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Resolved Acceleration Control for
Underwater Vehicle-Manipulator Systems:
Continuous and Discrete Time Approach

Shinichi Sagara
Kyushu Institute of Technology
Japan

1. Introduction

Underwater robots, especially Underwater Vehicle-Manipulator Systems (UVMS), are
expected to have important roles in ocean exploration (Yuh, 1995). Many studies about
dynamics and control of UVMS have been reported (Maheshi et al., 1991, McMillan et al,,
1995; McLain et al., 1996; Tarn et al., 1996; Antonelli & Chiaverini, 1998; McLain et al., 1998;
Antonelli et al., 2000; Sarkar & Podder, 2001). However, there are only a few experimental
studies. Most of the control methods of UVMS have been proposed based on the methods of
Autonomous Underwater Vehicles. In these control methods, the desired accelerations and
velocities of the end-tip of the manipulator are transformed to the desired manipulator’s
joint accelerations and velocities only use of the kinematic relation, and the computed
torque method with joint angle and angular velocity feedbacks are utilized. In other words,
the control methods use errors consisting of task-space signals of vehicle and joint-space
signals of manipulator. Therefore, the control performance of the end-effector depends on
the vehicle’s control performance.

We have proposed continuous-time and discrete-time Resolved Acceleration Control (RAC)
methods for UVMS (Yamada & Sagara, 2002; Sagara, 2003; Sagara et al., 2004; Sagara et al.,
2006; Yatoh & Sagara, 2007; Yatoh & Sagara, 2008). In our proposed methods, the desired
joint values are obtained by kinematic and momentum equations with feedback of task-
space signals. From the viewpoint of underwater robot control, parameters and coefficients
of hydrodynamic models are generally used as constant values that depend on the shape of
the robots (Fossen, 1994). Our proposed methods described above can reduce the influence
of the modelling errors of hydrodynamics by position and velocity feedbacks. The
effectiveness of the RAC methods has been demonstrated by using a floating underwater
robot with vertical planar 2-link manipulator shown in Figure 1.

In this chapter, our proposed continuous-time and discrete-time RAC methods are
described and the both experimental results using a 2-link underwater robot are shown.
First, we explain about a continuous-time RAC method and show that the RAC method has
good control performance in comparison with a computed torque method. Next, to obtain
higher control performance, we introduce a continuous-time RAC method with disturbance
compensation. In practical systems digital computers are utilized for controllers, but there is
no discrete-time control method for UVMS except our proposed methods. Then, we address

Source: Underwater Vehicles, Book edited by: Alexander V. Inzartsev,
ISBN 978-953-7619-49-7, pp. 582, December 2008, I-Tech, Vienna, Austria
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438 Underwater Vehicles

discrete time RAC methods including the ways of disturbance compensation and avoiding
singular configuration.

Fig. 1. Vertical type 2-link underwater robot

2. Modelling

The UVMS model used in this chapter is shown in Figure 2. It has a robot base (vehicle) and
an n-DOF manipulator.

y joint 11 link n
Manipulator

Fig. 2. Model of underwater robot with n-link manipulator

The symbols used in this chapter are defined as follows:
n : number of joints
21t inertial coordinate frame

2;:link i coordinate frame (i =0, 1, 2, ---, n; link 0 means the vehicle)

! R; : coordinate transformation matrix from 2; to 2}
p.: position vector of the end-tip of the manipulator with respect to 2}
p; : position vector of the origin of 2; with respect to 2

r; : position vector of the center of gravity of link i with respect to 2}
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¢; : relative angle of joint i

¥ : roll-pitch-yaw attitude vector of 2|, with respect to 2}

¥, : roll-pitch-yaw attitude vector of the end-tip of the manipulator with respect to 2}
@ : angular velocity vector of 2, with respect to 2

w, : angular velocity vector of the end-tip of the manipulator with respect to 2}
¢ : relative joint angle vector (=[¢; - ¢, ]T )

iki : unit vector indicating a rotational axis of jointi (=[0 0 1]T)
m;: mass of link i

‘M s, - added mass matrix of link i with respect to %

i ; - inertia tensor of link i with respect to 2}

i .. - added inertia tensor of link i with respect to 2}

1

X( : position and orientation vector of 2, with respectto 2} (= [rOT S”OT ' )

