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Abstract: The floating photovoltaic membrane prototype
developed by Ocean Sun was selected as a reference object,
and a 1:40 scale laboratory model was designed and produced
to further explore the impact of inflow conditions on the
hydrodynamic properties of the membrane structure. By
conducting free attenuation tests,
inflow has only a slight effect on the natural frequencies of the
heave, pitch, and surge of the membrane structure. This
finding shows that the dynamic properties of the membrane
structure remain essentially stable under different inflow
conditions. The results of further regular and irregular wave
hydrodynamic experiments show that,
control group, the response of the membrane structure under
inflow conditions in terms of heave, pitch, surge, and heave
acceleration motions is relatively gentle, whereas the response
of the membrane structure to the mooring force is strong.
Especially when the waves are irregular, the inflow conditions
have a more significant impact on the membrane structure,
which may lead to more complex response changes in the
structure. Therefore, in the actual engineering design process,
the impact of inflow conditions on the behavior of the
membrane structure must be fully considered, and appropriate
engineering measures must be taken to ensure the safety and
stability of the structure.
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A s China promises to peak carbon dioxide emissions
in 2030 and strives to achieve carbon neutrality by
2060, from
building structures has become a new trend in green de-
velopment'"' .
environmental problems and the increasing demand for
and awareness of renewable energy, photovoltaic power
generation has become one of the fastest-growing clean
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effectively controlling carbon emissions

Because of the increasingly serious global
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(FPV) systems have emerged as a promising frontier in
the realm of renewable energy™ ™.

A large number of countries have enacted policies
aimed at incentivizing and supporting the development of
FPV systems. Moreover, as technology continues to
mature and costs gradually decrease, there has been a
global surge in large-scale investments in FPV construc-
tion”'. Several notable high-capacity FPV projects in re-
cent years include the 60 MWp FPV installed at the West-
ern Reservoir in Singapore'”’; 41 MWp FPV at the
Hapcheon Dam in South Korea''; 320 MWp FPV project
at the Dezhou Reservoir in Shandong, China"'; 45 MWp
FPV at the Sirindhorn Dam in Thailand™; 13.7 MWp
FPV at the Yamakura Dam in Japan''"; 4.8 MWp FPV
at the Healdsburg Wastewater Treatment Plant in Califor-
nia, USA""; 41.1 MWp FPV in Groningen, the Nether-
lands'”'; 5 MWp FPV at the Alqueva Hydroelectric Pow-
er Station in Portugal'™; and 0.5 MWp FPV at the South
No. 3 Offshore Wind Farm on the Shandong Peninsula in
China'"'. The implementation of these FPV projects will
not only expand the construction experience but also drive
technological development'”'.

Within the realm of FPV projects, the application of
membrane structures as novel floating structures is garne-
ring increasing attention. The membrane design boasts
exceptional hydrodynamic stability, superior economic
performance, and heightened power generation efficiency
because of the cooling effect. Kjeldstad et al. "' analyzed
the performance and quantified the cooling effect of the
FPV membrane technology and determined that the mem-
brane resting on the water body exhibits a 5% -7% higher
yield on average than that cooled by air. An example of
this innovative approach is evident in the collaboration be-
tween Ocean Sun and Statkraft, marked by an agreement
to construct four PV floaters at the Banja Hydropower
Plant in Albania!"”’. This pioneering venture highlights
the efficiency and viability of membrane structures in the
challenging and dynamic environment of water-based so-
lar installations and is poised to exemplify the potential of
membrane technology in the FPV landscape.

Despite the growing prominence of membrane struc-
tures for their flexibility, cost-effectiveness, and adapta-
bility to varying water environments, they are not without
flaws. Among these, encountering high waves is consid-
ered one of the most serious challenges in the marine en-
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vironment as it can lead to structural inundation (inflow),
which may result in the failure of structural components,
thereby diminishing power generation efficiency. In addi-
tion, it could impact the hydrodynamic performance of
the structure, posing potential risks. Therefore, consider-
ing the occurrence of inflow, an unconventional condition
is crucial for maintaining the safe operation of the struc-
ture.

