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Abstract: Rigid-reflector spaceborne antennas (RRSAs) are well-suited for high-frequency application
scenarios due to their high surface accuracy. However, the low stowing efficiency of RRSAs limits
the aperture diameters and further deteriorates the electromagnetic (EM) performances in terms
of gain, resolution and sensitivity. After conducting systematic feature analysis with respect to
several typical RRSAs, we propose a novel type of RRSA to solve the aforementioned problems.
Inspired by the pose adjustment process for a higher stowing efficiency of traditional RRSAs, we
also propose a new segmentation scheme of a reflective surface consisting of a deviation-angle
panel that facilitates a higher stowing efficiency. Based on this scheme, its corresponding folded
configuration is implemented by combining Euler’s rotation theorem and the idea of parameter
identification. In addition, we also compare the stowing efficiency of different schemes to verify the
high stowing efficiency of the configuration. Finally, we perform mechanism/structure design and
deployment dynamics to demonstrate that the antenna can be successfully deployed and exhibits
excellent deployment quality. The results suggest that the proposed antenna possesses higher stowing
efficiency than that of the same kind, with a stable deployment and interference-free process.

Keywords: rigid-reflector spaceborne antenna; deviation-angle panel; stowing efficiency; Euler’s
rotation theorem; parameter identification; deployment dynamics

1. Introduction

As satellite-communication-related technologies continue to prosper, spaceborne an-
tennas (usually deployable) are confronted with great challenges regarding the increasing
demand for higher frequency in diverse fields, which involve but are not limited to teleme-
try, tracking and control (TT&C), remote sensing, radio astronomy, etc. During the past
several decades, cable network antennas (CNAs) [1-9], represented by AstroMesh [10],
have been dominating among several deployable antenna concepts due to their distinctive
advantages of being lightweight and having a high stowing efficiency. According to the
existing studies, the surface accuracy of these antennas usually stays at the millimeter
level [1,11-16], corresponding to the L-S operating frequency band. If adopting various
delicate structures (such as an umbrella-type structure [17-20]) or sophisticated adjustment
approaches [11-13,16,21-24], small-aperture CNAs are capable of achieving an accuracy of
0.3-1 mm, with which its maximum operating frequency can reach the Ka band. However,
the requirement for antenna operating frequency has been increasing invariably, which
has far exceeded the Ka band, and even increased to the terahertz band. According to
Ruze’s formulation [25], if the antenna operating frequency exceeds the Ka band with 5%
gain loss, the antenna surface accuracy shall be no less than 0.125 mm and/or even reach
the micron level if the operating frequency is in the terahertz band. As a result, the CNA

Sensors 2024, 24, 385. https:/ /doi.org/10.3390/s24020385

https:/ /www.mdpi.com/journal/sensors


https://doi.org/10.3390/s24020385
https://doi.org/10.3390/s24020385
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-7914-6787
https://orcid.org/0000-0001-8029-5416
https://orcid.org/0000-0002-5837-7607
https://orcid.org/0000-0002-7295-4837
https://doi.org/10.3390/s24020385
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s24020385?type=check_update&version=2

Sensors 2024, 24, 385

2 of 30

becomes inappropriate for higher frequency beyond the Ka band. In view of the above
challenges, the long-neglected rigid-reflector spaceborne antennas (RRSAs) perfectly fit
this situation since the accuracy of the panels composing their reflectors can be machined
to the micrometer level using modern processing techniques. This extraordinary accuracy
guarantees the highest operating frequency attaining the terahertz band [26,27].

Several kinds of RRSAs had been proposed since the 20th century, which differ in
the segmentation of their reflective surfaces. Specifically, their types can be categorized
as the sunflower [28], the solid surface deployable antenna (SSDA) [29,30] and the petal-
type deployable antenna (PTDA) [26,31-38], respectively. Among them, the former two
types, ever since they were first proposed, drew little interest due to their various intrinsic
structural deficiencies involving but not limited to complicated structures, lack of back
frame, etc. In contrast to those two types, the third one has been most widely adopted owing
to its maintainability, element universality and mutual dynamic balance in deployment [39].
Regarding its segmentation scheme, the reflector of the PTDA is segmented into multiple
identical parts (usually known as petals) in the radial direction, with the rest in the center
functioning as the central hub.

Despite several companies and universities proposing their exclusive PTDAs and
manufacturing the corresponding experimental prototypes, respectively [28,31,32,40], none
of them had been implemented in practical application scenarios so far. In 2011, Russia suc-
cessfully launched the Spekir-R satellite (RadioAstron) [34,41,42] to conduct interferometer
observation tasks. Combined with the global ground radio telescope network, the satellite
can achieve extraordinarily high angular resolution to obtain images, coordinates, motions
and evolution of the angular structure of different radio-emitting objects in the Universe.
The antenna of the satellite is characterized with a 10 m diameter and 3.33 deploy/fold
ratio, and was the largest space-based rigid-reflector antenna ever recorded. In addition, its
reflector is composed of 27 carbon-fiber petals together with a central dish, and its 0.3 mm
surface accuracy enables its operating frequency to reach up to the Ka band. According
to the related literature, its deployment is conducted by rotating all the petals around
their respective skew axis [39]. Unfortunately, no implementation details can be found
involving the method for identifying the axis position, the deployment mechanism, the
synchronous scheme, etc. Encouraged by the success of the Spekitr-R project, Russia initi-
ated its observatory-class mission, named Spektr-M (Millimetron) [26,27]. The Spektr-M is
a 10 m space telescope designed to further investigate various objects in the Universe at
millimeter and infrared wavelengths from 0.07 mm to 10 mm. Its antenna is of the same
size as the Spektr-R, but its number of petals is reduced to 24, thereby enabling stronger
deployment reliability. According to the existing literature [43], deploying the antenna
of the Spektr-M is also accomplished by rotating all of its petals around their respective
oblique axis in space. Similar to the Spektr-R, its specific implementation also remains
unavailable nevertheless.

One of the most serious deficiencies of the above PTDA is its considerably low stow-
ing efficiency. For example, the deploy/fold ratios of RadioAstron and MilliMetron are
merely 3.33, but that of the CNA can reach up to 10 to 50 [1-9]. This inevitably results in
smaller-sized antenna stowed in rocket fairing and eventually in poor electromagnetic (EM)
performances in terms of gain, resolution and sensitivity. The most straightforward ap-
proach to improving the stowing efficiency of the PTDA is to increase the number of petals.
According to the reliability theory [44], however, the deployment process can be viewed
as a serial system, which suggests that more petals implies not only poorer deployment
reliability but also a more serious position error and larger gap among deployed petals.
Therefore, the above approach is inadvisable for realizing high stowing efficiency. The
second approach improving the stowing efficiency is conducted through the conjunction
of the pose adjustment and bisection method [45]. This approach improves the stowing
efficiency to some extent without increasing the petals, and the efficiency can be further
improved if adopting what is called the deviation-angle panel proposed in this study.
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In addjition to the abovementioned problems and deficiencies, deployment dynamics
are also of critical importance for identifying appropriate structural parameters to achieve
excellent dynamical performance, to which only a few studies have paid attention. Huang
et al. [32,36] conducted the related dynamics research on small-sized RRSAs driven by
torsional springs. Guang et al. [46] analyzed and experimented on the deployment process
of a tiny 3D-printing antenna model based on rigid modified origami flashers. Other
studies [28,29,38,39] place the emphasis on antenna concepts, mechanism configuration
synthesis and kinematics. Therefore, there are still many directions worthy of in-depth
research on the deployment dynamics of RRSAs.

In response to the aforementioned problems and challenges, we propose a novel
type of RRSA based on PTDAs in this study, which is characterized with an ingenious
segmentation scheme to realize higher stowing efficiency. Furthermore, we also investigate
the matching antenna configuration, the deployment principle, the mechanism/structure
and the deployment dynamics in order to ensure an interference-free and stable deployment
process. The remainder of this paper is organized as follows. Section 2 reviews the
existing concepts of RRSAs and analyzes their distinctive features. Section 3 presents an
ingenious segmentation scheme of the proposed RRSA with a higher stowing efficiency
than the traditional ones. Section 4 outlines the configuration design based on parameter
identification for the optimal stowing efficiency, verifying the interference-free deployment
preliminarily. Section 5 formulates the structure and deployment mechanism design of
a Cassegrain RRSA for subsequent investigation of deployment dynamics. Section 6
highlights the study of the antenna deployment dynamics through trajectory planning.
Section 7 summarizes conclusions of this paper.

2. Feature Analysis of Existing RRSA Concepts
2.1. Description of RRSA

For ease of subsequent reference and quotation, we present a simple description of
the rigid-reflector spaceborne antenna in this subsection. Figure 1 shows the process of
deploying the antenna of the Spektr-R satellite after unfolding its solar array. Similar to
the Spekitr-R, the reflective surface of a typical RRSA usually consists of circumferential
panels and a central hub. In the folded state, all of the panels are around the hub and
above it in a circular arrangement. Therefore, the configuration profile of the antenna can
be approximated as a cylinder.

