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Abstract The reflector system of the Five-hundred-meter Aperture Spherical radio Telescope (FAST)
is designed to incorporate 4450 rigid panels supported by a flexible cable-net structure. The shape-
changing operation that occurs in the process of observation will lead to a relative displacement between
adjacent nodes in the cable-net. In addition, three nodes on a rigid panel are fixed with respect to each
other. Thus, adaptive connecting mechanisms between panels and the cable-net are certainly needed. The
present work focuses on the following aspects. Firstly, the degrees of freedom of adaptive connecting
mechanisms were designed so that we can not only adapt the panel to the deformation of the cable-
net, but also restrict the panel to its right place. Secondly, finite element and theoretical analyses were
applied to calculate the scope of motion in adaptive connecting mechanisms during the cable-net’s
shape-changing operation, thus providing input parameters for the design size of the adaptive connecting
mechanisms. In addition, the gap size between the panels is also investigated to solve the trade-off
between avoiding panel collisions and increasing the observation efficiency of FAST.
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1 INTRODUCTION

The Five-hundred-meter Aperture Spherical radio
Telescope (FAST) is the largest single-aperture radio
telescope under construction anywhere in the world.
According to the working principle of FAST (illustrated
in Fig. 1), the supporting structure of the reflector system
should be capable of forming a parabolic surface from
a spherical surface (Nan et al. 2003, 2011). This is the
most prominent special requirement of the telescope
beyond those of conventional structures. By considering
the uniformity needed for stress distribution, a cable-net
structure was chosen to have the form of a geodesic
mesh. The cable-net comprises 6670 steel cables and
approximately 2225 cross nodes. The cross nodes of the
cable-net are used as control points. Each control point
is connected to an actuator by a down-tied cable (Li
et al. 2001; Luo et al. 2000, 2003; Ren et al. 2001; Lu &

Ren 2007). By controlling the actuator using feedback
from the measurement and control system, the positions
of the cross nodes can be adjusted to form an illuminated
aperture having a diameter up to 300 m. This illuminated
aperture moves along the spherical surface according to
the zenith angle of the target objects (see S1 and S2 in
Fig. 1) (Qian et al. 2005a,b).

The shape-changing operation in the process of ob-
servation will lead to a relative displacement between ad-
jacent nodes in the cable-net. Meanwhile, three vertexes
on arigid panel are fixed with respect to each other. Thus,
adaptive connecting mechanisms between panels and the
cable-net are certainly needed.

Based on these aforementioned requirements, the
present work focuses on the following aspects. Firstly,
the degrees of freedom of adaptive connecting mecha-
nisms were designed so that we can not only adapt the
panels to match the deformed shape of the cable-net, but
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Fig.1 Geometric optical principle of FAST.

also restrict a given panel to its right place. Secondly,
finite element and theoretical analyses were applied to
calculate the scope of motion for the adaptive connect-
ing mechanisms during the cable-net’s shape-changing
operation, and thus provide input parameters for the de-
sign size of the adaptive connecting mechanisms. In addi-
tion, the gap size between the panels is also investigated
to solve the trade-off between avoiding collisions among
panels and increasing the observation efficiency of FAST.

2 DESIGN OF THE ADAPTIVE CONNECTING
MECHANISM

Three nodes on each panel are connected to the cable-
net through adaptive connecting mechanisms. Over-
constraint causes adverse effects, since the surface preci-
sion of the panel may be influenced by additional stress,
while under-constraint may lead to a panel not being re-
stricted to its right place. Thus we should allow the de-
grees of freedom for each panel to be exactly six. The
design for the degrees of freedom is shown in Figure 2.
It can be readily seen that the rotational degrees of
freedom are completely released from the three connect-
ing mechanisms. Adaptive connecting mechanism 0 con-
strains the three translational degrees of freedom (U, =
U, = U, = 0), adaptive connecting mechanism 1 re-
leases translational degrees of freedom along the axis of
the connecting rod (U, = U, = 0), and adaptive con-
necting mechanism 2 releases two translational degrees
of freedom in the plane of the panel (U, = 0). Under this

constraint condition, a panel can not only be fixed well
on the nodes of the cable-net, but also adapts itself well
to the deformation of the cable-net.

