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ARTICLE INFO ABSTRACT
Keywords: In addition to wave energy harvesting, there is growing interest in integrating the wave energy converter (WEC)
Offshore floating platform into the offshore floating platform (OFP) for potential vibration control. However, due to the inherent dynamic
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coupling among the OFP, WEC, and ocean waves, it is still challenging for existing WEC-OFP combined structures
to maintain effective vibration control through structural parameter optimization under changing wave condi-
tions. To address this issue, this paper extends the energy conversion mechanism of built-in WEC to vibration
control to eliminate dynamic coupling induced by ocean waves on WECs. Based on this, a multiple electro-
magnetic damping adaptive synergy optimization method is proposed to meet the needs of vibration control
under different wave conditions. To illustrate this proposal, a detailed design is presented using a semi-
submersible floating platform synergizing multiple built-in WECs. A multi-degree-of-freedom mathematical
model including multiple physical domains is developed and validated. Subsequently, vibration control-oriented
multiple electromagnetic damping optimization is conducted, followed by performance analysis. Hardware-in-
the-loop experiments are also conducted to test the vibration control effectiveness of the proposed approach
under varying wave conditions. Results show that the proposed approach is particularly effective for varying
ocean wave conditions.

Nomenclature (continued)
® Wave frequency vi= Natural frequency ratio

Abbreviations 1,2,3) between the ith BIWEC and
OFP Offshore floating platform RAO Response amplitude SSp

operator H Wave height &= Damping ratio of the ith
WEC Wave energy converter MSL Mean sea level 1,2,3) BIWEC
SSp Semi-submersible floating COG Center of gravity my, Physical mass of BIWNEC G Heave vibration amplitude

platform of SSP

BIWEC Built-in WEC PMSG Permanent magnet kyi (i = Stiffness coefficients of the L Lead of the ball screw

synchronous generator 1,2,3) ith BIWEC
SSP- SSP synergy multiple PTO Power take-off cwii= Electromagnetic damping Wi PMSG’s mechanical angular

BIWEC BIWECs 1,2,3) of the ith BIWEC velocity
RTLAB Real Time Laboratory HIL Hardware in the loop D; Duty cycle of the ith L= Safe motion excursion for
Symbols BIWEC’s DC/DC converter 1,2,3) each BIWEC
my, Physical mass of SSP Q Excitation frequency ratio u Mass ratio between each Pa Overall output power of
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Fig. A2. The added mass of the SSP: (a) maaq,17, (b) Madd 33, (€) Madd 55, (d) Maaq 15 and (e) Maqq 24

5) For the retardation function:
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Fig. A3. The comparison of retardation function of the SSP: (a) Ky1, (b) K33, (¢) Kss, (d) K35 and (e) Koq4.
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6) For the hydrostatic stiffness: K3 = 3.635 x 10% kN/m, Kpq = 6.54 x
10° kNm/deg, Kps = 6.54 x 10° kNm/deg.
7) For the mooring line force:

Fumeo=[0 0 —1.607x10°N 0 0]" QD
4.118 x 10°N/m 0 0
0 4.118 x 10*°N/m 0
Kijne = 0 0 1.194 x 10°N/m
—2.816 x 10°Nm/m 0 0
0 0 0

1. Introduction

The ocean has abundant energy sources, including fossil fuels like oil
and gas, as well as renewable options such as wind, wave, and tidal
energy [1]. Over the past few decades, there has been significant
extraction of energy resources from near-shore areas. However, as
shallow water resources diminish and technology advances, offshore
energy extraction is progressively shifting towards deeper waters [2].
Offshore floating platforms (OFPs) serve as crucial infrastructure for
exploring and exploiting ocean resources in deeper waters. These plat-
forms can host various installations, such as wind turbines, oil and gas
drilling facilities, substations, wave energy converters (WECs), and so
on. They fulfill the escalating energy demands accompanying rapid
development and consequently attract considerable attention from
numerous coastal countries [3].

According to structural configuration mode, OFP can be classified
into three main types: semi-submersible floating platforms (SSP), spar
floating platforms, and tension leg floating platforms [4]. Among these
platforms, SSP is the most widely used in engineering due to its large
deck areas, strong payload capacity, and better adaptability to different
water depths [5]. However, in the deep sea, SSP still suffers from
excessive heave motion caused by extreme waves [6]. This excessive
heave motion not only leads to fatigue issues in major structural com-
ponents but also may result in platform overturning or sinking [7].
Therefore, it is necessary to reduce the vibration response of the SSP in
the heave direction to protect the equipment and ensure the safety of the
operation activities. It is a critical first step towards improving the
floating platform’s overall operability [8].

To mitigate the excessive heave vibrations of the SSP, many struc-
tural control methods in civil or marine engineering have been applied
and investigated. The structural vibration methods can be classified in
three main categories: passive, active, and semi-active controls [9].
Among these strategies, semi-active and active control methods offer
feedback control forces, thus excellent vibration control performance
can be achieved. But these methods require additional energy inputs and
mechatronic equipment with high maintenance costs. In contrast, pas-
sive vibration control methods are more stable and cost-effective, which
can address the shortcomings associated with semi-active and active
control approaches. The main passive vibration control methods are
addressed as follows, including vibration energy consumption (such as
dampers), vibration energy isolation (e.g., isolators/isolation plat-
forms), and vibration energy transfer (e,g., dynamic vibration ab-
sorbers) [10]. However, these reported vibration control devices are all
energy dissipation systems, implying that the wave energy absorbed by
the SSP under ocean wave excitation is wasted. In fact, the offshore SSP
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usually necessitates significant energy inputs for operating equipment,
supporting living facilities, and powering scientific research equipment.
Therefore, it is desired to convert the wave energy absorbed by the SSP
into useful energy, such as electricity, such that vibration control and
energy harvesting can be simultaneously realized.

To simultaneously achieve vibration control and energy harvesting,
the SSP combined with wave energy converter (SSP-CWEC) has been
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developed [11]. The design concept behind the SSP-CWEC involves
deploying multiple WECs outside the platform to reduce wave loads on
floating structures or introducing extra restoring moments and positive
damping to the floating platform [12], thereby suppressing vibrations.
Initial experimental tests demonstrate that deploying the WEC arrays
around the SSP contributes to reducing platform heave motion [13].
However, these studies only conducted time-domain analysis under
fixed wave frequencies, missing the dynamic interaction between the
SSP and WEC under varying wave frequencies. Through subsequent
analysis in Ref. [17], it can be found that the heave motion reduction of
the platform only occurs within a specific wave frequency band. As wave
frequencies change, the platform’s vibration amplitude may even in-
crease due to the coupling of the WEC and SSP through the ocean waves.
Ocean wave incurs added mass, hydrostatic stiffness, and
radiation-damping effects on both the WEC and SSP, leading to varia-
tions in their natural frequencies with changing wave conditions. When
the natural frequencies of the two structures align closely, the SSP’s
vibration amplitude increases sharply. While certain improvements
have been made to the SSP-CWEC structure, such as adjustments in WEC
array configuration [14], WEC shape [15], power take-off (PTO) pa-
rameters [16] and the number of WECs [17], these methods cannot
thoroughly eliminate the inherent dynamic coupling between the WEC,
SSP, and ocean waves. Therefore, under varying wave conditions, the
vibration control effect might not be reliable.

