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DUBINS-RRT PATH PLANNING
AND HEADING-VECTOR CONTROL
GUIDANCE FOR A UUV RECOVERY

Zheping Yan,* Bing Hao,"** Wei Zhang,* and Simon X. Yang***

Abstract

When a UUV (unmanned underwater vehicle) completes a specific
mission, it needs to return to the recovery platform autonomously
safely in an unknown environment. So the works of path planning
and guidance control for a UUV are indispensable and significant.
In this paper, first a smooth and practical Dubins path back to
the recovery platform is planned. In particular, the combined
Dubins-RRT path (rapidly exploring random tree based on Dubins
path) is introduced with densely spread obstacles. Then the UUV is
guided along the Dubins-RRT path to the target by heading-vector
control. The algorithm is simple and subjects to the kinematics
constraints of UUV. The effectiveness of the algorithm is proved by

the simulation in real geographical condition.
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1. Introduction

More and more unmanned underwater vehicles (UUVs)
are applied to specific ocean tasks. In general, it takes
hours or tens of hours for a UUV to perform a task in
the ocean, longer in some other detection tasks even more.
Although the UUV can emerge to the water surface to
transmit data by radio, the emerging process significantly
consumes the task time especially in the deep sea. The
solution to this problem is that UUV autonomously return
to a platform where it could exchange data and get charged
and maintenance. Thus the problem of UUV endurance
and information exchange can be solved.

In recent years many recovery methods and guidance
strategies have been developed based on UUV platform and
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experiments are also carried out to validate the strategies.
Paper [1] designed a sliding mode controller to regulate
and track a premeditated path to complete the process of
homing and docking. The design of an electromagnetic
guidance system is given in [2]. This system is particularly
suitable for a wide class of underwater robots. In [3],
a current observer based on kinematics constraints is de-
signed to compensate drift caused by ocean currents. The
contribution of paper [4] is to give a mathematical method
of calculus of variations of a recovery path for a submerged
mobile. The bio-inspired control method and the cascaded
controller consisting of a kinematics controller and a dy-
namic controller are proposed in [5]. To complete the re-
configuration of an appropriate control law, control energy
cost function is used in [6] as the optimization criterion.
And the particle swarm optimization algorithm is utilized
to solve the control reallocation problem. Nonetheless most
of the experiments show that these recovery methods are
time-consuming, thus reduce the entire vehicle operation
time, as well as work efficiency. To adapt more different
tasks, we should improve the reliability and efficiency of
the existing methods.

In general, when a UUV is about to enter the docking
stage, it should keep the same heading with the recovery
platform. To solve this problem, this paper proposes a
planning method of rapidly exploring random tree based on
Dubins path (Dubins-RRT) [7]-[10]. The Dubins algorithm
was first proposed by L.E. Dubins in 1957 [11]. Dubins
path algorithm tries to find the shortest path between two
vectors, and this path is composed of several straight line
segments and arc segments. In this paper, Dubins path is
formed with the position and heading of the UUV as the
starting vector and the position and heading of recovery
platform as the finishing vector. Then the UUV sails along
the planned Dubins path and arrives at the finishing point
in a fixed direction.

When the path has been planned, the UUV needs
to track the path by controlling the actuators. Tracking
control can be divided into two types: one is the path
following control, which designs a path that is not related
to time; the other is the trajectory tracking control, with
the reference trajectory being time-varying. The former
is static geometric position tracking and the latter is the



dynamic trajectory tracking. The recovery path studied in
this paper is not changed with time, which belongs to the
first type.

Some non-linear control technologies, including non-
linear intelligent technologies, such as the backstepping
method [12], [13], fuzzy control [14], neural networks [15],
[16], sliding mode control [17] and model predictive control
[18], have been widely applied to the following control
of UUV. However, these non-linear control methods are
applied, and additional parameters and iterations are also
required during the calculation. So these technologies are
difficult to put practice into the low-cost navigation control
systems.

This paper focuses on the low-cost UUV navigation
control system by heading-vector based sliding mode con-
troller [19], [20]. A heading-vector field is constructed to
indicate the expected headings of the UUV at every po-
sition. And by following the expected headings the UUV
is gradually guided to the desired path. The remainder
of the paper is organized as follows. In Section 2, the
conditions and background of the presented problem are
explained. The generation method of Dubins-RRT path in
an obstacle-rich environment is presented in Section 3. In
Section 4, the recovery path guidance in the heading-vector
field is given. Simulation results are shown in Section 5.

