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ABSTRACT In this study, a backstepping sliding mode control method (NDO-ABSC) based on non-
linear disturbance observer (NDO) and adaptive line-of-sight guidance (ALOS) is proposed to address
the three-dimensional path following control problem of underactuated autonomous underwater vehicles
(AUVs) in the presence of ocean currents, unmodeled dynamics, and other unknown disturbances. First, the
following error equations in the current environment are established in the Serret-Frenet coordinate system.
Then, ALOS is designed to estimate the variations changes in angle-of-attack and crab angle caused by time-
varying currents. In the kinematic controller, a parameter adaptive law, a control law for the virtual target
point, and a virtual desired angular velocity are designed by backstepping. Subsequently, the composite
uncertainty disturbance is observed and compensated by constructing a nonlinear disturbance observer, and
a dynamic controller is designed by backstepping method, and a sliding mode control term is introduced
in the control law to enhance the robustness of the system to the uncertainty disturbance. Finally, the good
performance and strong robustness of the proposed method in 3D path following control are verified by
numerical simulation.

INDEX TERMS AUV, path following, nonlinear disturbance observer, adaptive line of sight, backstepping.

I. INTRODUCTION
Unmanned underwater vehicles (UUVs) play a crucial role in
tasks such as seabed mapping, resource exploration, environ-
mental monitoring, and underwater mine clearance, making
them vital assets for ocean exploration and development [1],
[2], [3]. Among them, underactuated AUVs need to have
good path following capability to effectively accomplish
these tasks. Due to the effects of time-varying currents,
waves, and other unknown disturbances, the spatial motion
model of an AUV is a complex nonlinear coupled sys-
tem, which also includes uncertainties in the model’s own
parameters, which increases the difficulty of path following
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controller design [4]. However, it has also aroused exten-
sive research interest from many scholars, and different
approaches have been studied and focused on.

The guidance law is one of the keys to solve the underac-
tuated AUV path following problem. Among the traditional
path following methods, the line-of-sight (LOS) guidance
law is commonly used to realize path following by gen-
erating a reference trajectory with yaw angle [5], [6], [7].
However, in complex environments such as currents, where
unknown drift forces affect the motion of the navigator,
the traditional LOS method is difficult to cope with this
challenge and may lead to large trajectory errors. In addi-
tion, many other studies have mentioned several methods for
path following in the presence of currents, including inte-
gral line-of-sight (ILOS) guidance, adaptive ILOS guidance,
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extended state observer-based line-of-sight (ELOS) guid-
ance, and adaptive line-of-sight (ALOS) guidance.The ILOS
guidance adds an integral term to the traditional LOS guid-
ance law to reduce the unknown effects of drift forces and
improves the path following performance [8], [9], [10], [11],
adaptive ILOS guidance uses the unknown crab angle as a
constant parameter, estimates it using an adaptive law, and
introduces an inverse tangent function to compensate for
the sideslip [12], [13], and the ELOS method utilizes an
extended state observer to estimate the perturbations caused
by ocean currents so that the unmeasured crab angle can be
indirectly computed and compensated accurately [14], [15],
[16]. To better follow the curved path, a forward-looking
distance adjustment scheme that can adapt to the changing
situation is given in [17] and [18]. Although these methods
mitigate the effect of unknown drift forces to some extent, the
above methods still have some limitations for rapidly chang-
ing crab angles subject to time-varying current perturbations.
In 2023, Fossen proposed an adaptive line-of-sight (ALOS)
guidance law and conducted a simulation study in the hori-
zontal plane, which verified that the guidance law has a better
following ability in compensating for the rapidly changing
sideslip caused by time-varying perturbations [19]. Drawing
on the ideas of the previous literature, an adaptive line-of-
sight method is proposed to compensate for the crab angle
and the angle of attack. Unlike the adaptive ILOS guidance
method, we introduce the angle estimation outside the inverse
tangent function, which is able to deal with the rapid angle
change caused by the sea current effectively. In order to better
follow the curved path, a forward-looking distance that can be
flexibly adjusted is designed, and compared with the previous
methods, the proposed method has better adaptability and
estimation capability.

Underactuated AUVs face a variety of uncertainties in real-
world navigation, including uncertainties in model hydro-
dynamic parameters, unknown environmental disturbances,
and unmodeled dynamic properties. These uncertainties and
disturbances may lead to degradation of the system control
quality or even system instability. In this paper, we deal
with these uncertainties and disturbances by designing a
nonlinear disturbance observer and introducing the idea of
sliding mode control to improve the control accuracy and
stability of the AUV. Several approaches have been used to
solve these problems as well. In [20] and [21], the authors
used a fuzzy mechanism to estimate the uncertainty term,
but the merit of the fuzzy rules affects the approximation
error. In [22], the system stability in finite time is ensured by
adaptive anti-disturbance law and fast terminal sliding mode
control considering the parameter uptake and uncertain dis-
turbances. In [23] and [24], a fractional-order sliding-mode
disturbance observer (FOSMDO) is designed to provide an
effective estimation of random disturbances in the environ-
ment, and a sliding-mode control strategy is used to ensure
the following accuracy. In [25], [26], and [27], the impact of
the disturbances on the system was mitigated by estimating

the aggregate disturbances through a disturbance observer.
Considering the upper limit of the observation error of the
observer as a constant may affect the dynamic performance of
the system when there is a large change in the external distur-
bance. Therefore, when designing the disturbance observer,
we introduce an adaptive mechanism to estimate the upper
limit of the observation error online in order to better adapt
to changes in the external environment.

