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Abstract

During marine missions, AUVs are susceptible to external disturbances, such as obstacles, ocean currents, etc., which can
easily cause mission failure or disconnection. In this paper, considering the strong nonlinearities, external disturbances and
obstacles, the kinematic and dynamic model of bioinspired Spherical Underwater Robot (SUR) was described. Subsequently,
the waypoints-based trajectory tracking with obstacles and uncertainties was proposed for SUR to guarantee its safety and
stability. Next, the Lyapunov theory was adopted to verify the stability and the Slide Mode Control (SMC) method is used to
verify the robustness of the control system. In addition, a series of simulations were conducted to evaluate the effectiveness
of proposed control strategy. Some tests, including path-following, static and moving obstacle avoidance were performed
which verified the feasibility, robustness and effectiveness of the designed control scheme. Finally, a series of experiments in
real environment were performed to verify the performance of the control strategy. The simulation and experimental results
of the study supplied clues to the improvement of the path following capability and multi-obstacle avoidance of AUVs.

Keywords Path following - Obstacle avoidance - Bioinspired - Spherical underwater robot (SUR) - Lyapunov theory

1 Introduction

Nowadays, AUVs are widely used to perform various
tasks, such as exploration, inspection, operations, military
research and marine environment’s observations [1, 2]. In
ocean applications, path planning is an essential tool to com-
plete the specific tasks [3, 4]. However, few studies have
addressed the path following control in presence of obsta-
cles, especially, in three-dimensional (3D) space. Thus, a
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path following strategy with the capability of obstacle avoid-
ance is urgently need, which improve the accuracy and safety
of AUVs.

In recent years, many path following techniques have
been studied to satisfy the requirements of complex dynamic
environments. Common navigation methods including the
Artificial Potential Field (APF) [5], Backstepping Slide
Mode Control (BSMC) [6], Fuzzy-based Control (FC) [7],
Neural Network (NN), LOS guidance and Map Construction
(MC) method [8] are used to solve the path following prob-
lem. However, those methods cannot counterweight various
requirements, and suitable for different model control strat-
egies. Lalish et al. [9], proposed an algorithm to solve the
n-vehicle collision avoidance problem. The controller can
guarantee all vehicles to follow the desired path. For robots
with different motion modes, due to the differences in the
dynamic models, it is necessary to comprehensively consider
the robot model, including kinematic and dynamic model.
Shen et al. in [10, 11], proposed a novel Lyapunov-based
model predictive control in horizontal plane to solve the
trajectory tracking problem of AUV. Khalaji et al. [12] have
developed a highly nonlinear controller for AUVs based
on Lyapunov theory. Some analytic simulation scenarios
are carried out to verify the effectiveness of the designed
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controller. However, this method is challenging to apply in
real environments. Liu et al. [13] proposed a guidance law
to track the reference path safely in vertical plane using the
barrier Lyapunov function. However, the above studies are
all based on the analysis of simplified models, mostly solves
problems in the planner, which cannot meet the needs of
multiple underwater missions and extend to the spatial tra-
jectory tracking control.

Moreover, there also exist other methods, such as Model
Predictive Control (MPC) [10, 14], Dynamic Window
Approach (DWA) [15] and Adaptive Control (AC), to solve
the trajectory tracking problem [16, 17]. Zhang et al. [18]
proposed the adaptive NN control for robotic manipulators
to handle the unmodeled and uncertain dynamics. The NN
is applied to achieve full-state feedback for robots. Yan et al.
[19] designed a controller for AUV combining with Particle
Swarm Optimization (PSO) and Waypoint Guidance (WG).
However, the chattering phenomenon and smooth transition
has not been solved in the above papers. Although above
studies have developed new tools and solutions for 3D path
following, they often have low accuracy for avoiding mov-
ing obstacles and make them restricted to apply in practice.

In our previous research, a SUR is developed which
inspired by the propulsion mechanism of jellyfish [20-22].
The natural jellyfish are mainly composed of a round
umbrella, tentacles, mouth and wrist, etc., which spray
water in the body by compressing and deforming the body’s
umbrella membrane to generates propulsion. By spraying
water, areas with different pressure levels will be created
around the body, and then jellyfish swims in the opposite
directions. To imitate the advantages of jellyfish locomotion
in symmetry, stability and performance, the SUR’s locomo-
tion mechanism uses a hybrid propulsion system compos-
ing by a propeller and a water-jet thruster. The proposed
hybrid propulsion system provided alternative methods
for approaching targets stably, quickly and effectively. The
hydrodynamic parameters, such the viscous coefficient, the
drag coefficient and the pressure contour of motions we ana-
lyzed in [23, 24]. In our previous controllers, [2, 7, 25] there
is still instability in trajectory tracking due to the lack of
consideration of the correctness of robot modeling and the
complexity of the operating environment. Thus, to design
the nonlinear control law for SUR safely and accurately, and
improve the robot stability, the real-time obstacle avoidance
considering SUR modeling is integrated to the trajectory
tracking.

