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Abstract: To investigate the wind-induced vibration re-
sponse characteristics of multispan double-layer cable photo-
voltaic (PV) support structures, wind tunnel tests using an
the
wind-induced vibration response data of a three-span

aeroelastic model were carried out to obtain
four-row double-layer cable PV support system. The
wind-induced vibration characteristics with different PV
module tilt angles, wind speeds, and wind direction angles
were analyzed. The results showed that the double-layer
cable large-span flexible PV support can effectively control
the wind-induced vibration response and prevent the occur-
rence of flutter under strong wind conditions. The maxi-
mum value of the wind-induced vibration displacement of
the flexible PV support system occurs in the windward first
row. The upstream module has a significant shading effect
on the downstream module, with a maximum effect of
23%. The most unfavorable wind direction angles of the
structure are 0° and 180°. The change of the wind direction
angle in the range of 0° to 30° has little effect on the wind vi-
bration response. The change in the tilt angle of the PV
modules has a greater impact on the wind vibration in the
downwind direction and a smaller impact in the upwind di-
rection. Special attention should be paid to the structural
wind-resistant design of such systems in the upwind side
span.
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Solar energy, as a renewable energy source, is fa-
vored for its wide distribution, nonpollution, and
sustainable use. Photovoltaic (PV) power generation, as
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one of the important forms of solar energy utilization, has
been widely applied and promoted worldwide. In recent
years, due to the shortage of suitable land resources, PV
power stations have been developing toward high clear-
ance and large spans. Additionally, the increasing devel-
opment of fishery-solar and agricultural-solar complemen-
tary PV projects in many regions has further driven this
trend. Under these circumstances, developing large-span
PV module support structures is necessary to meet these
complex terrains.

As an emerging PV support system, the flexible PV
support structure was first proposed by Baumgartner et
al. " in 2008, introducing the Solar Wings method,
which utilizes steel cables as the installation system for
PV modules to enhance power generation efficiency.
However, the cable system is also characterized by large
flexibility and low damping and is thus prone to large vi-
brations under wind excitation'>*'. Tamura et al. '*' and
Kim et al. '® conducted wind tunnel tests on the solar
wing system, discovering the trend of fluctuating dis-
placements under specific wind speeds and directions.
Wang et al. '7® revealed that adding rigid rods between
rows effectively reduces the displacement response of the
structure. Liu"' investigated two types of flexible PV
support with elastic wind-resistant cables, exploring vari-
ous parameters affecting wind vibration coefficients. Fo-
cusing on the wind load issues of flexible PV support
structures, Chai''” and Ma et al. """ showed that the in-
clination angle of the components can significantly im-
pact their wind loads, with the wind loads of the compo-
nents in the middle of the PV array being significantly

[12]

lower than those at the array edges. and

13]

Wang
Yang[ studied the wind load distribution and interfer-
ence effects on flexible PV support systems through nu-
merical simulations. Chen et al. "' examined the aerody-
namic stability of flexible PV support through wind tunnel
tests, finding poor flutter stability at 10° inclination and
wind directions of 0°, 15°, and 30°. Xu et al. 5] revealed
the sensitivity and variation rule of aerodynamic damping
characteristics of large-span PV support structures under
different conditions. Zhou et al. '® investigated the ef-

fects of wind speed, wind direction, and cable pretension
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on the wind resistance reliability of flexible PV support.
Due to the significant wind-induced responses and poor
flutter stability of single-layer cable-supported flexible PV
structures in large spans, He et al. "', Dingetal. '"*', and
90 jnvestigated the wind-induced vibration
characteristics of a new double-layer cable-supported PV
system through wind tunnel tests, discovering its stronger
wind resistance and smaller settlement. Li et al. "* pro-
posed wind load reduction coefficients for different array
regions and deeply analyzed the gust load factors. Addi-
tionally, Wang et al. ‘*"/ found that changes in the wind
attack angle and cable prestress significantly affect the
system’ s vibration characteristics. Fu et al. 2) demon-
strated the aerodynamic characteristics and wind pressure
distribution of double-row flexible PV support, filling in
the blanks of the wind load calculation method.