This academic endeavor aims to unravel the hydrody-
namic intricacies inherent in FPV membrane structures
under inflow conditions. By delving into the dynamics of
water body interactions and the impact of inflow on float-
ing membrane structures, we seek to contribute valuable
insights into the growing body of knowledge in renewable
energy research.

1 Experimental Methodology

1.1 Laboratory-scale model

Referring to the prototype structure of Ocean Sun, a
1:40 scale model was designed and fabricated for the la-
boratory tests (see Fig. 1). After the calculations, the
characteristic diameter of the model is 1. 25 m, and the
total mass is 4.9 kg. The model mainly consists of three
parts: floating rings, membranes, and fasteners. In addi-
tion, connecting ropes are used to link the floating rings
and membrane. The buoyancy of the structure is provided

jointly by the floating rings and membrane'"™' .

(b)

Fig.1 Laboratory-scale model. (a) Model top view; (b) Model
border details

The membrane is composed of two parts, namely, hor-
izontal multilayer films and disk-shaped ring films. The
horizontal multilayer film has a diameter of 1.1 m and a
thickness of 2 mm and comprises at least three layers.
This study simplifies it into upper-layer polyethylene
(PE) material film, middle-layer foam bubble film, and
lower-layer PE material film to ensure structural flexibil-
ity. The disk-shaped ring film is similar to a disk-shaped
PE film with a slightly inclined side. The bottom diame-
ter is 1. 10 m, and the top diameter is 1. 15 m. The disk-
shaped ring film has a certain degree of hardness to main-
tain the shape of the structure. An industrial adhesive is
used to connect the horizontal multilayer film and the
disk-shaped ring film to ensure that the structure is water-
proof.

The floating ring consists of three structures, namely,

inner, outer, and top rings. Table 1 lists the relevant di-
mensional parameters of the floating rings. The center of
the bottom membrane and the bottom floating ring are set
at the same height, designated as 0. The outer ring is the
outermost ring with the largest diameter, responsible for
bearing the primary wave loads. The inner ring is located
below the inner circle and, together with the outer ring,
provides buoyancy for the structure. The top ring is the
uppermost ring in the inner circle. These rings are all
connected to the membrane via the connecting ropes.

Table 1 Dimensional parameters of the floating ring

. Cross- Cross- . .
Floating . . Height/ Diameter/ Length/
. sectional sectional
ring R . cm m m
diameter/mm thickness/mm

Inner ring 20 2 0 1.2 3.77
Outer ring 16 2 0 1.3 4.10
Top ring 10 2 5 1.2 3.77

The fasteners are made of 3D-printed PE plastic and are
utilized to fix the three floating rings. The scaled model
uses only 24 fasteners for connection, ensuring structural
stability and integrity while meeting the similarity criteri-
on. Table 2 provides the material parameters for each
component. Specifically, the horizontal film is made of
high-density PE, and the ring-shaped film is made of
low-density PE.

Table 2 Material parameters of the components
Shear

Young’s

Density/ Thickness/ Poisson’s

Components (g-cm™) mm modulus/ modulus/ ratio
GPa GPa
Floating ring 1.1 2 0.36 0.24 0.25
Fastener 2.3 10 1.07 0.37 0.41
Disk-shaped film 0.7 1.5 0.13 0.05 0.38
Horizontal film 0.5 2

The mooring system employs four anchor points loca-
ted at the front, rear, left, and right of the model. Each
anchor point is connected to the edge of the structure by
an anchor chain in a catenary state. The specifications of
the mooring chain are a length of 2.1 m, a diameter of 2
mm, a mass of 0.04 kg, and a minimum breaking force
of 2.25 kN.

1.2 Test introduction

The tests in this study were conducted at the State Key
Laboratory of Hydraulic Engineering Simulation and Safe-
ty at Tianjin University (see Fig.2). The site consists of
a water tank, wave generator, model, wave absorbers,
brackets, equipment, and instruments. In the test, seven
wave generators were arranged side by side to meet the
wave generation requirements. The model was positioned
in the middle of the wave generators to prevent the inter-
ference caused by wave spreading. The wave absorbers
were placed on the other side of the water tank to elimi-
nate the interference waves generated by the reflection of
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waves hitting the walls. The brackets were used to secure
the sensors; their wiring was made from thin-diameter
iron rods to avoid interference with the experiment. The
monitoring station was located on the shore next to the
water tank to observe the experimental phenomena and re-
cord the data collected by the sensors during the experi-
ment.

