
Representation of New Variable Thrust Vector Underwater Robotic Platform for Complex 

Trajectory Tracking  

Ali Kadkhodaei, Reza Hasanzadeh Ghasemi* 

Mechanical Engineering, Hakim Sabzevari University, Sabzevar 9618676115, Iran 

Corresponding Author Email: r.hasanzadeh@hsu.ac.ir

https://doi.org/10.18280/jesa.540304 ABSTRACT 

Received: 12 October 2020 

Accepted: 6 March 2021 

Underwater robots are integral parts of the marine industry and science. The application 

of the underwater vehicles has increased with the development of the activities in deep 

sea. This paper considers the dynamics modeling, control and simulation of a new tilt 

thruster underwater vehicle. The presented robot has four thrusters with variable thrust 

vectoring which are able to control six degrees of freedom. This underwater vehicle, by 

using two perpendicular servo motors for each thruster, provides independent and time 

variable orientation for each thruster. Change the thruster orientation as a function of time 

making it possible to move simultaneously to different directions and increase hovering 

ability. High maneuverability is an important advantage of this underwater vehicle. To 

demonstration of underwater robot ability to track the complex trajectory, in this paper a 

wide variety of paths are considered. In this paper, the robustness of the system under 

disturbances and parameters uncertainty are examined.  
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1. INTRODUCTION

Although more than 70 percent of earth's surface is covered 

by water, less than 10 percent of the oceans and seas have been 

explored. In recent decades with population growth, the need 

for new energy sources is observed more than ever, this is 

while sea is a vast supply of energy and mineral resources [1, 

2]. 

In recent years, autonomous underwater vehicles (AUV) 

have shown their position as the most important tool in depth-

search of the seas, more than the past. Even today, the research 

and industrial centers all around the world working in the field 

of hydrodynamics have special attention to design, production 

and development of this kind of underwater devices. In fact, 

AUV is a kind of underwater robot moves using propulsion 

system and is steered and controlled by a mounted command 

processor [3].  

The processing system receives environmental data by 

employing sensors and provides appropriate guidelines with 

respect to the desired objectives in order to complete the 

mission. Following a pre-defined path  can be used in 

exploration of offshore oil fields, research in deep sea areas, 

extraction of undersea resources, oceanography mapping and 

water pipelines evaluation  [4, 5].  

1.1 Background of using variable thrust vectoring in 

underwater vehicles 

Eskesen et al. [6] proposed a rotating thruster unit (RTU) 

for their robot, Odyssey IV. This robot can reduce the number 

of thrusters and enables more payload space. Odyssey IV’s 

propulsion system provides four degrees of freedom (DOF) 

control. Two of the thrusters for motion in sway and yaw and 

two another of the thrusters can be rotated to provide the 

desired force vector in surge and heave. The Nereus robot has 

a similar mechanism [7]. The Nereus has fixed main thrusters, 

and a tilting thruster is an auxiliary mechanism that is used for 

sailing modes. Recently, a thrust-vectoring mechanism was 

developed [8]. The mechanism can perform propulsion and 

steering motion with only one thruster, but hovering motion is 

not possible. These robots do not use full set of tilting thrusters 

to achieve six DOF control. In 2010 Lopez et al. [9] presented 

a description of the design, modeling and control of a quad-

tilting thruster micro AUV. The detailed dynamic model of 

this vehicle is deduced via the Euler-Lagrange formulation. 

They used a saturation-based control algorithm to stabilize the 

three DOF rotational dynamic system around the origin. In 

2014 Jin et al. [10] introduced an underwater robotic platform 

with a tilting thruster mechanism for hovering motion. They 

designed a selective switching controller which divides the six 

DOF system into three DOF subsystems, and switched 

between sub controllers according to the error in real time. 

Thrusters could only switch between 0 and 90 degrees. When 

thrusters tilted in the vertical configuration, the robot could 

only control three DOF (in the z, roll, and pitch directions). 

Similarly, when the thruster configuration was horizontal, the 

robot could only control three DOF (in the x, y, and yaw 

directions). Due to frequent switching of the thruster 

configuration, the control of the six degrees of freedom will be 

along with error and robot depreciation. This paper has 

presented a robotic platform that with continuous and 

independent orientation of each thruster will be able to 

simultaneously control six degrees of freedom. 