However, previous studies on the interference effects
of different rows, spans, wind direction angles, and
wind attack angles on PV array systems have obtained
different wind-induced response characteristics, and stud-
ies on multispan PV array systems have primarily fo-
cused on the wind-induced vibration response of a single
span or a specific span. Therefore, a three-span,
four-row, double-layer cable-supported flexible PV sys-
tem will be used as the research object. A series of wind
tunnel vibration tests will be conducted using an aeroelas-
tic model under various module tilt angles, wind speeds,
and wind direction angles. Vertical displacement time
history data of PV modules in different spans will be ob-
tained to further analyze their wind-induced vibration
characteristics. This research will provide important in-
sights and references for the wind-resistant design of
such large-span flexible PV support structures.

Liu et al.

1 Wind Tunnel Tests

1.1 Test model and instrument layout

The test model was designed and produced based on a
three-span, four-row, double-layer cable-supported
large-span flexible PV support structure. The span,
height, and row spacing of the single-span prototype
structure were 35, 4, and 2.5 m, respectively. Each
row contained 28 PV modules, with individual module
dimensions of 2 256 mm X 1 134 mm x 40 mm (length x
width X thickness). The module tilt angles can be ad-
justed to 10°, 20°, and 30°. The PV modules were an-
chored to two main cables, which were connected to the
lower stabilizing cable via triangular braces. The adja-
cent rows of the PV array were connected by horizontal
linkers in three sections (i.e., 1/4 to 3/4 spans). The
prototype structure is shown in Fig. 1.
sion values for the main cables and stabilizing cables are
60 and 10 kN, respectively.

The model PV modules were made of balsa wood,

The design ten-

Main cables PV module
Triangular
Stabilizing brace
cable

Horizontal linkers
(b)
Fig. 1 Schematic diagram of the prototype structure. (a) Fi-
nite element model (FEM) ; (b) Cross-section details of adja-
cent rows

while the main and stabilizing cables were made of steel
wires with an elastic modulus similar to that of the proto-
type. Both the triangular braces and the horizontal link-
ers were made of steel rods. The geometric scale ratio of
the model was 1:45, and the wind speed scale ratio was
1:6.71, with the maximum blockage ratio in the test be-
ing less than 1%.
SAP2000 determined the first vertical bending frequency
of the prototype structure to be 1.25 Hz. Prior to the

Finite element calculations using

tests, pretension was applied to the cables using a spring
dynamometer, which was calibrated to match the cable
forces specified in the design model. The pretension was
then fine-tuned by adjusting the vertical bending funda-
mental frequency of the test model to align with the de-
sign value obtained from the finite element model
(FEM) , ensuring that the frequency matched the in-
tended design specification. Specific aeroelastic model
parameters are listed in Table 1.

To measure the most adverse wind-induced responses
of the PV aeroelastic model, laser displacement sensors
were installed above the model. Targets were positioned
at the geometric centers of the PV modules located in the
middle of the side span and the middle span of each row.
During the test, the laser of the displacement sensor was
ensured to be vertically aligned with the pre-attached tar-
gets on the PV module surfaces to guarantee measure-
ment accuracy. The sampling duration for the laser dis-
placement sensors was 60 s, with a sampling frequency
of 500 Hz per measurement point. The arrangement of
the test model and displacement measurement points is
shown in Fig. 2. The displacement measured by the laser
displacement sensors represents the vertical displacement
of the PV panels (i. e. , downward is positive; upward is
negative). The time history of vertical displacement free
decay and the corresponding power spectral density are
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Table 1 Parameters of the aeroelastic model

Item Scale ratio Prototype Design model Real model
Array system Dimension/(m X m X m) 1:45 35x8.85%x4 0.78 X 0.20 x 0.09 0.78 x 0.20 x 0.09
Dimension/(m X m X m) 1:45 2256 x 1134 x40 50.13 x 25.20 X 0.89 50 x25x2
PV module
Mass/g 1:91 125 44 651 0.49 0.50
Main cable Tension/N 1:91 125 60 000 0.66 0.66
Stabilizing cable Tension/N 1:91 125 10 000 0.11 0.11
First-order vertical bending frequency/Hz 6.71:1 1.25 8.37 8.23

shown in Fig. 3. The damping ratio of the model was
identified at 3. 3%. The first vertical bending frequency
from the free vibration test is 8. 23 Hz, which is slightly
lower than the FEM result with a calculated error of
1. 7%.
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Fig. 2 Details of aeroelastic wind tunnel test. (a) Aeroelastic

test model; (b) Module tilt angle and wind azimuth; (c) Lay-
out of measurement points
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Fig. 3  Free vibration decay and power spectral density