Wave absorbers

Wave direction

Wave-making machines

(¢)
Fig.2 Laboratory-scale model tests. (a) Laboratory of hydraulic
engineering simulation; (b) Scale model test; (c) Layout sketch of the
test site

The measurement devices used in the experiment in-
clude the high-precision aviation gyroscope, three-wire
voltage output laser displacement sensors, voltage-based
tension load cell, and digital wave height measurement
instrument ( see Fig.3). A gyroscope was employed in
the experiment, placed horizontally facing the wave
generator direction with its positive side. Because of the
symmetry of the structure, this study focuses on the pitch

Fig.3 Measurement instruments employed in the tests. (a)
Gyroscope; (b) Tension load cell; (¢) Wave height gauge; (d) Laser
displacement sensor; (e) Data acquisition system

and heave acceleration motions of the model. Four ten-
sion load cells were used to measure the tension in each
of the four mooring cables. Wave height gauges were
used to measure the amplitude and period of the waves.
The data from these gauges were analyzed, and more reli-
able data were selected for further study. Upon valida-
tion, the collected wave height data can be deemed relia-
ble if it adheres to a normal distribution pattern. Two la-
ser displacement sensors, with a sampling interval of
1 ms, were used to measure the surging and heaving of
the model. The data acquisition system used was the sig-
nal measurement and control equipment, capable of sim-
ultaneously recording data from four load cells and two
laser displacement sensors.

2 Free Damping Tests

2.1 Experimental procedures

In this study, free decay tests for heaving, surging,
and pitching of the floating membrane structure were con-
ducted in still water, and time-history curves were plot-
ted. Through the Fourier transform, the curves of struc-
tural amplitude and phase changing with wave frequency
were obtained, which helps us understand the natural pe-
riod of the structure and its dynamic response during free
vibration.

Free decay tests were conducted separately for the in-
flow condition and control groups. The mass of the con-
trol group structure was the original model mass of 4.9
kg, whereas the inflow condition group added 2.5 kg of
water to the model. Before the test, a certain initial dis-
placement was first applied to the structure and then re-
leased to allow the structure to undergo periodic oscilla-
tory motion. The data with higher accuracy in the series
of test results were selected for subsequent analysis. Be-
cause the starting point of the manual control intervention
is more complicated, the obtained curve was scaled to en-
sure the uniformity and consistency of its starting point.

2.2 Results analysis

In the study of the free decay of heaving, a vertical
downward initial displacement of 5 cm was applied to the
structure, and the vertical displacement motion of the
structure was recorded after release. Because of the sig-
nificant buoyancy of the structure, the decay is rapid;
thus, the first 2 s of the decay curve were analyzed.

Fig. 4 shows that, under the vertical downward initial
displacement of 5 cm, the structure first rebounds upward
to approximately 3 cm beyond the equilibrium position
and then rapidly decays. The examination of the ampli-
tude-frequency curve revealed that the sole peak of the
curve is around x =1 Hz, indicating the inherent heave
period of the structure is approximately 1 s. The phase-
frequency curve showed significant differences in phase
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response near the natural period of the structure. Overall
observations indicate that the free decay curves for the in-
flow condition and control groups are highly similar. This
finding indicates that, with an increase in inflow, mini-
mal variation occurs in the inherent period of heaving.
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Fig.4 Free decay test curve of heaving. (a) Time-history curve;
(b) Amplitude-frequency curve; (c) Phase-frequency curve

In the study of the free decay of surging, a horizontal
initial displacement of 30 cm was applied to the model,
and the subsequent horizontal displacement motion of the
structure was recorded after release. Because the decay of
the surge motion is relatively slow, the first 30 s of the
decay curve were chosen for analysis.

