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Abstract Underwater autonomous manipulation is a challenging task, which not only in-
cludes a complicated multibody dynamic and hydrodynamic process, but also involves the
limited observation environment. This study systematically investigates the dynamic mod-
eling and control of the underwater vehicle-manipulator multibody system. The dynamic
model of underwater vehicle-manipulator system has been established on the basis of the
Newton–Euler recursive algorithm. On the basis of dynamic analysis, a motion planning
optimization algorithm has been designed in order to realize the coordinate motions be-
tween AUV and manipulator through reducing the restoring forces and saving the electric
power. On the other hand, a disturbance force observer including the coupling and restoring
forces has been designed. An observer-based dynamic control scheme has been established
in combination with kinematic and dynamic controller. Furthermore, from the simulations,
although the disturbance forces such as restoring and coupling forces are time varying and
great, the observer-based dynamic coordinate controller can maintain the AUV attitude sta-
ble during the manipulator swing and pitch motions. During the precise manipulation sim-
ulation, the stable AUV attitude and minimization of disturbance forces have been realized
through combination of optimal motion planning and the observer-based dynamic coordi-
nate controller.

Keywords Autonomous manipulation · Underwater vehicle · Dynamic modeling ·
Coordinate control

1 Introduction

In the development of robotic technology, underwater manipulator has played an increas-
ingly important role for underwater vehicles in performing deep sea tasks such as welding,
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sampling, maintenance and inspection of pipelines, and so forth in the field of scientific
research and oceanic engineering [1, 2]. However, these tasks are carried out mostly by
manned submersibles and remotely operated vehicles (ROVs) at present, both equipped
with one or more robotic arms [3]. Although ROVs have been recognized to be great as-
sets to the scientific and engineering community, limitations still exist in associated with
their capabilities [4]. Firstly, ROVs and manned submersibles are normally large and heavy
vehicles that need customized mother ship support, such as transportation, launch, and re-
covery. Secondly, the complex user interfaces and information delay require highly skilled
operators continued and stressed work for hours. These two facts significantly increase the
dive cost of the vehicle dives. In addition, the umbilical cable introduces additional control
problems and work-space limitation for ROVs [5]. Energized by batteries, AUV complete
oceanic missions through distant cruise independently for environmental inspection, topo-
graphic reconnaissance, target following, and so on [6]. Therefore, autonomous underwater
vehicle (AUV) intervention is justified for light and accurate underwater tasks since an AUV
cannot only operate independently but save crew and cost inputs [7].

Although valuable research findings have been obtained for vehicle-manipulator systems
in space robot manipulator system and mobile manipulator system [8–10], great technol-
ogy differences and difficulties still exist for autonomous under-water vehicle manipulator
system (AUVMS). During manipulation period, the coupling motion of manipulator and ve-
hicle not only abides by moment momentum conservation but is affected by hydrodynamic
forces; further, more restoring forces produced by the change of gravity and buoyancy cen-
ter cause the vehicle roll and pitch greatly [11]. Although more thrusters are running in this
phase to keep its attitude, stable hovering underwater is nearly impossible so as to reach ac-
curate manipulation [12]. To the best of our knowledge, only a very few research institutes
have set foot in this frontier.

Since vehicle-manipulator kinematics and dynamics can describe systematic motion and
mechanics behavior for design, simulation, and control, considerable efforts have been de-
voted to their analysis. Padois, Fourquet, and Chiron [13] developed dynamic equations
of wheeled mobile manipulators by using the Lagrangian methodology to handle complex
operation tasks. From et al. [14] deduced singularity-free dynamic equations for a vehicle-
manipulator system by using minimal and globally valid non-Euclidean configuration coor-
dinates. Based on the Euler–Lagrange equations of motion and decoupled natural orthogo-
nal complement matrices, Mohan and Saha [15] proposed a recursive forward dynamics and
simulations for the serial-chain robot with rigid links. On the basis of angular momentum
conservation and Newton–Euler dynamics, dynamic equations for free-floating space robot
system were deduced on the purpose of capturing targets while sustaining satellite in orbit
mission [16]. Interactions between robot and manipulators, angular momentum distributions
of the whole systems, desirable capture attitude were analyzed [17]. From controller design
aspect, neural-network-based control schemes with adaptation capabilities were proposed
to improve system robustness [18]. In order to overcome complicated and computational
expensive difficulties of learning algorithm, Zhijun, Yipeng, and Jianxun [19] investigated
mobile platform with underactuated joint by using adaptive controller with high-gain ob-
server to reconstruct the system states; Zhang, Ye, Jiang, Zhu, Ji, and Hu [20] proposed a
model-free fuzzy basis function network output feedback control strategy of space robot
base with velocity reconstruction observer. Chu, Sun, and Cui [21] proposed a disturbance
observer-based control scheme for free-floating space manipulator with nonlinear dynamics
derived by using the virtual manipulator approach.

