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Abstract—This article studies the design, modeling, and imple-
mentation of a model-based Guidance, Navigation, and Control
(GNC) architecture for an Autonomous Underwater Vehicle
(AUV). First, effective simulation modeling is developed using a
theoretical six-degree-of-freedom (6DoF) dynamic model. Then,
this study considers two GNC algorithms (simple and advanced).
The simple GNC algorithm considers three different kinds of
PID controllers (velocity, velocity-position, and position), and
the advanced GNC algorithm enables path-following and data
acquisition and processing from an underwater sensor. The path
following is based on the position control using a unique PID
controller and obtains its waypoints from a wall detection algo-
rithm. This wall detection algorithm uses a mechanical imaging
sonar as the main perception sensor. Finally, an implementation
challenge in two control scenarios is addressed to validate the
designed GNC architecture and to carry out model-verification
of the position PID controller.

Index Terms—model-verification, model-based, GNC, AUV,
MATLAB-Simulink, ROS

I. INTRODUCTION

Due to the amount of unknown and unexplored areas in

oceans, seas, and lakes, and the extensive range of autonomous

vehicle applications, underwater research is currently becom-

ing more relevant in scientific research. Remote Operated Ve-

hicles (ROVs) and Autonomous Underwater Vehicles (AUVs)

are two of the most common classifications for underwater

vehicles. There are numerous research topics for underwater

vehicles from conventional sonar and video imaging surveys

to autonomous intervention tasks, such as path planning [1],

obstacle avoidance [2], or underwater manipulation [3]. Un-

derwater Simultaneous Localization And Mapping (SLAM)

has been a key topic in underwater research. In [4], different

methods are described for map-based localization as well as

a novel approach for SLAM.

EUMarineRobots project that has received funding from the European
Union’s Horizon 2020 research and innovation programme under grant
agreement No 731103.

All these applications require accurate maneuvering of the

underwater vehicle, where Guidance, Navigation, and Control

(GNC) play an essential role. GNC deals with the design of

systems that remotely or autonomously control vehicles that

are operating underwater, on the surface, or in space. In [5],

several case studies for underwater vehicles are presented,

such as heading autopilot system or path-following control

among others. In [6], they consider a hybrid control archi-

tecture for AUVs with a hybrid behavior-based scheme using

reinforcement learning. In addition, [7] presents the design and

implementation of a mission control system for an AUV.

Obstacle avoidance is one of the main capabilities for an

autonomous vehicle, and it includes a control objective subject

to non-intersection or non-collision position constraints. In

[8], some obstacle avoidance approaches were presented in

both simulation and field-test environments using a multibeam

imaging sonar. However, in our study, the AUV is tested in

a water tank, where it restricts the possibilities for obstacle

avoidance tests. Hence, the obstacle avoidance has been re-

placed by wall detection, which is based on line extraction

algorithms. The line extraction algorithms have been used by

many researchers in numerous applications. The Split-and-

merge algorithm is probably the most popular line extraction

algorithm [9]. Additionally, split-and-merge has the best per-

formance in real-time applications due to its superior speed

[10]. Ransac (Random Sample Consensus) is an algorithm for

the robust fitting of models in the presence of data outliers

[11].

This paper includes both simple and advanced GNC algo-

rithms for simulation and field-test for an AUV in a water tank.

The validation for the model-based architecture is also studied,

comparing the performance of the Girona500 AUV in both

simulation and field-test environments. The simple algorithm

includes three kinds of PID controllers (velocity, velocity-

position, and position), and the advanced one combines path-

following with a wall detection algorithm, acquiring and
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Fig. 1. Simplified model of the considered vehicle using the North-East-
Down (NED) coordinate system. AUV motion is described by surge u (linear
longitudinal (front/back) motion), sway v (linear transverse (side-to-side)
motion), heave w (linear vertical (up/down) motion), and angular velocity
r (turning rotation about its z-axis).

processing data from a mechanical imaging sonar.

II. AUV SIMULATION MODELING

A. Overview of Girona500 AUV

The AUV utilized in this study is the Girona500 [12],

which provides high configurability for different scientific

instrumentation, and allows the use of the Robot Operating

System (ROS) as a framework [13]. The instrumentation and

sensors used in this study are Doppler Velocity Log (DVL),

depth sensor, and AHRS (Attitude and Heading Reference

System) for the navigation of the Girona500, and a mechanical

imaging sonar (Tritech Micron [14]) for data acquisition and

processing from an underwater sensor for the wall detection.

Fig. 1 shows a simplified model of the AUV. This AUV

uses a five-thruster configuration to provide thrust forces when

moving in the surge, sway, heave motions, or performing turns.