Based on the analysis of the above research status, it is evident that in
the existing combined structural configuration, the energy absorbed by
the WEC results from the combined effects of the floating platform and
ocean waves. This implies that, when the WEC is used for vibration
reduction, it cannot suppress the vibrations by directly absorbing the
floating platform’s vibration energy. As a result, even with structural
parameter optimization, the WEC struggles to meet vibration control
requirements under varying wave conditions.

To this end, our recently published work [18] extends the opera-
tional mechanism of the built-in WEC to the floating platform vibration
control scenario, aiming to eliminate the dynamic coupling induced by
ocean waves on WECs due to the structural configuration. Building on
this, we proposed a passive optimization strategy where the PTO’s
optimal stiffness and damping coefficients in the three BIWECs are fixed.
In this method, the optimization of PTO stiffness coefficients aims to
adjust the BIWEC’s natural frequencies, allowing more of the SSP’s
heave vibration energy to transfer into the BIWEC system. The optimi-
zation of PTO damping aims to efficiently convert the SSP’s vibration
energy into electrical power, thereby preventing the energy from being
transferred back to the SSP. However, we neglected the poor energy
harvesting performance of fixed damping coefficients under varying
wave conditions. This limitation prevents the BIWECs from fully utiliz-
ing their synergy potential to harvest the platform’s vibration energy
and effectively suppress vibrations. Moreover, the analysis in previous
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(a) Overall schematic diagram
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(b) Mechanical structure
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Fig. 1. Mechanical and electric conversion structure design scheme of SSP-BIWECs.
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Fig. 2. Geometric structural relationship of the proposed SSP-BIWEC.

work is based solely on the single heave motion of the SSP and a fixed
damping coefficient, neglecting a detailed analysis of the system’s other
motions and the electric energy conversion structure.

To address the above issue, this paper proposed a multiple electro-
magnetic damping adaptive synergy optimization method to meet the
needs of vibration control under different wave conditions. To illustrate
the proposal, a design example is presented using a semi-submersible
floating platform synergizing multiple built-in WECs (SSP-BIWEC). An
advanced theoretical model is developed that incorporates multiple
degrees of freedom (DOFs) for the SSP. By including additional motion
modes (surge, sway, pitch, and roll), the theoretical model can more
comprehensively validate the effectiveness of the proposed approach

and enable the evaluation of its effects on other motions of the SSP.
Moreover, we incorporate the electric energy conversion structure into
the mathematical model, making it more representative of the actual
physical system. This provides a foundation for implementing the mul-
tiple electromagnetic damping adaptive synergy optimization method
and subsequent performance comparison analysis. Hardware-in-the-
loop (HIL) experiments are conducted to test the operational logic of
the proposed control strategy on the actual controller, while also
providing essential preliminary analysis for constructing the physical
model. The contributions of this study are summarized as follows:
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Table 1
Main structure parameters of the of the SSP-BIWEC.

Configuration  Item Symbol  Value

SSp Distance from the central column to Ls 28.87 m
the three side columns
Radius of the central column R, 6.44 m
Radius of the three side columns Rs 11.88 m
Operating draft Dyq 31.5m
Center of gravity COG (0,0, 0 m)
Mass m, 1500 t
Mass moment of inertia about X axis Lx 7.53%10°
kg*m?
Mass moment of inertia about Y axis L, 7.53*10%
kg*m?
Mass moment of inertia about Z axis L, 1.22*10°
kg*m?
Water depth D, 210 m
BIWEC Oscillating body mass my, 105t
Radius of the oscillating body Ry 2.5m
Mass moment of inertia about X axis Lx 1.22%10°
kg*m?
Mass moment of inertia about Y axis L, 1.22%10°
kg*mZ
Mass moment of inertia about Z axis L, 2.07*10°
kg*m?

(1) An active optimization approach using multiple electromagnetic
damping adaptive synergy is proposed to achieve more effective
vibration control and energy harvesting under varying wave
conditions.

(2) A multi DOF mathematical model of the SSP-BIWEC is developed,
integrating ocean waves, multi-body dynamics, and electricity
conversion to provide a more comprehensive and realistic anal-
ysis framework.

(3) A hardware-in-the-loop (HIL) experiment for the proposed opti-
mization approach is conducted using the advanced Real-time
Laboratory (RTLAB), testing the operational logic of the control
strategy on the actual controller and laying the foundation for
subsequent physical prototype testing.

The rest of this paper is structured as follows: Section 2 elaborates on
the detailed mechanical and electricity conversion structure design and
operational principles of SSP-BIWEC. In Section 3, the multi DOF
mathematical model of SSP-BIWEC is derived, and its multi-physical
domain model is validated by ANSYS-AQWA and Simulink. Section 4
conducts vibration control-oriented parameters optimization, offering
further performance comparison analysis. Section 5 establishes a
hardware-in-the-loop experiment to validate the vibration control effect

Fexc,l + Fmd,l ' 3

7
/V\ Fexc . Iy
Wave Axc, st F rad,5
Fexc,Z + Frad,2 Kp3

Reference base
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of SSP-BIWEC under varying excitation frequencies and wave heights.
Finally, Section 6 presents the conclusions drawn from this study.

2. Mechanical and electricity conversion structure design

The design scheme of the SSP-BIWEC is shown in Fig. 1, with (a)
presenting an overall system schematic, (b) illustrating the mechanical
structure of SSP synergized multiple built-in WECs, and (c) indicating
the electricity conversion structure of built-in WEC. As shown in Fig. 1
(a) and (b), the proposed SSP-BIWEC consists of a SSP and three built-in
WECs. The three BIWECs are installed on the side columns of the SSP,
which are named BIWEC-1, BIWEC-2, and BIWEC-3, respectively. The
protective barrier formed by the SSP’s side columns ensures a reliable
seal against water ingress, safeguarding the internal components of the
WEC. More importantly, this internal installation structure form can
decouple the WEC and ocean waves, making WEC directly absorb the
vibration energy from SSP.

To be specific, the platform vibrates when waves pass through the
SSP-BIWEC. Due to the inherent inertia of the object, the platform’s
vibration energy is transmitted to the built-in WEC. Fig. 1(b) shows that
the BIWEC is composed of a permanent magnet synchronous generator
(PMSG), a coupler, a ball screw, an oscillating body, and a fixed pin. The
oscillating body is connected to the ball screw via a screw pair. As the
oscillating body moves vertically due to the platform’s vibrations, this
motion is translated into the reciprocating rotation movement of the
screw nut. This reciprocating rotation movement drives the PMSG to
produce electricity through the coupler. The generated electricity is then
stored in a battery by a power converter (See Fig. 1(c)).

To give readers a clearer overall understanding of the proposed
structure, Fig. 2 illustrates the geometric structural relationships of the
SSP-BIWEC concept. The platform is located in waters with a depth of
210 m and a draft of 31.5 m, and uses mooring lines for station-keeping.
The fixed coordinate system O is located at the position of the SSP’s
Center of gravity (COG) when the SSP is in a resting state. The overall
structure is axially symmetrical, and the horizontal distance Ics between
the center point of each BIWEC and the SSP’s COG is equal to 28.87 m,
and the radius of the three side columns equals 11.88 m. The detailed
structure parameters are listed in Table 1. Moreover, the wave direction
is defined as the clockwise angle ¢ between the wave propagation di-
rection and the positive x-axis of the SSP.

