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Abstract

Malfunctioning satellites are generally non-cooperative tumbling objects. Due to their complex tum-

bling motion, it is essential to stabilize the target within an acceptable rotating range in the pre-capture

phase. In contrast to contactless methods, contact methods based on flexible devices are efficient and

can generate sufficient operating torque through flexible contact. However, accurate dynamic analy-

sis of the operation is challenging because of two limitations. It is difficult to obtain a high-efficiency

description of the large deformation arising from the operating process. Moreover, the contact between

a flexible device and a tumbling object is hard to detect efficiently. This paper proposes a method for

detumbling a free-floating rotating satellite; it uses a flexible rod to contact the solar array of the target.

The absolute nodal coordinate formulation is first applied to a rod-contact detumbling model in sim-

ulation to describe the large deformation of the rod precisely with a low computational burden. Next,

a two-step method to detect the contact is employed to pinpoint the contact point and speed up the

simulation: coarse detection in the contactless phase and fine detection in the contact phase. Finally,

the feasibility of the contact detumbling method is verified. In addition, through the further analysis

of the contact process, some characteristics of this kind of strategy are studied for the first time.

Keywords: Rotating satellite, Detumbling, Flexible rod, Contact detection

1 Introduction

With the development of space technology, the
amount of debris around the Earth has increased
significantly. Recent low Earth orbit (LEO) con-
stellations, such as Starlink and Telesat, are imple-
mented with the launch of thousands of satellites.
Malfunctioning and end-of-life satellites become
debris in LEO [1, 2] and orbital refueling, repair,
and active debris removal will become crucial to
preserving the near-Earth environment for future

generations [3, 4]. In-orbit capture will play an
essential role in these operations, but it is the
most challenging step due to its need for close-
range maneuvering and contact with the target
[5–7]. However, most malfunctioning and end-
of-life satellites are non-cooperative targets that
cannot provide useful information actively [8, 9].
Moreover, they are usually rotating, or tumbling,
because of residual angular momentum, energy
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dissipation, and factors such as the gravity gradi-
ent and eddy-current damping [10–12]. All these
factors make it difficult to capture such debris
[6, 13]. Space objects that tumble at a rate below
3◦/s can be captured easily; a tumbling rate above
30◦/s is not regarded as a target; an object tum-
bling between 3◦/s and 30◦/s can be detumbled
in advance [14]. Thus, if the object is tumbling
rapidly, a fly-around and grasping by a robot
arm seem infeasible. It would be indispensable
to capture a non-cooperative target if its angu-
lar velocity could be reduced in the pre-capture
phase.

Many detumbling strategies have been devel-
oped for non-cooperative targets. According to the
operating torque, these are classified as either con-
tactless or contact methods. The contactless ones
reduce the target’s angular velocity via contactless
forces such as plume impingement and electro-
static force. Nakajima et al. [15, 16] proposed a
detumbling method using thruster plume impinge-
ment. Bennett and Schaub [17] extended the elec-
trostatic detumble theory to three-dimensional
tumbling motion. Gomez and Walker [18–20]
developed an eddy-current method to produce an
electromagnetic braking torque. Kumar and Sed-
wick [21] modeled the use of laser ablation to
de-spin large space objects before docking. These
non-contact strategies make it possible to operate
at a safe distance. However, the operating force is
small, even for large objects.

