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SUMMARY

A unified force control scheme for an autonomous under-
water robotic system is proposed in this paper. This robotic
system is composed of a six degree-of-freedom autonomous
underwater vehicle (AUV) and a robotic arm that is
mounted on the AUV. A unified force control approach,
which combines impedance control with hybrid position/
force control by means of fuzzy switching to perform
autonomous underwater manipulation, is presented in this
paper. This controller requires a dynamic model of the
underwater vehicle-manipulator system. However, it does
not require any model of the environment and therefore will
have the potential to be useful in underwater tasks where the
environment is generally unknown. The proposed approach
combines the advantages of impedance control with hybrid
control so that both smooth contact transition and force
trajectory tracking can be achieved. In the absence of any
functional autonomous underwater vehicle-manipulator sys-
tem that can be used to verify the proposed controller,
extensive computer simulations are performed and the
results are presented in the paper.

KEYWORDS:. Underwater robotics; Force control; Underwater
vehicle-manipulator systems

1. INTRODUCTION

Ocean covers a large part of the earth, most of which still
remains unexplored. Underwater robotic vehicles (URVS),
which include both remotely operated vehicles (ROVs) and
autonomous underwater vehicles (AUV s), are effective tools
to help people explore this unfamiliar world. When robotic
manipulators are mounted on the ROV's and the AUVs, the
combined system is usualy called Underwater \ehicle-
Manipulator Systems (UVMS). The UVMS are more
effective when interaction with the environment is required.
These systems have been used for inspection, drilling, mine
countermeasures, surveying, underwater cable burial,
inspection of power plant conduits and so on.* Currently the
master-slave configuration of underwater manipulation
system is widely used. This type of configuration has afew
disadvantages, such as low accuracy of trgjectory tracking,
difficulty to realize accurate force control, high operational
cost, time delay in the man-machine control loop in an
unstructured environment and operator’s fatigue. To over-
come these deficiencies;, an unmanned autonomous
vehicle-manipulator control system that can simultaneously

https://doi.org/10.1017/5026357470000309X Published online by Cambridge University Press

control the position of the end-effector and the force applied
to the environment, would be useful. Thus UVMS in the
context of this paper will imply autonomous UVMS.

The model-based free space motion control of the UVMS
has been studied and several control schemes have been
developed. The dynamic interactions between the vehicle
and the manipulator have been analyzed and included into
the system model.?®* A challenging part of this type of
control is to obtain an accurate model of the hydrodynamic
reactions. Since the UVMS is a nonlinear, time varying
system and the hydrodynamic effects cannot be modeled
accurately, adaptive or learning control schemes have been
proposed.* The kinematic redundancy of a UVMS has also
been utilized to improve the performance of motion control,
such as avoiding singularities, obstacles, improving dexter-
ity, and power optimization.®

Most underwater manipulation tasks, such as underwater
pipeline or weld inspection and mating of underwater
connector or socket, require physical contact between the
manipulator and the underwater environment. Thus force
control is necessary for a UVMS to effectively function in
an underwater environment. Although many force control
schemes have been developed for earth-fixed manipulators
and space robots, these control methods cannot be used
directly in UVMS because of the uncertainties of the system
dynamic model and the unstructured nature of the under-
water environment. There are several difficulties that are
associated with the force control of UVMS and must be
solved before we can design an effective force control
algorithm. Some of these problems are: (1) It is difficult to
obtain accurate models for the manipulator, vehicle and the
underwater environment. Especialy the hydrodynamic
model is not accurate. (2) The UVMSis a highly nonlinear,
coupled, and MIMO (multi-input and multi-output) system.
It is difficult to find an effective position and force control
scheme for both unconstrained and constrained motion
control of the UVMS. (3) It is difficult to model the
dynamic interactions between the manipulator and the
underwater vehicle. (4) The UVMS is a kinematicaly
redundant system where the degrees-of-freedom (DOF) of
the underwater vehicle are less accurately controlled than
that of the manipulator.® It is problematic to negotiate the
geometric uncertainty of the underwater environment.

There are only afew research publications that deal with
the force control of a UVMS. In reference [6], a hybrid
position/force control scheme was developed and tested on
a TA9 hydraulic manipulator mounted on an underwater
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vehicle. However, the dynamic coupling between the
manipulator and the underwater vehicle was not considered
in the system model. Kgjita and Kosuge’ presented a
method that utilized the restoring force generated by the
thrusters to compensate the contact force at the endpoint of
the manipulator mounted on a floating vehicle. Another
position/force control method was introduced in reference
[8], which used aforce control loop inside a position control
loop to compensate for the position errors caused by the
torque produced by the arm. Both these methods were
limited to controlling the vehicle separately instead of
controlling the system as a whole. In reference [9], the
difficulties of force control of UVMS are presented and an
external force control scheme is introduced.