Also, the position and velocities of the AUV are illustrated in

Fig. 1. The general motion of the AUV in 6DoF is modeled

by using the North-East-Down (NED) local coordinate system.

AUV position and velocities are considered with the following

vectors

η = [N,E,D, φ, θ, ψ]
⊤
, υ = [u, v, w, p, q, r]

⊤
. (1)

where N,E,D denote the NED positions in Earth-fixed co-

ordinates, φ, θ, ψ are the Euler angles, u, v, w are the Body-

fixed linear velocities, and p, q, r are the Body-fixed angular

velocities [5].

B. Vehicle dynamics

Before implementing the GNC algorithms, the design and

modeling of the AUV have been studied using a theoretical

6DoF dynamic model [15]. This dynamic model is based

on nonlinear equations of motion, and its parameters are

obtained from the Girona500. For an underwater vehicle, the

hydrodynamic forces and moments will be due to added mass

and damping, while the hydrostatic forces and moments are

due to weight and buoyancy. This suggests that

Mν̇ + C(ν)ν +D(ν)ν + g(η) = τ. (2)
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Fig. 2. Five-thruster configuration in the AUV: (a) Thrust forces with their
direction for each thruster, (b) Distances from each thruster to the center of
mass of the AUV.

where M is the mass matrix (M =Maddedmass+Mrigidbody),

C presents the centripetal and Coriolis terms, D presents the

damping coefficients, and g presents the vertical forces, which

consist of buoyancy and gravity in body frame.

The actuator forces and moments relate to the control forces

and moments by

τ = Tf. (3)

where T is thrust configuration matrix, and f is the control

forces and moments vector. The thrust configuration matrix T

for the five-thruster configuration considered in this study is

defined as

T =
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. (4)

where ln = [lxn, lyn, lzn] is the distance from the thruster n

to the centre of mass of the AUV. In our case, thrusters are

located as is shown in Fig. 2(b), where thrusters 1 and 2 effects

in surge and yawing, thrusters 3 and 4 in heave and rolling,

and thruster 5 in sway. As thruster 5 is located at the center

of mass, it does not produce any rotational motion.

C. Simulation environment

The dynamic model of the AUV is created in MATLAB-

Simulink using Simscape [16], and it allows designing and

analyzing the modeled control systems by using Simulink

Control Design [17]. In addition, a PID Tuner tool for a

linearized point of the dynamic model is used to obtain the

desired PID controller parameters according to time-response

and transient behavior. Hence, an appropriate GNC can be

designed and analyzed in the same model using a variety of

control systems. The block diagram of the AUV simulation

modeling is shown in Fig. 3, where the blocks for position

and velocity controller contains the respective PID controller

for each motion. The 6DoF dynamic model is included in the

simulation modeling using the Simscape library in MATLAB-

Simulink. Fig. 4 shows the block diagram of the dynamic

model of the AUV.
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Fig. 3. Block diagram of the AUV simulation modeling for the cascade
position and velocity controller. Input is generated by a signal generator for
the four controlled positions (North, East, Depth, and Yaw).
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Fig. 4. Block diagram of the dynamic AUV simulation modeling. Green
blocks are related to Eq. 2, and blue blocks are related to the control
algorithms, including the sensors for position, velocity, and acceleration of
the AUV.

III. SIMPLE AND ADVANCED GNC SYSTEMS

The AUV is controlled in all translational motions (surge,

sway, and heave), and in yaw rotational motion, including a

separate PID controller for each movement. The control and

navigation algorithms for these movements involve two dif-

ferent parts: (i) simple control algorithms (velocity, velocity-

position, and position controllers), and (ii) advanced control

algorithms involving data acquisition and processing from an

underwater sensor.

A. Simple GNC algorithms

The simple GNC algorithms include a velocity control

using a unique PID controller, position control using cascade

controller (position and velocity PID controllers), and position

control using a unique PID controller. PID parameters for all

control algorithms are selected from the dynamic model in

MATLAB/Simulink for certain time response and transient

behavior specifications. The AUV’s pose and velocity are ob-

tained from the default COLA2 navigation module [18], which

uses the NED local coordinate system. This module collects

necessary information from the AUV navigation sensors, and

merge these sensors to obtain accurate position and estimated

velocity.
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Fig. 5. Wall detection using mechanical imaging sonar and split-and-merge
line extraction algorithm. The error and misalignment in the parallel walls are
produced by the echos of the imaging sonar in the water tank.

For the unique PID controllers, the controller receives the

current vehicle’s pose (or velocity) from the COLA2 naviga-

tion module, and the desired pose (or velocity) from the GNC

algorithm. Then, the controller computes the necessary force

and torque in each motion to achieve the desired pose (or

velocity).

