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ABSTRACT A study of the kinematic characteristics of a 3UPU_UP coupling parallel platform that has
three-degree-of-freedom(3-DOF). In this article, a novel 3UPU_UP parallel platform is presented, which is
based on the 5-DOF 3UPU parallel platform by adding a UP followed limb. The DOFs and motion constraints
of the platform are analyzed by the screw theory, and the coupling constraint equation of the platform is
obtained through coordinate transformation. The inverse kinematics equation of the platform is derived by
the closed-loop method, and the forward kinematics equation of the platform is solved by Netwon-Rapson
iteration. The trajectory of the platform in space is obtained and the correctness of the coupling constraint
equation of the platform in other DOFs is verified. Considering that the motion of a ship on the sea is
multi-DOF and complicated, the motion of the cargo on the ship can be compensated by using a coupling
characteristic of the platform to improve the safety of marine operations.

INDEX TERMS 3UPU_UP parallel platform, coupled constraint equation, Kinematic analysis, ocean wave

model.

I. INTRODUCTION

The parallel platform usually consists of a mobile platform,
which is connected to a fixed base by many limbs. The
number of limbs is usually equal to the number of degrees
of freedom(DOF), and each limb is driven by an actuator.
The parallel platform has the advantages of high rigidity,
fast response speed, and high control accuracy. Some motion
systems composed of it have been applied on some ship
simulators and wave compensation platforms [1].

In some engineering applications, not all 6 DOFs need to
be used, so many parallel platforms with fewer DOFs were
born. Over the past decades, a great number of improvements
regarding 3-DOF parallel platforms have been achieved.
There are many 3-DOF platforms with different structures,
such as 3PUU parallel platforms [2]-[4], 3RPS parallel plat-
forms [5], [6]. The 3UPU parallel platform has also been
extensively studied by scholars. Huang and Li [7] summa-
rized a variety of 3UPU parallel platforms, including 5-DOF
parallel platform, 3-DOF spherical parallel platform, 3-DOF
translation parallel platform, and 4-DOF parallel platform.
In principle, the mobility of the moving platform is deter-
mined by the layout of linear limbs and the arrangement of
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universal joints. Assuming that the layout of each UPU limb
in the platform is symmetrical, there are four different kinds
of mobility situations for different DOFs of the general 3UPU
parallel platform. The first case is that the 3-DOF which
means to 3 translational DOFs, the second case is the 3-DOF
which means to 3 rotational DOFs, the third case is the
4-DOF which means to 3 rotational and 1 translational DOFs,
the fourth case is the 5-DOF which means to 3 rotational
and 2 translational DOFs. Establish a local coordinate sys-
tem for each limb and analyze using the screw theory [8].
Each UPU limb is composed of 5 joints, from bottom to top
are R;RpP1R.R;. A universal (U) joint can be seen as two
perpendicular revolute (R) joints. The subscript represents
the rotational axis or translational axis of each joint. For
the case I, if the moving platform needs to meet the 3-DOF
translation, it means that the constraint couples generated by
the three UPU limbs are linearly independent. The joint of
the UPU limb is R RpP1R.R;, where the c-axis is parallel
to the b-axis and the y-axis. The d-axis is not parallel to
the x-axis, forming a 3-DOF translational parallel platform
[9], [10]. For case II, if the moving platform needs to meet
3-DOF rotation, it means that the constraint forces generated
by the three UPU limbs are linearly independent. The joints
of the UPU limb are arranged as R RyP1R.R;, where the
c-axis is parallel to the y-axis and the d-axis is parallel to
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the x-axis, forming a 3-DOF spherical parallel platform [11].
For case III, if the moving platform needs to meet 3-DOF
rotation and 1-DOF translation, it means that the 3 constraint
forces formed by the three UPU limbs are co-planar. The
joints of the UPU limb are R R,PiR.R;, where the c-axis
is parallel to the z-axis and the d-axis parallel to the x-axis,
forming a 4-DOF parallel platform [7]. For case 1V, if the
moving platform needs to meet 3-DOF rotation and 2-DOF
translation, it means that the 3 constraint couples formed by
the three UPU limbs are co-linear. The joints of the UPU limb
are arranged as RyRyP1R:R,, where the c-axis is parallel to
the y-axis and the d-axis is parallel to the x-axis, forming
a 5-DOF parallel platform with a common constraint. Yang
and Li [12] used this type of UPU limbs to build a 5-DOF
parallel platform. To achieve 5 DOFs motion, it is necessary
to ensure that the axis of the moving platform in the initial
pose should be perpendicular to the base and the moving
platform at the same time. Case IV is a special arrangement
of case II. Sarabandi et al. [13] proposed a 3UPU platform
that can reconfigure its motion. By changing the assembly
condition of the UPU limb in the platform, the platform can
be turned into a translational platform or a spherical platform.

