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Abstract: Converter valves are the core equipment of offshore wind power structures. However, they
are highly vulnerable to vibration under strong earthquakes, which will affect normal operation of
the offshore wind farm. Converter station is an axisymmetric structure with obvious asymmetry in
its internal configuration of the superstructure. This study aimed to analyze the dynamic response of
a supported converter valve in an offshore converter station under seismic excitation. The coupling
model of the supported valve tower group and the converter station were established, and the
distribution law of the valve tower dynamic response and foundation settlement were investigated.
The dynamic response effect of the modal truncation, valve tower stiffness, and basic size on different
areas and foundations of the valve towers were studied. The findings were as follows: (i) the effect
of local vibration of the valve tower should not be simplified by using equivalent mass and node
condensation; (ii) the structure—equipment coupling analysis method should be used to review
the structural design scheme of the offshore converter station in the intensity VII region; (iii) the
vertical higher-order modes should be considered during the vibration response calculation and its
participation ratio in mass should not be lower than 90%; (iv) the frequency range that minimizes
the vibration response is the characteristic frequency range of horizontal vibration, while the best
vibration suppression effect cannot be obtained in both the horizontal and vertical directions; and
(v) the stiffness of the valve tower itself should be adjusted and different stiffness designs of the valve
tower in different positions should be adopted to realize effective vibration response control.
Keywords: offshore wind farm; converter station; converter valve; coupling analysis;
dynamic response

1. Introduction

Offshore wind power is one of the fastest growing renewable energy sources. The
electrical energy produced by offshore wind farms is usually integrated into the state grid
using high-voltage alternating current (HVAC) or high-voltage direct current (HVDC) tech-
nology [1]. HVDC is an emerging technology applicable to offshore wind farms with large
capacities and at long distances from the coast. In addition, HVDC can improve power
system stability and electrical power quality and reduce transmission losses [2-7]. HVDC
technology for offshore wind farms requires the use of an offshore converter platform. The
converter platform and internal electrical equipment are the core facilities of offshore wind
farms. They should be reasonably designed to ensure operational safety, which is essential
to ensure safe and stable output of electrical energy from offshore wind farms. Converter
station is an axisymmetric structure from the appearance. However, the internal configura-
tion of the superstructure has significant vertical and horizontal asymmetry. This results in
the strong nonlinear response of the converter station structure under seismic load.
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The converter valve is the core element of a DC transmission project. There is much
research on converter valves focused on their electrical characteristics [8-10]. However,
the support (or suspension) structure has poor overall stiffness, resulting in high vibration
vulnerability under strong dynamic actions, such as earthquakes [11-13], which is obviously
different from the vibration response and vibration vulnerability of the wind turbine tower
or offshore jacket structure [14-17]. At present, existing research on the seismic performance
of converter valve towers has mainly been performed using onshore substations. Ekstrom
and Larder et al. [18,19] compared the structural features and anti-seismic performance
of supported and suspended valve towers. They believed that a suspended valve tower
could dramatically dampen the seismic action, although it underwent a large horizontal
displacement. Enblom et al. [20] applied the response spectrum method to the numerical
analysis of the valve tower structure. They recommended installing a damping device at
the top and bottom of the suspended valve tower to reduce seismic hazards. Lan et.al [21]
established simplified Finite element models of platform and converter valve and evaluated
the effect of platform mass and stiffness on dynamic responses of converter valve under
sea waves and earthquakes. In addition, the dynamic vibration absorber [22] or semi-active
on-off damping controller [23] can also achieve response reduction for the valve. In general,
existing studies on converter valve towers are mostly concerned with suspended valve
towers, especially in terms of the response features of a single valve tower under seismic
action. However, the sensitivity characteristics of the influencing factors of the seismic
response have rarely been studied for multiple supported converter valve towers.

