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The deployable parabolic cylindrical antenna, due to its large structural scale, complex transmission
linkages, and multiple closed-loop constraints, endures significant differential loads on its structural compo-
nents during the deployment process. This leads to substantial deformations or even damage to the structure. To
enhance the reliability of the antenna’s deployment and the load-bearing safety of its components, it is impera-
tive to comprehensively identify the dynamic characteristics inherent in the control of the antenna deployment
process. In this paper, a fast dynamic modeling method for large-scale, module-assembled, space deployable
supporting structures is proposed. Based on this, an algorithm for solving high-dimensional differential equa-
tions which features polycondensation and recursion module by module is proposed. First, the dynamic and
constraint equations are established for a large-scale deployable supporting structure with parabolic cylindrical
surfaces which is divided into 25 sub-modules. Then, sub-modules are assembled to realize the fast dynamic
modeling of the large-scale supporting structure. Further, an efficient recursive algorithm, which is solved mod-
ule by module, is presented according to the concept of building dynamic equations in modularization. Finally,
a nonlinear deployment control strategy based on velocity feedback is introduced to ensure stable deployment
control over strongly nonlinear systems, such as the deployable supporting structure with parabolic cylindrical
surfaces; moreover, ideal deployment control effects are achieved for such systems. The results indicate that the
control method can reduce the peak velocity of the supporting structure during the deployment process from
5.508 to 0.0323 ms~! and that it improves the synchronicity of the antenna’s supporting structure deployment
by 69.49 %. This study provides a feasible implementation scheme for the dynamic characteristic analysis and
deployable process control of back-shell truss antennas.

The space antenna, which has been widely used in resource
exploration, electronic reconnaissance, and deep space ex-
ploration, is the main component in space exploration mis-
sions (Liu et al., 2020; Chen et al., 2021; Lin et al., 2019).
As a key core component of space antennas, deployable
structures have achieved very rich research results of re-
cent decades, such as solid-surface deployable structures,
inflatable deployable mechanisms, and truss-type deploy-
able structures, and the existing research work on deploy-

able structures mainly focuses on deployable mechanism
design. As the membrane deployable structure developed
by Torisaka et al. (2019) and the cable-rib tension deploy-
able antenna structure proposed by Liu et al. (2018), Sun et
al. (2021) designed the H-style deployable mechanism for
large space-borne mesh antennas. In order to improve the
stiffness of the antenna, Han et al. (2019) designed a scis-
sor double-ring truss deployable mechanism for space an-
tennas. We also acknowledge the double-layer deployable
truss structure designed by Dai and Xiao (2020) that meet
the needs of large-diameter space antennas. Han et al. (2023)



designed a new type of peripheral deployable antenna mech-
anism with an inner and outer height difference and verified
the deployable degrees of freedom of this antenna based on
screw theory. Shinde and Upadhyay (2024a) conducted in-
depth research on membrane-type space deployable anten-
nas, systematically investigating the effects of residual gas
inflation under different folding patterns (Shinde and Upad-
hyay, 2024b) as well as the influence of tension on the surface
shape, stress distribution, and overall stability of membrane
reflectors (Shinde and Upadhyay, 2021, 2022, 2023). The
parabolic cylindrical antenna studied in this paper is similar
to other cable-rod deployable structures. It has the character-
istics of large storage rate, light weight, and high precision.
The parabolic antenna has become one of the new develop-
ment directions of space-borne antennas (Hu et al., 2015).
The space deployable antenna is a typical rigid—flexible
coupled multibody system. With the development of struc-
tural design, the diameter of the space-borne antenna is get-
ting larger, and the influence of mechanism flexibility caused
by the large-scale antenna deployment process is becoming
more and more obvious (Hu et al., 2013). To improve the
reliability of space antenna deployment and the safety of
components under load, it is necessary to comprehensively
identify the dynamic characteristics of antenna deployment
using simulation and obtain the load characteristics of com-
ponents during deployment. Therefore, scholars have carried
out in-depth research on the dynamic characteristics of the
antenna during deployment (Li, 2012; Fulton and Schaub,
2021; Lopatin et al., 2023). Establishing an accurate dynamic
model of the large space deployable antenna is the basis of
mechanical property analysis and deployment control.
ANCEF (absolute nodal coordinate formulation) (Franco et
al., 1998; Wang et al., 2022) is a well-known approach to
solving the flexible multibody dynamics proposed by Jose
Luis Escalona Franco and Ahmed A. Shabana in Franco et
al. (1998), the dynamic equation has the characteristics of
a constant inertia matrix, the absence of Coriolis force, and
the centrifugal force, ANCF can describe the flexible multi-
body system more accurately and plays an important role
in dealing with the dynamics of flexible multibody systems.
Scholars have proposed a variety of ANCF units for cables,
beams, plates, and shells (Ren and Fan, 2023; Otsuka et
al., 2022; Wang and Sun, 2020), which are widely used in
aerospace engineering (Cui et al., 2020; Feng et al., 2022).
Li et al. (2016) studied the mesh finding analysis of periph-
eral loop truss antennas based on ANCF. You et al. (2021)
used ANCEF to establish the dynamics model of the F-DST
(flower-like space deployable telescope) primary mirror for
controlling the accuracy of the space telescope surface and
attitude. Du et al. (2018) adopted the low-order beam element
proposed by Gerstmayr and Shabana (2006) to discrete the
flexible rods of the truss antenna structure, a cable element
with a transition function is used to model the cable net from
slack to tension state, and the deployment of antennas was
analyzed. Peng et al. (2017) established a dynamic model

