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Structural optimization and
performance analysis of the cable-
driven fine adjustment mechanism
for the new FAST feed cabin

Lucong Zhang'?, Jinghai Sun'“*, Peng Jiang'*> & Hui Li%3*

The Five-hundred-meter Aperture Spherical radio Telescope (FAST) is the world’s largest and most
sensitive single-dish radio telescope. To meet the growing demands of astronomical observations,

the FAST team has proposed a new feed cabin configuration based on a cable-driven fine-tuning
mechanism. This design replaces the traditional rigid A-B rotator and Stewart platform with a
lightweight steel cable structure, significantly reducing the overall structural weight. To satisfy receiver
installation requirements, enhance the payload capacity of the receiver platform, and maximize
zenith angle coverage, this paper proposes a modeling approach tailored to the new configuration

and conducts structural optimization under cable tension constraints. Simulation results demonstrate
that the new configuration achieves a substantial improvement in payload capacity and extends the
zenith angle to at least 5(°, enabling FAST to accommodate a wider range of receivers and enhance
sky coverage near the Galactic center. The proposed feed cabin design not only meets current scientific
needs but also provides a robust technical foundation and feasible upgrade path for future expansion
and array development of FAST.

The Five-hundred-meter Aperture Spherical radio Telescope (FAST) is currently the world’s largest and most
sensitive single-dish radio telescope (Fig. 1)!-%. Since its official commissioning in 2020, FAST has maintained
stable and highly efficient observational performance, leading to a series of significant achievements in areas
such as pulsar detection, fast radio burst (FRB) studies, and neutral hydrogen (HI) imaging®~°. These results not
only validate the exceptional capabilities of FAST but also highlight its substantial scientific value in the field of
radio astronomy.

As shown in Figs. 1 and 2, FAST consists of two major subsystems: the active reflector system and the feed
support system. The active reflector system has more than 4000 triangle panels and a supporting cable-net
structure, which enables dynamic focusing of radio waves through active surface deformation. The feed support
system has six steel cables supported by six towers, forming a large-span parallel cable-driven mechanism that
adjusts the position and orientation of the feed cabin. To ensure high-precision positioning of the receiver’s feed
inside the cabin, a fine adjustment mechanism is employed. First, an internal A-B rotator allows rotation about
two orthogonal axes, compensating for tilt deviations caused by cabin movement. Second, a Stewart platform
performs fine adjustments in real time to correct residual positioning errors, enabling the phase center of the
feed to achieve a root-mean-square (RMS) positioning accuracy of 10 mm'*-*3.

As demonstrated in the early research by Yin et al'%,, the FAST feed support system is theoretically capable of
achieving at least a 50° observational zenith angle through a feasible cabin attitude configuration scheme, which
determines the cabin orientation via coordinated actuation of the cable-driven mechanism, the A-B rotator, and
the Stewart platform.However, in actual operation, the current feed cabin houses rigid structures—the A-B rotator
and the Stewart platform-with a combined weight of 10.1 tons, accounting for approximately 34% of the total
cabin mass. This substantial load significantly increases cable tension during large zenith-angle observations.
When the zenith angle approaches 40°, the cable tensions may exceed the system’s safety thresholds, triggering
protection mechanisms and potentially interrupting observations. To address this challenge, a new feed cabin
structure is urgently required. Instead of the previous A-B rotator and Stewart platform assembly, the new
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Fig. 2. Schematic diagram of the feed cabin structure.

design adopts a lightweight cable-driven mechanism, which reduces the mass share of the support system and
increases the proportion of usable payload.This would not only enable the integration of more receivers, but also
allow the system to safely achieve zenith angles of 50° or higher, thereby expanding FAST’s sky coverage toward
the Galactic center.

To meet these demands, Yao et al'®. proposed a feed cabin configuration, as shown in Fig. 4(a) which replaces
the original A-B rotator and Stewart platform with a system based on guide rails, pulley mechanisms, and
flexible steel cables. This design significantly reduces the overall structural mass. However, since the receiver
layout scheme for the new feed cabin as shown in Fig. 3 and had not yet been proposed at that time, the
structural design was not optimized based on the actual distribution of receivers. Therefore, this study focuses
on the structural optimization and performance analysis of the fine-tuning mechanism under the receiver
configuration requirements.

