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Abstract: The operation of an autonomous underwater vehicle (AUV) faces challenges in
following predetermined waypoints due to coupled motions under environmental disturbances.
To address this, a 3D path following guidance and control system is developed in this work
based on the line-of-sight (LOS) guidance method. Conventionally, the 3D path following
problem is transformed into heading and depth control problems, assuming that the motion
of the vehicle is decoupled in horizontal and depth coordinates. The proposed control system
design avoids this simplifying assumption by transforming the problem into a 3D position and
orientation tracking problem. This design is achieved by computing a 2D horizontal coordinate
based on the desired heading and then computing a corresponding LOS depth coordinate. A
model predictive controller (MPC) is then implemented using the 3D LOS coordinate and
the computed orientation vector. The MPC obtains a robust control by solving a minimax
optimisation problem considering the effects of unknown ocean disturbances. The effectiveness of
the proposed guidance and control system is demonstrated through the simulation of a prototype
AUV system. Numerical results show that the AUV can follow predetermined waypoints in the
presence of time-varying disturbances, and the system is steered at a constant surge speed that
is proportional to the radius of the circle of acceptance used to implement the guidance system.
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1. INTRODUCTION

An autonomous underwater vehicle (AUV) is a marine ve-
hicle capable of independently executing missions through
its onboard sensors, guidance and control system. The
growing interest in AUVs, both in academia and industry,
stems from their potential to reduce risks associated with
underwater exploration and resource exploitation (Sahoo
et al., 2019). The rising importance of consistently mon-
itoring the ocean environment, particularly to address
climate change effects, along with the petrochemical in-
dustry’s shift to seabed platforms, has heightened interest
in designing AUVs with enhanced autonomy for tasks like
inspection, maintenance, and repair (Ribas et al., 2015).
The increased autonomy required for AUVs to execute
tasks without human intervention underscores the neces-
sity for advanced control schemes, which must effectively
handle the AUV’s nonlinearities, coupling, and environ-
mental disturbances, such as ocean currents and waves, to
achieve desired control objectives (Jimoh et al., 2023).

Advances in navigation, guidance and control systems
have a significant role in the progress of improving AUV
autonomy (Zeng et al., 2015). Typically, guidance systems
and control systems are developed independently. Popular
guidance laws such as proportional navigation guidance,
Lyapunov-based guidance, and line-of-sight (LOS) guid-
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ance were reviewed by Naeem et al. (2003). In guidance
systems, it is a common practice to split the desired AUV
path into several paths connected by a set of waypoints
that the vehicle needs to go through in order to reach the
final destination. Thus, waypoint guidance refers to the
process of steering the vehicle from one waypoint to the
next (Ataei and Yousefi-Koma, 2015) until the destination
is reached. The LOS guidance system is most popular for
marine vehicles (Fossen, 2011).

Guidance systems based on the LOS strategy are tra-
ditionally implemented by generating reference heading
between waypoints that are then tracked using a suitable
heading controller. This approach applies to marine sur-
face vehicles and AUV horizontal motion control, which
has been the main focus of many path-following control
strategies (Fossen et al., 2003; Breivik and Fossen, 2004;
Fossen et al., 2014). For some AUVs whose roll, pitch and
heave motions can be assumed decoupled with negligible
roll and pitch angles (Lamraoui and Qidan, 2019), their 3D
guidance systems can readily be designed using methods
similar to those used for marine surface vehicles (Ataei and
Yousefi-Koma, 2015). For the 3D case, in addition to the
heading angle, the corresponding depth reference is also
determined and tracked to achieve the 3D path following
task (Khodayari and Balochian, 2015). However, these
guidance and control schemes cannot be directly applied
to achieve accurate waypoint following for AUVs with
coupled motion. Consequently, Lekkas and Fossen (2013)
presented a LOS guidance system for underactuated AUVs
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with coupled motions, with the assumption that roll mo-
tion is negligible. Recently, Zhang et al. (2024) presented
findings on coupled motions that take into account roll dy-
namics, although this was for vehicles following sufficiently
smooth paths.

Whereas studies on 3D path following for smooth and
continuous trajectories have been reported (Zhou et al.,
2013; Yu et al., 2017; Liang et al., 2017; Zhang et al., 2024),
there is a lack of investigation on paths described by 3D
waypoints. In (Yao et al., 2020), a 3D waypoint following
MPC design is developed by formulating an error kine-
matic model, under the assumption of decoupled motions,
for predicting the evolution of the linear and angular errors
without considering the effects of disturbances.

