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Abstract

Driven by global initiatives to mitigate climate change, the offshore wind power industry is experi-
encing rapid growth. Personnel transfer between service operation vessels (SOVs) and offshore wind
turbines under complex sea conditions remains a critical factor governing the safety and efficiency of
operation and maintenance (O&M) activities. This study establishes a fully coupled dynamic response
and control simulation framework for an SOV equipped with an active motion-compensated gangway.
A numerical model of the SOV is first developed using potential flow theory and frequency-domain
multi-body hydrodynamics to predict realistic vessel motions, which serve as excitation inputs to a
co-simulation environment (MATLAB/Simulink coupled with MSC Adams) representing the Stewart
platform-based gangway. To address system nonlinearity and coupling, a composite control strategy
integrating velocity and dynamic feedforward with three-loop PID feedback is proposed. Simulation
results demonstrate that the composite strategy achieves an average disturbance isolation degree of
21.81 dB, significantly outperforming traditional PID control. Validation is conducted using a ship
motion simulation platform and a combined wind-wave basin with a 1:10 scaled prototype. Experi-
mental results confirm high compensation accuracy, with heave variation maintained within 1.6 cm
and a relative error between simulation and experiment of approximately 18.2%.

Keywords: active motion compensated gangway; composite control strategy; hydrodynamics; service
operational vessel

1. Introduction

The global energy landscape is undergoing a profound transformation, driven by the urgent
need to decarbonize power generation and ensure energy sustainability. Offshore wind energy,
characterized by its high energy density and low turbulence, has emerged as a cornerstone of this
transition. According to the Global Wind Energy Council [1], the global offshore wind capacity is
projected to surge significantly over the coming decade, with a marked trend towards installations in
deeper waters (depths > 50m) where wind resources are more abundant and consistent [2,3]. As wind
farms scale up and move further from shore, effective operation and maintenance (O&M) is pivotal
for minimizing the Levelized Cost of Energy (LCOE), as it typically accounts for 25-30% of the total
lifecycle cost of an offshore wind farm [4]. While traditional Crew Transfer Vessels (CTVs) have served
the industry well in near-shore waters, they are generally limited to significant wave heights (H;) of
approximately 1.5 meters due to the safety risks associated with the friction-based "push-on" transfer
method [5]. To ensure accessibility in more severe seas (Hs; > 3.0m), the industry is increasingly relying
on Service Operation Vessels (SOVs) equipped with active motion compensated gangways [6].

The fundamental operational objective of motion compensated gangway is to mechanically
isolate the transfer bridge from the vessel’s 6-Degree-of-Freedom (6-DOF) wave-induced motions
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[7], thereby establishing a geostationary connection with the wind turbine platform, as shown in
Figure 1. The mechanical design typically employs a Stewart-Gough parallel topology [8], chosen
for its high stiffness-to-weight ratio and precise positioning capabilities. The hexapod-based motion
compensated platform, commercially pioneered by companies like Ampelmann (shown in Figure 2)
and Uptime is now central to offshore wind access [9]. Given the safety-critical nature of offshore
"Walk-to-Work" (W2W) systems, the dynamic analysis and control of gangway have attracted extensive
research interest.

Figure 1. Offshore Walk-to-Work Scenario. (Courtesy of ESVAGT).

- /

Figure 2. Stewart platform-based motion compensated gangway. (Courtesy of Ampelmann).

In terms of control strategies for gangway, proportional-integral-derivative (PID) control remains
the industrial standard due to its simplicity and robustness, yet its performance deteriorates markedly
under stochastic wave disturbances and nonlinear actuator dynamics (e.g., cylinder hysteresis and
friction), often amplifying tracking errors by 20-50 % in non-Gaussian sea states [10]. To address
these limitations, model predictive control (MPC) has been widely adopted for its explicit constraint-
handling capability (joint limits, power bounds), achieving up to 30 % reduction in peak error through
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receding-horizon optimisation [11,12]. More recently, active disturbance rejection control (ADRC)
employing extended state observers has demonstrated superior disturbance attenuation, limiting
residual 6-DOF motion to less to 5 % RMS in coupled vessel-gangway—turbine simulations under
H; ranging from 2.5 m to 3.0 m [13]. Concurrently, neural-network-enhanced approaches futher
improve the control precision under highly uncertain motion. An adaptive control method based
on a backpropagation (BP)-PID control algorithm can reduce the position deviation by about 6.56
times compared with PID [14]. Similarly, the compensation errors could be decreased by 70% (roll or
pitch) and 40% (heave) by the adaptive control strategy consisting of Beetle Antennae Search (BAS)
algorithm and Radial Basis Function Neural Network (RBFNN) [15]. In addition to control algorithms,
SOV can also improve operational efficiency through equipment selection. Small Waterplane Area
Twin Hull (SWATH) is considered a superior option with higher operability compared to traditional
monohull design [16]. Moreover, the integration of dynamic positioning systems with advanced
trajectory prediction algorithms [17] further enhances the offshore operational efficiency of SOVs.