Since the guide rail and pulley structures in the new cable-driven fine-tuning system of the feed cabin have
been partially modeled and analyzed in'®, this paper does not repeat those details. Instead, the mechanism is
simplified,as shown in Fig. 4(b), the design replaces the original guide rail and pulley components with winches,
anchor points, and steel cables.In the optimization process, system-level analysis of cable tension distribution
and structural performance is conducted under the new configuration.With the receiver layout now specified,
the new configuration faces several critical challenges, including: optimizing structural parameters under cable
tension equilibrium; avoiding mechanical interference and collisions while maximizing the zenith observation
angle; and ensuring system stability and reliability under large inclination conditions.

To evaluate the feasibility and advantages of this structure, it is essential to establish a complete geometric and
mechanical model to reveal the coupling between cable tension and platform posture. Constrained optimization
of key design parameters under cable tension limits is also required to ensure high stability of the feed cabin
during astronomical observations.Given the relatively low operating speed of the feed cabin within its workspace
(0-24 mm/s)', its structural behavior is primarily governed by static effects. Therefore, the system can reasonably
be treated as a quasi-static structure in the modeling process. A static analysis approach is adopted to evaluate
cable tension distribution, structural posture stability, and sensitivity to key parameters.The main contributions
of this study include the following three aspects:

1. Establish static and kinematic models of the new feed cabin, then analyze its loading conditions under
operational scenarios, thereby ensuring structural safety.
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Fig. 3. Schematic diagram of receiver platform layout.

Cabin Truss

Anchor He:

Receiver Platform
(a) (b)

Fig. 4. New feed cabin configuration. (a) Original system with the cabin truss, guide rails, pulley mechanisms,
and the receiver platform. (b) Simplified cable-driven model with six winches and six anchor points mounted
on the truss to control the receiver platform.

2. Maximize the achievable zenith angle of the feed cabin as the optimization objective, with multiple
constraints imposed-such as spatial structural dimensions, allowable tension range for individual cables, and
overall tension balance. Key structural parameters are then optimized accordingly.

3. Perform collision detection under extreme working conditions based on the optimized structure, ensuring
that no collision occurs between the cables and receivers when the feed cabin operates near its mechanical limits.

This study focuses on the conceptual design stage, aiming to investigate the global influence of key structural
parameters on the feed cabin’s kinematic and mechanical behavior. A rigid-body cable-driven model is adopted
to efficiently capture the coupling between cable tension and platform motion while allowing full-parameter
exploration with controllable computational cost. The modeling framework is designed to be extendable and
upgradable; in subsequent phases, it will be refined to include flexible components, detailed mass distributions,
and FEM-based validation of the optimized structure. This progressive development ensures that the early-stage
analysis remains physically consistent and directly supports the detailed engineering design of the feed cabin
system.

This paper is structured as follows: Section "Structural design and coordinate system of the new feed
cabin configuration” describes the structural design of the new feed cabin configuration and establishes the
corresponding coordinate systems. Section "Kinematic and static modeling of the new feed cabin structure"
derives the mechanical model of the system. In Section "Structural parameter optimization and performance
validation", structural parameters are optimized under specific constraints, and the performance of the
optimized model is evaluated. Section "Tilt and payload performance validation of the feed cabin system" carries
out collision detection to verify the feasibility of the new configuration under real working conditions. Finally,
Section “Conclusion” concludes the study with a summary of the research outcomes.
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Fig. 5. Spatial distribution of winches and anchor points.
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Fig. 6. Vector diagram of the new feed cabin.

Structural design and coordinate system of the new feed cabin configuration
Description of the new configuration

The design of the new feed cabin aims to optimize the structural configuration, enabling a broader observational
range and reduced overall weight while ensuring high-precision and safe operation. This configuration employs
six flexible cables to directly drive the receiver platform, eliminating the original rigid A-B rotator and the
Stewart platform. As a result, the mechanical structure of the system is simplified.