Contact methods apply a large torque with
high detumbling efficiency, although the contact
can pose a collision risk. Hovell and Ulrich [22]
proposed a tethered detumbling method where
four visco-elastic tethers are attached to chaser
spacecraft connected to the target to produce
external torque. Wang et al. [23] studied a scheme
for de-spinning a target with a tethered space
manipulator. Furthermore, a detumbling method
based on a flexible device is considered more effi-
cient and safer than other approaches. Nishida
and Kawamoto [14] designed a brush-type con-
tactor as an end-effector of the robot arm to
reduce a cylindrical object’s rotation. Braking
torque is produced by friction. Wu et al. [24]
developed a flexible brush to de-spin a satellite.
However, the cube-like brush made it difficult
to control the position and direction of the con-
tact force to avoid increasing nutation. Liu et

al. [25, 26] analyzed the dynamics of detumbling
a high dynamic non-cooperative satellite using
a flexible device that contacts the target’s base.
The flexible device model was established by a
lumped-mass finite-element method, which had
limitations in describing large deformation pre-
cisely. Wang et al. [27] focused on the optimal
contact control for eliminating the rotation and
damping nutation. The small force generated via
a brief contact between the end of a spring con-
tactor and a solar array had a low efficiency. In
summary, contacting the base of a tumbling satel-
lite involves working at a close distance, which
brings a high risk of collision between the robot
and other parts, such as sails and aerials. Meth-
ods contacting the target sail are safe and efficient
and thus suitable for in-orbit service. However,
these flexible-device strategies have two problems
that hinder accurate dynamic analysis. First, tra-
ditional finite-element or lumped-mass methods
are limited in precisely describing a large defor-
mation and rotation of the flexible device. Second,
methods detecting the contact and pinpointing
the contact points are limited in the accuracy and
efficiency of the simulation.

CUnlike the flexible brush, the flexible rod has
only five degrees of freedom that need to be con-
trolled, so it is easier to obtain a precise contact
point to avoid increasing nutation. Because the
brush is a collection of many thin rods, it is chal-
lenging to represent their contact to simulate the
operational process accurately. In a study of the
detumbling strategy, a rod could be used as a
simplified brush model to verify theories and algo-
rithms. Inspired by previous studies, this paper
presents a contact detumbling method that uses
a flexible rod to operate the satellite sail. The
dynamics of the system are modeled to analyze
the detumbling process. The contributions of our
work are threefold:

1. A detumbling method that uses a flexible rod
to contact the outer edge of the solar array is
proposed. The equipment can manipulate the
target at a safe distance and generate a large
operating torque for braking.

2. The absolute nodal coordinate formulation
(ANCF) is first applied to the dynamic model
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of this detumbling system based on the flexi-
ble rod. It can precisely describe large defor-
mation and rotation of the rod with a low
computation burden.

3. The contact point moves along the flexible rod
in a contact process. The proposed two-step
contact-detection method precisely describes
the process in detail and lightens the compu-
tational burden in the contactless stage.

The rest of this paper is organized as follows:
Section 2 establishes the dynamic model of the
detumbling system. Then in Section 3, the con-
tact detection method and the contact force model
are introduced. Section 4 simulates the detum-
bling process and analyzes the characteristics of
the detumbling method. This paper’s conclusions
are presented in Section 5.

2 Dynamic model of
detumbling system

In this section, The ANCF and the Lagrangian
method are employed to model the dynamics of a
free-floating malfunctioning satellite and a robot
with a flexible deceleration device.

2.1 Model description

The space target shown in Fig.1 has a central
rigid body with two long rigid solar arrays. The
deceleration device, a flexible rod used as the
end-effector of a space manipulator on a chaser
spacecraft, can adjust the position and attitude
for the detumbling task. Because the solar array
is much longer than other parts of the satellite
and the spin axis is usually perpendicular to the
solar array’s lengthwise direction, contacting its
outer edge can generate a large decelerating torque
resulting in a smooth ,effective momentum trans-
fer. The method also avoids dangerous collisions
since the robot maintains a safe distance from the
target.

Figure.2 shows the process of contact detum-
bling: preparation, pre-contact, contact, post-
contact. The mission can be divided into the
measuring and tracking stage, and the detumbling
stage. This paper focuses on the detumbling stage
to analyze system dynamics. The controller of the

space robot has a simple design that does not con-
sider the adjustment process of the thruster and
space manipulator.