of a large annular antenna based on geometrically accurate
beams, and an optimization analysis was carried out on the
deployment process to achieve smooth deployment. And the
same, geometrically accurate beams were adopted by Ma et
al. (2019) to study the mechanical behavior of flexible com-
ponents during the deployment of large elliptical ring truss
antennas. ANCF also has various aerospace applications, in-
cluding assembling large modular satellite antennas (Li et
al., 2019) and space deployable origami structures (Zhang
et al., 2020; Wang et al., 2023). Although there are relatively
in-depth studies on the influence of the flexible components
(flexible trusses and large flexible cable nets) of the deploy-
able support mechanism on the antenna deployment process
(Zhang et al., 2017; Huang et al., 2020; Jin et al., 2021; Li
et al., 2021). However, most of the existing research is fo-
cused on the field of peripheral deployable antennas. The
research on large-scale parabolic cylindrical antennas with
multiple closed loops and strong coupling characteristics is
still shallow, and it is still in the configuration design stage.
The parabolic cylindrical deployable antenna designed by
Wang (2018) takes the plane eight-bar mechanism as the ba-
sic unit. The parabolic cylindrical antenna developed by Xiao
et al. (2020) improves the stiffness by introducing a tension
cable without significantly increasing the weight of the sup-
port mechanism. And Qin et al. (2020) designed a deployable
parabolic cylindrical antenna by combining multiple scis-
sor mechanism units. Unfortunately, there is little literature
about the dynamic characteristics of this type of antenna dur-
ing the deployment process. On the one hand, the parabolic
cylindrical antenna has a complex structure, numerous sup-
porting trusses, and complex types of motion pairs, which
directly make it extremely difficult to establish its dynamic
model. On the other hand, the existing kinds of literature
on the dynamic behavior of large-scale deployable anten-
nas often use the low-order beam element that is not sub-
ject to shear deformation and torsional deformation to reduce
the amount of calculation (Campanelli et al., 2000), which
makes it difficult to accurately simulate the dynamic behav-
ior of the deployment process. If a dense three-dimensional
full-parameter beam element is used to discretize the deploy-
able truss, the scale of the dynamic equation of the final as-
sembly is large, resulting in a time-consuming calculation.
Moreover, an implicit integration algorithm is adopted to
solve the high-dimensional differential-algebraic equations,
which are needed to solve the elastic force Jacobian matrix
at each iteration step, so it will further increase the difficulty
of solving the dynamic equation and be time-consuming (Liu
et al., 2010). Despite the availability of novel methods for
lightweight and undamped deployable structures (Wang and
Sun, 2020), as well as dimensionality reduction methods for
dynamical differential equations (Peng et al., 2019), these ap-
proaches are not directly applicable to large and complex de-
ployable parabolic cylindrical antennas.

To analyze the dynamic characteristics of the deployment
process of a large-scale shell deployable antenna with multi-



closed-loop and strongly coupled features, the question of
how to quickly establish an accurate dynamic model and use
an efficient solution algorithm to obtain its dynamic charac-
teristics remains to be further studied. The rest of this paper
is as follows. The second part introduces the dynamic mod-
eling method of the rigid—flexible coupled multibody system
based on ANCF and NCF (natural coordinate formulation)
methods. The third part obtains the dynamic model of the
large-scale parabolic cylindrical deployable structure based
on the idea of modular modeling. The fourth part proposes
an efficient solution method of block-by-block condensation
and recursion based on the research content of the third part.
In the fifth part, the dynamic characteristics of the parabolic
cylindrical deployable structure are studied, and a nonlinear
deployment control method based on velocity feedback is
proposed to ensure the stability of the deployable structure
during the deployable process. In the final section, conclu-
sions are drawn. The research procedure of this paper is il-
lustrated in Fig. 1.

The parabolic cylindrical deployable structure is driven by
the elastic potential energy stored in the drive component
(Fig. 2). During the expansion process, the elastic deforma-
tion of the drive component can be ignored; therefore, each
connector in the drive component is regarded as a rigid body,
and the NCF element (de Jalén, 2007) that can obtain the
constant mass matrix can be adopted, as shown in Fig. 3.

The NCF element adopts the position coordinates [r;, r ]
of the two endpoints on the space rigid body in the global
coordinate system, and the coordinates [u, v] of the two per-
pendicular coplanar unit vectors are used as the generalized
coordinates q.; that is, the following applies:

T T

T
A (1)

Construct the local coordinate system Og,; of the NCF rigid
beam element using the vectors (r;,rj,u, v) so the position
coordinates of any point p on the rigid body in the local co-
ordinate system can be represented as [Lc1, ¢2, c3], where L
is the length of the rigid beam; then, the coordinate array of
point p in the global coordinate system can be expressed as
Eq. (2):

rp=ri+ci(rj—ri)+cu+cv
ri
_ _ rj
_[(1 c)I ¢l el C3I] "

v
=C,q.. ()

Here, C, € R3*12. Te R3*3, and I is the identity matrix.
Since c1, ¢z, and c¢3 are constant, the matrix C, is also
constant. The NCF element has 12 generalized coordinates,
while the rigid body in space has only 6 degrees of freedom.
Therefore, there are the following six constraints between r;,
rj,u,and v:

{ |rj=ri| =L, lull=1, vl =1, (3)

ri—ri)Lu, (rj—ri)Lv,ulv

Because of the complex connection form of the parabolic
cylindrical antenna, there is a component force along the
arc direction leading to the connecting unit in the deployable
structure having to bear the shear force and torsion force. If
the low-order beam element of ANCEF is used, it is difficult to
accurately simulate the influence of torsion and shear during
the deployment process of the flexible beam in the parabolic
cylindrical deployable structure. Therefore, this paper adopts
the full-parameter beam element of ANCF which can ac-
curately simulate the mechanical characteristics of flexible
components.