For the position control using cascade controller (position

and velocity PID controllers), first, the position controller

Cpos(s) receives the current vehicle’s pose η from the COLA2

navigation module, and the desired pose request ηref from

the path definition message. The position controller’s output

is the necessary velocities to achieve the requested position.

Then, the velocity controller Cvel(s) combines a PID with an

open-loop model-based controller. The desired velocity υref
is obtained from the position controller, while the current

vehicle’s velocity υ is given by the COLA2 navigation module.

The velocity controller computes the necessary force and

torque in each motion τ to achieve the desired velocity.

Once that the necessary force and torque in each motion τ

has been calculated, to obtain the setpoint that each thruster

has to generate f , the received forces and torques are com-

bined using the pseudoinverse T+ of the thrust configuration

matrix T [5]. This relation is defined as

f = T+τ. (5)

B. Advanced GNC algorithms

The advanced GNC algorithm includes wall detection using

the data from the mechanical imaging sonar, which is installed

on top of the AUV. Hence, this advanced algorithm involves

also the data acquisition and processing from an underwater

sensor (imaging sonar), whose implementation is tested in the

wall detection algorithm. This algorithm is used to detect the

waypoints with a constant distance from the wall for the path

following algorithm. Furthermore, the wall detection uses the

sonar point cloud and the split-and-merge algorithm. Fig. 5

shows the results of the split-and-merge algorithm in the water

tank.

Once that all the water tank walls have been identified, one

of them is selected to perform the advanced GNC algorithm.

From the line expression of the identified wall, two waypoints



Algorithm 1 Split-and-merge (adapted from [10])

1: Initial: set s1 consists of N points (obtained from imaging

sonar). Put s1 in a list L.

2: Fit a line to the next set si in L. This line between P1 =
(x1, y1) and P2 = (x2, y2) is defined as

ax+ by + c = 0. (6)

where a = y1 − y2, b = x2 − x1, and c = x1y2 − x2y1
3: Detect point P with maximum distance dp to the line. For

all points (x, y) in the set, dp is defined as

dp = max

( |−ax− by − c|√
a2 + b2

)

. (7)

4: If dp is less than a threshold, continue (go to step 2).

5: Otherwise, split si at P into si1 and si2, replace si in L

by si1 and si2, continue (go to 2).

6: When all sets (segments) in L have been checked, merge

collinear segments according to the given thresholds.

are selected from a constant distance from the wall and

separated by 2 meters. The path-following for these two

waypoints is based on the position control using a unique

PID controller, combined with a switching mechanism. This

switching mechanism is defined as a sphere of acceptance [19],

which selects the next waypoint as a lookahead point if the

position of the AUV lies within a sphere with radius R around

(Nk+1, Ek+1, Dk+1). The sphere of acceptance is defined as

[Nk+1−N(t)]2+[Ek+1−E(t)]2+[Dk+1−D(t)]2 ≤ R2
k+1.

(8)

where, if the time AUV position (N(t), E(t), D(t)) satisfies

Eq. 8, the next waypoint (Nk+1, Ek+1, Dk+1) needs to be se-

lected. Radius R is equal to two AUV lengths (R = 2LAUV ).

C. Modular system for the path planning algorithm

This advanced model uses two different modules for imple-

mentation: wall recognition with path definition, and control.

Each of these two modules runs a separate ROS node in the

system. This approach has been previously studied in [20],

implementing a path-following algorithm in an Unmanned

Surface Vehicle (USV) with a straight-line.

Fig. 6 illustrates this modular architecture with all ROS

topics involved. Also, this schematic defines the necessary

subscribers and publishers of the system. The imaging sonar

module processes the data acquired from the mechanical

imaging sonar and the COLA2 navigation module. This allows

the GNC algorithm to detect the position of the walls around

the AUV and create the necessary waypoints for the path-

following algorithm. This module also checks the position

of the AUV to select the next waypoint to reach in the

trajectory. The control module includes the GNC algorithm,

which generates the required thruster setpoints (based on

the control forces and moments). The Girona500 navigation

system receives these thruster setpoints reaching the desired

AUV position.
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Fig. 6. Schematic of the modular GNC system. The two models are the
modules included in the AUV platform, which are run in separate ROS nodes.
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Fig. 7. System overview of the AUV: High-level (ROS computers), and low-
level control (joystick, thrusters, DVL, AHRS, and mechanical imaging sonar).

