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Abstract—This paper presents a comparison between three
popular guidance laws for path following of autonomous
underwater vehicles: switching enclosure-based Line-Of-Sight
(LOS), lookahead-based LOS, and vector field guidance laws.
The equations of motion employ the concept of the relative
kinematics, and a nonlinear controller is applied together with
the guidance systems during path-following. The optimal tuning
values for each guidance are selected using the Pareto efficiencies
from multiple simulations in terms of providing low cross-track
error and control effort. Performance analysis are carried out for
a waypoint following scenario both with and without significant
constant and irrotational ocean currents as disturbances.
Simulation results are also presented using the model of an AUV.
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I.

path-following

INTRODUCTION

Underwater vehicle applications, e.g. inspection of
pipelines and surveying require accurate and efficient
execution of path-following tasks. This paper will illustrate the
characteristics of and a comparison between three popular
guidance laws: the Switching Enclosure-based Line-Of-Sight
(SELOS), the Lookahead-based LOS (LLOS), and the Vector
Field (VF) guidance laws [1-7]. Under ocean current
disturbances, their performances will be poor if the drift caused
by the current is not taken into account in the design, and the
Integral LOS (ILOS) designs have been a common approach in
dealing with ocean current disturbances, which can compensate
for this drift [3], [6].
The LLOS guidance is perhaps the most popular scheme
because it is easy and computationally simpler than the
enclosure-based LOS (ELOS) and VF guidance. However, the
ELOS scheme provides a variable lookahead distance ∆ ,
where this is fixed in the LLOS scheme, and this distinct
feature could be attributed to why it performs better than the
LLOS scheme (see carrot-chasing and nonlinear guidance law
in [8]). In [8], VF guidance applied to Unmanned Air Vehicles
(UAVs) was superior to the other two schemes above in terms
of producing low cross-track error and requiring low control
effort under wind disturbances. Nevertheless, VF guidance is
known to exhibit chattering effect [8-9], and the comparison in
[8] models the relative velocity differently. In [9], a

comparison was made between an Integral LLOS (ILLOS) and
VF guidance based on experimental results, where the VF
guidance performed slightly better, but again with some
chattering while the ILLOS scheme provided smoother servo
signals.
The SELOS scheme is developed as a modification to the
ELOS guidance to address the need for additional pathapproaching strategies required when the cross-track error
becomes large. It is simpler and preserves the properties of the
ELOS guidance unlike previously proposed modifications [1].
The guidance laws are implemented at both the kinetic and
kinematic levels, and employ the relative kinematics in [1]. A
nonlinear controller is applied during path-following. The
comparison considers the underactuated case of an AUV’s
performance during waypoint following of straight-lines with
and without current disturbances. Simulation and comparison
results are provided at the end.
II.

SYSTEM MODEL AND CONTROL OBJECTIVE

A. System Model
The modified system model considers the horizontal
dynamics of a class of underwater vehicles that can be
described by the 3-DOF model [5]:
𝜼̇ = 𝑹(𝜓)𝒗
𝑴 𝒗̇ + 𝑪(𝒗)𝒗 + 𝑫(𝒗)𝒗 + 𝒈(𝜼) = 𝑩𝒇

(1)
(2)

where 𝜼 ≜ [𝑥, 𝑦, 𝜓]𝑇 is the horizontal position and orientation
of the vehicle in inertial frame i, and 𝒗 ≜ [𝑢, 𝑣, 𝑟]𝑇 is the
vector of absolute velocities of the vehicle in surge, sway, and
yaw in body-fixed frame b, and 𝑹(𝜓 ) is the transformation
matrix from b to i. Furthermore, 𝑴 = 𝑴 𝑇 > 0 is the system
mass-inertia matrix including added mass, 𝑪 is the Coriolis
and centripetal matrix including rigid-body and added-mass
terms, 𝑫 > 0 is the damping matrix including linear and
quadratic terms, 𝒈(𝜼) ≜ [0 0 0]𝑇 is the gravitational and
restoring forces and moments. The control input vector
𝑴 −1 𝑩𝒇 ≜ [𝜏𝑢 , 0, 𝜏𝜓 ]𝑇 consists of surge thrust and yaw
moment, where 𝒇 ∈ ℛ 2 is the actuator input vector and
𝑩 ∈ ℛ 3×2 is the actuator configuration matrix. This structure
of the control input vector is obtained by assuming that b is

