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SUMMARY

In this paper, two adaptive proportional-derivative (PD)
control laws are proposed for autonomous underwater
vehicle (AUV). The proposed adaptive controllers require
only model of gravity and buoyancy regressor matrix and
do not need any knowledge of inertia matrix, Coriolis
and centripetal force, hydrodynamic damping, and the
parameters of the gravity and buoyancy force. Hence, the
proposed controllers have the advantages of simplicity and
ease of implementation. We shall also prove that the setpoint
controller is a special case of the region reaching controller
when a desired region is reduced to a point. Furthermore,
the inverse Jacobian matrix is not required in the control
laws. Lyapunov-like functions are proposed for the stability
analysis. Simulations are presented to demonstrate the
effectiveness of the proposed controllers.

KEYWORDS: underwater vehicle; adaptive control; region
reaching; stability.

1. Introduction
The ocean covers about 70% of the earth surface and has
great effect on the future existence of all human beings,
beside the land and aerospace. In order to explore the full
depths of the ocean and its abundant resources, underwater
research and development has been carried out rapidly
during recent decades. Underwater robotics is no doubt an
important scientific area due to its great applications that vary
from scientific research of ocean, surveillance, inspection of
commercial undersea facilities and installations to various
military operations. Remotely operated vehicles (ROVs) and
autonomous underwater vehicles (AUVs) are the main types
of the underwater robots that received great attention from
both the industrial and underwater research community. Due
to advantages of operational efficiency, mobility, and low
operational cost, AUV has received wider attention than ROV.
Several control schemes have been proposed for the
AUV.!=13 The proportional-derivative (PD) control plus
gravitational and buoyancy compensation's is the simplest
global setpoint control for the underwater vehicles. However,
a drawback of this control strategy is that the exact
knowledge of the gravitational and buoyancy force of the
underwater vehicle, which depends on some parameters
like water density and vehicle mass, is required. To
overcome parametric uncertainties on the underwater
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vehicles dynamics, adaptive controllers have been introduced
in refs. [6-10]. However, these controllers require a
regressor matrix of the dynamic model which includes the
inertia matrix, Coriolis and centripetal force, hydrodynamic
damping, and gravitational and buoyancy force. Hence, the
number of dynamic parameters to be updated by the adaptive
law is very large. On the other hand, the common practice of
using the proportional-integral-derivative (PID) control'-!3
in the control of underwater vehicles, which does not require
any information of the underwater vehicles dynamics, is only
valid in a local sense. Besides the conventional setpoint
control problems of AUV, where the desired region is
specified as a point, it is interesting to note that in some
applications, the desired target could be specified as a region,
for example, AUV traveling inside the pipeline for specific
task, maintaining the AUV within a minimum and maximum
depth in water, station keeping within a specified region for
observation and data collection, and avoiding an obstacle
located at a specified region.

Motivated by the results developed for robot manipu-
lators,'#~!° we present an adaptive setpoint controller and
an adaptive region reaching controller for AUV. This
paper shows that the proposed controllers require only the
gravity regressor matrix as compared with the previous
adaptive control laws®~! for underwater vehicles which
require the regressor matrix of inertia matrix, Coriolis and
centripetal matrix, and hydrodynamic damping matrix. Since
the dynamics of the underwater vehicles is very complex, the
number of physical parameters to be updated by adaptive law
is very large. Therefore, the proposed control laws for AUV
which used only the gravity regressor are very simple and
hence easy to implement. Furthermore, we also show that
the inverse Jacobian matrix which results in large control
actions at singular points is not required in the adaptive
laws as compared with the previous adaptive control laws
in the literature. We also prove formally that the region
reaching controller is a generalization of setpoint control
problem of AUV. By defining different desired regions and
then reducing them to zero, the region controllers are reduced
to setpoint controllers and new setpoint control laws can also
be derived. Lyapunov-like functions are proposed for the
stability analysis. Simulations are presented to demonstrate
the effectiveness of the proposed controllers.

The organization of this paper is as follows. Section 2
summarizes an underwater vehicle’s kinematic and dynamics
model and its main properties. Section 3 proposes an adaptive
setpoint controller and provides conditions on the controller
gains to ensure stability. Section 4 proposes an adaptive
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Fig. 1. Body fixed and earth fixed reference frames.

region reaching control and the stability analysis. Section 5
shows the simulations of the proposed control laws. Finally,
Section 6 concludes this paper.

