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Abstract

The main surface of a large reflector antenna is composed of thousands of panels, which are inevitably deformed
under natural load, leading to a great deterioration of electrical performance of the antenna. The active surface
technique is an effective method to compensate antenna deformation error and has been widely used. The actuator
is a complex component, it has not been established in the antenna structure analysis model, which limits the
theoretical analysis ability of the active surface technology. To solve this problem, an integrated structure analysis
method of active surface antenna by using the simplified actuator is proposed. First, according to the supporting
characteristics and adjusting function of the actuator, the complex actuator is simplified a simple structure of
support beams, support truss and adjustment beam. Second, the finite element model of the active surface antenna
including the simplified actuator is established. Then, the relationship between the adjustment value (load) of
adjustment beam and the deformation of the antenna structure is deduced, and the integrated analysis method for
realizing the active adjustment of panels is established. Finally, the model and adjustment analysis method of the
active surface antenna in this paper is applied to an 8 m antenna, and satisfactory structural analysis results are
obtained, which shows the effectiveness and universality of the method, and provides a reference for the modeling
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1. Introduction

With the development of deep space exploration, radio
astronomy and other fields, reflector antenna has been
developing toward the direction of large aperture, high
precision and high frequency (Baars & Kircher 2018). The
antenna will inevitably be affected by gravity, wind, temper-
ature and other natural loads, the reflector will be deformed, the
accuracy will be poor, leading to a significant decline in
performance (Hoerner & Wong 1975). For the high-precision
large reflector antenna with tens of meters of aperture,
thousands of panels and thousands of tons of weight, it is
difficult to achieve the accuracy index of millimeter or even
sub-millimeter in its surface. In order to meet the accuracy of
reflector, active surface technique is used to compensate the
surface error of antenna and it is widely used in large reflector
antennas with surface accuracy of millimeter or sub-millimeter
(Wang et al. 2018), Examples include 100 m Green Bank
Telescope (GBT) in the United States (Richard 1998), 64 m
Sardinia Radio Telescope (SRT) in Italy (Orfei et al. 2004),
50 m Large Millimeter Telescope (LMT) in Mexico (Hughes
et al. 2010), and 65 m Tianma Radio Telescope (TMT) in
Shanghai (Dong et al. 2016). Active surface technology will
also be used in the near future by the Xinjiang 110 m Qitai

radio Telescope (QTT) (Wang 2014), which will be becoming
the world’s largest fully steerable radio telescope. As shown in
Figure 1, a panel is supported by four actuators and adjusted to
the locations of the ideal reflector or best fitting reflector.
Therefore, accurate calculation of antenna deformation and
active surface analysis are important problems.

Using the active surface technology to adjust the panels to
designated locations has been discussed in many papers. Lian
et al. (2021) gave the approximate relationship between the
adjustment value and the elastic deformation of the panel.
However, when the adjustment value is larger, the deforma-
tion error of the panel is also larger. Fu et al. (2015) put
forward the calculation method about the ideal reflector and
best fitting reflector with two parameters, five parameters and
six parameters, and calculated the adjustment value of the
main reflector and the sub-reflector after the gravity
deformation of the large Cassegrain antenna structure. Wang
et al. (2008) gave the influence relation matrix between the
target point and the adjustment amount, and received
satisfactory results. For Wang et al. (2017), according to
the initial position of the actuator and the relationship
between the adjustment point and the target point, a new
mathematical model and program for directly calculating the
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Figure 1. Active surface of an antenna.

motion of the actuator were established. Sun et al. (2021)
provided a calculation method to adjust the reflector surface
through the aperture phase profile. The adjustment values are
calculated through the fitting surface, and the surface
accuracy of the 65m antenna is reduced from 0.28 to
0.19 mm. In (Wang et al. 2021), the distribution of actuators
and the design method of panels were studied, and the
methods of triangular panels, node index and the fitting
solution method of a single panel are given. This method
provides a reference for the design and realization of the
active surface or deformable sub-reflector for high perfor-
mance large radio telescopes. Although many scholars have
studied the active surface compensation technology, the
calculation of active adjustment is based on the separation of
actuator and panel, without considering the influence of the
overall antenna structure on panel adjustment, which will
limit the theoretical analysis ability of active surface
technology.

