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Abstract: The reflector of a Chinese 500 m aperture spherical radio telescope is supported by a giant
cable-net structure. In the actual operation process, active displacement observation is realized
by connecting the actuators with the control cables to adjust the cable net, which requires high
manufacturing and installation accuracy. In this study, an error sensitivity computing method based
on a normal distribution is adopted to perform single-error computing and multi-error coupling
computing and to investigate the effect of the length error of all the cables, tensioning force error of
active surface cables, and installation error of external nodes on the cable force. The results show
that the length error of the surface cables and the installation error of the external nodes are the main
factors affecting the cable force, while the length error of the control cables is a secondary factor. The
coupling effect of multiple errors is not the linear superposition of each error’s influence; therefore,
all the error factors should be comprehensively considered for coupling computing to determine the
control index. Through multi-error coupling computing, it is determined that the length error limits
of the surface cables and control cables are 1.5 mm and £20 mm, respectively, the tensioning force
error limit of the active surface cables is £10%, and the installation error limit of the external nodes
is 250 mm.

Keywords: giant cable-net structure; error influence computing; single-error computing; multi-error
coupling computing

1. Introduction

Unlike traditional structures [1,2], the 500 m aperture spherical radio telescope is
the world’s largest single-aperture radio telescope [3-5]. Active deformation is the most
obvious characteristic of the telescope’s reflector. Through active control, a 300 m aperture
instantaneous paraboloid is formed in the observation direction to converge electromagnetic
waves (Figure 1). During observation, the paraboloid moves on the 500 m aperture spherical
crown with the movement of the observed celestial body to realize tracking observation.
When the telescope is working, the reflecting surface should change its surface shape
in real time as needed to simulate a desired parabolic surface. To achieve this goal, the
reflective surface is divided into 1788 spherical hexagonal basic units [6], each of which has
a spherical hexagonal shape with a length of no more than 7.5 m on one side. The reflective
panel is a grid panel supported on a hexagonal support structure, as shown in Figure 2.

The supporting structure of the active reflective surface is a hemispherical cable-net
structure, as shown in Figure 3, which consists of 6670 surface cables, 2225 connecting
nodes, 2225 control cables, and 1 steel ring truss [6,7]. Based on the shape of the triangular
grid elements, the surface cables are woven into a spherical cable net to lay the reflective
panel [8,9]. The supporting structure around the reflecting surface includes a steel ring
beam and steel lattice column [10]. The cable-net structure is fixed on the steel ring beam
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through 150 edge surface cables [11]. These 150 edge surface cables are external cables, also
called active surface cables, which can be adjusted in length and tension.
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Figure 1. Working principle of active deformation for the 500 m aperture spherical radio telescope.

(S1 and S; represent the possible orientations of the target observation object.)
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Figure 2. Relationship between the basic units of the reflecting surface and arrangement of actuators.
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Figure 3. Schematic diagram of the 500 m cable-net structure.

The external cables are connected to the surrounding supporting structures through
external nodes. The surface cables are connected to control cables at the cable nodes, and
the deformation of the cable net is controlled by adjusting the length of the actuator to
realize the active displacement of the reflecting surface from the spherical surface to the
paraboloid, which is displayed in Figure 4.
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Figure 4. Schematic diagram of the active reflector of the 500 m aperture spherical radio telescope.

In contrast to composite structures [12,13] or new structures [14], the design of cable-
stiffened latticed shells [15] and Tensairity domes [16] or trusses [17,18] is a definite process,
while the errors in the fabrication and installation processes of cable nets are random. The
lengths and elastic moduli of all the cables, the coordinates of the boundary nodes, the
coordinates of the control cable actuators, and the tensioning forces of the active surface
cables will produce errors. These errors couple and generate considerable randomness,
which will affect the final forming accuracy of the cable net. In actuality, a minuscule error
may lead to unsatisfactory fitting accuracy between the cable net and the active paraboloid
and will affect the safe operation and observation accuracy of the entire structure, espe-
cially for a 500 m diameter giant cable-net structure. In this case, error influence comput-
ing is needed to find the acceptable error limit for each parameter, which is uncertainty
quantification [19,20].

Commonly used parameter computing methods can be divided into single-error
influence methods and multi-error coupling influence methods. Single-error influence
computing only tests the impact of single-parameter variation on the model results, and the
other parameters remain unchanged. In contrast, multi-error coupling influence analysis
tests the impact of the variations in multiple parameters on the model results and analyzes
the impacts of each parameter and the interaction between parameters on the model results.

