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Abstract

For the motion coordination problem between the underwater vehicle and manipulator of the underwater vehicle—
manipulator system, a new redundancy resolution method is proposed and investigated. The proposed method mainly has
two parts: a fuzzy logic part and a multitasks weighted gradient projection method part. The fuzzy logic part is used to
decide the weight factors of the motion distribute matrix and the priorities of all the secondary objectives, while the
multitasks weighted gradient projection method part is used to handle the secondary objectives with the weight factors
and priorities decided by the fuzzy logic part. Moreover, a new secondary objective is proposed to optimize underwater
vehicle-manipulator system’s attitude, which takes the payload into consideration. Finally, the effectiveness of the pro-
posed redundancy resolution is verified through some comparative simulations.
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Introduction To solve the abovementioned problem and improve the
working efficient of UVMS, the position and orientation of
UVMS’s end-effector can be directly commanded to per-
form the tasks. This operation mode can effectively exploit
the redundancy of UVMS and lead to more flexible work-
ing ability. Therefore, the redundancy resolution problem
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had been widely studied to properly adopt the abovemen-
tioned mode since the UVMS usually has more than six
degree of freedoms (DOFs). After the redundancy resolution
problem is properly handled, advanced control methods*'°
can be applied to enhance the working precision.

There are mainly two methods for the redundancy
resolution of UVMS, namely pseudoinverse of the Jaco-
bian matrix method and gradient projection method
(GPM). The first one, proposed by Whitney in 1969,
is focused on the minimum norm solution on the speed
level. The later one, proposed by Liegeois in 1977,'% is
developed to utilize the null-space joint speed for the
secondary tasks. Since then many redundancy resolu-
tions had been proposed and investigated based on
these two me'chods,13’14 To avoid both the kinematic and
algorithmic singularities with traditional task-priority
redundancy resolution for the manipulators, the
singularity-robust algorithm was merged with task-
priority redundancy resolution.'> Afterward, a task-
priority redundancy resolution was specially proposed
for the UVMS based on this method. To handle the dif-
ferent dynamic characteristic of underwater vehicle and
manipulator, two novel fuzzy logic (FL)-based task prior-
ity redundancy resolutions were proposed.'®!” The FL was
adopted to properly distribute the motion between the
underwater vehicle and manipulator and calculate the
weight coefficients for all the secondary tasks. To mini-
mize the hydrodynamic force/moment acting on the
UVMS, a new redundancy resolution for the UVMS was
given and investigated.'® The method was constructed on
the acceleration level to conveniently combine the
dynamic controller. A novel FL-based fault-tolerant
redundancy resolution was proposed and investigated for
the UVMS to handle the fault joints of the manipulator.'
To reduce the required force/moment during a task, a
novel redundancy resolution based on the generalized
velocity components was proposed and investigated.”®

Exciting results had been obtained nowadays con-
cerning the redundancy resolution for UVMS. How-
ever, few works had taken the payload into
consideration. The attitude of UVMS can be greatly
affected if the payload is relatively large and no proper
redundancy resolution is adopted. To solve this prob-
lem, a novel redundancy resolution using a new
designed secondary objective is proposed and investi-
gated in this article. The proposed method combines
the FL with multitasks weighted GPM and can effec-
tively ensure the attitude of UVMS stable with the new
proposed secondary objective.

The contributions we try to make in this article are to

1. give a new UVMS attitude optimization index
design, which takes the payload into consideration;

2. propose a new multitasks weighted GPM with FL
using the newly given index and verify its effective-
ness through three comparative simulations.

Body-fixed
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Figure I. Definition of the coordinate frames for an UVMS.
UVMS: underwater vehicle-manipulator system.

The remainder of this work is organized as follows.
In section “Kinematic modeling,” the kinematic model
of UVMS is briefly introduced. In section “Proposed
redundancy resolution,” the proposed method is given.
In section “Simulation studies,” some comparative
simulations are performed to verify the effectiveness
of our proposed method. Final section concludes this
work.

