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SUMMARY

An optimized path following guidance law is proposed for path-following of an underactuated surface ship. The main
purpose of the proposed guidance law is to make a marine vessel travel with more energy efficiency. A combined
feedback and feedforward controller is used for the heading control. The feedforward term is designed based on the
well-known Nomoto model, whose parameters are estimated using least-square support vector regression. In order to
achieve optimal operation of a marine vessel, a global optimization algorithm is employed to search the regularization
factors, which are the trade-off between the total cross-track errors and total control energy. The simulation studies are
carried out to demonstrate the performance of the proposed guidance law. The proposed method is an effective and
practical guidance law and provide an optimal option for marine navigator.

NOMENCLATURE e; Error variables
C Regularization factor
v, Desired heading angle ( °) K(,) Kernel function
2.2
% Desired heading angle calculated by ™ Controller yaw moment (kg'm™s™)
w PP (°) TrF Feedforward term of yaw moment
2.2
w Desired heading angle calculated by (kg'm™s™) y
los LOS (°) w, Natural frequency (s™)
T Distance of transition region (m) 4 Relative damping ratio
('xlox ) ylos) COOrdlnate Of the LOS vector Kp id COntrOller gains
v, Cross-track error (m) v
(wy,w,;) waypoints 1. INTRODUCTION
(x,y) Current location of the ASV ) . .
’ ] o Autonomous marine vehicles have been widely used both
d Distance from the waypoint j+1 (m) in navy and commercial applications recently, such as
p Sign of cross-track error (kg'm'3) marine survey, environment monitoring, marine rescue,
L Length between perpendiculars (m) et. al. In 2017, International Maritime Organization

(IMO) have added Autonomous Ships to its agenda and

F(i=12) Defined cost function . s . .
N now starts mapping how existing international

Or Normalized ruder angle regulations can be applied to autonomous ships.
Ve Normalized cross-track error Autonomous surface vehicles (ASV) have been playing
u Surge speed in body frame (m's™) an important role in the last decade due to their
v Sway speed in body frame (ms™) advantages. For autonomous vehicles, guidance systems
U, Relative surge speed (m's™) are critically important, because they are concerned with
v, Relative sway speed (m‘s") the transient motion behaviour associated with the
U Current velocity (m's'l) achievement of motion control objectives (Breivik and
a Current direction (°) Fossen, 2009).
u, Acceleration of surge (m's?)
v Acceleration of sway (m's?) Path following is one of typical problems for gui'danc.e
r ) > law and control (Lekkas and Fossen, 2014). The object is
3 Acceleration of yaw (rad's™) to control the ship to follow a predefined path, which is
fz(l =1--3) Forces and moment of surge, sway and usually defined by way—points (FOSSGH, 2002) The way-
yaw (kg'm's™, kgrm?®'s?) points are given by the marine navigator considering
e, Density of water (kg'm™) some features such as weather conditions (Vettor and

Guedes Soares, 2015), sea states (Chen, et al. 2013),

rcl.R irs’isst(:ligéoclz) eeltl"feircient obstacle avoidance (Perera et al, 2.011),.misjsion, and
S wetted surface arca (m?) control effort. In mgst cases, a straight line is used to
c Weighted average flow speed (m-s™) connect the way—pomzts (Fossen,.201.1), but due to the
b Bias term discontinuity on the 1™ order derivative, some methods,
w weight matrix have be@n useq to generate smooth path, such as
o() Nonlinear mapping function polynomial, Dubins path (Fossen et al., 2015), and CHSI

(Lekkas and Fossen, 2014).
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Conventional ships are usually underactuated
systems, since there is not enough control input
corresponding to the degrees of freedom. In most
cases, the conventional surface ship is equipped with
one propeller for speed control and rudders for
heading control (Fossen et al., 2003). This minimum
configuration for path-following control is one
typical underactuated problem (Sutulo and Guedes
Soares, 2005). This means that only two controls are
available, thus rendering the ship underactuated for
the task of 3 degree of freedom (surge, sway, and
yaw) tracking control.

