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MeToto CcTaTTi € CTBOPEHHA 3a 4OMNOMOrOH0 NPOrPaMHOro MakeTa 3 BiAKPUTUM KOLOM MOAeni AUHaMIKM CiT-
4acTOl aHTEHW KOCMIYHOrO 3aCTOCYBaHHA Ta [OC/IKEHHS NpoLiecy Ti pO3ropTaHHs.

Mpwn nNpoBefeHHi AocnigkeHb BUKOPUCTaHI METOAM TEOPETUYHOI MeXaHiKu, CUCTEM 3B’A3aHWX Tin, ob6umc-
NOBaNIbHOI MeXaHiky Ta KOMIM'OTEPHOT0 MOZENOBaHHS.

Po3rnaHyTa 3agaya MOAENtOBaHHS PO3ropTaHHA aHTeHW HOBITHbOI KOHCTPYKLiT 3 BUKOPUCTaHHAM CiTOK,
LL|0 PEKOMEH/I0BaHa [/11 BUKOPUCTAHHSA B CKMagi MiHi CynyTHUKIB. Hail6inbLL CyTTEBO BiIMIHHICTIO L€l aHTEHN
Bif IHLUMX € KOHCTPYKLiS OMOPHOrO KinbLA y BUFNAAI naHTorpada.

[ins cTBOpeHHs! MoZeni AMHaMIKM aHTeHU KOCMIYHOMO 3aCTOCYBaHHA Ta NojasbLuoi i peanizauii y nporpa-
MHOMY NaKeTi 3 BiKPUTUM KOLOM 3p06/1eHO AesiKi CNPOLLEHHS, SKi 06YMOB/EHI CKNaAHICTIO KOHCTPYKLii. Mo-
[ieNb aHTeHW NpefcTaBneHa Y BUINAAI CUCTEMU XXOPCTKUX | MPYXHWX Tin, 38'A3aHMX 3a AOMOMOrOI0 LUAPHIpIB.
Byrnennactmkosi CTPMXHI MOAENIOIOTLCA 38 [OMOMOrOH0 MPYXHOrO KiHLEBOro e/leMeHTa 3 BUKOPUCTaHHAM Me-
ToZly abCOMIOTHUX BY3/10BMX KOOPAWHAT, AKMIA JO3BO/SE MOAENHOBATYU BeNWKi AechopmMaLii. ANtOMiHIEBI LapHipHi
BY3/M MOAENIOOTHCS AK AeKiNbKa LapHipiB 06epTaHHs, MOEAHAHNX MiDK COO0H0 3BMYAHUMW XXOPCTKUMM eneme-
HTamu. OCHOBHUMW MOAENbOBaHNMMW BNACTMBOCTAMM LWX LUAPHIPHUX BY3/IB € XOPCTKICTb, pO3TallyBaHHA Ta
HarnpsIMOK OCeil 06epTaHHs LWapHipiB. CTArytoYi 3ycunns, ki CTBOPIOE HATAMHYTA CiTKa, MOAENIOOTLECSA 38 J0MO-
MOrOI0 NPYXXWH. TPOCOBWIA NPUBIA PO3ropTaHHs aHTEHW MOLEMIOETLCA K HaBaHTAXKEHHS, LU0 AiloTb Ha BiAnoBi-
[Hi eN1eMeHTW Y BU3HAYEHUX NOKATIbHUX MOSOXEHHAX.

MpeacTaBneHo anroput™ nobyaoBy Mogeni aHTeHN KOCMIYHOMO 3aCTOCYBaHHS, LU0 Npu3HaYeHa Ans Moje-
NOBaHHA NPOLIECY PO3ropTaHHs pediieKTopa y NporpaMHOMY MakeTi 3 BiAKpUTUM Kogom Hotint. 3 BuKopucTaH-
HAM No6yf0BaHOI MOZeni NMpPoBefeHO MOLENOBAHHA PO3K/MAfaHHA aHTeHW ANA Pi3HUX BUNaKiB, LU0 Bigpi3HA-
IOTbCS CUaMW, SKI BUKOPUCTOBYHOTLCA /19 PO3ropTaHHA. OTPUMaHO po3paxyHKM Yacy PO3ropTaHHs, 3MiHW KyTiB
MiX CTPVDKHAMM V-MOAIGHOTO CKNaflaHHs Ta Hamnpyru y fliarOHafbHUX CTPUXKHAX CEeKLili aHTeHW Mif, Yac po3K-
PUTTS aHTEHMN.

