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Abstract: The attitude dynamics and orbit dynamics of large rigid space structures are coupled with
each other under gravity gradient, which may affect the stability of the large rigid space structures.
In this paper, the gravity gradient stability of a large rigid space structure is studied under both
small and large disturbances. Based on the rigid body dynamics and orbit dynamics, an accurate
dynamic model without any linearization of the large rigid space structure is established via the
natural coordinate formulation (NCF), which is able to describe the large overall motions of the
structures. By using the generalized-a algorithm, the gravity gradient stability of the large rigid
space structure is simulated and analyzed via various examples, including the influence of large
disturbance angles, the positions at the stabilization and unstabilization regions. Finally, the
relationship between spinning stability and gravity gradient stability is also investigated via a large
spinning space structure.

Keywords: stability analysis; gravity gradient; large rigid space structure; orbit dynamics; natural
coordinate formulation

1. Introduction

With the increasing demands of space missions and the rapid development of space technology,
the requirements and prospects of large-scale space structures with a size of hundreds of meters or
even kilometers are becoming more and more extensive [1-3]. For large space structures, due to their
large sizes and masses, the gravity gradient torque is affected by the variation of their attitudes. At
the same time, their attitudes and orbital dynamics are coupled with the gravity gradient [4]. As a
result, it is of practical significance to study the influence of gravity gradient on the dynamics and
stability of large space structures.

For different space mission requirements, researchers have proposed and developed various
kinds of large space structures. For example, Freeland et al. [5] studied a 25-meter inflatable antenna
for the ARISE (Advanced Radio Interferometry Between Space and Earth) space program. Meguro et
al. [6] developed a cable net antenna composed of 14 basic module units with a diameter of 4.8 meters
and applied it to ETS-VII satellite. The bridge relay satellite launched by China in 2018 is equipped
with a self-developed 4.2-meter aperture cable net reflector antenna [7]. Li et al. [8] proposed a multi-
rotation joint type solar power station, which has been the most representative power station scheme
in China. Lu et al. [9] studied a nonlinear dynamic model of a tensioned space membrane antenna.
Mankins [10] proposed the SPS-ALPHA (Solar Power Satellite by means of Arbitrarily Large Phased
Array) and some other new concepts of solar power station. Fu et al. [11] proposed an external heat
flux expansion formula for the heat design of solar power station. Seboldt et al. [12] put forward the
concept of solar sail tower space solar power station. Tang et al. [13] studied the equivalent dynamic
model of a large space telescope truss structure. Guo et al. [14] designed a kind of large space
umbrella truss structure and studied its nonlinear dynamic characteristics. Due to their large-scale
sizes and masses, the gravity gradient torque of large space structures may seriously affect their
attitude stability and the success of their on-orbit missions. Therefore, it is necessary to carry out the
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stability analysis and corresponding simulations of large space structures under gravity gradient
torque.

Many researchers have focused on the stability analysis for gravity gradient of large space
structures under small disturbance angle. For example, Moran [15] studied the influence of the
dynamics of the dumbbell-shaped satellite under the coupling of gravity attitude and orbit dynamics.
Yu [16] used the Kryloff-Bogoliuboff method to analyze the long-term orbital dynamics of a small
gravity gradient stabilized satellite under gravity attitude-orbit cooperation. Ashenberg [17] studied
the gravity-attitude-orbit coupling problem of a finite number of mutually attractive celestial bodies,
and derived the dynamic equation of the system. Wang et al. [18] studied the gravitational attitude-
orbit coupling dynamic characteristics of a spacecraft with a special configuration flying around an
asteroid. Wu et al. [19] studied gravity gradient stabilized satellite attitude tracking control via
iterative learning control. Wei et al. [20] carried out an inflatable test of a space boom under the
influence of gravity gradient. Hatten et al. [21] used the Lie-Deprit method to get a fast-rotating,
gravity-gradient-perturbed satellite attitude solution. Sun et al. [22] studied the dynamics of the sun-
facing spacecraft under gravity gradient. Miyamoto et al. [23] formulated the attitude dynamics of a
satellite with variable shapes under atmospheric drag torque and gravity gradient torque as a
preliminary study. Previous studies, however, mainly focused on small disturbance angles or small-
scale motions of the large space structure under linearization assumptions without considering large
disturbance angles, impact of the positions in the stabilization and unstabilization regions and the
coupling of spinning stability and gravity gradient stability.