Compared with the low-order beam element, the full-
parametric beam (Fig. 4) introduces the displacement gradi-
ent within the beam section, so the beam endpoint e; contains
12 nodal coordinates:
ef =[r" rI T ol ]T. )

The vector rT is used to describe the position coordi-

nates of the node i in the global coordinate system, and
[rI r; r} ] is the position vector gradient; derivatives
of the position vector concerning coordinates x, y, and z are

or or ar
a,r},z—,rzz—. (@)

r=[X; Y Z ]T’rx= oy a2

According to the continuity of the element, the global posi-
tion coordinate r of any point p in the beam element is the
interpolation function of the coordinates of the end node of
the beam, which can be expressed by the shape function

rp,=38(x,y,2)e

=[S]I SoI S35 S4I SsIT Sgl S Sgl ]e, (6)

where I € R3*3 is the identity matrix and the specific form
of the shape function is as follows:

Sy =1-3824283 S =L(E—2£24£%)
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Firstly, On the basis of modular
antenna  configuration, the
dynamic  model of the
deployable antenna support
mechanism is established using
the Absolute Nodal Coordinate
Formulation (ANCF).

Secondly, a piecewise condensation
method for solving the differential
equations  of  dynamics s
established, and an implicit
iterative algorithm is employed to
solve the dynamic model.

Thirdly, the feedback control force
function for the antenna deployment
process is constructed based on the
arctangent function.

Finally, based on the deployment
displacement and velocity of the
slider, stable deployment of the
deployable  antenna support
mechanism is achieved through

feedback control.

Research procedure of this paper.

Drive component.

NCF element.

Here, r;yx, r;y, and r;, denote the position gradient vectors
along the x, y, and z directions in the local coordinate system
for node i. L represents the length of the beam element. Ac-
cording to the continuum mechanics theory, the deformation
gradient tensor G is used to represent the changing relation-
ship between the initial configuration r( of the elastic body
and the current configuration r after the movement, and the
local coordinate system fixed on the material is denoted as
o(@a=x,y,2).
ar ar do
~drg  dadrg
To facilitate the solution of the elastic force and force Jaco-

bian of the element, the position vector r ,, can be rewritten
as

®)

ry=48. ©)

where S € R8*! € e R3*8, and the specific form is as fol-
lows:
S=[S1 S S35 S S5 S S7 S 1T
~ €1 e4 e7 el €13 €16 €19 € . (10)
€= ey e5 e €11 €14 e17 €0 €23
€3 €6 €9 €12 €15 €18 €21 €24

Therefore, the position gradient is written as follows:

_aSaro\ ' —
G=e—|— —eH. 11
eaoz(aa) ¢ (b
The following also applies:
S (dro\ !
H=_<ﬁ> . (12)
do \ do

H contains the reference configuration information of the
beam element. According to the expression, H is a time-
independent matrix, and the elastic force virtual work can
be expressed as follows (Gerstmayr and Shabana, 2005):

8U=/E:88dV=/P:8GdV. (13)

Here, E is the second Piola—Kirchhoff stress tensor, ¢ is the
Green strain tensor, P is the first Piola—Kirchhoff stress ten-
sor, and the elastic force of element can be expressed by the
differential of strain energy to generalized coordinates:

iU G
Qez__:_/p;_dv. (14)
de de



The component of the elastic force is

3G
Qf:—/ Py Mgy, (15)
36,‘

We introduce the following:
ei=¢€n, i =3(—D+r, (s=1,2,...,8,r=1,2,3). (16)

Therefore, Eq. (15) can be expressed as

G d (exm H,
Q;«’z_/pkl kldvz_/kaMdV

ders 0e;s

—_ / PrSicSms HuidV

—_ / Py HydV, (17)

where 8y, and 8, are Kronecker § and P can be represented
by G and E.

_ 1
Py =GmEn = (exHm) I:E Dniab (Gchcb - Sab)jl (18)

Here, Dypjap represents the component of the fourth-order
elastic tensor, J,p represents the component of the second-
order unit tensor:

Dhlab = A6n16ab8n D &1 ® 84 D &b

+ 2060018 VE VI RDEy > 19)
S = 0ab8a ® b

where g,, g», €4, and g; are the basis vectors and A and p are
the Lamé constants; then, we can substitute the component
of P into the elastic force.

e — 1 T o~
07 =— [ (exHm) EDnlab (Gachb - Jab) HgdV
1

= _E / Dnlab (Erth)(chHfaEchvb - S‘ab) HsldV

1 _ o
= _E/ Dhjab Hiy Hyp Hyy HgdVeectecy

1 _
+ 5/ DhlabSab Hin HadVey
11 Lo -
= E ts€rt — EKfvtsertecfecv (20)
H is a time-independent matrix as indicated above, so K
and ths are constant stiffness matrices that can be stored
in the computer during the pre-processing. Liu et al. (2010)
further derived the Jacobian analytic formula for elastic force

based on Gerstmayr’s work.

90¢
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We introduce the following:

ej=¢equp,j=3B-D+a,(B=1,2,....,8,a=1,2,3). (22)

ANCEF full-parameter beam elements.