In this work, a LOS guidance and control system is pro-
posed for coupled AUV with the 3D waypoints follow-
ing objective. The guidance system makes it possible to
achieve the path following at a constant speed, which is
preferred for the sake of energy saving in AUV operation
(Yao et al., 2020). The MPC control is developed to mit-
igate AUV velocity fluctuations under environmental dis-
turbance. The proposed scheme is validated via numerical
simulation of the fully-actuated Naminow-D AUV (Jimoh
and Yue, 2024). The contributions of this work are briefed
as follows.

(1) A LOS guidance system is proposed, which redefines
the conventional heading and depth control problems
into a 3D LOS path-tracking problem. This approach
circumvents the need to develop a kinematic error
model.

(2) An MPC-based control system is developed, aiming to
mitigate fluctuations in the AUV velocity vector. This
is achieved by employing velocity increment as the
optimisation control variable. To ensure robustness
against external disturbances, the controller is formu-
lated as a convex minimax control problem, address-
ing the worst-case scenario of bounded disturbances.

In the rest of this paper, Section 2 describes the kinematic
model and the dynamic motion model of the AUV with
environmental disturbances. The 3D guidance and control
system is presented in Section 3. Simulation study and
results are presented in Section 4. Conclusions and future
research directions are discussed in Section 5.

2. COUPLED AUV MODEL

A two reference frame system, the body-fixed and the
inertia reference frames, is generally used to describe the
motion of an AUV. For coordinate transformation between
these two frames, the following kinematic model is used:

7 :J(T])Vv (1)

[xyz¢0 is the VectorT of linear and
]

where n =

angular positions and v = [uv w p qr] is the vector
of the linear and angular velocities of the AUV. Here,
x, y, z denote the spatial coordinates in the 3D Cartesian
coordinate; ¢, 6 and v are the roll angle, pitch angle and
yaw angle, respectively; u, v and w are the linear velocities
and p, q and r are the angular velocities in the body-fixed
frame; J(n) € R6%C is the rotation matrix given by
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The 6-degree-of-freedom (DoF) AUV model with environ-
mental disturbances is given by

Mo+ C(v)y +D(v)v +gm) =7 +7°,  (2)
where M = 0 € R5%6 is the AUV’s inertia matrix that
comprises of the rigid body and added mass components,
C(v) € R®*6 is the Coriolis-centripetal matrix, D(v) €
R6%0 is the hydrodynamic damping matrix and g(n) €
RS is the AUV’s weight and buoyancy forces vector.
Furthermore, 7 = [rx 7v 72z Tk ™ 7n] € T C
RS denotes the generated constrained input forces and
moments driving the AUV from its centre of gravity, with
the constraint set T defined as

T:={rCcRC:|r| <7} (3)
where T denotes the bounds on the control inputs. The

unknown ocean waves disturbance is represented by 7% =
[T% 7 72 00 0] T € R® that affects the AUV’s motion.

The ocean waves is modelled as (Fossen, 2011):

Zh | 0 1 zih 0
=[G ] (] ] 0
2w
=01 |5 +a, ®)
1,2
in which the subscript i (= X, Y, Z) corresponds to the
three line directions, the amplitude of 7’ in the ¢—th
direction can be adjusted by the parameter K, ;. The
term w; is a zero-mean white noise, &; is the damping
coefficient, wy ; is the wave peak frequency. The variables
d; are modelled as slowly varying bias terms bounded by
|dz| S dmax-

3. GUIDANCE AND CONTROL SYSTEM
3.1 Line-of-Sight (LOS) Guidance System

Due to its simplicity and ease of implementation, the LOS
method is used by most guidance laws (Naeem et al.,
2003). In 3D motion control, the angles ¢ and 6 and the
corresponding angular velocities p and ¢ are often assumed
to be negligible. This assumption applies mostly for under
actuated AUVs. This work avoids such assumptions by
directly determining the LOS coordinates and the orien-
tation vector needed for the desired waypoints following
task.