(b)

Figure 1. Deployment of Spekitr-R. (a) Folded state. (b) Intermediate state. (c) Deployed state. The
RSE is defined as D,/ D¢ and VSE is defined as D,/ k.

With respect to the cylinder profile, the ratio of aperture diameter to the maximum
radial profile dimension of the antenna is referred to as the radial stowing efficiency (RSE).
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For instance, for the particular antenna of Spektr-R, its RSE is the deploy/fold ratio D,/ Ds.
In addition, the ratio from aperture diameter to the vertical profile dimension is defined
as the vertical stowing efficiency (VSE). For the Spektr-R, the VSE is D, /hs. 1f both RSE
and VSE are large, the overall degree of system compactness is high. Unfortunately, these
two values contradict each other, between which certain trade-offs must be made. This
suggests that larger RSE implies lower VSE, and vice versa. In reality, the primary concern
in practice is the RSE rather than the VSE, since manufacturing large-aperture fairing is far
more difficult than manufacturing long fairing. For example, China’s Long March-5B rocket
possesses a fairing with a 5.2 m diameter and 20.5 m length [47]. Therefore, one advisable
strategy is ensuring the RSE first and then improving the VSE as much as possible. In
this research, RSE is the sole pursued index for convenience of discussion. To sum up,
the following investigation primarily focuses on the RSE of the RRSA, and whenever the
stowing efficiency is mentioned in this paper, it defaults to RSE.

There are basically three concepts of the RRSA regarding the segmentation of the
reflective surface of the antenna. The below subsection introduces these concepts and
conducts a systematic analysis with respect to their characteristics, thereby forming a new
RRSA concept. It has been acknowledged that the segmentation can be abstracted as
follows. Firstly, the reflective surface is segmented into # (>6) identical units (axisymmetric
elements) in the circumferential direction, and each unit is sub-segmented into m (>1)
panels, with the rest performing as the central hub. Obviously, smaller m suggests higher
axial symmetry.

2.2. Sunflower

The basic deployment concept was initially developed by the TRW company to satisfy
the requirement for large-diameter (D/A > 1000), high-accuracy reflectors to be used
in the 10 GHz to 100 GHz range or beyond, within the constraints of the shuttle [28]. In
the deployed state shown in Figure 2a, the sunflower’s reflective surface is split into six
units in the circumferential direction, with a hub left in the center (blue). Each unit is
sub-segmented into two side panels (green) and a middle panel (yellow), and all the panels
and the hub are connected with revolute joints that are represented by the purple rectangles
in the figure. When folded by the revolute joints and the synchronous equipment (not
drawn), the overall profile can be readily stowed in a cylindrical rocket fairing, as shown
in Figure 2a. In the folded configuration, all the side panels are erected, pointing into the
hub center. Meanwhile, all the main panes are sandwiched by their respective side panels
and are tangent to the circumferential direction in a way that looks like a regular hexagon.
The number of units and the panel number of each unit can be increased to obtain a higher
stowing efficiency. However, the deployment reliability may decrease accordingly due to
the more complex structure.

It can be observed that the adjacent side panels are folded in a back-to-back manner;
it is therefore unfeasible to introduce the supporting structures in the gaps to provide
high surface accuracy, since the interference may be induced among supporting structures.
Although the above concept is often reported in various literature, the deployment details
of the sunflower antenna still remain unclear. In order to further study this concept,
some efforts have been made by researchers in China. Guo et al. conducted relatively
comprehensive research on its design and analysis [48,49]. Impressively, two linked Bennett
mechanisms in symmetric form (known as the “Twin-Bennett mechanism’) were used to
fulfill the deployment [50]. Zeng et al. improved this concept in its segmentation scheme
to achieve higher stowing efficiency [30]. Also, they implemented the deployment by
means of Twin-Bennett mechanisms. In addition, Wang et al. [51] reported the same
deployment mechanism adopting the ‘Square-Twist pattern” according to the principle of
rigid origami [52]. To sum up, this concept does not draw much interest for various reasons
and is not a compelling choice for high-frequency antennas.
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(a) (b)

Figure 2. Sunflower antenna. (a) Deployed state. (b) Folded state. This antenna has 6 units, each of
which has 3 panels.

2.3. Solid Surface Deployable Antenna (SSDA)

The concept of the solid surface deployable antenna (SSDA) was proposed by Guest
at Cambridge University in 1996 [29], to which its detailed segmentation scheme is demon-
strated in Figure 3. It can be observed from the figure that, for the SSDA, its central hub is
a hexagonal panel, around which six identical wings are mounted, with each one being
subdivided into three panels. When the SSDA is folded, all of its wings warp around the
central hub, as shown in Figure 3b. The adjacent panels are linked by revolute joints, and
all the wings are linked to the central hub by revolute joints, too. To serve the purpose of
one degree-of-freedom (DOF) of the mechanism, additional connecting rods are installed
between adjacent wings, as illustrated in Figure 3a. In its folded state, we can see that the
gap between panels is considerably small, which precludes the possibility of introducing
the supporting structures for a higher surface accuracy. To realize synchronous deployment,
the number of motors shall be the same as that of the units, to which strictly synchronizing
those motors is also required.

/Spherical joint

_— Connecting rod

Revolute joints

panels I

(a) (b)

Figure 3. Solid surface deployable antenna. (a) Deployed state. (b) Folded state. This antenna has
6 units, each of which has 3 panels.
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The SSDA concept is similar to the sunflower concept: its units and panels can also be
increased to achieve higher stowing efficiency, under which circumstance the structure com-
plexity, position error of each panel and number of driving motors will rise drastically. As a
result, an antenna with low deployment reliability and surface accuracy is less meaningful,
and this antenna concept has also been neglected for a long time, where only a few scholars
have proceeded with the research. Luo et al. analyzed the correlation among wing number,
panel number of each wing and structural parameters [53]. Eventually, they presented
the formulations of the maximum edge length of the central hub and panel number. They
concluded that the configuration that remains the same as that in Figure 3 is preferable
given various factors.

2.4. Regular-Panel Antenna

With respect to the regular-panel antenna concept, i.e., the PTDA mentioned in Section 1,
its reflective surface is segmented into a series of identical panels in the radial direction, with
a circle-shaped hub left in the center, as shown in Figure 4a. Its unfolding process is like
a blooming flower; hence, it is referred to as the petal-type deployable antenna [32,36,39],
and the panel together with its supporting structure (framework) is usually called a petal.
All the panels are fixed on their respective framework and can be easily linked to the hub
with tilted revolute joints (purple rectangles) through these frameworks, so the deployed
or folded PTDA can be implemented by rotating the panels around their respective joint
axes. This scheme has been widely adopted by many designs [31-33,35,36], owing to its
structure simplicity. Some designs introduced a base to connect the panel [38]. No matter
what schemes are adopted, the structure of the PTDA exhibits high axisymmetry at any
phase of deploying or folding, possessing excellent commonality of elements in deployment
balance [39] compared with the aforementioned antenna concepts. In the folded state, all the
panels form a pattern similar to the vertical view of a fan impeller, as shown in Figure 4b.

Revolute joints

/\
_ Panels <
|
|
One panel |
______ Hub
Gap
(b)

Figure 4. Petal-type deployable antenna. (a) Deployed state. (b) Folded state. (1) This antenna
has 18 units, each of which has only one panel; (2) The position of the revolute joint must be finely
arranged for precise antenna deployment.

The gap between adjacent panels is large enough, and the back of one panel is exactly
opposite to the face of another, thereby ensuring a well-suited gap for accommodating
satisfactory supporting structures to realize high surface accuracy. For instance, the surface
accuracy of the FIRST antenna [31] and Millimetron antenna are 8 um and 6 pum, respectively.
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In terms of manufacturing, only two sets of molds are required for fabricating all the panels,
where, by adopting them, the extra economic merit of this antenna type outperforms those
of the other two.

The above advantages make this antenna concept become the most prevailing one
among those three antenna concepts, for which the characteristics of the above concepts
are listed in the first three rows of Table 1 for a comprehensive comparison.

Table 1. Characteristics of antenna concepts.

Specification

Antenna Concept Number of Panel Number Supporting Deployment Surface S " Number of
Units n of Each Unit m Structure Mechanism Accuracy ymmetry Molds

Sunflower 6 3 No Complex Medium Medium 3

SSDA 6 3 No Complex Medium Medium 4

Regular panel 18 1 Yes Simple High High 2

Deviation-angle panel 18 1 Yes Simple High High 2

The molds contain the one for manufacturing the central hub.

Although three commonly adopted RRSA concepts exist, their RSEs are still low.
According to Table 1, the regular panel is the preferred concept, based on which we
propose a new antenna concept while utilizing the advantages of the regular panel in
subsequent sections.