Despite these theoretical advancements, a critical limitation persists in the modeling fidelity of the
"SOV-Gangway-Turbine" coupled system. The majority of control-oriented studies simplify the motion
of SOV by simulating it with simple harmonic motion and random motion. This decoupled approach
neglects the significant hydrodynamic interaction—specifically radiation and diffraction effects—that
occurs when a large-displacement vessel operates in proximity to an offshore wind turbine [18,19].
Nearby offshore wind turbine structures can generate a clear shielding effect [20] that reduces wave
loads on the service operation vessel. Conversely, under specific relative positions and wave headings,
they may induce local wave amplification or altered diffraction [21,22], significantly deviating the
vessel’s motion from simplified assumptions. It is essential to fully couple the gangway simulation
with the dynamic system of the SOV and offshore wind turbine with experimental verification.
Neglecting these multi-body interactions can lead to inaccurate predictions of the gangway’s required
compensation, potentially compromising operational safety [23]. Furthermore, there is a distinct
geographical gap in existing research: while extensive studies focus on North Sea conditions, there is a
lack of systematic research tailored to the specific operational environment of the South China Sea [24],
which is emerging as a major hub for offshore wind development.

To address these gaps, this paper presents a systematic study on the design, high-fidelity simula-
tion, and validation of a vessel-borne active motion compensated gangway. The integrated workflow
of this study—from wave-induced vessel dynamics and gangway control design to experimental
validation—is conceptually outlined in Figure 3. The primary contributions are:
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Figure 3. Simulation and validation framework for the coupled SOV-Gangway-Turbine system.

Precise Hydrodynamic Calculations: Unlike studies relying on rough wave models, we establish
a numerical framework that explicitly calculates the time-domain hydrodynamic response of
SOV. This captures the shielding and radiation effects, providing a high-fidelity prediction of the
vessel’s relative motion.

Composite Control Strategy: We propose an optimized composite control strategy that augments
a robust feedback architecture with feedforward compensation. This approach is specifically
tuned to handle the complex relative motions predicted by our coupled hydrodynamic model.
Scaled Experimental Validation: We designed and constructed a scaled prototype of the gangway
system and validated its performance using a dual-Stewart platform setup. A large 6-DOF Stewart
platform acts as the motion simulator to replicate the precise vessel motions calculated from our
hydrodynamic model, while the prototype gangway (a smaller Stewart platform) performs active
compensation, bridging the gap between theoretical simulation and physical reality.

This paper is organized as follows: Section 2 details the theoretical background, including

hydrodynamics of SOV and the kinematic and dynamic modeling of the gangway. Section 3 describes

the co-simulation framework and comparative analysis of control strategies. The simulation process

and results are displayed in Section 4. Section 5 presents the design of the scaled prototype and

discusses the experimental results, followed by the conclusion in Section 6.

2. Theoretical Background

This section provides a detailed introduction to the theoretical basis of the ship-borne active

motion compensated gangway. It mainly includes hydrodynamics of SOV, kinematic and dynamic

models of gangways, and control strategies.
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2.1. Hydrodynamics of the Service Operation Vessel

Hydrodynamic analysis of the SOV is essential for accurately predicting its 6-DOF motions when
operating adjacent to fixed-bottom offshore wind turbine platforms. These motion responses provide
the primary external disturbances for evaluating the performance and safety of the vessel-borne active
motion-compensated gangway during walk-to-work operations.

The theoretical framework is based on linear potential flow theory, assuming an inviscid, incom-
pressible, and irrotational fluid. The flow field is described by a velocity potential ®(x,t). The SOV
is modelled as a rigid body with six degrees of freedom: surge, sway, heave, roll, pitch, and yaw.
Two right-handed coordinate systems are employed: an Earth-fixed inertial system {O-XYZ} and a
body-fixed system {o-xyz} with its origin at the vessel’s centre of gravity (COG). All hydrodynamic
computations and equations of motion are formulated in the body-fixed frame.

The spatial velocity potential ¢(x) is decomposed as

o)

¢ =) (—iwni¢;) +ao(¢o + ¢7) (1)

j=1

where ¢; (j = 1,...,6) are radiation potentials due to unit-amplitude motion in the j-th mode, ¢y is the
unit-amplitude incident wave potential in deep water, ¢7 is the diffraction potential, a9 is the incident
wave amplitude, and 7; are complex motion amplitudes. Each potential satisfies the Laplace equation
in the fluid domain, the linearized free-surface condition, the hull impermeability condition, and the
far-field radiation condition.

