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Dubins Path Tracking Controller of USV using Model Predictive Control in Sea Field
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Abstract: This study considers a USV controller for trajectory tracking. The USV moves along the trajectory
at constant forward speed with a measured disturbance. The mnput for the USV motion 1s the rudder angle. The
USV controller 1s obtained by using Robust Model Predictive Control. This study considers the sea wave as
a disturbance. The trajectory 1s generated by Dubins path. The computational results show that the robust MPC
can guide the ship to follow the trajectory and handle the disturbance. The performance of Robust MPC is
similar to the case of MPC when applied to a distwrbance-free model.
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INTRODUCTION

The Unmanned Surface Vehicle (USV) requires
navigation, guidance and control system which able to
direct the vehicle to move along the desired point
(Subchan and Zbikowski, 2009). Navigation system
usually uses Global Positioning System (GPS) which gives
the position. The guidance system 1s a path planmng that
result in a desired trajectory based on initial and final
position from a navigation system. Path planning can be
obtained from several methods, one of them 13 Dubins
path (Subchan ef al., 2008). The Dubins path is an optimal
path that satisfies maximum curvature bound between two
points with a particular orientation i a field of both CL.C
(Circle-Line-Circle) or CCC (Circle-Circle-Cirele) path or
combination of both where, C 1s circle and L 1s a line that
intersects with C (Tsourdos et al., 2010). The Dubins path
has several advantages and require only an initial point,
a final point, an orlentation and a mimmum turming radius
(Putri and Asfiham, 2018). Besides that, the Dubins path
generate the trajectory without consuming a lot of
CPU-time which is more optimal and efficient (Sorbo,
2013).

The main problems of a USV controller are trajectory
tracking and path following (Encarnacao and Pascoal,
2001). The task of designing ship controller for trajectory
tracking 1s very challenging, especially, in autopilot mode.
Recently, many papers studied a control to obtamn more
accurate trajectory tracking (Yin and Xiao, 2017

Sonnenburg and Woolsey, 2012; Dong et al., 2015).
Trajectory tracking control aims at forcing a vehicle to
converge and follow the desired trajectory (Do and Pan,
2009).

Encarnacao and Pascoal proposed the coupling of
trajectory tracking and path following (Encarnacac and
Pascoal, 2001). By Peng et al. (2007) a line of sight
projection algorithm for mimmization of the crosstrack
error to the path is considered. The basis is a 3 DOF
(surge, sway, yaw) ship maneuvering model. The controls
in surge and yaw are obtamed using backstepping. The
design technique is robust, since, the integral action can
easily be implemented. Note that the controller also can be
utilized for a fully actuated ship, since, the control law 1s
derived without assuming a specific control allocation
scheme.

The Model Predictive Control (MPC) method is a
popular method for a trajectory tracking control and
applicable for mdustries (Qin and Badgwell, 2003). This
type of control 18 mcluded i the category of a Controller-
Based Process Model by minimizing a criterion function
(Camacho and Bordons, 1999). Moreover, MPC can also
combine all the objectives mnto a single objective function.
The MPC method for trajectory tracking control was
considered By Zheng et al. (2014, 2018), Guerreiro et al.
(2014). In reality, when the ship is sailing on a sea there
are enviromment disturbances such as wave, wind and
ocean current (Fossen, 2011). Therefore, the ship requires
a robust controller where the controller can handle a
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Fig. 1: The scope of this researcher

distwrbance (Mayne, 2014). Robust MPC are studied by
many researchers (Subchan et al., 2014, Li and Sun, 2012;
Li et al, 2010, Wang et al, 2011). An existence of
environmental disturbances i1s one of the factors that
motivate this research to propose Disturbance
Compensating-Model Predictive Control (DC-MPC) on
USV. The DC-MPC 1s a modification of MPC where there
are some additional steps: estimating the disturbance and
optimizing the compensating caused by
disturbance. The disturbance in this problem is assumed
to be measured (Li and Sur, 2012).

The MPC and DC-MPC are model-based control
algorithm which require mathematical model of ship
motion and a kinematic model. This study employe a linear

control

model of ship with 2 DOF (sway and yaw). Our model 1s
derived from the David and Schiff model by assuming that
the surge velocity 1s constant (Fossen, 1994).

The scope of this research is shown in Fig. 1. The
main contribution of this study is design robust controller
for the USV when tracking the optimal Dubins path. This
problem is solved using MPC and DC-MPC. This research
gives an alternative method which is better than previous
ones m controlling the swface vehicle by calculating
natural disturbance. In addition, it can be used in ship
control design. The steps of this research are as follows.
First, we generate a path using Dubins path algorithm.
Then we determine the trajectory tracking controller of
USV using MPC and DC-MPC. The mathematical model of
USV is based on error model.

