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Abstract
This paper aims to present a systematic approach to evaluate the parameters affecting the vessel’s performances in the target 
tracking motion control scenario and, for this reason, three guidance laws have been formalised. Such scenario consists of 
reaching and following a target of which it is only possible to know the instantaneous position and velocity, hence when the 
future motion is unknown. The standard Line-Of-Sight, Pure Pursuit, and Constant Bearing have been modified and deeply 
tested. The target tracking scenario has been divided into two parts: the target approach and following strategies. The increase 
in system complexity needs advanced tools to predict the vehicle response in both standard and non-standard conditions. 
Simulation can support the designer’s effort for the transition from a traditional to an autonomous ship in the whole ship 
design; hence, all the guidance laws have been virtually tested and a sensitivity analysis is carried out to understand each 
parameter effect. Several manoeuvres have been performed and the results are shown to highlight benefits and drawbacks 
for each law. Eventually, key performance indicators are outlined and some suggestions are given to the proper settings of 
the guidance law parameters in the function of the specific mission.

Keywords Guidance · Autonomous surface vessel · Target tracking · Line-of-sight · Constant bearing
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�relR+1,I  Relative bearing angle ( ◦)
�relT ,I  Relative bearing angle between target and inter-

ceptor ( ◦)
𝛿t  Time interval (s)
𝛿thc  Time interval for high curvature (s)
𝛿tlc  Time Interval for low curvature (s)
�  Drift angle ( ◦)
�I  Interceptor course angle ( ◦)
�T  Target course angle ( ◦)
�corr  It is the difference between �des and �T ( ◦)
�des  Desired course angle in the CB heading law ( ◦)
�CB  Parameter of the CB heading law ( ◦)

�LOS  Component of distance vector between the inter-
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1
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i
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i
-frame, target point

�R+1  Proposed reference point
�  Interceptor heading angle ( ◦)
�des  Desired heading ( ◦)
�los  Angle between e

1
 and the radius kLPP ( ◦)

V   Interceptor velocity ( ms−1)
V
T
  Target velocity ( ms−1)

V
T
  Target velocity ( ms−1)

V
T ,I

  Velocity vector of the CB speed law ( ms−1)
�CB  CB speed law parameter
�PP  PP speed law parameter
{a

i
}  Interceptor velocity fixed frame

{b
i
}  Interceptor-fixed frame

{e
i
}  (�T −�R) fixed frame

{f
i
}  Target velocity fixed frame

{h
i
}  (�I −�T ) fixed frame

{n
i
}  Earth-fixed frame

c  Curvature
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climit  Curvature threshold
d∗  Distance corresponding to the LOS speed law 

maximum speed (m)
dD  Desired distance for PP speed law in the following 

phase (m)
derr  Distance between the desired path and the inter-

ceptor (m)
dT ,I  Interceptor–target distance (m)
e  Component on f

2
 of the distance vector between 

the interceptor and the target (m)
ecorr  Residual error distance between the target and edes
edes  Desired distance on f

2
 in the CB guidance law 

(m)
k  Fraction of the LOS circle
KCB  Speed gain of the CB speed law
KPP  Speed gain of the PP speed law
LPP  Length between perpendiculars (m)
n  Fraction of the LOS speed law minimum distance
p  Slope of the LOS speed law
R(∗)  Rotation matrix
s  (�T −�I) on f

1
 (m)

sdes  Desired distance on f
1
 in the CB guidance law 

(m)
smean  Mean value of s during the following phase ( ◦)
tR  Interceptor path convergence time in a straight 

path manoeuvre (s)
V∗
T
  Maximum target speed in the a defined time inter-

val ( ms−1)
Vdes  Desired speed (m/s)
VImax

  Interceptor maximum speed ( ms−1)
Vmax  Maximum admitted speed ( ms−1)
zWL  Quota of the waterline with respect to the keel 

line (m)

1 Introduction

In recent years, robotic vehicles have become essential in 
many different applications and areas. Indeed, an autono-
mous vehicle is able to operate either where people can-
not or the human risk is significant. On the other hand, 
automatic devices are commonly integrated into everyday 
lives, such as drones or cruise control and park assistant in 
the automotive. In the maritime field, significant progress 
has been made with the growing development of Marine 
Autonomous Surface Ships (MASS) and Autonomous Sur-
face Vehicles (ASV). Such progress matches the promise of 
automation in other fields, which improves safety, increases 
efficiency, and relieves humans from repetitive tasks. There 
exist various levels of automation and different classifica-
tions: from a first classification developed by Sheridan in 
1978 [1] that defines ten levels of interaction between human 

and autonomous system, through classification that evalu-
ates the autonomy level of three main tasks [2] or through 
classification based on the manoeuvring automation [3, 4], 
to the one proposed in [5] that also evaluates the transport 
environment. Based on the last, in [6] is shown an analysis 
of 60 ASV/MASS characteristics and autonomy degrees. 
From the data reported in the previous article, it is possible 
to see that the number of ASV/MASS projects has increased 
during the years and that, currently, the trend is to develop 
a very high automation level ASV/MASS simultaneously 
with a low-level ASV/MASS, without the development of 
the intermediate grades. As the automation level increases, 
its integration in the ship system increases. However, the 
motion control is an oversight system. Indeed, a motion 
control system is usually designed as three independent 
modules: Guidance, Navigation, and Control (GNC) sys-
tems [7]. Such systems have been developed together with 
the inertial system diffusion [8] and interact with each other 
through data and signal transmission. The overall structure 
is a cascade of logics integrated into a hierarchical data rout-
ing where signals are processed, feedbacked, and updated 
at each workflow level. A comprehensive review of all the 
systems of GNC is shown in [9] and a review of MASS with 
a focus on motion control is given in [10].