The frequency-domain boundary value problem is solved using the boundary element method
(BEM) with a free-surface Green function [25]. From the solved potentials, the frequency-dependent
added mass Ayj(w) and radiation damping By;(w) are obtained from the radiation potentials:

iwAkj(w) - Bkj(w) = —iwp //H gbjnk ds (2)

The first-order wave exciting force is computed from the incident and diffracted fields:

szl)(w) = —iwpag //H(¢0 + ¢7)ny dS 3)

where p is seawater density and H is the mean wetted hull surface.
The time-domain motion is described by Cummins’ equation [26], which accounts for fluid
memory effects via a convolution term:

[M + M, (o0)]%(t) + /Ot K(t — 7)X(7)dT + BiinX(t) + Bquax(t)|X(t)| + Cx(t) = £(t) 4)

where M is the vessel’s mass matrix, M, (c0) is the infinite-frequency added mass, K(t) is the retarda-
tion function matrix, By, and Bqua are frequency-independent linear and quadratic viscous damping
matrices calibrated from decay tests, C is the hydrostatic restoring matrix, and f(t) is the external force
vector.
The retardation function is obtained from the frequency-domain damping via the cosine transform
[27]:
2

K(t) = 2 /0 " B(w) cos(wt) dw 5)

In practice, artificial decay is applied to B(w) outside the computed frequency range, and K(t) is
truncated when its magnitude becomes negligible. The infinite-frequency added mass is evaluated
using

M, (c0) = M, (') + % /Ooo K(t)sin(w't) dt (6)
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where ' is an arbitrary frequency within the solved range; results are averaged over several ' for
robustness.
Irregular wave elevation is generated from the target JONSWAP spectrum S, (w) as

W(t/ X, ,Bwave) = Re

N
Z a; ei(witkiX+£i)] (7)

i=1

with
X = —cos ,BwaveX —sin ,BwaveY (8)

where X and Y are the low-frequency horizontal position in the global system, Bwave is the mean wave
direction, k; satisfies the deep-water dispersion relation w? = gk; [28], ¢; are random phases, and

a; = /25y (wi)Aw )

The corresponding first-order wave force is
1 N i
f\(/va)lve(t) =R ZAz( )aiez(pi el((ﬂit*k,’X+€,‘) (10)
i=1

where Agl) and g; are the magnitude and phase of the force transfer function, interpolated at each
time step to reflect heading changes.

Equation (4) is integrated using a fourth-order Runge-Kutta scheme with a time step of typically
0.02-0.05 s. The convolution is evaluated numerically using the precomputed K(t). Multiple 3-hour
realisations with independent random phase sets are performed to ensure statistical convergence. The
resulting high-fidelity 6-DOF motion time histories at the COG [29] are transformed to the global frame
and used as disturbance inputs to the gangway control co-simulation. The hydrodynamic computations
described above were performed using HydroStar [30], a frequency-domain 3D diffraction/radiation
analysis software. HydroStar computes the key hydrodynamic coefficients—including added mass,
radiation damping, and wave excitation forces—which were subsequently exported and integrated
into our custom time-domain solver, Kraken[31,32].

2.2. Kinematic and Dynamic Models of Gangways

The kinematic analysis of the Stewart platform is essential for motion compensation control. The
position, velocity, and acceleration relationships between the moving platform and the actuator legs
are derived using the closed-loop vector method.The structure of the Stewart platform is shown in the
Figure 4.

Figure 4. The structure of the Stewart platform.
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The position vector of the i-th leg can be expressed as:
li:Pj+t_bi (11)

where p; and b; denote the position vectors of the upper and lower hinge points in the global inertial
coordinate system, respectively, and t is the translation vector of the moving platform.
The length of the i-th leg is given by:

L=l 12)
The unit vector along the leg is:
L.
Si= 1 (13)
1
The velocity of the leg is derived as:
Li = sf (tpi — ty) (14)

where t,; and 1;; are the velocities of the upper and lower hinge points, respectively.
The acceleration of the leg is obtained as:

L =s] (tpi — ) — Liw} (15)
where w; is the angular velocity of the leg.
The Jacobian matrices for the upper and lower platforms are defined as:
sl ... S6 Sl o .. S6
= ’ = 16
Jy p1 X8y --- p6x56] Je [blxsl -+ bg X sg (16)

The dynamic model of the Stewart platform is established using Kane’s method to account for the
non-inertial base motion. The generalized coordinates of the moving platform are defined as:

ap = [Xp, Yp, Zp, ap, ﬁpr'Yp]T (17)
The generalized velocities are:
dp = [Xp, Jps 2, Wpr, Wpy, wpe] " (18)

The partial velocities and partial angular velocities are derived for the platform, legs, and payload.
The generalized active and inertial forces are formulated as:

