Proceedings of 2021 IEEE
International Conference on Mechatronics and Automation
August 8 - 11, Takamatsu, Japan

Trajectory Tracking Control of an Amphibious Spherical
Robot Using MPC Approach
Meng Liu1, Shuxiang Guo1,2∗, Liwei Shi1∗, Xihuan Hou1,2, He Yin1, Ao Li1, Zan Li1, Debin Xia1, Mugen Zhou1

1 Key Laboratory of Convergence Medical Engineering System and Healthcare Technology, the Ministry of Industry and
Information Technology, School of Life Science, Beijing Institute of Technology
No.5, Zhongguancun South Street, Haidian District, Beijing 100081, China
2 Faculty

of Engineering, Kagawa University, 2217-20 Hayashi-cho, Takamatsu, Kagawa, Japan
E-mails: liumeng@bit.edu.cn; guoshuxiang@bit.edu.cn; shiliwei@bit.edu.cn,
* Corresponding author

forth on both sides of the sliding mode to approach the
equilibrium point, thus generating chattering. The nonlinear Hinfinity controller [10],[11] achieves the desired trajectory
tracking by weakening the internal and external disturbances to
ensure the internal stability and robustness. However, the
controller is complex and has a large amount of computation, so
it is very difficult to implement. Compared with optimal control,
suboptimal control reduces the amount of calculation, but the
solution is not optimal. Neural network control is another
control algorithm widely applied to the trajectory tracking
control of underwater vehicles. It is difficult to obtain training
data under underwater conditions, so it is necessary to calculate
the learning burden [12], [13]. Backstepping is often used in
combination with other control algorithms.[14]. The traditional
backstepping algorithm has the problem of control signal
jumping, which is not considered in most work. Backstepping
mainly focuses on the design of the controller, but lacks in the
problem of controllable or uncontrollable.
Most of the above research only implement trajectory
tracking in simulation, and do not pay enough attention to some
constraints in real environment. As an ideal constrained control
algorithm, model predictive control (MPC) can optimize the
objective function online through the input-output predictive
model in the limited sampling time in the future.
Inspired by the above motion control schemes and MPC
[15], this paper aims to design a trajectory tracking control
scheme by using MPC considering the constraint of control
increment and design a new weight matrix adjustment method.
The rest of this paper is organized as follows. Section II
introduces the modeling of the amphibious spherical robot and
the problem formulation. In Section III, the trajectory tracking
control methodology is detailed. Simulation and results are
presented in Section IV. Finally, the conclusion is summarized
in Section V.

Abstract—Trajectory tracking control is a basic problem in
rescue, detection and obstacle avoidance tasks. The trajectory
tracking process has its own constraints, and the core of model
predictive control is to solve the quadratic programming problem
with constraints, so MPC is used to solve the trajectory tracking
problem of amphibious spherical robot in this paper. Firstly,
based on the 3-DOF dynamic state space equation of the robot, the
model is approximately linearized and discretized to facilitate the
design of controller. To solve the difficulty of adjusting the weight
matrix of MPC, an adaptive parameter adjustment method based
on output error is designed in this paper. The linear trajectory and
square trajectory are simulated on MATLAB and Gazebo
simulation platform respectively. The simulation results verify the
applicability and stability of the designed controller.
Index Terms—Trajectory tracking, Model predictive control,
Amphibious spherical robot, Adaptive parameter adjustment.

I.

