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Abstract

Taking the large deflection of flexible cables used in spacecrafts mto acgo ethod is
proposed to describe the position of any point on the cable u sagitta , pitch angle,

and deflection angle. Furthermore, the spatial attitude Qf able is ined using the
mutual conversion of four coordinate systems. On the bgsI$ of the a a mechanics model
that comprehensively considers physical factors, @ ma c nlcal properties, and
space constraints, is proposed in this paper. The forces#and spati udes of the equilibrium

of the cable are also analyzed. In addition @atlon s of the proposed mechanics
b

model are performed. Results are in,r le agr t with the actual assembly
environment.

Keywords: Flexible cable, Mech @mode%‘gnwronmental constraints, Simulation
analysis AQ 6

1. Introduction

Flexible cables are i t com o& in mechanical and electrical products for satellites.
Cables inside the sat re mai%ed to ensure signal transmission and communication
between satellite the gh@ oreover, these cables help transfer energy for all
components, isticS, cables and power sources may account for 20% to 30% of
the total we '@cause of their complexity and variety [1]. Complex structures
and unreasonable cabl ing can result in a number of problems, such as chaotic structures,

munications [2]. Furthermore, the cost of launching is restricted by
e. However, the quality optimization of the satellite structure or other
components is i singly difficult to achieve. Therefore, we aim to develop mathematical
models thd be used to reliably predict the dynamic performance of cables inside satellites,
and to pr theoretical basis for reasonable path planning.

Ca e flexible bodies with large deflection, complex shapes, a variety of types, and
li sembly space. Meanwhile, Interferences, electrical interfaces, the physical properties
0 cable, and other factors need be considered in the assembly process. Thus, the basis of
cable wiring is cable modeling, which includes the constraints of physical properties. Although
certain CAD software currently has the corresponding cable module, the cable is not treated as
a flexible deformation in this software. The mass, bending strength, tensile strength, and other
mechanical properties of the cable cannot be reflected. Therefore, this software cannot meet the
required authenticity in cable planning simulation. Based on the physical characteristics of
cable, German scholar Hergenrother proposed the virtual cable [3]. Loock and Rabaetje
proposed a mass-spring model [4, 5]. American scholar Quisenberry put forward the lumped
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mass discretization model [6]. However, these models mainly use discretization to adjust cable
position by controlling points and fitting the cable geometry is difficult. Accordingly, cable
models that can satisfy the geometry and physical properties of the cable at the same time need
to be established.

For the above, based on the flexible body of the cable, and considering winding, twisting,
and other spatial attitudes of the cable, an appropriate method of expressing the spatial attitude
of the flexible cable is proposed, and the equilibrium equations of the cable are established, in
this study. Simulation calculations of the model are then performed, and the length, mass, and
other parameters of the cable are predicted in order to replace the traditional simulation process
involving artificial wood mold cabling. These methods can form a theoretical foundation for
subsequent path planning studies and provide references for other flexible parts modeling.

\,‘
2. Establishment of Basic Space Coordinate Systems ?\
coordinate

As shown in Figure 1, four coordinate systems are established. 1) Fixed@
system: fixed coordinate system O-XYZ is estab_lished at an %&ary pQ’ t '_ the as_sembly
space of the cables. 2) Position and posture coordinate system."the cable is described by
the coordinate system p -« , Which is established a ambrtrary paint Ron the cable, where
direction » is the tangential direction of the cable*tlon a he normal direction of the
cable at point P, and directions « , g, and , arg.orthogonal. 3) Are coordinate system s along
the center line of the cable. 4) Local coord@ﬁem P. established at point P and is
formed by the position and posture coo%\ stem with a‘otation angle ¢, around the axis

N g

CQ

LR

Y

% Figure 1. Basic Space Basic Coordinate Systems

?@@ssions of Spatial Position and Posture of Flexible Cable

better express the spatial position and posture of the cable, the following idealized
assumptions are made [7]:
1) Cross sections of the cable are regular in shape, and do not change with time and cable
length in this study.
2) The center line of the cable is smooth and continuous, and the cable has a certain length.
3) Tension and shear deformation of the cable caused by forces are ignored; the cross section
and center line are always orthogonal.
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4) The torsion of the cross section around the center line can be expressed by a continuous
function.