1.2 Dynamics and control techniques 

The equations of underwater vehicle were derived the first 

time by Gertler and Hagen in 1967 [11]. In later years, 

researchers like Yuh [12], Nahon [13] and Conte and Serrani 

[14] began the dynamic modeling of underwater vehicle. In the

Journal Européen des Systèmes Automatisés 
Vol. 54, No. 3, June, 2021, pp. 411-421 

Journal homepage: http://iieta.org/journals/jesa 

411

https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.540304&domain=pdf


 

field of underwater robot control, researchers like Yuh and 

Holley [15], Fossen [16], Antonelli et al. [17], Zilouchian and 

Jamshidi [18] are pioneers. One of the primary problems of 

dynamic modeling and control of underwater robots arises 

from their special working environment. The unique physical 

and mechanical properties of water, creates several problems, 

including multiple forces in various directions, non-linear and 

time-varying behavior of the system, approximate robot 

shape-speed dependent hydrodynamic coefficients and 

external disturbances. This caused that, several control 

methods to be designed and implemented for different tasks, 

each of which has its own specific strengths and weaknesses. 

Frequently underwater robots controlled by classic control 

methods, such as PID controller. However, in recent years, 

some more novel control methods like robust adaptive control, 

fuzzy logic control, and neural network control; linear 

quadratic Gaussian controller, sliding mode controller and 

state space control have become conventional [19, 20]. 

Since PID controller has easy implementation, it has great 

popularity [21]. Prestero [22], Pyo et al. [23] and Choi et al. 

[24] are among those who used PID controllers. In this paper, 

PID controller will be used to control proposed robotic 

platform. 

 

1.3 Degrees of freedom of underwater vehicle 

 

An underwater vehicle has six degrees of freedom including 

transitional movements in three directions and rotational 

movements around each of three axes according to the Figure 

1. Usually, two types of coordinate systems are used to 

describe the kinematics and dynamics of the body that includes 

the earth coordinate system (ECS) frame and the body-fixed 

coordinate system that is connected to the body (Figure 1).  

 

 

 
 

Figure 1. Coordinate systems and definition of variables for general motion of the vehicle in six degrees of freedom 

 

 

2. VEHICLE MODELLING 

 

The general dynamic equation of the underwater vehicle 

with six degrees of freedom as follow: 

 

𝑀�̇� + 𝐶(𝑣)𝑣 + 𝐷(𝑣)𝑣 + 𝑔() = 𝑐 + 𝑒  (1) 

 

This equation is based on the body-fixed reference frame 

attached to the underwater vehicle. Here “” is linear and 

angular velocity with respect to body coordinate system and 

“” is linear and angular position with respect to the inertial 

coordinate system.  

Matrix M consists of two semesters MRB (rigid body) and 

MADD (added mass) are defined as follow: 

 

𝑀 = 𝑀𝑅𝐵 +𝑀𝐴𝐷𝐷 (2) 

𝑀𝐴𝐷𝐷 =

(

 
 
 
 

𝑋�̇� 𝑋�̇� 𝑋�̇� 𝑋�̇� 𝑋�̇� 𝑋�̇�
𝑌�̇� 𝑌�̇� 𝑌�̇� 𝑌�̇� 𝑌�̇� 𝑌�̇�
𝑍�̇� 𝑍�̇� 𝑍�̇� 𝑍�̇� 𝑍�̇� 𝑍�̇�
𝐾�̇� 𝐾�̇� 𝐾�̇� 𝐾�̇� 𝐾�̇� 𝐾�̇�
𝑀�̇� 𝑀�̇� 𝑀�̇� 𝑀�̇� 𝑀�̇� 𝑀�̇�
𝑁�̇� 𝑁�̇� 𝑁�̇� 𝑁�̇� 𝑁�̇� 𝑁�̇�)

 
 
 
 

 

 

𝑀𝑅𝐵 =

(

 
 
 
 

𝑚 0 0 0 𝑚𝑧𝐺 −𝑚𝑦𝐺
0 𝑚 0 −𝑚𝑧𝐺 0 𝑚𝑥𝐺
0 0 𝑚 𝑚𝑦𝐺 −𝑚𝑥𝐺 0
0 −𝑚𝑧𝐺 𝑚𝑦𝐺 𝐼𝑥 −𝐼𝑥𝑦 −𝐼𝑥𝑧
𝑚𝑧𝐺 0 −𝑚𝑥𝐺 −𝐼𝑥𝑦 𝐼𝑦 −𝐼𝑦𝑧
−𝑚𝑦𝐺 𝑚𝑥𝐺 0 −𝐼𝑥𝑧 −𝐼𝑦𝑧 𝐼𝑧 )
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Matrix C is known as coriolis or centripetal matrix is 

defined as follow: 

