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Abstract: In this paper, to effectively solve the joint motion planning of a nine-DOF redundant hybrid
boarding system in the process of ocean wave active compensation, we present a multi-task motion
planning (MTMP) method for the redundant hybrid boarding system. First, the hybrid mechanism is
disassembled into a six-DOF parallel mechanism and a three-DOF serial mechanism for kinematic
analysis separately to obtain the Jacobian matrix of the hybrid mechanism in the task space. Then,
according to the configuration characteristics of the hybrid mechanism and to avoid the defects of
the pseudo-inverse and weighted pseudo-inverse methods in motion planning, several secondary
tasks are proposed to constrain the motion planning of the hybrid mechanism. Based on simulations
and comparisons, the results show that the MTMP method solves the problems of joint limitation,
reverse compensation, overlap compensation, and divergence with time in the motion planning of the
pseudo-inverse method and the weighted pseudo-inverse method. Meanwhile, the MTMP method

has more superiority in the joint margin and compensation space range.

Keywords: hybrid mechanism; multi-task; motion planning; wave compensation

1. Introduction

The International Renewable Energy Agency’s analysis indicated that an increase in
cumulative installed offshore wind capacity from 34 GW in 2020 to 380 GW and to more
than 2000 GW by 2050 could be employed globally [1]. With the construction of offshore
wind farms, the scale of offshore wind power investment and subsequent Operation and
Maintenance (O&M) will increase rapidly [2]. During the O&M of offshore wind power,
personnel and equipment need to be transferred across platforms, due to the harsh marine
environment of offshore wind farms [3]. The relative poses of different platforms fluctuate
considerably because of the waves, which causes the O&M vessels to be unable to dock.
Not only is this dangerous for the operating personnel, but it also causes collisions between
O&M vessels and wind power platforms, resulting in severe maritime safety accidents.
Therefore, a wave-compensated boarding system is needed to ensure the fast and safe
cross-boarding of personnel and equipment.

Compared with the offshore motion compensation crane [4-6], the boarding system
is more suitable for cross-platform O&M personnel. With the development of wave com-
pensation boarding system technology, there are different types of boarding systems. The
three-DOF serial gangway is the most common and widely used [7-9], as shown in Figure 1.
In existing research on the configuration of the wave compensation system [10,11], the
serial configuration has a large compensation range for the position space. However, it
cannot achieve complete position and orientation coupling compensation. The parallel
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configuration is more advantageous than the orientation compensation space, and the
position—orientation coupling compensation is realized in a small area. However, the
motion compensation space of the parallel configuration is limited, and complete com-
pensation is impossible in a high-sea state. Therefore, a hybrid mechanism with both a
serial configuration and a parallel configuration has appeared [12]. However, the hybrid
mechanism with few degrees of freedom cannot achieve motion compensation with full
degrees of freedom in a large space. A large-scale hybrid boarding system with redundant
degrees of freedom is required in severe and complex sea conditions.
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Figure 1. The three-DOF serial gangway:.

Taking into account the characteristics of different structures in wave compensation,
this paper uses a combination of the six-DOF Stewart parallel configuration and the three-
DOF serial configuration to design a hybrid wave compensation system with a nine-DOF
redundant mechanism. Meanwhile, considering the configuration characteristics of the
hybrid mechanism, reasonable motion planning processing is essential for redundant mech-
anisms. For redundant mechanism motion planning problems, Sun et al. [13] proposed a
hybrid mechanism composed of a five-DOF parallel mechanism and a three-DOF serial
mechanism. The parallel mechanism was transformed into a serial configuration and
a three-DOF serial configuration to form a multi-DOF serial mechanism in the motion
planning process. They carried out a kinematic analysis of the newly composed multi-DOF
serial mechanism. Su et al. [14] presented a novel RNN-based approach to facilitate accurate
task tracking based on the general quadratic performance index, which included simultane-
ously managing the constraints on the remote center of motion joint angle and joint velocity.
Zhang et al. [15,16] proposed a novel varying-parameter recurrent neural network (called
the varying-parameter convergent—differential neural network (VP-CDNN)) to solve non-
repetitive problems of redundant robot manipulators and came up with a CCNC-QP-DNN
to solve the redundancy resolution problems that effectively extended the solution set
space. Wang et al. [17] made a seven-DOF serial-parallel hybrid humanoid robotic arm.
A path with a better joint-rate distribution was gained based on the normalized Jacobian
condition number to avoid abrupt joint angle changes. Travel time, energy consumption,
and torque fluctuations were also considered. Peng et al. [18] propounded an end-effector
pose and arm-shape synchronous planning method for a hyper-redundant manipulator
passing through space narrow parallel slits based on extended Jacobian matrix redundancy
decomposition. Lee et al. [19] used task-priority motion planning control for a redundant
rescue robot. The main task allocation strategies included end-effector operation, waist
posture and lower-arm level motion, center gravity balancing, and joint limit avoidance.

For the above motion planning method, the virtue of the configuration simplification
method is that the calculation is simple, but the problem is that not all configurations are
applicable. The neural network motion planning method can solve the nonlinear problem
in the kinematics solution process, but its shortcoming is a large amount of calculation. The
motion planning method based on internal configuration can fully consider the advantages
and disadvantages of the internal configuration of redundant mechanisms and can improve
the accuracy and effectiveness of motion planning.
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In order to solve the joint motion planning problem efficiently, a motion planning
method for the nine-DOF redundant hybrid active compensation boarding system is pro-
posed. Motion constraints are performed by analyzing the conformational characteristics of
the internal configuration. This approach ensures redundant mechanism end-effector tra-
jectory tracking while achieving proper motion planning. The redundant hybrid boarding
system is referred to as a hybrid mechanism. Section 2 introduces the model parameters of
the hybrid mechanism. In Section 3, we model the kinematics of the hybrid mechanism,
and the Jacobian matrix of the hybrid mechanism is obtained by mechanism disassembly
and split modeling. Section 4 introduces the MTMP method. The pseudo-inverse and
weighted pseudo-inverse methods are compared with the MTMP method for simulation
in Section 5.