3. Deviation-Angle-Panel-Based Antenna Concept

This section presents a new RRSA concept with a higher stowing efficiency that utilizes
most of the advantages of the PTDA. It is inspired by the process of improving the stowing
efficiency of the PTDA by adjusting the panel pose (position and orientation).

3.1. Deviation-Angle Panel

Figure 5a shows the top view of a deviation-angle panel. To reduce the magnitude
of ZByAyDy, deviate the radial line segment AyDy from the original position by angle «
(deviation angle) to obtain a new panel A;B;C; Dy, which is colored in yellow. In this way,
if the value of ZByAoDy on plane OXY decreases, so does the actual ZByAgDy in space.
If the deviation angle « continues to increase until line segment A;D; is tangent to the
central aperture, then line segment A D; will reach its limit position Ay Dm, and « obtains
its maximum &, thereby obtaining the limit panel AmBmCmDm, colored in purple. Let
the deviation angle & = kqam, where kq € [0,1]. If kg = 0, the deviation angle is 0, if
kq = 1, the deviation angle is ay, and if 0 < k4 < 1, the deviation angle is between 0 and
&m. Therefore, parameter ky is referred to as the deviation parameter. It is evident that the
case kq = 0 corresponds to the regular panel; thus, our proposed panel is a generality of
the regular panel described in Section 2.4, which is referred to as the deviation-angle panel.
This type of segmentation scheme retains many advantages possessed by the regular one.
For instance, all the deviation-angle panels are the same, and both the deployed and the
folded configuration are axisymmetric about the Z-axis, exhibiting higher axisymmetry
than other antenna concepts such as the sunflower concept, since the unit of the sunflower
has three panels whereas the new segmentation scheme has only one panel. Additionally,
because all panels are identical, the newly obtained panel has a lower manufacturing cost
compared with other segmentation schemes such as the sunflower and SSDA; hence, only
one set of mold is required for fabricating it. All of the specifications are listed in the last
row of Table 1.
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Central aperture

TTTTTT T T T T T T
:Deviation parameter k, =i: D U D D D
aml
S

BO (Bl, Bm)
k=01 k=02 kg=03 ka=0.4 k=05
-
Alﬂ)
kd:0.6 kd:0.7 kd:0.8 kd:0.9 kd: 1.0

(b)

Figure 5. Segmentation scheme of deviation-angle panel. (a) Top view. (b) Deviation-angle panels.
The regular panel AgByCyD, colored in gray, is obtained by dividing the reflective surface into n
identical circumferential parts in radial direction, leaving a circular hub at the center.

3.2. Improving RSE by Pose Adjustment

Referring to the second scheme improving the RSE in Ref. [45], the antenna RSE can be
improved by simply rotating the regular panel. If combined with the deviation-angle panel,
performing the same scheme can further improve the RSE, which is elaborated as follows.

As shown in Figure 6a, the regular panel is in its initial pose, in which its three corner
points A, B, C are located on plane OXZ, and line segment AB is parallel to plane OXY,
with points A and B precisely on the envelope and Z-axis, respectively. Exert a rotation
by 6; on the panel about A until D is on the envelope to obtain the intermediate pose of
the regular panel, as shown in Figure 6b. This pose creates a gap between point B and
the Z-axis. Then, enlarging the aperture until the gap is filled will increase the RSE, as
illustrated in Figure 6c¢. It can be observed from Figure 6a,b that a smaller ZBAD induces
a larger angle 6, and gap and, eventually, a higher RSE. Since the angle (/BAD) is of
critical importance in improving the RSE, we name it as the key angle (KA). Note that the
magnitude of the KA cannot be changed by adjusting the pose because it stays fixed if
the number 7 of regular panels is given. According to Figure 5, the KA decreases with an
increase in kq.

Hence, the KA can be reduced if the regular panel is in place with the deviation-angle
panel. As shown in Figure 6¢, the green panel A;B;C; D, is the deviation-angle panel, and
it is obvious that its KA (£B1A1 D) is smaller than that of the regular panel. Thus, the
length of line segment A; B is greater than that of AB, which means that the RSE of the
antenna with the deviation-angle panel is greater than that with the regular panel. For ease
of expression, hereinafter, the pose of the deviation-angle panel in Figure 6c is named as
the compact pose (CP).
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Regular

panel

Envelope

0,

o Envelope
Deviation-angle Zz4

anel
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Envelope B,
ZA \| B

|
TA Gap has been filled /

A,

Gap between point

B and Z-axis /

Rotation (6,) Enlarging aperture

i.e. panel rotates about point 4

i.e. enlarge segment 4B

Y

(b) (c)
Figure 6. Process of pose adjustment. (a) Initial pose. (b) Intermediate pose. (c) Final pose.

3.3. Rotation Angle

From the immediate geometric relation in Figure 5a, we can obtain

. Te . 21"(:
Am = arcsin - = aresin —. (1)
a
2 a

It can be observed from Figure 5b that the deviation parameter k4 increases and
the panel becomes longer in height and narrower at the bottom, causing a decrease in
VSE. However, as mentioned earlier, the height of the rocket fairing is much greater than
its diameter, so this phenomenon has little influence on the storage of the antenna. In
Figure 5a, assume that the polar angle of point Dy is 0p,; thus, its position vector on
plane OXY is (rccosfp,, rcsinp, )T, and the position vector of point C; on plane OXY is

. T . . .
(recos(0p, + 22),resin(fp, + 2%)) ", where 6, is an unknown to be determined (6p, will
be used in the next section). Referring to the law of sines [54], we have

l_OD1 sin(()Dl — GAl) = l_AlDl Sin(kﬂém), (2)

where [pp, and [4p, are the lengths of projections of line segments OD; and A1 D; on plane
OXY, respectively, and 64, and 0p, are corresponding polar angles of points A; and Dj, as
well as 84, = — 7. Meanwhile, the explicit expressions of l_OD1 and [, A,D, are

lOD1 =Te

7 D - 2 Da iy —7T : 2
la,p, = (fcosT—rccosf)Dl) —|—(7asm7—rcsmf)pl) ,

®)

respectively. It can be found from Equations (2) and (3) that the equation about 6p, is
a complex nonlinear equation, so Newton’s method [55] can be applied here to solve it.
Solving Equation (2) obtains 6p, and then the position vector of point D;. According to the
manipulation demonstrated in Figure 6, the rotation angle 8, can be expressed as

r T
0, = T _ arccos AP APy 4)
2 |rA1D1 | ‘rAlB]‘
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Projection

ZA D2

Panel 2

Panel 1

4. Parameter-Identification-Based Configuration Design

Since the configuration of all panels is the skeleton of the overall antenna structure and
the deployed configuration is known, the folded configuration should be studied first when
proceeding with our subsequent investigation on the structure and deployment mechanism.
This section presents a detailed discussion concerning the optimal stowing configuration
of the antenna. (For ease of expression, hereinafter, the word ‘configuration’ refers to the
default folded configuration of the antenna.)

4.1. Deployment Implementation and Theoretical RSE

We have mentioned in Section 2.4 that most PTDAs are deployed with the rotation
about fixed oblique axes in space, and this also applies to the antenna proposed in this
study. Here, we utilize Euler’s rotation theorem [56,57] to determine the position of the
rotation axis. Firstly, a fixed point P is determined, about which the panel will rotate.
Then, according to Euler’s rotation theorem, there exists such an axis passing through the
point that the rotation can be realized by a single rotation around the axis, as illustrated
in Figure 7. However, the situation differs due to the adopted panel pose, which is the
same as that in Figure 6¢ for high stowing efficiency, as shown in Figure 7a. Apart from
this, radius . is taken as the same magnitude as folded radius % to improve the VSE, as
shown in Figure 7a. This manipulation also contributes to the improvement in RSE because
a larger r. implies not only a larger &y, in accordance with Equation (1) but eventually a
higher RSE according to the process of increasing RSE in Figure 6. These differences from
Ref. [45] bring additional and more complex constraints, which are elaborated as follows.

Central hub

Envelope

——————— ———

Panel 1

(b)

Figure 7. Deployment implementation based on Euler’s rotation theorem. (a) Front view of folded
state. (b) Top view of deployed state. (1) The folded radius % is taken the same as radius 7. of the
central aperture for high VSE; (2) the panel is deployed or folded by the rotation about the fixed point
P, whose position is elaborately formulated to fulfill the constraints.

As shown in Figure 7b, taking panel 1 as an example, the deployed panel is trans-
formed into the folded one in Figure 7a by rotating about the fixed point P, and the pose
of the folded panel is the same as that of the green panel in Figure 6¢. Specifically, the
following four geometric constraints (GCs) can be summarized.

1.  Point A;j is on the envelope (GC 1), and it is conceivable that this constraint is easy to
fulfill since line segment PA; always intersects with the envelope at point A; after an
appropriate rotation about P.

2. Under the first constraint, locating point D; precisely on the envelope (GC 2) is
difficult to realize because the two constraints are coupled.