F+F =0, j=12,...,6 (19)
The final dynamic equation is expressed as:
Mpqp + Cp — Mgy — Cp — Gp +M;q;+GC = ]pF (20)

where M), and M,, are mass matrices of the upper and base platforms, C, and C;, are Coriolis and
centrifugal force vectors, G, is the gravity vector, and F is the driving force vector of the legs.
The electric cylinder, driven by a permanent magnet synchronous motor (PMSM), is modeled as:

l: _ Ry _Kp i g
U I I T B o (21)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where i, is the g-axis current, w, is the motor angular velocity, R, is the stator resistance, L, is the
g-axis inductance, K is the back EMF coefficient, Kt is the torque coefficient, J;;, is the rotor inertia, B,
is the damping coefficient, u, is the g-axis voltage, and T, is the load torque.

The transfer function from voltage to angular velocity is:

Ofs) _ K (22)
Uy(s)  LJs?+ (LB+R])s+ RB+ KK
The linear displacement of the electric cylinder is related to the motor rotation by:
p
Ly = ﬁem (23)

where P is the screw lead, 7 is the transmission efficiency, and 0, is the motor angle.
This completes the theoretical foundation for the kinematic and dynamic modeling of the motion-
compensated gangway based on the Stewart platform.

2.3. Control Strategies
2.3.1. PID Control

In motion compensation systems based on the Stewart parallel mechanism, the design of control
strategies is crucial to achieve high-precision trajectory tracking and effective disturbance rejection. The
system exhibits strong nonlinearity, coupling, and time-varying characteristics due to its multi-input
multi-output (MIMO) structure and the complex marine environment in which it operates. This section
introduces the fundamental control methodologies employed, namely PID control and feedforward
control, which form the basis of the proposed composite control strategy.

PID control is one of the most widely used control strategies in industrial applications due to its
simplicity, robustness, and ease of implementation. The continuous-time form of a PID controller is
expressed as:

de(t)
dt '

u(t) = Kpe(t) + K; /0 (1) dr + K (24)

where u(t) is the control output, e(t) is the error between the desired and actual output, and K,
K;, and K are the proportional, integral, and derivative gains, respectively.

In the context of the Stewart platform, a three-loop control structure is typically adopted for
each electric cylinder, comprising current loop, velocity loop and position loop. The current loop
is the innermost loop regulated the motor torque using a PI controller to ensure fast response and
disturbance rejection. The velocity loop, which is the middle control loop, regulates the motor speed
using a PI controller to improve dynamic performance. The position loop is the outer loop, which
achieves accurate position tracking, often using a P or PID controller.

The PID parameters are usually tuned sequentially from the inner to the outer loop. However, due
to the nonlinear and coupled nature of the Stewart platform, conventional tuning methods may not
suffice. Thus, intelligent optimization techniques such as the Genetic Algorithm (GA) are employed to
auto-tune the PID parameters by minimizing a cost function that considers tracking error, overshoot,
and settling time.

2.3.2. Feedforward Control

To enhance the tracking performance and robustness of the PID controller, feedforward control
is introduced. Unlike the feedback control, which reacts to errors, feedforward control proactively
compensates for known disturbances or system dynamics.

Velocity feedforward is used to improve the tracking of high-frequency reference signals by
utilizing the high bandwidth of the velocity loop. The feedforward term is derived from the derivative
of the desired position signal:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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dl
uvff(t) = va' Zit)r (25)

where [;(t) is the desired position of the electric cylinder, and K,  is the velocity feedforward
gain. When properly designed, this term reduces phase lag and improves the system’s ability to track
dynamic trajectories.

Dynamics feedforward compensates for the nonlinear and coupling effects within the Stewart
platform. Based on the inverse dynamics model, the required control force for each actuator is
computed and fed forward to the current loop:

_ L
-

where F is the axial force computed from the dynamics model, and Kr is the motor torque

Fy F, (26)

constant. This approach mitigates the effects of inertial and coupling forces, thereby improving both
dynamic response and disturbance rejection.

2.3.3. Composite Control Strategy

By integrating both PID feedback and feedforward control, a composite control strategy is formed.
This hybrid approach leverages the error-correction capability of PID and the predictive compensation
of feedforward control, resulting in enhanced performance in terms of tracking accuracy, response
speed, and stability—even under complex multi-degree-of-freedom disturbances.

The overall control law for each actuator can be summarized as:

u(t) = upp(t) + uvff(t) + udff(t)/ (27)

where upjp(t) is the output of the PID controller, u,f¢(t) is the velocity feedforward term, and
ugfs(t) is the dynamics feedforward term.

This composite strategy has been validated through both simulation and experimentation, demon-
strating significant improvements in motion compensation performance for the Stewart-based gangway
system.

3. Establishment of Numerical Models and Simulation Models
3.1. Numerical Model Implementation

The theoretical models derived in previous sections were implemented numerically to enable
digital simulation and analysis. This process involved discretizing the continuous-time equations and
developing efficient computational algorithms.