The objective of the present paper is to propose a unified
force control approach that can be effective for both
unconstrained and constrained motion of the UVMS. The
ideaisto combine two separate control schemes, impedance
control and hybrid position/force control, in such away that
the UVMS can both negotiate a contact and then follow a
desired force tragjectory without an accurate knowledge of
the environment. This paper advances our preliminary
work™ on the impedance control of UVMS. The rest of the
paper is organized as follows. In Section 2, we discuss the
background and philosophy of our proposed unified force
control scheme. We then present a dynamic model of a
UVMS including model for thruster dynamics in the
following section. This dynamic model is utilized in
designing the unified controller in Section 4. We present
results from computer simulations in Section 5. Findly, in
Section 6 we summarize our contributions and discuss
possible future work.

2. UNIFIED FORCE CONTROL FOR A UVMS -
BACKGROUND AND RATIONALE

Many underwater tasks require contact between the end-
effector of the manipulator of the UVMS and the
underwater environment, and then application of certain
contact force on the environment. Thus the UVMS must
first move to the specific location in its environment and
then apply specific forces. There are three distinct phasesin
this process: an unconstrained motion, a transient contact
and a constrained motion. The force control strategies must
perform two specific functions. First, they must provide
impact control and be stable during the transient phase of
the impact with the environment. Second, they must provide
force trgjectory tracking capability.

There are currently no three-phase control strategies
available for a UVMS. There are, however, several control
strategies that can be used to realize this three-phase control
requirement for land-based robotic systems. One of these
strategies is caled hybrid impedance control, which uses
duality principle to determine which kind of control can be
used for a particular degrees-of-freedom based on the
character of the environment.™ In reference [12], two
impedance control schemes, direct adaptive control and
indirect adaptive control, are developed for force tracking.
The first scheme uses the force tracking-error to generate
the reference position of the impedance controller. In the
second one, the reference position is computed based on the
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environmental parameter estimation. Shibata et al.*® devel-
oped a unified approach based on the second scheme of
reference [12] to realize the force tracking. Position and
force are both controlled al ong the same direction and fuzzy
logic was employed to switch from position to force control
and vice versa. The force tracking is obtained by estimating
the parameters of the environment and then computing the
reference position based on this estimation. However, for
underwater tasks, it is difficult to obtain the parameters of
the underwater environment and then to estimate these
parameters by fast sampling rate. Additionally, for UVMS,
the model that needs to be used for force control is usualy
derived in the vehicle-fixed frame and may require a
transformation from that frame to an inertial frame before a
force controller can be designed.

We propose a new unified force control approach that can
both achieve a stable contact and track a desired force
trajectory without the knowledge of the underwater environ-
ment. This method combines the impedance control with
the hybrid position/force control by means of fuzzy
switching. First, we describe each component of the
proposed control scheme and then present the structure of
the proposed unified controller.

Raobot Force control is an active research field and many
control schemes have been developed in the past few
decades.***> Among these schemes, hybrid position/force
control*® decomposes the task space into two orthogonal
subspaces, position-subspace and force-subspace, by a
compliance selection matrix S. Hybrid position/force con-
trol can be expressed as

=S n [sar]ew [(os)as]l @

N
j=1
where N: number of DOF; T;: torque applied by the i-th
actuator; Af;: force error at the j-th DOF; Ax;: position error
at the j-th DOF; I';: force compensation function (force
control law); ¥,;: position compensation function (position
control law); §: component of the compliance selection
vector, which can be selected either 1 or O to determine the
direction that must be force controlled or position con-
trolled. Then each subspace is controlled separately using a
position or a force controller. Generally, explicit force
control schemes are used in the force control sub-loop, so
that the force tracking can be achieved.

A UVMS fundamentaly requires the manipulator be
mechanically coupled with the underwater environment to
keep it stable during the transient phase. A stable contact is
important for UVMS, because excessive contact force will
damage the arm or the object and will consume more energy
to stabilize the vibration. It is difficult to meet this
requirement by hybrid position/force control, because it
neglects the mechanical work between the system and the
environment. The aim of impedance control*’ is to control
mechanica impedance of the manipulator and the environ-
ment instead of controlling position or force aone.
Additionally, impedance control does not require the control
switching, which is needed in hybrid control from uncon-
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strained motion to constrained motion. The drawback of this
scheme, however, is that it is difficult to obtain force
tracking without the knowledge of the contacting environ-
ment. The underwater environment is generaly unknown
and thus force tracking is not possible by using impedance
control alone.