3. Modeling and validation

Under wave excitation, SSP-BIWEC comprises two primary elements:
1) The mechanical movement involving floating platforms and the
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Fig. 3. Dynamic model of the SSP-BIWEC.
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oscillating body of BIWEC; 2) The generation of electrical energy
through the oscillating body of BIWEC driving the electricity conversion
structure. To comprehensively analyze the performance of SSP-BIWEC,
this section first establishes the multi-body motion equation of SSP-
BIWEC based on linear potential theory [19] and the Newton-Euler
method. Subsequently, according to the PMSG and power converter
operation mechanism, the dynamics of the electric conversion structure
are constructed. Based on this, the relation of equivalent electromag-
netic damping and duty cycle is derived. Finally, the multi-domain
simulation model of SSP-BIWEC is established by ANSYS-AQWA and
Simulink, which is used to verify the accuracy of the theoretical
modeling.

3.1. Mathematical model

The conventional SSP offers motion with six degrees of freedom,
namely, surge, sway, yaw, heave, pitch, and roll. Among these motions,
its heave motion is most critical since its small water plane, draft, and
limited hydrodynamic damping. Note that, the SSP’s yaw motion is
nearly zero due to the symmetry of the SSP, and is therefore neglected in
this study. Different from the traditional mechanical motion, the SSP
possesses not only the physical mass of my, but also experiences added
mass induced by the surrounding seawater. As illustrated in Fig. 3, the
three oscillating bodies, each with a mass of m,, are connected to the
SSP through the power take-off (PTO) structure composed of a ball screw
and PMSG. Because the operational characteristics of the PTO structure,
it can generally be equivalent to a linear spring-damp-mass system with
good agreement [20]. The stiffness and electromagnetic damping co-
efficients of three PTOs are denoted as k1, cwi1, kw2, Cw2, kw3 and cy3,
respectively. Additionally, the SSP is subjected to mooring line forces
Fyine, wave excitation forces Fey.j and radiation damping forces Fyuqj,
where j represents the motion mode of the SSP. Specifically,j=1, 2, 3, 4,
5 corresponds to surge, sway, heave, roll, and pitch, respectively.
Meanwhile, the SSP is connected to a reference base through hydrostatic
stiffness K3, K4 and K5, which correspond to the heave, pitch, and roll
directions, respectively. Notably, the reference base is not an actual
physical foundation, and it symbolizes the support offered by seawater.

3.1.1. Mechanical dynamic model

The proposed system consists of an SSP and three BIWECs. Due to the
SSP’s multiple motion DOFs under wave excitation, the relative motion
between these bodies becomes more complex. To clearly establish the
mechanical dynamic model of the proposed system, we constructed the
coordinate frames as shown in Fig. 4(a). The fixed coordinate system O—
xyz is located at the position of the SSP’s COG in a resting state. The
moving coordinate system P — x,y,2, is established at COG of the SSP,
while the local coordinate system W; — Xwiywizwi (i=1,2,3) is estab-
lished at the COG of the three BIWECs. In still water, the x;, y, and 2,
axes are in the same direction as the x, y, and z axes. Similarly, the xy;,
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Fig. 4. Structure sketch of SSP-BIWEC: (a) establishment of the coordinate system and (b) successive rotations in the fixed coordinate system.

Ywi> and z,; axes are aligned with the x, y, and z axes, respectively.

As shown in Fig. 4(b), the SSP’s orientation is described by successive
rotations in the fixed coordinate system, with the corresponding rotation
matrix given in Eq. (1)

cosy, siny, siny, cosy,siny,
PRO = Rmt(y) (l//y)Rrot(x) (Wx) = 0 Cos Yy, —sin 728%
—siny, cosy,siny, cosy, cosy,

@

where y,, and y,, are the Euler angles of the SSP rotating around x and y,
respectively.

Note that when the SSP experiences pitch and roll motions, the three
BIWECs also rotate with the SSP due to their built-in installation.
Therefore, the rotation matrix "R, which describes the orientation of
the three BIWEGs in the fixed coordinate system O — xyz, is equal to *Ro.
Based on this rotational relationship, the motion of the three BIWECs in
local coordinate systems W1 — Xy1Yw1Zwi, W2 — Xwa2Yw22w2, and Wz —
Xw3Yws2ws can be obtained as follows.

WXy =Xp — Xui — "RoXowi (2

where X, and X,,; represent the SSP’s translation displacement vector
and the BIWEC’s translation displacement vector in the fixed coordinate
system, respectively. X, represents the i-th BIWEC's initial position in
the fixed coordinate system. Specifically, the X,,1 = [0 —Ls O]T for
BIWEC-1, Xou2 = [I5v3/2 Ls/2 0]  for BIWEC-2, and X3 =

[15v3/2 1s/2 0] for BIWEC-3.

Based on the motion of the three BIWECs in their local coordinate
systems, the PTO translation force acting on the SSP can be calculated
using the stiffness and electromagnetic damping coefficients.

3 Wi
Fpm = Z (KwiWini + cwi th) (3)

i=1

where the K,,; and C,,; are the stiffness and electromagnetic damping
coefficient matrices of the BIWEC, respectively, expressed as Ky; =
diag(kyi, ki, kwi) and Cy; = diag(cyi, Cwi, Cwi)-

The PTO moment in pitch and roll directions acting on the SSP are
generated by the PTO force in the heave direction. Combined with Eq.
(3) and the moment definition, we can obtain as:

3
Mok = > [Foui(3.1)" Xoi(k, 1)) k=1,2
= )
Mpto = [Mptol MptoZ]T

The multi-body dynamic model of the SSP-BIWEC can be formulated
by Newton-Euler method, which can be written as:
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Fig. 5. Electricity conversion structure schematic: (a) physical circuit connection, (b) equivalent circuit.

X, Fppo
Mp . = &xc+Frad+Fres+Fline+

0, pto 5)
MW['XWi = _pri

where M, is the inertia item of the SSP, and M, represents the inertia
item of the i-th BIWEC. X,, and 6, are the translation acceleration vector
and rotation acceleration vector of SSP, respectively. X,; and 0,; are the
translation acceleration vector and rotation acceleration vector of i-th
BIWEC, respectively. Fexc, Frad, Fres, Fiine are the wave excitation force
vector, radiation force vector, restoring force vector, and the mooring
force vector acting on the SSP, respectively.