At present, the structural dynamic response of offshore structure, such as converter
platforms, is mainly studied under adverse loads, including seismic action [24-26] and
extreme wind and wave conditions [27], with structural safety prioritized and also for
early warning [28]. The design methodology for electrical equipment on most offshore
platforms is inherited from that of onshore platforms [29]. However, the local flexibility
of the components has a significant impact on the natural frequency of vibration of the
equipment and appendages [30]. At present, the converter valves used at most offshore
converter platforms are of the vertical cantilever type, with their bottoms directly fixed
to the valve hall floor. Their stiffness characteristics are significantly different from those
of onshore valve towers directly fixed to the earth’s surface. Hence, dynamic response
analysis of the valve towers of offshore converter platforms under seismic action can fill
the research gaps in relevant fields.

In this study, the finite element model of the converter platform was first established for
validity, and the dynamic analysis of the coupled model for several supported valve towers
and the overall converter platform proved that the valve towers were non-ignorable. Then,
model analysis was analyzed to extract vibration mode and natural frequency. Meanwhile,
four inputs of earthquake ground-motion were chosen for simulating the dynamic response
of the offshore converter platform and the valve towers. Additionally, the influence of
different mode truncations, valve tower stiffnesses, and foundation dimensions on the
dynamic response of the valve towers located in different regions and their foundations was
further investigated. Finally, an optimized design for vibration control was proposed. The
findings provide a scientific basis for designing electrical equipment and the corresponding
structures in similar large-scale offshore substations.

2. Materials and Methods
2.1. Numerical Model

This study focused on the dynamic response of an offshore converter platform-valve
tower under the conditions of frequently occurring earthquakes. The transient response of
the structure was solved using the modal dynamic method. For any structural system, the
equilibrium equation for free vibration has the following form:

MX+KX =0, 1)
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where M and K are the mass and stiffness matrix of the structure, respectively, and X is the
nodal displacement vector. Offshore converter platforms usually have a complex structural
style. It is necessary to simplify the equation by reducing the degrees of freedom. That
is, the master degree of freedom r preserved for the node needs to be separated from the
condensed, subordinate degree of freedom s. Equation (1) can thus be rewritten as

Krr Krs:| |:Xr:| |:0:|
+ = 2
[Ksr Keol [X] = [0 @)
For any jth order mode, X; is expressed in terms of X; and introduced into Equation

(1) to obtain:
I
2 —
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where the matrix D = — (KSS - AJZMSS) (Ksr — A]Z»Msr) ; I is the identity matrix of the rth
order, and A; is the undamped natural frequency of the jth order, solved by the determinan-

(=)

At moment t, when an external load is present in the time domain, for any jth order
mode of the structure, Equation (4) holds true:
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where g; is the generalized coordinate of the jth order vibration mode and ¢&; is the critical
damping ratio. In the seismic analysis, the critical damping ratio was set to 5% for each
order of vibration. The mass for the jth order mode was m; = p]-TMp]-, where p; is the

dimensionless mode shape of the rth order f;, = p]-TPb, and P, is the action force driven by
earthquake ground motion at the base of the structure. The earthquake ground motion is
characterized by the acceleration time history a(t); thus,

Pb ff Kﬂ,a( ) (5)

where K¢ and Ky, are the submatrices of the stiffness matrix K. Subscripts f and b refer to
the degrees of freedom of the non-base and base nodes, respectively.

Duhamel’s integral was applied to Equation (4) to calculate g; for each order. Next, the
modes of the first N orders are superimposed according to Equation (6). The displacement
response Q(f) of the structure is obtained as follows:

=y Pr‘1r ), ©6)

2.2. Experimental Validation

A physical model experiment was conducted to verify the numerical model of the
offshore converter platform project. The model parameters were calculated based on the
similarity law for elasticity with a geometric scale of 1:60. The physical model is shown
in the left image and the numerical model was built using SACS 15.0 (Bentley Systems,
Incorporated, LA, USA) in the right image in Figure 1.
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Figure 1. A physical and finite element model of the offshore converter platform: (a) Physical model;
(b) Finite element model.

