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ABSTRACT As an important instrument for air-to-ground communication, the large space deployable
antenna plays an important role in driving technological innovation and has become a topic of interest
for research scholars worldwide. A large-scale deployable ring truss is introduced in this paper, which is
equipped with a complete rope-driven driving method and supplements a cable net system in forming a
complete space antenna. The antenna supporting arm is a slender structure that exhibits a certain flexible
deformation during the deployment process of the antenna. A dynamic deployment model of supporting
arms based on the absolute node coordinate formulation is established. In addition, based on the Lagrange
equation, dynamic equations of multibody systems, including equations describing friction and flexible
cable nets, are built. Furthermore, the optimal deployment process law of the antenna is developed. Finally,
the performance of the deployment process of the antenna supporting arms and space deployable antenna is
analyzed by the numerical simulation, which lays a solid foundation for subsequent prototype development
and control theory research.

INDEX TERMS Deployable antenna, antenna supporting arms, dynamic modeling, optimal planning,

dynamic analysis.

I. INTRODUCTION

With the continuous development of satellite mobile user
terminals towards light weight and portability and the increas-
ing demand for time-sensitive target monitoring, large-scale
space deployable antennas have become the key techni-
cal equipment for meeting the requirements of high-orbit
mobile communication and remote sensing [1], [2]. Design,
analysis and test verification techniques have become the
core technology that is urgently needed for the develop-
ment of aerospace technology. The research shows that the
signal gain and propagation distance of large-scale space
antennas are positively correlated with the aperture of the
antenna [3]. Therefore, the scale of the spacecraft antenna
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becomes increasingly large, and the structure is increasingly
complicated. However, due to the limited size of the space-
craft, it is unable to meet the requirements of large-scale
structures. Therefore, it is extremely urgent to study high-
quality antenna structures with large scale and high folding
ratios [4], [5].

Although many large-scale space antennas have been suc-
cessfully launched [6]-[8], smoothly deployed, and assigned
to in-orbit service, there are still many unresolved problems
in the deployment process of the antenna and its supporting
arms. There have been many cases in which the entire project
failed due to the failure of the antenna to deploy [9]. For
example, in 1981, the US FLTSATCOM-5 satellite antenna
failed to adapt for its structural deformation during the
deployment process; in 1999, the EGS antenna on the Russian
Mir space station failed in its first test due to the failure of the
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unlocking mechanism; the first in-orbit deployment experi-
ment of Japan’s ETS-VIII communications satellite antenna
failed in 2006 due to the entanglement of the flexible cable
network and the antenna mechanism [10]. Therefore, it is
necessary to focus on the dynamics of the entire deployment
process.

In the development of Ilarge-scale space antennas,
researchers from various countries have performed much
research on deployable antennas and their dynamics, cover-
ing different types and deployment methods. Mitsugi et al.
established a multibody system dynamics equation including
a reflective metal mesh, a cable net system and a deploy-
able truss. The accuracy of the model was verified by
experiments, and the conclusion was that dynamic mod-
eling is an indispensable tool for studying low-cost space
antennas [11]. Zhang et al. provided a dynamic analysis
method for complex truss and cable net systems and estab-
lished a dynamic model for cable net systems using the finite
element concept. In addition, from an energy point of view of
the truss system, the dynamic equations of the system are
established by the Lagrange method. The two models are
combined to form the multibody system dynamics model-
ing method, and the effectiveness of the method has been
verified by experiments [12]. Li et al. conducted in-depth
research on the dynamic modeling, solution and control of
flexible nonlinear multibody systems of deployable antennas.
A complete set of algorithmic processes was formed, and
successful research results were achieved [13], [14]. Deng
et al. conducted in-depth research on mechanism synthesis
and topology analysis [15] and designed a variety of algo-
rithms to optimize the configuration [16], which provided
powerful guidance for the design and deployment process
control of large space deployable trusses.

The author’s research group has conducted much research
on deployable structure in recent years, including configura-
tion design [17]-[19], degree of freedom analysis [20], opti-
mization design [21], and cable network system research [22].
The antenna studied in this paper is a new type of deployable
ring truss designed by the author’s research group [23]. The
basic module of the annular truss is composed of a closed six-
bar mechanism, and the adjacent modules share a common
vertical bar and the slider to form a closed-loop truss system.
The number of modules can be selected according to different
requirements to form ring trusses with different calibers.
Compared with the classic AstroMesh antenna truss in the
United States, the ring truss used in this paper is superior
in some evaluation indicators, such as the ratio of the truss
folding height to the deployed diameter, the diameter ratio
before and after the deployment, and the volume ratio before
and after the deployment.

Based on the current research status, the dynamics of
flexible supporting arms and deployable antennas is studied
in this paper. The rest of the paper is organized as follows:
Section II outlines the structure of the antenna system, its
working principle and analyses the necessity of this paper.
The dynamic modeling method of flexible antenna supporting
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arms is described, and the accuracy of the method is verified
in section III. Section IV establishes the kinematics of the
deployable antenna and a multibody system dynamics model
of the antenna, including the friction and cable net system.
Deployment process planning of the supporting arms and
the antenna, numerical simulation and results analysis are
performed in section V. Section VI is a summary of the full
text.

Metal reflective net

Cable net system

Ring truss

(a) (b)

FIGURE 1. Schematic diagram of the spacecraft. (a) Spacecraft system.
(b) Antenna components.

