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ABSTRACT

For manipulative underwater operations, an underwater vehicle-
manipulator system (UVMS) has more degrees of freedom than
those required to conduct a given mission. To follow the desired
end-effector position and velocity accurately, UVMS should be
able to generate trajectories of manipulators and the underwater
vehicle can maintain dynamic stability of the entire system. In
this paper, redundancy resolution is performed to find a solution
satisfying the given task among many joint-space solutions. Also,
to improve the dynamic stability of the UVMS, zero moment
point (ZMP) is adopted such that it requires some constraints.
For application of UVMS, a joint limitation is also taken as con-
straints for UVMS motion. The optimal solution for constraints
is obtained through gradient projection method (GPM). To de-
monstrate the proposed redundancy resolution including ZMP,
the UVMS composed of redundant manipulator is developed and
tested. Test results show that the end-effector of the manipulator
not only keeps track of the desired trajectory but also improves
the stability of the UVMS.

I. INTRODUCTION

To accomplish various underwater tasks, an unmanned under-
water vehicle (UUV) is equipped with underwater manipulators,
which usually include appropriate end-effector. This whole sys-
tem is called an underwater vehicle-manipulator system (UVMYS).
If the UVMS picks up or moves objects, the mass and moment
of inertia of the entire system will be changed. Moreover, the
motion of the manipulator affects the posture and position of
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the underwater vehicle and this acts as a disturbance that breaks
the dynamic stability of the UVMS. For this reason, it is essential
to find useful algorithms to stabilize UVMS as well as to study
dynamic modeling of UVMS.

If the underwater vehicle of the UVMS is a hovering type
with a number of degrees of freedom (DOF), the UVMS has re-
dundancy. This extra DOFs can be used to generate a self-
motion that can fulfill additional objectives while performing
a given task. Many past studies showed that the redundancy may
be used to optimize the performance index such as manipulability
(Yoshikawa, 1985), energy efficiency (Santhakumar, 2013), and
stability (Takanishi et al., 1989). The redundancy resolution was
adopted to avoid the singularity (Mohan and Kim, 2012) and used
to determine the task priority during execution of the under-
water operations (Antonelli and Chiaverini, 1998). Furthermore,
it was used to generate the desired trajectory so as to minimize
the drag force and joint torques (Hollerbach and Suh, 1987).
The joint trajectories were generated to minimize the restoring
moments (Han et al., 2011). Also, redundancy resolution was
used for fault-tolerant system (Soylu et al., 2010).

In this study, a new performance index based on zero moment
point (ZMP) concept (Vukobratovic and Borovac, 2004; Choi,
2012) is proposed to improve the stability of the underwater
vehicle in disturbance caused by the motion of the manipulator.
ZMP generally specifies that the dynamic reaction force when
the foot of the humanoid robot comes into contact with the
ground does not cause any moment in the horizontal direction.
Using the ZMP concept, this study introduces a method of sta-
bilizing an underwater vehicle by moving the ZMP calculated
by the mass and moment of inertia of the manipulator and ob-
ject to the center of mass of the UVMS. In addition, a Redun-
dancy Resolution method is proposed to generate an optimal
trajectory of UVMS.

This paper is organized as follows. In Section 2, the kine-
matic and dynamic equations of the UVMS are introduced. In
section 3, the redundancy resolution and ZMP algorithm are pro-
posed. GPM is also presented to find optimal solution. Section 4
shows the simulation results of UVMS that follows the trajec-
tories generated by redundancy resolution and ZMP algorithm.
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Fig. 1. Coordinate systems for the UVMS.

In Section 5, experiments are performed to verify the perform-
ance of the ZMP algorithm and redundancy resolution method.

II. MODELING OF THE UVMS

1. UVMS Kinematics

The coordinate system of an underwater vehicle with 3-DOF
manipulator was illustrated in Fig. 1. {E}, {b}, and {ee} re-
present the Earth-fixed frame, the body-fixed frame, and the end-
effector frame, respectively.

