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Abstract: In this paper, a centralized control system is designed for the two HAUVs undertaking underwater 

transportation of a spherical payload via cylindrical manipulators. First, the nonlinear coupled dynamic model is 

developed considering the rigid body connection method for transportation. The effect of the hydrodynamic, 

hydrostatic and thrust parameters are taken about the centre of the combined body i.e. the centre of payload. Path 

trajectory is generated using the minimum snap trajectory algorithm. The trajectory is divided into segments for 

each directional motion which is further divided into the waypoints based on the time step of the duration. The 

path between two waypoints is represented by a 7th order polynomial. The centralized control system is designed 

to follow the desired trajectory. The control system is designed using PID controllers for the motion control in 

each direction. The main technical requirements are the stability of the payload, accurate trajectory tracking and 

robustness to overcome uncertainties. Stability cannot be compromised because of the rigid connection between 

the vehicles and the payload, whereas, tracking is given a tolerance of ±5%. Transportation task is observed for 

the desired motion in the horizontal plane. The time domain motion simulation results show that the desired 

trajectory has been accurately followed by the combined system while meeting the technical requirements.  

Keywords: Rigid body connection, Nonlinear coupled dynamic model, hydrodynamics, path trajectory,  

waypoints, PID controller, tracking. 

 

1. INTRODUCTION 

Unmanned Underwater Vehicles (UUVs) have been 

increasingly used in underwater operations [1]. They can be 

used in conditions and can perform tasks which are difficult 

for humans [2]. Moreover, this can help to reduce risk on 

human life in dangerous operations [3]. However, these 

vehicles are small and have less capacity, and therefore, are 

not feasible to be used stand alone. Hence, multiple UUVs are 

considered which can provide advantages such as transporting 

larger loads, flexibility in the number of vehicles used and fault 

tolerance [4]. 

The two main types of UUVs are Remotely Operated Vehicle 

(ROV) and Autonomous Underwater Vehicle (AUV). ROV is 

mainly considered a tethered vehicle which is connected via 

umbilical cable for transferring power and communication [5]. 

AUV, on the other hand, is an untethered vehicle which 

contains its own power and controls itself while accomplishing 

a pre-defined task [6]. Conventional AUVs are stable at high 

speed. However, in recent years, AUVs have been developed 

for the slow operations which are called hovering AUVs 

(HAUVs) [7]. Moreover, ROVs can also be modified to 

operate autonomously. In this work, Minerva ROVs are 

modified to operate as HAUVs for payload transportation. 

Underwater transportation using multiple UUVs can be 

beneficial in many applications. For instance, it is vital in 

military applications such as the transportation of emergency 

damage repair kit to reach the damaged submarine in deep 

waters or the transportation of equipment for the destruction of 

identified mines. Moreover, it can be used for short range 

transportation of a damaged submarine to safe waters. The 

other important field where underwater transportation could be 

useful is the oil and gas industry [8]. The extraction rigs which 

are required to be installed on the seabed could be transported 

underwater and installed in position with precision. Moreover, 

during the construction of offshore platforms, the underwater 

structural members could be transported using multiple 

underwater vehicles and installed in position. 

Widespread research has been conducted on transportation 

using multiple land and aerial vehicles. The three methods are 

deduced i.e. rigid body connection, flexible connection and 

formation keeping using formation control strategy. In the 

rigid body connection, the vehicles and the payload are rigidly 

connected through manipulators. For mathematical modelling, 

a dynamic model is developed for the entire system 

considering it a single rigid body [9]. In the flexible connection 

method, a configuration is established for the vehicles such 

that the payload is in static equilibrium at the desired position 



 

 

 

 

 

and orientation (pose) keeping in consideration the constraints 

on cable tension and the payload stability [10].  In the 

formation keeping approach, the vehicles maintain a formation 

relative to the payload while transporting it towards the target 

location. The formation is maintained by means of 

communication between the vehicles and the payload [11].  