X, : position and orientation vector of the end-tip with respectto 2; (=] peT _'PZ ' )

e

v(: linear and angular vector of %, with respectto 2} (= [fOT wg ]T)

v, : linear and angular vector of the end-tip with respect to 2} (= [pz a)eT I’ )

li: length of link i

a,. : position vector from joint i to the center of gravity of link i with respect to 2}
ap, : position vector from joint i to the buoyancy center of link i with respect to 2}

D;: width of link i

Vi: volume of link i

p : fluid density

Cp, : drag coefficient of link i

g gravitational acceleration vector
E;: jxj unit matrix

~: tilde operator stands for a cross product such that Fa=rxa

2.1 Kinematics
First, from Figure 2 a time derivative of the end-tip position vector p, is

Pe=”0+50(Pe—”0)+i{’zz‘(lﬂe—l’i)}¢5i @)

i=1
where kileiikl- .
On the other hand, relationship between end-tip angular velocity and joint velocity is
expressed with

n .
w, = oy + ) kif; . )
i1
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440 Underwater Vehicles

From Equations (1) and (2) the following equation is obtained:

v,=Av,+B¢ 3)
where
A= ES _(ﬁe_FO) ,
0 E;

32{1?100@—191) ky(pe—p2) - l?n(pe—pn)]

kl k2 S kn

Next, let 7 and 4 be a linear and an angular momentum of the robot including

hydrodynamic added mass tensor ‘M o, and added inertia tensor i o, oflinki. Then

n
7] = ZMTii’l‘ ’ (4)

1=0
IUZZ(ITia)i'FFiMTifi)—T()Xﬂ (5)

i=0

where My, =ml~E3+1Rl~ iMal_iRI and Ir, :IRl- (i1i+i1ai) iRI. Here, linear and angular

velocities of the center of gravity of link i are described as

#; = iy + @ (r; — 1)+ Zill{’:j(fi—m)}@f (6)
p

i .
o =y + ) kig; - 7)
j=1
Therefore, the following equation is obtained from Equations (4)-(7):

77 .
= =C D 8
s { ,u} vo+Dg 8)
where

n
> My =Y My (7 -7))

c=| =0 i=0

n
FG-mMy S -G -7)Mr 7 -7 )|
=0 =0

D:|:d11 dlZ dln}’

7

M=

dy dy - dy,
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no
dy; = ZMTjki(rj _pi)'
j=i

dy; = i{’nki +(7j —%)MT]":i(rj ‘Pi)}'
]=l

Here, we assume that the added mass and added inertia are constant. In reality, the added
mass and inertia are variable, but the influence of the variation is compensated by a control
method given in the following section.

2.2 Equation of motion
First, the drag force and the moment of joint i can generally by represented as follows
(Levesque & Richard, 1994):

I.
fdi = gCDi Di IRZ' J‘()l ||wi||wl-dxl~ ’ (9)

ty, =5Cp,D;' R J) 2 x|ow oy (10)

where

0O 0. .
wi:{o EJIRI(ri‘Fwixi)

and %, =[x, 0 O .

Next, the gravitational and buoyant forces acting on link i are described as
fo, =(pVi-mi)g, (1)

Considering the hydrodynamic forces described above and using the Newton-Euler
formulation, the following equation of motion can be obtained (Antonelli, 2003):

M(q)s +N(q,$) + f =u (13)
where
Jji
Az Jo]
™

and M is the inertia matrix including the added mass ‘M o, and inertia ‘T o » NG 1is the
vector of the Coliolis and centrifugal forces, f is the vector consisting of the drag and
gravitational and buoyant forces and moments, fz and zg are the force and torque vectors
of the vehicle, respectively, and 7\, is the joint torque vector of manipulator. Moreover, the
relationship between @, and y, =[y, Yp, WYy, ]T (* =0, e) is described as
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442 Underwater Vehicles

W, = S,/,* Vs (14)
where

cosy,, cosy, — —siny, 0
Sy, = cosy, siny, — cosy,.
sim//p* 0 1

Thus, the relationship between g and ¢ is described as

3. Continuous-time RAC

3.1 RAC law
Differentiating Equations (3) and (8) with respect to time, the following equation can be
obtained:

W(t)a(t) = B(t)+y(t) - W(t)S (t) (16)