IV. EXPERIMENTAL VALIDATION

A. System implementation

The AUV incorporates multiple mechatronic systems to

obtain situational awareness, perform the path-following task,

and control the motions (surge, sway, heave, and yawing) of

the vehicle. All these mechatronic systems used in this study

are shown in Fig. 7. The system can be described as high-

level and low-level control. High-level control contains the

ROS computers, and the low-level control involves the sensors

and actuators of the AUV including mechanical imaging sonar,

DVL, AHRS, depth sensor, thrusters, and joystick controller.

The AUV used in this study is mainly controlled by a Linux

computer that runs MATLAB/Simulink (ROS node), which

is connected to the rest of the instrumentation by a network

switch via Ethernet. This MATLAB/Simulink Linux computer

includes the different GNC algorithms using a Standalone

ROS-node that permits rapid prototyping while testing [21].

This Standalone ROS-node provides a solution for the time-

consuming process of C++ programming, and it is used

for rapid-prototyping of the PID parameters of the motion

controllers in the GNC algorithms. The ROS master runs the

COLA2 navigation system to obtain the necessary data from

the AUV to perform the autonomous tasks and to send the

thruster setpoints commands from the GNC algorithm.
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Fig. 9. Control Scenario I: Girona500 in (a) the simulation and in (b) the
water tank.

The priority control level of this study is shown in Fig. 8,

where the joystick controller is defined as the highest priority

because of safety, being able to stop the AUV movement at

any moment.

B. Experimental results: Control Scenario I

The first test is both simulated and implemented, and it is

related to the simple GNC algorithm described in Subsection

III-A. Fig. 10 shows the model-validation results for the unique

PID controller, one of the simple GNC algorithms developed

in this study. The PID controller uses the same PID control

parameters for both simulation and field-test. As can be seen

in these plots, the settling time is similar in both simulation

and field-test results. However, the overshoot in the field-test

scenario is higher than the simulation case. This difference

proves that the simulation parameters are not completely

accurate, and further study will be needed in this situation.

It will require a more exact simulation modeling with a better

estimation of the dynamic model parameters.

C. Experimental results: Control Scenario II

The implementation for the Control Scenario II is related

to the advanced GNC algorithm described in Subsection

III-B. Fig. 11 outlines the AUV trajectory from this Control

Scenario in 2D and 3D plots, where the AUV follows the

predefined path of two waypoints obtained from the wall

detection algorithm. In addition, Fig. 12 shows the input

control values (North, East, Down, and Yaw) obtained from
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Fig. 10. Control Scenario I: Model-validation results for the unique PID
controller. The plots show the comparison between the simulation and field-
test controlled position variables for (a) North, (b) East, (c) Down, and (d)
Yaw.

-1 -0.5 0 0.5 1 1.5 2

North [m]

-3

-2

-1

0

1

E
a
s
t 
[m

]

AUV trajectory

Waypoint 1

Waypoint 2

(a)

-3

1

-2
D

o
w

n
 [

m
]

1

East [m]

0

North [m]

-1

0
-1 -1

AUV trajectory

Waypoint 1

Waypoint 2

(b)

Fig. 11. Control Scenario II: Two waypoints were selected at a specified
distance from the water tank walls to test the path-following in the advanced
control algorithm: (a) AUV trajectory in 2D, (b) AUV trajectory in 3D.

the GNC algorithm. This Control Scenario has the Yaw DoF

with higher priority than the other DoFs. This Yaw angle is

equal to the slope of the two predefined waypoints, allowing

a continuous path operation. Then, once this angle has been

reached, the AUV moves to the selected waypoints.

V. CONCLUSION AND FUTURE WORK

This article was concerned with the design, modeling,

and implementation of a model-based GNC architecture for

an AUV. This GNC architecture was verified using AUV

simulation modeling, which was based on a theoretical 6DoF

dynamic model with the parameters from the Girona500 AUV.
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Fig. 12. Control Scenario II: Comparison between values from the GNC
algorithm with the field-test data from the AUV in (a) North, (b) East, (c)
Down, and (d) Yaw.

Once the simulation modeling was validated, simple and

advanced GNC algorithms were developed and implemented

in the AUV. The simple GNC algorithm contained three kinds

of PID controllers (velocity, velocity-position, and position),

while the advanced GNC algorithm was enabled with path-

following. This path-following used the waypoints from a wall

detection algorithm using a mechanical imaging sonar. Finally,

the experimental results validated the designed GNC archi-

tecture, with control scenarios for each simple and advanced

algorithms.

Future work will include the comparison of this architecture

with other architectures with different controllers that are not

PID-based, and the complete obstacle avoidance capabilities

will be tested in an open environment. Furthermore, an im-

provement of the current AUV simulation modeling using

system identification techniques will be studied, as well as

design optimization methods for parameter identification.
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