In this paper, by combining the gravity gradient torque with rigid body dynamics, an accurate
dynamic model of a large rigid space structure in orbit is established, which can describe the large
overall motions of the structure. The generalized a algorithm is used to solve the dynamic equations.
Several sets of examples of different initial configurations with different disturbances are used to
verify the rationality of the dynamic model and gravity gradient stability criterion. The rest of the
paper is organized as follows. Section 2 deduces the gravity gradient torque of a large space structure
and analyzes the gravity gradient stability criteria. Section 3 establishes the dynamic model of a large
space structure via the natural coordinate formulation (NCF) and deduces the orbital dynamic
equations of the large space structure and corresponding solutions. Section 4 presents several
numerical examples based on the dynamic model and gravity gradient stability criteria of the large
space structure, and studies the dynamic response of the large space structure under different initial
conditions. Section 5 explores the relationship between gravity gradient stability and spinning
stability of a space spinning structure. Section 6 concludes the study.

2. Gravity Gradient Stability Analysis

In this section, the linearized attitude dynamics of a large rigid space structure under the gravity
gradient torque is established. Based on the dynamic equations and Routh criterion, the stability
criteria of gravity gradient are presented.

2.1. Gravity Gradient Torque

In order to describe the rigid body dynamics of a large space structure, the following three
coordinate systems are defined, that is, the global coordinate system O-XYZ, the orbital coordinate
system Or-XoYoZ, and the body-fixed coordinate system O»-X»Y»Zs, as shown in Figure 1. In the global
coordinate system O-XYZ, O is assumed to be the center of mass of the Earth, the OZ axis coincides
with the Earth's rotation axis, and the OX and OY axes are in the equatorial plane. For the orbital
coordinate system Oo-XoYoZo, the OoZ, axis is parallel to the OZ axis, the O.Y, axis represents the flight
direction, and the 0.X, axis can be determined by the right-handed rule, that is, the OO, direction. At
the initial moment, the orbital coordinate system Oo-XoY,Z, is parallel to the global coordinate system
O-XYZ, and the body-fixed coordinate system O»-X»YsZs coincides with the orbital coordinate system
Oo-XoYoZo. When the space structure is disturbed by external disturbances, Or-XoYoZo and Op-XoYsZb
are no longer coincident. At this moment, the rotation angle around OvX» axis is defined as yaw angle
a , the rotation angles around OvZs axis is defined as pitch angle ¢ and the rotation angle around
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OvYy axis is defined as roll angle €, respectively. The order of yaw-pitch-roll is often used in
spacecraft. Therefore, the coordinate system Oo-XoYoZo rotates around the OoXo axis of an angle «
first, then rotates around the O.Z, axis of an angle ¢ and finally around the O,Y, axis of an angle ¢

to obtain the coordinate system Ov-XiY+Zs. The coordinate transformation matrix between the orbital
coordinate system and the body-fixed coordinate system H is
cosfcosp —cosfsinpcosa+sinfsina cos@sin@sina +sinfcosa
H, = sing cos@pcosa —cos@sina (@)
—sinfcosp sinfsingpcosa +cosfsina —sinfsingsina +cosé cosa

Geostationary Orbit

Figure 1. Schematic diagram of the coordinate systems for a large space structure.

For any mass points at different positions on the space structure, the gravity is different because
of their different positions relative to the center of the Earth. These forces produce a torque around
the center of mass of the space structure, which is called gravity gradient torque. For a large space
structure, as shown in Figure 1, Os represents the structure centroid and O»-X»YsZs coincides with the
inertial principal axis of the structure. r, represents the position vector of point Os in the global
coordinate system O-XYZ, @ represents the position vector of any mass point dm in the body-fixed
coordinate system Or-XiY3Zs, and r represents the position vector of dm in the global coordinate
system O-XYZ, which satisfy

r=r,+Q (2)
The absolute velocity of dm can be expressed as
F=1 +w xQ0=1 +®,0 (3)
where w, isrotating angular velocity of the space structure in the global coordinate system O-XYZ,
I, is the absolute velocity of centroid Oy, and @, is the antisymmetric matrix of w, . The torque of

momentum of the space structure projected on O-X»YsZs, L' can be expressed as

L= le ' xi'dm = mr) xi) +Jow, = mE i +Jw, (4)
Jo Ty I P+ =Pl PP,
I=1. 1, T.|= -plpl (P —plpl dm ()
Y vy Y v Yy Yy
]zx ]zy ]zz _p:p: _p;pzb (p:)2+(p5)2

where 1, and f, are respectively the projection of r,andf, in Or-XeY:Zi, @, =[w, o, !]" and
Q' =[p] p, p.1' are respectively the projection of w, and @ in O-XyYsZ, J is the matrix of the