In the control strategy design of AUVs, the control tasks are
often decomposed into two-dimensional planar path follow-
ing and one-dimensional depth control, which simplifies the
complexity of the system design and allows the controllers to
focus on their respective tasks, which effectively improves
the performance and robustness of the system. However,
for certain application scenarios [28], [29], [30], [31], such
as maneuvering dives under 3D spiral paths, navigating in
narrow and obstacle-ridden waters, or inspecting submarine
pipelines, AUVs are required to perform more complex 3D
motions. In particular, when monitoring offshore oil pipeline
rack platforms, AUVs need to adopt 3D spiral motion pat-
terns, in which traditional decoupled control designs may not
be able to achieve the desired path following effect. In the
pipeline inspection mission, due to the possible presence of
sediments near the pipeline, the AUV must have accurate
3D obstacle avoidance capability. In addition, in military
missions such as underwater confrontation, the vehicle needs
to avoid obstacles while navigating normally, which also
requires the AUV to be able to perform complex 3D maneu-
vers. The direct design of a controller capable of following 3D
paths allows for the simultaneous consideration of horizontal
and vertical path tracking within a unified control frame-
work, which improves the efficiency and accuracy of mission
execution.

For those AUVs performing tasks in open water, traditional
decoupled control methodsmay be sufficient. However, when
the AUV is in narrow or obstacle-laden waters, or performing
tasks such as military, more sophisticated 3D curved path
following techniques are required. Several studies have pro-
posed different solutions for 3D path following control of
underactuated AUVs. First, Do et al. proposed a control strat-
egy for underactuated AUVs, which is capable of efficiently
tracking along a predetermined path following unknown
physical parameters and environmental disturbances, but may
face the challenges of model accuracy and practical valida-
tion [33].Breivik proposed a single controller structure, which
is capable of solving the 3D path following of AUVs at
different speeds, but may face the complexity of controller
design [32].The control strategy proposed by Aguiar, on the
other hand, is independent of path type and can track any
sufficiently smooth bounded curves, but its adaptability to
parameter uncertainty still needs to be improved in practical
applications [34].Fischer et al. validated their control strategy
in both a control pool and an open-water environment, and
obtained, under system uncertainty and external perturba-
tions good tracking results, and the adaptability to actuator
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dynamics andmarine environmentmay need further improve-
ment [35].Peymani et al. used a Lagrange multiplier-based
approach to design a path following controller to solve the
3-dimensional path following problem in the case of satu-
rated thrusters, which may be affected by the computational
complexity and the dynamics of marine environment [30].
In addition, Xiang et al. proposed a new control framework
applicable to AUVs tracking 3D tanh paths and elliptical
paths, which solves the path tracking problem of under-
actuated AUVs in 3D space, but may depend on fuzzy
logic parameter tuning [28].Zhang et al. proposed a control
scheme applicable to AUVs tracking parameterized paths in
3D space, which solves the path tracking problem of AUVs
in un modeling dynamics, actuator lag, and ocean pertur-
bations, and other multiple uncertainties and nonlinearities,
but the complexity of control parameter tuning and valida-
tion in real ocean environments are issues that need to be
considered [29]. Based on these studies, multiple control
methods and improved estimation methods are synthesized
to address the challenges of AUV path following in marine
environments. Angle estimation and the design of a nonlinear
disturbance observer are introduced to effectively improve
the system’s resistance to uncertainties and external perturba-
tions. Meanwhile, the introduced sliding mode control term
further enhances the robustness of the system.

Inspired by the above literature, a backstepping sliding
mode control method (NDO-ABSC) based on a nonlinear
disturbance observer and adaptive line-of-sight guidance is
proposed to solve the problem of underactuated AUV 3D path
following control in the presence of multiple uncertainties,
such as currents and other unknown disturbances. The main
contributions of this paper are as follows:

1) A nonlinear disturbance observer is designed to esti-
mate the composite uncertainty disturbance term consisting
of parameter uncertainty and external disturbance, etc. Mean-
while, an adaptive law is introduced to estimate the upper
term of the observation error online to improve the following
performance and robustness of the system.

(2) An adaptive line-of-sight guidance law is designed to
compensate for the drift force caused by time-varying cur-
rents, and an adaptive forward-looking distance is designed
to track the curved path following better than the traditional
LOS.

3) The 3D path following error and its dynamical equa-
tions of an underactuated AUV in a current environment are
derived, and a sliding mode control term is introduced in the
last step of the backstepping controller design to compensate
for the unobserved part of the uncertainty disturbances and to
improve the robustness of the system.

The rest of the section is organized as follows: the math-
ematical model and error equations of the underactuated
AUV are described in Section II. The design process of the
kinematics and dynamics controllers and the stability analysis
of the system are given in Section III. Results and discussion
of numerical simulations are given in Section IV. Section V
is the conclusion section.

FIGURE 1. Schematic diagram of 3D path following.

II. AUV MODEL AND PROBLEM DESCRIPTION
In this section, the following error and its dynamics model of
an underactuated AUV moving in 3D space in a current envi-
ronment are derived and the 3D path followingmotion control
problem is described. First, the airframe coordinate system
and geodesic coordinate system are established, and the cor-
responding symbols and conventions are defined. Then, the
kinematic and dynamic models of the underactuated AUV are
given. Next, the following error model is derived to describe
the path following control problem of an underactuated AUV
in 3D space.

