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Abstract: Cable-supported photovoltaic systems (CSPSs) are a new technology for supporting struc-
tures that have broad application prospects owing to their cost-effectiveness, light weight, large
span, high headroom, few pile foundations, short construction period, and symbiosis with fisheries
and farms. Recently, a new CSPS with a much smaller settlement and stronger wind resistance was
proposed. The new CSPS, with a 10% lower cost compared with traditional fix-tilted PV support, is a
better alternative to traditional photovoltaic (PV) support systems. In this study, the failure models
and bearing capacity of the primary structures of the new CSPS were investigated in detail using
the FEM method, and a design method for the new structure was proposed based on the limit state
design method. The results showed that the structure had a strong load-bearing capacity. Failure
of the cables and triangular brackets are the two main types of failure of the primary structure. The
cross-sectional area of the cables is the most important factor affecting the load-bearing capacity of
the structure and directly affecting the failure modes of the CSPS. The numerical case verified that the
proposed design method works well and that the designed structure has sufficient loading capacity
and is cost-effective.

Keywords: PV modules; flexible support; numerical simulation; wind-resistant design; design method

1. Introduction

PV modules have been widely used to collect solar energy to generate clean renewable
electricity, and solar farms have become one of the primary solutions to climate change.
The China Photovoltaic Industry Association (CPIA) reported the latest 2021-2022 China
PV Industry Development Roadmap [1], providing the latest initial full investment cost
of China’s ground-mounted solar farms. In the United States, the Solar Energy Industries
Association (SEIA) and Wood Mackenzie reported the Q2 2022 US Solar Market Insight
Executive Summary [2] and provided the full investment cost for different types of solar
farms, including utility fixed-tilt and tracking solar farms.

Table 1 compares the investment cost percentages of the fixed-tilt solar farms in the
two countries. The results showed that PV modules and their supporting systems account
for more than 55% of the investment cost of the entire solar farm. Support systems are key
components of solar farms and directly affect the safety of PV modules and construction
investment. The wind load is the control load of the PV systems. Therefore, the optimal
design of wind-resistant PV modules and their supporting systems has always been a hot
topic in the fields of wind, PV, and transportation engineering [3].
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Table 1. Investment cost percentage of solar farms [1,2].

China United States
Cost (USD) Percentage Cost (USD) Percentage
PV modules 0.27 46.76% 0.35 41.6%
PV support and foundations 0.07 11.99% 0.12 14.5%
Inverter and grid box 0.03 4.8% 0.04 4.5%
Other fees 0.21 36.45% 0.33 39.4%
Total 0.5775 0.85

Most PV modules are supported by fixed structures, as illustrated in Figure 1. To
accurately assess wind loads on PV modules, since the 1980s, many researchers have studied
wind loads on fixed supporting structures for PV modules. Radu et al. [4] described the
wind loads on PV module arrays on top of residential buildings via wind tunnel testing
and observed that the average wind load of the rear modules markedly decreased owing to
the shielding effect of the building and windward PV modules. Wood et al. [5] described
the influence of the position of PV modules on the wind loads on both flat roofs and
PV modules via wind tunnel testing. Warsido et al. [6] investigated the effects of array
spacing on the shielding effect of the wind load on rooftop PV modules. Radu et al. [7]
studied the effect of roof parapets on the wind load on roof PV modules. In recent years,
Pratt and Kopp [8], Cao et al. [9], Banks [10], and Stathopoulos et al. [11,12] investigated
wind loads on PV arrays with different aspect ratios on flat roofs and showed that wind
loads on PV modules are primarily affected by the width of the building. Alrawashdeh
and Stathopoulos [13] studied the influence of the geometric scale of roof PV modules on
the wind pressure distribution and concluded that the geometric scale has a significant
influence on the wind load of PV modules.

Figure 1. Fixed support PV structure system.

