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An Underwater Vehicle-Manipulator System (UVMS) can be applied to pick up and carry objects for autonomous manipulation in
the water. However, it is difficult to control the motion of the whole system because the movement of a manipulator affects the motion
of the vehicle and vice versa. Additionally, a lack of information about the object, such as the shape and inertia, makes motion control
even more difficult. In the current paper, a motion control algorithm of the UVMS with redundancy was developed to guarantee the
stability robustness when the mass information of the objects is not available. In order to generate the joint trajectories of the
manipulator, a redundancy resolution was performed to minimize the restoring moments acting on the vehicle. This means the
propulsion energy for controlling the vehicle'’s motion can be reduced. To control the motion of the system with an unknown parameter,
a controller based on the sliding mode theory has been designed. Finally, the effectiveness of the proposed method was verified
through a series of simulation for a 3DOF vehicle-3DOF manipulator system.
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NOMENCLATURE Jp = performance index function

rcg = position vector to the center of mass

[u, v, w] = translational velocity vector of the vehicle reg = position vector to the center of buoyancy

[p, g, r] = rotational velocity vector of the vehicle
Mgg = rigid body inertia matrix

M, = added mass and inertia matrix

Cgg = rigid body Coriolis and centripetal matrix 1. Introduction
D, = hydrodynamic damping matrix

G, = restoring forces and moments vector A Remotely Operated Vehicle (ROV) is an underwater vehicle

Ty = external forces and moments vector for the vehicle physically linked through a tether with a surface ship. The control
R = rotation matrix commands from an operator as well as the power are transmitted to the
n = position vector of the vehicle w.r.t. the Earth-fixed frame vehicle via the tether. On the other hand, an Autonomous Underwater
q = joint variable vector of the manipulator system Vehicle (AUV) is supposed to be completely autonomous with its own
T = joint torque vector of the manipulator system onboard power and control system. In case of tasks that require
F = thruster force vector interaction with the environment such as picking up an object and
J = Jacobian matrix removing rust on a ship,’ the vehicle can be equipped with manipulator

links. In this case the system is usually called an Underwater Vehicle-
Manipulator System (UVMS).

© KSPE and Springer 2015 &)\ Springer
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Fig. 1 Coordinate systems of an AUV

When various tasks are performed using an UVMS, it becomes
important to control the position of an end-effector accurately. In
general, for a base-fixed manipulator system, an inverse kinematics
analysis is done to determine the desired joint trajectories of a
manipulator based on the given trajectory of an end-effector. However,
an UVMS is not fixed at the ground and floats freely under water.
Hence, knowledge of the position and orientation trajectory of a
vehicle, as well as the trajectory of an end-effector is necessary for
calculating the desired joint trajectories of a manipulator through the
inverse kinematics analysis. In most of the previous studies, the desired
position trajectory of a vehicle was given as a set-point and the control
algorithms for station keeping were designed.

If the trajectory of a vehicle is not given in advance, the system has
a redundancy and it has an infinite number of solutions in an inverse
kinematics. Therefore, when some specified tasks are performed, the
redundancy resolution is introduced to determine the desired joint
trajectories of a manipulator. The redundant vehicle-manipulator
system can have various combinations of joint velocities that do not
affect the given velocity profile of an end-effector and this may induce
a self-motion of a vehicle. Many past studies had shown that the
redundancy may be used to optimize the performance index such as
manipulability, energy efficiency, and stability. The redundancy
resolution was adopted to avoid the singularity® and this concept was
also used to determine the task priority during working.'> Furthermore,
it was used to generate the desired trajectory so as to minimize the drag
force!! and joint torques.” The joint trajectories were generated to
minimize the restoring moments.® Han’s algorithm offers the
advantage, which it is easy to apply to the real system, because the
parameters such as mass, buoyancy, center of mass, and center of
buoyancy are more easily and exactly obtained than are hydrodynamic
parameters. However, arbitrary values for the roll and pitch directions
can be generated through this algorithm because there are no rules for
the generation of the vehicle’s attitude. A large amount of roll and pitch
angles might cause the instability of the whole system when this system
is applied to the special tasks. Moreover, the manipulator arms have to
be folded as closely as possible toward the hull of the vehicle to
minimize the distance between the mass center and buoyancy center.
This situation might cause the joint limitation of the manipulator arms.