Detailed structures of adaptive connecting mecha-
nisms 0, 1 and 2 are designed according to the aforemen-
tioned principles as shown in Figure 3. Adaptive connect-
ing mechanisms 0 and 1 use the scheme of a centripetal
joint bearing with a stainless steel rod, and adaptive con-
necting mechanism 2 uses the scheme of the ball axis
with a plane sliding side. Such designs ensure the mech-
anisms run smoothly in the planned directions, and have
the advantages of corrosion-resistance and easy mainte-
nance.

The cable-net structure is formed by the geodesic
mesh, and comprises approximately 2225 cross nodes
and 4450 panels. Six connecting mechanisms are re-
quired on each node according to the geometric topology
of the structure. From the results of comparing differ-
ent schemes, the pattern of arrangement for connecting
mechanisms 0, 1 and 2 is adopted, as shown in Figure 4.

The arrangement shown in Figure 4 has two advan-
tages. First, the adaptive connecting mechanisms have
the same arrangement on all nodes, which reduces the
possibility of installation errors. Second, the arrangement
avoids two type 2 mechanisms from being arranged in
an adjacent position, which minimizes the possibility of
mutual interference during the operation of FAST.

According to the above arrangement, six connecting
mechanisms are arranged on each cross node, and a disk-
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Fig.2 Degrees of freedom for the adaptive connecting mechanisms.
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Fig.3 Sketches of adaptive connecting mechanisms 0 (a), 2 (b) and 1 (c).

type node for positioning the adaptive connecting mech-
anisms is connected to a cross node through a rigid steel
column, as shown in Figure 5.

3 ANALYSIS METHOD

A finite element model describing the reflector system is
established using ANSYS software. The disk-type node
is simulated by the BEAM44 element, and adaptive con-

necting mechanisms 0, 1 and 2 are simulated by releasing
the corresponding degrees of freedom at the end of the
beam. The reflector panel and its back frame are simu-
lated by the SHELL63 element. According to the princi-
ple of equal stiffness, the cross nodes are also simulated
by the BEAM44 element, and the six beam elements are
connected by rigid joints. The cross nodes and disk-type
nodes are connected by rigid joints, as shown in Figure 6.
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Fig.4 Arrangement of the adaptive connecting mechanisms.

The initial gap between adjacent panels is set as
100 mm, and the corresponding adjacent edges of pan-
els are parallel to each other. The ring beam structure is
modeled using the BEAM4 element. The complete finite
element model is shown in Figure 7.

To ensure the correctness of the finite element anal-
ysis (FEA), a theoretical algorithm is used to verify the
results calculated by FEA.

Figure 8 is a sketch of a single panel. In the sketch,
point M represents the panel’s vertex near adaptive con-
necting mechanism 0, and point m represents the con-
nection point of the adaptive connecting mechanism with
the panel. Points M’ and m’ respectively represent the
corresponding points on the panel after deformation.
Similarly, Points N and P respectively represent the
panel’s vertices near adaptive connecting mechanisms 1
and 2, and n and p represent the corresponding connec-
tion points of the adaptive connecting mechanism and
panel. Additionally, N’, n’, P’ and p’ represent corre-
sponding points on the panel after deformation.

In theory, if the displacement of the support is pre-
viously known, according to the geometric relations and
boundary constraints, accurate positions of the adaptive
connecting mechanisms after deformation can be ob-
tained by the theoretical algorithm.