Line-of-Sight (LOS) is a well-known guidance law for
autonomous surface vehicles. Moreira, et al. (2007)
presented a dynamic LOS for autonomous ship, further
extended in (Moreira and Guedes Soares, 2011a). The
vector field is a promising method for guidance
problems of Unmanned Aerial Vehicles (Lim, et al.
2014). It is a simple and stable method for UAV (Frew
et al. 2008). Lim, et al. (2014), extended the vector
field method to control the arrival position, angle and
time. Vector field guidance law also has been used for
autonomous marine vehicles. The time-varying ocean
disturbances were considered for the path-following of
marine surface vehicles (Liu et al., 2016a), and further
developments can be found in (Liu et al., 2016b). The
effect of surge speed was studied in (Wang et al.,
2017). Caharija et al. (2015), applied the vector field
to solve the guidance problem of autonomous
underwater vehicle. Xu and Guedes Soares, (2016),
discussed the parameters of the vector field in details,
and the stability is also proved using Lyapunov
stability theory.

The classical path-following guidance law usually
focuses on minimising the cross-track errors. But it is
not practical in real applications especially when the
ship is far away from the desired path. The traditional
LOS will turn the ship directly perpendicularly to the
path. This route is usually with the smallest cross-track
errors, but it is not a practical one because it will cost
more energy and this is not wise for an ASV, which
should be energy-efficient vesels due to the limited
energy onboard and the need of automatic collision
avoidance systems (Jingsong et al., 2008).

The contribution of this paper is to design an ASV’s
control system based on a waypoint guidance algorithm
using pursuit and line of sight (PLOS), which is used to
compute the desired heading angle. The PLOS is a
combination of the pure pursuit and LOS with different
gain, which is optimized by using a genetic algorithm.
The PLOS will make the vehicles follow the path with a
trade-off between the total cross-track errors and
control efforts. Simulation tests based on the
mathematical model of the ASV are carried out to
compare the performance of the PLOS with the
traditional LOS.
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2. GUIDANCE LAWS FOR PATH
FOLLOWING

Guidance systems are very important for autonomous
surface vehicles. The methods used widely by the marine
control community have been influenced by their missile
community counterparts, such as the line of sight
guidance and the pure pursuit guidance. In this section,
the principles of guidance laws for path following are
briefly introduced. An optimal guidance law is proposed
based on a global optimization algorithm.

The line of sight guidance law was widely used in the
path following control scenario of autonomous surface
vehicles (Breivik and Fossen, 2008). As presented in
Figure. 1, the LOS guidance law computes a vector from
the ship to the virtual target point (VTP). The vector
represented the desired heading angles. The ship will
converge to the predefined path when it follows the
desired heading angle. The LOS guidance law is very
simple and easily to implement, but the drawback with a
LOS vector pointing to the VTP is that the ship located
far away from the path will result in large cross-track
errors in presence of wind, current and wave disturbances
(Moreira, et al. 2007). The constant force generated by
wind or current will offset the force generated by the
LOS algorithm and this will result on a large control
effort and waste much energy.

North
East

(Xi+1,Yie1)
PP

(xlos=ylos)

(X.yi)

Figure 1. The classical guidance laws line of sight (LOS)
and pure pursuit (PP)

Pure Pursuit (PP) is one typical well-known two-point
guidance schemes. It is inspired by a predator chasing a
prey in the animal world, and very often results in a tail
chase (Breivik and Fossen, 2008). As presented in
Figure. 1, PP guidance law can always control the ship
passes the predefined waypoints with a minimum control
effort however, the drawback is obviously that it is
usually with large cross-track errors. It has been widely
used for air-to-surface missile (Zarchan, 1990).
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As discussed above, a new guidance law can be proposed
by combing the pure pursuit and LOS guidance law. This
guidance law can also be called pure pursuit and LOS
guidance law (PLOS) (Zarchan, 1990). This choice is
motivated from the fact that the LOS steers the vehicles
to follow the path and the pure pursuit allows the
vehicles to reach the desired waypoint (Xu and Guedes
Soares, 2015; 2016b). The PLOS is defined by Eq. 1.
The regularization factor is a trade-off between the total
cross-track errors and control efforts. The geometry of
the vehicle and the path are presented in Figure 2.