Guidance becomes of crucial importance for autonomous 
ships and in [11] is reported a review of the ASVs with a 
focus on the Guidance system. The hierarchical structure 
of the Guidance can be split into several sub-systems. The 
first one is a high-level path planner that defines a route 
based on geometrical parameters, the weather, or user-
defined mission. The process output is a path defined, e.g. 
through way-points or by employing a single point whether 
the requirement is following an object or station keeping. 
A brief overview of optimal local and global path planning 
components is shown in [12] and an algorithm that plans 
the route minimising the fuel consumption is shown in [13]. 
Once the path is defined in the first instance, it needs to be 
integrated with a collision-avoidance system. Indeed, in the 
occurrence of collision risk, this system reprocesses the path 
to safely (w.r.t. international regulations [14]) accomplish 
the mission. A review of the state of the art of collision 
avoidance methods is reported in [15] and in [16]. At this 
stage, the Guidance system demands the use of different 
motion control scenarios. One of the typical motion control 
scenarios is the path following, which regards following a 
user-defined time-invariant path (way-point navigation) [17]. 
Other scenarios add the time domain, as shown in [18], or 
the manoeuvrability constraints at the path following one. 
A different case is the dynamic positioning, where a ves-
sel is required to maintain its position and heading via the 
exclusive use of its thrusters. A comprehensive review is 
shown in [19]. The follow-the-leader scenario, i.e. follows 
the leader path with the same speed at each point, could 



714 Journal of Marine Science and Technology (2022) 27:712–729

1 3

be an additional real application. Some application of the 
follow-the-leader scenario can be found in [20, 21]. The 
extension of the follow-the-leader is reported as the forma-
tion control, and some implementations are shown in [22, 
23]. The last one is the target tracking scenarios, the main 
object of this paper.

Target tracking is one of the most investigated motion 
control scenarios in the marine field since it allows a wide 
range of applications: from research to navy purpose. In 
particular, it regards following a target of which only the 
instantaneous position and velocity are known; hence, the 
motion evolution is unknown [24]. The controller can be 
divided into two logics: the first one regards the approach 
phase, where the interceptor needs to reach the target, while 
the second one is the following phase, where the interceptor 
has reached the target and is required to following it. Fossen 
et al. [25, 7], propose three different guidance laws to satisfy 
the target tracking scenario: (1) the Line-Of-Sight (LOS) 
guidance, which tends to minimise the difference between 
the current trajectory and the desired path; (2) the Pure Pur-
suit (PP) guidance, which points directly to the target; (3) the 
Constant Bearing (CB) guidance, which tends to converge 
to a path parallel to the target one. Such laws belong to the 
missile guidance studies [26, 27] shows on an overview of 
the guidance logics developed for missile purpose.

The proposed guidance laws have been slight modified 
respect to the literature to make them suitable for a paramet-
ric analysis. Indeed, the aim is to assess in the preliminary 
design phase all those parameter since they strongly affect 
the overall performances of the guidance system. The proper 
parameters set selection is constrained by the system stabil-
ity and required performance, widely discussed in the open 
literature. In the authors’ best knowledge in literature does 
not exist a systematic study on the latest aspect. For such a 
reason, in the paper, reliable Key Performance Indicators 
(KPIs) are suggested to assess the mission performance 
quantitatively.

This paper lies within the Guidance system and it aims 
to present a systematic analysis of the effect of the guidance 
law parameters on the final mission goal and to suggest the 
proper assessment in the early design phase. To support the 
reader having a starting point for different applications, the 
overall analysis has been presented in a non-dimensional 
format. A comparison among the three different guidance 
laws, used to satisfy the target tracking motion control sce-
nario, has been carried out to select the most adequate one 
based on the mission context basis. The implemented laws 
have been tested through a simulation campaign with vari-
ous manoeuvres. Indeed, the testing phase has been based 
on a properly developed simulation platform that reproduces 
the dynamic behaviour of the model-scale tugboat named 
“Tito Neri”, fully validated and presented in [28]. Indeed, 

thanks to a simulation platform, it is possible to simulate the 
dynamic system behaviour, as demonstrated in [29].

The paper should be organised as follows. The adopted 
target tracking guidance laws are presented in Sect. 2. The 
KPIs together with the definition of the operational scenario 
and of the simulation campaign are presented in Sect. 3. A 
parameter sensitivity analysis is shown in Sect. 4, together 
with the overall comparison in Sect. 5. The conclusions are 
drawn in Sect. 6.

2  Target tracking guidance

As previously introduced, the motion control system lies 
on the GNC structure sketched in Fig. 1. In particular, the 
Navigation system is intended to provide system status and 
information about its surrounding environment through the 
motion and reference sensors. The Guidance system continu-
ously processes the reference position, velocity and accel-
eration of the ship together with the data collected from the 
Navigation system and other information to compute the 
path. The Control system estimates the required forces and 
moments to satisfy the guidance requirements and it allo-
cates their by computing the propulsion set-points.

This paper focuses on the guidance system and particu-
larly on the motion control scenario called target tracking. 
In Fig. 1 the motion control sub-block with the inputs and 
the outputs is highlighted in red. The general inputs are the 
trajectory and the velocity vectors of both the target and 
interceptor, while the outcomes, necessary at the control 
system, are the desired speed and heading.

Commonly, the target tracking tasks are adopted when 
information about the path is unknown in advance and there 
is not a fixed trajectory to track, otherwise whenever the aim 
is tracking moving objects. These logics have been devel-
oped during the 20th century for military purpose. The neces-
sary condition to fulfil the mission goal is that the chasing 
ship full speed, named interceptor, is greater than the chased 
one, called target.

The target tracking scenario control objective tends to 
nullify the distance between the target and the interceptor. 
The interceptor is considered to be an underactuated ship 
in the horizontal plane and an autopilot with speed control-
ler has been developed to obtain the target tracking motion 
control objective. The controller has been developed as pro-
posed in [30, 31], herein proof of the controller stability has 
been shown. The two controllers are modelled as Propor-
tional Integrative Derivative (PID) controllers. Hence, the 
controllers are fed by the desired heading angle �des and the 
desired ship speed Vdes . For such a reason, in this paper, each 
guidance law provides these two outputs, properly tailored 
to the different missions.
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The target tracking scenario has been divided into two 
parts: the target approach and the following strategies. The 
discussion is developed into three guidance strategies: the 
Line-of-Sight, the Pure Pursuit, and the Constant Bearing 
guidance.

2.1  Reference frames

A target tracking guidance scheme is geometrically 
defined by introducing some reference frames to support 
the path definition, as shown in Fig. 2. Firstly, three key 
points need to be identified: (i) a stationary reference point 
�R = xRn1

+ yRn2
 that supports the desired path defini-

tion; (ii) an interceptor �I = xIn1 + yIn2 corresponding 
to the chasing ship instantaneous position; (iii) a target 
�T = xTn1

+ yTn2
 overlapping the chased ship position. 

Then, the reference frames are detailed for the target track-
ing guidance law proper implementation.