Thus it is clear from the above discussion that hybrid
control with explicit force control scheme in force control
subsystem can track a desired force trgjectory. However,
hybrid control needs to switch from unconstrained maotion
control to constrained motion control during the transient
phase. This switching usually generates a large force surge
and can make the system unstable. The advantage of the
impedance control, on the other hand, is that it can control
the dynamic characteristics of the system and achieves a
smooth impact with the environment.? In the proposed
unified force control scheme, impedance control is used for
the impact phase to achieve a ‘soft’ contact. Once the
contact is established in a stable manner, hybrid control is
used to allow the end-effector to follow a desired force
trajectory. In the transient phase, afuzzy switch is employed
to combine the output of the impedance control with that of
the hybrid control into one control output according to the
force and velocity signals. If we design the controller in the
task space, the control output, F, can be expressed as

Fo=FpW+F,(1-W) 2

where F; is the output of the impedance sub-controller and
F, is the output of the hybrid position/force sub-controller.
W is the weight set by fuzzy switching law. A simplified
block diagram of this controller is shown in Fig. 1.

257

3. DYNAMICSOF A UVMS

The dynamics of a UVMS is highly coupled, nonlinear and
time-varying. We devel op the dynamic equations of motion
of such a system by using a Quasi-Lagrange formulation,
the details of which can be found in references [5] and [18].
We provide the fundamental structure of the dynamic
equations without going into the derivation. This dynamic
model is used to design the proposed unified force controller
in the next section. This formulation is attractive because it
is similar to the widely used standard L agrange formulation
but it generates the equations of motion in the body-fixed,
non-inertial reference frame, which is useful for aUVMS.

3.1 Quasi-Lagrange Formulation

We briefly describe the forms of equations of motion when
they are derived using a Quasi-Lagrange formulation.
Consider an n DOF dynamic system. The fundamental form
of the Lagrange equation of mation in the matrix formis

d ([ oT oT
m(w)‘(w)” ©

where T=Kkinetic energy of the system in the inertial frame,
g=the vector of generalized coordinates, g=the vector of
first time derivative of the generalized coordinates, and
Q=the vector of generalized forces applied to the system.
Now consider the velocity vector when expressed in a body-
fixed frame, w=[w,, w,, ..., w,]". The difference between
g; and w, is that the former can be integrated with respect to
time to obtain the displacements ¢, whereas w, may not be
integrated to obtain displacements. It is customary to refer

X, X
W ————F,X
uzzy Switching
Law al
Fip

Xd’Xd’Xd F, F‘,sX’X

______________________________________ —39{ UVMS »
Xq " Fp §

c'°“| "|°'m' —» 1 F J
Ty
Hybrid Pos/Force ' -wi__

X

Fig. 1. The unified force control scheme.
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w, as quasi-velocities or the derivatives of quasi-coor-
dinates.’®
The g, and w; are related as follows:

4=Bw ()

where B is an nx n transformation matrix.

Using the above relation, Equation (3) can be represented
in the following form (A detailed derivation is omitted here
for brevity and can be found in reference [95]):

doT oT aT
N\~ |+By ——B" =1 5)
dt\ ow ow dq

where T is the kinetic energy expressed as a function of w.
Thisisreferred to as Quasi Lagrange equations, where

RS B I
rlerlbeeln)] e

0A . 0A | .
and BAT=1, a0 is an nx 1 column vector and [8} is an
q

Nnx n square matrix.
T=B"Q @)

3.2 Dynamic equations of motion of a UVYMS
The dynamic equations of motion of a UVMS can be
expressed as follows:

M(q, W+ Cy(q,., Ww+Dy(q,,, www+Gy(q)=T1, (8)

where the subscript ‘b’ denotes the corresponding parame-
ters in the body-fixed frame of the UVMS M,(q,,) is the
(6+n) x (6+n) inertiamatrix which includes both therigid
body and the added mass inertia, C,(q,,, W) isthe (6+n)x1
vector of centrifugal and Coriolis forces'fmoments including
terms due to both rigid body and added mass, D,(q,, W) is
the (6+n)x 1 vector of drag forcesmoments, G,(q) is the
(6+n)x 1 vector of gravity and buoyancy forcessmoments
and 7, is the (6+n)x 1 vector of forces'moments acting on
the UVMS. q=[q,, d.]", where ¢,=[q,, ..., ¢]’, and
On=[%, ..., 0s.,] " @re the generalized coordinates. q,, g, and

