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Abstract: The safety transfer on the sea is threatened by wind, wave and surge loads. An offshore
gangway ensures smooth and safe transfer by compensating the ship’s motion. In a mixed offshore
gangway system, the transfer gangway is a huge asymmetric load on top of the stable platform, and
the displacement of its center of gravity causes it to exert a large dynamic load on the stable platform.
A dynamic model of the offshore gangway under dynamic load is established in this work. The
Lagrange equation is used to establish the dynamic model of the transfer gangway; the equivalent
center of gravity method is used to visualize its dynamic load. The dynamic of the stable platform is
modeled by the virtual work principle. Finally, the accuracy of the mathematical model was verified
by the joint simulation. Simulation results indicate that under the influence of dynamic load, the
tractive force of the second drive support chain is 2–3 times greater than the tractive force of the
first and third drive support chains. With the same excitation, the tractive force of the second drive
support chain is 2.83 times higher than that under the static load.

Keywords: mixed offshore gangway; dynamic load; Lagrange equation; dynamic model; virtual
work principle; joint simulation

1. Introduction

Offshore wind energy is recognized as an important vehicle to achieve energy transi-
tion and carbon neutrality, and its development potential is huge [1,2]. The construction,
commissioning, testing and maintenance of offshore wind turbines require the participation
of personnel, while offshore transfer operations are vulnerable to safety accidents caused by
the threat of heavy waves, storms and fog. With the rapid growth in the number of offshore
wind farms worldwide, equipment for the safe transfer of people and cargo on the sea
has seen increased demand. To ensure stable, safe, and effective maritime transshipment,
offshore gangways can counteract the ship’s multi-dimensional swing motions and keep
the transfer object steady in the inertial space [3,4]. The offshore gangway has attracted
extensive research by related scholars. Liang et al. [4] used the Euler–Lagrange equations to
model the kinematics and dynamics of a serial transfer gangway, respectively. Additionally,
they designed an improved dynamic controller to simulate the gangway end moving along
the desired trajectory and the docking case, respectively. Dong et al. [5] studied the cou-
pling dynamics and gangway response of a turret mooring floating production, storage and
unloading (FPSO) device and a semi-submersible regulation platform (AP) using numerical
methods. Based on the potential theory, the hydrodynamic forces considering multi-body
wave interactions were calculated in the frequency domain, and the limiting response of the
channel was predicted based on the Weibull distribution, whereby the environmental crite-
rion was determined. Li et al. [6] analyzed the hydrodynamic interaction of a multi-body
system, studied the extension, contraction, rotation and relative motion motions during
serial transfer gangway operation and calibrated and verified the nonlinear transverse
rocking damping in free decaying waves and regular waves.
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This work establishes the dynamic model of the series-parallel mixed offshore gangway,
which accounts for the dynamic load placed by the transfer gangway on the stable platform.

Dynamics describes the relationship between joint moments, kinetic parameters
and joint motion, and these relationships can help achieve subsequent high-speed, high-
precision motion control. The parallel structure in the mixed mechanism of this paper
is a nonlinear system with a complex structure, multiple variables, multiple degrees of
freedom and multiple parameters coupling, and the dynamics model established needs
to match the actual dynamic characteristics of the mechanism if the desired control effect
is to be achieved. Early studies of dynamics mainly included Newton–Euler equations
and Lagrange equations, which belong to the category of classical mechanics and are
friendly for modeling the dynamics of simple rigid body systems with fewer degrees of
freedom. Newton–Euler equations belong to the category of vector mechanics, which
solve dynamic problems by combining force balance equations, while Lagrange dynamics
are based on the conservation of work and energy [7]. Liu et al. [8] derived the dynamic
model of the simplified structure of the three-RRC parallel manipulator using Lagrange
equations. A six-DOF stable platform’s Newton–Euler dynamic model was modeled by
Wang et al. and validated by simulations [9]. Based on a modified formulation of the
Lagrange equation, Muralidharan et al. provided a method for calculating the inverse
dynamics [10]. Chen et al. [1] integrated the effects of inertial forces, elastic forces, damping
forces and combined bending and torsion moments, and established the dynamics model
of the soft manipulator through the modified Newton–Euler iterative equation. The prin-
ciple of virtual work circumvents the constraint and constraint couple forces inside the
mechanical systems, and it is very friendly for analyzing strongly coupled systems [11].
Javad et al. [12] proposed a dynamic modeling method based on the principle of virtual
work and the linked Jacobian matrices, which eliminates the constraint and moments at the
passive joints, and the dynamic model of the parallel manipulator is simplified to a system
of three linear equations with three unknowns. Yang et al. [13] derived the explicit and
linearized dynamics equations for the Stewart platform with high accuracy and simplicity
using the principle of virtual work. Alaleh et al. [14] modeled the dynamics of a four-DOF
over-constrained parallel manipulator by the principle of virtual work. Kane equations
and generalized momentum equations are effective new methods used to establish the
dynamical equations of complex multi-rigid body systems [15]. Cheng et al. [16] derived
the kinetic formulation of the hip joint with a 3SPS+1PS space-parallel manipulator as
the core module using the Kane equation, and it obtained the relationship between the
velocity and acceleration of the motion platform and the drive support chains. A dynamic
model using the Kane equation was created by Yang et al. for a parallel platform [17]. The
generalized momentum equation, which requires less computing than the conventional
Lagrange equation, was used by Lopes to study a dynamics of parallel systems [18]. Xin
proposed a systematic approach to model the inverse dynamics of a three-DOF complex
non-redundant manipulator by combining the Lagrange equation and the principle of
virtual work [19]. Dynamic methods can also be combined to analyze a complex system.
Mirjana [20] successfully modeled the dynamics of a complex cable-suspended parallel
robot using a Lagrange equation low-range model based on the principle of virtual work.
Tian et al. [21] constructed closure dynamics of the broad range of parallel systems by integrat-
ing the concepts of D’Alembert and virtual principle. Liu [22] solved the joint output forces of
highly redundant parallel manipulators under non-redundancy and full-redundancy driving
modes using the principle of virtual work, and proposed a load distribution algorithm based
on Lagrange optimization for full-redundancy driving, which avoids the joint overload caused
by the traditional minimum constant load distribution scheme and improves the positioning
accuracy of the manipulator.