The analytic formula is

1l 1= lell 5 5 >
9 (El(tsert - EKfvtseneCfeCV)

Jii =
" 0eqp

| 1o > =
= EKISSrOlStﬂ — EKfvts6ra6tﬁeCf€CV

1 _ _ _
- EK%\I,tsert (Sca(sfﬂecv + 8ca8vﬂecf) . (23)

The parabolic cylindrical deployable structure studied in this
paper is shown in Fig. 5; the deployable truss is composed
of two basic sub-rings, a basic unit on the directrix (BUD)
and a main basic unit on the generatrix (MBUG). Cj is the
connection point between the deployable structure and the
satellite manipulator, which is the boundary constraint.

The BUD and MBUG basic sub-rings have the same geo-
metric configuration (Fig. 6) but different sizes. The deploy-
able units are all driven by the cylindrical spring to push the
slider a to move in the negative direction of the Y axis and
then drive each link moving to make the basic sub-ring grad-
ually expand until the connecting rod (de) touches the me-
chanical limit point H, the machine stops moving, and the
basic sub-ring is in a self-locking state. The intersecting ba-
sic sub-rings are driven by the same slider, as shown in Fig. 8.

The dynamic model of the parabolic cylindrical structure
is extremely complicated, which is embodied by establish-
ing the constraint equation between large-scale generalized
coordinates and setting up the Jacobian matrix of the con-
straint equation. The deployable antenna studied in this pa-
per is a rigid—flexible coupled multibody system with many
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Parabolic cylindrical deployable structure.

(b)

Configuration of BUD and MBUG. (a) Configuration. (b) Folding and deployment configuration of BUD and MBUG.

hinge constraints, sliding constraints, and rigid constraints. It
is undoubtedly a great challenge to establish the constraint
equations of the system one by one. Fortunately, the overall
configuration of such a large back-shell antenna system can
be split into several sub-modules. Therefore, the parabolic
cylindrical antenna studied in this paper can be divided into
25 sub-modules as shown in Fig. 7.

The 25 sub-modules in Fig. 7 are all composed of BUD
and MBUG sub-rings. According to the splicing method of
sub-rings in each sub-module, it can be classified into nine
basic modules (/p—Ig) in Table 1. Through further analysis
of the geometric assembly configuration of /p—Ig modules,
eight basic modules (/1—13) can be directly obtained by cut-
ting and removing partial molecular rings of the basic mod-
ule Iy (Fig. 8).

Based on the above analysis, the dynamic model of the
large parabolic cylindrical deployable structure can be di-
vided into 25 dynamic sub-modules, which are composed of
9 dynamic basic modules. I1—Ig are subsets of Ij; the geo-
metric assembly configuration of the Iy basic module shown

Assembly configuration.

in Fig. 8 is composed of two BUD sub-rings and two MBUG
sub-rings. Figure 8 shows the geometric configuration of
BUD and MBUG.



Mapping between basic module and sub-module.

Basic module [ I I I3 Iy
Geometric l ‘
assembly f —a — -

configuration s

Sub-module H,, Hy, H7, Hg, Hy, Hy, H13, Hj, Hg, Hjq,

Hi4, Hy7, Hig, Hi9, Hyp, Hya,  Hie, Hp1, H3
Basic module [ 1 I Iz Iy
Geometric ‘
assembly ‘
configuration _._@
Sub-module H»ys Hs Hyo, H15, Hy H»s

Rigid Component: Aluminum Alloy

», .
ERt. 2 TN
- 4ax ~

-

W Ky
Flexible Component: Carbon Fiber

___________

Basic module /.

Both types of sub-rings use the NCF beam to divide rigid
members (the blue lines in Fig. 9; the beam cross section is
a circular section with a diameter of 25 mm), and the ANCF
full-parameter beams are used to divide the flexible mem-
bers (the red lines in Fig. 9; the cross-section is a ring, inner
diameter is 18 mm, outer diameter is 20 mm). While consid-
ering the calculation accuracy and the calculation cost, this
paper uses five ANCF beam elements to divide each flexible
member. The physical parameters and geometric parameters
of NCF and ANCEF in the sub-ring are shown in Table 2.

The rigid drive component and rigid connection compo-
nent in the BUD and MBUG sub-rings are shown in Fig. 10
using the NCF element to divide the rigid drive component
into seven beam elements {k'k,c’c,d’a, f'f,k'f’,ab,cd}

and divide the rigid connection component into 3 beam el-
ements { g'g. Wh,gh } When establishing the dynamic equa-
tion, the mass of the slider is averagely attached to the end-
point of the adjacent NCF beam in the form of mass points.

Because the slider slides on the vector corresponding to
beam k' f’, the vector corresponding to beam ab always sat-
isfies the following equation:

Tab Ty f/

0)= .
cos@ Fapl |r ¢ |

(24)

At the same time, 6 needs to satisfy the following geometric
equation:

—2 2 72
cos(f) = b tac=kb ;%.T_Ckb

ac = xgp . (25)
xg = |ra—rel

Equations (24) and (25) can describe the sliding constraint
of the slider; the rotation hinge constraint @,y and rigid
connection constraint ®gig contained in the sub-ring can be
expressed as

&, =) ri—ri=0
rigid FigLrjpla#pg.a.p=xy.2) (26)
ri—r;=0 ’
<I)rotaty:

Fiy Lrju,riyLrjy

where i and j represent two nodes that are hinged or rigidly
connected and r; o (¢ = x, Y, z) represents the local coordi-
nate axis of the point 7, the expression of the constraint equa-
tion in the absolute nodal coordinate method can be specifi-
cally found in the literature (Sugiyama et al., 2003). In order
to avoid the Poisson lock effect of the ANCF beam element,
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Geometric configuration of BUD and MBUG. (a) BUD sub-ring. (b) MBUG sub-ring.