3. Point C; has a prespecified upward displacement k (GC 3) to avoid interference
between the panel and central surface. This constraint should be fulfilled under the
first two constraints.
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4. According to Figure 6¢, the focal axis, i.e., coordinate axis OZ, and plane A;B1D; are
coplanar (GC 4). This constraint should be satisfied under the former three GCs. Thus,
we lower the requirement first and simply guarantee that axis OZ is coplanar with
points A; and B; (weak GC 4). When points A; and B are projected onto plane OXY,
their polar angles are the same, denoted as 8, which is a parameter to be determined,
as shown in the top-left subfigure of Figure 7a. In addition, to avoid interference
caused by the panel thickness, it is assumed that the distance between By and B, is a
prespecified parameter s, named an interference parameter.

In summary, the first constraint can be directly satisfied, but the rest of the constraints
cause a problem in identifying a proper fixed point P to fulfill themselves. In response
to this problem, an ingenious scheme will be formulated and expanded on in Section 4.2.
We now return to Figure 7 and assume that all of the four GCs are satisfied. Based on its
immediate geometric relation, we arrive at the following expression:

D
la,B, cosOr + lop, = Tf, )
where 4, g, = Dasin T and lpp, = ﬁ Solving Equations (2) to (5) yields the theoreti-

cally maximum D,, denoted as D!, and hence the theoretical RSE is expressed as follows:

_Ds

Gt = Dr (6)

4.2. Parametric Error Compensation Model

From the discussion above, we know that it is unfeasible to identify the precise position
of the fixed point P directly. As a result, we therefore begin with a special position of P and
gradually approach the expected solution, adopting the idea of parameter identification in
robotics [58,59]. Parameter identification is the process of minimizing the residuals between
observed data and corresponding parametric error compensation model (PECM). In order
to exploit the idea of parameter identification, the geometric model in Figure 7, which
completely fulfills all of the GCs, is regarded as the observed data. To fit the observed data,
a PECM is established first. We begin with a simple example in which the fixed point P
is located at a special position, as shown in Figure 8a. In the deployed state, P coincides
with Dy, points A; and D; are precisely located on the envelope after folding and the focal
axis is coplanar with points A; and By, suggesting that GCs 1 and 2 as well as the weak
GC 4 are satisfied. However, point C; fails to obtain an upward displacement #; instead,
it has a downward motion and interferes with the central hub. To compensate for this
error, the position of P is relaxed by moving a certain distance in the radial direction on
the plane of the central aperture. Meanwhile, a parameter k; is introduced here to quantify
the compensating effect, as shown in Figure 8b. In this way, it is conceivable that point
C; will have an upward motion, and that a larger k; implies that the upward motion is
more noticeable.

Unfortunately, the above operation will inevitably introduce another error, where point
D is not exactly located on the envelope; instead, it will be completely inside the envelope.
This panel pose differentiates from that described in Figure 6¢, which eventually brings
about a descent in RSE. To additionally compensate for this error, another compensating
strategy is introduced here. As shown in Figure 8c, the compensation parameter k; is
defined as k, = ZPOD;/ZC10D;j, and, by definition, the location of the fixed point P is
equivalent to traveling a certain path relative to point D; anticlockwise along arc C1 D1,
as shown by the bottom subfigure in Figure 8c. After folding, point D; will possess an
outward motion and even pass through the envelope to be completely outside it, as shown
in the top subfigure of Figure 8c. Except for k1 and ky, parameter § in Figure 7a also affects
the pose of the panel, and GC 4 can be satisfied if assigning it an appropriate value.
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> ZCOD, 2n/n
G B,
Ol(p)
4

(@) (b) ©

Figure 8. Functions of k; and k. (a) Without parameters. (b) Function of parameter k;. (c) Function
of parameter ky. (1) Parameter k1 can compensate for the downward motion of C; in subfigure (a);
(2) parameter k can compensate for the inward motion of D; in subfigure (b); (3) if the values of k;
and k, are appropriately prescribed, both constraints can be satisfied.

Given the compensating effect of parameters k1, ky and §, they are collectively referred
to as the compensation parameters. According to the discussion above, these compensation
parameters are capable of characterizing the deviation of the nominal values and observed
values, thereby verifying the completeness of the PECM. Furthermore, small changes in the
panel pose must correspond to small changes in the compensation parameters, by which
the continuity of the model can be validated. Note that, ki, ky and § are independent of
each other, and thus the PECM has a minimal number of parameters; namely, it possesses
the property of minimality. In summary, the PECM exhibits three distinguishing properties
of completeness, continuity and minimality, thereby satisfying the basic requirements for
parameter identification [60,61] (see Appendix A for a detailed explanation on the PECM
properties of completeness, continuity and minimality). Therefore, all of the above four
GCs will be satisfied if proper values are assigned to those compensation parameters.

4.3. Parameter Identification of Configuration

It can be observed from Figures 7 and 8 that the position vector of the fixed point P
can be expressed as the following form:

5 T
rp = ((1 — kq)rc cos <k22: + 9D1>, (1 —kq)resin <k22: + 9D1>, ;—}, 1) , (7)
where f is the focal length and equal to #D, (3 is the focus/diameter ratio). It is com-
monly known that three non-collinear points in space determine a rigid body and its pose
naturally. According to the discussion above, the deployed pose can be represented by
point set { A1, By, P}, and their (including point C;) corresponding position vectors (or
coordinates) are
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T
D, 7t Dy i —r 12
rA (Ta l/TaSIH TT[/ ﬁ/ 1) 7
2 T
<% cos 7, —sin ey Z—;,l) , ®

2
D\ 2
E(k1, ky) = (elg(klrkZ)rDl)z + (ezg(kllkz)f‘Dl)z — (;) +

T
((l k1)recos(ka®X 4+ 0p,), (1 — kq)resin(ka2X + 6p,), %,1) ,

21 7T 7(2; T
(rccos( +6p,), rcsm( 7 +9D1)f§r1) ,

respectively. On the other hand, the folded pose in Figure 7a can be represented by the
corresponding point set, denoted as { A1, By, P}’. In light of Figures 7 and 8, the coordinates
of {Aj, By, P}’ can be expressed as

T
! _ (D¢ Ds :
ta, = (TCOS,B,TSIH‘B,ZAV1> ,

r/B1 = (rp, cos B, rp, sin B, zp,, 1)T, 9)

, T
rp = (( —kq)rccos(ka2X 4 0p,), (1 — ky)resin(k2 22 + 0p, ), %,1) ,

where z4,,7p, and zp, remain unknown and shall be identified. Given that the panel is a
rigid body, we have

lra, = 3,112 = lIra, — 75,12
! !

7B, —rpll2 = |lrg, —7pll2, (10)
! !

lrp —ra;ll2 = llrp =74, Il2-

Consequently, if values of ki, k» and B are given, all equations in Equation (10)
can be solved simultaneously for unknowns {z4,,7p,,2p, }. In this way, the deployed
and folded poses of the panel can be totally determined, which can be represented by
point sets { A1, B, P} and { A1, By, P}/, respectively. This also suggests that a scenario is
formed, which is suitable for using rigid-body registration algorithms [62,63] to obtain
the deploying-to-folding transformation matrix denoted as T. Evidently, if § is given, the
transformation matrix T is a function of k1 and k;, and can be denoted as g(k1, k»). Conse-
quently, our goal is to find such a transformation matrix g(kq, kz) that, with its treatment,
we arrive at

2
(elg(klrkZ)rDl)z (328(k1/k2)rD])2 - (%) =0,
e3g(k1,k2)rcl 7 —h=

(11)

where e;, i = 1,2, 3, represents a vector whose i-th component is 1 and whose remaining
components are all 0. It is fortunate that Equation (11) happens to have solutions. However,
the process of error compensation is conducted according to our expectation, so there
may not exist any solutions to Equation (11). Considering this situation, it is preferable
to convert Equation (11) into an optimization model. Foremost, the error function can be
expressed as follows:

2 2

|:83g(k1,k2)fcl 7 —h (12)

where E(kq, ky) represents the residual produced by the left-hand side of Equation (11),
which is a function of k; and ky. Secondly, as the inner optimization model, it can be
formulated as follows:

find (kl, kz),
min E(kl,kz), (13)
st. 0<k1 <1,0<k <1,

If the minimum of the optimization problem in Equation (13) is 0 or a value consider-

ably approximating 0, we obtain the precise solution of Equation (11); otherwise, we obtain
a least-square solution.
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In pursuit of the same pose as that described in Figure 6¢c, compensation parameter j3
is adjusted to maximize the distance from point B; to the Z-axis, thereby satisfying the GC
4; this fact will be verified in Section 4.4. This distance maximization can also be regarded
as an optimization problem, so the objective function shall be established first. For a given
B, its corresponding transformation matrix is obtained and denoted as T (), so the distance
denoted as g1 (p) can be formulated as:

81(B) = ||Diag(1,1,0,0)T(B)rz, |2, (14)

where Diag(-) represents the diagonal matrix. Therefore, the outer optimization model can
be described as
find B,
max  g1(B), (15)
st. 2L < p< 2

where the maximum of the model is a function of D,, denoted as g»(D,). Eventually,
finding the maximum aperture diameter D, is equivalent to solving the following equation:

s
§2(Da) = SinZ’ (16)

After solving Equation (16), the maximum aperture diameter is denoted as D}, the
resulting matrix is denoted as T*, the residual error is denoted as E* and the corresponding
compensation parameters are denoted as kj, k5 and %, respectively. Furthermore, the
resulting RSE, known as the simulated RSE and denoted as (s, is equivalent to D} / Dy.