As shown in Fig. 5, the winches are arranged in pairs on the cabin truss, with their height aligned with the
geometric center of the truss. They are sequentially labeled as B; (i = 1 ~ 6). The cable anchor points on the
receiver platform are defined as A; (i = 1 ~ 6). The winches are positioned along a circular path on the cabin
truss with a distribution radius of 71, while the anchor points on the receiver platform are arranged along a
separate circle with a radius of r2. The three pairs of winches and anchor points are evenly spaced at 120°
intervals around their respective circles. In each group, the included angle between two adjacent winches is
denoted as 1, and the angle between two anchor points is denoted as 2.

Definition of coordinate systems
To describe the motion and orientation of the new feed cabin, three coordinate systems are established, as
illustrated in Fig. 5:

1. The global coordinate system {O-XY Z} is fixed to the terrestrial reference frame and is used to describe
the overall spatial position and orientation of the feed cabin.

2. The cabin truss coordinate system { B-X Y5 Zp } is fixed to the geometric center of the truss and is used
to describe the orientation changes of the cabin truss and its associated mechanisms.

3. The receiver platform coordinate system {P-XpYpZp} is fixed at the geometric center of the receiver
platform and is used to describe its orientation changes.

The unit vectors for the cabin truss are denoted as ega, eBy, and e, and the unit vectors for the receiver
platform are denoted as eps, epy, and ep..

Description of position and orientation
As shown in Fig. 6, the position vector of point P from the geometric center of the cabin truss B is denoted as p,
with the corresponding unit vector eo. The position vector of winch B; relative to the center B is denoted as b;,
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and the position vector of anchor point A; relative to the geometric center of the receiver platform P is denoted
as a;. The vector from anchor point A; to winch B; is denoted as I;, with the corresponding unit direction
vector e;.
Here, p, b;, a;, and l; denote vectors expressed in the global coordinate system {O}, whereas 5B, and
P A; represent the coordinates of points B; and A; expressed in the local coordinate systems { B} and {P},
respectively.

The angular transformations defining the orientations of the local frames are described using an intrinsic
Z-Y-X Euler rotation sequence. All coordinate systems are initially aligned. The orientation of the cabin truss
frame {B} relative to the global frame {O} is obtained by applying an intrinsic rotation about Zp by a1,
followed by a rotation about the updated Yz by 31, and then about the updated X g by 1.

Similarly, the orientation of the receiver platform frame { P} relative to the cabin truss frame { B} is obtained
through an intrinsic rotation about Zp by a2, then about the updated Yp by f2, and finally about the updated
X p by 2. The rotation matrices about the x, y, and z axes are denoted as R, Ry, and R..

Based on this definition, the rotation matrix from the cabin truss coordinate system {B} to the global
coordinate system {O} is given by

gR = R.(a1) Ry(B1) Ru(m)-

The rotation matrix from the receiver platform coordinate system { P} to the cabin truss coordinate system { B}
is given by

PR = R.(a2) Ry(B2) Ru(72).

Finally, the rotation matrix from the receiver platform coordinate system { P} to the global coordinate system
{O} is obtained as

R=%R-ZR.

In the previous work!?, the FAST team defined the coordinates of winch B; in the cabin truss coordinate system
B as follows:

5B, = [7’1 cos (%" . L%J + (—l)i%) r1 sin (%" . L%J + (—l)i%) O]T, (1)

the coordinates of anchor point A; in the receiver platform coordinate system { P} are defined as:

PA = [racos (- [5FH] + (F1) - 2E22) mpsin (3 [S5] 4 ()-2e) ] @)

where ¢ =1 ~ 6, f(z) = |z] denotes the floor function, which represents the greatest integer less than or
equal to x. Assuming that the origin of the cabin truss coordinate system coincides with the origin of the global
coordinate system, the coordinate relationships can be derived as follows: the 0r1g1n of the receiver platform
coordinate system expressed in the cabin truss coordmate system is denoted as ©p, and its coordinates in
the global coordinate system are glven by 9 R - Bp. The coordinates of the cabin truss point B; in the global
coordinate system are expressed as SR - ©b;.

By combining the coordinates of the winches and the anchor points, along with the rotation matrices between
the coordinate systems, the position of the anchor point A; in the cabin truss coordinate system can be derived
as:

BAizBp+gR~Pa¢. (3)
The position of the anchor point A; in the global coordinate system is:
A;=3R-Pp+ 7R Ta, (4)

This section describes the structural configuration of the new feed cabin and introduced the coordinate systems,
providing a unified framework to describe the spatial position and orientation of the feed cabin. This forms the
theoretical foundation for the subsequent modeling and optimization.