In this study, the enhanced performance index is presented to avoid

the joint limits and the constraint for a neutral attitude is added to the

performance index to improve the stability of the underwater vehicle.
Although many studies were performed in the past on optimization of
redundant manipulators to find the optimal trajectory, an analysis on
the manipulator to perform a task, such as picking up an object was not
taken into account. To address this issue, the current paper reports on
how a manipulator can deliver an object of unknown mass. In order to
control the system, efforts have been devoted to suitably design the
sliding mode controller, which would follow the desired trajectory,
determined through the redundancy resolution with minimizing the
restoring moments. Simulations were conducted to verify the
availability of the generated trajectories and performance of the
designed controller.

2. Dynamic Modeling

2.1 Dynamics of AUV

To derive the dynamic equations for an AUV, the two coordinate
systems are defined as indicated in Fig. 1. EXYZ represents the Earth-
fixed coordinate system and Bxyz, which is attached the center of
buoyancy of an AUV, represents the body-fixed coordinate system.

In the body-fixed coordinate system, the positive x-direction is the
longitudinal axis directed from the stern to the bow, the positive y-
direction is the transverse axis directed to the starboard, and the
positive z-direction is the normal axis directed from the top to the
bottom. The six Degrees of Freedom (DOF) nonlinear equations of
motion for an AUV are described in Eq. (1).

. 2 2 . .
mlu—vr+wq—x(q +r) tyo(pq-r)+zg(rp+¢)]1 =X

. 2 2 . .
mv—wptur—yq(r"+p ) tz5(qr—-p)txq(pgtr)] =Y

. 2 2 . .
mW—uq+vp—z5(p"+q ) txg(rp—Q +ys(qr+p)] =2

. 2 2 . .
]xxpi(]yyilzz)qrilyz(q -r )+]x}/(rp7q)7lzx(pq+r)
+mlyo(Ww—ug+vp)—zo(v—wptur)] =K M

. 2 2 . .
[yyq_(lzz_lxx)rp_lzx(r P )+[yz(pq_r)_[xy(qr+p)
+mlzgli=vr+wg)—xg(i—uq+vp)] = M

Li=(L=1,)pq-1,(p"~q") + L(gr—p)~1,.(p+4)
+mx;(V-wptur)-ys(ii—vr+wq)] =N

where m denotes the mass of a vehicle and J;; are the moments of inertia
for each axis of subscripts; xg ¥ and zg denote the vehicle’s mass
center; X, ¥, Z, K, M, and N denote the external forces and moments
acting on the vehicle represented in the body-fixed coordinate system.
These equations can be expressed in a more compact form as Egs. (2)
and (3).

Mppv+Crp(V)v=1, @

V=[uvaqr]T

3)
,=[X Y Z K M N|"

where v is the body-fixed linear and angular velocity vector and 7, is
a generalized vector of external forces and moments.

The hydrodynamic forces and moments can be classified as added
mass forces, hydrodynamic Coriolis and centripetal forces and

5

hydrodynamic damping forces.” When underwater vehicles have
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accelerations in the water, both the added mass forces and moments,
which are proportional to its acceleration, are generated. If the vehicle
has port-starboard symmetry, most of the coefficients become zero and

the added mass coefficient matrix is represented as in Eq. (4).

x,0 0 0 0 o
070007,
002020
000K, 00
0 0 M, 0 M0
0N, 0 0 0N,

@

When a rigid-body moves through an ideal fluid, the hydrodynamic
Coriolis and centripetal forces can always be parameterized such that
the hydrodynamic Coriolis coefficient matrix have a skew-symmetric
property as Eq. (5). The hydrodynamic damping forces and moments
are highly nonlinear and have the coupled functions of both the linear
and the angular velocities. However, the terms higher than the second
order becomes negligible if it is assumed that the vehicle has planes of
symmetry. From the symmetry, the linear and nonlinear hydrodynamic

damping coefficient matrix can be written as in Eq. (6).