3.1.1. Kinematic Numerical Solution

The inverse kinematics solution was implemented using vector operations. For each sampling
time step, the leg lengths were computed as:

Lilk] = [Rp[k] - pi + tp[K] — Ry [k] -° b; — t,[k]| (28)

where k denotes the discrete time index, Ry, [k] and Ry[k] are the rotation matrices of the moving
and base platforms at time step k, and t, [k] and t; [k] are their translation vectors.

The Jacobian matrices were computed numerically at each time step to handle the system’s
nonlinearity:

s{lk]  (Ry[k] " p1 x s1[k])"

= s )
s¢ [kl (Rp[k] -" pe x sg[k])"
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3.1.2. Dynamic Numerical Integration

The Kane’s dynamic equations were solved using numerical integration methods. The fourth-
order Runge-Kutta method was employed for its balance between accuracy and computational effi-
ciency:

At
q[k+1] = q[k] + Z(kl +2k2+2k3+k4) (30)

where k; to kg are the intermediate derivatives computed at different points within the time step
At.

3.2. Simulation Framework Construction

A co-simulation framework was established using MATLAB/Simulink and Adams to leverage
the strengths of both platforms for control system design and multi-body dynamics analysis.

3.2.1. Multi-body Dynamics Model in Adams

The mechanical system was modeled in Adams with precise geometric and mass properties, as
detailed in Table 1.

Table 1. Mass and inertia properties of Stewart platform components.

Component Mass (kg) Inertia (kg-m?)
Ly =452
Base Platform 285.6 Iy = 45.2
I, =728
. Ly = 28.7
Moving Platform 163.4 I, =287
I, =421
. . Ixx = 1.2

Electric Cylinder (each) 18.3

Ly =12
I, =08
Iy =15.3
Gangway Load 100.0 Iy = 32.6
I, =284

The electric cylinders are connected to the upper platform via spherical joints (3 DOFs) and to the
lower platform via universal joints (2 DOFs), while their actuation is provided by internal prismatic
joints (1 DOF).

3.2.2. Control System Model in Simulink

The control system was implemented in Simulink, as shown in Figure 5. The main components
included Disturbance Generator, Inverse Kinematics Module, Controller Module, Adams Interface.
Disturbance Generator provides 6-DOF motion of the SOV computed in Section 2.1. Inverse Kinematics
Module computed desired leg lengths from platform poses. Controller Module implemented the
composite feedforward-feedback control strategy. Adams Interface handled data exchange with the
Adams mechanical model.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Simulink control system model for Stewart platforms.

4. Simulation and Result
4.1. Simulation Parameters and Conditions

The long-term distribution probability of wave conditions in the operating sea area will directly
affect the window period of operation and maintenance, and the wave scatter diagram is generally
used to describe such distribution probability. The sea-state calculations in this paper are conducted
using wave data from the South China Sea (off Guangdong, China), given the region’s significance
as a major hub for China’s expanding offshore wind power sector. Therefore, the scatter diagram in
this study (Figure 6) are based on historical wave data from [33], with the peak period T, converted
according to the method of [34].

8
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Figure 6. Wave scatter diagram of an offshore wind farm in Guangdong.
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The irregular wave field was generated based on the JONSWAP spectrum, with the governing
parameters given as follow: the sea state is characterized by a significant wave height (Hs) of 0.75 m
and a peak period (Ty) of 5.56 s. A standard peak enhancement factor () of 3.3 and a spectral shape
parameter () of 0 were applied. To ensure sufficient resolution in the frequency domain, the spectrum
was discretized over a range of w € [0.025,2.0] rad /s with a frequency increment of 0.005 rad/s. The
generated JONSWAP wave spectrum is shown in the Figure 7.
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Figure 7. JONSWAP wave spectrum.
Ultimately, the total surface elevation time series is constructed through the linear superposition
of these individual harmonic components, often calculated using an Inverse Fast Fourier Transform, re-

sulting in a realistic simulation of an irregular wave field that statistically matches the target JONSWAP
spectrum, the wave height shown in the Figure 8.
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Figure 8. Wave height time series.