Il. OVERVIEW OF THE ANTENNA SYSTEM

A. STRUCTURE OF THE ANTENNA SYSTEM

As an important medium for communication between space
and earth, the spacecraft antenna structure has always been a
topic of interest in various countries. As shown in Fig. 1(a),
the communication satellite consists of three main com-
ponents: the satellite body, solar panel and deployable
antenna system. Among them, the deployable antenna sys-
tem includes deployable supporting arms and a deployable
antenna, and the research object of this paper is the com-
plicated antenna system. The satellite body is the core of
the entire spacecraft system, from which all the instructions
are issued. Solar panels are mainly used to provide energy
sources for the entire spacecraft. The deployable antenna
is a tool for receiving and transmitting signals, as shown
in Fig. 1(b), and consists of a ring truss, a cable net system
and a metal reflective net. The metal reflective net is attached
to the cable net system, and it is adjusted by the tension of the
cable net system to achieve good profile accuracy.

B. DEPLOYMENT PROCESS OF THE ANTENNA SYSTEM

The space deployable antenna is placed in the transmitter
before being launched. After the transmitter reaches the des-
ignated altitude, the antenna system expands to its designated
configuration in a specified order in which the truss antenna
is deployed after the support arm is deployed. Specifically,
the deployment process of antenna system includes several
stages: 1) the arms are unlocked, and the “big arm” is
extended by a certain angle of the motor; 2) the entire antenna
system 1is rotated at a certain angle around the big arm’s
axis; 3) after the big arm is rotated into position, the “small
arm” is unfolded to the designated position under the driving
of the joint motor; 4) the reflector is unlocked and is posi-
tioned into the correct configuration by the driving system,
then the reflector cable net system and the metal mesh are
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FIGURE 2. Deployment process of the antenna system.

promptly tightened to form a reflective paraboloid, as shown
in Fig. 2.

The deployment process of the supporting arms is mainly
driven by the motor, but the satellite space antenna consists
of a large number of components, such as bars and motion
pairs, and includes complex systems, such as flexible cable
nets. Therefore, the deployment process and driving method
of the antenna should be as simple as possible, and at the
same time, the synchronous deployment requirements of the
antenna should be satisfied, and a small number of motor
drives should be used.

Compensation
spring

Fixed pulley

Slider

Vertical bar
Compression
spring

FIGURE 3. Schematic diagram of the deployment drive mode.

The deployment mode of ring antenna truss in this paper is
driven by ropes. As shown in Fig. 3, two ropes are deployed
on the upper and lower ends of the vertical bar. By pulling
the slider to move to the upper and lower ends of the vertical
bar, the crank slider mechanism is used to drive the crossbar
to deploy so that the entire mechanism is deployed. The end
of each driving rope contains a compensating spring whose
main function is to avoid slack in the rope after unfolding the
lock. Furthermore, a compression spring is mounted between
the slider and the end of the vertical bar, the main function of
which is to provide partial drive resistance, thereby avoiding
slack in the driving rope during the deployment process.

Throughout the deployment process, there are many fac-
tors that could cause the deployment failure of the space
antenna system [24], and the inaccurate dynamic modeling
of the antenna deployment process is an important reason.
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The transformation of the large-space antenna structure from
its initial collapsed state to full deployment to the working
state in the space microgravity environment involves coupled
motion of the spatial rigid body large-scale motion and elastic
small deformation, which is a complex process with both
linear and nonlinear aspects [25]. On the one hand, there
are nonlinear factors such as the flexible cable net, joint
clearance, friction, rod flexibility, and thermal alternating
environment. On the other hand, the in-orbit deployment
process of the antenna is coupled with the attitude control of
the spacecraft, posing a potential threat to the attitude stability
of the spacecraft body.

In addition, the ratio of the length of the antenna supporting
arm to the diameter is large, associated with the elongated
rod member, which exhibits a certain flexibility and elastic
deformation during the deployment process. However, most
researchers regard the antenna support arm as a rigid body,
so that the deformation and vibration of supporting arm dur-
ing the deployment process will not be discovered. Therefore,
there is very little research in this area. The supporting arm
does not affect the deployment of the antenna during deploy-
ment process since the antenna is always in the locked state.
If the vibration of the supporting arm is too strong during the
deployment process, it will affect the satellite body, which
may cause the satellite body to be unstable or even reversed.
Therefore, it is necessary to study the vibration of the support-
ing arm during deployment process to prevent a large impact
on the satellite body.

lll. DYNAMIC MODELLING OF THE

FLEXIBLE SUPPORTING ARMS

A. DYNAMIC MODELLING BASED ON ABSOLUTE

NODE COORDINATE FORMULATION

The absolute node coordinate formulation (ANCF) was pro-
posed by Professor Ahmed A. Shabana in 1996 [26]. The
analysis of a deformed flexible body is based on the theory of
finite elements and continuum mechanics. ANCF modeling
relies on a constant mass matrix, and there is no consideration
of centrifugal force or Coriolis force, which is suitable to
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describe the rigid motion of a flexible body. ANCF is consid-
ered to be one of the most important advances in the history
of multibody system dynamics research.

The models before and after deformation of the beam
element are shown in Fig. 4. The coordinates r of any point
P in the unit are expressed as follows,

r,=[n n] =[x v]'=Se (1)

where S is the shape function describing the deformation of
the element and e is the generalized coordinate vector of the
beam element node, which are defined as follows,

St 0 & 0 S 0 S O
S= [ 0 S 0 S 0 S 0 S4i| @
e= [e1 e e3 e4 es e e eg]T
_ drii  Orip arn orp "
= |:ri1 iz x oax ) S ] Tox E]
3)

In the shape function, x is the local coordinate of point P,
and [ is the length of the beam element, & = x/I, S| =
1=3E)2 425 2 =1(§ -2+ (5)). 3 =3 -
2(&)% S4 = 1((¢)* — (6)?). In the generalized coordinate
vector, e|, e>, es, and eg are the absolute coordinates of
the two nodes i and j, e3, es4, e7, and eg are the slope
components at the two nodes i and j, which are tangent to
the beam axis and perpendicular to the beam section normal.
Therefore, in this model, the beam element adopts the
Euler-Bernoulli assumption, that is, regardless of the shear
deformation of the beam, only the bending deformation is
considered, and the cross section is still a plane and perpen-
dicular to the centerline of the beam.