. . ~h . . . . b
moments of inertia of the space structure, and , is the antisymmetric matrix of r. ], ], and
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J.. are respectively the moments of inertia of the corresponding axes. |, J. and ] _are the

corresponding products of inertia.
The projection of the external torque on the space structure in Owr-XiYiZ, is defined as
T’ :[Txh Tyb sz I". The relationship between T’ and L’ is [24]
dr’
dr
where @' is the antisymmetric matrix of w’

=Jo' +@'(Ju')=T" (6)

Eq. (6) is the attitude dynamic equation of the space structure. The projections of the orbital
angular velocity vector in Or-XoYoZo and O»-XsYsZs are expressed as w’=[0 0 -o,]' and «’,
where o, is orbital angular speed of the space structure. The relationship between them is

w' =H,w’ 7)

The projection of the absolute attitude angular velocity of the space structure in Op-XoYsZs is
[cospsin® 0 cosO |[a
w'=| -sinp 1 0 0|+’ (8)
| cospcosd 0 —sinf || ¢
When the attitude angles of the space structure are small, Eq. (8) can be linearized as
[ - PO,
w'=| 0-0, 9)
| ¢p+ao,

Substituting Eq. (9) into Eq. (6) and ignoring the second-order small quantities lead to
La-(I -1, -1 )00+, -1 )oa=T
16+, -1, -1 )oc+1, -1 )0 0=T, (10)
I o-1 o = Tb
It can be seen from Eq. (10) that the pitch motion of the space structure is decoupled from the
roll and yaw motions under small angles assumption, while the roll motion and yaw motion are
coupled with each other.
As shown in Figure 1, if only the gravity gradient torque is considered, the external torque in
Eq. (6) can be expressed as
(r) +o"
Tb — _J‘ b x :ug bro +bQ _ /u (Q XI (11)
v lr) +@" P vy +Q
where Earth is assumed to be a homogeneous standard sphere and u, represents Earth constant.
Considering 1@’ I«l 1) |, the Taylor series expansion of 1/1x; +@" I’ is carried out and retained
tothe o(lx I°) term to obtain

1 1 3ne’
~—— +o(r 12
' +Q" P 7 ") (12)

5
0 pO

where 7, =1 |. By substituting Eq. (12) into Eq. (11), one has
H, 34, 34,
T = —Fjvgbdmxrob +r—5Iv(r:Qb )(Q” X1 )dm = r—srob (]rob) (13)
0 0 0
According to the definitions of Or-XoYoZo and Or-XiYsZi, the projections of r, in these two
coordinate systems are denoted by r=[r, 0 0] and
r) =H,1’ =r,[cosfcosp sing -sinfcosg]". Substituting r, into Eq. (13) leads to
(J,, —J.)sin@sin2¢p
3 vy
T = 2K

TS50 (J.-J. )sin 26 cos” @ (14)
o (J,. =], ) cos@sin2¢




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2024 d0i:10.20944/preprints202403.1861.v1

5

By substituting Eq. (14) into Eq. (10), the linearized attitude dynamic equations of the space
structure under the gravity gradient torque can be expressed as

Job=(J. =T =T, )00+ =], )@l =0
1,0+~ T, ~], @6 +4(. ], )20 =0 (15)
1.6+302(], ] )0 =].0,

2.2. Gravity Gradient Stability Criterion

While the space structure moves on a standard circular orbit, i.e. @, =0rad/s®, the pitch motion

of the space structure is critically stable if the following condition is satisfied
> T (16)
It can be obtained by the first and second equations in Eq. (15) in Laplace transform
l:sz +4k @’ (K, —1)@5}{0(5)} _ m a7
(1-k)ws s +ka’ |[a@B)]| |0
where k, =(J.-J,)/], and k =(J.-],)/], - And the characteristic equation of Eq. (17) is
s'+(1+3k, +k k)o)s’ +4k ko =0 (18)
According to Routh criterion [25], when ky and k_ satisfy the following conditions, there is

no positive root in the real part of Eq. (18). The yaw and roll motions of the space structure are
critically stable if the following conditions are satisfied as well

kk >0
(19)
1+3k, +kk >4,k k,

Egs. (16) and (19) constitute the gravity gradient stability criteria of the large space structure, as
shown in Figure 2.

kxl

destabilization
1

stabilization

(-0.145,-0.145) g

(-0.005.-1) I 71
Figure 2. The stability criteria of gravity gradient of a large space structure.