Physical and geometric parameters.

ANCEF (carbon fiber material)

NCF (aluminum alloy material)

Sectional area (m2)

Second moment of area (m4)
Elasticity modulus (GPa)
Poisson ratio

Material density (kg m~3)

59.69 x 1070 490.87 x 1070
2.701 x 1079 19.175 x 1079
230 \

0.307 \

1600 2800

\: the NCF unit does not contain this parameter.

r

flo—of oy g

(a) (b)

Rigid components. (a) Rigid drive component. (b) Rigid
connection component.

Poisson’s ratio is taken to be 0 in this paper, and then the dy-
namic equation of the Iy basic module is established based
on the ANCF-NCF method.

Me i T —Q _
Ho - [ [ M’ ][éﬁ ]*‘I’q”[l”(qr)—Qr ]—0 )
®(q;.qr.1) =0

where M2 and M" are the mass matrix of the rigid part and
the flexible part; Qf and Q" are the generalized external force
of the rigid part and the flexible part, respectively; F'(q;) is
the elastic force of the flexible part; ®(qg and qy, t) are the
constraint equations; and A is the corresponding Lagrange
multiplier.

It can be seen from the above analysis that firstly, by es-
tablishing the dynamics basic module Hy of Iy, we can then

remove the corresponding generalized coordinates, mass ma-
trix, constraint equation, and elastic force from the Hy to ob-
tain the dynamic basic modules of I1—Ig; then, 25 dynamic
sub-modules are obtained by transforming the generalized
coordinate of I1—Ig, finally assembling the overall dynamic
equation of the deployable structure:

25
Hrx = A Q Ok Ho, (28)
=

where ® represents moving the element from the Iy dy-

namic basic module to the I (k=1,...,8) dynamic ba-

sic module, €2 represents the generalized coordinate ele-

ment replacement from the /; dynamic basic module to the
25

H; (j =1,...,25) dynamic sub-module, and 'Al represents
j:

the assembly of the 25 dynamic sub-modules equations.

The dynamic equations of large space flexible antennas
with many identical sub-ring configurations can be rapidly
achieved by the modular assembly method described in the
third part. However, the final assembled dynamic equation
has dimensions up to hundreds of thousands, such a high-
dimensional nonlinear equation system is undoubtedly ex-
tremely difficult and time-consuming to solve. As mentioned
in the introduction, the existing antenna dynamics analysis is
often based on smaller deployable modules, and the dynam-
ics research of large space deployable antennas needs to be
studied further. Therefore, this paper proposes a new conden-
sation and recursion algorithm module by module based on
the modular assembly dynamics model.



The common solution methods of differential-algebraic
equations include the Baumgarte method, Bathe integration
strategy, Newmark method, and generalized-o method. Tian
et al. (2010) comprehensively compared the advantages and
disadvantages of various numerical solving algorithms. The
Newmark algorithm was adopted in this paper to solve the
differential-algebraic equations.

{ Mg, +1 + <I’g)m-i-l +(F(gu+1)—Q) =0 (29)
D(qu+1,ta+1) =0
There, the following applies:
. 2 . .
{ qn+1 =¢qn + hqn + hj [(1 - 277)(1;1 + 277qn—|-1:| (30)
Qny1=qn+h [(1 —¥)n + Viin+l]

where n and y are the algorithm parameters that determine
the calculation accuracy and efficiency and £ is the integra-
tion step size that is needed in order to make the algorithm
stable, usually y > 1/2 and n > (y + 1/2)%/4. Then, based
on the Newmark method, taking the generalized accelera-
tion and Lagrange multiplier as unknown variables, in the kth
Newton iteration process, the following algebraic equations
need to be solved:

. k

3(F(qu41)— . k k

M+—( <(a]q,i)1 Q)nh2 <I>qT |:Qn+1 } |:G1 ] '
nhztbq (0} Ant1

The following is also solved:

|:G1 ] _ |:Miin+l + <I’3‘)\n+l + (F(qn+l) - Q) i| (32)
G2 ‘I’(Qn+1, tn+1) '

Therefore, the following applies:

ot 1 i 70, [l 70

n n n

|:)‘¢n+1 } N |:)\n+1 } + |:)\n+1 } ' (33)
Since the number of generalized coordinates and the number
of constraint equations of the parabolic structure studied in
this paper are very high, the dimension of the differential-
algebraic Eq. (31) is very high, and the solution process is
extremely time-consuming. Therefore, referring to the idea
of static condensation, the generalized coordinates of the
parabolic cylindrical deployable structure are divided into
q={q;1j=1,2,...,25}, where q; is the generalized coor-
dinate in the H; dynamic sub-module. The number of gener-
alized coordinates in H; is u, the number of constraint equa-
tions contained in H; is s, and, the total number of general-
ized coordinates excluding H; is v, the total number of con-
straint equations excluding H; is t. Thus, Eq. (31) can be

expressed in the following block matrix form:

[
(o8] [ot]