After establishing the coordinate systems, the position of arbitrary point P on the cable needs
be determined in the fixed coordinate system. If the sagittal diameter is r, R = |r|, the pitch
angle is ¢, , and the deflection angle is ¢, , then the position of this point can be expressed as:

1 rcosafCOS(pr

|| _ | (1)
» | =] c0osé,sing, |R
pJ L sin @, J
where o, , ¢, ,and r are the single-valued function of s.

After the arc coordinate system and the position and posture coordinate te *are
established at point P, direction , is taken as the tangential direction of the cabl atlon

angle of the cross section of the cable around the center line is ¢, , and the I@ ding angle

of the cable is ¢, . The curvature «~ and deflection - are dW\«'ﬁfollo

P

N < X

'
|
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]

1(—|;/|—Ilm—— (2)
As—> 0 AS
According to the definitions of the curvature on and th&attitude coordinate system,
deriving each coordinate axis of the attitude nate 1\ relatlve to the arc coordinate
system is performed as follows:

(22 @A( Q\ 3)
where A g\

—K \

A= (4)
is the transforma,@tatnx b&.%we position and posture coordinate system and the arc
coordinate sySteng

In the po p’and po @oordinate system, the curvature and deflection of the cable are
two independent varj hat determine the spatial position and posture of the cable,
respectively. Thus irection vectors of the center line of the cable in the position and
posture coordin@em can be clearly expressed by the curvature and deflection of the cable.

The spatial attitu the cable can then be completely determined using the defining variation
law of torsi le ¢ (s)

The n@n of cable can be regarded as the motion synthesis of its rigid section along and
ar n@ center line. Therefore, the spindle coordinate system of section (P-xyz) is established
%r gid section. In this coordinate system base, the vectors of the coordinate axes are X, Y,

. Axis z coincides with the tangential direction of the cable  , that is, z = . In addition,

the rotation angle of the section relative to the position and posture coordinate system is ¢, .
Hence, the relationship between (P - « s, ) and (P-xyz) is expressed as:

(@ B 7) =B(x y 2) (5)
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where
(cosep, —sing 0)
B :l sin ¢, cos @, 0 ! (6)
L 0 0 1J

is the transformation matrix between the position and posture coordinate system and the local
coordinate system.

The above formulae show that the spatial position and posture of the cable in the local
coordinate system can be determined using the curvature, deflection, and torsion angle.

Let the included angle cosine of the coordinate axes between the local coordinate system and
the fixed coordinate system be a, b, and c, respectively. Thus, the conversion relatlonshlp
between these two coordinate systems can be expressed as:

[Xx Y z 1] =c[x y z 1] v @)
where R @0
al a2 a3 X

A
A

o
o
0

1 2

'
|
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|
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o
=
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Until then, the position of an arbltrary on the cableNin the fixed coordinate system is
expressed. The arc coordinate system coord stem and the position and posture
coordinate system are established att % the mutual conversion of these four

coordinate systems can be realiz d : Thus the spatial position and posture
of the cable is expressed cleamA

4. Mechanics Model @e Cab@mdermg Physical Properties

As shown in Figufe .t establi&%e mechanics equations, an arbitrary section of the cable
is taken as the al is‘object, hanics analyses are applied to the coordinate systems

established e @
O

%
2

Figure 2. Mechanics Model of the Cable

Avrbitrary motion of the cable is performed under the given forces and torques, where the
degree of bending and torsion is » at arbitrary point P. The density , and section area s of
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the cable are also defined. At point P, the principal vector and principal torque of the negative
section with the internal force of the adjacent sectionare —-F and -m , and are (F + AF ) and (
M +AM ), respectively, at the adjacent point p’. In addition, the environmental force and
environmental torque of the cable per unit length are + and m , and the force and torque

caused by deadweight of the cable per unit length are f and m _, respectively.