Bonizzoni et al. [21,22] adopted a perturbation approach by developing an algorithm
for solving the recursive first-moment problem approximately in the tensor-train format
and proved that well-posedness and regularity results for the recursion were able to hold
in Sobolev space-valued Holder spaces with mixed regularity. This method could also be
applied to error sensitivity computing of cable-supported structures. Chen et al. [23] set
up a mathematical model of element length error for cable-bar tensile structures based
on probability statistics theory and indicated that the construction scheme has a great
impact on cable errors. Zong et al. [24] proposed an analytical error influence computing
method of the shape precision for antenna structures and found that slender cables and high
tension levels can improve the overall structural ability to resist the effects of uncertainties
on antenna performance. Luo et al. [25] pointed out that the lengths of passive cables,
the tensioning forces of active surface cables, and the installation coordinates of external
nodes are the main factors affecting the forming state of cable-strut tensile structures. They
proposed the ‘small elastic modulus’ method to analyze the random error combinations
of cable length and tensioning force and then determined the control index of practical
engineering. Chen et al. [26] carried out an optimization of the construction scheme
of a cable-strut tensile structure based on error sensitivity computing and found that
different elements had different error sensitivities. By replacing certain bars of the shell
with passive viscoelastic dampers and by applying the eigenvalue perturbation technique
and the earthquake spectrum concept, Chen et al. [27] formulated an element length error
model for cable-strut tensile structures, derived the fundamental equation of pre-tension
deviation and element length error, and found that cables are more sensitive to errors than
struts. Yang [28] analyzed the sensitivities of various topologies of the reticulated shell.
Sun et al. [29] mathematically deducted the sensitivity of reflector surface accuracy with
respect to the random errors of the unstressed cable length and proposed a nonbutton
connecting method. Jin et al. [30] proposed a global error influence computing method and



Sustainability 2023, 15, 15061

40f17

concluded that the lengths of the cables and the size of the cable cross-sectional area are
important factors influencing the cable net of a 500 m aperture spherical radio telescope.
Xu et al. [31] performed a detailed parameter analysis for a 500 m aperture spherical radio
telescope and found that the blanking length deviation of cables is the most important
factor influencing the cable force, while the deviation of the edge cable nodes and the
friction coefficient of the sliding support mainly affect the variation in the cable forces of
the 150 surface cables of the outermost ring. Since the outermost 150 surface cables are
actively tensioned cables, the tensioning forces of these active surface cables can be directly
regarded as one of the main factors influencing errors. Figure 5 illustrates the section
diagram of the active reflector.

Steel ring truss
External node

Active surface cable
(External cable)

Passive surface cable

Steel lattice column

Control cable Actuator

Figure 5. Section diagram of the active reflector of the 500 m aperture spherical radio telescope.

The source of errors has also been discussed in other studies, and the structural re-
sponse in actual engineering could be obtained by recent references. An interval uncertainty-
oriented optimal control method based on the linear quadratic regulator (LQR) [32] was
proposed to balance both minimizations of the optimal control cost function and state vector
fluctuation for spacecraft attitude control. An interval dynamic model [33] of a space power
satellite (SPS) was presented based on a nonprobabilistic theory to consider multisource un-
certainties and disturbances in attitude dynamics. An uncertain optimal attitude-vibration
control method for rigid—flexible coupling satellites with reliability constraints [34] was
proposed based on interval dimension-wise analysis. A novel placement and size-oriented
heat dissipation optimization [35] was proposed for a space solar power satellite based on
an interval dimension-wise method considering both design and uncertain variables to
balance the mass and temperature distribution in the antenna module. A sensor placement
algorithm for structural health monitoring based on an iterative updating process [36]
was proposed and applied to different structures owing to the use of adaptive weight
factors in the combined objective. A time-dependent, reliability-based method for optimal
load-dependent sensor placement [37] was proposed by using nonprobabilistic theory to
characterize the uncertainty in the propagation process for model updating. Based on the
unbiased estimate of modal coordinates with a reduced and full model in the deterministic
case, Yang et al. [38] treated uncertainties as interval numbers, and the propagation of
uncertain modal coordinates was presented based on nonprobabilistic theory.