A specific acceleration of the seismic waves was chosen as the input for the experiment,
which was API spectrum seismic wave with an acceleration peak value of 0.25 g. Thus, the
acceleration response of measurement point J11 was obtained. The calculated and measured
acceleration responses of this node in the time and frequency domains were compared in
Figure 2. Good agreement was observed between the numerical and experimental results.
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Figure 2. A comparison of the acceleration response of J11 in the time and frequency domains: (a)
Time domain; (b) Frequency domain.

2.3. Evaluation of Valve Tower Effect

A typical valve tower structure used in offshore converter platforms and its finite
element model were shown in Figure 3. Lower-order translational motion was the dominant
natural vibration of the structure. Therefore, each valve tower was simplified into a
cantilever beam with a single mass point at the end. The size and elastic modulus of the
beam member were determined based on the similarity scale of the frequency.
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Figure 3. The valve tower and its finite element model: (a) Valve tower; (b) Finite element model of
the valve tower.

An overall model of the offshore converter platform was built to analyze the coupling
relationship between the converter platform structure and the valve towers. Node J4 in
the platform jacket and node J11 in the upper component were chosen for observation
to exclude the influence of the detailed model of the valve tower itself on the vibration
features. As shown, the acceleration responses of the overall structure with and without
the valve tower were in agreement (see Figure 4). This indicates that the detailed modeling
of the valve tower had little impact on the overall structure.
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Figure 4. A comparison of the acceleration responses: (a) Node J4; (b) Node J11.

The acceleration response of base node 1037 in the valve tower in the Y- and Z-
directions is shown in Figure 5. The vibration features of the valve tower were found to
have a significant impact on the acceleration response of the base node of the valve in the
Z-direction. Therefore, neglecting the vibration features of the valve tower itself directly
resulted in the deviation of the local vibration response solved, thus would misguide
engineers in real-world engineering design.
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Figure 5. A comparison of the acceleration responses of the base node in valve tower: (a) Y-direction;
(b) Z-direction.

3. Results
3.1. Model and Modality

An equivalent valve tower model was incorporated into the overall model shown in
Figure 6 (using SACS 15.0). The section above the supporting insulators of the valve tower
was equivalent to two points of concentrated mass (one layer in the plane frame and the
other in the central position). Except for the center of weight and gravity, the simplified
model of the valve tower is consistent with the master frequencies of translational motion
in two directions when the valve tower was completely immobilized on the floor. The
action points of the concentrated mass in the valve tower and the corresponding nodes
in the foundation were not condensed to account for the vibration features of the valve
tower itself. The accumulated mass participation ratio for the first 100 orders of the overall
structure is shown in Figure 7.

Figure 6. A finite element model of the converter.

The first- and second-order modes of vibration of the offshore converter platform
were translational motion in the X- and Y-directions, respectively. These two vibration
modes were dominant, and their accumulated mass participation ratios were 92% and
89%, respectively. The frequencies of the corresponding modes were 0.52 Hz and 0.66 Hz,
respectively. However, in the Z-direction, the accumulated participation ratio in mass did
not reach 90% before the 82nd order.
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Figure 7. The accumulated participation ratio in mass of the offshore converter platform for the
vibration modes of the first 100 orders.

3.2. Inputs for Time-History and Response

The four inputs of earthquake ground-motion time-history were real records of earth-
quake ground-motion acceleration that were statistically consistent with the China Clas-
sification Society (CCS) response seismic spectrum for the project site. The peak was
adjusted to 55 gal (0.056 g) according to the ground-motion intensity of frequently occur-
ring earthquakes, as shown in Figure 8. In the three principal directions of the structure,
the ground-motion intensity was assigned at a ratio of 1:1:0.5. One hundred modes were
truncated for the calculation to improve the precision. The damping ratio of the structure
was set to 5%.
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Figure 8. A comparison of the four inputs of earthquake ground-motion and their spectral features

(a)

versus CCS spectra: (a) Earthquake ground-motion inputs; (b) Spectral features versus CCS spectra.

