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ABSTRACT teraction from the manipulator compensation algorithm with force sel

) ) sor (Ryu, Kwon, and Lee, 2001), tracking control with velocity estima
Underwater vehicle-manipulator (UVM) systems have been suggestedtion (Antonelli, Caccavale, Chiaverini, and Villani, 2000), and etc. The
tures. The addition of manipulators to the vehicle makes control of the tem nonlinearities, and the external unmodeled disturbances acting on
system more difficult due to the interaction forces between vehicle and yehicle dynamics. Also, the system has different characteristics, that
manipulator. So, the efficient compensation of those interactions should the vehicle has lower bandwidth system than the manipulator. Canuc
be considered for accurate control of both subsystems. For precision con-g¢ al.(Canudas, Diaz, and Perrier, 2000) dealt with the different syste
trol of the end-effectors, at the first step, it is essential to analyze the pandwidth, however, they only focused on vehicle motion, not the en
kinematics and dynamics of the whole UVM systems. And then, the ro- effector movement. And, the whole UVM system base is not fixed bt
bust controller has to be introduced over the interaction disturbances. INfloating, the disturbances could be amplified and the sensing of the stz
this paper, firstly, the kinematic and dynamic analysis about the whole pe more difficult. Moreover, the interaction between two subsysten
UVM system is executed. The whole dynamics is divided by meaning- makes control difficult. To resolve this problem, we may use the whol
ful terms. And, a robust coordinated motion control algorithm for au- system dynamics at once by unified system approach, but it causes
tonomous UVM systems is considered. For the manipulation, the vehicle complexity of modeling, and the system differences, as mentioned abo
movement may be not desirable, because the small movement of vehiclecan be hardly included in the whole control system. Hence, decentraliz
affect significant changes of the end-effectors. And, a vehicle is rela- controller is suitable for those kinds of composite dynamic systems. At
tively smaller bandwidth system than manipulators. For this reason, in a|so, interaction disturbances and system bandwidth have to be con:

this paper, active damping control with two-time scale approach for the ered carefully. In addition, adequate kinematic and dynamic decoupl
manipulator is used with passive vehicle. Using this algorithm, the ma- algorithm is needed.

nipulator controller can deal with the vehicle state additionally. For the manipulation, the vehicle control may be not desirable, b

. . . . cause the small movement of vehicle affect significant changes of t
KEY WORDS:Underwater vehicle-manipulator system; kinematic and o d-effectors. And, an UVM system is a kinematically redundant sy:

dynamic modeling; two-time scale control; robust control; active damp- (o That is, it has more degrees-of-freedom(DOF) in the joint-spa

ing control that are required to execute a task specified in the Cartesian spe
This is because the AUV itself has six DOF, and any additional DO
INTRODUCTION that comes from the manipulator will allow the combined system t

. . exceed the maximum task-space dimension, which is six. Therefo
In recent years, the need for the exploration and preservation of the he position change of the end-effector due to the vehicle moveme
oceanic environments has gained significant momentum. Itis recognizedcan ‘he compensated by the manipulator system. Using above ct
that there have been increased activity in the exploration of the ocean's g¢eristic. the passive vehicle approach, which means we do not c
resources. Also, for some special tasks, a robot manipulator is neededyo| girectly the vehicle system with vehicle actuator, is useful, be
According to this reason, autonomous underwater vehicles (AUVs) and c4yse a vehicle is relatively smaller bandwidth system than manipulat
remotely. operated veh!cles (RO\/s) equipped with robotic manipulators (Chung, Eom, Yi, Suh, Oh, Chung, and Kim, 2001). It is a kind of con
have an important role in to play in a number of shallow- and deep-water yentional under-actuated system controller. But, we do not need to ful
missions for marine science, oil and gas, survey, exploration, exploita- concentrate on controlling the under-actuated part(vehicle). Even thou
tion, and military applications. it is possible, it is not desirable, because the vehicle generally has mt
However, adding the manipulator, the UVM systems have a new and larger mass and inertia system than the manipulator, which means
more complex problem to deal with. There are many researchers to manipulator can easily fall into the actuator saturation.
solve problems in the UVM systems, for example, drag optimization with Therefore, in this paper, active damping control with two-time
redundancy (_Sark_ar ar)d.Podder, 2001), extern_al and unified force CON-scale approach for the manipulator is used with passive vehic
trol (Antonelli, Chiaverini, and Sarkar, 2001, Cui and Sarkar, 2001), in-
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Fig. 1. Schematic diagram of UVM system w

(Lew and Moon, 2001). The manipulator controller can deal with the ve-
hicle state additionally by means of active damping controller for the ve-
hicle. Consequently, using different time scale controller acting on the
manipulator, we can control the whole system simultaneously. In other
words, fast time scale controller is used for the manipulator and slow time
scale controller for the vehicle according to the system bandwidth.