The mass matrix based on ANCEF can be obtained from the
definition of beam energy. The kinetic energy T of the beam
element is defined as follows,

1 1
T=-— / il tdV = —éT [ f pSTSdV] é )
2 )y 2 v

According to (4), the mass matrix M of the beam element
can be obtained,

M= / pSTSdv (5)
\%

It can be known from (5) that the mass matrix obtained
based on ANCF is a constant matrix, which is related only to
the length of the beam element and its own properties, which
is an important feature of ANCF.

Under the action of gravity or external force, the flexible
beam responds with elastic deformation and elastic force,
as shown in Fig. 4. The strain energy produced by the defor-
mation of the beam obtained from the continuum mechanical
model is,

1! 1!
U=~ f EAgldx + ~ f Elc*dx (©6)
2 Jo 2 Jo

where E, A, I represent the elastic modulus, cross sectional
area and second moment of area, respectively. & represents
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(a)

FIGURE 4. Shape of the beam element before and after deformation.
(a) Before deformation. (b) After deformation.

the longitudinal strain of the beam bending and « represents
the curvature. The two expressions are,
1
f1=3 (e'STS'e—1)
K = ,/eTS//TS//e

Find the two derivatives of the formula (6) to obtain the
generalized stiffness matrix,

N

K=K; +K, ®)

where K; and K, are linear and nonlinear generalized stift-
ness matrices, respectively, which are calculated as follows,

1
K; = [) EIS"TS"dx — 3 Jy EASTS dx

| ©)
K, = Sy EATSTS'e)S'TS dx

The generalized external force and moment based on
ANCEF are also obtained according to the principle of virtual
work [27]. Suppose a concentrated moment 7 acts on the
left i or the right j node of the beam element. The generalized
external force vector corresponding to the external moment is,

Q
[000000—%%
- Tes TeE3

T
[0 0 7 000 0:| , Tacts on right node j

T
] , T acts on left node i

(10)

where f = /(971 /0x)% + (9r2/0)2.

According to the mass matrix M, the stiffness matrix K,
and the generalized external force Q obtained above, the
kinematic equation obtained by ANCEF is,

Mii + Kq = Q (1n

where ( is the absolute acceleration vector, q is the velocity
vector, and q is the generalized node coordinate.

B. SOLUTION OF THE DYNAMIC MODEL

The dynamic equation of the system is established according
to ANCF. Considering the various constraints applying inside
and outside the system, equation (11) cannot be directly
solved. Therefore, various constraints are introduced into the
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dynamic equation of the beam system. Using the Lagrange
multiplier method [28], [29], the constraints are processed
and introduced into the kinetic equation to obtain the follow-
ing differential algebraic equations,
. T
{Mq+d>qk=Q—Kq 12
d(q,1)=0
where, A is the Lagrange multiplier, ®(q, ¢) is the algebraic
equation of the constraint, and ®g is the Jacobian matrix of
the constraint.
Then, ® (q, ¢) is differentiated twice with respect to time
to obtain the differential algebraic equation of Index-1,

M ogld] _ Q-Kq
|:d>q Oq] [ki| N |:_(Dtt —2Pqiq — (q)qil)qili| (13)

After the dynamic equation is processed as described
above, it becomes an ordinary differential equation and can
be solved by a numerical algorithm. However, to avoid hav-
ing to solve for the divergence, Baumgarte [30] proposed
a constraint stability method based on the control feedback
strategy, that is, the stability coefficient is introduced into the
solution, resulting in the following form,

. 71
REERIN e
A dq 0 14
where y = —®, =244~ (®qq) G20 (Pgq + ;) 7@
and where o and S are stability factors. The range of « and
B is between 5 and 50. When « and S reach a critical state,
the response is stabilized relatively quickly. For the selection
of « and B, refer to the related literature [31].
Assuming that the degree of freedom of the system is 7,

the first n lines of equation (14) can be used to obtain the
expression of {, namely,

. M o777 [Q - Kq
()
(CDq 0 Y 1~n

This formula can be solved by a variety of numerical
methods.

C. VERIFICATION OF THE DYNAMIC MODEL

The dynamics simulation process shown in Algorithm 1 is
determined according to the dynamics modeling method
described in the previous two sections.

The simulation process is evaluated for two cases of a
single pendulum and double pendulum moving under the
action of gravity, as shown in Fig. 5.

The attributes for the single pendulum and the double pen-
dulum are shown in Table 1. Furthermore, the same model is
established in Abaqus finite element software, and the accu-
racy of the above modeling process is verified by comparison
of the results. For the above two simulation cases, as shown
by the comparison results in Fig. 6, the results obtained by
using the different modeling methods are extremely similar,
s0 it can be proven that the dynamic model established by the
absolute node coordinate method is correct and accurate.
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Algorithm 1 Multibody System Dynamics Modelling and
Solution Based on ANCF
Initialize:
Initial Configuration, Element Information, Constant
Matrices, Jacobian of Constraints
Set: stability factors o and S
If q,q,and ¢ have converged
do:
tkt1 =t + At
Calculate the elastic force F
Calculate overall generalized external force Q
Evaluate the integral for use in Eq. (15)
Update q, q, , k =k + 1
while k< n
Else
return the ‘Set’ statement, and reset the
stability factors
Output the simulation results, and store the data
End

YA YA

5—» | S—» (@) |
é‘ X gi é’ X gl
(a) (b)

FIGURE 5. Diagram of the simulation model. (a) Single pendulum. (b)
Double pendulum.

TABLE 1. Simulation parameters.