2. Problem Statement

When the task is finished, UUV turns to the autonomous
recovery stage and arrives at the rendezvous point after
a period of navigation. First UUV detects the position
and heading of the platform by sonar, and then the path
planner plans the recovery path based on the current
position and heading of UUV as a starting vector and the
position and heading of the platform as the finishing vector
(assuming the starting vector and the end vector being in
the same plane). In many cases the UUV is in an unknown
environment full of static or dynamic obstacles, in addition
to the global planning before navigation. It must offer the
corresponding obstacle-avoidance algorithm to meet the
demands of the kinematics constraints.

As shown in Fig. 1, n, = (2, Yo, @) and ng = (24, y4,
ag) represent the coordinates and azimuth angle of the
starting vector and the finishing vector, respectively, then

Figure 1. Four forms of Dubins path.
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the Dubins curve has four possible forms, namely LSL,
RSR, RSL, LSR. The shortest of length is the required
path. For the detailed planning algorithm, refer to [21].

3. The Generation Method of Dubins-RRT Curve
in an Obstacle-rich Environment

If a UUV is in an obstacle-rich environment, some simple
avoidance method can also be applied, but the regener-
ated sub-path may intersect with the obstacle repeatedly
and another sub-path is required. Computer calculation
time and data storage may increase significantly when
multiple iterations are performed. This paper presents
a Dubins path planner based on searching map of RRT
in the obstacle-rich environments, which can reduce the
computing time and the amount of data [22].

3.1 Generating the Intermediate Waypoints with
the Guiding Sampling Method

Combined with Dubins curve, RRT algorithm is used to
generate the waypoints in the recovery area. The sam-
pling nodes are selected by means of the guiding sampling
method, and the new sampling points and the sub-nodes
in the original tree are connected by the dynamic Dubins
curve. The radius of curvature of the dynamic Dubins
curve is generated randomly to meet the constraint. With
the growth of the tree structure, a set of Dubins curve
form, the shortest of which will be selected.

The process of the Dubins curve based RRT algorithm
[20] is given as follows:

1. Initialization.

2. If not reaching the target position, turn to step (3),
otherwise, if the random tree having been constructed,
then turn to step (7).

3. Set tmax to be the maximum running time. If ¢ > .«
turn to step (5), otherwise turn to step (4).

4. Generate a random node N,.,q in the search space
and calculate the corresponding candidate node Ny, cqp.

5. Set Nyqna to be the finishing point and determine an
Npear according to it, then get an Nyeq, -

6. Determine whether potential threats exist between
Npew and Nyeqr. If no threats, the two nodes will be
connected by the Dubins arc, and this Ny, is added
into the random tree, then go to step (2). If threats
are existing, turn to step (3).

7. Look up reversely in the feasible paths of the con-
structed random tree to form the final path.

To control the size of the random tree (i.e., not too
deep and not too wide), this paper developed the guiding
random sampling method to generate the N,,,q node,
namely to design the related parameters to control the
generation of the sampling point.

First of all, control RRT depth (the path length from
the current node to the root node). The depth value of each
node should be considered in search of the “nearest” node
to the sampling node, which stimulates a shorter path to
the root node and limits some sampling points’ generating
in the process. In this way, some fixed node to the longer
path is removed and the final path is optimized.



The distance from the current node to the sampling
node is calculated by:

D = Dstaight(N7 Nrand) + Dl * AO(N, Nrand)

+Dy x rand(0, 1) x depthipee(N) (1)
where N represents the current node in the growing tree;
Nyang the sampling node; o the direction of the node.
The construction of the tree is subjected to the straight
distance from the current node to the sampling node, the
direction gap between the two nodes, and the depth value
from current node to the root node has to the root node.
Various environments determine the design of parameters
D, and D,, whose values reflect the influence on the tree
growth.

There are four possible connections between two vec-
tors in traditional Dubins path. LSL, RSR, RSL, LSR.
In this paper, LSL, RSR will be simplified as the co-
orientation Dubins path while RSL, LSR as the anti-
orientation Dubins path.

