a notice-
able difference after t=300 s.
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In the second case, the tether is deployed by gravity
gradient effects between the base spacecraft and the sub-
spacecraft. Due to the Carnot energy term discussed in the
previous section, the total energy increases slightly. As the
mass in the base spacecraft is transferred to the deployed
portion of the tether, there is kinetic energy transfer from
the base spacecraft into the deployed portion of tether, as
seen in Fig. 4(b).

The third case is most challenging: there are in-plane
and out-of-plane tumbling motions; the tether is stretched
by 25%; the attitude dynamics of the spacecrafts are
nontrivially excited with large angular velocities. As the
altitude of tethered spacecraft increases, the kinetic
energy is transferred to the gravitation potential energy,

and there is also kinetic energy exchange between space-
craft and tether at a higher frequency. The proposed Lie
group variational integrator computes the complex
dynamics of this tethered spacecraft accurately, and it
exhibits excellent conservation properties compared with
Runge-Kutta method, as shown in Table 1.

One of the most distinct features of the proposed
computational model of tethered spacecraft is that it
explicitly takes account of the coupling between several
dynamic modes, which have been ignored in most of the
existing approaches. As a concrete example to demon-
strate the coupling effect between the rotational dynamics
of tethered spacecraft with the translational orbital
dynamics, the third case is repeated while assuming that
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Fig. 5. Case 3: perturbed circular orbit, fixed unstretched tether length. (a) Snapshots observed in the LVLH frame for t <60 s (km). (b) Tpgse + Tsup (red),
Trether (green), Veravity (cyan), Veyasic (blue), total energy (black) (10°]). (c) Computed total energy deviation E(t)—E(0) (LGVI: red, RK: blue, dotted) (10 J).
(d) Angular velocity of the base spacecraft 2 (LGVI: red, RK: blue, dotted) (rad/s). (e) Unstretched length of the deployed part of the tether (red), stretched
length (blue) (km). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

the base spacecraft and the sub-spacecraft are modeled as
point masses, i.e., p = p; = 0. The differences in the position
of the base spacecraft and the sub-spacecraft between the
full dynamics model proposed in this paper and the
simplified model without the attitude dynamics are illu-
strated at Fig. 6(a) and (b). Ignoring the attitude dynamics
causes mean errors of 1.03km and 8.29 km in the
computed position of the base spacecraft and the

sub-spacecraft, respectively. This is a noticeable discrepancy
considering the fact that the simulation period is slightly
longer than one orbital period, and that the ratio of the
rotational kinetic energy to the total kinetic energy is at the
level of 10~°. In particular, as illustrated at Fig. 6(c), the
relative position of the sub-spacecraft with respect to the
base spacecraft and the configuration of the tether could be
drastically different. These illustrate the importance of the
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nonlinear coupling effects between the attitude dynamics
and the translational dynamics of tethered spacecraft in
complex maneuvers.

6. Conclusions

We develop continuous-time equations of motion and a
geometric numerical integrator for a tethered spacecraft
model that includes tether deformation, spacecraft atti-
tude dynamics, and a reeling mechanism. This provides an
analytical model that is defined globally on the Lie group
configuration manifold, and the Lie group variational
integrator preserves the underlying geometric features,
thereby yielding a reliable numerical simulation tool for
complex maneuvers over a long time period. We also show
that both continuous-time model and numerical integra-
tors for tethered spacecraft can be derived using a varia-
tional framework.

The numerical results suggest that any small distur-
bance to the tethered spacecraft is propagated along the
tether at a high velocity, which is determined by the
material properties of tether. Since the points of contact
between tether and spacecraft are displaced from the
center of mass of the spacecraft, the elastic disturbances
of the tether excite the rotational dynamics of spacecraft

significantly. Therefore, it is critical to accurately model the
reel mechanism, deformation of the tether, spacecraft
rotational dynamics, and their interaction for obtaining
realistic numerical predictions about how tethered space-
craft behave when performing aggressive maneuvers.

Future research directions include designing optimal
orbital maneuvers of tethered spacecraft by adopting
computational geometric optimization techniques based
on the proposed Lie group variational integrator [28]. The
presented tethered spacecraft model can be used for
vibration analysis that includes the rotational dynamics
of both spacecraft and a reel mechanism [9-11]. Also, it
can be generalized for an arbitrary number of rigid bodies
connected by multiple tethers [29,30]. The presence of
multiple-timescales in the fully coupled system also natu-
rally leads to the question of developing multiscale varia-
tional integrators.
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Appendix A. Derivation of the Lie group variational
integrator for a tethered spacecraft

A.1. Derivatives of the discrete Lagrangian

The Lie group variational integrator given by (37) is
expressed in terms of the derivatives of the discrete
Lagrangian and their co-tangent lift. Here, we describe
how to compute the co-tangent lift and the co-Adjoint
operator on the configuration manifold G = R? x SO(3)x
R x (RHN*1 x SO(3) without introducing the formal defi-
nition of those operators.