For wind loads on ground-mounted PV modules, Bitsuamlak et al. [14] found that
the wind load on leeward PV modules was 30% lower than that on the windward row
through full-scale measurements and computational fluid dynamics (CFD) numerical
simulations. In addition, they found that the CFD numerical simulation yielded similar
wind pressure distribution rules to the full-scale measurement, but the pressure coefficients
of the simulation results were smaller than those of the full-scale measurement. Shademan
and Hangan [15] and Shademan et al. [16,17] studied the influence of distance and spacing
from the ground on the wind loads on PV modules and showed that increasing the distance
between the modules produced stronger vortex shedding, resulting in a greater average and
fluctuating wind loads. When two adjacent PV modules reach a certain distance, the drag
coefficient of the leeward PV modules decreases to a minimum. Aly and Bitsuamlak [18]
and Aly [19] studied the wind load of ground-mounted PV modules via wind tunnel tests
and CFD numerical simulations under different model scales and wind field characteristics.
Their results showed that the geometric scale of the model and the characteristics of
the wind field had little effect on the average wind pressure coefficient but markedly
affected the peak pressure coefficient. Abiola-Ogedengbe et al. [20] studied the wind
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pressure field and loads of ground-mounted PV modules via CFD simulations and showed
that the interpanel gap and tilt angle affect the surface pressure. Mammar et al. [21]
studied the influence of column height and estimated steady and unsteady wind loads on
heliostats through a wind tunnel test. The results show that an increase in column height
produces larger steady and unsteady pressure wind loads, stronger vortex shedding, and
higher shedding frequencies. Geurts and Steenbergen [22], Erwin et al. [23], Geurts and
Blackmore [24], and Bender et al. [25] conducted field measurements of the wind loads on
PV modules.

Recently, CSPSs have become popular because they save land resources and are cost-
effective. Baumgartner et al. [26] first proposed a CSPS in their study; a sketch of the
structure is shown in Figure 2. The CSPS has broad application prospects because of
its light weight, few pile foundations, short construction period, good heat dissipation
performance, large span, reduced land use, increased space utilization, and applicability
to complex terrains [26-28]. Thus, the CSPS is an alternative solution that overcomes the
drawbacks of conventional fixed-mounted PV systems. However, the original CSPS has
high settlement because only two supporting cables bear self-weight, static wind loads,
and/or snow loads. Reducing the settlement requires a higher pretension and larger cables.
Moreover, the original CSPS is prone to strong wind-induced vibrations (WIV) because of
its high flexibility.

Figure 2. Cable-supported PV system proposed by Czaloun [29].

Recently, the authors proposed a new CSPS [30], as shown in Figure 3, and verified its
wind resistance capability [31]. A single element of the new CSPS consisted of three cables,
four triangular brackets, and several lateral connectors. The upper two cables support
the PV modules, and the lower cable supports the two upper cables in the four sections
through triangular brackets. The new CSPS has a larger span and smaller deflection. The
lateral connectors enhance the wind resistance of the CSPS.

Figure 3. Sketch of the new CSPS.

Compared with the traditional fixed-tilt PV support system, the new CSPS saves
10-15 tons of steel and 100-180 pile foundations per MW [31]. Therefore, the new CSPS has
great potential for wide applications. Over the past three years, more than 20 new cable-
supported solar farms have been built in China with a total capacity of more than 1 GW. In
addition, an increasing number of CSPS solar farms will be built in the coming years.

To date, only China and Japan have published specifications [32,33] for the structural
design of ground-mounted PV modules. As previously reported by Browne et al. [34],
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“Despite the current understanding of wind effects on ground-mounted multirow solar
arrays, there is no comprehensive method in any building code/standard that provides
appropriate guidance to practitioners designing these types of structures. Although numer-
ous commercial wind loading studies on ground-mounted solar arrays have been carried
out by wind tunnel laboratories worldwide, these data remain largely proprietary in nature
and thus are not available in the public domain. Consequently, there is a need to establish
a new design method for ground-mounted multi-row solar arrays ... ” The study on the
design method of CSPVs is rare [34-36].