The underwater environment is complex compared to land and 

air, making the implementation of the above mentioned multi-

vehicular transportation methods quite challenging. For the 

land vehicles, the only significant term considered in analysing 

the motion response is friction, while for the aerial vehicles, 

gravity is considered the only dominant term [10]. The 

aerodynamic terms which could have made the analysis quite 

challenging are ignored due to their less significant values 

resulting from the small values of density and viscosity of air. 

On the other hand, underwater vehicles experience some 

substantial parameters such as the hydrodynamic parameters 

which consist of the added mass and the damping terms, and 

the hydrostatic parameters which are influenced by the 

significant buoyancy effect. Moreover, underwater dynamics 

is highly nonlinear and coupled.  

2. NONLINEAR COUPLED DYNAMIC MODEL 

For the design of a control system, the dynamic model is first 

developed. Dynamic model is a mathematical representation 

of the actual system which is represented by the equations of 

motion and includes the rigid body kinematics and kinetics. 

This saves the cost of experiments as well as time to evaluate 

different conditions and situations.  

The dynamic model can be developed either nonlinear or 

linear. In this paper, a nonlinear coupled dynamic model is 

preferred due to its accurate representation of the actual 

system. However, this requires calculation of several 

parameters as well as complicates the development of dynamic 

model compared to the linear model. Moreover, higher control 

gains are required of the controllers in the control system 

design to get the desired motion response while following a 

trajectory. The dynamic model is developed following the 

approach used by Thor I. Fossen [12].  

2.1  Reference frames 

The reference frames are first defined i.e. body-fixed and 

earth-fixed as shown in Figure 1. The velocity and force terms 

are represented in the body-fixed frame, whereas, positions 

and orientations are represented in the earth-fixed frame. To 

get full advantage of the geometric aspects of the body, all the 

parameters are transformed about the centre of body (O).  

 
Figure 1: Reference frames [13] 

The positions in surge, sway and heave are represented by 𝑥, 𝑦 

and 𝑧, whereas, orientations in roll, pitch and yaw are denoted 

by 𝜙, 𝜃 and 𝜓 respectively. Moreover 𝑢, 𝑣 and 𝑤 are the 

translational velocities in surge, sway and heave, whereas, 𝑝, 𝑞 

and 𝑟 are the angular velocities in roll, pitch and yaw 

respectively. Similarly, 𝑋, 𝑌 and 𝑍 are the forces in surge, sway 

and heave, whereas, 𝐾,𝑀 and 𝑁 are the moments in roll, pitch 

and yaw respectively. Right hand rule is applied such that 

surge is positive forward, sway is positive right, and heave is 

positive down.  

2.2  Assumptions 

The assumptions taken in the development of dynamic model 

are 1) vehicle is a rigid body i.e. the distance between any mass 

particle on the body and the centre of body does not change by 

the application of forces [14]. Therefore, there is no force 

variation between the mass particles 2) mass and its 

distribution do not change during the operation of the vehicle. 

3) vehicle is deeply submerged so the wave effects are ignored. 

4) interaction effects with other bodies are ignored. 5) Sea 

currents are ignored. Moreover, assumptions are made while 

calculating the hydrodynamic parameters using the empirical 

data. For instance, DNV standards are used which assumes that 

the vehicle has 3 planes of symmetry and two of the three sides 

are equal in dimension or the difference is up to 10% [15]. 

These assumptions bring about uncertainties in the dynamic 

model which require the design of a robust control system. 

2.3  Development of dynamic model 

Due to the use of same Minerva HAUVs and manipulators, 

which are attached to the spherical payload in the centre, the 

combined system has three planes of symmetry. The product 

of inertia and hydrostatic moment terms are zero. Moreover, 

only the diagonal hydrodynamic parameters are considered. 