W = C+E6 D o B ‘)O _ S
RN RS HasH:

and s is the external force, including the hydrodynamic force and the thrust of the thruster,
which acts on the vehicle.
For Equation (16), the reference acceleration is defined as

where

‘}ref .
o (1) = { éﬁef} =WHB)(B™ (1) + 7 () - W(HS (1) 17)
where
..des -des rdes —r
L) L) L) 0 0
- des des
£ @, ay  — o e

'Bre = --(c)les + KV -gles . 0 + KP des,wO Y (18)
Pe Pe  —Pe Pe —Pe
a)g © wg - @, €w,

1
and W* is the pseudoinverse of W, ie. W* =WT(WWTy , and e (*=1y,p,, @,
w,) is the desired value of *, Ky, and Kp are diagonal matrices consisting of scalar gain
constants. Moreover,

et 1o, whork ) (-0 e

)
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where i,, j, and k, are unit vectors along the axes of 2, with respect to 2}, and these
vectors can be obtained from the rotational matrix (Luh et al., 1980):

i. j. k.ER,.
Using Equations (13) and (17) actual control input for UVMS is calculated by

u=M(q)a" +N(q.{) +f . (20)

Here, we represent the matrices and vectors of Equation (13) to the block matrix form:

M=|:MBB MBM} N:{NBB NBM},fD:[fB]u:{uB}.

Myp Mym Ny Nwvu fum Uy

Then we have the following equation with respect to the input of the vehicle:

Mpgvg + Mpyé + Nggvg + My + f =g . (21)

And the time derivative of Equation (8) is

§=Cvy+Dg+Cvy+Dég. (22)
Comparing with Equations (21) and (22), C=Mgg, D=Mpy, C=Ngg, D=Npy and

s=ug — fp are obtained. Moreover,

b b, b, b,
o xk; @y xky, - w1xk,
where b; = (a)l- xk;)x(p, - p; )+ I:i(]i:e - pi ) Therefore, all elements of W and W in Equation
(16) can be calculated.

3.2 Disturbance compensation of vehicle

From the viewpoint of underwater robot control, parameters and coefficients of
hydrodynamic models are generally used as constant values that depend on the shape of
robots (Fossen, 1995). The RAC law (17) can reduce the influence of the modelling errors of
hydrodynamics by position and velocity feedbacks. Here, to obtain higher control
performance, the influence of hydrodynamic modelling error with respect to the vehicle is
treated as a disturbance and a disturbance compensation method is introduced.

First, the basic disturbance compensation is described. For Mpgg in Equation (21) the
nominal model using constant values of added mass, added moment of inertia and drag
coefficient is defined as Mpyg . Moreover, the basic disturbance is defined as

fL =ug —Mggvg, (23)
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444 Underwater Vehicles

and the estimated value is calculated by

fr= F(P)(”B - MBBVO) (24)
where F(p)=1/(Tfp+1) is a low pass filter with a time constant T, and p is the time
differentiation operator.

Therefore, for the reference acceleration of vehicle Véef , the control input with disturbance
compensation becomes

ug = Mpgvict + f1, (25)

and the configuration of the basic disturbance compensation is shown in Figure 3(a).

| odhe il heaBo A o tade st gl L e I

. ! Robot Base
» ek r gL | .
Vo — + u, :fi— =51 ! Fo
> M, 3 I My /1>
il 1)< T T e
Tip+1 BB

(a) Basic disturbance compensation

b s e ety e A [}

' Robot Base
+ ref L [ :
Vo ", ;f %— 1 ' Yo
. it Mgy

-

A

; U I S

(b) Modified disturbance compensation
Fig. 3. Configuration of disturbance compensation

Next, the basic disturbance compensation is modified. For Mgy;, Ngg, Npy and fg in
Equation (21) the nominal models using constant values of added mass, added moment of
inertia and drag coefficient are defined as Mgy, Ngg, Npy and j_fB , respectively. Then the
vehicle control input with these nominal models and the reference acceleration a™ becomes

— — .ref
ug = Mppvy© + f; (26)
where

fi = Mpyg™ + Npgv + Npyid + f - (27)

From Equations (23) and (26) the modelling error with respect to the hydrodynamics can be
defined as

fr =ug—Mggvo—f;, (28)

and the estimated value is calculated by

fr =F(P)(”B—]‘_’IBBVo—ft)~ (29)
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Therefore, the control input with disturbance compensation becomes
—_ . f A
B=MppVo" +fi+fi (30)

and the configuration of the modified disturbance compensation is shown in Figure 3(b).