The co-tangent lift of the left translation on a real space
is the identity map on that real space. Using the product
structure of the configuration manifold G=R3x
SO@3) x R x (RHN*+1 x SO(3), the derivative of the dis-
crete Lagrangian with respect to fj = (AX:Fy;Aspy,;
ATy, ..., ANy 1; Fs,) € G is given by

Tely, - Dy Ly, = [DaxLa,: TiLr, - D La,; Das, La,:

Dar,Liy. - Dan. La: TiLr, - D, Ly, A1)
Deriving the derivatives of the discrete Lagrangian with

respect to Axy, Asp, or Ary, is relatively straightforward.

For example, from (31), (34), and (36), the derivatives of
the discrete Lagrangian with respect to x;, Ax; are given by

1 h
DAXdek = n (m+mr +ﬁSpk)AXk— likH Vists (A.2)
h h
kaLdk = ijk Vk— ijkH Vk+1= (A-3)
where
Xk

kavk = GM(m+mr+l75pk) W
k

Similarly, from (32), the derivative of the discrete Lagran-
gian with respect to Ary, for a=2,...,N is given by

h
DA"k,a Ldk = h(DATk.a Tkﬂfl +DA"k_a Tk,ﬂ) - jDArk,a Vk+l

1

2 1
12 1 12
= EMk ATgg_1+ 7 Mp AT o+ M " AT g1

h h
1 h
I’l <Mka Mka 1)A5Pk zDrk+1,nvk+la (A~4)

where the derivative of the potential energy is given by

Tka— T T T
Drk.n Vk _ ZGMﬁlk ka—1 + k.a 5 +26Mﬁlk ka + ka+1 5
I rk,a—l +rk,a Il I rk,a +rk,a-%—l I
+ sz,a -1 Vvi,a’ (A5)

EA ||rl<a+1 rk,a” _lk (

Na%
ka = lk ”rk,a+l _rk,a”

Tka+1— rk,a)- (AG)
Expressions for the other derivatives of the discrete
Lagrangian with respect to Sy, ASy, Tk, ATk, Tkni1s
Aty 1 can be developed similarly.

Now we find the derivative of the discrete Lagrangian
with respect to F,. From (31), (35), and (36), we have

% tr[—8FyJ4].

Similar to (12), the variation of the rotation matrix F, can be
written as 5F; = F; for a vector ¢ € R3. From the definition of

Dr, Ly, - 6Fk =

the co-tangent lift of the left translation, we have

(TiLe, -DeLg,) - ¢ = % tr = Filida]

By repeatedly applying the following property of the trace
operator, trJAB] = tr[BA] = trJATB'] for any A, B e R>*3, this can
be written as tr{—Fkﬁ,Jd] = tr[—&,JdFk] = tr[ék FlJg1=
1w [ék (]dFk—FZ]d)] Using the property of the hat map,
xTy = —1 tr[xy] for any x,y € R®, this can be further written
as

1
TiLs - DrlLa, = 7 UaFi—FlJp) ™ A7)

Similarly, we obtain
TiLe, - Dr, Ly,

1 Mms . -1
= EUSdFSk sd) + hs /)stkRskArk,N+1
h r R
_EcmmS/)stTkRsTk k+1N+11TRse 1 Ps . (A8)
1T N1 +Rs sl

Expression for the derivatives of the discrete Lagrangian with
respect to R, and R;, are similarly developed.

The Lie group variational integrator given by (37) also
involves the co-Adjoint map [19]. Using the product
structure of the configuration manifold, the second term
of (37), namely Ad}"k,l(Tijk -Dy,Lg,), corresponds to the
collection of the co-Adjoint maps for each element of
TiLys, - Dy Ly, given by (A.1).

The co-Adjoint map on a real space is the identity map
on that real space. For example,

Ad* ,, (DaLg) =Dy, Ly, (A.9)

The co- Ad]omt map on SO(3) is given by AdF1
p= ka_(F,(pF) for any p e (R*)* ~ s0(3)* to obtain

1
Ad?{ (TfLg, - DgLg,) = E(Fk.ld —JaF) 7, (A10)
Adyy (T;*Lﬂ,k Df, Ldk>

1
= E(FSkJSd _Jdezk) h FSkpSF RskArkNJrl

h TpT  Tke1N+1+Rs, ps
— 2 GMm,Fq,p FLR waifs (AT
2 S Sls Sk Hrk+1N+1+Rsk+1ﬂs”3
1 _ 1.1 1,12 1,31
7 (m+m; +7sp, ) Ax+ HMAT + p i AT + 5 M Asp,
1 N 1
= E(m"'mr"'ﬂspm)m‘k—l + EMk—lArk—l,l
1 1
+EMI1<2—1A"I<*12+EM£]—11ASP!< 1
6Nh(3N Z)AspkArk2+6Nh(3N 1)Asp, Aryq
—hDy, Vi, —hD,,, V. (A12)
X+ AXp + Ry Frp = Tk + ATk, (A13)
1.0 1,3 1N 23
A MicAsp, + ¢ Mii Al + ;( kat I<a—1)Ark,a
1
+ EMi,aNArk,NJrl
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1