A. MATHEMATICAL MODELING OF AUVS UNDER THE
INFLUENCE OF CURRENTS
In order to describe the spatial motion of the AUV, two
coordinate systems are defined, namely the body coordi-
nate system{B} : OB − xbybzb and the geodetic coordinate
system{E} : OE −ξηζ . The originOB of the body coordinate
system is at the floating center of the AUV, the axes are
established in accordance with the rules of the right-handed
coordinate system, and all the symbols are adopted from
the symbols recommended by the International Towed Tank
Conference (ITTC). The specific definitions are shown in
Fig. 1. The kinematics and dynamics of the AUV are modeled
as:

η̇ = J (η) vr + vf (1)

Mv̇r + C (vr ) vr + D (vr ) vr + g (η) = τ + τd (2)

where,η = [x y z φθψ]T, x, y, z is the coordinate of the ori-
gin of the body coordinate system in the geodetic coordinate
system, which represents the global position of the AUV, and
φ, θ, ψ is the three Euler angles between the geodetic coordi-
nate system and the body coordinate system,which represents
the attitude of the AUV. J (η) is the transformation matrix
from {B} to {E}. vr = [urvrwrp qr]T is the velocity vector of
the AUV relative to the water flow, i.e. vr = v − vc, where
v = [uv wp qr]T is the absolute velocity vector of the AUV
in the body coordinate system, and vc =

[
ucxvcywcz0 0 0

]T
=

JT (η) vf is the velocity vector of the water flow in the body
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coordinate system. M is the inertia matrix, C (vr ) is the
Götter force and centripetal force matrix, and D (vr ) is the
damping matrix. g (η) =

[
0 0 0 0Mg 0

]T is the gravity and
buoyancy restoring force matrix. τ = [Xτ 0 0 0 Mτ Nτ ]T is
the control input vector of the AUV. τd is the disturbance
vector consisting of uncertainties in themodel parameters and
unknown environmental disturbances.

Assuming that the AUV prototype studied in the paper
has a uniformly distributed body mass, with gravity balanced
by buoyancy, and the center of buoyancy is located in the
vertical plane, and the transverse rockingmotion is neglected.
In order to show the relationship between the state variables
of the AUVmore intuitively and to facilitate the design of the
controller, equation (1) and (2) are simplified to the following
set of kinematic and dynamic equations:

ẋ = ur cosψ cos θ − vr sinψ + wr cosψ sin θ + uf ξ
ẏ = ur sinψ cos θ + vr cosψ + wr sinψ sin θ + vf η
ż = −ur sin θ + wr cos θ + wf ζ
θ̇ = q
ψ̇ = r/ cos θ

(3)

u̇r =
m2

m1
vrr −

m3

m1
wrq−

d1
m1

ur +
1
m1

Xr + τdu

v̇r = −
m
m2

zgrq−
m1

m2
urr −

d2
m2

vr + τdv

ẇr =
m
m3

zgq2 +
m1

m3
urq−

d3
m3

wr + τdw

q̇ = −
m1 − m3

m4
urwr +

m
m4

zg (rvr − qwr )−
d4
m4

q−Mg

+
1
m4

Mr + τdq

ṙ =
m1 − m2

m5
urvr −

d5
m5

r +
1
m5

Nr + τdr

(4)

where,

m1 = m− Xu̇, m2 = m− Yv̇, m3=m− Zẇ, m4= Iyy −Mq̇,

m5 = Izz − Nṙ , mg = zgG sin θ

d1 = −Xu − Xu|u||u|, d2 = −Yv − Yv|v||v|

d3 = −Zw − Zw|w||w|, d4 = −Mq −Mq|q|| q|

d5 = −Nr − Nr|r||r|

m is the mass of the AUV, Iyy and Izz are the moment of inertia
of the AUV, G denote the gravity forces on the AUV, d(·) is
the nonlinear damping term, X(·), Y(·), Z(·), M(·), N(·) are the
coefficient of hydrodynamics of the viscous fluid, and zg is
the position of the center of gravity on the vertical axis in the
body coordinates.

B. 3D PATH FOLLOWING ERROR MODELING
In Fig. 1, {E} and {B} denote the geodetic coordinate system
and the body coordinate systems respectively, in order to
establish the following error model, {E} is rotated around the

FIGURE 2. Coordinate system conversion.

OEζ -axis and the OEη-axis respectively, with the rotation
angles of ψf and θf , in order to define the path coordinate
system {SF} : OSF − xsf ysf zsf , the origin of the {SF} is the
reference point of the path following, and its position under
the {E} is denoted by ηd1 = [xd (s) yd (s) zd (s)]T, and the
rotation angle is denoted by ηd2 =

[
θfψf

]T, as specified in: θf = − arctan

(
z′d (s)√

(x ′
d (s))

2
+(y′d (s))

2

)
ψf = a tan 2

(
y′d (s) , x

′
d (s)

) (5)

where, x ′
d = ∂xd

/
∂s, y′d = ∂yd

/
∂s, s is the arc length

parameter of the desired path curve, then the forward velocity
of the virtual target OSF is denoted by uF = ṡ.
ct and cu are the deflection and curvature of the path curve,

and the rotation angular rate can be expressed as:{
θ̇f = ct ṡ
ψ̇f = cuṡ

(6)

The disturbance of the current will cause the lateral and
vertical velocity of the AUV to change continuously, and the
influence of the angle of attack and crab angle on navigation
will not be negligible. In order to facilitate the subsequent
calculations, a new coordinate system {W } : OB − xbwybwzbw
is introduced, and the body coordinate system is rotated
around the OBz-axis and the OBy-axis respectively, with the
rotation angles of β and α, and the direction of the AUV’s
merging velocityU is taken as the longitudinal axis, as shown
in Fig. 2.Based on the {W }, the position of the AUV in the {E}

is denoted by η1 = [x y z]T. The attitude angle is denoted by
η2 = [θ + αψ + β]T, where:{

α = − arctan
(w
u

)
β = arctan

( v
u

) (7)

Define the position error Pe = [xe yeze]T = R1 (η1 − ηd1),
attitude error Ae = [θeψe]T = R2 (η2 − ηd2) = [θ +

α − θf
ψ+β−ψf
cos θf

]T in the {SF}, where R1 and R2 are the
transformation matrix from {E} to {SF}, i.e.