To sum up, the process of parameter identification is to solve a two-level nested opti-
mization model (Equations (13) and (15)) in combination with an equation (Equation (16)),
and its pseudocode is presented as follows. Thereinto, the inputs are the structural parame-
ter values of the antenna and the outputs are the maximum aperture diameter, transform
matrix and identified parameters. In addition, lines 1-6 are the definition of the residual
function in Equation (12), lines 7-9 are the definition of the distance function in Equation (14),
lines 11-14 are the definition of the maximum distance function in Equation (15) and line 15
finds the maximum aperture diameter.

Referring to Euler’s rotation theorem [56,57], the general displacement about a fixed
point is equivalent to a single rotation about some axis passing through that point. In
addition, the rotation angle and axial vector are

4 = arccos T(R)-1
v =eig(R,1),

(17)

respectively, where R denotes the corresponding rotation matrix contained in T*, Tr(-)
denotes the operator used to obtain the trace of a matrix and eig(-, 1) denotes the operator
used to obtain the unit eigenvector corresponding to eigenvalue 1.

4.4. Effectiveness in Algorithm

In order to verify the effectiveness of the CPI algorithm in Algorithm 1, a concrete
antenna configuration is investigated in this section. Thereinto, the initial aperture diameter
D, is 2000 mm, the focus/diameter ratio # is 0.5, the number of panels is 18, the interference
distance s is 5 mm, the vertical displacement / is 10 mm, the fairing diameter D¢ is 740 mm
and the deviation parameter kq is 0.6. All values of the structural parameters are listed in
the left-side column of Table 2. After executing the CPI algorithm, the relevant results are
reported in the right-side column of Table 2, and the corresponding antenna configuration
is shown in Figure 9. (The antenna configuration is represented in the same manner as
that in Figure 7 for a visual and clear demonstration, which is generated in a precise
way—programming in Wolfram Mathematica).



Sensors 2024, 24, 385

15 of 30

Algorithm 1 Configuration parameter identification (CPI)

Input: Focus/diameter ratio 7, number of panels n, fairing envelope diameter Dy,
deviation parameter kg4, vertical displacement /, interference parameter s;

Output: Maximum aperture diameter D}, transformation matrix T*, residual E¥,
compensation parameters kj, k5 and 8*;

1: function E(kq, kp)

> Definition of residual function E

Give pointsets { A1, By, P} and { A1, By, P}’ by solving Equation (10) using Newton's
method;

Give transformation matrix T from { A1, By, P} to { A1, By, P}’ by rigid-body regis-
tration algorithms;

Calculate the right-hand expression in Equation (12);

return E;

6: end function

7: function g;(8)

10:

11:
12:

13:
14:

15:
16:

> Definition of distance function g;
Calculate the right-hand expression in Equation (14); > This step will repeatedly
call function E

return gq;

end function

function g>(Da)
Solve the optimization model in Equation (15);
functions E and g3
return g;
end function

> Definition of maximum distance function g»
> This step will repeatedly call

Solve Equation (16);
return D}, T*, E*, ki, k5 and B*;
elaborated below.

> This step will repeatedly call function E, g; and g»
> The expected axis can be obtained by T*, as

If the CPI algorithm is effective for the configuration, all of the four GCs in Section 4.1

must be satisfied first when the antenna is in its folded state. The following verification
is performed by observation and measurement in Mathematica. Foremost, all of the GCs
are confirmed.

Table 2. Structural parameters and results.

Structure Solution
Parameter Value Parameter Value
Theoretical and simulated
Initial aperture D, (mm) 2000 maximum aperture (D, D}) (mm) (2190.726, 2190.726)
—0.460911 —0.742475 0.486099 516.74
Focus/diameter ratio # 0.5  Transformation matrix T* 06.0;8862193()22 __06.53657592242 _0022272?24 _Zf ;86529
0 0 0 \ 1
Number of panels n 18  Compensation parameters (k}, k3) (0.118094, 0.861829)
Fairing diameter s (mm) 5 Compensation parameter f* (deg) 37.413
Vertical displacement /1 (mm) 10 Fixed point P (274.239,176.829,31.2453, 1)T
Fairing diameter Dy (mm) 740  Theoretical and simulated RSE ({t, {s) (2.960, 2.960)
Initial RSE 2.703  Deployment angle 04 (deg) 149.952
Deviation parameter kg 0.6 Axial vector v (—0.465753,0.399456, —0.789626)T
- - Residual E* 3483 x 10712

The bimetric, front and top views demonstrating the above antenna folded configuration

are presented in Figure 9, from which it can be observed in Figure 9a that points A; and D; are
precisely located on the envelope, thereby satisfying GCs 1 and 2. In Figure 9b, it can be seen
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that point C; rises in distance after folding, and the displacement is 10 mm after measurement,
by which GC 3 is therefore satisfied. From the top view in Figure 9c, line segment A;B; is in
the radial direction, and points A1 and D; colored in green overlap entirely. Hence, the Z-axis
is coplanar with points A, By and Dj, which suggests that GC 4 is satisfied.

Envelope

Figure 9. Verification of configuration. (a) Bimetric view. (b) Front view. (c) Top view.

In addition, it is found in Mathematica that the distance between points By and B, is
exactly 5mm, and all the panels form the shape of a perfect paraboloid after deploying by
an angle of 63 = 149.952°, as shown in Figure 10c. No interference was found during the
deployment when simulating the deployment process in Mathematica. We also discovered
in Table 2 that the theoretical and simulated RSE are identical, and that the residual E*
approximates to 0. All the facts above verify the effectiveness in antenna configuration,
proving the effectiveness of the parameter identification algorithm for this specific antenna.

(a) (b) (©)

Petal

Truss-Girder ~ 1ub Subreflector

supporting system

Framework

 Lightweight-designed !
framework ]

E- Honeycomb sandwich
s CFRP panel

Reducer

Motor

Figure 10. Structure design of Cassegrain antenna. (a) Folded state. (b) Intermediate state. (c) De-
ployed state. (1) The antenna structure primarily consists of honeycomb panels, trusses, hub, subre-
flector, deployment mechanisms, axis-adjusting device and base. (2) The structure composed of a
panel and framework in subfigure (a) is called “petal’.
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Extensive simulations further suggest that the results are similar to those in Table 2
and Figure 9 if the structural parameters of the antenna are assigned with other values,
thereby verifying the effectiveness of the configuration parameter identification algorithm
for the antenna configuration presented in Algorithm 1.

4.5. Effectiveness in Stowing Efficiency

As claimed in Section 3, the newly proposed antenna featured with the deviation-
angle panel and the configuration whose panel has the CP demonstrated in Figure 6¢ shall
possess a higher RSE, which is one of its major advantages. Since the antenna’s folded
configuration determines the RSE, it can be compared to the RSE of the proposed antenna.
Therefore, we compared the RSE of the proposed antenna configuration with those of the
existing RRSAs to verify the claim. The structural parameters of the existing RRSAs are
listed in Table 3, and the comparison results are presented in Table 4. In order to further
explore the RSE performance of the proposed antenna, the RSE obtained by utilizing the
third RSE-improving scheme in Ref. [45] is reported in Table 5. In this scheme, the panel
pose is obtained by conducting an optimization algorithm; hence, its RSE is higher than
that in Table 4 theoretically.

Table 3. Structural parameters of existing RRSAs.