Kinematic and static modeling of the new feed cabin structure
Kinematic model
Based on the modeling and analysis method of the external cable-driven mechanism proposed by Yin et al'®., the
kinematic relationships of the system are derived by establishing vector loop equations. For the i-th cable driving
the receiver platform, a closed-loop vector equation is formulated to describe the displacement relationships
among key points.

As shown in Fig. 6, the vector I; corresponding to any cable can be expressed as:

li=p—0b,+a; (5)
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All vectors in Equation (5), including p, b;, and a;, are expressed in the world coordinate frame {O} to ensure
a consistent kinematic representation.

Therefore, the unit direction vector of any cable is given by e; = 1;/|l;].

Since the angular velocity “wp of the receiver platform is influenced by the angular velocity “wp of the
cabin truss, the angular velocity of the receiver platform in the world frame can be decomposed as follows:

%wp=wp+9SRPwp (6)

When the cabin truss orientation is treated as fixed and the winch and anchor Bositions are structurally constant,
the receiver platform moves solely through cable length actuation. In this case, “wp = 0,and “wp = R Bwp.
Letting C'(w) denote the cross-product (or skew-symmetric) matrix of the angular velocity vector w.

By transforming Equation (5) into the global coordinate system and differentiating both sides, multiplying
both sides by the unit direction vector e;, and arranging in matrix form, this yields:

li=e-9R-Pi, = e Cla)ei] [OZP] (7)

Let L=[l1 - - Ls]" denote the vector of cable lengths. Taking the time derivative yields L, representing
the velocity vector of each cable. Based on this, the inverse Jacobian matrix can be constructed, establishing the
kinematic relationship between the cable velocities and the velocity of the receiver platform.

L=Jq.

The combined vector of the translational and angular velocities of the receiver platform is defined as g = [OZP] ,

and the inverse Jacobian matrix J can be expressed as:

el €

J= [0(01)61 s C(a6)66

Static analysis

Under static equilibrium conditions, the tension forces and the corresponding moments exerted by the cables on
the receiver platform are considered. Let ¢; denote the scalar tension in the i-th cable, and let the corresponding
force vector acting on the receiver platform be

fi=—tie;.
Similarly, the torque exerted by the i-th cable about the center of the receiver platform is

T; = —ti C’(al) €;.

By combining all cable forces and moments, the following matrix expression can be written:

31
Z?Zlfi _7[ e €g ] R I &
[Zfl | lCla)er -+ Clac)es t: =T ®)
- 6
Here, T =[t1 -+ t6]” denotes the vector of cable tensions. Under static equilibrium and in the absence of

external disturbances, the total cable force and torque must balance the gravitational force and moment induced
by the platform’s weight and its center-of-mass offset.

“J'T+e=o0 )

where G denotes the resultant effect of gravity and the offset of the center of mass of the receiver platform. Its
expression is given by:

mg

G = m~C’(2R~Ppm)g .

Here, m denotes the total mass of the receiver platform, ©p,, represents the position vector of the platform’s
center of mass in the receiver platform coordinate system, and the gravitational acceleration is taken as
g=1[0 0 -9.8" N/kg.

Through the above kinematic and static analysis of the new feed cabin structure, a comprehensive framework
of coordinate systems, motion, and mechanical models has been established. This framework clarifies the intrinsic
relationships among structural parameters, platform rotation angles, cable tension constraints, and gravitational
forces, thereby providing a solid theoretical foundation for the subsequent optimization of structural parameters.
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Structural parameter optimization and performance validation

One of the primary objectives of the new configuration is to increase the tilt angle of the feed cabin to 50°.
During the motion of the receiver platform, the tilting motion is dominant, serving to track signal sources, while
also compensating for minor errors caused by the motion of the cabin truss. As the tilt angle varies, the tension
of the cables correspondingly changes. At certain specific angles, the tension in one or more cables may suddenly
drop, which can compromise the ability to effectively control the posture of the receiver platform. Therefore,
based on the static mechanical model, the structural parameters need to be optimized with the maximum
achievable tilt angle across all directions as the optimization target. This process also takes into account the
constraints imposed by cable tension limits. The goal is to enhance the stability of the receiver platform under
varying observation orientations.