The homogeneous transformation matrix from body-fixed
frame to the inertial frame can be expressed as

ETb :|: R, P17:| (1)

US.

where “p, € R is the potion vector of underwater vehicle in

terms of the Earth-fixed frame, and “R, € R™ is the rotation

matrix of body-fixed frame with respect to the Earth-fixed frame.
The position and orientation of the end-effector can be defined as

2

0,3 1

where "R, " p,. can be calculated by the joint variable of the
manipulator, °g,. By multiplying (1) and (2), the homoge-

neous transformation matrix from the Earth-fixed frame to the
end-effector can be computed as

ER E
=t =) e )
0l><3 1

2. Dynamic Modeling of a UVMS

The dynamic modeling for an UVMS can be obtained by con-
sidering the coupled dynamics between the underwater vehicle
and the manipulator (Dannigan, 1998). Hence, the dynamics
equations of the whole system with respect to the body-fixed
frame can be written in the form as (4) and (5)

M, (0)E+C, (0,8)E+D,(0,8)E+G, (7,0)=1, (4)
where

o M, 0 c o
é::|:va®:| :Ms:|: :|’C;:|: . :|,
0 M, (O) 0 C,0,0)

{DV(V) 0 } { G, () } {Tv +7 }
Ds = - ’Gs = ’Ts =
' 0 D,(6,0) G, (0) z

®)

£is the linear and angular velocity vector of the whole system
in terms of body-fixed frame. M, C;, D;, and G, are matrix for
the mass and inertia, Coriolis and centripetal forces, hydrody-
namic lift and damping forces, restoring forces and moments
of the whole system, respectively. 7 represents the control input
for an underwater vehicle and a manipulator.

III. REDUNDANCY RESOLUTION

In general, trajectories of an underwater vehicle and an end-
effector should be given to performing specified tasks in water.
To track given trajectories in task space, trajectories of the un-
derwater vehicle and the joint of manipulator can be obtained
through inverse kinematic analysis in the joint space.

The redundant UVMS has various combinations of joint ve-
locities that do not affect the given velocity profile of an end-
effector and this could induce the self-motion of the vehicle.
Hence, by using the degrees of redundancy, the desired trajec-
tories of vehicle and joints can be determined without affecting
its motion in the task space. The relation between the posture of
an end-effector and the system configuration can be represented
as shown in (6).

. =1(0) (6)

where “7,. € R®" is the vector including the position and ori-

entation of an end-effector expressed with respect to the body-
fixed frame; 77 and g are the position vector of an underwater

vehicle and the joint angles vector respectively.
The following equation can be obtained by differentiating
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ZMP (xzmp; yzmp)

Fig. 2. A concept of ZMP for stabilization of an UVMS.

(6) with respect to time.
.. =3(0)0 (7

where J is the Jacobian matrix and is a 6 x (6 + n) matrix in this
work. 7 is the number of joints. When the velocity profile of
an end-effector is given, the joint velocities of a manipulator
and the velocity of an underwater vehicle can be determined by
the redundancy resolution.

6-3(0)" . +(L.-3() J(©))r 8)

where J” is the Moore-Penrose pseudo-inverse matrix of the
Jacobian matrix J and this can be calculated as according to (9)

1(0) =3(0) [1(0)I(0)] ©)

1. Performance indexes for Stabilization and
Implementation of a UVMS

The Zero Moment Point(ZMP) is a point at which the sum
of moments generated by all external forces and inertial forces
including gravity acting on the rigid body becomes zero. In this
works, the performance index is introduced based on the concept
of ZMP which improves the dynamic stability of an UVMS.

As shown in Fig. 2, the moment equation that the ZMP with the
sum of the moments of the system consisting of several link chains
is zero can be expressed as follows(Kim, 2016).

Z(rgi _rzmp)xm[g-’—z(re[ _rzmp)XF'e[
i i
+zMei _z(rgi _rzmp)xmiagi
i

—Z[Iia')i +o,x(Lo, )J =0

(10)

where i is subscript that represents each link chain, and 7.,,, 7gi
and r,; represent the position vector from the origin to ZMP of
coordinates system, the position vector to the mass center of
the ith link, and the position vector to the point of application
of external force on the ith link respectively. Also, g, m; and
ag; represent gravitational acceleration vector, the mass of the
ith link and mass-centered acceleration vector respectively,
and F,; and M, ; represent the force and moment acting on the
ith link from outside respectively.
From Eq. (10), position of the ZMP can be obtained as

zmijégizgi +zmi(g_2gi)xgi +Z(F;z,ixei _F;z,izei)
i i i

+Z [lyy.ia.)yi + (]xx,i - Izz,f )wxia)zi :|

_ (11)
Xy Y(mg-mz, +F.,)
Z mij}gizgi + Z m,(g - Egi)ygi + Z (Fez,fyei - Eey,izei)
_Z [Ixx,id)xi + (Izz,i - I,\’,\’J' )waw}’i]
Vo = i (12)

Z(mig —-mZ,+ Fez,i)

i

The ZMP concept can be used to create a trajectory that moves
the center of gravity of the manipulator as close to the center of
gravity of the underwater vehicle as possible while performing
specified tasks.