INTRODUCTION

Underwater robot is an indispensable and important
equipment in the fields of Marine scientific research, Marine
resources investigation, Marine engineering, underwater
archaeological search and rescue, and Marine rights and
interests protection. In recent years, there are more and more
autonomous underwater vehicles(AUVS) [1] Autonomous
Surface Vehicles (USVS) [2], and, Remotely operated Vehicles
(ROVS) [3] are operational. Various constraints, such as control
force and environmental boundary, are needed to be considered
when the underwater vehicle moves in the real environment.
A lot of work is devoted to trajectory tracking. When the
mathematical model is changed, the language rules of fuzzy
control are relatively independent, so it is widely applied to the
tracking control of AUV. However, the establishment of fuzzy
control rules depends on expert knowledge and experience. PID
is a control algorithm widely used in various fields. PID control
is a widely used control algorithm, which was used for the
trajectory tracking control of underwater robot[4]. The inner
closed loop controller of double loop PID [5] can reduce the
change of fluid dynamics and reject disturbance quickly, but the
result of PID control is over dependent on parameters. PID
controller has a good control effect on single input and single
output system, but it is difficult to meet the demand for multiinput and multi-output system. To overcome the insensitivity of
dynamic parameter uncertainty, sliding mode control [6]-[9] is
a common method for underwater vehicle tracking control. It is
difficult to slide strictly along the sliding mode to approach the
equilibrium point when the state of the trajectory of robot
reaches the sliding mode surface. The state traverse back and
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II.

MODELING OF THE AMPHIBIOUS SPHERICAL ROBOT
AND PROBLEM FORMULATION

A. Design of the Amphibious Spherical Robot
A new amphibious spherical robot was designed based on
previous researches[16]-[19]. The robot is mainly composed of
three parts: battery cabin, upper hemisphere and driving
mechanism. The robot structure is shown in Fig.1. Water storage
tanks located in the upper hemisphere avoid extra weight. The
control board is located in a watertight enclosure. The driving
mechanism is composed of long ducted water jet motors and
steering gears. This design can improve the adaptability of the
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robot in the land and underwater environment [20], [21]. There
is a removable battery under the capsule which designed to
power the robot. The robot uses binocular camera as its main
sensing sensor, and the inertial measurement unit (IMU), GPS
positioning module and depth sensor as its attitude detection
sensor. The communication module is the underwater acoustic
communication.

where η = [ x, y,θ ]T represent the two dimensional position
coordinates and orientation in the g-frame; v = [u,r ]T represent
the linear velocity in x direction and Yaw angle velocity in the
r-frame. R(θ ) is the rotation matrix calculated by the heading
angle θ .
cos(θ ) 0 
R(θ ) =  sin(θ ) 0 
 0
1 

Acoustic
communication model

Water storage cabin
Sealed cabin

Stereo camera

Steering gear

Pressure Sensor

(4)

According to Newton [24], [25], the dynamic equations are
established as follows:
( M RB + M A ) v& + C ( v) v + ( Dl + Dq ( v) ) v + g(η ) = τ (5)

Water jet motor

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

where M RB is rigid body mass matrix， M A is additional mass

B. Kinematics model and Dynamics model of the ASR
In order to describe the motion state of the robot, we set up
two coordinates, which are the global coordinate system (gframe) and the robot coordinate system (r-frame). The
relationship between the two coordinate systems is shown in
Fig.2. The motion state v and pose state η are defined as
follows:
(1)
v = [ u , v , w, p , q , r ]

η = [ x, y, z, φ, ψ , θ ]

matrix ， C (v) is Coriolis and centripetal matrix ， Dl is
hydrodynamic linear damping matrix， D q ( v ) is hydrodynamic
nonlinear damping matrix ， g (η ) is restoring force and
moment matrices, τ is robot driving force and moment matrix
。
Coriolis and centripetal matrices C (v) can be ignored
because of the slow speed of ASR. The center of buoyancy, the
center of mass coincides with the geometric center of the robot.
The restoring force g(η) is set to 06×1 . After simplification
above, the dynamic equations are as follows:
Mv& + D( v) v = τ
(6)

(2)

In equation(1), u , v, w are the linear velocities and p, q, r are
the angular velocities. In equation(2), x, y, z are positions and
φ, ψ, θ are orientations.

The vectors in the equation (6) are composed as follows.

