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Abstract The hydrodynamic damping and added mass of a

remotely operated vehicle (ROV) are difficult to model.

This paper provided an intuitive modeling and simulation

approach to obtain the hydrodynamic damping and added

mass coefficients of an open-frame ROV using computa-

tional fluid dynamic (CFD) approach in the preliminary

design stage where extensive hydrodynamic test facilities

are not available. The software MATLABTM, STAR

CCM?TM and WAMITTM are employed to compute the

hydrodynamic damping coefficients and added mass coef-

ficients of the ROV for control system design and virtual

reality. Experimental validation for the heave and yaw

responses in a water tank shows a close relation and insight

to the simulation results for subsequent control system

design.

Keywords Modeling � Simulation � Remotely operated

vehicle � Virtual reality

1 Introduction

Numerical modeling and simulation techniques are essen-

tial for many engineering applications. This technique

evolved and played a major role in the industry and insti-

tutions for past few decades. The marine vehicles such as

an underwater robotic vehicle (URV) for sub-sea explo-

ration and installation have increased in the past few dec-

ades. The remotely operated vehicles (ROVs) are the major

workhorses to carry out several tasks in deeper and riskier

areas where the use of human divers is impractical. How-

ever, there are some challenges in operating the ROVs

precisely; such as unpredictable disturbances like current

and waves in its operating environment.

The maneuverability becomes essential tasks in

designing the ROV. A typical marine vessel control system

has three independent blocks denoted as guidance, navi-

gation, and control system (GNC). A dynamics model of an

ROV for designing the GNC [1] is required. Unfortunately,

the six degrees of freedom (DoF) dynamics model of the

ROV [2–5] is harder to model than the streamlined

autonomous underwater vehicle (AUV) [6–15] which

exists an analytical solution for the hydrodynamics

parameters.

Traditionally, the hydrodynamic parameters and the

underwater response of the ROV are determined using a

lab-based experimental approach. However, this method is

quite costly, time-consuming and subject to the availability

of the test facilities and an adequate scale model. With the

recent advancement in computer technology, the compu-

tational fluid dynamic (CFD) has been widely used for the

URV [6, 8, 12–14, 16].

A towing tank test for seakeeping tests and other tests

performed with free-running models is used to determine

the scale model dynamics. The Froude Similitude Laws are

used on the scale model to study the flow pattern around it.

A planar motion mechanism (PMM) and marine dynamic

test laboratory facility are used on a real or scale model to

determine the hydrodynamics coefficients of the ROV

model in all DoF. Besides using the lab-based approach, a

recent approach which used a pulley system [17] attached

near a water tank was designed to compute the hydrody-

namics coefficients of a scale model. However, the errors

in computation were around 30%. Also, it was more
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suitable for a small and streamlined design due to the

constraints of the pulley system and water tank.

Recently, a pendulum type of free-decaying experiment

[4, 5] on a scale ROV model was used to determine the

hydrodynamic coefficients. The scale-up results were

compared using the CFD software and pool test. The

simulations have achieved a reasonable agreement with the

experimental data in some DoFs. Subsequently, another

free-decaying method using four springs [18] attached to

the ROV was proposed. It enables the hydrodynamic

coefficients in both longitudinal and lateral hydrodynamic

coefficients to be determined. However, the linear hydro-

dynamics damping terms could only be estimated. The

error between real and estimated value was approximately

20–30%. Another approach uses system identification way

such as adaptive and least-square-based estimation to

estimate the parameters of the ROV. It was applied to the

following ROVs namely: ROV Hylas [19], ROMEO [2],

Johns Hopkins University ROV (JHUROV) [20],

C-SCOUT AUV [21] and VideoRay ROV [22]. The results

showed the adaptive method was able to predict the ROV

motion better than the least-square method. However, both

approaches required a sea trial that unfortunately depended

on the test site availability and the presence of a completed

ROV with the control system design implemented.

Hence, an alternative approach to determining the

hydrodynamic model of the ROV. The following CFD

software namely: ANSYS-FLUENTTM [16], ANSYS-

CFXTM [12] and PhoenicsTM [6] have been used. The CFD

simulations have shown to be quite successful in simulat-

ing the streamlined underwater vehicles such as AUV but

commonly performed on a complex-shaped ROV. The

estimation of the hydrodynamics coefficients of an ROV

[3–5] was performed using ANSYS-CFXTM and FLU-

ENTTM and later verified by experiments in water with

approximately 20% error. However, the prediction of the

hydrodynamics parameters of the ROV continues to face

difficulty due to the complexity and variability of the

ROV’s geometry and fluid flow around its non-streamlined

body for the initial stage of control system design.

In this paper, the hydrodynamic damping parameters are

obtained using STAR-CCM?TM followed by a systematic

approach of using CAD software MULTISURFTM to

model and discretize the ROV for the Wave Analysis MIT

(WAMITTM) [23] to determine the hydrodynamic added

mass. The MATLABTM will provide a routine to extract all

the information generated by WAMITTM to determine the

added mass coefficients of the vehicle. The completed

hydrodynamic model will be validated in the water tank.

Due to the limitation of the time of the testing, only the

heave and yaw direction were validated with the numerical

simulation. Nevertheless, there is no single paper published

on identifying the hydrodynamic parameters of a complex–

shaped ROV using both STAR CCM?TM and WAMITTM

then MATLABTM for virtual reality simulation in 3D.

The paper is organized as follows. Section 2 gives an

overview of the dynamic model of the ROV. It is followed

by the hydrodynamic damping and added mass modeling

and validation in Sects. 3 and 4, respectively. Sections 5

and 6 discuss the experimental results conducted in the

water tank and virtual simulation of ROV model, respec-

tively. Lastly, Sect. 7 concludes the paper with future

works.