As stated above, the main factors influencing the errors of a giant cable-net structure
are the cross-sectional areas of the cables, the lengths of the surface cables and control cables,
the tensioning forces of the active surface cables, and the installation coordinates of the
external nodes. Existing studies have discussed the influence of element length, stress level,
member type, cable position, and other factors on the overall error of cable-net structures,
which gives context for this work. In some of these studies, the influence of individual
errors on the giant cable net was analyzed. However, single-error influence computing and
multi-error coupling influence analysis of the overall structure have not been considered
simultaneously, especially when the cross-sectional area of each cable is determined in
advance after design. To explore the error sensitivity, find the main error control index, and
provide specific parameters for the pre-evaluation and health monitoring system of the
FAST cable-net structure [39], this study takes the lengths of the surface cables and control
cables, the tensioning forces of the active surface cables, and the installation coordinates of
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the external nodes as the parameter variables; uses single-error and multi-error methods to
analyze the error influence; compares the influence of various errors on the prestress level
of the cable net; and determines a reasonable construction accuracy control index.

2. Error Influence Computing Method

The Monte Carlo method [40] (i.e., random sampling method) belongs to a branch
of experimental mathematics. This method uses random numbers to carry out statistical
experiments and takes the obtained statistical moments (e.g., mean value, probability) as
the numerical solution of the problem to be solved. The detailed computing steps of the
Monte Carlo method are listed as follows:

(1) Build the error model, which is the basis of analyzing random error.

(2) Determine the probability distribution of the corresponding structural error according
to the characteristics of the error source and its influence on the structural error.

(3) Randomly generate a group of structural error combinations and substitute them
into the error model to calculate the structural internal force errors according to the
probability distribution determined in step (2).

(4) Repeat the above process n times to obtain # error values. If n is large enough, the
distribution of error values tends to the real probability distribution. Therefore, these
error values can be used to describe the probability characteristics of the real error.

2.1. Selection of Single Random Error

In this study, the system error of cable length, installation coordinate error of external
nodes, and tensioning force error ratio of active surface cables were selected as the parame-
ter variables. Among them, the system error of cable length can be abbreviated as cable
length error, which consists of the fabrication error of cable length, measurement error of
cable length, and fabrication error of pin holes. The installation error of external nodes is
mainly determined by the characteristics of surrounding support structures and the form
of external connecting nodes. The tensioning force error ratio of active surface cables is
mainly determined by the tensioning equipment and tensioning method.

Table 1 lists the allowable ranges of cable length error in the Chinese specification
(JGJ 257-2012) [41] and the American ASCE specification (ASCE/SEI STANDARD
19-10) [42]. The requirements of the American specification are more stringent than those
of the Chinese specification. Furthermore, according to the Chinese specification, the
allowable error limit of the tensioning force of the cable-net structure is +10%, which is not
specified in the ASCE specification.

Table 1. Error limits of cable length specified in Chinese and American specifications.

Standard Total Cable Length Ly (m) Error Limit AL (mm)
<50 +15
Chinese specification -
<
(1G] 257-2012) [41] 50 < Lo < 100 +20
>100 Lo /5000
American specification =8.54 254

8.54 <Lg <36.59 +0.03% Lo
(ASCE/SEI STANDARD 19-10) [42] ~36.59 N (\/TO n 5)

The actual cable length, the actual coordinates of the external node, and the actual
tensioning force of an active surface cable can be expressed as

L=Ly+ A
C=Co+Ac 1)
T=(1+A7)T

where L is the actual cable length, C is the actual coordinate of the external node, T is
the actual tensioning force of the external cable, L is the designed cable length, Cj is the
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designed coordinate of the external node, Ty is the designed tensioning force of the external
cable, Ay is the cable length error, Ac is the installation error of the external node, and At is
the tensioning force error of the external cable.

According to the central limit theorem of Lindbergh and Levy, e.g., X~N (m, s?), if
each influencing factor is independent and the possibility of positive deviation or negative
deviation caused by each factor is the same, it can be considered that the cable length error
X approximately obeys a normal distribution. The distribution function of the cable length

error is 5
_ 1 (x—p)
= Tona exp ( 502 ) 2)

where y is the mean value of the cable length error and ¢ is the variance of the cable
length error.

Assume that the allowable range of the component’s fabrication and installation is
[Xmin, Xmax] and P(Ximin < X < Xmax) = 95%, in which Xpin and Xmax are the lower limiting
value and upper limiting value of the cable length error, respectively. The value of y and
the approximate value of ¢ can be calculated as

f(x)

§= Xmax ; Xmin (3)
Xmax - Xmin

N — 4

; @

2.2. Multiple Random Error Combinations

The giant cable-net structure is fixed on the steel ring beam through 150 active surface
cables. The installation coordinate error of an external cable node is equivalent to the
additional length error of an external cable. Therefore, the total cable length error of an
external cable can be defined as:

a

le(ij) = ‘Sf(i,j) + ‘Sg(i,f) ©)

where (5;16(i,j) is the total error of the jth external cable under the ith error condition,
Jf(i//.) is the length error of the jth active surface cable under the ith error condition
G=1,2...,n),and (5? i) is the coordinate error of the jth active surface cable node un-
der the ith error condition (j =1, 2. .., n).