The n-frame {�, n
i
} is an Earth-fixed frame and it is con-

sidered to be inertial. The origin � is located on the mean 
water-free surface at an appropriate location. The positive 
unit vector n

1
 points towards the North, n

2
 points towards the 

East, and n
3
 points downwards.

The b-frame {�I , bi} is fixed to the interceptor hull. The 
positive unit vector b

1
 points towards the bow, b

2
 points 

towards starboard, and b
3
 points downwards. The origin, 

�I , is located in ( LPP

2
, 0, zWL) , where LPP is the vessel length 

between perpendiculars and zWL is the quota of the waterline 
above the keel line.

The e-frame {�R, ei} is fixed with the vector between the 
reference �R and the target �T points. The positive unit vec-
tor e

1
 points towards the vector (�T −�R) , e2 points towards 

starboard, and e
3
 points downwards. The choice of the origin 

�R will be shown in the next section.

Fig. 1  Guidance, Navigation & 
Control Systems

Fig. 2  Reference frames
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The h-frame {�I , hi} is fixed with the vector between 
the interceptor �I and the target �T points. The positive 
unit vector h

1
 points towards the vector (�T −�I) , h2 points 

towards starboard, and h
3
 points downwards. The origin �I 

is already defined above.
The f-frame {�T , f

i
} is fixed with the target velocity V

T
 . 

The positive unit vector f
1
 points towards the target velocity 

vector, f
2
 points towards starboard, and f

3
 points down-

wards. The origin, �T , is located in the position ( LPP

2
, 0, zWL) 

of the chased vessel.
The a-frame {�I , ai} is fixed with the interceptor velocity 

V  . The positive unit vector a
1
 points towards the interceptor 

velocity vector, a
2
 points towards starboard, and a

3
 points 

downwards. The origin, �I , is already defined above.
The introduced reference systems lie in the same plane 

and the unit vectors are related by the Euler angles and the 
rotation matrices in Eq. 1.

where �k is the angle between n
1
 and e

1
 ; � is the angle 

between n
1
 and b

1
 , it is the interceptor heading angle; � is the 

angle between n
1
 and h

1
 ; �T is the angle between n

1
 and f

1
 , 

it is the target course angle; the interceptor course angle is 
identified as �I , the angle between n

1
 and a

1
.

2.2  Line‑Of‑Sight guidance (LOS)

The Line-Of-Sight guidance minimises the difference 
between the real trajectory and the desired one. It is clas-
sified as a three-point guidance scheme since it involves a 
stationary reference point �R in addition to both the inter-
ceptor �I and the target �T positions, as shown in Fig. 3. 
In this logic, the interceptor is forced to move along the 
vector between the reference point and the target, named the 
LOS vector, to achieve the desired path. In the Line-Of-Sight 
guidance, the interceptor can be guided to follow the target 
in straight-line, as in [18], instead of curved trajectories path, 
as in [32]. In this paper, the interceptor will be guided to fol-
low the target in a straight-line way, as implemented in [18]. 
Hence the proposed guidance law has a twofold objective: 
the first is to converge to the desired path and the second is 
to reach the target.

Since the desired path depends instantaneously on the 
target kinematics, it is impossible to plan a series of static 
way-points. The reference point cannot be taken as the 
previous way-points as doing in a traditional Line-Of-
Sight guidance, for example, as done in [18]. In literature, 
the choice of the reference point is not assessed, for such 

(1)

n = R(�k) e, n = R(�) b,

n = R(�) h, n = R(�T ) f ,

n = R(�I) a

a reason the following approach is proposed. The can-
didate reference point is selected as a previous point of 
the target path and it is updated over a user-defined time 
interval ( 𝛿t parameter). The reference point is updated 
whenever the interceptor has overtaken the new candidate 
reference point. The main idea is to take into account the 
target trajectory curvature for the evaluation of a proper 
𝛿t . In this way, the update frequency of the reference point 
increases with the deviation of the interceptor trajectory 
from the straight path. Indeed, as the curvature crosses 
a fixed threshold, climit ∈ ℝ

+ , a smaller time interval, 
𝛿thc ∈ ℝ

+ , is needed to guarantee the interceptor main-
tains its position as close to the target as possible. On the 
other hand, when the curvature is smaller, the updating 
procedure is relaxed with a longer 𝛿tlc ∈ ℝ

+ . The cur-
vature of the target trajectory has been evaluated using 
Eq. 2, and the 𝛿t is selected according to Eq. 3. Hence, a 
new reference point on the target trajectory needs to be 
chosen, at each 𝛿t , with the aim of keeping the target at 
the desired distance from the interceptor. The projection 
of the distance between the target and the interceptor on 
e
1
 is computed by (�I −�T ) ⋅ e1 . The proposed reference 

point �R+1 = (xR+1, yR+1) is defined and it is required to 
check whether the interceptor has overstepped the pro-
posed reference point. Then, the relative bearing angle 
between the interceptor and the proposed reference point 
is evaluated Eq. 4. Lastly, if the relative bearing angle 
belongs to the interval �relR+1,I ∈ [

�

2
;
3�

2
] , the proposed ref-

erence point will be accepted.

Fig. 3  Geometrical Sketch of the LOS Guidance
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where �̇�T = ẋTn1 + ẏTn2 is the first derivative of the target 
position, and �̈�T = ẍTn1 + ÿTn2 is the second derivative.

According to [18], it is possible to define the desired 
heading �des ∈ [0, 2�] that allows the vessel to regain track, 
as reported by Eq. 5. The logic is based on the idea of nul-
lifying the lateral error, derr , between the desired path and the 
trajectory within a circle of radius kLPP, k ∈ ℝ

+ . Hence, the 
Eq. 5 are based on the idea of finding the interaction point 
between the circle of radius kLPP around the interceptor and 
the line joining the reference point and the interceptor one, 
according to the geometrical sketch in Fig. 3.

where �los is the angle between e
1
 and the radius kLPP , while 

�LOS is the projected distance of the target from the intercept 
point along e

1
.

Once the desired heading angle is defined, the desired 
velocity needs to be carried out. Based on similar consid-
erations as above, the desired velocity depends on the dis-
tance dT ,I from the target, i.e., a law has been implemented 
to guarantee that the required velocity increases as the target 
moves away. Moreover, it tends to the target velocity as the 
interceptor converges to the desired distance.