The modified Griibler-Kutzbach criterion [14] can be used
for the analysis of the freedom of the platform. The kinematic
modeling of the platform can use its closed-loop characteris-
tics based on its structure [15]. The inverse kinematics of the
parallel platform is simple, while the solution of the forward
kinematics is more complicated. The solution of positive
kinematics can be solved by Netwon-Rapson iteration [16].
Bhutani and Dwarakanath [17] studied the kinematics of the
3UPU parallel platform with translation only, analyzed sin-
gularity, and get the singularity-free workspace. Lu et al. [18]
analyzed the kinematics of two 3UPU parallel platforms
with different structures, and obtained the displacement,
velocity, acceleration, and workspace of the two structures.
Shafiee-Ashtiani et al. [19] studied the forward and inverse
solutions of the kinematics of the 3UPU platform and pro-
posed a fast and effective new method.

The kinematics research of the 3UPU parallel platform
mainly focuses on the analysis of the kinematics forward
solution, inverse solution, working space, and singular points
and singular configuration, but due to the complexity of
the parallel platform structure, it often produces a certain
coupling effect [20]. This coupling effect often limits the
control performance of some control algorithms for parallel
platforms. Carretero et al. [21] optimizes the structure size
of the parallel platform, and its optimization goal is that
the motion of the platform has certain coupling character-
istics, that is, the additional motions of other DOFs will be
generated. Luo et al. [22] propose a coupling type parallel
platform, which utilizes the coupling characteristics of a
marine vessel to apply the platform to a landing of a Marine
helicopter. To further study the motion of cargo and ship
in the marine environment, the Pierson-Moscowitz (P-M)
spectrum [23], [24] can be used to construct the ocean wave
model.
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This article studies the kinematics analysis of 3UPU_UP
coupled parallel platforms in the marine environment. The
platform is constructed by adding a UP followed limb base
on the 5-DOF 3UPU parallel platform. In Section II, through
the screw theory and modified Griibler-Kutzbach criterion,
the kinematic characteristics and DOFs the platform are ana-
lyzed. In Section III, the coupling constraint equation of
the platform is solved by a coordinate transformation. The
inverse kinematics is solved using the closed-vector method
and the forward kinematics is solved using Netwon-Rapson
iteration. In Section IV, the structural parameters and input
signals of the platform are given for simulation analysis.
Considering the multi-DOF coupling characteristics of ships
at sea, the ocean wave data generated by the P-M spectrum is
input to the platform for analysis. The trajectory and coupling
displacement of the platform under a given signal is obtained.
Conclusions are drawn in Section V.

Il. PLATFORM DESCRIPTION AND MECHANISM
ANALYSIS

A. 3UPU PARALLEL PLATFORM WITH 5-DOF

The 5-DOF 3UPU parallel platform includes a base, a moving
platform, and three UPU limbs. Among them, U represents
the universal joint, which can be regarded as two intersecting
rotating joints and P is a prismatic joint as an actuator. Each
UPU limb has five joints, which are R,R,P1R:R;. In this
platform, the three UPU limbs are arranged in the same
direction and each limb is separated by 120°. The c-axis is
parallel to the v-axis and the d-axis is parallel to the u-axis.
The translation axis of the prismatic joint is perpendicular to
the base and the moving platform which can form a 3UPU
parallel platform. As shown in Fig.1.