The nonlinear coupled equations of motion in 6 DOF of the 

combined system is shown as [12] 

 

 



 

 

 

 

 

(𝑚 − 𝑋�̇�)�̇� + 𝑚(𝑤𝑞 − 𝑣𝑟) − 𝑍�̇�𝑤𝑞 + 𝑌�̇�𝑣𝑟 − 𝑋𝑢𝑢
− 𝑋𝑢|𝑢|𝑢|𝑢| + (𝑊 − 𝐵)𝑠𝑖𝑛𝜃 = 𝜏𝑋 , 

 
(𝑚 − 𝑌�̇�)�̇� + 𝑚(𝑢𝑟 − 𝑤𝑝) + 𝑍�̇�𝑤𝑝 − 𝑋�̇�𝑢𝑟 − 𝑌𝑣𝑣

− 𝑌𝑣|𝑣|𝑣|𝑣| − (𝑊 − 𝐵)𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙 = 𝜏𝑌 , 

 
(𝑚 − 𝑍�̇�)�̇� + 𝑚(𝑣𝑝 − 𝑢𝑞) − 𝑌�̇�𝑣𝑝 + 𝑋�̇�𝑢𝑞 − 𝑍𝑤𝑤

− 𝑍𝑤|𝑤|𝑤|𝑤| − (𝑊 − 𝐵)𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜙 = 𝜏𝑍, 

 

(𝐼𝑥 − 𝐾�̇�)�̇� + (𝐼𝑧 − 𝐼𝑦)𝑞𝑟 + (𝑌�̇� − 𝑍�̇�)𝑣𝑤 + (𝑀�̇� − 𝑁�̇�)𝑞𝑟

− 𝐾𝑝𝑝 − 𝐾𝑝|𝑝|𝑝|𝑝| − 𝑧𝑏𝐵𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙 = 𝜏𝐾 , 

 

(𝐼𝑦 − 𝑀�̇�)�̇� + (𝐼𝑥 − 𝐼𝑧)𝑟𝑝 + (𝑍�̇� − 𝑋�̇�)𝑢𝑤

+ (𝑁�̇� − 𝐾�̇�)𝑝𝑟 − 𝑀𝑞𝑞 − 𝑀𝑞|𝑞|𝑞|𝑞| − 𝑧𝑏𝐵𝑠𝑖𝑛𝜃 = 𝜏𝑀 , 

 
(𝐼𝑧 − 𝑁�̇�)�̇� + (𝐼𝑦 − 𝐼𝑥)𝑝𝑞 + (𝑋�̇� − 𝑌�̇�)𝑢𝑣 + (𝐾�̇� −

𝑀�̇�)𝑝𝑞 − 𝑁𝑟𝑟 − 𝑁𝑟|𝑟|𝑟|𝑟| = 𝜏𝑁. 

 

(1. 1) 

 

Where 𝑚 is the mass of the combined system which includes 

the masses of the HAUVs, manipulators and payload. 𝑊 and 

𝐵 are the weight and buoyancy, 𝐼𝑥 , 𝐼𝑦 , 𝐼𝑧 are the moment of 

inertia terms, 𝑋�̇�, 𝑌�̇� and 𝑍�̇� are the translational added mass 

terms, while, 𝐾�̇� 𝑀�̇�  and 𝑁�̇�  are the rotational added mass 

terms, 𝑋𝑢, 𝑌𝑣 , 𝑍𝑤, 𝐾𝑝 , 𝑀𝑞 and 𝑁𝑟 are the linear damping terms, 

whereas, 𝑋𝑢|𝑢|, 𝑌𝑣|𝑣|, 𝑍𝑤|𝑤|, 𝐾𝑝|𝑝|, 𝑀𝑞|𝑞| and 𝑁𝑟|𝑟| are the 

quadratic damping terms and finally, 𝜏𝑋, 𝜏𝑌 , 𝜏𝑍, 𝜏𝐾 , 𝜏𝑀 and 𝜏𝑁 

are the actuator forces and moments for the combined system 

respectively.  