With the 2D horizontal plane, as illustrated in Fig. 1(a),
given the current AUV position as (x(k),y(k)) at time k,
the desired heading angle is given as (Naeem et al., 2003):
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Fig. 1. LOS guidance system for waypoints following

where (2p,yp) with p = 1,2,...,m are the coordinates
of the m waypoints in the horizontal plane. Since the
waypoint position may be significantly distant from the
AUV position, the LOS coordinate (zos(k), Yios(k)) is
defined by the so-called circle of acceptance as follows:

(@108 (k) — 2(k))* + (yios (k) — y(k))* = p2, (7a)
(Y105 (k) = y(k)) = (105 (k) — 2(k)) tany)y. (7b)
Here p. is the radius of the circle of acceptance. It is
evident that the desired yaw angle 14 will be maintained

by the LOS coordinates obtained from (7) and the LOS
point will lie on the circle of acceptance.

The value of p. directly impacts the speed of the AUV
along the prescribed horizontal path since it determines
the average distance between successive LOS coordinates.
To see this, from (7a) and (7b), there is
Pc
os(k) =z(k) £ ————————. 8
x ( ) IE( ) (1+tan2wd)1/2 ( )
In (8), the positive sign corresponds to (z, — z(k)) > 0
while (z, — z(k)) < 0 is related to the negative sign.
Subtract ;,s(k—1) from both sides of (8) and then divide
by Ts to obtain:

tros() = (k) — xos(k — 1) Pe
fos T, T,(1 + tanthy) /2’
mlos(k)_zlos(k_l)
T

(9)

where wujos(k) = - represents the discrete-
time approximation of the LOS surge speed. This equation
reveals that the LOS surge speed is directly influenced by
the circle of acceptance used. When following a straight-
line path where 14 remains constant, the speed is mainly
dictated by p.. A significant speed change may occur
when the vehicle adjusts its heading 14 to track the next
waypoint (Tp41,Yp+1). Indeed, opting for p. < L ensures
that the AUV maintains a relatively low speed along the
path, which is often desirable for underwater tasks, as it
limits the effects of coupling.

Since the target LOS depth is not necessarily equal to
the desired depth, we compute the LOS depth to be
proportional to the distance between the LOS horizontal
coordinate and the AUV position. Consider the angle 6y,
defined by the line joining z, on the z—axis to the waypoint
(2p, Yp) on the horizontal plane, as shown in Fig. 1(b). This
angle is computed as

1 zp — 2(k) _
Vi@ —2(k)? + (yp — y(k))?
To keep this angle for any current depth z(k), the desired

depth of AUV is given by

fp = tan™ (10)

Zios = 2(k) + tanfp - p. (11)
Aside from the 3D LOS path to be followed, it is impor-
tant to define the condition necessary for switching from
one waypoint, (Z,,Yp, #p), to follow to the next waypoint,
(p+1, Yp+1, Zp+1). This is achieved by defining the “sphere
of acceptance p;” around each waypoint in the 3D environ-
ment (see Fig. 1). The (Tpt1,Yp+1, 2p+1) Is chosen when
the inequality is satisfied.
(12)

(2 — 2(k)* + (yp — y(k)* + (2p — 2(k))* < p2.
The sphere of acceptance can be taken to be twice of the
length of the vehicle (Fossen, 2011).

Furthermore, there is a need to define the reference orien-
tation for the AUV while moving along the path. Consider
the straight line path linking the two waypoints (z,, ¥p, 2p)
and (Tp+1, Yp+1, 2p+1)- The yaw and pitch angles from the
path coordinates at (2, Yp, 2zp) With respect to the inertia
frame is given as
Vp = arctan2 (Yp+1 — Yp, Tp+1 — Tp)

-1 Zp+l — Zp

\/($p+1 - xp)z + (Ypt+1 — yp)2
where arctan2(-) is the four quadrant inverse function used
to ensure —7 < 9, < 7. The yaw and pitch angles are used
to define the desired AUV orientation along the straight-
line path when the roll angle is set to zero as roll motion
needs to be kept minimum. Hence, the reference signal to
be tracked to achieve path following is given by

ymf(k) = [$los(k) ylos(k) Zlos(k') 0 ep %]T- (14)
The reference y**!(k) is used in the controller design next.