The calculation with ground-motion input #1 was taken as an example. The peak
acceleration responses in the valve tower foundation are shown in Figure 9. In the X-
direction, the peak acceleration response of the valve tower foundation stabilized at 0.05-
0.07 g. In the Y-direction, the peak acceleration response stabilized at 0.05 g, which is
comparable to the peak input (0.056 g). In the Z-direction, the peak acceleration response
gradually increased from 0.08 g on the margin of the valve hall to 0.19 g at the center. A
dynamic magnification coefficient of nearly 7 was present at the center compared to the
peak input (0.056 g/2). The peak acceleration responses of valve tower 2B2 and 2B3 in the
X-, Y-, and Z-directions are shown in Table 1.
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Figure 9. The peak acceleration response of the foundation and the center of gravity of the valve
tower under earthquake ground motion #1: (a) X-direction; (b) Y-direction; (c) Z-direction.

Table 1. The peak acceleration responses under different earthquake ground-motion inputs.

Acceleration Response (g)

Measuring Point Earthquake Ground Motion

X Y Z
#1 0.05 0.05 0.19
#2 0.05 0.07 0.16
Center of foundation of valve tower 2B2 #3 0.05 0.06 0.15
#4 0.05 0.07 0.16
Average 0.05 0.06 0.17
#1 0.26 0.10 0.17
#2 0.21 0.12 0.16
Center of gravity of valve tower 2B3 #3 0.22 0.11 0.15
#4 0.17 0.13 0.16
Average 0.22 0.12 0.16

The aforementioned analysis showed that the dynamic response of the valve tower
and its foundation in the valve hall of the offshore converter platform varied. The dynamic
response features also varied in different directions. The maximum response to horizontal
and vertical vibration occurred at central node V108 (top of valve tower 2B3) and V088 (top
of valve tower 2B2), respectively.

Furthermore, the most adverse load action on the valve tower is the relative subsidence
of the foundation nodes. This load action was explored by comparing the peak difference
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in vertical displacement between two adjacent nodes among a total of 20 nodes in each
group of the valve tower, as shown in Figure 10. The results showed that the maximum
relative subsidence was 1.3%o in the X-direction and 0.9%. in the Y-direction. This finding
implies that it is necessary to improve the structural strength of the valve tower itself or the
foundation stiffness under deadweight working conditions (e.g., the relative subsidence
of the foundation is required to be lower than 1%.—2%.) when applying conventional
performance requirements (e.g., the relative subsidence of the foundation is required to be
lower than 2%0—3%o.) for the onshore valve tower to the offshore converter platform.

gagiEEy
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Figure 10. The peak difference in vertical displacement at adjacent nodes in the foundation of the
valve tower under earthquake ground motion #1: (a) X-direction; (b) Z-direction.

4. Discussion
4.1. Mode Truncation Analysis

According to the basic rationale in Section 2.1, the structural response was the result
of the modal superposition of different orders. The influence of the number of truncated
modes N on the calculation results needs to be estimated first [31]. Under input ground
motion #1, N was set to 3, 21, 26, 35, 39, 50, and 82 according to Figure 7, showing that
the order of modes makes a significant contribution. The representative positions for
observation were nodes in the central foundation of the typical valve towers 2B2 and
2B3 (Nos. F088 and F109), and the nodes at the top (Nos. V088 and V108). Next, the
sensitivity was analyzed using the peak acceleration responses in the X- and Z-directions
as the evaluation indicators (see Table 2).

Table 2. The sensitivity of the peak acceleration response (g) to the order of the truncated modes in
the X-direction.

N
Node No.