The distance between the mass center position of the UVMS
and the ZMP is set as the performance index as in (13). In this
paper, the performance index is minimized in conjunction with
a redundancy analysis.

1
= Ewpl(xzmp _Ax)z (13)

I

zmp — Bzmp

- 1
= (77, ®) = Ewpl
where W, represents the weight matrix.

For an implementation of UVMS, a joint limitation is also
taken as performance index for generation of manipulator mo-
tion as shown in (14)

(14)
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Table 1. Parameters for the floater and manipulator.

Parameters Values [unit]
LxHxW 1x0.2x0.3[m’]

Floater
Mass 5 [kg]

Link 1 Length 0.3 [m]
Mass 3 [kg]
Length 0.2

Link 2 cne [m]
Mass 2 [kg]

Link 3 Length 0.18 [m]
Mass 2 [kg]

where ¢, and 6. represent maximum and minimum limit

angle of the ith link respectively, and W, represents the weight

matrix.

To satisfy both additional tasks, a performance index is pro-
posed that manipulator joint angle trajectory can be created to
improve the stability of the whole UVMS within the limited
range of manipulator joint angle, which is expressed as

1 0.

2
1 o z_gimi
Ewpl(xzmp _Ax)z +§lewp2,i (H—’dj (15)

i,int

E(0)=

2. Gradient Projection Method for Optimization

The first term in (8) is the particular solution, which is deter-
mined from the given velocity of an end-effector. The second
term in (8) is the homogeneous solution, which is obtained by
the projection onto the null-space of Jacobian matrix J. It re-
presents the self-motion which does not affect the task motion.
Hence, the vector y can be defined in order to obtain the optimal
solution for the specified performance index. The solution in null
space can be obtained by conducting a redundancy analysis using
the gradient projection method (GPM) (Calamai and Moré,
1987) for the proposed performance index as shown in (13).

y=-K-VE&;
v |2 = o= | (16)
T leg 06, O o6,

where k and VE represent a positive gradient constant and the
gradient vector of performance index respectively.

IV. SIMULATION

To verify the performance of the joint trajectory generation
using the proposed redundancy resolution (RR) algorithm, a
simulation of testbed consisting of a floater with 3-DOF mani-
pulator shown in Fig. 3 was performed and the proposed algo-
rithm was applied to this platform. Table 1 shows the parameters
for the testbed. For comparison with the RR algorithm, a simu-

q3
End-effector
position WRT {b}

[xEEs ZL’L’]T

Fig. 3. Testbed composed of a floater with 3-DOF manipulator.

lation using pseudo inverse (PI) algorithm was performed under
the same condition. Applying only PI using the first term in (8)
to solve the inverse kinematics is described as follows.
0=J(0) -7j, (17)
For both cases, the end-effector is commanded to follow the

line from the initial position (0 m, 0.55 m) to the final position
(0.1 m, 0.55 m) in the X-Z plane for 6sec.

1. Generation of Trajectories of End-Effector

To carry out the redundancy resolution, trajectories of an end-
effector in the task-space should be given. The trajectory with start
and end velocities between two configurations is expressed using
a polynomial function of time as follows (Spong, 2006).

q(t) =a, +at+a,t’ +a,t’ (18)
Then we can get desired velocity is given as
§(t) = ajt +2a,t +3a,t’ (19)

Through the equations (18) and (19), a matrix equation can
be obtained as in (20).

1, 2 £ \[a] [
0 1 2t 3t a v

20 30 1 _ 0 (20)
Lot 6y 6 |la| |4y

0 1 2t 37 ||a| |V

where t, and #rrepresent start time and end time, [ao, ay, a,, as]”
is the coefficients of the cubic polynomial, and [gy, vo, g7, v is
the initial and final positions and velocities.