In this paper, a dynamic model of the offshore gangway’s 3UPU/UP-RRP series-
parallel mixed structure is constructed using Matlab. The exactitude of the model is
confirmed via joint simulation. The dynamics of the people transfer operation are examined
based on the model presented. The impact of the dynamic load placed by the transfer
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gangway on the tractive force of the stable platform’s drive support chains is examined,
and the viability of the ship motion compensation scheme—in which the stable platform
corrects for roll and pitch motions of the ship and the transfer gangway corrects the transfer
destination’s three-dimensional displacement with respect to the ship—is confirmed.

More specifically, the following areas are those in which the paper makes contributions
and introduces innovative ideas:

(1) A dynamic model of the mixed offshore gangway under dynamic load is compre-
hensively established. The model is also applicable to the dynamic analysis of the
personnel transfer operation process. The exactitude of the model is confirmed by
joint simulation. To the best of the authors’ knowledge, the dynamic model of the
offshore gangway under dynamic load is established first time in this paper.

(2) The analysis of the dynamic model results show that the dynamic load applied to
the stable platform by the transfer gangway has a significant effect on the tractive
force of the stable platform’s drive support chains. The tractive force of the first drive
support chain of the stable platform changes from positive to negative when the
personnel transfer operation is carried out, which is worthy of follow-up study and
has certain guiding significance for the practical application of the mixed structure
offshore gangway.

(3) Compared with no ship motion compensation, the ship motion compensation scheme
can compensate for 83% of the ship motion in this paper.

The rest of the paper is presented below. The mixed offshore gangway construction is
introduced in Section 2, along with its frame. The dynamic is modeled in Section 3. This
includes calculating the tractive force of each joint in the transfer gangway, the dynamic
load, the platform posture, the velocity and acceleration of the drive support chains,
the force of each component of the stable platform, etc., before establishing the general
dynamic model. Section 4 compares the traction forces in the drive support chains for
stable platforms with and without dynamic loads, analyzes the dynamics of the system
during the execution of personnel transfer operations using the model and then analyzes
the response of the end point position of the gangway with and without compensation
control. This paper’s conclusions are presented in Section 5.

2. Structure and Spatial Framework of the Overall System
2.1. Introduction of the Organization

In Figure 1, a stable platform and a transfer gangway that is fixedly coupled to the
fixed platform of the stable platform make up the mixed offshore gangway. A moving
platform, a fixed platform, three UPU structure drive support chains and a UP structure
follower branch chain make up the stable platform in this paper, which is described as a
3UPU/UP structure (U stands for Hooke’s joint and P for the actuator’s sliding pair). The
follow-on support chain joins the centers for the moving platforms, which are parallel to one
another. The top and moving platforms are connected by the drive support chains, which
symmetrically encircle the follow-on support chain. Due to the stable platform’s limited
ability to move in the vertical direction, the structure determines that it has one degree
of movement and two degrees of freedom of rotation. As a result, it primarily uses these
rotational DOFs to account for the ship’s roll and pitch motions, keeping the fixed platform
horizontal and enhancing the smoothness of the system (transfer gangway) on top of the
fixed platform during sea transfer [23]. A transfer platform, a pitching motor, a main arm, a
telescopic arm, and a telescoping motor make up the RRP series gangway. A certain amount
of mobility is produced by the telescoping motor, which joins the telescopic arm to the main
arm. The main arm is joined to the transfer platform by the pitching motor, which allows
for some rotational freedom. The slewing mechanism connects the transfer platform to the
fixed platform of the stable platform, providing rotational freedom. The transfer gangway
is employed to account for the transfer destination’s three-dimensional displacement with
respect to the ship due to the vast working space of the serial mechanism [24]. The stable
platform and transfer gangway arrangement ensure the security of the marine transfer.
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Figure 1. Structural components of the offshore gangway: 1—telescopic arm; 2—main arm; 3—pitching
motor; 4—fixed platform; 5—moving platform; 6—follower branch chain; 7—drive support chains;
8—slewing mechanism; 9—transfer platform.