4. Experiment of continuous-time RAC

In this section, some experiments of the RAC method are done for the vertical type 2-link
underwater robot shown in Figure 1.

4.1 Experimental system

Figure 4 shows the configuration of the experimental system. A robot has a 2-DOF
manipulator with joints that are actively rotated by velocity and torque control type servo
actuators consisting of servo motors and incremental type encoders. The physical
parameters of the underwater robot are shown in Table 1. Moreover, four 40[W] thrusters
are attached to the vertical and horizontal directions on the robot base to provide propulsion
for controlling the position and attitude angle of the base. The forward and reverse
propulsion generated by the thruster are calculated by

p_) 134107 -13630-0.026  (12<0s4)
~0.763v% —0.8350+0.019 (-4<v<-12)

where v is the input voltage to the power amplifier of the thruster. Note that Equation (31)
were obtained from the experiments (Yamada & Sagara, 2002).

(31)

A A Jj.l.
Cable
Thruster Thruster
LED Robut bas : Float
. i ]
':l 5"‘-LED
Thrust
c;::rif ' Joint1 —¥ |
Link 1 (Servo motor
A Motor with encoder)
: - :
driver Link 2 Joint 2
A (Servo motor
b 4 w1th encoder)
D/A | [Counter '
board|| board || Tect Tank Front view i Side view
A
Y
XY
C ter <€
nmpu er Trﬂ;’_’i(e]-

ACD Camera

Fig. 4. Configuration of the underwater robot system
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The measurement and control system consist of a CCD camera, a video tracker, and a
personal computer (PC). Two LEDs are attached to the base, and their motion is monitored
by the CCD camera. Video signals of the LED markers are transformed into position data by
the video tracker, and put into the PC via a GPIB communication line. Using the position
data and the rotational angle of each joint measured by the encoder, the positions and
attitude angles of the robot base and manipulator are computed in the PC. The PC is also
used as a controller.

Base Link 1 Link 2
Mass (kg) 26.04 425 1.23
Moment of inertia (kg -m?) 1.33 0.19 0.012
Link length (x; direction) (m) 0.2 0.25 0.25
Link length ( z; direction) (m) 0.81 0.04 0.04
Link width (m) 0.42 0.12 0.12
Added mass (x; direction) (kg) 72.7 1.31 0.1
Added mass ( z; direction) (kg) 6.28 3.57 2.83
Added moment of inertia (kg - m?) 1.05 0.11 0.06
Drag coefficient (x; direction) 1.2 0 0
Drag coefficient ( z; direction) 1.2 1.2 1.2

Table 1. Physical parameters of underwater robot

4.1 Comparison of control performance of RAC and computed torque methods

In this subsection, to compare the control performances of the RAC method and a computed
torque method that is generally used to control of UVMS, simulations and experiments are
done. Note that joint torque control type servo actuators are used in the experiments.

Model of vertical type 2-link underwater robot is shown in Figure 5. In this figure F, (i =1,
2, 3) is the thrust of thruster and R is a distance from the origin of |, to the thruster. For the
model shown in Figure 5 kinematic, momentum and dynamic Equations (3), (8) and (13) are
reduced to

Pe, =Ayxg, +Bydy, (32)
SV = CVxOV +Dv¢v , (33)
My (qv)qv +Ny(qy.qv)qv + fy =uy (34)
where
pe, =| 5|, %, = :0x ¢V_[ﬂ 9 _[xov} w={ o |, s, = ;OX u {ﬂ
o e e P ) e ol B Y e M

and Ay, By, Dy, Cy and sy are appropriate matrices and vector.
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Base (Link 0)

Manipulator = J

Fig. 5. Model of vertical type 2-link underwater robot
Similarly, the RAC law (17) is reduced to

alf (1) = Wy (UBY (1) + 7y () - Wy (D (1)) (35)
where
~.des .des - des
£ | X0 X0, —*0 X0, —%X0
ﬂ‘r/e - --d‘t/es +KVV -d‘t/es . ! +KPV d‘(/es _ iy (36)
pev pev pev pev peV
CV +E3 DV éV
1% 1%
ref

and ay is the reference of ay (=4qy), Ky, and Kp, are positive diagonal matrices.