0 0 0 0 —Z,w va_

0 0 0 Zw 0 -Xu
c,(= 0o 0 0 -Yyv Xu O )

0 Zyw Yy 0 =Ny Mg

Zyw 0 —Xu Ny 0 —K.p

Y Xu 0 -Mgq K;p 0 ]
D,(v)=D(v) = ~diag{X,,Y,,Z,,K,,M,, N, } ©

—diag{Xu‘u‘|u|, Yv\v||V|,ZW\WHWLKpmM,Mq\qﬂqLNr|r\|”| }

In addition to the added mass and hydrodynamic damping forces,
underwater vehicles are also influenced by gravity and buoyancy that
include hydrostatic forces and moments. The gravitational force is
defined as W=mg and act through the center of gravity, where g is the
acceleration due to gravity. The buoyancy force acting through the
center of buoyancy is defined as B = pgV , where V is the volume of
fluid displaced by the vehicle and p is the density of the fluid. The
resulting hydrostatic forces and moments or restoring forces are
represented by Eq. (7).

(W-B)sinfd
—(W—-B)cosOsing
—(W-B)cosfcos ¢

—(gW—ypB)cosOcos g+ (z;W—zzB)cosfsing
(zgW—2zB)sin@+ (x;W—xzB)cosfcos ¢
—(xgW—xpB)cosOsing—(y;W—yB)sind

G,(m = O

where 7 =[x, , z, 4, 6 ] denotes the position and orientation vector
with coordinates in the Earth-fixed frame; x5, y5, and zz denote the
position of the vehicle’s buoyancy center. The dynamic equations of an
AUV can be expressed in abbreviated simplified form as in Egs. (8)
and (9). In this paper, the simplified planar model constrained in diving
plane is adopted to confirm the effectiveness of the designed controllers
and joint trajectories, generated by the redundancy resolution.

M, v+C,(v)v+D,(Mv+G, (1) =7, ®

M, = Mpz+M,

)
Cy(V) = Crp(M+Cy(v)

2.2 Dynamics of underwater manipulator

The dynamic equations of n-link manipulator are often derived
using the iterative Newton-Euler algorithm. For example, Eq. (10)
represents the force and the moment between two adjacent links
including the hydrodynamic effects.>?

Ji= RSyt F—mgi+b+P,
tizRi‘+1ti+1+Ti+di/i+1X(R;Hfiﬂ) (10)
eri/iL,X(Fi_migiJrPi)eri/ib>< b+ H
where R is the rotation matrix from the subscript coordinate system to
the superscript coordinate system; f; and #; represent the resultant force
and moment vector at the i-th joint respectively; d is the position vector
from the origin of former coordinate system to that of latter coordinate
system; b, P and H denote the buoyancy, hydrodynamic forces and
moments acting on the link respectively.

In case of the underwater manipulator, the hydrodynamic forces as
well as the buoyancy acting on each link must be included in the
dynamic equations of manipulator. In the current work, it has been
assumed that the underwater manipulator has the link, which is
cylindrical in shape and the hydrodynamic forces acting on such
cylindrical elements has already been reported in the past.'> The
hydrodynamic forces and moments such as added mass effects,
buoyancy, lift/drag forces, and friction forces should act on the link
elements. Thus, the dynamic equations for the underwater manipulator
can be written in the concrete form as Eq. (11) through a numerical
procedure.

M,(Dq+C(4,9)q+D,(4:9)q+G(q) = 7, an

where ¢ is the generalized link coordinates vector; M,, is the inertia
matrix of the manipulator; C,, is the Coriolis and centripetal terms of
the manipulator; D,, is the hydrodynamic lift and damping matrix; G,,
represents the restoring forces and moments of the manipulator. In the
current paper, the dynamic equations of the underwater manipulator
that consist of pitch-pitch-pitch joints are used to simulate the specified

motions.

2.3 Dynamics of UVMS

The dynamic equations for the whole system can be obtained by
considering the coupled dynamics between the previously derived
dynamic equations of two systems because the movement of one system
affects the motion of the other system.*!® When an AUV moves with
a certain velocity and acceleration, the connecting point between a
manipulator and an AUV also has a linear/angular velocity and
acceleration. To evaluate the iterative Newton-Euler algorithm, the
initial velocity of base-link has to be set as the velocity of the
connecting point in order to represent the coupled system. Moreover,
since the weight and movement of a manipulator would also affect the
AUV dynamics, such forces and moments, calculated through the
iterative algorithm should be considered as external forces or
disturbances exerted on an AUV in Eq. (12).
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where o is the external force vector acting on the vehicle due to the

(12)

weight and movement of manipulator. The dynamic equations of an
AUV including a coupled dynamics with a manipulator can be derived
as follows.

M,i+C(Wv+D,(V+G,(n) = 7, 0 (13)

Finally, the dynamic equations of the whole system with respect to
the body-fixed frame can be written in the form as Eq. (14).