The error matrix of the giant cable-net structure can be expressed as

op op
G i+ 5%1) 0
o) T o) O
Op ) Op
i) T iy O
ip
AOP AOP | AOP (51.(131) 0
LC() 0 L) T 2C) 0 5 0
Bo={ %o 2 = Ao, 0] . , (6)
ALe@) o1 ALy BT " '
1(i,m) 0
iy T o) Ot
i) T o2 Hip)
8w + 0 O

t(in)
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where A;) is the error matrix of the ith error condition of the structure; A(ng (i) is the total

cable length error of the outline passive surface cables; Ail(’l.) is the length error of the inline

passive surface cables; AILqC(i) is the total cable length error of the active surface cables;

AOP

A‘{}(i) is the tensioning force error of the active surface cables; L(i) 1 the length error of the

outline passive cables; Agg) is the coordinate error of the outline passive cable nodes; ’L“(i)
is the length error of the active surface cables; Aé(i) is the coordinate error of the active
surface cable nodes; (5;’{’ ) is the length error of the jth passive surface cable under the ith

error condition (j=1, 2.. ., k); 5 is the coordinate error of the jth passive surface cable

c(i,j)
node under the ith error condition (j =1, 2.. ., k); (5 p (i) is the length error of the jth inline
passive surface cable under the ith error conditlon (] =1,2...,m); i) is the tensioning
force error of the jth active surface cable under the ith error condition (j =1, 2. . ., n); k is the
number of outline passive surface cables, which is 150; m is the number of inline passive
surface cables, which is 6520; and 7 is the number of active surface cables, which is 150.

Generally, in single error computing with only a cable length error, the cable force
is affected by ACF LC(i) A L(iy and ALC(:) However, in the composite error computing with
a cable length error and cable force error, the force (including error) of the active surface
cable is (1 + AT)Ty, and thus, the effects of ALog (i) L(l) and A Lc(i) can be ignored. In this
case, the small elastic modulus method [43] can be used for the iteration operation of the
second error computing case, as listed in the following steps:

(O Multiply the elastic modulus of the active surface cable by a small reduction factor, 7.

Ejy =mEyy 7=12-mn @

@ Determine the initial strain of the active surface cable according to the tensioning
force t‘(* j) input by external loading equipment, e.g., the lifting jack.

a __ 44 a a ] — e
i = o/ (WG A3)) =120 ®
(3 Obtain the cable force of the active surface cable under the force equilibrium state.
f(ul,]) +Af ) +77Ea( )Aﬂ Alﬂ /lu ]: 1,2,"' N (9)

where 7 is the reduction coefficient of the elastic modulus; ES(.), A 0j)” and ¢ (j) are the

designed elastic modulus, cross-sectional area, and cable length of the jth active surface
cable, respectively; E‘(Z]) is the elastic modulus of the jth active surface cable multiplied by

the reduction coefficient; &/ (i) is the initial strain of the jth active surface cable under the
ith error condition; t( i) and Al? (ij) are the tensioning force and length increment of the

jth active surface cable under the zth error condition, respectively; and f( and A f are

l
the tensioning force and force increment of the jth active surface cable under the ith grror
condition, respectively.

If 7 = 0, then A f(”l.,].) ~ 0 and f(”l.’].) ~ t‘(‘i,].), and the value of E?i,j) is tremendously
enlarged, which leads to a large expansion amount for the cables. On this basis, the iterative
operation of the computing will converge to the static equilibrium state with a smaller
number of iterations, and the final static equilibrium state of the overall structural model
will be found efficiently. Therefore, if # is small enough, the tensioning force of the active
surface cable can be easily changed, and the model analysis efficiency can be improved. In
this study, # is defined as 0.001.

After finding the final static equilibrium state, the structural model is updated, the
elastic modulus of the active surface cables is recovered, and the strains on the active
surface cables are multiplied by # to maintain the cable forces.
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3. Establishment of the Giant Cable-Net Model

The complete ANSYS model of the giant cable-net structure, including cables, beams,
and columns, is shown in Figure 6. According to Figure 6, the FAST reflector was designed
as a 500 m diameter spherical cable net woven by the short-range line-type meshing method.
The complete model is established based on the modeling theory of short-range line-type
shells and the APDL parametric language. The detailed modelling principle is the same as
Zheng et al. [44], and the control method for cables follows Zhao et al. [45].