Parameter

Antenna

Dornier FIRST [31] Dornier MEA RadioAstron MilliMetron NPSSDA [32] Uniaxial Model [36] CFRP Model [40] Sunflower Improved Sunflower

Aperture
diameter (m) 8.0 4.7 10.0 10.0 12 12 1.0 4.42 15
Focal length (m) [2.4] [1.41] 430 3.00 0.48 0.48 037 177 125
Panel number 24 24 27 24 24 20 30 18 18
RSE 2.78 2.78 3.33 3.33 3.16 2.82 3.76 2.29 270
[-] represents that its value is unknown from existing literature, so its focus/diameter ratio takes 0.3 by default.
Table 4. Comparison of RSE I.
Antenna Deviation Parameter kq Improvement Rate (%)
0 0.1 02 03 04 05 06 07 08 09 10 #min Hmax
Dornier FIRST 386 387 388 390 392 394 396 398 401 4.04 408 39.15 46.70
Dornier MEA 386 387 388 390 392 394 396 398 4.01 4.04 408 39.15 46.70
RadioAstron 433 434 436 437 439 441 443 446 448 451 455 3045 36.50
MilliMetron 386 387 388 390 392 394 396 398 401 4.04 408 16.17 2247
NPSSDA 386 387 389 390 392 394 397 400 4.03 406 4.09 2251 2954
Uniaxial Model 323 325 326 328 331 333 336 339 343 347 351 1510 2447
CFRP Model 481 482 483 484 486 4.87 489 491 494 496 499 2811 3278
Sunflower 292 293 295 298 3.00 3.03 306 310 314 318 323 2810 40.86
Improved Sunflower 292 294 296 299 3.02 305 308 312 316 320 325 893 2037

(1) Parameters #min and #max are the minimum and maximum improvement rate relative to the original RSE in
Table 3, respectively, when the deviation parameter k4 ranges from 0.1 to 1.0 in a step of 0.1; (2) for each antenna
in Table 3, the value of interference parameter s takes 0 for comparison with the RSE in Ref. [45]; (3) the second
column (kg = 0) colored in light blue denotes that the panel is the regular panel in Section 2.4; (4) the same
situation applies to the table below.

According to Table 4, it is found that the RSE has been significantly improved. There-
into, for the best one, the Dornier FIRST or Dornier MEA, its minimum improvement
rate is 39.15% and the maximum reaches 46.70%. Even for the poorest one, the improved
sunflower, its minimum improvement rate is 8.93% and its maximum attains 20.37%. For
Millimetron, its minimum improvement rate is 16.17% and its maximum attains 22.47%.
In addition, for each antenna in Table 4, the RSE increases as the deviation parameter kq
increases, which is in good consistency with our expectation. In Table 5, in combination
with the third pose adjustment strategy in Ref. [45], the RSE is improved further, with a
minimum of 11.76% for the improved sunflower and a maximum of 52.87% for the Dornier
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FIRST. It must be emphasized that, compared with the RSE adopting the regular panel and
third pose adjustment strategy (i.e., kg = 0 in Table 5), the RSE adopting the deviation-angle
panel in Table 4 can be higher if kg > 0.6.

Table 5. Comparison of RSE II.

Antenna Deviation Parameter kq Improvement Rate (%)
0 01 02 03 04 05 06 07 08 09 1.0 #Hmin Hmax
Dornier FIRST 396 397 399 401 4.03 406 409 412 416 420 425 4280 5287
Dornier MEA 396 398 399 401 403 406 409 412 415 419 425 43.08 5281
RadioAstron 441 442 444 446 448 451 452 456 458 4.62 466 3282 39.87
MilliMetron 396 398 399 401 4.04 406 409 412 416 420 425 1950 27.62
NPSSDA 394 395 397 400 402 405 407 411 414 418 423 2513 33.92
Uniaxial Model 334 335 337 340 343 346 349 352 356 361 367 1892 30.23
CFRP Model 487 486 488 490 492 495 497 500 5.03 506 510 2929 3562
Sunflower 3.04 3.06 308 310 313 3.17 320 323 328 333 340 3346 48.33
Improved Sunflower 3.00 3.02 3.04 3.07 3.09 313 3.16 320 325 330 335 1176 2420

In summary, adopting a deviation-angle panel is more efficient than pose adjustment for
improving the RSE. If both approaches are combined, the RSE will be improved to the maxi-
mum extent. All of these facts demonstrate that the newly proposed segmentation scheme of
the RSSA possesses significant superiority in improving the radial stowing efficiency.

5. Structure Design Based on Universal Joint Coupling Mechanism

Based on the configuration presented in Section 4.4, a concrete CAD model of a
Cassegrain antenna is established. According to the resulting fixed point P and axial vector
v, the precise position of the rotation axis can be determined, as shown in Table 2, based on
which the process of structure design is demonstrated as follows.

(1) Composite panel

Although the reflective surface of the panel can be machined into an ideal paraboloid,
its high accuracy cannot be guaranteed under harsh space environments without
an elaborate panel design. In space, the environment temperature approximately
ranges from —100 °C to 200 °C; hence, the heat-resistant material is indispensable
for fabricating the panel. Also, high-strength and high-stiffness materials are needed
to avoid possible resonance during launch, deployment and altitude maneuver. To
meet these two requirements, the carbon-fiber-reinforced plastic (CFRP) sandwich
structure is adopted. As shown in Figure 10b, the two skins are made of M55] CFRP,
and the honeycomb core is made of T300 CFRP. The related research has reported
that this kind of sandwich structure is capable of sustaining a high surface accuracy
under severe on-orbit thermal environments [64-66].
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(2) Supporting framework

To support the panels and further improve their strength and stiffness, a truss-type
framework is also adopted, in which its constituent rods are made of T300 CFRP to
reduce the weight, as shown in Figure 10c. In addition, diverse optimizations are
performed with respect to the framework in terms of physical dimensions, position
and topology to further lower its weight. Note that the fully deployed antenna is
closely similar to the ground-based reflector antennas; thus, their topology optimiza-
tion techniques [67-69] can be directly applied to this antenna by supplementing
only one additional constraint. The constraint requires that the adjacent petals shall
not interfere with each other during deployment, which was reported in Ref. [38].
(This optimization research will be presented in future studies.)

(3) Deployment mechanism

Typically, there are two ways to deploy the antenna: deploying all petals with
one motor or deploying with the same number of motors as the petals. The first
approach requires a synchronous device; however, its cost may not necessarily be
lower than that of the second approach considering the expenditure. In addition,
each petal is deployed by a single motor, which can reduce the position error of the
petal to a large extent; therefore, the second approach is adopted. It is known that
the universal joint coupling (UJC) is a compact structure capable of bearing high
torque loading, which is appropriate to use for deploying the RRSAs due to their
heavy weight and narrow space in placing deployment mechanisms. Figure 10a
illustrates the deployment mechanism, from which it can be observed that each petal
is mounted on the output rod of the UJC, and the input rod is connected through a
hole with a reducer linked to the driving motor.

The reducer is indispensable because of the extremely slow deployment process.
According to the related reports, the deployment of Spekir-R takes one and a half
hour, as shown in Figure 1. This operation can offer larger driving torque, which
is of vital importance for large SSDAs due to their heavy petals. In this way, if all
motors drive the input rods synchronously, the antenna deployment can be fulfilled
without concerning the interference among petal deployment mechanisms.

(4) Supporting and axis-adjusting device

The EM performance of the antenna is influenced not only by the surface error
caused by manufacturing but also by the position error largely induced by the
rotation axis, which is equivalent to additional surface error. Therefore, strict
rotation-axis accuracy must be guaranteed, to which a device capable of adjusting
the axis position is introduced. A line in 3D space has five DOFs [70]; hence, the
device must supply the output rod with at least five DOFs in order to precisely
install the output rod. The ability of the input rod to move slightly on the hole
plane provides two DOFs, and the telescopic function of the input rod provides
an extra DOF, by which three translational DOFs are thus obtained. In addition,
the universal joint provides the two other rotational DOFs, thereby verifying that
adopting the UJC can guarantee the expected position of the output rod.
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(5) Base

All the driving motors are anchored on the bottom plate of the base, and all axis-
adjusting devices are mounted on the top plate, while the side of the base is hollowed
out to realize the lightweight design. The bottom surface of the bottom plate base
has bolt-fastening holes for mounting the antenna on the satellite platform, like
Spektr-R shown in Figure 1.

\. J

The remaining work is to mount the petal on the output rod by sliding it on the rod
until the resulting location makes the reflective surface of the petal exactly overlap with the
ideal paraboloid. It can be observed from the animation simulation performed in SolidWorks
that the antenna can be deployed successfully, to which three relevant screenshots of folded,
intermediate and deployed states are, respectively, shown on the top side of Figure 10.
We also observed that the whole deployment runs stably and smoothly, during which no
interference is found, ensuring a uniform motion for the driving motors. All of the above
facts suggest that the newly proposed RRSA can be successfully deployed in a stable and
interference-free manner in a geometric and kinematic sense. In order to further confirm the
effectiveness of the deployment of the RRSA, the deployment dynamics will be investigated
in the subsequent section.

6. Trajectory-Planning-Based Deployment Dynamics

In order to further identify whether the proposed RRSA can be successfully deployed
and to explore the dynamic characteristics of the deployment process, trajectory planning
with an analytical method and software simulation is performed in this section.

6.1. Trajectory Planning

During deployment, the antenna will usually be deployed first by an angle with
torsional springs to avoid dead points, and then deployed by motors [71]. This process
can be approximated as the dynamic model shown in Figure 11a. It can be found from
the figure that the petal is equivalent to a small ball anchored on the output rod with a
mass M and distance [ from the ball center to the output rod, and that the driving motor
is connected with a reducer immediately linked to the input rod. In addition, a torsional
spring is anchored at the input rod to provide the torque at the first deployment stage.
Finally, assume that the reduction ratio is iy = 50, the preloading angle of the spring is
85 and its stiffness coefficient k and damping coefficient c are unknown parameters to be
identified.