2. System Description
2.1. Hybrid Mechanism Design

The hybrid mechanism design should take into account wave motion variation. Some-
times, the hydrodynamic coupling of a wind turbine and O&M vessel is also considered [20].
The hybrid mechanism detects the changes in the position and orientation of the O&M
vessel to compensate accordingly, ensuring that personnel carry equipment reach the off-
shore operating platform safely and steadily. The hybrid mechanism can be installed in the
middle or stern of the vessel. When the end-effector comes to the target point, the hybrid
mechanism enters the motion compensation mode.

The hybrid mechanism comprises a nine-DOF hydraulic control system, which con-
tains three parts: motion platform subsystem, motion control subsystem, and hydraulic
power subsystem. The motion platform subsystem is composed of a six-DOF parallel
mechanism and a connected three-DOF serial mechanism. The parallel mechanism consists
of one mobile platform, six servo-hydraulic cylinders, twelve Hooke joints, and six hinged
supports. The serial mechanism consists of one slewing ring, two luffing cylinders, and
one telescopic gangway. The structural diagram of the motion platform subsystem of the
hybrid mechanism is shown in Figure 2. The motion control subsystem consists of an oper-
ator console, motion control computer, motion servo control software, motion simulation
software, motion control modules (boards), signal conditioning modules, and other logic
control devices and logic control circuits. The hydraulic power subsystem consists of a
hydraulic pump station, electricity control cabinet, etc.

— il
B . Telescopic gangway

Slewing ring ——

Mobile platform

Figure 2. Structural diagram of the hybrid mechanism.

The hybrid mechanism motion platform subsystem has the merits of the high stiffness
and high load capacity of the parallel mechanism [21,22], which make it suitable to compen-
sate for the six-DOF position and orientation variation in the O&M vessel [23]. Meanwhile,
it also has the benefit of the extensive working range of the serial mechanism. Through
the serial-parallel combination, the hybrid mechanism has better robustness and larger
motion compensation space [24,25]. Since the hybrid mechanism is a nine-DOF redundant
configuration, its internal motion planning has a certain degree of complexity.
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2.2. Dimensions and Parameters

The main parameters of the motion platform subsystem of the hybrid mechanism
are shown in the following. Figure 3 is a side view of the motion platform of the hybrid
mechanism, Figure 4 is a top view of the parallel mechanism, and Table 1 provides the
main dimensional parameters of the hybrid mechanism.

<
Figure 4. Top view of the parallel mechanism.
Table 1. Parameters of the hybrid mechanism.

Parameter Description Value Unit
hy Total height 6.482 m
dq Height from top hinge circle to transfer deck 3.106 m
dy Height from bottom hinge circle to top hinge circle 1.525-3.595 m
ds Length of the gangway 9.552-16.552 m
I Length of parallel mechanism leg 2.580-4.180 m
a Deviation between swing axis and central axis 0.230 m
dp Distance between bottom hinge points 0.350 m
dp Distance between top hinge points 0.350 m
B Radius of bottom hinge circle 2.650 m
rp Radius of top hinge circle 1.950 m

3. Kinematics
3.1. Reference Frames

According to the configuration characteristics of the hybrid mechanism, it can be
disassembled into two parts, a six-DOF parallel mechanism and a three-DOF serial mech-
anism, and a coordinate system is established. Firstly, the base frame Op — x}1;z; and
mobile platform frame Op — xpypzp of the parallel mechanism are established on the center
points of the top and bottom hinge circles, respectively. Secondly, the frames of the serial
mechanism are established. Since the second joint of the serial mechanism has two luffing
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hydraulic cylinders, characterized as a swing joint for the hybrid mechanism, the second
joint is used as a swing joint for modeling convenience. The frame Op — xpy,z; of the
platform on the parallel mechanism is used as the base frame Oy — xgyz¢ of the serial
mechanism. The joint frames of the serial mechanism are the first slewing joint frame
01 — x1y121, the second swing joint frame Oy — x1222, and the third telescopic joint frame
O3 — x3y3z3. The inertial frame, the vessel frame, the sensor frame, the base frame of the
hybrid mechanism, and the end-effector frame of the hybrid mechanism are established for
the operational task of the hybrid mechanism, as shown in Figure 5.

A End-effector frame

| >Z 3>Ze
7"y

e

Inertia frame

Figure 5. Kinematic frame of the hybrid mechanism.

Inertial frame: The inertial reference frame is a reference frame that is stationary or
moves in a straight line at a constant velocity in absolute space.

Vessel frame: The vessel frame is established under the standard motion of the vessel.
The x-direction is along the vessel’s midline from stern to bow, the y-direction points to
starboard, and the z-direction points to the vessel’s bottom. The vessel frame is fixed to the
center of the vessel and follows the movement of the vessel [26].

Sensor frame: The sensor is placed on the base of the parallel mechanism. Therefore,
the sensor frame is established at the origin of the base platform frame of the parallel
mechanism. Since the sensor aims to measure the vessel’s movement, the sensor’s frame
axis direction is consistent with the vessel coordinate frame system direction.