positioned in the pivot point such that yaw moment has no
effect on sway motion [10]. Note that system (2) is
underactuated since the dimension of 𝒇 is less than that of the
system.
According to [1], the relative kinematics define the
velocities as follows. The relative velocities of the vehicle
relative to i frame 𝒗𝑖𝑟 is
𝒗𝑖𝑟 ≜ 𝒗 + 𝝊𝑐 = [𝑢𝑖𝑟 , 𝑣𝑖𝑟 , 𝑟𝑖𝑟 ]𝑇

(3)

𝑇

where 𝝊𝑐 ≜ [𝑢𝑐 , 𝑣𝑐 , 0] is the ocean current velocity in b. The
𝑓
relative velocities of the vehicle relative to FLOW frame 𝒗𝑟
is:
𝑓

𝑓

𝑓 𝑇

𝑓

𝒗𝑟 ≜ 𝒗 − 𝝊𝑐 = [𝑢𝑟 , 𝑣𝑟 , 𝑟𝑟 ]

(4)

Current velocities 𝑢𝑐 and 𝑣𝑐 are given by: 𝑢𝑐 =
𝑉𝑐 𝑐𝑜𝑠(𝛽𝑐 − 𝜓), 𝑣𝑐 = 𝑉𝑐 𝑠𝑖𝑛(𝛽𝑐 − 𝜓), where 𝑉𝑐 ≜ √𝑢2𝑐 + 𝑣2𝑐 >
0 and 𝛽𝑐 = 𝑎𝑡𝑎𝑛2(𝑉𝑦 , 𝑉𝑥 ) are the current intensity and heading
𝑇

in i, and 𝑽𝑐 ≜ [𝑉𝑥 , 𝑉𝑦 , 0] is the ocean current velocity in i.
The ocean current is assumed constant (slowly-varying) and
irrotational in i, which gives 𝑽𝑐̇ = 𝟎 and 𝛖̇ 𝑐 =
[𝑟𝑖𝑟 𝑣𝑐 , −𝑟𝑖𝑟 𝑢𝑐 , 0]𝑇 . Substituting (3) and (4) into the kinetics and
kinematics in (1) and (2), respectively, yields the relative
equations of motion:
𝜼̇ = 𝑹(𝜓)𝒗𝑖𝑟
𝒇
𝑴 𝒗̇𝒓

+

𝒇
𝒇
𝑪 ( 𝒗𝒓 ) 𝒗𝒓

+

𝑓

𝑓

+ 𝒈(𝜼) = 𝑩𝒇 .

𝑓

𝑓

𝑓

(8)

𝜓̇ = 𝑟𝑖𝑟

(9)
0
𝑚22
𝑚23

0
𝑓
𝑪 ( 𝒗𝑟 )

≜

0
𝑓

𝑓

[−𝑐13 (𝑟𝑟 , 𝑣𝑟 )

0
𝑚23 ,
𝑚33 ]

2

0
0

𝑓
𝑐23 (𝑢𝑟 )

𝑓

−𝑐23 (𝑢𝑟 )

𝑓

𝑓

0

2

2

𝑣𝑖𝑑𝑟 = 𝑣𝑐 ,

𝑓

2

𝑢𝑖𝑑𝑟
𝑖
𝑈ℎ𝑟

𝑢𝑖𝑟

𝑝𝑙𝑜𝑠
𝑅

𝜓𝑙𝑜𝑠

The particular structure of the system matrices in (10) and
(11) are obtained by assuming that the vehicle is symmetric in
port-starboard, and that the body-fixed coordinate system is
located along the centre-line of the vehicle [5]. The relative
system dynamics are then obtained by expanding (6):
𝑓