2. Dynamics
In this section, the structure and properties of an underwater
vehicle’s kinematics and dynamics are briefly reviewed. It
is convenient to define the underwater vehicle state vectors
according to the Society of Naval Architects and Marine
Engineers (SNAME) notation.! Two common vectors that
are being used in defining the underwater vehicle state vector
are n and v. The vector 1 is defined as n = [nT »i]7,
where 1 =[x y z]7 is the vehicle position vector in the
earth fixed frame and 1, = [¢ 6 ¥]” is the vehicle Euler
angle in the earth fixed frame. And the vector v is defined
as v =[v] vI1", where v; = [u v w]” is the body fixed
linear velocity vector and v, = [p ¢ r]” is the body fixed
angular velocity vector. In Fig. 1, the defined coordinate
frames are illustrated. Besides the Euler angle representation,
Euler parameters or unit quaternions'*!? can also be used.
The vehicle’s motion path relative to the earth fixed frame
coordinate system is given by the kinematics equation' as
follows:

)]

. | N 0
77—J(77)U—|: 0 12(77):|U

where J(n)is a 6 x 6 kinematics transformation matrix or a
Jacobian matrix.

The dynamics behavior of an underwater vehicle is
described through Newton’s laws of linear and angular
momentum. The equations of motion of underwater vehicles
are highly nonlinear and coupled due to hydrodynamic added
mass, lift, and drag forces, which act on the vehicle. The
equations of motion of the underwater vehicle is given as

[1]:
Mv+C)v+ Dww+gn) =r, 2)
where v € R® is the vector of linear and angular velocity of

the AUV with respect to the vehicle’s body fixed frame. The
vector T € R® is the vector of generalized forces on the AUV
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which is supplied by the thrusters. The matrix M is the inertia
matrix of the AUV which includes both the rigid body and
the added mass term. The matrix C(v) denotes the matrix of
Coriolis and centripetal forces which includes both the rigid
body and the added mass terms. The vector D(v) represents
the hydrodynamic damping and lift force and the vector g(n)
denotes the gravitational and buoyancy force.

The underwater vehicle dynamics described in Eq. (2) has
the following properties:!
Property 1. The inertia matrix M including the added mass
is symmetric and positive definite such that M = MT > 0.
Property 2. The Coriolis and centripetal matrix C(v) is skew-
symmetric matrix such that C(v) = —CT(v) V v e R°.
Property 3. The hydrodynamic damping matrix D(v) is
strictly positive such that D(v) >0 V v € RS.
Property 4. The gravitational and buoyancy force g(n)
can be completely characterized by a set of parameters
0 =,...,0,)7 [16] as

g(m) = Zmn)9, 3

where Z(0) € R™™"™ is the gravity regressor which represents
the known part of g(n) and & € R™*! is the unknown part of

g(m).

3. Adaptive Setpoint Control of Autonomous

Underwater Vehicle

In this paper, we propose an adaptive saturated proportional-

derivative (SP-D) control law with uncertain gravitational

and buoyancy force compensation using gravity regressor.
The adaptive SP-D control law is proposed as

T =—K,J (ns(e) — Kyv+ Z(n), 4)
0=—L"'2"(p) (v + el ()s(e)) . 5)
wheree = — 1y = (ey, ..., e,)T € R"is the positional de-
viation from a desired position; s(e) = (sq1(ey), - . ., sn(en)T
[s;(),i = 1,...,n] are saturated functions to be defined;

K, =k,I and K, = k,I are positive feedback gains for the
position and velocity, respectively; L is a positive definite
diagonal matrix; « is a positive constant.

Note that the above controller does not require the
knowledge of the inertia matrix, Coriolis and centripetal
matrix, hydrodynamic damping matrix, and the inverse of
the Jacobian matrix, J(n).

Let us define a scalar function S;(0) and its derivative s;(6)
as shown in Fig. 2 with the following properties:'®

1. S;(0) > 0 for 6 # 0 and S;(0) = 0.

2. S5;(0) is twice continuously differentiable, and the
derivative s;(0) = % is strictly increasing in 6 for
|0] < y; with some y; and saturated for |0| > y;, i.e.
S;(0) = £s; for 6 > +y; and 6 < —y;, respectively.

3. There is constant ¢; > 0 such that

S5:(0) > ¢;5:%(0) (©6)

for 6 #£ 0.
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Fig. 2. (a) Quasi-natural potential: S(9); (b) Derivative of S(6):
s(0).