For the co-orientation Dubins path case, the composi-
tion of the path is shown in Fig. 2.

D

straight

Figure 2. The composition of the co-orientation Dubins
path.

The centre point coordinates of the node N is
defined as:

(Cy,Cy) = (xn £ R cos an,yn £ R sin ay)

(2)

The centre point coordinates of the new generation
node N,y 1s defined as:

(C;,Cy)=(anN,,, tRcosan,,, UN,., £ Rsinan,,,) (3)

@ is the angle between the straight path and the
longitudinal axis, which can be calculated by:

Cl —C,
Y= T_ arc tan(“)

2 cr—C, @)

Diiraight is the path length of the line segment, which
can be calculated by:

Ditraignt = \/(Ch = Ca)? +(Cy = G2 (5)

For the anti-orientation Dubins path case, the compo-
sition of the path is shown in Fig. 3.
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Figure 3. The composition of the anti-orientation Dubins
path.

The coordinates of the centre point is the same with
the co-orientation Dubins path. ¢ is the angle between
the straight path and the longitudinal axis. n is the angle
between the line connecting the two centre points and
the longitudinal axis. ~ is the angle between the line
connecting the two centre points and the radius. These
angles can be calculated by:

T
p=n-7+5 (6)

T Cl —C,
=g —arc tan(cchac) (7)

v = arc tan(2R> (8)
d

Secondly, to limit the width of the generated tree, the
product of the value of a random parameter multiplying
the depth value of the previous sampling is the width
constraint of the new node. By this guiding sampling
method, the new sampling node will be distributed within
a range of the tree.

Again, the turning angle for the new node is selected
in the scope of (—%,%). However, the random node
sampling is hard to achieve with direction constraint. Even
if such nodes are found, the path generated may lead to
unnecessary turning, thus UUV may waste time and the
limited energy. To solve this problem, an auxiliary observer
is designed in this paper. When the new sampling node
is generated, no obstacles lie between the two nodes and
a Dubins path forms; this node is added to the tree as a
new node, otherwise it is abandoned and the next sampling
begins again. ay;,_,, is denoted as the direction of the new
node. K7 is the slope of the connection line between the
new node and the target point (Fig. 4).

9)

T
an,,, = arc tan Ky, — (§ — aN>

3.2 Dynamic Dubins Curve

Environment under the sea is mysterious and UUV cannot
navigate by large turning radius in small area. A UUV



straight N, rand

Figure 4. Expansion of Dubins-RRT with the guiding sam-
pling.

cannot navigate by large turning radius in a small area,
while in broad areas too small turning radius may cause
unnecessary rotary added into the tree, which affects the
effectiveness. This paper connects the adjacent nodes by
dynamic Dubins curves to adapt to different geographical
environment. First, a time parameter is set in the growth
process of the tree. If a reasonable path cannot be found
within this period of time, another turning radius will be
re-selected. The method of selecting the turning radius is
to increase the turning radius by a small constant in the
specified range until it meets the requirements.

4. Recovery Path Guidance by Heading-Vector
Control

In the above-mentioned work, the Dubins-RRT path from
the rendezvous point of UUV to the recovery platform place
is formed, and the following work is to guide UUV to the
path using the navigation algorithm. The guiding method
in this paper is implemented by heading-vector control. A
heading-vector field is constructed to indicate the expected
headings of the UUV at every position. Application of this
guiding method ensures an approximate-to-zero tracking
error in constant turbulence. The controller designed to
follow the path is treated as the inner loop control of the
whole control system of UUV, aiming at generating heading
control commands for the outer loop controller to produce
corresponding propeller and rudder angle commands.
Height and speed of UUV are assumed constant. The
simplified kinematics model of UUV is given by:
& = Vpsinyx + OC,
(10)
y = Vpcosy + OC,
where Vp represents the speed of UUV at p in the earth-
fixed coordinate. (OC,, OC)) represents two velocity com-
ponents of ocean current at the point p. x is the heading
of UUV at the current point. If Viz represents the speed of
UUV in the fixed coordinate, then the relationship between
Vp, Vg and OC can be shown in Fig. 5.
An alternative representation of (10) can be devel-
oped by:

Vaz = Vpsiny + OC,
G pSmLX (11)
Vay = Vpcos x + OC,
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Figure 5. Relationship between Vp, Viz and OC.