𝑓

𝑓

𝑢̇𝑟 = − 𝑚1 (𝑐13 𝑟𝑟 + 𝑑11 𝑢𝑟 − 𝜏u ),
11

(13)

∆

𝜓
𝑣𝑐

𝑦𝑒

−𝑢𝑐

𝑝𝑘
𝛽𝑐

𝑉𝑐

(18)

𝑝𝑘+1

, (11)

𝑓

(17)

𝑖
𝑢𝑖𝑑𝑟 = √𝑈ℎ𝑑𝑟
− 𝑣𝑐 2 .

𝑉𝑥

𝑫 (𝒗𝑟 ) ≜ diag {𝑑11 (𝑢𝑟 ), 𝑑22 (𝑣𝑟 ), 𝑑33 (𝑟𝑟 )}. (12)

(16)

where 𝑢𝑖𝑑𝑟 and 𝑣𝑖𝑑𝑟 are the desired relative surge and sway
velocities in i, and 𝑢𝑑 and 𝑣𝑑 are the desired absolute
velocities. Since sway DOF is not actuated, 𝑣𝑑 = 0, and thus
from (16)

−𝑣𝑖𝑟

]

2

𝑖
𝑈ℎ𝑑𝑟
≜ √𝑢𝑖𝑑𝑟 + 𝑣𝑖𝑑𝑟 ≜ √(𝑢𝑑 + 𝑢𝑐 )2 + (𝑣𝑑 + 𝑣𝑐 )2 ,

(10)

𝑓 𝑓
𝑐13 (𝑟𝑟 , 𝑣𝑟 )

(15)

𝑖
horizontal relative speed 𝑈ℎ𝑟
≜ √𝑢𝑖𝑟 + 𝑣𝑖𝑟 in i of the vehicle
𝑖
towards the horizontal desired relative speed 𝑈ℎ𝑑𝑟
≥ 𝑉𝑐 > 0
along the path, which is defined as:

The system matrices have the following structure:
𝑚11
𝑴≜ 0
[ 0

𝑓

The path-following problem considered is similar to a
manoeuvring problem [4], which involves controlling the

𝑖
𝑈ℎ𝑑𝑟

𝑦̇ = 𝑢𝑖𝑟 sin 𝜓 + 𝑣𝑖𝑟 cos 𝜓

𝑓

B. Control Objective

Expanding (3) gives
(7)

(14)

where the arguments of the elements of 𝑪 and 𝑫 are omitted.
Note that since the yaw component of the current 𝑉𝜓 = 0, the
relative yaw rates are identical in both i and FLOW frames,
𝑓
i.e. 𝑟𝑖𝑟 = 𝑟𝑟 = 𝑟.

(6)

𝑥̇ = 𝑢𝑖𝑟 cos 𝜓 − 𝑣𝑖𝑟 sin 𝜓

𝑓

𝑟̇𝑟 = 𝑚1 (𝑐13 𝑢𝑟 + 𝑐23 𝑣𝑟 − 𝑑33 𝑟𝑟 + 𝜏𝜓 ) − 𝑚23 𝑣̇𝑟 .
33

(5)

𝒇
𝒇
𝑫 (𝒗𝒓 )𝒗𝒓

𝑓

𝑣̇𝑟 = − 𝑚1 (𝑐23 𝑟𝑟 + 𝑑22 𝑣𝑟 ) − 𝑚23 𝑟̇𝑟 ,
22

𝑉𝑦

𝑦
𝑥

Figure 1. Geometry of ELOS guidance and velocity vectors

The control objectives are then reduced to controlling 𝑢𝑖𝑟
and 𝜓 such that:
𝑙𝑖𝑚𝑡→∞ 𝑢𝑖𝑟 (𝑡) = 𝑢𝑖𝑑𝑟 (𝑡),

(19)

𝑙𝑖𝑚𝑡→∞ 𝜓(𝑡) = 𝜓𝑐𝑟𝑠 (𝑡),

(20)

𝑙𝑖𝑚𝑡→∞ 𝑦𝑒 (𝑡) = 0.