With regard to the underwater domain, a dynamic model of untethered underwater vehi-
cle was proposed in [11]. In the 1990s, a Lagrangian based dynamic model of underwater
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vehicle manipulator system (UVMS) was firstly developed [22]. Thus, the first successful
attempts at AUV intervention were successfully made under SAUVIM project support [1].
The autonomous manipulation control is more demanding and difficult since UVM is a
kinematically redundant system with hydrodynamic effects and uncertain disturbance. Most
AUVs have at least three active degrees of freedom (DOF); an additional manipulator with
more than 3 DOF makes the combined system kinematically redundant. Therefore, mo-
tion planning is important to assign additional motion DOF. Moreover, traditional plan-
ning algorithms assumed all rigid bodies with similar dynamic characteristics, but UVMS is
composed of two heterogeneous dynamic subsystems with different mass, size, and shape.
Therefore, for better performance, the motion planning strategy should be worked out con-
sidering two bandwidth characteristic subsystems [23]. In the consideration with limited
source of energy, Sarkar and Podder [24] developed a drag force minimization algorithm
for kinematical redundancy. Enrico et al. [25] applied a task-priority framework by taking
higher precision as higher priority criterion, lower priority for camera occlusion, and center-
ing distance and height task to guarantee manipulation in sight. Ismail and Dunnigan [26]
and Han and Chung [27] minimized the restoring moments according to a comparison of
the task direction with that of the restoring moments by introducing the performance in-
dex. Although autonomous motion planning can optimize manipulation state and safety,
an advanced control scheme with adaptive and robust nature is still essential to overcome
inside and outside disturbance for precise manipulation. Sagara, Yatoh, and Shimozawa0
proposed a disturbance compensation control method for both vehicle and planar 2-link ma-
nipulator based on the resolved acceleration control method. Mohan and Kim [28] presented
an indirect adaptive control method based on an extended Kalman filter (EKF) in order to
overcome the disadvantages of direct adaptive control schemes. Han, Park, and Chung [29]
proposed a nonlinear optimal control method with disturbance observer against parameter
uncertainties, external disturbances, and actuator nonlinearities.

In comparison with Lagrangian and Kane’s dynamic equations, the Newton–Eulerian
dynamics can describe system angular momentum behavior more explicitly with less com-
plicated and time-consuming models [30]. In this paper, we deduce a UVM dynamic model
on the basis of the Newton–Eulerian formalism [31] with hydrodynamic effects and restor-
ing forces. In the autonomous manipulation process, when AUV cruises close to the target,
it plans the desired trajectory for the manipulation task. An ideal trajectory should minimize
self-disturbance through the presentation of desired AUV positions and manipulator joints’
angles in order to realize the manipulation and minimize energy consumption. Thus, the
motion planning algorithm of this paper takes precision as the priority objective and self-
disturbance minimization (including restoring forces and coupling forces produced from
angular momentum conservation between vehicle and manipulator) as the second objective
through primal dual optimization. In order to realize manipulation trajectory, a dynamic
model-based adaptive controller has been designed in combination with kinematic and dy-
namic controller. We propose a disturbance observer to realize precise manipulation and
stable vehicle attitude control. The resulting controller controls the motion of AUV through
thrust allocation. The autonomous manipulation process is shown in Fig. 1 and is realized
through manoeuvrability simulation.

The rest of this study is organized as follows. In Sect. 2, we set up the dynamic model of
the UVMS multibody system, and in Sect. 3, we present a genetic-based motion optimiza-
tion algorithm to resolve system redundancy. An observer-based dynamic control scheme is
proposed in Sect. 4. Simulation results and conclusions are given in Sects. 5 and 6, respec-
tively.



128 H. Huang et al.

Fig. 1 Manipulation process
diagram

Fig. 2 Coordinate frames for UVMS

2 Dynamic modeling of UVMS

2.1 Kinematics of UVMS

For the model of system kinematic and dynamic, the inertial frame is defined as
∑

0,
O0–X0Y0Z0 and determines the absolute motion of each body. In Fig. 2, the coordinate
systems for the UVMS is established. The frames

∑
v, Ov–XvYvZv are the frames of the

AUV geometrical center. The frames
∑

1, O1–X1Y1Z1,
∑

2, O2–X2Y2Z2, . . . , and
∑

n−1,
On−1–Xn−1Yn−1Zn−1 represent the frames of 1-joint, . . . , (n − 1)-joint of the manipulator,
respectively, and

∑
n, On–XnYnZn is the frame of the end-effector. Therefore, the transfor-



VMS dynamic modeling and control for underwater autonomous. . . 129

mation matrix between AUV and the inertial frame is

0T v =

⎡

⎢
⎢
⎣

cψcθ cψsθsφ − sψcφ cψsθcφ + sψsφ x

sψcθ sψsθsφ + cψcφ sψsθcφ − cψsφ y

−sθ cθsφ cθcφ z

0 0 0 1

⎤

⎥
⎥
⎦ ,

where c(·) represents cos(·), s(·) represents sin(·), x, y, z,φ, θ , and ψ represent the surge,
lateral and vertical translations and roll, pitch, and yaw rotations of the AUV geometrical
center frame

∑
v, Ov–XvYvZv relative to the frame

∑
0, O0–X0Y0Z0. The transformation

matrix between the frame of the manipulator base joint and the AUV geometrical center
frame is

vT 1 =

⎡

⎢
⎢
⎣

1 0 0 x1

0 1 0 y1

0 0 1 z1

0 0 0 1

⎤

⎥
⎥
⎦ ,

where x1, y1, z1 are the three components of the translations between the frames
∑

v,
Ov–XvYvZv and

∑
1, O1–X1Y1Z1. The transformation matrix between the ith and (i + 1)th

joints of the manipulator is

iT i+1 =

⎡

⎢
⎢
⎣

cθi −sθicαi sθisαi aicθi

sθi cθicαi −cθisαi aisθi

0 sαi cαi di

0 0 0 1

⎤

⎥
⎥
⎦ ,

where di represents the distance on the zi axis between two successive joint offsets, ai

represents the length of the ith link, αi represents the angle between the zi - and zi+1-axes,
θi represents the rotation of the ith link about the zi -axis. Therefore, the transformation
matrix between the end-effector and the inertial frame is

nT end = nT v
vT 1

n∏

i=1

iT i+1 · · · n−1T n, (1)

where n−1T n is the transformation matrix between the end-effector and the frame
∑

n,
On–XnYnZn, and zn is the translation between these two frames:

n−1T n =

⎡

⎢
⎢
⎣

1 0 0 0
0 1 0 0
0 0 1 zn

0 0 0 1

⎤

⎥
⎥
⎦ .