In this simulations, trajectories and velocities of the
end-effector is given by using Eq. (20).
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0.1

0.2

Z (m)

0.3

0.4 |oondi

0.5

03 02 01 0 01 02 03
X (m)

Fig. 4. Stick diagram of the testbed using only PI.

| ***** desired —— measured
10 80.5
_ / ~ w0 L e N
%0 15 )
= 2 795
o -20 >
79
25 785
-74 0.1
76 17 0
Z 78 Z 0.1
S 80 b S 02
-82 -0.3
0 2 4 6 0 2 4 6

Time (sec) Time (sec)

Fig. 5. Joint variables and pitch angle of testbed using only PI.

2. Trajectory Following Simulation

Fig. 4 shows the generated the joint angle trajectories of the
manipulator using the only PI, without performing the RR. As
can be seen from the results, the joints trajectories can be ge-
nerated so that the end-effector of the manipulator follows the
desired trajectory with only the PI. As shown in Fig. 5, the joint
variables and the pitch angle of the testbed were generated by
using PI. Fig. 6 indicates that the desired trajectory of end-
effector was generated as a smooth curve using a time polyno-
mial function.

On the other hand, Fig. 7 shows the result of the simulation
through the RR to keep the ZMP position as close as possible
to the center of mass of the underwater vehicle to improve the
dynamic stability of the entire system. It is shown that extra
DOFs of manipulator were assigned to secure the dynamic
stability of system while performing a given task.

As shown in Fig. 8, RR was used to generate the joint variables
and pitch angle of the test bed. Fig. 9 shows that the desired and
measured trajectories of end-effector. Comparing Fig. 5 and

| ****** desired — measured
0.1
= 005 /
SN i
-0.05
0.72
E 071
N ]
0.7
0 1 2 3 4 5 6
Time (sec)
Fig. 6. Trajectories of end-effector using only PI.
0
0.2
g i
N e e e e e e R S 1
0.4
0.5+ 1
-03 -02 -0.1 0 0.1 02 03
X (m)
Fig. 7. Stick diagram of the testbed using proposed RR.
***** desired —— measured
-20 36
| 84
@ =22 =
= T p
< 24 <
80
-26 78
-40 0.05
0 {\/\
% 60 ®
2 d £ o0
< -80 <
-0.1
-100 -0.15
0 2 4 6 0 2 4 6
Time (sec) Time (sec)

Fig. 8. Joint variables and pitch angle of testbed proposed RR.

Fig. 8, the starting positions of the joints of the PI and RR are
the same, but the combination of the joints over time is different.
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| ****** desired — measured

0.1
g 005
-0.05
0.72
E 071

N i
0.7

0 1 2 3 4 5 6

Time (sec)

Fig. 9. Trajectories of end-effector using proposed RR.
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Fig. 10. Comparison of performance index between PI and RR.

As shown in Fig. 9, the RR algorithm follows the desired tra-
jectory of the end-effector as well as PL.

Fig. 10 indicates the comparison of performance indices of
the simulated results using PI and RR. It can be seen from the
trajectory of x,,,,, the RR keeps the dynamic stability by mak-

ing the distance between center of gravity of the underwater
vehicle and x,,,, close to zero through self-motion. On the con-
trary, the x,,,, of Pl has passed zero after 3 seconds. The result

shows that the ZMP of the whole system is located closer to
the center of mass of the underwater vehicle through the RR.
It can also be seen that by lowering the performance index of
joint limitation, it creates a trajectory that does not go beyond
the limits of the manipulator’s joints.

V. EXPERIMENTS

1. Trajectory Following Control

Configuration using PI Configuration using RR

100
200
g
£ 300
N
400
500 f |
wlilly
600 .
-200  -100 0 100 200 -100 0 100 200
X (mm) X (mm)
Fig. 11. Test results of configurations of manipulator using PI only and RR.

— Act — Des —= Start ¢ End

Trajectory using PI Trajectory using PI

500

550 —

Z (mm)

60055 0

Xzmp (M)
-
- 8

| — Joint 1 — Joint 2 — Joint 3 |

-

I
2 4 6 0 2 4 6
Time (s) Time (s)

Joint angle (deg)

-100
0

Fig. 12. Test results of trajectories using PI only and RR.