Some examples of the saturation function can be found in
refs. [16] and [21].
Substituting (4) into (2) and using (3), we obtain the closed-
loop equation as follows:
M + C(v)v + D(w)v + K, J " ()s(e)

+ K+ Z(n)AO =0, (N

where A6 =6 —@. We define a Lyapunov function
candidate V as

1 7 T L oor
szv Mv + as(e) J(n)Mv—l—EAG LAO

+ > (kp + ak,)S;(ey). ®)

i=1

To show the positive definiteness of the Lyapunov function
candidate V in (8), we note that

1 n
ZUTMU +ase) JmMv + ) _(k, + ak,)S;(e;)

i=1

1
=4+ 2077 (ms(e)" M(v +2aJ " (n)s(e))

— 25" TMIT ()se) + Y (K, + k) Si(er)
i=1

> Y (ky + ak,)Eist(er) — a’s@)" T M I T (n)s(e)

i=1
> Y (kp + alk,€; — cdm))si(er),
i=1

where A, 2 Amax[J (MM JT(n)]. Substituting the above
inequality into (8), we have

)]

1T 1 T
V= v Mu+ S A0TLAG

+ > (kp + koG — ahp)) s7(er) > 0, (10)

i=1

where k, can be chosen sufficiently large and « can be chosen
sufficiently small so that

k,¢c; —ai,, > 0.

Y

Hence, V is positive definite in v, s(e), and A6.
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Next, differentiating V with respect to time and using
Property 1, we have

V =0 Mv+as(e)l J(Mv + as(e) J(n)Mv
+ase) JMv — AOTLY

+ Y (ky + aky)s(e)" T (). (12)

i=1
From (7), we have

Miv = — {C(v)v + D) + K,J " (n)s(e)

+ Kyv + Z(n)A6}. 13)

Substituting (13) into (12) and using (5) and Property 2, we
have

V=—W, (14)
where
W=v'K,v+v'Dv+ as(e)TJ(n)KpJT(n)s(e)
+a{s(e)T J(m)C)v + s(e) J(n)D(v)v
— s JTmMv — s(e)" J(n)Mv}. (15)

From the last term on the right-hand side of (15), since s(e)
is bounded, there exist constants ¢y > 0 and ¢; > 0 so that!'®
a | s(e)" JCww + s(e)" J(mD(w)v

—$@"JmMv — s(e)" J(mMu |

> —acollvl® = acills(e)]. (16)

Substituting inequality (16) into (15) yields

W > vl (k,I + D(v) — acol v
+ s (@I (k,J" () — aciDs(e),
> (ky + Amin[D(W)] — acco)[|v]|?

+alkprminl I I (] = cDlls@N?, (1)
where &, and k, can be chosen sufficiently large and o can
be chosen sufficiently small so that

kv + )‘«min[D(U)] — 0Co > O,

kprminl J(JIT (] = €1 > 0, (18)
and hence W is positive definite in v and s(e).

The asymptotic stability of the adaptive setpoint control
for AUV with uncertain gravitational and buoyancy force
compensation is specified by the following theorem.

Theorem 1. The closed-loop system described by (7) gives
rise to the convergence of nto ng and v to 0 ast — oo if the
feedback gains k,, k,, and o are chosen to satisfy conditions
(11) and (18).
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Proof: Since V is positive definite in v, s(e), and A6 and
W are positive definite in v and s(e), from (14), we have

V=-W<O0. (19)
Therefore, LaSalle’s invariance theorem implies that n; —
n— 0, v— 0ast— oo for any initial position n(0) and

v(0).

4. Region Reaching Control of Autonomous
Underwater Vehicle
In some applications of AUV, the desired target is a region
instead of a point, for example, maintaining the AUV within
a minimum and maximum depth in water, AUV traveling
inside the pipeline for specific task, station keeping within
a specified region for observation and data collection. In
this section, we present an adaptive region reaching control
law where the desired objective can be specified as a closed
or open region, instead of a point. The region reaching
controller is also proposed for macro/mini structures such
as an underwater vehicle manipulator system.?’ However,
the inverse Jacobian matrix is required in the update law
and hence it results in large control actions near singular
points. In this paper, the region controller does not require
the use of inverse Jacobian matrix. In addition, we shall
also prove formally that the region reaching controller is a
generalization of setpoint controller in the sense that when
a desired region is reduced to zero, the region controller is
reduced to the setpoint controller.

In the region reaching control, the desired region can be
specified as multiple objective functions as follows:

Desired region
where f, <0 and f, <0.

(a)

J1(8n,,)
f(gno) — f2(8')702) < 0’

(20)

Desired region where
[0, f,<0andf, <0.

fN(éﬂ()N)

where 8n,, = 1n; — 1y, Ny, 18 the reference point of the ith
desired region (i = 1,2,..., N), N is the total number of
objective functions, and f;(8n,,) € R are scalar functions
with continuous partial derivatives. Note that the desired
region is a single region specified as the intersections of
all the objective functions.

For example, the desired region can be specified as spheres
using the following objective function:

(b)

Fig. 3. Desired region as the intersection of multiple spherical
regions. (a) Intersection of two spherical regions; (b) Intersection
of three spherical regions.

Thatis, when both f1(67,,) < 0and f»(61,,) < 0, the desired
region is represented by the intersection of the two spherical
regions as shown in Fig. 3(a). Figure 3(b) shows the desired
region as an intersection of three spherical regions.