Attributes Simple pendulum Double pendulum
Length (m) 1.2 3.6
Cross-sectional area (m?) 0.0018 0.00025
Elastic modules (Pa) 2x10° 6.895x10"
Second moment of area (m*) 1.215x10% 1.302x10°
Density (kg/m®) 5540 2770
Simulation time (s) 1.3 5
Gravity acceleration (m/s”) 9.81
~ 02
E o g0
5-02 R
5-04 £
Q
£.0.6 g2
o —_
2.0.8 %
] A3
> -1.0 ;
1.2 . " 4
“0 0.5, 1 1.5 0 2. 3 4 5
Time (s) Time (s)

(a) (b)

FIGURE 6. Simulation results in the Y direction. The blue solid line
represents the simulation results with ANCF, and the red dotted line
represents the simulation results with ABAQUS. (a) Single pendulum.
(b) Double pendulum.

IV. DYNAMIC MODELLING OF THE RING ANTENNA

A. KINEMATIC MODEL

The kinematic model of the ring truss is established in
this section. Due to the complex structure of the ring
truss antenna, the model needs to be simplified before the
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FIGURE 7. Ring antenna coordinate system. The numbers represent the
joint nodes, the lowercase letters represent the length of the rod, and the
uppercase letters represent the coordinate axes.

kinematic modeling. As shown in Fig. 7, the link is equivalent
to a line segment, and the joint is equivalent to a node with
numbers 1 to 14, ignoring the influence of other factors.
The lever member L, is a vertical bar that is in contact
with the antenna supporting arm and is regarded as a fixed
lever here, and the remaining members are movable bars.
Taking the line segment of L, as the Z-axis, the line where
point 1 and its adjacent vertical rod’s end point are located
is the X-axis, and the Y-axis is determined according to the
right-hand rule, so the coordinate system O1 — X Y1Z; is
established and regarded as the basic coordinate system in the
same manner. The local coordinate system O; —X;Y;Z; of each
unit is sequentially established in a counter clockwise order.
The angle between the X-axis of the adjacent local coordinate
system is § = 360°/n, where n is the number of modules.
Each rod has a fixed length of a, b, c, or d, as shown
in Fig. 7. Furthermore, the distance from the moving slider
to the end of the vertical rod is set to e, and the length is
determined according to the triangular cosine theorem,

d2—c2sin? o
(16)

e=1l1g=1Dh10=14120=1514 =ccosa+

The antenna mechanism has a single global degree of
freedom by the constraint of the double crank slider and the
driving rope. Therefore, the spatial coordinates of each node
can be uniquely represented at any time during the unfolding
process and related only to the deployment angle «.

Let u; represent the spatial coordinates of each node i in the
unit, let B be any point on any link (j, k), and let the distance
between B and point j be x. Then, the position of point B in
the global coordinate system can be expressed as,

u;

T X X
rg = (x,¥8,28) =Ai+R; |:1 -7 _] |:llk

Lix Lk

} (17

where A; is the coordinate of the origin of the unit local
coordinate system in the global coordinate system and R; is
the rotation matrix of the unit local coordinate relative to the
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global coordinate, respectively expressed as,

T
000| , i=1
[oo0]' | T
Ai=2bsina | cos[(i—2)81 Y_sin[(—2B10 | |,
j=2 j=2
i>2
(18)
[(cos[(i—1)B] —sin[(i—1)B]0
R, = | sin[(i—1)B] cos[(i—1)B] O (19)
0 0 1

Through the above formulas, the spatial position of any
point on each rod in the global coordinate system can be
obtained.

The deployment of the antenna mechanism requires
actuation of the rope. Therefore, it is necessary to estab-
lish the relationship between the length of the rope and the
deployment angle. Each rope in each module has 4 segments.
Therefore, the total length of a single truss driving rope is,

L =2n(2¢ +2b) = 2n (ccosa +Vd? — 2sina +b)
(20)

The velocity and acceleration information during the
antenna deployment process can be obtained from the first
and second derivatives of (17). The rope contraction speed
and acceleration during the deployment process of the ring
truss can be obtained by using the first and second derivatives,
respectively, from (20).

B. KINETIC ENERGY AND POTENTIAL ENERGY

The satellite space antenna system consists of key compo-
nents such as a ring truss, driving ropes, cable net system and
pulleys. The driving rope and cable net system are relatively
light in weight and slow in speed, so their kinetic energy is
neglected. The kinetic energy of the ring truss and joints is
mainly studied.

According to the kinematic relationship established, for
any rod in the ring truss, the linear density is p, and the
position vector of any point B on the rod in the global coor-
dinate system O1 — X1 Y1Z; is rp. Perform line integration to
obtain the kinetic energy of the rod,

le 1
E, = f —pihipdx (21)
0o 2
Therefore, the kinetic energy expression for a ring truss
system with n modules is,

n

E=y
i=1

where E, and E; respectively represent the kinetic energy of
the rod and joint, and J,, is the equivalent moment of inertia

10 14 1
1 E, + ;Ej = EJao'ﬂ (22)
e= ]:
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of the system and can be expressed by

2 T
3A,‘ aA,- . ou; ou
y ani i +<W> Rt(a—é+a—§)
a = e u 2 o gup 3 2
i=1 e=1 +%<a—l;’ + 5 et |7
n 14 2 T 2
3Ai aAi allj 8llj
A I el 2 == e —J
+;j_zlm]< oo + (8(1) laa+ oo

(23)

where m, is the mass of the bar and m; is the concentrated
mass of the joint.