On the other hand, a computed torque method is briefly described as follows. From
Equation (32) the task-space velocity vy, =[5ch peTV ' and joint-space velocity gy are

related as

vy (B)=J(t)qv (1) (37)

[E; 0
I_AV By |

From Equation (37) the following equation can be obtained:

where
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ORI MOICEORCIIEOIR (38)
For Equation (38) reference joint-space acceleration is defined as

i (=1 O O -TOTF (v () (39)

Based on Equations (34) and (39) actual control input is calculated by using the following
equation:

My G + Nygy + fy =uy (40)
where
des _ ref -ref - _ ref
qv- =qv +Ky, (qv —qv)+Kp, (qv —qv), (41)

and I?VV and K p, are positive diagonal matrices.

Both simulations and experiments are carried out under the following condition. The
desired end-tip position is set up along a straight path from the initial position to the target.
On the other hand, the desired position and attitude of the base are set up the initial values.

The feedback gains are Ky, :I?Vv =diag{10 10 10 10 10} and Kjp, :I?PV = diag
{100 100 100 50 50}. The initial relative joint angles are ¢y =-7/2[rad], ¢ =7/3
[rad] and ¢, = 57 /18 [rad].

d d
_ 4 x10 _ 4 x10
E o X direction E o ) _K direction
_%-E G:_—ﬂ.—::’_":.-"'_'-.--:.:_T:.'."Z'{.\:*:;___., .................... E-E 1] TN
=z -2 Z direction Tl -2 Z direction
:!1._4 E‘-ﬂ.
= k107 == x107
= E12h = Eqgh
E E !I'I o Attitude % E |I\-_>_ PR
g 2 6."\,7 Z direction g o " _ X direction
Z 2 O - ZZ0 . , :
ol h X direction . . ol h el "™ Z direction
) 5 10 15 Time [s]20 a 1D 5 10 15 Time [s]20
(@) Computed torque method (b) RAC method

Fig. 6. Simulation results of computed torque method and RAC method

First, simulation results of the computed torque method and the RAC method are shown in

Figure 6(a) and (b). From Figure 6 we can see that both control methods have similar
performance.

Next, we show the experimental results. As a computer is used for a controller in
experiments, the sampling period for the controller is set up to T'=1/60 [s]. Figure 7 shows
the both experimental results. From this figure, we can see that the performance of the
computed torque method becomes worse. Since the computed torque method only uses
joint-space errors, the control performance of the end-tip of the manipulator depends on the
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robot base (vehicle) control performance. Therefore, if the acceleration and velocity relations
between the end-tip and joints are inaccurate or the control performance of the vehicle is not
better, good control performance of the end-tip cannot be obtained. On the other hand, from
Figure 7 it can be seen that the RAC method has good control performance.

— _ ™ - T T T T e 2 | T
Tt = At e
: ’ :
B s R A .
L 2 B 101 ;f ' .
s s
._-—3—-]0 b
ofs]
-0.5+ 1 -0.5  Target 1
Actual path of end-tip
PR TR TR (Y (N M PO T W R | Y R
-0.5 0 xfm] 0.5 -0.5 0 xfm] 0.5
x10°* x10°%

na
na

-E— 1k _E_ 1l X direction
e g e g /
L A - b .| 2 a "
5 g Of ?éﬂw..qwm
CEY S Z direction
25 = o i
x10°°

X dirgetion

o = N

Base position error
[m]

Base position error
[m]
=T

] j

1 -1
_2 _2 Il L
-1
o o . 4x10 .
E =
o o
3 L 2 1l = — 2 i
2E 2B
E i 0 E v 0 m:::""-'-"—i::-_-‘_-';-_::;_‘;:;:_::: e
:Ei = 2 - A . L ;:;- = 2 - A A . L
0 10 Time [s] 20 0 10 Time [s] 20
(a) Computed torque method (b) RAC method

Fig. 7. Experimental results of computed torque method and RAC method

4.2 RAC method with disturbance compensation of vehicle

Experiments are carried out under the following condition. The desired end-tip position is
set up along a straight path from the initial position to the target. On the other hand, the
desired position and attitude of the base are set up the initial values. The feedback gains are
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Ky, =diag{l0 10 10 20 20} and Kp, =diag{100 100 100 100 100}. The time
constant of filter is Ty =1 [s]. In this case joint velocity control type actuators are used.