The cable design of the CSPVs mainly refers to JGJ 257-2012 (2012), JG/T 200-2007
(2007), ASCE/SEI 19-16 (2016), and BS EN 1993-1-11:2006 (2006) [37-40]. The wind load of
the CSPS mainly refers to building load codes, such as GB50009-2012 (2012), ASCE 7-16
(2016), and AS/NZS 1170.2-2011 (2011) [41-43]. These codes were drafted to build the
structures. Therefore, a design method for the CSPS is required for a better application of
the new structure. The present study investigated the failure models and bearing capacity
of the primary structures of the new CSPS using the FEM method and proposed a design
procedure for the new structure based on the limit state design method. The effectiveness
of the proposed design procedure was verified using a solar farm project.

2. Numerical Simulation
2.1. Finite Element Model

Finite-element simulation is an effective and efficient method for structural analysis.
In this study, the finite element method was adopted to investigate the failure models and
bearing capacity of the primary structures of the new CSPS. Different element types are
used to simulate each component of the structure: (1) the columns and lateral beams are
simulated with “Beam” elements; (2) the cables (load-bearing cables and anchor cables),
triangle brackets, and lateral connectors are simulated using the “Link” element; and (3) the
PV modules use “Shell” elements.

The boundary conditions are described as follows:

(1) The PV modules are mounted on cables 1 and 2, and they are connected by nodes.

(2) Both ends of cables 1, 2, and 3 were fixed on the beams.

(3) The lower end of the anchor cable was fixed to the ground, and the upper end was
fixed to the beam.

(4) Triangular brackets are interconnected with cables 1, 2, and 3 by the nodes.

(5) Beams were fixed at the top of the columns.

(6) The bottom end of the column was fixed to the ground, and the upper ends were
connected to the beam.

The prototype of the finite element modeling (FEM) model of the present study is a real
CSPS solar farm built by the Tong Wei Group in Tianjin, China. The structural parameters
and material properties of the CSPS are listed in Table 2. Figure 4 shows a comparison of
the prototype and FEM models.

Table 2. Example of a new CSPS [31].

Component Material Tl:;v(arltf;;t qutl/ll:;:lel?lts I;Z;)e;s)tlc P(I){I;Si(;n S a:lﬂg Design Parameters
Beam Reinforced concrete 6.61 x 1073 2.06 x 101 0.3 7850 /
Column Steel I-beams 1.11 x 1073 2.06 x 10 0.3 7850 /
Triangle brackets Steel bar 239 x 1074 2.06 x 101 0.3 7850 h1=15m, hp=1.05m
PV module Composite material 2.08 5.50 x 1010 0.2 1927 m =24 kg
Cables 1 and 2 Steel strand 0.97 x 1074 1.85 x 101! 0.3 8100 Hi= Hy=30 kN
Cable 3 Steel strand 1.36 x 107* 1.69 x 10 0.3 8100 H;=18 kN
Anchor cable Steel strand 490 x 1074 2.06 x 101 0.3 7850 Ha=18 kN

Note: Height & of the triangle brackets is defined as the length of the line connecting the midpoint of the base of
the inverted triangle to its apex, as shown in Figure 7. D and d represent the outer and inner diameters of the
rods, respectively.
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Figure 4. Overview of the new prototype CSPS and its FEM model.

Static analyses were conducted, and the structural nonlinearity of large deformation
was considered. The structure response is solved using the Newton-Raphson method, and
the load substep is set as 20.

2.2. Wind Load

Previous wind tunnel tests have shown that lateral connectors can successfully sup-
press the strong WIV of a structure [30]. An equivalent static wind load was adopted for
the structural design of the CSPS. As the most unfavorable loading condition is crosswind
(Case 0° and Case 180°), in the present study, the equivalent static wind load of the PV
modules under the two controlling cases were calculated according to [32,41]. Case 0°
indicates that the wind is normal to the span of the PV array and hits the upper surface of
the PV modules, and case 180° indicates that the wind hits the PV modules in the opposite
direction, as shown in Figure 4. It is noteworthy that only the self-weight, prestressed load,
and wind load were considered to simplify the design process.