2 Numerical ROV modelling

In the proposed ROV modeling approach, Fig. 1 shows the

overall approach from numerical modeling to control sys-

tem design. The computer-aided design (CAD) model of an

ROV will be created using software such as SolidWorksTM

and MultiSurfTM. With the CAD model obtained, the

hydrodynamic parameters like hydrodynamic damping and

added mass coefficients for the nonlinear ROV model are

determined using WAMITTM and MATLABTM. The

obtained ROV model is later validated experimentally for

virtual reality simulation in SimulinkTM.

Figure 2 shows the geometrical model of the ROV

modeled by SolidworksTM [24]. The ROV is actuated by

six DC brushless thrusters (T1 to T6) for the surge, sway,

heave, roll, pitch, and yaw. The mechanical properties such

as mass, a moment of inertia, the center of gravity and

buoyancy of the ROV are obtained. In Fig. 2, the ROV has

a mass of approximately 75 kg in the air with an overall

Fig. 1 Overall flow chart of proposed systematic computation of

ROV model for virtual reality
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dimension of 1455 mm (length) 9 950 mm

(width) 9 400 mm (height).

The derivation of ROV dynamic equation is based on

following assumptions to simplify the ROV model.

• Operating at slow speed (less than 1 m/s);

• Rigid body and fully submerged in water (no wave and

current disturbance);

• Neutrally buoyant by design;

• Tether (or umbilical cable) dynamics attached to ROV

is not considered.

The notations (see Table 1) used for the ROV motions

follow the Society of Naval Architects and Marine Engi-

neers (SNAME).

The Newtonian mechanics are the most common

approach to model the rigid body ROV on its body-fixed

reference frame [1]. It can be written as follows.

MRB _vþ CRBðvÞ ¼ sRB; ð1Þ

where MRB 2 <6�6 is the mass matrix, CRBðvÞ 2 <6�6 is

the Coriolis and centripetal matrix, sRB 2 <6 is a vector of

external forces and moments, v ¼ u v w p q r½ �T2
<6 is the linear and angular velocity vector.

According to Fossen [1], the mass inertia matrix in (1)

can be written as:

MRB ¼

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 �Iyx Iy �Iyz
�myG mxG 0 �Izx �Izy Iz

2
6666664

3
7777775
;

ð2Þ

where the component m in this matrix represents the mass

of the vehicle (where Ix, Iy, Iz Ixy, Ixz, Iyz represent the mass

moments of inertia of ROV). xG, yG and zG are the coor-

dinates of the center of gravity of ROV.

The Coriolis and the centripetal matrix are used to

describe the angular motion of the vehicle as follows.

CRBðvÞ ¼
03�3 C12ðvÞ

�CT
12ðvÞ C22ðvÞ

� �
ð3Þ

and

C12ðvÞ ¼
mðyGqþ zGrÞ �mðxGq� wÞ �mðxGr þ vÞ
�mðyGpþ wÞ mðzGr þ xGpÞ �mðyGr � uÞ
�mðzGp� vÞ �mðzGqþ uÞ mðxGpþ yGqÞ

2
4

3
5

ð4Þ

C22ðvÞ ¼
0 �Iyzq� Ixzpþ Izr Iyzr þ Ixyp� Iyq

Iyzqþ Ixzp� Izr 0 �Ixzr � Ixyqþ Ixp

�Iyzr � Ixypþ Iyq Ixzr þ Ixyq� Ixp 0

2
64

3
75

ð5Þ

Fig. 2 CAD SolidWorksTM

model for ROV and its body-

fixed coordinate system

Table 1 Notations used for ROV

DOF Motion descriptions Forces and moments Linear and angular velocity Positions and orientations

1 Motion in the x-direction (surge) X u x

2 Motion in the y-direction (sway) Y v y

3 Motion in the z-direction (heave) Z w z

4 Rotation about x-axis (roll) K p /

5 Rotation about y-axis (pitch) M q h

6 Rotation about z-axis (yaw) N r w
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As shown in Eq. 1, the sRB includes three different

hydrodynamics forces and moments. The first term consists

of drag, added mass and restoring forces that named as sH
and the propulsion forces generated by the thrusters are

named as s.

sRB ¼ sH þ s ð6Þ

In this paper, the hydrodynamic forces and moments sH
are determined. These hydrodynamics forces and moments

are represented by following equation:

sH ¼ �MA _v� CAðvÞv� DðvÞ � gðgÞ ð7Þ

By substituting (7) into (6) and back into (1), the fol-

lowing equation of motions for the ROV is formed.

M_vþ CðvÞvþ D vð Þ þ gðgÞ ¼ s; ð8Þ

where v ¼ u v w p q r½ �T is the body-fixed

velocity vector, and g ¼ x y z u h w½ �T is the

earth-fixed vector comprising the position vector. M ¼
MRB þMA 2 <6�6 is the inertia matrix for rigid body and

added mass, respectively, The gravitational and buoyancy

vector acting on ROV in water is denoted by gðgÞ [1].

Since the ROV is neutrally buoyant (W ¼ B) and the X–Y

coordinates of the C.B. coincide with the X–Y coordinate

of the CG (by placing additional mass on ROV). Since

ðzG � zBÞ ¼ �0:397m, the resulting gðgÞ can be expressed

as gðgÞ ¼ 0 0 0�0:397W cos h sinu�0:397W sin h 0½ �T.
The Coriolis and centripetal matrix for rigid body and

added mass can be defined as:

CðvÞ¼ CRBðvÞ þ CAðvÞ 2 <6�6, D vð Þ 2 <6�6 is the

damping matrix due to the surrounding fluid. The input

force and moment vector s ¼ Tu 2 <6 relate the thrust

output vector u with the thruster configuration matrix T. As

observed in the design of ROV, it is a fully actuated system

with six thrusters. The thruster configuration matrix T

based on the layout of the thrusters in ROV platform is

defined as follows.

where a ¼ 45o is the inclination angle for T5 and T6 while

b ¼ 45o is the orientation angle for T1 and T2. Note that

T3 and T4 are the two vertical thrusters shown in Fig. 2.

The computation of hydrodynamic added mass and

damping coefficients are discussed in Sects. 3 and 4.