M(9)¢+C(q,9)S+D(q, HSHG(g,n) =1

(14)
=gl

T
=7, 7,]

2.4 Thruster allocation

The AUV to control its 6-DOF motion has seven thrusters. Four
horizontal thrusters, which are installed at the bow and the stern part,
are operated to control the surge, sway, and yaw motions. Three vertical
thrusters enable the AUV to have 3-DOF behaviors of the heave, roll,
and pitch motions. Fig. 2 shows the configuration of thrusters. Since
the vehicle is equipped with seven thrusters and controlled in 6DOF,
the thruster allocation should be conducted as follows.

7,=TF;

v
t,=[F, F, F. M, M, M]"

T
F=[F, F, F; F, Fs Fg F]

~a 000
sa —sa sa —sa 000 (15)
0 0 0 0 111

ca ca —ca

T=| 0 0 0 0 -0
0 0 0 0 Il

deca —dica—-dea dea
; ) ) ) 000

| tdpsa —dsa—dsa +dsa

where 7, is the control forces and moments vector acting on the vehicle
due to seven thrusters and F is the thrust vector; 7 is the thruster
configuration matrix and ¢ is the angle between the longitudinal axis
and direction of the propeller thrust; /r and /. are the distance from the
center of buoyancy to the vertical thruster at the bow and stern
respectively and / is the distance from the center line to the vertical
thrusters; d; is the distance from the center of buoyancy to the port and
starboard thruster; d; and d, are the distance from the center of
buoyancy to the horizontal thruster at the bow and stern respectively.
In this study, the simplified AUV model in vertical plane used four
thrusters to control its 3-DOF motions such as the surge, heave, and

pitch motions.

3. Redundancy Resolution

In case of the base-fixed manipulator, the joint trajectories of a
manipulator are determined through an inverse kinematics analysis
when the trajectory for an end-effector is given. It is also to note that
the base of an UVMS is not fixed and floats freely. The trajectory of

Fig. 2 Thruster configuration

a vehicle as well as the tip of a manipulator should be predetermined
before an inverse kinematics analysis is applied. If the trajectory of a
vehicle is not given, the system has a redundancy and the solution of
the inverse kinematics is infinite in number. Therefore, the redundancy
resolution is introduced to determine the desired trajectories of a
manipulator when any specified task is performed.

The redundant vehicle-manipulator system may have various
combinations of joint velocities that do not affect the given velocity
profile of an end-effector and this could induce the self-motion of a
vehicle. Hence, by using the degrees of redundancy, the desired
trajectories 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 Eq. (16).

1, =11,9) (16)

where 7, € %! is the vector including the position and orientation of
an end-effector expressed with respect to the Earth-fixed frame; 7 and
q are the position vector of an AUV and the joint angles vector
respectively.

The following equation can be obtained by differentiating Eq. (16)
with respect to time.

7'7,=J[j=J§ (17)

where J is the Jacobian matrix and is a 6x(6+n) matrix in this work.
n 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

AUV can be determined by the redundancy resolution.
W #
¢=In AU, =T Ny (18)

where J” is the Moore-Penrose pseudo-inverse matrix of the Jacobian
matrix J and this can be calculated as according to Eq. (19).

J=3ai! (19)

The first term in Eq. (18) is the particular solution, which is
determined from the given velocity of an end-effector. The second term
in Eq. (18) is the homogeneous solution, which is obtained by the
projection onto the null-space of Jacobian matrix J. It represents the

self-motion which does not affect the task motion. Hence, the vector g
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can be defined in order to obtain the optimal solution for the specified
performance index.

It is well known that gravity and buoyancy always exert force on all
underwater vehicles. Due to these restoring forces and moments,
additional control inputs are necessary to maintain the position and
orientation of the target. Therefore, the energy consumption associated
with a task can be minimized if the restoring forces and moments are
minimized and the performance index for minimizing the restoring
moments was suggested as represented in Eq. (20).°

1= sleoFel 20)
where rcg and rcp are the position vector to the center of mass and the
center of buoyancy for the whole system with respect to the Earth-fixed
frame.

However, the manipulator arms have to be folded as closely as
possible toward the hull of the vehicle to minimize the distance
between the mass center and buoyancy center if the performance index
proposed in the previous work is chosen. This situation might cause the
joint limitation of the manipulator arms. Hence, the joint angle
constraints should be considered to utilize the performance index with
minimizing the restoring moments.