In order to make dynamic analysis based on angular momentum conservation, the for-
ward computation of the velocity and acceleration of each link is presented through the
Newton–Eulerian recursive algorithm. By the serial construction of AUV and manipulator,
the angular velocity of link (i + 1) relative to link i is

ωi+1 = ωi + zi+1θ̇i+1, (2)

where ωi+1 represents the angular velocity of the (i + 1)th link, zi denotes the unit vector
pointing along the ith joint axis, and

zi = 0Rv
vRi[0 0 1]T,
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0Rv =
⎡

⎣
cψcθ cψsθsφ − sψcφ cψsθcφ + sψsφ

sψcθ sψsθsφ + cψcφ sψsθcφ − cψsφ

−sθ cθsφ cθcφ

⎤

⎦ ,

iRi+1 =
⎡

⎣
cθi −sθicαi sθisαi

sθi cθicαi −cθisαi

0 sαi cαi

⎤

⎦ .

Thus, the angular velocity of the (i + 1)th link in the
∑

i+1 frame is

i+1ωi+1 = i+1Ri

(
iωi + izi θ̇i+1

)
, (3)

where

i+1Ri =
⎡

⎣
cθi sθi 0

−cαisθi cθicαi sαi

sθisαi −sθicαi cαi

⎤

⎦ .

The velocity of frame
∑

i+1 can be written in terms of
∑

i as follows:

vi+1 = vi + ωi × r i . (4)

Hence, (4) in the
∑

i+1 frame is

i+1vi+1 = i+1Ri
ivi + iωi × ir i , (5)

where ir i = [ai disαi dicαi]T is a constant vector for the revolt joint. The linear velocity of
the origin of link (i + 1) in terms of link i can be computed through recursive formula (5).
If we set irci = [aci dcisαi dcicαi]T to represent the constant vector of the ith link geometric
center in

∑
i , then rci represents the position vector of the ith link geometric center relative

to the inertial frame, and the velocity of the (i + 1)th link geometric center can be written in
terms of

∑
i as follows:

vci+1 = vi + ωi × rci . (6)

Hence, (6) in the
∑

i frame is

ivci+1 = ivi + iωi × irci . (7)

Therefore, we obtain the linear acceleration of the origin Oi+1 by differentiating (1)–(7):

ω̇i+1 = ω̇i + zi θ̈i+1 + ωi × zi θ̇i+1,

i+1ω̇i+1 = i+1Ri

(
iω̇i + izi θ̈i+1 + iωi × izi θ̇i+1

)
,

v̇i+1 = v̇i + ω̇i+1 × r i+1 + ωi+1 × (ωi+1 × r i+1)

i+1v̇i+1 = i+1Ri
iv̇i + i+1ω̇i+1 × i+1r i+1 + i+1ωi+1 × (

i+1ωi+1 × i+1r i+1

)
,

v̇ci+1 = v̇i + ω̇i+1 × rci+1 + ωi+1(ωi+1 × rci+1),

i+1v̇ci+1 = iv̇i + i+1ω̇i+1 × i+1rci+1 + i+1ωi+1 × (
i+1ωi+1 × i+1rci+1

)
.



VMS dynamic modeling and control for underwater autonomous. . . 131

In what follows, we will deduce the Jacobian matrix for UVMS motion planning. The
position vectors of the ith link at its geometrical center can also be expressed as

rci = cvT v
vT 1

i∏

j=1

i−1T ircv + vT 1

i∏

j=1

i−1T irbv

+
i−1∑

k=1

(
i∏

j=k

j−1T j
krck +

i∏

j=k

j−1T j
krbk

)

+ irci , (8)

where rcv is the position vector of AUV at its geometrical center, rbv is the position vector
from AUV geometrical center to the manipulator base link, krbk represents the position
vector from the kth link geometric center to the (i + 1)th joint in

∑
k . Thus, the position

vector of the end-effector is

rend = cvT v
vT 1

n∏

j=1

i−1T ircv + vT 1

n∏

j=1

i−1T irbv

+
n∑

k=1

(
n∏

j=k

j−1T j
krck +

n∏

j=k

j−1T j
krbk

)

. (9)

The velocity vectors of the ith link at its geometrical center and the end effector are

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

vi = ṙci = vv + ωv × (rci − rcv) +
i∑

k=1

[
zk × (rck − rk)

]
θ̇ k,

vn = ṙn = vv + ωv × (rn − rcv) +
n∑

i=1

[
zi × (rn − r i )

]
θ̇ i ,

(10)

where r i is the position vector of the ith joint. The angular velocity vector of the ith link at
its geometrical centre and the end-effector are

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ωi = ωcv +
i∑

k=1

zk θ̇ k,

ωe = ωcv +
n∑

i=1

zi θ̇ i .