2.2. Geometrical Modeling

In Figure 2, {oG} is a reference frame. {os} is a fixed frame of the hull. {od} is the
moving platform fixed frame, od is located at the mass center of the moving platform and
each axis is oriented in a direction as the hull frame. {ou} is the fixed platform reference
frame, with the center of the fixed platform as the origin, and the zu-axis is always vertically
downward. {ob} is the pitch arm frame, and ob is located at the mass center of the pitch
axis, where the zb-axis is always vertical down, while the xb-axis is in a direction as the
main arm. {oe} is the telescopic arm frame, oe is located at the center of the end of the main
arm and each axis is oriented in the same direction as {ob}.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 21 
 

 

certain amount of mobility is produced by the telescoping motor, which joins the tele-

scopic arm to the main arm. The main arm is joined to the transfer platform by the pitching 

motor, which allows for some rotational freedom. The slewing mechanism connects the 

transfer platform to the fixed platform of the stable platform, providing rotational free-

dom. The transfer gangway is employed to account for the transfer destination’s three-

dimensional displacement with respect to the ship due to the vast working space of the 

serial mechanism [24]. The stable platform and transfer gangway arrangement ensure the 

security of the marine transfer. 

 

Figure 1. Structural components of the offshore gangway: 1—telescopic arm; 2—main arm; 3—

pitching motor; 4—fixed platform; 5—moving platform; 6—follower branch chain; 7—drive support 

chains; 8—slewing mechanism; 9—transfer platform. 

2.2. Geometrical Modeling 

In Figure 2, 
 Go

 is a reference frame. 
 so

 is a fixed frame of the hull. 
 do

 is the 

moving platform fixed frame, do  is located at the mass center of the moving platform 

and each axis is oriented in a direction as the hull frame. 
 uo

 is the fixed platform refer-

ence frame, with the center of the fixed platform as the origin, and the uz
-axis is always 

vertically downward. 
 bo

 is the pitch arm frame, and bo  is located at the mass center 

of the pitch axis, where the bz
-axis is always vertical down, while the bx

-axis is in a di-

rection as the main arm. 
 eo

 is the telescopic arm frame, eo is located at the center of the 

end of the main arm and each axis is oriented in the same direction as 
 bo

. 

 

Figure 2. The offshore gangway’s frames. Figure 2. The offshore gangway’s frames.

3. Dynamic Model

The study of dynamics is of great significance to structural optimization and control
methods. The study of dynamics mainly includes several aspects such as force analysis
of the mechanism, the establishment of a dynamics model, computer simulation and
identification of dynamic parameters, among which the establishment of a dynamics model
is an extremely important aspect [25].
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3.1. Dynamic Model of RRP Transfer Gangway

The transfer gangway, which frame is depicted in Figures 3 and 4, is utilized to
account for the transfer destination’s three-dimensional displacement with respect to the
ship. Section 2.2 provides an explanation of this frame.
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3.1.1. Analysis of Kinetic and Potential Energy of the Slewing Mechanism

The mass of the slewing mechanism is concentrated to be uniform, then its barycenter
is located on the geometric center of the slewing mechanism, and the barycenter of the
slewing mechanism can be expressed in the fixed platform frame ou − xuyuzu as:

Pmb =

 0
0
−lmb

 (1)

where lmb is the distance from the barycenter of the slewing mechanism to the fixed platform.
Since the movement of the slewing mechanism which connects to the stable platform

in the vertical and horizontal directions has been limited, the slewing mechanism only has
rotational kinetic energy when rotating, and the kinetic energy of the slewing mechanism
is as follows:

Ekb =
1
2

.
P

T
mbmb

.
Pmb +

1
2

.
γ

T Ib
.
γ (2)

where mb is the mass of the slewing mechanism;
γ is the rotation angle of the slewing mechanism, as follows:

.
γ =

 .
γx.
γy.
γz

;
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Ib is the rotational inertia matrix of the slewing mechanism, as follows:

Ib =

Ixb 0 0
0 Iyb 0
0 0 Izb

.

The potential energy of the slewing mechanism can be obtained:

Epb = mbglmb (3)

where lmb denotes the separation between the pitch axis and the main arm’s barycenter.

3.1.2. Analysis of Kinetic and Potential Energy of the Main Arm

The main arm has a pitch motion around the pitch axis accompanied by a slewing
motion of the slewing mechanism; therefore, the barycenter coordinates of the main arm
can be represented in the ou − xuyuzu frame as:

Pm1 =

lm1 cos(αy) cos(γz)
lm1 cos(αy) sin(γz)
−lm1 sin(αy)

+ Pb (4)

where αy is the component of the pitch angle of the pitch axis in the y-axis, as follows:

α =

αx
αy
αz

;

γz is the component of the rotation angle of the slewing mechanism in the z-axis,
as follows:

γ =

γx
γy
γz

;

pb is the position of the pitch axis in the ou − xuyuzu frame, as follows:

Pb =

 0
0
hb

.