ELEMENTS 2019 R1;
ocT 15 2022
18:24:10

A TN CE LT 7, g

-ii’g‘l | !\-‘ 57‘).-'J. e

ik "

Figure 6. Complete ANSYS model of the giant cable-net structure.

In this model, the BEAM 44 element is used to simulate the steel ring truss and pillar
components due to its ability to withstand tension, compression, torsion, and bending.
The LINK 180 element is used to simulate all the cables in the model due to its ability
to withstand tension or compression in the direction of the rod axis. Because the cables
are not compressed, they are set to be tension-only. While the requirements for the speed
of analysis are significant, each segment of cable between the adjacent nodes is meshed
into one element. The weight of the reflector panel is transformed to vertical loads at the
intersections of the pull-down cables and main cables. The specific unit types are shown in
Figure 7. The parameters of the cable body, cable head, and crossing nodes are listed in
Table 2.

If node K is omitted and 6=0, the element y4

axis is parallel to the global X-Y plane.

y4

(@) (b)

Figure 7. Element types in the numerical model. (a) Three-dimensional two-node beam element
(BEAM44); (b) three-dimensional two-node cable element (LINK180).
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Table 2. Parameters of the cable body, cable head, and crossing nodes.

Crossing
Cable Body Cable Head Node
No. Specification Linear Outside Ultimate Length
Area (cm?) Weight Diameter Bearing Mass (kg) (E:III%I) Mass (kg)
(kg/m) (mm) Force (kN)

1 OVM.ST15-1 1.4 1.37 23 260 10.5 390 41
2 OVM.ST15-2 2.8 3.29 44 520 40 640 41
3 OVM.ST15-2]3 3.4 3.65 44 629.5 40 640 41
4 OVM.ST15-3 4.2 4.52 47 782 52 700 55
5 OVM.ST15-3]3 4.8 4.87 47 891.5 52 700 55
6 OVM.ST15-4 5.6 5.71 51 1040 70 800 90
7 OVM.ST15-4]3 6.2 6.07 51 1149.5 70 800 90
8 OVM.ST15-5 7.29 62 1300 87 830 115
9 OVM.ST15-5]3 7.6 7.75 62 1409.5 87 830 115
10 OVM.ST15-6 8.4 8.29 62 1560 92 880 132
11 OVM.ST15-6]3 8.75 62 1669.5 92 880 132
12 OVM.ST15-7 9.8 9.29 62 1820 108 880 172
13 OVM.ST15-7]3 10.4 9.75 62 1929.5 108 880 172
14 OVM.ST15-8 11.2 11.22 74 2080 151 1020 194
15 OVM.ST15-8]3 11.8 11.68 74 2189.5 151 1020 194
16 OVM.ST15-9 12.6 12.52 80 2340 185 1030 253
17 OVM.ST15-9]3 13.2 12.99 80 2449.5 185 1030 253
18 OVM.ST15-10 14 13.52 80 2600 199 1120 268
19 OVM.ST15-10]3 14.6 13.99 80 2709.5 199 1120 268
20 OVM.ST15-11 15.4 14.74 81 2860 212 1150 307
21 OVM.ST15-11J3 16 15.2 81 2969.5 212 1150 307

4. Error Combination Computing

The length error of the surface cable is Aq;, the length error of the control cable is Ay,

the installation error of the external node is A¢, and the tensioning force error ratio of the
active surface cable is Ag.

@
@

®)
4)
©)

(6)

The specific steps of error combination computing are shown as follows:

The error distribution models of Ai;, Ay, Ac, and At are determined by a
normal distribution.

According to the statistical data-based Monte Carlo method [40], a sufficient number
of error samples are generated in which each error sample is an error condition of the
structure. Figure 8 shows the distribution of 1000 error samples randomly generated
by one of the control cables. Set the range of control cable error to [-15 mm, 15 mm],
the average value to 0 mm, and the variance to 25. The maximum value of the actual
sample is 14.91 mm, the minimum value is —15 mm, the average value is —0.055 mm,
and the variance is 27.03, which follows a normal distribution.

Introduce each error sample into the cable net to form the defective structure condition.
Obtain the error influence of the cable net under each working condition.

Compare the stresses of cables under the conditions of defective and ideal working
conditions and count the maximum cable stress error.