North
East

(Xi+1,yi+1)

i)

Figure 2. PLOS guidance geometry for straight line

v, :{ PV T4V, l]f‘ye >T 1)
Vios ify >t

where, y, is the desired heading angle, p and g are the

regularization factors. The first term is calculated by
LOS guidance law, and the second term is the
contribution by pure pursuit guidance law, which guides
the ASV towards the waypoint.

v, =atan2 (y,,, — y, X, —X) ()
l//pp =atan2 (ylo.s- = Vs Xpps .X') (3)

where (X105, Vios) 18 the virtual target point, which is
calculated by the equation (4) and (5).

(xlox - x)z + (ylo.v - y)2 = (anp )2 (4)
Yios T Vit _ Ve = Vi1 _ cont. 5)
Xios T X1 X T Xy

From equation (1), the design parameter p and ¢ has an
important effect on the performance of the PLOS
guidance law. In order to get the optimal parameters, a
global optimisation evolutionary algorithm is employed
to do global-search for the best values. Genetic algorithm
inspired by Darwin's theory about evolution (Melanie,
1996) is applied to minimise the cost functions with the
following base parameters: the generations was 50, the
populations counted 30 individuals, the crossover rate is
0.9 and the single-bit mutation is 0.1. The generations
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and populations are chosen considering the convergence
speed. In this problem, there are two parameters that
need to be optimized an thus it is not necessary to choose
large populations and generations. The work flow of a
classical generic algorithm is presented in Figure.3.

Firstly, the cost function needs to be defined. Most path-
following algorithms focus on minimizing the cross-track
errors, but this will increase the control effort in most
cases especially when the vehicles are far away from the
path, which is not desired for autonomous surface vehicle
owing to its limited energy. Too much steering of the
ship inevitably leads to the over-shoots and wiggly paths,
which costs extra energy and should be avoided for the
autonomous vehicles. In order to minimise the control
effort with certain cross track errors permission, two
metrics are defined here: total control effort and total
cross-track error. The total control effort quantifies the
control demands of the guidance law. If the solutions
take too many turns, then control effort will be high. The
total cross-track error is the offset of the vehicle from the
desired path (Sujit, et al. 2014). The cost function is

F=Y 00+ 3 (6)
E=Y"5+3"5+3 ", ) )

In equation (6), the function defined to minimise the total
ruder angle and total cross track errors. In equation (7),
an extend version considering the heading error was
proposed.

| Initial population

Fitness computation

o EE Parent A
Ej ﬂm Parent B
Selection

TR

Crossover

Mutation

i o[ o[ ofi ]c[1]d[1
|

Mutation

[1]of ] of ol o] ][4}

Meet stopping criteria ?

Figure 3: The work flow of a classical generic algorithm
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3. MANOEUVRING SIMULATION OF
UNDERACTUATED SURFACE SHIP AND
PARAMETER IDENTIFICATION

In this section, manoeuvring simulation will be carried
out using “Esso Osaka” ship model (Figure.4). The
guidance and control program were programmed and
tests of ASV were carried out by Perera, et al. (2012,

In order to make the modelling more flexible and
physically more realistic, the classical nonlinear
Abkowitz model has been modified by including the
rotation speed of the propeller and the flow velocity over
rudder. The flow velocity over rudder was used to
nondimensionalize the forces and moment induced by
rudder deflection, due to the complicated fluid region
around the rudder.

2015). The model was scaled 1:100 from the real ship
(Moreira and Guedes Soares 2011b; Xu et al. 2018). It is

a typical underactuated ship model, because, it is Table 1. The principal dimensions of “Esso Osaka” ship

equipped with fewer independent actuators than the model
degrees of freedom. It means that the surge and yaw can Parameter Value Unit
be controlled directly, but there is no control force for Length overall 3.430 m
sway motion. The principal dimensions of the model are Length between perpendiculars 3.250 m
listed in Table 1 and the nondimensionalize (L)
hydrodynamic coefficients, which are used to simulate Breadth 0.530 m
the “Esso Osaka” trial manoeuvres (Sutulo et al. 2002), Draft 0217 m
are presented in Table 2. Block coefficient 0.831
Number of rudders 1
Rudder area 0.0120 m2
Propeller area 0.0065 m2
Longitudinal CG 0.103 m
Displacement 319.40 kg