In this study, the additional term for the performance index is

presented to avoid the joint limits as follows.

DG
[7 2 =

(zqi_(qi,mux+qi,min))2 _
qi,max_qi,min

> qi,minsqigqi,max

-q W,
24./ 297 @

where ¢; denotes the i-th joint variable; g; ., and g; ... represent the
lower and upper limits on the joint variable g;, respectively; W5; is the
weight value for the performance index of the i-th joint.

Moreover, it is better to maintain the underwater vehicle with a
neutral attitude with respect to the roll and pitch directions in terms of
the stability. However, arbitrary values for the roll and pitch directions
can be generated through the redundancy resolution using Eq. 20 and
Eq. (21) because there are no rules for the generation of the vehicle’s
attitude. Hence, the constraints for a neutral attitude are added to the
performance index to enhance the stability of the underwater vehicle.

s =3s ]{0 W}M%WTWWJ

where ¢ and & denote the roll and pitch angle of the vehicle with

(22)

respect to the Earth-fixed frame, respectively; W is the weight matrix.
Finally, the performance index for the redundancy resolution is
proposed as follows in this study.

_1pr
Jp—zr w,I
w00 (23)
; FzM?CG—?cBV a, 77,;} =0 w, o0
0 0w,

where Wp is the weight matrix, which is both symmetric and positive.
Hence, the vector y for obtaining the optimal solution can be
determined using the gradient projection method and the predefined

performance index function.

P (24)
where «x is the gradient gain with a positive sign; V Jp is the gradient
of the performance index function Jp.

4. Controller Design

In order to track the desired trajectories of a vehicle and joints,
determined through the redundancy resolution, attempts have been made
to suitably design the sliding mode controller in the current work. The
dynamic equations for the whole system expressed in Eq. (14) have
some properties as follows.

e property 1: The inertia matrix M(g) of the whole system is
symmetric and positive definite: M= M">0

This means the all eigenvalues of the matrix M are greater than
2610 0< 2,5, (M)SIMIS A, (M)

o property 2: M-2C is skew-symmetric: x' [M~2CJx=0

e property 3: The matrix D(q, ¢) is positive definite: D >0

e property 4: Assume that the model uncertainties are bounded by
some known functions. ~ denote the estimated system matrices and ~

represent the estimation error matrices.

|id =[p1-K <y <0 121

1Dl =lp-Dl<Ay<eo  [6]=]G-Gl<as<eo

=lc-d<ac<eo

The sliding mode control law can be chosen as shown in Eq. (25)
in order to follow the desired trajectories of the vehicle and manipulator

joints.

r= M+ Ae)+(C+D)(&+ Ae)+G+K s+Kysgn(s)  (25)

where K; and K, are positive definite matrices of gains; sgn(s) is a sign
function; the subscript d means the desired value, and A is a positive
definite gain matrix. An error vector e(f) of the vehicle posture and the
joint angles and the sliding manifold s(f) are defined in Eq. (26).

Ry(174~ 1)
9:—9
s(t) = é(t)+ Ae(t) = S (O)—L(H) + Ae(t)

e(t)= 26)

where Rg is the rotation matrix from the Earth-fixed frame to the
body-fixed frame.

To assure the stability of the proposed sliding mode control law, a
quadratic Lyapunov function candidate can be defined as Eq. (27). The
proposed function is positive definite by the property 1.

—

V=21s"Ms>0

@7

l\)

Differentiating V with respect to time, Eq. (28) can be obtained as
follows.

V= %STMS +5TMs

(28)

From the time-varying differential equation of the sliding manifold
s(¢) and the dynamic equations of UVMS expressed in Eq. (14), Eq.
(28) can be rewritten as Eq. (29).
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V=5 Ms+s' MM ' {(C+D)¢+G—1}+ &+ Aé] (29)

-

Eq. (30) is also obtained by taking into account the property 2 and
Eq. (26).