The coordinate frames of the detumbling sys-
tem are shown in Fig.3. Here, O − XY Z is the
global coordinate frame that is fixed in time;
O1−X1Y1Z1, parallel to the frame O−XY Z, is a
body-fixed coordinate frame of the flexible device
whose origin O1 is situated at the joint of the
device; O2 −X2Y2Z2 is a body-fixed frame of the
rigid target whose origin O2 is fixed at the center
of mass of the target; O3−X3Y3Z3 is a body-fixed
frame of the robot whose origin O3 is at the center
of mass of the chaser.

2.2 Dynamic equation of

deceleration device

The precise dynamical model of the decelera-
tion device rests on the precondition of contact
analysis. During the operation, the device coun-
ters a large flexible deformation with significant
rotation and displacement arising from the space
robot. To accurately describe the dynamics of
the flexible device, the ANCF, a finite element
non-incremental formulation, is applied to the
dynamical model of the flexible rod. The operating
conditions permit the rod to be represented as an
Euler-Bernoulli beam. In the ANCF, nodal coor-
dinates of the element are defined in the global
coordinate frame, and consequently no coordinate
transformation is required[28–30].

Figure 4 shows the definition of element nodal
coordinates, and the original length of the beam
element is L, and global nodal coordinates are
defined on the neutral axis at x = 0 and x = L,
respectively, as

ai =
[

rT rTx
]T

=
[

riX riY riZ
∂riX
∂x

∂riY
∂x

∂riZ
∂x

]T

(1)
The vector of element nodal coordinates can be
expressed as

e =
[

aT
1 aT

2

]T
(2)

The global position vector r of an arbitrary point
P on the neutral axis of a element is defined in
terms of nodal coordinates and the element shape
function, as

r = S(x)e =
[

s1I s2I s3I s4I
]

e (3)
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Fig. 1 Schematic diagram of the proposed detumbling method.

(a)

(b)

(c)

(d)

Fig. 2 Illustration of the detumbling process: preparation,
pre-contact, contact, post-contact.

with I being an 3× 3 identity matrix. The global
shape function S(x) has a complete set of rigid-
body modes, and























s1 = 1− 3ξ2 + 2ξ3

s2 = L(ξ − 2ξ2 + ξ3)

s3 = 3ξ2 − 2ξ3

s4 = L(−ξ2 + ξ3)

(4)

where ξ = x/L with x ∈ [0, L] , which is the coor-
dinate of an arbitrary point on a element in the
undeformed configuration.

The kinetic energy of a finite element can be
expressed as

Te =
1

2

∫

V

ρṙT ṙ dx =
1

2
ėTMeė (5)

then Me is the mass matrix of the element.

Me =

∫ L

0

ρASTS dx (6)

where ρ is the material density, and A is the cross-
sectional area of the element.

In the model of the Euler-Bernoulli beam, the
effect of the rotary inertia and the shear strain
is neglected. Therefore, the beam cross-section is
assumed to remain plane and perpendicular to the
neutral axis.

Assuming isotropic materials, the bending
strain energy of the beam element can be defined
as

Ut =
1

2

∫ L

0

EIAκ
2 dx (7)

where E is Young’s modulus, IA is the second
moment of area, and κ is the curvature.

The transverse elastic force vector Qt is
derived by differentiating Ut with respect to e.
Based on continuum mechanics, can be expressed
as the product of the stiffness matrix and the
element nodal coordinates vector [28],

Qt =
∂Ut

∂e
= Kte (8)

Then, the stiffness matrix Kt is written as

Kt = EIA

∫ L

0

ST
xxSxx dx (9)
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Fig. 3 Coordinate frames of the detumbling system.

Fig. 4 Definition of element nodal coordinates.