1
th 14Sp, 1+th 1147 11+h Z M,

23 23
+MiZ4 a—l)Ark—l,a+ EMk—l NATk 1N +1

1
5h S HAX - AXg+ o h ,mspk (Aryq - ATgg

6Nh E
+ ATk 1 Alggs1+ ATk - ATggiq)

u h
—hDg, Vi+h- — 7 » (7882 /0% +EA) Ira = Tia | = 1,

k

(A.14)
1 2 1
EMQArka_1+EM,]<Ark,a+EM,1<2ArkYa+1
h<Mka Mka ])ASpk
1,12 2.1
= EquArk—l,aq + EquArk—l,a
+HMk71Ark—1a+1+*(M LM o DAS,
6Nh(l+3N 3a)Asp, Alyg i1 — 3NhAspkArka
W(S +3N—-3a)Asy Aryq_1—hDy Vi, (A.15)
1 1 1
& (Mﬁ +ms) ATyng1+ HM}}Ar,(’,\H— Eij;‘\,Aspk
1
+ HmsRSk (Fsk 71):05
1 1
=5 (Mf,l +ms>Ark—1N+1 + EMllzflArk—l,N
+th lNASPk 1+hm5R5k(F5k 1 I)ps
6NhAsp"Ar"N“ 3NhAspkArkN hDy, . Vi
(A.16)

1 L 1 1
b Fda—JaFi) " +pRy <E MiATi1+ 1 M At + 1 MRy Aspk>
1 T v ~pT 1 1
:E(]dFk—l_Fk—ljd) +pRy EMk_lArk—l,l
1 1
+EM;a]Ark—1,2+EMI?L‘I.]ASPI(_])

+,3R[< h(31\1 2)AspkArk2+ h(3N 1)Asp, ATy

— ]’lDrkv1 Vk) — huk€2, (Al 7)

1
(Fskjgd ]sd Sk = H(]SUFSk 1 sk Jsd

_ms
h psRs,((ArkN+] — AT} _1N41)

< or Tkni1+Rsp
— hGMmspsRsk +—k33
1T N1+ R ps

(A.18)
A.2. Lie group variational integrator

Once the derivatives of the discrete Lagrangian and their
co-Adjoint maps are obtained, they are substituted into (37)
and (38) with the contributions of the external control
moment (39), and the Carnot energy loss term (40). The
resulting discrete-time Euler-Lagrange equations of tethered

spacecraft are given by (A.12)-(A.18), where the constraint on
the continuity of the tether at the beginning of the guideway
which is given by (A.13) and (A.15) is satisfied for a=2,...,N.

For a given g = (Xi;Ri;Sp,:Tk1.---Tkns1:Rs,), we solve
(A12)~(A15) for the relative update [ =(Axy;Fy;Asy,;
ATk1,..., ATy, 1:Fs). Then, the configuration at the next
step, namely g, ; is obtained by (30). This yields a discrete-
time Lagrangian flow map (g, f)~(8k1. k1), and this is
iterated.

Special cases: If we set As, =0 for all k, then the
discrete-time Euler-Lagrange equations provide a geo-
metric numerical integrator for tethered spacecraft with
a fixed unstretched tether length. If we chose p=p. =0,
then these equations describe the dynamics of two point
masses connected by tether and a reeling mechanism.

Computational approach: These Lie group variational inte-
grators for tethered spacecraft are implicit: at each time-step,
we need to solve nonlinear implicit equations to find the
relative update f e G. Therefore, it is important to develop an
efficient computational approach for these implicit equations.
This computational method should preserve the group struc-
ture of f, and in particular, the orthogonal structure of the
rotation matrix F;, € SO(3) should be preserved. The key idea
of the computational approach proposed in this paper is to
express the rotation matrix F, in terms of a vector ¢, € R3
using the Cayley transformation [17]:

Fy={+&)d—E) " (A19)

Since the rotation matrix F, represents the relative attitude
update between two adjacent integration steps, it is a near-to-
identity transformation when the time-step h is sufficiently
small. As such, the expression above remains valid for
numerical simulations even though the Cayley transformation
is only a local diffeomorphism between R> and SO(3) about
c=0and F,=1.

Our computational approach is as follows. The implicit
equations for F, and F;, namely (A.17) and (A.18), are
rewritten in terms of vectors ¢, Cs, using (A.19). Then, the
relative update map is expressed by a vector Xj =[AXy;
Cis ASp, s ATg 1, .. ATy 4 13 Cs, ] € RENFD+10 which is solved
by using a Newton iteration. After the vector X converges,
the rotation matrices F, and Fs, are computed by (A.19), to
obtain f, € G.

This computational approach is desirable, since the implicit
equations are solved numerically using operations in a linear
vector space. Rotation matrices, Fy and Fs,, are computed by
numerical iterations on R®, and its orthogonal structure is
automatically preserved by (A.19). It has been shown that this
computational approach is numerically efficient [23].

Appendix B. Supplementary material

Supplementary data associated with this paper can be
found in the online version of http://dx.doi.org/10.1016/j.
actaastro.2014.02.021.
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