(11)

Therefore, from (10) and (11) we obtain

[
vn

ωn

]

= J v

[
vv

ωv

]

+ J mΘ̇, (12)

where J v and Jm are the Jacobian matrices correlated with AUV and manipulator, respec-
tively:

J v =
(

E −(rn − rcv)

O E

)

, Jm =
[

z1 × (rn − r1) · · · zn × (rn − rn−1)

z1 · · · zn

]

,

where E = diag{1,1,1},Θ = [θ1θ2 . . . θn]T.
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2.2 Dynamics of UVMS

By the derivation in Sect. 2.1, the dynamic equations can be obtained as

MRB(q)v̇ + CRB(q,v)v + MA(q)v̇r + CA(q,vr )vr + D(q,vr )vr + g(q) + τMmom = τ ctrl,

where MRB(q)v̇ +CRB(q,v)v represents the force vector generated from the kinetic energy
of rigid bodies, v represents the velocity vector of UVMS, MRB(q) is the system inertial
and mass matrix, CRB(q,v) is the Coriolis matrix, MA(q)v̇r + CA(q,vr )vr + D(q,vr )vr

denotes the force vector produced from hydrodynamic effects, including hydraulic inertial
forces and damping forces, vr is the velocity vector of UVMS relative to water current,
MA(q) is the matrix of added mass, CA(q,vr ) is the added Coriolis and centripetal contri-
bution produced from added mass, D(q,vr ) is the dissipative drag matrix caused by fluid
viscosity, g(q) is the vector of restoring forces, τ ctrl is the force vector of control forces,
and τMmom represents the coupling reaction forces between AUV and manipulator during
manipulation. Thus, the model is composed with hydrodynamic effects, coupling forces,
and restoring forces, which is different from other multibody systems such as satellite-
manipulator system in space and mobile manipulator on the land.

2.2.1 Hydrodynamic effects

The hydrodynamic effects on UVMS are the summation of effects encountered by vehicle
and manipulator. They include two components, the added mass forces and viscous damp-
ing. The added mass forces are the reaction forces produced by acceleration movement of
the body. They can be calculated in the unbounded flow field through the panel method
numerically [31]. The fluid kinetic energy produced from the ith link is

T iA = 1

2
vT

i M iAvi .

Thus, the moment of momentum produced from the ith link is

B i = ∂T

∂vi

= ∂( 1
2vT

i M iAvi )

∂vi

,

where M iA is the 6 × 6 inertia matrix of added mass terms. The viscous damping forces
caused by vortex shedding can be modeled as

f i = −1

2
ρCD(Rn)D(xi) | vi | vi ,

where ρ is the water density, D(xi) is the projected cross-sectional area of the ith link
body. vi is the velocity vector of the ith link, CD(Rn) is the drag coefficient based on the
representative area, and Rn is the Reynolds number. Since the UVMS motion speed is slow
during the manipulation process, the viscosity of the fluid is mainly caused by dissipative
drag and lift forces.

2.2.2 Restoring forces

Determined by the volume of the displaced fluid, the location of the center of buoyancy
(CB), and the center of gravity (CG), the restoring forces affect the AUV heaving, rolling
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and pitching motions [13]. If we define nf i
g = [0 0 mig]T and nf i

B = [0 0 Bi]T as the gravity
force and buoyancy force of the ith link in the inertial frame, respectively, then the vector of
restoring forces and moments on the whole system is

g(q) =

⎡

⎢
⎢
⎢
⎢
⎣

vf v
g + vf v

B +
4∑

i=1

(vf i
g + vf i

B)

vrv
g × vf v

g + vrv
B × 0f v

B +
4∑

i=1

(vr i
g × vf i

g + vr i
B × vf i

B)

⎤

⎥
⎥
⎥
⎥
⎦

, (13)

where vf i
g = nRT

v
nf i

g , vf i
B = nRT

v
nf i

B denotes the restoring force of the ith link relative
to AUV, nf v

g = [0 0 mvg]T, nf v
B = [0 0 Bv]T, vf v

g = nRT
v

nf v
g , vf v

B = nRT
v

nf v
B denotes the

restoring force of AUV, vrv
g and vrv

B are the AUV CB and CG position vectors relative to
AUV geometric centre, respectively, and vr i

g and vr i
B are the ith link CB and CG position

vectors relative to the AUV geometric center, respectively.

2.2.3 Coupling reaction forces between AUV and manipulator

The coupling forces is the constraint reaction forces between AUV and manipulator, which
can be deduced from the recursive Newton–Euler formulation by incorporating hydraulic
forces. Thus, the inertial force and moment vectors exerted at the ith link geometric center
are

{
if ∗

i = −mi
iV̇ ci ,

in∗
i = − iI i

iω̇i − iωi × (
iI i

iω̇i

)
,

where iI i is the inertial matrix of the (i + 1)th link represented in the
∑

i frame. Hence, the
constraint reaction force and moment of the ith link are

{
if i,i−1 = if i+1,i − if ∗

i,i−1 − iF i,i ,

ini,i−1 = ini+1,i + irci × if i,i−1 + (
ir i − irci

) × (
if i+1 + iF i,i

) − in∗
i − iM i,i ,

(14)

where iM i,i and iF i,i are the hydraulic force and moment vectors on the ith link. To convert
if i,i−1 and ini,i−1 into the (i − 1)th link frame, we have

{
i−1f i,i−1 = i−1Ri

if i,i−1,

i−1ni,i−1 = i−1Ri
ini,i−1.

(15)

Therefore, the coupling reaction forces vf 1,v and moment vn1,v between AUV and the
manipulator can be deduced through equations (14) and (15) recursively.

3 Optimal motion planning algorithm

In order to execute autonomous manipulation task, motion planning is required. Since the
designed UVMS is a redundant system, an infinite number of joint solutions may be avail-
able for a given task-space trajectory, which makes the planning problems more challenging.
One of the objectives of motion planning algorithm is to assign additional motion DOF for
secondary objective criteria. In comparison, light weight positioner can be equipped with
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cameras to keep the manipulator in sight, which can make far less effect on AUV than the
manipulator if laid close to AUV geometrical center; the quantity of batteries can be in-
creased, or the cruise distance can be decreased for energy consumption problem. However
since UVMS is a system composed of two heterogeneous dynamic subsystem with differ-
ent mass, size, and shape, the change of restoring forces, coupling reaction forces between
AUV and the manipulator greatly influence the performance of AUV. Since a streamline
single body is most widely applied for current AUV, an unsuccessful motion planning al-
gorithm may even cause AUV of this shape to be capsized during manipulation. Therefore,
the most important objective of motion planning is to reduce restoring forces and coupling
reaction forces so as to not only maintain the AUV attitude and hovering stable, but also to
realize precise manipulation. I what follows, we take precision as the priority objective and
self-disturbance minimization, including restoring forces and coupling forces, as the second
objective through primal dual optimization and genetic iteration.

