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affect the performance of the controller. Adaptive control as a
extensively used intelligent method, is popular because of little dependence on mathematical model and prior knowledge.
Due to the insensitivity of dynamic parameters uncertainties,
sliding mode control is preferred for trajectory tracking of
underwater robots [3]–[5]. While, the main disadvantage
of SMC is the chattering problem of control input. Neural
network control is another widely used control algorithm for
motion control of underwater robot. The training data is hard
to obtain in the underwater condition and needs computation
burden for learning [6], [7]. Literatures [8], [9] exploit the
universal approximation capabilities of neural network and
fuzzy system structures, but, unfortunately, yield inevitably
reduced levels of robustness against modeling imperfections.
Backstepping is a common design that is combined with
other control methods [10] [11]. Traditional backstepping
algorithm exists control signal jump problem that is not
considered in most of work. Most of above researches
only achieve tracking in simulation and pay no attention
on some practical constrains. Model predictive control as
an ideal algorithm for the control with some constrains,
can conduct online optimization of an objective function
through an input–output predictive model over a finite future
horizon of sample times. Some research on the tracking of
AUV has been done in recent years [12], [13]. Moreover,
many research work of UUV tracking does not consider the
obstacle avoiding problem in the trajectory tracking process.
This paper focuses on solving ploblem of tracking a desired
trajectory with obstacle and avoiding the obstacle. A twolayer controller is designed and the core of approach is
the Model Predictive Control. The ASR avoids the obstacle
by re-planning a local trajectory, which is as close to the
desired trajectory as possible. Then the ASR tracks the replanning local trajectory as accurately as possible. At the
same time, thrust saturation and some states limit of the ASR
is considered.
The rest of the paper is organized as follows. Section
II depicts the modeling of the amphibious spherical robot

Abstract—As real environment is complex and unstable,
obstacles need to be considered when a robot tracks a trajectory.
In view of this, the problem of tracking a path with obstacle
avoiding is addressed. A two-layer control system is designed,
which contains a re-planning controller and a trajectory tracking controller. In the re-plannng controller, nonlinear Model
Predictive Control (NMPC) and avoiding obstacle function are
combined to realize trajectory re-planning and obstacle reliable
avoidance. In addition, a reference point of re-planning path
next to the final point on a global reference path is chosen, which
prevents the robot from going back to realize obstacle avoidance.
5 times multiform fitting is adopted for transferring the local
trajectory information to the trajectory tracking controller. In
the trajectory tracking controller, Model Predictive Control
(MPC) based on kinematics and dynamics of the amphibious
spherical robot (ASR) is designed. Simulation results illustrate
that the designed two-layer control system is able to track a
desired trajectory and avoid obstacles reliably at the same time.
Index Terms—-Amphibious spherical robot, Model predictive
control, Trajectory tracking, Obstacle avoidance.

I. I NTRODUCTION
Compared with automatic underwater vehicles (AUV),
small-sized bio-inspired robots has the advantage of operating
in narrow space. In response of this, an Amphibious Spherical Robot (ASR) was designed. To improve the automatic
capability of ASR, avoiding obstacles is necessary when
the robot completes some tasks under the guidance of a
reference trajectory. However, underwater trajectory tracking
is a large challenge due to complex underwater environment
and highly nonlinear and cross-coupled dynamics systems of
the underwater robots. Large numbers of efforts have devoted
to trajectory tracking. PID control a widely used control
algorithm, is applied to the AUV trajectory tracking in the
early stage [1]. The outcome of PID is over dependence on
parameters. As traditional PID control cannot performance
well in many case, PID control is combined with some
intelligent algorithm in many case. Fuzzy control is another
preferred method for AUV tracking control [2]. as the independence of mathematical model. while, Fuzzy control relies
on the expert knowledge to establish the fuzzy rules which
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and the problem formulation. Obstacle avoiding trajectory
tracking methodology is detailed in Section III. Simulation
and results are described in Section IV. Finally, the conclusion
is summarized in Section V .
II. M ODELING OF THE A MPHIBOUS S PHERICAL ROBOT
AND P ROBLEM F ORMULATION
A. Design of the Amphibious Spherical Robot
In order to improve the flexibility, a new Amphibious
spherical robot (ASR) was designed based on previous researches [14]–[17]. On the whole, the robot mainly contains
three parts: upper hemisphere, driving mechanism and battery
cabin, as shown in Fig.1. There is a water storage cabin
in the upper hemisphere to avoid additional weight. All
electrical boards are placed in the sealed cabin. To improve
the adaptability of the robot in amphibious environment, the
multi-vectored water-jet composite driving mechanism was
designed [18], [19]. In addition, there is a detachable battery
cabin with 13200mAh in the lower sphere. The perception
system of the robot is composed of pressure sensors, an
inertial measurement (IMU), a binocular camera, and a
acoustic communication module. Based on the perception
system, the robot can achieve localization in lab and outdoor
[20].