3 Hydrodynamic damping model

The hydrodynamic damping coefficients of the ROV are

computed in the report [24]. The vehicle has a mass of

75 kg, volume of 0.05 m3 and surface area of 4.75 m2. The

moment of inertia of ROV is shown in Table 2.

As a result, the rigid body ROV mass inertia in (1) can

be written as:

MRB ¼

75:00 0 0 0 0 0

0 75:00 0 0 0 0

0 0 75:00 0 0 0

0 0 0 2:51 0 0

0 0 0 0 3:38 0:01
0 0 0 0 0:01 1:73

2
6666664

3
7777775

ð10Þ

A submerged body experiences lift and drag effect while

moving through the fluid. This drag component includes

frictional and pressure drag. The frictional drag due to the

boundary layers depends on the surface area in contact with

the fluid. The damping function is a linear function of

velocity, a quadratic function of velocity, a sum of both

linear and quadratic terms (as used in this paper) and with

higher order forms. The steady drag force experienced by

the vehicle in its reference state is well known to depend on

the square of the velocity and a coefficient that depends on

Reynolds number (for a body sufficiently submerged in a

fluid). The variation of that force on the body experienced

during small perturbations to that motion has repeatedly

been found to be better modeled by a linear function of

velocity. The linear coefficients are therefore adequate to

represent the strength and moments due to inviscid part of

the flow for a low-speed ROV.

The ROV hydrodynamic damping matrix D can be

further simplified. The off-diagonal elements [1] in the

hydrodynamic damping matrix D(v) are small compared to

those diagonal elements on the underwater vehicle.

Therefore, D(v) becomes a diagonal matrix:

diag Xu; Yv; Zw;Kp;Mq;Nr

� �� �
: A turbulence model with

the unsteady 3-dimensional flow was built for the Reynolds

number flow condition greater than 1.0 9 106. The Shear

Stress Transport (SST) model in CFD software STAR

T ¼

0 0 0 0 cos a cos a
� cos b cos b 0 0 sin a � sin a
cos b cos b 1 1 0 0

0:155cosb �0:155 cos b �0:275 0:275 0 0

0:394cosb 0:394cosb �0:035 �0:035 0:430cosb 0:430cosb
�0:394sinb 0:394 sin b 0 0 �0:660sinb 0:660sinb

2
6666664

3
7777775
; ð9Þ
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CCM? was used. The k-x SST model is one of the two

common models for predicting the flow separation under

adverse pressure gradient. It provides a highly accurate

prediction of the amount of the flow separation under

adverse eddy-viscosity. To take advantage of the SST

model, the boundary layer should be resolved with at least

10 mesh nodes. This is done by inspecting the y? value on

the surface of the ROV that must be around one.

The movement in the fluid domain is expected to be

turbulent and isothermal. The temperature is fixed at

20 �C and the water is modeled as an incompressible

fluid. It is impractical to set the fluid domain to be

infinitely large to analyze damping force acting on ROV

in CFD. As a result, a dimension of approximately 15

times greater than the dimension of the ROV (see Fig. 3)

to ensure the accuracy [5] of the actual flow domain is

used. The properties of the flow domain are required to

be defined to ensure the domain has the high fidelity.

The turbulence properties are difficult to define without

turbulent kinetic energy and dissipation data at the inlet

flow. The turbulent intensity was used to describe the

turbulent properties in the simulation. The turbulent

intensity is selected to be 0.1% for the external flow over

the vehicle. The static pressure is used at outlet bound-

ary. It is required to use the log-law method to predict

the velocity profile in the turbulent wall-bounded flows.

The side, top, and bottom of the fluid domain are

modeled using free slip wall boundary conditions. The

boundary condition of the ROV surface is defined to be

non-slip due to fluid viscosity, and the surface speed of

the ROV is near to zero.

The initial variable values are required for STAR

CCM?TM solver to commence the steady-state calculation.

The appropriate settings of the solver control are essential

to facilitate the convergence of the simulation results. The

selection of appropriate time step size helps to obtain good

convergence rates in STAR CCM? solver. The conver-

gence is achieved by using the physical time steps which

provide sufficient relaxation of the non-linearity. A rea-

sonable estimation of this time step is based on one third of

the fluid domain length (L) and initial velocity (U).

Therefore, t ¼ L
3U

¼ 15
3�1 ¼ 5s. Table 3 shows the initial and

solver control settings.

Before performing the CFD, the mesh size needs to be

defined properly as the shape of the boundary is important

in creating pressure gradients which greatly influence the

boundary layer. The mesh size is preferred to be suffi-

ciently small to capture the geometry of the ROV. The flow

near boundary layer flow can be captured using the layer

inflation technique. A surface wrapping technique was used

for geometry preparation before the surface meshes to

ensure mesh error is kept minimal to improve the meshing

quality.

The number of elements in the volume is approximately

2,069,270. The fluid domain has around 546,712 elements.

Figure 3 shows the 3D of the volumetric mesh of the flow

domain around the ROV. The mesh downstream of the

body is finer in the wake region than near the domain

boundary.

Fig. 3 3D view of volumetric meshing for flow domain (top) and

close view of ROV (bottom)

Table 3 Initial condition and solver control settings [24]

Setting Value

Initial conditions[ turbulence intensity 0.1%

Stopping criteria[maximum steps 60

Physical timescale control 5 (s)

Table 2 Moment of inertia properties of ROV [24]

Moment of inertia (kg.m2)

Ixx 2.51 Ixy 0 Ixz 0

Iyx 0 Iyy 3.38 Iyz 0.01

Izx 0 Izy 0.01 Izz 1.73

J Mar Sci Technol (2018) 23:267–287 271

123



Different configurations can be computed with a single

set of grids. The grid quality will not be affected by

changing of ROV’s orientation. It allows different principle

motions of the ROV to be simulated with the same flow

direction (negative x-axis) in the domain. However, the

direction of gravity has to be changed in different principle

motion simulation. Table 4 shows the mesh statics and

settings used in the simulation.