(13)

0, = —tan

3.2 Path Tracking Control Based on Mini-Max MPC

The kinematic model (1) is discretised into the following
model with sampling time T5:

n(k+1) =n(k) + I(k)v(k), (15)
where J(k) = J(n(k))Ts. The AUV increment velocity is
defined as

Av(k)=v(k) —v(k-1). (16)

The state-space model is obtained by combining (15) and
(16) as follows:

x(k -+ 1) = Am()x(E) + Bn(k)Av(k),
y(k) = Gx(k),
in which x(k) = (k)" v(k)"]T, y(k) = n(k), G =
[IG 06]7 and

Ao = g Y] Bow) = ['P].

Here I and O represent identity and zero matrices of
appropriate dimensions, respectively.

(17)

(18)

Define the stacked versions of the predicted state, output
and velocity increment as

X(k) = [x(k+1k)7 ... x(k+ Nk,
Y(k) = [y(k+1k)7T ... y(k+ Nk,
U(k) = [Av(kl)T ... Av(k+ N —1]k)T] ",

where N is the prediction horizon, then the state predic-
tion model can be written in a compact form as

X (k) = Ax(k|k) + BU(k), (20)
where A and B are structured using (18) to obtain the

(19)
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Fig. 2. Proposed 3D path following control system for coupled AUVs

predictions over the horizon (Zhang et al., 2019). Given
that n(k + j|k) denotes the j-th prediction of i at time k,
the system matrices are assumed to be constant over the
prediction horizon N, that is, A(n(k + j|k) = A(n(k))
and B(n(k + jlk) = B(n(k)) for all j = 1,...,N. This
means that the model is inherently treated as a linear-
time varying system that is updated at each sampling time
step. This reduces the computational load as the need for
an update at every prediction step j is avoided.

Denote d(k) € D C R!? as the lumped term to include
environmental disturbances and the uncertainties in the
state predictions, defined by

D:={d(k) CR"™: |d(k)| < d} (21)
where d represents the upper bounds on d(k). The state
space representation of the AUV model becomes

x(k+1) = A(n(k))x(k) + B(n(k))Av(k) + d(k).

Let D(k) = [d(k+1]k)T ... d(k+ N|k)T]", the predic-
tion model (20) with additive external disturbance yields
X(k) = Ax(k|k) + BU(k) + D(k). (23)

The output prediction of the AUV system is given by
Y (k) = GX(k), (24)

with G = diag(G, ..., G). With the upper bounds known
on the disturbances, the objective of robust control is
to minimise the worst case scenario, i.e., minimise the
tracking error under the maximum uncertainties subject
to input constraints.

(22)

The objective function of the finite horizon constrained
optimal control problem (FHCOCP) is defined to minimise
the path following error which is the difference between the
AUV position and the reference y*! as

N
V(U(k), Y (k) = Z Iy (k + jlk) = y™(k + jlk) IIg

N,—1
+ > | Av(k+ jlk) (IR,

j=0
(25)
where Q € R%*6 and R € RYX6 are positive defi-
nite matrices, and N,(N, < N) is the control hori-
zon in MPC. The control input sequence is U(k) =
{Av(klk),...,Av(k + N, — 1]k)}. The control law can be
structured by assuming that there is no variation in the
control signal beyond N, (Fernandez-Camacho and Bor-
dons, 2007), i.e., Av(k+jlk) = 0 for j = Ny,...,N —

1. In this case, the dimension of the MPC problem is
reduced from 6N to 6N,. It is pertinent to note that
by taking the velocity increment as the control variables
in optimisation, the variations in the vehicle’s speed are
minimised compared to using the velocity term directly.
Employing (25) as the performance index, the FHCOCP
is formulated as
Uk)* = i V(U(k),Y(k
(k) arg min max V' ( (k), Y (k))
s. 6.1 (23) & (24),
T(k+jlk)e T, j=0,
x(k|k) = x(k).
To enforce constraints on input forces and moments, the
variable T(k + j|k) are expressed in terms of the control
variables Av(k + jlk). Hence, we re-write (2) in the
compact form

(26)

T =Mv + x(v), (27)
in which x(v) = C(v)v + D(v)v + g(n). The unknown
disturbance 7% is not included here.