ζ

M = diag ( M u& , M r& )
D ( v)=diag ( d11 ,d 22 ) + diag ( X u u ,N r r )

θ

ϕ

ξ

v = [u,r ]T

ψ

τ = [ Fu ,Fr ] = Lu

z
r

η
g-frame
w

T

u = [u1 ,u2 ,u3 ,u4 ]
u

v
y

p

where L is transition matrix of torque and control inputs, u is
the control input solved by the controller

x

q

C. Problem Formulation
When ASR runs in the real dynamic environment, constraints
such as saturation and velocity increment of thrusters need to
be taken into account. Here, we address the Problem 1.
Problem 1: Design a control rule for ASR to track a expected
trajectory while satisfying the following considerations.
1) Error between expected and real trajectory is as small as
possible.
2) Operating limits in the form of state constraints (such as
speed limits) and input constraints (thrust saturation) are
considered.

r-frame
Fig. 2. Global coordinate system and robot coordinate system

This paper mainly considers the underwater trajectory
tracking problem in two - dimensional plane. Traditionally,
underwater vehicles have had to consider three degrees of
freedom: yaw, swing, and swing. However, due to the H-shaped
distribution of ASR[23] thrusters and low robot speed, the sway
was ignored. The simplified motion equation of robot is:

η& = R(θ ) v

(7)

T

III. TRAJECTORY TRACKING CONTROLLER

(3)

To solve the Problem 1, this paper adopts controller based on
the MPC strategy, as shown in Fig. 3.The continuous reference
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trajectory is manually input and the trajectory points are
obtained after discretization of the continuous trajectory. The
MPC controller calculates the control input to enable the robot
to track the upper trajectory points.

Np

2

i =1

Q

J ( k ) =  η( k + i ) − ηref ( k + i)
N c −1

(11)

2

+  ΔU ( k + i) R + ρε 2
i =1

s. t. ΔU min ≤ ΔU t ≤ ΔU max

The MPC controller
tracks the trajectory
points

Start

U min ≤ AΔU t + U t ≤ U max
where Q and R is the weight matrices can be adjusted, NC is

Generate reference
trajectory

the controlling horizon and NP is the prediction horizon. U max
The last point on the trajectory

is the upper limit and U min is the lower limit of control inputs.

Y

Discretize reference
trajectory

ΔU max is the upper limit and ΔU min is the lower limit of control
inputs increments.

N
Selecting track
points

Pick the next track
point

The optimization problem of equation (11) above can be
transformed into the following standard quadratic optimization
problem.
J (ξ (t ), u(t − 1), ΔU (t )) =
(12)
T
T
ΔU (t ) , ε  H t ΔU (t )T , ε  + Gt ΔU (t )T , ε 

End
Fig. 3. The trajectory tracking controller based MPC

A. Trajectory tracking controller using MPC
The designed tracking controller needs to achieve the
following control effects:(1) The error between the real
trajectory of the robot and the expected trajectory is as small as
possible. (2) Consider the input constraint (thrust saturation)
constraint form. The output of the controller is set to the thrust
of the water jet motor. The state space model which combine
dynamics and kinematics is adopted as the prediction model of
the MPC controller, as shown in equation (8).

Θ T QΘ t + R
Ht =  t
0


where e T is to predict the tracking error of the robot.
After the minimization problem is solved, the first element
is used to the actual control input to control the robot. The
trajectory tracking process is shown in Fig. 4.

Initial
state

(8)

Next state

T

where the control input is defined as τ = [ Fu , Fr ] and the state
vector is defined as x = [ x, y,θ, u,r ]T . The discrete form of
equation(8) is expressed as following:

Amphibious
spherical robot

Linear error
model
System
Future
constraints
control sequence
First
control

Objective
function

MPC

Fig. 4. The trajectory tracking process

(9)

B. Trajectory tracking controller using adaptive MPC
There are many adjustable parameters of MPC. For
multivariable system, the influence of adjustable parameters on
different performance indexes is coupled with each other,
which increases the debugging difficulty of MPC control
system. This paper designs an adaptive parameter adjustment
method, which automatically adjusts the weight matrix Q
according to the change of tracking error in MPC.
Assuming the reference trajectory is known, the system
output of the reference is
(14)
Yref (k ) = [ηref (k ),...,ηref (k + N p )]T

where η = [ x, y,θ ] . In order to avoid the abrupt change of the
force of the water-jet motor, which will affect the continuity of
the motor speed, we introduce the control increment. The
equation of state is transformed into:
T