As can be seen from the mentioned literature, most con-
trollers neglect terms, such as robustness, stability and the
capability of obstacle avoidance in 3D environment. In
addition, the parameters, such as size (radius), uncertain-
ties, internal and external disturbances are ignored, which
lead to the instability of the whole system. Therefore, con-
sidering the complexities, nonlinearities and uncertainties
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of the AUV’s model in ocean environment, in this study, to
follow the reference path in real-time and avoid obstacles
accurately, a novel control strategy for SUR is employed.

Motivated by the above consideration, this study con-
centrates on the path following and obstacle avoidance (the
static and moving obstacle) for SUR in 3D environment.
Compared with our previous control methods, considering
the stability and uncertainty of the control system, the kin-
ematic and dynamic model of SUR are established and ana-
lyzed. A novel control strategy is developed for SUR, includ-
ing path following, static and moving obstacle avoidance.
Under the principle, the SUR can move and avoid obstacles
along the reference trajectory. Moreover, The Lyapunov the-
ory and SMC method are developed and implemented for
SUR based on the control strategy to compensate for errors
in model uncertainties and external disturbances. Further-
more, the APF method is employed into the proposed control
system, which is more suitable for local real-time obstacle
avoidance. Besides, the robustness, efficiency of the novel
control strategy is examined and validated via a series of
simulation and experiments in real environment.

The remainder of this paper is organized as follows: first,
we describe the kinematic and dynamic model of SUR, and
the path-following and obstacle avoidance is proposed in
Sect. 2. Then, the control strategy for SUR is developed,
and the stability and robustness of the proposed strategy is
verified using Lyapunov and SMC method in Sect. 3. Next,
Sect. 4 uses the simulation to display the performance of the
proposed strategy, the SUR model established and imported
to Webots, a series of experiments are carried out. Then,
Sect. 5 uses the SUR to perform a series of experiments in
real environment, the tracking trajectories are analyzed. In
addition, Sect. 6 discusses the results of some simulation and
experiments in real environment. Finally, Sect. 7 presents
our conclusions.

2 Kinematic and Dynamic Model of the SUR

The structure of SUR is highly symmetrical, and the four
water-jets and two propellers are located above and below
the central track, respectively. The forward direction of SUR
is perpendicular to the plane, where the propellers and water-
jets are located. As shown in Fig. 1, the general kinematic
and dynamic models of AUVs [26-28] can be described
using the earth-fixed coordinate system (O,, X,, Y,, Z,) and
the body-fixed coordinate system u. Among them, the ultra-
sonic sensor is located under the central track and is fixed
on the robot body through a bracket to make it consistent
with the forward direction of the SUR. In this study, the
6-DOF nonlinear kinematic motion of SUR can be expressed
as follows:
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where n = [x, y,z, ¢, 8, w7 is the state vector which included
the position [x, y, z] and orientation [¢, 0, y] in the earth-
fixed frame, v = [u, v, w, p, ¢, 7] is the vector which included
the linear velocity [u, v, w] and angular velocity [p, g, r].
Jo(n) is the transformation matrix between the earth-fixed

and robot’s body-fixed frame, it is formalized as

cycl cysOsp — swee chpsOcy + sysp 0 0 0
sycl sysOsp + cycd chpsysd —cysp O 0 0
Jo = —s6 s¢pc cpcl 0 0 0
o~ o0 0 0 1 spt0  coto
0 0 0 0 cp —s¢
0 0 0 0 s¢p/cO cip/co
(2)
where s, ¢ and ¢ are the abbreviations of sin, cos and tan,
respectively.

The dynamic model of the SUR can be expressed as
follows:

Fig.2 Schematic diagram of the
SUR when performing under-
water missions

where M € R%® is the inertia matrix, C(v) € R repre-
sents the Coriolis—centripetal matrix, D(v) € R%® describes
the hydrodynamic damping matrix, g(n) € R®! expresses
the restoring forces and moments (gravity and buoyancy),
7 € R®! describes the forces and moments acting on the
SUR, w, € R®! is the vector of the time-varying external
disturbances.

Because the SUR is an underactuated system, it mainly
realizes underwater obstacle avoidance and positioning
through horizontal or vertical motion during performing
tasks, as shown in Fig. 2. Among them, § (S1, S2, S3)
and D (D1, D2) represent the static obstacle and moving
obstacle, respectively. Therefore, to facilitate later control-
ler design, the horizontal and vertical motion equations
are decomposed.