Polar coordinate search method

In the new configuration, the constraints and force distribution imposed by the six cables on the receiver platform
remain within the scope described by the static equilibrium equations. The polar coordinate search method is
used to evaluate the tilt capability. As shown in Fig. 7, the positive direction of the global X-axis is taken as the
polar axis. The search direction is defined by a counterclockwise rotation from this axis, and the azimuth angle
is denoted as ;. The tilt angle of the receiver platform along this direction is denoted as ;, representing a
rotation about a unit vector n that is orthogonal to the search direction and aligned with the global Y-axis after
being rotated about the Z-axis by ..

For each azimuth direction s, the platform tilt angle ¢, is incrementally increased with a fixed step of
0.1°. In each step, the cable tensions are computed according to the static equilibrium equations. The search
in the current direction terminates once any cable tension reaches the prescribed safe working range of 1000-
60000 N, which represents the physical operating limits of the system. The maximum attainable ¢, obtained
in this process is recorded as the pitch capability in the corresponding azimuth direction. After sweeping all
s € [0°,360°], the global pitch capability of the system is defined as the minimum value among all directions
to ensure a conservative and robust evaluation.

To prevent numerical stagnation in regions where the tension variation is locally flat, a small perturbation
of order 107 is added to the azimuth update. This perturbation does not influence the final converged results;
it only enhances numerical robustness. Since the algorithm performs a full sweep over ¢, € [0°,360°], the
method is inherently free from local optima.

The rotation matrix corresponding to a rotation about the unit vector n can be given by Rodrigues’ rotation
formula:

R(n,pp) = I +sin(pp) K + (1 — COS(@p))KQ-

here, I is the 3 X 3 identity matrix, and K is the skew-symmetric matrix associated with the unit vector n:

0 —n, Ty
K= | n, 0 —Ng
—Ny Ng 0

The Rodrigues formula can also be used in reverse to determine the tilt angles of the receiver platform around
the X, Y, and Z axes, yielding the corresponding rotation matrices R., R,, and R.. Following the rotation
sequence of Z — Y — X, the overall rotation matrix can be expressed as:

R(n.,a2) - R(ny, B2) - R(ng,72) = R(n, pp). (10)

Fig. 7. Schematic diagram of tilt angle search.
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By comparing both sides of the equation, the following rotation angles can be obtained,the rotation around the
Y-axis is given by

B2 = arcsin(R13),

the rotation around the X-axis by

)

= arccos Ru
72 cosfB2 )’

where R;; denotes the element in the i-th row and j-th column of the rotation matrix R(n, ¢;).Accordingly, the
relationship between the tilt angle ¢, and the cable tension vector T' = [t1 - - - tg]” is established.

3
Q2 = arccos
cos (2

and the rotation around the Z-axis by

Structural parameter optimization

According to prior knowledge and based on the mechanism design and data fitting in astronomical observation'*,
the relationship between the tilt angle of the cabin truss ¢ g and the zenith angle ¢ is given in Equation (11). The
cabin truss is capable of achieving tilt angles ranging from 0° to 13.5°. To enable the feed cabin to reach a tilt
angle of 50°, the receiver platform must achieve a maximum tilt angle of at least 36.5°.To enable the feed cabin
to smoothly transition across zenith angles ranging from 0° to 50°, it is essential to comprehensively consider
multiple geometric and kinematic parameters of both the cabin truss and receiver platform. These parameters
directly affect the pitch capability of the receiver platform and the observable sky area of FAST. Therefore, this
section utilizes simulation-based analysis to investigate the influence of various parameter configurations on
the maximum achievable tilt angle and performs optimization on the key structural parameters. Tablel lists the
value ranges of all critical parameters.