Typically, in literature, the Line-Of-Sight law provides 
an algorithm to determine the desired angle but does not 
define a velocity law. For such a reason, in this application, 
the speed law has been implemented with a ramp, following 
Eq. 6. Figure 4 shows the desired speed Vdes , that is defined 
through the couple (nLPP,VT ) . Indeed, as distance increases, 
then Vdes smoothly increases, through the slope p, up to the 
interceptor maximum speed, VImax

 . Once the point and the 
slope have been defined, for each time, it is possible to find 
the distance d∗ at which the speed is set as the maximum 
value.

(2)c =
1

𝜌
=

|ẋT ÿT − ẏT ẍT |√
ẋ2
T
+ ẏ2

T

(3)𝛿t =

{
𝛿thc, c > climit

𝛿tlc, 0 ≤ c ≤ climit

(4)�relR+1,I = arctan
yR+1 − yI

xR+1 − xI
− �

(5)

𝜓des = 𝛼k − 𝜓los

𝛼k = arctan
yT − yR

xT − xR

𝜓los = arctan
derr

𝛥LOS

derr = (𝛺I −𝛺R) ⋅ e2

𝛥LOS =

{√
(kLPP)

2 − derr
2
, kLPP ≥ derr

(𝛺T −𝛺I) ⋅ e1, kLPP < derr

In order to take into account the situation where the inter-
ceptor overtakes the target, the speed law has been imple-
mented as a function of the relative bearing angle (Eq. 7) 
between them, �relT ,I . In particular, the algorithm requires the 
interceptor to slow down, in this condition, and wait until the 
target takes back the forward quadrants (Eq. 8). On the other 
hand, the backward quadrant has been identified by means of 
boundary tolerance (e.g. �

18
 ) to avoid critical behaviour when 

ships are alongside each other.

where Vdes , VT and Vmax are the desired, the target and the 
maximum speeds admitted by the ship, respectively, and LPP 
is the length of the model.

Simply, the law in Eq. 6 means that since the interceptor 
is ahead of the target and the distance is lower than nLPP , 
the speed set-point coincides with the target speed. On the 
other hand, when the distance is greater than nLPP , speed 
increases with a ramp with slope equal to p until it reaches 
its maximum speed. The knowledge of the instantaneous tar-
get speed allows to asses the speed maximum value to reach 
the target as fast as possible. Moreover, when the interceptor 
overtakes the target, the bearing angle is in either the second 
or third quadrant. Then, the distance projection is negative 
and the speed decreases with a smooth slope until reaching 
half of the target one at a distance equal to −d∗.

In summary, the parameters of the proposed Line-Of-
Sight guidance are six: n, p, k, 𝛿thc , 𝛿tlc , and climit.

(6)Vdes =

⎧⎪⎪⎨⎪⎪⎩

VT

2
, dT ,I < −d∗

VT (1 +
dT ,I

2d∗
), − d∗ ≤ dT ,I ≤ 0

VT , 0 < dT ,I < nLPP
VT + p(dT ,I − nLPP), nLPP ≤ dT ,I ≤ d∗

Vmax, dT ,I > d∗

(7)�relT ,I = arctan
yT − yI

xT − xI
− �

(8)dT ,I =

⎧⎪⎨⎪⎩

−(𝛺T −𝛺I) ⋅ h1,
5𝜋

9
≤ 𝛼relT ,I ≤

13𝜋

9

(𝛺T −𝛺I) ⋅ h1,
𝛼relT ,I <

5𝜋

9

∨ 𝛼relT ,I >
13𝜋

9

Fig. 4  Speed law for LOS guidance
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2.3  Pure Pursuit guidance (PP)

The Pure Pursuit guidance points directly to the target, as 
shown in Fig. 5. Hence, this guidance law tends to reach the 
target as soon as possible without focusing on forcing the 
movement along the covered target trajectory or follow the 
target with a given lateral offset. This guidance is classified 
as a two-point guidance scheme; indeed, only the interceptor 
and the target are considered in the engagement geometry. 
The control variable is the drift angle � , defined as the angle 
between b

1
 and a

1
 , as shown in Fig. 5, and the proposed logic 

aims to nullify it. In this application, the angle �des ∈ [0, 2�] 
coincides with the angle � shown in Fig. 2.

The Pure Pursuit guidance law is based on the main 
idea to suit the speed set-point with respect to the distance 
between the objects. Indeed, the speed will be as higher as 
the distance between the ships increases. As it can be seen 
in Eq. 9, the distance is normalized through its modulus plus 
a positive quantity �2

PP
 and it is proportional to a coefficient 

KPP . Such parameters need to be computed to guarantee 
algorithm convergence and to allow the required speed to 
avoid the interceptor overtaking the target.

where KPP ∈ ℝ
+ is a speed gain and it is chosen to be equal 

to the maximum allowable speed VImax
 , dT ,I is the distance 

between the target and the interceptor, and �PP ∈ ℝ
+ is a 

parameter that affects the chasing phase and the distance at 
which is possible to have a stable following phase.

This paper proposes an adaptive relationship that allows 
tailoring the parameter to the desired distance (user-defined) 
from the target. In particular, by substituting in Eq. 9 such 
desired distance dD ∈ ℝ

+ and the measured target speed VT 

(9)

Vdes = KPP

dT ,I√
d2
T ,I

+ �2
PP

dT ,I = (�T −�I) ⋅ h1

KPP = VImax

during the previous time step, it is possible to evaluate �PP 
as shown in Eq. 10.

While the heading law is taken from the geometrical sketch, 
and it is shown in Eq. 11.

In summary, the input parameters of the Pure Pursuit 
guidance law are dD and KPP.

2.4  Constant Bearing guidance (CB)

The Constant Bearing guidance law is based on parallel 
navigation. Indeed, the interceptor is required to keep a path 
parallel to the target one and the required distance vector is a 
user-defined input. Distance vector component can be cho-
sen with all possible combinations. Constant Bearing, like 
the PP, is a two-point guidance scheme that only requires 
the target and interceptor positions and velocities. In the CB 
logic, the interceptor corrects the path as long as the dis-
tance between the target and the interceptor is greater than 
the desired one. In this case, the relative interceptor-target 
velocity is the key control variable and it is on the vector 
between the target and the interceptor, named the LOS vec-
tor. Hence, in the following part, the interceptor perceives 
the target at a constant bearing and at a constant distance; 
this means that the LOS vector drifts, without rotating, at 
each instant. For such a reason, the Constant Bearing guid-
ance is often referred to as parallel navigation, as known 
in the missile guidance, and shown in [27]. The guidance 
geometrical scheme is shown in Fig. 6.