ξ (k + 1) = A% ξ (k ) + B% ΔU (k )
η (k ) = C% ξ (k )
Y (k ) = Ψ k ξ (k ) + Θ k ΔU (k )

(13)

Reference
trajectory

R (θ ) v


x& =  −1

M
(
−
(
v
)
v
)
D
τ


= Ax + Bτ
= f ( x, τ )

x& (k + 1) = Ax (k ) + Bτ (k )
η (k + 1) = Cx (k )

0
T
 , Gt =  2et QΘ t , 0 
ρ

(10)

T

ξ ( k ) = [ x (k ),τ (k − 1) ]

Y ( k ) = [η ( k ),...,η ( k + N p )]T

Set the system output error V (i ) as:

The solution of trajectory tracking controller based on MPC
can be transformed into the following optimization problems:
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Np

 Y ( j ) − Y

ref

V (i ) =

B. Rectangle trajetory tracking in MATLAB
The simulation environment is the same as the previous
section, and the reference trajectory is a broken line composed
of y = 3 , x = 15 and y = − 12 .

( j ) 

j =1

(15)

Np
The weight matrix is designed as follow:
(16)
Q(i) = KV (i)
where K is a parameter that can be adjusted. In order to ensure
that the weights corresponding to the calculated parameters do
not differ too much, the normalization of Q (i ) is carried out. Si

Qnormal (i) =
IV.

S

1+ e

i
−Q (i ) + 2.5

Y[m]

is the amplification coefficient, which can be set according to
actual needs.
(17)

SIMULATION AND RESULTS

A. Straight trajetory tracking in Matlab
The initial states of the robot is set to x = [ x, y,θ , u, r ]T =

[0,0,0,0,0]T and the sampling time is set to T = 0.05s .
Parameters of MPC controller are set to predictive horizon
N p = 15 and control horizon Nc = 8 . The control input
constraint is [-4, -4]~[4, 4]. The reference trajectories are y = 3
and y = x . Based on the above simulation parameters,
simulation results of tracking are shown in Fig. 5. and Fig. 6.

Fig. 7. Square tracking generated by MPC

Y[m]

C. Trajetory tracking in Gazebo
The Gazebo platform is designed to simulate a real
underwater environment, so the Gazebo platform is used to
verified the validity of the algorithm designed in this paper
when tracking straight lines. According to Fig. 8. and Fig. 9.,
we can see that the robot keeps up with the expected linear
trajectory, and the effect of the algorithm meets the
requirements.
In Fig. 8., the initial value of the Y direction error is very
large, after adjusting the Y direction, controller gradually pay
attention to the Y direction error adjustment.

t = 5s

t = 17 s

t = 30 s

t = 40 s

Y[m]

Fig. 5. Line y = 3 tracking generated by MPC

Fig. 6. Line y = x tracking generated by MPC

Fig. 8. Line tracking by MPC in Gazebo
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t = 1min

t = 3min

t = 5 min

t = 7 min

Y[m]

In Fig. 9, The expected trajectory is a clockwise rectangle
whose vertex is located at (2,2),(-2,2),(-2,-2),(2,-2). The
starting point is (2.5,2). Fig. 9(a) shows the actual trajectory of
the robot in Gazebo. In order to show the reference track and
the actual track more clearly, MATLAB is used to integrate the
data collected in Gazebo and draw Fig. 9(b).

Fig. 10. Line tracking by MPC and adaptive-MPC in Gazebo.

V.

CONCLUSIONS

To solve the problem of trajectory tracking, A MPC-based
controller was designed through the simulation verification of
linear trajectory and square curve trajectory on the simulation
platform. The ASR is able to track the expected trajectory with
deviation as small as possible. The stability and universality of
the controller designed in this paper are verified.
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