 

𝐶() = 𝐶𝑅𝐵() + 𝐶𝐴𝐷𝐷() (3) 

 

𝐶𝑅𝐵() = (
03×3 𝐶12()

−𝐶12
𝑇 () 𝐶22()

) 

𝐶12()

= (

𝑚(𝑦𝐺𝑞 + 𝑧𝐺𝑟) −𝑚(𝑥𝐺𝑞 − 𝑤) −𝑚(𝑥𝐺𝑅 + 𝑣)
−𝑚(𝑦𝐺𝑞 + 𝑤) 𝑚(𝑧𝐺𝑟 + 𝑥𝐺𝑝) −𝑚(𝑦𝐺𝑟 − 𝑢)

−𝑚(𝑧𝐺𝑝 − 𝑣) −𝑚(𝑧𝐺𝑞 + 𝑢) 𝑚(𝑥𝐺𝑝 + 𝑦𝐺𝑞)
) 

𝐶22()

= (

0 −𝐼𝑦𝑧𝑞 − 𝐼𝑥𝑧𝑝 + 𝐼𝑧𝑟 𝐼𝑦𝑧𝑟 + 𝐼𝑥𝑦𝑝 − 𝐼𝑦𝑞

𝐼𝑦𝑧𝑞 + 𝐼𝑥𝑧𝑝 − 𝐼𝑧𝑟 0 −𝐼𝑥𝑧𝑟 − 𝐼𝑥𝑦𝑞 + 𝐼𝑥𝑝

−𝐼𝑦𝑧𝑟 − 𝐼𝑥𝑦𝑝 + 𝐼𝑦𝑞 𝐼𝑥𝑧𝑟 + 𝐼𝑥𝑦𝑞 − 𝐼𝑥𝑝 0
) 

 

CADD() =

(

 
 
 

0 0 0 0 −𝑎3 𝑎2
0 0 0 𝑎3 0 −𝑎1
0 0 0 −𝑎2 𝑎1 0
0 −𝑎3 𝑎2 0 −𝑏3 𝑏2
𝑎3 0 −𝑎1 𝑏3 0 −𝑏1
−𝑎2 𝑎1 0 −𝑏2 𝑏1 0 )

 
 
 

 

 

𝑎1 = 𝑋�̇�𝑢 + 𝑋�̇�𝑣 + 𝑋�̇�𝑤 + 𝑋�̇�𝑝 + 𝑋�̇�𝑞 + 𝑋�̇�𝑟 

𝑎2 = 𝑋�̇�𝑢 + 𝑌�̇�𝑣 + 𝑌�̇�𝑤 + 𝑌�̇�𝑝 + 𝑌�̇�𝑞 + 𝑌�̇�𝑟 

𝑎3 = 𝑋�̇�𝑢 + 𝑌�̇�𝑣 + 𝑍�̇�𝑤 + 𝑍�̇�𝑝 + 𝑍�̇�𝑞 + 𝑍�̇�𝑟 

𝑏1 = 𝑋�̇�𝑢 + 𝑌�̇�𝑣 + 𝑍�̇�𝑤 + 𝐾�̇�𝑝 + 𝐾�̇�𝑞 + 𝐾�̇�𝑟 

𝑏2 = 𝑋�̇�𝑢 + 𝑌�̇�𝑣 + 𝑍�̇�𝑤 + 𝐾�̇�𝑝 + 𝑀�̇�𝑞 +𝑀�̇�𝑟 

𝑏3 = 𝑋�̇�𝑢 + 𝑌�̇�𝑣 + 𝑍�̇�𝑤 + 𝐾�̇�𝑝 + 𝑀�̇�𝑞 + 𝑁�̇�𝑟 

 

Matrix MADD and CADD obtained according analysis 

methods based on potential theory [25]. Matrix D including 

hydrodynamic forces is as follow: 

 