Another example of the desired region is shown in
Fig. 4. The inequality functions that describe this region are
specified as

_rlz S 09
21

fl (67701) = ()C - xnl)2 + (y - y()1)2 +(z— Z()1)2

They can also be specified as an intersection of two or
multiple spherical regions, by adding additional objective
functions as follows:

12(810,) = , , .
('x_xl)Q) +(y_y02) +(Z_Z02) - 507 f1(57701)=()€—xo)2—€,\2¢§0,

: (22)

(23)

fN(Sn()N): 5 5 ) 5
(X = X0, )" + (Y = Yo )" + (2 — Z0y) — Iy = 0.
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FoB10) = (v = P — €2 <0,
F(800,) = (2 — 2, — €2 <0,
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Fig. 4. Desired region specified as a rectangular block.
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N _ Sy >0
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Fig. 5. Illustration of desired region and repulsive region.

where €,, €,, and €, are the individual regional bounds for
each axis.

Besides the desired regions, repulsive regions can also
be specified for obstacle avoidance purpose. For example,
an objective function for repulsive region can be added as
follows:

fa@no) =717 = (x = x0,)* = (v = ¥0,)* = (2 = 20,)* <O,
(24)

where r, is the reference point of the repulsive region. Fig-
ure 5 shows the graphical illustration of the desired region
and the repulsive region.

The potential energy function for the desired regions
described in inequality (20) can be specified respectively
as

N
P(8n,) =Y _ Pi(8n,),

(25)
i=1
where
k
Biom,) = 2 [max(©, fi6n, )] 26)
That is,
P 0. fi(3m,) <0,
Pom) = { 1, nf2om,). fiema) =0, D

where k,, are positive constants. Note that P(67,) = 0 only
if all the inequality functions (25) are satisfied.
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Partial differentiating the potential energy function
described by (25) and (27) with respect to 7 yields

<8P(8n0)) iaP(énO,
= Zk max(0, ﬁ(&nol))<aﬁ(8nno'> . (28)

The region reaching controller with uncertain gravitational
and buoyancy force compensation is proposed as

a 1 8 0,
=—J <n>2kp, max(0, ﬁ(5no,))( i (n"' )

i=1

—JT K, I v + Z(n)g, (29)

aﬁ(éno,-))’D
on ’

(30)

'Z" (n) *

v+adT(n) [Zf\’:l a; max(0, fi(6n,,)) (

where K, = k,I € R"*" is a positive diagonal matrix, L is a
positive definite matrix, o is a positive constant, a; = k,, /k,
is defined as the weight for each objective function, k, is
a positive constant, max(0, f;(§ noi))(%:“"))T is the vehicle
region error, and * denotes multiplication.

For clarity of presentation, let

N
5, = 5, (31)
i=1
where
_ (81, )\ "
5110 = a; max(0, £i(6n,,)) (%) (32)

Substituting (29) into (2) and using (3) and (31), the closed-
loop equation is obtained as

Mo+ C(nv + Dmv + J" (K ,6¢,

+IT K I (v + ZmAg =0, (33)
where Ap = ¢ — ¢.
Next, a Lyapunov-like function is defined as
1, —T
V= EU Mv + abdé, J(n)Mv
1 l 2
+ 5 (kp + atky) Zl a; [max(0, £;(51,,))]
Lo r
+ EA(p LAg. (34)
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From (32) note that

1 37, 37
2 0; 0;
[max(0, f;(6n,)] = 5 ———2> (35)
3fi(6n,) ||*
an
Taking norm on (31) gives
ISEI < 1870, + -+ + 1500 I, (36)
and hence
2 al 2
2 I Y (37)
i=1

By using (35) and (37), note that a part of the terms in
the proposed Lyapunov-like function (34) can be written

as
I, 1 8170 57701
ZU MU+O((SS() J(n)MU—i- (k + o U)Z lW
|5
1 — 7 —
=7 (v+ 22" ()8E,)" M (v+ 20" (9)8E,)
—T RN
— 88, J(MM I ()SE,
1 877() 877()
k k P S bt
+ ( + * ) Z al afx (5770,-
T

1 al N
= E(kp + akv)aminbmin Z ||87701- ||2 - Olz)xlN Z ||3}70l_ ||2 s

i=1 i=1

(38)

i (Sno,

A A .
where dpmin = m}n(%), bmin = min ( H
i ! i a0

Hz)( =12

A
N), and A1 = Amax[J (MM I T ()]

Substituting the above inequality into the Lyapunov-like
function (34) yields

1 1
Vi > ZvTMv + EAgoTLAw
1 ’ Y2
+ E(kp + aky)aminbmin — @A N ; ||5770,- “ . (39

Therefore, a can be chosen sufficiently small and k, and k,
can be chosen sufficiently large so that