(21)

where 𝜓𝑐𝑟𝑠 is the desired course angle. The i-frame can be
placed along the x-axis of the path-frame P such that y
position of the vehicle becomes the cross-track error 𝑦𝑒 .
Control of relative velocities instead of absolute velocities
provides better energy efficiency since the hydrodynamic
𝑓
damping depends on 𝒗𝑟 and the vehicle motion can benefit
from the current velocities without actuator effort when 𝛽𝑐
coincides with the desired course angle.
III.

The ELOS scheme employs a circle with radius 𝑅 around
the vehicle to calculate the LOS angle 𝜓𝑙𝑜𝑠, which is found by
solving the following equations online [4]:
2

2

(𝑥𝑙𝑜𝑠 − 𝑥) + (𝑦𝑙𝑜𝑠 − 𝑦) = 𝑅 ,
𝑦𝑙𝑜𝑠 −𝑦𝑘
𝑥𝑙𝑜𝑠 −𝑥𝑘

𝑦

−𝑦

= 𝑥𝑘+1 −𝑥𝑘 = 𝛼𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,
𝑘+1

𝑘

𝑦

−𝑦

𝜓𝑙𝑜𝑠 ≜ 𝑎𝑡𝑎𝑛2 (𝑥𝑙𝑜𝑠 −𝑥).
𝑙𝑜𝑠

(22)
(23)
(24)

where 𝛼𝑘 is the path tangential angle. It is critical for 𝑅 to be
greater than |𝑦𝑒 |, so that this circle-path interceptions exist, i.e.
𝑅 ≥ |𝑦𝑒 | for all 𝑦𝑒 . A large 𝑅 can guarantee 𝑅 ≥ |𝑦𝑒 |, but it
will project a lookahead distance ∆ too far ahead of the
vehicle, resulting in a longer path convergence time. A smaller
𝑅 can decrease the path convergence time, but a pathapproaching strategy must be in place when |𝑦𝑒 | > 𝑅. 𝑅 must
be sufficiently large so that solutions to (18) exist.
The SELOS scheme is a modification to ELOS which
overcomes this drawback by employing a variable radius
using a conditionally varying 𝑅, which is given by [1]:
𝑅 = 𝑅𝑚𝑖𝑛 + 12 [

(𝑎|𝑦𝑒 |−𝑅𝑚𝑖𝑛 )|𝑦𝑒 |−𝑅𝑚𝑖𝑛
𝑐+||𝑦𝑒 |−𝑅𝑚𝑖𝑛 |

+ 𝑎|𝑦𝑒 | − 𝑅𝑚𝑖𝑛 ],

(25)

where 𝑎 ≥ 1 is a design constant and 1/𝑐 > 0 is the slope of
the sigmoid function at the origin. For 𝑎 ≈ 1 and 𝑐 ≈ 0, (25)
acts as a continuous switch such that:
𝑅≈{

𝑅𝑚𝑖𝑛
𝑎|𝑦𝑒 |

(28)

where 𝜓𝑑 is the desired heading given by the guidance law.
B. Surge and Yaw Control
The path-following controller is based on feedbacklinearization and sliding-mode control, which are given by:
𝑓

𝑓

𝑓

𝜏𝜓 = 𝑐13 𝑢𝑟 + 𝑐23 𝑣𝑟 − 𝑑33 𝑟𝑟

𝑓

+𝑚33 [𝜓̈ 𝑐𝑟𝑠 + 𝜆(𝜓̇ 𝑐𝑟𝑠 − 𝑟𝑖 ) + 𝑚23 𝑣̇𝑟 + 𝑘𝜓 𝜓
̃ + 𝑘𝑑 𝑠], (29)

SELOS GUIDANCE

2

𝜓𝑐𝑟𝑠 ≜ 𝜓𝑑 − 𝛽.