V=—s'Ds+s' [M(s+A&)+(CH+D)&+Ae)+G—7]  (30)

The designed control law represented in Eq. (25) is substituted into
the Eq. (30), which yields the closed-loop equation, as follows.
y= —sT(D+K1)s—sTKzsgn(s) G1)
+5 M+ A& +(C+D)(&+ Ae)+ G
In view of properties 1, 3 and the positive definiteness of gain
matrices K; and K, the function ¥ can be upper bounded as shown in
Eq. (32).
win D+ KD = 2,5, (Kl o)
+|s" TG+ Aoy +(E+ DY+ Ae)+ B

V<-2

By property 4 and a triangle inequality condition, the inequality can
be rewritten as follows.

V< Zin D+ KD 2 (Kl
+(¥la+ nel+ Al +1Dh) g+ Ael+1Ghs]
< Ain D+ KDIsI = 2,1 (K)ls]

FAudGar A+ (At A& A+ Aol
where 4,,;,, means the smallest eigenvalue of the corresponding matrix.

(33)

By choosing K, such that

DK 2 AN Eat Ae|+(Ac+Ap)| Gt A+ A (34)
the time derivative of the positive definite function V' is negative
definite and thus the sliding manifold s(#) tends to zero asymptotically.
Thus, the designed sliding mode controller satisfies the stability against
any uncertainty for the manipulator arm such as the object with an
unknown mass. The sign function in Eq. (25) can be replaced by a
saturation function to prevent a chattering phenomenon.

The optimal inputs for seven thrusters were calculated through the
thruster configuration matrix as described in Eq. (15). In this study, the
inputs for four thrusters were determined to control the 3-DOF motions
in vertical plane.

F=T' ¢ =1'(11") ' 7, 35)

where 7" is the pseudo-inverse of the thruster configuration matrix 7.

5. Simulations

To verify the effectiveness of the proposed redundancy resolution
and the control algorithms, the 3DOF vehicle-3DOF manipulator
planar model shown in Fig. 3 was formed and the proposed algorithms
were applied to this model. The parameters for the underwater vehicle
and manipulator used in the simulations are shown in Table 1.

In the first simulation, the underwater vehicle locates at the initial

position (0,0) in the vertical plane with a zero pitch angle and the joints

Fig. 3 3DOF vehicle-3DOF manipulator planar model

Table 1 Parameters for the underwater vehicle and manipulator

Values
LxHxW 0.8 x 0.5 x 0.6 [m]
Vehicle Mass 80.5 [kg]
Moment of inertia 26.1 [kg'm?]
i Mass 10 [kg]
Linkl
' Length 0.5 [m]
. Mass 10 [kg]
Link2
' Length 0.5 [m]
. Mass 5 [kg]
Link
ink3 Length 0.3 [m]
Kl
0.5
0
E
05 N
. N\
1.5
-1 0.5 1] 0.5 1 1.5

X [m]

Fig. 4 Stick diagram of the vehicle and manipulator

of the manipulator have the initial angles such as 20°, 70° -60°,
respectively.

From the initial joint variables, the position of the end-effector can
be calculated using the forward kinematics. The joints as well as the
underwater vehicle have to move for minimizing the restoring
moments acting on the whole system if the end-effector should be kept
at the initial position and orientation. However, the performance index
presented in Eq. (20) does not have any constraints for the orientation
of the vehicle and the joint limits. Hence, the vehicle could have the

pitch angle during optimizing the performance index to minimize the
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Fig. 5 Position and orientation of the vehicle

=)
@
=,
2 actual
0
0 05 1 15 2 25 3 35 4 45 5
150
§ ............ desired
oA 100%
o
o
50

0 0.5 1 15 2 25 3 3.5 4 4.5 5

o 05 1 15 2 25 3 35 4 45 5
time [sec]

Fig. 6 Joint variables of the manipulator

restoring moments and the joint limits could be exceeded.

Fig. 4 shows the stick diagram of the whole system during the first
simulation. It is clear that the underwater vehicle rotates during the
optimization as shown in the plot. The position and orientation of the
underwater vehicle generated through the redundancy resolution are
represented by red dotted lines and the controlled trajectories by the
sliding mode controller are shown by blue solid lines in Fig. 5. The
pitch angle of the vehicle reaches to about -35° after 5 seconds and this
means a large amount of pitch angle might cause the instability of the
whole system. Fig. 6 also shows the joint variables of the manipulator
obtained by the trajectory generator (redundancy resolution) and the
controlled joint variables by the proposed controller. The second and
third joint angles exceed the 100° and -90° after 5 seconds, respectively.
If the joint angles of the manipulator have to remain between -90° and
90°, these results will induce the unpredictable and unwanted motion of
the whole system.