I S ,7/7 Moving Platform
[ — =
— - —
© %ﬁ @—V Universal joint

‘ | Prismatic joint
(Actuator)

-

,,ﬁ/y Universal joint

—, _—W Bsae

FIGURE 1. 3UPU parallel platform with 5-DOF.

In screw theory, the general form of a screw is given by
$ = (s; r x s), where s is a unit vector along the screw axis,
r is the position vector of any point on the screw axis. The
unit screw associated with a revolute joint is given by $ = (s;
rxs) = (Imn; ab c), where I, m, n denotes the three direction
cosines of the revolute axis. The unit screw associated with a
prismatic joint is given by $ = (s; 7 x s) = (00 0; [ m n).
The screw system of single UPU limb in the local coordinate
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system at the original configuration is:

$1=(100;000)

$,=(010;000)

$5=(000;001) (1)
$4=(100;0 —10)

$5=(010:100)

where [ represents the distance between the center of two
U joints. The screw system has five linearly indepen-
dent screws. Assuming there are reciprocal screws $; =
(L M N; P; QF RY), according to the following formula:

$o8 =0 )

the reciprocal screw of this UPU limb can be solved as

11 = (000;00 1). It can be seen from the reciprocal
screw that there is a constraint couple on the z-direction.
Due to the presence of the constraint couple, the rotation of
the platform in the z-axis is restricted. Because of the same
structure, each limb will produce a constraint couple. When
three constraint couples are co-linear, there will be a common
constraint, which can only limit the rotation of the moving
platform around the z-axis. The modified Griibler-Kutzbach
criterion for calculating the DOFs is as follows:

h
M=dn—-g—1+Y fi+v (3)
i=1
where M represents the DOFs of a mechanism,d = 6 — A
represents the DOFs of the space, A represents the common
constraint, n represents the total number of components, g
represents the number of motion joints, f; represents the DOFs
of the i-th motion joint. v represents the number of redundant
constraints after subtracting the common constraints.
According to Fig.1, the total number of components of the
platform is 8; the three UPU limbs are divided into upper and
lower components, a moving platform, a base. The number
of motion joints is 9, 6 U joints have a total of 12 DOFs,
3 P joints have 3 DOFs. There is still a common constraint.
Except for the common constraints, there are no other con-
straints and v = 0. By substituting the relevant parameters,
the calculation results are as follows:

M=6-1)«x@-9-D+3«x2+14+2)+0=5 &)

B. 3UPU_UP COUPLED PARALLEL PLATFORM WITH
3-DOF

According to (4), the parallel platform has three actuators and
5 DOFs, so it will produce uncertain motion. Therefore, based
on Fig.1, a followed UP limb is added to reduce the DOFs
of the 3UPU platform to construct a coupled 3-DOF parallel
platform. As shown in Fig.2, a UP limb is arranged in the
center of the base, where the U joint is connected to the base
and the P joint is connected to the moving platform. The first
rotation axis of the U joint is parallel to the first and fifth
rotation axis in each UPU limb. The second rotation axis of
the U joint is parallel to the second and third rotation axis in
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FIGURE 2. 3UPU_UP coupled parallel platform with 3-DOF.

each UPU limb. The translation axis of the P joint is parallel
to the other three translation axis in the initial position.

For a better analysis of the platform, the coordinate systems
O — xyz is located on the base, and the coordinate systems
01 — x1y1z] is located on the moving platform. P; represents
the center point of the upper U joint of the i-th UPU limb,
B; represents the center point of the lower U joint of the i-th
UPU limb. The constructed 3-DOF coupling platform with
2 rotation and 1 translation is shown in Fig.2. The screw
system of the followed UP limb in the local coordinate system
at the original configuration is:

$6=(010;000)
$7=(100;000) )
$5=(000;001)

According to (2), we can get the reciprocal screws of the
screw system:

r, =(000;001)
$5,=(100;000) 6)
72 =(010;000)

It can be seen from the reciprocal screws of the screw sys-
tem that there are two constraint forces and one constraint
couple. These two constraint forces limit the translation of
the moving platform in the x-axis and y-axis, respectively,
and the constraint couple restricts the rotation of the moving
platform around the z-axis. Combined with the content of the
above analysis, since the four limbs all have upward restraint
couples on the moving platform, the 3UPU-UP platform also
has a common constraint. At the same time, the platform has
a total of 9 components and 11 joints. Except for the common
constraint, there are two linearly independent constraints,
so there is also no redundant constraint and v = 0. According
to the (3), the DOFs of the platform is as follows:

M=06-1)%0O-11-1)+3%Q2+1+2)+2+14+0=3
@)
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This new platform with the 3UPU and UP limbs provides
3 DOFs, namely, heave z, vertical translation of moving
platform along the z-axis, roll ¢, rotation of moving platform
around the x-axis and pitch S, rotation of moving platform
around the y-axis. The platform has two continuous rotation
axis and the position of the rotation axis is related to the
constraint forces, so it can be known that the rotation axis
of the platform is the same as the two rotation axis of the U
joint in the followed UP limb.

Ill. KINEMATICS MODELING OF THE PLATFORM

A. COUPLED CONSTRAINT EQUATION

The position and direction of the moving platform relative to
the reference coordinate system in space need to be described
by six variables, that is A} = (x,y, z, &, B, ¥), the position
and direction of the point relative to the reference coordinate
system. Due to 3UPU_UP is a 3-DOF platform, so the input
of the platform has only three parameters which are (z, «, 8).
Due to the coupling characteristics of the parallel platform,
the constraint equation of the platform in other directions can
be obtained.

Suppose A is an arbitrary point on the moving platform,
where [ represents the coordinate of the point on the z-axis.
Assuming that the moving platform can move in 3 DOFs on
the base coordinate system. Point A; will get a new point
A after rotating and translating, as shown in Fig.3, Fig.4,
and Fig.5.

u; (uy)

FIGURE 3. The position transformation relationship of translation along
the z-axis.

It can be seen from Fig.3 that when the moving platform
moves z along the z-axis, there will be no coupling motion.
The new position is:

Ay = (x1.y1, [ +2) ®)

It can be seen from Fig.4 that when the moving platform
rotates around the x-axis by «, a certain coupling motion will
occur on the y-axis and the z-axis. The new position is:

Ay = (x1.y1c05a¢ — Isina, y1sina + lcosar) ©)]

It can be seen from Fig.5 that when the moving platform
rotates around the y-axis by f, a certain coupling motion will
occur on the x-axis and the z-axis. The new position is:

Ay = (x1cosB, y1, x185inf8 + lcosp) (10)
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FIGURE 4. The position transformation relationship of rotation around
the x-axis.

W A"
A
4,
1 u
u;
0 (0)
vy (vy)

FIGURE 5. The position transformation relationship of rotation around
the y-axis.

When a point on coordinate system 01 — x1y1z; performs a
3 DOFs motion in the coordinate system O — xyz, a trans-
formation matrix converted from dynamic coordinate system
01 — x1y121 to coordinate system O — xyz is as follows:

cos B 0 sin 8 Xy

or, _ sinasinf cosa —sinacosf Y,
O = | —cosa sinfB sina cosacosfB Z,

0 0 0 1

Since (11) is a 4 x4 matrix and the coordinate is a 3 x 1 matrix,
it is necessary to generalize the coordinates of A before an
operation. Bringing any point in the moving platform into
it, the coupling constraint equation of the platform in other
DOFs can be obtained as follows:

Xp =xicosB+(+2z)sinp
Y, = xisinasinf + yicosa — (I + z)sinacosf (12)

(11)

Z, = —x1cosasinfB+yicosBsina+(l+z)cosacosp

It can be seen from the above results that coupling constraints
are generated in the three translation directions, and corre-
sponding additional motions are generated. To simplify the
motion model, we select the center of mass of the moving
platform for analysis, so the constraint equation of the plat-
form can be simplified to the following formula:

X, =(+z)sinf
Y, = —(l + 2)sinacosp (13)
Zy, = (I + 2)cosacosp

Therefore, the actual position and direction of the point on
the platform is expressed as:
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Equation (13) shows that the coupling characteristics of the
platform will not affect the rotation angle of the moving
platform, but will affect the translational motion. Use output
position minus input position to obtain coupled displacement:

D, = (X6‘7 Y., Zc)

=X,—0,Y,—-0,Z,— (I +2) (15)

X, Y., Z. represents the coupling displacement of the moving
platform on the x-axis, y-axis, and z-axis respectively.