To simplify the process of finding a solution, we
ignore insignificant factors and apply the following as-
sumptions: (1) the triangular panel is rigid and does not
undergo elastic deformation; (2) the angular displace-
ment of the cross node can be neglected and the displace-
ment of the supporting point of the mechanism is equal to

that of the cross node; (3) before and after deformation,
adaptive connecting mechanisms 0 and 1 are respectively
located at the angle bisectors of ZNM P and ZM N P.
According to the above assumptions and combined
with constraints on the adaptive connecting mechanisms,
we establish a set of equations with which to obtain the
coordinates of points m’, n’ and p’, as shown below.
The coordinates of m/ are obtained by Equation (1)

(T — 200)? + W — yarr )2 + (2 — 2010 )?

72
- L]Wm’
Tt —Tpgr
Apnptom! - tml’ (1)
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The coordinates of n’ are obtained by Equation (2)
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The coordinates of p’ are obtained by Equation (3)

ary + byy +czpy =1,

(@ = 2m)® + Yy = Ymr)? + 29 — 200)? = LGpv

(zp — T )? + (ypr — yn')? + (2pr — Zn)? = L%p-

(3)
The direction of the vector M’'m’ (anyim:, barrms,
CMrme) s consistent with the angle bisector ZN'M'P’.
It can be obtained by Equation (4) that
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Fig.5 Sketch of the disk-type node and the arrangement of connecting mechanisms.
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Fig. 6 Finite element model of the reflector unit and main cable connection.

The direction of the vector N'n’ (an/n/, bNin/s CNint)
is consistent with the angle bisector /M’ N’P’. Tt can be
obtained by Equation (5) that

N'M’ N'P’

M/ I: 5
" =N TN ©)

where a, b and c are the three real constants of the plane
equation. Based on coordinates of points M’, N’ and P’
that we have considered, its value can be obtained by
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Fig.7 Finite element model of the FAST reflector system.
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Fig.9 Location of point AO73 and the deformation cloud calculated by FEA.

Equation (6) According to the geometric relations before and after the
deformation, we can also derive the following equations:

azy + byay + ez =1, (ar = 2m)* + (Yar —ym)* + (200 = 2m)* = Lig- (D)
axns +byn: + cane =1, (6) (@0 = m)? + (Yn = Ym)® + (20 — 2m)> = Lo (8)
axp +byp +czpr = 1. (xp - xm)2 + (yp - ym)2 + (Zp - Zm)2 = Lfnp )
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Fig.10 Positions of points AOO3 and E055.

(xp — x,)? + (yp — Un)? + (zp — )% = Lip. (10)

Based on the nodal coordinates of the cross nodes before
and after deformation, and the nodal coordinates of the
adaptive connecting mechanisms before deformation, we
can obtain the value of the following parameters: aps/ .,
bM/m/, CM'm’s AQN'n/, bN’n” CN'n/, Q, b, C, LMm, Lmn,
Ly, and Ly, by Equations (4) ~ (10). Thus, the un-
knowns of Equations (1) ~ (3) are simply the coordinates
of m’, n’ and p’, and the parameters ¢, and t,,. They
can be solved by the 11 expressions of Equations (1) ~
(3). Taking into account the parameters involved in the
above equation and the complexity of the constraint con-
ditions, ¢,,, MATLAB is used to compute the solution.

A073 is selected as the center of the parabolic shape.
The description and analysis method used in simulat-
ing the shape-changing operation can be found in liter-
ature (Jiang et al. 2015). According to the coordinates
of the cross nodes before and after deformation, we can
obtain the nodal coordinates of all adaptive connecting
mechanisms after deformation using the theoretical al-
gorithm, and then compare the results of the theoretical
algorithm with results of FEA (location of point A073
and the deformation cloud calculated by FEA are shown
in Figure 9).

Table 1 lists the maximum position deviation of all
three types of adaptive connecting mechanism nodes ob-
tained using these two calculation methods.

It can be seen from Table 1 that the maximum de-
viation of the results derived by these two methods is
3.9 mm. There are a total of 171 nodes for which posi-
tion deviation is larger than 2 mm in terms of statistics.
It is found that these nodes are mainly distributed on the
edge of the parabolic surface. In this area, the position of
the reflector shows relatively large deviations compared
to the normal shape. Thus, the deflection angle of the
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disk-type node attached to the main cable in this area is
relatively large, which leads to an error in the results ob-
tained using the theoretical algorithm. Overall, the results
obtained using the two methods are in good accordance,
thus showing that the finite element model established
in this paper can simulate the actual working condition
with good accuracy. Considering that the method used
by ANSYS can be developed into an automated program
with ANSYS Parametric Design Language (APDL), we
will study the adaptive connecting mechanisms through
the FEA method.