The kinetic energy of the main arm can be obtained:

Ek1 =
1
2

.
P

T
m1m1

.
Pm1 +

1
2

.
α

T I1
.
α +

1
2

.
γ

T I1
.
γ (5)

where m1 is the mass of the main arm;
I1 is the rotational inertia matrix of the slewing mechanism, as follows:

I1 =

Ix1 0 0
0 Iy1 0
0 0 Iz1

;

.
α is the pitch angle velocity of the pitch axis;
.
γ is the slewing angular velocity of the slewing mechanism.
The potential energy of the main arm is as follows:

Ep1 = m1g[hb + lm1 sin(α)] (6)
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3.1.3. Analysis of Kinetic and Potential Energy of the Telescopic Arm

The telescopic arm adds telescopic motion to the main arm movement, so the barycen-
ter coordinates of the telescopic arm can be represented in the ou − xuyuzu frame as:

Pm2 =

(l5 − lm2) cos(α) cos(γ)
(l5 − lm2) cos(α) sin(γ)
−(l5 − lm2) sin(α)

+ Pb (7)

where l5 is the length of the overall gangway.
lm2 is the distance from the barycenter of the telescopic arm to the end point of

the gangway.
The kinetic energy of the telescopic arm can be obtained:

Ek2 =
1
2

.
P

T
m2m2

.
Pm2 +

1
2

.
α

T I2
.
α +

1
2

.
γ

T I2
.
γ (8)

where m2 is the mass of the telescopic arm;
I2 is the rotational inertia matrix of the slewing mechanism, as follows:

I2 =

Ix2 0 0
0 Iy2 0
0 0 Iz2

. (9)

The potential energy of the telescopic arm can be obtained:

Ep2 = m2g[hb + (l5 − lm2) sin(α)] (10)

3.1.4. Transfer Gangway Dynamic Equations

According to the Lagrange equation, we can obtain:

d
dt

∂L

∂
.
θ
− ∂u

∂θ
= τ (11)

where L = ∑ Eki −∑ Epi, Eki and Epi are the kinetic energy and potential energy of the
system, respectively. θ denotes the physical parameters of the driving joints inside the
Lagrange equation, which are γ, α, and l5 in this paper.

d
dt

∂∑ Eki

∂
.
θ
− ∂∑ Eki

∂θ
+

∂∑ Epi

∂θ
= τ(i = m, 1, 2) (12)

When the transfer gangway is used to compensate for the three-dimensional displace-
ment, Eki and Epi of the system includes the kinetic and potential energy of the slewing
mechanism: the main arm and the telescopic arm.

According to the kinetic energy and potential energy of each part of the transfer
gangway obtained above, the forces and moments of the slewing mechanism, pitch axis
and telescopic arm can be obtained from Equation (12).

d
dt

∂(Ekm+Ek1+Ek2)
∂

.
γ

− ∂(Ekm+Ek1+Ek2)
∂γ +

∂(Epm+Ep1+Ep2)

∂γ = T1

d
dt

∂(Ekm+Ek1+Ek2)
∂

.
α

− ∂(Ekm+Ek1+Ek2)
∂α +

∂(Epm+Ep1+Ep2)

∂α = T2
d
dt

∂(Ekm+Ek1+Ek2)

∂
.
l5

− ∂(Ekm+Ek1+Ek2)
∂l5

+
∂(Epm+Ep1+Ep2)

∂l5
= F5

(13)

According to the geometric relationship in Figure 4, the pitching motor’s tractive force
can be obtained by:

F4 sin(β)lb2 = T2 (14)
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3.2. UPU/UP Stable Platform Dynamic Model
3.2.1. Dynamic Equations of Stable Platform

The stable platform’s frame is constructed as shown in Figure 5. The fixed platform
and the moving platform are connected by Ui (the hinge point centers of the i-th drive
support chain) and Di (the hinge point centers of the stable platform), respectively. The
origin is the point at which the drive support chain joins the fixed platform, and the zi-axis
runs parallel to the drive support chain. The vector equation can be obtained:

ui + lisi = H + di (15)
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Ppi, the push rod’s barycenter of the drive support chain, is shown in Figure 6. Pci is
the cylinder’s barycenter in each drive support chain. The distances between Ppi and Ui
are denoted by hp, and Pci and Di by hc. pi is the vector from Ou to Ppi, and ci is a vector

along
→

OuPci. They are shown as follows:

pi = ui + hpsi (16)

ci = ui + (li − hc)si (17)

where pi is the coordinate vector Ppi of the push rod’s barycenter in the moving platform
coordinate system;
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ci is the coordinate vector Pci of the cylinder’s barycenter in the moving platform
coordinate system;

It can be inferred from Equation (15) that the velocity of the barycenter of Hooke’s
joint vDi is as follows:

vDi = vd + ωd × di (18)

It can be written as follows in the frame for drive support chains:

ivDi
= iROu

vDi (19)

where iROu
is the inverse matrix of the branch chain rotation matrix.

Similarly, the expressions for the velocity and acceleration of the barycenter of the rod
and cylinder of the drive support chains can be obtained, and the details of the derivation
can be found in [26]. To save space, this information will not be repeated. This section is
omitted from this part owing to space constraints.