The longitudinal strain energy of the beam
element is defined as

Ul =
1

2

∫ L

0

EAεl
2 dx (10)

where εl is the longitudinal strain, which is defined
using the Green-Lagrange strain tensor [28], as

εl =
1

2
(rTx rx − 1) =

1

2
(eST

x Sxe− 1) (11)

Then, the longitudinal elastic force vector Ql is
derived by differentiating Ul with respect to e,

Ql =
∂Ul

∂e
=

∫ L

0

EAεlS
T
x Sxe dx = Kle (12)

Assuming that εl is constant throughout the beam
element, and E and A are constants, it is possible
to factor them out of the integral sign of Eq.(12).
The stiffness matrix Kl can be written as

Kl = EAε̄l

∫ L

0

ST
x Sx dx (13)

The average longitudinal strain along an element
can be simply approximated as

ε̄l =
ls − L

L
(14)

ls is the length of the deformed beam, which can
be obtained by integrating the infinitesimal arc
length ds along the neutral axis of the deformed
element [29],

ls =

∫

l

ds =
1

2

∫ L

0

(eTST
x Sxe+ 1) dx (15)

The external force vector Qe is defined using the
virtual work as

δWe = F T
p δrp = F T

p Spδe = QT
e δe (16)

where Fp is the external force acting on the point
p; rp is the position vector of the point p; and Sp

is the shape function matrix of point p.
Using the expression of the kinetic energy, the

strain energy, and the virtual work, the dynamical
equation of a beam element can be obtained in
matrix form as

Meë+ (Kt +Kl)e = Qe (17)

Based on the equation, the dynamical equation
of the entire beam can be expressed as

Mq̈ +Kq = Q (18)

where the q is the vector of system coordinates,
composed of all nodal coordinates of the beam.
Similarly, the M , K and Q are the mass matrix,
the stiffness matrix and the external force vector
of the entire beam, respectively.
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Furthermore, the damping force can be consid-
ered to improve the dynamical model accurately.
The Rayleigh damping model is introduced into
the ANCF. In the linear finite element method,
the Rayleigh damping matrix C is defined for the
structural damping as

C = αM + βK (19)

where α and β are coefficients.
The dynamic equation of the beam with damp-

ing characteristics is written as

Mq̈ +Cq̇ +Kq = Q (20)

2.3 Dynamic model of detumbling

system

As explained before, the thruster and the space
manipulator adjustment process is not considered
in this paper. So, the chaser satellite is simpli-
fied into a rigid robot with a flexible effector. The
Lagrangian method is applied to model dynamic
equations of the robot. Combined with Eq.(20),
the dynamic model of the free-floating robot can
be written as



















Hϕ̈ = u

Mq̈ +Cq̇ +Kq = Q

qp − xp = 0

qd − τp = 0

(21)

where H is the inertia matrix of the robot; ϕ is
generalized coordinates vector of the robot; u is
the vector of control force and torques acting on
the robot; qp = [q1, q2, q3]

T and qd = [q4, q5, q6]
T

are position and direction vectors of the first nodal
of the rod, respectively; xp and τp are the position
vector and the tangent vector of the end of the
manipulator, respectively.

The dynamical model of the target is employed
to compute the motion state of the target satellite
in real time. It is assumed that the rigid satel-
lite is free-floating in space. As depicted in Fig.3,
the position and attitude model, described in the
coordinate frame O − XY Z and O2 − X2Y2Z2,

respectively, can be expressed as











mtr̈t = Fd

θ̇t = D 2ωt

2J t
2ω̇t +

2ω×

t
2J t

2ωt =
2T d

(22)

where mt and rt are the mass matrix and the cen-
troid position vector of the target, respectively;
Fd is the vector of contact force on the target;θt
is the vector of Euler angles;Dis the coefficient
matrix; 2J t and 2ωt are the moment of iner-
tia and the angular velocity of the target with
respect to O2 −X2Y2Z2, respectively.

2ω×

t is the
anti-symmetric matrix of 2ωt;

2T d is the contact
torque on the target with respect to O2−X2Y2Z2.