Fig. 2. Moving coordinate system representation of UVM system

The local velocity of end-effector relation with joint velocity is expresse
by usual manipulator jacobian and rotation matrix.

In this paper, firstly, the modeling of UVM systems will be described in  [p,]  [PRoJm1(q)] . _ [Jmi'(q@)] . = T (@) >
the sense of kinematics and dynamics. And then, using the analysis of | p,| ~ |®RoJn2(q) = 17,0 (q)| ¢ =p=Jn(@e @
modeling, we propose two-time scale controller. It will be designed in

the operational space, and can robustly control the end-effector under thewhere theJ .1 andJ > represent the position and orientation jacobiar

interaction between the vehicle and the manipulator. matrix from manipulator base frame to end-effector, respectively. An
B Ry means the transformation matrix from the vehicle body fixed cc
MODELING OF UVM SYSTEMS ordinate to the manipulator base coordinate. If the two coordinates ¢

coincidence? Ry = I, and theJ,,,’ is the manipulator jacobian itself.

The kinematic task is more tractable and systematic if it is described in ] )
the Denavit-Hatenberg(D-H) coordinate frames. Fig. 1 illustrates the co- UVM Systems Kinematics

ordinates of the UUV(Unmanned Underwater Vehicle) anlink ma- To find the overall velocity relation, we used the moving coordinate sy:
nipulator. TheO-th frame, X, is the reference frame located at the ma- o relation. Fig. 1 can be represented as Fig.2. Then the end-effec

nipulator base, and eackth frame are located at theth link along the velocity relative to the inertial frame has below relations:
D-H coordinate ruleX g and3; denote the vehicle body-fixed and the y '
earth-fixed reference frame, respectively. In the earth-fixed fraxne, . Ve M+ D)1+ 79 x (P)r
directs North andZ; is chosen as the gravity direction. e ™ |we| = Ny + (Po)1
Since the earth-fixed frame does not have motion, it can be regarded as o+ X ; 3
the inertial frame. The position and orientation of the vehigjecan = {771 7757 (pl)l] + {ézlgﬂ ) ®
be described relative to the inertial reference frame while the linear and 2 ?
angular velocities of the vehicle;, can be expressed in the body-fixed velocity induced by vehicle velocity induced by manipulator
frame.
) ) . where(-)r means the vector with respect to the inertial frame. And th
The state vectors for the vehicle are described as following: cross product term in the linear velocity induced by vehicle is express:
n=Mmyml o=l = (669 as.
v=piva]s o vi=lue vyl v = (e wy ] My X (P1)1 = =S((P1)1)7;, = —S(J 1Py, @)

And, the inertial and body-fixed velocity relation can be represented with

. ' . ) N
vehicle jacobian matrix (Fossen, 1994, Yuh, 1990). whereS(-) is skew-symmetric matrix defined such thak b = S(a)b,

that is:
7.71} _ |:JU1(772) 0 } {l&} —h=J -
= n=J.,(nv. 1) 0 as  a
|:n2 0 J'U2(”2) Va2 S(a) = as 0 —aq | . (5)
And, for then-link manipulator, the joint position state vector is defined BRI 0
by a and, the position a_nd orientation of the end-e_ffecpn;, can be_ . Then, the velocity induced by vehicle can be rewritten as following:
described relative to the inertial reference frame while the local position
and orientation of the end-effectgy, can be expressed in the vehicle Ny, — S(Jv1D01)7s
body-fixed frame. il ,
The state vectors related to the manipulator are described as following: [I *S(Jvlpl):| {1'71} {I 7S(Jv1p1):| 7 {ul} ©)
= 0 I . = 0 I » ,
q= [q171q2:T' T >qn]T§ . - Up) ]
p:[p17p2} ;T P, = [xl’yl’zl] ;T by = [QZSZ,QZ,’(/)Z} ’T :JU |:I —JvlTS(Julpl)J1;2:| |:V1:| éJUle.
Pb. = [pelape2] ; De1 = [Te, Ye, ze] ™ 5 Peo = [@e, Oc,e]” ; 0 I V2
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And, the velocity induced by manipulator is rewritable as same manner: Quasi-Lagrange System