3 ° °
_ ) 5% 0° < <30
or { —2L B 18 300 £ < 90° (11)

« Optimization of Adjacent Winch and Anchor Point Angles

To analyze the impact of the angle between the adjacent winches and the anchor points on the pitch capability of
the receiver platform, an angular nested loop method is employed. By progressively adjusting the angle values,
the effect on the maximum achievable tilt angle is evaluated. Specifically, a parametric search is conducted
within the range of [0°,60°] for the angles ¢1 and (2 defined in the cabin truss coordinate system. The goal
is to determine how variations in these angles influence the maximum tilt angle that the receiver platform can
achieve in various directions.In the preliminary simulation, referring to the receiver dimensions shown in Fig. 3,
the initial vertical offset between the cabin truss and the receiver platform is set as p. = —2m, and the anchor-
point radius is set as r2 = 2.1 m.

The results, as shown in Fig. 8, indicate that when both angles (1 and ¢ are close to 0°, the receiver platform
achieves its maximum pitch capability. As either of the angles increases, the pitch performance of the platform
gradually deteriorates. This decline is attributed to the increased angle between adjacent winches and anchor
points, which leads to greater differences in tension among the cables. When both angles approach 60°, the
receiver platform gradually loses its pitch capability, as shown in Fig. 9(b). Under such angular configurations,
the cable tension distribution becomes highly uneven, and some cables exhibit near-zero tension even at small

Parameter name Symbol Value range

Cable tension limits Finin,max (1000, 60000) N
Tilt angle range Angle, i max | (0%, 50°)

Vertical distance between cabin truss and receiver platform | p, (-3, —1] m
Winch distribution radius r1 3.5 m

Anchor point distribution radius ro [1.5, 2.5] m
Receiver platform mass m 4500 kg

Adjacent winch angle p1 [0, 60°]

Adjacent anchor point angle P2 [0, 60°]

Table 1. Structural parameter ranges of the feed cabin system.
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Fig. 9. Cable tension under different geometric configurations.

tilt angles. This indicates that the system’s overall tension equilibrium is no longer sustainable. Consequently,
the Jacobian matrix governing the tension-motion relationship approaches a near-singular state, leading to
mechanical instability and a loss of effective pitch adjustment capability.

Considering the spatial constraints of the winches and the anchor points in practical applications, the
optimized angles are selected as 1 = 2° and 2 = 6°. This selection not only ensures structural stability but
also preserves sufficient pitch capability to meet the zenith angle requirements in real operational scenarios.

« Optimization of Receiver platform Radius and Platform Distance

After optimizing ¢1 and 2, other parameters are held constant to further analyze the influence of the receiver
platform radius r2 on the maximum achievable tilt angle. Simulations are conducted with r2 varying within the
range of [1.5, 2.5] m, and the results are shown in Fig. 10. As the receiver platform radius increases, the tilting
capability of the system improves accordingly. Therefore, 72 = 2.5 m is selected as the recommended value.
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Subsequently, based on the optimized parameters, the influence of the vertical distance p. between the
receiver platform and the cabin truss is analyzed. A parameter sweep is conducted over p, € [-3, —1]m to
determine the maximum achievable tilt angle. As shown in Fig. 11, the tilting capability improves as the receiver
platform moves further away from the cabin truss. As the inter-platform distance p. increases, the directional
differences among the six cables become smaller, reducing tension coupling and allowing the cable forces to
remain more evenly balanced, which enhances the overall tilting performance. However, the selection of p. must
also consider the spatial requirements for accommodating the receiver instruments. Based on this trade-off, the
final value is chosen as p. = —2.5 m, which provides both sufficient tilting capability and adequate installation
space.

« Optimization of Center of Mass Position

After optimizing the geometric parameters of the receiver platform, further analysis is conducted on the effect
of the center-of-mass offset on the platform’s pitch capability. The center-of-mass vector of the receiver system
is defined in the receiver platform coordinate system {P} as P = [P, Pmy, Pmz| " . During this analysis,
only the horizontal components (Pmz,Pmy) are varied, while the vertical component is fixed at py. =0,
corresponding to the mid-plane of the receiver platform.

As shown in Fig. 12, when the center of mass of the receiver platform is offset within the X-Y plane along
ps = 0° and ¢, = 120°, the platform exhibits the following trend: When tilting in the same direction as the
center-of-mass offset, the platform’s tilt capability is enhanced due to an additional tilting moment generated
by the offset, which assists the tilting motion. Conversely, when tilting opposite to the offset direction, the
performance is diminished as the offset introduces a counteracting moment, requiring higher cable tension and
reducing the attainable tilt angle in that direction.
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Fig. 12. Relationship between the horizontal center of mass of the receiver platform and the tilt angle.
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Fig. 13. Relationship between center-of-mass offset and tilt angle.