3anponoHoBaHuii B cTaTi NiAxif 6a3yeTbCa Ha BUKOPUCTaHHI 3aranbHO fOCTYNHOrO NporpaMHoro 3abesne-
YeHHA Ta [J03B0/ISIE 3a6e3MeUnNTN HYUKICTb MOAE/NIOBaHHA Ta CKOPOTUTY Yac CTBOPEHHS MOZENeii.

KntoyoBi cnosa: pethniekTOpHa aHTeHa, po3ropTaHHs, AuHamika cucTemn Tif, BigKpuTe nporpamHe 3a-
Ge3neyeHHs, THyYKUi CTPUXKEHD, LUAPHIP.

The goal of this article is to develop a dynamic model of a space antenna with the pantograph structure and
to study the processes of its deployment using open-source software. Methods of theoretical mechanics, multibody
dynamics, computational mechanics, and computer modeling were used in the research.

A mesh antenna of the novel design, which is recommended for mini-satellites, is considered as the object
for modeling. The most significant difference between this antenna and others is the design of the support ring in
the form of a pantograph.

To develop a model of the space antenna dynamics and implement it using open-source software, some
simplifications were made due to the complexity of the structure. The antenna model is represented as a system of
rigid and flexible bodies connected by hinges. Carbon fiber rods are modeled with the help of a flexible finite
element using the method of absolute nodal coordinates, which allows one to model large deformations of the
structure. Aluminum hinge assemblies are modeled as several rotation joints connected by conventional rigid
elements. The main modeled properties of these hinge assemblies are the stiffness, location, and direction of the
axes of rotation of the hinges. The tension forces created by the stretched mesh are modeled using springs. The
cable drive of the antenna deployment mechanism is modeled as a load acting on the corresponding elements in
defined local positions.

An algorithm for building a model of the space antenna simulate the reflector deployment process in the
HotInt open-source software is presented. Using the built model, antenna deployment simulations are carried out
for different cases, which differ in the forces used for the deployment. Values of deployment time, variations of
angles between the V-folded bars, and tensions in the diagonal rods of the antenna sections during the antenna
deployment are obtained.

The approach proposed in the article can be implemented using free software, ensures flexibility of model-
ing, and reduces the model development time.

Keywords: reflector antenna, deployment, multibody dynamics, open-source software, flexible beam, joint.

Introduction. Antennas are used in space for various tasks, such as communi-
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cation, military intelligence, remote sensing and climate forecasting. Antennas
with a large aperture are used to increase the efficiency of solving such tasks. Due
to the fact that the space under the fairing of the launch vehicle is limited, large
antennas are designed as transformable structures [1 — 3]. Such structures are
launched into orbit in a stowed state, and then in space they are deployed in such a
way as to form the desired configuration. Such structures are quite complex, and
unfortunately there were cases when such structures were not properly deployed in
space. The difficulties in testing the space antenna deployment on Earth encourage
engineers and researchers to use computer simulation methods. Modeling such
systems is a difficult task, since the deployment of a space antenna reflector is a
complex transition from a multibody system with relative motions between its
components to a flexible structure.

There is a sufficient number of publications devoted to the problem of modeling
the deployment of space antennas, for example [4 — 6]. In most cases, the authors use
special computer code of their own development to conduct research. Although such an
approach is naturally very flexible, it takes a lot of time to develop and validate this
code, because the object of simulation is a complex, multi-element flexible system.

Another approach is to use commercial software for modeling the dynamics of
multibody systems, such as Adams [7 — 9] and Ansys Motion [10, 11]. Even
though such software has good capabilities, they are still limited by the methodol-
ogy used when they were created. In addition, these software products are very
expensive and inaccessible to startups and small groups of researchers.

Currently, there are a small number of open source software for the simulation
of the dynamics of multi body systems, such as MBDyn [12] and Hotint [13]. They
are free and may potentially provide modeling flexibility and reduce the time for
model development, but unfortunately, there is a lack of publications giving exam-
ples of their application for space antenna modeling.