The mathematical model of the horizontal and vertical
plane for SUR can be rewritten as

(Xs1, Ysi, Zs1)

(Xs2, Ysz, Zs2) Target

Pm Pn4 .
Pw1
/ / P v4
Puz Pn3
Pw2 Pvs
| (Xoy, Yoy, Z;y) Vo1 Y
| D1 _‘\/ VD'&B), D2
(X3, Yss, Zs3) & " (Xp2, YD2, ZD2)

@ Springer



C.Lietal

-

X =ucosy —vsiny

JV=usiny +vcosy 4)
y=r

(% = ucos6 — vsing

< z=usin0 +vcoso 6))

6=q

where (x,y), and (x, z) are the horizontal and vertical vector
of the SUR, respectively.

Using the Lagrange method to extract the SUR dynamic
model, the results satisfy:

My, X, Xyulul +F,
U= —vr— u— ——
myy my my
. mp X, Y vivl+F,
1 V=——Ur- —y - — (6)
Mmy; UL my;
.y — My N, Ny
= —=uy— —r-— rlr| + g,
L m33 m33 Mm33
m44 XM Xulululul +FM
= ——Uuw — B
myy myy myy
my, Z, ZywwIwl +F,
ITIW=—uw—- —w—-— @)
Mss Mss Mss
_ My Mq Mqlql
g=————uw—-—q-——-(qlql +g,
L Mege Mee Mee

where F,, F,, F,, are the lateral and longitudinal forces,
respectively; m,, my,, myy, mss are the parameters of added
mass, ms; and mgg represents the added moment; And
X Yos Zys Ny My X Yopops Zogiwps Nojrs My 18 the drag
coefficient, respectively, g,, g, are the uncertain terms.

2.1 Implemented Trajectory Tracking

To facilitate later controller design for SUR, considering
the kinematic control and obstacle avoidance, the following
guidance law is proposed:

X =ucosy

y=-—usiny 8)
v =r

X=ucosf

z=—usiné )
0=gq

where r, g represent the angle between SUR and the horizon-
tal or vertical planes, which guide the robot converge to the
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adjacent waypoint. In addition, y, 0 is bounded and converge
to the SUR’s horizontal and vertical plane model.

To make SUR follow the reference path, the guidance
strategy is proposed, which is very necessary to complete
tasks. The starting point and the target point are defined
as (X, Y,,), (X, Y,,), respectively. The waypoints (X, Y;)
are established to following the reference path, as shown in
Fig. 3.

The 3-D trajectory tracking problems of SUR can often
use the following equation to define the tracking errors (see
[3, 18, 29-31], for example):

Xe cycl sych —sO || ¥~ Xa

Ye [=| =sw v 0 [fy—yg 10)
| Ve 0 0 1 v =Yy

Xe cwel sycld —sO [+~ *a

Z, | = sOcy sOsy cO || z—2z,4 (11)

0, 0 0 1 jg—y,

It can be seen that the trajectory tracking error of SUR’s
dynamic model is coupled and complex. In this paper, the
tracking error is defined as e = n — 1, to maneuver the
SUR for precisely tracking the trajectory and guarantee the
safety of SUR during obstacle avoidance. Among them,
n,= [x,.y,, w,1" or n,= [x,z,,0,]" represents the desired
position trajectory.

2.2 Implemented Obstacle Avoidance Mode

Considering the obstacle avoidance is necessary for path fol-
lowing of AUVs [32-36], to provide the ability of rounding
of obstacles, an obstacle avoidance mode is developed and
added to the main following controller.

Y
Yi
Vi-1 r‘;‘:L(XH. Yi-1)
ySp T
(0] xl’_l xl X

Fig.3 Framework of the path following for spherical underwater
robot
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As the eyes of AUVs, sensors are an indispensable tool for
sensing the ocean and the surrounding environment, especially
the application of underwater obstacle avoidance. Compared
with other sensor detection methods, ultrasonic sensor system
is widely used because of its low-cost, easy-installation, and
not easy to be disturbed by electromagnetic and light. Thus,
in this paper, the underwater ultrasonic module (JSN-SR0T4)
is used to improve the obstacle avoidance capability of SUR
and complete the mission. The relationship between ultrasonic
sensor and SUR is shown in Fig. 1. The detection angle is less
than 5(0° and the resolution is about 5 mm. In the simulation, in
Sect. 4, the trajectory tracking and obstacle avoidance perfor-
mance tests are performed by adding sensor nodes in Webots.
Ultrasonic sensor parameters are set with reference to param-
eters of JSN-SROT4. In addition, we also use the ultrasonic
module to perform a series of obstacle avoidance experiments
in Sect. 5 to verify the effectiveness of the proposed control
strategy.

The moving obstacle satisfy the equation:

Imo = ~lmo SiNfop

where x,,, and z,,, represent the position, and 6, is the
attitude of moving obstacle, u,,, represents the velocity.
The position relationship between the robot and obstacle
satisfies:

D=/(xp = x)* + (20~ )2 2 D, (13)
Ye
Oe Xe /’/ \\\
Ze . Rs Static .

~d=c

obstacle \\\

where D, represents the distance between the SUR and the
obstacle at time ¢.