The velocities of their barycenter can be determined by putting it in the form of a
Jacobi matrix.

ivPpi
= hp

iω i × is i =
hp

li

ivDi,x
ivDi,y

0

 (20)

ivPci = (li − hc)
iω i × is i +

.
li

is i =
1
li

(li − hc)ivDi,x
(li − hc)ivDi,y

li ivDi,z

 (21)

i J Di,x, i J Di,y and i J Di,z are the first, second and third rows of i J Di, respectively. The
angular velocity of the drive support chain in the branch chain frame is as follows:

iω i =
1
li

−i J Di,y
i J Di,x
01×6

 .
Xd (22)

The external pressures and moments acting on the fixed platform’s barycenter are
indicated by Ou f and Ou n. mu denotes the mass of the fixed platform. vu denotes the
horizontal velocity of the fixed platform. ωu denotes the rotational velocity of the fixed
platform. The following equations can be used to explain the forces and moments acting at
the fixed platform’s barycenter:

Fu =

( Ou f + mug−mu
.
vu

Ou n − Iu
.

ωu −ωu × (Iuωu)

)
(23)

md denotes the mass of the moving platform. vd denotes the horizontal velocity of the
moving platform. ωd denotes the rotational velocity of the moving platform. On the moving
platform, the forces and moments applied at the barycenter can be expressed as follows:

Fd =

(
mdg−md

.
vd

Id
.

ωd −ωd × (Idωd)

)
(24)

Each drive support chain is composed of a rod and a cylinder. mp stands for the mass
of the rod. mc stands for the mass of the cylinder. When all drive support chains are only
subjected to gravity, i I pi stands for the inertia matrix of the rod. i I ci stands for the inertia
matrix of the cylinder. The forces and moments acting on the i-th drive support chain’s rod
and cylinder can thus be represented as follows:

iF pi =

(
mp

iROu g−mp
i .
v pi

−i I pi
i .
ω i − iω i × (i I pi

iω i)

)
(25)
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iFci =

(
mc

iROu g−mc
i .
vci

−i I ci
i .
ω i − iω i × (i I ci

iω i)

)
(26)

According to the virtual work principle, it can be obtained:

δqTτ + δXT
d (Fu + Fd) +

3

∑
i=1

(
δixT

pi
iF pi + δixT

ci
iFci

)
= 0 (27)

where τ is the output force of mobile sub. δq is the virtual displacement of τ. δix pi and
δixci are the virtual displacements of iF pi and iFci, respectively.

3.2.2. Dynamic Equations of Stable Platform under Dynamic Load

The dynamic load will be applied to the stable platform; loads of all components above
the stable platform are shown in Figure 7. The distance of the mass and barycenter of the
main components with respect to the barycenter of the fixed platform are represented in
the figure, and these distances lead to the downward force of the components to produce a
capsizing moment on the top of the fixed platform.
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Where mb, mc, mp, m1, m2 indicate the masses of the slewing mechanism, the cylinder
of the pitching motor, the rod of the pitching motor, the main arm and the telescopic arm,
respectively, ρc, ρp, ρ1 and ρ2 indicate the distances of the barycenter of the cylinder of the
pitching motor, the rod of the pitching motor, the main arm and the telescopic arm from
the pitch axis, respectively. The mass of the equivalent barycenter of the transfer gangway
is represented by Mbr, and the distance of the equivalent barycenter from the pitch axis is
represented by Pbr.

According to the geometric relationship in Figure 4, the length of the pitching motor
can be obtained:

l4 =
√

l2
b1 + l2

b2 − 2lb1lb2 cos(α + σ) (28)

The angle between the pitching drive support chain and the horizontal direction can
be obtained:

λ = π − σ− arc cos(
l2
b1 + l2

4 − l2
b2

2lb1l4
) (29)



J. Mar. Sci. Eng. 2023, 11, 77 11 of 20

The distance from the barycenter of the cylinder of the pitching drive support chain to
the barycenter on the fixed platform can be obtained:

ρc = ρ0 + lc cos(λ) (30)

Similarly, the distances from the barycenter of the rod of the pitching drive support
chain, the barycenter of the main arm and the barycenter of the telescopic arm to the
barycenter of the fixed platform as follows:

ρp = (l4 − lp) cos(λ)
ρ1 = lm1 cos(α)

ρ2 = (l5 − lm2) cos(α)
(31)

The external force and external moment at the barycenter of the fixed platform under
the dynamic load can be expressed as:

Ou f =

 0
0

Mbrg

 =

 0
0

(mb + mc + mp + m1 + m2)g

 (32)

Ou n =

MbrgPbr sin(γ)
MbrgPbr cos(γ)

0

 (33)

where Mbr = mb + mc + mp + m1 + m2, Pbr =
mcρc+mpρp+m1ρ1+m2ρ2

Mbr
.