Transformable antennas can have an umbrella [14], truss [15, 16], or mesh
[10, 11] design. The last type of antenna is considered the most promising, as they
are characterized by a large stowed ratio, high reliability of deployment, small
mass, and high stiffness after deployment. The most famous among such structures
are the AstroMesh antennas [17] from the Astro Aerospace company. Issues of
modeling the deployment of such antennas are reported in Ref. [10, 11]. In papers
[10, 11], a new design of mesh antenna was proposed. This antenna design is rec-
ommended for mini satellites. A pantograph design of the supporting ring is the
most important feature, which differentiates this reflector from the AstroMesh an-
tenna. Such a pantograph structure is considered to be a very promising approach
for a reflector design, but there are not any publications about the deployment

modeling of such antennas.
AN roa The goal of this article is to devel-
%N op a dynamic model of a space antenna
2 S BT ) with the pantograph structure and to
Ly Fokhe e sy study the processes of its deployment
’15 = Kb BT = { using open-source software.

. ,. A Antenna design. Taking into ac-
N TR e/ count the comments made above, the
‘ X a antenna proposed in the papers [10, 11]
is chosen as the object for this study.
Fig. 1 — Antenna design. The basis of the antenna design
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(Fig. 1) is the transformable supporting ring (1). Two nets (2), which are attached
to the supporting ring and tensioned by ties and, form the required shape of the
reflector. A reflective mesh is attached to one of the nets. The supporting ring of
the antenna consists of 18 identical sections connected by hinge units (3). Each
section is formed from diagonal and horizontal rods of a tubular cross-section. A
fragment of the supporting ring of the antenna is presented in Fig. 2. Figure 3
shows part A of the supporting ring on an enlarged scale.

A =

Fig. 2 — Fragment of the supporting ring Fig. 3 - V-folding bar hinge

The diagonal rods are connected by hinges, which ensure the rotation of one
rod relative to the other. The diagonal rods are also connected to the lower and
upper horizontal rods, which are transformable by means of V-folding bar hinges
(Fig. 3). The sections of the ring are also connected by hinged units at the junc-
tions of the diagonal and horizontal rods (Fig. 4).

Fig. 4 — Intersectional hinge assembly Fig. 5 — Simplified representation of the
intersectional hinge assembly

All hinges and connecting elements are made of aluminum, and diagonal and
horizontal rods are made of carbon fiber.

The antenna is deployed utilizing cables passing through a system of pulleys
and driven by two electric motors.

Antenna model. Due to the complexity of the design of the space antenna,
some simplifications were made to create a dynamic model of the deployable
structure and its subsequent implementation using open source software.

Carbon fiber rods are modeled by flexible beam elements using based on the
absolute nodal coordinate formulation (ANCF) [18]. These finite elements are ca-
pable of simulating large deformations and can be used for both static and dynamic
studies. They model axial, bending, shear, and torsion deformation of the rods. The
ANCEF uses slope vectors to parameterize the orientation of the cross-section of the
beam instead of the rotation parameters.

The orientation of the cross-section of the beam is described using conven-
tional linear interpolation, and displacements along its axis are interpolated using
linear shape functions. The slope vectors are derivative vectors with respect to the
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reference frame of the scaled linear base element. The definition of elastic is based
on a continuum mechanics-based formulation for a St.Venant Kirchhoff [19] mate-
rial using the relationship between the nonlinear Green-Lagrange strain tensor and
the second Piol-Kirchhoff stress tensor.The degrees of freedom of the i-th node
can be given as follows

gV =0T 0 uéi)T]T, "

whereu (is the nodal displacement; ur(]"),uéi)are the changes of the slope

vectors.

Each node has nine degrees of freedom, thus a two-node linear beam element
has 18 degrees of freedom.

A flexible beam element is geometrically described using a position vector

r @ and two slope vectors r ) and ) for each i-th node (Fig. 6).
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Fig. 6 — Geometrical description of a flexible Fig. 7 — Local and global reference
beam frames for a rigid element

The hinge assembly in a simplified form is shown in fig. 5. Aluminum hinge
assemblies are modeled as four rotation joints connected by ordinary rigid ele-
ments (Fig. 7). Although the real geometry of these assemblies has a different
shape (Fig. 4), this representation is justified, since these units have a much greater
stiffness than the rod elements of the structure, and their stress-strain state is not
under study. The main modeled properties of these hinge assemblies are the stiff-
ness, location, and direction of the rotation axes of the hinges.

