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Abstract 

The paper presents the analysis of the hydrodynamic forces and moments concerning the drag and PMM model 

experiments which aims to model and simplify the maneuverability mathematical model for a work-class ROV. The 

experiments performed in the nonlinear wave channel of the Dalian University of Technology included static drag tests, 

static drift and trim drag tests, surge, pure sway, pure heave, pure roll, pure pitch, and pure yaw tests. The viscous 

hydrodynamic coefficients in a quadratic absolute value function and all the inertial hydrodynamic coefficients were 

estimated. The results of hydrodynamic load and coefficients showed significant nonlinear and asymmetrical 

characteristics. The Normalized Sensitivity Coefficient (NSC) was carried out to investigate the sensitivity of both the 

viscous and inertial hydrodynamic coefficients considering the multi-DOF motion and velocity effect. The drag, drift, 

and stationary random motions were defined to examine the sensitivity. The comparison of the motion simulation results 

of simplified and complete models showed that the threshold value of 0.01 for NSC to filter the coefficients is suitable 

for the ROV.  
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1. Introduction 1 

1.1 Background 2 

Underwater vehicles provide a unique technical solution to address the challenges involved in the support of offshore 3 

marine renewable technology operations. Recently, the increasing speed capability and positional accuracy of Remotely 4 

Operated Vehicles (ROVs) allowed them to operate in the highest currents experienced in the shallow waters of marine 5 

renewable technologies [1]. ROVs are widely used for the installation, damage detection, and biodiversity studies of the 6 

offshore wind power industry. The rigging connecting the structure and the vessel was checked by using an ROV in the 7 

monopile installation of the offshore wind turbine structure[2]. The hook can be removed and the belt around the buoy 8 

can be opened by the ROV in the dynamic installation of anchors for floating offshore wind turbines [3]. Preventive 9 

maintenance on cables for offshore floating wind turbines in a life cycle perspective is performed with an anchor handling 10 

towing supply vessel that features diving support and ROV [4, 5]. Deploymenting an ROV is a long-term approach for 11 

remote monitoring and inspection of distributed assets within the offshore Marine Renewable Energy farm [6]. A top-12 

tension-meter and a series of bi-axial inclinometers along the line can do real-time riser or mooring monitoring powered 13 

by ROV-replaceable battery packs for the structural health monitoring of TLP-FOWT [7]. An ROV was used to collect 14 

the data on species communities to investigate the contribution of offshore wind farms to epibenthic biodiversity in the 15 

southern North Sea [8].  16 

However, the applications of ROVs for damage detection are limited because of the high operation cost and safety 17 

considerations. The demand for ROVs is growing with the increase in the number of OWTs and other marine structures 18 

[9]. The motion of the floating wind turbine platform has a significant impact on control systems for automated visual 19 

inspection and intervention using ROV manipulators [10]. One of the challenges of ROV subsea operations near wind 20 

turbine sites is the strong currents, high waves, and the need to operate near underwater structures that require a very 21 



 

 

precise control system. A precise control system is essential to keep the ROV stable and prevent a situation in which the 22 

ROV pilot struggles to fight against the current to proceed with the operation [11]. An important consideration for an 23 

ROV operation is maneuverability, especially influenced by the multi-degree of freedom (DOF) motion and the umbilical 24 

cable tension due to the surface vessel motion in waves. Precise modeling of hydrodynamic load on ROV is necessary to 25 

ensure the success rate of subsea operations and to comply with safety requirements.  26 

1.2 PMM tests for underwater vehicles 27 

A maneuvering model with compact notation using matrices and vectors is commonly used in motion simulations 28 

and control systems design. Fossen presented a 6-DOF model for AUVs and ROVs [12]. Scholars have shown some 29 

interest in the asymmetric and high-order hydrodynamic model of ROV[13-15]. A crucial piece of equipment used to 30 

perform captive model tests in the towing tank or water channel is the Planar Motion Mechanism (PMM) and the data is 31 

used to estimate the hydrodynamic derivatives after maneuvering tests[16]. The reason why the PMM has been widely 32 

used in the last decades is the advantage relies on its reasonable accuracy in obtaining both damping and added mass 33 

derivatives. The purpose of the PMM tests is that apply forced harmonic motion to observe the dynamic hydrodynamic 34 