1
E(kp + akv)aminbmin - az}\lN > 0, (40)

and hence V] is locally positive definite in v, W and Agp.
Differentiating (34) with respect to time, substituting (30)
and (33) into it, and using Property 2 gives

Vi=—W, (41)
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where
Wi = o T K, J (v + 0" D(p) + a8, K155,

+ 0T I (K 38, + adE, K,J(n)¢

N
—(ky + k) Y 8, i+ {58, T ()

i=1
455, J()Dm)v — 58, J(Mu — 58, ()M
—5E, J(M v} : (42)

Note that from the last term on the right-hand side of (42),
there exists a constant ¢ > 0 locally so that'®

« |58, J()C(mv + 58, (D (v — 38, J ()M

— 8, J(Mv —3&, J(m)Mv| > —aco|lv||?,

(43)

where it is noted that @ is a function of n and /» = J(n, g)v.
Substituting (43) into (42) yields
Wi = o (JT K, T () + D(n) — acol v + adE, K5,

> (Amin [JT DKL I )] + Amin D] = o) v

+ @ Amin[ K, DIISE, 1%, (44)

where K, = k,I and K, = k,I can be chosen sufficiently
large and « can be chosen sufficiently small so that

Amin [JT(T])KUJ(”)] + )"min[D(n)] —acg > 0,

O Amin [Kp] > 0, (45)
and hence W is positive definite in v and 8&,.
A compact set €2 is considered in the state space as
Q={wv,n:Vi <y} (46)

where P(8n,) has isolated minimums at the desired regions
with a positive y. If v(0), n(0) € 2, then (v, n) € Q since
Vi < 0. The stability of the region control for AUV with
uncertain gravitational and buoyancy force is specified by
the following theorem.

Theorem 2. The closed-loop system described by (33)
gives rise to the convergence of n to the desired region
T
F©n,) = [f1(6n0) f2(810,) -+ fn(Bnoy)]” <0 and v to
0 ast — oo if the feedback gains K, and K, are chosen to
satisfy conditions (40) and (45).

Proof: By using invariant set theorem, since_Vl =0
implies that v =0 and 8§, =0, hence v — 0, §§, — 0
as t — oo. This implies finally that f(87,) = [ f1(810,)

£80y) -+ fu@noy)] <0inQast — oo.

Remark: The stability conditions (11), (18), (40), and
(45) presented in the theorem are sufficient conditions to
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guarantee the stability of the underwater vehicle system in
the presence of uncertain gravitational and buoyancy force.
Conditions (11), (18), (40), and (45) simply mean that the
feedback gains k, and k, should be chosen sufficiently
large as compared to «. A larger k), typically implies faster
response and a larger k, decreases overshoot, but slows down
transient response.

4.1. Setpoint control as a special case
When the desired region is specified arbitrarily small, it
reduces to a point. Hence, the region control concept is a
generalization of the setpoint control problem. In fact, it
is interesting to note that any closed region with arbitrary
shape reduces to a point as the region reduces to zero. In this
section, we revisit the setpoint control problem from region
control point of view to gain new insights into the setpoint
control problem. We show that the setpoint controller is a
special case of the proposed region reaching controller.
First, consider an AUV with six degrees of freedom and
let n; =[x y z]” represent the position and n, = [¢ 6 ¥]7
represent the orientation of the AUV. Let the desired regions
of the position and orientation be specified as follows:

S1(6ny,) =
\/(x - xo)z + (y - yo)2 + (Z - Z(;)z — €xyz = 0,

f2(8n,,) =
V@ = 00l + (60 — 0> + (¥ — Y1) — €goy <0, (47)

where €,,, and €49y are nonnegative scalars. Hence

0fi3m0)\" _
an
—
Va =3P+ -y +G@—z02 L 0 1
3f2Gm0)\" _
an
1
2 2 2 |:(SO ]’ (48)
V(@ = $0)> + (6 — 0,2 + (¥ — ¥,)> LN
where §1,, =[x —Xo Yy — Yo 2— 2,]" and 81,, = [¢ — Ps
0—0, ¥ —y,)". If €.y, and €49y reduce to zero, then

f1(én,,) and f>2(én,,) are nonnegative and hence

3f1(8n0,)\"
max (0, £1(81,,)) (T)
= f1(3m0)) (afmanm ) [8””}
max 0 £2(8110,) (8f2( o, >
9f2(81o,
—ﬁwm(ﬁw ) b%] (49)
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Based on Eq. (29), the region reaching controller becomes

t=—J"MK,8n— J MK, Jmv + Z($, (50)
¢=—L"Z"() (v+al (), (51)
which is the setpoint controller where 81 =[5, &n.1".