𝐷(𝑉) = −diag(𝑋𝑢 + 𝑋𝑢|𝑢||𝑢|, 𝑌𝑣 + 𝑌𝑣|𝑣||𝑣|, 𝑍𝑤
+ 𝑍𝑤|𝑤||𝑤|, 𝐾𝑝 + 𝐾𝑝|𝑝||𝑝|,𝑀𝑞
+𝑀𝑞|𝑞||𝑞|, 𝑁𝑟 + 𝑁𝑟|𝑟||𝑟|) 

(4) 

 

Assuming the robot is fully immersed, the drag coefficient 

of linear speed obtained by ANSYS simulation software and 

drag coefficients of rotational speed obtained from the 

analytical method [26]. Matrix 𝑔 consists of the gravity and 

buoyancy force. Here, the gravity and buoyancy vector 𝑔(𝜂) 
can be negligible because the presented robot has neutral 

buoyancy and center of gravity coincide with the center of 

buoyancy. Vector 𝜏𝑐  represents the control forces and torques 

vector that is created by thrusters and 𝜏𝑒 shows external forces 

and torques known as disturbance on the system. 

 

 

3. NEW TILT THRUSTER UNDERWATER ROBOT 

CONFIGURATION  

 

Most underwater robots that can control six degrees of 

freedom, for hovering motion need an over actuated 

mechanism with eight fixed thrusters [27, 28]. The number of 

thrusters affects the capacity of the power supply, and a large 

power supply adds more weight to an underwater robot. This 

paper presents a specific type of tilt thruster underwater 

vehicle with 4 thrusters that the orientation of each of them is 

as a function of time allowing simultaneously control of six 

degrees of freedom. Mechanisms used to change the 

orientation of thrusters can be parallel robots mechanisms or 

multi directional thrust vector system (MTVS) [8] or two 

perpendicular servo motors. Here, a robotic platform is 

introduced which the orientation of each thruster is controlled 

by two perpendicular servo motors (Figure 2). 

Change the thruster orientation as a function of time making 

it possible to move simultaneously to different directions and 

increase hovering ability. The Figure 3 shows how the rotation 

of servo motors impact on the orientation of thrust vector. 

 

 
 

Figure 2. New tilt thruster with two servo motors for each 

thruster 

 

 
 

Figure 3. Thrust vector orientation with respect to the local 

coordinate system 

 

As shown in Figure 3, the rotation of the first servo motor 

with angle 𝜑1 around the y-axis and rotation of second servo 

motor with angle 𝜑2  around the z-axis, thrust vector 

orientation with respect to local coordinate system is 

according to Figure 3. Relationships between 𝜃1, 𝜃2, 𝜃3 with 

𝜑1, 𝜑2 are based on following equations. 

 

1 = Cos
−1(cos(

1
) Cos(

2
)) 

2 = Cos
−1(cos(

1
) Sin(

2
)) 

3 =
Π

2
− 

1
 

(5) 

 

The relationship between c  and forces created by the 

thrusters is: 

 

𝑐 =  𝐵(1, 2, 3) [

𝑓1
𝑓2
𝑓3
𝑓4

] (6) 

 

where, matrix B is: 
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𝐵 =

(

 
 
 
 
 

𝑐(1)1 𝑐(1)2 𝑐(1)3 𝑐(1)4
𝑐(2)1 𝑐(2)2 𝑐(2)3 𝑐(2)4
𝑐(3)1 𝑐(3)2 𝑐(3)3 𝑐(3)4

−
𝑤

2
𝑐(3)1 −

𝑤

2
𝑐(3)2

𝑤

2
𝑐(3)3

𝑤

2
𝑐(3)4

−
𝑙

2
𝑐(3)1

𝑙

2
𝑐(3)2

𝑙

2
𝑐(3)3 −

𝑙

2
𝑐(3)4

𝑎 𝑏 𝑐 𝑑 )

 
 
 
 
 

 

𝑎 =
𝑤

2
𝑐(1)1 +

𝑙

2
𝑐(2)1 

𝑏 =
𝑤

2
𝑐(1)2 −

𝑙

2
𝑐(2)2 

𝑐 = −
𝑤

2
𝑐(1)3 −

𝑙

2
𝑐(2)3 

𝑑 = −
𝑤

2
𝑐(1)4 +

𝑙

2
𝑐(2)4 

 

In these equations 𝑐 is abbreviation of 𝑐𝑜𝑠.  