P)r] _ [Topy| _ [Tordm] . For thg underwater vehicle, Fossen derived_the dynamics_ using queé
: TN Tuobol = N Tood o | D velocities (Fossen, 1994), and for the hybrid system which is con
(pg)] v2Po v2d m2 (7) . . R .
. posed of both quasi-velocities and generalized-velocities such
=Jodm'q. UVM system, Meirovitch and Sarkar has developed using same a

proach (Meirovitch and Stemple, 1995, Sarkar and Podder, 2001).

Finally, we can obtain the end-effector velocity as below: The Lagrangian in general form is defined as

p.=Jum) [Ji(n,q) Jn'(q)] m : (8) L =L qn4q. (11)
And, with the extended Hamiltonian principle, Eq. (11) gives below dif

For the decoupled system control, we need both the vehicle and the end'ferential equations

effector velocity relations:

: d oL oL
o] =smalf] O alorer)  awrar =@ 42
where Nextly, the quasi-Lagrangian is defined as form
J(n.9) = { 0 J.m)| |[Jima) @) L=L[,ul, (13)
T 2 |T —Jn1 " S(Ju1py) T2 whered = [n”,¢"]" andp = [v",4¢"]". And the overline symbol
’ 0 I ' used to distinguish from original Lagrangian.

. L Then, we obtain another differential equations as
And, the jacobian inverse has the form q

T*(n,q) = % (%) +A%—BT% =T, (14)
[ I 0 } [Jvfl(n) 0 (10) K K
I (@)J1(n,0) Tn'" (@) 0 J. )]’ where

0 J w2 ("72)
0 0

~NO O

0
Jm'*(q) is dependant on whether the manipulator is redundant or non- S(v1) S(v2) 8

whereJm’#(q) is Moore-Penrose pseudo-inversekf,’. The form of [S(IIQ) 0
A =
redundant. 0 0

[Jvl(nz) 0 ]
b B - b

UVM Systems Dynamics andT = B7Q. The detail procedure is well explained in refer-

To control dynamic system, firstly, we have to construct and analysis ence (Meirovitch and Stemple, 1995).

for the equations of motion. But, the UVM system is generally highly Next, we wish to develop an expression for the partitioned dynamics.
coupled and complicated system, the dynamic formulation is not a easy Eq. (14),A<39712 has another expression as below:

work. There are many ways to express a dynamic system, for exam-

ple, the Newton-Euler method, the Lagrange method, and the Kane’s

oL
method (Tarn, Shoults, and Yang, 1996). Naturally, they have all some g7, 0 _ _5(8141) 0 A
merits and demerits. The Newton-Euler method is a recursive formu- A@ = |-S(sp-) —S(35) O|m=Ap (15)
lation and it is adequate to high-order system, but it is not convenient 0 0 0

to design a controller like model-based controller. Whereas, using the

Lagrangian method, the controller design is easy and it is energy basede o ¢onvenience, firstly rigid body kinetic energy is only considerex
approach, so it is easy to update additional forces on the system such 3% 1en thel, — T andT is given as

drag forces and added mass(inertia) forces. But, for high-order systems '
like UVM system, it is very hard work to derive the equations of mo- _ | -

tion as the analytic form. And, for the moving base system which is not 7' = bl Mup, (16)
fixed in an inertial frame, it is not convenient to derive the dynamic for-

mulation using the Lagrangian in terms of the velocities expressed in a whereM is the inertia matrix of UVM system:

body-fixed frame. In UVM systems, the sensor information and actuator

forces are exerted on body-fixed frame, so it is more natural to write up My My Mis

the dynamics using body-fixed velocities. M= |My My M|, (17)
To supplement the above drawbacks, we used quasi-Lagrange ap- M3z Msz Mss

proach (Meirovitch, 1990) and partitioned dynamic equations. The quasi-

Lagrange method can give the equations of motion in terms of the body- and then

fixed velocities. And, for the decentralized control of the vehicle and 1

manipulator, the partitioned submatrices of dynamic terms are absolutely T = = ( vIMuvi + vT Mysvs + vT Misg

needed to design the controller. Using this partitioned dynamics, we can

easily deal with the coupling effect between two subsystems. Moreover, +v3 Mowy +vi Maovs + vy Masq (18)
it is possible to use the already driven dynamic equations for each sub-

. T . T . T .
systems. +q Mszivi+q Msva+q Mszq ).