Due to the rotation of SSP and BIWEC in wave excitation, its inertia
items M, and M,,; and can be expressed as:

myE3, 3 03,3 }
M, = T (6)
i [ 055 °RYL(°Ry) |, .
myEs3,3 03,3
M, = i 7
wi { 03,3 oRleIW(oRW)TLXS )]

where the ”I, is the moment of inertia matrix of the SSP in the moving
coordinate system P — X,y,2,. The "I, is the moment of inertia matrix of
the BIWEC in the local coordinate system W; — XyiYwiZwi-

Based on widely derived expressions in the literature [20], the Fey,
Frqq, Fres, and Fyjpe can be expressed as follows:

H
Fevej = ERe{FmoJ(wn)}cos(wnt +¢,)

(€))
Fexc = diag(Fe.XC,l ) Fexc,27Fexc,3Fexc,47 Fexc.S)
X, ‘ X, (7)
Frg= — Mo | 27 | — [ Kt—2)|52\7 |d 9
d s | G /0 (t=1) {01»(1) T ©)]

Fr—K, {fﬂ 10)
p
X
Fline = Lwave,0 — Kline |:0p:| (11)
P

where H represents the regular wave height, Re{Fpao,(wn)} is wave
excitation force or moment modulus per wave amplitude in the j-mode
for wave frequency w,, with j representing the motion mode of the SSP,
and ¢, represents the corresponding phase angle. My is the infinite-
frequency added mass, K(t) represents the retardation function that
characterizes the radiation damping force. K, = diag(O, O,Kpg,Kp4,Kp5),
with Kj3, Kp4, Kps represent the hydrostatic stiffness in heave, roll and
pitch, respectively. Fyaye,0 is the total force exerted on the SSP by the
entire mooring lines when the SSP is at rest, and Ky, is the stiffness
matrix of the mooring lines. The above hydrodynamic parameters can
effectively analyze using the commercial software ANSYS AQWA. For
brevity, the detailed solution process is not provided here, and they are
shown in Appendix A.

To obtain the vibration response of the SSP-BIWEC, by substituting
Egs. (3) and (4) and (8)-(11) into Eq (5), we can obtain

X

(Mp + Madd,m) = Fexc + (Kp - Kline) |:0P:|
P

P

wi q

(KwiWini + Cui Xwi)

[Fptoi(37 ]-)Wixowi(17 1)} +Fwave.,0 - /IK(t - T) |:XP(T) :| dr

0,(7)

3
> [Foi(3,1) " Xoui(2,1)]
L& i
. . Wl .
M,X, = —K,"' Xy —Cyi Xy 1=1,2,3

12)
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Table 2
Main structure parameters of the electricity conversion structure.
Symbol Parameter Value Unit
R, Stator phase resistance 2.62 Ohm
n, Number of pole pairs 12 -
ke Voltage constant 9.819 Vpeak L-L/(rad/s)
L Inductance 1.87 mH
Rint Internal resistance of battery 5.5 Ohm
[ Lead of ball screw 0.725 m

Ns/m
12000 : '

Final

8000

4 I
000 Middle

Initial

Electromagnetic damping

0.35 0.65
Duty cycle

0
0.05 0.95

Fig. 6. The electromagnetic damping vs. duty cycle for SSP-BIWEC.

Using the typical fourth-order Runge-Kutta method [21], the
second-order differential equation set Eq. (12) is solved, yielding the
motion displacement of both the SSP and three BIWECs.

3.1.2. Electricity model

For the designed SSP-BIWEC, the PTO converts the oscillating body’s
mechanical energy into electrical energy. In this process, the PTO’s
output power can be obtained by analyzing PMSG’s mechanical angular
velocity and electromagnetic torque.

Following the above idea, we first determine the PMSG’s mechanical
angular velocity. As illustrated in the schematic diagram of the PTO in
Fig. 3, the PMSG is connected to the oscillating body via ball screw.
Thus, each PMSG’s mechanical angular velocity @y, is related to the

corresponding oscillating body’s excitation velocity WiXW[- by the
following equation:

Wi

lei

A 13

Omi = 27

where [, represents the lead of the ball screw.

Moreover, since the PMSG generates electricity as alternating cur-
rent (AC), when storing electric energy, the generated AC must be
converted into direct current (DC) through an AC/DC rectifier. Then, it
is stabilized by a DC/DC converter to charge the battery (See Fig. 5(a)).
To obtain the electromagnetic torque of the PTO undergoes the above
electric conversion, we present the equivalent circuit of the PTO in Fig. 5
(b) based on circuit theory. Specifically, for the PMSG, continuous
induced currents with a 120-degree phase difference exist between any
two-phase currents. Rectifier (AC/DC) and power controller (DC/DC)
are achieved using three-phase full-bridge passive circuits and three-
phase interleaved parallel circuits, respectively. On the battery side,
an open-circuit voltage source V, in series with an internal resistance R,
models the battery’s operating mechanism. When integrating circuit
dynamics, the resistances of inductors, capacitors, and switching
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elements are generally small and are ignored in this modeling process.

According to the circuit impedance matching principle [22], the
power converter and the battery can be equivalent to the load resistance
of the PMSG. Thus, based on the PMSG equivalent model [23] in Fig. 5
(b), the electromagnetic force can be expressed as follows.

3k§wmi

T, ——— e ™
44 ~6R, + 4Ry

14)

where Tj; and Ry; denote the electromagnetic force and equivalent load
resistance of the ith PMSG, respectively. R, k. and w,,; represent stator
phase resistance, voltage constant and mechanical angular velocity of
PMSG, respectively. It is worth noting that the PMSG, being a widely
utilized motor, has been extensively studied in many literatures. For
brevity, we will not repeat its detailed modeling here.

Furthermore, the rectifier (AC/DC) consists of passive circuits and
has no impact on the equivalent load resistance R, of the PMSG. While
the DC/DC converter includes switching element (MOSFET), which can
adjust the equivalent load resistance Ry by changing the duty cycle of
MOSFET [24]. According to the circuit impedance matching principle,
the relationship between the equivalent load resistance and duty cycle
can be expressed as follows:

1-D;\?
RLi:( D; l> Rint (15)

where D; denotes the duty cycle of the ith BIWEC’s DC/DC converter.
Given the practical limitations of MOSFET regulation, the duty cycle D;
range is generally set between [0.05, 0.95]. The main structure pa-
rameters of the electricity conversion structure are given in Table 2.

For the above structural parameters, the following clarifications are
made. Given that the proposed structure is still in the conceptual design
stage, determining appropriate PTO parameters for real-world operation
remains a challenge. At this stage, it is reasonable to leverage parame-
ters from existing heave WEC prototypes and production AC motor
datasheets to preliminarily evaluate system performance. To this end,
we refer to the well-documented parameters of the WaveBob prototype
[25], adopting its ball screw lead of 0.725 m and rated power of 1000
kW. Based on this power rating, we obtain PTO motor data from the AC
motor datasheet provided by Huaneng Shantou Nan’ao Wind Power Co.,
Ltd. [26], a Chinese power generation equipment manufacturer.

Combining Egs. (13)-(15) with the mechanical transmission struc-
ture of the PTO, the equivalent electromagnetic damping of each PTO
can be expressed as follows:

37k?

2
3L,R, + 21, (1#) Rine

Cwi =

(1e)

Based on Eq. (16) and the above structural parameters, the rela-
tionship between electromagnetic damping and duty cycle can be
determined. Fig. 6 shows the electromagnetic damping in three stages as
the duty cycle increases: the damping gradually increases in the initial
stage, approaches linear growth in the middle stage, and slows down in
the final stage.