Base frame: The base frame of the hybrid mechanism and the frame of the parallel
mechanism are the same. In the working state of sea wave compensation, the direction
of the gangway is perpendicular to the heading direction of the vessel, so the x-direction
of the hybrid mechanism is the y-direction of the sensor frame, and the y-direction of the
hybrid mechanism is the x-direction of the sensor frame.

End-effector frame: The end frame of the hybrid mechanism is the same as the third
joint frame of the serial mechanism.

3.2. Kinematics Analysis of Parallel Mechanism

The position vector and orientation vector of the mobile platform of the parallel
mechanism in the base frame are defined as 1, = [xp,yp,2zp]" and 11, = [P, 0p, Pp]7,
respectively. Then, the generalized six-DOF motion of the mobile frame is defined as
1, = [T, 72T]T. The upper-right corner marker T indicates the transposition of matrices
and vectors.

From the parallel mechanism diagram in Figure 6, it can be seen that each hinge point
has symmetry on the frame axis.
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(a) Side view (b) Top view

Figure 6. The six-DOF parallel platform.

The position vector of each hinge point ’P; of the mobile platform and each hinge
point BB; of the base platform can be expressed as

PPiZ[T’pCOSﬂp]. YpSinﬂpl. O]T (1)
B . T
B; = [ rgpcos®p, rpsindp, O | )
where T
dp=[0p Op Op Op On Op ]
=[Z4+a Z-0 —-Z+4a —-Z-a Z+ua %”—oc]T
T
0p = [ 95, O, Os, O, Op g, ]
T
=[5-7 —§+v -7 %+ “F-v F+7]
a:arcsin(i)
_ 4B
v = arcsm(er )

The rotation matrix of the mobile frame relative to the base platform frame can be
written as

. cppcly  CPpstpspy — sppcdy  CPpsbycdp + sPpshp
Rp = | sppcdy  sypsOpsp +cypcpp  sppstpcdp — cppsdy ®)
—sbp cpspp cOpcy

where cx and s# are cos(*) and sin(x), respectively. The vector position of each hinge point
of the mobile platform in the frame of the base platform can be expressed as

°P; ="Rp"P; +"0p @
The vector of the leg length can be expressed as
I,=Bp,— BB, i=1,2,3,4,5,6 (5)

The unit vector of leg length can be calculated with n; = |;—’|

BPp and Bwp are defined as the linear velocity and angular velocity motion variables
of the mobile platform of the parallel mechanism in the base frame, respectively. The
linear velocity and angular velocity motion variables of the mobile platform of the parallel
mechanism in the mobile frame can be defined as ”P and wp, respectively.
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According to the definition of the rotation matrix, this is expressed as

Pwp = PRpwp (6)

PPp = PRp"P @)

The Jacobian matrix relationship between the mobile platform velocity of the parallel
mechanism in the base frame and the telescopic velocity vector of six legs can be written as

BI')P
Bwp

= ®
T
m"  (PPy xm)
with [ = [ Zl Zz Z3 i4 Z5 [6 ]T and Jp =

T
ne’  (BPe x ny)

3.3. Kinematics Analysis of Serial Mechanism

Combined with Figure 7, the Denavit-Hartenberg (DH) parameters of the serial
mechanism are established [27], as shown in Table 2.

Figure 7. The three-DOF serial mechanism.

Table 2. DH parameters of the three-DOF serial mechanism.

i a1 a1 d; 0;
1 0 0° d1 q1
2 a 90° 0 0 *
3 0 90° dz ** 0°

* g offset is 90°. ** d3 offset is 9.552 m.

The parameters in Table 2 are brought into Equation (9) to find the transformation
matrices °T,1 T», and 2Tj for each joint.

cq; —5q; 0 aj—1
ilp, _ | SAicdi-1 cicdig —swiq —distig ©)
54iSi—1  CqiS&xi_1 i1 iC/i—1
0 0 0 1
The matrix T3 be expressed as
nx OX ax px
0 0 1 2 n, 0y, a, p
Ty =T T2, = | 'V vV v (10)
nZ OZ aZ pZ
0O 0 0 1
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with ny = c1c, ny = €281, 1z = $3; 0x = 81, 0y = —c1, 0 = 0; ay = 182, ay = 5192,
a; = —Cp; px = aic1 + dzcysy, py = a151 + d3s15y, pz = dy — ds3cy, where s; = sing;,

Sy = singy, ¢; = cOS g1, C2 = COS .

Using the vector product method, the Jacobian matrix J;,, of the linear velocity and
the Jacobian matrix J, of the angular velocity are obtained. The Jacobian matrix J, is the
end-effector velocity and the joint velocity of the serial mechanism.

—a181 — d3s15 dzcico €152

aicq +dsc1sy dszsico $152
- Isp _ 0 d3sy —C2
]s - |: Isg - O s1 0 (11)
0 —C1 0
1 0 0

The Jacobian matrix of motion of the three-DOF serial mechanism can be written as
6 =Jsq (12)

¢, is the end-effector velocity of the serial mechanism,and § = [ 41 4o d3 }T is the
joint velocity of the serial mechanism.

According to the definition of the generalized inverse, when the number of rows is
greater than the number of columns, there is a left generalized inverse:

g=7"¢ (13)
where JT = (J1J,) L.

