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Abstract— Underwater vehicle-manipulator (UVM) system be-
comes popular for various applications although it has complexity in
control and analysis when compared to the vehicle itself. To resolve
the complexity, firstly, thorough kinematic and dynamic analysis on
the whole UVM system is performed. Then, the whole dynamics is
divided into several meaningful terms. A robust coordinated motion
control algorithm for autonomous UVM systems is considered next
based on the analysis of divided dynamics. Since the vehicle has rela-
tively smaller bandwidth than manipulators, active damping control
with two-time scale approach for the manipulator is proposed. Using
this algorithm, the manipulator controller can cover the vehicle state.
The performance of the proposed algorithm is verified by computer
simulations.

|. INTRODUCTION

In recent years, the need for exploration and preservation
of oceanic environments has gained significant momentum, and
there has been increased activity using a robot manipulators for
some special tasks. However, adding a manipulator to the vehicle
produces new and more complex problems. There are many
researchers to solve problems in the UVM systems. The main
control difficulties stem from the dynamics, for example, highly
coupling model, system nonlinearities, and external unmodeled
disturbances acting on the vehicle dynamics. Another control
difficulties are that the system has different characteristics, that
is, the vehicle has lower bandwidth than the manipulator. These
difficulties can be theoretically tackled if we have thorough
analysis of dynamic model of the complex UVM system.

The interaction between two subsystems makes control dif-
ficult. To resolve this problem, we may use the whole system
dynamics at once by unified system approach, but it results in
complexity of modeling. And also, the different characteristics,
as mentioned above, can be hardly included in the whole control
system. Hence, decentralized controller was proposed for those
kinds of composite dynamic systems. However, in this case,
interaction disturbances have to be considered carefully based
on system characteristics. Previous researchers only concentrated
on the dynamic equation which is mainly taking care of vehicle
motion [1] by lack of considering end-effector motion. And,
they derived recursive formulation [2], which is not suitable
to obtain the decoupled system modeling and control. So, we
analyzein detail kinematics and dynamics of whole system using
already derived equations of each subsystems, which help to
easily construct motions of equation for decoupled controller.

Additionally, UVM system is a kinematically redundant sys-
tem, that is, it has more degrees-of-freedom(DOF) in the joint-
space that are required to execute atask specified in the Cartesian
space. This is because the AUV/ROV itself has six DOF, and
any additional DOF that comes from the manipulator will make
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Fig. 1. Schematic diagram of UVM system

the combined system redundant. Therefore, the position change
of the end-effector due to the vehicle movement can be com-
pensated by the manipulator. Using the redundancy, the passive
vehicle approach, which means we do not control directly the
vehicle system with vehicle actuator, is useful, because a vehicle
is arelatively smaller bandwidth system than a manipulator [3].

Therefore, in this paper, active damping control with two-time
scale approach for the manipulator is proposed with passive
vehicle. The manipulator controller can deal with the vehicle
state additionally by means of active damping controller for
the vehicle. 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.

The modeling of UVM systems will be described in the
sense of kinematics and dynamics in sectionl. We propose two-
time scale controller in sectionlll in the operational space for
robust control of the end-effector under the interaction between
the vehicle and the manipulator. Finally, the performance of
proposed system will be shown by simulation and conclusion
follows.

Il. MODELING OF UVM SYSTEMS

Fig. 1 illustrates the coordinates of the UUV(Unmanned Un-
derwater Vehicle) and n-link manipulator. The 0-th frame, 3o,
is the reference frame located at the manipulator base, and each
i-th frame are located at the i-th link along the D-H coordinate
rule. X5 and X; denote the vehicle body-fixed and the earth-
fixed reference frame, respectively. In the earth-fixed frame, X
directs North and Z; is chosen as the gravity direction. The
earth-fixed frame can be regarded as the inertial frame.
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Fig. 2. Moving coordinate system representation of UVM system

The position and orientation of the vehicle, n, are described
relative to the inertial reference frame, while the linear and
angular velocities of the vehicle, v, can be expressed in the
body-fixed frame.

The state vectors for the vehicle are described as following:

77 = ["71T7772T]T7 771 = ['rvy:Z]T; 772 = [¢:97¢]T§
v=vi" vi=[ve,vy,0]" va = [we,wy,wy)’s

The inertial and body-fixed velocity relation can be represented
with vehicle Jacobian matrix [4,5].