MATERIALS AND METHODS

Mathematical model of ship motion: The kinematics model
of ship are as follows (Yin and Xiao, 2017):

X = u, Cosyr-v3iny
¥ =u,Siny +vCosy

y=r
Where:
X, ¥ = Positions of ship m Earth frame
P = heading angle
uandy = Swge velocity and yaw  velocity,

respectively

The objective of trajectory tracking is a ship heading
angle () towards a desired heading angle (1r;) where
1, is obtained from Dubins path. A ship motion has
6° of freedom (DOF), that aresurge, sway, yaw, roll,
heave, pitch. In tlus study, we use a mathematical
model of ship motion on 2 DOF, ie., sway and yaw.
The mathematical model of ship motion is based on
linear model by Davidson and Schiff (1994) where
surge velocity is constant (Asfihani et al., 2017):

M+N(u, ju =b3, 1)
Where:
p=[v,r]%v Sway velocity
T = Yaw velocity
u, = Surge velocity
8y = Rudder angle

{ m-Y, mx; -Y, }

Notice that Y, Y, N,, N, are added mass, Y, Y, Y;, N,,
N; are hydrodynamic coefficients, m 1s mass of the ship,
Xg 18 1ts center of gravity. Added mass and hydrodynamic
coefficients are obtained from strip theory (Fossen, 1594).
From Eq. 1, we obtain the following state-space Eq. 2:

1=A U+Bu (2)

where, u =8, A, = -M'N(u,) and B, = M'b. This study
focus on trajectory tracking, so, we construct the error
model of heading angle and position. The objective of
the Dubins path tracking is that the error model of
heading angle and position converge to zero. The error
model of heading angle () 1s obtained from a heading
angle of the ship (Ur) and a Dubms
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Fig. 2: USV motion

path angle (,) (Fig. 2). The error heading angle can be
modeled by r(t) = Yt)-(t). So, we have Eq. 2:

v, (1) =ir(t) ey (£) = r(t) ey (1) 3)

The position error (Z,) 13 obtained from kinematics
model of ship and assumed that x, is constant. So, the
error model of position can be obtained as follow:

ZE =1, siny, +vcosy, 4

Based on the dimension of the USV (Sulisetyono and
Putranto, 2017), the mathematical model of the USV 1s
given by Eq. 2 where:

1

{-0.6137

-0.1018
-5.0967

-3.4086

The mathematical model of the USV motion when
tracking the path 1s given below:

x=1(xu,y,) (5)
[v, r, U, Z,]" and { from Egq. 2-4. The

mathematical model of Eq. 5 1s nonlinear system. Linear
form of Eq. 5 is obtained as:

where, x =

% = Ax-S8+Bu (6)
Where:

-0.6137 -0.1018 0

0
|-5.0967 -3.4086 0 0
- 0

0

0 1 0

1 0 832111

The discrete linear system is obtained from Eg. 6
using forward difference equation where:

o X))
At
and

_VYa et Dy (k)
Ve At

The discrete linear system 1s given as follow:

x(k+1)=A x(k)-S,(k)+Bu(k) (7
Where:
Ay = [HAtA
I = Identity matrix
At = Sampling time
x(k+1) = State at time k+1
B, = AtB:
0
0
509w, (1), (k)
At
0

Pyk) is orientation of Dubins path at time k. A
constraint of a yaw velocity 1s [r|<0.0932, a rudder angle 1s
[u<35° and a rudder rate limit is |Au|<5° sec™.

Dubins path: The Dubins path is a shortest path
consisting of are circles and straight lines. The following
input parameters are required to design the Dubins path
(Tsourdos eral., 2010):

» Start position of ship Py(x,, y,, I
¢ Final position of a ship P{x; vs Uy
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Fig. 3. The turning test of the ship by the maximum
rudder angle (35°)

* Radius of start curvature 1s (k, <k, ..) 15 p,
¢ Radius of final curvature is (k; <k,..) 18 ps

The Dubins path ((q)) can be represented by,
B, ¥ W) = 1@ (X, Ve, o), R <k,

By inputing the four parameters, the Dubins path
algorithm  produces the possible Dubins paths.
Clasification of the possible Dubins paths are LSL
(Left-Straight-Left), RSR (Right-Straight-Right), LSR
(Left-Straight-Right) and RSL (Rright-Straight-Teft). The
shortest path of the four possible paths 13 the desired
Dubins path.