In Fig. 7, the letter S denotes the center of mass of the rigid element, which is
determined by the position vector in the global reference frame (GRF). The center
of mass is also the origin of the local reference frame (LRF). For example, the
LRF is used to determine the position of point P in Fig. 7, which is required for
adding hinges or sensors.

Additional point masses were used to make the mass of the simplified model
of the antenna to be equal to the mass of the real structure. The point masses are
determined by three position coordinates.

The hinge of the V-folding bar is modeled by an adjustable universal joint.
This joint connects two bodies (hereafter bodies i and bodies j) and makes it pos-
sible to constrain six relative degrees of freedom, namely the motion along three
axes of the LRF and rotation around these axes. The equations of kinematic con-
straints for this type of joint have the following form:

AT (x' —x')=0, 2)
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where x; andx, are the positions of the connection points in the GRF on the
bodies i and j, respectively; A =(e. el el) is the rotation matrix from the

y
LRF of the joint to the GRF
Each equation in the system (2) corresponds to a constrained direction, so if
all directions are constrained, it simplifies as follows:

If all rotational degrees of freedom are constrained, then the equation of rota-
tional constraints for bodies i and bodies j has the following form:

J .ol

e, e, 0

el e, |=/0]. 4)
i,

ey ey 0

For the cases when the rotation is not constrained around one of the axes,
equation (4) takes the following form:

el el (0 el el _(0) (e} -e; (o )
el e, 0)" (e} el ) \0) (ef el 0
for axis x, y, z, respectively.

The diagonal beams are connected through a rotation joint, which constrains
all relative degrees of freedom between the two bodies except for rotation about
one local axis. A rotation joint is equivalent to a universal joint in which all de-
grees of freedom are constrained except for rotation around the local x-axis. Also,
the rotation joint is used to connect horizontal and diagonal beams to the hinge
assemblies.

Rigid bodies are connected by means of a fixed joint that constrains all de-
grees of freedom of the element in a defined local position. A fixed joint is equiva-
lent to a universal joint, all degrees of freedom of which is constrained.

The antenna is fixed to the boom, which is modeled by the same flexible beam
element as the rods of the antenna sections, but with a larger diameter and cross-
section. The boom is a vertical beam, which is connected to the hinge assemblies
of the first and eighteenth sections of the antenna ring using a rigid hinge at the
upper point and a sliding joint at the lower point. The sliding joint ensures that a
chosen point of one body moves along the longitudinal axis of the second body.
The vector of degrees of freedom of the sliding joint (6) contains the sliding pa-
rameter, its time derivative, and the vector of Lagrange parameters. The first three
parameters of the Lagrangian represent the sliding forces in the GRF, and the last
three parameters are the sliding torques about the axes of the GRF.

g=[s § % Ay Az Ay hs hgl. (6)

<

Position vectors have the following form:
. . . i T . . . j T
x! :[xi X xg} , x! :[x{ x} xS} . 7
where xU) | 210 1) are the three coordinates of the vectors x° (/) .
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During initialization, the unit vectors of the GRF are transferred to the LRF of
each body, thus vectors for the first body v{,v5,05 and for the second body

vi,vil are obtained. Equations of displacement and acceleration constraints,
respectively (8) have the following form:

_ri(xi)_rj(xj)_ _Gri(xi)_6r7(xj)_6rj(3§j)s._
01”"(361‘)7h ot ?t ' 0x{
ox{ o’ orl(x7), : (8)
vhvg om -0
Uévli v'évé+vév'é
vévli vivy +viv;

] i ]l
Uyvg +U U

Modeling antenna nets by flexible beam elements leads to high computation
complexity. Because of that the tension effect due to the stretched nets are mod-
eled with the help of springs. The spring elongation is given as follows (9):

Ax =P -p®Y'd -1, )

x z

T
where I, is the spring length; p(l):[ M pm p(l)} and

X

p® :{p @ p® p(z) T is the coordinates of the attachment points of the ends of

the spring; d is the direction vector, which is defined as follows:

@ 2

d = p " —p : (10)
JoP @)+ (P —p@)2+ (0D~ p@)?
The resulting spring force is determined as follows:
f =kAx +dv , (11)

where d is the damping ratio; v =(p® —p®P)'d is the spring velocity;

X

T T . o
p(l):['(l) 5 pm} ,p(2):[p3(c2) 5 p(z)} are the point velocities.
4 z

The deployment cable is not modeled as an independent object. Instead, the
forces with which the cable acts on the corresponding pulleys of the inter-sectional
hinge assemblies and of the V-bar joints are determined. Cable-driven deploy-
ments are modeled as loads acting on the corresponding elements in defined local
positions.