For a large space structure, the sum of the moments of inertia of any two axes must be greater
than the moment of inertia of the third axis, so the value ranges of ky and k_ are [-1,1]. It can be

seen from Figure 2 that when ky >0 and k_ >0, the stability criteria is ky >k ,ie J_> >

xx ©

When k, <0 and k, <0, the stable boundary conditions are determined by ] > >], and

zz

1+3k +kk >4 |k k_ .
Yy yx Yy x
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3. Dynamic Modeling for Simulations

In this section, in order to describe the large overall motion of the large rigid space structure, an
orbital dynamic model of the large space structure is established via NCF. The corresponding
dynamic equations are solved via the generalized « algorithm.

3.1. Rigid Body Modeling

The NCF uses two fixed points on the rigid body and two non-coplanar unit vectors as
generalized coordinates to describe the spatial motion of the space structure. The above generalized
coordinates are given in the global coordinate system, as shown in Figure 3.

u v

i I

A A

(0]

Figure 3. The rigid body model for a large space structure described by NCF.

As shown in Figure 3, a space structure described via NCF has the following 12 generalized
coordinates [26]
q= [r.T r' u v JT (20)
where r, and r; are respectively the global position vectors of points i and j, where i is the mass

center of the structure, and u and v are two non-coplanar unit vectors. For convience,

r].h = (r]. -1)/L, u and v are all defined as the unit vectors of axes OvX», OvYs» and O»Zs, where L is

the distance between two points i and j. The position vector of any point P on the space structure in
the body-fixed coordinate system is denoted as [c, ¢, c¢,]'. Then the position vector @ of this
point in the body-fixed coordinate system can be expressed as
I—1 =Q=C1 +C,u+ vV (21)
In this way, the position vector of any point P on the space structure in the global coordinate
system can be expressed as

I

r,
r=r+cr’+outev=|(1-HI I oI cI| ' |=Cq (22)
/ L L u
v
where I is a third-order identity matrix.

The mass matrix of the space structure described via NCF is
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7
L : e vy b |
(m+£—;—2mzc )t (mzfc —i—;)l (my, =1 (mzc—%)l
mxg o I Ly Lo
Mo ( L ]LZ)I (]L2 )| ( L 1! ( L )| )
(myt =50 (1 g1 (1
o _Je Lo

I (mz, T ) ( T ) (J,. 1 )\

where m is the mass of the space structure. xf; , yé , and zg are the local coordinates of the center
of mass of the space structure. J_, ]y ,and J_ are related to the moments of inertia of the space

structure, given by

J,+). =1,
J.+]. =], (24)
Jo+), =1,

By establishing the model of the space structure via the NCF, the mass matrix and generalized
external force of the system can be obtained. At the same time, considering the inherent constraints
of rigid body @(q)=0 asshownin Eq. (25),

Ir].—riI—L=0,
lul-1=0,
lvl-1=0,

(r,-1)'u=0, (25)

(r,-1)'v=0,

u'v=0.

the dynamic equation of the rigid body system in the global coordinate system can be established by
using the Lagrange multiplier method in the following way

{Md+¢LA=Q(q,Q)
D(q) =0

where A is the vector of Lagrange multiplier, Q is the vector of generalized external force

(26)

including gravity gradient torque of the system, and CDTq represents the Jacobi matrix of the

kinematic constraints of the system, where @ =0®/dq .