Judge whether the maximum cable stress error meets the requirements. According
to the provisions of Technical Specification for Prestressed Steel Structures [46], the
maximum error is taken to be £10%. If it meets the requirements, this indicates that
the allowable range of error parameters is set reasonably. Otherwise, the allowable
range of error parameters is adjusted, and steps (1) through (5) are repeated until a
reasonable allowable range of error parameters is obtained.
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Figure 8. Distribution of 1000 error samples generated by a control cable: (a) cumulative percentage
of errors; (b) number of errors.

Considering that the manufacturing process of the FAST cable-net structure has strict
quality control [47], the error between the calibrated reference sphere of the cable net and
the standard reference sphere should not exceed 2 mm, the allowable error limit for the
cable force is + 10%, and the maximum displacement of the cable-net node is set to 20 mm.
Thirteen error combinations are set in Table 3 on the premise that the cable-net structure is
in a spherical reference state. A total of 1000 samples are randomly established for each
error combination, and the distribution model is a normal distribution model.

Table 3. Error combinations.

Error Length Error of  Length Error of External Cable -
Combinati Passive Surface Control Cable Installation Tensioning
ombination Cable Aq; (mm) Ar; (mm) E A ) Force Error
rror Sctmm Ratio Ar (%)
1 <1 — — —
2 <15 — — —
3 — <10 — —
4 — <15 — —
5 — <20 — —
6 — — <2 —
7 — — <3 —
8 — — <4 —
9 — — — <5
10 — — — <10
11 <15 <20 — —
12 <15 <20 — 5
13 <15 <20 — <10

First, single-error influence computing is carried out (error combinations 1~10) to
determine the influence degree of each error on the structure. Then, multi-error coupling
influence computing (error combination 11~13) is performed to determine the control index
of each error. The error computing of the cable force adopts a 95% assurance rate, that is,
twice the standard deviation.

5. Error Computing Results
5.1. Single-Error Influence Computing

When the cable-net structure is in the spherical reference state, the influence de-
grees of each independent error on the adjustment of the cable force and external cable
length are shown in Table 4, in which the simulation results calculated by the method in
Chen et al., 2018 [27] have also been displayed.
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Table 4. Effect of independent errors.
External Cable
Force Error Ratio of Passive Force Error Ratio of Control Reauired Adiust tof
Error Surface Cable (%) Cable (%) Force Error Ratio (%) equire justment o
Combination Cable Length (mm)
. Chen et al., . Chen et al., . Chen et al., . Chen et al.,
This Study 2018 [27] This Study 2018 [27] This Study 2018 [27] This Study 2018 [27]
1 3.97 3.18 1.22 0.49 1.33 0.40 —
2 5.96 2.38 1.84 0.37 1.99 0.40 —
3 3.48 0.70 1.16 0.81 0.71 0.21 —
4 222 1.55 423 1.27 1.06 0.64 —
5 2.9 0.87 6.31 1.26 141 0.99 —
6 2.90 0.58 1.72 0.52 2.00 1.40 —
7 4.35 1.31 2.58 1.55 3.00 2.40 —
8 5.80 3.48 3.43 2.40 4.00 0.80 —
9 6.16 431 5.90 413 — +23.4 +16.4
10 12.32 8.62 11.82 9.46 — +46.9 +37.5

The results show that different kinds of errors lead to diverse force error ratios and
various adjustments of external cable lengths. The tensioning force error ratio At makes
the greatest impact on the variation of the simulation model. A 5% error ratio in tensioning
force causes £23.4 mm in required adjustment of the cable length, 6.16% in force error ratio
of the passive surface cable, and 5.90% in force error ratio of the control cable. Moreover, a
small change in the installation error of the external cables greatly affects the forces of all
the cables, while a relatively larger length error of the control cable makes a nonsignificant
impact. Comparing the results simulated by the method of this study and the theory
proposed in Chen et al., 2018 [27], it is obvious that most error ratios for cables and required
adjustment of cable lengths simulated by Chen et al., 2018 [27] are much less than the
analyzed results of the error influence computing method. In this case, the proposed
error influence computing method will, in some ways, amplify the effect of these error
parameters and will bias the design towards safety.

Based on error combination 1, 60 cables with the largest force error ratio of surface
cables and control cables are selected. The force error ratio of these cables is arranged from
small to large, and the serial number of these cables is designed from 1 to 60. Then, we
compare the force errors of these cables under error combinations 1 and 2, as shown in
Figures 9 and 10.