The moment of inertia terms and hydrodynamic parameters for 

the cylindrical manipulators and the spherical payload are 

calculated using the derived equations and empirical data 

respectively [15]–[20], whereas, these are taken from 

reference [21] for the Minerva HAUV. The hydrostatic 

parameters are selected such that the manipulators and 

HAUVs are neutrally buoyant while the weight of the payload 

is selected in such a manner that the difference between weight 

and buoyancy is within the range of the vertical thrusters on 

the two HAUVs. 

 For the generation of the algorithm for simulation, equation 

(1. 1) is used in matrix form, which is given as [12] 

𝑴�̇� + 𝑪(𝒗)𝒗 + 𝑫(𝒗)𝒗 + 𝒈(𝜼) = 𝝉. (1. 2) 

Where 

𝑴 = 𝑴𝑹𝑩 + 𝑴𝑨 − 

Mass Matrix =  Rigid body +  Added mass matrices  

𝑪(𝒗) = 𝑪𝑹𝑩(𝒗) + 𝑪𝑨(𝒗) − 

Coriolis matrix = Rigid body + Added mass Coriolis matrices 

𝑫(𝒗) = 𝑫𝑳(𝒗) + 𝑫𝑸(𝒗) 

Damping matrix = Linear + Quadratic damping matrices 

𝒈(𝜼) − Vector of hydrostatic forces and moments  

𝝉 − Actuators′ thrust vector 

3. PROPULSION MODEL 

To develop the propulsion model for the combined system of 

two HAUVs, the thrust vector of each thruster must be worked 

out which is given as [22] 

𝝉𝒕𝒊 = [
𝒇

𝒍𝒕𝒊 × 𝒇
] =

[
 
 
 
 
 
 

𝑓𝑥
𝑓𝑦
𝑓𝑧

𝑙𝑦𝑓𝑧 − 𝑙𝑧𝑓𝑦
𝑙𝑧𝑓𝑥 − 𝑙𝑥𝑓𝑧
𝑙𝑥𝑓𝑦 − 𝑙𝑦𝑓𝑥]

 
 
 
 
 
 

. 
 

(1. 3) 

𝒇 is the thrust force vector of the thruster and 𝒍𝒕𝒊  is the distance 

of that thruster from the combined centre of body (O). 

The system under study consists of 10 thrusters (5 on each 

HAUV). Therefore, it is recommended to write the thrust 

vector as a product of thrust allocation matrix (𝑻𝒂) and thrust 

force vector (𝒇) 

          𝝉 = 𝑻𝒂𝒇. (1. 4) 

The thrust force vector of the combined system is written as  

                     𝒇 = [𝑓1  𝑓2  𝑓3  𝑓4  𝑓5  𝑓6  𝑓7  𝑓8  𝑓9  𝑓10]
𝑻. (1. 5) 

𝑓1 and 𝑓6 are the thrust forces of the transverse thrusters, 𝑓2, 𝑓3  

and 𝑓7, 𝑓8 are the thrust forces of the vertical thrusters and 𝑓4, 

𝑓5  and 𝑓9, 𝑓10 are the thrust forces of the axial thrusters 

respectively.  

The contribution of each thruster in the combined system is 

required to be allocated in the propulsion model. This helps to 

get the effect of each thruster about the combined centre of 

body (O). The columns in the thrust allocation matrix (𝑻𝒂) 

represent the contribution of each thruster installed on the 

combined system. It depends on the position of the thrusters 

about O as shown in Figure 2. 𝑻𝒂 for the combined system can 

be written as shown in equation (1. 6), where, Column 1 and 6 

represent the effect of the transverse thrusters, column 2 & 3 

and 7 & 8 of the vertical thrusters and column 4 & 5 and 9 & 

10 of the axial thrusters respectively. 