3.2. Orbital Dynamics

As shown in Figure 1, for any point P on the space structure, r represents the position vector of
P in the global coordinate system O-XYZ, and 1’ represents the position vector of this point in the
orbital coordinate system Oo-XoYoZo. Supposing the origin of Oo-XoYoZo coincides with the one of Ow-
XbvYsZv, one obtains

r=H_ r’+r, (27)
8
where H, is the attitude transformation matrix from the orbital coordinate system to the global

coordinate system, where
cosy -—siny 0
H, =|siny cosy 0 (28)
0 0 1
where y is the rotation angle of the orbital coordinate system relative to the global coordinate

system. According to Eq. (27), the velocity and acceleration of point P are obtained by calculating the
first derivative and the second derivative of r with respect to time as follows
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i=H r'+H i+,
L Y (29)
f=H r’+2H i’ +H_ i’ +%,
0g 0g 0g
where
I, =W, XI,=Q1
oo (30)
L =01
where @, is the antisymmetric matrix generated by w, .
The relationship between the generalized coordinate q of the space structure in the global
coordinate system and the generalized coordinate q, in the orbital coordinate system is
q=Hq, +R (31)
where R=[r;, 1y 0" 0']', H=diag[H, H, H,_ H ] andq,=[r" " u”" v"].
According to the Eq. (31), the generalized velocity and generalized acceleration of the structure
in the global coordinate system are respectively
y=Hq +Hq +R
=79, +H, +5 (32)
q=Hq,+2Hq,+Hq, +R
By substituting Eq. (32) into Eq. (26), the dynamic equation of the space structure in the orbital
coordinate system can be expressed as [27]
Mg, +Cq, +Kq, +H'MR+®" A =F
{ qo qo qu 9, g (33)
®(q,)=0
where M=H'MH, C=2H'"MH, K=H'MH, lA:g =HTFg , and F,_ is the vector of universal

gravitation of the space structure as follows
T

F = —um— (34)

It I°
1

3.3. Solutions

This section uses a generalized a implicit algorithm [28] developed on the basis of Newmark's
method to solve Eq. (33).
The iterative solution process using the difference method is as follows

M--n+1+é-n+1+K n+1+HTMR+(I)T A :f:
4, +Cq." +Kq, a M = E (35)
@(q,"t,.,)=0

0

n+1
0

The relationship between q""' and q""' is shown as

2
q," =q;+hq; + h?(l —2p)d; + 1 pq;"

< n+l e n+1

q," =q, +h(1-y)q; +hrq;
where g and y are the vector parameters of the algorithm and / is the iteration step of the

(36)

algorithm. B>1/4, y=1/2 are generally taken to obtain a more stable algorithm.

On this basis, by introducing the new algorithm auxiliary parameter column vector a, Eq. (36)
can be rewritten as

1
n+l —q”" h n h2 -

qo qo + qa + (2 ﬂ)an (37)
< n+l

q," =94, +h(1-7)a,
where a is determined by the following relationship

l-a)a  +aa =(1-a)§"" +a.q"
{( .1.110) n+1 mon ( f)qo fqo (38)
aU = qu

The values of the parameters in Eq. (37) are defined as follows
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2p-1 P
= ~ 7 af: ~ 1/
) p+1 o+ (39)
=—(1+a,-a,) yr=—+a
p=y(va,—a,) 7=>

a

m

¥ -a,.

where p €[0,1] is the spectral radius of the generalized o algorithm. The higher the value of / is,
the smaller the energy dissipation generated by the generalized a algorithm will be.

4. Cases Study for Gravity Gradient Stability Analysis

In this section, various numerical examples are presented to study the influence of different
disturbances on the gravity gradient stability of a large rigid space structure and to verify the
rationality of the dynamic model and gravity gradient stability criterion. For all the cases in this
section, the body-fixed coordinate system coincides with the orbital coordinate system for the initial
state without any disturbance. Therefore, the dynamic responses of the large space structure are
presented in the orbital coordinate system.

4.1. A Symmetrical Revolution Space Structure under Small Disturbance Angles

This subsection explores the gravity gradient stability of a symmetrical revolution space

structure, thatis, | w

=]_>], for the structure, under different small disturbance angles, as shown
in Table 1 and Figure 4. For each case, three different initial small disturbance angles, that is, 0.01° in
yaw, roll and pitch angles, respectively, are taken into account, as shown in Table 2.