B. INVERSE KINEMATICS

A closed-loop method is used to extract the characteristics
of a UPU limb in a parallel platform. As shown in Fig.6.
According to Fig.6, the closed-loop equation of each limb can
be obtained as:

-

I =y + pi — by (16)

FIGURE 6. Closed-loop of a UPU limb.

where [; is the vector between the center points of the
two U joints in each UPU limb. 7, is the vector from the
center O in the inertial coordinate system O — xyz to
the center O of the moving platform. b; is the vector from
the center O to B; in the inertial coordinate system which is a
fixed vector, p; is the same as the vector between the center
O and p; in the dynamic coordinate system O — x1y1z]. 2
represents the translation along the z-axis, and «, 8 represents
the rotation around the x-axis and the y-axis. According
to (11), the coordinates of the points on the O1 — x1y1z; can
be transformed to the O — xyz.

OP o 01P
(T) = TOI(T) (17)

Therefore, the length of each limb can be derived according
to the given parameter and (16):

li = V/(OPi =0 b)T(OP; =0 b) (18)

By using the obtained length of each limb minus the original
length, the changing relationship of each limb during motion

158146

can be obtained, where [ is the length of each limb at the initial
pose of the platform.

Al =1 —-1
A =1, —1 (19)
Aly =13 —1

C. FORWARD KINEMATICS
By deforming the (18), the system of nonlinear equations for
solving forward kinematics is obtained:

fitza B =[P =0 )" COPi=Ob)| =17 (20)
Let (20) be solved as:
X =z, a1, Bil" (21)

Select the initial value x; = [z, o, ﬁk]T near the solution to
be solved, then:

X =x -8 (22)

where § is the error vector, § = [, 82, 33]T, the following
equations can be obtained:

filze = 81,0 — 82, B —83) =0
folzke — 81, a6 — 82, P — 83) =0 (23)
f3(zk = 81,0k — 82, B — 33) =0

Expanding the three equations of (23) according to the Taylor

series, and ignoring all partial derivatives above the second
order, we have the following matrix form:

dz 0o 0
N2 AN
f2=a—Z££X52 (24)
f3 ofs dfs fs 83

3z da 0f

Bring the selected initial value xx = [z, ok, ,Bk]T into
the Jacobian matrix on the left and right of the (24), and use
the method of solving the linear equation system to obtain the
value of the error vector &, and then solve according to (22)
to get xx41. This solution is better than x;. Then use xj41
as the initial value to repeat the solution and use (24) to
correct it, and iterate repeatedly until f(xx4+, < €). ¢ is the
predetermined deviation value, and the corresponding xy 4+, =
[Zktrs Chtrs ﬂk+r]T is the result of the solved kinematics
solution for the given length of the limb. According to the
coupling constraint equation (13), the position and direction
of the moving platform can be obtained as:

Xtr = [+ zkr)sinBrrr, —( + Ztr)sinotrcos B4y,
(I + Z4r)COS 1+ COSPir Uhtrs Brir]”  (25)
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IV. KINEMATICS SIMULATION AND RESULT ANALYSIS
Establish the kinematics model of the platform according to
Fig.2, the basic parameters are as follows:

op=10,0,1"
5

3
og, =01 p; = [Td,O, 01T

3. .d (26)
0, =01 py = (- Y24, ot
6 2
V3. d
OBy =9 Py =[———d,—=,0]"
3 3=1 z 2 ]
where / = 1040mm is the length of each UPU limb in the
initial pose, d = 990mm is the straight-line distance of

every two UPU limb on the base. P; represents the center
point of the upper U joint of the first UPU limb, B; repre-
sents the center point of the lower U joint of the first UPU
limb. By analogy, other points represent the position of other
UPU limbs in the platform. The added UP followed limb is
installed at the midpoint of the triangle surrounded by three
UPU limbs.

o1 = Rysin(t)
B1 = Rosin(t) 27
z1 = Dsin(?)