Figure 9 shows the monohull SOV model studied in this paper, and Table 2 lists its key specifica-
tions. Figure 10 presents the corresponding amplitude-frequency response operator (RAO), calculated
using the method described in Section 2.1. Finally, Figure 11 shows 600-second excerpts of the resulting
6-DOF motion time histories. These time histories were computed by applying the wave excitation
forces to the vessel’s RAOs. The full simulation represented a three-hour operational scenario, but for
clarity, only a representative segment is displayed here.
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‘Z
T,
Figure 9. Monohull service operation vessel model.
Table 2. Engineering specifications of SOV.
Item Monohull Unit
Length in overall 66 m
Breadth in overall 15 m
Mean draught in operation 5.3 m
Vertical Center of gravity (from 515 m
keel)
Metacentric height GM 1.05 m
Displacement 4,010 ton
Roll moment of inertia 1.04 x 108 kg m?
Pitch moment of inertia 1.09 x 10° kg m?
Yaw moment of inertia 1.1 x 10° kg m?
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In this study, the motion of the lower platform of the motion compensated gangway installed
on the vessel can be obtained through coordinate transformation. Since the base of the Stewart
platform is rigidly connected to the deck, its attitude remains consistent with the vessel, and coordinate
transformation only needs to be performed for the translational directions. The base platform of the
Stewart platform should be installed on the Y-direction axis, at the intersection with the vertical line
passing through the center of mass, to reduce the impact of vessel motion. Its specific coordinates
relative to the vessel coordinate system are (-26, 0, -5.8). The displacement of the Stewart platform’s
base obtained through coordinate transformation is shown in the Figure 12.
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Figure 12. The displacement of the Stewart platform’s base.

Assuming the ideal state where the upper platform is fully compensated (i.e., the upper platform
remains stationary relative to the inertial coordinate system), the length variations of the six legs can
be calculated after obtaining the 6-DOF motion time histories of the Stewart platform’s base relative to
the inertial coordinate system, as shown in the Figure 13.
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Figure 13. Compensation amount of each leg of the Stewart platform.
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4.2. Simulation Results and Analysis

To further compare the control motion compensation effect under the traditional PID control with
the composite control strategy, input the base platform’s pose and leg length changes into the motion
compensated gangway system built by Simulink-Adams, and obtain the six-degree-of-freedom motion
time history and acceleration of the Stewart upper platform, the result for using PID control as shown
in the Figure 14 and Figure 15.
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Figure 14. 6-DOF motion time history of the Stewart upper platform by using PID control.
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Figure 15. Acceleration of the Stewart upper platform by using PID control.

Next, velocity and dynamic feedforward are introduced, and the simulation results are obtained
as shown in the Figure 16 and Figure 17.
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The compensation performance was quantified using the isolation degree metric.Define the
compensation isolation degree as the evaluation index for the compensation effect of the motion
compensated gangway system in each degree of freedom, which is expressed by Equation (31).

|

e = —20 lg(TI)dB (31)
In the formula, ais the value of the motion compensated gangway in a certain degree of freedom, and
« is the value of the pose simulation platform in the corresponding degree of freedom. The larger 7, is,
the better the compensation effect of the motion compensated gangway on disturbances; when it is
infinite, it indicates complete compensation for disturbances. Conversely, the closer it is to 0, the worse
the compensation effect; when it is 0, it means the platform has no compensation effect on disturbances
at all.

Table 3 summarizes the isolation degrees achieved for each degree of freedom under different
control strategies.
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Table 3. Wave compensation performance comparison.
Degree of Freedom PID(dB) Composite Control (dB)
Heave (Z) 17.39 21.58
Roll (&) 17.39 21.16
Pitch (B) 19.66 23.12
Surge (X) 17.39 20.93
Sway (Y) 17.39 20.93
Yaw () 19.66 23.12
Average 18.15 21.81

The composite control strategy demonstrated superior performance, achieving an average isola-
tion degree of 21.81 dB, which corresponds to approximately 91% disturbance rejection.

5. Scaled Gangway Prototype Experiment
5.1. Experimental Platform Design and Setup

To validate the simulation results and control strategies, a 1:10 Scaled experimental platform was
designed and constructed, maintaining geometric and dynamic similarity with the full-scale system.

The experimental setup of the Stewart platform mainly includes a dual-layer Stewart-configuration
mechanical structure, an AC servo system, an inertial measurement unit (IMU), a motion control card,
and a PC upper computer.

The mechanical system of this experimental setup is mainly composed of two parts: a motion
simulation subsystem and a motion compensated subsystem. The lower Stewart platform serves as the
motion simulation system, which can provide six-degree-of-freedom motion simulating an offshore
operation and maintenance vessel. The upper Stewart platform acts as the motion compensated system,
whose lower plane is welded and fixed to the upper plane of the lower Stewart platform. It is actuated
by a complete set of control systems and electric cylinders to compensate for the motion caused by the
lower Stewart platform and maintain the stability of the upper plane. The physical diagram of the
dual-layer Stewart-configuration mechanical structure is shown in Figure 18.

Figure 18. Main parts of the Scaled test mechanical structure.

The key technical parameters of both Stewart platforms are detailed in Table 4.
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Table 4. Technical specifications of the experimental platforms.