of an underwater vehicle. The vertical PMM could be achieved by two slider-crank mechanisms one link on the stem and 35 

the other linked in the stern of the test model. By superposition of various DOFs of motion, the PMM tests can measure 36 

all the hydrodynamic coefficients of the mathematical model. The added mass and inertia can be acquired from the pure 37 

heaving motion and pure pitching motion respectively in a set of vertical PMM tests[17]. Jung and Jeong et al measured 38 

the vertical damping and inertial hydrodynamic coefficients of an underwater glider in connection with vertical linear 39 

velocity and pitching angular velocity [18]. Jun et al investigated the water depth effect on the submarine with different 40 

motion periods via vertical PMM tests [19, 20]. A water tunnel using vertical PMM that changes the frequencies of pure 41 

pitch and heave motions by a voltage change in the three-phase motor and different amplitudes can be attained as a result 42 

of slider motion in the grooved crank. The static and dynamic tests were conducted to estimate the underwater vehicle 43 

hydrodynamic derivatives using the above PMM [21]. Park et al set the AUV model at the self-propulsion point and 44 

measured the forces on the body and control fins with vertical PMM equipment to establish a mathematical maneuvering 45 

model using a whole vehicle model[22]. Xu et al calculated inertial coefficients and discussed the properties of the cross-46 

inertial coefficients, which are related to the inertial forces and moments induced by the motion in other directions [13].  47 

The horizontal PMM could be constructed by a threaded spindle and a vertical machine. The same as vertical PMM, 48 

the PMM decouples the vertical and horizontal motion, therefore horizontal planar motion tests of an underwater vehicle 49 

should be performed by rotating the model by 90° about the propeller shaft axis[23]. The mounting modes of underwater 50 

vehicles can be divided into yaw, pitch, and roll modes according to the relative location of the hull and the strut of a 51 

horizontal PMM [24]. By this means, coupling with a flexible installation method of an underwater vehicle, all six DOF 52 

hydrodynamic derivatives can be estimated [25]. The PMM procedure, which includes sway and yaw oscillations in 53 

addition to the forward motion, determines the coefficients that are correlated to the transverse force, yaw moment, and 54 

lateral and turning velocities[26]. Lee et al estimated the hydrodynamic maneuvering derivatives of heave-pitch coupling 55 

motion for a Ray-type Underwater Glider with a horizontal PMM test[27]. It is possible to study the hydrodynamics of 56 

underwater vehicles in large drift and trim angles accompanied by horizontal PMM [28]. Liang et al carried out a set of 57 

oblique towing tests containing high attack angles, pure heave tests, and pure pitch tests, which bring about a low-order 58 

and piecewise mathematical model of a submarine [29]. Besides the slider-crank mechanism and threaded spindle-vertical 59 

machine mechanism, the six DOF motion platform was also adopted as PMM. Profit from the multi-DOF coupled motion, 60 

the efficiency of measuring the hydrodynamic coefficients of physical models of ships and offshore structures is improved 61 

by the device[30]. Xu performed a series of PMM tests via a 6-DOF hexapod motion platform for the estimation of 62 

nondimensionalized hydrodynamic coefficients of the ship by least square support vector machine. The validation process 63 

was carried out to test the performance and accuracy of the resulting nonlinear maneuvering models [31, 32]. 64 

1.3 Sensitivity analysis for underwater vehicles 65 

There may be hundreds of hydrodynamic coefficients for a complete mathematical model of a work-class open-66 

frame ROV. Too many parameters are difficult to identify without particular costly maneuvers for parameter identification 67 

and motion prediction cases. A simplified model can improve the efficiency of a model-based controller and state 68 

estimators. Therefore, it is necessary to analyze the sensitivity of the mathematical mode coefficients, to generate the 69 



 