R1 =

 cosψf cos θf sinψf − cosψf sin θf
− sinψf cos θf cosψf sinψf sin θf

sin θf 0 cos θf

 (8)

R2 =

[
1 0
0 cos θf

]
(9)
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FIGURE 3. Schematic diagram of path following control.

Derivation of the position error equation, can obtaine:

Ṗe =

 ẋeẏe
że

 =

 ψ̇f ye − θ̇f ze + U cosψe cos θe − uF
−ψ̇f xe − ψ̇f tan θf ze + U sinψe cos θe

θ̇f xe + ψ̇f tan θf ye − U sin θe


(10)

The 3D path following control problem for an underactu-
ated underwater vehicle can be described as follows: given
a predefined bounded 3D path ηd1 = [xd (s) yd (s) zd (s)]T,
design a robust control law Xτ ,Mτ ,Nτ based on the mathe-
matical models (3) and (4), taking into account factors such
as currents, uncertainties in the AUV model parameters, and
other unknown environmental disturbances. The goal of this
control law is to make the body coordinate origin asymptoti-
cally converge to the virtual target point, and move along the
spatial path, given the desired forward velocity, while keeping
the combined velocity aligned with the tangent vector of the
path [29].

III. 3D PATH FOLLOWING CONTROLLER DESIGN
The design of the controller is divided into twomain steps: the
first step is based on the ALOS guidance to compensate
the drift and lift due to unknown currents. In this step, the
backstepping method is used to design the control law for the
virtual target point and the virtual desired angular velocity,
and the parametric adaptive law is obtained to complete
the design of the kinematic controller. In the second step,
a nonlinear disturbance observer is proposed to estimate the
composite uncertain disturbances, including external distur-
bances, parameter uncertainties and modeling errors. In this
step, an adaptive approach is used to estimate the upper bound
of the observation error online. Subsequently, the desired
angular velocity derived in the previous step is used as the
reference signal, the desired forward velocity is introduced,
and a sliding mode control term is added in the last step of the
backstepping method, so as to obtain the control law of the
force and torque, and the design of the dynamics controller
is completed. The structure of the whole control system is
shown in Fig. 3.

A. KINEMATIC CONTROLLER DESIGN
For underactuated AUVs, due to their lack of lateral and
vertical propulsion, in order to reduce the following error,
the LOS method is usually used to introduce the navigation
angle, which simulates an experienced helmsman to convert
the position error into the azimuth error [36]. For the drift and

lift caused by currents, the ALOS guidance law is proposed
to compensate in order to reduce its effect on path following.
Instead of the integral term added to the function in the
traditional ILOS guidance law [8], [9], [10], [11], [12], [13],
an estimate is introduced outside the inverse tangent function,
which makes the derivation of the formula relatively simpler.
The desired navigation angle given by the ALOS guidance
law is expressed as: θd = θf + arctan

(
ze
1θ

)
+ α̂

ψd = ψf − arctan
(
ye
1ψ

)
− β̂

(11)

where: α̂, β̂ are the estimated values of angle of attack and
crab angle, and1θ and1ψ are the forward-looking distances.

In the traditional LOS method, the forward-looking dis-
tance is usually regarded as a constant and is mainly used for
simple linear following. However, the following performance
of this method is poor when considering path following
complex curves in unknown environments. In order to better
adapt to path variations, a saturation function sat (·), which
describes the forward-looking distance as a function of the
deflection and curvature, is introduced as:1θ = l

(
2.5 − sat(kct

ct
ct max

)
)

1ψ = l
(
2.5 − sat(kcu

cu
cumax

)
) (12)

where: kct , kcu are the scale factors used to adjust the trans-
formation trend, l is the length of the AUV.

Let θ = θd , ψ = ψd , substituting equation (11) into
equation (10), can get: ẋeẏe
że

=

 ψ̇f ye − θ̇f ze + U cosψe cos θe − uF
−ψ̇f xe − ψ̇f tan θf ze + U sin

(
ψd+β−ψf

cos θf

)
cos θe

θ̇f xe + ψ̇f tan θf ye − U sin
(
θd + α − θf

)


(13)

Define the error variables θ̃ = θ − θd , ψ̃ = ψ − ψd , α̃ =

α − α̂, β̃ = β − β̂, let U = kbUr , constructs the Lyapunov
function V1 =

1
2P

T
ePe +

kbUr
2kα

α̃2 +
kbUr
2kβ

β̃2 +
1
2 θ̃

2
+

1
2 ψ̃

2,

because α̃ and β̃are smaller, so there are cos α̃ ≈ 1, cos β̃ ≈

1 sin α̃ ≈ α̃, sin β̃ ≈ β̃, the derivation of V1 can be obtained
as follows.