In underwater environment, the SUR may encounter the
static (Fig. 4a) and moving obstacles (Fig. 5b), as shown
in Fig. 4. Considering the possibility of tracking control
for SUR, the static obstacle and moving obstacle is ana-
lyzed to track reference path safely [8]. When SUR detects
the static obstacle, as shown in Fig. 4a, if the condition
D <R, 0, < p is satisfied, the static obstacle avoidance
is activated. D is the shortest distance between the SUR
and the obstacle center, f is the angle between the tangent
which pass the center of gravity of SUR and horizontal
line. Noted that the static obstacle avoidance is a special

SUR control

Preplanning
(Waypoints)

New angle and
velocity calculation

(b) ©

New attitude
calculation

Select obstacle
avoidance
mode

Close
obstacle
(<Ds)

Obstacle
avoidance

Fig.5 The path-following strategy for SUR in presence of obsta-
cles, among them, detecting obstacles (a—c), and performing obstacle
avoidance behavior (others)

\

(a) Static obstacle

(b) Moving obstacle

Fig.4 Principle and related parameters for SUR’s obstacle avoidance. a The principle of obstacle avoidance under the static obstacle; b The

principle of obstacle avoidance under the moving obstacle
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case of moving obstacle avoidance, which will be further
verified in Sect. 3.

3 Control System for SUR
3.1 Tracking Mode

Considering the coupling, nonlinearity and complexity of
the SUR model, the simplified tracking error model is pro-
posed in this section:

X, =(x—=xy)cosf+(y—y,)sinp
Yo = —(x—xy)sinf + (y —y,)cos B (14)
Z,=2— 2y

After the above analysis, the Lyapunov function is used
to prove the stability of SUR:

D R O
Vl_zez - E(xe +ye) (15)

The time derivation of V; yields:

Vi =ee, = xe(u cos f — u, cos ﬂd) + ye(u sin f — u, sin ﬂd)
(16)
where x,=Icosp, y,=Isinf3,, [ is the distance between current
position and next position, and f3, is the virtual angle that is
dynamically assigned to follow SUR and avoid obstacles.
Then, we can obtain:

V,=l(—uy(cos® B, + sin’ f,) + cos(f — f,))

17
=—k <0 a7

where k, is a positive constant.
3.2 SMC Method for SUR’s Dynamic

Then, we used the SMC method to ensure the robustness of
the system in disturbances based on Lyapunov function. The
design procedures are as follows:

Step 1: The error variables z; and z, are defined as
follows:

=YYy (18)
=Y -y, =r—y (19)
L =4 tkyz (20)

where k,> 0 is a feedback gain, and z; is the angle error.
Then, the first Lyapunov function V, is defined as
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1,
V,= 5% (21)

Vi=az =50 —v) =G -ki)=un-ks (22

The switching function for sliding mode is expressed as
S

S1=ksz) + 2o = (ky + k3)z; + 24 (23)

where k> 0. It is obvious that z;, z,=0if S;=0, then V, < 0

Step 2: The second Lyapunov function is expressed using
S, as follows:
1

V=V, + 55@ (24)

Vi=V, + 81,81, = kot + 212 + Sy [ks(z, — kozy) + W — W, + k2]
(25)

Then, the control law is expressed as follows:

Jr = =ka(zp = kozy) =W + g = ko2 = hy(Syy + £5gn(S)))
(26)

where h;, £, >0, Substituting (25) into (24) yields:

Vs =_k21%+1112_h15?1 —hyg|Sy] 27
To deal with V3, a symmetric matrix Q is defined as
follows:

ky + hy e hyey =3
¢= lhlcl -1 28)

Therefore, V; can be rewritten as
Vs < =20z — g[Sy | (29)

According to the asymptotic stability theorem, if the
partial derivative V; satisfies that V; is negative definite or
semi-negative definite, then the control system is asymptoti-
cally stable. Therefore, we can obtain that (28) satisfies that
V, < 0if @ is positive definite matrix, and the control system
is asymptotically stable under the following condition:

2
|0 = hy(k, +h10%) - (hlcl - %)
(30)

1
=h,k, + - =
1(ky +¢p) 2
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3.3 Obstacle Avoidance Capability

Based on the above obstacle avoidance analysis in Sect. 2,
we also use the Lyapunov function candidate to verify that
the SUR can converge to the boundary of the anti-obstacle
areaR, <R <R

1
Vy=5¢’ 31

The time derivation along V,, is
V,=e¢ = e(D—R,) (32)

Based on the definition § (in Fig. 4b), the relationship
between D and f can be rewritten as

{Dcosﬁ:xMo—xd

. 33
=Dsinf = zy0 — 24 (33)

Substituting (12), (32) into (31) obtains:

eD cos f(ky — x,;) — Dsin f(zy — 2,)
D (34)

V4=

where 6, = f + 7/, — arctan (zmo — Zd)/(xMO —x,)- Then,
(33) can be written as

. M0 — %
V4 = e|upo cos(f — Oog) — tgpo €OS Z _arctan MO
2 Mo ~ Xd
Unio® 2ugpo
<- = - V4
Vmo — 2% + Giio — %) Vo — 20)* + (o — %)

(33)

Considering t — o0, V, approaches 0, thus, the stability
is guaranteed.