Figure 4 illustrates the flow around the vehicle in four

DOFs. The formation of the wake at the rear creates a low-

pressure region. The high-pressure region at the front

resists the motion of the vehicle. As observed, there is

certainly flow separation on the ROV. Figure 5 illustrates

the drag force exerting on the ROV and its corresponding

drag coefficient. It shows that the drag forces converge to a

steady-state value at around 40 iterations.

As observed in Fig. 4, the wakes are formed at the rear

of the ROV body when the turbulent flow past the vehicle.

The wakes represent the increased in the vortices of the

flow separation. The non-linear damping effects on the

ROV are caused by this flow separation phenomenon in the

turbulent model. The hydrodynamic damping forces were

then determined by integrating the pressure on ROV sur-

face. The three translation motions namely: surge, sway,

and heave are plotted against the velocity in Fig. 6. As

observed from the plots, the vehicle has the largest drag in

the heave direction due to its largest frontal area normal to

the flow direction of about 0.6 m2. The drag force in sway

is slightly larger than the drag in surge direction due to its

small frontal area. The damping coefficient for different

direction is obtained using second-order polynomial fit as

shown in Figs. 6 and 7.

Table 5 shows the resulted drag coefficient of ROV in

its four principle motions. The flow in the domain was

simulated at different speeds using STAR CCM?. Table 6

tabulates the drag moment versus angular velocity in the

yaw direction.

Figure 7 depicts the drag moment as a function of

square angular velocity. The linear damping in yaw

direction is ignored as only quadratic damping is present.

The resulted hydrodynamic damping for the ROV is, thus,

written as:

DL ¼ �diagf½ 3:221 3:291 5:682 0: 0 0 �g ð11Þ

DQ ¼ �diag f½ 105:300 139:600 273:800 0 0 6:079 �g
ð12Þ

In summary, the results show that the lowest damping

occurs in surge direction while the heave motion has the

largest drag force due to its larger surface area in contact

with water. The values of the linear damping coefficients

are smaller than the nonlinear damping terms due to its

square velocity term.

4 Hydrodynamic added mass model

The hydrodynamic added coefficients of the ROV are now

analyzed in the report [24]. The added mass and inertia are

independent of the circular wave frequency for a fully

submerged vehicle. The added mass coefficients matrix for

an ROV can be written as follow:

MA ¼

X _u X _v X _w X _p X _q X _r

Y _u Y _v Y _w Y _p Y _q Y _r

Z _u Z _v Z _w Z _p Z _q Z _r

K _u K _v K _w K _p K _q K _r

M _u M _v M _w M _p M _q M _r

N _u N _v N _w N _p N _q N _r

2
6666664

3
7777775
; ð13Þ

where X _u is the added mass along x-axis due to an accel-

eration in x-direction, Y _v is the added mass along y-axis

due to an acceleration _v in the y-direction. On the other

hand, the corresponding added Coriolis and centripetal

matrix are represented as follow:

CAðv) =

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

2
6666664

3
7777775
; ð14Þ

where the respective elements in the matrix are written as

follows.

a1 ¼ X _uuþ X _vvþ X _wwþ X _ppþ X _qqþ X _rr

a2 ¼ X _vuþ Y _vvþ Y _wwþ Y _ppþ Y _qqþ Y _rr

a3 ¼ X _uuþ Y _vvþ Z _wwþ Z _ppþ Z _qqþ Z _rr

b1 ¼ X _uuþ Y _vvþ Z _wwþ K _ppþ K _qqþ K _rr

b2 ¼ X _uuþ Y _vvþ Z _wwþ K _ppþM _qqþM _rr

b3 ¼ X _uuþ Y _vvþ Z _wwþ K _ppþM _qqþ N _rr

ð15Þ

The surface-based computer-aided design (CAD) soft-

ware MULTISURFTM modeled the geometry of the ROV.

The software MULTISURFTM aims to work with

WAMITTM for exporting the necessary files for analysis.

The ROV is made of multi-bodies that can be created using

MULTISURFTM and later use WAMITTM to compute the

added mass matrix as shown below.

Table 4 Mesh settings [24]

Mesh setting Value

No of mesh elements Around 2.6 million

Mesh spacing 0.0005 (m2)

Boundary growth rate (i.e., rate at which

the boundary layer thickness grows)

Low

Volumetric mesh type Polyhedral, trimmer
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Fig. 4 Vector plot of ROV in

STAR CCM? [24]

Fig. 5 Iteration history of drag force and its coefficient [24]

y = 105.29x2 + 3.221x 
R² = 1 

y = 273.83x2 + 5.6815x 
R² = 0.9999 

y = 139.63x2 + 3.2911x 
R² = 1 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

2.118.06.04.02.00

Drag Force (N) 

Velocity/(m/s) 

Surge Drag Force vs Velocity Heave Drag Force vs Velocity Sway Drag Force vs Velocity

Fig. 6 Drag force as the

function of velocity in surge,

sway, and heave [24]
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The geometry file was imported to WAMITTM by

MATLABTM. The widely used low-order panel method

was adopted in WAMITTM. The output file created can be

imported into MATLABTM to obtain the hydrodynamic

added mass. Figure 8 illustrates the procedure for com-

puting the hydrodynamic added mass coefficients.

Table 7 shows the descriptions of each file (see Fig. 8)

used in determining the added mass coefficients. All the

necessary parameters required are shown in the following

input files. Before using the WAMITTM to test the ROV, a

study on the empirical results of a 2 m diameter sphere (see

Fig. 9) was used to verify the program setup and parame-

ters. In Table 8, the theoretically added mass of a sphere is

A ¼ 2=3pqr3 for the three translational motion; surge,

sway and, heave. The added mass of the sphere can be

written as A ¼ 2=3pr3(after normalizing with density).

Table 8 shows the low-order method results of the sphere

are quite close to the theoretical value of 2.094.

Additionally, it is required to define the depth of the

submerged body in WAMITTM. The impact of different

water depth has been identified by the same sphere. As

shown in Table 9, the results of the added mass converged

at approximately 10 m. As a result, the computation will be

performed at 10 m.