3 Contact detection and
modeling

In this section, the contact detection method,
including coarse and fine detection is proposed to
support contact force calculation and speed up the
simulation. Furthermore, the contact force model
is given as a necessary part of the detumbling
dynamic model.

3.1 Contact detection method

The contact detection method checks whether
the solar array’s outer edge touches the rod and
locates accurate contact points on the rod and the
solar array edge. Before the contact occurs, the
flexible rod is treated as a straight rod, but during
the contact process, the rod becomes deformed.

During detumbling, the contact detection
method is divided into two phases. The coarse

detection phase is used first to detect the large
overall motion to confirm whether the solar array
edge is close to the rod. In the phase, large step
size is used to speed up the numerical simulation.

As shown in Fig.5, c1c2 represents the neutral
axis of the straight rod. e1e2 is the outer edge of
the solar array near the deceleration device, and
the point e3 is the middle point of e1e2. e3c3 is
the distance from e3 to the rod, so e3c3 is per-
pendicular to c1c2 with the foot point c3 on the
neutral axis. rc1, rc2, rc3, re1, re2, re3 are defined
as position vectors of c1, c2, c3, e1, e2, e3 in the
global coordinate frame O − XY Z. rc1, rc2, re1,
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Fig. 5 Illustration of the coarse detection.

re2, re3 are computed as follows



































rc1 = rr +
IA3

3pc1

rc2 = rr +
IA3

3pc2

re1 = rt +
IA2

2pe1

re2 = rt +
IA2

2pe2

re3 = (re1 + re2)/2

(23)

where IA3 and
IA2 are coordinate transformation

matrices from O3−X3Y3Z3 (fixed on the rod) and
O2 −X2Y2Z2 (fixed on the target) to O −XY Z,
respectively; rr and rt are positions of O3 and O2

in O−XY Z respectively; 3pc1 and
3pc2 are vectors

from O3 to c1 and c2 in O3−X3Y3Z3, respectively.
2pe1 and 2pe2 are vectors from O2 to e1 and e2
in O2 −X2Y2Z2, respectively. The spheroid space
was defined with the radius Re:

Re =
∥re1 − re2∥

2
(24)

When rc1, rc2, re1, re2 and re3 satisfy the follow-
ing condition, the rod has entered the neighbor-
hood of the solar array edge, which means that
the contact may occur.















∥(rc2 − rc1)
×(re3 − rc1)∥

∥rc2 − rc1∥
< Re

(rc2 − rc1)
T (re3 − rc1)

∥rc2 − rc1∥
< ∥rc2 − rc1∥

(25)

After that, the fine detection phase will
improve the detection accuracy and find contact
points on the rod and the edge during the contact
process. It should be noted that contact force will
deform the flexible rod, so it cannot be treated as
a straight rod in this phase.

Fig. 6 Illustration of the fine detection.

As shown in Fig.6, c4 is an arbitrary point on
the neutral axis of the flexible rod, and e4 is the
point on e1e2 when c4e4 is the distance from c4
to e1e2. rc4 and re4 are defined as the positions
of c4 and e4 in the frame O−XY Z, respectively.
According to the definition, points c4 and e4 can
be determined by the following equation:































min f = ∥rc4 − re4∥

s.t. rc4 = S(x)ej , x ∈ [0, L]

(rc4 − re4)
T (re2 − re1) = 0

(re4 − re1)
×(re2 − re1) = 0

(re4 − re1)
T (re2 − re4) > 0

(26)

where ej is the j element nodal coordinates in
ANCF, and S(x) is the shape function.

When the contact occurs, c4 and e4 become
contact points on the rod and the edge, respec-
tively. Then, the penetration depth that is applied
to the calculation of contact force based on the
Hertz theory can be obtained by Eq.(27):

δ =

{

0, f ≥ Ω

Ω − f, f < Ω
(27)

where Ω is determined by surface curvature
radiuses of the cylinder rod and the solar array
edge. Finally, the contact process is finished when
point c4 is very close to the endpoint c2 of the rod,
as

∥rc4 − rc2∥ < ϵ (28)

where ϵ is a limited error.