When the actual transfer operation is carried out in the offshore gangway, the fixed
platform is subjected to the capsizing moment generated during the transfer of personnel
(as shown in Figure 8), in addition to the force acting on the platform due to the constant
load of its upper members and the dynamic load generated by the transfer gangway for
ship motion compensation. Let a person of mass mpp start from the barycenter of the
fixed platform and move along the transfer ramp with a speed of vpp; the distance of the
movement is lpp. The dynamics of the system are modeled below in this case.
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During the transfer process, the person’s translational movement along the trans-
fer gangway is accompanied by the rotary motion of the slewing mechanism, then the
barycenter of the person in the ou − xuyuzu frame can be expressed as:

Ppp =

lpp cos(α) cos(γ)
lpp cos(α) sin(γ)
−lpp sin(α)

+ Pb (34)
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The kinetic energy of the person can be obtained:

Ekpp =
1
2

.
P

T
mppmpp

.
Pmpp +

1
2

.
γ

T Ipp
.
γ (35)

where Ipp is the rotational inertia matrix of the slewing mechanism, as follows:

Ipp =

Ix3 0 0
0 Iy3 0
0 0 Iz3

;

The potential energy of the person can be obtained:

Eppp = mppg[lpp sin(α) + Pbz] (36)

The forces and moments of the slewing mechanism, pitch axis and telescopic arm can
be regained from Equation (12).

d
dt

∂(Ekm+Ek1+Ek2+Ekpp)

∂
.
γ

− ∂(Ekm+Ek1+Ek2+Ekpp)

∂γ +
∂(Epm+Ep1+Ep2+Eppp)

∂γ = T′1
d
dt

∂(Ekm+Ek1+Ek2+Ekpp)

∂
.
α

− ∂(Ekm+Ek1+Ek2+Ekpp)

∂α +
∂(Epm+Ep1+Ep2+Eppp)

∂α = T′2
d
dt

∂(Ekm+Ek1+Ek2+Ekpp)

∂
.
l5

− ∂(Ekm+Ek1+Ek2+Ekpp)

∂l5
+

∂(Epm+Ep1+Ep2+Eppp)

∂l5
= F′5

(37)

The tractive force of the pitching motor can be regained:

F′4 =
T′2

sin(β)lb2
(38)

where T′1, T′2, F′5, F′4 is the forces and moments of the slewing mechanism, pitch axis,
telescopic arm and pitching motor.

For the stable platforms, the transfer gangway and the person are external dynamic
loads. Considering these external dynamic loads, the external forces and external moments
at the barycenter of the fixed platform can be expressed as follows:

Ou f ′ =

 0
0

Mbrg + mppg

 =

 0
0

(mb + mc + mp + m1 + m2 + mpp)g

 (39)

Ou n′ =

(MbrgPbr + mppρpp) sin(γ)
(MbrgPbr + mppρpp) cos(γ)

0

 (40)

where ρpp is the distance from the person to the pitch axis, as follows:

ρpp = lpp cos(α)

By replacing Ou f ′ and Ou n′ into Equation (23), the dynamic model of the stable plat-
form under the dynamic load of the gangway and person can be obtained.

4. Joint Simulation and Analysis Based on Adams and Matlab

Adams simulates the model created in Section 3 using the SolidWorks 3D structural
model and the Matlab programming language. In this study, the exactitude of the model is
confirmed by joint simulation. Under both dynamic and static load, the tractive forces of
the three drive support chains of the stable platform are compared and studied. Finally, the
compensation effect of the ship motion compensation scheme in this paper is simulated
under the multi-degree of freedom excitation.
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The assumption that ship motions are a collection of superimposed sinusoidal motions
is one of the often-used simplified approaches in the marine engineering field. According to
reference [27], without loss of generality, the roll and pitch excitation curves of the offshore
gangway and the three-dimensional displacement curves of the transit destination relative
to the ship established in this paper are shown in Figures 9 and 10, respectively.
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Hence, in Figure 5, the motion revolves around the y-axis, and α is the roll excitation
angle. In Figure 5, β—which represents the pitch excitation angle—revolves around the
x-axis. Pe is the three-dimensional displacement curves of the transit destination relative to
the ship.

Table 1 shows the specific data of the parameters used in this article.

Table 1. Parameters and state variables.

Md (kg) Mp (kg) mc (kg) m1 (kg) m2 (kg) hb (m) lb1 (m) lb2 (m) lm1 (m)

23.34 6.81 1.47 32.026 25.229 0.423 1.52 0.226 0.768

4.1. Joint Simulation and Analysis of the Stable Platform Model under Static Load

First, the model under static load is calculated and analyzed. In this case, the effect of
the transfer gangway on the dynamic load applied to the stable platform is not considered,
and the transfer gangway is regarded as part of the fixed platform. In Figure 9, the moving
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platform receives the addition of α and β as the motion excitation. Figure 11 illustrates the
tractive forces of the three drive support chains that are determined by the dynamic model
and simulation. F1–F3 stand for tractive forces of the first, second and third drive support
chains, respectively. The tractive force results from the Matlab dynamic model are denoted
by MF, while the tractive force output from the Adams simulation is denoted by AF. The
two curves in Figure 11 may be seen to be fairly close to one another. The two curves
combined maximum inaccuracy under roll and pitch excitation is 0.96%. The tractive forces
are generally consistent across periods, verifying the accuracy of the model.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 15 of 21 
 

 

Table 1. Parameters and state variables. 