Since the antenna deployment is carried out in space, its
gravitational potential energy is ignored. The main source of
potential energy of the system is the cable net system and
springs. According to Fig. 3, there is a compensating spring
at the end of the driving rope, which is essentially rigid and
undergoes little deformation during the deployment process;
thus, its elastic potential is ignored. In addition, the ring
truss contains a total of 2n compression springs. Ideally, all
compression springs have the same deformation during the
deployment process, with a stiffness coefficient of k; and a
length of /p in the natural slack state; during the deployment
process, the length is the distance e. The potential energy of
the compression spring during the deployment process is,

Uy = nky (I — e)* 24)

The system cable net is connected to the upper and lower
ends of each vertical rod and is in a relaxed state at the
initial stage of the deployment process. When deployed to
a certain extent, the cable net system is gradually tightened
until it is fully deployed. The cable net system has many cable
segments and is intricate. This arrangement is equivalent to a
plurality of springs with a stiffness of k connected to the ring
truss, where different styles of antennas get different stiffness
ky by experiment. A model is shown in Fig. 8.

FIGURE 8. Schematic diagram of the cable-spring equivalent model. The
blue line represents the ring truss, the black line represents the cable net
system, and the red line represents the equivalent spring.

When the deployment angle of the mechanism is o, the
cable net is in a critical tension state, and the deployment
radius of the ring truss is R, the deployment radius of the cable
net is R.. As the deployment angle continues to increase, the

69928

potential energy of the entire cable network system is,

R
Uy = 2n/ ko (R —R.)dR
Re

kob? (sina — sina)?
_ ks .(szlna sin o) e a (25)
sin” (180°/n)
In summary, the system potential energy change function
of the antenna during the deployment process is,

nky (lop—e)?, O<a<a,
_ 2lcin 2
U= nky (o — e)2+ nkob '(512na sin o) -
sin“(180° /n)
(26)

C. SYSTEM GENERALIZED FORCE

The system generalized force mainly considers nonconserva-
tive forces, including the viscous friction of the joint, the con-
trol force of the motor on the driving rope, and the sliding
friction between the rope and the pulley.

FIGURE 9. Basic structure and parameters an individual module. (a) Joint
arrangement. (b) Rope tension diagram.

First, the viscous friction of each joint is considered.
As shown in Fig. 9 (a), the single module contains four kinds
of rotating joints and one kind of sliding joint. The viscous
friction force is determined by the relative motion speed at
both ends of the joint and the friction coefficient. The joint
frictional friction Qf in the system is,

. dag . don . doj . Oay
Of=—n| 46101 —+4& 10— +4&103— +28100 —
Jda Ja Jo da

9
_ongel 27)
o

where & and &; is the viscous friction coefficient of the
rotating joint and the sliding joint; o1, oep, ¢3, ot4, and e are the
joint variables of the rotating joint and the sliding joint, which
can be expressed as ¢ = o, ap = m — arcsin (csin«/d),
o3 = o + arcsin (csina/d), vs = 2a, and e = ccoso +
Vd? — 2sin’a.

Second, the generalized forces caused by the driving rope
must be considered. According to the literature [32], for a
rope pulley system containing friction, as shown in the partial
view at joint 3 in Fig. 9 (b), the relationship between the rope
tension on the left 77 and right 7 sides of the pulley is,

T, = Tje HM7—9) (28)

where p represents the relative friction coefficient between
the pulley and the rope. For each of the single ropes shown
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in Fig. 9 (b), there are four sections. For each pulley, the rope
tension decreases by a certain value. Therefore, the corre-
sponding rope tension changes as follows,

Tuis = Taj_ge T = T} duli=D(r—a)

Tuiin = Tyize HT—01) = T = 4nli=D(r—a)—p(r—a)

Taio1 = Taji_ne M=) = Ty~ 4li—D(—a)—pQr—3a)

Ty; = Taj_1e HT=93) = T~ 4li=Dm—e)—p (3 —4a)

(29)

where T7 is the driving force of the motor for single rope. The
generalized force of the cable tension T4;_3 to node 10 is,

Tais oro
O1p= ————(r; —119)) ——
[r2 — 0] oo
T4i—3 T (31110 T 3Ai)
= —(u — + R — 30
fui02] (u10,2) . i 3o (30

where ujp2 = uz — ujp.
Similarly, the generalized force of the cable tension 74;_3
T3 T (0w
— (112,10) — +

on node 2 is,
0A;
h = R?—’) (31)
|ll2,1()| do o

Then, the generalized force caused by the tension 74;_3 of the
cable segment (10-2) is,

Tyi3 T 0uyp2 de
. = = — u —_— sy —
O, 3 = Qio+Q2 03] (u10,2) % 437
2 .
sin 2 .
=T |:c sina + chz—zaz] o~ 4uli=1) (T —a)
— CceSIn~ o
(32)

Similarly, the generalized force of the remaining three
cable segments is,

Ty > T
01, =0+ 03=— l ( ) 3(2)[3:0
o]
Ty T 0u3 4
Ty =03+ 04=———(w4) —— =0
Q 4i—1 Q Q |ll3,4| ( ) ga )
Ty T duyg 12 e
=014+ 012p=—7———(u1.12 = —Tyi—
Oru =it 0 |ug 12| (5a.12) 9 K
. 2 sin 2a
=T |csing + ———————
2vd? — 2sin? a
Xe—4u(i—1)(n—a)—u(371—4a)

(33)

Therefore, the generalized force Qr caused by the two
driving ropes of the whole system is,

Or =2 Z (QT4,'—3 +O0ry, + 01y, + QT4i)

i=1
2

. ¢~ sin 2a
=2T, | csing + ————MM—
2V/d? — 2sin? «

n
% Z I:e—4u(i—l)(n—a) (1 n e—p.(3n—4a)>] (34)
i=1
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It can be seen from the above formula that the generalized
force caused by the tension of the driving rope is related only
to the variable angle o of deployment, so it can be written as,

Or =Tf (@) (35)

Finally, combine the generalized force caused Q, by the
viscous friction of the joint with the generalized force caused
by the driving rope,

Qo = O (a, @) + QOr (@) (36)

The above formula provides the generalized force of the
system.