To solve this problem, an integrated structure analysis
method of active surface antenna by using the simplified
actuator is proposed in this paper. First, the complex structure
of the actuator is simplified according to its supporting
characteristics and adjusting functions. Second, the finite
element model of the active surface antenna including the
simplified actuator is established, and the simulation method of
the actuator active adjustment panel is proposed, and the
relationship between the adjustment value and the antenna
structure deformation is given. Finally, this method is applied
to the 8 m antenna, and good analysis results are obtained. The
results show that the method is effective and universal, which
provides a theoretical reference for modeling and active
adjustment analysis of active surface antenna.

2. Integrated Structure Analysis for Active Surface
Antenna

In this section, the finite element model of active surface
antenna by using the simplified actuator and the realization
method of adjustment the panel are introduced.

2.1. The Simplified Actuator

Because the actuators used by GBT (Richard 1998), SRT
(Orfei et al. 2004), LMT (Magana et al. 2014) and TMT
(Wang 2010; Dong et al. 2016) have complex and different
structures, they should be simplified and the functions and
characteristics of actual actuators should be realized in
simulation. The actuator is a complex mechanism. It converts
the rotating motion of the motor into the linear motion of the
screw through worm gear, ball screw and other transmission
parts. The screws support the panels and adjust to the specified
position. The motion essence of the actuator is linear motion,
and its motor and transmission part can be used as the input
part of the actuator. In the simplified model, they are the loads
that control the adjustment value of the actuator.

The linear motion of a screw can be analyzed by means of a rod
or beam. Because the antenna works under different working
conditions, the actuator will be affected by bending moment,
torque or shear, it is better to use the beam to simulate the linear
motion of the screw. Typically, one actuator is connected to the
corners of four adjacent panels, so that the actuator has four
support beams that move in sync. To achieve this, four beams
need to be connected with support trusses, and an adjustment
beam is attached below the support trusses and acts as a
component to achieve the adjustment function, as shown in
Figure 2. In order to facilitate the connection and calculation in the
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(a) The actual actuator
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Figure 2. Correspondence between actual actuator and the simplified actuator.

— — 7 Back up structure

(a)Antenna model without actuator

(b)Antenna model with actuator

Figure 3. The comparison of the finite element model with and without the actuator.

finite element model, the beam element is also used to analyze the
support truss.

In the early studies on the active surface, the panel was not built
on the antenna model, but the deformation of the Backup structure
(BUS) was equivalent to the panel deformation (Stutzki et al.
2008). Later, the panel is installed on the upper node of the BUS.
Because the surface of the antenna is composed of panels, the
adjacent four panels connected to a BUS upper node. In order to
avoid the panel being squeezed, the adjacent panel needs to retain
a gap, so the designer uses four short beams to connect the upper
node of the BUS and four adjacent panels (Lian et al. 2022) (see
Figure 3). However, these short beams are relatively inclined and
cannot be adjusted. The simplified actuator model proposed in this
paper can solve this problem to some extent.

2.2. Structural Calculation Method of Active Surface
Antenna Model

A finite element model of an active surface antenna is
established, including a BUS, actuators and panels. The
simplified model of the actuator consists of four support

beams, a support truss and an adjustment beam. The BUS is a
space truss, usually simulated using beam elements. Because of
the elastic deformation of the panel, shell element is more
suitable for simulation.

In order to calculate the deformation of the antenna structure,
the stiffness equation should be established:

K-u=P (1)

where K is the stiffness matrix, u is the node displacement
vector, and P is the node load vector. The stiffness matrix K is
formed by the combination of two elements according to their
joint order. The calculation methods of beam element and shell
element are described below.