Figure 8 shows the motion of the robot and estimated disturbance of the RAC with
disturbance compensation, and Figure 9 shows the time histories of experimental results
with and without disturbance compensation. Form Figures 8 and 9, it can be seen that the
end-tip of manipulator follows the desired trajectory. Moreover, since the robot base
position and attitude errors become small values using the disturbance compensation, the
end-tip position error is also reduced.

=k T T T T T T T T T
E V
: - -
0+ £
-0.5F
I Actual path ]
- of end-tip
L 1 L 1 | L 1

Force (x) [N]

z) [N]

Force (

Torque [Nm]

Time |s]

(b) Estimated disturbance

Fig. 8. Experimental result of RAC method with disturbance compensation
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End-tip position

nd-tip position

error (z ) [m]

E

Joint input

veloceit

l
o
=]

Base position error [m]

Base input
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Base input
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Base input
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2]

acceleration [m/s
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-
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and attitude error [rad]
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;o th O o 0o B o

o

—

£
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%1072

RS R 1
‘[: direction;
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i ;
0 5 10
x10™

D e BT ety

5
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5

Time [s]
(@) RAC with disturbance compensation

End-tip desired
acceleration [m/s°]

End-tip position End-tip position

Joint input
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Base position error [m]

Base input

force (x) [N]

Base input

force (

Base input
torque [Nm]
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error (z ) [m]
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) IN]

-
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x direction

5
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(b) RAC without disturbance compensation

Fig. 9. Experimental results of RAC method with and without disturbance compensation
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5. Discrete-time RAC

In practical systems digital computers are utilized for controllers, but there is no discrete-
time control method for UVMS except our proposed methods (Sagara, 2003; Sagara et al.,
2004; Sagara et al., 2006; Yatoh & Sagara, 2008). In this section, we address discrete time
RAC methods including the ways of disturbance compensation of the vehicle and avoidance
of singular configuration of the manipulator.

5.1 Discrete-time RAC law ‘
Discretizing Equation (16) by a sampling period T, and applying A(k) and W(k) to the
backward Euler approximation, the following equation can be obtained:

W(RIa(k-1) = bR -v(k-1)+ Tr(0)-[W () - Wk- Dk 0) (42)

T
e

(42), and the discrete time kT is abbreviated to k.
For Equation (42), the desired acceleration is defined as

where v =[v§ vI1T. Note that a computational time delay is introduced into Equation

@4(K) = W R+ 1) g (0)+ e, () + Ty (1) (3)
where
e, (k)=v,(k)-v(k) (44)

and v, (k) is the desired value of v(k), A=diag{4} (i=1,---,12) is the velocity feedback
gain matrix.
From Equations (42) and (43) we have

TW(k)e, (k-1)=e, (k)—e, (k1) + Ae, (k) - T{y (k) - y(k=1)} + {W(k) -W(k-1)}¢ (1)  (45)
where

eq (k)= ay(k) - a(k).

Assuming W(k)~W(k-1) and y(k)=y(k—-1) for one sampling period, Equation (45) can
be rewritten as

TW(k)eq (k—1)=1{(9-1)Eq12 + Ale, (k) (46)
where g is the forward shift operator. Since all elements of W(k) are bounded, if 4; is
selected to satisfy 0</4; <1 and the convergence of e, (k) tends to zero as k tends to
infinity, the convergence of e,(k) to zero as k tends to infinity can be ensured from
Equation (46).
Moreover, the desired velocity of v(k) is defined as

VoK) =7 S0 (B () - x4 (k~1)+ T, (k1) (47)

where
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and x,(k) is the desired value of x(k)(=[x{ x1), I =diagly;} (i=1,---,12) is the
position feedback gain matrix.
From Equations (44) - (47) the following equation can be obtained:

Te, (k) = Soe {E12 = (E1o ~T')g ey (K) (48)
where v(k) is applied to the backward Euler approximation. From Equation (48), if y; is
selected to satisfy 0<y; <1 and the convergence of e, (k) tends to zero as k tends to

infinity, the convergence of e, (k) to zero as k tends to infinity can be ensured.
The configuration of the control system described in this subsection is shown in Figure 10.