3.2 Contact force model

The contact force model is applied to computing
the contact force for the detumbling system. As
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depicted in Fig.7, the contact force Fd acting on
the target solar array edge e1e2 at the contact
point e4 (shown in Fig.6) is the resultant force
of the normal contact force Fn and the friction
force Ft. Fn are computed using the Hertz contact
model and Ft can be obtained by the Coulomb
friction model.

Fig. 7 Illustration of the contact force definition.

According to the contact detection method,
the velocity of the outer solar array edge relative
to the rod at the contact point is expressed as

{

vd = ṙe4 − ṙc4

ṙe4 = ṙt +
2ω×

t
2pe4

(29)

where ṙe4 and ṙc4 are velocities of contact points
e4 and c4 (shown in Fig.6), respectively. ṙt is the
velocity of the centroid position O2 of the target.
2pe4 is the vector from O2 to e4 in the frame O2−
X2Y2Z2.

As shown in Fig.6 and Fig.7, vd consists of
two components: the normal velocity vn in the
direction of rc4e4, and the tangential velocity vt

perpendicular to rc4e4. nn and nt are defined as
the unit vectors in the direction of vn and vt,
respectively. vn, vt, nn and nt are derived from
Eq.(30).



































nn =
rc4 − re4

∥rc4 − re4∥

vn = (vd · nn)nn

vt = vd − vn

nt =
vt

∥vt∥

(30)

As expressed before, the flexible rod contacts
the solar array by turns. According to the Hertz
theory, the normal contact force Fn acting on the
edge can be computed, as

Fn = −

(

Knδ
3/2 + Cn

δ3/2

δ̇0
δ̇

)

nn (31)

where δ̇0 is the penetration velocity at the ini-
tial contact time; Kn and Cn are the equivalent
stiffness and the damping coefficient,















Kn =
4

3

E1E2

E1 (1− ν21) + E2 (1− ν22)

√

R1R2

R1 +R2

Cn =
3

4
Kn

(

1− σ2
)

(32)
where E1 and E2 are Young’s moduli of two bod-
ies; ν1 and ν2 are Poisson’s ratio; R1 and R2

are surface curvature radii; σ is the restitution
coefficient.

According to the Coulomb friction model, the
friction force Ft acting on the edge can be given
by

Ft = −µ ∥Fn∥nt (33)

where µ is the friction coefficient.
The force acting on the contact point of the

flexible rod is opposite to those acting on the solar
array. In Eq.(22), Fd is the resultant force of Fn

and Ft. That is

Fd = Fn + Ft (34)

And the torque 2T d on the target with respect to
O2 −X2Y2Z2 can be written as

2T d = 2AI(re4 − rt)
×Fd (35)

where 2AI is the coordinate transformation
matrix from O −XY Z to O2 −X2Y2Z2.

4 Numerical simulation and
analysis

This section discusses the numerical simulation to
validate the proposed detumbling method. Based
on the simulation results, some characters of the
method were analyzed.
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4.1 Simulation conditions

The outer edge of a solar array contacts the mid-
dle of the flexible rod at every initial contact, and
two solar arrays contact in return. The MATLAB
was used to solve dynamical equations with the
Runge-Kutta algorithm. Since the time step in the
contact stage is much smaller than that in the
contactless stage, time steps are set to 10−7s and
10−4s, respectively. The rotating order Z−Y −X
is adopted to describe attitude angles θ3 − θ2 − θ1
from the global frame O − XY Z to the frame
O2 −X2Y2Z2 shown in the Fig.3. In addition, the
physical parameters of the detumbling system are
given in Table 1.