The turning radius of the ship is obtained based on
a tuming test. The turning test is performed by turning
the vehicle over at maximum speed with maximum rudder
angle. The minimum turning radius can be obtained from
simulation of mathematical model with constant rudder
angle. We obtain a minimum turning radius of TSV 188 m
(Fig. 3).

Model predictive control for Dubins path tracking: The
MPC controller requires an objective function. The
objective function of thus research 1s the ship can follow
the Dubins path when there is a wave sea disturbance,
1.e., the models error go to zero. The error models are
output systems (Eq. 6). The design of the controller MPC
will be represented below:

minT(u(-|k))J = 2¢(i=1)T(N¢p)[Y(\k+i|k)TT ©
Qu (ki) o (it ) o T, i)

Subject to:

x(k+jk) = A x(k+j1lk)+B u(k+j1lk)-S, (k+i1k ) +d(k)

&

Cx(k+jk)<D.j=1...,N, (10)
Pu(k+j-llk)<T (11)

PAu (k+-1k) <V (12)
d(k)e D (13)

where, y(k), x(k), uk), dlk) are the output systems, the
state systems, the controller, the wave sea disturbance,
respectively, at time t. The constraint in Eq. 8 represent
the prediction model using a discrete form of mathematical
model in Eq. 7 and a disturbance and the constraints in
Eq. 10-12 for state and input control, respectively. Ny and
N. are prediction horizon and control horizon,
respectively. The number starts from zero until the
determined number where N;>N.. In this study, N, = N,
x(kH[k) and u(let|k) are the state and control, respectively,
] steps ahead of the cumrent time k and x(kjk = x(k)).
The output system is y(k) = Cx{l) where, x(k) is a
variables system in Eq. 6. Lets

Y = [y(kt1|k)yyk+2[k), ..., y(k+NPK)]T

we obtain:
Y =Fx(k}+60+GS (1)

where, 0 = [u(kfk)uteH Kuk+2[k) , ... , (kN1 K], §=
[SkIOS (kL OS(k+2K) . ... Sk N-1[l)]"

CA
CA’
F=|
CA"r
CB 0
CAB CB 0
6= i ) .
CA™IR CcA™IR CAM™R CA™ TR
-C 0 0 0
-CA -C 0 0
G= .
SCAMT CATR AT L o
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So, the objective function (8) can be written as follow:

J=YTQY+ﬁTm=zuTeTQ[Fx(k) +(S]+23[9TQB+R]E

(15)
where, Q = diag(Q,) and R = diag(R,). Based on Eq. 10-12,
the constrains of the MPC design of a USV for Dubins
path tracking are obtained as follow:

6,1 < K-Hx(k) (16)
Pu<T, (17

Pu <V, +u, (18)
Where:

CB 0
C,AB CB

- o O

C,A""B CA™"eR

The optimal solution of the optimization problem in
Eq. 15-18 18 denoted 1* = [u*(kku*(k+1|ku*(k+2k), ...,
u*(k4+Np-1]k)]" The mput control for the system (9) is
chosen from the first vector in the optimal solution,
ie.

u(k)=u*(kk) (19)

Robust model predictive control for Dubins path
tracking: The sea wave is assumed as the disturbance. In
this study, it is assumed by first order wave disturbances.
The first order wave force and moment 1s as follows
(Fossen, 1994):

Y, (1) = EN‘J-prLTsinBsi () (20)

N, (t)= EiprL(Lz -B* )sin 2Bs%(t) (21)

1=1
Where:
= The density of sea water
= Acceleration of gravity
= Breadth of ship
= Length of shup
= draft
= The angle between the heading and the direction
of the wave (rad)
s,(t) Wave slope for wave component 1
s A disturbance m sway and yaw motion are
obtained as follows:

d (ty=M" Y
()= N,

where, M is matrix in Eq. 1. Therefore, the discrete
form of disturbance d(k) in Eq. 9 1s as follows:

= H e o
|
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The fisrt step is to estimate the disturbance and can
be defined as follow:

d{k) =d{k1)+c

where, € is difference between wave at time k and the
wave estimation at time k-1 €=V, VcD and:

d(k1) = x(k)-A,x(k1)-Bu(k1)+s, (k1) (22)

The additional control for disturbance compensating
uy; can be obtained from the optimal solution of the
optimization problem T1. The optimization problem IT can
be described as follows (L1 and Sun, 2012). Minimize
objective function below:

[C,Bu+C,d (k1) (23)
Subject to the constramts:
C,Bu, < C,d(k-1)-E (24)
Pu, <T (25)
Where:
E = max (C,g)= Furthermore, the control for disturbance
compensating
uy = Obtained from the objective function in
Eq. 23. The control for disturbance
compensating
uy = will be used as a factor which influence
boundary constraint of control input
k = MPC optimization

The algorithm of robust MPS is as follows:
Estimation of the disturbance using Eq. 22

Determine the disturbance compensating control 1, using Eq. 23-25
Apply MPC by considering a constraint

Pu(k|k)< T-Puy, to obtain u*(k/k).