V1 I

=[xl 27T g=lx; ¢')' #| x| *.

v v . Xy

X vV . &
2 3 Eq @npleq @3 —E—alEq (3 pUuvMs ——
v=lw' v 1'|| ¢=lw' #'1 ¢|w| v

I

Fig. 10. Control system of discrete-time RAC

5.2 Disturbance compensation of vehicle

Discretizing the low pass filter, F(p)=1/(Tfp+1), shown in Figure 3(b) (Godler et al,
2002), a digital version of disturbance compensation can be obtained. Figure 11 shows the
digital version where h = e /T

—————————————— I

Robot Base! |
p. 2 R
M BB 'l ke

Fig. 11. Digital type disturbance compensation

5.3 Avoidance of a singular configuration

In much work on UVMS it is considered that the vehicle is keeping its initial state during the
manipulation. In order to avoid the singular configuration of the manipulator in such case,
the desired value of the vehicle is modified by using the determinant of the manipulator’s
Jacobian matrix J(k) = detJ(k) (Sagara et al., 2006).

The desired linear acceleration of the vehicle is defined as
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P, (k) (ky <k <kg+n,)
fo, (k) =40 (otherwise) (49)

_ped(k) (ks SkSks"'ntz)
where p, is the desired linear velocity of the end-tip of the manipulator, and k,T and kT

are the time when | J(k)| becomes less or greater than a threshold J; , respectively, and
n,T is the acceleration time.
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Fig. 12. Experimental result of discrete-time RAC
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5.4 Experiment of discrete-time RAC

In this subsection, some experiments of the discrete-time RAC method described above are
done for the underwater robot shown in Figures 1 and 4.

All experiments are carried out under the following condition. The desired end-tip position
is set up along a straight path from the initial position to the target. On the other hand, the
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desired position and attitude of the base are set up the initial values. The sampling period is
T =1/60 [s] based on the processing time of video tracker.

First, a basic discrete-time RAC experiment is done. In this case, the feedback gains are
A=diag{0.6 0.6 025 025 025} and I =diag{0.3 03 025 025 025}. Figure 12

shows the experimental result. From this figure, it can be seen that the discrete-time RAC
method has good control performance and the performance is similar to that of the
continuous-time version shown in Figure 7(b).
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Fig. 13. Experimental results of discrete-time RAC with and without disturbance
compensation

Next, experiments of discrete-time RAC with and without disturbance compensation of the
base are done. To validate the performance of disturbance compensation, the feedback gains
of the RAC are A=TI =diag{0.3 03 02 02 0.2}. Using these values of the gains the
basic control performance of the RAC becomes worse. The time constant of the filter for the
disturbance compensation is T =0.1[s]. The experimental results of the RAC with and

without disturbance compensation are shown in Figure 13(a) and (b), respectively. And
Figure 14 shows the time history of the estimated disturbance. From Figures 13 and 14, it
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can be seen that the position and attitude errors of the base are reduced by using the
disturbance compensation.

10
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Fig. 14. Estimated disturbance (digital version)
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Fig. 15. Experimental result of discrete-time RAC considering singular configuration
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Finally, an experiment of avoidance of singular configuration is done. In this case, the basic
desired position and attitude of the base (vehicle) is set as the initial values, and the
threshold of the determinant of the Jacobian matrix is J; = 0.45. And the feedback gains are

A=TI =diag{0.6 0.6 025 025 0.25}. The experimental result is shown in Figure 15.

From Figure 15, we can see that the end-tip of the manipulator and base follow the desired
trajectories avoiding the singular configuration of the manipulator and the tracking errors
are very small.

6. Conclusion

In this chapter, our proposed continuous-time and discrete-time RAC methods was
described and the both experimental results using a 2-link underwater robot were shown.
For the continuous-time RAC method, experimental results showed that the RAC method
has good control performance in comparison with a computed torque method and the RAC
method with disturbance compensation can reduce the influence of the hydrodynamic
modelling error. In practical systems digital computers are utilized for controllers. Then, we
addressed discrete-time RAC methods including the ways of disturbance compensation and
avoidance of singular configuration. Experimental results show that the control
performance of the discrete-time RAC method is similar to the continuous version. Our
future work is to carry out experiments in 3-dimensional space to evaluate the validity of
the RAC methods.
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