 
Figure 2: Allocation of the thrusters in the combined system 

  

𝑻𝒂 =

[
 
 
 
 
 
 
 

0 0 0 cos(θ) cos(θ)

1 0 0 sin(θ) −sin(θ)

0 1 1 0 0

0 𝑙𝑦2 −𝑙𝑦3 0 0

0 𝑙𝑥2 𝑙𝑥3 0 0

−𝑙𝑥1 0 0 −𝑙𝑥4𝑠𝑖𝑛(θ) − 𝑙𝑦4cos(θ) 𝑙𝑥5𝑠𝑖𝑛(θ) + 𝑙𝑦5cos(θ)

0 0 0 −cos(θ) −cos(θ)

1 0 0 sin(θ) −sin(θ)

0 1 1 0 0

0 𝑙𝑦7 −𝑙𝑦8 0 0

0 −𝑙𝑥7 −𝑙𝑥8 0 0

  𝑙𝑥6 0 0 𝑙𝑥9𝑠𝑖𝑛(θ) + 𝑙𝑦9cos(θ) −𝑙𝑥10𝑠𝑖𝑛(θ) − 𝑙𝑦10cos(θ)]
 
 
 
 
 
 
 

. (1. 6) 



 

 

 

 

 

The thrust force of a thruster can be calculated by the following 

equation [21] 

                     𝑓 =  𝐾𝑇𝜌𝐷4|𝑛|𝑛.               (1. 7) 

Where 𝐾𝑇 is the thrust coefficient, 𝐷 is the diameter of the 

thruster and 𝑛 is the revolution per second (rps). 𝐾𝑇 can be 

found from the open water test which gives a relationship 

between the thrust coefficient 𝐾𝑇 and the advance ratio of the 

thruster 𝐽𝑎. The advance ratio can be calculated as [21] 

𝐽𝑎 =
𝑉𝑎
𝑛𝐷

 .               (1. 8) 

𝑉𝑎 is the velocity of the thruster through water known as 

advance velocity. 

4. CENTRALIZED CONTROL SYSTEM DESIGN 

The centralized control system is designed to get the desired 

motion response as well as keeping the system intact as shown 

in Figure 4.  

• The PID controllers are applied on the error (𝒆) 
which is the difference between the desired (𝜼𝒅) and 

actual states (𝜼) of the combined system. PID 

controllers are applied on surge, sway, heave and 

yaw. The HAUV is statically highly stable, therefore, 

pitch and roll can easily restore themselves. The 

parameters of the PID controllers are selected 

considering stability, tracking and robustness. Due to 

nonlinear coupled dynamic model, the PID 

parameters at which the best motion response was 

achieved are of high values. 

• The outcome of the controllers is given to the thrust 

vector (𝝉𝒆) which is multiplied by the inverse of 

transformation matrix (𝑱−𝟏) to get the desired thrust 

vector about O (𝝉𝒅).  

• 𝝉𝒅 is multiplied by the inverse of thrust allocation 

matrix (𝑻𝒂
−𝟏) to achieve the desired thrust force 

vector (𝒇𝒅) for the combined system. 

• The saturation limits are applied on 𝒇𝒅 to achieve the 

actual thrust force vector (𝒇). 

• 𝒇 is given to the propulsion model of the combined 

system to get the actual thrust vector (𝝉). 

• 𝝉 is then given to the dynamic model to get the actual 

state vector (𝜼) of the combined system which is then 

compared with the desired state vector (𝜼𝒅) to get the 

error (𝒆). 

• Meanwhile, the actual thrust force vectors (𝒇𝟏 & 𝒇𝟐) 

of the individual HAUVs are given to their respective 

propulsion models to get the actual thrust vectors 

(𝝉𝟏 & 𝝉𝟐). 𝝉𝟏 and 𝝉𝟐 are then given to the individual 

dynamic models to get the state vectors (𝜼𝟏 & 𝜼𝟐) of 

the two HAUVs with respect to the combined system.  

• The process continues until the desired state of the 

combined system is achieved.  

The state vector consists of pose and velocity components. The 

centralized control strategy controls the states of the individual 

HAUVs in accordance with the states of the combined system.      

shows the motion response of the combined system and of the 

individual HAUVs in the combined system when the control 

system is applied to achieve the desired axial distance of 10m.  