Computer model. Currently, the most advanced open source tools for model-
ing the dynamics of the multibody system are the following software: MBDyn
[12], HotInt [13], and FreeDyn [20]. HotInt has been chosen among this software
to simulate the antenna deployment because only this tool uses the ANCF method-
ology.

The antenna modeling process begins with the creation of text script files us-
ing Hotint software commands. The structure materials are set in the main script
file of the project. The model of each section of the antenna is specified in a sepa-
rate script file. All files are connected to the main file using the Include command.
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The code for each section consists of separate blocks that describe model elements
and is created according to the algorithm described below.

First, we set the parameters of cross-sections of the beams and the coordinates
of each node of the structure.

To model a flexible beam, we need to define two slope vectors r(k% and

r(kg , Where k =1..18 is the section number. In the case of a horizontal beam of
the ring, the first slope vector is the same for all sections, because it is parallel to
the Z axis of the GRF and is equal to the unit vector with coordinates r (k%= [0;0:1].
The second slope vector, which is perpendicular to the plane of the section, can be
found as the vector product as follows:

r(k):(Rl(k)—Rék))x(Rl(k)—Rék)), (12)

where R1(k) is the coordinates of the first node of the horizontal upper beam of the
k-th section; Rz(k) is the coordinates of the third node of the horizontal upper

beam of the k-th section; Ré’” is the coordinates of the third node of the horizon-

tal lower beam of the k-th section. Since the slope vector must be a unit vector, we
normalize vector (12) as follows:

rék) ry(k) rz(k)

RO ORG)
2 2 2

r

(k)_
= : (13)

where”r (k)H2 is the Euclidean norm of the vector 7 (*) ; rék);ry(k);rz(k) is the coordinates

of the vector r *#) .

Two slope vectors are also required to model a diagonal beam. The first slope of a di-
agonal beam is equal to the vector (13), and the second one is also determined through the
vector product as

a® =D —p{ )« (p# — D), (14)

where D{#) = R¥) is the coordinates of the first node of the horizontal upper
beam of the k-th section; D{¥) = R{*) is the coordinates of the third node of the

horizontal lower beam of the k-th section; D{*) = D{¥) +r *)

The coordinates of the slope vector for the diagonal beam of the k-th section
are determined by normalizing the vector (14):

k (k) k
g | 4 dy o db (15)
n Hd(k) d(k) d(k) '
2 2 2

whereHd “”“2 is the Euclidean norm of the vector d ®);a#);d (*);d {*) is the co-

ordinates of the vector d ) .
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The nodes of a flexible beam are created using these slope vectors (13), (15),
and the position coordinates of its ends. An example of code for creating nodes
and the subsequent creation of a rod is given in the Appendix.

The coordinates of the center of mass and the orientation angles need to be
specified to create a rigid body. Only the position coordinates and the mass param-
eter itself are required to specify a point mass.

To create a rotation joint or universal joint, the rotation axis needs to be speci-
fied. A fixed joint does not have such a parameter. For any joints, it is always nec-
essary to determine which two elements are connected, as well as the location of
the joint in the LCF of each connecting element. Determining the position of the
joint in the LCF is necessary because the elements will be connected precisely at
the points where the hinge is located.

A spring can be created by setting up its length, stiffness, and damping, and
specifying two elements that will be connected. An example of code for creating a
spring is given in the Appendix.

Control elements are used to control the deployment or compression of the an-
tenna. Actuation loads are set up by determining the direction of a load and the
local position of the element to which the load is applied. If the load needs to be
varied during the deployment process, then the load calculation block needs to be
created earlier. Loads are then applied to the selected elements using a HotlInt
command.

To obtain the results of the calculations, it
iS necessary to create sensors that measure the
necessary values. To do this, we need to specify
the elements from which the data will be read

L- and select the parameters that need to be meas-
ured. An example of code for creating a sensor
2 that measures spring elongation is given in the

Appendix.