In the simulation, the controller is dedicated
for the robot. During the contactless stage, the
robot keeps tracking the centroid of the target,
and the position and attitude remain stable in the
contact stage. A six-dimension force/torque sensor
is fitted between the end of the manipulator and
the deceleration device to acquire force/torque
data. Since the rod is sufficient light, it is ignored
in the equation for the robot controller. Accord-
ing to Eq.(21), the dynamical model of the rigid
robot can be described as

H(x)ẍ = u+ η (36)

with x = [x, y, z, θ1, θ2, θ3]
T being the posi-

tion coordinates and attitude angles, u =
[u1, u2, u3, u4, u5, u6]

T being the inputs, and η =
[η1, η2, η3, η4, η5, η6]

T being the force/torque act-
ing on the centroid transformed from sensor data.

The computed torque control can be used to
achieve tracking and stability control tasks. The
law is written as

u = H(x)υ − η (37)

where
υ = ẍd − 2λ ˙̃x− λ2x̃ (38)

where υ = [υ1, υ2, υ3, υ4, υ5, υ6]
T is the equivalent

input, x̃ = x − xd is the tracking error, and λ is
a positive number. The error x̃ then satisfies the
equation

¨̃x+ 2λ ˙̃x+ λ2x̃ = 0 (39)

and thus converges to zero exponentially.

According to the detumbling process, the
desired state xd is

xd =























































































































rt1(t) + d1

rt2(t) + d2

rt3(t) + d3

0

0

0





















T

, in contactless phase





















rt1(tc) + d1

rt2(tc) + d2

rt3(tc) + d3

0

0

0





















T

, in contact phase

(40)
where (rt1(t), rt2(t), rt3(t)) is the centroid position
of the target; (d1, d2, d3) is the vector of the trace
point relative to the centroid position; tc is the
starting time of every fine detection phase.

4.2 Detumbling simulation and

results

A tumbling satellite rotating with large nutation
was not studied, because the solar array would
move through a large spatial volume and would
require a complex control strategy for the chaser
spacecraft and the robot arm to adjust the posi-
tion and direction of the deceleration device. That
will be studied later in greater depth.

In simulation cases, the initial angular velocity
of the target with respect to frame O2 −X2Y2Z2

is 2ωt = [2, 2, 10]T deg/s. As shown in Fig.8, 2ωz,
the angular velocity of the target in the Z2 axis,
decreases from 10deg/s to 2.2deg/s in about 300s
with 12 contact processes, and amplitudes of 2ωy

and 2ωx have no apparent changes from start to
end. The result can verify that the detumbling
method is valid and can efficiently decelerate the
rotation. Moreover, the change of 2ωz shows that
the reduction in every contact process seems to
increase with the decrease of 2ωz, which will be
analyzed further in this section. Figure 9 shows
that translational velocities increase with every
contact process. Vx increases faster than Vy during
the detumbling, which means the contact force Fx
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Table 1 Physical parameters of the detumbling system

Component Item (unit) Parameter

Target satellite

Base : Length × width × thickness (m) 1.5× 1.5× 1.5
Solar array: length × width × thickness (m) 4.5× 2× 0.1
Mass (kg) 300
Moment of inertia = [Jxx, Jyy, Jzz] (kg ·m

2) [300, 300, 600]
Solar array:Young’s modulus E1 (N/m2) 7× 1010

Robot

Base : Length × width × thickness (m) 2× 2× 2
Manipulator linkage : Length × radius (m) 0.5× 0.01
Mass (kg) 1000
Moment of inertia = [Jxx, Jyy, Jzz] (kg ·m

2) [1000, 1000, 1000]