To evaluate trajectory following performance of the RR, an
optimization for the proposed performance index as Eq. (15)
was conducted. For comparison with the RR algorithm, a pseudo
inverse (PI) algorithm was also applied to the testbed with the
same initial conditions and desired trajectory. For both cases,
the end-effector is commanded to follow a line from the initial
position (0 mm, 550 mm) to the destination position (100 mm,
550 mm) in the X-Z plane. This command excites the stability
of the manipulator attached at the floating vehicle. Since the
excitation generates the pitching motion of the system, the mass
center of the whole system should be controlled to move the mass
center position.

Under these conditions, the RR and PI were applied to the
testbed as shown in Fig. 3. Fig. 11 shows configurations of
manipulator trajectory using PI and RR in X-Z axis. In the case
of using RR, each joint changes the joint angle to reduce the
x,» With keeping the end-effector position. In Eq. (15), sta-

bility and mobility of the UVMS can be improved through tun-
ing the W, and W, as weight matrix.

According to the test results, Fig. 12 indicates that both al-
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Pitching Control using ZMP
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Fig. 13. Control pitch angle of a testbed using ZMP.

gorithms generate similar and acceptable tracking errors in the
PI and RR cases with 5 mm position error in Z axis. And the
second line in Fig. 12 represents the distance between the mass
center position of the whole system and the x,,,, . If x,,, ap-

proaches to zero distance, the whole system goes to the stable
state. So, the plot shows that application of the PI case does not
decrease x,,, during following the desired trajectory. On the

other hand, the RR makes x,,, decrease monotonically. This

is similar to the simulation results presented above.

The merit of the RR is that the manipulator can reduce the
restoring moment by minimizing the distance between ZMP
X-axis and the mass center of the whole system while tracking
the trajectory.

2. Pitching Control Using ZMP

Using the redundancy of the manipulator, additional joint an-
gles can be confined along the desired ones while using the ZMP
algorithm which compensates the forces and moments caused
by the motion of the manipulator. In this experiment, while ap-
plying the ZMP algorithm, pitch angle of the floating vehicle
was controlled with keeping the depth of the end-effector by
changing of x,,,, and end-effector position in X-axis. Accord-

ing to these constraints and ZMP algorithm, experiments were
conducted, and results are presented in Fig. 13. The red line
and blue line represents the desired and actual pitch angle of
the floating vehicle in the top of the right-hand side, the middle
one represents the x,,,,, and the bottom one is the end-effector

position in X-axis. Also, the left hand side figure represents the
results of the orientation of the floating vehicle when the pitch-
ing control was applied using ZMP algorithm. As shown in
Fig. 13, the experiments were carried out in two steps. In the
first step, the pitch angle of the floating vehicle was controlled
to move from 0° to -20° and kept at -20° by changing x,,,, from
-110 mm to -10 mm and end-effector position from -210 mm

to -60 mm. After the floating vehicle was stable at time 20 sec,
the second command was issued to return the pitch angle from

-20° to 0° at time 48 sec. In order to restore initial pitch angle
of the floating vehicle as 0°, x,,,, and end-effector in X-axis were

replaced to the each initial value as -110 mm and -210 mm re-
spectively. During the two steps, end-effector was controlled
to keep at 650 mm in Z axis using the optimal algorithm.

This results show that the ZMP and the center of gravity dis-
tance of the underwater vehicle can be adjusted to help main-
tain the specific posture of the underwater vehicle. This means
that it is possible to reduce the thrust force required to maintain
a stable posture of the underwater vehicle.

VI. CONCLUSION

In this paper, the dynamics modeling was conducted consi-
dering the coupled dynamics of the redundant system composed
of the vehicle and the manipulator. To improve the stability of
the vehicle due to manipulator motion, the ZMP algorithm was
proposed. The performance index was defined and the redun-
dancy resolution (RR) algorithm was proposed to minimize the
restoring moment of the whole system including a payload to
enhance the motion stability and to satisfy the joint constraints of
the manipulator.

To validate the proposed ZMP algorithm and RR algorithm,
an UVMS testbed composed of a floating body with 3 DOF ma-
nipulator was constructed. Experiments of trajectory tracking
were performed to evaluate the performance of the RR algo-
rithm with the ZMP algorithm, and the results were compared
with that of the PI algorithm under the same conditions.

The results show that the RR algorithm with ZMP shows good
performance in the stable posture of the whole system and in tra-
jectory tracking of the manipulator. Also, in comparison with the
PI algorithm, it shows better performance in motion stability and
trajectory tracking.
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