The Eighteenth International Symposium on Artificial Life and Robotics 2013 (AROB 18th *13),

Daejeon Convention Center, Daejeon, Korea, January 30-February 1, 2013

Control of a dual arm underwater robot
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Abstract: Since Underwater Vehicle-Manipulator Systems (UVMS) are expected to make important roles in
ocean exploration, many studies about control of single arm UVMSs have been reported. We have also been
proposed a resolved acceleration control (RAC) method for a single arm UVMS. In this paper, we propose a
RAC method for a dual arm UVMS. Simulation results show the effectiveness of the proposed control method.
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1 Introduction

Underwater robots are expected to be actively
involved in various activities such as researches,
environment and ecological investigation at loca-
tions mainly in the ocean, river and lakes. Many
studies on Underwater Vehicle-Manipulator Systems
(UVMS) are performed in recent years [1-7]. How-
ever there are only a few experimental studies. We
have proposed digital Resolved Acceleration Control
(RAC) methods for UVMS [8,9] and the effective-
ness of the RAC methods has been demonstrated by
experiments using a floating underwater robot with
vertical planar 2-link manipulator.

The main objective of this paper is to design a
control system for dual arm UVMS. Many of re-
search studies have been focusing on the develop-
ment of single arm UVMSs. Sakagami et al. have
been proposed a simultaneous operation of dual arm
underwater robot [10]. However, there is no study on
control of dual arm UVMS. In this paper, we propose
a RAC method for dual arm UVMS based on Refer-
ence [8]. Simulation results show the effectiveness of
the proposed control method.
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Fig. 1 Model of a dual arm underwater robot
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2 DModeling
2.1 UVMS

The underwater robot model used in this paper is
shown in Fig. 1. It has a robot base (vehicle) and
dual n-DOF manipulators. Thrusters are mounted
on the base to provide propulsion for position and
attitude control of the base. Symbols used in this
paper are defined as follows:

n*

: number of joint of arm * (*=R: Right arm,

x=L: Left arm)

X1 : inertial coordinate frame

Yo : base coordinate frame

X* ¢ link i coordinate frame of arm * (x=R:
Right arm, *=L: Left arm)

iR}f : coordinate transformation matrix from X%

to X

: position vector of manipulator end-tip with

respect to X'

: position vector of origin of X} with respect

to E[

: position vector of gravity center of link *

with respect to Xy

vo : linear velocity vector of origin of X, with

respect to X'

: linear velocity vector of manipulator end-tip

with respect to Xy

1o : roll-pitch-yaw attitude vector of Xy with
respect to Xy

¥ : roll-pitch-yaw attitude vector of end-tip of
manipulator with respect to Xy

w! : angular velocity vector of X} with respect

to E[

: angular velocity vector of manipulator end-

tip with respect to Xy

¢F : relative angle of joint ¢*

o : relative joint angle vector
(= [(@)" (¢9)'17 and (@* =
[d)fa (rb;a ) ¢:’(L]T)
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k¥ : unit vector indicating a rotational axis of
joint ¢*

m} : mass of link ¢*

: added mass matrix of link i* with respect

to X

I : inertia tensor of link i* with respect to X}

I;. : added inertia tensor of link * with respect

to X

: position and attitude vector of Xy with re-

spect to Xy (= [rL, pI17T)

z; position and attitude vector of % ma-
nipulator end-tip with respect to X; (=
()", ()17

Xo : linear and angular vector of Xy with respect
to Tr (= [ol, wi7)

X linear and angular vector of * ma-
nipulator end-tip with respect to X (=
[(0)", (@)

a,, : position vector from joint ¢* to gravity cen-
ter of link ¢* with respect to X7

a;. : position vector from joint i* to buoyancy

center of link i* with respect to X
¥ : length of link ¢*
: width of link ¢*
: volume of link *
p : fluid density
7, ¢ drag coefficient of link i*
g : gravitational acceleration vector

E; : j x j unit matrix
7 : skew-symmetric matrix defined as
0 —z vy T
r=1z 0 —=z|,r=|y
-y 0 z

2.2 kinematics

In this subsection, based on the reference [8] kine-
matic and momentum equations are derived.

First, from Fig. 1 a time derivative of the end-tip
position vector p* (* =R: Right arm, L: Left arm) is

n
vl =wvo+@(p; —ro)+ Y _{ki(p; — p})}o}.

i=1

(1)

On the other hand, relationship between end-tip an-
gular velocity and joint velocity is expressed with

wi =wo+ Y kid}. (2)
i=1

From Egs. (1) and (2) the following equation is ob-

tained:
Xe = A"Xxo+ B"¢" (3)

where
* E3 _(ﬁ: - pNO) * * * *
A = 0* E3 ) B :[bl 2 bn

©ISAROB 2013

173

and b} = [{k; (p; —p})}7, (k)"]T.

Next, let 7 and @ be a linear and an angular mo-
mentum of the robot including hydrodynamic added
mass tensor M. and added inertia tensor I, of link
i*. Then

n = Mr,io + 0" + 1",
p = Iywo + oMy, 1 + +pt + p"

(4)
()

where

n* n*
nt =Y My, wt =Y Ijw; + 7 My
i—1 i=1
and My, = m*Es+! R: M* 1R} and I3, = | R:(I} +
I)'R;. Here, linear and angular velocities of grav-
ity center of link i* are described as

(6)
(7)