The beam element can not only bear axial force and bending
moment, but also bear torque. The space beam element has two
nodes i and j, and each node has 6 degrees of freedom.

The stiffness matrix of axial displacement is similar to that of
rod element:

EA

_ il 1 —1
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where E is Young’s modulus, A; is the cross-sectional area and
[;; is the length.

When the beam is subjected to torsion, the torsion angle is
similar to the axial displacement of the rod, and the stiffness
matrix of the similar rod element is obtained:

GJ -
w.0,= T 1] ®)
ij

where G is shear modulus and J is rotational moment of inertia.
When the beam is bent in the plane, the corresponding
stiffness matrix is:

12 6l; —12 6l
ElL;;| 6l; 4lij2 —6l; Zlijz
Koo = —= 4
Gl T T3 —12 6l 12 6y @
6l; 207 —6l; 47
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where I;;z and I;;y are moments of inertia.

The above stiffness matrices are combined in the order of
degrees of freedom to obtain the complete element stiffness
matrix in the local coordinate system Kpeam:
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The shell element consists of a membrane element and a
bending element, and the element has 6 degrees of freedom on
the node. In order to calculate accurately, the triangular shell
element is used to simulate the elastic deformation of the panel.

Triangular bending element consists of discrete Kirchhoff
theory (DKT) element (Batoz et al. 1980), whose stiffness
matrix is:

1 1—1
Kok = 2Af f ' BTDB dt dn a1
0 0

where D is the elastic coefficient matrix, B is the strain-
displacement matrix, £ and 7 represent the components of the
area coordinates. Kpgr was obtained by the three-point
Gaussian integral method.

The improved membrane element with Allman degree of
freedom can analyze large deformation (Cook 1986), and its
stiffness matrix is:

1 1-n
Kist = 2V f f BTDB d¢ dny (12)
0 0

Kaiiman = TTKLSTT (13)

where K| gt is the stiffness matrix of the linear strain triangle
element, and T is a transformation matrix, it converts Kj gt to
Kiman (Cook 1986).

There have redundant zero-energy modes in this element, so
define a penalty stiffness (Macneal & Harder 1988):

K, = (6VG)Q'Q (14)

where § is the penalty parameter (0.01), V is the volume and Q
is the relative rotation matrix.

By adding K., and K, a membrane element without
defects is obtained, whose stiffness matrix is:

Ky = Katiman + K (15)
The stiffness matrix of shell element in local coordinate

system is obtained by combining membrane element and
bending element in order of freedom.
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Figure 4. Schematic diagram of the simplified actuator.

Figure 5. Quarter diagram of the BUS.
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Figure 6. Finite element model of 8 m antenna.

The above two types of elements are calculated in the local
coordinate system, which needs to be converted to the global
coordinate system to calculate the stiffness matrix. These
stiffness matrices were combined according to the order of
degrees of freedom of nodes to obtain the stiffness matrix K.

The equivalent node load P is calculated based on the given
environmental load and mesh shape. The above stiffness matrix
K and node load vector P are substituted into Equation (1) to
obtain all node displacements u of the antenna.

2.3. The Realization Method of the Simplified Actuator
Adjustment the Panel

Figure 4 is a schematic diagram of the simplified actuator
active adjustment. An equal and opposite load is applied to
both ends of the adjustment beam to stretch or shorten it,
causing the support truss and the support beams to displace
along the axis, and the panel is adjusted. The model simulates
the motion and force of the actual actuator.