Underwater manipulation

g, are the linear displacements of the vehicle along the X, Y
and Z axes, respectively, expressed in the earth-fixed frame,
XYZ, and q,, g5 and g are the angular (roll, pitch, and yaw)
rotations of the vehicle about the X, Y and Z axes,
respectively, expressed in the earth-fixed frame, XY Z (Fig.
2). 07 Qg - - - » Us.ny @€ the displacements of joint 1, joint 2,
..., joint n of the manipulator in link attached frames. The
quasi velocity vector w=[w,, ..., wg,,]’, where w;, w, and
w; are the linear velocities (surge, sway, and heave) of the
vehicle aong the X,, Y,, and Z, axes respectively, and
expressed in the body-fixed frame, and w,, ws and w;, are the
angular velocities (roll, pitch and yaw) of the vehicle about
the X, Y,, and Z, axes respectively, expressed in the body-
fixed frame. w;, W, ..., Wy, , are the angular velocities of
manipulator joint 1, joint 2, ..., joint n. A detailed
derivation of Equation (8) is given in reference [5].
The matrix B in Equation (4) is given by:

B(q)= Blsxc Obxn B = Ji O B,=[I]
=lo B, "7 on] T

where the linear velocity transformation J; and the angular
velocity transformation J, between the inertial and the
vehicle-fixed frame are:

CsC;, —S,Ci+S,85Cs S8+ SsC,Cs
Ji=| 85 C.Co+8,5:8,  —S8,Co+S5S,C,
— 5 S,Cs C,Cs

1 ST, CT,
L=|l0 ¢ -5,
0 S,/C; C,IC,

Here S, C; and T, represent sin(qg), cos(g) and tan(q;),
respectively, and | is the identity matrix. Note that thereisa
Euler angle (roll (q,), pitch (gs), yaw (gg)) singularity in J,
when pitch angle is an odd multiple of 90°. Generally, the
pitch angle in practical operation is restricted between less
than +90°. However, if we need to avoid singularity
atogether, unit quarternions can be used to represent
orientation.

Manipulator based
frame

Vehicle based
framea

Yv

Zv

Fig. 2. Coordinate frames for aUVMS.
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3.3 Thruster model

The AUV of the UVMS is propelled by hydrodynamic
thrusters and the robot manipulator of the UVMS is driven
by DC motors. While the dynamics of the actuators of the
manipulator is not critical, Yoerger et a.” pointed out that
the system dynamics of an underwater vehicle can be
greatly influenced by the dynamics of the thrusters, and
neglecting this dynamics may result in a limited bandwidth
controller with limit cycle instability. There are several
dynamic models for marine thrusters that can reliably
account for thruster dynamics. We include thruster dynam-
icsin our control system to make the dynamic model, of the
UVMS more redistic where the AUV is modeled as the
slower dynamic system than the manipulator because of the
thruster dynamics.

In order to relate the generalized force vector 7 with the
individual thruster/actuator forces/torques, let us consider a
UVMS that has p thrusters and n actuators. Generally there
are more than 6 thrustersin an AUV. Therefore, we consider
p=6. In such a case, we can write

7,=EF,, 9

where E is a (6+n) x (p+n) thruster-actuator configuration
matrix, and Fy=[F4, F,4.., inwhich F 4, isthe vector of the
thruster forces and F,,, is the vector of the actuator torques
of the manipulator.

The matrix E captures the geometry of the UVMS and its
thruster and actuator locations to transform the individual
thruster force and actuator torques into generalized forcesin
the body-fixed frame of the AUV.

Thus the desired thruster force and motor torque
distribution is obtained as

F,=E*T (20

where E*=E" (EE") ! is the pseudoinverse of E when p>6
and E*=E ! when p=6.

The desired thruster force distribution obtained from
Equation (10) is required to achieve the desired motion of
the AUV of the UVMS. This desired thruster force serves as
the input to a thruster dynamic model. In this work we use
the model proposed by Healey et a.,® which included a
four-quadrant mapping of the lifts and drag forces of the
propeller blades and was coupled with the motor and fluid
system dynamics. This model is given by the following
equations:

Qr = aZ_O‘SSign (Ftd.,v) |F‘m!,v|0‘5 (11)
im=K:l alFrd,v+Kf71be(Q_Qr) (12)
Q=1"1K,~i,— K,Q=J] (13)

where () and (), are the actual and the desired/reference
propeller angular velocity, respectively, and i, is the motor
current. The other parameters are: a,=pAr?y?® tan(y),
where p is the density of the water, r is the radius of the
propeller, A is the thruster duct area, » is the propeller
efficiency and y is average pitch of the propeller blade, «; is
an experimentally determined constant, K, is the motor
torque constant, K; is the motor viscous friction constant,
Ky, is the motor feedback gain, and ¥ is the propeller shaft
torque.
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The propeller torque and the axial thrust are related to the
blade lift, L and the drag, D asfollows:

X=0.7rL sin 8+ D cos (14)

F

t,act

=Lcosf—Dsin6 (15)

where F, . is the propeller shaft thrust, 6=y— «, « is the
angle of attack.