The current effect is considered to be the main external
excitation owning to the small above water structure. The
manoeuvring model will be the one presented in

Abkowitz (1980)
u, =u—u,cos(y —a) (8)
v, =v—u_sin(y —a)

Figure 4. The “Esso Osaka” ship model

Table 2. The nondimensionalized hydrodynamic coefficients of “Esso Osaka” ship model

Coefficient Value Dimensional Factor | Coefficient Value Dimensional Factor
(m-Y,) 0.0352 0.5pL Y. 0.00611 0.50L'U;"
(I.-N,) 0.00222 0.5pL X!, -0.00224 0.5pL2c’

' -0.0261 0.5pL X! -0.00715 0.5pL'U™*
y' 0.00365 0.50LU, N!, 0.00116 0.5pL2c*
N’ -0.0105 0.5pLU, Y -0.0450 0.5p’U,
I,rl -0.00480 OSPL3Ur 771/ -0.962x 107° OSpL2
Yél -0.00283 0.5p2U} 772, -0.446x 107° 0.5pL

! ! 0.0266 3 ' 0.0309% 107° 4
va +m 0.5pL 7 0.50L

' -0.00028 3 2 0.0181 3
N, 0.5pL (qu/Z) m 0.5pL

ok 0.00226 0,5/35”’2
R
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The resulting advance speed of the vehicle is given by

U, =afuf+vf 9

The derivative with respect to time of u and v are given
by the following expressions:

u=u, —ursin(y —a) (10)
v=v —u.rcos(y—a)

where

where e is the effective rudder angle given by Eq. (13).
<1s the weighted average flow speed over the rudder. It is
defined by Eq. (14).

e=sl4'L (13)
c 2
c—\/%[(l—a))u,+kuAm]2+AR_AP (1-w)’u? (14)

R

where i, is the induced axial velocity far behind the

propeller disk, which given by

w,, =—(1—wh+ \/(1— Wit + 2 K, (DY (15)
v

The 20" —20" zigzag manoeuvre simulation was carried out
using the equation (9) (Hinostroza et.al 2017). The rudder
angle and heading angle are recorded, as shown in Figure.5.

Rudder Angle vs. Heading Angle
30

T T
Rudder
Rudder Command

20 ( Heading
10

deg
o

NI &

-30
o

10 20 30 40 50 60 70
Time (s)

Figure 5. The 20' —20 zigzag manoeuvre simulation

©2018: The Royal Institution of Naval Architects

=N, +{NVFV, - N (c—co)vr}—i-{(Nr -m xGu,,)r +%N§ (c—co)r}+N§5+erv v, -i—Ne3e3

in which, acceleration of surge, sway and yaw is defined
by:

gy =—h
m—XL.(r
i, =fi[(lz N fy (3, ~¥)f] an
=X, )=y =N, )]

ﬁ:ﬂﬂf+mn%+ﬂw2_Cf+be+ng+(Xﬂ+nL%)ﬁ+(Ku+m)WT+X&NﬁZ

L=Y, +{Yvrvr +Y; (c—co)v,}+{(Yr -m ur)r——%(c—co)r}+Y§5+)/rzvrr2vr +Ye363

(12)

I =(m -Y, )(Iz -N, )—(m X —N, )(m x; Y, )

To design the heading controller, Nomoto model is a
good option due to its simple structure. It is given by:

v=r 16
{Ti+r—K§R (16)

The values of K and T can be calculated by analysing the
ship behaviour during zigzag manoeuvres (Clarke, 2003;
Journée 2001). In the following part, a system
identification (Ljung, 1987) method is employed to find
the values of K and T from the zigzag manoeuvre
simulation data.