The numerical results obtained from WAMITTM low-

order method have a small difference compared with the

theoretical results. Nevertheless, it helps to ensure that the

input parameters settings used are appropriate to calculate

the added mass coefficient of the ROV. The ROV modeled

using MULTISURFTM is then imported into the WAMITTM

to solve the problem using the low-order panel method. As

shown in Fig. 10, the main components of the ROV are

drawn to reduce the complexity of the geometry.

Figures 11 and 12 show the added mass coefficient

components calculated by WAMITTM. The convergence

tests of the added mass for different panel numbers con-

verged in approximately 3000–4000 panels. It shows that the

minimum required panel numbers should be at least 3000.

The off-diagonal terms of the added mass are less than

the diagonal components as the ROV has near to three

planes of symmetry [1]. Hence, the added mass matrix

obtained can be further simplified.

MA ¼ �

20:392 0 0 0 0 0

0 53:435 0 0 0 0

0 0 126:144 0 0 0

0 0 0 2:802 0 0

0 0 0 0 13:703 0

0 0 0 0 0 5:263

2
6666664

3
7777775

ð16Þ

The added mass matrix MA of the ROV must be posi-

tive. The following relations are observed from the matrix:

m11\m22\m33. A smaller added mass in surge direction,

i.e., m11 has been observed. It is due to the ROV has the

smallest projection area in surge direction. The

y = 6.0794x 
R² = 0.9994 

y = 4.8045x 

y = 1.2749x 

0.00
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0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Moment (Nm) 

Angular velocity Squared (rad/s)2

Yaw Drag Torque vs Angular Velocity

Pressure Drag

Shear Drag

Fig. 7 Drag torque as the

function of velocity in yaw [24]

Table 5 Damping coefficients

of ROV in four principle

directions [24]

Damping coefficients Surge Sway Heave Yaw

KL KQ KL KQ KL KQ KL KQ

Values 3.221 105.3 3.291 139.6 5.682 273.8 0 6.079

Table 6 Drag moment versus angular velocity in yaw direction [24]

Angular velocity (rad/s) Yaw moment (Nm) Yaw moment

coefficient

0.100 0.067 0.204

0.200 0.248 0.188

0.300 0.542 0.183
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MULTISURF .MS2 .PAT

.GDF

WAMIT.POT .FRC

.OUT

MATLAB SIMULINK

low-order method

high-order
method

hydrodynamic settings

graphical settings
Reference frame,

depth, gravity, length
settings

output

plotting

1.

2.

3.

Steps
Fig. 8 Program flowchart for

computing added mass

coefficients [13]

Table 7 Description of records

used in WAMITTM solver
File

extension

Description

.GDF Geometry data file used to define the geometry in panel form

.POT Potential control file used to define input parameters in POTEN (length, gravity)

.FRC Force control file used to define input parameters in FORCE (desired hydrodynamic

parameters)

.OUT Output from WAMIT

readAM.m Matlab m-file used to read added mass matrix

Fig. 9 Finite surface panels

generation of sphere using

MULTISURFTM

Table 8 Low-order method for

sphere [24]
Panel number Numerical results Theoretical results

Surge (m3) Sway (m3) Heave (m3) Surge (m3) Sway (m3) Heave (m3)

256 2.085 2.085 2.073 2.094 2.094 2.094

512 2.084 2.084 2.087

1024 2.083 2.083 2.091

Errors -0.5% -0.5% -0.1%
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corresponding coriolis and centripetal added mass matrix

in (14) can be rewritten:

In summary, the added mass coefficients of the ROV are

around 20 kg in surge direction, 53 kg in sway direction

and followed by 126 kg in heave direction. The ROV has

the larger added mass in heave, followed by sway and

surge direction. In summary, the computations of the

hydrodynamic damping and added mass were performed.

The proposed numerical simulation can determine the

hydrodynamic parameters.

Table 9 Added mass of sphere

at different depth [24]
Depth (m) Added mass (kg)

0 2.5910

1 2.1419

10 2.0838

100 2.0835

Fig. 10 ROV model from

WAMITTM

0

20

40

60

80

100

120

140

0 2000 4000 6000 8000 10000 12000

Added Mass (kg) 

Number of panels in linear system 

m11 m22

m33

Surge, Sway, Heave Fig. 11 Convergence plot for

surge, sway and heave direction

[24, 25]

CAðv) =

0 0 0 0 �126:144w 53:435v
0 0 0 126:144w 0 �20:392u
0 0 0 �53:435v 20:392u 0

0 �126:144w 53:435v 0 �5:263r 13:703q
126:144w 0 �20:392u 5:263r 0 �2:802p
�53:435v 20:392u 0 �13:703q 2:802p 0

2
6666664

3
7777775

ð17Þ
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5 Validation using experimental results

The results obtained from the simulations were validated

with the experimental data [25] in a water tank. The heave

and yaw motion were only validated due to the limited

reliable sensor installed on the ROV. A depth sensor,

Doppler Velocity Log (DVL) and Inertial Measurement

Unit (IMU) were jointly used to measure the depth,

velocity, and acceleration of the ROV, respectively. The

water tank dimensions are: 10 m (L) 9 4 m (W) 9 1.8 m

(D). It is equipped with an overhead crane to load and

unload the ROV. The sample rate of 100 Hz (or sample

period of 0.01 s) was used to sample the raw data from the

sensor. The raw data are plotted against the sample count

using a MATLAB script. Note that one sample count is

equivalent to 0.01 s.

5.1 Heave model identification

During the depth validation, the prototype ROV (see

Fig. 13) was maintained at a fixed heading angle before

submerging to a depth of 1 m as shown in Fig. 13. The

ROV was commanded to move vertically into the water

with little acceleration measured by IMU. The dead-reck-

oning data for acceleration in Z-direction is not zero as

shown in Fig. 14. The ROV is not moving at constant

heave rate as observed in the heave velocity from the DVL

in Fig. 15. The thrust outputs from T3 and T4 (for heave

direction) are approximately 10 N (see Fig. 16) to allow

the ROV to reach to a depth of 1 m as depicted in Fig. 17.