D. DYNAMIC MODEL

The system kinetic energy, system potential energy and sys-
tem generalized force obtained above are brought into the
Lagrange dynamic equation to obtain,

d (0(E—-U) d _
E<T>—%(E—U)—Qf+QT (37)

According to the formula described above, the upper
potential energy U and J,, of the kinetic energy E are related
only to the expansion angle «, so (37) can be simplified as,

1 9J, iU
Jobi+ ~— &+ Q0+ — —Tif (=0  (38)
2 da o

Equation (38) is the dynamic equation of the deployment
process of the ring truss antenna. According to this equation,
the rope driving force can be obtained by using the planned
deployment method to obtain the control model.

V. NUMERICAL SIMULATION AND RESULT ANALYSIS
A. DEPLOYMENT PROCESS PLANNING
OF THE ANTENNA SYSTEM
The deployment process of the supporting arms is planned
first. Here, the main consideration is the flexibility of the
arms, so the deployment phase of two arms is mainly planned.
During the deployment process, the antenna is considered
to be a particle with a concentrated mass attached to the end of
the support arms. In order to avoid the system impact problem
near the locking time point during the deployment process of
the antenna supporting arms, it is generally required that the
relative speed of the arm approaches zero near the locking
time point; otherwise, the satellite body will be impacted. The
antenna supporting arm deployment process is planned using
linear torque. Through multiple simulation experiments, a set
of feasible arm driving torque functions is obtained, as shown
in Fig. 10. The performance analysis of the supporting arm
deployment process in the subsequent section is carried out
under the action of the abovementioned driving torque.
After the arm is deployed, the focus shifts to the planning
of the deployment process of the ring antenna. The kinematic
relationship of the ring antenna is used to convert the angular
velocity and angle into the displacement of the rope. Finally,
the truss is deployed according to the predetermined plan by
the control of the motor.
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FIGURE 10. Deployment process planning of the supporting arms.
(a) Deployment driving torque of the big arm. (b) Deployment driving
torque of the small arm.

The first method uses a fifth-order polynomial function
curve. In order to obtain the continuous deployment trajectory
of the acceleration and to ensure that the specified posi-
tion can be reached at the initial and final time points and
that the speed meets requirements, a polynomial curve of
order five is used here to plan the angular velocity during
the expansion process to ensure a smooth deployment and
to reduce chattering. The fifth-order polynomial function is
defined as,

Step5 (x, xo, ho, x1, h1)
= ho+( —ho) [(x—x0) / (x1 =x0) T’
{10 1516 = x0) / 1 =x0) 146 16 —x0) / (11 =x0) )
(39)

where x is the time variable, xy and x; are the start and end
times, hg and A are the function values corresponding to the
start and end times, respectively.

The acceleration-deceleration deployment strategy is used
to plan the deployment angular velocity « as,

. Step5(¢,0,0,T/2,¢a1) 0<t<T/2 (40)
o =
Step5 (¢, T/2,01,T,00 T/2<t<T

where ¢ is time, T is the total time of ring truss unfolding,
and & represents the deployment angular velocity at T/2. For
time points within the range of 0~T/2, the angular velocity of
truss deployment increases gradually according to the fifth-
order polynomial law. Within the range of T/2~T, the angular
velocity of the ring truss is reduced to zero according to the
polynomial law. According to (40), it is necessary to satisfy
a =nw/2whent =T,s0oa; = (m —2ag) /T, which also
represents the maximum speed of the deployment phase.

The second method uses a Bezier function curve. The
Bezier function consists of control points and Bernstein basis
functions. By defining the positions of several control points,
a curve of arbitrary shape is obtained.

The deployment angle based on the Bezier function is
defined as,

P(t)=) PBi,(t), tel0.1] (41)
i=0

where P (¢) represents the deployment angle trajectory during
the deployment process, P; represents the control point of
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the deployment process, and B; , (¢) is the Bernstein basis
function of the Bezier function, which is defined as,

Bin () =Cit'(1—p)"

— i,
i!(n—1)!

The velocity and acceleration can be derived from (41).
In order to reduce the influence of the reaction force gener-
ated by the antenna, it is necessary to find a suitable set of
solutions P; to minimize the maximum value of the angular
acceleration while satisfying the constraints of the angular
velocity P (¢) and the angular acceleration P (r) continuity.
Therefore, the optimization model is established as follows.

Find,

te[0,1] (42)

P =(Py P Py)" (43)
subject to the objective function,
min  f = max(abs(P(1))) (44)
restricted to,
PO)=ay, P(l)=m/2
PO)=0, P(1)=0 (45)
PO)=0, P(1)=0

Here, an eighth-order Bezier function is established; find a
suitable set of planning angles P = (0.0768, 0.0768, 0.0768,
0.4465, 0.8152, 1.2169, 1.5708, 1.5708, 1.5708) through the
optimization algorithm, and apply the Bezier function to the
set. The planned deployment angle, angular velocity, and
angular acceleration are shown in Fig. 11 and compared with
the results of the first planning method.

According to Fig. 11 (c), it can be found that the peak
acceleration of the angular acceleration based on the Bezier
function is 4.28 x 10~4 rad/s2, which is 24.6% lower than
the peak acceleration of the angular acceleration 5.7 x 10~*
rad/s? based on the fifth-order polynomial function, and the
angular velocity of the expansion is also greatly reduced,
which further reduces the impact of satellite truss unfolding
on the ontology.