3.4. Jacobian Matrix of Hybrid Mechanism in Task Space

The motion model of the hybrid mechanism is established in the task space. This
is mainly used for research on joint motion planning algorithms. The velocity vector of
the parallel mechanism’s mobile platform and the serial mechanism’s joint is defined as
=[PP wp 41 4o ds ]T, and the end-effector velocity of the hybrid mechanism is
defined as ¢, = [ BPr  Bwg |.

The homogeneous transformation matrix of the hybrid mechanism from the end-
effector frame to the base frame is expressed as Equation (14), which contains the position
vector and the orientation matrix of the hybrid mechanism end-effector:

BRpPRe BPp+PRpPPg

B _
Te = 0 1

(14)
where BRp is the rotation matrix of the mobile frame in the parallel mechanism’s base
frame; ” R is rotation matrix of the serial mechanism’s end-effector frame in the parallel
mechanism’s mobile frame; 2Pp is the position vector from the parallel mechanism’s base
frame to the mobile frame; and ” Pf. is the position vector from the parallel mechanism’s
mobile frame to the serial mechanism’s end-effector frame.

The position vector at the end of the hybrid mechanism can be written as

Bpr =BpPp + BRp P (15)
Derivatives on both sides of Equation (15) can be obtained as follows:

BPp =PPp+BRp"Pr + PRp P (16)
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According to the properties of the rotation matrix and the skew symmetry [27],
BRp = S(Bwp)BRp, S(x)y = —S(y)x, and x x y = —y x x are known. Where S(e) is
the skew-symmetric matrix operator, Equation (16) can be expressed as

BPE = Bpp — S(BRPPPE)BWP + BRPPPE (17)

BPp =BPp — S(°Rp"PE)Pw), + PRp, 4 (18)
The rotation matrix at the end of the hybrid mechanism can be written as
PRe = "Rp"Rg (19)

Derivatives on both sides of Equation (19) are used to solve the orientation veloc-
ity matrix. According to the properties of the rotation matrix [27], given R = S(w)R,
RRT = RTR = I and RS(w)RT = S(Rw) can be obtained

Rp = S(BwE)BRE = BRPPRE+BRPPRE 20)
= S("wp)”Re + S("Rp"we) "R
According to Equation (20), this can be expressed as

BZUE = Bwp + BRprE (21)
BwE = BwP + BRPIsoq (22)

The velocity kinematics model of the hybrid mechanism can be expressed as
¢ = { "Pe ] _ [ I —SCReTPE) [ EPp ] | Rp],, p (23)

¢ [ Bwg | [0 I Bwp BRPIso

According to Equations (6), (7) and (23), the Jacobian matrix relationship between the
end-effector velocity of the hybrid mechanism relative to the mobile platform velocity of
the parallel mechanism and the joint velocity of the serial mechanism is obtained as shown
in Equation (24). Compared with the motion range of each leg of the parallel mechanism,
the motion range of the mobile platform of the parallel mechanism is more representative
of the motion space capability of the parallel mechanism. In this paper, six variables of the
platform pose of the parallel mechanism are defined as virtual joints, which together with
three joints of the serial mechanism constitute the virtual joints of the hybrid mechanism.
Through the motion distribution of the virtual joints of the hybrid mechanism, the motion
planning of the joints of the hybrid mechanism is completed. Therefore, ], is defined as
the Jacobian matrix in the task space of the hybrid mechanism.

o 4P | <[ "Re SCREERY I[P [ OR ] gy

BwE 0 BRp wp

(;g = Itaské (25)
BRp —S(°Rp"Pr)’Rp PRpJ,
= p '
where [ { 0 BRp BRP]so :|

4. Motion Planning Method
4.1. Pseudo-Inverse Method and Weighted Pseudo-Inverse Method

Since the Jacobian matrix of the task space has more columns than rows, it is different
from the three-DOF Jacobian matrix inverse solution of the serial mechanism based on the
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definition of the generalized inverse. There is a right pseudo-generalized inverse for the
nine-DOF Jacobian matrix of the hybrid mechanism, as follows:

&= Jhake (26)

+ T T \-
where Jy, = Itask(ItﬂSkItask) g
The advantages of the pseudo-inverse method are its simple structure and easy appli-

cation. The main shortcoming is that the serial and parallel mechanisms are treated equally
without considering structural differences.

The hybrid mechanism consists of a parallel mechanism and a serial mechanism,
both of which have different advantages. For example, the parallel mechanism has a
fast response velocity and compensates simultaneously for a small position range and
orientation. Furthermore, the orientation compensation ability is relatively strong, while
the serial mechanism has superiority in position space compensation. In summary, the
weighted pseudo-inverse method is adopted in coordinate motion for different tasks.

Adding a positive definite weighted matrix W for motion planning, we introduce
transformations [, = ]taSkW_l/ Zand &, = wt/ 2¢ to Equation (26). [ is the weighting
index. The larger the I value, the more pronounced the weighting effect. When [ = 0, there
is no weighting effect. Generally, the default value = 1 is used. W1 is considered as the
motion planning matrix of the hybrid mechanism.