Obtain the robust control input for systemn u(k) = u*k[k)+u*;

RESULTS AND DISCUSSION

The MPC and Robust MPC simulation for the USV
motion with tracking the Dubins path is considered in this
section. The duration of simulation was 600 sec with a
time step of At =1 sec was used. There are two scenarios
in this simulation. The scenarios are shown on Table 1.
There are four alternative paths from the Dubins algorithm
for each scenario. Based on Tabel 2, the shortest paths
are the L.SI. path in scenaric 1 and the RSR path in

Table 1: The sirmilation scenarios

Scenarios Initial position Final position
1 (0,0,0% (1500, 1000, 60°)
2 {0, 0.0% (-1500, 1000, 60°)

Table 2: The four alternative paths from the Dubins algorithm (< 10*m)

Scenario RSL RSR LSL LSR
1 1.6114 1.7119 1.5059 1.6392
2 1.6460 1.5774 1.6405 1.6805

Table 3: The computational results Dubins path tracking use MPC (No
disturbance)

Scenario/Np MW allpmse A Computational time (sec)
1

40 0.0028 3.8655x104 6.6620

50 0.0155 0.0021 7.0360

60 0.001 1.407x10% 7.3490

2

40 0.0181 0.0015 4.1920

50 0.0787 0.0082 6.7390

60 0.0122 5.1496x10% 7.8310
Table 4: The computational results Dubins path tracking use MPC (with

disturbance)

Scenario/Ng Wl s 12l pase Computational time (sec)
1

40 0.1023 0.0022 6.4270

50 0.1007 0.0030 6.7390

60 0.1025 0.0021 8.1750

2

40 0.1021 0.0024 6.7400

50 0.1289 0.0085 7.9400

60 0.1010 0.0021 8.5540

Table 5: The computational results Dubins path tracking use MPC

Scenario/Np el 12, s Computational time (sec)
1

40 0.0028 3.8861x10 12.960

50 0.0155 0.0021 14.072

60 0.0100 1.4072x10* 14.929

2

40 0.0181 0.0015 13.120

50 0.0787 0.0085 14.386

60 0.0122 5.3081x10* 14.945

scenario 2. The 1mtial conditions chosen for the
simulations are sway velocity Oxm/sec, yaw velocity,
Oxred/sec, heading angle error, 0°, position error 0 m. The
weight matrices for the objective function of MPC are Q,
= diag(1, 1), 1= diag(0.1). The matrices for constraints are
C,=10,1,0,0,0,-1,0,0], D,[0.0932; 0.0932], P=[1; 1], T =
[35°, 35°], V = [5°, 5°]. The performance of MPC and
robust MPC can be indicated by Root Mean Square Error
(RMSE) of computational results and a computational time
(sec). The RMSE i1s obtained from the Equations bellow:

1 Tot N
RMSE ﬂ;“we(l)“

1 Tot
RMSE ﬂ;|

I,

z, )

(12

e

where, Tot the number sampling steps of the simulation.
[W gz a0 |7 Jauee are the RMSE of orientation and the
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RMSE of position (degree), respectively. The
performances of MPC and Robust MPC with variation of
the prediction herizon (N,) are shown in Table 3-4. Based
on Table 3-5, the effective prediction horizon (Np) is 60. Tf

there 1s a disturbance, MPC controller 1s faster than
Robust MPC and RMSE of Robust MPC is smaller than
RMSE of MPC. The computational results of scenario 1
which N; 60 are shown in Fig. 4-6. The line graphs are
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computational results of the MPC controller for system
with no disturbance. The dashed line graphs are the
computational results for the MPC controller of the
systems with wave disturbance. The online graphs are the
computational results of the robust MPC controller of

10000 15000

the systems with wave disturbance. Based on Fig. 4-6,
the robust MPC can reject a disturbance similar to the
case of the MPC with no disturbance. Figure 7 shows that
MPC and robust MPC can force the ship to follow the
Dubing path.
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CONCLUSION

In this study, the robust MPC was designed to reject
disturbance. The robust MPC has been applied to Dubins
path-tracking controller on a limear model of ship
motion based on error model. The Robust MPC 1s
compared with MPC. The computational results show
that the MPC and the Robust MPC can guide the ship
tracking the Dubins path. The Robust MPC can reject a
disturbance similar to the case of MPC with no
disturbance.
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