By comparing the ratios of error values of any two cables in Figure 8 or Figure 9, the
results show that with the increase in the length error of the surface cables, the tensioning
force errors of the surface cable and control cable also increase, and the force error ratios of
the surface cables, control cables, and external cables all have a linear relationship with the
length error of the surface cables. For example, as displayed in Figure 8, the force error ratio
of surface cable #1 is 2.245% and 3.368% under error combinations 1 and 2, respectively, and
the ratio of these two values is 0.666. For surface cable #1, the force error ratio of surface
cable #50 is 3.266% and 4.899% under error combinations 1 and 2, and the ratio of these
two values is 0.667. The two ratios of surface cable #1 and surface cable #50 are very close.

Error combination-1
Error combination-2

6.0

5.5+

5.0

4.54

4.01

3.54

3.0+

Absolute value of error percentage (%)

254

Unit No.
20 T T T T T T T 1

0 10 20 30 40 50 60 70

Figure 9. Force error ratio of the surface cable in error combinations 1 and 2.
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Figure 10. Force error ratio of the control cable in error combinations 1 and 2.

Therefore, an error influence degree coefficient, J, can be defined as shown in
Equation (10), that is, the maximum cable force error ratio caused by cable length error per
unit length (or tensioning force error per unit percentage). The mathematical expression is

_ A

°="4

(10)
where AF is the maximum cable force error ratio and A is the error of the cable length or
cable force error ratio.

Table 5 lists the influence degree coefficient of each error combination calculated by
Equation (10). The length error of the surface cable has the greatest influence on the force
error of passive surface cables, control cables, and external cables and thus is an error
influence factor. The influences of the installation error of the external nodes and the
tensioning force error ratio of the active surface cables are slightly smaller, and thus, these
two errors are also sensitive factors. The cable length error of the control cable has the least
influence and thus is an insensitive factor.

Table 5. Error influence degree coefficient é.

Force Error of Passive Tensioning Force Error of
Error Type Surface Cable Force Error of Control Cable External Cable
Length errgr of surface cable 3.97 1.23 1.33
(% /mm)
Length error of control cable 015 0.62 0.07
(%/mm)
Installation error of external 145 0.86 1.00
node (%/mm)
Tensioning force error ratio of 1.23 1.18 —

external cable (%/ %)

5.2. Multi-Error Coupling Influence Computing

Because the lengths of the active surface cables are adjustable, the tensioning force
error of the active surface cables, the length error of the passive surface cables, and the
length error of the control cables are considered in the multi-error coupling influence
computing, while the coordinate error of the external nodes is not taken into account.

Based on error combination 13, 45 surface cables and control cables with the largest
force error ratios are selected and arranged in order from small to large ratios. The unit
number is set from 1 to 45. Then, the force error ratios of these cables under error combina-
tions 11 to 13 are compared, as shown in Figures 11 and 12. The results of the force error
ratios of the passive surface cable, control cable, and external cable are given in Table 6,
with the required adjustment of cable length.
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Figure 11. Force error ratios of surface cables in error combinations 11, 12, and 13.
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Figure 12. Force error ratios of control cables in error combinations 11, 12, and 13.

Table 6. Influence of multi-error coupling combinations.

External Cable
Force Error Ratio of Passive Force Error Ratio of Control - -
Error Surface Cable (%) Cable (%) Force Error Ratio (%) Requlrled Ad]ul_sltment of
Combination Cable Length (mm)
. Chen et al., . Chen et al., . Chen et al., . Chen et al.,
This Study 2018 [27] This Study 2018 [27] This Study 2018 [27] This Study 2018 [27]
11 6.48 4.86 12.07 9.66 231 1.39 —
12 8.64 5.18 12.56 7.54 — +23.7 +20.7
13 13.56 9.49 14.99 10.49 — +47.4 +39.1

From a comparison of the results in Tables 4 and 6, it is obvious that when the
length error limits of the surface cable and control cable are set to £1.5 mm and £20 mm,
respectively, the force error ratios of the passive surface cable and control cable present a
positive correlation with the force error ratio of the active surface cable. In this case, the
force error ratio of active surface cables has an adverse impact on the forces of most surface
cables and a small number of control cables, and this influence basically presents a linear
relationship. In addition, the coupling effect of multiple errors is not a linear superposition
of each error’s influence and is somewhat less than that. When the tensioning force error
limit of the active surface cables is set to +10%, the length adjustment required for the
active surface cables is smaller than £47.4 mm, while the cable length adjustment in actual
projects is generally larger than £90 mm, as obtained from the product instructions. In this
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case, the tensioning force error limit of the active surface cables and the installation error
limit of the external node for the giant cable-net structure in this project can be set to £10%
and +50 mm, respectively.