Next, we consider the case where the desired regions are
specified as rectangular regions as follows:

fl((sn()]) = (77x1
f2(87702) = (77)(2

_7701)2_6 ) 503

2
n
2 2
— No,)" — enxz <0, (52)

2 2
- 770,,) - Erlx,, < 07

f;z((sno,,) = (nx,,

and hence

0f1Bna)\" B r
<T> —_ [2(77;“ 7701)’ 0’ ) 0] )

0f61,)\" !
(T) =[O0, 2(77)(2 - 7702)’ Y (53)

T
610\ _ 0o o .
8)7 _[ ) AR ] (nxn_non)] .

5 T
3 =
x :
2
w Of :
£ :
3 :
5 1 1 1 1 1 1 1 1 1

] 5 10 15 20 25 30 35 40 45 50

Time (sec)

5 T T T T T T T T
£
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|
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Fig. 6. Adaptive setpoint control: AUV position and orientation
errors.
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(b)

The gravitational and buoyancy force vector g(n) can be

Fig. 7. Adaptivesetpoint control: 3D illustrati f AUV position.
ig aptivesetpoint contro illustration o position expressed as22

(a) AUV position plot, (b) A close-up view of Fig. 7(a).

(mg — 37r3pg) sin(H)
If €n,, reduces to zero for i = 1,2, ..., n, then Eq. (29) —(mg — %7”’3,08) cos(0) sin(¢)
becomes a new setpoint controller as follows: —(mg — % 713 pg) cos(8) cos(e)
gm) = , . (56)
v = —JTNK e — IT K, I + Z(d,  (54) Zomg cos(0) sin(@)
$=—L""Z"(m) (v+at (), (55) zgmg sin(6)
L 0 i

where K, = diag{2k,1, 2k, ..., 2k,,} and €® = [(ny, —

770.)3’ (0, — 7702)37 e (e — Uon)S]T- where r = 0.3 m is the radius of ODIN, m = 125 kg is the

mass of ODIN, zs = 0.05 m is the distance of the center of
gravity from the geometrical center, p = 1000 kg/m? is the
density of water, and g = 9.81m/s”.

S. Simulations From the gravitational and buoyancy force, the gravity
In this section, simulations are presented to illustrate the regressor can be obtained as g(n) = Z(n)d, where

effectiveness of the proposed controllers. The simulations

are performed on the omni directional intelligent navigator sin(0) 0
(ODIN). ODIN is a spherical underwater vehicle designed — cos(6) sin(¢) 0

in the University of Hawaii. The parameters of the dynamic 7m = | = cos(8) cos(¢) 0

model of ODIN can be found in ref. [22]. In the simulations, () = 0 cos(f)cos(p) |’
the underwater vehicle is required to move from an initial 0 sin(6)
position to a desired destination. 0 0

https://doi.org/10.1017/50263574708004566 Published online by Cambridge University Press
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Fig. 9. Region reaching control: 3D illustration of AUV position.
(a) AUV position plot, (b) A close-up view of Fig. 9(a).

ez[mg‘gnﬁpg]. (57)

icmg

Note that in the proposed control law described by (4), only
the structure of the gravity regressor, Z(n), is required. In
addition, only two parameters need to be updated for the
ODIN vehicle. Hence, it is simpler and easy to implement.
The uncertain parameters in the gravitational and buoyancy
force are assumed to be unknown.

5.1. Adaptive setpoint control

In this simulation, the position and velocity gain are chosen
as K, = 7501 and K, = 500/, respectively, the gain in the
adaptive update law is chosen as L = 0.001, and o = 0.85.
The vehicle is required to move from the initial location
[0,0,0,0.17,0.17,0.17]" to [5,-2,3,0,0,0]". As seen
from Fig. 6, the position and orientation errors of the AUV
converge to zero within 5 s. The position error in X-axis took
a slightly longer time to converge because of larger initial
error. Figure 7(a) shows the path of the AUV from the initial
position to the desired end position, and a close-up view of
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50 T T T T T T T T
3 : =
X Of el - -
s : :
5 -s0 : : E
s : :
g —qoof - 4
i) N N N . .
-4
~150 1 1 ) ) 1 1 1 1 1
] 5 10 15 20 25 30 35 40 45 50
Time (sec)
50 T T T T T T T T
3 =
> Of
5 :
i 1
§
? =100 B
x : : : : :
~150 i i ] ] 1 1 1 i i
] 5 10 15 20 25 30 35 40 45 50
Time (sec)
T T T T T T
g . ==
N :
2
5 4
<
k3
g 4
i) N N N - -
-4 : : : : :
~150 1 1 ] ] i i 1 1 1
] 5 10 15 20 25 30 35 40 45 50
Time (sec)
g 02 T T T T T T T T
B | T =D
5 o1l d
2
N N
€ ot g
% N N N N N
€ _92 | | | ( | | | | (
0 5 10 15 20 25 30 35 40 45 50
Time (sec)
T 02 T T T T T T T T
£ ' [—e]
ol =4
w
§ or
=3
D
& -0 g
<
2
E 02 1 ] 1 1 1 1 ] 1 1
0 5 10 15 20 25 30 35 40 45 50
Time (sec)
§ 0.2 T T T T T T T T
£
5 04l e
]
E o
3
¢ -0.1F B
=
L ; . ; ; ; ; . ; ;
0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 10. Region reaching control with spherical region: AUV region
errors.