 

3.1 Control of new tilt thruster underwater robot 

 

After the implementation of nonlinear coupled dynamic 

model of robot in MATLAB software and providing an 

algorithm for the calculation, control inputs must be created 

by each of thrusters. Orientation of each thruster is determined 

by comparing of real trajectory with desired trajectory of 

underwater robot. PID controller is used to control of each of 

the degrees of freedom of the robot.  

 

 

4. RESULTS AND DISCUSSION 

 

To demonstration of underwater robot ability to track the 

complex trajectory, in this section a wide variety of paths are 

considered. 

 

4.1 Helical motion 

 

 
 

Figure 4. Helical motion of new variable thrust vector 

underwater vehicle 

 

The underwater robots can be used to inspect the 

underwater constructions [29, 30]. For the inspection of a 

cylindrical tank under the sea, this new tilt thruster underwater 

vehicle with helical motion can be used, that require 

simultaneously control of surge, sway and heave. For this 

motion, sinusoidal desired path is considered for surge and 

cosine desired path for sway. 
 

𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑟𝑠𝑖𝑛 (𝜔𝑡) 
𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑟𝑐𝑜𝑠 (𝜔𝑡) 

𝑧𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑎𝑡   , 𝑎 = .25, 𝑟 = 2, 𝜔 = 𝜋/10 

(7) 

 

In Figure 4, the underwater vehicle motion in the helical 

trajectory is observed. In Figure 5 surge, sway and heave 

velocities are shown. In Figure 6, thrust forces and in Figure 7, 

rotation of servo motors is determined. F1, F2, F3 and F4 are 

the forces of thruster 1, thruster 2, thruster 3 and thruster 4, 

respectively 
 

 
a) Surge velocity 

 
b) Sway velocity 

 
c) Heave velocity 

 

Figure 5. Surge, sway and heave velocities of underwater 

vehicle for helical motion 
 

 
 

Figure 6. Thruster forces for helical motion 
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Thruster 1-servo 1 

 
Thruster 1-servo 2 

 
Thruster 2-servo 1 

 
Thruster 2-servo 2 

 
Thruster 3-servo 1 

 
Thruster 3-servo 2 

 
Thruster 4.servo 1 

 
Thruster 4-servo 2 

 

Figure 7. Servo motors rotation of thrusters for helical 

motion 

 

4.2 Toroidal spiral motion 

 

Now, complex motion is considered. In this motion, 

underwater torus shape is considered, which is inspected by 

robot. This torus has a diameter of 1 𝑚 and radius of the center 

line is 3 𝑚.  

 

𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = cos(𝜔𝑡) (𝑏 + asin(𝑐𝜔𝑡)) 𝑓𝑜𝑟 𝑆𝑢𝑟𝑔𝑒 

𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = sin(𝜔𝑡) (𝑏 + asin(𝑐𝜔𝑡)) 𝑓𝑜𝑟 𝑆𝑤𝑎𝑦 

𝑧𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑎 cos(𝑐𝜔𝑡)  𝑓𝑜𝑟 𝐻𝑒𝑎𝑣𝑒, 𝑎 = 1, 
b = 3, c = 15, 𝜔 = 0.04 

(8) 

 

In Figure 8, the underwater vehicle motion in the Toroidal 

spiral trajectory is observed. New tilt thruster robot can move 

in toroidal spiral curve. In Figure 9 surge, sway and heave 

velocities are shown. In Figure 10, thrust forces and in Figure 

11, rotation of servo motors is determined. 

 

 
 

Figure 8. Toroidal spiral motion of new variable thrust 

vector underwater vehicle 
 

 
a) Surge velocity 

 
b) Sway velocity 

 
c) Heave velocity 

 

Figure 9. Surge, sway and heave velocities of underwater 

vehicle for Toroidal spiral motion 
 

 
 

Figure 10. Thruster forces for Toroidal spiral motion 
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Thruster 1-servo 1 

 
Thruster 1-servo 2 

 
Thruster 2-servo 1 

 
Thruster 2-servo 2 

 
Thruster 3-servo 1 

 
Thruster 3-servo 2 

 
Thruster 4-servo 1 

 
Thruster 4-servo 2 

 

Figure 11. Servo motors rotation of thrusters for toroidal 

spiral motion 

 

4.3 Loxodrome motion   

 

To inspect an underwater spherical tank with a radius of 

1 𝑚, this robot is used that able to moves in the direction of 

loxodrome curve for 2 𝑚𝑖𝑛 and 37 𝑠𝑒𝑐 to do a full scan.  