4 ANALYSES OF THE SCOPE OF MOTION FOR
ADAPTIVE CONNECTING MECHANISMS

In the analysis of the FAST cable-net, the shape-
changing operation of the FAST cable-net can be sim-
plified as a quasi-static process here. Since the parabolic
deformation area cannot exceed a 500 m edge and the il-
lumination aperture is 300 m, the region of motion for
the center of the parabolic reflector is restricted to within
26.4°. This region contains 550 cross nodes. We assume
that the distribution of the 550 discrete points is suffi-
ciently dense, and that any possible observation state is
approximately equivalent to one of the 550 deformation
states whose illuminated aperture centers correspond to
these 550 cross nodes (Jiang et al. 2013; Jiang et al. 2015;
Kong et al. 2013).

According to FEA of the 550 deformation states,
the displacements of the six adaptive connecting mecha-
nisms on all disk-type nodes are calculated under the de-
formation states. Limited by space, in this paper we only
show the results of two connecting mechanisms (having
locations displayed in Figure 10) with relatively large
displacements in terms of type as displayed by the scatter
diagrams of displacement distribution in Figure 11.

Figure 11 shows that the distribution range of adap-
tive connecting mechanism 1 is linear, with extensions
(in the coordinate direction) and adductions less than
30mm. The distribution range of adaptive connecting
mechanism 2 is basically elliptical, with extensions
(in coordinate direction) and adductions also less than
30 mm, and tangential direction (perpendicular to the ex-
tending direction) space less than 50 mm.

Because all adaptive connecting mechanisms are
placed on a circular disk-type node, the outer diameter of
the disk-type node and the structural size of the adaptive
connecting mechanism determine the scope of motion for
the adaptive connecting mechanism.
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Table 1 Maximum Position Deviation of Adaptive Connecting Mechanism Nodes

Type of connecting mechanism

Maximum position deviation (mm)

dx dy dz
Adaptive connecting mechanism 0 1.36 1.18 1.68
Adaptive connecting mechanism 1 2.55 1.16 1.02
Adaptive connecting mechanism 2 3.90 2.90 1.60
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Fig.11 Scatter diagram showing the displacement distributions of connecting mechanisms at points A003 (a) and E055 (b).

Because the arrangement of adaptive connecting
mechanism 1 adjacent to connecting mechanism 2 with
an angle of 54° is the arrangement in which mechanisms
are most likely to interfere with each other, we study the
actual scope of motion of the adaptive connecting mech-
anisms in this situation. Assuming that the diameter of
the disk-type node is 450 mm, and considering the design
size of the adaptive connecting mechanism (see Fig. 3),
the maximum scope of motion for connecting mecha-
nisms 1 and 2 can be obtained, as traced by dashed lines
in Figure 12.

It can be seen from Figure 12 that if the diameter
of the disk-type node is 450 mm, the scope of motion
for adaptive connecting mechanism 1 should be as fol-
lows: extension 50 mm and adduction 60 mm. The scope
of motion for connecting mechanism 2 should be as fol-
lows: extension 30 mm, adduction 35 mm and tangential
range =50 mm.

The FEA results listed above show that using the
disk-type node with a diameter of 450 mm can basically
avoid the situation of adaptive connecting mechanisms
interfering with each other. However, as the above analy-
sis does not consider the effect of rotation for a disk-type
node, a disk-type node is recommended with a diameter
of 500 mm in actual construction.