The hydrodynamic forces and moments of vehicle and manipulator Eq. (17) is expressed as the partitioned submatrices which are relatec
have been used as the previous works by others and omitted herev:, v2, andq, respectively. The inertia matrix has symmetric property
(Schjglberg and Fossen, 1994Mesque and Richard, 1994). due to the action and the reaction principle, and positive defibftet
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0). M 33 represent the manipulator inertia matrix itsdi(,,), because

the lower part of the inertia matrix does not affect the upper part of the
inertia matrix. And, Eq. (14) can be rewritable as
Mp+Clg,pp=1 (19)

Now, we have to find the Coriolis and Centripetal Matrix which is possi-
ble to be enormous parameterizations.

Theorem 1 (Coriolis and Centripetal Matrix from Inertia Matrix)
If the inertia matrix is given as Eq. (17), then we can always parameter-

ize the Coriolis and centripetal matrix such th8f — (C + C7) = 0
by defining:
Ci1 Ci2 Cis
C=|C2a1 Cyp Cxp|=[T1|T2|T3], (20)
Cs1 Cz Css
where
_ 0
r = ~S(37) : (21a)
it~ By
Mm - S(&-)
r, = 3 M2z — S(35) (21b)
y oM oM oM
it 2] - 2] 2
[ M13 qJ
= oM ) aM
s { aq23 qJ + { 6q21 VlJ _’_% { aq22 VzJ (21c)
L Cm(q7 q)

And, C.(q, q) is Coriolis and Centripetal matrix for the manipulator,
which already satisfied?,,, — (C,, + CL) = 0andC,.q = %Mmq.

And, the symbolL%aJ , means

(IJ = Ek
ij

Proof: Inserting Egs. (16) and (19) into Eq. (14), we obt#ifu as form
of

L0y
8qL ko

{% n is dimension of vectod.

dq

And, we can easily show that Eq. (20) satisfies Eq. (22) by algebraic co
putation. d

We can deal the added mass(inertia) and added Coriolis and Centrip:
forces as same way. The gravitational forces and buoyancy are addec
kinematic relations a6 = T+V. And, the drag forces can be considerec
with iterative Newton-Euler method. The details are omitted here.

Partitioned Dynamics

Now, the whole UVM system equations of motion will be derived, and i
will be also divided by several meaningful terms.

On the analogy of several other research, it is clear that the whole syst
equations of motion can be written as the following equations:

M(q)p+C(q, p)pu + D(q, p)p + g(n,q) = 7, (25)
where
ma = [l M) @
Clan =[Gl Calal) @
D) =[Diat) Dien] @
sam = [gind]. @
T :::;] (30)

Notice that the subscripts of matrices are different from those of usir
previous section.

For the advanced and systematic control algorithm, the equations have
be divided by reasonable way. So, at the following, the dynamic decor
position will be treated. Firstly, the vehicle and manipulator dynamic
and those interaction dynamics can be regarded. And, the added dyn:
ics to the vehicle ones by the manipulator dynamics also included.

The vehicle and manipulator dynamic effects are simply obtained fro
many references and calculations. Those are shown as following:

{J\gu g} ot [Cvéu) g} byt [DUO(V) 8} ot {gv((]n)} _

— 7,
Y / TaL
Cu=Mp+A'pn—B 96 31)
Muvy + Miavs + Misq 0 0 0 0 0 0
Mawws + Maws + Masd {0 M (q)} o {0 c (q,q)} ahl [0 Dm(q,q)} a
M3iv1 + Msavs + Mszg (22) 0 (32)
T 9L = .
—S(5)ws Joram; + {gm(n,q)} T2
T 0L
+ —S(aE;/LZ V1 — S(£,L2 o | = |Jv2amn; | And, the effect of the added dynamics to the vehicle by manipulator h
L 0 % to be considered. This dynamic effect can be introduced as following:
whereL is a function ofg only, so the last term of Eq. (22) is Mi(q) 0 . [Cs(q,v) O Ds(q,v) 0
- o o/HT| o o|“T| o o| # @)
v TLI 0 gs(n7q) —
TGk 0 (23) + [ 0o |77
oL A
aq In addition, the interaction dynamics between two subsystems are ¢
where pressed in the form:
OM s . OM 12 OM 32 . 0 Mi2(q)] . 0 Ci2(q, 1)
A2 ’
\‘ 8q qJ vi + \‘ aq lllJ Vo + \‘ aq qJ Va2 (24) |:M12T(q) 0 o+ 021(‘1’“) 0 14 (34)
1|0M2 Lyr s 0 Dis(q,p)| , _
2 { 9q VQJ Vet g Mmd * [Dm(qyﬂ) 0 p=T
ISOPE-2003-JSC-275 Kim 4



where the inertia matrix is symmetric, because the characteristics of La-then:

grangian system, and it can be easily proved. Finally, the Eq. (25) can be

expressed as below:

(35)

T=T1+T2+T3+Ta

Q’r:rcz],_the Egs. (26) — (29) can be rewritten by meaningful terms in the
wi =M ) @
can =" G @
pan =[G B e
stam) = |2 909, 39)

Now, it will be discussed that the calculation method of each terms of
above equations. We already considefe{q), C(q, ) andg(q,n)

in the previous subsections. Hence, only unknown terms are drag force
part.

S

Mi(q,m) = A(q,m),
ci(gmp) = Agn)
(J(g,mM ™" (q)(C(q,w)q — J(q,n)q)
di(g,mp) = Ag,mJI(g,n)M '(q)D(q,p)q,
g:/(a;m) = Ag,n)J(g,mM '(g)g(q,p),
and

T=J"(¢,m)71.

TWO-TIME SCALE CONTROL

For the underwater manipulation, the vehicle control is not desirable, b
cause the small movement of vehicle affect significant changes of t
end-effector. And also, the vehicle actuator is small bandwidth systel
so the error which comes from the interaction of manipulator moveme
cannot be completely compensated. Therefore, it is desirable that |
vehicle remains passive system or apply simple P-type controller.

this case, the residual error can be compensated by manipulator. In 1
paper, the active damping control with two-time scale approach is pr
posed (Lew and Moon, 2001). And, it is formulated in the operation:

Using the Newton-Euler method or the Lagrangian method to obtain the space. In this case, there is difficulty in control problem, that is, or

manipulator dynamics, the vehicle may have a initial velocity and accel-
eration,v ande, then:

T . . : (40)
M12 (q)V+Cgl(q7q,l/)V+D21(q,q,V)V:Tm.
Eq. (40) givesD2:(q, ¢, v).

For the vehicle, the weight and motion of the manipulator will give inter-
action effects. These forces and moments, = [0, 0,7, which

are derived from the last iteration of the manipulator of the Newton-Euler
method, can be calculated as:

Bp 0
or="Ro f,,

(41)
o, ="Ro"no + "p, x PR f,,.
And, it can be categorized as follows:
M.(q)v + Cs(q,v)v + Ds(q,v)v + g,(n,q)+

(42)

Mu(q)ij + ClQ(Q: M)q + Dl?((L M)q = [Z£:| :

From Eq. (42), we can fill up the last unknown ternd3,(q,v) and
Di2(q, p).
Finally, ther, can be expressed as follows:

M.,v+C,(v)v+ D,(v)v +g,(n)+
M (q)v + Cs(q,v)v + Ds(q,v)v + g,(n,q)+
M12(q)q + C12(q, 1)q + D12(q, )G = To-

(43)

The equations of motion for the total system in the earth-fixed reference
frame can be written in the form

M (q,m)& +ci(q,n,p) +di(a,n, 1) +g;(a,n) =71, (44)
where¢ = [n7,pT " and let

Alg,m) £ (J(gm)M (@) T (g,m) ", (45)

ISOPE-2003-JSC-275
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control input has to control two system.