Ce = (Itaskwil/z)(wl/zé) = IWéW (27)

Different sea conditions and tasks require corresponding mechanisms to exploit the
benefits of their configurations. The weighted pseudo-inverse method is added to the
weight f for parallel and serial connections. The larger the 8 value, the greater the com-
pensation effect of the parallel mechanism, and the smaller the compensation effect of the
serial mechanism. The smaller the  value, the more significant the compensation effect of
the serial mechanism, and the smaller the compensation effect of the parallel mechanism.
The motion of the parallel mechanism and serial mechanism is coordinated by adjusting
the weight B. The weighting formula is adjusted as follows:

_ diag(wq, wy - - - We) 0
w-1_ | Pdiag(wi, w2 6 063 } )8
036 (1— B)diag (w7, wg, wy) (28)

Among wy,w, - - - w9= 1, based on the defined transformation J,, = ]tuskW*l/z,
Ew = W!/2¢, and Equation (28), the following can be obtained:

E=wW 28, =W 2L Tk e,
-1 (29)

=w!/2 (Ituskwil/2> ' (IMSle/z (]taSkWJ/Z) T) G

After simplification, this can be expressed as

é’ = W_lIz;zsk (Itaskw_lﬂ;zsk) Ge (30)

When I = 0 is selected, the weighted pseudo-inverse Ji, degenerates to the pseudo-
inverse equation (Equation (26)). When | = 1 is selected, the weighted pseudo-inverse J {S\,
is expressed as

I‘l{;\/ = Wﬁl]z;zsk(ltaskwillz;zsk)il (31)

Therefore, the weighted pseudo-inverse expression of Equation (30) can be described as

g = ]11;\/5.@ (32)
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The pseudo-inverse and weighted pseudo-inverse methods have the advantages of
a simple structure and fast calculation for the motion planning of the hybrid mechanism.
However, the following problems exist in practical application:

1.  The pseudo-inverse method is unable to coordinate the motion of parallel and serial
mechanisms for different motion compensation tasks. The weighted pseudo-inverse
method can only proportionally distribute the parallel and serial mechanisms.

2. The pseudo-inverse method and the weighted pseudo-inverse method cannot avoid
the limit of each joint of the parallel mechanism and the serial mechanism after
exceeding the limit. The problem of joint movement exceeding the limit will occur.

3. For the analytical solutions, the pseudo-inverse method and the weighted pseudo-
inverse method have the problems of overlap compensation and reverse compensation.
The velocity values of each virtual joint are obtained by simulation using the pseudo-
inverse method and the weighted pseudo-inverse method, as shown in Tables 3 and 4.

Table 3. The virtual joint velocity of the hybrid mechanism obtained by the pseudo-inverse method.

Joints Pp, Pp, Pp, Wy, wp, wy, 41 G2 ds
Unit cm/s cm/s cm/s °/s °/s °/s °/s °/s cm/s
Velocity 1 —6.34 —8.89 —5.43 2.80 —3.36 0.45 0.45 —1.31 —2.93
Velocity 2 —-7.37 —11.09 —6.28 2.86 —3.45 0.46 0.46 —1.18 —3.40
Velocity 3 —8.30 —13.19 —7.18 291 —3.26 0.47 0.47 —1.04 —3.82

Table 4. The virtual joint velocity of the hybrid mechanism obtained by the weighted pseudo-inverse

(B=0.7).
Joints Pp, Pp, Pp, wp, wp, wp, g1 42 ds
Unit cm/s cm/s cm/s °/s °/s °/s °/s °/s cm/s
Velocity 1 —6.39 —8.90 —5.48 2.80 —3.66 0.63 0.27 —1.34 —2.72
Velocity 2 —7.44 —11.10 —6.32 2.86 —3.48 0.64 0.28 —1.21 —3.17
Velocity 3 —8.39 —13.21 —7.22 2.90 —3.29 0.65 0.28 —1.07 —3.57

According to Tables 3 and 4, we can draw the following conclusions:

(a) In the pseudo-inverse simulation, the velocity of the parallel mechanism w)_ and
the velocity of the serial mechanism 4; are in the same direction and have the
same value. The velocity direction is the same in the weighted pseudo-inverse
simulation, but the value is different. Since the analytical solution cannot con-
sider the configuration, both joints are still simultaneously compensated when
the z-directional motion is assigned a small velocity, resulting in overlapping
compensation.

(b) In the simulation of the pseudo-inverse method and weighted pseudo-inverse
method, the wy, of the parallel mechanism is in the same direction as the g, of
the serial mechanism. The configuration showed that a negative value of w),
causes the serial mechanism gangway to move upward and a negative value
of g, causes the serial mechanism gangway to move downward. The current
analytic solution causes the reverse motion of joints in the null space.

To solve the above problems, a multi-task redundant hybrid boarding system motion
planning method is proposed in this paper.

4.2. MTMP

Since the hybrid mechanism is a redundant degree of freedom configuration, an
internal motion exists in null space. This only affects the internal joint motion of the
hybrid mechanism, independent of the motion state of the end-effector. The secondary
task kinematic equations in null space are added to the weighted pseudo-inverse method,
as shown in Equation (33).
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&= Jwée + (In = TwTw)E (33)
The first term of Equation (33) is the Jacobian matrix for the primary task, and the sec-
. k
ond term is the Jacobian matrix for the secondary task in null space. Where {, = Y- A;J1.¢.;,
i=1

k is the number of secondary tasks; ¢,; represents the secondary task and A; is thle weight of
the secondary task. J; is the Jacobian matrix corresponding to the secondary tasks.

To avoid the typical drift caused by the numerical integration of the velocity vector, a
closed-loop version of Equation (33) can be adopted in the form [28]

k
&= Thy(¢ae +Keee) + Ai(In — T Tw) (Y T2 (Gai + kaieat)) (34)
i=1

where e = ¢, — G40 4+ €ai = Gai — Gui + and ¢, are the expected values of the primary task,
C4o + is the current value of the primary task, ¢,; is the expected value of the secondary task,
Gai ¢ is the current value of the secondary task, and k, and k,; are the scale factors.