According to the Chinese codes [32,41], the equivalent static wind load, wy, on ground-
mounted PV modules is calculated as

wy = ,Bz,uslﬂzwo 1)

where B is the wind vibration coefficient at height z, y,; is the shape coefficient of the PV
module, i, is the height variation factor of the wind pressure, w, is the reference wind
pressure with a 25-year return period, and p = 1.29 kg/m? is the air density. In the present
study, B, is measured as 1.6 trough wind tunnel testing; y,; is equal to 0.8 or —0.95 in Case
0° and 180°, respectively; and . is set as 1.0, because the prototype of the CSPS structure
is lower than 10 m. The reference wind pressure of the prototype w, is 0.5 kN/m?.

3. Bearing Capacity and Failure Modes

To investigate the bearing capacity and failure modes of the CSPS, the equivalent
static wind load wy was increased from 0 to 2.0 kN /m? according to the Chinese wind
environment. Theoretically, the design structure changes according to the wind load, wy.
The required design parameters of the structure can be calculated for each wind load.
In fact, the required design parameters are the minimum values at which the structure
meets the structural internal force, stress, and deformation, which are curves that change
dynamically with the calculated wind load. In this section, the internal force, stress, and
deformation of the CSPS were calculated under different wind pressures using the basic
model. The bearing capacity and failure modes are discussed below.

3.1. Bearing Capacity

The internal forces of cables 1, 2, and 3 are calculated when the wind load w varies
from 0 to 2.0 kN/m? in the two control cases. The cross-sectional areas of the cables changed
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as the wind load increased. The internal forces of cables 1, 2, and 3 are also considered in
relation to the required breaking forces of cables 1, 2, and 3 to ensure structural safety and
are referred to as F; » and F3, respectively.

The results of previous studies indicate that the F; ; and F; have different trends when
the wind load is in the range of 0.15~2.0 kN/m?. The static wind load is supported by three
cables in Case 0°, whereas only cables 1 and 2 bear the static wind load when the wind
load is greater than 0.238 kN/m? in Case 180°. In addition, the required breaking force of
cables 1 and 2 in Case 0° (F?,z) is always smaller than that in Case 180° (Fllgo). In contrast,

the required breaking force of cable 3 in Case 0° (Fg) is larger than that in Case 180° (ngo),
which means that Case 180° is the controlling condition of cables 1 and 2, and Case 0° is the
controlling condition of cable 3 when the wind wy, is in the range of 0 to 2.0 kN/ m? [31].
To ensure the structural safety of a given CSPS, the required breaking force should
be lower than the cable resistance force. The load-bearing capacity was determined by the
resistance forces of cables 1, 2, and 3. In Case 180°, the bearing capacity of the CSPS (B »)

is calculated by setting the resistance force of cables 1 and 2 equal to F{8°, and setting the

resistance force of cable 3 to be higher than F1%°. In Case 0°, the load-bearing capacity of the
CSPS (Bs) was calculated by setting the resistance force of cable 3 equal to FY, and setting
the resistance force of cables 1 and 2 to be higher than F?,z- The load capacity of the CSPS
was the minimum between B » and Bs.

Figure 5 shows the vertical deformation at the midspan of the structure as the wind
load increased in the two cases. The vertical deformation in Case 0° was downwards,
and that in Case 180° was upward. In both cases, the midspan vertical deformation
increased nonlinearly with increasing wind load, and the deformation increment decreased
when the wind load increased. These results indicate that the vertical stiffness of the PV
system increased with increasing deformation. When the wind load increases from 0.3 to
2.0 kN/m?, the midspan vertical deformation increased by 226.5% and 190%, respectively.
The midspan vertical deformation in Case 180° was always greater than that in Case 0°
when the wind load was higher than 0.238 kN / m?2.