Drawing on (11) and the definition of course o shown
in Fig. 5, (12) can be expressed as:

T = Vgsina
(12)
y = Vg cosa

In formula (12), the UUV heading and the speed rela-
tive to currents are replaced with the navigation direction
and the navigation speed in earth-fixed coordinate system.
Path following control in the vector field helps to avoid
the current disturbance. This is particularly important for
small UUVs.

The planned path is discrete and composed of several
sub-Dubins paths. Each sub-Dubins path is composed of
line segments and arc segments. So the navigation algo-
rithm design should also be discrete, dividing into straight
line guidance algorithm and arc guidance algorithm.

4.1 Following the Straight Line by Heading-Vector
Control

As shown in Fig. 6, the thick solid line is the target path for
UUYV to follow, and is the centre line of the heading-vector
field. The direction of each vector in vector field represents
the desired course of the UUV at this point. The regulation
of the desired heading-vector changes as the angle between
the vector and the target line decreases, and the distance
from the vector to the target path decreases.
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Figure 6. Following the straight line in the vector field.



D is the lateral distance from the current location
of UUV to the target line. x is the angle between the
current heading of UUV and the target line. The goal is
to construct a heading-vector field. When D is large, UUV
approaches to the target path on a fixed course and when
D is close to 0, UUV sails in the same direction with the
target line.

For discussion purpose, the direction of the target line
is assumed to be the Y axis direction, then the lateral
distance from the UUV to the target line is D =x.

Xmax Tepresents the course angle approaching target
line. The desired heading angle of the UUV is designed as:

Xd(x) = ~Xmax * f(x) (13)

The explanation of choosing f(z) is as follows.

1. f(z) is strictly monotonically increasing odd function
within the range of  and f(0) =0.

2. This function is a bounded function, and its range is
(_17 1)
3. The derivative of f(x) is a monotonically decreasing

function in (0, 400).

flz)= };::B: is selected in this paper. ( is a positive
definite parameter, which affects the changing speed of the
heading angle from Xmax to zero. Set xmax € (0, 5), and
according to f(x) we have xq(z) € (=5, %).

The definition of the Lyapunov function

1
Wl = 5(172

and its derivative
W1 = xx =x Vg sin x
When x = xa(z),

- . : L—e o
W1 = 2Vgsin xg = —zVg sin <Xmax X 1-1-6_59‘>
1—e P®

17 are all odd functions, then
Wi <0. If = Xd(x), then y — 0.

Assume that UUV can achieve closed-loop control by
on-board controller, and the designed controller is the

kinematics controller of the outer loop and its equation can
be defined as:

where z,sin(-) and

X=K(x.—x)+v (14)

where K, v are definite parameters. K represents the
response speed of the outer loop controller, v represents
unmodelled dynamics or external disturbance. K and v are
usually difficult to be precisely predicted in experiments
and the estimation error is inevitable. The adaptive sliding
mode control method is adopted in this paper to fulfil the
course control of UUV.
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The sliding surface is chosen as:

t
S(X):eX+K1/ ey dr (15)
0

where K7 is the integral gain. Let e, =x — xa(z), the
differential of (15) can be calculated as:
S(X) =éy + Krex = K(xe — X) + v —Xa + Kre,  (16)

Select the Lyapunov function WQZ%SQ, take the
derivative as:

Wo=258=8K(xc—x)+v—xa+Krey) (17
Then, the control signal input is selected as:
1. . .
Xe = X+ E(vaer — Kre, — K15 — Ky sign(S))  (18)

where x4 is the differential of x4, K and 9 are the estimated
values of the uncertain parameters K and v, K; and Ks
are the positive constants.