6. Discussion

This research introduces an error sensitivity computing method based on a normal
distribution to perform single-error computing and multi-error coupling computing of the
giant cable net of a Chinese 500 m aperture spherical radio telescope. The results indicate
that this method gives the procedure limits and installation limits of surface cables, control
cables, and external nodes of surrounding supporting structures, which provides a basis for
the actual construction control of the 500 m giant cable-net structure. The advantages and
future validation of the methods, as well as the additional socioenvironmental implications,
limitations, adaptability, and reproducibility, are further discussed below.

6.1. Advantages and Innovations of the Methods

This paper mainly discusses the error influence of the lengths of the surface cables and
control cables, the tensioning forces of active surface cables, and the installation coordinates
of external nodes on the 500 m giant cable-net structure. This is an important case study
focusing on error sensitivity computing for cable-supported structures, setting a valuable
example for the field of construction control of large-span structures.

This methodology is practical and helpful for the key beneficiary (e.g., the design
institute and the manufacturer) to make decisions about the length error limits, force error
limits, and installation error limits of the cables and nodes. The computing method is
specifically designed to find the relationships between different error parameters and
to distinguish the importance of each influencing factor. Therefore, it can determine a
reasonable construction accuracy control index.

Furthermore, the proposed computing process, as well as the results, can be extended
to similar long-span cable-supported structures to reduce the influence of error on struc-
tural performance.

6.2. Limitations

Similar to any other error computing theory, the error sensitivity computing method
proposed in this study is not perfect. The results reported in this section have certain
limitations, summarized as follows:

1. The usability of the error sensitivity computing method, currently based on the 500 m
giant cable-net structure, needs to be tested and validated in further work to expand
its applicability.

2. According to Jin et al. [30], the error of cable cross-sectional areas is also an impor-
tant parameter that affects the constructional forming forces of cables. In this study,
the error influence computing is conducted on the premise that the cross-sectional
areas of all the cables are known in advance, which is suitable for the 500 m giant
cable-net structure based on the relatively more important requirements for struc-
tural mechanical performance, but this assumption may not be fully applicable to
all situations.

3. Several published studies [48,49] have stated the influence of the outer compressive
ring beam (boundary) on the internal forces of cable nets. In this study, this part is
implemented by analyzing the installation coordinates of external nodes on the outer
compressive ring after tensioning the cables, while the stiffness of the outer ring beam
is not considered, which may cause minor second-order deformations to change the
forces of the cables.



Sustainability 2023, 15, 15061

15 of 17

6.3. Adaptability and Reproducibility

As shown in the previous sections, this case study provides a simple but useful exam-
ple of a way to find the main and secondary error factors affecting the cable forces of a 500 m
cable-net structure as well as the limits of these errors, which gives an important example
for the construction control of large-span cable-net structures. The demonstrated processes
of single-error computing and multi-error coupling computing are highly adaptable and
reproducible. Therefore, researchers, engineers, designers, and policy makers can easily
follow and customize this method to determine a detailed construction control index for
similar long-span cable-supported structures.

7. Conclusions

(1)  When conducting single-error influence computing, the length error of surface cables
has the greatest influence on the force errors of passive surface cables, control cables,
and external cables and is a sensitive factor. The tensioning force error of the active
surface cables and the installation error of the external nodes have slightly smaller
effects, and thus, these two errors are also sensitive factors. The length error of the
control cables has the least influence on the force error of all the cables and thus is an
insensitive factor.

(2) When performing multi-error coupling influence computing, the coupling effect of
multiple errors is not the linear superposition of independent error influences but has a
certain reduction for the superposition value. Therefore, the main error factors should
be comprehensively considered for coupling computing to reasonably determine the
control index of each error.

(3) Through multi-error coupling computing, the main error control index of the giant
cable-net structure is determined: the length error limits of the surface cable and
control cable are & 1.5 mm and + 20 mm, respectively; the tension error limit of the
active surface cable is + 10%; and the installation error limit of the external node
is &= 50 mm.

(4) As a natural extension of this research, while this manuscript provides valuable
insights into the error influence simulation of an enormous cable-net structure based
on random combinations, it would be beneficial to include suggestions for future
research directions. The error sensitivity computing method proposed in this study
will be utilized to analyze other types of cable-strut structures, such as the cable dome,
the cable truss, the suspen-dome, etc.
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