~ While ensuring the main motion compensation task, the hybrid mechanism must deal
with multiple constraints (secondary tasks), such as internal joint reverse compensation,
joint limits, etc. The hybrid mechanism needs a motion planning processing method to
handle these tasks. A weighted pseudo-inverse coordinated motion control method is
proposed with multiple secondary tasks. The main secondary tasks are as follows:

Virtual joint limit: There are different joint limit positions for both parallel and serial

mechanisms. Exceeding this limit position will cause damage to the actuator, and the
planned motion space posture is impossible to achieve. The parallel mechanism’s six-DOF
motion and the serial mechanism’s three joints are defined as virtual joints of the hybrid
mechanism. When planning the motion of the hybrid configuration, it is necessary to
ensure that the movement is within the limit position of the virtual joints of the hybrid
mechanism. The objective optimization function defined in the literature is used [29], as
shown in Equation (35).

H(q) — i (qi,max — qi,min)z (35)
i=1 Ci(%‘,max - Qi)(%' - Qi,max)
where g; max and g; min are the upper and lower limits of the corresponding virtual joint
degrees of freedom, c; is a constant factor, and 7 is the number of virtual joint degrees of
freedom to be restricted. The derivative of the objective function g; with respect to the
variable H(q) is obtained

oH - (q:’,max - qi,min)z(z% — Gimax — Qi,min),l- _ 1,2 R (36)

aiqi B Ci(qi,max - qi)(qi - q:‘,min)

Then, the weight of Equation (28) can be redefined as

_ dia (ZU ,ZU2---Z06) 06 3
wol = | gt o 37

[ 036 (1— B)diag(wy, wg, kcwy) (37)
where w; = @,i =1,2---n.

i
From Equations (36) and (37), it can be seen that when the virtual joint angle of the

hybrid mechanism is at the middle of the upper and lower limits, w; = 1. When the joint
angle of the hybrid mechanism approaches the upper or lower limits, w; tends to 0, thus
ensuring that the movement of each joint angle of the hybrid mechanism is within the limit.
Since the motion range of the telescopic joint of the serial mechanism is relatively large, an
amplification coefficient k. is added. The weight coefficient of the joint is defined as k.ws.
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Secondary task 1: The w), of the parallel mechanism and the §; of the first joint
of the serial mechanism are optimized twice. This task is carried out to reduce internal
energy consumption, to prevent low-velocity jitter, and to increase the rigidity of the
parallel mechanism.

By configuration analysis, it can be seen that the rotation of wy,, of the parallel mecha-
nism and 4; of the first joint of the serial mechanism have the same effect on the hybrid
mechanism end. Since the pseudo-inverse method is a numerical analysis, the advantages
and disadvantages of the configurations are not considered in the solution process. When
the rotation velocity is low or the angle is small, the results of the pseudo-inverse method
and the weighted pseudo-inverse method still require double-joint motion compensation.
By increasing the overall internal movement and energy consumption, it is also easy to
cause low-speed jitter. Due to the characteristics of the parallel mechanism, its z-direction
offset angle is limited, and excessive deflection reduces the rigidity of the parallel mecha-
nism. Considering the configuration characteristics of both joints, an internal joint velocity
optimization algorithm is proposed, where the first joint of the serial mechanism is used as
the primary compensation task in this direction. The z-axis rotation direction of the mobile
platform on the parallel mechanism is used as the auxiliary compensation task.

The secondary task 1 Jacobian matrix can be written as

000O0O0OT1TO0TO0OPO
Jn=10 00000100 (38)

The maximum positive offset angle of the first joint of the serial mechanism is defined
as 41,max, the maximum negative offset angle is defined as g1 min, the maximum positive
velocity is defined as 41 max, the maximum negative velocity is defined as —4; max, and
the critical protection angle is defined as 0. §1min+0 < g1 < §1,max — ¢ is the flexible
compensation range of the first joint of the serial mechanism. g; is to be operated in this
range before the hybrid mechanism starts motion compensation.

The sum of 4; of the serial mechanism and wp, of the parallel mechanism is wyg;.
When the first joint of the serial mechanism is operated within the critical protection angle
range, Wig,; cannot exceed the maximum value of 4§ nay, as this may cause the joint to
exceed the angle limit.

The internal joint velocity optimization algorithm of secondary task 1 is implemented
as Algorithm 1.

Algorithm 1 Internal joint velocity optimization

1: if ql,min"HT < q1 < d1max — 0O then

2: if _ql,max < Wisum < ’h,max then
3 q1 = Wisum, Wp, = 0
4: else if Wig, > G1 max then
5: "71 = ql,maxr wp, = wlsum_ql,max
6: else if W5y, < —41,max then
7 41 = —41,max, Wp, = Wisum+G1,max
8: else if J1,min < 41 < 1,min+0 then
.1 91,mint0—q1 _1 1,min 0 =41
9: 41 = 5 - Wisum - [1 +cos(%qn)], Wp, = 5 - Wisym - [1 — cos(q“‘"‘fn)]
10: else if g1 max—0 < g1 < §1,max then
-1 41— q1,max+C _ 1 41— q1,max T
11: 41 = 5 - Wisym - [1 + cos(F—"22=11)], wp, = 5 - Wigym - [1 — cos(F—"22—71)]
12: else if g1 < g1 min OF 1 > 41 max then
13: Wp, = Wisum, §1 = 0

Since secondary task 1 solves the problem of overlapping internal joint motions ac-
cording to the configuration characteristics, it can be mapped in the null space or processed
during the velocity distribution.
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Secondary task 2: The angle and velocity of the second joint of the serial mechanism
are optimized, the problem of internal joint reverse compensation is solved, and the torque
pressure of the single joint of the serial mechanism is reduced.