1, ifxz>0
sign(x) =4 0, ifx=0
—1,if x <0

Ax=xc—x, (16) is substituted into (17) and let
K =K — K, which can be developed by:
Wg = S(KAX+7}_Xd+KIeX)
= S((K - K)Ax + K Ax +v—xa+ Krey)  (19)
= S(KAx+K(xe—x) +v— Xa+ Krey)

Substitute (18) into (19), and let o =v — ¥, which can
be developed by:

Wo = S(KAx+K(xe —x) +v— xXa+ Krey)

= S(K Ay — 0 +v— K1 S — Ky sign(9)) (20)

= S(K Ax + 1 — K18 — Ky sign(9))

To obtain the estimate values K and v, Lyapunov
function W3 is defined as:

1 1 1 -~
Wy = =52+ —p 102+ = ptK? 21
3 2 + va VT + 2pK ( )
Pv, PEare the positive parameters, the differential of
(21) can be calculated as:

Ws=S(KAx+i—K S —K, sign(S))—l—p;lfJf)—&—p;{lf(IL(

= —K15? — Ky|S| +9(S — p; '0) + K(SAx — p K)
(22)



As K and v are constant values, then K = K, = 15, are
substituted into (22). Equation (22) is updated as:

Wa= — KiS® — KalS|+ (S — p, ') + K (S Ax — pi' K)

(23)

The adaptation law for K and 9 can be:
K = piS Ax (24)
0= p,S (25)

So Wy= — K;82 — K5|S| <0 is obtained. The sliding
surface S can approach to zero in a finite time, e, will
converge to zero too.

To eliminate chattering effect caused by a discontin-
uous sign function, the control signal input can be re-
placed by:

1 P S
Xe =X+ E (—U + Xa — Kre, — Kssat (6)) (26)

1, if|z] <1
where sat(x) =
sign(x), otherwise

In addition, a border region around the sliding surface
is defined as S. ={|S| <e}.

As the sliding surface is a progressive convergence,
when |S|>¢,S can reach into S. within a finite time.
Therefore, region S. is the only case considered for the
stability proof.

Theorem 1. The equations of the system are given
by (12) and (16), the controlled heading and the
desired heading of UUV can be given in (26) and
(13). If the maximum of the heading angle is in

the range of (0,%], and XmT“"ﬁmin (§ K—C"e) >1, where

e’ eVa
(1+E_ﬁj)2 2Xmaxﬁi ~ ;
uZmax(eﬁzc % lie,ﬁi), - 17675% , T 18
e 08(Xmax 1 =gz sin(Xmax 15— 57

arbitrary, then this system is global asymptotic stable.

Proof: Lyapunov function is defined as:

1o 10
W—2$ +295

Differentiating, we obtain
W = zi + 0SS = aVgsiny + 0S(éy + Krey)
=aVaesinx +0S(x — xa + Krey)

:xVGsinx+05(K(xc—x) + 90— xa+ Krey)

If |£| <1 in the border region S., the control signal is a
saturated function.

1 S
.= — | =0+ vy — Kre, — K3—
X X+K( U+ Xd ICy 3€>

So the differential of W is updated as:

W = 2Vgsin(xa(z) + ey) — 9%52
= 07287 4 Vg sin(xale))
+ 2V (sin(xa(x) + ex) — sin(xa(z))
< 67287 4 2V sin(xy(x))
+ |z|Vglsin(xa(z) + ey) — sin(xq(z)]
Let:

§ = [sin(xa(z) + ex) — sin(xa(z)|
= |sin(xa(x)) cos ey + cos(xa(z))sin e, — sin(xq(z)]
= |sin(xa(x))(cos e, — 1) + cos(xa(x)) sin e, |
< |cos e, — 1] + [sin ey | < 2]ey| < 2|S|
We get:

. K
W< _9?332 + zVg sin(xa(x)) + 2Ve|z]|9)

Kg 1-— e_ﬂ””
= —0—52 + 2V |z||S| — 2V si max — 5
pal clz||S] — 2 Vg sin <X 1+€_5r)

Let:

5w>xﬂnemmle/ﬁ)

1+4eP=

To find the conditions of W <0, even function ¢(z)
is constructed in the range (—o00,00), which ensures
£(0)=¢(0)=0and 0 <{(z) <((x). Consider the function:

LmaXﬂxQ, if |z] <z
¢(z) = s 3 , Tis arbitrary
Xm%f(m —7), if |z| > 7

As both £(x) and ((x) are even functions, 2 > 0 is the only
case considered in the following.
When 0<z <7,