 

𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑟𝑠𝑖𝑛(𝑤𝑡) cos(𝑐𝑤𝑡)  𝑓𝑜𝑟 𝑆𝑢𝑟𝑔𝑒 

𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑟𝑠𝑖𝑛(𝑤𝑡) sin(𝑐𝑤𝑡)  𝑓𝑜𝑟 𝑆𝑤𝑎𝑦 

𝑧𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑟 cos(𝑤𝑡)  𝑓𝑜𝑟 𝐻𝑒𝑎𝑣𝑒 , 𝑟 = 1.5 , c
= 20, 𝑤 = 0.02 

(9) 

 

In Figure 12, the robot motion in the specified path is 

observed. In Figure 13, the surge, sway, heave velocity are 

shown. In Figure 14 thrust forces and in Figure 15 rotations of 

servo motors of thrusters is determined. 

 

 
 

Figure 12. Loxodrome motion of underwater vehicle 
 

 
a) Surge velocity 

 
b) Sway velocity 

 
c) Heave velocity 

 

Figure 13. Surge, sway and heave velocities of underwater 

vehicle for loxodrome motion 
 

 
 

Figure 14. Thruster forces for loxodrome motion 
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Thruster 1-servo 1 

 
Thruster 1-servo 2 

 
Thruster 2-servo 1 

 
Thruster 2-servo 2 

 
Thruster 3-servo 1 

 
Thruster 3-servo 2 

 
Thruster 4-servo 1 

 
Thruster 4-servo 2 

 

Figure 15. Servo motors rotation of thrusters for loxodrome 

motion 
 

4.4 Simultaneously control of surge, sway, heave, roll, yaw 

and pitch with variable inputs 
 

Here, the general-complex motion of the robot is considered. 

All six degrees of freedom are controlled simultaneously with 

different inputs. The following trajectory is considered: 
 

𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 2𝑟𝑐𝑜𝑠(𝑤𝑡/2)
2 

𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 2𝑟𝑠𝑖𝑛(𝑤𝑡/2) cos(𝑤𝑡/2)    
𝑧𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 2𝑟𝑠𝑖𝑛(𝑤𝑡/2)  , 𝑤 = π/10, 𝑟 = 1 

(10) 

 

The combination of these 3 moves creates Viviani curve. 

The Viviani curve is the intersection of a sphere of radius 2𝑟 

with a cylinder of radius 𝑟 that is tangent to the sphere and 

passes through the center of the sphere (Figure 16). 

Also, it is considered: 
 


𝑑𝑒𝑠𝑖𝑟𝑒

= (𝜋 2⁄ ) sin(𝑤𝑡) 𝑓𝑜𝑟 𝑟𝑜𝑙𝑙 𝑎𝑛𝑔𝑙𝑒 

𝑑𝑒𝑠𝑖𝑟𝑒 = (𝜋 3⁄ )𝑠𝑖𝑛(𝑤𝑡) 𝑓𝑜𝑟 𝑝𝑖𝑡𝑐ℎ 𝑎𝑛𝑔𝑙𝑒 


𝑑𝑒𝑠𝑖𝑟𝑒

= (𝜋 2⁄ )𝑠𝑖𝑛(𝑤𝑡)𝑓𝑜𝑟 𝑦𝑎𝑤 𝑎𝑛𝑔𝑙𝑒, 𝑤

= 𝜋/10 

(11) 

 

Simulation results are shown by the Figure 17. 

  
 

Figure 16. Viviani curve as complex trajectory 

 

 
a) position 

 
b) Roll 

 
c) Pitch 

 
d) Yaw 

 

Figure 17. Comparison of desired orientation and position 

with orientation and position of simulation for Viviani curve 
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In Figure 18  surge, sway, heave, roll, pitch and yaw 

velocities are shown. In Figure 19  thrust forces and in Figure 

20 rotation of servo motors of thrusters are determined. 

The tracking of these complex trajectories demonstrates the 

flexibility and powerful of the new variable thrust vector 

underwater vehicle. Therefor this underwater vehicle can be 

used for underwater complex missions and operations.  