curves. (a) Free vibration decay; (b) Power spectral density

1.2 Test cases

All tests were conducted in the WD-1 Wind Tunnel
Laboratory of Wuhan University, simulating the bound-
ary layer wind field of Category B terrain, and the corre-
sponding wind profile and wind spectrum are shown in
Fig. 4. The turbulence intensity at the model height was
12. 9%, and the wind speed was simulated over a range
of 21.9 to 52. 8 m/s (full scale). Considering the most
adverse wind direction angles for the large-span flexible
PV system under incoming wind and the symmetry of the
structure itself, this experiment simulated wind direction
angles from 0° to 30° and from 150° to 180° by rotating
the turntable. The wind direction angles are arranged as
shown in Fig. 2(b), with 0° representing the upper sur-
face of the PV module facing the wind and 180° repre-
senting the lower surface facing the wind at 10° inter-
vals. The experiment simulated three wind attack angle
conditions, which were 10°, 20°, and 30°. The wind at-
tack angle is the tilt angle of the PV module, with 10°
representing a 10° angle between the PV module and the
horizontal plane.
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Fig. 4 Wind profile and wind spectrum simulated in a wind
tunnel. (a) Wind profile; (b) Wind spectrum
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2 Test Results

2.1 Vibration response and shielding effect analysis

Figs. 5 and 6 show the mean vertical displacement Z
and the root mean square (RMS) vertical displacement
of PV modules under different wind speeds
for two common adverse wind direction angles when the
tilt angle a = 10°. In the downwind direction (6 = 0°),
the upper surface of the PV module faces the wind, caus-
ing the displacement to be downward, resulting in a
negative Z_. In the upwind direction (6 = 180°) , the
lower surface of the PV module faces the wind, causing
the displacement to be upward, resulting in a positive Z .
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Fig. 5 Mean of vertical displacements (a = 10°). (a) 6 = 0°;

(b) 6=180°

From the mean displacement of the PV modules, it
can be observed that the extreme values of Z_ in spans A
and B occur in the windward rows. At all wind speeds,
the mean displacement of the upstream PV modules is
greater than that of the downstream modules, and Z de-
creases row by row, indicating that the front-row PV
modules have a shielding effect on the rear rows. Con-
versely, the experimental results of Kim et al. '* showed
that the center rows of their cable-supported PV system
may have a larger amplitude than that in the upwind
rows. This discrepancy is attributed to differences in
structural systems; adding horizontal linkers makes the
system more integrative and the flow field around it dif-
ferent. As shown in Fig. 7, quantified calculations re-
veal that, for a wind direction angle of 0°, compared to
the Z, value of the first row, the subsequent rows de-
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Fig. 6 RMS of vertical displacements (o = 10°). (a) 8 = 0°;
(b) =180°
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Fig. 7 Variation of the mean vertical displacement with the
number of rows (a = 10°, U=52.8 m/s). (a) #=0°; (b) 6 =
180°

crease by 23%, 41%, and 58% for the side span and by
18%, 35%, and 50% for the middle span. The Z _ values
for the side span and middle span are similar, and the
shielding effect of the front row on the rear row is also
similar. For a wind direction angle of 180°, compared to
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the Z, value of the first row in the windward row, the
subsequent rows decrease by 16%, 30%, and 43% for
the side span and by 6%, 11%, and 17% for the middle
span. The mean displacement of the first row in the wind-
ward direction of the side span is significantly greater
than that of the middle span, but the shielding effect in
the side span is stronger than that in the middle span, re-
sulting in nearly identical Z  values for the leeward rows
of both spans.

From the RMS vertical displacement values of the PV
modules, it can be observed that, as the wind speed in-
creases, the vertical displacement fluctuation values of
the PV modules also increase gradually, and there is no
flutter phenomenon in the test wind speed range. Liu et
al. "'/ have experimentally evaluated the effectiveness of
different types of horizontal linkers in increasing the criti-
cal wind speed for structural flutter, and the results
showed that the use of horizontal linkers can significantly
increase the critical wind speed compared with the non-
use of horizontal linkers. This indicates that the horizon-
tal linkers in this study are effective in preventing the flut-
ter instability of PV modules under strong wind condi-
tions. Additionally, in the downwind direction, the Z_
values for the side span and middle span are similar,
whereas in the upwind direction, the Z__ values for the
side span are significantly larger than that for the middle
span, which is the same as the mean vertical displace-
ment response. Therefore, special attention should be
paid to the wind-induced response of the PV modules in
the side spans of multispan PV array systems in the up-
wind direction.