1.0 T T T T
=——Case 0° P

~ 08— Case 180° _ 7 E
£ -
= s
§o6f P .
S /
g 0.4} / J
S /
o2t ]

0-0 1 L 1 1

0 500 1000 1500 2000 2500

Wind load (N/m?)
Figure 5. Midspan vertical deformation of the structure as the wind load increases.

3.2. Failures of Cables

A given CSPS fails when the wind load continues to increase. Generally, the new CSPS
fails owing to the failure of columns, beams, cables, triangle brackets, fasteners, or modules.
Because columns, beams, fasteners, and modules are traditional components in normal
arrangements, and their failure modes have been studied in detail, this subsection primarily
focuses on the failures of cables and triangle brackets. A cable breaks when its internal
force exceeds its resistance force. For the stainless-steel strand used in the proposed CSPS
support system, the resistance force of the cables, Fy_c, was calculated using Equation (2),
as recommended by [38].

Rtk—C = KS(rb/1000 (2)
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where K = 0.86 is the strength reduction factor, S is the sectional area (m?), and ¢}, = 1570
is the tensile strength (MPa).

Based on Equation (2), the required resistance force is transformed into the required
sectional area S when only the control cases are considered. Figure 6 shows the required
cross-sectional areas of cables 1 and 2 (S ), and cable 3 (S3) as the wind load increases.
The results show that S;, and S3 increase with increasing wind load. When the wind
load wy, is between 0 and 2.0 kN /m?, the curves of Sy, and Sz separate the required cross-
sectional area space into two areas. Under a given wind load, if the cross-sectional area is
smaller than the required cross-sectional area, the structure fails under the corresponding
control condition. Consequently, the failure modes of the CSPS are summarized as follows:
(1) when the cross-sectional areas of cables 1 and 2 are smaller than S;, and the cross-
sectional area of cable 3 is larger than S3, the structure is prone to failure in Case 180°;
(2) when the cross-sectional areas of cables 1 and 2 are larger than S » and that of cable 3 is
smaller than Sj, the structure is prone to failure in Case 0°; and (3) when the cross-sectional
areas of cables 1, 2, and 3 are smaller than the required cross-sectional area, the structure is
prone to failure in both cases 180° and 0°.

2.0%107* : - ; - 2.0%107* : - ; :

ables 1.2

1521074+ 152107+

1.0x107*F 1.0x107*F

5.0%107° 5.0%107°

Required cross-sectional area (m?)
Required cross-sectional area (m?)

%% 500 | 1000 1500 R 2000 2500 *% 500 | 1000 1500 ) 2000 2500
Wind load (N/m”) Wind load (N/m”)
(a) Cables 1, 2 (b) Cable 3

Figure 6. Required cross-sectional area.

3.3. Failure of Triangle Brackets

Triangle brackets are analyzed in this subsection, and lateral connectors are not consid-
ered because they only enhance lateral stability. In Case 180°, the axial force of the lateral
connectors and the triangular brackets are close to 0 when the wind load is greater than
0.238 kN /m? because cable 3 no longer works; in Case 0°, the axial force of the lateral
connectors is much smaller than that of the triangular brackets. Normally, the lateral
connectors are set the same as those of the triangular brackets. Case 0° was the controlling
case for the triangle brackets, and the axial forces of all triangle brackets in Case 0° were
investigated in detail.

Each triangular bracket is composed of three slender steel pipes that bear only axial
forces. The failure modes of the triangular brackets were either yielding or buckling. When
the internal force of the steel pipes is larger than their yielding strength or buckling strength,
the steel pipes fail and the CSPS breaks.