Using (27) as the motion law of the moving platform in each
direction. Where Ry = Ry = 5°, D = 30mm. Then taking
(27) and (18) into (19), the graphs of the Alj, Al, and Al3
in three cases can be obtained, as shown in Fig.7.

A. INVERSE KINEMATICS OF SINGLE-DOF UNDER SINE
SIGNALS

Fig.7 shows the kinematic characteristics of the three limbs
under a single-DOF motion in heave, roll, and pitch are as
follows:

(1) Heave motion: Three limbs synchronized motion.

(2) Roll motion: Limb 1 is stationary, limb 2, limb 3 motion
in opposite directions with equal amplitude and frequency.
(3) Pitch motion: Limb 2 and limb 3 are synchronized,
limb 1 performs equal-frequency, unequal amplitude reverse
motion. According to the characteristics of the triangular
platform. the amplitude of limb 1 is twice that of limb 2 and
limb 3.

B. INVERSE KINEMATICS OF MULTI-DOF UNDER SINE
SIGNALS

Since the parallel platform has 3 independent DOFs, there are
four kinds of coupling conditions for multi-DOF coupling.
Three cases of 2 DOFs coupling and one case of 3 DOFs
coupling are as follows:

(1) Coupling of roll direction « and pitch direction 8;

(2) Coupling of roll direction « and heave direction z;

(3) Coupling of pitch direction § and heave direction z;

(4) 3-DOF coupling in roll direction «, pitch direction g, and
heave direction z;

VOLUME 8, 2020
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FIGURE 7. Changes in the length of three limbs under a single-DOF.

The above simulation values of «, §, and z are given in (27).
According to the given motion law, the inverse solution of
the position and attitude of the multi-DOF coupled motion
can obtain the graphs of the Aly, Aly, and Alz in four cases,
as shown in Fig.8.

Comparing Fig.7 and Fig.8, it can be found that the
relationship between the inverse kinematics solutions of
single-DOF and multi-DOF is linear. That is, the inverse
kinematics curve under the coupling of roll and pitch can be
obtained by adding the inverse kinematics curves of roll and
pitch in a single-DOF. The situation is similar for other types
of multi-DOF coupled motions

C. CONSTRUCTION OF THE OCEAN WAVE MODEL
Because the ship’s motion in the ocean also has a multi-DOF
coupling motion, so using the coupling characteristics of the
3UPU_UP platform, the ship’s motion can be compensated
with fewer DOF. The 3UPU_UP parallel platform is used
for ocean wave motion simulation and the kinematics of
the platform under multi-DOF coupling is further studied.
This article uses the P-M spectrum, and its basic expression
is:
2 2
S(@) = uZcexp {—p[g—]“} (28)
w Uw
where u = 0.0081, p = 0.74, g is the acceleration of gravity,
2=9.8m/s?> and U is the wind speed at 19.5m from the sea.

158147



IEEE Access

X. Hu et al.: Kinematics Analysis of 3UPU_UP Coupling Parallel Platform in the Marine Environment

3
S
=
is)
c
o)
)
-100 L L L L L
0 5 10 15 20 25 30
Time(s)
(a) Coupling motions of roll and pitch
€
S
=}
)
c
)
-
100 L L L L L
0 5 10 15 20 25 30
Time(s)
(b) Coupling motions of roll and heave
50F 7~ 7\ T naJ T y Aou 7]
£ i !y I\ Ay
£ h \ I \ (Y 1
E [ : [V N - Al
£ 0 ] Y \ 2| 1
(o)) 7
g \‘ I, \‘ 'l “ ] \\ I, [ —AI3 N
- N s \ / r I' o \ 7
1) S A WO A AW VA
0 5 10 15 20 25 30
Time(s)
(c) Coupling motions of pitch and heave
100 Y 7" T 7. T 7N T 7
\ ’
g ’/ \\ I' \ 7\ AL
/ . \ ] ' 1
£ P\ =) ! Al
£ OF - - v ~ T 23
I
=S \ ! v L= = =Al
— v ) \ ‘\ ' ) /'
-100 \‘I L N (VA Py !
5 10 15 20 25 30

Time(s)

(d) Coupling motions of roll, pitch, and heave

FIGURE 8. Changes in the length of three limbs under a multi-DOF.