the path when the vehicle is near the end position is shown
in Fig. 7(b).

5.2. Region reaching control

In this simulation, the AUV is required to move from an
initial position

[0,0,0,0.17, —0.17, —0.26]" to a desired region specified
as

(r—x) <€ (V=yo) <€ @-2) <& g
2 2 2

(@ — o) < €p, O —6,)" <€, (—1vY,) =< €y,
where [X,, Yoi Zo» $os 60, Yol = [5,—2,3,0,0,0]7 is the
reference point within the desired regions, and [¢,, €y, €, €y,
€, ell,]T = [0.1 m, 0.1 m, 0.1 m, 0.05 rad, 0.05 rad,
0.05 rad]” is the individual regional bound for each axis.
Figure 8 shows the simulation results for region
reaching controller with K, = diag[200/3,3, 3000133,
K, = diag[2501343, 5013x3], L = diag[0.005, 0.5], and
o = 1.6. From Fig. 8, it can be seen that all positions and
orientation errors converge to desired regions in about 10 s.
The yaw error took a slightly longer time to converge due to
larger initial error. Figure 9(a) shows the path of the AUV
from the initial position to the desired end position, and a
close-up view of the path when the vehicle is near the end
position is shown in Fig. 9(b).
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---- Vehicle path
—— Desired region
- Repulsive region

Fig. 11. Region reaching control with spherical region (both desired and repulsive regions): 3D illustration of AUV position.

Various desired regions could be specified based on
different applications. In the practical implementation, region
control can also be used for obstacle avoidance purposes. For
example, when there is an obstacle within the operating area,
repulsive regions can be specified for the region occupied by
the obstacle, and therefore the system can be prevented from
collision with the obstacle. In this simulation, the objective
functions for the desired spherical region is specified as
fv,, the repulsive spherical region is specified as fy,, and
fvss fv,, fv, are the objective functions for AUV orientation,
respectively. The AUV is required to move from an initial
position [0.5, 0.1, 1.0, 0.26, 0.26, 0.26]" to a desired region
specified by the objective functions as follows:

fri =0 =2+ =) + (@ —2)" —€,, <0,
frn=€ —x-x)-0-y)-(@-2,) <0,
fro=(—¢,) —e2 <0,

fr,=0 -6, —¢€ <0,

fro= @ =) — € <0,

where  [X,, Yo, Zo» @0, 60, Yol =15,2,5,0,0,0]7 is the
reference point within the desired region, [x,,, y;,, Zro]T =
[3.5,1.0,4.0]7 is the reference point within the repulsive
region, and the tolerance for each axis is specified
as [€xyzs €,y s €45 €0, e¢]T =[0.15m, 0.30 m, 0.05 rad,
0.05 rad, 0.05 rad]”. The vehicle position converges to the
desired region, with K, = diag[80, 80, 105, 50, 50,
150], K, = diag[1300, 1200, 1100, 100, 100, 100], L =
diag[0.005, 0.05], and « = 0.1, and the control gain for
repulsive region is chosen as K ,, = 70. Figure 10 shows the
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plots of region errors versus time. The region errors in X-
and Z-axis took a slightly longer time to converge because of
larger initial error. As seen from Fig. 11, the vehicle moved
toward the repulsive region but the controller managed to
pull the vehicle out from the repulsive region and finally
stopped at the desired position.

From the simulation results, we observed that the proposed
control schemes performed effectively in moving the AUV
to the desired destination.

6. Conclusion

In this paper, an adaptive setpoint controller and an adaptive
region reaching controller are proposed for autonomous
underwater vehicle. Lyapunov-like functions have been
presented for the stability analysis of the proposed control-
lers. Simulations illustrated the performance of the proposed
controllers. The proposed region reaching control concept
is also a generalization of setpoint control problem because
when the desired region is specified arbitrarily small, the
control objective is reduced to setpoint control.

References

1. T. L. Fossen, Guidance and Control of Ocean Vehicles (John
Wiley & Sons, 1994).

2. T. L. Fossen, Marine Control Systems: Guidance, Navigation
and Control of Ships, Rigs and Underwater Vehicles (Marine
Cybernetics AS, Trondheim, 2002).