The added mass Z _w and damping coefficients (linear,

Zw) due to the hydrodynamic force are defined in a body-

fixed frame with m is the body mass of the ROV. The

heave model can be simplified:

ðmþ Z _wÞ _wþ Zww ¼ Z ð18Þ

The ROV is designed to be neutrally buoyant, and the

centripetal and Coriolis terms are not present in the

equation as the ROV was commanded to move in heave

direction only. Rearranging the preceding equation gives:

_w ¼ Z

mþ Z _wð Þ �
Zw

mþ Z _wð Þw: ð19Þ

In matrix form,

_w
z}|{u

¼ Z �w½ �
zfflfflfflfflfflffl}|fflfflfflfflfflffl{H

a
b

� �zffl}|ffl{ĥ

; ð20Þ

where

a ¼ 1

mþ Z _wð Þ ; b ¼ � Zw

mþ Z _wð Þ ð21Þ

The least square method below is used to obtain the

estimated values.

_w1

_w2

..

.

2
64

3
75

|fflfflffl{zfflfflffl}
u

¼
Z1 �w1

Z2 �w2

..

. ..
.

2
64

3
75

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
H

� a
b

� �

|ffl{zffl}
h

þ error, ð22Þ

where subscript i represents the number of samples col-

lected from the experiment. The standard least square

solution is given by the Moore–Penrose pseudo inverse:

ĥLS ¼ ðHTHÞ�1 �HT � u; ð23Þ

where the standard deviation, covðĥLSÞ ¼ r2ðHTHÞ�1
and

note that H has to be a full rank matrix. The recursive least

square (RLS) is used to compute the parameters ĥRLS ðtÞ in
(23). The parameters update ĥRLS ðtÞ includes a correction

term to the previous estimate ĥRLS ðt�1Þ as seen in (24).

The typical RLS algorithm comprises the following

recursive equations computed in sequence. For example,

ĥRLS ðt�1Þ in (24) requires the computation of (25)–(27).

ĥRLSðtÞ ¼ ĥRLSðt�1Þ þKðtÞeðtÞ ð24Þ

0

2
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14

16

0 2000 4000 6000 8000 10000 12000

Added Mass (kg.m2) 

Number of panels in linear system 

m44

m55

m66

Roll, Pitch, Yaw Fig. 12 Convergence plot for

roll, pitch, and yaw direction

[24, 25]
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eðtÞ ¼ _wðtÞ � ĥ
T

RLSðt � 1ÞHðtÞ ð25Þ

KðtÞ ¼ k�1Pðt�1ÞHðtÞ
1þ k�1HTPðt � 1ÞHðtÞ

ð26Þ

PðtÞ ¼ k�1Pðt�1Þ�k�1KTðtÞHðtÞPðt�1Þ ð27Þ

The above equations need an initial value for ĥRLS ðtÞ
and the error covariance matrix P. The initial value of

ĥRLS ðtÞ is set as 0 and P is 100I2 where I2- is the identity

matrix of dimension two. The forgetting factor that speci-

fies how fast the RLS forget the past sample information is

set to 0.001. For example, using k = 1, it specifies an

infinite memory. By comparing the RLS with a different

forgetting factor, the following plot in Fig. 18 is obtained.

In Fig. 18, the RLS with a lower forgetting factor has a

closer behavior to the measured data. In general, it can be

observed that the differences in the performance are quite

large for the damping in the heave direction as seen in

Table 10. It may be due to the effect of the rotating pro-

peller of the thrusters are not included during the

simulation.

5.2 Yaw model identification

A simplified description of the yaw model of the ROV is

defined as

N _r _r þ N rj jr rj jr þ Nrr ¼ N; ð28Þ
_w ¼ r; ð29Þ

where N _r is the added inertia ð¼ Ir þ N _rÞ in yaw direction.

Nr is the linear component of drag force in the yaw

direction and N rj jr is the quadratic component of drag force

Fig. 13 Image of ROV’s motion pictures captured during heave test in water

Fig. 14 Acceleration in heave

direction (1 sample

count = 0.01 s)
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in the yaw direction. r is the heading velocity, _r is the

heading acceleration, N is the moment input to the ROV

due to the thrusters (T1, T2, T5, and T6) and w is the

heading angle. The constant heading velocity refers to _r

heading acceleration equal to 0, the yaw equation of

motion becomes:

N rj jr rj jr þ Nrr ¼ N ð30Þ

The test was performed to estimate the drag coefficients

N rj jr and Nr in the heading equation. A fixed velocity

commands are sent to the four thrusters T1 T2 T5 and T6

and the steady-state heading velocity responses were

recorded using the DVL sensor. The moment in yaw

direction was computed using the thrusts generated by the

thrusters multiplied by the moment arm (i.e., distance)

from the centre of gravity. Figure 19 gives the steady-state

angular velocity as a result of the input command to the

thrusters (1.3–2.7 V). The plot of the moment vs. the

angular velocity is shown in Fig. 20 where the linear and

quadratic damping terms can be determined from the curve

fitting. The value of N rj jr and Nr are estimated as 5.4815

and 4.6114, respectively.

The added mass of the ROV in the yaw direction is then

identified as shown. A sinusoidal control command (max-

imum torque corresponding to the heading velocity) is

applied to the thruster T1 T2 T5 and T6 of the ROV. A

sinusoidal control signal with 10 Hz frequency is applied

to the thrusters with a value corresponding to ?2.7 V to

-2.7 V (for both forward and reverse direction).