1—e b=
&'(z) = sin (Xmaxl—i—z_ﬁf”>

1—e P 2B~ P
1+e P ) (1+ e Pr)2

1—e P2 2B3e P
14+eP% ) (1+ e P2)2

+ meax Ccos (Xmax

2 X Xmax COS (Xmax
’ _ 22X max 8
('(x) = L
If ¢'(z) < &(x) and £(0) =¢(0) =0, then ((x) <&(z)

1—e P2 2B 0%
1+e P2 ) (1+ e Bz)2

22X max

S meax Cos (Xmax



(14572

And then, p> —
sz 1—ef%
“PTcos| Xmax—a=
c Xmax 7 —pz
When z > Z,
§(x) = wsi 1_6ﬁm > Loe™
T) = TS Xmax 7ﬁz T sin Xmax 1+ e*ﬁi ’
Xmax/3 _ melxﬂ _
((z) = Z(2z| -7) <2
© ©

Let ¢(z) <&(zx), that is:

2@1 . < x sin ﬂ
M > Xmax1 +€_ﬂ§7

which is equivalent to:

2Xmax 3T
o= . 1—e 02
S Xmaxm

0<x<zx and x> are integrated, if p>

(1+e*5‘ﬁ 2Xmax 3%
max(e_m p— vt ey ermg E then ((x) <
Xmax 1+ Bz Xmax 1+ Bz

&(z), which implies that:
. K3 9
W < —9?5 + 2Vg|z||S| — Va((x)

Therefore, when 0 <z <z, we get:

1 K 0 max
K max
VG< 30 62 _ gly)5] 4 Xmaxb )
n
K30 .
v - S|
=—Va(|S| ) | &Y€
_1 Xmaxﬁ ‘1:|
I
If 830 (xuex2) > 1, then W <0.
When z > T and |S| <e, we get:
» K 0 max —
Wg77}§+mamaf Xuﬁmmf@
<2Vg|x| - e — 2Vg Xm;X/B_ ||

= 2Vg|z| (a - Xma"ﬂx>
1

Ifx%’;m>lthen W <O0.

In summary, Theorem 1 is achieved.
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Figure 7. Following the arc segment in the vector field.

4.2 Following the Arc Segment by Heading-Vector
Control

Following the arc segment is similar to following the
straight line segments in the heading-vector field. The
geometric relationship of UUV and the target arc is shown
in Fig. 7. The planning path in this paper is Dubins curve
in which the directions of arcs can be clockwise or coun-
terclockwise. The counter clockwise target arc segment is
discussed here and the research methodology of the clock-
wise arc segment is similar to it, except that the signs are
different.

Assume that the radius of the target arc segment is r,
and the coordinates of the centre point (O, O,) is known.
The distance from UUV to the arc centre point being long,
the desired navigation direction of UUV is the direction
connecting UUV and the centre point. d represents the
distance from UUV to this centre point. The desired
heading of UUV is calculated by:

Xd=7—T (27)

When d gradually reduces until it is equal to r, the
desired navigation direction of UUV is the tangential di-
rection of the point A. A is the point of intersection of the

target arc and the line connecting UUV with the centre
point. The desired heading of UUV is calculated by:

Xd =7 —7/2 (28)

The desired course of UUV can be given by:

T ml—e BAd
Ad)=n— T _T27¢ 2
Xd( ) Y 9 2 1+€—ﬁAd ( 9)

Ad=d—r (30)



In the case of the arc segment, it will bring great con-
venience to the problems being studied to convert the two-
dimensional coordinate into the polar coordinate. From
Fig. 7, the coordinates of UUV can be calculated by:

r =0, +dsin
! (31)
y = Oy +dcosvy

Substituted by (12) and its derivative is formed as:

d = Vg sin(x — v)
Ve (32)
=0 cos(x —7)
where Vi and x are velocity and heading angle of UUV rel-
ative to the earth-fixed coordinates, respectively. Dynamic
equation of heading is also given as (14).
The definition of the Lyapunov function:
1
W1 = 5Ad2

and its derivative:

Wy = AdAd = AdVgsin(x — 7)
When x = x4,
W1 = AdAd

= AdVg sin(x — )

. 7 wl—ePAd
™ 1 — e BAd

sin(+) is monotonically increasing in (—n/2,7/2), Ad is
monotonically increasing too, so Wy <0. If X = xda(Ad),
Ad — 0 asymptotically.