Parameter Motion Compensation Ship Motion Unit
Platform Simulator
Platform Size ¢600 1500x1200 mm
Payload Capacity 80 500 kg
Tilt Range +30 +15 °
Yaw Range +35 +20 °
Stroke 160 100 mm
Max. Velocity 0.5 0.5 m/s
Motor Power 400x6 1000x6 \
Rated Speed 3000 3000 rpm

The motion compensated control system uses a motion control card as the main controller. An
inertial motion sensor, serving as the pose measurement and feedback component, is installed at the
center of the base platform of the Stewart platform to feed back the real-time pose information of the
lower plane of the motion compensated system to the upper computer software. After undergoing
steps such as signal preprocessing, signal prediction, and forward/inverse kinematic solutions, the
upper computer calculates the rod length error of each electric cylinder and sends control commands
to the motion control card. The motion control card drives the motor operation by controlling the
driver; the motor drives the expansion and contraction of the electric cylinder through a mechanical
transmission mechanism to complete the control of a single joint branch. Ultimately, it achieves the
control of the upper plane of the motion compensated system, keeping it in a relatively stable state at
all times. The entire experimental setup is shown in the Figure 19.

Figure 19. Scaled test platform device for motion compensation.

5.2. Control System Implementation

During the operation of the motion compensated system, it is necessary to perform kinematic
and dynamic model calculations based on the disturbance pose signals detected by the inertial motion
sensor, and then control the electric cylinders to compensate for ship disturbances.

Among the disturbance poses in six degrees of freedom, the angles of roll, pitch, and yaw can
be obtained by a high-precision attitude and heading reference system. However, the displacement
data of surge, sway, and heave cannot be directly measured and need to be obtained through double
integration of acceleration information in the corresponding directions. The acceleration information
measured by the sensor contains noise and interference from low-frequency Schuler period oscillation
signals, and especially interference from gravitational acceleration in the heave direction. Therefore,
the original acceleration information needs to be further processed to obtain a more accurate calculated
value of heave motion.
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In the pose calculation module, to achieve accurate estimation of disturbance motions such as
platform heave, this paper adopts the Cubature Kalman Filter (CKF) algorithm for state estimation of
the received original sensor data. Compared with the traditional Extended Kalman Filter (EKF) method,
the Cubature Kalman Filter has higher accuracy and stability when dealing with nonlinear systems,
making it more suitable for the calculation of complex motion states in the marine environment.

5.3. Experimental Protocol

To ensure the experimental results could be extrapolated to the full-scale system, similarity criteria
were strictly followed. Based on Froude similarity law, the time scaling factor was determined as:
T, 556

= "= ~176 32
T V0 s (32)

where T, = 5.56 s is the prototype wave period and A = 10 is the geometric scale ratio.

During the compensation experiment, one pose measurement unit is placed on the upper plane
of the pose simulator to measure the disturbed pose, and another pose measurement unit is placed on
the stable compensation plane to verify the effect of stable compensation. A laser range finder is fixed
at the same position as the pose measurement unit to measure the displacement variation in the heave
direction, with a measurement accuracy of 2mm. The pose simulation platform is used to simulate
disturbances in each degree of freedom, and the attitude angle changes of the motion compensated
platform are obtained through the pose measurement units.

Tm -

5.4. Experimental Results and Analysis

To ensure that the experimental results can effectively reflect the actual force and response laws
of the prototype structure, real sea conditions must be considered in the scaled model experiment.
For better verifying the reliability of motion compensation and the effectiveness of the scaled test,
we added two other common sea state conditions as inputs, which are T, = 5.56s, H; = 1m and
T, = 4.44s, H; = 0.75m. The wave direction set to 90° beam sea, it may cause relatively strong roll,
which poses great challenges to the system stability. The wave conditions are summarized in Table 5.

Table 5. Wave conditions parameters.

Parameter Casel Case2 Case3 Unit
Significant wave

height H, 0.75 1 0.75 m
Peak period T) 5.56 5.56 4.44 s

A 20-second 6-DOF motion time history is input into the motion control software of the pose sim-
ulation platform, and the pose measured by the motion compensated platform is shown in Figure 20.
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Figure 20. Measured pose error of the compensation platform.
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The analysis results show that the variation of the platform’s attitude angles is kept within 0.6°,
and the isolation degrees of roll angle, pitch angle, and yaw angle reach 16.48 dB. Measurements from
the laser range finder indicate that the variation in the heave direction is between 1.399 m and 1.414 m,
i.e., the heave variation is maintained within a small range of 1.4 cm with an isolation degree of 15.14
dB.

The simulation results corresponding to the time points in the previous text are scaled by a scale

ratio of 1:10, and the difference is calculated between these scaled results and the model test results
after low-pass filtering.
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Figure 21. The error between the model test and simulation.

The error results between model test and simulation are shown in Figure 21. Tests show that the
angle error is less than 0.03°, and the displacement error is less than 0.01m.