Kinematic modeling

The simplified kinematic model of an UVMS containing a
6-DOFs underwater vehicle and an #n-DOFs underwater
manipulator for an m-dimensional task, as shown in Fig-
urel, can be expressed as*’

i Vi
é lpe |: Jvl _[Jvlvpv,eX]JVZ JvlJmp v
‘ Te 03x3 J2 Jv2dmo
(1)
where ¢ = [[PeT i’”eT ]T and ¢, = [vaT,e’ VrvT,w]T are

used to describe the position and orientation of the end-
effector in the inertial fixed frame and vehicle fixed frame,
respectively. n=['p? 4T |" ip, =[x y z]
ir,=[¢ © 1]" denote the position and orientation vec-
tors of the underwater vehicle in the inertial fixed frame as
]T

, and

shown in Figure 1. v=1[v; v] ,vi=[u v W]T, and
vo=[p q r]" are corresponding linear and angular
velocity vectors. The n-DOF joint angular position
of the underwater manipulator is defined as g =
[¢1 g2 ... qn]'.J,1 and J,, are the linear and angular
velocity transformation matrices from the inertial fixed
frame to the vehicle fixed frame, which can be expressed
as equations (2) and (3), respectively. J,, andJ,,, stand for
the position and orientation Jacobian matrices from the
vehicle base to the end-effector, more details refer to Ismail

and Dunnigan®’
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where s-= sin(-), ¢-= cos(-), and t-= tan(-). And [J,;"p,. X]
T

is the skew symmetric matrix, for J,\"p,. =[a b c],
we have

0 —c b
'prex]=| ¢ 0 —a @)
b a 0

Equation (1) can be further expressed as
ée = vmé- (5)

where J,,, is the UVMS Jacobian matrix and &=
vl ¢

Proposed redundancy resolution

Redundancy resolution

In this subsection, some redundancy resolutions are
reviewed, and then our new redundancy resolution will
be proposed in the following subsection. The basic way
to obtain a redundancy resolution for the UVMS is to adopt
the pseudoinverse of the Jacobian matrix as”'

§=JoSe (6)

where ij is the pseudoinverse of J,,, and can be obtained
using J,\, = JI (JvaVTm)*l.

This is a redundancy resolution in the least-square sense
aiming to minimize the velocity of UVMS. It treats the under-
water vehicle/manipulator equally without any difference,
which is not suitable for practical applications since the
dynamics characteristic of the vehicle and manipulator is
quite different. Usually, the vehicle is much larger and hea-
vier than the manipulator. Moreover, the propellers of vehicle
have large time constants, while the joint motors of a manip-
ulator have relatively smaller time constants. All the above-
mentioned elements will result in quite different dynamics
between the vehicle and manipulator: the vehicle is suitable
for slow and large amplitude motion, while the manipulator is
suitable for fast and small amplitude motion. Furthermore, no
other constraints can be handled with this method.

By minimizing a cost function ¢7¢, a general solution
for equation (5) can be obtained as

E=Jt e+ =T Tm) @)

where y € RSt is an arbitrary UVMS velocity vector and
(I —J}Jum) is a null-space matrix which projects y, onto
the null-space of the Jacobian J,,,. Corresponding projec-
tion will not result in the movement of the end-effector, but
only internal movements within the UVMS are produced.

The widely used GPM is based on the selection of ¥
which is relative to the gradient of a scalar objective func-
tion H(q) as

x = —AVH(q) ®)
Combining equations (7) and (8), the GPM can be

expressed as

E=J} o =M —J! Jom)VH(q) 9)

vim

where A is a factor. When A is positive, equation (9) gives
the minimization of H(q). Otherwise, equation (9) gives the
maximization of H(g).

The multiple objectives version of GPM can be
expressed as

E=J o =M —J5 Jom) (Za,Vh > (10)

where £ is the quantity of the kinematic constraints and o is
the weight factor that decides the importance of the ith
kinematic constraint. Vh;(g) is the normalized gradient
of H(g) which is used to prevent a certain single kinematic
constraint from dominating the whole part of
Zf;l a;Vh;(q), it can be expressed as

Vhi(q) = VHi(q)/||[VHi(q)]l, (11

Moreover, if some particular DOF in UVMS needs to be
handled, the above method will fail. In this situation, a

weighted pseudoinverse JVTm ,» can be used as

JE = w I (ew D!

vm_w

12)
where w™! = diag(wy, wy, ..., wg,,) is a weight matrix
with positive elements.
Combining equations (3) and (9), we have
E=w Il (Jomw ' J!

vm vm

) Ce—J+

vmm

(13)

The optimal effect of weighted pseudoinverse method
equation (13) is weaker compared with GPM, but it has an
attractive nature as the end-effector stops moving, the inter-
nal movement of UVMS will vanish. This is very important
for precise tracking control.