1| _ [Jvi(m2) 0 V1 .
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For n-link manipulator, the joint position state vector is
defined by g, and the position and orientation of the end-effector,
p.., can be described relative to the inertial reference frame, while
the local position and orientation of the end-effector, p, can be
expressed in the vehicle body-fixed frame.

The state vectors of the manipulator are described as follow-
ing:

a=1[q1,92," " ,qn

p=Ipl.p3]"s  pi=[zu, " Py = (¢ 00"

b. = [pehpeﬂT; D1 = [:Ee?yE’ZE}T; Do = [¢57967w5]T;

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

pl _ BROJml(q) . Jml/(q) . C / .
|:PJ = [BROJmQ(q)] = [sz'(q)} q = p=Jn(9)q,

2
where the J,,,1 and J.,,2 represent the position and orientation
Jacobian matrix from manipulator base frame to end-effector,
respectively. Z Ry means the transformation matrix from the
vehicle body fixed coordinate to the manipulator base coordinate.
If the two coordinates coincides, ’Ry = I, and J,,’ is the
manipulator Jacobian itself.
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A. UVM Systems Kinematics

To find the overall velocity relation, we used the moving
coordinate system relation as shown in Fig.2. Then the end-
effector velocity relative to the inertial frame has below relations:

p. = {ve} _ {7'71 + (1)1 + 171y % (p1)1:|

We M2+ (Pa)1
_ {m + 1)y X (pl)f] N {(pl)z}
up (P2)1
N —’
velocity induced by vehicle velocity induced by manipulator
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where (-); means the vector with respect to the inertial frame.
The cross product term in the linear velocity induced by vehicle
is expressed as:

My X (p1)1 = =S((p1) )Ny = —S(Jv1p1)73, @
where S(-) is skew-symmetric matrix defined such that @ x b =
S(a)b. Then, the velocity induced by vehicle can be rewritten
as following:
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The velocity induced by manipulator can be also rewritten with
the same manner:

(iﬁ)l Jvlﬁl JulJmll . /.

. = | = Ja=JdsJIm'q. (6
|:(p2)1 Jv2p2 J’U2J7n2 1 4 ( )

Finally, we can obtain the end-effector velocity as below:

q

For the decentralized system control, we need both vehicle
and end-effector velocity relations:

2 =ama ). ®)
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where

J(n,q) = {Jvén) J:En)] {Jl(f%q) Jm(')(Q)} 7

Ny I _JvlTS(Jvlpl)JvQ
And, the Jacobian inverse has the form
J*(n,q) =
ot O
—Jn' " (@)T1(n.q) Tn'"(q) o J, ')’
9)

where J,,"#(q) is Moore-Penrose pseudo-inverse of J,,,". The
form of J,,'% (q) is dependant on whether the manipulator is
redundant or non-redundant.

B. UVM Systems Dynamics

To control dynamic system properly, we need to understand
its dynamics clearly. The UVM system is generaly a highly
coupled and complicated system, the dynamic formulation itself
is not an easy work. For the moving base system which is
not fixed in an inertial frame, it is not convenient to derive
the dynamic formulation using the Lagrangian in terms of the
velocities expressed in a 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 the dynamics
using body-fixed velocities. To supplement this, we used quasi-
Lagrange approach [6] and partitioned dynamic equations. The
quasi-Lagrange method can give the equations of motion in terms
of the body-fixed velocities. And, for the decentralized control of
the vehicle and manipulator, the partitioned submatrices of dy-
namic terms are absol utely needed to design the controller. Using



this partitioned dynamics, we can easily deal with the coupling
effect between two subsystems. Moreover, it is possible to use
the already derived dynamic equations for each subsystems.

The hydrodynamic forces and moments of vehicle and ma-
nipulator have been used from previous works [7] and omitted
here.

1) Quasi-Lagrange Systentor the underwater vehicle, Fos-
sen [4] derived the dynamics using quasi-velocities. Meirovitch
and Sarkar [1,8] aso derived the dynamics for the hybrid system
which is composed of both quasi-velocities and generalized-
velocities.

The quasi-Lagrangian is defined as

L= f[év ], (10

where § = [n7,q"]" and p = [v7,¢"]". Then, we obtain
differential equation as

d (0L oL 0L
—( Z= A— _B' = = 11
at (au) op 6 — a
where
S(v2) 0 0 Ju1(ny) 0 0
A= |S(v) Sw2) 0|, B= 0 Ju2(ny) O
0 0 0 0 0 I
and 7 = BTQ.