Md (kg) Mp (kg) mc (kg) m1 (kg) m2 (kg) hb (m) lb1 (m) lb2 (m) lm1 (m) 

23.34 6.81 1.47 32.026 25.229 0.423 1.52 0.226 0.768 

4.1. Joint Simulation and Analysis of the Stable Platform Model under Static Load 

First, the model under static load is calculated and analyzed. In this case, the effect 

of the transfer gangway on the dynamic load applied to the stable platform is not consid-

ered, and the transfer gangway is regarded as part of the fixed platform. In Figure 9, the 

moving platform receives the addition of   and   as the motion excitation. Figure 11 

illustrates the tractive forces of the three drive support chains that are determined by the 

dynamic model and simulation. F1–F3 stand for tractive forces of the first, second and 

third drive support chains, respectively. The tractive force results from the Matlab dy-

namic model are denoted by MF, while the tractive force output from the Adams simula-

tion is denoted by AF. The two curves in Figure 11 may be seen to be fairly close to one 

another. The two curves combined maximum inaccuracy under roll and pitch excitation 

is 0.96%. The tractive forces are generally consistent across periods, verifying the accuracy 

of the model. 

 

Figure 11. Tractive force of each drive support chain under the static load. 

4.2. Joint Simulation and Analysis of the Stable Platform Dynamic Model under Dynamic Load 

After that, the model under dynamic load is calculated and analyzed. In actual oper-

ation, the stable platform is used to compensate for the ship’s roll and pitch motions. The 

transfer gangway is used to compensate for the three-dimensional displacement of the 

transfer destination relative to the ship to ensure that the end of it is stationary with re-

spect to the transfer destination. The transfer gangway will apply dynamic load to the 

stable platform when compensating for the three-dimensional displacement of the ship. 

  and   in Figure 9 are applied to the moving platform as motion excitation, 
eP  in 

Figure 10 is regarded as the displacement of the transfer destination relative to the end 

point of the gangway, which is the relative displacement of the end point of the gangway 

that needs to be compensated, and can also be regarded as the motion excitation of the 

end point of the gangway that will be added to the end point of the gangway. Figures 12 

and 13 display the tractive forces of the three drive support chains, the electric pitching 

and telescoping cylinders, and the driving torque of the slewing mechanism as deter-

mined by the dynamic model and simulation. Where F4 and F5 stand for the electric tele-

scopic and pitching cylinders’ respective tractive forces, and T1 stands for the slewing 

mechanism’s driving torque. The two curves of the figures may be seen to be fairly close 

to one another. The two curves’ maximum inaccuracy under the dynamic load is 0.83%. 

The tractive forces are generally consistent across periods, verifying the accuracy of the 

dynamic model. The tractive forces of the three drive support chains of the stable platform 

Figure 11. Tractive force of each drive support chain under the static load.

4.2. Joint Simulation and Analysis of the Stable Platform Dynamic Model under Dynamic Load

After that, the model under dynamic load is calculated and analyzed. In actual
operation, the stable platform is used to compensate for the ship’s roll and pitch motions.
The transfer gangway is used to compensate for the three-dimensional displacement of
the transfer destination relative to the ship to ensure that the end of it is stationary with
respect to the transfer destination. The transfer gangway will apply dynamic load to the
stable platform when compensating for the three-dimensional displacement of the ship. α
and β in Figure 9 are applied to the moving platform as motion excitation, Pe in Figure 10
is regarded as the displacement of the transfer destination relative to the end point of the
gangway, which is the relative displacement of the end point of the gangway that needs to
be compensated, and can also be regarded as the motion excitation of the end point of the
gangway that will be added to the end point of the gangway. Figures 12 and 13 display
the tractive forces of the three drive support chains, the electric pitching and telescoping
cylinders, and the driving torque of the slewing mechanism as determined by the dynamic
model and simulation. Where F4 and F5 stand for the electric telescopic and pitching
cylinders’ respective tractive forces, and T1 stands for the slewing mechanism’s driving
torque. The two curves of the figures may be seen to be fairly close to one another. The
two curves’ maximum inaccuracy under the dynamic load is 0.83%. The tractive forces
are generally consistent across periods, verifying the accuracy of the dynamic model. The
tractive forces of the three drive support chains of the stable platform differ greatly under
dynamic load. The tractive force of the first drive support chain is negative (set the tractive
force value to positive when the drive support chain generates a thrust and negative when
the drive support chain generates a pull), and the tractive force of the second drive support
chain is 2–3 times the tractive force of the first and third drive support chains. Because the
transfer gangway is arranged in parallel with the first and second drive support chains, the
third drive support chain is on the opposite side, and the second drive support chain is
close to the gangway, so the obtained law is in line with the actual situation.
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The comparison of the tractive forces of the three drive support chains of the stable
platform under static load or dynamic load is shown in Figure 14. It can be observed that
the tractive forces of all three drive support chains have changed, among which the tractive
force of the first drive support chain is reduced by 52%. The tractive force of the second drive
support chain has changed most obviously; it has increased by 283%. The tractive force of the
third drive support chain has increased by 26%, indicating that the dynamic load has a great
influence on the tractive forces of the drive support chains of the stable platform.
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load on the offshore gangway while it is being used. In Figure 9, the motion excitation is
concurrently added to the moving platform as α and β, whereas in Figure 10, the motion
excitation is simultaneously added to the gangway’s end point as Pe. The modeling calcula-
tions were performed at mpp of 10 kg, 40 kg, 70 kg and 100 kg, respectively, considering
the equipment carried by the person. Figure 15 shows the driving forces of the three drive
support chains determined by the dynamic model. It can be seen from the figure that the
driving force of the second and third drive support chains increases with increasing mass,
the personnel gradually approaches the end of the gangway and the driving force of the
first drive support chain changes from positive to negative when the mass is 70 kg, and
this phenomenon is more obvious when the mass is 100 kg. Figures 16 and 17 show the
traction forces of the three drive support chains determined by the dynamics model and
simulation for mpp of 100 kg. The two curves of the figures may be seen to be fairly close to
one another. Under dynamic load, the two curves’ combined maximum inaccuracy is 0.75%.
The dynamic model’s accuracy is confirmed by the tractive forces’ general consistency
throughout time. As the person gradually approaches the end point of the gangway, the
tractive force of the first drive support chain changes from positive to negative. The tractive
force of the second drive support chain gradually becomes larger and changes obviously.
The tractive force of the third drive support chain also gradually becomes larger. The
gangway is arranged in parallel with the first and second drive support chains; the third
drive support chain is on the opposite side; and the second drive support chain is close to
the gangway, so the obtained law is in line with the actual situation.
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4.4. Analysis of the Compensation Effect of the Offshore Gangway