The internal forces of the triangular brackets at the 1/5 and 2/5 spans, as shown in
Figure 7, were calculated when the wind load wy varied from 0 to 2.0 kN/ m?. The results
for Case 0° are shown in Figure 8. Rods 1, 3, 4, and 6 are in compression, whereas rods
2 and 5 are in tension. The maximum compressive force appears in rod 3, whereas the
maximum tensile force appears in rod 2; the compression force is much higher than the
tensile force. The internal forces of the rods increased with the wind load.
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Rod 5
Rod 2

Rod 6
Rod 3 Rod 4

Rod

(at 1/5 spans) (at 2/5 spans)

Figure 7. Triangle brackets.

4.0%10° : . ; .

Axial force (N)

0 500 1000 1500 2000 2500
Wind load (N/m~)

Figure 8. Internal force of the six slender rods in Case 0°.

The internal forces in rods 1-6 are considered in relation to the load capacity of the rods
to ensure the structural safety of the proposed system and are referred to as P., through PS,,
respectively. The rods should have sufficient cross-sectional area to withstand the required
internal forces. The load capacity of the rod, P.,1, was calculated using Equation (3) while
considering the yield strength of the rod. In addition, according to Euler’s formula, the
load capacity of a slender compression rod, P2, which is hinged at both ends, is calculated
using Equation (4) while considering the buckling strength. The required load capacity of
the rods is the minimum of P.,; and P.»:

P, = En(Dz ~ dz)a 3)
m?El w3 (D*—d*)E
PCTZ - lz - 64:12 (4)

where E is the elastic modulus of the rod, I is the minimum inertia moment of the cross
section, [ is the calculation length, ¢ is the yielding strength, and D and d are the outer and
inner diameters, respectively. In this study, 4 is set equal to 0.01 m, and the required load
capacity Prr and outer diameter [D] are calculated as follows:

P _ Py (Tension rod) 5)
7\ min(Pe, Per) (Compression rod)
D] P+ d2 (Tension rod) ©
a max( Fa 4 g2, {1/ % + d4) (Compression rod)

Using Equation (6), the internal forces in Figure 8 were transformed into the required
outer diameters. Figure 9 shows the required outer diameters of rods 1-6 (D1 to Dg) as the
wind load increases. Rod 6 had the maximum required outer diameter, and rods 2 and
5 had the minimum required outer diameter. Wind strongly affects the required outer
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diameters of the compression rods but has little effect on the tensile rods. The required
outer diameters of the compression rods increased nonlinearly as the wind load increased.

0.030

0.025 R
0.020 A

0.015

0.010 1

Required outer diameters(m)

5
=3
S
D

0 500 1000 1500 2000
Wind load (N/m?)

Figure 9. Required outer diameters of the rods as the wind load increases.

Triangle brackets exhibit two different types of failure: yielding and buckling. Con-
sidering rod 6 as an example, the required outer diameter is calculated separately under
the yielding and buckling conditions, and referred to as D‘g and D?, respectively. The
calculation results are shown in Figure 10. Both Dg and Dg increase with increasing wind
load, and D} is much higher than DY, which indicates that rod 6 is more prone to buckling
than to yielding. The curves of DZ and D! separate the figure into three areas, which
indicate three possible states of the triangular brackets: (1) when the outer diameter area of
rod 6 is smaller than DY, the structure is prone to yielding or buckling failure; (2) when the
outer diameter area of rod 6 is higher than Dg but lower than Dg, the structure is prone
to yielding failure; and (3) when the outer diameter area of rod 6 is higher than D, the
structure is safe under the given wind pressure.

0.025 T T T T

0.020 1

o
[
—_
W
T
1

o
=)
=
S)

Outer diameters (m)

=—Critical bucking outer diameters Dg

=]

(=

S

w
T

= Critical yielding outer diameters D}

0.000 1 1 1 1
0 500 1000 1500 2000 2500

Wind load (N/m?)
Figure 10. Required outer diameters of rod 6 under yielding and buckling conditions.