2.2 Wind-induced vibration under different wind di-
rection angles

Existing studies have shown that the stability of flex-
ible PV support systems is relatively poor under wind di-
rection angles of 0° to 30°'*". Therefore, this study also
examines wind direction angles near the common adverse
wind direction angles. Fig. 8 shows the mean vertical dis-
placement of PV modules with a tilt angle of 10° and a
wind speed of 52. 8 m/s, as the wind direction angle var-
ies. At different wind direction angles, the most adverse
wind direction angles for spans A and B are still 0° and
180°. In the downwind direction, as the wind direction
angle increases, the mean vertical displacement of the
windward row in the middle span gradually becomes
larger than in the side span, but it is much smaller than
the mean vertical displacement in the upwind direction,
and the vibration amplitude of the PV modules in the side
span dominates in the upwind direction. Additionally, in
the upwind direction, the mean vertical displacement in
the middle span almost does not change with the wind di-
rection angle. In other cases, the mean vertical displace-
ment of the PV modules slightly decreases as the wind di-
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Fig. 8 Mean of vertical displacements (o =10°, U=52. 8 m/s)

rection angle deviates from the principal wind directions
(i.e., 0°and 180°).

Fig. 9 shows the vertical fluctuating displacement of
the PV modules as the wind direction angle varies. Com-
parative analysis reveals that the maximum displacement
fluctuation values in the first rows of the side and middle
spans occur at a wind direction angle of 30°, whereas
most of the other maximum displacement fluctuation val-
ues remain consistent with the wind direction angles of
0° and 180°. Considering both the mean and fluctuating
displacement values, attention should be paid to multiple
adverse wind direction angles, such as 0°, 30°, and
180°.
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Fig. 9 RMS of vertical displacements (a=10°, U=52.8m/s)

2.3 Wind-induced vibration under different PV
module tilt angles

Fig. 10 illustrates the mean and fluctuating vertical dis-
placements of the windward first row under different PV
module tilt angles and wind direction angles. S,, and
M represent the side and middle spans with a PV mod-
ule tilt angle of 10°, respectively. By varying the wind
direction angles from 0° to 30°, it can be found that this
range has little effect on the most adverse wind direction
angle. Under different PV module tilt angles, the verti-
cal displacement values of the side span are almost al-
ways greater than those of the middle span, particularly
in the upwind direction. The mean displacement in the
upwind direction is approximately twice that in the down-
wind direction; thus, the issue of wind-induced flipping
of PV modules in the upwind direction needs to be con-
sidered.
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Fig. 10 Vertical displacement of the windward first row (U =
52.8 m/s). (a) Mean of vertical displacements; (b) RMS of
vertical displacements

An analysis of the more significant wind-induced re-
sponse of the side spans reveals that when 6 = 0°, the
mean displacements are 1. 5% and 24. 8% larger at the
tilt angles of 20° and 30° than that at the tilt angle of 10°,
respectively. When 6 = 180°, the mean displacements
are 8. 1% and 1. 6% larger at the tilt angles of 20° and
30° than that at the tilt angle of 10°, respectively. This
indicates that changing the PV module tilt angle has a
greater impact on the wind-induced vibration characteris-
tics in the downwind direction and a smaller impact in
the upwind direction.

3 Conclusions

(1) The flexible PV support system with double-layer
cable systems can effectively control the wind-induced vi-
bration response of the structure itself under strong wind
conditions, preventing flutter. The maximum displace-
ment of the PV array occurs in the first row facing the
wind, and the upstream PV modules have a sheltering ef-
fect on the wind-induced response of the downstream PV
modules, which can reach up to 23%. The wind-resistant
design of the first row of such PV array structures should
be strengthened.

(2) The most unfavorable wind directions for the PV
array system are 0° and 180°. With the variation of wind
direction angle within the range of 30°, the change in the
system’ s wind-induced vibration response is not signifi-
cant. Considering both the mean displacement and the

fluctuation value, attention should be paid to the

wind-induced vibration response at a wind direction
angle of 30°.

(3) In the windward direction, there is little difference
in the mean displacement between the side span and the
middle span, whereas in the leeward direction, the dis-
placement of the side span is much larger than that of the
middle span. Special attention should be paid to the
wind-resistant design of the side spans in the leeward di-
rection.

(4) The tilt angle of the PV modules has little effect
on the most unfavorable wind direction angles for the sys-
tem. Changing the tilt angle of the PV modules has a
greater impact on the wind-induced vibration in the wind-
ward direction and a smaller impact on that in the lee-
ward direction.
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