This actual thruster force, F, ., Will be produced by the
UVMS thruster considering the thruster dynamics.

4. DESIGN OF A UNIFIED FORCE CONTROLLER
In this section, we design the proposed unified force
controller for a general UVMS. We describe how to design
the impedance controller, the hybrid position/force con-
troller and how to combine them using fuzzy switching. We
also present how to include the thruster dynamics in the
controller design.

4.1 Impedance Controller Design
The desired impedance for a linear system can be specified
as

sZ(s)=Ps*+B,;s+K (16)

where Z is the mechanical impedance of the system, Pisan
inertia gain matrix, By is a damping gain matrix, K is a
stiffness gain matrix and sis a Laplace variable.

Impedance control has been implemented in many
forms.** Generally, there are two types of impedance control
approaches, one is position-based and the other is torque-
based.? The former control scheme uses the force feedback
sensed via force/torque sensor mounted at the wrist of the
manipulator to adjust the position commands for the inner
position loop controller by an impedance function, which
can be expressed as

F,=PX,+B,X,+KX, (17)

where P, By, K are inertia, damping and stiffness matrices,
respectively. X, is the position adjustment vector and F, is
the contact force.

The position-based impedance control relies on accurate
position control of the system. The torque-based scheme, on
the other hand, can provide small stiffness and damping,
which is suitable for applications with small loads and slow
motion. The stability issues of these two impedance control
methods were discussed in detail in reference [21].

The motion of the end-effector of a UVMS is usually
slow and without heavy loads. So the torque-based imped-
ance method is suitable to meet the requirement and will be
used in this paper. However, in such a case, the dynamic
equation (8), which is expressed in the vehicle-fixed frame
must be transformed into the inertial frame because torque-
based impedance controller is normally designed in the
inertial frame. Equation (8) can be rewritten in terms of the
generalized coordinates:

M(q) g+ C(q, w)qg+D(q, w)q+G(g)=7—1, (18)
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where
M(q)=B "M,(q,)B"'
C(g, w) =B "[C,(g,., W) —M,(q,)B”'B]B™"
D(q,w)=B""Dy(q,, w)B™"
G(q)=B " Gy(q)
T7=BT,
7,isa(6xn)x 1 vector of external disturbancejoint torque.
For simplicity, we denote

{(g, w) = C(g, w)g +D(q, w)q + G(q) (19)
so that (18) can be rewritten as
M(@)q+{q. g)=7—1, (20)

The target impedance relationship between the end-effector
and the environment can be expressed in the task-space:

F,=PE+B,E+KE (21)

where P, By and K are symmetric, positive-definite desired
inertia, damping, and stiffness gain matrices, respectively.
E=X,— X, where X, is the reference end-effector trajec-
tory.

The relationship between the joint velocity and the
Cartesian space velocity is

X=Jg (22)

where J is the Jacobian matrix with respect to the inertial
frame. X is the vector of task-space velocity, and ¢ is the
(6+n) x 1 vectors of the joint-space velocities.

By differentiating (22), we get the task-space and joint-
space acceleration relationship:

X=Jg+Jq (23)

The complete joint-space solution can be written as
follows

G=1"X—Jp+UA-T N (24)

where J*=J7(JJ7)"* is called Moore-Penrose pseudoin-
verse. (I—J*'J)¢ is the null-space vector of J. | is the
identity matrix and ¢ is an arbitrary vector which can be
utilized to optimize various performance criteria. In this
paper we do not include the null-space part of the solution
in the controller design.

Substituting (24) (without null-space vector) into (20)
yields

M@J*X—Jp+{q, p=7—7, (25

The relationship between the actuator forces and joint
torquesis

r=J'F (26)
The dynamic equation of the UVMS is now given by
JIMI*X—Jy+J({)=F—F, (27)

where J=1".
Finally, we can write the vehicle and manipulator
dynamic equation model in the Cartesian space:

MX+[=F—F, (28)
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where M =J*MJ*, (=T ¢~ MJJ*X.