4. Design Method

A design method for a CSPS based on the design standards [32]. Both the ultimate
limit state and serviceability limit state were considered. Under the ultimate limit state,
the strength of the cables and triangular brackets is determined by the internal forces. The
structural deformation was checked under the serviceability limit state.

4.1. Limit States

The ultimate limit state means that the structure or structural component reaches the
maximum load-bearing capacity or reaches the limit state of deformation, which is no
longer suitable for load-bearing applications [32]. The following states are considered the
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ultimate limit states: (1) the cables have broken, (2) the triangular brackets have undergone
buckling or yielding, (3) the structure or components have overturned or slipped, and
(4) large vibrations causing serious damage have occurred.

The structure or component should have a normal service or durability performance
under the serviceability limit state [32]. Under the serviceability limit state, the structure or
structural components should have (1) no excessive midspan deformation compared to the
criteria, (2) no partial damage, including cracks, that affects the normal use or durability of
PV modules, and (3) no strong WIV that affects normal use or fatigue life.

In China, the designs of cables and triangle brackets were calculated under the ultimate
limit state using Equation (7). The deformation of the structure at the midspan was checked
using Equation (8) under the serviceability limit state: Equation (9) yields the following
combination method for different types of loads [32,37]:

R
YoSq < —X @)
TR
Sq<C ®)
Sqa = vGSck + PSPk + YwSwk )

where the importance factor of the structure 7, is 1.0 as suggested by Chinese standards [32];
Rix—c and Ry _p are the resistance force of the cables and triangle brackets, respectively;
YrR—c and yr_p are the safety factor of the cables and triangle brackets, which are set as
2.0 and 1.7, respectively; C is the criterion of the midspan deformation; Sq is the load
combination effect (design value of the CSPV); Sgk, Spk, and Swi are the load effects of
self-weight, prestressed load, and wind load, respectively; and g, yp, and <y, are the
load factors of self-weight, prestressed load, and wind load, respectively. The load effect
refers to the internal force and deformation of the structure caused by the self-weight of
the PV modules, prestressed load, or wind load wy. Table 3 lists the load coefficients of the
structure for the two limit states.

Table 3. Design coefficient of the structure [32,37].

G Yp Tw

Ulti limi Case 0° 1.2 1.0 1.4
timate limit state Case 180° 1.0 1.0 14
Serviceability limit state 1.0 1.0 1.0

4.2. Design Procedure

A design method for the new CSPS was proposed, as shown in Figure 11. The design
procedure is summarized as follows.

Step 1: Select the cross sections of cables 1 and 2 (51 ») under the ultimate limit state in
Case 180°.

Step 2: Select the cross sections of cable 3 (S3) and the outer diameter (D) of the rods
under the ultimate limit state in Case 0°, and check the strength of cables 1 and 2.

Step 3: Check whether the deformation satisfies the requirements under the service-
ability limit state in Cases 0° and 180°.

Step 4: Increase the sectional area of cable 3 (S3) if the deformation in Case 0° exceeds
the requirement under the serviceability limit state.

Step 5: Increase the sectional area of cables 1 and 2 (S ») if the deformation in Case
180° exceeds the requirement under the serviceability limit state.

Step 6: Determine the product specifications of the cables and triangular brackets
according to the parameters of the final structure.
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Figure 11. Sketch of the overall view of the proposed method.

4.3. A Case Study

The basic model shown in Table 2 under a basic wind load in Tianjin (w, = 0.5 kN/ mz)
was redesigned using the proposed design procedures. In this case, only the wind load
was considered, and according to Equation (1), the design wind load was calculated as
wi = 0.64 kN/m? and 0.76 kN /m? (Case 0° and 180°). The tensions of cables 1 and 2 were
set to be the same as those of the original structure (H; » = 30 kN). The tension of cable
3 was set to Hz = 18 kN. The triangle bracket height and row spacing were set to h; =1.5m
and 2.9 m, respectively.