Figure 8 shows the first section of the re-
flector and the LCK axes of each element in the
HotlInt. In this figure, the numbers indicate the
following: 1 is the flexible beam element, 2 is
the rotation joint, 3 is the universal joint.

Figure 9 demonstrates the HotInt model of
the full antenna of eighteen sections with

Fia. 8 — HotInt model of the first

springs tightening these sections.

Each created element of the model is represented by a certain set of equations,
which is determined by the type of the particular element. As a result of model
building, the HotInt forms a system of differential and algebraic equations. The
equation of the antenna dynamics can be given in a general form a follows:

MX )X +D(X, X, T)+C (X t)+Dx A=V (t), (16)
@ (X)=0, (17)

where M (X ,t) is the mass matrix; D(X,X,T) is the damping vector term;
C (X ) is the stiffness vector term; V (¢) is the vector of actuation forces;
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@ (X') is the kinematic constraints; @ x is the matrix Jacobian of constraints; A

is the vector of Lagrange multipliers.

The Hotint numerically solves equations (16), (17) using its internal numerical
integration tool (solver). The model is integrated using implicit Runge-Kutta
schemes. The various Runge-Kutta schemes are implemented by tables of coeffi-
cients defined by files that are automatically generated by built-in functions.

To start simulating the antenna deployment using the built model, it is neces-
sary to obtain the initial conditions. These conditions are the state vector of the
antenna in the stowed state and are obtained by applying uniform loads to the
points between the horizontal beams of each section to compress the antenna ring
to the required stowed state. The initial, intermediate, and final states of the anten-
na during the simulation of its deployment are shown in fig. 9.

d)
a —stowed antenna; b — stage 1 of the antenna deployment; ¢ — stage 2 of the antenna de-
ployment; d — deployed antenna.

Fig. 9 — States of the antenna deployment

To deploy the antenna from the obtained stowed state, the same uniform loads
were applied to the same nodes, but in the opposite direction.

System data and simulation results. This section presents the simulation re-
sults of the antenna deployment, which differs in applied actuation forces, namely:
case 1 —0.015 N, case 2 —0.02 N, and case 3 — 0.03 N.

The initial data given in Table 1 were used for simulation of the antenna de-
ployment.
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Table 1. Parameters of the antenna.

Parameter Value Units
Semi-major axis of the antenna ellipse 3.5184 m
Minor axis of the ellipse of the antenna 3.2856 m
Antenna section height 0.63 m
Length of the diagonal rod 0.4275 m
Outer diameter of the diagonal rod 0.01 m
Inner diameter of the diagonal rod 0.00915 m
Length of the horizontal rod 0.2889 m
Outer diameter of the horizontal rod 0.012 m
Inner diameter of the horizontal rod 0.01115 m
Length of the boom rod 0.2889 m
Outer diameter of the boom rod 0.06 m
Inner diameter of the boom rod 0.058 m
Young's modulus of the rods 120 GPa
Rod density 1800 kg/m3
Poisson’s ratio of the rods 0.3 -
Damping ratio of the rod 0.001 -
Density of the rigid bodies 13975.49 | kg/m?
7

Point mass 0.0198 kg
Spring stiffness 0.001 N/m
Damping ratio of the spring 0.01 Nm/s?
Neutral length the spring 0.7116 m

According to the simulation results, the antenna reached its final deployed

state in 17.58 sec, 15.06 sec, and 12.16 sec, for cases 1, 2, 3, respectively. Figure

10 shows the variations of the angles between the V-folding bars of the first sec-
tion during the antenna deployment. Stress variations in the diagonal beams during
the antenna deployment are plotted in Figs. 11 — 13 by the black and red lines for
the first and ninth sections, respectively.
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Fig. 10 — Variations of the angles
between the V-folding bars
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Fig. 11 — Stress variations in the diagonal
beams (Case 1)
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Conclusion. The article presents the methodology that allows open source
software to be applied for modeling a space reflector antenna. A model of the an-
tenna is designed for simulating the deployment processes. The reflector deploy-
ment is simulated using various values of the deploying forces and the variations
of the main parameters of the antenna on time were obtained. The model uses a
simplified representation of the cable deployment system, so more detailed model-
ing of this system may be the subject of research in the future.
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