(10)VT = KPP

dD√
d2
D
+ �2

PP

⟹ �PP = dD

√√√√K2

PP

V2

T

− 1

(11)�des = arctan
yT − yI

xT − xI

Fig. 5  Geometrical sketch of the PP guidance

Fig. 6  Geometrical Sketch of the CB Guidance
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A possible strategy to implement the missile parallel 
navigation is according to [24]. In this paper, the heading 
and speed law has been developed to give as input the 
desired lateral edes ∈ ℝ and longitudinal sdes ∈ ℝ offset on 
f
2
 and f

1
 directions respectively, as shown in Fig. 7. The 

introduction of the desired distance is the main differences 
concerning the missile guidance, where the objective is to 
catch the target by nullifying the distance. The signs of the 
desired lengths are taken according to the f  basis, in other 
words, a positive edes means that the desired position of the 
interceptor is on starboard, a negative edes means that the 
desired position is on portside; a positive sdes means that the 
desired position is ahead of the target, and a negative sdes 
means that the desired position is astern the target.

Hence, it is possible to define the speed law as the module 
of the velocity, thanks to Eq. 12.

where V
T
 is the target velocity; V

T ,I
 is the velocity aligned 

with the LOS vector, as described in the previous paragraph; 
d
T ,I

 is the vector between the interceptor and the target; 
KCB ∈ ℝ

+ is a speed gain and is set equal to the maximum 
speed minus the maximum target speed in a previous time 
interval ( V∗

T
 ); and �CB ∈ ℝ

+ is the main parameter that 
affects the chasing phase.

This law computes the velocity commands needed to 
track the target: in addition to the target velocity V

T
 , which 

nullifies the relative velocity between the interceptor and 
the target, also an approach velocity V

T ,I
 is assigned 

along the LOS vector to reach the desired distances with a 
smooth behaviour, thanks to the �CB parameter. From the 

(12)

V
des

= V
T
+ V

T ,I

= V
T
+ KCB

d
T ,I√

d2
T ,I

+ �2
CB

d
T ,I

= (xT − xI) n1 + (yT − yI) n2 + edes f
2
+

+ sdes f
1

KCB = VImax
− V∗

T

laws in Eq. 12, it is possible to note that when the inter-
ceptor reaches the desired distances from the target, the 
approach velocity V

T ,I
 is zero. Hence, the desired speed 

is equal to the target one and the following phase on the 
parallel path begins. When the target-interceptor distance 
is defined as in Eq. 12, this guidance law heads towards 
the point �∗

T
 , as shown in Fig. 7. The heading law is taken 

according to Eq. 13 and is outlined in Fig. 8. It is obtained 
as the difference between the desired course angle �des and 
the drift angle of the interceptor, that is the angle between 
the ship speed and the vector b

1
 , sketched in Fig. 2.

where �corr is the kernel of the heading law and is defined 
according to Fig. 8, e is the geometrical distance between 
the interceptor and the target on f

2
 , and �CB ∈ ℝ

+ is a con-
stant that guarantee the smooth behaviour of the 
interceptor.

This law computes the heading commands needed to 
track the target: when the error ecorr is zero, the interceptor 
reaches the desired distance along f

2
 and, as a conse-

quence, the angle �corr is equal to zero. This means that the 
heading law depends only on the target course angle and 
that the following phase on the parallel path begins. Only 
the desirable distance edes on f

2
 is present in the heading 

law, since it is the one that it is necessary to correct the 
heading angle. Indeed, if the interceptor is not in the 

(13)

𝜓des = 𝜒des − 𝛽

𝛽 = arctan
v

u

𝜒des = 𝜒T + 𝜒corr

𝜒T = arctan
ẏT

ẋT

𝜒corr = arctan
ecorr

𝛥CB

ecorr = e + edes

e = (𝛺T −𝛺I) ⋅ f
2

Fig. 7  CB speed law

Fig. 8  CB heading law
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desirable distance sdes but it is in the desirable edes , it will 
need to modify only the speed to reach the desired 
position.

In summary, the parameters of the Constant Bearing 
guidance law are �CB , �CB , and KCB . The set-points related 
to the desired distances are sdes and edes.

3  Parameters assessment methodology

In the following section, the KPIs have been defined together 
with the operational scenario. In the end, the simulation 
campaign is defined.

3.1  Key performance indicator formulation

For a proper selection of the parameters set, the guidance 
law performances should be quantified. Moreover, based on 
the mission requirements, it could be convenient for select-
ing different parameter configuration because they affect the 
mode to reach the target, the propulsion plant behaviour, and 
the control strategies. In short, the inputs of the described 
guidance laws are summarised in Table 1.

Key Performance Indicators (KPIs) have been identified 
to evaluate mission performances and reported hereinafter.

The first one is the distance e that is equal to the projec-
tion of the vector (�T −�I) on f

2
 . It is possible to evaluate 

the target trajectory overshoot by means of e, because the f  
basis is fixed with the target velocity. The distance e is linked 
to the heading angle � . In particular, the maximum and the 
minimum values during the simulation time ( emax and emin , 
respectively) have been reported together with the general 
behaviour.

The second KPI identified is the distance s that is equal 
to the projection of the vector (�T −�I) along f

1
 . Such 

quantity influences the following manoeuvring stability. The 
mean value during the following phase, smean , has been eval-
uated with the general behaviour.

The third KPI is the interceptor path convergence time tR . 
The latter can be evaluated in a straight path manoeuvre and 
it depends on the distance s and the speed. Indeed, when the 
speed set-point converges to the target one, and the distance 
s keeps constant, then the following phase begins and is it 
possible to get tR.

3.2  Operational scenarios

Each scenario is defined by means of three target paths with 
different kinematics. The first path is a straight manoeu-
vre, as shown in Fig. 9a and named A. The second one is a 
manoeuvre with two direction changes, i.e. zig-zag manoeu-
vre; this is reported in Fig. 9b and is named B. The last one 
is a manoeuvre with large heading variations and evolutions 
that would represent two consecutive Williamson turns, as 
in Fig. 9c, named C.