According to the Chinese standards [37], the midspan deflection limit was set as
2% of the sag-to-span ratio in the serviceability limit state. Table 4 lists the allowable
internal forces of the cables and triangular brackets of the primary structure, and Table 5
compares the parameters of the original structure and the redesigned structure per MW.
The results show that, although the midspan deformation of the original structure can meet
the requirements of the serviceability limit state, the design value of the wind load capacity
is far less than the requirements under the ultimate capacity state, and the cable design
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parameters of the original structure are unreasonable. The redesigned structure meets the
design requirements in both the ultimate and serviceability limit states. The design value
of the wind load capacity of the redesigned structure was 1.33 kN /m?, which was much
higher than that of the original structure (0.55 kN/m?). The redesigned structure had a
similar resistance force in both cases of 0° and 180°. However, the resistance force of the
original structure in Case 0° was much higher than that in Case 180°. Compared with the
original structure, the outer diameter of the triangular brackets and the cross-sectional
area of cable 3 in the redesigned structure were reduced by approximately 3%. The cross-
sectional areas of cables 1 and 2 increased by approximately 87%. The steel consumption of
the cables, triangular brackets, and lateral connectors was reduced by approximately 15.7%.
This design method improves both the economy and bearing capacity of CSPS structures.

Table 4. Required internal force of cables and triangle brackets.

Load Effect
Component Self-Weight of PV Local Wind Ultimate Limit State (Ry) Serviceability Limit State (C)
Modules Load
Allowable deflection (m) 0.6
Axial force of Cables Case 0° 30 34 125
1,2 (kN) Case 180° 30 68
Axial force of Case 0° 18 55 99
Cable 3 (kN) Case 180° 0
Axial force of triangle brackets (kN) 4.3 6.5

Table 5. Comparison of parameters between the original structure and the redesigned structure per MW.

Design Parameters Original Structure Redesigned Structure
Triangle brackets height 11y (m) 1.5 1.5
Outer diameters of triangle brackets [D] (m) 0.03 0.025
Cross-sectional areas of Cables 1,2 S; » (m?) 0.97 x 1074 1.83 x 1074
Cross-sectional areas of Cable 3 S3 (m2) 1.36 x 1074 1.32 x 107*
Case 0° 1.95 2.66
: 2

The resistance force of the cables Ry, (kN/m~) Case 180° 11 285
Design value of wind load capacity of the CSPS Sy (kN/m?) 0.55 1.33

. . Case 0° 0.41 0.41
Midspan deflection (m) Case 180° 0.59 0.58
Steel consumption of cables and triangle brackets (t) 30.1 254

5. Conclusions

In this study, the bearing capacity and failure modes of the primary structures of a
new CSPS were investigated in detail using FEM. A design method for a new structure was
proposed based on the limit state design method. The primary conclusions of this study
are as follows.

(1) The proposed structure exhibited a strong load-bearing capacity. Case 180° is the
controlling condition of cables 1 and 2, and Case 0° is the controlling condition of cable 3.
When the internal forces of the three cables are equal to their resistance force, the wind load
is supported by all three cables in Case 0°, whereas only cables 1 and 2 bear the wind load
when the wind load is greater than a certain critical value in Case 180°.

(2) The failures of the cables and triangle brackets are the two primary types of failures
of the primary structure. The cross-sectional area of the cables is the most important
factor affecting the load-bearing capacity of the structure and directly affecting the failure
modes of the PV system. Case 0° is the controlling condition of the triangular brackets, the
buckling or yielding of which is closely related to the outer diameter of the rods.
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(3) The proposed limit state design method was shown to be cost-effective, and the
designed structure had less steel consumption and a strong load capacity.
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Nomenclature

CSPS  Cable-supported photovoltaic system
PV Photovoltaic

CPIA  China Photovoltaic Industry Association
SEIA  Solar Energy Industries Association
CFD  Computational fluid dynamics

FEM  Finite element modeling

WIV  Wind-induced vibration
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