For the UVM systems, a passive vehicle approach is used by Chua
et al.(Chung, Eom, Yi, Suh, Oh, Chung, and Kim, 2001). They applie
disturbance observer(DOB) method. However, they controlled the vel
cle position by manipulator directly, so it has a lot possibility actuato
saturation. Also, they do not consider the characteristics of the UVI
systems.

We proposed here an efficient control scheme for UVM systen
considering the system characteristics. It is used that a passive veh
approach or simple P-type controller for the vehicle and the two-tim
scale controller for the manipulator to control the total system. |
case of vehicle P-type controller, we can simply apply just adding tf
spring terms in the vehicle dynamics. Then, even if the vehicle is lyin
under control, we can deal as passive vehicle system. To impleme
this controller on a passive system, we also need the controllability defir
tion (Spong, 1994, Mahindrakar and Banavar, 2002, Arai and Tachi, 19

Partially Linearized Form

To control the whole UVM systems as decentralized systen
a partially linearized form of the dynamics system is use
ful (Arai, Tanie, and Tachi, 1993).  In this subsection, we explai
the procedure and derive the equations.

p— T'U

T Tm|

where theh(n, q, 1) andh2(n, g, p) are the nonlinear functions which
contain the Coriolis and Centripetal, drag forces and total buoyan
forces. The detail equations are as following:

The overall system can be represented as

Ry v RS el @0

{hl(n,q,u)} _ [Cu(q,'/) Clz(qvﬂ)} u
h2(n,q, 1) C2(q,p) C22(q,9) (a7
e Dol [nira].

And, if the P-type vehicle controller in the operational space is given a:

To=—Jy (n) K., (48)



where K, is the proportional gain matrix, then the Eq. (47) is rewritten
as the form:

Mui(q)v + M12(q)§ + hi(n, q, 1) + J. ' (n)Kun = 0,
M12" (q)v + M22(q)d + ha(n,q, 1) = Trm.

(49)
(50)

For the passive vehicle system, we just set the proportional gain matrix

aso0.
And, we can invoke” like following:

v=—Mi (q) (M12(q)d +hi(n,q,p) + T~

Substituting Eg. (51) to Eq. (50), then

" K.n). (51)

Tm=M"g+h", (52)
where
M* =M3(q) — M12" (@)M11~ ' (q)M12(q),

h™ =ha(n, q, 1) (53)

— M (@M1 (@) {hi(n,q, 1) + T~ (n)Kum}.

Then, for the manipulator controller, a feedback linearizing control law
is introduced as follows:
Tm =M "u+h", (54)

whereu € R™ is an additional control input to be yet specified. The
substitution of Eq. (54) into Eq. (50) yields a partially linearized system
as follows:

—M2(q)u,
u.

(55)

M1 (q)¥ +hi(n,q,p) + T (M) Kwn
G (56)

q

Controllability Condition

To ensure the manipulator control input to be able to control the vehicle,
we have to check the controllability condition for the vehicle control in-
put, —M12(q)u. To impact effective acceleration to the passive vehicle
from the active manipulator,strong inertial couplingoetween the joints

is required (Spong, 1994).

rank(Mi2(q)) =1 forall g € R", (57)
wherel is the dimension of vehicle statg,c %'. Note that strong inertial
coupling requires: > [, i.e., that the number of manipulator degrees of

freedom is at least as great as the number of vehicle degrees of freedom.

Under the assumption of strong inertial coupling, we may compute a
Moore-Penrose pseudo-inverd&,.# (q) for M 12(q) according to
M2* = M1>" (q)(Mi2(q)M15" (g)) ™" (58)

Two-time Scale Control

A composite (fast and slow time scale) controller is designed based on

high gains such that the control bandwidth is much higher than the natu
frequency of the vehicle motion.