3.3  Simulation campaign

A simulation campaign has been carried out to both guid-
ance laws validation and the parameter influence assessment. 
The whole set of tests to evaluate the parameters effects on 
the mission performances are reported in the concept map 

Table 1  Inputs of target tracking logics

Line-Of-Sight Pure Pursuit Con-
stant 
bearing

n
p
k dD �CB

𝛿thc KPP �CB

𝛿tlc K
CB

climit

Fig. 9  Operational scenarios
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shown in Fig. 10. The simulations are done at both constant 
and variable speed with different combinations of parame-
ters to investigate the Guidance system response. The param-
eters were assumed to vary in the following ranges: (1) Line-
Of-Sight guidance law: n

LPP
∈ [2, 10] ,  k

LPP
∈ [3, 10] , 

p ∈ [0.02, 0.1] , 𝛿thc ∈ [5, 50 ], 𝛿tlc ∈ [20, 50] , and climit is 
kept fixed; (2) Pure Pursuit guidance law: dD ∈ [2, 15] and 
KPP ∈ [V∗

T
,VImax

] ; (3) Constant Bearing guidance law: 
�CB ∈ [1, 10] , �CB ∈ [5, 30] , and KCB ∈ [0,VImax

− V∗
T
].

The most significant tests that help the reader understand 
the influence of the input parameters have been highlighted 
in Fig. 10 and reported in Sect. 4. In particular, the target 
path A has been used for the parameter assessment, sensitiv-
ity analysis for the Constant Bearing and Pure Pursuit, and 
for the analysis of n, p, and k Line-Of-Sight parameters. 
The target path B has been used for the study of the Line-
Of-Sight parameters 𝛿thc and 𝛿tlc , while the target path C is 
used for the validation of the proposed logics and the overall 
comparison.

4  Parameters sensitivity analysis

Thanks to the developed simulation platform, the three log-
ics have been tested with different combinations of param-
eters. Each parameter influences the behaviour of the ship 
in both the approach and following phases. In this section, 
the effect and physical meaning of each input parameter have 
been studied. Each parameter and KPI is reported in a non-
dimensional form. The simulations were all conducted with 
the same delay between the interceptor and the target at the 
initial time step, by means of the initial distance between the 
two objects of approximately 17LPP.

4.1  Line‑Of‑Sight analysis

Initially, few trials have been performed to evaluate the cur-
vature value, climit , corresponding to the target course varia-
tion threshold for the updating time interval switch. A value 
that allows having small fluctuation in the path has been 
chosen. The value of climit is kept constant for all the tests 
and it is set equal to 0.1LPP . In Table 1, the input parameters 
of the LOS guidance have been summarised. The parameters 
assessment for LOS guidance law has been done into two 
steps. The first one is needed to evaluate the influence of n, 

Fig. 10  Concept map of the simulation campaign
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p, and k; for such parameters, the target path A of Fig. 9a 
with a constant speed equal to VT∕VImax

= 0.6 is used. The 
second step concerns the evaluation of the influence of 𝛿tlc 
and 𝛿thc parameters. In this case, as said before, the path B of 
Fig. 9b is used to appreciate the change of target curvature. 
In all the cases, the target speed is kept constant with the 
previous value.

Only the summary of the more significant test is reported 
in Table 2, for the sake of shortness and a summary of the 
KPI results is given in Table 3.

In particular, the first three tests (LOS-1, LOS-2 and 
LOS-3) help understand the influence of the radius of the 
return circle kLPP . Indeed, by keeping all the parameters con-
stant, the stabilising radius has been evaluated. As expected, 
results show that k need to be large enough to guarantee 
algorithm stability. Figure 11 reports e fluctuation time his-
tories, i.e. by increasing k up to the one in test LOS-3, it is 
possible to avoid the fluctuation, but the distance s during 
the steady-state is approximately equal to the large value 
assigned to n, as shown in Fig. 12.

Hence, the value of n is decreased in test LOS-4 and a 
stable following phase remains at a smaller distance ( s ≡ n ) 
with respect to LOS-1, LOS-2, and LOS-3. Of course, in this 
case, the KPI referred to the time needed to reach the target 
( tR ) increases since the distance to be covered is larger than 
the one in the previous tests.

As the next step in the test LOS-5 and LOS-6, the speed 
low slope p impact is evaluated. Converging time is not 

affected by p increases but, when the target path has sig-
nificant variations, the speed set-point changes too fast. On 
the other hand, with smaller values of p, converging time 
increases, as it is possible to see from the KPI in Table 3 that 
increase by 75% approximately. A summary of test LOS-1 
to LOS-6 is shown in Figs. 11 and 12, where the distances e 
and s time histories are reported.

Simulations LOS-7 and LOS-8 are necessary to evalu-
ate the influence of the time step, 𝛿t , for the reference 

Table 2  Summary of LOS tests Test Target path k n p 𝛿tlc 𝛿thc

LOS-1 A 3 7 0.04 25 25
LOS-2 A 5 7 0.04 25 25
LOS-3 A 7 7 0.04 25 25
LOS-4 A 7 2 0.04 25 25
LOS-5 A 7 2 0.06 25 25
LOS-6 A 7 2 0.02 25 25
LOS-7 B 7 2 0.04 25 25
LOS-8 B 7 2 0.04 5 25

Table 3  Line-Of-Sight KPI Test emax

LPP

emin

LPP
Steady-state behav-
iour of e

smean

LPP
 at steady-

state
Steady-state behav-
iour of s

tRVT

LPP

LOS-1 3.7 −3.3 Oscillatory 9 Oscillatory 19
LOS-2 1 −1.2 Oscillatory 7 Oscillatory 37
LOS-3 0.5 −1.2 Convergent 7 Stable 37
LOS-4 0.5 −1.2 Convergent 2 Stable 46
LOS-5 0.5 −1.2 Convergent 2 Stable 34
LOS-6 0.5 −1.2 Convergent 2 Stable 80
LOS-7 3.2 −2.5 Convergent 2 Stable /
LOS-8 2.9 −2.1 Convergent 2 Stable /

Fig. 11  Distance e for tests LOS-1 to LOS-6
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update. As it is possible to see from Table 2, test LOS-7 
is done with the same parameters of test LOS-4 but with 
the target path B, while test LOS-8 is done with a different 
𝛿thc . In these cases, two change of direction are present and 
it is possible to evaluate the effect of a different 𝛿thc on the 
overshoot of the distances e. The comparison is shown in 
Figs. 13 and 14 and the KPIs are summarised in Table 3. 
Hence, it is possible to see that a lower 𝛿thc reduces the 
maximum and minimum value of distance e. This means 
that, as expected, a lower 𝛿t is suitable for reducing over-
shooting after each change of direction.