From (13) and (15) we can obtain the self-disturbance forces including restoring forces
and coupling reaction forces:

F dis =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

vf v
g + vf v

B +
4∑

i=1

(vf i
g + vf i

B) + vf 1,v

vrv
g × vf v

g + vrv
B × 0f v

B +
4∑

i=1

(vr i
g × vf i

g + vr i
B × vf i

B) + vn1,v

⎤

⎥
⎥
⎥
⎥
⎥
⎦

. (16)

Thus, we have the following primal-dual problem for optimization:

minimize F dis

subject to

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[
vend

ωend

]

= J v

[
vv

ωv

]

+ JmΘ̇,

∥
∥Y end − 0T v

vT E

∥
∥ < e,

θimin ≤ θi ≤ θimax, |θ | ≤ θlimit, |ϕ| ≤ ϕlimit,

(17)

where Y end is the planned trajectory of the manipulator end, and e is the tracking error. In or-
der to keep AUV attitude during the manipulation process, we set θlimit ≤ 4◦ and ϕlimit ≤ 5◦.
The desired pose of the manipulator end includes the 3-axis position and 3-axis rotation.
The vehicle has been proposed with four active DOFs, for example, 3-axis position and
1-axis rotation (x, y, z, ψ), whereas the manipulator has been proposed with 4-axis ro-
tation (θ1 ∼ θ4). The limitation of θ1 is illustrated in Table 3. The following optimization
algorithm acquires the most appropriate trajectory to minimize F dis during the whole ma-
nipulation process through iteration, crossover, and mutation, genetic operation of the 8
parameters group of vehicle and manipulator above.

In comparison with a deterministic SQP, the genetic algorithm is a general adaptive opti-
mization search methodology based on a direct analogy to Darwinian natural selection and
genetics in biological systems. It generates successive populations of alternate solutions that
are represented by a chromosome until acceptable results are obtained or no better result
is generated. Thus, this algorithm is more computationally efficient and can realize online
optimization. The optimal algorithm is designed as given in Fig. 3.

I. Initialization: a binary representation is used to encode θ1, and the total length of the
binary solution vector is 1000 bits. The inputs are the AUV size and manipulator link
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Fig. 3 Genetic optimization diagram

parameters, kinematics and dynamic analysis results, joint variable limits, and so on. We
can view each combination of manipulator joints and AUV position in a chromosome
as a gene that contains the information of AUVMS configuration.

II. Fitness calculation: since the optimization objective is to minimize self-disturbance
forces, the fitness function is defined as

Fit(f ) = 1

‖F dis‖2
= 1

∑6
i=1 F 2

dis(i)
, (18)

which can be obtained from the combination of chromosomes. The fitness of each indi-
vidual chromosome will be evaluated through (18). The optimization objective is com-
bined through maximizing the fitness function with the trajectory constraints.

III. Genetic operation: in these operations, new individuals are produced through selection,
crossover, and mutation. Some of the population are selected and inherited according
to roulette-wheel selection. Individuals are chosen at random, and crossover is operated
so that new individuals are produced. The newly generated chromosome combination
from genetic operation is deduced through UVMS kinematics. If the error between the
trajectory result and the planned manipulator end is less than e, then its fitness is calcu-
lated and compared; otherwise, it is discarded. If the optimal condition is satisfied, then
the best solution is returned from a binary string to the decimal value.

4 Observer-based coordinated motion controller

This section is purposed to develop a real-time, robust and coordinate motion controller
for UVMS to achieve autonomous manipulation. Such a controller can overcome the issues
such as parameter uncertainties, self-disturbance, external disturbances, and internal noises.
As stated before, the motion of manipulator has made great disturbance on AUV during
manipulation. Since the self-disturbance varies greatly with time, it is difficult for kinematic
feedback controller, which is purposed to compensate trajectory errors, to compensate self-
disturbance in real-time. Therefore, a dynamic model is applied to compute self-disturbance
forces based on the manipulator joint positions, AUV position, and attitude obtained in real
time through dead reckoning from the sensors like gyroscopic compass, doppler velocity
log (DVL), and so forth. In comparison with AUV, the manipulator is much easier to control.
In the following, the manipulator is controlled through a kinematic controller, and AUV is
controlled through a kinematic and dynamic controller.
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Fig. 4 Sigmoid-function

4.1 Kinematic controller

In comparison with some other nonlinear control techniques, the S-surface controller not
only carries on robust character of PD controller, but also possesses the advantages of fuzzy
controller with detailed control volume subdivision when closing to the desired value [31].
Since S-surface control can provide quick convergence in combination with fuzzy and PD
control characteristics, it has been proved successful for the AUV control. Thus, the S-
surface controller is applied as a kinematic controller so as to guarantee the controller con-
vergence. The S-surface controller is

⎧
⎪⎨

⎪⎩

u = 2I

I + exp(−Kd q̃ − Kp
˙̃q)

− I + Δu,

f T = Ku,

(19)

where qd represents the desired AUV position and attitude states or manipulator joint state
vectors, q represents the real AUV or manipulator state vectors, q̃ = qd − q and ˙̃q represent
the input error and rate of error change in normalized form, u is the output of the kinematic
controller, which stands for the force in each degree of freedom, K is the force coefficient
matrix for the actuators, which can be obtained in the open water test in a cavitation tun-
nel or a towing tank [32], Kd and Kp are the proportional and derivative gain matrices,
I = [1 1 . . . 1]T is the identity matrix with dimension of the manipulator or AUV DOFs,
Δu is the normalized compensation value of the disturbance force obtained from the dy-
namic controller. For the sigmoid function in Fig. 4, the controller commands are loosely
considered when the deviation is comparatively large, whereas strictly treated when the de-
viation is comparatively small. Thus, the kinematic controller indicates the idea of fuzzy
control to a certain extent.