We now design the torque-based impedance control
scheme based on the UVMS model expressed in the
Cartesian space. The control law is given by

F=MU++F, (29)

where M, [ are estimates of M/ and F. is the exerted force
on the environment, and

U=X,+P '[B,X,—X)+KX,—X)—F,]  (30)
Substituting (28) into (29), we get
F=M{X,+P '[B,X,~X)+KX,~X)—F,]}+7+F, (31)
From (28)
F=MX+{+F, (32)
From (31) and (32)
ﬁ{(ﬁd—X) +P’{Bd()'(d—)'() +KX,—X)— F]}

(33)
+ (+F,=(M—MX+{+F,
Weset E=X,— X, AM =N — M, Al=C— f to obtain
E+P*‘<BdE'+KE—FL,)=A?1‘1(AMX+AZ) (34)

If AM=AZ=0, the closed-loop of the underwater vehicle
and manipulator system satisfies the target impedance
relationships (21).

4.2 Hybrid position/force controller design

Many advanced control algorithms have been devel oped for
the position and force subsystem of the hybrid control. In
this paper, we use a simple PD controller for position
control and a PID controller for force control. The control
law can be formed as a combination of position and force
control:

F=[I-SIF,+[SIF,++F, (35)

where | is the identity matrix and S is the compliance
selection matrix. F is the output of the position controller
and F; is the output of the force controller. ¢ is the
estimation of Coriolis/centripetal and gravity vector. F, is
the contact force between the end-effector and the environ-
ment. If {= £, we combine equation (28) (35)

MX=[1-S]F,+[SF, (36)

Thisis aclosed loop dynamic model, which has the explicit
relationship between position input and torque output.

For the position control law, consider a PD controller
with accel eration feed-forward term

F,=MX,+K, AX+K, AX) (37)
where AX=X,— X. The position error equation becomes
AX+K,,AX+K,AX =0 (38)

Similarly a PID control law can be used for force control
part.
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The force error equation then becomes

AF+K,AF+K, f AFdt+ K, AF=0 (40)

where AF=F,—F. K,,. K, K,, K;, K;, are control gains.
Since applications, where contact forces should follow some
arbitrary function of time are rare, F in equation (40) is

often set to zero.

4.3 Thruster control module
In an idea condition, the desired thruster force can be
directly applied to the dynamic model of the UVMS given
by equation (8). However, in such a case, the dynamics of
the thrusters will be neglected and the results will not
accurately reflect the reality. There are several dynamic
models of marine thrustersthat can be used. In this paper we
use the dynamic model proposed by Healy et al.,® which
included a four-quadrant mapping of the lifts and drag
forces of the propeller blades and was coupled with the
motor and fluid system dynamics. The unified force control
scheme proposed in this paper designs the controller in an
earth-fixed frame. To include the thruster dynamic model,
which is expressed in body-fixed frame, in the proposed
controller we perform the following transformations.
7,,=D,- T, (41
where 7, , is a (6x 1) vector of the desired torque of the
vehicle expressed in the body-fixed frame. D, is a (6x9)
transformation matrix. 7, is the output torque of the unified
controller transferred to the body-fixed frame.
(42)

Tb_m = Dm : Tb

where 7, , is a (3x 1) vector of the desired torque of the
manipulator expressed in the body-fixed frame. D,, is a
(8% 9) transformation matrix. Here

F;

a4l
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[ 1 0000 |
11 ' 888 000000100
D, = 1 000 D,=|000000010
1 000 000000001

| 0 1000 |

The input thruster force F, ,,,,, can be expressed as

thinput = Ev+ : bev (43)

where E, is a (6x8) thruster configuration matrix of the
vehicle (for a vehicle with 8 thrusters), and E,” is its
pseudoinverse. Then the actual torque of the vehicle
expressed in the body-fixed frame, 7, 5, is

Thiva = Ev . FL

output (44)
Fioupu,,,, 1S the output thruster force after the thruster
model. For the manipulator, 7, .,=7, » because we have
assumed the motor dynamics to be negligible compared to
the thruster dynamics. Now we can use the following
equations to obtain the output torques (in the body-fixed
frame) of the controller after including the thruster dynam-

icsas shownin Fig. 3.

Tout?v = D v+ : Tb?va (45)
Tout_m = D m+ : Tb_ma (46)
Tbﬁout = Tourﬁv + /TouLm (47)

4.4 Fuzzy switching

During the transient phase, it is difficult to find an
appropriate model of the UVMS and the underwater
environment. To avoid alarge impact force and to achieve a
smooth transition from the unconstrained motion to the
constrained motion, we employ afuzzy switching technique
to determine when and how to change the control law from
impedance control to hybrid position/force control.? In our
strategy, the input s includes two fuzzy variables repre-