In this study, the APF method is used to improve the capabil-
ity of local obstacle avoidance. Compared to numerical meth-
ods, this method refrains offline entity and local minimization
problems, also enhancing the ability to pass moving obstacles.

The repulsive potential function is considered as

D
+ log ' _I;bs

B}

Py = 1/]

D obs
RS

(36)

where D, =D is the momentary shortest distance between
the SUR and the center of obstacle, and R, is the radius of the
surrounded area of obstacles. According to f,,, = —yVP

rep — rep®
we have

-

(Dibs - Rz)

Fpa = =7,
obs

(D%, —R%)

obs K
9 f;"ep,y = _Y(y o) D6 (37)

obs

3bs - i)

Frope = 1@ = 2,)— 22—

\

where y is an adjustable obstacle avoidance gain. Adding the
obstacle avoidance feature f,,,, to resist external disturbance,
enhance stability and avoid jitter phenomenon, the continu-
ous function 6(s) is used. Thus, the controlling input of SUR

dynamic system can be written as follows:

=M (1= Cipps + Qe — KO(5) + frop) (38)

where G, is determined by the horizontal dynamic
equation, vertical dynamic equation of SUR, and the input
vector; Q and K are the positive definite gain matrix and the
diagonal controlling gain, respectively.

According to the above analysis, the effectiveness of the

avoidance capability for SUR is verified.

4 Simulation Results

In this section, some simulation scenarios are performed
to verify the effectiveness, stability and efficiency of the
proposed path-tracking and obstacle avoidance scheme.
Compared to the traditional method, the Webots software is
adopted to design the scenarios which consider the SUR’s
model and parameters, such us mass, thrusters and joints,
etc. In addition, it simulates the dynamic effects realistically
and verify the algorithm performance effectively.

Based on the above controller stability and robustness
analysis, we construct a path following strategy, as shown
in Fig. 5. The trajectory tracking strategy is implemented
by adding related sensors and parameters setting in Webots.

4.1 Simulation Setup

Webots is physics robotics simulation software, which can
be used for creating robot prototype or achieving autono-
mous control. After importing the SUR model, the param-
eters, such as liquid environment and node of SUR, are set in
Table 1. Ultrasonic sensor is configured, including distance,
detection angle, etc. Controllers are then specified through
Webots Application Programming Interface (API). The sen-
sor is activated using the enable function. In this paper, the

@ Springer
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Table 1 Specific features of the SUR prototype in simulation

Parameters Values

Diameters 540 mm

Total mass Approx. 7.9 kg

Drive mode Servo motors and DC motors

Sensors Ultrasonic module, depth sensor, IMU etc
Density of liquid 1000 kg/m? (in the freshwater environment)

Dynamic viscosity coef- u: 1.219% 103 kg m™! 57!

ficient n: 0.899 X 10-6 kpa-s
Gravity 9.81 kg/m?
Temperature 25°C

Reference area Xyz-projection

SUR works in 3D environment and follows the reference
path in presence of the static and moving obstacles.

After completing the setup of sensors, node properties
of robot and underwater environment, we built the corre-
sponding controller using C++. SUR completes obstacle
avoidance of moving and static obstacles by following refer-
ence path to verify the performance of the proposed control
strategy (SMC-APF).

4.2 Simulation Results
4.2.1 Case Study 1

In this part, the capabilities that the SUR follow the ref-
erence trajectory is explored. To verify the path following
capability of SUR in 3D environment, the reference path is
designed as shown in Fig. 6, which is to effectively verify
the above path following strategy, in Sect. 3. Noted that, in
the underwater environment, we set a certain disturbance
acting on the underwater robot to check the robustness of
the SMC-APF.

The process of the path-following: first, the SUR starts
from the starting point, follows the reference trajectory to
the Waypointl, and then performs the diving locomotion

(Waypointl) and the ascending motion (Waypoint2), which
is to verify the capability of path-following in the vertical
plane, from 14 to 24 s. Then, SUR will continue to follow
the reference path to the Waypoint4, and perform the path-
following in the vertical plane continuously, from the Way-
point4 to the Waypoint6. Finally, SUR will follow the rest
of the path, until to the target point.

To show the superiority of the SMC-APF, the trajectory
of the SUR for tracking the reference path is obtained, as
shown in Fig. 7, which depict the comparison of the desired
path and actual trajectory of the SUR. It can be seen that
the robot can track the reference path successfully and the
trajectory is smooth.