Therefore, a kinematic controller can guarantee the controller convergence when con-
fronting with external disturbance and parameter uncertainty, as long as a sufficient control
force can be saved from motion planning optimization.

4.2 Observer-based dynamic controller

Although motion plan has been applied to reduce self-disturbance, it can still make AUV
roll and pitch violently, and cause great effect on manipulation and subsequent cruise. Thus,
we introduce a self-disturbance observer-based on the dynamic model of Sect. 2.
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By using depth gauge, DVL, and gyroscopic compass, the real-time heading, roll, pitch,
depth, velocity, and heave of the AUV can be obtained. Its real-time position is calculated
from GPS plus extended Kalman filter (EKF):

Y = HX + N , (20)

where Y is the calculated position vector of AUV and manipulator DOFs, H is the observa-
tion matrix, X is the state variables obtained from sensors, and N is the vector of observation
noise. Therefore, the observed self-disturbance forces can be obtained from (16) and (20):

F̂ dis(q) = g(q) +
[

vf̂ 1,v

vn̂1,v

]

=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

vf̂
v

g + vf̂
v

B + · · ·
∑4

i=1(
vf̂

i

g + vf̂
i

B) + vf̂ 1,v

vr̂
v
g × vf̂

v

g + vr̂
v
B × 0f̂

v

B + · · ·
∑4

i=1(
vr̂

i
g × vf̂

i

g + vr̂
i
B × vf̂

i

B) + vn̂1,v

⎤

⎥
⎥
⎥
⎥
⎥
⎦

. (21)

Here g(q) represents the reactor of gravitational and buoyant forces. The proposed dy-
namic controller along with self-disturbance observer is given as follows (see Fig. 5):

τ = M̂(q)

[

q̈d + 2I

I + exp(−Kd q̃ − Kp
˙̃q)

− I

]

+ Ĉ(q̇)q̇ + D̂(q̇)q̇ + F̂ dis(q), (22)

where M̂ is the matrix of estimation of inertial, mass, and added mass, Ĉ is the matrix of
Coriolis and centripetal contribution produced from mass and added mass, and D̂ is the
dissipative drag matrix caused by fluid viscosity. The block diagram that corresponds to the
proposed controller is shown in Fig. 5. Except for the UVMS system dynamics, the proposed
dynamic controller requires tracking errors of manipulator end, desired displacement and
attitude vectors of UVMS, actual values of the velocity, displacement and attitude vectors
of UVMS, and observed self-disturbance vectors. The task space values are transformed
into desired manipulator end and AUV position values by using the trajectory planner and
the UVMS inverse kinematics. The UVMS tracking errors are calculated by using UVMS
kinematics and EKF block. Dynamic control vectors are calculated based on the proposed
control law with the observed self-disturbance parameters. The final control vectors are the
sum of the kinematic and dynamic controllers.

4.3 Stability analysis

From (22) we have

2I

I + exp(−Kd q̃ − Kp
˙̃q)

− I = I − exp(−Kd q̃ − Kp
˙̃q)

I + exp(−Kd q̃ − Kp
˙̃q)

=
exp(−1

2
(−Kd q̃ − Kp

˙̃q)) − exp(
1

2
(−Kd q̃ − Kp

˙̃q))

exp(−1

2
(−Kd q̃ − Kp

˙̃q)) + exp(
1

2
(−Kd q̃ − Kp

˙̃q))

= tanh

(
Kd q̃ + Kp

˙̃q
2

)
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Fig. 5 Observer-based coordinated motion controller

= Kd q̃ + Kp
˙̃q

2
+ (Kd q̃ + Kp

˙̃q)3

24
− (Kd q̃ + Kp

˙̃q)5

240
+ · · ·

+ 22n(22n − 1)B2n(−(Kd q̃ + Kp
˙̃q)/2)2n−1

(2n)! , (23)

where Bn is the nth Bernoulli number. For the control input vector in (19), M̂(q)q̈ is sub-
stituted by (21) for UVMS dynamics:

M̂(q)q̈ = M̂(q)

[

q̈d + 2I

I + exp(−Kd q̃ − Kp
˙̃q)

− I

]

. (24)

Since M̂(q) is a positive definite matrix, (21) can be reduced to ¨̃q + 2I

I+(−Kd q̃−Kp
˙̃q)

−
I = 0, where ¨̃q = q̈d − q̈ is the acceleration error:

d

dt

[
q̃
˙̃q
]

=
⎡

⎣
˙̃q

2I

I+exp(−Kd q̃−Kp
˙̃q)

− I

⎤

⎦ . (25)

Therefore, using (23), we can linearize (25) into (26) through a certain period of control
time:

d

dt

[
q̃
˙̃q
]

=
[

0 I

−Kp −Kd

][
q̃
˙̃q
]

. (26)
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If we neglect the higher-order term of (23), a positive definite Lyapunov function can be
defined:

V (q̃, ˙̃q) = 1

2
q̃T[

Kp + εKd − ε2I
]
q̃ + 1

2
[ ˙̃q + εq̃]T[ ˙̃q + εq̃] + 1

2
q̃TM(q)q̃, (27)

where ε is a positive constant such that ε ∈ (0, λmin{Kd}), λmin is the minimum eigenvalue
of the matrix Kd . Thus, for any nonzero vector U ∈ Rn, we obtain

UTλmin{Kd}U > UTεU , that is, UT(Kd − εI )U > 0.