From the Egs. (9) and (10), we can obtain the manipulator joint accelel
tion as following:
i =0 (T, ) {B. — (To()T1(n,9) + To(n)T1(n, q)v

— (T (@) + Tu(n) ' (2))a}
—Ji(n,q)v).
(60)

And, us,s: can be chosen as

Ufast =
T (@ D) rer — (To(m)T1(1,9) + Tu(n)T1(n,q)v
— (o ()T’ (@) + To(m) T (@)}

- Jl(nv q)V]7
(61)
where
(P)ref = (Pe)a+ Kp((p.)a—p.) + Kp((p.)a—P.)- (62)

K p and Kp are the proportional and derivative gain matrix, respec
tively. Then, the closed loop error dynamics for the manipulator in th
operational space becomes

T’ (@) T () {& + Kpé, + Kpey} = —tsiow, (63)

wheree,, is defined by the position errafp,)q — p,. If usi0ow Changes
slowly compared to the fast error dynamics, it can be treated as more |i
a constant. Then the error dynamics of Eq. (63) converge to be very sm
with positive definite matrice& p andK p.

Now, the slow control inputi ;.. , IS defined for the vehicle in Eq. (55)
as

Uslow =
M1 (@ {M11(q) T~ () ()res + Ju(n)v) — hi(n, q, 1)},
(64)
where
(’F’)ref = Kdn (65)

Only the derivative feedback of the vehicle with gdit; is added to
increase the collapsing the vehicle velocity.

Then, after applying the composite controller and Jet™*

M1(q)J. ' (n)K,, Eq. (55) becomes

Mll(‘l)']vil(n){én + Kaéy + Kpeyt = —Mi2(q)Usast,
~ 7M12(q)qref'

It can be easily shown that the second line of Eq. (66) is bounded sin
d,.s is bounded. Therefore, as long A5 and K, are chosen as a posi-
tive definite matrix, Eq. (66) remains stable.

(n)K, as

(66)

Figure 3 shows the composite controller schematically.

the partially decoupled model Egs. (55) and (56). Recall that the control SIMULATION AND EXPERIMENT

objective is to determine the control inputthat stabilizes both Egs. (55)
and (56). Define the control input, to have two parts
U = Uslow + Ufast- (59)

Using two-time scale theory r.s: andu;0., are chosen in two different
time scales. It is intended that,;,., affects mainly on Eq. (55), slow

vehicle motion and: ¢, mainly on Eq. (56), fast decoupled manipulator
dynamics. Fow s4s¢, @ typical linear tracking controller is proposed with
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Figure 4 shows the ODIN in the University of Hawaii, which is well de-
veloped and verified UUV system, especially omni-directional actuatc
And, its symmetric structure enable us to easily get the dynamic para
eters with little modeling uncertainties. Now, we have made an effo
to design the attached underwater manipulator as Fig.5. For the futl
works, various kinds of simulation and experiment will be performed us
ing new developing ODIN system and the proposed control algorithm |
a moment.



r—— — —n"7 System
Vehicle | u
| Controller sow Vehicle o —
| (Lower frequency) | u Kinematics >
Desired | | * »  Manipulator
Trajectory + T
| Manipulator |
Controller
(Higher frequency) Ut
Van?ul%r -
control input

Fig. 3. Block diagram of the control system

Fig. 5. Concept of ODIN and manipulator

Fig. 4. ODINin UH Antonelli, G., Chiaverini, S., and Sarkar, N. (2001). “External force

control for underwater vehicle-manipulator systeMd&EE Trans. on
Robotics and Automatioivol 17, No 6, pp 931-938.
Arai, H. and Tachi, S. (1991). “Position control of a manipulator witt

In thi he ki . dd . deling for UVM passive joints using dynamic couplingE2EE Trans. on Robotics and
n this paper, the kinematic and dynamic modeling for systems are Automation Vol 7, No 4, pp 528-534.

analyzed in efficient way. It can gives the advantage to design of decen- . . . W . .
tralized controller with considering the interaction between the two sub- Arah H., Tanie, K., and Tachi, S. (1993). “Dynamic control of a manipu
systems. Nextly, the two-time scale controller is proposed for the passive ~ 1ator with passive joints in operational spad&EE Trans. on Robotics
vehicle system. Using different time scale controller, fast time scale con- ~ and AutomationVol 9, No 1, pp 85-93.

troller is used for the manipulator and slow time scale controller for the Canudas, C., Diaz, E. O., and Perrier, M. (2000). “Nonlinear control
vehicle according to the system bandwidth. Active damping controller  an underwater vehicle/manipulator with composite dynami&&gZE

CONCLUSIONS

for the vehicle can help the base of whole system not going far. Trans. on Control Systems Technolpygl 8, No 6, pp 948—960.
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