Fig. 2. The inertial reference frame and the body reference frame.

where (x, y, z) is the position and the ϕ, φ, θ is the Euler
angle of Roll (on x axis), Pitch (on y axis), and Yaw (on z
axis).
Problem of the underwater trajectory with obstale avoidance focuses on a two-dimensional plane. Traditionally, three
degrees of freedom: surge, sway,and yaw are considered.
While, as the low speed of the ASR [19] and the Hshape distribution of thruster, the sway is overlooked. The
simplified kinematic equation of the ASR is expressed as
follows:
η̇ = R(θ)v
(3)
where η = [x, y, θ]T denotes the position and heading of
the ASR in the i-frame; v= [u, r]T is the velocity and Yaw
angle of the ASR in the b-frame. R(θ) is the rotation matrix
depending on the heading angle θ


cos(θ) 0
R(θ) =  sin(θ) 0 
(4)
0
1

Fig. 1. The prototype of the amphibious spherical robot.

B. Kinematics and Dynamics of the Amphibious Spherical
Robot
In order to analyze the robot motion clearly, two reference
coordinate systems are applied to describing the dynamatic
and kinematic model of the ASR. Fig.2 depicts the two
coordinate systems, a body reference frame(b-frame), and
a inertial reference frame(i-frame). In the b-frame, motion
states of the robot are expressed as:
v = [u, v, w, p, q, r]

The dynamic equations are established according to Newton
[21], [22]:
(MRB + MA )v̇ + C(v)v+
(Dl + Dq (v))v + g(η) = τ

(1)

(5)

where, u, v, w are the linear velocity in the x-direction,
y-direction and z-direction respectively, denoted as Surge,
Sway, Heavy. p, q, r are the angular velocity around the xaxis, y-axis, z-axis respectively, denoted as Roll, Pitch, Yaw.
In the i-frame, states of ASR are represents as:

As the low speed of the ASR, Coriolis and centripetal matrix
C(v) can be ignored. The center of gravity and the buoyant
center are at the same position which is the geometric center
of the ASR, and the restoring force g(η) is set as 06×1 .
Simplified dynamic equations are established as following:

η = [x, y, z, ϕ, ψ, θ]

M v̇ + D (v) v = τ

(2)
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(6)

where, v= [u, r]T M = diag (Mu̇ , Mṙ ); D (v) =
T
diag (d11 , d22 ) + diag (Xu |u|, Nr |r|); τ = [Fu , Fr ] = Lu;
T
u= [u1 , u2 , u3 , u4 ] ;

chosen as the start points of the re-planning path at different
sampling time. Respect above analysis, the MPC-based replanning controller is designed as the following cost function:

C. Problem Formulation
min

When the ASR operates in the real environment, the
environment is dynamic. Some obstacles may be exist on
the designed trajectory. On the other hand, some constrains
needs to be considered, such as saturation of the thruster and
constrains of velocity increment and so on. Here, we address
the problem under the following consideration.
Problem 1: Given the ASR with the dynamics and kinematics as described in equation (3) and equation (6), design
a control law for tracking a desired trajectory p(t) while
satisfying the following specifications.
1) Avoid the obstacle on the desired trajectory.
2) Error between real and the desired trajectory is as small
as possible.
3) Respect operational limitations in the form of state (e.g.,
velocity bounds) and input (thrust saturation) constraints.