3 21 26 35 50 82 100
F088 0.05 0.05 0.05 0.05 0.05 0.05 0.05
F108 0.05 0.05 0.05 0.05 0.05 0.06 0.06

X-direction
V088 0.06 0.06 0.07 0.07 0.07 0.07 0.07
V108 0.06 0.06 0.12 0.20 0.26 0.26 0.26
F088 0.02 0.02 0.06 0.12 0.18 0.19 0.19
F108 0.02 0.02 0.04 0.09 0.16 0.17 0.17

Z-direction
V088 0.02 0.02 0.06 0.12 0.19 0.20 0.19
V108 0.02 0.02 0.04 0.09 0.17 0.17 0.17

In theory, the greater the value of N, the closer it is to the true solution. As for the hori-
zontal motion of the nodes on the valve hall floor, the first-order mode was overwhelmingly
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dominant. It was less affected by the higher-order modes. However, the vertical vibration
response in the upper and lower parts of the valve tower increased dramatically as the
higher-order modes in the vertical direction were considered. In addition, the horizontal
vibration response of the upper and lower parts of the noncentral valve tower (2B3) was
magnified by more than 50%. These results indicate that the horizontal components of
the higher-order vertical modes of vibration at the margin of the valve hall were also
non-negligible.

4.2. Stiffness of the Valve Tower

While ensuring that sufficient truncated modes were present for the calculation (N
= 100), the influence of the valve tower stiffness on the calculation results was further
explored. Different from the study of Giinay and Mosalam on the influence of support
structure stiffness on the seismic response of insulator posts [32], this paper carries out a
sensitivity analysis on the stiffness of the whole valve tower. Table 3 shows the first-order
natural frequency (X-direction) of the valve tower when the elastic modulus changes. The
floor response spectra are plotted on this basis, as shown in Figure 11. When the valve
stiffness could be appropriately improved based on the existing engineering design such
that the first-order natural frequency fell within the interval (2.0 Hz, 5.0 Hz), the acceleration
response at each site and in each direction could be controlled within 0.2 g.

Table 3. The sensitivity of the peak acceleration response (g) to the stiffness of the valve tower.

Parameter Value
Modulus of elasticity 0.25E 0.50E 1.0E 4.0E 9.0E 16E 25E 50E 100E
First-order frequency (Hz) 0.53 0.74 1.04 2.05 3.03 3.97 4.87 6.59 8.68
F088 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06
F108 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
X-direction
V088 0.08 0.07 0.07 0.17 0.08 0.12 0.10 0.07 0.07
V108 0.10 0.16 0.26 0.20 0.19 0.17 0.14 0.17 0.14
F088 0.26 0.23 0.19 0.18 0.14 0.12 0.17 0.23 0.23
F108 0.22 0.22 0.17 0.16 0.10 0.09 0.13 0.16 0.18
Z-direction
V088 0.32 0.26 0.19 0.18 0.14 0.12 0.17 0.23 0.23
V108 0.26 0.24 0.17 0.17 0.10 0.09 0.13 0.16 0.18
—— 2B2-X direction on ground of valve hall
—®— 2B3-X direction on ground of valve tower
—A— 2B2-X direction on center of gravity of valve tower
0.35 7 —Ww— 2B3-X direction on center of gravity of valve tower
2B2-Z direction on ground of valve hall
2B3-Z direction on ground of valve hall >
0.30 4 —»— 2B2-Z direction on center of gravity of valve tower
o0 ] —@— 2B3-Z direction on center of gravity of valve tower
[}
g 0.25 -
=]
& »r ;
8 ;
= 0.20 X
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= / )
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Q /” \
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Figure 11. The floor response spectra of the valve tower at different positions.
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The findings showed that (i) the stiffness and natural vibration features of the valve
tower itself barely influenced the horizontal vibration of the valve hall floor. The presence
of the valve tower made little contribution to the horizontal stiffness of the main converter
platform. (ii) The horizontal vibration response for the center of gravity of the valve tower
was related to the stiffness of itself. The peak acceleration response first increased and
then decreased with an increase in the natural frequency of the valve tower. An analogy
was made between the variation trend of the peak acceleration response and the response
spectrum of the dynamic magnification coefficient, as shown in Figure 8. (iii) As long as the
valve tower stiffness was not too small, the valve tower could be approximated as a rigid
body in the vertical direction. The peak responses of the floor and the center of gravity
were consistent. (iv) The stiffness and natural vibration features of the valve tower had a
significant impact on the vertical vibration response of the valve hall. However, unlike the
features of the horizontal vibration response, the peak acceleration response in the vertical
direction first decreased and then increased with an increase in the stiffness of the valve
tower. The most favorable frequency probably fell within the interval of the characteristic
frequency of the horizontal vibration response. Therefore, it was theoretically impossible
to achieve optimal vibration suppression in two directions simultaneously.