Motion objectives

In this subsection, some motion objectives are presented
and analyzed based on the characteristic of our developed
UVMS, shown in Figure 1.

Motion distribution. The underwater vehicle and manipulator
are suitable for different tasks due to their different
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dynamic properties. Underwater manipulator has relatively
smaller inertia, faster response, and higher precision. These
properties make it suitable for tasks that frequently change
over time and only need small range of motion. Underwater
vehicle, on the other hand, has relatively larger inertia,
slower response, and lower precision, which are, neverthe-
less, suitable for tasks that slowly change over time and
need a wide range of motion. Therefore, it is better to use
the underwater manipulator when the targets are in its dex-
terous work space. This can be realized using the method of
weighted pseudoinverse with the motion distribution
matrix as®'

W_l _ (1 - ﬁ)wmax]6><6 O6xn (14)
ﬂln Xn
where 0 < 3 < 1, and it basically decides the motion dis-
tribution between underwater vehicle and manipulator. The
system is attempted to use underwater manipulator when 3
is relatively large, otherwise the underwater vehicle will be
used. Specially, only underwater vehicle or manipulator
will be used when 8 =0 or 3= 1. wy, is a constant
parameter used to define the maximum value of the weight
factor for the underwater vehicle. It has a range of
0 < wpnax < 1.

0n><6

Manipulator joint limitation. Manipulator joint limitation is
necessary to avoid collision and damage to the hardware.
The abovementioned GPM is used to handle this object,
and the corresponding H(g) can be expressed as'®?

n

(qi max qi.min)2
H(g) = * '
(q) ; Ci(qi,max - (]i)(%‘ - Qi,min)

(15)

where ¢; is the angular value for the ith joint, while g; min,
i, max stand for the lower and upper bounds of the displace-
ment, respectively. C; is a positive constant used to deter-
mine the strength of the corresponding constraint.
Moreover, the gradient of H(g) can be calculated as

aH(‘]) _ (q:lmax - qz}min)z(zq;' — qi,max — qi,min) i=1l~n
0qi Ci(qi,max — Qi)z(qi - qi,min)2

(16)

Define the weight matrix as wl= diag(wy, wa, . .., Wy)

for the manipulator, the corresponding elements can be
selected as

1

0H(q)

0qi

, i=1~n

(17

w; =

1+

According to equations (16) and (17), w; = 1 when the
underwater manipulator is in the middle of its motion
range. Therefore, we have w; € (0, 1].

Manipulator singularity avoidance. When the underwater
manipulator is in a singular configuration, the required

Table 1. D-H parameters of our underwater manipulator.

a1 (%) ai_ d; 0;
| 0 0 0 q
2 90 L, =0.172 d, = 0.068 q2
3 0] L, =033 d, = -0.068 q3
5 -90 Ly = 0.242 d, = 0.048 gs
6 0 Ls =0.121 0 0

driven force for some particular joints will increase sharply
which may damage corresponding actuators. Thus, the
measure of manipulability (MOM) proposed by Yoshi-
kawa”® will be adopted to quantize the singularity and help
to avoid this situation

o sin — det(JsinJT )

sin (18)
where Jg, € R>* is the Jacobian matrix for the end-
effector, which includes the first three rows of J,,, and its
last n columns. In order to utilize GPM, take a gradient with
respect to ¢;, we have

00 0 sin .
VH = — = dgp tr J—Jgn , i=1~5 (19)
0q; 0g;

Optimize UVMS’s attitude. Since our underwater vehicle
has no ability to control the pitch and roll direction, it
is better to keep the UVMS stable with small pitch and
roll angles. The UVMS itself has been balanced with
the manipulator in the original position. However,
when the manipulator stretches out with a relatively
large payload, the resulting moment will greatly affect
the attitude of UVMS. Therefore, the payload should
be taken into consideration besides the own weight of
the manipulator. The gravity and buoyancy of manip-
ulator and payload are along z-axis, so the new pro-
posed objective function M(q) is designed in x—y
plane as

M(q) = (xg® +"yg*)F (20)
where F stands for the force acting on the end-effector, Ox g
and %y stand for the location information of end-effector
in the base coordinate frame X, of the manipulator as
shown in Figure 1. And to simplify the analysis, the direc-
tion of F is assumed to be along z-axis which is reasonable
because it is mainly caused by gravity and buoyancy. Cor-
responding gradient of the proposed objective function
M(q) is given as

oM o°
(9) = 20, XEF+ ZOyE

aOyE F
0g; Oq

0qi ’

i=1~n.

ey
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Figure 2. The configuration of the UVMS during case one. UVMS: underwater vehicle-manipulator system.