V̇1 = xeẋe + yeẏe + zeże −
kbUr
kα

α̃ ˙̂α −
kbUr
kβ

β̃
˙̂
β + θ̃

˙̃
θ + ψ̃

˙̃
ψ

= xe (kbUr cosψe cos θe − uF )−
kbUrz2e√
12
θ + z2e

− α̃

 kbUrze1θ√
12
θ + z2e

−
kbUr
kα

˙̂α

−
kbUry2e cos θe√
12
ψ + y2e

+ β̃

kbUrye1ψ cos θe√
12
ψ + y2e

−
kbUr
kβ

˙̂
β

+ θ̃
(
q− θ̇d

)
+ ψ̃

( r
cos θ

− ψ̇d

)
(14)
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Design the velocity control law of the virtual target point
and the virtual angular velocity control law as:

uF = kbUr cosψe cos θe + k1xe
qd = −kθ θ̃ + θ̇d

rd = cos θ(−kψ ψ̃ + ψ̇d )
(15)

where kb, k1, kθ , kψ are scale factors, all greater than zero.
And the parameter adaptive law is:

˙̂α =
kαze1θ√
12
θ+z

2
e

˙̂
β =

kβye1ψ cos θe√
12
ψ+y2e

(16)

where kα , kβ are the adaptive gain.
Substituting equation (15) and (16) into equation (14), can

obtain:

V̇1 = −k1x2e −
kbUrz2e√
12
θ + z2e

−
kbUry2e cos θe√

12
θ + z2e

− kθ θ̃2 − kψ ψ̃2
≤ 0 (17)

According to the Barbalat lemma, can get lim
t→∞

V̇1 =

0 ⇒ lim
t→∞

(
xe, ye, ze, α̃, β̃, θ̃ , ψ̃

)T
= (0, 0, 0, 0, 0, 0, 0)T,

i.e., lim
t→∞

α = lim
t→∞

α̂, lim
t→∞

β = lim
t→∞

β̂.

B. DYNAMICS CONTROLLER DESIGN
For an uncertain nonlinear system: ẋ = f (x) + g (x) u +

9 (t, x), where x ∈ Rn is the system state vector, u ∈ Rm is the
control input to the system, f (x) and g (x)are a sufficiently
smooth function and satisfies the local Lipschitz condition,
and 9 (t, x) = 1f (x) + 1g (x) u + d (t) is a composite
disturbance consisting of uncertainty and unknown external
perturbations.

A nonlinear disturbance observer is designed to estimate
the composite disturbance, which takes the form [37], [38],
[39]:{

9̂ = z+ p (x)
ż = −h (x) z− h (x) (p (x)+ f (x)+ g (x) u)

(18)

where 9̂ is the output of the nonlinear interference observer,
z is the internal variable, h (x) is the gain, p (x) is the vector
of nonlinear functions to be designed and satisfies h (x) =

∂p (x)
/
∂x.

The observation error is defined as endo = 9 − 9̂, and the
composite disturbance is slowly varying with respect to the
dynamic properties of the observer, i.e., 9̇ = 0. The dynamic
equation of the error is:

ėndo = 9̇ −
˙̂
9

= −ż− ṗ (x)

= h (x) (z+ p (x))− h (x) (ẋ − f (x)− g (x) u)

= −h (x) endo (19)

Solving the differential equation ėndo + h (x) endo =

0 yields eindo (t) = eindo (0) e
−hit , so the observation error endo

exponentially converges to zero.

The velocity error is:
ue = ur − ud
qe = q− qd
re = r − rd

(20)

taking the derivative, can get:
u̇e = u̇r =

f1+Xτ
m1

+ τdu

q̇e = q̇− q̇d =
f2+Mτ
m4

+ τdq − q̇d
ṙe = ṙ − ṙd =

f3+Nτ
m5

+ τdr − ṙd

(21)

where f1 = m2vrr−m3wrq−d1ur , f2 = − (m1 − m3) urwr+
mzg (rvr − qwr )− d4q−m4Mg, f3 = (m1 − m2) urvr − d5r .
τdu, τdq and τdr are composite uncertain disturbances that are
estimated using a nonlinear disturbance observer.

1) STABILIZE ue

Design a nonlinear disturbance observer of the following
form: {

τ̂du = z1 + p1
ż1 = −h1z1 − h1

(
p1 +

f1+Xτ
m1

) (22)

where τ̂du is the estimated value of τdu, let endo1 = τdu − τ̂du
is the observation error of the nonlinear disturbance observer,
so u̇e =

f1+Xτ
m1

+ endo1 + τ̂du, for the convenience of the
controller design, assuming that the observation error of the
observer to meet the |endo1| ≤ δ1, δ̃1 = δ1 − δ̂1, where δ1 is
an unknown bounded positive number, δ̂1 is the upper bound
estimate of the observation error, relative to the dynamics
of the control system changes slowly, that is, to meet the
˙̃
δ1 = δ̇1 −

˙̂
δ1 = −

˙̂
δ1, so as to design and introduce

adaptive control. The Lyapunov function is constructed as
V2 = V1 +

1
2u

2
e +

1
2e

2
ndo1 +

1
2kδ1

δ̃21 , and the derivation of V2
can be obtained:

V̇2 = V̇1 + ue

(
f1 + Xτ
m1

+ endo1 + τ̂du

)
− h1e2ndo1 −

δ̃1
˙̂
δ1

kδ1
(23)

Design control laws and adaptive laws for:{
Xτ = −m1

(
δ̂1sgn (ue)+ τ̂du + kuue

)
− f1

˙̂
δ1 = kδ1 |ue|

(24)

where ku and kδ1 are adjustment factors, both greater than
zero. Bringing the control law into equation (23) yields:

V̇2 = V̇1 − kuu2e − h1e2ndo1 + ue
(
endo1 − δ̂1sgn (ue)

)
−
δ̃1

˙̂
δ1

kδ1

≤ V̇1 − kuu2e − h1e2ndo1 + δ1 |ue| − δ̂1 |ue| −
δ̃1

˙̂
δ1

kδ1

= V̇1 − kuu2e − h1e2ndo1 + δ̃1

(
|ue| −

˙̂
δ1

kδ1

)
(25)

bringing the adaptive law into equation (25) yields:

V̇2 ≤ V̇1 − kuu2e − h1e2ndo1 (26)
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2) STABILIZE qe

Design a nonlinear disturbance observer of the following
form: {

τ̂dq = z2 + p2
ż2 = −h2z2 − h2

(
p2 +

f2+Mτ
m4

) (27)

where τ̂dq is the estimated value of τdq, let endo2 = τdq − τ̂dq
is the observation error of the nonlinear disturbance observer,
so q̇e =

f2+Mτ
m4

+ endo2 + τ̂dq − q̇d , for the convenience of the
controller design, assuming that the observation error of the
observer to meet the |endo2| ≤ δ2, δ̃2 = δ2 − δ̂2, where δ2 is
an unknown bounded positive number, δ̂2 is the upper bound
estimate of the observation error, relative to the dynamics of
the control system changes slowly, that is, to meet the ˙̃

δ2 =

δ̇2−
˙̂
δ2 = −

˙̂
δ2, so as to design and introduce adaptive control.

The Lyapunov function is constructed as V3 = V2 +
1
2q

2
e +

1
2e

2
ndo2 +

1
2kδ2

δ̃22 , and the derivation of V3 can be obtained:

V̇3 = V̇2 + qe

(
f2 +Mτ

m4
+ endo2 + τ̂dq − q̇d

)
−
δ̃2

˙̂
δ2

kδ2
− h2e2ndo2 (28)

Design control laws and adaptive laws for:{
Mτ = −m4

(
δ̂2sgn (qe)+ τ̂dq − q̇d + kqqe

)
− f2

˙̂
δ2 = kδ2 |qe|

(29)

where kq and kδ2 are adjustment factors, both greater than
zero, δ̂2sgn (qe) is a sliding mode control term introduced to
overcome uncertainty disturbances. Bringing the control law
into equation (28) yields:

V̇3 = V̇2 − kqq2e − h2e2ndo2 + qe
(
endo2 − δ̂2sgn (qe)

)
−
δ̃2

˙̂
δ2

kδ2

≤ V̇2 − kqq2e − h2e2ndo2 + δ2 |qe| − δ̂2 |qe| −
δ̃2

˙̂
δ2

kδ2

= V̇2 − kqq2e − h2e2ndo2 + δ̃2

(
|qe| −

˙̂
δ2

kδ2

)
(30)

bringing the adaptive law into equation (30) yields:

V̇3 ≤ V̇2 − kqq2e − h2e2ndo2 (31)

3) STABILIZE re
Design a nonlinear disturbance observer of the following
form: {

τ̂dr = z3 + p3
ż3 = −h3z3 − h3

(
p3 +

f3+Nτ
m5

) (32)

where τ̂dr is the estimated value of τdr , let endo3 = τdr − τ̂dr
is the observation error of the nonlinear disturbance observer,
so ṙe =

f3+Nτ
m5

+ endo3 + τ̂dr − ṙd , for the convenience of the
controller design, assuming that the observation error of the
observer to meet the |endo3| ≤ δ3, δ̃3 = δ3 − δ̂3, where δ3 is

an unknown bounded positive number, δ̂3 is the upper bound
estimate of the observation error, relative to the dynamics of
the control system changes slowly, that is, to meet the ˙̃

δ3 =

δ̇3−
˙̂
δ3 = −

˙̂
δ3, so as to design and introduce adaptive control.

The Lyapunov function is constructed as V4 = V3 +
1
2 r

2
e +

1
2e

2
ndo3 +

1
2kδ3

δ̃23 , and the derivation of V4 can be obtained:

V̇4 = V3 + re

(
f3 + Nτ
m5

+ endo3 + τ̂dr − ṙd

)
−
δ̃3

˙̂
δ3

kδ3
− h3e2ndo3 (33)

Design control laws and adaptive laws for:{
Nτ = −m5

(
δ̂3sgn (re)+ τ̂dr − ṙd + krre

)
− f3

˙̂
δ3 = kδ3 | re|

(34)

where kr and kδ3 are adjustment factors, both greater than
zero, δ̂3sgn (re) is a sliding mode control term introduced to
overcome uncertainty disturbances. Bringing the control law
into equation (33) yields:

V̇4 = V̇3 − krr2e − h3e2ndo3 + re
(
endo3 − δ̂3sgn (re)

)
−
δ̃3

˙̂
δ3

kδ3

≤ V̇3 − krr2e − h3e2ndo3 + δ3 |qe| − δ̂3 |qe| −
δ̃3

˙̂
δ3

kδ3

= V̇3 − krr2e − h3e2ndo3 + δ̃3

(
|qe| −

˙̂
δ3

kδ3

)
(35)

bringing the adaptive law into equation (35) yields:

V̇4 ≤ V̇3 − krr2e − h3e2ndo3

= −k1x2e −
kbUrz2e√
12
θ + z2e

−
kbUry2e cos θe√

12
θ + z2e

− kθ θ̃2 − kψ ψ̃2

− kuu2e − h1e2ndo1 − kqq2e − h2e2ndo2 − krr2e
− h3e2ndo3 ≤ 0 (36)

The defined Lyapunov function V4 is positive definite
and its derivative V̇4 is negative semidefinite, and accord-
ing to Barbalat Lemma, it is known that lim

t→∞
V̇4 = 0 ⇒

lim
t→∞

(
xe, ye, ze, θ̃ , ψ̃, ue, qe, re, endo1, endo2, endo3

)T
= 0,

hence the following error is asymptotically stable. As time
progresses, the system error tends to stabilize and eventually
converge to zero, indicating that the proposed control scheme
can ensure the system tracks the desired path.