Fig.5 shows that, under the horizontal initial displace-
ment of 30 cm, the structure first rebounds in the opposite
direction to approximately 12 cm beyond the equilibrium
position and then slowly decays. The examination of the
amplitude-frequency curve revealed that the unique peak
of the curve is around x =0. 067 Hz, indicating that the
inherent period of the surge motion is approximately 15 s.
The phase-frequency curve showed significant differences
in the phase response near the inherent period of the struc-
ture. Overall observations indicate that the free decay
curves for the inflow condition and control groups are
highly similar. This finding indicates that, with an in-
crease in inflow, minimal variation occurs in the inherent
period of surging. However, the peak amplitude of sur-
ging in the inflow condition group is slightly lower than
that in the control group because of the increased damping
effect of water on the structure, making the surge motion
more prone to decay compared with that of a lightweight
structure.

In the study of the free decay of pitching, an initial ro-
tation angle of 10° was applied to the model, and the
subsequent rotational motion of the structure was recorded

(b) (¢)

Fig.5 Free decay test curve of surging. (a) Time-history curve;
(b) Amplitude-frequency curve;(c) Phase-frequency curve

after release. Because the structure has significant buoyan-
cy, decay occurs relatively quickly; thus, the first 2.5 s
of the decay curve were chosen for analysis.

Fig. 6 shows that, with the 10° rotation, the structure
first rebounds in the opposite direction to approximately
9° beyond the equilibrium position and then gradually de-
cays, with the second peak and subsequent decay occur-
ring more rapidly. The amplitude-frequency curve re-
vealed that the unique peak of the curve is around x =
1.25 Hz, indicating that the inherent period of the pitch
motion is approximately 0. 8 s. The phase-frequency
curve showed significant differences in the phase response
near the inherent period of the structure. Overall observa-
tions indicate that the free decay curves for the inflow
condition and control groups are highly similar. This
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Fig. 6  Free decay test curve of pitching. (a) Time-history

curve; (b) Amplitude-frequency curve;(c) Phase-frequency curve
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finding indicates that, with an increase in inflow, mini-
mal variation occurs in the inherent period of pitching.

3 Results and Discussion
3.1 Experimental conditions

This section primarily investigates the influence of in-
flow issues on the time-domain response of the membrane
structure, conducting experiments with both regular and
irregular waves. The Airy spectrum is used for regular
waves, and the JONSWAP spectrum with a spectrum
peak factor of 3.3 is used for irregular waves. The dura-
tion of each test is 300 s. Among these, 20 s of stable
curves under regular wave conditions are selected for
analysis, whereas 60 s of valid data under irregular wave
conditions are chosen for analysis. The testing conditions
are listed in Table 3. The test was conducted using a con-
stant wave with a period of 1.5 s and a significant wave
height of 9.5 cm.

Table 3 Testing conditions

. Wave Wave Model Water
Conditions . .
period/s  height/cm mass/kg depth/m
Inflow condition group 1.5 9.5 7.4 1
Control group 1.5 9.5 4.9 1

3.2 Hydrodynamic analysis under regular wave con-
ditions

As shown in the figures, the time-history curves under
regular wave conditions exhibit a well-defined harmonic
waveform, indicating the reliability of the data.

Fig. 7 shows that the average peak value of heaving for
the control group is 43.9 mm, whereas that for the inflow
condition group is 36.3 mm, resulting in a difference of
7.6 mm. This phenomenon indicates that the heave re-
sponse of the inflow condition group under the specified
wave loading is smaller than that of the control group be-
cause the membrane structure is classified as a lightweight
structure, and the undulations with waves are more pro-
nounced in the absence of inflow. The inflow condition
group, with a larger total model mass, is less easily pro-
pelled by waves in the vertical direction.
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Fig.7 Time-history curve of heaving

Fig. 8 shows that the average peak value of pitching for
the control group is 4. 0°, whereas that for the inflow

condition group is 3. 8°, resulting in a difference of
0.2°. This phenomenon indicates that the pitch response
of the inflow condition group under the specified wave
loading is slightly smaller than that of the control group,
and the increase in model mass has a relatively small im-
pact on the structural pitch motion.
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Fig.8 Time-history curve of pitching