At the first deployment stage, i.e., the deployment with torsional springs, the time
taken is assigned as [0, t;,|. As for the second stage, i.e., the deployment with motors, the
time taken is assumed to be within [t , t;,], and the following values are taken: t;, = 60s,
t;, = 180s and tq = t;, —t;, = 120s. Furthermore, for the first stage, the additional
boundary conditions

: (18)
6 (tg,, k, c) = v,

{92(tf1,k,c) = 6o,

are supplemented, where fy = 30° and vy = 0.5°/s. Also, assume that, at t = t¢, the spring
is precisely in its equilibrium position.
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Figure 11. Dynamic model. (a) Equivalent dynamic model of petal deployment. (b) Simplified
dynamic model of petal deployment. (1) Variable 6; is the angular displacement of the input
rod, variable 6, is the angular displacement of the output rod; (2) the moment of inertia (MOI)
of the ballis I, = L. + Mi? according to the parallel axis theorem, where I. is the MOI about the
centroidal axis. After measuring in SolidWorks, we obtain that I, = 0.2210618 kg m?; (3) the angle
v ={v,(0,0,—1)T) = 37.85°.

Referring to Ref. [72], the Lagrangian function of the mechanical system shown in
Figure 11a can be expressed as

1. . 1 . 1
L=T-V= EIi(9§+§(1p+10)e§— k(01 —65)?, (19)
where [;, I, and I, are the MOIs of the input rod, petal and output rod, respectively.

Additionally, the dissipation function is
1 .5
Q= 5691. (20)
According to Ref. [73], we know that

6, = arctan(cosy tan6,), (21)

from which we can obtain that 6 = 24.51°. Substituting Equation (21) into Equations (20)
and (19) yields a dissipation function Q* and Lagrangian function £*, both of which
containing only variable 6,. As a result, the dynamic equation with respect to 6, is formu-
lated as
doct o ag
dt 892 a6, 892
The explicit expression of Equation (22) is shown in Equation (A1), from which we
know that it is a considerably complex nonlinear ordinary differential equation (ODE) and
does not have an analytical solution. This causes difficulty in identifying the values of
k and c, which can be attributed to the nonlinearity of 6;. To solve this problem, it is of
vital necessity to linearize ¢;. One reasonable method is to suppose that the velocities of
the input and output rod remain approximately the same, i.e., let 6; = 6. As for another

= 0. (22)
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method, the expression in Equation (21) is expanded at 6, = 0 using Taylor’s expansion
as follows:

01 = 0rcosy+ %63 (cos v — cos® 7) +0 (6‘21) , (23)

where the second and third term are truncated, i.e., take 8; = 6 cosvy. To explore the
approximation performance, these two methods are visualized in Figure 12, from which it
is concluded that the second liberalization method exhibits a better approximation effect
and thus is taken as the preferable method.

301 Precise P i
Ist 2\
2nd
20 / E
go 6)rcosy
< ~
10+ - E
0 -I 1 1 I-
0 10 20 30
0, [deg]

Figure 12. Linearization of 6. This figure compares two kinds of linearization methods for 6;.

Meanwhile, the MOIs of the input and output rod are negligible because they are far
lower than those of the petal, based on which the Lagrange function in Equation (19) is
simplified to
L= 111[,(9'% — %k(cos'sz —cosyp)? = %IPGE — %k* (6, — 6p)?, (24)

Q = 1(ccos? )82 = 1c*62,

where k* = kcos? y and c* = c cos? 7. After conducting the above operations and according
to Equation (24), the torsional spring can be considered to be mounted on the output rod,
with a new stiffness coefficient k* and damping coefficient c*. The mechanical system
in Figure 11a is essentially simplified into a mass—spring—damper system. For clearer
illustration, the tension spring is utilized as an analogy to the torsional one, and eventually
the corresponding simplified dynamic model is demonstrated in Figure 11b. According
to Ref. [74] and Figure 11b, the dynamic equation of the first deployment stage can be
formulated as

#(t) +20wnX(t) +wix(t) = 0,

x(0) = —6p, (25)

x(0) =0,
where wn = \/k* /1, { = 3 \/;iTIp and hence the circular frequency wq = /1 — {?wn. Also,
based on the geometric relation demonstrated in Figure 11b, the angular displacement of
the petal is

0, (t) = x(t) — 6p. (26)

By referring to Ref. [74], the exact solution of 6, can be obtained by simultaneously
solving Equations (25) and (26) (see Equation (A2)), to which the solution is a function of k
and c.

By substituting the solution of 6, into Equation (18), a system of equations (SOE)
concerning k and c is thus obtained. This SOE is a nonlinear one and includes several
trigonometric functions, so it may have multiple sets of solutions. For an intuitive insight
into the distribution of these solutions, the SOE is drawn as implicit functions in Figure 13,
where the red points represent the solutions. Therefore, these solutions can be obtained by
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taking the points’ rough locations as the iterative initial values and solving the SOE with
Newton’s method, which is reported in Table 6.

40F 1 3 1 T T T =
— st

2nd

¢ [Nmms/rad]
13
(=]
1

O el 4 1 1 1 1
0 20 40 60 80
k [Nmm/rad]

Figure 13. Points of intersection. The rough intersection locations are used as the initial values of
Newton’s method.

Table 6. Solution of k and c.

No. k [Nmm/rad] ¢ [Nmms/rad] Semi-Period

7tlwqls]
1 0.398 8.139 97.703
2 6.596 23.943 23.241
3 19.921 30.166 13.161
4 40.555 34.168 9.165
5 68.545 37.123 7.027

Substituting these solutions back into Equation (A2) obtains the solutions of 8, with
different k and ¢, which are drawn in Figure 14. It can be found from the figure that all
of the curves are oscillatory during the first deployment stage except for the first curve,
amongst which each one of them appears as more noticeable than the next.

50+ 4
Equilibrium position
6,=30"
— 40
&
=
<
g
£
S20f
&
5
0 _I 1 1 1
0 20 40 60

Time ¢ [s]

Figure 14. Behavior of solution. The first curve is the expected one.

The above fact can also be concluded from Table 6, in which only the semi-period of
the first solution is greater than 60 s. For other solutions, the semi-period becomes smaller,
causing more intensive oscillation. In summary, only the first solution is the feasible one,

denoted as 9&1) (1).

After the first deployment stage is accomplished, the action on the petal of the torsional
springs is released, at which moment the driving motor’s torque is exerted to the petal
immediately, thereby initiating the second deployment stage. In this phase, the planned
trajectory of the petal is prescribed as a cubic curve, and the duration is t4 = 120's; hence,

its expression, denoted as 9&2) (t), can be written as
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Displacement [deg]

Displacement [deg]

032 (t) = 0y + vot +

2+

3 2 2 1
?(ed—eo)—avo —t—3(6d—00)+t700 £ 0<t<ty, (27)
d d

d

according to Ref. [75]. As a result, during the entire deployment process, the expression of
the planned trajectory can be written as
o) 0<t<t,
ot = { iy SN @)
92 (t— tfl) f, <t <t,,

to which its motion curves, including displacement, velocity and acceleration, are shown
in Figure 15. In the figure, the red line represents the theoretically estimated result from
Equation (28), and the green dashed line represents the result obtained by the commercial
software Automatic Dynamic Analysis of Mechanical Systems (ADAMS) employing the same k
and c.

1soF — 1aF — . ;
Estimated 12k Estimated | | Estimated
- 1
----- ADAMS - < ' 1
100f i 18 = .
i S08} 1= | |
: 2 Second stage g N !
) Q = RO
50 : Second stage 18 04k 1 | g L0.02) Firststage " Second stage |
: e ‘ : :
! First stage ! < 1
U N . . J  of . . . q 004 - . . 1]
0 50 100 150 180 0 50 100 150 180 0 50 100 150 180
Time 7 [s] Time 7 [s] Time 7 [s]
Figure 15. Planned motion. The displacement simulated by ADAMS is 6y (t¢,) = 30.60° at t = t¢,, and
the velocity is vg(tf, ) = 0.48°/s.
According to Ref. [73], the correlation between the input angle 6; and the output angle
6 can be described by
2
arctan (Cos'ytan Gé )) 0 <t < tg,
61 (t> = (2) (29)
7T 4 arctan (COS v tan 0, ) togo <t < g,
where tg is the time when 6; = 90°. This expression along with its first-order and
second-order derivatives, as well as the simulated results obtained by ADAMS, is drawn in
Figure 16.
150 T — T T T 1.8F ™ T T a| T T T T 7
—— Estimated AN Estimated | : —— Estimated
----- ADAMS — | |- ApAMS o i ----- ADAMS
100+ ! 1=® i 2 i ]
i 2 10t | 12 i
| - ] = |
! = 1 Second stage S |
50 | J 2 | g \ d 1
: Second stage § 0.5 | %3 002 : Second stage
| 8 |
i i < i 1
Ur - . . h U . . . . . - . . .
0 50 100 150 180 0 50 100 50 180 %% 50 100 150 180
Time 7 [s] Time ¢ [s] Time ¢ [s]

Figure 16. Input motion. (1) Required input motions of the torsional spring and the driving motor,
respectively; (2) comparison between the two input motions obtained by theoretical estimation and
by ADAMS.