IV. NUMERICAL SIMULATION AND ANALYSIS OF
RESULTS
In order to verify the effectiveness and robustness of the
proposed path following controller, numerical simulation
experiments are conducted. The simulation parameters are
based on the AUV prototype model built by the team, and its
specific parameters are shown in Table 1 [40]. The appear-
ance of the prototype is shown in Fig. 4. The path following
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FIGURE 4. AUV prototype.

performance, disturbance estimation capability and robust-
ness of the proposed control scheme in different environments
are verified through two cases, and four methods are com-
pared in the simulation, including:

Method I: ALOS + BS: ALOS guidance law is used for
motion control and backstepping sliding mode control is used
for dynamic control;

Method II: LOS + NDOBS: Conventional LOS guidance
law is used for motion control and dynamic control using
backstepping sliding mode control based on NDO;

Method III: ILOS + NDOBS: ILOS guidance law is used
for motion control and dynamic control using backstepping
sliding mode control based on NDO;

The control method proposed in this paper.
In order to analyze the performance of the system more

clearly and intuitively, the mean absolute error (MAE) and
root-mean-square error (RMSE) of path following are used to
evaluate the following accuracy and stability. Among them,
RMSE directly reflects the following stability, while MAE
directly reflects the following accuracy, and these metrics
will help to comprehensively evaluate the performance of
different methods [18].

A. CASE 1: COMPARATIVE ANALYSIS OF PATH
FOLLOWING IN CONSTANT CURRENT AND SIMPLE
DISTURBANCE ENVIRONMENTS
In this case, constant currents and relatively simple distur-
bance conditions are selected for path following simulation.
The spatial S-curve is selected as the desired path, which is
parameterized as follows:

xd (s) = s
yd (s) = 50 sin

(
πs
/
50
)

zd (s) = 0.1s
(37)

The initial position and attitude of theAUV is [x (0) , y (0) ,
z (0) , θ (0) , ψ (0)]T = [2 m, 5m, 0m, 0rad, 0.2rad]T and
the initial velocity is [u (0) , v (0) ,w (0) , q (0) , r (0)]T =[
0.15m/s, 0m/s, 0 m

/
s, 0rad

/
s, 0rad

/
s
]T. The desired for-

ward velocity is given as 1.8m/s. The constant current
is
[
uf ξ , vf η,wf ζ

]T
= [0.15m/s, 0.15m/s, 0.1m/s]T, and the

TABLE 1. Model parameters of AUV.

environmental perturbation is:
τdu = 0.3 sin (0.3t)
τdq = 0.2 sin (0.5t)
τdr = 0.2 cos (0.3t)

(38)

The following results for Case 1 are shown in Fig. 5.
Among them, Fig. 5a shows the following of the underac-
tuated underwater robot in 3D space, while Figs. 5b and 5c
show the following in two projection planes, respectively.
It can be observed that by employing all four methods, the
AUV can eventually converge to the desired path and move
along the path, but there are differences in their following
performance. In order to show the performance of the four
methods more clearly, the positional following errors are
compared, as shown in Fig. 6. It can be seen that the proposed
method has almost no following error, while the following
errors of the other three methods are relatively large, espe-
cially the most significant error of method 2. The expected
angle following is shown in Fig. 7 and Fig. 8, and it can
be clearly observed that the current actual heading of each
method conforms to the expected heading, therefore, all the
four methods can achieve good following, but the shapes
of the expected angle curves are different, which mainly
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FIGURE 5. Path following in case 1.

depends on the design of the guidance law, and the final
following performance also mainly depends on the design
of the guidance law. Fig. 9 demonstrates the estimation of
angle of attack and crab angle under the two methods of
ALOS and ILOS, and it can be seen that both methods can
realize the estimation of the angle of attack and crab angle
better, but the estimation result of ALOS has less fluctuation
of deviation and better results. By comparing the velocities
in Fig. 10 and Fig. 11, a similar conclusion can be drawn that
the proposed method has less fluctuation and smooth velocity
changes.

The error quantization results in Tab. 2 show that the
proposed method performs the best, while Method 2 has the
worst following accuracy and stability, and Method 3 per-
forms closer to the proposed method. In addition, Fig. 12

FIGURE 6. Position following error in case 1.

FIGURE 7. Heading angle following situation in case 1.

demonstrates the estimation of the uncertainty disturbance
and it is observed that the proposed nonlinear distur-
bance observer is able to estimate the disturbance variations
well.

From the above analysis, the following conclusions can
be drawn: compared with Method 1, the proposed method
introduces a disturbance observer, which leads to better
following control accuracy and robustness; compared with
Method 2, the proposed method adds adaptive estimation
laws for angle of attack and crab angle, which significantly
improves the stability and accuracy of the controller; com-
pared with Method 3, the adaptive results of the line-of-sight
angle are better than the integral compensation under the
simulation conditions results, so the proposed method has
better following performance.
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FIGURE 8. Pitch angle following situation in case 1.

FIGURE 9. Angle estimation situation in case 1.

B. CASE 2: COMPARATIVE ANALYSIS OF PATH
FOLLOWING IN TIME-VARYING CURRENTS AND
DISTURBED ENVIRONMENTS
In order to further validate the performance and robust-
ness of the proposed method for path following in
complex time-varying currents and perturbation environ-
ments, a detailed simulation study is conducted in this case.
For effective comparison, we choose the same desired path
and initial conditions as in Case 1. Specifically, we consider
time-varying, segmented currents and perturbations, which
are:

ucx =


0.2 sin (0.3t) t < 100s
0.3 cos (0.5t) 100s ≤ t < 200s
0.15 cos (0.1t) 200s ≤ t

vcy =


0.1 cos (0.1t) t < 100s
0.2 sin (0.3t) 100s ≤ t < 200s
0.15 cos (0.15t) 200s ≤ t

(39)

FIGURE 10. Comparison of line speeds in case 1.