F,

Fuzzy Switching |
Law X

T _ow

Thruster uvms

c
e ] e
7] v

UVMS MODEL(inertia frame)

x

Fig. 3. Block diagram of the unified force control scheme.
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sented as the ratio of the contact force and the desired force
F./F4, and the velocity of the end-effector v, in the normal
direction to the surface of the environment. The output of
the fuzzy switching module is the desired weight. The
membership functions of F./F, are specified as FS (small),
FM (medium) and FL (large). The membership functions of
Vv, are defined as VS (slow) and VF (fast). The membership
functions of the switching weight are defined as WS (weight
small), WM (weight medium) and WL (weight large) as
shown in Fig. 4.
The fuzzy switching rules can be expressed as

IFF,/F,;isF;AND v, isV, THEN weightis W, ;
where F; is the force feedback set, F; € {FS, FM, FL}; V,is

velocity set, V; e {VS, VF}; W, is switching weight set,
W, e {WS, WM, WL}. The relationship between the two
fuzzy inputs and one fuzzy output can be represented by a
two-dimensional surface as shown in Fig. 5..

We have used three fuzzy rules to combine the output of
impedance control with that of the hybrid position/force

control. They are
O IF F,/F,isFS AND v, isVF THEN weight isWL;
O IF F,/F,is FM THEN weight isWM;
O IFF,/F,;isFLAND v,isVSTHEN weight isWS,

5. RESULTSAND DISCUSSION

5.1 Smulation Model

Currently there is no autonomous UVMS available for usto
implement the proposed controller. Therefore we have
performed extensive computer simulations to investigate the
effectiveness of the proposed unified force control
approach. The UVMS considered for the simulations
consisted of a 6 DOF vehicle and a 3 DOF roboatic
manipulator. The ellipsoidal vehicle is 1.0 m long, 0.5 m
high, 0.5 m wide and 530.0 kg in weight. The links of the
manipulator are cylindrical in shape having the following
dimensions. length=0.5 m each, radius of link 1=0.05 m,
radius of link 2=0.04 m and radius of link 3=0.035 m. The
masses of links are: m; =10 kg, m,=8 kg and m,=5kg. The

Ot
.
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drag coefficients for the vehicle are: linear drag coefficients
for linear and rotational motions are 0 and 0.81; quadratic
drag coefficients for linear and rotational motions are 1.05
and 1.0, and quadratic drag coefficient for the manipulator is
1.1. For this unified force contral scheme, we have chosen
acircular trgjectory (radius 0.1 m) in theinertia frame, i.e.,
in the task-space with zero initial velocity and acceleration.
We have considered a solid environment like a vertical wall
at adistance of x=1.7771 m. A schematic diagram of the
set-up is given in Fig. 6. For simplicity, we do not consider
the friction along the surface of the environment.

5.2 Case study

We have conducted several case studies with this system to
test the performance of the proposed force controller under
different working conditions, such as with different stiffness
of the environment, with force sensor noise, with the motion
of the environment, and without complete compensation for
the system dynamics. A half-circular trgectory was
designed to test the performance of the proposed controller
to realize unconstrained motion, smooth contact and force
trajectory tracking. As shown in Fig. 7, the end-effector
moves along the circular trajectory toward the environment
(from A to B). Then it makes a smooth contact during the
transient phase by the fuzzy switching law. The surface is
compressed because of the application of force and the
contact force point B moves to point B’'. The end-effector of
the manipulator is required to follow the desired force
trgjectory (150N) while sliding down along the environment
surface (from B’ to C’) after it encounters the surface. Then
it leaves the wall (from C’ to C) and moves back to the free
motion trgjectory (from C to D). It should be noted that the
surface is compressed to generate the desired contact force.
The dashed curve indicates the desired circular motion
trgjectory if the surface were not present.

5.3.1 Case |: Surfaces with different stiffness. The
objective of this simulation is to test the performance of the
unified force controller during transient phase when contact-
ing with environment with different stiffness. We select two
environment stiffness values (Ke=1e4 & 1e5 N/m) for this
case. As shown in Fig. 8 and Fig. 9, the proposed force

e 5 & 2 3 o

Fuzzy
Law

DI I N D
-—

e

e 2 2 %3 0§

.........

Fig. 4. Fuzzy switching law.
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Fig. 5. Fuzzy input/output mapping surface.

0.8
0.6
04
0.2

z(m)

0.2
04
0.6

0.8

Fig. 6. Schematic diagram of the system set-up.

Fig. 7. End-effector trgjectory.
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control scheme follows the desired force trajectory well
during the constrained motion phase. For high stiffness
environment (Ke=1e5 N/m), the overshoot of the force
response is dightly higher than that of low stiffness
environment (Ke=1e4 N/m). However, we achieve stable
contact in both cases. Figure 10 shows that the position
errorsare very small intheY and Z directions. The relatively
large error in the X direction in the middle of the curve is
due to the presence of the wall inside the desired motion
trajectory. We can al so see the weight change between 0 and
1 by the fuzzy switching law based on the contact force and
velocity of the end-effector.