System identification is a technology for parameters
estimation. It has been widely used for ship motion
modelling (Sutulo and Guedes Soares 2014, Perera et al.
2015, Xu and Guedes Soares, 2016a). Recently a robust
method, based on Support Vector Machine (Luo and
Zou, 2009; Zhang and Zou, 2011; Luo, et al, 2014, 2016)
was applied to identify the ship manoeuvring model and
performed satisfactorily.

For parameter estimation, support vector machine gives a
general approximation function form:

y=w -O(x)+b (17)

where x is the input vector, x € R™, y is the output data,
y €R. ®(*) is a nonlinear mapping function, which is
mapping the input data to a high dimensional feature
space. To get the optimal parameters, a cost function is
defined as following:
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. Lo
min e fO0€)= Wt S Ol (18)

subject to:y, =w' -®(x,)+b+e,

where, e; is error variables, and C is the regularization
factor. A Lagrangian function is defined as:

=1

L(w,b,e,a) :lew-l—lCzl e’
_Zizlai[WT 'q)(xi)+b+ei _yi]

where a; are the Lagrange multipliers. Compute the
derivatives of (19) with respectto w, b, e, a:

oL 1
—=0 > w=) ad(x
= 2% 0()
oL !
—=0 - a, =0
ob Zi:l ! (20)
%:0 — a,=Ce,
Oe,
%:0 —> w - ®(x,)+b+e,—y, =0
oq,

then eliminate the variables w and e;from the equations
(20), LS-SVM model for function estimation yields

y(x)zzll_zlail((x,xi)+b 21

where K(-) is an inner product function. The kernel
must be a positive definite kernel and must satisfy the
Mercer condition (Mercer, 1909).

SVM Approximation
40

:
Rudder
_ . Rudder Command
|/ A [ Heading
2 ol | N ! ~——— Heading Prediction

0 10 20 30 40 50 60 70
Time (s)

Experiment
02 | — Prediction

Yaw rate(deg/s)
o

0 10 20 30 40 50 60 70
Time (s)

Figure 6. Prediction of 20" —20 Zigzag manoeuvre

Considering the Nomoto model, the input sequence, x=
[rr, Ok 1, is constructed. y= [ri,;] is output data. The
regularization factor C= 2544 (Luo et al., 2016) is
chosen. The Nomoto time and gain constants are the

parameters to be estimated. The 20" —20 Zigzag test is
chosen as training data. The obtained for K and T are: K
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=0.1807 and T =7.3970. In Figure. 6, the identification
and experimental heading curves are in very good
agreement.

4. HEADING AUTOPILOT DESIGN

According to the previous discussion, the PID heading
controller is designed and the controller gains are
calculated (Xu et al. 2017). Assuming that 1 is measured
by a compass, consider the PID controller law:

Ty () =Tpp(s) = Kp(l//d —y)-K,y

t (22)
+K, [ (v, —y(0)d,

where K, >0, K,>0 and K;>0 are the regulator

design parameters. Applying this control law to Nomoto
1** order model (Eq. 16), the closed-loop characteristic
equation can be obtained:

To’ +(1+KK,)o” + KK .o + KK, = 0 (23)

Applying Routh’s stability criterion, another simple
intuitive way to do this is by noticing that § can be
written as (Fosen, 2011):

Ty () =Tpp(8) = K, (I+T,;s+ TL)('//({ —¥) (24)
i

A continuous-time representation of the controller is

() =Tpp () =K, (v, — )+ K, (¥, —y)

: (25)
+K [ (v, —v(@)d,

where Ty is the controller yaw moment, K, =K 7T, ,
and K, =K, /T, . The controller gains can be found by

pole placement in terms of the design parameters w,, and
¢, though:

K,=aT/K>0
K, =20, T-1)/K >0
K, =T /(100K) >0

where @, is the natural frequency and (s the relative
damping ratio of the 1%
@, =1rad/s and critical damping ¢ =1 .

system. In this case,
Thus, the

following controller gains are obtained: K, = 40.9353,
K4=76.3365 and K;=0. 41.