 
Figure 4: Motion response with a centralized control system 

Note: In practice, the thrust force is a function of voltage of the thruster motor. The desired voltage vector (𝑽𝒅) is 

obtained by multiplying the desired thrust force vector (𝒇𝒅) by the inverse of thrust force function vector (𝒇𝒇). Saturation 

limits are applied on the voltage to achieve the actual voltage vector (𝑽). This is then multiplied by 𝒇𝒇 to get the actual 

thrust force vector (𝒇), which is then given to the propulsion model to achieve the actual thrust vector (𝝉).  

 

Figure 3: Centralized Control System 



 

 

 

 

 

    5. TRAJECTORY GENERATION AND CONTROL 

IMPLEMENTATION 

In the above analysis, the control system is only given the 

target location which means, no control over the path followed 

by the system. This is not a recommended approach as there 

could be obstacles on the path followed. Therefore, a safe 

trajectory is generated for the system and control system is 

designed to follow the trajectory.  

A minimum snap trajectory is generated in which the path is 

divided into segments. The duration of each segment is kept 

10 seconds. The time step is taken to be 0.01 (which is equal 

to the time step of the motion simulation). Therefore, each 

segment has 1000 waypoints. The path between the two 

waypoints in a segment is represented by a 7th order 

polynomial which is written as [9] 

𝑝𝑖(𝑡)

= 𝛼𝑖0 + 𝛼𝑖1

𝑡 − 𝑆𝑖−1

𝑇𝑖

+ 𝛼𝑖2 (
𝑡 − 𝑆𝑖−1

𝑇𝑖

)
2

+ 𝛼𝑖3 (
𝑡 − 𝑆𝑖−1

𝑇𝑖

)
3

+ ⋯ + 𝛼𝑖7 (
𝑡 − 𝑆𝑖−1

𝑇𝑖

)
7

. 

(1. 9) 

𝑝𝑖(𝑡) is the polynomial between two waypoints. There are in 

total 1000 waypoints in a segment. Therefore, there will be 999 

polynomials in a segment i.e. 𝑖 = 1,… … ,999.  

𝑇𝑖  is the time step between the two waypoints i.e. 0.01 sec. on 

the other hand,  𝑆𝑖 is given as 

Let 𝑆𝑜 = 0, 𝑆𝑖 = ∑ 𝑇𝑘
𝑖
𝑘=1 . 

Where 𝑖 = 1,…… ,999. (1. 10) 

To solve polynomial (1. 9) for all the waypoints in the 

segment, first the coefficients  𝛼𝑖0 needs to be solved. Where 

𝑖 = 1,…… ,999. and 𝑗 = 0,… 7. This makes 7992 such 

coefficients. To solve this, 7992 constraints are required.  

1998 constraints are obtained as the polynomials pass through 

the waypoints i.e. [9] 

𝑝𝑖(𝑆𝑖−1) = 𝜔𝑖−1.         𝑖 = 1, … ,999. 
𝑝𝑖(𝑆𝑖) = 𝜔𝑖 .         𝑖 = 1, … ,999. 

(1. 11) 

02 constraints are obtained as the system of underwater 

vehicles starts and stops at rest, given as 

𝑝1̇(𝑆0) = 𝑝�̇�(𝑆𝑛) = 0. (1. 12) 

998 constraints are obtained because velocities and 

accelerations are continuous between the adjacent polynomial 

paths i.e. 