This means that the matrix (Kd − εI ) is symmetric positive definite. On the other hand,
the matrix Kp also is symmetric positive definite, so there is a constant ε > 0 such that

[
Kp + εKd − ε2I

]
> 0.

Furthermore, differentiate the Lyapunov function V (q̃, ˙̃q) with respect to time:

V̇
(
q̃T

, ˙̃qT
) = ˙̃qT ¨̃q + ˙̃qT[Kp + εKd ]q̃ + ε ˙̃qT ˙̃q + ε ¨̃qTq̃ + ˙̃qTM(q) ¨̃q + 1

2
˙̃qTM(q) ˙̃q. (28)

Since ¨̂q = q̈d − ¨̃q , ˙̃qT(Ṁ(q) − 2C(q̇)) ˙̃q = 0, and ¨̂q = M̂
−1

(q)(τ − Ĉ(q̇)q̇ − D̂(q̇)q̇ −
F̂ dis(q)), substituting (23) into (25), we obtain:

V̇
(
q̃T

, ˙̃qT
) = −

[
q̃
˙̃q
]T [

εKp 0
0 Kd − εI

][
q̃
˙̃q
]

+ ˙̃qT
(
M̂(q)q̈d + D̂(q̇)q̇ + F̂ dis(q)

)

+ ˙̃qT
(
Ĉ(q̇)q̇ + Ĉ(q̇) ˙̃q) − τ

≤ −
[

q̃
˙̃q
]T [

εKp 0
0 Kd − εI

][
q̃
˙̃q
]

− λmin

( ˙̃qT
)
τ

+ ∥
∥ ˙̃qT

∥
∥
∥
∥M̂(q)q̈d + Ĉ(q̇)(q̇ + ˙̃q) + D̂(q̇)q̇ + F̂ dis(q)

∥
∥. (29)

Since the matrices (Kd − εI ) and Kp are symmetric positive definite, using the dynamic
controller above to make λmin( ˙̃qT)τ ≥ ‖˙̃qT‖‖M̂(q)q̈d + Ĉ(q̇)(q̇ + ˙̃q) + D̂(q̇)q̇ + F̂ dis(q)‖
in (29), we get that the time derivative of V̇ is globally negative definite. By Lyapunov’s
stability theorem the equilibrium point [q̃T

, ˙̃qT]T = 0 is globally uniformly asymptotically
stable, that is,

lim
t→∞ q̃(t) = 0, lim

t→∞
˙̃q(t) = 0. (30)

Therefore, the control errors converge to zero asymptotically.
From the previous stability analysis, the manipulation process of UVMS may not be

globally asymptotically stable, but we can realize an asymptotically stable manipulation by
using an observer-based dynamic controller to compensate system disturbance.

5 Simulations

5.1 Simulation setup

In order to verify and make further analysis on the dynamic model of the UVMS multi-
body system, simulations have been established on the basis of a UVMS model through



140 H. Huang et al.

Table 1 Inertial parameters

Mass (kg) Length (m) Max diameter (m) Ix (N ms2) Iy (N ms2) Iz (N ms2)

113 2.1 0.35 1.27 38.3 38.3

Table 2 Hydrodynamic parameters

Added mass coefficients Xu̇ Yv̇ Zẇ Kṗ Mq̇ Nṙ

Values −0.02 −0.011 −0.011 0 −0.019 −0.019

Viscous damping coefficients Xuu Yvv Zww Kpp Mqq Nrr

Values −0.004 −0.055 −0.055 0 −0.001 −0.001

Table 3 Size parameters of the manipulator

Manipulator Manipulator joint 1 Manipulator joint 2

Link length between joint (i − 1) and i (mm) 0 25

Distance between joint (i − 1) and i (mm) 0 157

Angular displacement limits [−15◦,15◦] [−11.4◦,159.6◦]
Initial angular positions 0◦ −11.4◦

Manipulator joint 3 Manipulator joint 4

Link length between joint (i − 1) and i (mm) 268.5 41

Distance between joint (i − 1) and i (mm) 0 281

Angular displacement limits [0◦,180◦] [0◦,360◦]
Initial angular positions 0◦ 0◦

MATLAB. The diagram of simulation programs is illustrated in Fig. 5. At the beginning,
a manipulation trajectory of the manipulator end is planned according to the manipulation
task. In order to realize the desired trajectory of the manipulator end, the desired position of
AUV and manipulator joints is obtained through the optimal motion planning algorithm in
Sect. 4. Then the coupling forces and restoring forces caused by manipulators are observed
through the current position and attitude of UVMS. AUV is controlled through the observer-
based dynamic controller constructed in Sect. 3. After thrust allocation, propulsion forces
and manipulator applied forces are added in the 6-DOF maneuverability equations [11].

The designed UVMS for autonomous manipulation is shown in Fig. 2. It is composed
of a 6-DOF AUV and a 4-DOF manipulator. Although AUV is underactuated during long-
distance cruising to save energy, it should be fully actuated during the manipulation process.
In order to obtain stable attitude during manipulation, the AUV is equipped with a main
thruster for forward and backward advance, two vertical rudders and two horizontal wings
for heading and diving control during cruise, tow side thrusters, and four vertical thrusters
for vehicle attitude (e.g. yaw, pitch, roll) and position control during manipulation. The max
propulsive force of the main thruster is 98 N, and the others are all 49 N. Its size and inertial
and hydrodynamic parameters are illustrated in Table 1 and Table 2, respectively. The loca-
tion of the manipulator base joint in the coordinate of

∑
v,Ov–XvYvZv is (0.9, 0.07, 0.08).