Fig. 9 shows that the curve undergoes reciprocal motion
near the 1g gravitational acceleration of Earth. The abso-
lute value of the acceleration generated during the weight-
less state of the model is greater than the acceleration gen-
erated during the overweight state of the model. There-
fore, analyzing the acceleration amplitude during the
weightless state is more meaningful. The peak amplitude
of heave acceleration for the control group is 1.0 m/s”,
whereas that for the inflow condition group is 0.8 m/s”,
resulting in a difference of 0.2 m/s’. This phenomenon
indicates that the heave acceleration of the inflow condi-
tion group under the specified wave loading is smaller
than that of the control group. This conclusion is consist-
ent with the aforementioned pattern, where the heave re-
sponse of the inflow condition group is smaller than that
of the control group.
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Fig.9 Time-history curve of heave acceleration

Fig. 10 shows that the average peak value of surging for
the control group is 16.2 mm, whereas the average peak
value of surging for the inflow condition group is 15. 4
mm, resulting in a difference of 0. 8 mm. This phenome-
non indicates that the surge response of the inflow condi-
tion group under the specified wave loading is smaller
than that of the control group because of the increase in
the total model mass caused by inflow, making the struc-
ture less easily propelled by waves. However, the influ-
ence of inflow conditions on the structural surge motion is
not prominent.
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Fig.10 Time-history curve of surging

The mooring cables have initial stress, and here, the
data are analyzed after linear zeroing. Fig. 11 shows that
the average peak value of the mooring force of the control
group is 0. 38 N, whereas that of the inflow condition
group is 0. 41 N, resulting in a difference of 0. 03 N.
This phenomenon indicates that the mooring force of the
inflow condition group under the specified wave loading
is greater than that of the control group because of the in-
crease in the total model mass, which requires a larger
mooring force to constrain the motion of the model.

0.6 B Inflow; O Control group

Z 04r

g 02t

W Of

£

5-02+

(=}

= 04+
p— 1 Il 1 1 ]
0.6 5 10 15 20

Time/s

Fig.11 Time-history curve of mooring force

3.3 Hydrodynamic analysis under irregular wave con-
ditions

The investigation of the motion response of the model
under irregular waves is of great importance for the analy-
sis of the structural hydrodynamic characteristics. When
assessing the heave, pitch, and surge acceleration respon-
ses, waveforms after a certain period of model motion
were selected for analysis to avoid insufficient wave ac-
tion, ensuring that the peak values on the time-history
curves approximately follow a normal distribution. When
analyzing surge and mooring force, given that the model
experiences substantial surge motions deviating from the
equilibrium position, the initial 10 s before significant
wave action was selected as the start time.

The analysis revealed that the time-history curve under
irregular wave conditions is time-ergodic, indicating that
the various responses of the model are well-behaved over
time. Because of the consistent operational mode of the
wave generator, the generated waveforms across all
groups exhibit uniform characteristics.

Fig. 12 shows that the power spectral density is concen-
trated at approximately 0. 67 Hz, corresponding to the ef-
fective wave period of 1.5 s. The power spectral density

in the inflow condition group is lower than that in the
control group, indicating that the heave response of the
inflow condition group is smaller than that of the control
group. Mathematical statistical analysis indicates that the
maximum peak values of heave in the inflow condition
group are smaller, i.e., an 11% reduction, than that in
the control group. The irregular wave situation follows
the same pattern as the regular wave discussed previous-
ly, further confirming the conclusions.
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Fig.12 Analysis of heave motion. (a) Time-history curve; (b)
Power spectral density; (c) Mathematical statistics

As shown in Fig. 13, the power spectral density of
pitching is relatively scattered, which is attributed to the
large sampling interval of the gyroscope, leading to lower
data accuracy in the Fourier transform. Mathematical sta-
tistical analysis indicates that the various parameters of the
pitch in the inflow condition group are smaller than those
in the control group, with the maximum peak values ex-
hibiting a decrease of 17% . Under irregular wave condi-
tions, the observed phenomena are consistent with the
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Fig. 13  Analysis of pitch motion. (a) Time-history curve; (b)
Power spectral density; (c) Mathematical statistics
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overall pattern discussed previously for regular waves but
with larger numerical differences. This finding indicates
that the increased total mass of the model has a more pro-
nounced inhibitory effect on pitch motion in random
waves.