According to the energy relationship, the frequency-time
domain conversion of the wave simulation curve can be
achieved. For a single component wave, the relationship
between the amplitude A;, the slope of wave surface a; and
the wave energy S(w) is as follows:

Ai = ZAa)S(a),-) (29)

2

a; = %\/ZAwS(a)i) (30)

In this article, the waves in the level-four sea state are mod-
eled and the following parameters are determined by querying
the data: the wind speed of the middle-level sea state is
19.5m away from the sea surface and the wind speed is
12m/s. The range of w is 0.5 to 2.4 rad/s, Aw = 0.01.
Bringing in (29) and (30), we can calculate the undulating
height function A(¢) and slope of wave surface function a(t)
under the four-level sea state with wind speed of 12m/s.
The result obtained by taking 500 seconds of data is shown
in Fig.9:
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FIGURE 9. Ocean wave model in level-four sea state.

D. FORWARD KINEMATICS

1) FORWARD KINEMATICS UNDER SINE SIGNALS

The length of each limb under a given motion law is
obtained by the (16), and then the actual position and direc-
tion are obtained through the Netwon-Raphson iterative.
Equation (20) is a complex set of nonlinear equations, so there
are certain errors in the iterative algorithm. When solving, set
the error accuracy to 10, Substituting the motion law in
(27) into the algorithm for solving, it can get five parameters
in the equation, including: X, ), Z,, ap, Bp. By expressing
these five parameters in space, the trajectory of the platform
in space can be obtained, as shown in Fig.10. The conditions
corresponding to each trajectory are shown in Table 1.

TABLE 1. The corresponding trajectory of the moving platform under
different input sine signals.

Trajectory Input
P a=wo1 pB=p1 z=0
Py a=0 B=p z==
Ps3 a = ol B=0 z=2z
Py a=ar B=p 2=z

It can be found from Fig.10 that the trajectories of the
four coupling modes and the corresponding coupling motion
under the given motion law. Through Fig.b, it can be seen
that trajectories P is similar to trajectories P4, all of which
generate corresponding motion in the x-axis, y-axis, and
z-axis. The difference is that the coordinates of the endpoints
of trajectory P4 are larger than the trajectory P;. From (13),
it can be seen that this result is due to the z-direction motion
of trajectory P4. Through Fig.c, trajectories P, on z-axis is
slightly larger than the trajectory P4. The comparison (13)
shows that it is because the constraint equation of trajec-
tory P4 on z-axis multiplies cosp. The position parameters of
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FIGURE 10. The kinematic trajectory of four kinds of coupling modes of
the moving platform under sine signals.

TABLE 2. The actual position and direction of the moving platform
(partial).

(a,8,2)(deg,deg,mm)  (Xp,Yp,Zp,0p,Bp)(mm,mm,mm,deg,deg)

(5,5,0 (90.6413, -90.3200, 1032.2488, 5.0000, 5.0000)
(5,0,30) (0.0041, -93.2276, 1065.7433, 4.9993, 0.0006)

(0, 5,30) (93.2416, -0.0003, 1065.8653, -0.0002, 4.9995)
(5,5,30) (93.2161, 92.8308, 1061.6206, 4.9974, 5.0180)

TABLE 3. The ideal position and direction of the moving platform
(partial).

(a.f,2)(deg,degmm) (X p,Yp,Zp,cp,Bp)(mm,mm,mm,deg,deg)

(5,5,0) (90.6420, -90.2971, 1032.0962, 5.0000, 5.0000)
(5,0,30) (0.0000, -93.2566, 1065.9342, 5.0000, 0.0000)
(0,5, 30) (93.2566, 0.0000, 1065.9342, 0.0000, 5.0000)
(5,5,30) (93.2566, -92.9018, 1061.8684, 5.0000, 5.0000)

some points in the four trajectories can be shown in Table 2.
Table 3 is obtained by solving the coupling constraint
equation.