Next, we wish to develop an expression for the partitioned
dynamics. In Eq. (11), Ag—ﬁ has another expression as:

oL 0 =Sl 0 A g
A%: -S(3p5) —S(gps) O|p=Ap (12
0 0 0

For convenience, rigid body kinetic energy is firstly consid-
ered. Then, L =T and T is given as

= 1
T =" Mp, (13)
where M is the inertia matrix of UVM system:
M1 Mz M3
M= |M2ax Mz Mo, (14)
M3 M3z Mss
and then
— 1 )
T= 5( V{MIIVI + l/lTMmuz + I/?Mlgq

+V§M21U1 +l/gM22V2 +V§M23q (15)
+ ¢ " M3sivy + ¢ Masvs + g7 Mssq )

Eq. (14) is expressed as the partitioned submatrices which are
related to v4, va, and ¢, respectively. The inertia matrix has
symmetric property due to the action and the reaction principle,
and positive definite(M > 0). M 33 represent the manipulator
inertia matrix itself(M ), because the lower part of the inertia
matrix does not affect the upper part of the inertia matrix. And,
Eqg. (11) can be rewritten as

Mp+C(g,pp=r. (16)

Now, we have to find the Coriolis and Centripetal Matrix.

Theorem 1 : Coriolis and Centripetal Matrix from Inertia Matrix

If the inertia matrix is given as Eq.(14), then we can aways

parameterize the Coriolis and centripetal matrix such that M —
(C +C7T) = 0 by defining:

Ci1 Ci2 Cis
C=|[Cyn Cy Co|=[T1|T2|T3], (17
C3 Cz Cass
where
_ 0
I, = ) _S(;_Ll) y
_M31 - {8 aqsl ‘IJ
[ Mz — S(557)
T, = %Mzz — S(BB—VLQ)
- |24 [ 225 3 |24
L\ZJ(;lqlSqJ
I's = {3%23(4 + {aaqzl VlJ _;'_% {3%22V2J
L Cm(q7q)

Here, C(q,q) is Coriolis and Centripetal matrix for the
manipulator, which aready satisfies M ,,, — (C,, + C1) =0
and C.ng = 1 M ,,,¢. And, the symbol, {%GJ’ means

{%GJ =37 0Ars ax,  n isdimension of vector a.
dq i 0q;

O

The proof of Theorem 1 is omitted here.

The added mass(inertia) and added Coriolis and Centripetal
forces can be dealt similarly. The gravitational forces and buoy-
ancy are also added by energy relations as L = T + V, and,
the drag forces can be considered with iterative Newton-Euler
method. The details are omitted here.

2) Partitioned DynamicsNow, the whole UVM system equa-
tions of motion will be derived, and then divided into severa
meaningful terms.

Similar to severa other researches, it is clear that the whole
system equations of motion can be written as the following
equations:

M(q)p+ C(q, p)p+ D(q,m)n+g(n,q) =7, (18)

where
wio <[l M
Clam = [Guan) Cean] e
Dl =|paat Dien] @
san =[oa) (22’
- =) ”

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

For the advanced and systematic control, the equations have
to be divided by reasonable way. The vehicle and manipulator
dynamics and interaction dynamics will be considered.



The vehicle and manipulator dynamics with added dynamics
to the vehicle are shown as following:

[J\:]IU g} ot [cvo(u) g} bt {DUO(V) g} ot [gv(n)}

B M:(q)}”%g Cm?q,q)}“[g Dm?q,iz)}”

(25)

The effect of added dynamics to the vehicle by manipulator
has to be considered. This dynamic effect can be introduced
as following:

[Ms(q) 0} it {Cs(qw 0} ot {Ds(qw) 0] L

0 0 0 0 0 0
+ |:gb(qu) = T3.
(26)

In addition, the interaction dynamics between two subsystems
are expressed in the form:

0 Mi2(q) 0 Ci2(q, 1)

M 15T (q) 0 } et {Cm(q,u) 0 } #
0 Di(q.p)|

- {Dzl(Q»N) 0 HeTe

(7)

where the inertia matrix is symmetric due to the characteristics of
Lagrangian system, and it can be easily proved. Finaly, Eq. (18)
can be expressed as follows

T=T1+T2+ T3+ Ta. (28)

Egs. (19) — (22) can be rewritten by meaningful terms using the
above expression as:

g =[R20 0] e
) = [CL Gan] o
D(q,p) = :DU(Z);((?;()%V) gﬁggigﬂ (3D
glgn) = _g”(z)mtisq(;%q)} 52

Since we already considered M (q), C(q, ) and g(gq,n) inthe
previous subsections, only unknown terms is the drag force part.