�̇�𝑖(𝑆𝑖) = �̇�𝑖+1(𝑆𝑖).         𝑖 = 1, … ,998. (1. 13) 

Further constraints are obtained due to the continuity in the 

higher derivatives of the trajectory and zero values at the start 

and end points for the higher derivatives. To compute this, the 

3rd through 6th order derivatives are specified to be continuous 

which gives 3992 constraints, given as 

𝑝𝑖
𝑘(𝑆𝑖) = 𝑝𝑖+1

𝑘(𝑆𝑖).         𝑖 = 1, … ,998 and 

𝑘 = 3,… ,6. (1. 14) 

Remaining 04 constraints are obtained by specifying 

acceleration and jerk to be zero at the start and end points, 

given as  

𝑝1
𝑘(𝑆0) = 𝑝𝑛

𝑘(𝑆𝑛) = 0.     𝑘 = 2,3. (1. 15) 

By this, an equal number of constraints are obtained for the 

number of unknown coefficients. Now write them down in the 

matrix form as 

𝐴𝛼 = 𝑏. (1. 16) 

𝛼 is the vector containing the unknown coefficients, whereas, 

𝐴 and 𝑏 are the matrices for all the constraints. The unknown 

coefficients can then be achieved by  

𝛼 = 𝐴−1𝑏.     (1. 17) 

The centralized control system is designed with the PID 

controller to follow the trajectory as shown in Figure 5. The 

whole path is divided into three segments. The first segment 

takes the system to the desired depth of 2m, the second to the 

axial distance of 4m and the third segment brings it back to the 

zero depth.  

 
Figure 5: Motion response with a centralized control system 

following a trajectory 

6. DISCUSSION 

The technical requirements from the centralized control 

system design for the multi-vehicular underwater 

transportation are 1) the connection between the HAUVs and 

payload must remain intact during transportation which 

ensures the stability of system and the success of mission. This 

cannot be compromised due to the rigid connection. 2) the 

tracking accuracy must be ensured. This means that the whole 

system must follow the trajectory generated for it. However, 

this can be compromised by ±5%. 3) the control system should 

be robust enough to ensure the rigid connection and tracking 

accuracy even in the presence of hydrodynamic uncertainties 

and other disturbances.  

PID controllers are used to control motion response in 6DOF. 

PID controller has the capability to overcome uncertainties and 

disturbances and ensures that the system is following the 

desired trajectory. The proportional regulator applies a 

constant gain on the error between the desired and actual 



 

 

 

 

 

states. This reduces the error; however, tracking accuracy 

cannot be achieved if there are uncertainties and disturbances. 

Therefore, the integral regulator is applied on the accumulated 

tracking error and corrects it. Moreover, the higher 

proportional and integral gains result in oscillations. 

Therefore, the differential regulator is applied which 

anticipates the effect and applies correction. 

From Figure 5, it is found that the system stably achieves the 

desired axial distance in 15secs while keeping the HAUVs 

intact to the payload during transportation. This also ensures 

that the uncertainties in the calculation of hydrodynamic 

parameters are countered for. However, the system can follow 

any path to achieve the desired response and can even strike 

an obstacle on the way. Therefore, a trajectory is generated as 

mentioned in Section 5 and the centralized control system is 

applied to follow the trajectory.  It can be seen in Figure 5 that 

the system follows the trajectory quite stably in both the axial 

and vertical directions. The HAUVs adjust themselves relative 

to the payload to maintain the connection. The path tracking in 

the axial direction is up to the mark, however, a slight delay is 

observed in the vertical motion. The main reason is the 

increased weight in the vertical direction due to the payload. 

Nevertheless, the motion response is still within the tracking 

accuracy range of ±5%. 

6. CONCLUSIONS 

From the above analysis, it has been verified that the 

centralized control system with PID controllers can undertake 

underwater transportation using two HAUVs rigidly attached 

to the payload, while meeting the technical requirements. 

However, in the future analysis, rigid body transportation 

using multiple HAUVs will be required for a practical payload 

such as a kit for a damaged submarine or even towing a 

damaged submarine to the safe waters. This will require 

estimating the number of HAUVs to undertake transportation 

considering the weight of the payload. The development of 

dynamic model will be complicated as it will require to include 

the hydrodynamic and hydrostatic parameters for the increased 

number of vehicles and differently shaped payload. The 

propulsion model will also get complex by the increased size 

of the thrust allocation matrix for the increased number of 

thrusters on the added HAUVs. 
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