4.3. Foundation Dimension

The analysis in Section 4.2 showed that the natural vibration features of the valve
tower itself had a significant impact on the dynamic response of the overall converter
platform. However, according to engineering practices, the valve tower stiffness can only
be adjusted within a limited range owing to the limitations of the system function and
process conditions. Moreover, adopting different stiffness designs for valve towers at
different positions is not economically feasible. The stiffness of the platform can also
change the dynamic responses of the valve towers [21,33]. So, one solution is to adaptively
design the beam member in the valve tower foundation to achieve the best anti-seismic
performance.

In the original design scheme, the main support beams in the transverse (X-direction)
foundation below the valve towers 2B2 and 2B3 located in the middle of the valve hall
were welded steel H sections measuring 120 cm in height and 40 cm in width. The welded
steel H section is a commonly used steel beam in engineering practice. Support beams of
foundations of different sizes were tested. The results for sensitivity analysis are presented
in Table 4. B300 x 100 in the table refers to the double-web box beams, measuring 300 cm
in height and 100 cm in width.

Table 4. The sensitivity of the peak acceleration response (g) to the stiffness of the valve tower.

Parameter Value
Dimension of the foundation steel H120 x 40 H150 x 50 H180 x 60 H220 x 80 H250 x 90 B300 x 100

F088 0.05 0.05 0.05 0.05 0.05 0.05

. . F108 0.06 0.05 0.06 0.06 0.06 0.05
X-direction

V088 0.07 0.08 0.08 0.07 0.07 0.09

V108 0.26 0.24 0.23 0.22 0.21 0.19

F088 0.19 0.20 0.21 0.21 0.21 0.20

. X F108 0.17 0.17 0.18 0.18 0.18 0.17
Z-direction

V088 0.19 0.21 0.22 0.22 0.22 0.21

V108 0.17 0.18 0.19 0.19 0.19 0.18

The calculation results were compared and analyzed, and the following conclusions
were drawn: (i) The horizontal vibration of the nodes on the valve hall floor was unaffected
by the varying sizes of the foundation beam, and the peak response barely changed. (ii) As
the size of the foundation beam increased (i.e., the stiffness of the valve hall floor increased),
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the peak response of the center of gravity of the marginal valve tower in the horizontal
direction gradually decreased. The peak response of the center of gravity of the central
valve tower in the horizontal direction barely changed. (iii) The vertical vibration of the
valve tower foundation and the center of gravity was insensitive to the changing stiffness
of the valve hall floor. The peak response changed very slightly. In general, within the
allowable range of parameter values, the dimensions of the foundation support beam had
less impact on the vibration response than the stiffness of the valve tower itself.

4.4. Summary and Optimization

The influence patterns of the three sensitivity factors in this section are summarized in
Table 5. Thus, the original design scheme was optimized as follows, considering economic
efficiency and feasibility. The valve tower stiffness was improved so that the first-order
natural frequency increased from 1.0 to 2.0 Hz. The dimensions of the transverse foundation
beam at the center of the valve hall on the north and south sides increased from H120 x 40
to H150 x 50. The peak acceleration response in the three directions at each node in the
valve tower foundation was calculated under ground-motion input #1 (shown in Figure 12).
Comparing Figure 9 with Figure 12 showed that the peak acceleration response at each key
position, including the valve tower foundation and the center of gravity, did not exceed
0.2 g in any direction. A dramatic reduction occurred in comparison to the original design.
This result shows that an appropriate design of the parameters of the valve tower and
its foundation effectively controlled the vibration of the core equipment in the offshore
converter platform. More importantly, this improvement did not dramatically increase the
weight of the main structure or the equipment cost.