As a result, the overall output power Pg; of SSP-BIWEC can be
calculated as follows:

3 Wi
Py = Z % a7n

i=1

3.2. Model validation

The proposed SSP-BIWEC is simulated under the regular wave states
(wave height H = 2 m, wave frequency o = 0.628 rad/s, wave direction
¢ =150°) and compared with the numerical analysis results to verify the
correctness of the theoretical modeling. System structural parameters
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Fig. 7. Framework of the simulation model for SSP-BIWEC.

are adopted from Table 1, and the other parameters for the numerical
analysis include Kp3 = 3.635 x 10% kN/m, Kpq = 6.54 x 10° kNm/deg,
Kps = 6.54 x 10° kNm/deg, k,; = 26.3 kN/m, c¢,,; = 4.64 KN/m, k2 =
20.7 kKN/m, c,2 = 4.08 kN/m, k3 = 23.2 kN/m, and c¢,3 = 4.34 kN/m.

For the different damping coefficients and spring stiffnesses of the
three BIWECs used in the simulations, the following explanation is
provided: For the simulation validation, the main objective is to assess
the accuracy of the theoretical model. If the same PTO coefficients are
used for all three BIWECs, there is a risk that the agreement between the
theoretical analysis and the simulation results might be coincidental. In
other words, the agreement would not result from the correctness of the
theoretical model but rather from the specific choice of coefficients. To
reduce this potential risk, we intentionally selected different PTO co-
efficients during the simulation. This approach improves the reliability
of the validation process and strengthens confidence in the theoretical
model’s validity.

1) Simulation model construction

The SSP-BIWEC simulation involves three mutually coupled
nonlinear systems: hydrodynamic, mechanical dynamics and energy
conversion. To achieve this goal, the ANSYS-AQWA and Simulink-
SimMechanics/electric are chosen for integration in simulation. This
modelling technique allows to easily integrate the multi-body model
with other blocks defining hydrostatic/hydrodynamic forces and the
behavior of the electric conversion [27]. Fig. 7 shows the detailed
simulation block diagram in Simulink, which illustrates the concrete
implementation of the simulation system model of SSP-BIWEC.

@ Regarding hydrodynamics, hydrodynamic coefficients such as added
mass, radiation damping, and wave excitation force are obtained
through commercial software ANSYS-AQWA. For brevity, these pa-
rameters are shown in Appendix A.

@ Regarding mechanical dynamics, the multi-body dynamics module
in SimMechanics is utilized to import mechanical structure param-
eters and establish constraints and motion relationships between the
floating platform and the three BIWECs.

@ Regarding electricity conversion, the power converter and battery
model is constructed by power electronics simulation module in
Simulink. The motion of SSP and output power of each BIWEC are
simulated in combination with the model of hydrodynamics and
mechanical.

2) Model verification

Based on the above structural parameters, the SSP’s motion, the
heave motions of the three BIWECs relative to the SSP, and their output
power are obtained through simulation analysis in Simulink. From
Figs. 8 and 9, the displacement and output power obtained by the
theoretical analysis method (refer to Section 3.1) are in good agreement
with the simulation results, demonstrating the correctness of the present
theoretical analysis and calculation program.

4. Vibration control-oriented electromechanical parameters
optimization

The dynamic model of SSP-BIWEC is derived in Section 3. Based on
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this, this section first formulates the two-stage optimization model ori-
ented to vibration control. Subsequently, the multi variable hierarchical
optimization procedure of the SSP-BIWEC is established, and optimal
electromechanical parameters are obtained. Finally, the performance
comparison analysis is conducted based on the above optimization
results.

4.1. Two-stage objective function and constraint

The fundamental philosophy of vibration control is uncomplicatedly
and efficiently regulating and reallocating vibration energy of target
protected system [28]. For the proposed SSP-BIWEC, this vibration
control process is achieved by adjusting the stiffness and electromag-
netic damping of the PTO of each BIWEC. However, only the electro-
magnetic damping of the PTO can be adjusted via the duty cycle of the
power converter (Refer to Eq. (16) in Section 3), whereas the stiffness of
the PTO is generally fixed and difficult to alter once initially set. As a
result, as shown in Fig. 10, the first step involves determining the stiff-
ness of each BIWEC by minimizing the maximum vibration amplitude of
the SSP in the most dangerous frequency range (i.e., around the reso-
nance frequency). This step aims to transfer the vibration energy of the
SSP to the BIWEC. Subsequently, the second step entails optimizing the
electromagnetic damping of the each BIWEC to minimize the SSP’s vi-
bration amplitude at each wave frequency for different wave heights.
This optimization process aims to convert the BIWEC’s vibration energy

into electrical energy in response to changing external wave conditions.
Moreover, to make the optimization analysis results more universal,
the non-dimensional parameters used here are given below:

Yi=V kwi/mw/myfi :Cwi/z\/kwimw i=1,23

18

where 4 is the mass ratio between each BIWEC and SSP; Q is the exci-
tation frequency ratio between the ocean wave and SSP; y; is the natural
frequency ratio between each BIWEC and SSP; ¢; is the damping ratio of
each BIWEC. myqq33 and K3 denote the added mass and hydrostatic
stiffness of SSP in heave direction, respectively.

In optimization solution tasks, it is imperative to consider the actual
physical constraints of the system to ensure the practicality of the
optimization results. As depicted in Fig. 11, for the SSP-BIWEC, there are
two physical constraints: one related to mechanical motion and the
other to the adjustable range of electromagnetic damping. For me-
chanical motion, it is necessary to ensure that the BIWEC operates
within its maximum motion range to avoid equipment damage. For
PTO’s electromagnetic damping, the adjustment capacity of the actual
power converter must be taken into account.

As a result, in this paper, the optimization task for SSP-BIWEC is
established as follows:

10
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where the L; is the motion displacement for each BIWEC. L,,x represents
the maximum motion displacement for each BIWEC. The «a, f are the
maximum natural frequency ratio and maximum damping ratio in the
optimization process, respectively. In this optimization task, the values
of a, p are set to 0.8 and 0.2, respectively.

4.2. Multivariable hierarchical optimization procedure
The SSP-BIWEC contains damping effect due to wave excitation,

making it difficult to obtain theoretical optimal solutions for the above
optimization tasks. If using the traditional loop iteration method [29],

14
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this multivariable optimization task will take a long time to solve and
hardly achieve relatively high accuracy. Conversely, as a heuristic al-
gorithm for multivariable optimization, particle swarm optimization
(PSO) has short search times and high-precision global search capabil-
ities. Given this, it is relatively appropriate to choose PSO for this
two-stage multivariable optimization task which lacks theoretical
optimal solutions. Fig. 12 presents the multivariable hierarchical opti-
mization method using PSO. The specific steps are as follows:

As illustrated in Fig. 12, the optimization procedure comprises two
distinct phases. Initially, the optimal frequency ratios (yopt1, Yopt2> Yopt3)
that minimize the objective function J; within the range of Q1 < Q < Q,
are identified using the PSO algorithm. Subsequently, based on the
determined optimal frequency ratios, the PSO algorithm is employed
again to obtain the optimal damping ratios (Sope1, opr2, Sope3) at each
excitation frequency ratio for varying wave heights. The corresponding
optimal duty cycles (Dgpt1, Dopt2, Dope3) are then calculated according to
Eq. (16), facilitating the modulation of the power converter.

Before executing the optimization procedure, the system structural
parameter ranges in the optimization programming are set as y; € (0,
0.8), & € (0,0.2) and Q € [0.9,1.8]. Other system structural parameters
are fixed as 4 = 0.07. By employing the proposed optimization pro-
cedure in MATLAB 2022b, we obtain the optimal frequency ratios as

15

0.321, 0.328 and 0.387. The corresponding optimal duty cycles under
different excitation frequency ratios and wave heights are illustrated in
Fig. 13.