Figures 5-7 present the dynamic responses of the large space structure for each case under
different small initial disturbance angles. As shown in Figure 5 and Figure 7, when the initial
disturbance angles are small angles in either pitch or yaw angle, the displacement of node j in X, Y
and Z directions and the variation of yaw, roll and pitch angles are almost invariant. When the initial
disturbance angle is a small angle in roll angle, as shown in Figure 6, the yaw angle of these five cases
has a certain change and the variation ranges of dynamic responses from case 1 to case 5 have an
increasing trend. It can be concluded that for a symmetrical revolution space structure, when the
initial disturbance angle is a small roll angle, the motion of space structure is easy to get unstable and
initial configurations may easily affect the attitudes of the large space structure.

Table 1. Cases definition for symmetrical revolution space structure with different moments of inertia.

Moments of

inertia J (kg-m?) Jyy (kg-m?) J.. (kg-m?)
Cases
1 5.8062x 10" 6.8308x 10" 6.8308x 10"
2 4.5756x10' 6.8308x 10" 6.8308x 10"
3 3.4154 x10" 6.8308x 10" 6.8308x 10"
4 2.0000 x10' 6.8308x 10" 6.8308% 10"
5 1.0246x10" 6.8308x10" 6.8308x10"
Table 2. Small initial disturbance angles for each case.
Disturbance condition Initial disturbance angle
A Yaw 0.01°
B Roll 0.01°

C Pitch 0.01°
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Figure 5. Dynamic responses under initial disturbance condition A. (a) X-displacement of node j; (b)
Y-displacement of node j; (c) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.
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Figure 6. Dynamic responses under initial disturbance condition B. (a) X-displacement of node j; (b)
Y-displacement of node j; (c) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.
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4.2. A Symmetrical Revolution Space Structure under Large Disturbance Angles

This subsection explores the gravity gradient stability of a symmetrical revolution space
structure under different large disturbance angels. The moments of inertia are the same as the ones
in subsection 4.1. For each case, three different initial large disturbance angels, that is, 1° in Yaw, Roll
and Pitch angles, respectively, are taken into account, as shown in Table 3.

Table 3. Large initial disturbance angles for each case.

Disturbance conditions

Initial disturbance angle

D Yaw 1°
E Roll 1°
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Figure 8. Dynamic responses under initial disturbance condition D. (a) X-displacement of node j; (b)
Y-displacement of node j; (¢) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.

Figures 8-10 present the dynamic responses of the large space structure for each case under different
large initial disturbance angles. As shown in Figure 8 and Figure 10, when the initial disturbance angles
are large angles in either pitch or yaw angle, the large space structure keeps stable. When the initial
disturbance angle is 1° in roll angle, Figure 9(d) shows that the yaw angles for these five cases change
dramatically, from -90° to 90°, which indicates that the space structure is undergoing a tumbling motion.
From Figure 9(a), (b), (c), (e) and (f), other kinds of dynamic responses have different degree of change
and the variation ranges of case 1 to case 5 have an increasing trend. It shows that the space structure gets
unstable when the initial disturbance is a large angle in roll angle.
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Figure 9. Dynamic responses under initial disturbance condition E. (a) X-displacement of node j; (b)
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Figure 10. Dynamic responses under initial disturbance condition F. (a) X-displacement of node j; (b)
Y-displacement of node j; (c) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.

By comparing the results in subsections 4.1 and 4.2, it can be seen that when the initial
disturbance angle is yaw or pitch angle, the movement of the space structure is relatively stable, while
when the initial disturbance angle is roll angle, the space structure is easy to become unstable. Figure
6 and Figure 9 show that as the initial disturbance of roll angle increases, the space structure turns
more unstable. It also can be observed that the stability of case 1 is better than the other cases. This
phenomenon suggests that both initial disturbance angle and the moments of inertia affect the gravity
gradient stability of the space structure. Therefore, in the following two subsections, two different
sets of cases are considered to study the influence of initial disturbance angles and the position in
different stabilization or unstabilization regions.

4.3. A Stable Space Structure under Different Initial Disturbance Angles

In this subsection, the influence of the initial roll angle on the stability of the space structure is
studied. The moments of inertia of the space structure for these cases are shown in Table 4 and Figure
11, where ] < ]yy <], . For each case, six different roll angles, that is, from 0.1° to 0.6°, are taken into

account, as shown in Table 5.