In tests LOS-7 and LOS-8, tR cannot be evaluated since 
the parameter has been defined only for straight manoeu-
vre. However, in the authors’ opinion, the trend observed 

in the straight manoeuvre could be expected for manoeu-
vres in which the curvature is relevant.

4.2  Pure Pursuit analysis

The input parameters of the Pure Pursuit are two: KPP and 
�PP . As shown in Sect. 2.3, KPP has been chosen equal to 
the maximum interceptor speed allowing the ship to reach 
the target as fast as possible and exploit the maximum per-
formance. However, as a general remark, KPP can be set as 
desired with the only condition that it should be greater than 
the target speed. Indeed, as already mentioned, KPP is mul-
tiplied for a quantity smaller than 1, then, if it is lower than 
the target speed, the interceptor will not be able to reach 
the target, i.e. the distance between the two ships tends to 
increase in time.

Hence, the only parameter that is considered in this analy-
sis is dD . All the tests reported have been carried out through 
the target path A of Fig. 9a with a constant speed equal to 
VT∕VImax

= 0.6 and a summary of the more significant tests 
is reported in Table 4. A summary of the KPI is given in 
Table 5.

The simulations are done increasing the value of dD . 
As it is possible to see in Fig. 15, with the increase of dD , 

Fig. 12  Distance s for tests LOS-1 to LOS-6

Fig. 13  Distance e for tests LOS-7 and LOS-8

Fig. 14  Distance s for tests LOS-7 and LOS-8

Table 4  Summary of PP tests Test Target path dD

LPP

PP-1 A 2
PP-2 A 4
PP-3 A 5
PP-4 A 7.5
PP-5 A 10
PP-6 A 12
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the distance e tends to avoid fluctuation, in particular from 
test PP-4 to test PP-6 it is possible to note that the oscilla-
tory and divergent behaviour disappears. On the other side, 

the distance s, shown in Fig. 16, is linked with the value 
of dD , hence the distance at which is done the following 
phase increase. The behaviour of s is stable from test PP-3. 
Another consequence of increasing dD is the growth of tR 
despite the distance to cover to reach the target decrease. 
It is due to the speed law formulation and to the presence 
of dD under the square root at the denominator.

4.3  Constant bearing analysis

The Constant Bearing guidance input parameters are three: 
KCB , �CB , and �CB . As in the previous case, all parameters 
are included within the sensitivity analysis, except KCB . 
Indeed, it is set equal to the difference between the maxi-
mum interceptor speed and the target speed in a previous 
time interval. In this way, as for the Pure Pursuit case, 
the interceptor can reach the target as fast as possible and 
compensate for the lack of knowledge about the maximum 
target speed. All the tests have been carried out through 
the target path A of Fig. 9a, with a constant speed equal 
to VT∕VImax

= 0.6 and with the distances sdes and edes set 
to −2LPP and 2LPP , respectively. With this set-point, the 
interceptor follows the target in a point �∗

T
 set ahead and 

on the starboard side with respect to the target, as shown 
in Fig. 17. Among all the simulations conducted only the 
more significant are reported in Table 6 with the relative 
KPIs shown in Table 7.

The first three tests (CB-1, CB-2, and CB-3) are shown 
for understanding the effect of �CB . Unlike the detected 
effect on PP laws, in CB such quantities only affects the 
tR , i.e. tR increases together with �CB . The value used in test 
CB-2 is considered as a good trade-off.

The last three simulation results (CB-4, CB-5, and 
CB-6) show the influence of �CB . In CB-4 the value of �CB 
is increasing with respect to test CB-2 and, as reported in 
Table 7 and Fig. 18, the oscillation around edes value disap-
pears. With a smaller value, like in test CB-5, oscillatory 
behaviour begins, as shown in Figs. 18 and 19. Instead, 
with a larger one, like in test CB-6, there are no benefits 
with respect to test CB-4.

Table 5  Pure Pursuit KPI Test emax

LPP

emin

LPP
Steady-state behav-
iour of e

smean

LPP
 at steady-

state
Steady-state behav-
iour of s

tRVT

LPP

PP-1 4 −3.8 Oscillatory 3 Oscillatory 31
PP-2 0.8 −1.2 Divergent 4 Divergent 43
PP-3 0.6 −1.2 Divergent 5 Stable 48
PP-4 0.7 −1.2 Convergent 7.5 Stable 62
PP-5 0.9 −1.2 Convergent 10 Stable 73
PP-6 1 −1.2 Convergent 12 Stable 77

Fig. 15  Distance e for PP tests

Fig. 16  Distance s for PP tests
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5  Parameters selection and validation

The guidance laws previously described have been tested 
with a simulator and the influence of each parameter has 
been investigated in Sect. 4 with a sensitivity analysis. 
Hence, it is possible to summarise the effects of each 
parameter as follows.

In the Line-Of-Sight guidance, the radius kLPP of the 
return circle defines whether the following phase is stable or 
not. The parameter n describes the distance at which is done 
the following phase and it can be set as desired. The slope p 
of the speed law influences the approach phase. In particu-
lar, if slope p decreases, tR increases. Instead, 𝛿thc and 𝛿tlc 
parameters change the reference updating and they become 
relevant when a relevant curvature is present. In particular, 
when the curvature is greater than climit , the 𝛿thc need to be 
small to better follow the target path, as shown in Sect. 4.1.

In the Pure Pursuit guidance, the distance dD defines 
the following phase distance and stability. The value of 
dD can be set as desired considering the minimum value 
( dD = 7.5LPP ) that let to avoid the oscillations in the fol-
lowing phase.

In the Constant Bearing guidance, the parameter �CB 
influences the time necessary to reach the target ( tR ), while 
the parameter �CB affects the following phase stability.

At this step, it is possible to select a proper set of param-
eters for each mission based on the mission requirements. 
In this paper, a mission has been hypothesised, in which the 
interceptor must reach the target as soon as possible, with 
a stable following phase at the shortest distance allowed. 
Based on that, a set of parameters that accomplish the 
requirements is selected.

For the Line-Of-Sight guidance, the set used for the test 
LOS-8 of Table 2 has been selected. The reason is related 
to the values of KPIs, indeed the distance s is the shortest 
allowed (i.e. the following phase is the nearest), the distance 
e is lower than 3LPP with the target path B of Fig. 9b, and this 
set lets to reach the target quickly.