Given the past measured velocities v(k — 1), the discrete-
time approximation of (27) can be employed to calculate
the inputs at k. This is based on the computed optimal
vehicle velocity increment, Av(k)* = Av(k|k)*, and is
expressed as follows:

7(k) = MAv (k)" + x(v(k — 1)), (28)

where T;M = M. The constraints on the generalised
input forces and moments can be enforced over the control
horizon, that is, 7 =0,..., N, — 1, using (28), as

T(k+ jlk) = MAv(k + jlk) + x(v(k — 1)). (29)
Remark 1. The convex optimisation problem (26) can be
readily solved using standard optimisation techniques.
Compared to the formulation by Yan and Wang (2012),
which leads to nonlinear optimisation, our formulation
(26) is quadratic because the system (A(n(k)),B(n(k)))
is linear parameter-dependent.

The proposed configuration of the guidance and control
system is illustrated in Fig. 2.

4. SIMULATION STUDY

The simulation study considers the dynamic model of
the Naminow-D AUV whose parameters are described in
(Jimoh and Yue, 2024). The length of the AUV including
installed sensors is 3.0m. The control task is for the
guidance system to guide the AUV to follow a set of
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waypoints which have been determined offline. The input
forces are constrained to be £2,000 N, i.e., ¥ = 2,000. The
simulation study is conducted in MATLAB environment.
The disturbances are assumed to be bounded by d < 0.5.
The tuned parameters for the guidance and control system
are given as follows: Q = diag(5,5,5,0.1,0.1,0.1), R =
18I, N, =2, N =10, p. = L/6 = 0.5m and p; = L.

The ocean waves are modelled using (4)-(5) with & =
0.2573,w,,; = 0.8 rad/s,K,,; = 1.5, w; is a zero-mean
white noise with standard deviation of 0.15 and d; is mod-
elled as a Wiener process that lie in the range [—100, 100].
The ocean waves disturbance is modelled such that 7% =
Ty = 7% and the time profile is shown in Fig. 3.

50F

z ol
8
8
S5

g 50F
<
=

-100 f

0 50 100 150 200
Time [s]

Fig. 3. Wave disturbances affecting the AUV’s motion.

The three waypoints are taken as the scaled version of
the optimally generated path in (Ataei and Yousefi-Koma,
2015), A = [20, 40, —16], B = [50, 20, —16] and C =
[70, 50, —8]. The destination is located at [40, 70, —4].
These waypoints represent a complicated path, making
it suitable to test the effectiveness of a guidance system
(Ataei and Yousefi-Koma, 2015).

The results for the investigated scenario are presented in
Fig. 4. It is seen that the AUV can satisfactorily go through
the prescribed waypoints as shown in Fig. 4a and Fig.
4b despite the effects of environmental disturbances. The
velocities are shown in Fig. 4c. A point worthy of note is
that the surge velocity is maintained at an approximately
constant level of v ~ 0.8 m/s. Although not shown, a
surge speed of 1 m/s is obtained when p. = L/4 is used
in the simulation. In Fig. 4c, it is also seen that the
angular positions, especially the yaw angle, are adaptively
functioned to adjust the AUV orientation as it navigates
through the waypoints. The roll motion is stabilised by
minimising the roll angle of the AUV such that the average
roll angle is 0.015° with a maximum absolute value of
12.5°. Keeping the roll angle close to zero is desirable for
the AUV’s stability (Fossen, 2011). The waypoint following
is achieved with the input constraints satisfied as seen
in Fig. 4d. Interestingly, input forces and moments are
minimal except during orientation changes.

5. CONCLUSIONS AND FUTURE WORKS

A guidance and control system for a coupled AUV has been
proposed in this study. The system is designed to enable an
AUV to follow 3D waypoints in the presence of unknown
but bounded environmental disturbances. The proposed

guidance system operates without relying on assumptions
of negligible roll motion or decoupled motion. It uses the
desired heading angle to determine the LOS horizontal
coordinate, and the depth reference is proportional to the
distance between the AUV’s position and the LOS position
in the horizontal plane. The AUV’s orientation along the
straight-line path between two consecutive waypoints is
defined, and a MPC control system is developed to reg-
ulate position and orientation errors for path following.
The control system addresses disturbances by formulating
a minimax optimisation problem, considering worst-case
scenarios based on the disturbance upper bounds. Simu-
lation results demonstrate the robustness of the proposed
guidance and control system in guiding the AUV through
waypoints despite environmental disturbances. Future re-
search would consider real-time collision avoidance since
the ocean environment can only be partially known during
waypoints generation. Further studies are required to ex-
plore control system stability and experimental validation.
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