Figure 12 presents the dynamic responses of the large space structure for cases 6-11 under
different initial disturbance angles. Figure 12(c), (d) and (e) show that the displacement of node j in
Z direction and the variation of yaw and roll angle are all periodic. Figure 12(a), (b) and (f) shows the
displacement of node j in X and Y directions and the variation of pitch angle increase with the time
but slightly. As a result, the motion of these cases can be considered relatively stable. As shown in
Figure 12, the variation ranges of dynamic responses from case 6 to case 11 have an increasing trend.
Hence, it can be known that that the larger the initial roll angle is, the more unstable the space
structure will be. The initial disturbance angle of the roll angle should be as small as possible in order
to keep the stability of the large space structure.

Table 4. Cases definition for a stable space structure with different initial disturbance angles.

Moments of
inertia J e (kg-m?) ]yy (kg-m?) J.. (kg-m?)
Cases

6-11 4.5756x10" 6.8293x10" 6.8331x10"

Table 5. Initial disturbance angle for each case.

Cases Initial disturbance angle
6 Roll 0.1°
7 Roll 0.2°

8 Roll 0.3°
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9 Roll 0.4°
10 Roll 0.5°
11 Roll 0.6°

A
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Figure 11. Definitions of cases 6-11.
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Figure 12. Dynamic responses for cases 6-11. (a) X-displacement of node j; (b) Y-displacement of node
j; (¢) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.
4.4. A Large Space Structure at Different Stabilization and Unstabilization Regions

In this subsection, the influence of the moments of inertia on the stability of the large space
structure is studied by taking seven different cases at the stabilization and unstabilization regions
into consideration. The moments of inertia for these cases are shown in Table 6 and Figure 13.

Table 6. Cases definition for a space structure at different stabilization and unstabilization regions.

Moments of

inertia J. (kg-m?) ]yy (kg-m?) J.. (kg-m?)
Cases
12 45756 x10" 6.8293x10" 6.8331x10"
13 2.0000x 10" 6.8293x10" 6.8331x10"
14 3.0000x10™ 4.0000x10' 5.8000x 10"
15 2.5000x10" 3.0000x10" 4.0000x10'
16 6.2636x10" 6.8330x10" 5.3293x10"
17 4.5756x10" 6.8331x10" 6.8293x10"
18 8.5756x 10" 6.8293x10" 6.8331x10"
kel
destabilization 14
stabilization 15
-1 .18 .12 .13

(-0.145,-0.145) 16

*17

(-0.005,-1)

Figure 13. Definitions of cases 12-18.

Figure 14 presents the dynamic responses of the large space structure for cases 12-15 at different
stabilization regions. For each case, the initial disturbance angle is 0.3° in roll angle. Figure 14(c), (d)
and (e) show that the displacement of node j in Z direction and the variation of yaw and roll angles
are all periodic. Figure 14(a), (b) and (f) show that the displacements of node j in X and Y directions
and the variation of pitch angle increase slightly with time. Therefore, the motion of the large space
structure for these cases can be regarded relatively stable. The comparation of these four cases shows
that the variation ranges of the dynamic responses of case 12 is smallest, and the ones of case 14 is
smaller than those of case 13. The results indicate that when k_ of alarge space structure is constant,

the stability of the structure will get worse with an increase of k . Meanwhile, when k is constant,

the stability of the structure will become better with an increase of k_. Therefore, in order to improve

the gravity gradient stability of a large space structure, the moments of inertia of the structure should

be designed to statify k =k ~0 asmuch as possible.
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Figure 14. Dynamic responses for cases 12-15. (a) X-displacement of node j; (b) Y-displacement of
node j; (c) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.

Figure 15 presents the dynamic responses of the large space structure for case 12 and cases 16-
18 at different stabilization and unstabilization regions. For each case, the initial disturbance angle is
0.01° of roll angle. As shown in Figure 15, the displacement of node j in X, Y and Z directions and the
variation of yaw, roll and pitch angles of cases 12 and 16 are almost invariant, while the ones of cases
17 and 18 have extremely large variations. From the comparation of these four cases it can be easily
observed that for small disturbance angle, the cases at the unstabilization region will easily get
unstable while the cases at the stabilization region keep stable. The phenomena verify the universality
and rationality of the dynamic model and the accuracy of the gravity gradient stability criterion.
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of node j; (c) Z-displacement of node j; (d) Yaw angle; (e) Roll angle; (f) Pitch angle.