[0 Rkt o Xktd
|:Ot><s Ot><t :|

ap G|
q; |G}
Akp G;
Ai G,
(34
Here, the following applies:
a(F —
K-my  F@ -0 o 5)

aqn—H

In Eq. (34), the vector or matrix with the subscript b belongs
to the condensation module, and the vector or matrix with
the subscript i is the module to be polycondensation, which
is reassembled into the block form as follows:

b Tuxs Uxv i Tuxt
[2,] H Ky [o,] 1

K
nth:q,b :|SX” fo b nhZ[q,Zi]sxv o bt

b Tvxs . i Tvxt
[24,] H K [en] }

KYx¢
i
nth:(I,i ]rxu O *s nhZ[q,i ]rxv ot
qb qi

ap Gb
Ap _ Gg
i |~ |G
Ai G12
(36)
We introduce the following:
O = Kgp " » q;Zl)]T xs o Ky g @) ]Tuxz
nh? [Qgh]’ o3 nh? [‘Pi{i] ot
. qTuxt Tuxs
0y = Ky’ [q);]h] o Ky [‘I’Z,]
i nhz [Qgt]”” o' e nhz[‘bfwl]zxu o
(37)

Then, Eq. (36) is expressed as
Ouy, Obi |[Xp Gy
= . 38
|:®ib ;i ]|:Xi ] |:Gi } (38)
There, the following applies:
_fde ] . _[d _[61 ] ¢ _[Gi
et ][t Joefid Joefit ) o

By condensing the unknown variables, we get

Xy = (Opp) "1 (Gp — OpiX;) . (40)



Substituting back into Eq. (38), we can obtain the next matrix
equation to be condensed:

E,'xl' = Pi . (41)
Here, the following applies:
E; = @i — Oin(Opp) ' Opi, P; = G; — Oin(Opp) ' Gy (42)

Repeat the steps in Egs. (34)—(40) to condense the dynamic
basic module Hi—Hj4 and then recursively solve each un-
known variable. It is much more efficient and easier to solve
the differential equation of the condensation module x;, =
(@bb)_1 (Gp — Opix;), finally, by substituting the accelera-
tion increment and the Lagrange multiplier increment back
into Eq. (33), the dynamic differential equation of a large
flexible multibody system can be solved.

The closed configuration of the parabolic cylindrical antenna
is shown in Fig. 11. In the fully retracted state, it is difficult
to deploy the deployable antenna by the cylindrical springs
distributed on the rigid drive component. Hence, the torsion
spring distributed on the rotating hinge joint provides the
driving force to expand the deployable structure from the
fully closed position to the driving position, and then the
cylindrical spring provides the driving force for deployment.
The mechanical characteristics of the unfolding stage with
the cylindrical spring force are exactly the research content
of this paper.

The deployable antenna has 25 driving springs with a
spring stiffness of 6000 Nm~!. When the deployable struc-
ture is just unfolded to the driving position, the cylindrical
spring force is 800N. Therefore, the generalized external
force of the deployable antenna is related to the slider po-
sition as follows:

{Q:(8)| 0z = —[800 — 6000 x (0.277 —s:)], (i =1,...,25)}.  (43)

According to Fig. 6, s; represents the distance of the slider
relative to the local coordinate origin o, and the value of
s; decreases as the antenna expands. When in the driving
position, the distance between the slider and origin o is
277 mm, and when expanded to the locked position, the dis-
tance between the slider and origin o is 160 mm. The large
parabolic cylindrical antenna studied in this paper is pas-
sively deployed, and its deployment driving force is provided
by cylindrical springs distributed on the rigid driving compo-
nents. However, if the release rate of spring potential energy
is not controlled, each component will suffer a severe impact.
Therefore, it is necessary to control its unfolding process.
Since the unfolding process of the deployable structure is
only related to the travel of the slider, the deployment control
of the structure is the control of the stroke of the slider. On

Fully retracted state.

the one hand, in order to ensure the stability of the parabolic
cylindrical antenna during the deployment process, it is nec-
essary to control the velocity peak of the slider in the pro-
cess of deployment. On the other hand, at the end of the an-
tenna deployment, the slider needs to have a certain velocity
to achieve the self-locking in place, and at the same time,
it is necessary to prevent the slider velocity from being too
large to cause a great impact on the limit point and cause the
overall instability of the antenna.

The proportion integral differential (PID) control algo-
rithm is a common and effective control method in engineer-
ing; however, for the parabolic cylindrical antenna studied in
this paper, due to its high nonlinearity and strong coupling, it
is still difficult to obtain the ideal control effect by repeatedly
adjusting the control parameters.

The parabolic cylindrical antenna designed based on the
quadrilateral deployable mechanism shown in Fig. 6 requires
alarge driving force in the early stage of deployment but only
a small driving force in the middle and late development.
Therefore, it is difficult to realize the stable control of the
mechanism according to the control scheme of linear feed-
back. Therefore, this paper constructs a slow-release force
control function based on velocity feedback according to the
idea of dynamic balance for this kind of strongly nonlinear
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and strong coupling system.
u(s,$)=up(s)+uss) (44)

u(s,s) is the spring force that drives the slider; when the
slider position of the deployable support reaches the criti-
cal value, the driving force required for deployment drops
sharply, so the dynamic equilibrium state is constructed by
introducing the spring force into the slow-release control
function. u4(s) is the nonlinear feedback force related to the
slider velocity §, and its specific expression is as follows:

u($)
{ 150arctan{—1000[( 4 0.001) + 0.035]} + 232, §<0

45
150arctan{—1000[(s + 0.001) — 0.02]} —227.6896, § >0 (@3)

According to the properties of the arctangent function, when
the slider velocity reaches —0.035 and 0.02ms™!, the con-
trol force will increase or decrease abruptly. The relation-
ship between uy(s) and the slider velocity can be shown in
Fig. 12. The positioning of the driving sliders for the deploy-
able parabolic cylindrical antenna support mechanism is il-
lustrated in Fig. 13.