1 450M Receiver 0.7 0.5 30

2 PAF Multi-beam 2.1 2.0 1200
3 L-band 19-Beam 1.8 1.6 1200
4 Ultra-wideband Receiver | 1.0 12 200
5 S-band Multi-beam 12 12 150
6 Test Platform 1.5 0.5 500

Table 2. Receiver platform layout diagram.

Building upon this directional analysis, a comprehensive parametric sweep is performed to evaluate the
platform’s maximum tilt angle under center-of-mass offsets in all directions within the X-Y plane. The feasible
region is defined as the area where the minimum tilt angle, evaluated across all orientations at each offset point,
exceeds 36.5°, as illustrated in Fig. 13.

Based on the receiver configuration shown in Table 2 and Fig. 3, the computed center of mass of the current
layout is [—0.0076, —0.1548], which lies well within the feasible region. This demonstrates that the proposed
receiver configuration satisfies the tilt angle requirements under asymmetric mass distribution.Furthermore,
since the feasible region characterizes all center-of-mass offsets that maintain sufficient tilt capability, future
receiver configurations will also remain compliant as long as their resulting center of mass falls within this region.
Thus, the presented analysis provides general guidance for future payload updates on the receiver platform.
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Fig. 14. Relationship between vertical center of gravity and maximum tilt angle of the receiver platform.

Parameter description Symbol | Value
Vertical offset between truss center and receiver platform center (along Zg) | p. —2.5m
Winch distribution radius 1 3.5m
Anchor point distribution radius T2 2.5m
Adjacent winch angle Y1 2°
Adjacent anchor point angle ©2 6°

Table 3. Optimized structural parameters of the feed cabin system.

Next, within the receiver platform coordinate system { P}, the height of the center of mass is varied along
the Zp-axis in the range pm. € [—1, 0.5]m. The simulation results are shown in Fig. 14. It can be observed
that, under a fixed inter-platform distance p. = —2.5m, a moderate upward shift of the center of mass (i.e.,
increasing pm.) enhances the maximum achievable tilt angle. This improvement arises because a higher center
of mass increases the gravitational moment that assists the tilting motion within the allowable cable tension
range.

It should be emphasized that this behavior does not contradict the earlier result that increasing the inter-
platform distance p. improves tilt capability. The two parameters govern different physical aspects: p. shapes
the geometric configuration and cable layout between the truss and the platform, whereas p,, . reflects only the
internal mass distribution of the platform. In practice, p.. may be raised slightly to enhance the gravitational
moment that assists tilting, but only within a limited range to ensure overall stability. A balanced design should
therefore adopt a sufficiently large inter-platform distance p.. together with a moderately elevated, well-controlled
center-of-mass height pr,.

This section conducts a parametric analysis of key geometric variables of both the cabin truss and the receiver
platform. Based on the simulation results, a set of suitable parameter values is selected, as summarized in Table 3.
These recommended parameters ensure that the receiver platform achieves the required tilt capability for a zenith
angle range of 0° to 50°, while maintaining satisfactory structural stability. To further confirm the reliability of
the selected configuration, several initial parameter sets within the prescribed ranges were tested, and all cases
converged to the same results. This demonstrates that the final parameter selection is independent of the initial
values and that the global scanning method is deterministic and stable. The resulting parameter configuration
provides a solid basis for subsequent performance evaluation and practical engineering implementation.

Tilt and payload performance validation of the feed cabin system

Tilt performance verification

Under the optimized structural parameters, the maximum tilt angle of the receiver platform along a full azimuth
rotation was calculated. As shown in Fig. 15, the distribution of the maximum tilt angle is illustrated in a 3D
Cartesian coordinate system. Point O represents the center of the receiver platform, and the Y-axis is aligned
with Yp of the receiver platform coordinate system. The red circle represents the receiver platform (not to scale).
The Z-axis indicates the maximum tilt angle of the receiver platform in each azimuth direction, measured in
degrees. It can be observed that the minimum value of the maximum tilt angle across all directions is 41.9°,
which satisfies the tilt angle requirement of the receiver platform.