Fig. 14 shows that the heave acceleration curve under
irregular wave conditions undergoes reciprocal motion
around the 1g gravitational acceleration of Earth. Mathe-
matical statistical analysis indicates that the various pa-
rameters of heave acceleration in the inflow condition
group are generally smaller than those in the control
group, with the maximum peak values exhibiting a reduc-
tion of 23% . This finding indicates that inflow conditions
have a reducing effect on heave acceleration, consistent
with the observed patterns of heave motion discussed pre-
viously. The observed patterns under irregular wave con-
ditions are generally consistent with those under regular
waves discussed previously but with larger numerical
differences. This finding indicates that the increased total
mass of the model has a more pronounced reducing effect
on heave acceleration in random waves.
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Fig.14 Analysis of heave acceleration. (a) Time-history curve;
(b) Power spectral density; (c) Mathematical statistics

Fig. 15 shows that the model not only undergoes short-
term surge responses in the time domain with the wave
frequency but also experiences a large-amplitude, long-
period surge motion that deviates significantly from the
equilibrium position. The surge power spectral density is
mainly concentrated at approximately 0. 067 Hz, corre-
sponding to the inherent surge period of 15 s in the struc-
ture. A small amount of power is also concentrated at ap-
proximately 0.67 Hz, corresponding to the 1.5-s wave pe-
riod. Mathematical statistical analysis indicates that the
surge parameters in the inflow condition group are signifi-
cantly smaller than those in the control group, with the
maximum peak values exhibiting a decrease of 28% . The
observed patterns under irregular wave conditions are con-
sistent with those under regular waves discussed previously.
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Fig.15 Analysis of surge motion. (a) Time-history curve; (b)
Power spectral density; (c) Mathematical statistics

As shown in Fig. 16, when the model is in equilibrium
at the rest position, the initial static mooring force borne
by the anchor chain is 7.9 N. The mooring force in the
model not only responds briefly to the wave frequency but
also exhibits large-amplitude,
This finding is consistent with the conclusions drawn from

long-period responses.

the surge motion discussed previously. The power spec-
tral density of the mooring force is mainly concentrated at
approximately 0. 067 Hz, corresponding to the inherent
surge period of 15 s in the structure. After subtracting the
initial mooring force from both sets of data obtained via
mathematical statistical analysis, various parameters of
the mooring force in the inflow condition group are sig-
nificantly larger than those in the control group. The
numerical relationship of the maximum peak value has in-
creased by 39% . This phenomenon is attributed to the in-
crease in the total mass of the model, which consequently
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Fig.16 Analysis of mooring force. (a) Time-history curve; (b)
Power spectral density; (c) Mathematical statistics
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renders the structure more challenging to constrain. In ad-
dition, this substantial augmentation is most pronounced
as a result of the superposition of motions occurring in va-
rious directions. The observed phenomena under irregular
wave conditions are consistent with the patterns observed
under regular wave conditions, further validating the con-
clusions obtained.

4 Conclusions

1) The free decay tests show that the inherent periods
of the structure for heave, surge, and pitch are approxi-
mately 1, 15, and 0. 8 s, respectively, with minimal in-
flow impact.

2) Under hydrodynamic forces, the inflow condition
and control groups exhibit similar motion patterns. How-
ever, the inflow condition group shows reduced heave,
surge, and pitch acceleration, indicating smaller motion
amplitudes than the control group.

3) Irregular waves cause both short-term surge respon-
ses and significant long-period deviations from equilibri-
um, affecting mooring force predictability. Under irregu-
lar wave conditions, the inflow has a significant impact
on mooring force and structural motion.

4) The influence of inflow on mooring force and each
motion of the structure is more significant under irregular
wave conditions than under regular wave conditions.
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