To achieve accurate and rapid course changing
manoeuvres, a feed forward term can be applied to the
controller. The PID- controller for full state feedback is
given by:
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£ () = T ()4 K, (4 Ty + =)0, ) (26)
I-S

where Tpr is a feedforward term to be decided. Using
Nomoto’s first-order model as basis for feedforward,
suggests that reference feedforward should be included
according to

T . 1
—Erd+Erd (27)

5. SIMULATIONS

In this section, simulation tests will be carried out to
validate the performance of proposed optimal PLOS
guidance law.

The optimal value of parameter p and g will be obtained
using genetic algorithms. The cost function was defined
in Egs. (6-7) considering the comprehensive effect of the
total cross-track errors and total control efforts. During
the simulation, the program can converge to the optimal
values very fast and then keep stable. It indicates that the
GA can find the global optimal values. The optimal
parameter p is 0.4528 g is 0.5473. When another cost
function is chosen, the optimal parameter p is 0.3795 and
q 1s 0.6210.

As presented in Figure.7, the trajectories of autonomous
surface vehicles using GA-PLOS guidance law are more
practical and reasonable. The cross-track error is not the
minimum, but it is the optimal value in considering the
total control effort, which plays an important role in the
autonomous vehicles. GA-PLOS guidance law based on
cost function 2 can also generated a reasonable
trajectory. It can control the ship to follow the path
without the unnecessary zigzag and overshoot. It can also
minimise the heading errors, which is the input for the
controller of autonomous surface vehicle.

T T
LOS Path

——— GA-PLOS Patht

GA-PLOS Path2

15 --==:- Desired Path

&

0 2 4 6 8 10 12 14 16 18 20
X (m)

Figure 7. The trajectories of autonomous surface vehicles
based on LOS and PLOS guidance law

Figure 8 presents the cross-track error, heading error and
deflected rudder angle obtained using the classical LOS
and GA-PLOS with different optimal parameters. From
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this figure, the GA-PLOS can minimise the heading
errors and control efforts significantly. Control efforts
can be measured using the deflected rudder angle. In
figure 8, the GA-PLOS with the parameters obtained
using the cost functin2 can get a smaller heading errors,
as showed in figure 8.

Figure 9 presented the velocity of surge, sway and yaw,
and the drift angle of autonomous surface ship model
using the guidance laws, which are discussed in the
previous sections. During simulations, the surge velocity
was assumed to be constant. As shown in figure 9, GA-
PLOS guidance law can response the velocity of sway
more quickly and can also avoid the oscillation, which is
very important for underactuated surface vehicle. The
oscillation of sway velocity always results the cross-track
errors and cost more energy. In this figure, the GA-
PLOS guidance law can also minimise the rate of yaw
and drift angle.

(m)
<

LOS Path

PLOS Path1 [t
/ PLOS Path2

\

Cross_track error
&

e S

50 100 150
Time (s)

Psig - Psi, (deg)

0 50 100 150

Time (s)
20 m 2!
1IN
/v

)
S

Rudder (deg)
o

A
S

Time (s)

Figure 8. The cross-track error, heading error and deflect
rudder angle of autonomous surface vehicle based on
LOS and PLOS guidance law

LOS Path
GA-PLOS Path1
GA-PLOS Path2

u (Knots)
o
f

0 50 100 150

v (mis)

 (degls)

§ diift angle(deg)

0 50 100 150
Time (s)

Figure 9 the velocity of surge, sway and yaw and the
drift angle of autonomous surface vehicle using LOS and
PLOS guidance law

A complex trajectory is defined to test the performance
of GA-PLOS guidance law (Hinostroza et.al 2018). A
new simulation has been carried out to compare the
performance of the classical LOS and GA-PLOS. The
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path include 5 way-points. The desired speed is kept
constant with a value of 0.4 knots, which corresponds to
a Froude number F, = 0.0372. The way-points are
given by

Wpl1=(0,0),
Wp4=(-25,40),

Wp2=(20,20),
Wp5=(25,60).

Wp3=(-20,10),

The simulation results are presented in Figure.10, which
shows that GA-PLOS can guide the autonomous surface
vehicle to follow the predefined path with good accuracy.
The trajectory generated by the GA-PLOS is more
practical and with less control effort and can avoid the
zigzags and overshoot of the path.