Based on the deployment law of Bezier function pro-
gramming, the deployment trajectory of the rope is shown
in Fig. 12. It can be seen from the figure that the peak of
the rope contraction acceleration based on the Bezier function
expansion is 2.51 x 10~3m/s?, which is 29.3% lower than the
rope contraction acceleration peak 3.55 x 10~3m/s? obtained
from the fifth-order polynomial function. The performance is
greatly improved, and the expansion of the ring truss can be
well controlled by the motor.

By comparing the results of above two deployment plan-
ning, it is found that, compared with the fifth-order function
expansion law, using the Bezier function law for planning fur-
ther reduces the peak of the acceleration, thereby improving
the deployment performance of the satellite truss. Therefore,
using above-planned Bezier function expansion rule, through
MATLAB programming, the truss deployment process can be
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FIGURE 11. Comparison of two planning methods. The solid blue line represents the trajectory of the Bezier method planning, and
the red dashed line represents the trajectory of the fifth-order polynomial function planning. (a) Angle. (b) Angular velocity.
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FIGURE 12. Planning the rope contraction parameters. The solid blue line represents the trajectory of the Bezier method planning,
and the red dashed line represents the trajectory of the fifth-order polynomial function planning.(a) Length. (b) Speed.
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FIGURE 13. Simulation results of the motion of some bars based on Bezier planning. For clarity, and due to symmetry, take
the 1st, 4th, 8th, and 12th poles of the 24 vertical bars. (a) Displacement change. (b) Speed change. (c) Acceleration change.

simulated, a and b are set to 1 m and 0.5 m correspondingly,
and the parameter change are obtained as shown in Fig. 13.
As shown in Fig. 13, the displacement, velocity and accel-
eration of bars 1, 4, 8 and 12 are extracted. According to the
Fig. 13 (a), the ring truss can be fully expanded from the initial
angle of 4.4° to 90°. The truss extends 588 mm before unfold-
ing; the diameter after unfolding is 7660 mm, the diameter
ratio before and after unfolding is approximately 0.077, and
the height-to-diameter ratio is 0.13. To increase the expansion
diameter, simply increase the number of units. According
to the speed curve of Fig. 13 (b), it can be found that by
Bezier curve planning, the speed in the initial expansion
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phase increases steadily, and the maximum speed generation
time appears in the middle and at the end of the expansion
phase, smoothly approaching zero, which reduces the effects
of vibrations generated during the process of deployment
and locking to the satellite’s body. Similarly, according to
the deployment acceleration curve of Fig. 13 (c), it can be
found that the accelerations are also close to zero at the initial
stage and the end stage of the unfolding, thus avoiding impact
vibration caused by inertia. The above results show that the
planning method fully meets the optimization goals taken
on at the beginning of this section. The antenna deployment
process is shown in Fig. 14.
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FIGURE 14. Schematic diagram of the antenna deployment process.
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FIGURE 15. Deployment performance of the big arm. (a) Displacement of
the big arm ending in the Y direction. (b) Speed of the big arm ending in
the X direction.

B. ANALYSIS OF THE SUPPORTING ARM’S

DEPLOYMENT PROCESS

The total length of the supporting arms is 5 m, of which
the big arm extends 3 m and the small arm extends 2 m.
According to the calculated driving torque of the big arm,
the simulation results are shown in Fig. 15. It can be seen
from Fig. 15(a) that at 86 s, the big arm is deployed in its
ideal position. It can be seen from Fig. 15(b) that there is
always a slight vibration during the deployment process of
the arm. When the arm reaches its ideal position, it is slightly
oscillating due to the elastic deformation. It can be seen from
the simulation results that the vibration of the big arm is
minimal during the entire deployment process.

After the big arm is deployed, the small arm is unlocked
and begins to deploy. Under the driving of the linear moment
shown in Fig. 10 (b), the deployment process of the small
arm is as shown in Fig. 16. As shown in Fig. 16 (a), under
the action of the linear driving torque, the small arm is
deployed to a predetermined position at approximately 112 s.
In this process, a more pronounced vibration is produced
than that of the deployment process of the big arm, as shown
in Fig. 16 (b) and Fig. 16 (c).

This result occurs because the driving of the arm is based
on the end of the big arm, and the simulation result of
the small arm deployment includes the superposition of
the flexible deformation of the big and small arms, so the
vibration amplitude at the end of the small arm is signifi-
cantly increased, and the vibration frequency is significantly
reduced. At the end of the deployment process, the lock-up
time fluctuates greatly, and the fluctuation range is greater
than that of the vibration amplitude during the deployment
process. It can be seen from Fig. 16(d) that during the deploy-
ment process of the small arm, the end of the big arm produces
a continuous positional drift, mainly caused by the reaction
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force generated by the deployment of the small arm, and
the frequency of the big arm drift is consistent with the
frequency of the vibration during the deployment process of
the small arm.

From the entire deployment process of the antenna support-
ing arm, it can be found that vibration is generated both during
the deployment process and at the time of locking; the ampli-
tude and frequency of the low-order vibration of the antenna
support arm during the rotation increases with the increase
of the rotational speed, and this effect does not diminish as
the expansion process progresses. This vibration affects the
attitude stability of the satellite body, so it is necessary to
design a more reasonable deployment mode when necessary
and to design a stable controller to control the smooth deploy-
ment of the antenna supporting arms. Second, the vibration
amplitude can be decreased by increasing its deployment
time and reducing the rotation speed. In addition, the antenna
support arms can be fabricated from a material with a larger
modulus of elasticity to reduce the elastic deformation and
vibration amplitude during the deployment process.