It can be seen from Section 2.1 that the ship motion compensation scheme in this
paper compensates for the ship’s roll and pitch motion by using the stable platform, and
compensates for the three-dimensional displacement of the transit destination relative to
the ship by using the transfer gangway. To verify the stability compensation effect of the
offshore gangway, in this section, the compensation scheme is simulated and analyzed
under multi-degree-of-freedom excitation based on the dynamic model in this paper.

Under the motion excitation in Figures 9 and 10. The response analysis of the end-point
position of the gangway with and without compensation control is carried out; the results
are shown in Figures 18 and 19, respectively. In Figure 18, the position change of the end
point of the gangway without compensation control differs greatly from Figure 10, which
proves that the offshore gangway system cannot compensate for the relative displacement
of the transfer destination and the end point of the gangway in this case. From the curve in
Figure 19, the maximum error of the three-dimensional trajectory curve at the end of the
gangway with the three-dimensional trajectory curve in Figure 10 is 0.432 m, 0.433 m and
0.20 m in the x, y, z directions with the maximum error rate of 15.56%, 16.98%, 1.91% in the
three directions with compensation control. The curve overlap between Figures 10 and 19
is 83%, which proves that the offshore gangway system can compensate for the relative
position deviation between the transfer destination and the end of the gangway through
compensating control, and that this ship motion compensation scheme can compensate for
83% of the ship motion compared to no ship motion compensation.
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5. Conclusions

A dynamic model of the mixed offshore gangway under dynamic load is built in this
paper. The tractive force of each joint of the transfer gangway is obtained using Lagrange
equations, and then the dynamic model of the transfer gangway is built. The dynamic load
applied to the stable platform by the transfer gangway is concretized using the equivalent
center of gravity method. After that, the Jacobi matrix of each branch is solved. Finally, the
stable platform’s dynamic model is established through virtual work.

Adam’s simulation model was used to validate the accuracy of the Matlab mathemati-
cal model. The maximum error between the simulation model and the mathematical model
under multi-degree-of-freedom excitation is 0.83%.

The dynamic load applied to the stable platform by the transfer gangway has a large
effect on the tractive forces of the drive support chains of the stable platform. After
considering the dynamic load, the tractive force of the first drive support chain is negative,
and the tractive force of the second drive support chain is 2–3 times greater than the tractive
force of the first and third drive support chains. With the same excitation, the tractive force
of the second drive support chain is 2.83 times higher than that under the static load, which
has a certain guiding significance for the subsequent structural optimization and control
system design of the mixed structure offshore gangway.

The person transfer procedure is compatible with the model established. The maxi-
mum error between the simulation model and the mathematical model after considering the
movement of people on the transfer gangway is 0.75%. The tractive force of the first drive
support chain of the stable platform changes from positive to negative when the personnel
transfer operation is carried out, which is worthy of follow-up study and has certain guiding
significance for the practical application of the mixed structure offshore gangway.

Based on the dynamics model in this paper, we propose compensating the ship’s roll
and pitch motion by the stable platform, and the transfer gangway is used to compensate
for the three-dimensional displacement of the transfer destination relative to the ship. This
ship motion compensation scheme can compensate 83% of the ship motion compared with
no ship motion compensation.

The dynamics model established in this paper provides an important theoretical basis
for the subsequent trajectory planning, control system design and practical application of
the mixed structure offshore gangway. In future work, we will focus on the establishment
of a prototype based on the offshore gangway in this paper and use it as a basis to establish
a more complete and accurate dynamic model, followed by research and testing of its
stability control algorithm.
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