It can be observed from Figures 15 and 16 that these two kinds of curves, i.e., the
theoretically estimated one and the one obtained by ADAMS, almost overlap with each
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other, which verifies the effectiveness of the planned deployment. Owing to this fact, it
suffices for us to rely solely on the theoretical method to conduct trajectory planning of
the antenna. Considering the fact that the displacement and the velocity are continuous
whereas the acceleration is not, soft shock occurs at the moment when the torsional-spring-
driven deployment switches to the motor-driven one. Fortunately, the soft shock does not
impose a perceptible influence on the whole system because the deployment process is
considerably slow.

6.2. Driving Torque

The effectiveness in kinematics is based on the assumption that the antenna can be
successfully deployed by torsional springs and driving motors. This requires that the
effectiveness in kinetics shall be confirmed and validated; in other words, the driving force
or the torque must be proven as reasonable. At the first deployment stage, for each petal,
we have
T (#) = k(65 — 61) = kcosy(60 — 62) 0 <t <t (30)

1

where Ti(1> denotes the torque of each torsional spring at the first deployment stage. On the

other hand, at the second stage, following the kinetic energy theorem for each petal, we

arrive at 1
/T 6,dt = Ipez Ipvo (B3 —8) ty <t<ty, (31)

if only considering the MOI of the petal and neglecting all the frictions. Thereinto, T ( ) de-
notes the torque exerted on the input rod at the second deployment stage. By d1fferent1at1ng
both sides of Equation (31), we have

T2, = 1,60, (32)
Hence, the torque of the input rod is

I,6,0 I,0,0 L,6
T(Z)(t): P.Z 2 — .P 292 — pY2 tf Stﬁtf/ (33)
1 01 6pcosy cosy ! ?

and the total estimated driving torque throughout the deployment process can be ex-
pressed as
kcosy(6p —02) 0<t <t,
Ti(t:{ 7(60—62) 0<t<t

B2 g <t <ty

Consequently, the driving torque of the driving motor is

Ip6,
iy COS Yy

Tm(t) = ty <t <t (35)

By differentiating Equation (28) and substituting the result into Equations (34) and (35),
the explicit expressions of T; and Ty, can be obtained. However, these explicit expressions
are not presented here due to their complexity. Ultimately, the theoretically estimated result
and ADAMS-simulated one are presented in Figures 17 and 18.

It can be observed from Figures 17 and 18 that the torques of the input rod and
of the driving motor obtained by theoretical estimation and ADAMS, respectively, are
in good consistency with each other, thereby verifying the correctness of our trajectory
planning. In addition, the varying tendency of the corresponding curves is similar to that
in Figure 15c. This phenomenon is in agreement with our expectation since the torque is
proportional to the angular acceleration, to which the petal contributes most of the MOL.
According to Figure 18, the maximum torque is approximately 3 x 10~3 Nmm and the
minimum is about —4 x 10~3 Nmm, both of which staying within a reasonable range of
magnitude for deploying a 0.2 kg petal with an MOI of 0.22 kg m?. Based on the results
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in Figures 15-18, we argue that the antenna can be successfully deployed and exhibits
excellent dynamical quality.

0.18F

—— Estimated

- == ADAMS

7, [Nmm]

-0.1F

First Stage Second Stage

-0.2 L1 L H L L
0 50 100 150 180
Time ¢ [s]

Figure 17. Input torque. Torques of the UJC’s input rod obtained by theoretical estimation and
ADAMS, respectively.

— Estimated

s — =~ ADAMS

-4 L 1 1 1
60 100 150 180
Time ¢ [s]

Figure 18. Driving torque. When simulating using ADAMS, the component MOI of the reducer
is considered.

Based on the research in this paper, our future work will focus on prototype fabri-
cating, experiments of deployment dynamics and deployment control, etc., to verify the
effectiveness of the proposed RRSA further.

7. Conclusions

This study proposed a new kind of RRSA by deviating the radial segmentation line by
an angle, which utilized most of the advantages of the regular-panel antenna described in
Section 2.4. By adopting this new panel, the compact folded pose was derived to achieve
high RSE. The deployment scheme is based on Euler’s rotation theorem, and adopts
rigid-body registration algorithms to obtain the transformation matrix. Inspired by the
idea of parameter identification in robotics, the PECM was established in order to satisfy
the prescribed geometric constraints, to which the CPI algorithm was developed for the
antenna configuration with high RSE. Extensive simulations have verified the effectiveness
of the algorithm.

Then, the RSEs obtained by the CPI algorithm were compared with those of the
existing RRSAs. The results suggest that the RSE has improved markedly, and that adopting
the deviation-angle panel is more efficient than conducting pose adjustment in terms of
achieving higher RSE. Alternatively, the RSE can be further improved by adopting a
combination of these two approaches.

Furthermore, based on the obtained configuration and rotation axis, the process
of mechanism/structure design was performed. The entire deployment system mainly
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consists of five parts, i.e., a composite panel, supporting framework, UJC deployment
mechanism, axis-adjusting device and base. The CAD model of the antenna was established
by SolidWorks, and the kinematic simulation revealed that the antenna deployment is stable
and interference-free in a geometric and kinematic sense.

Eventually, we performed deployment dynamics based on trajectory planning to
further confirm that the antenna can be successfully deployed and to explore the dy-
namic characteristics of the antenna. Our designed mechanical system is equivalent to
a UJC attached with a small ball on the output rod and a torsional spring and a driving
motor on the input rod. The system was then simplified into a mass—spring—damper
system using a linearization technique, after which the oscillation-free mechanical param-
eters were immediately identified for the spring-driven stage and a cubic trajectory was
planned for the motor-driven stage. The theoretically estimated result and the ADAMS-
simulated one are in good consistency with each other, suggesting that the antenna can be
deployed successfully and stably in a dynamical sense.

To conclude, the proposed RRSA in this study is capable of supplying higher radial
stowing efficiency. Kinematic simulation combined with analytical and simulated dynamics
demonstrates that the deployment process is stable and interference-free. The above
facts suggest that our proposed RRSA provides meaningful references in the field of
rigid-reflector spaceborne antennas with excellent dynamical quality and higher radial
stowing efficiency.
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Appendix A. Detailed Explanation of Completeness, Continuity and Minimality
of PECM

Firstly, unknowns {z4,,7,,23, } can be obtained by solving Equation (10) if given the
values of k1, k; and B; then, the coordinates of point set { A1, By, P}’ is obtained, which
means that the pose of the folded panel is known. Hence, compensation parameters
ki, k» and B can completely characterize the folded panel pose; that is, the PECM has
completeness.

Secondly, according to Equations (8) and (9), all expressions in Equation (10) are
elementary functions containing kq, k, and p. Thus, unknowns {z Ay TBy /2 31} are implicit
continuous functions about k1, k» and B, which are determined by Equation (10). This fact
indicates that the folded panel pose is a continuous function with respect to k1, k» and .
As a result, the continuity of the PECM has been proven.

Thirdly, according to Equation (9), the folded panel pose ({ A1, By, P}’) is determined
by ki1, kz and B. If the value of § is not given, r;‘l and r’B1 will be unknown. If the value

of kj or kj is not given, r/P will be unknown. All of the above facts show that k1, kp and
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are the minimum parameter numbers used to determine the folded panel pose, thereby
verifying suggestions that the PECM has minimality.

Appendix B. Dynamic Equation of Deployment Mechanism
The dynamic equation of the mechanical system in Figure 11a during the first deploy-

ment stage:
I; cos? 7 sec* 6 . 2Isin%y cos? 7y tan 6, sec 0, . c cos? 7 sec* 0 .
I+ Io + i Y 2292+11’Y v 232% Y 2262+
(cos? ytan? 6, +1) (cos? ytan? 6, +1) (cos?ytan? 6, + 1) (A1)
k cos 7y sec? 0 [arctan(cos 7y tan 6,) — 605] 0

cos2 ytanZ 6, + 1

where 6 = arctan(cos y tan 6).
The exact solution of Equation (25):

—twnt ginh (/72 — lwnt
) — | - (ve-to )—eé“’“tcosh(\/é2—1wnt>+l, (A2)

71

where wn = /k*/1p, { = 2\/(1:‘f1p’ k* = kcos? y and c* = ccos? 7.
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