This paper has presented a robotic platform that with 

continuous and independent orientation of each thruster will 

be able to simultaneously control six degrees of freedom. In 

this platform, the orientation of each thruster is controlled by 

two perpendicular servo motors. While, ODYSSEY-IV [6] 

provides four degrees of freedom control; the Nereus [7] has 

fixed main thrusters; hovering motion is not possible for the 

thrust-vectoring mechanism in the ref. [8]; thrusters could only 

switch between 0 and 90 degrees in underwater robotic 

platform presented in the ref. [10], that, due to frequent 

switching of the thruster configuration, the control of the six 

degrees of freedom will be along with error and robot 

depreciation; most underwater robots, that can control six 

degrees of freedom, need an over actuated mechanism with 

eight fixed thrusters [27, 28]. Underwater vehicle proposed in 

current paper presents a specific type of tilt thruster 

underwater vehicle with four thrusters that the orientation of 

each of them is as a function of time allowing simultaneously 

control of six degrees of freedom.  

 

 
a) Surge velocity 

 
b) Sway velocity 

 
c) Heave velocity 

 
d) Roll rate 

 
e) Pitch rate 

 
f) Yaw rate 

 

Figure 18. Surge, sway, heave, roll, pitch and yaw velocities 

of underwater vehicle for Viviani curve motion 

 

 
 

Figure 19. Thruster forces for Simultaneously control of 

surge, sway, heave, roll, yaw and pitch 

 

 
Thruster 1-servo 1 

 
Thruster 1-servo 2 
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Thruster 2-servo 1 

 
Thruster 2-servo 2 

 
Thruster 3-servo 1 

 
Thruster 3-servo 2 

 
Thruster 4-servo 1 

 
Thruster 4-servo 2 

 

Figure 20. Servo motors rotation of thrusters for 

Simultaneously control of surge, sway, heave, roll, yaw and 

pitch 

 

 

5. EVALUATION OF ROBUSTNESS IN THE 

PRESENCE OF UNDERWATER DISTURBANCE AND 

UNCERTAINTY OF THE HYDRODYNAMICS 

COEFFICIENTS 

 

The disturbances are caused by underwater flow or forces 

and moments created by mechanical manipulator mounted on 

the robotic platform. For evaluation of robustness in the 

presence of disturbances, forces and moments disturbances are 

considered as Figure 21. As shown in Figure 21 forces and 

moment disturbance are applied within 10 to 24 seconds and 

they overlap each other. 

Thrust forces created under the disturbance are shown in 

Figure 22. Comparison between X, Y and Z desired and X, Y 

and Z simulation and comparison between Roll, Pitch and 

Yaw desired and Roll, Pitch and Yaw simulation under the 

disturbance are shown in Figure 23. 

 

 

 
 

Figure 21. Force and moment disturbances 

 

 
 

Figure 22. Thrust forces created under the disturbance 
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Figure 23. Comparison between X, Y, Z, Roll, Pitch and 

Yaw desired and X, Y, Z, Roll, Pitch and Yaw simulation 

 

These results have shown that the system and controller are 

robust against environmental disturbances. 

For evaluation robot controller resistance against 

uncertainty of hydrodynamic parameters, it is assumed that, in 

the worst case, hydrodynamic coefficients obtained from the 

laboratory to 100% is incompatible with real values, thus 

increasing the hydrodynamic coefficients to 100% and the 

robustness of the controller is evaluated. 

 

 
 

Figure 24. Helical motion by considering 100% of the 

difference between laboratory coefficients with actual values 

 
 

Figure 25. Thruster forces by considering 100% of the 

difference between laboratory coefficients with actual values 

 

Therefore, by placement 2×MADD instead of MADD and 

2×CADD instead of CADD and 2×D instead of D in dynamic 

equations in helical motion Figure 24 is obtained.  

By comparing the Figures 24 and 25 with Figure 4 and 6 

identified that the error rate increased slightly and thruster 

forces increased about 7 N. Since these changes are very small, 

therefore, it can be said that this system and controller is robust 

against uncertainty of hydrodynamic parameters. 

 

 

6. CONCLUSION 

 

This paper presented specific types of underwater robotic 

platform having four thrusters with variable thrust vectoring 

which each thruster includes two perpendicular servo motors. 

Independent time-varying orientation of each thruster made it 

possible to simultaneously control up to six degrees of 

freedom that results in high maneuverability in comparing the 

other underwater vehicles, so that this new tilt thruster 

underwater vehicle can track the complex trajectories. Also, 

system and controller are investigated under environmental 

disturbances and uncertainty of hydrodynamic parameters, 

and the robustness is demonstrated. Capabilities and 

advantages of this new robot allow using in underwater 

structures and many applications.  
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