4.3. Performance optimization analysis

Given the randomness of ocean wave motion, as depicted in Fig. 14,
the optimization performance of the proposed method is studied under
different excitation frequency ratios and wave heights. Its performance
is compared with the previously passive optimization method [18] and
the SSP with locked WEC. Specifically, the analysis includes two di-
mensions: (i) performance analysis for vibration control and (ii) per-
formance analysis for energy harvesting.

4.3.1. Vibration control performance of SSP in heave

Effectively suppressing the vibration of SSP in different wave con-
ditions is a prerequisite to ensure its safe operation. In this subsection,
we analyze the impacts of varying wave heights (ranging from 2 to 4 m),
excitation frequency ratios (ranging from 0.9 to 1.8) and wave direction
(150°) on the vibration amplitude G of the SSP, as illustrated in
Figs. 15-17. The real Oman Sea [30] as the operational sea area to
investigate proposed system performance, where the dominant wave
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Fig. 22. Output power comparison under different wave conditions: (a) the proposed method, (b) the passive optimization method.

frequency is 0.628 rad/s (i.e., Q@ = 1.387). Using the commercial soft- dangerous frequency bands that the SSP may encounter and the domi-
ware ANSYS AQWA, we obtain the SSP’s natural frequency in the heave nant wave frequency (0.628 rad/s) of the operational sea area.

direction to be 0.385 rad/s. The excitation frequency ratios used for As shown in Fig. 15, compared to the SSP with locked BIWECs and
optimization range from 0.9 to 1.8, corresponding to wave frequencies the passive optimization method, the SSP’s vibration amplitude (G)
of 0.413-0.803 rad/s. This range is set to ensure it includes both the using the proposed method is consistently lower under various wave
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Fig. 23. The peak power and mean power for the proposed method and the
passive optimization method under different wave conditions.

heights (H) and excitation frequency ratios (Q). Furthermore, for a
comprehensive comparison of the stability between these vibration
control methods, the system’s sensitivity to variations in wave condi-
tions is also investigated. Fig. 16 shows that the proposed method ex-
hibits significantly smaller vibration amplitude variations compared to
both the passive optimization method and the SSP with locked BIWECs.
Even in the dangerous resonant state (i.e., Q = 1), the SSP’s vibration
amplitude in the proposed method increases by only 0.59 m as the wave
height rises from 2 m to 4 m. This increment is significantly smaller than
the increase observed in the passive optimization method (1.71 m) and
in the SSP with locked BIWECs (11.28 m). Further analysis of the data in
Fig. 17 reveals that compared to the passive optimization method and
SSP with locked BIWECs, the proposed method achieves a reduction of
42.7 % and 90.8 % in maximum vibration amplitude, and a reduction of
67.1 % and 83.3 % in mean vibration amplitude. These results further
demonstrate the vibration control effectiveness of the proposed method
and its robust adaptability to different wave conditions, which are
highly desirable for practical applications.

4.3.2. Effects of wave direction on SSP’s multi DOF motion

The wave direction changes in the real ocean environment and could
impact the SSP’s motion. To help readers better understand the effect of
wave direction, this section presents a motion analysis of the SSP-BIWEC
under both specific and varying wave directions, following a specific-to-
general approach. The wave height is set to 2.4 m as an example.
Specifically:

Look-up table

SR

[m=========a

—>! Wave height .E

1
1
¢ 1
1
1
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(1) At specify wave direction

The dominant wave direction (150°) observed in the real Oman Sea
[30] is selected. Additionally, a wave frequency of 0.438 rad/s (i.e., near
the SSP’s heave resonant frequency) is chosen to better demonstrate the
vibration suppression effect of the proposed method. As shown in
Fig. 18, compared with the SSP without the WEC, the proposed method
enables the SSP to experience an 88.7 % reduction in vibration ampli-
tude in the heave direction. Interestingly, although the BIWECs have
only a single heave degree of freedom (DOF), the vibration amplitudes of
the SSP in roll and pitch also show a certain reduction. This can be
attributed to two factors: i) the differences in vibration amplitude among
the three BIWECs during operation (see Fig. 19), which generate mo-
ments acting on the SSP. This provides a control foundation for sup-
pressing its roll and pitch vibrations, and ii) through PTO stiffness
optimization, the natural frequencies of the three BIWECs are adjusted
to match the SSP’s heave resonant frequency (i.e., approaching the
current set wave frequency). This adjustment mode enables vibration
energy in roll and pitch to be effectively transferred into the BIWEC
system, thereby reducing the SSP’s vibration amplitude in these di-
rections. On the other hand, the vibration amplitudes in the surge and
sway directions remain nearly unchanged despite the presence of the
BIWEGCs. This is because the roll and pitch angles are relatively small,
resulting in negligible reactive forces in the surge and sway directions
generated by the BIWECs. Compared to the SSP’s reduced vibrations in
heave, roll, and pitch, the three BIWECs exhibit much larger vibration
amplitudes. Since changes in vibration amplitude reflect changes in
energy, these results further confirm that the SSP’s vibration energy is

SeaView Systems SVS-603HR Wave Sensor

—

Ocean buoy.

\A‘

Inertia sensor

Fig. 25. The external view of the SVS-603HR wave sensor from Sea-
View Systems.
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Fig. 24. The configuration of the SSP-BIWEC vibration controller based on lookup table.
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Fig. 27. The HIL test architecture for SSP-BIWEC.

effectively transferred to the BIWECs.
2) At varying wave direction

Considering the axial symmetry of the proposed SSP-BIWEC, we
further analyze the multi-DOF motion of the SSP under wave directions
ranging from 0° to 180°. As shown in Fig. 20, the SSP’s vibration
amplitude in the heave direction is nearly unaffected by changes in wave
direction. This is due to the unidirectional nature of the heave response,
that is, wave direction has a small impact on the heave hydrodynamics
of the axially symmetric SSP-BIWEC system. In contrast, the SSP’s mo-
tions in surge, sway, pitch, and roll are significantly influenced by var-
iations in wave direction due to complex hydrodynamic coupling. The
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maximum vibrations in sway and roll occur at a wave direction of 90°,
while the maximum vibrations in surge and pitch are observed at 0° and
180°.

4.3.3. Response amplitude operator of SSP in multi DOF direction

This section further analysis the SSP’s response amplitude operators
(RAOs) in the heave, surge, pitch, sway, and roll directions (see Fig. 21).
Note that the SSP’s yaw motion is nearly zero due to its symmetry, and is
therefore neglected in this study. As shown in Fig. 21(a), the proposed
method can significantly reduce the SSP’s heave RAO peak in the range
near the resonant frequency (0.97-1.11). And the originally sharp single
peak transforms into a smoother curve with multiple waves. Observa-
tions show that the frequencies at the troughs between adjacent waves
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Fig. 28. HIL vibration control experiment bench of SSP-BIWEC.

Table 3
Device configuration in the HIL test bench.