Flexible rod
Length × radius (m) 1× 0.01
Density (kg/m2) 500
Young’s modulus E2 (N/m2) 2× 108

does more work than Fy. But the force in X direc-
tion cannot decelerate the rotation considering the
set in Fig.3. As shown in Fig.10, displacements
of the target centroid position change consider-
ably, which means the robot must move over a
wide range to complete the detumbling mission.
As shown in Fig.11, the amplitude of θ2 decreases
and the amplitude of θ1 increases over time, which
indicates that the nutation of the target increases
during detumbling. In particularly, θ2 (Fig.11)
indicates that the nutation increases rapidly after
310s when 2ωz becomes similar in size to the
amplitudes of 2ωy and 2ωx as shown in Fig.8. In
addition, Fig.12 depicts the contact force acting on
the target described in the frame O −XY Z. The
force Fy may be large initially for every contact
because of the impact.
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4.3 Contact process analysis

Based on our analysis, contact processes should be
researched further to reveal features of the contact
detumbling method proposed in this paper. Next,
we simulate cases where the target rotates with an
angular velocity only along to Z2 axis to analyze
dynamics.

Figure 13 shows decreasing 2ωz with different
initial angular velocities of the target without ini-
tial translational velocities in one contact stage.
The decrease becomes large with the small ini-
tial rotating speed 2ωz, and the small initial 2ωz

causes that the contact stage lasts long as shown
in the figure. That is because the impulse of the
contact force will be larger with a longer con-
tact time, which makes the angular momentum

decrease faster. However, if the contact accompa-
nies translation of the target as shown in Fig.9,
this law is not strict, as shown in Fig.8. It indi-
cates that keeping the effector of the robot arm
tracking the target in the contact stage may raise
the detumbling efficiency.
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Fig. 13 Decreases of the 2ωz with different initial 2ωz .

0 0.2 0.4 0.6 0.8 1
X1 axis (m)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

Y
1 a

xi
s 

(m
)

0 s

0.22 s

0.32 s
0.42 s

0.52 s
0.62 s

0.72 s
0.82 s

0.92 s1.62 s 1.12 s

Fig. 14 Illustration of rod deformation in a contact pro-
cess in the O1 −X1Y1 plane.

Figure 14 shows the deforming process of the
rod in one contact stage, and Fig.15 presents con-
tact forces Fy and Fx acting on the solar array
edge and the deceleration torque 2T z. The flexi-
ble deformation increasingly apparent, influencing
the braking effect according to the detumbling sys-
tem as presented in Fig.16. As shown in Fig.15,
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Fig. 15 Force and torque 2
T z on the target during a con-

tact.

the force Fx increases with the deformation, but
Fy decreases after 0.6s, making the torque 2T z

decrease in the braking direction. This means that
Fx does no work in the de-spinning mission. So,
Fx can be used to enlarge the friction force to
increases Fy.

The friction coefficient µ of Eq.(33) is set to
different constants to simulate the contact pro-
cess to verify this idea. As shown in Fig.17, a
large µ makes the force Fx become small dur-
ing the process, but that brings about the large
Fy that increases the braking torque 2T z validly.
As a result, the angular velocity 2ωz decreases
more with a large µ as shown in Fig.18. Decreases
are around 0.76deg/s, 0.95deg/s, 1.14deg/s, and
1.32deg/s with friction coefficients 0.1, 0.3, 0.5,
and 0.7, respectively.

5 Conclusion

This paper focuses on an accurate dynamic anal-
ysis of a method for detumbling non-cooperative
malfunctioning satellites. As a new contact-type
strategy, the flexible deceleration rod contacts the
outer edge of the solar array to generate a large

braking torque. There are only five DOFs to be
controlled, and a precise operation is carried out
to avoid complicating the object’s motion. The
dynamic model is based on the ANCF and has suc-
cessfully described precise large deformation and
displacement of a rod with a low computational
burden. The two-stage contact detection has pro-
vided accurate contact points as well as an efficient
detumbling simulation. Numerical simulation has
verified that the proposed detumbling method is
validated and the detumbling efficiency is high
enough. Moreover, analysis of the contact process
has indicated that increasing the contact friction
force could improve the detumbling effect, which
should be considered further for flexible device
design.
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