Np
X

2

kηp (k + i|k) − ηd (k + i|k)kQ +

Nc
X

2

kUn kQ + Jobs,i

n=1

i=1

s.t.Umin ≤ U ≤ Umax
(8)
After solving above optimization problem, the optimized
control input in control horizon is obtained. Then the first
control input as a constant is continuously applied to the plant
during the predictive horizon Np . We generalize equation(3)
as η̇ = f (t, η). The discrete iterative equation based on the
one-step Euler method is obtained:
ηn+1 = ηn + T f (tn , ηn )

(9)

which is used for obtaining the re-planning trajectory during
the predictive horizon ηp (t + i). The re-planning trajectory
ηp (t + i) is sent to the trajectory tracking controller.

III. O BSTACLE AVOIDANCE AND TRAJECTORY TRACKING
M ETHODOLOGY

B. Trajectory tracking controller
The trajectory tracking controller based on MPC needs to
meet the conditions: (1) the deviation between the reference
trajectory and the real trajectory of ASR is as small as
possible. (2) Respect the limits in the form of input (thrust
saturation) constrain. The output of the controller is set as
thrust which is the lowest actuator. As expressed in equation
(10) in the MPC framework, the state space model combining
the dynamics and kinematics is used as the prediction model.


R(θ)v
ẋ =
M−1 (τ − D (v) v)
(10)
= Ax + Bτ

Respect the Problem 1, this paper adopts two-module
control based on the MPC strategy, which contains a replanning controller and a tracking controller adds a trajectory
re-planning controller,as shown in Fig.3.
A. Trajectory re-planning with obstacle avoidance controller
The trajectory re-planning controller based on MPC needs
to meet the conditions:(1)The deviation between the replanning trajectory ηp = [xp , yp , θp ]T and the global desired
ηd = [xd , yd , θd ]T is as small as possible;(2) The re-planning
trajectory is able to avoid the obstacle. when the re-planning
controller is designed, the kinematics of ASR is used for
the predictive model. The states vector is ξ = [x, y, θ], the
control input of the ASR system is the velocity of the yaw
angle v = [r].
To avoid obstacles, a penalty function is designed as the
equation (7), which is used as a constrain and added into the
cost.
Sobs vi
(7)
Jobs,i =
(xi − xo )2 + (yi − yo )2 + ζ

= f(x,τ )
where the state is defined as x = [x, y, θ, u, r] and the control
T
input as τ = [Fu , Fr ] . The discrete form of equation(10) is
expressed as following:
ẋ(k + 1) = Ax(k) + Bτ (k)

(11)

η(k + 1) = Cx(k)

where η = [x, y, θ]T . The controller based on MPC for
trajectory tracking is formed as following:

where Sobs is the weight coefficient, vi = vx2 + vy2 , (xi , yi )
is the current position of the ASR, (x0 , y0 ) is the position of
a obstacle that need to be avoided.ζis a small positive value
which is used for preventing denominator going to zero.
In addition, initial points of the re-planning path is critical.
In order to satisfy obstacle avoiding and trending to the end
of the reference path. In this paper, the end of reference
path is considered when the initial point of a re-planning
path is chosen, as shown in Fig.4. There are two crosspoints
with the reference path from the position of the robot to X
and Y axis parallelly at sampling time k. The cross points
ηk,2 and ηk+1,2 next to the end of the reference path are

min

Np
X

2

kη(k + i|k) − ηr (k + i|k)kQ +

i=1

Nc
X
j=1

2

kUj kR

(12)

s.t.Umin ≤ U ≤ Umax
where Q and R is the weight matrices, N p is the prediction
horizon, N c is the controlling horizon. Umax and Umin is
the upper and lower limit of control inputs. After soling
the minimizing problem, the first element as the practical
controlling input is applied the ASR system.
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Fig. 3. The diagram of obstacle avoiding trajectory tracking algorithm.

addition, ASF-based planning path is further away from the
desired path. In the path planning stage, MPC-based method
is able to plan a local path according to the robot current
position and obstacle position.