3. L. L. Whitcomb, “Underwater Robotics: Out of the Research
Laboratory and Into the Field,” Proceedings of the 2000 IEEE
International Conference on Robotics and Automation, San
Francisco, CA (2000) pp. 709-716.

4. D. A. Smallwood and L. L. Whitcomb, “Model-based dynamic
positioning of underwater robotic vehicles: Theory and
experiment,” IEEE J. Oceanic Eng. 29(1), 169-186 (2004).


https://doi.org/10.1017/S0263574708004566

Adaptive control schemes for autonomous underwater vehicle

5

13.

. M. Takegaki and S. Arimoto, “A new feedback method
for dynamic control of manipulators,” ASME J. Dyn. Syst.,
Measure. Cont. 102, 119-125 (1981).

. T.I. Fossen and S. I. Sagatun, “Adaptive Control of Nonlinear
Underwater Robotic Systems,” Proceedings of the 1991
IEEE International Conference on Robotics and Automation,
Sacramento, CA (1991) pp. 1687-1694.

. J. Yuh, J. Nie and C. S. G. Lee, “Experimental Study on
Adaptive Control of Underwater Robots,” Proceedings of
the 1999 IEEE International Conference on Robotics and
Automation, Detroit, MI (1999) pp. 393-398.

. S. Zhao, J. Yuh and H. T. Choi, “Adaptive dob Control
of Underwater Robotic Vehicles,” MTS/IEEE Conference
Exhibition, Honolulu, Hawaii, USA (2001) Vol. 1, pp. 397-
402.

. J. Yuh, “Modeling and control of underwater robotic
vehicles,” IEEE Trans. Syst., Man, Cybernet. 20(6), 1475-1483
(1990).

. T. L. Fossen and S. 1. Sagatun, “Adaptive control of nonlinear
systems: A case study of underwater robotics systems,” J. Rob.
Syst. 8,393-412 (1991).

. J. E. Slotine and W. Li, “Adaptive manipulator control: A case
study,” IEEE Trans. Automat. Cont. 33(11), 995-1003 (1987).

. O. E. Fjellstad and T. 1. Fossen, “Quaternion Feedback

Regulation of Underwater Vehicles,” Proceedings of the Third

IEEE Conference on Control Applications, Glasgow, Scotland

(1994) Vol. 2, pp. 857-862.

S. Arimoto and F. Miyazaki, “Stability and robustness of PID

feedback control for robot manipulators of sensory capability,”

https://doi.org/10.1017/50263574708004566 Published online by Cambridge University Press

14.

15.

16.

17.

18.

19.

20.

21.

22.

129

In Brady, M. and Paul, R. eds.: Robotics Research: First
International Symposium, MIT Press (1984) pp. 783-799.

P. Tomei, “Adaptive pd controller for robot manipulators,”
IEEE Trans. Rob. Automat. 7, 565-570 (1991).

R. Kelly, “Comments on adaptive pd controller for robot
manipulators,” IEEE Trans. Rob. Automat. 9, 117-119 (1993).
S. Arimoto, Control Theory of Non-linear Mechanical Systems.
A Passivity-based and Circuit-theoretic Approach (Clarendon
Press, Oxford, 1996).

C. C. Cheah, M. Hirano, S. Kawamura and S. Arimoto,
“Approximate Jacobian control for robots with uncertain
kinematics and dynamics,” IEEE Trans. Rob. Automat. 19(4),
692-702 (2003).

C. C. Cheah and Y. C. Sun, “Region Reaching Control for
Robots With Uncertain Kinematics and Dynamics,” IEEE
Conference on Robotics and Automation, Florida, USA (2006)
pp- 2577-2582.

C. C. Cheah, D. Q. Wang and Y. C. Sun, “Region-reaching
control of robots,” IEEE Trans. Rob. 23(6), 1260-1264 (2007).
Y. C. Sun and C. C. Cheah, “Region reaching control for
underwater vehicle with onboard manipulator," IET Control
Theory & Applications, (accepted).

R. Kelly, “Global positioning of robot manipulators via PD
control plus a class of nonlinear integral actions,” IEEE Trans.
Automat. Cont. 43(7), 934-938 (1998).

S. Choi, J. Yuh and N. Keevil, “Design of omni-directional
underwater robotic vehicle,” OCEANS ’93. ‘Engineering in
Harmony with Ocean’. Proceedings Victoria, BC, Canada,
(Oct. 18-21, 1993), Vol. 1, pp. [192-1197.


https://doi.org/10.1017/S0263574708004566


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Cambridge University Press - Distiller version 6 job options for Press quality - 16-Feb-05)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