According to Equation (1) and Figure 4, the upper and lower
nodes of the adjustment beams transform in Equation (1), and
the load is applied. The -calculation method of active
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(a2) Gravity deformation when the reflector points horizontally

(without actuator)

L e ——
0039 g 9193 0-0347 o501 0-0655 ( ggog 0-0963 111701271 1455

(bl) Gravity deformation when the reflector points skyward
(actuator)

s e
0894 1351 0-1868 ) 5355 0.2842 ) 3379 0.3816 (5 43304790 5577
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Figure 7. The gravity deformation comparison of the 8 m antenna with and without the actuator when the reflector points skyward and horizontally (unit: mm).

adjustment model of reflector antenna is obtained:

Koo Koa Koy Uother FPother
Kdo Kdd Kdu Udown | = Riown + Eiown ( 1 6)
Kuo Kud Kuu Hup Pup + E.lp

Fc'lown = _E.lp =—-F

where K., Koq, Kou are the stiffness matrix of other nodes
except the adjustment beams, u,, is the displacement vector of

the upper nodes of the adjustment beams, ugown is the
displacement vector about the lower nodes about the adjust-
ment beams, Ugmer 1S the displacement vector about the other
nodes. Pgown and Py, are the equivalent environmental load
(gravity load) about the upper and lower nodes of the
adjustment respectively, F is the load applied, Fyown and Fy,
are equal and opposite load.

In Equation (16), the actuator adjustment values can be
converted into node displacement input u,, and F is the
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(a) Surface errors when the reflector points skyward
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(b) Surface errors when the reflector points horizontally

Figure 8. Surface errors of 8§ m antenna (unit mm).

unknown external loads. Since the adjustment beam has only
two nodes, the number of u,, and ugown is the same, and the
unknown quantity is balanced with the number of equations,
with a unique solution.
It can be obtained from Equation (16) that:
Kother = Kooil(R)ther -

Kodudown - Kouuup) (17)

F = Fyown — Kgoltother — Kaaltgown — Kduuup (18)

F = Kyoliother + KudUdown + Kuuuup - Pup (19)
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The expression of ugmer about uy, and ugown can be obtained
from Equation (18) and Equation (19):

Ugther = (Kdo + Kuo)il(Pdown + Ry — (Kaa + Kua)
X Udown — (Kau + Kuu)uup) (20)

The expression of ugown about u,, can be obtained from
Equation (17) and Equation (20):

uf = (Kug + Kag — (Kyo + I(do)l(oo_ll(od)_1

down
X (—(Kgo + Kuo)Koo_l(E)ther - Kouuup)

_Pdown - Pllp + (Kuu + Kdu) uup) (21)

Substitute Equation (21) into Equation (17) to get an
expression:

uf = Koo_l(R)ther -

other Kodqttdown — Kouuup) (22)
Since the stiffness matrix is only related to node coordinates,

sufficient conditions are available to solve:
Ff = Riown — Kdou‘fhe[ - Kddudfown - Kduuup (23)

Finally, by substituting F/ into Equation (16), the relation-
ship between the adjustment values and the antenna structure
can be obtained, and the antenna structure deformation after
active adjustment can be accurately analyzed.

3. Numerical Results and Discussion

In this section, the method of the second section is used to
calculate the gravity deformation and adjust the panel for the
8-meter antenna, and the effectiveness of the method is
verified.

3.1. The 8 m Antenna Model

In order to evaluate the feasibility of this method, a case of a
reflector antenna with a diameter of 8 m and a focal length of
3m is carried out. Figure 5 is a quarter diagram of the BUS.
The BUS is steel structure with a circular cross-section. The 36
panels form a standard paraboloid with a thickness of 20 mm.

Figure 6 shows the finite element model of the antenna. The
three-ring panels are evenly distributed along the circumfer-
ence, and 48 actuators are distributed in the upper node of the
BUS. The panels have little influence on the structural
deformation of the whole antenna (Stutzki et al. 2008), and
the stiffness of the panel is a small value in the simulation. In
order to make the deformation of the panel reasonable, its mass
is equivalent to giving four actuators, and the mass of the panel
is zero. The elastic deformation of the panel is mainly affected
by the BUS and the actuator.
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Figure 9. Randomly adjustment values.

3.2. The Calculation Result of Gravity Deformation

The gravity deformation of the 8 m antenna finite element
model with and without the actuator needs to be compared. In
order to compare the results accurately, the weight of the
actuator and the small short beam is zero. The results show that
the actuator structure has little influence on the antenna
deformation, as shown in Figure 7.