For the Pure Pursuit guidance, the set used for the tests 
PP-4 of Table 4 has been selected because it is the simula-
tion with the smallest distance s, as shown in Table 5, with-
out unstable responses during the following phase.

For the Constant Bearing guidance, the set used for the 
test CB-4 of Table 6 has been selected. In this logic, the dis-
tance at which is done the following phase does not affect the 
behaviour and can be chosen as desired. This set of param-
eters allow reaching quickly the target, as it is possible to see 
from the tR KPI in Table 7, and to have stable behaviour, as 
it is possible to see from the behaviour of e and s.

Fig. 17  Geometrical sketch of desired distances for CB-tests

Table 6  Summary of CB Tests Test Target path dgain,CB

LPP

�CB

LPP

CB-1 A 1 10
CB-2 A 5 10
CB-3 A 10 10
CB-4 A 5 20
CB-5 A 5 5
CB-6 A 5 30

Table 7  Constant bearing KPI Test emax

LPP

emin

LPP
Steady-state behav-
iour of e

smean

LPP
 at steady-

state
Steady-state behav-
iour of s

tRVT

LPP

CB-1 0.4 −2.6 Convergent 2 Stable 26
CB-2 0.4 −2.6 Convergent 2 Stable 46
CB-3 0.5 −2.6 Convergent 2 Stable 80
CB-4 0.45 −2 Stable 2 Stable 46
CB-5 0.45 −4 Oscillatory 2.5 Oscillatory 77
CB-6 0.4 −2 Stable 2 Stable 46
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For a validation purpose, the logics have been tested with 
different manoeuvre (i.e. with the target path A, B, and C) 
and with different speed profile (i.e. different value of con-
stant speed, variable speed).

The three logics have been tested with the set of param-
eters defined above, with the target trajectory shown in 
Fig. 9c, where the target navigates with a variable speed, 
as shown in black in Fig. 22. The interceptor starts with 
an initial delay, that assume the same value for all the 
guidance logics. To better understand the differences 
among the three guidance laws, all the trajectories have 
been reported together, at a different time step, as shown 
in Fig. 25. Here, the three guidance laws outcomes: Line-
Of-Sight, Pure Pursuit, and Constant Bearing are reported 
in red, blue and green, respectively; while the target 

trajectory is reported in black. The time history of distance 
e, distance s, speed V, distance dT ,I , and heading angle � 
is reported from Figs. 20, 21, 22, 23 and 24.

The Line-Of-Sight guidance is the fastest to reach the 
target, as shown in Fig. 23, since the speed is set equal to 
the maximum value for long-distance, see Fig. 22. How-
ever, it has a relevant overshoot after each change of direc-
tion, as shown in the slideshow in Fig. 25, from the time 
history of the heading angle in Fig. 24, and from the time 
history of the distance e and s in Figs. 20 and 21. With this 
logic and thanks to the n parameters is it possible to set the 
distance along the vector f

1
 at which is done the following 

phase. Hence, the interceptor follows the target trajectory 
with a given distance.

Fig. 18  Distance e for CB tests

Fig. 19  Distance s for CB tests

Fig. 20  Distance e—overall comparison

Fig. 21  Distance s—overall comparison
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The Pure Pursuit model has a speed law proportional to 
the distance between the target and interceptor and after 
each change of direction, it tends to converge, as shown in 
Fig. 24. However, in this logic, during the following phase, 
the distance s is larger than in the LOS and CB logics, as 
shown in Fig. 21. Also, in this case, it is possible to set the 
distance at which is done the following phase ( dD ), but in 
Sect. 4.2 is shown that in order to obtain a stable following 
phase, this value needs to be larger than 7.5LPP.

The Constant Bearing model, like the Pure Pursuit one, 
has a speed law proportional to the distance between target 
and interceptor, but in this case, the speed law depends on 
the target speed. Indeed, it is possible to give as input the 
desired distances for the following phase along the vector 
f
1
 and f

2
 ( edes and sdes ). This logic is the fastest to stabilise 

after each direction change, as it is possible to see from 
Fig. 24. Hence, the model with this law tends to converge 
to a parallel path with respect to the target one.

6  Conclusion

In this paper, three guidance laws are proposed to accom-
plish with target chasing requirement. A comparison among 
three different guidance laws is shown, emphasising the rela-
tionship between the parameter settings and the manoeu-
vres outputs. The proposed guidance laws have been slightly 
modified and rewritten in a formal way that suits well with 
a parametric analysis. Moreover, the testing has been done 
with a fully coupled and non-linear time-domain simula-
tor, usually, in literature, the guidance laws are tested using 
either a pure kinematic model or simplified dynamic model. 
In particular, the results of the three manoeuvres are carried 
out with a systematic variation of the parameters. All the 
results are shown in non-dimensional forms to allow the 
reader to select the most appropriate based on the context 
and to have a good starting point for the fine-tuning for dif-
ferent case studies. for such a reason, the time needed for the 
design phase will be reduced using the proposed approach. 
Moreover, in case of a ship simulator availability, the perfor-
mance of the system could be assessed in advance. The sen-
sitivity analysis has been performed using a fully validated 
simulation platform. The choice of parameters is strongly 
influenced by the operational conditions, e.g. track error or 
the distance at which the following phase is desired.

In detail, the LOS guidance law is mainly affected by the 
radius of the return circle kLPP , by the slope of the speed law 
p, and by the 𝛿t used to update the reference time, while the 
distance n at which the speed is set equal to the target one 
can be chosen as desired. The PP guidance law is strongly 

Fig. 22  Speed—overall comparison

Fig. 23  Distance interceptor–target—overall comparison

Fig. 24  Heading angle—overall comparison
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Fig. 25  Slideshow
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affected by the distance dD at which it is possible to follow 
the target avoiding unstable behaviour. Thanks to this value, 
it is possible to set the parameter �PP . Finally, the CB guid-
ance law is affected by the �CB parameter and from the �CB 
one, while the distances sdes and edes can be set as desired.

Eventually, the proposed approach presents several ben-
efits; in particular, to run the simulations, a low computa-
tional cost is required, the parameter evaluation is handy, 
and it has a wide application range due to the non-dimen-
sional approach, clearly limited to similar ASVs. The major 
drawback is the need of a validated non-linear time-domain 
simulator, that requires detailed technical information about 
the ASV.

Future studies will include experimental testing to vali-
date the paper findings in a real environment with the avail-
able model scale tug. Moreover, a proof of stability will be 
a matter of investigation.
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