The design of adaptive sliding mode controller is elab-
orated as follows.

The sliding surface is chosen as:

t
S(x):ex+K1/ ey dr (33)
0

where K7 is the integral gain. Let e, =x — xa(), the
differential of the sliding surface equation can be calcu-
lated as:

S(X) =éy+ Krey = K(xe —x) +v—xa+ Kre, (34)

1 P S
=x+ % (—v +Xa — Krey — K3sat<€)> (35)
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The proof of the reachability of the sliding mode sur-
face and the producing process of the adaptive law is
similar to that in Section 4.1, so it is not repeated here.

Theorem 2. The equations of the system are given
by (32) and (34), and the controlled heading and
the desired heading of UUV can be given in (35)

and (29). If the mazimum of the heading angle is
in the range of (0,%], and ﬁ—’; (J, gﬁg) > 1, where

> m(l4+e” HAd)z Brd 7 - _
"= maX(Qe BAdcos(g L efg:(j) ’ 251n<2 HefZ:) ’ @ s ar

bitrary then this system is global asymptotic stable.

Proof: Lyapunov function is defined as:
1 1
W =-Ad*+ -05?
2 + 2
Differentiating, we obtain:

W = AdAd + 0SS

= AdVgsin(x — ) +05(é, + Krey)
= AdVgsin(x —7) +0S(x — xa + Krey)
= AdVg sin(x — ) +95(K(XC —-X)+0—xa+Krey)

If |§’ < 1 in the border region S., the control signal is a
saturated function.

1 S
= — | -0+ xqa — Kre, — Ks—
X+K( U+ Xd I€x 35>
So the differential of W is updated as:
W = AdVg sin(xa(Ad) + ey —7) — 9—52

Let Xa = xa(Ad) — v, we get

. K
W= —97352 + AdVg sin(X4(Ad))
+ AdVg (sin(xa(Ad) + ey) — sin(xa(Ad))
< 9—32 + 2V |S||Ad| + AdVg sin(Rq(Ad))

_ B350 4 ovg(8)1Ad) — Adve ml—e hnd
=0 + 2V |S||Ad] - G sin 91 o BAd
Let (Ad) = sin (3155737

To find the conditions of WSO, even function
C(Ad) is constructed in the range (—oo,00), and en-

sures £(0) =¢(0) =0 and 0 <{(Ad) < ((Ad). Consider the
function:
”6 3 A iflAd] < d
((Ad) = , d is arbitrary.
”ﬁ d(2|Ad| — d), if|Ad| >d



As both £(Ad) and ((Ad) are even functions, Ad >0
is the only case considered in the following.

_ , 1l —eBAd
When 0<Ad<d, ¢'(Ad)= Adcos(2 1+ ﬁAd)
2BePAd , pr
(=l ¢'(Ad) = . —Ad
ﬁﬂ' Ty _ e PAd
Let ('(2) S€(a), then “EAd < Adeos (3 5e7m)
2Be—PAd

(14 e=PAd)2

And then, if p> o o 7Ad
2e— f--°
e cos(21+e[md)

, which

implies that

K
W< - 3€52+2VG|Ad||S| ﬂ”Ad?
K
:—VG( ‘j@ — 9|Ad||S] + Ad2)
S (s
N i
-1 == |Ad|
2p
1 57 (552) > 1, then W <0.

When  Ad>d, £(Ad) = Adsin (g %) >

Adsin (gﬂ) C(Ad) < £(Ad)

1—e

_Brs 5 pd

which is equivalent to:

0> Brd
9 7l —ePd
Sin §1+e*ﬁd
We get:
. K0 _
W< —?352 + 2Vg|Ad|S] — Vgﬂld(2|Ad\ —d)
< 2Vg|Ad| e — 2VGﬁ7Td |Ad|

= 2Vg|Ad]| (5 - TJ)

If 224 > 1, then W <0.
Theorem 2 can be obtained by integrating the above
two cases 0 < Ad < d and Ad > d.