Before calculating the active adjustment simulation analysis,
the stiffness Equation (1) of the finite element model needs to
be verified. Figure 8 shows the gravity deformation of the 8 m
antenna (The actuator has a normal weight) when it pointing
skywards and horizontally. According to the grid division,
elements information (nodes composition, nodes number and
nodes coordinates) was obtained, and the equivalent load of
nodes was calculated, and stiffness matrix and load vector were
obtained. Equation (1) is solved and compared with the
calculation results of the finite element software. As shown in
Table 1, the maximum displacement error of all nodes of the
antenna is 7.9 x 10°% mm when the antenna points skywards
and 4.1 x 1077 mm in when the antenna points horizontally.
The results show that Equation (1) can accurately calculate the
gravity deformation of 8 m antenna, which lays a foundation

for the calculation of subsequent active adjustment of panel
deformation.

3.3. The Calculation Result of Adjustment the Panel

In this paper, the ideal antenna structure was used to
calculate the active adjustment model, and 48 actuators have 48
randomly adjustment values (5 mm), as shown in Figure 9. The
adjustment value are converted into node displacement and
substituted into Equation (23). The load is calculated and input
into the finite element model to make the adjustment beam
extend or shorten along the direction of the actuator, so as to
achieve the function of adjusting the panel. It is worth
mentioning that when the antenna is deformed by gravity, the
direction of the actuators will change slightly, so the actuator
should adjust the panel in the true direction. On the other hand,
the adjustment beam can extension or shorten by the
adjustment value, and the adjustment value reflects the
displacement of the node connects panel and actuator (The
node is on the support beam), so the node displacement of the
support beam should be consistent with the adjustment beam.

According to Figure 9, the same adjustment value is given to
two conditions respectively, and the deformation of the panel
after active adjustment is shown in Figure 10. Table 1 shows
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Figure 10. Deformation of the panel after adjustment (unit mm).

the maximum displacement error of each antenna node before
and after active adjustment. When loading is applied, the
maximum node displacement errors of the proposed method
and the finite element software are 2.7 x 10°® mm and
1.9 x 107° mm respectively, which meet the requirements of
analysis accuracy. The maximum node displacement errors of
the support beams are 0.0129 and 0.0248 mm, but the
maximum relative adjustment value errors are only 4.16%
and 5.19%. Because the structure is not completely rigid, the
node displacement of the support beam has some error, but the
maximum of this error is acceptable. The optimization of the
simplified actuator structure and the influence of actuator
pointing change on adjusting panel must be carried out in the
follow-up work. In addition, the random adjustment value can
cause the panel to be squeezed or stretched to an unreasonable

Ban et al.
Table 1
Maximum Node Displacement Error of the Antenna before and after Adjusting
the Panel
Maximum Error(mm)
Gravity Active
Deformation Adjustment DSB*  DSBPA®
Pointing 7.9 x 1078 27x107° 00129  4.16%
skywards
Pointing 41 %1077 19%x10°° 0.0248 5.19%

horizontally

Note. DSB* and DSBPA”™ denote the displacement of the support beam and the
displacement of the supporting beam as a percentage of the adjustment value.

shape, which can be avoided when calculating the adjustment
value of the best fitting paraboloid.

4. Conclusion

In this paper, an integrated structure analysis method of
active surface antenna by using the simplified actuator is
proposed. This method can realize the simulation analysis of
antenna including actuator, including establishing the stiffness
equation of finite element model, and deducing the calculation
formula of the actuator adjustment value and antenna structure
deformation. The results show that the method is correct and
effective. Through case analysis, a good accuracy of antenna
structure analysis was obtained, and the subsequent work to be
improved was defined, such as optimizing the actuator structure
and the effect on adjusting panel when the actuator direction
change. In the future, the optimized actuator model will be used
to adjust the panel and a surface data will be given when the
surface is adjusted to the best fit paraboloid.

Finally, this method has reference value for modeling and
adjustment analysis of active surface antenna.
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