Remark I. F can be obtained directly through sensors or
indirectly by observer algorithms, but the way to get F will
not be taken into consideration in this work.

Proposed redundancy resolution

In order to handle all the abovementioned secondary
objectives harmonically, we adopt a multitask weighted
GPM-based fuzzy logical algorithm combining equations
(7)-(13) as

€ = J:;n_w(éde +Kee)

1

+ kH(Inxn _J:;,,_vam_w) < aszl/Hvl{l“Z)
=1

(22)

where ¢4, stands for the desired trajectory of the end-
effector. e = ¢4 — . is the error between the desired
and the planned trajectory of the end-effector. K, is the
corresponding gain matrix and s is the number of sec-
ondary objectives. Moreover, the fuzzy logical algorithm
adopted here mainly has two functions. First, it is used
to decide the value of 3 leading to the motion distribu-
tion between the underwater vehicle and manipulator.
Second, it is adopted to decide the value of «; which
clearly defines the relative importance among all the
secondary objectives.

Simulation studies

In order to illustrate the effectiveness of our proposed
redundancy resolution and objective function M(g), com-
parative numerical simulations have been performed
based on the UVMS developed in our laboratory, as
shown in Figure 1.

Simulation setup

Our developed UVMS has nine DOFs, four for the
underwater vehicle without the ability to control pitch
and roll and five for the underwater manipulator. Corre-
sponding Denavit-Hartenberg (D-H) parameters for the
underwater manipulator are listed in Table 1. The fuzzy
logical algorithm adopted in this work is the same with
the one given in the study by Soylu et al.'®, and it is

mainly responsible for the manipulator singularity
avoidance and UVMS’s attitude optimization. Therefore,
the final redundancy resolution used in the following
simulations is

6 = J;n_w(éde + Kee)
VH,
[VH, |,

VH.
+hw”_ﬁh%ml 2)

|VH: ||
(23)

_a2|

where «; is positive and is for manipulator singularity
avoidance, « is positive and is for the UVMS’s attitude
optimization. The negative sign before a, means that this
GPM part tried to reduce the corresponding objective func-
tion. And VH| is given in equation (19) while VH, is given
in equation (21). The initial position of UVMS is set to p =
[0,0,0,0]m/°, g = [0,—45,90,45,0]°, and the corresponding
position of the end-effector is xg = [0.5907,0.053,—0.363]
expressed in the base coordinate frame X,. The limitation
of each joints is set as g1 € [—60, 60]°, ¢ € [—90,90]°,
gs € [-110,110]°, and g5 € [-120,120]°. C;, =
[10,6,10,10,10]", K, = diag{50,50,50}, Wmax = 0.02, and
kg =0.2.

Simulation results

Three cases had been performed. In the first case, the F is
set to 0 which means no payload is attached to the manip-
ulator, and the proposed redundancy resolution equation
(23) is adopted. In the second case, redundancy resolution
equation (6) is adopted. In the third case, the F'is set to 50%
of the maximum capability of the manipulator, and the
proposed redundancy resolution equation (23) is adopted.
The end-effector is expected to go forward to the position
of 1.2 m along x in 12 s. Then, it will stop for 9 s and go
back to the position of —0.5 m with 22 s. Corresponding
trajectory will be obtained using the fifth-order polynomial.
During this procedure, its position in y- and z-axes remains
unchanged.

Corresponding results are given in Figures 2 to 7. As
shown in the subfigures (a) and (b) from Figures 3, 5, and 7,
the actual trajectories of the end-effector are coincided with
the desired ones, which means the end-effector can effec-
tively track the desired trajectory under all three cases.
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Figure 3. Simulation results under case one. (a) and (b) are the desired trajectory and velocity (solid) versus planned ones (dashed) of
the end-effector; (c) and (d) are the planned trajectory for nine DOFs; (e) and (f) are the planned velocity for nine DOFs; (g) is the
normalized MOM; and (h) is the output of the fuzzy algorithm «, 3. DOF: degree of freedom; MOM: measure of manipulability.

Moreover, it can be observed from the simulation results of
case one that the underwater vehicle almost keeps still from
0 s to 8 s, this is because in this period, the manipulator is
still in its dexterous working space as shown in Figure 3(a)
to (d) and (g), therefore, the weight factor § is relatively
bigger, while « is relatively smaller as shown in Figure 3(h).