5. Stability Analysis of a Spinning Structure under the Influence of Gravity Gradient
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This subsection studies the stability of a spinning space structure under the influence of gravity
gradient. Figure 16 shows the schematic diagram of the spinning structure and its spinning axis, that
is, the OvX» axis, which points to the center of Earth with a spinning angular speed of @, = 600r/min

. The moments of inertia of the spinning space structure are shown in Table 7 and Figure 17.
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Figure 16. A spinning space structure and its spinning axis.

Table 7. Cases definition for the spinning space structure.

Moments of

inertia J e (kg-m?) ]yy (kg-m?) J.. (kg-m?)
Cases
19 3781737.3030 1900962.9450 1900962.9450
kxnl
l:l destabilization
stabilization
-1,19 1
(-0.145,-0.145) k,v
(-0.005,-1) 1 71

Figure 17. Definition of case 19.

Figure 18 presents the dynamic responses of the spinning structure without considering gravity
gradient torque and Figure 19 illustrates the configuration diagrams of spinning structure at different
moments. As shown in Figure 18, when the gravity gradient torque is neglected, the spinning
structure keeps stableas | >] =] .Figure 18(d) shows the trajectory of the node j and indicates

that there is no motion of the node j. From Figure 19 it can also be observed that the spinning structure
only rotates around the spinning axis.
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Figure 18. Dynamic responses for case 19 without considering gravity gradient torque. (a) X-
displacement of node j; (b) Y-displacement of node j; (c) Z-displacement of node j; (d) Trajectory of

the node j; (e) Yaw angle; (f) Roll angle; (g) Pitch angle.
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Figure 19. Configuration diagrams of the spinning structure without considering gravity gradient
torque at different moments. (a) t=0s; (b) t=50000s; (c) t=100000s; (d) t=150000s; (e) t=200000s; (f)

t=250000s.

Figure 20 illustrates the dynamic responses of the spinning structure considering gravity
gradient torque and Figure 21 gives the corresponding configuration diagrams of the spinning
structure at different moments. As is shown in Figure 20, when the gravity gradient torque is

considered, the displacement of node j in X and Y directions and

the pitch angle are all periodical.

Figure 20(d) presents the trajectory of the node j. From Figure 20(d) and Figure 21 it can be easily
found that the spinning structure turns unstable under the influence of gravity gradient torque. From
the comparison between two conditions, it is observed that a spinning-stabilized space structure
easily gets unstable under the influence of gravity gradient torque. The phenomenon indicates that
the gravity gradient stability and spinning stability of a large space structure cannot be satisfied

simultaneously.
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Figure 20. Dynamic responses for case 19 considering gravity gradient torque. (a) X-displacement of
node j; (b) Y-displacement of node j; (¢) Z-displacement of node j; (d) Trajectory of the node j; (e) Yaw

angle; (f) Roll angle; (g) Pitch angle.
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Figure 21. Configuration diagrams of the spinning structure considering gravity gradient torque at
different moments. (a) t=0s; (b) t=50000s; (c) t=100000s; (d) t=150000s; (e) t=200000s; (f) t=250000s.

6. Conclusions

This paper studies the gravity gradient stability of a large rigid space structure via both a
linearized attitude dynamic model and an orbital dynamic model based on natural coordinate
formulation (NCF). The linearized attitude dynamic model regards the large space structure as a rigid
body under small disturbance angles and establishes the stability criteria for gravity gradient via
Routh criterion. The NCF-based orbital dynamic model is able to describe the large overall motion of
the large space structure without any linearization, so as to investigate the gravity gradient stability
of the large space structure under large disturbance angles. The paper studies the gravity gradient
stability of a large space rigid structure under the influence of different initial moments of inertia and
different initial disturbance angles via 18 different cases. The results show that the initial disturbance
roll angle is quite easy to lead to the instability of the large space structure. With an increase of the
initial disturbance angles, the large space structure can turn into instability from gravity gradient
stability. Different locations at the stabilization regions also have a great influence on the stability of
the large structure, which indicates that the design of the large space structure should satisfy
k. =k, as much as possible in order to improve its gravity gradient stability. The dynamic analysis

of a spinning space structure with and without considering gravity gradient torque indicates that the
gravity gradient torque is easy to destabilize the spinning-stabilized space structure, which urges us
to pay special attention to the gravity gradient stability of a large spinning space structure.
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