When the vehicle has an initial velocity and acceleration, v
and v, then:

M 12" (@) + C21(q, 4, v)v + D21(q, q, V)V = Tr,.
(33)

Eq. (33) gives D21(q, q,v).

For the vehicle, the motion of manipulator will give interaction
effects. These forces and moments, o, = [o;”, 0,”]", which
are derived from the last iteration of the manipulator of the
Newton-Euler method, can be calculated as:

o= BROO.f07

(34)
on = BR()O’no = Bpo X BROOfO.

It can be categorized as follows:

M(q)v+ Cs(q,v)v+ Ds(q,v)v +g,(n,q9)+
M 12(q)ii + Cralq, 1)d + Dra(g, 1) = M .

On

(3%

From Eq. (35), we can fill up the last unknown terms, D, (q, v)
and D12(q, p).

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

M (q,n)é+cr(q,n,p)+dr(q,n,pn)+g,(a,n) =71, (36)
where ¢ = [n7, pT]7.

I11. TwO-TIME SCALE CONTROL

In the underwater manipulation, the vehicle control is not
effective, because high frequency interaction disturbance by ma-
nipulator can not be completely compensated by small bandwidth
vehicle actuator. It may also cause large energy consumption.
Therefore, it is desirable that the vehicle remains a passive
system or just use a simple P-type controller. In this case, the
residua error of the end-effector induced by vehicle motion
should be compensated using redundancy.

We propose here an efficient control scheme for UVM system
considering the system characteristics, which is active damping
control with two-time scale approach in operational space. The
basic idea is to have passive vehicle or simple use of P-type
controller for vehicle and two-time scale controller for the
manipulator to control the total system. Detail derivation is
shown in the following section.

A. Partially Linearized Form
To control the whole UVM system as a decentralized system,

a partidly linearized form is useful. The overal system can be
represented as

{Mn(Q) Mu(‘])} {V} n {fn(n,q,u)} _ [Tv} 37
Mi2"(q) Mo2(q)] |4 ha(n,q. 1) Tm]’
where the h1(n, g, ) and ha(n, q, ) are nonlinear functions
which contain the Coriolis and Centripetal, drag forces and total
buoyancy forces.

If the P-type vehicle controller in the operational space is
given as

Ty =—J, " (K., (38)

where K, isthe proportional gain matrix. For the passive vehicle

system, we just set the proportional gain matrix as 0.
Then, we can invoke v as:

v=-Mi'(q) (M2(q)d +hi(n,q,p) + I~ (nK.n).
Substituting Eq. (39) to Eqg. (37), then 9
Tm=M"G+h", (40)
where
M* =M2(q) — M12" (@M1~ (q)M12(q),
h* =hz(n, q, 1)

- My (@M (@) {hi(n,q, 1) + T, () Kum}.
(41)

Then, for the manipulator controller, a feedback linearizing
control law is obtained as follows:

Tm =M u+h", (42)
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where u € R™ is an additional control input to be specified
later. The substitution of Eq. (42) into Eq. (37) yields a partialy
linearized system as follows:

Muv+hi+J, 'K,n = —Miou, (43)

To implement this controller on a passive system, we also need
the controllability definition [9-11]. These will be discussed in
the following sections.

B. 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 input, —M12(q)u. To deliever effective
acceleration to the passive vehicle from the active manipulator,
a strong inertial couplingbetween the joints is required [9].

rank(Mi2(q)) =1 for al g e R", (45)

where [ is the dimension of vehicle state, n € ®'. Note that
strong inertial coupling requires n > I, i.e.,, that the number of
manipulator degrees of freedom is at least as large as the number
of vehicle degrees of freedom.

Based on the above analysis, it is now possible to design a
two-time scale controller.

C. Two-time Scale Control

A composite (fast and slow time scale) controller is designed
based on the partially decoupled model Egs. (43) and (44). Recall
that the control objective is to determine the control input w that
stabilizes both Eqn. (43) and (44). Define the control input, w,
to have two parts as shown in Fig. 3:

U = Uslow T Ufast- (46)

Using two-time scale theory, u s4s¢ @d w10, are chosen in two
different time scales. It is intended that w0, affects mainly
on Eq. (43), slow vehicle motion and w ¢..: Mainly on Eq. (44),
fast decoupled manipulator dynamics. For w ¢4, atypical linear
tracking controller is proposed with high gains such that the
control bandwidth is much higher than the natural frequency of
the vehicle motion.