5 RESEARCHES ON THE GAP SIZE BETWEEN
PANELS

The accuracy of the surface shape defined by the re-
flectors directly determines the observation efficiency of
FAST. Large gaps between panels will increase the noise
level of the received signal. According to calculations
done by professionals associated with FAST, every 1 cm
growth in the width of gaps between panels is accom-
panied by a 0.5K increase in the system noise which is
caused by thermal noise from the ground. However, too
small a gap may lead to collisions between panels under
certain observation conditions. Thus, it is advantageous
to determine a reasonable size for the gap between panels
to optimize the observation efficiency of FAST.

We use mathematical methods to solve this problem
through the finite element method. A sketch of the region
representing a gap between panels is shown in Figure 13.

In Figure 13, points I and J represent cross nodes,
points A, B, C and D represent the connection points of
the adaptive connecting mechanisms with the panels, and
v and 6 respectively represent the angle between the two
lines IA and IB and the angle between the two lines JC
and JD. If there is a collision between panels E1 and E2,
then line AC must intersect line BD at some point.
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Fig. 12 Adaptive connecting mechanisms 1 and 2 in an adjacent arrangement.
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Fig. 13 Sketch of the region representing a gap between panels.

Table 2 Panel Collision Detection Data

Change of temperature | Maximum value of direction

change for normal vector

Minimum gap between panels
after deformation (mm)

Maximum gap between panels
after deformation (mm)

0° 2.2° 58.7
+25° 2.4° 55.7
-25°¢ 2.4° 61.0

141.0
142.7
139.8

According to the vector geometry, we obtain the
normal vector of the plane IAB from the cross-product
of vector IA and vector IB, which is denoted Fiag.
Similarly, we get the normal vector of the plane JCD
from the cross-product of vector JC and vector JD,
which is denoted F ycp. Obviously, if there is a collision
between panels El and E2 under a certain observation
condition, the change in the direction of normal vector
Fiap or Fycp must be larger than 90°. We thus judge
whether a collision has occurred by observing changes in
direction of normal vectors Fiag or Fycp.

The problem of collisions among FAST panels un-
der a certain gap condition is analyzed using the above
principles of collision detection. The initial gap between

adjacent panels is set to 100 mm, and the linear expan-
sion coefficient of panelsis 1.2x 107> m °C~1, assuming
the temperature change of the panels is within the range
25°C. According to the FEA of 550 deformation states, a
change in the direction of normal vector Fiap or Fjcp
and the gaps between adjacent panels after deformation
are calculated. Extreme values of the results are given in
Table 2.

It can be seen from Table 2 that the maximum value
of a direction change for the normal vector is 2.4° for
all 550 deformation states. The panels will therefore
not collide with each other under the above conditions.
Moreover, Table 2 shows that the minimum gap and max-
imum gap between adjacent panels are respectively 55.7
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and 142.7 mm under the above conditions, and the rela-
tive displacement of the panel is not more than 45 mm.
Obviously, the initial gap is large enough to avoid a col-
lision. Taking production errors into account, it is recom-
mended to use a gap of 65 mm between panels in actual
construction.

6 CONCLUSIONS

In this paper, based on theoretical verifications, an overall
finite element model of FAST is established, which con-
sists of adaptive connecting mechanisms. The following
contributions were made according to the analysis of fi-
nite element computing results.

(1) The present work rationally designed the degrees
of freedom of adaptive connecting mechanisms,
such that the panels can be reasonably restricted.
Moreover, additional stress caused by movement of
the cable-net is also avoided, and accuracy of the
panels is ensured.

(2) The topological layouts of adaptive connecting
mechanisms were designed. Three types of adaptive
connecting mechanisms were arranged in the same
way on each node, which benefits management of
the production of large quantities of components.

(3) The scope of motion for the adaptive connecting
mechanisms of FAST was studied, and parameters
were thus obtained for design of the size of a disk-
type node.

(4) Results of analysis suggest using a disk-type node
with a diameter of 500 mm for FAST.

(5) The size of the gap between panels was investigated
to solve the trade-off between avoiding panel colli-
sion and increasing observation efficiency of FAST.
A suitable gap between panels was determined.
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