C. DYNAMIC SUMULATION OF THE ANTENNA'S
DEPLOYMENT PROCESS

Based on the Lagrange dynamics model established in the
previous section, a program was developed to study the
dynamic performance. The parameters are set as follows:
geometric parameters of the ring trussa = 1 m, b = 0.45 m,
¢ = 0.1 m,d = 0.15 m, number of truss modules studied
n = 24, linear density of the bars p = 1800 kg/m?, initial
deployment angle op = 4.4°, critical angle of tensioning
of cable net system «, = 80°, compression spring stiffness
coefficient k; = 100 N/m, equivalent spring stiffness coef-
ficient of the cable net system k» = 200 N/m, length of the
compression spring in its natural state [o = 0.3 m, viscous
friction coefficient of the rotating joint £&; = 0.1, and viscous
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friction coefficient of the sliding joint £&; = 0.1. The dynamic
performance is simulated in MATLAB.

First, the dynamic performance and energy relationship are
studied when . = 0. At that time, regardless of the frictional
relationship between the rope and the pulley, the tension
over the entire driving rope is constant. The energy change
diagram is shown in Fig. 17.
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FIGURE 17. Energy change diagram when p = 0. In (a), the green solid
line represents the system kinetic energy, and the blue dotted line
represents the joint dissipative energy; in (b), the purple color represents
the input work, and the red dotted line represents the system potential
energy change. (a) Variation curve of the kinetic energy and joint
dissipation energy. (b) Variation curve of the potential energy and input
work.

As shown in Fig. 17, the energy change diagram at © = 0
shows that the absolute speed of the movement of the rod and
the relative rotational speed of both sides of the joint is small
during the whole deployment process. Therefore, the kinetic
energy of the whole system and the joint dissipating energy
are both very small. It can be seen from Fig. 17(b) that the
input work of the motor is mainly converted into the potential
energy of the compression spring. On the whole, the sum
of the system kinetic energy, joint dissipative energy and
system potential energy is equal to the motor input work,
which is consistent with the law of conservation of energy,
so it can be verified that the established dynamic model is
correct.

There must be relative friction between the pulley and
the driving rope, so the dynamic deployment performance
is studied when . = 0.01. The energy relationship of the
system is shown in Fig. 18. In this case, the input energy of
the system is converted into kinetic energy, potential energy
and joint dissipating energy, and the residual energy is lost by
the friction between the pulley and the driving rope, which is
in line with the law of conservation of energy.

Fig. 19 shows the variation of the output force of the motor
with time under different friction coefficients p based on the
deployment law of the Bezier function. It can be seen that the
trend of the output force of the motor is consistent under dif-
ferent friction coefficients. At the initial time point, because
the compression spring is in a slightly compressed state,
the driving rope has a certain tension. As the deployment
process progresses, the output force of the motor gradually
increases. When the cable net system is tightened, the load
force of the motor increases, rapidly. Then, the deployment
speed is gradually reduced, and the motor output force is
rapidly reduced until the final motor output force needs to
overcome only the resistance of the compression spring. This
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FIGURE 18. Energy change diagram when p = 0. In (a), the green solid
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FIGURE 19. Motor output force under different friction coefficients.
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FIGURE 20. Tension values of different cable segments at different time.

is because the resistance of the cable net system is mostly
carried by the ring truss at the end of the deployment process,
and the motor output force needs to overcome only a small
amount of resistance.

Upon full deployment, the ring truss reaches its singular
point, the resistance of the cable net system is completely
offset by the ring truss, and the motor does not have to
bear the resistance of the cable net. This is an important
advantage of this ring truss antenna. Therefore, it is necessary
to select a material with a small relative friction coefficient in
the selection of the driving rope and the pulley material to
maximize the energy utilization rate.

Finally, due to the friction of the pulley, the driving force
decreases every time a cable passes through a pulley, and the
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divergence law is different due to the different wrap angles
of the driving ropes on different pulleys, as shown in Fig. 20.
The tension value of each cable segment at different times
can be seen from the figure. The whole mechanism has a total
of 24 modules, a total of 96 with the cable section. The tension
of any individual cable section varies along the entire driving
rope, with a downward trend following the motor output, and
the tension of the rope segment farthest from the motor is the
smallest.

VI. CONCLUSION

The dynamics of the antenna and its supporting arms is
presented and investigated in this paper. The deployment of
the antenna supporting arm is an important part of spacecraft
design, but it is also the most easily overlooked part. A new
flexible body dynamics modeling method, ANCEF, which has
a constant mass matrix and does not incorporate a Coriolis
force or centripetal force, is introduced in this paper. Based
on this method, the dynamic model of the supporting arm
is established, and the solution algorithm of the dynamic
equation is designed. The accuracy of the model and the
algorithm is verified by example cases. In addition, through
a number of experiments, a linear driving torque that fully
deploys the arm is obtained. Secondly, the article introduces a
large truss recently developed by the authors’ research group
and proposes a complete rope-driving method of deployment.
The generalized force of the driving rope is derived, and the
dynamic kinetic energy and potential energy of the system
are used to form the complete Lagrange multibody system
dynamics equation, including the friction force for a flex-
ible cable net. By comparing various deployment planning
methods, the optimal deployment planning of the system is
determined.

Simulation results show that the antenna supporting
arm always undergoes high-frequency jitter during the
deployment process, which is particularly obvious during
the deployment of the arm and necessitates attention by
researchers. The vibration of the supporting arm during the
deployment process increase with increasing speed, and the
frequency decreases with increasing arm length. In order to
suppress this phenomenon, three reasonable measures are
proposed in this paper. Moreover, through optimal deploy-
ment planning, the antenna can be deployed smoothly, min-
imizing the reaction force generated, thereby weakening the
coupling effect between the satellite body and the antenna.
In this process, the input power of the motor is mainly con-
verted into the potential energy of the spring and the cable net
system, and most of the remaining power is converted into
the thermal energy of the driving system, while the kinetic
energy is small; the whole system conforms to the principle
of energy conservation. This article is of great significance
for the development of the new type of ring truss antenna.
In the future work, the flexibility of the ring truss and the joint
clearance will be addressed to more accurately represent the
real situation.
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