Due to configuration reasons, the analytical solutions of the pseudo-inverse method
and the weighted pseudo-inverse method experience reverse compensation motion be-
tween the pose movement of the parallel mechanism and the second joint motion of the
serial mechanism. The second joint of the serial mechanism has to carry the weight of the
gangway and requires a wide range of orientation compensation, which generates a larger
torque. The pressure is large for a single joint.

Therefore, a secondary task is added to the zero space using the gradient descent
method to make the angle approach the fixed angle of the initial compensation task and
the velocity approach zero. When the parallel mechanism exceeds the compensation range,
the second joint’s compensation range of the serial mechanism will increase.

Jo=[0 0000001 0] (39)

S =102 (40)

where ¢, is the target motion change in the serial mechanism’s second joint and 43 is the
initial angle of g, after the end of the hybrid mechanism reaches the target point.

5. Simulation Analysis
5.1. Simulation Initial Conditions and Parameter Settings

In inertial space, the target point at the end of the hybrid mechanism is in a fixed
position, such as a wind turbine tower. To accurately measure the trajectory of the hybrid
mechanism, which needs motion compensation, the sensor is installed at the base of the
hybrid mechanism. There is an unavoidable delay due to the hydraulic drive of the joints
of the hybrid mechanism and the response delay of the controller. The motion trajectory
of the hybrid mechanism is predicted by the change data of the pose trajectory collected
by the sensor, and its acting position is the origin of the sensor frame. The direction of
motion compensation of the hybrid mechanism is opposite to the position and orientation
measured by the sensor.

When the hybrid mechanism starts preparing for wave motion compensation, the
parallel mechanism moves to the neutral position with the maximum range of motion
compensation space or a height close to the target point. After the parallel mechanism
runs to the neutral position, the end of the serial mechanism is manually operated to the
designated position. When the end-effector of the hybrid mechanism reaches the target
position, it enters an active compensation operation state.

In the current motion compensation operating state of the hybrid mechanism, the
mobile platform of the parallel mechanism rises 0.95 m relative to the initial state, and the
gangway of the serial platform remains parallel to the horizontal plane and extends 3.5 m.
The mechanism parameters are shown in Table 5.

Table 5. Hybrid mechanism parameters.

Mechanism Joints Initial State Active Compensation Operating State
11,12, l3,l4,l5, l6 2.58 m 3.234 m
Parallel mechanism Xp, YpsZp (0,0,1.525) m (0,0,2.475) m
Gp, Op, Pp (0,0,0)° (0,0,0)°
7 0° 0°
Serial mechanism q2 0° 0°
d3 9.552m 13.052 m

During the joint movement of the hybrid mechanism, it is necessary to ensure that
the internal virtual joints do not exceed their maximum range of motion. Otherwise, the
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driving devices will be damaged, and the end posture will not reach the specified target
point. The maximum telescopic range of the parallel mechanism legs is 1.6 m, and the
maximum telescopic range of the gangway is 7 m. Table 6 shows the limit variation range
of each virtual joint in the working state of the hybrid mechanism.

Table 6. Virtual joint limit range in working conditions.

Mechanism Joints Max. Min.
Xp 1.165m —1.36m
Yp 1.15m —115m
. Zp 1.12m —0.95m
Parallel mechanism o 30° _30°
0p 30° -30°
¥y 36° —36°
qn 30° -30°
Serial mechanism q2 30° -30°
ds 35m —35m

5.2. Simulation and Comparison

According to the motion characteristics of the vessel during the boarding operation,
the change trajectory of the base frame of the hybrid mechanism caused by the wave motion
in the sensor coordinate system is randomly simulated, with a duration of 200 s. Six of
these variables are surge, sway, heave, roll, pitch, and yaw as input trajectories, as shown

in Figure 8.
:j ‘ ' ' ' ' T erge—‘sWay—'Heave[
ity
B I B
(a) Position trajectory
o [ Ra—pioh—au]
:§ of W
|
. | |

Time (s)

(b) Orientation trajectory
Figure 8. Motion trajectory of the hybrid mechanism’s base platform caused by waves.
The motion trajectory of the base of the hybrid mechanism caused by the wave motion

is input into the pseudo-inverse method, weighted pseudo-inverse method, and MTMP
method for simulation.
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1.  The pseudo-inverse method is used to coordinate the motion of the hybrid mechanism.
The deviation coefficient k. is 25. Through simulation, the displacements of the legs
of the parallel mechanism and the joints of the serial mechanism can be obtained, as
shown in Figures 9 and 10.

o34 = 36 I
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Figure 9. Parallel mechanism leg displacement in the pseudo-inverse method.
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Figure 10. Serial mechanism joint displacement in the pseudo-inverse method.

2. The weighted pseudo-inverse method is used for the wave compensation of the
hybrid mechanism. The deviation coefficient adopts the same k, as the pseudo-inverse
method, at 25. Since the parallel mechanism is a flexible mechanism with full degrees
of freedom in the hybrid mechanism, the distribution coefficient is usually higher than
that of the serial mechanism; as a result, the weighted allocation factor 8 is 0.7. The
simulation results obtained are shown in Figures 11 and 12.
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Figure 11. Parallel mechanism leg displacement in the weighted pseudo-inverse method.
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Figure 12. Serial mechanism joint displacement in the weighted pseudo-inverse method.
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3. The MTMP method is used for the hybrid mechanism of sea wave compensation. The
coefficients are the same as the weighted pseudo-inverse method. When the k. factor
is 25, the weighted allocation factor § is 0.7, and the k. factor is 9. Considering the
virtual joint limit, for secondary task 1 and secondary task 2, the obtained simulation
results are shown in Figures 13 and 14.
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Figure 13. Parallel mechanism leg displacement in the MTMP method.
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Figure 14. Serial mechanism joint displacement in the MTMP method.