Around 10 s, the manipulator moves near its singular con-
figuration, as shown in Figure 3(g), leading to the sharp
decrease of MOM. Then, the weight factor 3 decreases
while « increases, leading to the movement of the under-
water vehicle. Similar analysis procedure can be used for the
left part of the simulation result (Figure 3).
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Figure 4. The configuration of the UVMS in a different moment during case two. UVMS: underwater vehicle-manipulator system.
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Figure 5. Simulation results under case two. (a) and (b) are the desired trajectory and velocity (solid) versus planned ones (dashed) of
the end-effector; (c) and (d) are the planned trajectory for nine DOFs; and (e) and (f) are the planned velocity for nine DOFs. DOF:
degree of freedom.

Figure 6. The configuration of the UVMS in a different moment during case three. UVMS: underwater vehicle-manipulator system.
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Figure 7. Simulation results under case three. (a) and (b) are the desired trajectory and velocity (solid) versus planned ones (dashed) of
the end-effector; (c) and (d) are the planned trajectory for nine DOFs; (e) and (f) are the planned velocity for nine DOFs; (g) is the

normalized MOM and moment acting on the underwater vehicle du
degree of freedom; MOM: measure of manipulability.

It can be seen from the simulation results of case two
that redundancy resolution equation (6) treats the under-
water vehicle and manipulator equally without any differ-
ence, which, however, is not suitable for practical
applications due to the big dynamic difference between the

e to F; and (h) is the output of the fuzzy algorithm o, a5, 8. DOF:

underwater vehicle and manipulator. The underwater vehi-
cle starts to move in the very beginning of the simulation
despite the fact that the manipulator is still in its dexterous
working space as shown in Figure 5(a) and (c), this may
lead to bad control performance. Considering the large
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mass and low tracking precision of underwater vehicle, this
is not good for high-performance tracking control of the
end-effector. Furthermore, it can be seen from Figure 5(d)
that joint 3 has exceeded the limitation, which clearly
shows that redundancy resolution equation (6) has no abil-
ity to handle the objective of manipulator joint limitation,
which, however, may result in hardware damage.

Comparing the simulation results of case one with case
three, it can be clearly observed that our proposed method
with the new objective function equations (20) and (21) will
limit the movement of the manipulator when the payload is
attached as shown in Figure 6(c) and (d). This will greatly
reduce the resulting moment and keep the underwater vehi-
cle stable with small pitch and roll angles, which is useful to
obtain good control performance since our UVMS has no
ability to actively control the pitch and roll angles.

On the other hand, no experimental results had been
given in this work limited by practical conditions. But it
can be reasonably speculated that our proposed control
method may work well in the practical applications. How-
ever, some differences compared with the simulation
results may appear. Firstly, the trajectories of all signals
will become noisy, this is unavoidable due to the existence
of measurement noise. Secondly, the vehicle may generate
motion all the time. Theoretically, the vehicle should not
move when the manipulator is still in its dexterous working
space as the simulation results display. In practical situa-
tions, the vehicle floats in the water and can be easily dis-
turbed by remaining gravity and external force. Therefore,
it will always move since motion controllers are usually
based on tracking errors. On the other hand, the motion of
vehicle will be suppressed in a certain extent benefiting
from our proposed redundancy resolution when the manip-
ulator is in its dexterous working space. Generally speak-
ing, our proposed control method may present some
difference with the simulation results, but it will be basi-
cally the same.

In conclusion, our proposed redundancy resolution with
the new proposed objective function can effectively handle
all kinds of secondary objectives and keep the UVMS sta-
ble with small pitch and roll angles even under the condi-
tion that the manipulator is attached with a large payload,
which is very necessary to obtain satisfactory task space
tracking control of our UVMS because it has no ability to
actively control the pitch and roll angles.

Conclusions

In this article, a new redundancy resolution for UVMS has
been proposed and investigated which takes the payload
into consideration. Benefiting from the new proposed
objective function, the proposed redundancy resolution
can effectively keep the UVMS stable with small pitch
and roll angles while ensures other secondary objectives.
This kind of results is very helpful during the working
process. Comparative simulations under three different

situations have been conducted, and the corresponding
results show that our proposed redundancy can excellently
fulfill the task meanwhile ensure a better performance
over the traditional method.
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