4.2.2 Case Study 2

AUVs need to track the different desired paths, to verify the
capability of the SMC—APF to bypass the obstacles, two
scenarios are considered, the static obstacle and moving
obstacle, in the next section. Based on the above analysis,
the SUR is supposed to track the similar trajectory, so in this
part, we add three static obstacles to track the trajectory, and

Reference trajectory
------- Controller response

A
0.
H B(D)

. 1 T
€ i Vertical
o540 - itracking 1
N i 1 T

1 t 1
o i -

w0l Verliical =y ci 400

00 tracking 2 Lo

500 e 91y 800

400 e & 200
300 : et < x/cm
y/cm 200 > Lt 100

At t=24s

At t=34s

At t=39s
Fig. 6 Path following experiments for SUR in 3D environment
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the capability of the obstacle avoidance in different plane is
integrated, as shown in Fig. 8.

The process of the static obstacle avoidance: first, the
SUR starts from the starting point, and follows the refer-
ence trajectory (cruise 1). When the static obstacle (S1) is
detected, the obstacle avoidance on the vertical plane will
be triggered (obstacle avoidance 1). Note that when the dis-
tance detected obstacle on the vertical distance is less than
or equal to the distance in horizontal plane, the obstacle
avoidance will be triggered prioritized. When the obstacle is
bypassed, the SUR will perform the behavior (cruise 2) con-
tinually. Then, when the static obstacle (S2) is detected, the
obstacle avoidance 2 will be triggered. Using this benchmark
until the SUR reaches the target point. Noted that, the obsta-
cle (S3) is specially considered to verify obstacle avoidance
in the horizontal plane.

As can be seen from Fig. 9, the SMC—APF passes the
obstacles successfully, the actual trajectory is close to the
reference trajectory. S1, S2 and S3 indicates the obstacle
avoidance area of SUR.

4.2.3 Case Study 3

After the static obstacle avoidance is analyzed, the moving
obstacle is added, we use the SUR as the moving obstacle
which is operated around the reference path, as shown in
Fig. 10.

It can be seen from Fig. 10 that the SUR is performing the
moving obstacle avoidance. Before 7 s, the SUR first com-
plete the cruise mission alone the reference path. When the
moving obstacle is detected, the obstacle avoidance behavior
is triggered, and SUR will find a safe path using guidance
principle to avoid obstacle. After 17 s, the SUR will follow

At t=31s At t=236s

Fig.8 Path following experiments in presence of static obstacles

£
L -40- \
N \
Reference trajectory i T
_____ Tracking with obstacle ,I' "400
awidance 4
-80- e’ 82 gy
500 = |
400 - )
; 200
300 - < xicm
fem 200 = 100
Y 100 T
o O

Fig. 9 Path following results in presence of static obstacles

the reference path and avoid obstacle, at the time =54 s, the
SUR reaches the target point.

Figure 11 displays the overall trajectory of the SUR. The
trajectory of SUR verifies the capability of guidance law to
the static and moving obstacle, we also can see that the SUR
can quickly switch to the path-following mode after avoiding
obstacle. S2 and S3 indicates the area of the static obstacle,
and D1 indicates the area of the moving obstacle.

5 Experimental Results

After some simulation experiments are performed, to fur-
ther verify the effectiveness of proposed self-guided and
obstacle avoidance strategy, some experiments in the real
environment are carried out, including tracking and avoid-
ing obstacle experiments. Noted that in the multi-obstacle

V.-~ ‘a

Target point

Att=38s At t=49s
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moving obstacle

Att=28s Att=39s

At t=54s

Fig. 10 Path-following experiments with static obstacle and moving obstacle

experiments, only two static obstacles and one moving
obstacle are set on the reference path due to limit of the size
of the experimental pool.

5.1 Control System Setup

To improve the stability and logic of the control system, four
parts, including Power supply layer, Decision layer, Sensor
layer and Driving layer, are divided. The power monitoring
system consists of three detachable batteries, one (Battery
I) is used for powering the Control system and Sensor layer,
and two (Battery II) is used for powering the hybrid drive
device and steering engine. Battery working time is typi-
cally about 2 h during experiments. The Ultrasonic sensor
can be used to collect surrounding information to ensure the

z/cm
IS
o

Reference trajectory
Trajectory with the
obstacle awidance
0. | . Trajectory of moving
500 obstacle

400

"400

300 -
200 -
ylcm 100

Fig. 11 Path-following results with static obstacle (S2, S3) and mov-
ing obstacle (D1); Among them, point Q and R represent the starting
position and target position of the moving obstacle, respectively

@ Springer

robot perform tasks safely. The IMU and pressure sensor is
utilized and used to perceive and adjust the robot attitude.
The communication device (Micron data modem (Tritech))
is used for real-time communication.