𝑖𝑓 |𝑦𝑒 | < 𝑅𝑚𝑖𝑛
.
𝑖𝑓 |𝑦𝑒 | > 𝑅𝑚𝑖𝑛

𝑓

𝑓

𝜏𝑢 = 𝑐13 𝑟𝑟 + 𝑑11 𝑢𝑟 + 𝑚11 (𝑢̇𝑖𝑑𝑟 + 𝑘𝑢 𝑢̃𝑖𝑟 ).

where 𝑘𝜓 , 𝑘𝑑 , 𝑘𝑢 > 0 are constant gains and the error
dynamics are defined as 𝜓
̃ ≜ 𝜓𝑐𝑟𝑠 − 𝜓 and 𝑢̃𝑖𝑟 ≜ 𝑢𝑖𝑑𝑟 − 𝑢𝑖𝑟 .
Stability and convergence analysis of the closed-loop error
dynamics are provided in [1], which shows that the controller
(29-30) satisfy the control objectives (19-21).
V.

IV. CONTROLLER AND CONVERGENCE

PATH-FOLLOWING PERFORMANCE

The path-following performances of these guidance laws
for different tuning values are presented and analyzed in this
section. Simulations were carried out using the model of
Girona-500 AUV in waypoint following scenarios with and
without current disturbance of 𝑉𝑐 = 0.6 𝑚/𝑠 from Northeast
direction, 𝛽𝑐 = 𝜋/4. The vehicle parameters are obtained from
[11]. The initial conditions and desired states are set as
𝑓
𝑖
𝜼𝑜 = [4,5,0]𝑇 , 𝒗𝑟𝑜 = 𝒗𝑖𝑟𝑜 = [0,0,0]𝑇 , 𝑈ℎ𝑑𝑟
= 1 𝑚/𝑠. The gains
for the controller are as: 𝑅𝑘 = 0.8, 𝜆 = 120 , 𝑘𝑑 = 25, 𝑘𝑟 =
𝑘𝑎 = 𝑘𝜓 = 𝑘1 = 1, 𝑘𝑢 = 25 , where 𝑅𝑘 is the radius of
acceptance for waypoint switching. The waypoints used
are: 𝑤𝑝𝑥 = {10, 14, 21, 26, 32}, 𝑤𝑝𝑦 = {5, 22, 22, 8,17.5} .
The control inputs saturate at ±450𝑁 , and this is to make the
simulation represent a more realistic vehicle behavior.
A. SELOS Guidance
The gains for SELOS guidance are as: 𝑅𝑚𝑖𝑛 = 0.9 ,
𝑎 = 1.001, 𝑐 = 0.001.The path-following performance for

(26)

which always guarantees solutions to (22) and hence, the
existence of the circle-path interceptions.

(30)

𝑐

Path
AUV Path w/o
AUV Path with
Start
Waypoints
End

𝑐

𝑐

A. Sideslip Compensation
Aircrafts or marine crafts subject to winds or currents will
experience lateral drift forces which will cause them to slide
sideways, which can result in poor tracking if not taken into
account in the design. Therefore, it is important to compensate
for the sideslip when generating a desired heading angle. The
sideslip angle 𝛽 is calculated using relative velocities in i:
𝑣𝑖

𝛽 ≜ 𝑎𝑡𝑎𝑛2 ( 𝑖𝑟 ) .
𝑢𝑟

(27)

The course angle 𝜓𝑐𝑟𝑠 can be designed using the sideslip
feedback (SF) to compensate for the drift, that is:

Fig. 2. Performance of SELOS guidance with 𝑅𝑚𝑖𝑛 = 0.9.