7 =g+ Wo(ry — 7o) + J,fiqs*,
w! =wo + Ju’jiq.ﬁ*,
J:i = [3:1 Jl*z Jl*z 0 0] ?
Jr o= [kt k3 kf 0 - 0]
where j =k} x (r; —pj). Therefore, the following
equation is obtained from Eqs. (4)-(7):

s=Mn", u"|" = Cxo+ Do (®)

where
c c
C = | 12 :
Ca1 €22
R R R L L L
R R O T i
- )
dy  dj dan dy di dan
’ﬂR nL
=M ME ME
ci1 = Mg, + T, T T
i=1 i=1
nR nL
_ R(zR = Lzl =
Ci2 = — E MTi (7 — 7o) — E MTi (7i — 7o),
i=1 i=1
TLR TLL
- ~R a 7R ~La gL
co1 = oMy, + E 7 My, + E 7 Mr.,
i=1 i=1
nR ’ﬂR
Z R Z ~RasR/=sR =
Coo = ITO + ITi — r; MTi (’I"i — ’l"())

i=1 i=1

nL nL
I LoagL <l =
+ E Iy, - E 7, M7, (F; — o),
i=1 i=1

n

L= My ki(r; - p)),

j=i
n*
s, =Y I ki + 7 My ki (r] — p}).

j=i
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 in section 3.



2.3 Equation of motion

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

9)

where q1 = [wg, ¢T]T and g2 = [ng QST]Tv M is
the inertia matrix including the added mass M;, and
inertia I , bc is the vector of Coliolis and centrifu-
gal forces, fp is the vector consisting of the drag,
gravitational and buoyant forces and moments, u =
[fT, 7, 7117, fo and 7 are the force and torque
vectors of vehicle, 7, is the joint torque vector of
manipulator. Furthermore, the relationship between
Wi and ¢‘|’ = [1117“17 deT) wyT]T (T = 07 €R, eL) is
described as

M(q1)G> + bc(qr, ¢2)+ fp=u

wi = Sy, Py (10)
where
oS Yp, COSTy,  —sintyy,, 0
Sy, = |costp, singyy,  cosyy, 0
sin ¢y, 0 1

Thus the relationship between ¢; and ¢ is described

as
42 = Squ (11)

where S = bolckdiag { Es, Sy, , E(urinr) }-
3 Digital RAC [§]

Differentiating Eqs. (3) and (8) with respect to time,
the following equation can be obtained:
W (t)e(t) = B(t) + f(t) = W(t)v(t) (12)

where

_[C+Es D _ [ Xo| 5 _ |X
w205 e g = [
Xe

$ xXo| .
= y v = H 5 e — .
! [0] [¢} X~ Ixt
A = blockdiag{ AR, A"}, B = blockdiag{ B}, B"}

)

and $ is the external force including hydrodynamic
force and thrust of the thruster which act on the
base.

Discretizing Eq. (12) by a sampling period T', and
applying B(k) and W (k) to the backward Euler ap-
proximation, the following equation can be obtained:

TW(k)ak—1)=v(k) —v(k—1)+Tf(k)
—{W(k) -wW(k - 1)}v(k) (13)
where v = [x(? , XZ]T Note that computational

time delay is introduced to Eq. (13), and the discrete
time kT is abbreviated to k.
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Fig. 2 Simulation model

Table 1 Physical parameters

Base | Link 1| Link 2
Mass [kg] 23.25| 4.65 3.1
Moment of inertia [kgm?®]| 2.40 | 0.075 0.075
Link length [m] 05| 03 0.3
Drag coefficient 1.2 1.0 1.0

For Eq. (13) the desired acceleration is defined as
follows:

oy(k) = %W”(k) [a(k + 1) — vy(k)

+Aeu(k) + Tf(k)]
_ SOe
T

(14)

va(k) {@a(k) — xa(k — 1) + Te,(k— 1)}

(15)

where e, (k) = vq(k)—v(k), e, (k) = xzq4(k)—bmz(k),
SOe = blockdiag{Eg, SU/Ov E3, S¢3R, E3, S¢3L }, and
W is the pseudoinverse of W, x4 is the desired value
of x = [zl (:BOR)T , (:c{j)T]T, A = diag{)\;} and T =
diag{v;} (i =1, -+, (6 + n® + n")) are the velocity
and the position feedback gain matrices.

From Egs. (13), (14) and (15), if A; and ~; are
selected to satisfy 0 < A\; < 1 and 0 < ; < 1,
respectively, and the convergence of the acceleration
error, e, (k) = aq(k)—a(k), tends to zero as k tends
to infinity, then the convergence of e, (k) and e, (k)
to zero as k tends to infinity can be ensured.

4 Simulation

In this section, simulations using a robot shown in
Fig. 2 are done. Physical parameters of the robot
are shown in Table 1. These parameters are based
on the Reference [8].

The simulation was carried out under the follow-
ing condition.



The initial relative angles of the robot were ¢t
—m/9[rad], ¢% = 7/9[rad], ¢¥ = 7/3[rad] and #%
—m/9[rad]. The desired end-tip positions were set up
along a straight path from the initial positions to the
targets in y — z plane. calculated from trapezoidal
velocity pattern. On the other hand, the basic de-
sired position and attitude of vehicle were set up the
initial values. The sampling period was T=1/60[s]
and the feedback gains were A = I' = diag { 0.01,
0.01, 0.01, 0.01, 0.01, 0.01, 0, 0.2, 0.2, 0, 0, 0, 0, 0.2,
0.2,0,0,0 }.

The simulation result is shown in Fig. 3. In this
figure, (a) is the motion of the robot, (b) is the time
history. From Fig. 3 it can be seen that the end-tips
of two armsr and base follow the reference trajec-
tories in spite of the influence of the hydrodynamic
forces and the tracking errors are very small. The ex-
perimental result shows that the control performance
can be improved by using the proposed method.

5 Conclusion

In this paper, we propose a RAC method for dual
arm UVMS based on Reference [8]. Simulation re-
sults showed the effectiveness of the proposed control
method.
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