When the point P has a positive movement with unit velocity along the arc coordinate s, the
section rotates relative to the fixed coordinate system O-XYZ with » . Therefore, the degree of
bending and torsion « is defined as [8]:

a)=1<,8+ry+dﬁz=a)x+a)y+a)Z (9)
d
* L 4
where ?\/
_ do
o, =KksiNg, o =KkC0Sp, ©,=7+— 0 (10)
*
are the components of the degree of bending and tor, \% ev y%eﬁon of the local
coordinate system. 6 9\/
The force conditions of the cable when itisin a d and s{awc state are shown in Figure
2. According to Newton’s second law and the l\@m m TheorenThywe obtain
*
AF + fAs+ 0 \%
(11)

|AM + r@mfgm‘@ =0
If both sides of Equations m&@&ided by ashand let As - o, then

(oF '\
%) Jf’a\Q@“o (12)
\\Q &+m+m,g+1xF0
ere

are deri from the local coordinate system p-xyz, according to the

After the parawp
relationship @ eh the derivative and the relative derivative, we obtain
8 [oF
—+woxF+f+f =0
j s K
|

Z (13)
oM
@ [—+a)xM+m+mfg+ZxF:0
0s

The Et ons of Equations (13) on the coordinate axes are shown as:

%

JoF,

+oF -0 F +f +f =0

[

}65

oF,

—+owoF -0 F +f +f =0 (14)
|aS X Xz y aqy

| oF,

[¥+way—a}ny+ f, + fgz:O
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(aMX
| +o M —o M _ +m +m -F =0
|6s
6My
+oM -0 M +m +m,  +F =0 (15)
|aS z X X z y fgy X
lom |
+o M —o M +m +m =0
[85
where
(MX:EIX(wx—a)Xp)
\
IM =El (0, -0)) (16)
\ *
LM

=Gl (0, - o)) \/
e and ¢ denote elastic modulus and shear modulus, respectively. QE

Substitute in Equations (15), then * .
ow \
El, "+ 0,0,(Gl,-El,)+El 0’0 Q.
0s
o0 O N/
y*“’xa’z(E' GI)+GIwa —E|prwl\n +m_+F =0 (17)

0s

0w

Z+Eww(|—l’)\@ww— yxyP-;-mz+mng=0
os <b

The equilibrium equations of th@@e can be ed by simultaneously using Equations
(14) and (17), where F and o nown s andGg,e, f, f,1,m,andm are

known variables. Therefore, t ance re solvable.

5. Simulation Exa \
Focusing on t er cam section area is 10 mm?, When the curvature and the
ne

deflection of jhe are de e variation law of the dlrectlon vectors in the position and
posture coo @ syste
Let the curvdture an

obtained using equation (3).
ection be 1, then a numerical integration is performed by using
Runge-Kutta. When itial coordinate of the cable is (1,1,1), the variation law of the
direction vectors j osition and posture coordinate system is obtained as shown in a) of
Fig. 3. When th vature and deflection of the cable are fixed values, the spatial attitude of
the cable r line shows a spatial circle in the attitude coordinate system.
Likewp’ t the length of the cable be 10 and the initial coordinate of the cable be (1,1,1).

Gl,

[
|
JEIY
|
t

Sever s of the spatial attitude coordinates of the cable can be obtained when different
CUrYya and deflections are taken from Table 1. Furthermore, the length of the cable with the
erative steps is obtained in each group. The spatial attitude coordinates of the cable with
variable curvature and deflection are established. The simulation results of the cable obtained
using visualization processing of the data are shown in b) of Figure 3.

Table 1. Curvature and Deflection

o

0.1 0.5 1 1 5 2 0.7 0.9

0 5 2 1 0.7 0.1 0.5 1 0.8
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When the curvature and deflection of the cable are with irregular variations along the cable,
the attitude variations of the cable in the position and posture coordinate system are also
irregular. When the torsion of the cable is not considered, the attitude of the cable is completely
determined using the curvature and deflection of the cable. Bending deformations of the cable
with external-force constraints are produced in many inflection points on the cable to adapt to
the complex assembly space of the cable. Moreover, the curvature and deflection of the cable
between the inflection points are constant.