The motion trajectory of the hybrid mechanism’s base platform caused by waves and
the compensation trajectory of the base platform after motion planning using the MTMP
method are shown in Figure 15.
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Figure 15. Cont.



J. Mar. Sci. Eng. 2023, 11, 708

18 of 20

S 4F T T T
@
S 2p .
5
=S o
8
8 2 7
5 -4t 1 L L 1 L | I L =
0 20 40 60 80 100 120 140 160 180 200
Time (s)
= T T T T T T T T
[0}
h=2
£ c
L8
&5
c
2
o

1 Il 1
0 20 40 60 80 100 120 140 160 180 200

Yaw
Orientation(deg)

0 20 40 60 80 100 120 140 160 180 200
Time (s)
—— Motion trajectory of the base platform caused by waves
— — Compensation trajectory of the base platform after motion coordination using the MTMC method

(b) Orientation trajectory

Figure 15. The motion trajectory of the hybrid mechanism’s base platform caused by waves and the
compensation trajectory of the base platform after motion planning using the MTMP method.

5.3. Simulation Result Analysis

A simulation comparison is conducted for the pseudo-inverse method, weighted
pseudo-inverse method, and MTMP method.

Simulation result analysis 1: Figures 8-15 show that the joint values of the pseudo-
inverse and weighted pseudo-inverse methods will diverge with time, where [y, I3, I5,
I, g2, and d3 are more prominent. The joints of the MTMP method follow time change
convergence. The d3 of the serial mechanism in the pseudo-inverse method and the
weighted pseudo-inverse method compensates for a relatively small change in motion. The
MTMP method can take advantage of the ability of d3 to compensate over a larger range.

Simulation result analysis 2: For a simulation of 200 s, the fundamental sample time
is 0.05 s, and there are 4000 data points in total. Considering the deviation of the initial
integration caused by the difference in the initial value and the trajectory input value at
the beginning of the simulation, the first 10 data points are removed. The data during
the compensation of the stable motion of the hybrid joint mechanism are analyzed. The
maximum and minimum values of the internal joints of the three motion planning methods
of the hybrid mechanism during the 200 s simulation can be obtained, as shown in Table 7.

Table 7. The maximum and minimum values of the internal joint motion planning process of the
three methods of the hybrid mechanism, for the same trajectory input in the 200 s simulation process.

Method

Serial Mechanism

Parallel Mechanism

71 92 d3 1o, 13,14, 15, Ig
Pseudo-inverse joints maximum 0.63° 14.93° 13.075 m 4243 m
Pseudo-inverse joints minimum —0.73° —2.11° 12.403 m 2.616m
Weighted pseudo-inverse joints maximum 0.31° 8.11° 13.068 m 4102 m
Weighted pseudo-inverse joints minimum —0.42° —2.44° 12.729 m 2.707 m
MTMP joints maximum 1.04° 0.54° 13.238 m 3.953 m
MTMP joints minimum —1.25° —0.47° 12.876 m 2.729 m

From Table 7, it can be seen that for the MTMP method, each joint motion range is

within its limits, preventing the pseudo-inverse method and weighted pseudo-inverse
method from exceeding the joint movement range. In the motion compensation process,
the maximum value of the legs of the pseudo-inverse parallel mechanism is 4.243 m,
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which exceeds its motion range of 2.58 m to 4.18 m. The maximum value of the weighted
pseudo-inverse also approaches its critical value.

The MTMP method is compared with the pseudo-inverse method and the weighted
pseudo-inverse method. The maximum and minimum values of the nine variables in the
hybrid mechanism have greater margins.

Simulation result analysis 3: According to Figure 15, the input compensation trajectory
is consistent with the trajectory after the motion distribution. Combining the results of
analyses 1 and 2 shows that the MTMP method can accurately realize the trajectory tracking
of the primary task. While exerting the motion constraints of multiple secondary tasks, this
does not affect the end trajectory.

6. Conclusions

Reasonable motion planning is essential for the safe operation of a nine-DOF redun-
dant hybrid boarding system. The MTMP method proposed in this paper is based on
the internal configuration characteristics. Under stable tracking of the primary task tra-
jectory, the virtual joint limit and two internal joint velocity optimization tasks are used
to constrain the joint motion. Through a simulation comparison with a pseudo-inverse
method and weighted pseudo-inverse method, the following findings regarding the use
of the MTMP method for the redundant hybrid boarding system are obtained: 1. The
motion change in each joint of the hybrid mechanism is relatively convergent with time.
Furthermore, this method can exploit the compensation ability of different dominant joints.
2. The MTMP method ensures that the joints of the hybrid mechanism perform motion
compensation within their limited range of motion. 3. By optimizing the internal joint
velocity of the hybrid mechanism, the overlap compensation and reverse compensation of
the pseudo-inverse method and the weighted pseudo-inverse method analytical solution
are solved, and the rigidity of the parallel mechanism is enhanced. The MTMP motion
planning method is designed to obtain a more extensive margin of motion for the hybrid
mechanism’s joints and to increase the hybrid mechanism’s range of motion in terms of
compensation space.
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