Hardware Specifications

Real Time Laboratory 4 cores/3.8 GHz processor, Xilinx Virtex-7 FPGA board,

(RTLAB) 16 analog channels, 64 digital channels
PMSG low-lever 2 x 160 MHz Power Architecture NXP 5744P
controller
Oscilloscope Tektronix-DPO 2024B, 200 MHz, 4 channels

Host computer Intel i7 3.2 GHz, 16 GB memory

align exactly with the vibration peak frequencies of the three BIWECs
(see Fig. 21(b)). Benefiting from this frequency-matching mode, the
three BIWECs exhibit significantly larger vibration response peaks. Since
changes in vibration amplitude reflect changes in energy, these results
confirm that the proposed method effectively transfers and disperses the
SSP’s vibration energy to the three BIWECs.

Interestingly, although the BIWECs have only a single heave DOF,
the proposed method reduces the vibration amplitudes of the SSP in the
roll and pitch directions to a certain extent. This can be attributed to two
factors: i) the differences in vibration amplitude among the three

Renewable Energy 254 (2025) 123679

BIWECs during operation (see Fig. 21(b)), which generate moments
acting on the SSP. This provides a control foundation for suppressing its
roll and pitch vibrations, and ii) through PTO stiffness optimization, the
natural frequencies of the three BIWECs are adjusted to match the SSP’s
heave resonant frequency. As a result, the SSP’s vibration energy in roll
and pitch directions is effectively transferred to the BIWEC system,
thereby reducing the SSP’s vibration amplitudes in these directions.

In addition to the above dangerous frequency range, we also inves-
tigated the SSP’s motion under the dominant wave frequency of 0.628
rad/s (i.e., Q@ = 1.387) based on real Oman Sea conditions. At this
excitation frequency, the proposed method has almost no effect on the
SSP’s vibration amplitudes in the heave, pitch, and roll directions. This
can be attributed to the aforementioned frequency-tuning mechanism:
when the wave frequency deviates from resonance, the BIWECs absorb
only a limited amount of vibration energy from the SSP, resulting in a
small effect on the SSP’s motion in these directions. Moreover, we also
observed that the SSP’s vibration amplitudes in the surge and sway di-
rections remain nearly unchanged across the entire frequency range
(0.9-1.8). This is because the roll and pitch angles are relatively small,
causing the BIWECs to generate almost no reactive forces acting on the
SSP in the surge and sway directions.

4.3.4. Energy harvesting performance of BIWEC

In addition to vibration control, SSP-BIWEC incorporates energy
harvesting capabilities through its WEC. This section analyzes proposed
method’s energy harvesting performance under various wave
conditions.

As shown in Figs. 22 and 23, while the peak power for both the
proposed method and the passive optimization method occurs at an
excitation frequency ratio of 1, the proposed method demonstrates a
299.0 % increase in peak power and a 359.1 % increase in mean output
power. This phenomenon can be attributed to the optimization method
for PTO stiffness and damping coefficients. Specifically, the optimal PTO
stiffness coefficients in both methods are fixed to match the SSP’s
resonant frequency, allowing both methods to harvest significant vi-
bration energy into the BIWEC system at the resonant frequency (i.e., Q
= 1). However, the proposed method adaptively tunes the damping
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Fig. 29. Experimental waveform of vibration amplitude for the proposed method and SSP without control under varying excitation frequency ratio Q: (a) under Q =

0.9, H=3m, (b) under Q =1, H=3m, (c) under Q =1.1, H= 3 m.
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=1.1, (b) under H=3m, Q = 1.1, (¢c) under H=4m, Q = 1.1.

S}

Il Simulated
I Experimental

—
(9,

Vibration amplitude G (m)
[=1
On =

(=}

2 24 28 32 36 4
H (m)
(a

6
S
=4
o
5
[
2
= 2
Q
=2

0

2 25 3 35 4
H (m)
(b)

Fig. 32. Comparison of experiment and simulation for the proposed SSP-BIWEC with different wave height H: (a) vibration amplitude of platform, (b) relative

error percentage.

coefficients according to changes in external wave conditions, enabling
more of the absorbed vibration energy to be converted into electric
power rather than being stored as mechanical energy in the BIWEC

system. To sum up, the above results demonstrate that the proposed
method can effectively adapt to changing wave conditions, and its su-
perior energy harvesting capability enhances its application potential.

20



Y. Zhang et al.

SSP heave RAO (m/m)

I Proposed method
I SSP with locked BIWECs

91.8%

Renewable Energy 254 (2025) 123679

2 2

Fig. 33. Heave RAOs of the SSP for the proposed method and the SSP with locked BIWECs under different wave conditions.

5. Hardware-in-the-loop experiment

To further evaluate the vibration control effectiveness of the pro-
posed method, this section first designs the vibration controller based on
the optimization results (In section 4.2). Subsequently, the hardware-in-
the-loop (HIL) experimental setup is established using advanced Real
Time Laboratory (RTLAB) from OPAL-RT. Three specific cases are
selected to test the control effect: validation under excitation frequency
ratio change, validation under wave height change and heave RAO of
SSP under varying wave conditions.

5.1. Optimization-based adaptive vibration controller design

The SSP-BIWEC is a complex coupled system involving mechanical,
electrical, and nonlinear fluid dynamics. Based on the parameter opti-
mization in Section 4, we can adjust the damping ratio of the three
BIWECs based on wave conditions to suppress the SSP’s vibration
amplitude. On the other hand, PMSG controller is generally low-level
controller that lack the capability to handle the complex mathematical
computations required for intelligent control methods. Traditional PID
strategies are unsuitable for managing such multi-variable, nonlinear,
and strongly coupled systems [31]. In contrast, the lookup table method
offers efficiency, ease of implementation, and adaptability to complex
coupled systems, making it suitable for meeting the real-time operation
requirements of low-level controllers.

Based on the preceding analysis, Fig. 24 illustrates the configuration
of the SSP-BIWEC vibration controller utilizing the lookup table method.
As depicted in Fig. 24, sensors on the platform capture the wave height
and excitation frequency ratio, which are then fed into the three look-up
tables developed in Section 4.2. The corresponding duty cycles (D;, D2,
and Ds3) are subsequently determined and employed to regulate the
power converters of BIWEC-1, BIWEC-2, and BIWEC-3, respectively.
This process effectively adjusts the electromagnetic damping of each
BIWEC, thereby achieving vibration control of the SSP-BIWEC under
different wave conditions.

In measuring wave height, the SVS-603HR wave sensor from Sea-
View Systems is adopted and placed in the targeted sea area for mea-
surement (see Fig. 25). During the measurement process, this device
utilizes an internal inertia sensor to capture the buoy’s vertical motion
acceleration under wave excitation. By integrating the acceleration data,
the buoy’s vertical displacement is obtained, which is then inverted to
calculate the wave height data [32]. With proper calibration, this wave
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sensor can detect wave heights ranging from 0.1 m to 25 m, with a
resolution of 0.001 m.

5.2. Experiment setup

As shown in Fig. 26, in the HIL test, the proposed control strategy is
implemented on an actual controller and interacts with the virtual SSP-
BIWEC system simulated in RTLAB. Compared with the previous purely
numerical simulation research, the HIL test validates the operational
logic of the implemented control strategy on the actual controller and
ensures its functionality and reliability. Furthermore, the validated
stable control logic serves as a critical foundational step for transitioning
to physical model testing and reduces potential risks and uncertainties in
later development stages.