Considering the properties of the cable section and the rotations of the cable around the
center line, when the torsion angle is changed uniformly, the coordinates of the position and
posture coordinate system are transformed by means of transformation matrix 8 . The
simulation results of the cable in the local coordinate system are shown in a) of Figure 4. The
shape of the cable does not vary after the spatial attitude has transformed. And, the ole cable

merely deflects around the coordinate axis. The simulation results com the
mathematical expressions.

The attitude of the cable in the fixed coordinate system can be obt | e local
coordinate system by transformation matrix c . The Ioc rdlnate obtamed by
rotating the fixed coordinate system using the varlatlon uIe an d the translation

between point P and the fixed point. Thus, if the v range from 0 to 2=
with uniform change, the attitude of the cable in the coordl ‘Wem can be obtained, as

shown in b) of Figure 4.

A e of Cable in the Position and Posture Coordinate System

Figure 3. q; CQPosition and Posture with Fixed Curvature and Deflection;b)

Th Q attitude greatly changes in the fixed coordinate system because of the angle

ip between coordinate axes of the fixed coordinate system and the local coordinate

sy of the cable. From the view of operator, the attitude of the cable can be better controlled

in real-time and the cable planning can be better realized because the fixed coordinate system is
fixed in the assembly space.
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————Tfitude of cab{e in Jocal courdimage_syisTe?nij‘

L 4

Figure 4 a) Attitude of Cable in the Local Coordinate System; b) i Cable
in Fixed Coordinate System

té by @rnal force of the
)#Gi tial deadweight

The spatial attitude of the cable is maintained in the stati
cable, and its mathematical model is given by Equati
force, deadweight torque, environmental distrib ce, a nmental distributed
torque, then the proposed model is solved by usin e—Kutt%ﬁvﬁe, variation laws of the
internal force and degree of bending and torsion e obtained.

the cable
Physical properties and environment of the.Cablé are cbq@ed in the establishment of the
mechanics model. The initial force conditfa @ the cable are’shown in Table 2.

Table 2. Inltlal@e Co \bns of the Cable

Parameter symbol fgx ™ ox M gy My,
Value 7 1 1 1 1

»
According to the equi m condlﬁof the cable, variation laws of the force and the
degree of bendlng n of the cable are calculated and shown in Figure 5.
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Figure 5. a) Internal Force of the Cable in the Equilibrium State, b) Degree of
Bending and Torsion of the Cable in the Equilibrium State

The results show that to maintain the balance of the cable, the steady improvement trend
with concussion of the force is presented with the increase in the length of the cable. The value
of the initial force is not O in the origin because of the deadweight force and the spatial
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constraint forces. The trend of the forepart of the curve has small amplitude fluctuations, and
then gradually stabilizes at the latter part of the curve.

The degrees of bending and torsion in directions x and y are stable with constant amplitude
concussions. And, the degree of bending and torsion in the direction z has a linear relationship
with the length of the cable. These results occur because that to maintain the equilibrium state,
the torque of the cable is achieved using the component in direction z.

Upon obtaining the degree of bending and torsion of the cable, the spatial attitude of the
cable can be obtained using the relationships between the bending and torsion and the
curvature, deflection, and torsion angle of the cable. Hence, the spatial attitude of the cable with
the specific constraints can be obtained.

6. Conclusions \/0
Ett

Taking the requirements for cabling into account, mechanics models that ider the
physical properties of the cable are proposed. The variation laws of the sfati itude, the

motion parameters, and the internal force of the cable wit§mtrain@ yzed in this
study.

1) The elastica equations of the cable are determipe ing sagittal,diameter, deflection
angle, and pitch angle. Moreover, the spatial att the expressed by mutual
conversion of four coordinate systems: fixed coordifate! position osture coordinate, local
coordinate, and arc coordinate systems. T

degrees %freedom, namely, curvature,
deflection, and torsion angles, are then deter

2) Static equilibrium model of the cab €
cable parameters are obtained using

and initial conditions of the cable, the yasiahi
a numerical method. The majority internal and degrees of bending and torsion of
the cable are observed in the irecyo%Hen e, these results are consistent with the

requirements of actual cabling: \
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