Fig. 4. The Choosing rule of initial point of re-planning trajectory for
avoiding obstacle.

IV. S IMULATION AND R ESULTS
First, to illustrate the performance of the developed method
of trajectory with obstacle avoidance for ASR, a series of
simulations are carried out. The model parameters of the
ASR used in the simulations are Mu̇ = 0.4212, Mṙ =
0.0021, d11 = 4.818, d22 = 0.1225,Xu = −4.8276,
Nr = −3.2702 × 10−4 .
A. Straight trajetory tracking with a rectangle obstacle
Fig. 5. The local re-planning trajectory for avoiding obstacle during the
desired line.

We put a rectangle obstacle on the straight trajectory.
The initial states of the ASR is x = [x, y, θ, u, r] =
[3, 9.5, 0, 15, 0]; The sampling time T = 0.05s. Parameters
of re-planning controller are predictive horizon Np = 15,
control horizon Nc = 2. Parameters of tracking controller are
predictive horizon Np = 20, control horizon Nc = 2. weight
coefficient of the obstacle Sobs = 50. Saturation of each
thruster is 3[N ] Based on above simulation conditions, simulation results are shown in Fig.5and Fig.6. According to the
information of the obstacle and states of the ASR, local replanning path based on the re-planning controller are shown
in Fig.5. As seen in Fig6, the re-planning controller produces
a new reference trajectory when the ASR encounter the
obstacle and ASR is able to follow the reference trajectory.
fig7 depicts the thrusts of ASR, which respects the constrain
of the thruster. Fig.8 described the planning path based on
artificial potential field (APF) when there is a obstacle on the
desired path. Compared with fig.5, the path based on APF
exists oscillation phenomenon when robot is closed to the
obstacle, which will lead to difficulty for path tracking. In

Fig. 6. The result of tracking a line with a rectangle obstacle.
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Fig. 9. The local re-planning trajectory for avoiding obstacle during tracking
the desired trajectory.

Fig. 7. The force of ASR during tracking the desired line.

Fig. 10. The result of tracking a defined trajectory with two rectangle
obstacles.
Fig. 8. The re-planning trajectory based on Artificial Potential Field

C. Tracking a line with different weight coefficients of obstacles

B. Defined trajectory tracking with two rectangle obstacles

The weight coefficient of obstacle S affects the result
of path following, as shown in Fig.12. It is obvious that
the increase of S makes the planning result tend to be
conservative and tracking error increase.

In order to further verify the effectiveness of the algorithm,the second simulation case is designed. Defined the
following trajectory with two obstacles.The initial states of
the ASR is x = [x, y, θ, u, r] = [0, 0, 0, 15, 0]; The sampling
time T = 0.05s. Parameters of re-planning controller and
tracking controller are same with the fist case simulation.
Based on above simulation conditions, simulation results are
shown in Fig.9 and Fig.11. According to the information of
the obstacle and states of the ASR, local re-planning path
based on the re-planning controller are shown in Fig.9. As
shown in Fig10, the re-planning controller produces a new
reference trajectory when the ASR encounter the obstacle
and ASR is able to follow the reference trajectory. Fig.11
depicts the thrusts of ASR, which respects the constrain of
the thruster.

V. C ONCLUSIONS
In order to address the problem of path following with
obstacles for ASR, a MPC-based two-layer control system
was designed,which contains a path re-planning controller
and a path following controller. In the re-planning controller,
a obstacle avoidance function was researched and added into
the cost function. According to the results of simulations,
the ASR is able to avoid the obstacles on the desired path
reliably and track the desired trajectory with error as small
as possible. In addition, the wight coefficient of obstacle has
effects on path following. Larger the weight coefficient is,
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more reliable obstacle avoidance is and large the tracking
error is.
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