As observed in Fig. 21 and 22, the maximum heading

velocity is observed to be approximately 0.385 rad/s. With

2.7 V control signal into the thruster, the constant heading

Fig. 16 Thrust output from

thruster T3 or T4 (1 sample

count = 0.01 s)

Fig. 15 Heave velocity

response (1 sample

count = 0.01 s)
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velocity is approximately 0.435 rad/s that corresponds to

31.52 Nm to achieve a heading speed of 0.435 rad/s.

However, the maximum sinusoidal angular speed is around

0.385 rad/s. As the measured heading velocity is smaller

than the speed measured in the water tank test, it shows that

the ROV needs addition moment to overcome the resis-

tance due to its body mass and the added mass. If the

amplitude of the sine input is increased to around

0.435 rad/s, ?2.9 V to -2.9 V sine control signal (see

Fig. 23) has a torque approximately 35.17 Nm. It indicates

that the ROV needs an additional of 35.17 - 31.52 = 3.65

Nm to overcome both the body inertia and added mass

during the motion.

The next step is to compute the angular acceleration

using the ?2.9 V to -2.9 V sine control signal.

The maximum heading acceleration of approximately

Fig. 17 Depth response (1

sample count = 0.01 s)
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Fig. 18 Comparison of heave

velocity response using RLS

Table 10 Comparisons

between simulation and

experimental results in heave

direction

Descriptions Simulation Experiment (recursive least square) Error

Added mass (kg) 126.14 136.40 8%

Linear damping coefficient 5.6800 4.0874 28%

Quadratic damping coefficient 273.805 – –
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0.85 rad/s2 was measured (see Fig. 24) by Inertial Mea-

surement Unit sensor.

N _r _r ¼ DN; ð31Þ

where DN is the difference at the moment and N _r is the

hydrodynamic added mass in the yaw direction.

The moment due to the body inertia and added mass is

computed as follows.

N _r _r ¼ DN ¼ 35:16�31:51¼ 3:65 ð32Þ

Substituting the peak acceleration equals 0.85 rad/s2, N _r

obtained from (31) becomes 4.3 kg.m2. As a result, the

heading model can be written as:

4:3 _r þ 5:4815 rj jr þ 4:6114r ¼ N ð33Þ

The results tabulated in Table 11 show that the quadratic

damping has a closer value as compared to the experi-

ments. The added mass does not seem to compare well

with the simulation result. It may be due to the

experimental test setup in a water tank that influences the

reading. The effects of the interaction effect between

rotating propellers and propeller-to-ROV’s hull have not

been included in the simulation.

6 Simulation of ROV model in virtual reality

The identified ROV parameters from the previous sections

are used to model the ROV virtually in MATLABTM/

SimulinkTM environment. The differential equation of the

ROV is solved by ordinary differential equation solver such

as Dormand–Prince solver. The six inputs (T1–T6) on the

left-hand side are the thruster inputs. For example, the

ROV is commanded to move in Z-direction using only T3

and T4 thruster. An ROV simulator developed in

MATLABTM/SimulinkTM environment is shown in

Fig. 25.

Fig. 19 Velocity profile at constant control command to thruster T1, T2, T5 and T6
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A virtual underwater world environment was developed

to enhance the user interface in Fig. 26. A virtual reality

world for the ROV uses the output signals from the ROV

model to move the ROV virtually. It allows the movement

and position data to be animated and displayed during the

dynamic positioning. Firstly, the CAD model is exported

into Virtual Reality Modelling Language file format for the

V-Realm editor to edit the model. The V-Realm Builder

has an extensive object library where the user can import

the 3D background sceneries and objects to create a virtual

world. The backgrounds such as the sea and offshore

structures are then imported from the library. The VR-sink

block diagram in SimulinkTM connects between VRML

model and SimulinkTM block diagrams.

Secondly, the SimulinkTM model of the ROV is con-

nected to the virtual world through VR- Sink block. By

connecting the model to the virtual world, the output data

from the SimulinkTM model can be used to control and

animate the virtual world as shown in Fig. 26. The trans-

lational ROV’s motion outputs and the rotational motion

outputs use the Euler’s transformation to animate the

position of the ROV in the virtual reality world. Thirdly,

the ROV can be controlled by a joystick using the user

interface design the Qt GUI in Ubuntu 14 operating system

as shown in Fig. 27.

The simulated time response of heave and yaw model of

the ROV are compared with experimental result in the

water tank are shown in Figs. 28 and 29. Due to the con-

straints, only the heave and yaw models are verified.

During the tests, the ROV was commanded to move to a

target depth of 0.3 m and 140� yaw angle. As shown in

Fig. 28, the ROV can settle to a steady-state value of 0.3 m

via the propulsion force generated by mainly T3 and T4

thruster. The ROV takes around 30 samples to settle to its

steady-state value. The difference in the response is due to

the thrusters dynamics that are not included in the simu-

lation. As shown in Fig. 29, the ROV can regulate itself at

a constant yaw rate with the steady-state yaw angle

maintained at 140� for almost 15,000 samples (or 150 s). In

summary, the experimental validation demonstrates that

the numerical model in heave and yaw models behave

reasonably close to the actual ROV responses. Although

Fig. 24 Angular acceleration of sine input signal of 2.9 V

Table 11 Comparisons

between simulation and

experimental results in yaw

direction

Hydrodynamic coefficients (in yaw direction) Simulation Experiment Error

Added mass (kg) 5.263 4.300 18%

Linear damping (N.s/rad) – 4.611 –

Quadratic damping (Nm.s2/rad2) 6.079 5.481 9.8%
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the numerical error due to the CFD is 28 and 18% for the

heave and yaw direction, respectively, it gives a fairly

sufficient model for the initial control system design.