According to the solution process in Sect. 2.4, the dynamic
behavior of the parabolic cylindrical deployable structure
during the deployment process can be solved.

Figure 14 shows the position curves of sliders 3, §, 13, 18,
and 23, which are distributed in the middle of the first, sec-
ond, third, fourth, and fifth cylinders, respectively (as can be
seen in Fig. 13). It can be clearly seen that different cylin-
ders of the deployable structure show great asynchronism in
expansion when the antenna support mechanism expands to
5.9, and the first cylinder expands quickly, while the sec-
ond one expands slowly. The maximum position difference
between any two sliders in the whole process is shown in
Fig. 15, which visually represents the expanded asynchrony
of the structure in the deployment process. It can be seen
from the results shown in the figure that the deployment

asynchrony of the deployable support mechanism reaches a
peak value of 64.38 mm at 6.285's, and then the asynchrony
decreases due to the gradual deployment of each cylinder un-
til all the cylinders are deployed in place. According to the re-
sults shown in the figure, the deployment asynchrony reached
the peak of 64.38 mm at 6.285s; as each cylinder gradually
unfolds into place, the asynchrony weakens and disappears.

The deployed configuration of the deployable structure
when the slider position difference is the largest is shown
in Fig. 16.

From Fig. 16, it can be intuitively found that the second
cylinder has poor synchronization and the lowest degree of
expansion, and Fig. 17 shows the velocity curve of the slider
on the second cylinder.

Here, a negative value of the slider velocity indicates an
expanded state, and a positive value of the slider velocity
shows the folding state. From the slider velocity trajectory,
the parabolic cylindrical deployable structure studied in this
paper has a very slow velocity growth in the first 6 s of the
unfolding process, and the slider velocity on each cylinder is
less than 0.1 ms~!. At this point, the deployment position of
each slider is around 0.24 m, which means 6 s before the de-
ployment process the travel of the slider, it is only 0.028 m.
Compared with the later stage of deployment, the travel of
the slider reached 0.08 m in only 0.4 s. After 6, the velocity
of each slider increases rapidly until each deployable support
unit is deployed in place, and the maximum velocity of the
slider reaches 5.508 ms~!. Based on the above analysis, the
deployable structure has a highly nonlinear unfolding pro-
cess, and the slider velocity is too fast at the end of unfolding,
which is enough to cause a great impact on the deployable
structure when it is locked in place, affecting the stability of
the antenna system.

Since the deployable support needs a large driving force in
the early stage of deployment, the velocity feedback con-
trol force begins to apply when the slider velocity reaches
0.001 ms~—!. Then, according to the solution process shown
in Sect. 2.4, the position trajectory of the slider on each rigid
drive component can be obtained.

Figure 18 shows the position trajectories of the central
sliders on the five cylinders under the action of the control
force. It can be found that the deployment process of each
slider slows down when it reaches the position of 0.22 m un-
der the action of slow-release force. It can be seen from the
figure that the third cylinder is first deployed in place, and the
second cylinder is finally deployed in place. The asynchrony
in the whole deployment process of the deployable structure
can be represented by the maximum position difference be-
tween any two sliders, as shown in Fig. 19; according to the
curve in the figure, when unfolded to 15.22s, the deploy-
ment asynchrony reaches the maximum, with a peak value of



256 Z. Wang et al.: Antenna dynamic analysis and deploying process control

dragline

spring

<

!—> slider
|

Slider-1

2_
0.28+ S |
_ 026 o ~. | “
E 4
£ 024 1 2 e
S o022t | .
3 H
E H
” 0.2|—slider 3 i i
——slider 8 b
0.1 ‘ :
o 75}%ger i:; 2-8 ‘ o o i T i i 1 | I i i L
Dider 2 0 2 4 6 8 10 12 14
slider 23 S
0.16 L s L ! ‘
0 1 2 3 4 5 I3 7
time (s) (a)
Figure 14. Trajectories of sliders on different cylinders.
= 2 e 2
E 007 T T T T T T P B:—“ — =35 o
5 R e = N
2 = P
= 0.06f | _ < N SR
5 = N
g 6 S
S 0.05F | =
G n
3]
8 0.04f |
2 6
2
2 [ 4
2 0.03
s}
£ 0.02 |
=
2 0.01f | v
& X (m)
<
L R T R (b)
= % 1 2 3 1 5 6 7
time (s)

Figure 16. Configuration of the deployable structure, (a) Expanded

Figure 15. Maximum position difference between any two sliders. configuration on the XZ plane, (b) Spatial expansion configuration.

Mech. Sci., 16, 245-262, 2025 https://doi.org/10.5194/ms-16-245-2025



~
E ""
E o o
2 1 ‘
2 5| slider A
32 slider 6 0 ( ]
2 slider 7 “J ‘ ]
% i sl¥der 8 -1 ". 1
= |—slider 9 6 6.5 1
6 slider 10| ‘ . . ‘ ]
0 1 2 3 4 5 6 7
time (s)
Velocity of the slider.
03 ' ' ——slider 3
slider 8
0.28) —slider 13
—slider 18
o) 0.26r slider 23
£ 024} 1
é \.__ 0.18
£022¢ ~_
el -
Fo02r i
25 30
0.18F 1
0.16 : : . ———
5 10 15 20 25 30

time (s)

Trajectories of sliders on different cylinders.