4.3 Following the Combinatorial Path of Line Seg-
ments and Arc Segments

The planned path in this paper is the combination of line
segments and arc line paths, so it is required to explain
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how to construct the heading-vector field around the mixed
path. To avoid dead zones and singular points generated
in the mixed vector field, the UUV constructs the heading-
vector field according to the path type (line or arc) it is
following. Before starting the next sub-path, the UUV
is not to completely switch the heading-vector field until
it arrives at the end of a present sub-path (line or arc
segment). When following the mixed path in the heading-
vector field, the time point for conversion of different vector
fields is to be specified. The methodology in this paper is
to define a dynamic threshold, which is determined by the
lengths of the paths and the current speed of the UUV.
When the distance from UUV to the end of the present
path is less than or equal to the threshold, the conversion
of the heading-vector field will start.

5. Simulation

The simulations are carried out digitally with complex
marine environment: 400m x 400m area in the digital
ocean map containing some collision areas made up of
multiple islands. In the process of recovery, UUV has to
detour among these islands. The vector of the rendezvous
point is (60, 60, w). The vector of the position of the
recovery platform is (175, 300, 37w/4). Assume that the
longitudinal velocity of UUV is 1m/s.

Case 1: The recovery path by means of Dubins-RRT
without guiding sampling

To find out the approximate optimal path, we set 4
cycles in the simulation, and select the shortest path of
all the cycles as the final result. Running the program,
the length of the planned path is calculated as 348.5965 m
(Fig. 8).

Case 2: The recovery path by means of Dubins-RRT
with guiding sampling

Equation (1) is used to calculate the distance from the
current node to the sampling node. The parameters D1
and Dy of formula (1) are set as 0.1 and 0.3, respectively.
This choice of parameters is to make the direction gap
between the two nodes is less effect on the distance D, and
the depth value from current node to the root node has

350 |
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Figure 8. The path planning simulation of case 1.
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Figure 9. The path planning simulation of case 2: (a) the number of the simulation cycle is 4 and (b) the number of the

simulation cycle is 20.

300

\
250
N\

_ 200 \
5 D

150

/
100 4,/
N

50

40 60 80 100 120 140 160

X (m)
(a)

180 200 220

300

\

200

Y (m)

150 Vs

100

K

50
40 60 80 100 120 140 160 180 200 220
X (m)

(b)

Figure 10. The path following simulation of case 2: (a) the number of the simulation cycle is 4 and (b) the number of the

simulation cycle is 20.

Table 1

Control Parameter Values
Parameter Value of the | Origin Parameters Value of the | Origin
Straight Path Followed Arc Path Followed
=12 Equation (13) B8=20 Equation (29)
©n=25 Theorem 1 n=40 Theorem 2
K3=2 Equation (26) Kz=5 Equation (35)
z=1 Theorem 1 e=1 Theorem 2
e=2 Theorem 1 0=5 Theorem 2
0=3 Theorem 1

a great influence on the distance D. When the number
of simulation cycles is set as 4 and 20, respectively, the
path length is calculated as 340.5354 and 336.6099 m,
respectively. The two simulations in Fig. 9 show that if
regardless of the recovery time, the increase in the number
of simulation cycles can further optimize the path.

Figure 10 shows the results of the heading-vector field
algorithm. In these simulations, the parameters of the
straight path followed are set as the course angle approach-
ing target line is set as Xmax = 7 -Xmax = 7, speed of UUV
is set as Vo =2m/s. The other parameters which satisfy
the conditions of Theorems 1 and 2 are selected as Table 1.
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As is shown, the thin line represents the planned
recovery path and the thick line represents the tracking
path. In the whole process, the mean values of the following
errors are less than 0.5 m, which can meet the requirements
in practical applications. The following errors on the
straight-line segments of the path are smaller compared
with those on the arc line segments of the path. Although
the connection position of adjacent line segments and arc
segments shows some lateral follow errors, the length of
the tracking path and the planned recovery path is similar.

6. Conclusion

In this paper Dubins curve is applied for a UUV to plan
the obstacle-avoidance path from the rendezvous point
to the recovery platform. The methods can work in
real time and require no accurate UUV dynamic model.
The construction of the heading-vector fields for the line
segments and arc segments of a Dubins path are presented.
Both theoretical proofs and simulation analysis show that
the UUV can be well guided onto the planned path by
heading-vector control.
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