FIGURE 11. Comparison of angular velocities in case 1.

wcz =


0.15 sin (0.15t) t < 100s
0.1 cos (0.3t) 100s ≤ t < 200s
0.15 sin (0.1t) 200s ≤ t

τdu =


0.7 sin (0.2t) t < 100s
0.3 cos (0.5t) 100s ≤ t < 200s
0.5 cos (0.3t) 200s ≤ t

τdq =


0.2 sin (0.3t) t < 100s
0.6 cos (0.5t) 100s ≤ t < 200s
0.4 sin (0.1t) 200s ≤ t

τdr =


0.25 sin (0.2t) t < 100s
0.35 sin (0.3t) 100s ≤ t < 200s
0.5 cos (0.5t) 200s ≤ t

(40)

In Case 2, the details of the following situations are shown
in Fig. 13 to Fig. 16, and the results of the error quan-
tification are given in Table 3. The comprehensive analysis
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FIGURE 12. Disturbance estimation situation in case 1.

TABLE 2. Quantitative results of following performance for Case 1.

TABLE 3. Quantitative results of following performance for Case 2.

shows that the proposedmethod has better following accuracy
and stability compared to the other three methods. In the
face of time-varying currents and perturbations, the pro-
posed method exhibits smaller fluctuations in the position
following error, while the other three methods show obvi-
ous oscillations. In addition, according to the quantitative
data in Table 2, the error increase of the proposed method
under time-varying currents and disturbances is significantly
smaller than that of the other threemethods, which reflects the
better adaptability and robustness of our method in complex
environments. By comparing the velocity changes in Fig. 15
and Fig. 16, it can be observed that Methods I and III oscillate
when the current frequency increases, while the proposed
method fluctuates less.

FIGURE 13. Path following in case 2.

Fig. 17 demonstrates the results of angle of attack and
crab angle estimation in time-varying currents and disturbed
environments. It can be observed that compared to the ILOS
method, the proposed ALOS method has smaller estimation
bias and significantly lower hysteresis when facing time-
varying currents, showing higher accuracy. By comparing
with Case 1, it can be more clearly illustrated that the effect
distinction between the two estimation methods becomes
more obvious as the ocean current increases. The estimation
results of the disturbances are shown in Fig. 18, where it
can also be observed that the proposed nonlinear disturbance
observer is able to estimate the uncertainties well, and even
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FIGURE 14. Position following error in case 2.

FIGURE 15. Comparison of line speeds in case 2.

FIGURE 16. Comparison of angular velocities in case 2.

though the actual values of the disturbances show large breaks
at 100 and 200 s, the estimates following this point still track
the actual values well.

FIGURE 17. Comparison of angular velocities in case 2.

FIGURE 18. Disturbance estimation situation in case 2.

In summary, based on the validation of Case 1 and Case 2,
the proposed control method shows good following perfor-
mance and robustness in different environments. Compared
to Method I, the proposed method has better following sta-
bility, indicating that the NDO-based controller has better
control and resistance in the face of disturbances. The pro-
posed method has better following accuracy compared to
methods II and III. The LOS guidance law used in Method II
always causes the navigator to deviate from the desired path,
and Method III has a degraded performance in the face of
rapidly changing angle of attack and crab angle.

V. CONCLUSION
A new backstepping sliding mode control method combining
a nonlinear disturbance observer and an adaptive line-of-
sight braking law is proposed for the 3D path following
control problem of an underactuated AUV under multiple
uncertainties such as sea currents and unknown disturbances.
The adaptive line-of-sight guidance law is designed for
time-varying currents to compensate for the sideslip and
the angle of attack, and the nonlinear disturbance observer
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is designed to estimate the composite disturbances of the
system, while the sliding-mode control term is introduced to
further enhance the robustness of the system to the uncertain
disturbances. The good performance and strong robustness
of the proposed method in 3D path following control are
verified through numerical simulations. The superiority of the
proposed control scheme over other similarmethods is further
confirmed by quantitative error analysis.

In the field of underwater path following, achieving
precise positioning is a major challenge, mainly due to the
complexity of the underwater environment. Inertial naviga-
tion systems, although excellent in terms of independence
and accuracy, encounter the problem of error accumulation
in long-term operation. Meanwhile, hydroacoustic naviga-
tion systems, while providing highly accurate positioning
information, are limited by cost and underwater acoustic
conditions.

In order to enhance the robustness of the system and
improve positioning accuracy, it is planned to integrate a vari-
ety of assisted navigation technologies. The visual navigation
system will utilize cameras and image processing tech-
niques to obtain visual information about the environment,
while the magnetic navigation system will assist positioning
through changes in the Earth’s magnetic field. Underwater
terrain matching navigation technology is also being actively
explored to enhance the accuracy and robustness of navi-
gation to meet the needs of future experiments. Currently,
our AUV is small in size and carries a domestic MEMS
inertial navigation system. Nevertheless, we aim to verify
the correctness of the theory through theoretical contribu-
tions and practical tests, and make progress in the field of
underwater path following. The focus of future work will be
to conduct a large number of experiments in open water to
verify the effectiveness of the proposed control algorithm and
to gradually solve the challenges posed by harsh and complex
marine environments.
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