The receiver platform achieves notably large tilt angles in the directions of ¢, = 60°, 180°, and 300°.
However, in these directions, even minor angular deviations of the platform lead to significant fluctuations in
both the tilt angle and cable tension. This behavior introduces risks such as slack cables or loss of control, making
these extreme values impractical for real application. Considering the need for operational stability, it is more
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Fig. 15. Max tilt angle of the receiver platform (all-azimuth motion).
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Fig. 16. Maximum zenith angle (all-azimuth motion).

appropriate to adopt the minimum value of the maximum tilt angle across all directions as the evaluation metric
for tilt capability. This conservative but robust criterion ensures that the platform maintains reliable control
performance under various observational orientations.

To further evaluate the overall performance of the new configuration, the maximum achievable tilt angle
of the feed cabin was analyzed under coordinated motion of the cabin truss and the receiver platform in the
same direction. A full-angle search over ¢, € [0°, 360°] was conducted, with an additional constraint imposed
during the evaluation: the difference between the maximum and minimum cable tensions must remain smaller
than the total gravitational force of the receiver platform, that is,

max(7T;) — min(T;) < mg, (12)

where T; denotes the tension in the i-th cable, and mg is the total gravitational force acting on the receiver
platform.This constraint is derived from the static force characteristics of six-cable parallel mechanisms.Since mg
represents a typical load scale of the system, restricting the tension difference within this magnitude prevents any
single cable from deviating excessively from the others. This avoids entering a single-cable-dominant loading
mode, which could otherwise lead to slack cables or instability in the attitude control of the receiver platform.

This constraint is intended to suppress sharp variations in tilt angle and cable tension in certain specific
directions, as well as to enhance the overall stability and coordination of the system.

The simulation results, including the distribution of tilt angles and cable tension variations, are presented
in Figs. 16 and 17. It is observed that the minimum value among the maximum tilt angles across all directions
reaches 51.6°, fulfilling the design requirement of achieving a 50° zenith angle. Further analysis shows that the
cable tensions remain within acceptable limits and vary smoothly throughout the process, confirming both the
structural stability and the feasibility of the proposed configuration.
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Fig. 17. Cable tension variation.

Payload capacity enhancement

To assess the engineering feasibility of the new feed cabin structure, a comparative analysis was conducted on the
overall mass distribution and payload capacity of the internal feed support system. In the original design, the A-B
rotator mechanism and the Stewart platform together weighed approximately 10.1 tons, while for most of the
operational time, they carried only a single 19-beam L-band receiver with a mass of about 1200 kg. In contrast,
the cable-driven fine-tuning mechanism proposed in this study weighs only about 3 tons. Within the same
overall feed cabin structural mass budget, it is capable of supporting up to six receivers operating across different
frequency bands, with a total payload capacity of up to 3280 kg-approximately a 173% increase compared to
the original single-receiver capacity. Moreover, despite the significant increase in payload, the overall structural
mass is reduced by more than 5 tons. These results demonstrate the significant advantages of the new structure
in terms of weight reduction and enhanced observational performance.

Conclusion
In this paper, the influence of the feed cabin’s structural parameters on the system’s zenith angle coverage and
receiver payload capacity was systematically investigated. The main conclusions are summarized as follows:

1. The optimized structural parameters meet the spatial requirements for receiver installation and significantly
enhance the payload capacity of the receiver platform. Under the premise of ensuring structural safety and
stability, the system can support the integration of multiple types of receivers.

2. The minimum zenith angle reaches the target value of 5(°, fulfilling the observation requirements of the
upgraded feed cabin configuration. Meanwhile, the cable tension remains within a reasonable range and changes
smoothly, validating the operational stability and engineering feasibility of the proposed system.

The new feed cabin configuration scheme will effectively expand the observation zenith angle range while
ensuring system safety and stability, providing feasible theoretical support and practical foundation for the
subsequent upgrades of FAST. Future work will further integrate experimental validation and control system
design to promote the application and deployment of this solution in real-world engineering.

Data availability
The datasets generated or analyzed during the current study that support the reproducibility of the experiments
and the validation of the models are available from LuCong Zhang (lczhang.bao.ac.cn) upon reasonable request.
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