U [N]

x 100000

straight-line with and without current disturbance is shown in
Fig. 2. It shows that the guidance system performs well in
following the path with or without significant current
disturbance. The Pareto efficiency plots with the cross-track
error (CT) and the control effort (U) are shown in Figures 3
and 4 for both cases: with and without current disturbances.
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Fig. 5. Performance of SELOS guidance with ∆= 0.4.
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Fig. 3. Pareto efficiency of SELOS guidance without current disturbance.
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Fig. 6. Pareto efficiency of LLOS guidance without current disturbance.
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Fig. 4. Pareto efficiency of SELOS guidance with current disturbance of
𝑉𝑐 = 0.6 𝑚/𝑠 and 𝛽𝑐 = 𝜋/4.

B. LLOS Guidance
The desired headaing angle for the LLOS guidance law is
given by [5] as
𝜓𝑑 = 𝛼𝑘 − 𝑡𝑎𝑛−1 (

−𝑦𝑒
∆ )

(31)

The path-following performance of LLOS guidance for
waypoints consisting of straight-lines is shown in Fig. 5. It
shows that the vehicle is able to follow the path accurately
with and without a strong current disturbance. The pareto
efficiency for the VF guidance is shown in Figures 6 and 7
also for both cases with and without current disturbance.
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Fig. 7. Pareto efficiency of LLOS guidance with current disturbance of
𝑉𝑐 = 0.6 𝑚/𝑠 and 𝛽𝑐 = 𝜋/4.

𝜓𝑑 = 𝛼𝑘 + 𝜋2 𝑘𝑣 tan−1 (𝑘𝑓 𝑦𝑒 ),

(32)

where 𝑘𝑣 , 𝑘𝑓 > 0 are constant gains. Its path-following
performance with and without current disturbance is shown in
Figure 8, where the vehicle is also rendered to follow the path
accurately under significant current disturbance. Its Pareto
efficiency for the cases of disturbance and non-disturbance is
shown in Figures 9 and 10.
Path
AUV Path w/o
AUV Path with
Start
Waypoints
End

𝑐

𝑐
𝑐

the corresponding guidance law. The cross-track error and
control effort are shown in Table 1 for their best tuning values
chosen from their corresponding Pareto efficiency plots. It can
be seen that the LLOS guidance provides the lowest crosstrack error, but requires the highest control effort. VF
guidance provides the lowest control effort, but with a crosstrack error higher than LLOS. The SELOS guidance gives the
worst cross-tracking performance, but uses less control effort
than LLOS. Therefore, there is no guidance law that is
superior in both of the performance indexes. The summary of
advantages and disadvantages of their performance are given
in Table 2.

x 100000

C. VF Guidance
The VF guidance law gives the desired heading as [7]:
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Fig. 8. Performance of VF guidance with 𝑘𝑣 = 1.8, 𝑘𝑓 = 1.4.

Fig. 10. Pareto efficiency of VF guidance with current disturbance of 𝑉𝑐 =
0.6 𝑚/𝑠 and 𝛽𝑐 = 𝜋/4.

6.57
6.55

1.2

1.5

1.8

2.1

2.5

6.53
U [N]

292

Guidance law

Tuning
values

Cross-track
error
(CT[m])

Control
effort
(U[N])

169.9

646840

267.5

658570

149.9

648680

243.4

659490

158.3

645360

254.2

656020

6.51
SELOS

6.49
6.47

SELOS
(𝑉𝑐 = 0.6 𝑚/𝑠)

6.45

LLOS

6.43

LLOS
(𝑉𝑐 = 0.6 𝑚/𝑠)

140

155

170

185 200
CT [m]

215

230

VF
Fig. 9. Pareto efficiency of VF guidance without current disturbance.

VI. COMPARISON RESULTS
The comparison is made using the tuning values that yield
lowest cross-track error and control effort from the Pareto
efficiency of both cases of disturbance and non-disturbance

VF (𝑉𝑐 =
0.6 𝑚/𝑠)

𝑅𝑚𝑖𝑛 = 0.9

∆= 0.4

𝑘𝑣 = 1.8
𝑘𝑓 = 1.4

Table 1. The cross-track error and control effort produced for each scheme
under the best tuning values.

Guidance
law

priorities of the task or the effects of environmental
disturbances for instance.
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Advantages

Disadvantages
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