Table 5. The sensitivity of the peak acceleration response (g) to the stiffness of the valve tower.

Dimension of the Foundation

. Truncated Mode N Stiffness of the Valve Tower E
Response/Sensitivity Factor Steel D
Sensitivity Trend Sensitivity Trend Sensitivity Trend
Foundation of Horizontal Weak - Weak - Weak -
the central valve . Positively Trending to a
tower Vertical Strong correlated Strong minimum Weak -
Foundation of Horizontal Weak - Weak - Weak -
the marginal . Positively Trending to a
valve tower Vertical Strong correlated Strong minimum Weak -
. Trending to a
Center of gravity Horizontal Weal ) Weak maximum Weak )
of the central Positivel Trending &
valve tower Vertical Strong OSIEVEy Strong rending rod Weak -
correlated minimum
. Positively Trending to a Negatively
Center of gravity Horizontal Strong correlated Strong maximum Strong correlated
of the marginal Positivel Trondine
valve tower Vertical Strong ostEvey Strong rending toa Weak -
correlated minimum

The results of this study are mainly dependent on the structural characteristics of
electrical platform and valve tower as well as the external seismic excitation. The structure
design is in good conformity with international standards. In addition, the API (American
Petroleum Institute) spectrum seismic waves used in this study are widely applicable.
Therefore, the application of the present results is not limited to specific countries and
regions but has good universality.

Due to the heavy superstructure of the electrical platform, the dynamic response of
the structure will produce a significant whipping effect [34,35]; that is, with the increase
of elevation, the amplitude of the acceleration response of the structure tends to increase.
Considering the whipping effect, it is suggested that during the layout design of the
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electrical equipment, the valve tower should be arranged on the bottom deck of the platform
to reduce the influence of external excitation on the electrical equipment.
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(c)

Figure 12. The peak acceleration response of the nodes in the foundation of the valve tower under
earthquake ground-motion #1 input after optimization: (a) X-direction; (b) Y-direction; (c) Z-direction.

5. Conclusions

In this study, a coupling model of the supported valve towers and the converter
platform was established using finite element method. The dynamic response of the
coupling model was analyzed under seismic excitation. Valve towers in offshore converter
platforms are an integral part of valve halls and the overall structure, and the influence of
the local vibration of the valve towers should not be simplified by using equivalent mass
and node condensation. The coupling analysis should be particularly used to review the
structural design scheme of the offshore converter station in the intensity VII region. For
achieving reasonable calculations, the vertical higher-order modes should be considered
during the vibration response calculation of offshore converter platforms (the participation
ratio in mass should not be less than 90%). Additionally, the horizontal vibration response
between the valve hall and valve towers of the offshore converter platform is similar to that
of an ordinary single-degree-of-freedom system, while the vertical vibrations are integrated.
Specifically, the vertical vibration response between the valve hall and valve towers is
jointly controlled by multiple orders of vibration modes of the valve hall. A structure
that is too rigid or too flexible is unfavorable. The structure-equipment coupling analysis
allows for the estimation of a more reasonable frequency interval to minimize the vibration
response. Moreover, the stiffness of the valve tower of the offshore converter station itself
and that of the foundation jointly determine the peak vibration response. The matched
design of the two can effectively suppress the vibration response. It is preferable to adjust
the stiffness of the valve tower and apply different stiffness design at different positions
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for vibration response control. Future research will focus on the physical model test of the
dynamic characteristics of the integrated structure of an offshore electrical platform and
its internal electrical equipment. Besides the seismic load, the effects of extreme wave and
collision load during float-over installation on the dynamic response of the structure will
be considered.
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