 

ranking of the hydrodynamic coefficients and identify the coefficients that have a negligible influence on the output 70 

variability[33]. The direct method and indirect method are used for sensitivity analysis of an underwater vehicle in the 71 

field of engineering. Yeo et al. carried out the equation of the sensitivity matrix in the direct method by rewriting the 72 

maneuverability mathematical model of the submarine and examined the influences of hydrodynamic coefficients on the 73 

prediction of submarine maneuverability [34]. Abolvafaie et al. calculated the hydrodynamic coefficients’ sensitivity 74 

values in the direct method by using turning circle maneuver and zigzag maneuver [35]. The overshoot maneuver and 75 

turning circle maneuver could be chosen as the response motion for a submarine in the indirect method [36]. To be specific, 76 

the radius of the turning circle could be chosen as a measure of steady-state response and the advance could be chosen as 77 

a measure of the transient response. In an overshoot maneuver, the overshoot angle and width of the path could be chosen 78 

as a measure of the straight and level flight response to study the sensitivity of underwater vehicles' response [37]. The 79 

velocity is an optional parameter to investigate the sensitivity of an underwater vehicle[38], such as overshoot of sway, 80 

yaw velocity, and yaw rate in a steady state [39]. The specific method is to vary the coefficient values by a limited 81 

percentage one at a time while other coefficients are fixed at their original values. And repeated the mathematical model-82 

based trajectory simulations to find the most evident coefficients of an underwater vehicle [40, 41]. Wang et al compared 83 

the simulation results that were calculated from the mathematical model of which test values varying in the normal 84 

distribution diagram with the CFD results to examine the contribution of sway force, heave force, pitch and yaw moment, 85 

and the corresponding hydrodynamic coefficients [42]. Besides the hydrodynamic coefficients, the design parameters are 86 

another significant influence variate on the sensitivity of a system. By changing the length-to-diameter ratio and the 87 

location of the shaftline, the sensitivity of the added mass coefficients was obtained [43]. Jeon et al. the geometric 88 

parameters for the bare hull and rudder to be the hull form design parameters to calculate the total sensitivity and partial 89 

sensitivity by the chain rule to design the hull form of an underwater vehicle in the conceptual design phase [44]. In a 90 

word, one of the keys to the sensitivity analysis of underwater vehicles is the trajectory. The overshoot maneuver and 91 

turning circle maneuver of an axisymmetric body were frequently used. However, they are not the typical trajectory of 92 

the work-class ROV. And the existing standard of sensitivity analysis of submarines and AUVs is not suitable for work-93 

class ROVs. 94 

1.4 Objectives of this study 95 

Therefore, this article presents a sensitivity analysis of hydrodynamic coefficients for a work-class ROV in different 96 

trajectories based on the maneuverability mathematical model obtained from PMM experiments. The contribution is that 97 

it presents a new train of thought about simplifying the mathematical model to suit the 6-DOF motion ROV in the full 98 

domain of the designed speed. A normalized coefficient was used to analyze the sensitivity of hydrodynamic coefficients 99 

which could reveal the relation between the sensitivity, the size of the coefficients, the hydrodynamic load, and the moving 100 

speed.  101 

The paper is arranged as follows: The mathematical model is established in section 2; The test conditions and 102 

equipment are listed in section 3; section 4 reports and analyzes the hydrodynamic loads and coefficients; section 5 103 

presents the sensitivity analysis method and results; there is a few discussion in section 6 about the findings and reasons 104 

of our investigation. 105 

 106 

2. Mathematical model 107 

There are two coordinate systems used in the experiment, the space-fixed coordinate system O-x0y0z0 and the body-108 

fixed coordinate system G-xyz. Both two coordinate systems are right-handed. The origin O is fixed on a point on earth 109 

and the 0Oz  axis along the gravity direction. The origin G is fixed on the gravity central of the test model. The Gx and 110 

Gy axis points to the stem and the starboard of the ROV model respectively. The surge, sway, and heave velocity (u, v, w) 111 

and the roll, pitch, and yaw angular velocity (p, q, r) are defined in the body-fixed coordinate system. The attack and drift 112 

angle ( ,  ) are defined according to the navigation speed V and the body-fixed coordinate system. 113 



 

 