7 Conclusion

A systematic modeling of the hydrodynamic damping and

added mass of a complex-shaped remotely operated

vehicle using few numerical software was presented. The

computational fluid dynamic software STAR CCM?TM

was used to determine the damping parameters of the

ROV model. Additionally, potential flow code using

WAMITTM was used to predict the added mass on the

ROV model obtained from MULTISURFTM using the

panel method to solve the potential flow around the

vehicle. The simulated results were verified with the

experimental tests in the water tank. Due to test con-

straints, only the results on the heave and yaw direction

were shown. The test results show quite a close match in

the added mass for the heave direction and quadratic

damping coefficient in the yaw direction. However, the

remaining coefficients exhibit some errors as seen in the

numerical results. Experimental tests were conducted in a

water tank using the joystick as a control to move the

ROV to certain desired locations in heave and yaw

direction. The experimental tests exhibit some trends to

the simulated results in the heave and yaw directions. In

summary, the proposed method provides a viable alter-

native with reasonable results at an early design stage

where the test facilities and workforce can be quite

expensive to justify for a prototype ROV. It also provides

a sufficient model and insight to the ROV behavior for

better control the ROV instead of relying on ‘‘black box’’

approach of using non-model based artificial neural

network.

Future works could improve the accuracy of the CFD

results by comparing the numerical simulation with the

Fig. 25 Nonlinear ROV model
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Fig. 26 Virtual reality world of ROV

Fig. 27 User interface for controlling ROV during test
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ROV using real-time adaptive identification approach in

sea trial. The rotating propeller modeling will be included

to simulate the interaction effect between rotating pro-

pellers and propeller–hull interaction. The different con-

trol system design using various controllers will be

performed.

Acknowledgements This work was made possible by the support of

the following staff involved in the research Project (KH134514/

EQS0459/28 research contract). They were namely: Mr. Leonard

Looi, Mr. Lim Jun Jie, Mr. Elvin Teh, Mr. Kum Hoong Cheong, Mr.

Vincent Toh and all other staff who provided the joint supervision,

mechanical design, technical support, test facilities, office space and

feasibility study for the project.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Fossen TI (1994) Guidance and control of ocean vehicles. Wiley,

New York

2. Caccia M, Indiveri G, Veruggio G (2000) Modeling and identi-

fication of open-frame variable configuration unmanned under-

water vehicles. IEEE J Ocean Eng 25(2):227–240

3. Tang S, Ura T, Nakatani T, Thornton B, Jiang T (2009) Esti-

mation of the hydrodynamic coefficients of the complex-shaped

autonomous underwater vehicle TUNA-SAND. J Mar Sci Tech-

nol 14:373–386

4. Eng Y, Lau M, Chin C (2014) Added mass computation for

control of an open frame remotely-operated vehicle: application

using WAMIT and MATLAB. J Mar Sci Technol 22(2):1–14

5. Chin CS, Lau MSW (2012) Modeling and testing of hydrody-

namic damping model for a complex-shaped remotely-operated

vehicle for control. J Mar Sci Appl 11(2):150–163

6. Sarkar T, Sayer PG, Fraser SM (1997) A study of autonomous

underwater vehicle hull forms using computational fluid

dynamics. Int J Numer Meth Fluids 25(11):1301–1313

7. Tyagi A, Sen D (2006) Calculation of transverse hydrodynamic

coefficients using computational fluid dynamic approach. Ocean

Eng 33(5):798–809

Fig. 28 Heave response

between the simulated and

experiment results of ROV

Fig. 29 Yaw response between

the simulated and experiment

results of ROV

286 J Mar Sci Technol (2018) 23:267–287

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


8. Barros EA, Dantas JLD, Pascoal AM, Sa E (2008) Investigation of

normal force andmoment coefficients for anAUVat nonlinear angle

of attack and sideslip range. IEEE J Ocean Eng 33(4):538–549

9. Nakamura M, Asakawa K, Hyakudome T, Kishima S, Matsuoka

H, Minami T (2013) Hydrodynamic coefficients and motion

simulations of underwater glider for virtual mooring. IEEE J

Ocean Eng 38(3):581–597

10. Yeo DJ, Rhee KP (2006) Sensitivity analysis of submersibles’

manoeuvrability and its application to the design of actuator

inputs. Ocean Eng 33(17–18):2270–2286

11. Perrault Doug, Bose Neil, O’Young Siu, Williams Christopher D

(2003) Sensitivity of AUV added mass coefficients to variations

in hull and control plane geometry. Ocean Eng 30(5):645–671

12. Yumin Su, Zhao Jinxin, Cao Jian, Zhang Guocheng (2013)

Dynamics modeling and simulation of autonomous underwater

vehicles with appendages. J Mar Sci Appl 12(1):45–51

13. de Barros EA, Pascoal A, de Sa E (2008) Investigation of a

method for predicting AUV derivatives. Ocean Eng

35(16):1627–1636

14. G-h Zeng, J Zhu (2010) Study on key techniques of submarine

maneuvering hydrodynamics prediction using numerical method,

ICCMS ‘10. In: Second international conference on computer

modeling and simulation, Hainan, pp 83–87

15. Kim Kihun, Choi Hang S (2007) Analysis on the controlled

nonlinear motion of a test bed AUV–SNUUV I. Ocean Eng

34(8–9):1138–1150

16. Zhang He, Yu-ru Xu, Cai Hao-peng (2010) Using CFD software

to calculate hydrodynamic coefficients. J Mar Sci Appl

9(2):149–155

17. Chan WL, Kang T (2011) Simultaneous determination of drag

coefficient and added mass. IEEE J Ocean Eng 36(3):422–430

18. A Ross, TI Fossen, TA Johansen (2004) Identification of under-

water vehicle hydrodynamic coefficients using free decay tests.

In: IFAC conference on control applications in marine systems,

pp 1–6

19. Morrison, III AT, Yoerger DR (1993) Determination of the

hydrodynamic parameters of an underwater vehicle during small

scale, nonuniform, 1-dimensional translation, OCEANS ‘93.

Engineering in Harmony with Ocean, Victoria, BC, Canada, vol

2, pp II277–II282

20. Smallwood DA, LL Whitcomb (2003) Adaptive identification of

dynamically positioned underwater robotic vehicles. IEEE Trans

Control Syst Technol 11(4), 505–515

21. Evans Jason, Nahon Meyer (2004) Dynamics modelling and

performance evaluation of an autonomous underwater vehicle.

Ocean Eng 31:1835–1858
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