Thus, this paper conducted a HIL test is conducted using RTLAB
equipment to verify the performance of the proposed control strategy.
The HIL test architecture is shown in Fig. 27. The mathematical model of
the SSP-BIWEC is compiled into RTLAB as a virtual controlled object,
while the control strategy is downloaded to the actual controller. During
the control process, I/0 boards are used to enable communication be-
tween RTLAB and the actual controller, and the signals are monitored in
real time by a host computer and an oscilloscope. Nevertheless, it should
be noted that, the HIL test only validates the implementation of the
control strategy on a virtual SSP-BIWEC system simulated in RTLAB. The
effectiveness of the proposed control strategy still requires validation on
a physical model of the SSP-BIWEC system in real wave conditions. This
limitation provides clear research direction for us, and our future work
will focus on practical physical model testing.

Based on the above architecture, the real equipment is constructed as
shown in Fig. 28, it mainly including RTLAB, three PMSG low-lever
controllers, an oscilloscope and a host computer. Detailed technical
specifications of the HIL experimental bench are provided in Table 3.

5.3. Experiment validation of control effect

5.3.1. Validation under excitation frequency ratio change

In practical ocean waves, the wave motion frequency changes due to
the influence of external factors. When the natural frequencies of the SSP
and wave frequency close, the SSP’s vibration amplitude increases
sharply. To verify the effectiveness of the proposed vibration controller,
we test the vibration amplitude of the proposed method under some
dangerous frequency ratios it may encounter. The experimental
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parameters are set as follows: the wave height of 3 m, excitation fre-
quency ratios of 0.9, 1 and 1.1, and wave direction of 150°. A multi-
channel oscilloscope is used to capture the SSP vibration amplitude
waveforms to better demonstrate the vibration control effect. It
observed from Fig. 29 that the proposed method could significantly
reduce platform vibration amplitude compared to the SSP without WEC
control. Specifically, there is an approximate 71.3 % reduction in vi-
bration amplitude when the SSP is in the most dangerous resonant state
(i.e., Q = 1). These experimental results further demonstrate the
excellent vibration control effect of the proposed method, which can
significantly reduce operational risk due to resonance.

Fig. 30 presents the comparison results between the HIL test and
numerical simulation. Clearly, for the SSP’s vibration amplitude under
different excitation frequency ratios, the HIL test achieves nearly iden-
tical results to the simulation. Although there are slight deviations be-
tween the results, these discrepancies are within acceptable limits. The
minor relative error may be caused by the inevitable transmission error
of the PMSG controller during the A/D and D/A conversion process.

5.3.2. Validation under wave height change

In addition to wave frequency change, wave height varies depending
on the ocean wind intensity. This section analyzes the vibration ampli-
tude of the proposed method under different wave heights. The exper-
iment parameters are set as follows: the dangerous excitation ratio is set
to 1.1, the wave height is set to 2 m, 3 m, and 4 m, and the wave di-
rection is set to 150°. It is observed from the oscilloscope (Fig. 31) that
the proposed method has a lower vibration amplitude compared with
the SSP without WEC control under different wave heights. Also, even at
a maximum wave height condition (H = 4 m), the vibration amplitude
reduction is nearly 61.3 %. This test result further validated that the
proposed method has a good vibration control effect. Additionally,
Fig. 32 compares the performance of the simulation and the HIL test, and
shows that the HIL results track the simulation well.

5.3.3. Heave RAO of SSP under varying wave conditions

As shown in Fig. 33, the HIL test compares the SSP’s heave RAOs
under the proposed method with those of the SSP without WEC control
across different wave conditions. The wave direction is set to 150°. The
results demonstrate that the proposed method consistently reduces the
vibration amplitude of the SSP under different wave conditions.
Notably, the RAO reduction reaches its maximum at the resonant fre-
quency (i.e., Q@ = 1). This highlights the excellent vibration control
performance of the proposed method, which significantly mitigates the
SSP’s operational risks caused by resonance. Moreover, RAO reduction
at the resonant frequency slightly increases with rising wave heights,
further demonstrating the strong adaptability of the proposed method to
varying wave conditions.

6. Conclusion
In this paper, the energy harvesting mechanism of the built-in wave
energy converter (WEC) is extended to serve vibration control purposes,

and a multiple electromagnetic damping adaptive synergy optimization
approach is proposed to achieve effective vibration suppression under

Appendix A. Hydrodynamic parameters of SSP-BIWEC
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varying wave conditions. To demonstrate its feasibility, a semi-
submersible floating platform integrating multiple built-in WECs (SSP-
BIWEQ) is presented as a case study. A comprehensive multi-degree-of-
freedom model that couples multiple physical domains is developed,
validated, and subjected to parameter optimization and comparative
performance analysis. Hardware-in-the-loop (HIL) experiments are then
conducted to evaluate the effectiveness of the proposed method.

The results show that by adaptively adjusting the electromagnetic
damping, the SSP-BIWEC system can consistently operate at an optimal
damping level, thereby avoiding instability caused by damping detun-
ing. The proposed method is particularly effective in suppressing heave
resonance. At the same time, under the dominant wave condition of the
target sea area, it does not increase the platform’s motion in other di-
rections. Additionally, it contributes to further reduction in roll and
pitch vibrations within the resonance frequency range. Across a range of
wave conditions, the proposed approach consistently outperforms the
previously developed passive optimization method, demonstrating
strong robustness and adaptability. Notably, the platform maintains
stable heave responses even under abrupt changes in wave conditions.

In addition to vibration control, the proposed method also enables
the BIWEC to achieve significantly improved energy harvesting perfor-
mance compared to the passive approach, thereby enhancing its engi-
neering applicability. Through HIL experiments, the good vibration
control effectiveness of the proposed approach is validated under
changing wave conditions. Additionally, the satisfactory agreement
between HIL and numerical simulation confirms the practical applica-
bility of the proposed approach for the actual controller. Overall, the
proposed approach demonstrates excellent performance in both vibra-
tion suppression and energy harvesting, offering promising potential for
real-world applications. Future work will focus on the fabrication of a
physical prototype and conducting large-scale experimental testing in
realistic marine environments.

CRediT authorship contribution statement

Yongxing Zhang: Writing - review & editing, Writing — original
draft. Jing Bian: Writing — review & editing, Writing — original draft,
Supervision, Conceptualization. Zhicong Huang: Writing — review &
editing, Supervision, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work is supported by the Science and Technology Planning
Project of Guangdong Province under Grants 2023A0505050124 and
2023B0909050007, the Natural Science Foundation of Guangdong
Province under Grant 2023A1515011623, the Guangzhou Municipal
Science and Technology Bureau under Grant 2025A04J7064.

Using the ANSYS AQWA solver, the hydrodynamic parameters of the SSP-BIWEC are calculated. Notably, since the proposed system is axisym-
metric, the hydrodynamic parameters for surge and sway are identical, as are those for pitch and roll. Therefore, the hydrodynamic parameters for the

sway and roll directions are not repeated in this study. Specifically.

3) For the wave excitation force or moment:
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Fig. Al. The wave excitation force/moment: (a) magnitude of Frao,1, (b) magnitude of Frap,3, () magnitude of Frag,s5, (d) phase of Frao,1, (€) phase of Frao,3 and (f)
phase of Frao,5.
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