During the tracking process, the current position of the
SUR is obtained by processing the data of the IMU 9250 and
Depth sensor JY901 to realize the positioning and navigation
of the robot. The characteristic of the SUR is described in
Table 2. In the Control system, a complementary filtering
algorithm is adopted to estimate the data, which is detailed
in [3], and the position of the SUR is fed back in real-time to
achieve a guided closed-loop. During underwater motion, we
also define the Earth-fixed coordinate system and body-fixed
coordinate system. The motion state is obtained by calculat-
ing the distance between the initial position and the current
position of the robot.

5.2 Performance of Tracking Experiments

To verify the effectiveness of the SMC—APF for SUR, first,
the tracking experiment is performed, as shown in Fig. 12.
The robot starts from the initial position, at time =0 s (point
A). When the robot reaches the point B and C, tracing on
the vertical plane will be performed, namely, the diving and
ascending process. About time =34 s, the SUR reaches the
target position. Due to some external factors, such as water
waves and wind, the markers will move in a small range,
which is also one of the reasons for the relatively large error
in the real environment. The tracking trajectory of the SUR
is shown in Fig. 13. It can be seen that the SUR can track the
reference trajectory successfully using the proposed control
strategy. Due to the limited depth of the pool, the set depth
is 50 cm in this paper.
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Table 2 Specification of the
SUR

Items

Characteristics

Total mass
Drive mode
Attitude sensor

Depth sensor

Onboard controller

Communication module

Approx. 7.9 kg
Multi-mode (water-jet mode, propeller mode and hybrid propulsion mode)

MPU-9250, 15 mmx25 mm, with (3-Axis Gyro, 3-Axis Accelerator,
3-Axis Magnetometer)

ADPWI11 (Panasonic)

Arduino mega 2560, Steering gear controller

(ARM Cortex-M3), ACEIRMC 5pcs L298N and ESC
Micron data modem (Tritech)

Fig. 12 Tracking reference path for SUR in real 3D environment, the total time is 34 s (a—h), from the initial position A to the target position.

) SUR reference trajectory
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Fig. 13 Tracking results of the SUR in real environment

5.3 Avoiding Static and Moving Obstacle
Experiments

Then, the SUR tracks the reference path in presence of
static and moving obstacles, as shown in Fig. 14. Due to

limit of the size of the pool, this paper mainly validates
the performance of avoiding obstacles in horizontal plane.
Two stationary obstacles (OS 1 and OS 2) with a diameter
of 0.1 m and one moving obstacle (OM 1) with a diameter
of 0.35 m were placed at the reference path.

First, the SUR starts from the starting point, see
Fig. 14a, and follows the reference trajectory. When the
OM 1 is detected, the obstacle avoidance on the horizontal
plane will be triggered, see Fig. 14c. When the obstacle is
bypassed, the SUR will track reference path continually.
Then, when the OS 1 and OS 2 are detected, the obstacle
avoidance will be triggered, see Fig. 14f, i. About 39 s, the
SUR reaches the target point.

The tracking trajectory of the SUR is shown in Fig. 15.
As can be seen that the SUR can bypass the obstacles suc-
cessfully. OI, O2 and O3 indicates the moment when the
SUR is avoiding obstacles. After avoiding obstacles, the
robot can rapidly follow the reference path.
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7 Avoiding the static obstacle 1

Fig. 14 The movement process of the SUR when there is static and moving obstacles; a—j the total time is 39 s, among them, a—d are the process
of avoiding moving obstacle, and e-j are the process of avoiding static obstacles

SUR reference trajectory
~==== SUR tracking trajectory
B Trajectory of the OM1

......