The pose measured by the motion compensated platform and the error between model test and
simulation are shown in Figure 22, Figure 23, Figure 24, and Figure 25.
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Figure 22. T, = 5.56s, H; = 1m,Measured pose error of the compensation platform.
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Figure 24. T, = 4.44s, H; = 0.75m,Measured pose error of the compensation platform.
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Figure 25. The error between the model test and simulation.

The analysis results show: When T, = 5.56s, H; = 1m, the variation of the platform’s attitude
angles is kept within 0.5°, and the isolation degrees of angles reach 15.25 dB. the heave variation is
maintained within a small range of 1.6 cm with an isolation degree of 13.02 dB. When T, = 4.44s,
H; = 0.75m, the variation of the platform’s attitude angles is kept within 0.8°, and the isolation
degrees of angles reach 13.17 dB. the heave variation is maintained within a small range of 1.4 cm
with an isolation degree of 12.14 dB. The calculated average error rate is 18.2%, which can meet the
requirements for experimental verification of the simulation results.
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6. Results and Discussion
6.1. Performance Analysis of Control Strategies

The simulation results presented in Section 4 demonstrate the efficacy of the proposed control
strategies for the vessel-borne active motion compensated gangway. As illustrated in the comparative
analysis between the traditional PID control and the proposed composite control strategy, the latter
significantly enhances motion compensation performance.

Specifically, the composite control strategy achieved an average isolation degree of 21.81 dB across
all six DOFs, compared to 18.15 dB for the standard PID controller (see Table 3). This represents an
improvement of approximately 3.66 dB. Notably, the heave and pitch motions—critical for personnel
safety during transfer—saw isolation degrees increase to 21.58 dB and 23.12 dB, respectively. This
superior performance is attributed to the feedforward loop’s ability to proactively compensate for
wave-induced disturbances based on the inverse dynamics model, thereby reducing the phase lag and
tracking errors inherent in pure feedback systems. The results indicate that the system can effectively
reject approximately 91% of disturbances, ensuring a stable gangway tip position even under irregular
wave conditions defined by the JONSWAP spectrum.

6.2. Experimental Validation and Model Fidelity

The experimental trials conducted on the 1:10 scaled prototype in the wave-wind combined test
basin provided physical validation for the numerical models. Under simulated sea states corresponding
to the specific wave scatter diagram of the Guangdong offshore wind farm, the prototype maintained
high stability. The attitude angle variations were constrained within 0.8°, and the residual heave
motion was maintained within a small range of 1.6 cm. The experimental isolation degrees reached
16.48 dB for rotational motions and 15.14 dB for heave, confirming the mechanical feasibility of the
design.

A critical aspect of this study was validating the fully coupled SOV-Gangway-Turbine dynamic
system. The comparison between the scaled simulation results and the model test data yielded
an average error rate of 18.2%. While this discrepancy exists, it is within the acceptable range for
complex hydrodynamic and multi-body mechanical coupling problems. The error can be attributed to
unmodeled non-linear factors such as mechanical friction in the electric cylinders, sensor noise (drift
in accelerometer integration), and complex viscous fluid effects that potential flow theory estimates
with lower precision. Nevertheless, the correlation confirms that the developed simulation framework
is sufficiently accurate for predicting system behavior and optimizing control parameters for full-scale
applications.

7. Conclusions

This paper presented a comprehensive study on the simulation and experimental validation
of a vessel-borne active motion compensated gangway designed for offshore wind operation and
maintenance. By establishing a fully coupled hydrodynamic and mechanical model and proposing a
composite control strategy, the following conclusions are drawn:

* Integrated Simulation Framework: A numerical model integrating frequency-domain multi-body
hydrodynamics with time-domain mechanical dynamics was successfully developed. This frame-
work effectively captures the complex interactions between the SOV, the motion-compensated
gangway, and the fixed offshore wind turbine.

¢ Enhanced Control Performance: The proposed active motion compensated strategy, which
combines feedforward control (velocity and dynamics) with a three-loop PID feedback structure,
demonstrated superior performance over traditional methods. Simulation results confirmed
an average disturbance isolation degree of 21.81 dB, effectively neutralizing over 90% of vessel
motions.

¢  Experimental Validation: A 1:10 scaled prototype was constructed and tested. The experimen-
tal results validated the simulation, with the heave variation maintained within 1.6 cm and a
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simulation-to-experiment error margin of 18.2%. This verifies the reliability of the theoretical
model and the control system design.

Future work will focus on minimizing the simulation-experiment discrepancy by refining friction
models and incorporating advanced sensor fusion algorithms (e.g., Extended Kalman Filters) to further
reduce noise in real-time heave estimation. Additionally, full-scale sea trials are planned to evaluate
the system’s robustness under extreme weather conditions.
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