By comparing Table 2 and Table 3, it can be found
that the ideal position and direction calculated by the con-
straint equation are very close to the results obtained by the
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Netwon-Rapson iteration method. The maximum error of the
translational motion is about 10~2mm, and the maximum
error of the rotational angle is about 10~ degree. According
to the (15), the coupling displacement of the parallel platform
in the z-axis can also be obtained. The coupling displace-
ment is related to the height of the moving platform and the
angle of rotation. The maximum coupling displacement of
the P; trajectory is 7.9594 mm. The maximum coupling dis-
placement of the P, trajectory is 4.0471mm. The maximum
coupling displacement of the P3 trajectory is 4.1346 mm.
The maximum coupling displacement of the P4 trajectory is
8.1706mm.

2) FORWARD KINEMATICS UNDER OCEAN WAVE SIGNALS
Input the ocean wave signals constructed in (29) and (30) to
the 3UPU_UP parallel platform. The conditions correspond-
ing to each trajectory are shown in Table 4.

TABLE 4. The corresponding trajectory of the moving platform under
different input ocean wave signals.

Trajectory Input
Ps a=a(t) B=af z=0
Ps a=0 B=ua(t) z=0.05A(¢)
Pr a = af(t) B8=0 z = 0.05A(t)
Py a=ua(t) p=a(t) z=0.05A()

Through inverse kinematics solution and Netwon-Raphson
iterative solution it can get five parameters in the equation,
including: X, Yy, Z,, atp, B. By expressing these five param-
eters in space, the trajectory of the platform in space can be
obtained, as shown in Fig.11. Since the wave height of the
ocean wave signals is in units of m, and the actual motion
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FIGURE 11. The kinematic trajectory of four kinds of coupling modes of
the moving platform under ocean wave signals.
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FIGURE 12. The coupling displacement curve of 3UPU_UP platform in three directions under the ocean wave signals.

of the ship in the heave direction is not so large. Therefore
replace the heave displacement z with 0.05 times the wave
height signals of the level-four sea state and the slope of wave
surface is as the roll angle « and the pitch angle 8.

Compared with Fig.10 and Fig.11, it can be found that
there is a certain similarity in the kinematic trajectory of
the multi-DOF coupling under two different signals. The
difference is that the ocean wave signals are called a super-
position of a series of sine signals with different amplitudes
and frequencies, while the signals in Fig.10 are simple sine
signal with a single frequency and amplitude. Therefore,
the trajectory of the moving platform under the wave signals
is the trajectory of multiple line segments. Because the ampli-
tude of the ocean wave signal is larger than the sine signal,
the coupling displacement produced by the wave signal is
also larger than the coupling displacement produced by the
sine signal.

In order to see the coupling displacement under the ocean
wave signals more intuitively, the fourth trajectory is selected,
which is the coupling displacement data under the condition
that the motions in three directions produce input. For better
comparative analysis, the coupling displacement on the y-axis
is taken as a negative sign. The results are shown in Fig.12.

Through Fig.12, it can be found that the coupling dis-
placement generated in the x-axis is slightly larger than that
generated in the y-axis under the given fourth level sea condi-
tion, and the maximum X, is 286.4214mm, the maximum Y,
is 275.8547mm, and the maximum Z. is 128.7035mm. The
coupling displacement in the z-axis can be offset by the
control strategy.

V. CONCLUSION

In this article, constructed a 3-DOF parallel platform based
on the 3UPU parallel platform with 5-DOF, by adding a UP
followed limb. The platform is a kind of coupled 3-DOF
platform, which will produce coupling displacement in the
direction of the x-axis, y-axis, and z-axis. The DOFs and the
mobility of the platform are analyzed by the screw theory.
The coupling constraint equation of the platform is obtained
by the coordinate transformation method. The inverse and
forward solutions of the displacement kinematics of the
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platform are analyzed, and the motion trajectory of the plat-
form is obtained, which verifies the correctness of the con-
straint equation. The coupling displacement is related to the
structure size and input parameters of the platform. By using
the characteristics of coupling displacement, more freedom
of motion can be compensated. It can be used as a stable
platform for helicopter landing and cargo transfer.

In future research, experiments will be added to mea-
sure the actual coupling displacement of the platform in the
process of moving.
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