______

~~~~~

Fig. 15 Trajectory tracking result of SUR in presence of static and
moving obstacles

6 Discussion

The SUR can converge to the reference path after avoid-
ing obstacles, to further verify the performance of the
SMC-APF, the tracking error is further analyzed.

In Sect. 4.2, the SUR response to the reference path
is successful considering the mentioned disturbances and
uncertainties. The reference path is determined by the
waypoints. To more intuitively reflect the performance
of the SMC-APF, the workspace error is calculated, as
shown in Fig. 16. It can be seen that the related error of
the SMC-APF is 0.08 m, which further verifies that the

@ Springer
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---------- Scenario 1
----- Scenario 2
------- Scenario 3

0 6 12 18 24 30 36 42 48 54 60
Time/s

Fig. 16 Position tracking errors for the simulation in tracking experi-
ment (Scenario 1, see Fig. 7), avoiding static obstacle (Scenario 2, see
Fig. 9) and moving obstacle (Scenario 3, see Fig. 11)

SMC-APF provides accurate and stable tracking for SUR.
In addition, the simulation results show that the SMC—-APF
always ensures the tracking error converge to an arbitrarily
small neighborhood of zero, have a small position error.
Noted that, when there is no obstacle, the SUR tracks the
reference trajectory, and the position error is less than
0.05 m, which further verifies that SUR has excellent
tracking performance. After adding obstacles, SUR can
follow the path safely, the maximum position error is less
than 0.08 m, and the tracking curve has good convergence.
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To sum up, the SUR can quickly follow the safe path after
avoiding obstacles. These simulations results validate the
strong robustness, high efficiency, effectiveness and stabil-
ity of the SMC-APF, which provides the solution method
for further applications in reality.

In addition, we analyzed the repulsive force perfor-
mance of the SMC—-APF method (see Figs. 9 and 11),
from Waypoint A to Waypoint F. It can be seen that when
encountering static and moving obstacles, the repulsive
force of the obstacles will help the SUR to avoid the obsta-
cles effectively, which is determined by the synthetic force
of the obstacle repulsion force and the target attractive
force. Compared with static obstacle avoidance, the devia-
tion of dynamic obstacle avoidance from the reference tra-
jectory is larger, but less than 2.5 cm, and larger amount
of control effort is required to bypass moving obstacle
to ensure the smoothness and stability of the SMC—APF.

In Sect. 5, the SUR can successfully track the refer-
ence path and avoid obstacles. To further verify the per-
formance of the SMC-APF, a series of comparative
experiments are performed. In [1], An et al. completed
obstacle avoidance experiments in a pool (with an area of
300 cm % 200 cm X 100 cm). We set up a stationary obstacle
(OS1) in the single obstacle avoidance experiment. The SUR
starts from the starting position, time=0 s, see Fig. 17. It
takes about 13 s for SUR to complete the tracking mission
using the SMC—-APF. The time was optimized for about 1 s.
In [2], Li et al. performed obstacle avoidance experiments
in a pool (with an area of 250 cm X200 cm X 90 cm). Men-
tioned in [2] that the robot tracking error is stable within
0.1 min a series of experiments. Thus, we calculate the coor-
dinate error, see Fig. 18b, which is stable within 5 cm com-
pared to the ideal trajectory. Considering that the error of
the sensor in water is less than 0.2 cm, the dynamic response
is strong, and the measurement accuracy is high, the error

s

el e
Avoiding/the
static obstacle

Fig. 17 The movement process of the SUR when there is static obstacle, compared with [1, 2]; From a—d, the total time is 13.5 s

300
XReference path
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Fig. 18 Trajectory tracking result of SUR in presence of static obstacles,

compared the SMC-APF with previous research methods, including

ACO [1], FC [2], and PID [26] methods. a Results in 3D coordinates; b Results in 2D coordinates
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Table 3 Results of comparative experiments with previous research
methods, including FC, PID and ACO methods

Control method ACO FC PID SMC-APF
Length (cm) 362 358 374 309

Time (s) 21 19 23 16
Maximum error (cm) 9.45 8.56 9.78 5.63

caused by the sensor is ignored in the error analysis. Of
course, due to different experimental conditions, there may
be some deviations, which will not be refuted. Furthermore,
we compare the SMC—APF with previous research methods,
including FC [2], proportional—integral-derivative (PID)
[26], and ant colony control (ACO) [1] methods. The initial
position is (0.25 m, 0.25 m, — 0.15 m) and the target position
is (2.75 m, 0.25 m, — 0.15 m). The length of the desired path
is about 250 cm. The trajectory tracking result using SUR
under four different methods are shown in Fig. 18. It can be
seen that compared with the previous three methods, the
SMC-APF has better tracking performance, and the tracking
error is reduced by about 3.54 +0.61 cm. It can be seen that
the SMC-APF can converge better than the FC, ACO and
PID methods, which can quickly converge after avoiding the
obstacle and track the desired trajectory. Table 3 analyzes
and calculates from the three perspectives of length, tracking
time and error. It can be seen that compared with the other
three methods, the performance is better, namely, the time
is more optimized, and the error is smaller. In summary,
the SMC-APF has further improved the obstacle avoidance
performance of SUR, and in future work, we will further test
it in multi-robot coordinative working.

7 Conclusions and Future Work

A path-following strategy was proposed for bioinspired
SUR in the presence of obstacles. First, the kinematic and
dynamic model of SUR was extracted. Then, guidance and
obstacle avoidance laws were developed to track the trajec-
tory safely and quickly. The Lyapunov theory and SMC
method were implemented and analyzed, which validated
the stability and robustness of proposed control strategy
(SMC-APF). Afterward, the capability of real-time perfor-
mance, such as bypassing static or moving obstacles was
verified using APF. Next, based on the proposed control
scheme, a series of experimental scenarios were designed
using Webots, including path following, static and mov-
ing obstacle avoidance, etc. Furthermore, the tracking and
avoiding obstacle experiments in uncertain moving obsta-
cle were conducted. Compared with [1, 2], both the track-
ing error and time were optimized, it could be seen that
the proposed adaptive law solved the dynamic uncertainties

@ Springer

and disturbances effectively. As a result, by the aid of the
proposed strategy, the stability and accuracy of the SUR
could be guaranteed using ultrasonic sensor, and the obsta-
cles could be successfully avoided in an adaptive manner.
In the future, we will apply the proposed control strategy for
underwater missions.
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