To prevent these situations, the proposed algorithm in this study is
used to generate the trajectories of the vehicle and the joint angles of
the manipulator. To enhance the stability of the system, the underwater
vehicle should maintain the neutral attitude with a zero pitch angle.
Moreover, the manipulator has to have the motion inside the bounded
region. The simulation under an identical condition as in the previous
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Fig. 7 Stick diagram of the vehicle and manipulator (proposed)

0.5
E b desked
o actual
0.5

1] 0.5 1 1.5 2 25 3 3.5 4 4.5 5

.E. 0.2" actual + 1 - -
N
0

1] 0.5 1 15 2 25 3 35 4 4.5 5

— 77— " desired
- — actual
5 0~
>

%0 05 1 15 2 25 3 35 4 45 5

time [sec]

Fig. 8 Position and orientation of the vehicle (proposed)

40
9 wenssinnns dosired
O"- 0 | L
0 0.5 1 1.5 2 25 3 35 4 4.5 5
70
g; .......... desired
B, 65 actual
o
(=2
60

0 0.5 1 15 2 25 3 3.5 4 4.5

[—1 20
g .......... desired
D, 40 actual
o
60
0 0.5 1 1.5 2 25 3 3.5 4 45 g

time [sec]

Fig. 9 Joint variables of the manipulator (proposed)

case is conducted to verify the effectiveness of the proposed algorithm.
Fig. 7 shows the simulation result for the stick diagram obtained using
the proposed algorithm.

It is obvious that the vehicle maintains the neutral attitude in terms
of the pitch angle as shown in Fig. 7. Figs. 8 and 9 represent the
trajectories of the vehicle and joints generated by the redundancy
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Fig. 10 Performance index value (proposed)

resolution for the proposed performance index, respectively. The pitch
angle of the vehicle is maintained around a zero and all joint angles
generated by the trajectory generator satisfy the joint constraints, which
are determined -80° < ¢; < 80°% i=1, 2, 3. Fig. 10 shows the variation
of the performance index with time, while the trajectory tracking
control is being applied to the whole system. The plot shows that the
proposed performance index decreased monotonically with time in case
of using the optimization, which implied the minimization of the
restoring moments while the joint constraints and the minimization of
the pitch angle are being satisfied.

Next, the robustness for the tracking controller with parameter
uncertainties is verified through a simulation. The trajectory of the end-
effector is assigned to move along a straight line from the initial
position to the end position with a cubic polynomial velocity profile for
6 seconds. The manipulator starts its motion from its initial position (x,
=0.22 m, z=1.26 m) and orientation of the tip (q=-20°) with unknown
mass object of 10 kg. The end-effector of the manipulator moves to the
target position (x=3.22 m, z=3.26 m) and target orientation of q=0°.
Fig. 11 shows the simulation result for the trajectory tracking control
with parameter uncertainty. The tip position tracks well along a straight
line from the initial position to the final position with a zero tip
orientation. Besides, the pitch angle of the vehicle almost maintains the
neutral attitude to improve the dynamic stability with satisfying the
joint constraints.

Figs. 12 and 13 represent the desired and controlled trajectories of
the vehicle and all joints of the manipulator through the proposed
algorithms. In the beginning, the large pitch angle of the vehicle and
errors of joint variables generate due to the object with an unknown
mass. However, the neutral attitude and proper joint angles are
generated by the suggested redundancy resolution and these tracking
errors decrease rapidly by the sliding mode control law.

The simulation results confirm that the actual trajectories could
track the desired trajectories efficiently from the start point to the end
point by the designed controller and redundancy resolution despite a
parameter uncertainty. Fig. 14 shows the variation of the performance
index with time, while the trajectory tracking control is being applied
to the system.

The plot shows that the proposed performance index decreased
monotonically with time in case of using the optimization. On the other
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Fig. 11 Stick diagram of UVMS (unknown parameter)
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Fig. 12 Underwater vehicle variables (unknown parameter)
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Fig. 13 Joint variables of the manipulator (unknown parameter)

hand, the performance index for using the only inverse kinematics does
not decrease. The results using the proposed performance index, in turn,
would save the inputs required to control the position and orientation
of the whole system. The forces for the four thrusters along with the
joint torques are finally shown in Figs. 15 and 16. As the results are
shown, the control inputs for the proposed algorithm are smaller than
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