Each joint of the manipulator is equipped with a DC brushless motor. The rotation angles
of the joints are defined as θ1, θ2, θ3, and θ4 is the angle from the base joint to the wrist.
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Fig. 6 Manipulator and its
added mass

The added mass coefficients of the manipulator vary according to the angular displacement
of the elbow (see Fig. 6). The parameters of the manipulator are illustrated in Table 3 and
Table 4. Hence, the UVMS can be described by using five rigid bodies and four joints. For
the designed UVMS, the motion of the manipulator θ4 joint influences little on the attitude
of AUV. From equation (1), θ2 and θ3 can be directly obtained through inverse kinematics
deduction. However, infinite solutions can be obtained for the value of θ1, the translation,
and the attitude of AUV.

5.2 Simulations and results analysis

In Fig. 7, the AUV attitude has been greatly affected by the swing and pitch motion of
the manipulator without carrying out control. Although the coupling forces can be reduced
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Table 4 Parameters of the manipulator swing and pitch joints

Weight
(N)

Buoyancy
(N)

Ixx

(N ms2)

Iyy

(N ms2)

Izz

(N ms2)

Ixy(Iyx)

(N ms2)

Ixz(Izx)

(N ms2)

Izy(Iyz)

(N ms2)

Link 1 26.4 7.91 0.058 0.066 0.016 0.002 −0.01 0.016

Link 2 30.5 8.15 0.009 0.013 0.136 0.017 0.001 0

Link 3 30 7.56 0.067 0.005 0.066 0 0 0

Fig. 7 Effects of manipulation without control

through slowing down the manipulation, the restoring forces are still great and time-varying
due to the change of gravity center and buoyancy center. The attitude of AUV changes
greatly during the manipulation process without the effect of controller. The AUV rolls and
pitches violently due to the restoring forces. Therefore, an observer-based compensation is
necessary for AUV control.

In Fig. 8, the dynamic coordinate controller of Sect. 3 has been added in the simulations
to realize the AUV attitude control during the manipulator motion process. During this pro-
cess, the manipulator spreads out, and the base joint swings around from the preliminary
attitude. The disturbance forces applying AUV are mainly composed with coupling forces
and restoring forces (moments) during this process. Since the joint angular velocity is rel-
atively slow, the restoring forces make greater effects on the AUV attitude. In comparison
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Fig. 8 Comparison of manipulation with control

with the dynamic coordinate controller without disturbance force observer, the one with the
observer can keep the AUV attitude more stable because it can calculate and compensate
the disturbance forces in real time. From Fig. 8(c), the restoring forces are about 10 N to
15 N, which means that the thrusters have to run with the full power in order to overcome
the disturbance. This not only makes the AUV being short of ability to overcome outside
disturbance such as current, but also consumes the battery energy quickly and reduces the
AUV cruising distance. Thus, optimal motion planning is necessary in order to realize the
coordinate motions between AUV and manipulators, reduce the restoring forces, and save
the electric power.

In Fig. 9, the designed UVMS has completed a precise manipulation process. In the
simulation, each step length optimization lasts 0.5 s, corresponding with the sample time
of the sensors in the realization. In each step length, the base joint of manipulator finishes
an optimized motion about 1–2 degrees or so. Figure 10 illustrates virtual reality simulation
through Vega software with autonomous manipulation data of Fig. 9. At first 300 s, the end-
effector moves downward from preliminary position. In order to reduce internal disturbance,
such as restoring forces and coupling forces, AUV makes an accompanying movement. The
optimal motion plan of Sect. 4 is applied according to the desired trajectory of the end-
effector, the position and attitude of each manipulator joint and AUV have been obtained,
and the internal disturbance has been decreased significantly. Coupling forces take the main
part of the observed internal disturbance forces, whereas the restoring moment takes the
main part of the observed internal disturbance. The manipulator moves downward along the
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Fig. 9 Autonomous manipulation simulation
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Fig. 9 (Continued)

Fig. 10 Autonomous
manipulation virtual reality
simulation

desired trajectory smoothly. Then the manipulator moves upward and back. In the second
300 s, the end-effector is planned moving upward in the XOZ plane, whereas in the end of
the third 300 s, the manipulator is planned moving upward in the YOZ plane. Thus, the end-
effector returns to the preliminary position. This process can be treated as the manipulator
moving downward, grasping an object, and moving it upward to a certain place.

6 Conclusions

In this study, we have systematically developed a dynamic model of a vehicle-manipulator
multibody system. The model is composed with hydrodynamic effects, coupling forces, and
restoring forces and is different from other multibody systems such as satellite-manipulator
system in space and mobile manipulator on the land. In the Newton–Euler recursive deduc-
tion, hydrodynamic forces should be considered. The restoring forces are great and time
varying.

The disturbance force observer has been designed, including the coupling forces and
restoring forces on the basis of dynamic analysis of Sect. 2. Through the primal dual optimal
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motion planning in the precise manipulation simulation, the AUV made coordinative and
stable motion with the manipulator and the restoring forces was consequently minimized.
The disturbance observer-based dynamic control scheme outperforms the one without ob-
server for the AUV attitude control during manipulation. The proposed dynamic model and
controller are completely general for the modeling and control of UVMS. They have been
verified through precise manipulation simulations with a UVMS prototype.
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