










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.

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.

(a)

(b) 　 (c)

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

(a)

(b) 　 (c)

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.

(a)

(b) (c)

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.

(a)

(b) 　 (c)

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, long-period responses.
This finding is consistent with the conclusions drawn from
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

(a)

(b) 　 (c)

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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进水条件对浮式光伏膜结构水动力特性的影响

张浦阳　 张林洋　 熊粒超　 乐丛欢　 丁红岩

(天津大学水利工程智能建设与运维全国重点实验室, 天津 300072)

摘要:选择 Ocean Sun 公司开发的浮动光伏膜结构原型作为参考对象,设计并制作了 1∶ 40 比例的实验室模

型,旨在深入探讨流入条件对膜结构的水动力学特性的影响. 自由衰减测试结果显示,流入量对膜结构的垂

荡、纵摇和纵荡的固有频率几乎没有影响. 这表明在不同的流入条件下,膜结构的动态特性基本保持稳定.
进一步进行的规则波和不规则波水动力实验结果表明,相较于对照组,流入条件下的膜结构在垂荡、纵摇、
纵荡以及垂荡加速度运动方面的响应较为平缓,但系泊力较大. 特别是当波浪为不规则波时,流入条件对膜

结构的影响更加显著,可能导致结构的响应变化更加复杂. 因此,在实际的工程设计过程中,必须充分考虑

流入条件对膜结构行为的影响,并采取适当的工程措施来确保结构的安全性和稳定性.
关键词:浮式光伏;膜结构;水动力特性;入流条件
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