From Egn. (8) and (9), we can obtain the manipulator joint

acceleration as following :
G=Jn/ [T b, — (Jody + Jud 1) .
— (Jodm + T T )a} — J1i).

Then, u .5+ Can be chosen as
Ufast = J'm,#[Jvil{(pe)'ref_(jle+JUjl)V

7(;]va/ + Jva,)q} - Jll.J],
(48)

Fig. 4. ODIN in UH

(a) Concept of ODIN and
manipulator

(b) Schematic diagram of the
planar ODIN and manipulator
system

Fig. 5. Example

where

(P )ref = (Pe)a+Kp((P)a—p.)+Kp((p.)i—p.). (49

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

T’ " (@) () {ép + Kpéy + Kpep}t = —Usion, (50)

where e, is defined by the position error, (p,)a — p.. If Usiow
changes slowly compared to the fast error dynamics, it can be
treated as more like a constant. Then the error dynamics of
Eq. (50) converge to be very small with positive definite matrices
Kp and Kp.

Now, the slow control input, ws;0w, IS defined for the vehicle
in Eq. (43) as

Uslow = M12#{M11JU71((ﬁ)ref + J’UV) - hl}a (51)
where
()res = Kan. (52)

Only derivative feedback of the vehicle with gain K, is added
to hold the vehicle velocity not increasing.

Then, after applying composite controller and let J, ™ (7)) K ,
as M11(q)J ., *(n)K p, Eq.(43) becomes

Mll(Q)Jv_l(n){én + Kaéy + Kpent = —Mi2(q)usast,

~ _M12(q)é7‘ef'
(53)

It can be easily shown that the second line of Eq. (53) is bounded
since §,.., is bounded. Therefore, as long as K4 and K, are
chosen as a positive definite matrix, Eq. (53) remains stable.

IV. SIMULATION

Figure5(a) shows the ODIN in the University of Hawaii.
Its symmetric structure enables us to easily get the dynamic
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Fig. 7. Simulation results 2 with u = wy,s; (K p = diag{400, 500}
and K p = diag{40,50})

parameters with little modeling uncertainties. Now, we consider
the manipulator as shown in Fig.5(a) attached to ODIN.

To show the performance of the proposed controller, firstly,
we consider only simple 2-D case. Then, there exist only surge,
heave and pitch motions in vehicle movement as Fig. 5(b). The
attached 3-DOF manipulator gives the strong inertial coupling
condition, if M 12 does not lose a rank. In the proposed system,
M > always has full rank except the case in which the manip-
ulator meets the kinematic singularity. Hence, it is important to
control precisely not to fall into kinematic singularities.

We performed simulation in two ways. At the first case, we
only used u = uyqs¢, and at the second case, u = Ujqst +
Usiow-. Here, the fast and slow time scale are used as 1kHz and
10Hz, respectively.

Figure6 and 7 show the simulation results with single time
scale, uyrqse ONly. Figure7 shows unsatisfactory result using
higher gains than those of Fig. 6. From these results, it is recog-
nized that we can not increase the controller gain to reduce the
errors due to the interaction effect. The system will go unstable
if we keep increasing the gains. These results were caused by
the remaining vehicle dynamics as described in Eq. (43), which
is an interaction effect.

However, in Fig.8 (u = ufast + Usiow), the system error is
decreased up to 10 times than Fig6. According to these results,
we can say that the proposed controller is very effective under
interaction disturbances.

V. CONCLUSIONS

In this paper, the kinematic and dynamic modeling for UVM
systems are analyzed thoroughly. It enables us to design decen-
tralized controller under the interaction between two subsystems.
Nextly, two-time scale controller is proposed for the passive
vehicle system based on the previous dynamic analysis. Using
different time scale controller, fast time scale controller is used
for the manipulator and slow time scale controller for the vehicle.
Simulation results show the excellent performance over smple
time scale controller.
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Fig. 8.  Simulation results with v = wfger + Usiow (Kp =
Sjiag{400, 500}, Kp = diag{40,50} and K, = diag{20, 20, 40}
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