19.64 mm, which is 69.49 % lower than that without control
force.

Figure 20 shows the velocity comparison curves of differ-
ent cylinder center sliders of the deployable structure under
the action of control force.

After the introduction of the control force, the velocity of
each driving slider is greatly controlled, and it is obvious
that the peak velocity of all sliders is less than 0.04ms™!,
which greatly improves the stability of the deployable struc-
ture during deployment. And when each slider is deployed
and in place, the slider velocity is less than 0.002ms~!,
which greatly reduces the impact in the locking stage and en-
sures the stability of the antenna when it is locked. Based on
the above analysis, the nonlinear control function proposed
in this paper will significantly improve the deployable stabil-
ity of the deployable structure. The control force curve of the
second cylinder slider during the un-folding process is shown
in Fig. 21.

From the control force curve of each slider shown in
Fig. 21, at about 2s, the velocity of each slider gradually
reaches 0.001 ms~!, and the control force is generated. In
order to see the change in u($) more intuitively, the influ-
ence of the spring force is removed from the control force
curve of the slider, and the remaining curve based on veloc-
ity feedback is shown as follows in Fig. 22.
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The curve after removing the spring force intuitively
reflects the control force law required by the deploy-
able antenna established based on the quadrilateral mod-
ule shown in Fig. 6 during the deployment process. The
control force increases sharply when the expansion degree
of the quadrilateral expandable module reaches about 56 %
and then decreases sharply. The whole deployment process
shows a strong nonlinearity. The deployed configuration of
the parabolic cylindrical deployable structure is shown in
Fig. 23.

In Fig. 23, the velocity of the deployable parabolic cylin-
drical antenna varies rapidly at the beginning of the slider
movement, with a slower rate of change in the later stages.
There is a clear nonlinear relationship between the slider’s
deployment and the antenna’s deployment.

The current research mainly focuses on the dynamics of
space deployable antennas and controlling the deployable
process in peripheral deployable antennas. However, the
study of large-scale back-shell deployable antennas with
multi-closed-loop and strong coupling characteristics, such
as the parabolic cylindrical antennas discussed in this pa-
per, is still in the configuration design stage, and the research
on the dynamics of the deployable process is still being bro-
ken through. The back-shell antenna has a complex structure
with numerous supporting trusses and various types of joints.
This complexity makes it difficult to establish the dynamics
model, resulting in a large set of time-consuming equations.
Based on existing research on the dynamics of flexible multi-
body systems, this paper proposes a modular modeling and
an efficient dynamic solution method based on the condensa-
tion algorithm. It also constructs a nonlinear feedback control
method for a dynamic equilibrium state.

For the uncontrolled and velocity feedback-based deploy-
ment process of the parabolic cylindrical deployable antenna,
as shown by the maximum slider position difference curve
in Fig. 24, it is evident that the dynamic balancing nonlin-
ear feedback control strategy proposed in this paper signifi-
cantly improves the synchronization of the antenna deploy-
ment, reduces the deployment velocity of the driving slider,
and weakens the impact of the large slider velocity during
locking on the support truss. Since space deployable anten-
nas constitute a complex multibody system encompassing
truss-type deployable support mechanisms and tensioned ca-
ble networks of reflective surfaces, extant research frequently
overlooks the influence of the tensioned cable networks on
the antenna deployment process. However, during actual in-
orbit deployment, the pre-tension of the cable networks sig-
nificantly impacts the deployment process. Moreover, in the
final stages of antenna deployment, the pre-tension of the ca-
ble network acts as a resistive force, impeding the complete
deployment of the antenna system and diminishing the pre-
cision of the reflective surface’s shape. Consequently, in sub-
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Comparison of asynchronicity in deployable antenna
development.

sequent analyses of the dynamic characteristics of space de-
ployable antenna deployment, it is imperative to thoroughly
consider the influence of the pre-tension of the reflective sur-
face’s tensioned cable networks and to evaluate the reliability
of in-orbit antenna deployment.

This paper thoroughly studied the dynamic performance of
large parabolic antenna support structure, proposed a mod-
ular dynamic assembly method for many components, and
established a module-by-module condensation and recursive
algorithm to solve the high-dimensional differential equa-
tion; this method has great reference value for this class of
deployable truss antennas with many identical sub-rings. The
main conclusions are as follows:

1. A modular method for assembling dynamic equations
of a deployable antenna support structure with numer-
ous components, which enables rapid construction of
dynamic equations for flexible multibody systems with
numerous identical sub-structures, has been proposed.

2. A high-dimensional differential equation computation
method combining sequential polymerization and recur-
sive solving, which significantly enhances the efficiency
of solving high-dimensional dynamic differential equa-
tion systems, has been introduced.

3. The bilateral slow-release control method proposed for
the deployment process of parabolic cylindrical anten-
nas significantly improves synchronization during the
deployment process, reducing the deployment asyn-
chrony caused by structural flexibility by 69.49 %.



4. The feedback control method proposed in this pa-
per reduces the peak deployment velocity of the
parabolic cylindrical deployable antenna from 5.503 to
0.0323ms~!, effectively lowering the peak velocity of
the drive slider during the deployment process. This
results in a smaller slider velocity during the locking
phase, weakening the impact on the deployable antenna
and improving stability during the deployment process.

The research methodology in this paper can be further ap-
plied to studies on space solar arrays, space deployable ma-
nipulators, and other related fields.
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