5.3.2 Casell: Noisy force feedback. We generaly cannot
obtain force feedback without noisefor areal system. Inthis
case study, we add sensor noise in the force feedback. For

FiFg JR3 6 DOF force/moment sensor, the noise level is 0.1%
of the range.
Unified Force Control
i arm 7
I Underwater environment ]
i vehicle 1
05 0 0.5 1 15 2

;( (m)

Defofmation
of the_surface__ |
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Fig. 8. Force response (Ke=1e4 N/m).
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Fig. 9. Forceresponse (Ke=1e5 N/m).
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Fig. 10. Position errors and weight response.
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Fig. 11. Force response with force sensor noise (Ke=1e4 N/m).

Figure 8 and Fig. 11 present the force responses in the
case with and without force sensor noise. It is observed that
the proposed force control scheme can tolerate force sensor
noise within a certain degree.

5.2.3 Case I1l: Contact with a moving surface. Figures
12 and 13 show a special case. In this case, after the end-
effector contacts with the wall, the wall begins to move with
a speed in X direction (V, =0.05 m/s). Figure 12 gives the
force response for this case. We can see the unified force
control scheme can maintain the control force well even
when the wall is moving. Figure 13 gives the actua end-
effector trgjectory. Figure 14 provides the movement of the
UVMS during this test case. It is clearly seen that the
contact force has little effect on the vehicle. Thisis mainly
due to the smooth contact force and the relatively large
vehicle mass. In this simulation, we have not incorporated
the null-space solution of Equation (22). It can be utilized to
satisfy various performance criteria such as singularity

Force Response

Fe (N)

0 0.1 0.2 03 0.4 05 06 07 08
Time (sec.)

Fig. 12. Force response (with wall movement).


https://doi.org/10.1017/S026357470000309X

Underwater manipulation

0

0.02

0.04

0.06

0.08

Z(m)
[m]

0.12

0.14

0.16

0.18

0.2

X{m)

Fig. 13. End-effector trajectory (with wall movement).

avoidance, joint limit avoidance, obstacle avoidance, energy
minimization and various other criteria.

5.2.4 Case |V: Partial dynamic compensation. As we
have discussed in Section 3, it is difficult to obtain an
accurate model of the UVMS. In this case, we assume the
AM #0. Here we set M=0.9M. The corresponding contact
force is shown in Fig. 15. It is indicated that the new force
control scheme has a good degree of robustness, which is
crucial for UVMS.

6. CONCLUSIONS

We have investigated a unified force control approach for an
underwater vehicle-manipulator system that allows the
system to interact with the environment in a smooth and
stable manner. The desired force trajectory can be realized
using the same controller by fuzzy switching laws. This
approach combines two well-known control approaches
namely, impedance control and hybrid position/force con-

Unified Force Control

05 0 05 1 15 2 25 3 35

Fig. 14. UVMS movement during force control.
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Fig. 15. Force response when A #0

trol, in such a way that unconstrained motion, contact
transition and force trgjectory tracking can be achieved by a
single controller. One advantage of the controller is that it
can track a force trgectory without needing information
about the environment. Thus this controller will be poten-
tially useful for underwater tasks where environmental
information is generally not available. We have designed the
controller based on a dynamic model of the UVMS that
considers major hydrodynamic effects. Since we do not
focus on hydrodynamics, we have chosen shapes for our
UVMS for simulation in such a way that analytical
expressions for various hydrodynamic parameters are
available in the literature. However, it should be noted that
the theoretical framework is completely general and does
not require that the geometry of the UVMS be simple. This
model is further improved by including the dynamic model
of the thrusters. We have tested the proposed controller by
extensive computer simulations and the results appear to be
promising.

This proposed controller is not without its shortcomings
and needs to be improved in future. For areal UVMS, it is
difficult to get an accurate model of the system, especially
for the hydrodynamic part. This is not a limitation of our
work alone, most autonomous control of a UVM S will need
to have the knowledge of these parameters. Adaptive and
learning control methods will be employed in future to
compensate for the inaccuracy of the system model.2*%
Neural Network-based techniques can be used to dynam-
icaly adjust both the membership function and the fuzzy
rules based on the system information. The fuzzy logic itself
can also be made more sophisticated to improve the
switching performance. We require derivative of the force
for the force control subsystem of the hybrid position/force
controller, which introduces noise in the system. Although
the controller is shown to work well with a limited noise,
noise reduction techniques must be employed if the
performance falls below the acceptable limit. Finally, the
proposed force control strategy will need to be further
verified by experiments on a UVMS when such a system
becomes available in future.
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