60 T 13 ) e
—— LOS Path
50 —— GA-PLOS Path1
— X i
i b’_‘_’_,,.-' GA. !’LOS Path2
o S R N N Desired Path
P
4‘;/
\
301\
E A
AN
20 \ T
i
........ [
VN e g
10 s
0 ~’/
10 ="
-25 -20 -15 -10 -5 0 5 10 15 20 25

X (m)

Figure 10. x-y plot of the simulated and desired
geometrical path

Figure 11 shows the cross-track errors, heading errors
and deflected rudder angels. In the figure, the GA-PLOS
can minimise the cross-track errors with a slow speed.
But GA-PLOS minimise the heading errors especially
when the vehicle is far away from the desired path, it
also means that the autonomous vehicles need to take a
more effort to return to the path. From the last part of
figure 11, GA-PLOS only need to spend less control
effort to guide the vehicles to follow the predefined path.

r r
T I\\ —— LOS Path
) I ——— GA-PLOS Path1 4
g / > I l 1 GA-PLOS Path2
;s g W
L ]
10
) 50 100 150 200 250 300 350 400 450 500
Time (s)
100
g 50 /\(
2 ol ) A
v/ \//
© 50 ]
& \% L\ ) 4
100
50 100 150 200 250 300 350 400 450 500
M T T T
5 2
< 0‘,,' N1 ‘ |
5
£ LT |
2 20 J 1 { ‘Hr
40— L= -

0 50 100 150 200 250 300 350 400 450 500

Figure 11. The cross track error, Yy — Yq and deflected
rudder angle in the process of following the trajectory

From Table 3-4 presented the statistics properties for
both traditional line of sight and GA-PLOS guidance

A-420

laws. The GA-PLOS have a better performance since it
exhibits lower mean and deviation of heading errors and
rudder angle.

Figure 12 presented the sway velocity, yaw rate and the
drift angle when the autonomous vehicle following the
trajectory. From this figure, the sway velocity of the
vehicle using the GA-PLOS guidance law is more stable.
It also means that GA-PLOS can avoid the overshoot,
which can be confirmed during the last transition part of
the trajectory, as showed in the figure 10. GA-PLOS can
also make the yaw rate and drift angle more stable. From
the above discussion, the GA-PLOS can minimise the
cross-track errors and guide the ship to converge to the
predefined path, and can also minimise the heading error
with a less control efforts. It can make the velocity of
sway and rate of yaw smoother and avoid the
unnecessary oscillations.

Table 3. The mean value of LOS and GA-PLOS

Data Type LOS GA-PLOS]  GA-PLOS2
y,|[m] 1.239 1451 1.516

|,/,d _l/,| [deg] | 6.315  5.852 5.838

|5R| [deg] 8.714  7.884 7.969

Table 4. The standard deviation of LOS and GA-PLOS

Data Type LOS GA-PLOS1 GA-PLOS2
y,|[m] 2.225 2.279 2.300
|1//d —z//| [deg] | 16.97 16.23 16.29
|5R| [deg] 13.84 13.05 13.17
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Figure 12. The sway velocity, yaw rate and drift angle in
the process of following the trajectory

6. CONCLUSIONS

An optimized path-following algorithm aims at minimising
the control energy was proposed for way-points tracking of
a marine surface ship model. The modified version of the
nonlinear Abkowitz model was introduced briefly. Least
square support vector machine has been used to estimate the

©2018: The Royal Institution of Naval Architects
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parameters of the Nomoto model based on the zig-zag
manoeuvring data. A combined feedforward and feedback
PID controller was developed for the heading control. An
optimal path-following guidance law was proposed to
minimize the total cross-track errors and total control efforts
by combining pure pursuit and line of sight guidance law. A
global optimization algorithm was employed to search the
regularization factors, which are the trade-off between the
total cross-track errors and total control energy. The
simulation tests have been carried out to demonstrate the
performance of the proposed algorithm. The results are
compared with the classical LOS guidance law. From the
simulation, the GA-PLOS can guide the vehicles to follow
the predefined the path successfully. The proposed guidance
law is an effective and practical guidance law for
autonomous surface vehicles.
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