 114 

Figure 1. The space-fixed and body-fixed coordinate systems 115 

The hydrodynamic model in the paper is based on second-order modulus functions. The approach is to describe the 116 

total hydrodynamic surge X, sway Y, heave, and Z forces and roll K, pitch M, and yaw moment N acting on an ROV as 117 

general functions of the state variables at a certain instant such as surge, sway, and heave velocities and roll, pitch, and 118 

yaw angular velocities (u, v, w, p, q, r, respectively) and accelerations ( u , v , w , p , q , and r  respectively) in the 119 

body-fixed coordinate system. The momentum theorem derives the six degrees of freedom equations of motion in the 120 

body-fixed coordinate system as follows. 121 
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where, m is the mass of the ROV. Ix, Iy, and Iz represent the moments of inertia of the ROV to the x, y, and z axes of the 123 

body-fixed coordinate system, respectively. The following hydrodynamic and hydrostatic mathematical model is used to 124 

represent the external forces. 125 

   1 2 3

inertia load viscous load

T

X Y Z K M N = + + +
g

F F F F   (2) 126 

where external forces include inertia, viscous loads, the submerged weight of the body, and buoyancy force g
F  . 1F127 

indicates the hydrodynamic force related to the added mass. 2F , 3F are hydrodynamic forces that are associated with 128 

uncoupled velocity and coupled velocity in horizontal and vertical motion. In this study, the sum of added mass Coriolis 129 

and centripetal terms together with hydrodynamic damping terms is used in the model to avoid overparametrization. 130 

The viscous hydrodynamic loads mentioned above are mainly caused by the asymmetric shape of work-class open 131 

frame ROV, the movement across degrees of freedom, and the sea current that is not the main direction of movement. 132 

The shape of the open-frame ROV is not symmetrical along the transverse section of its midships due to the influence of 133 

the carrying equipment. The asymmetric shape will make the mathematical expression of the viscous hydrodynamic of 134 

ROV appear more nonlinear terms. The hydrodynamic coefficients of the same hydrodynamic components are not equal 135 

when the ROV is moving in opposite collinear directions. To build an accurate and continuous hydrodynamic model, the 136 

mathematical hydrodynamic model needs to include the absolute value of the higher-order velocity. The mathematical 137 

model is as follows: 138 

 Inertia loads 139 
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140 

 Viscous loads related to uncoupled velocities 141 

 2 2 2 2 2 2 2{ }TX Y Z K M N=F   (4) 142 

where,  143 
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 Viscous loads related to uncoupled velocities 150 

 3 3 3 3 3 3 3{ }TX Y Z K M N=F , (5) 151 
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 153 

 Submerged weight of the body and buoyancy force 154 

 0 0 0 ( )cos sin ( )sin 0
T

W g b W g bB z z B z z   = − − − − g
F ,  (6) 155 

where WB is the buoyance of the ROV. All the hydrodynamic coefficients are nondimensional by the water density  and 156 

length of the ROV L . 157 

3. PMM tests 158 

3.1. Test layout and installation 159 

The prototype of the ROV model is a work-class ROV AUTO-1000 designed by AutoSubsea Vehicles Inc. The ROV 160 

model geometry, a 1:4 scale, 0.732 m long, 0.41 m width, and 0.45 m height, resin 3D printing hull with two manipulators, 161 

and all other device models, as shown in Figure 2. The gravity central is located 314 mm before the tail end and 244 mm 162 

above the bottom.  163 

 164 

Figure 2. The ROV model. 165 

Tests are conducted at the nonlinear wave channel of the Dalian University of Technology shown in Figure 3(b). The 166 

channel is 40 m long and 4 m wide and 1.8 m deep. The 6-DOF parallel platform was welded on the carriage which is 167 

fixed in the middle of the channel. The length between the ROV model and the inlet of current is 22 m. A Vectrino acoustic 168 

Doppler point current meter with a range of 4 m/s and a resolution of 1 mm/s was set after 18.5 m from the current inlet. 169 

A set of baffles were used to increase the current speed and for rectification. The front of the baffles is 18 m away from 170 

the ROV model and the width of the working area in the channel is 2 m. By considering the power of the pumps and the 171 

maximum current speed we need, the water depth is 1 m and the ROV model is in the middle in vertical. The water surface 172 

effect is limited according to the previous numerical studies[45]. The current was pumped by two axial flow pumps. Water 173 



 

 

flowed from an entrance on the ground ahead and inhaled into the exit 16 m after the ROV model. The length of the 174 

working area is long enough to obtain a steady speed of current. 175 

 176 

                             (a)                                         (b) 177 

Figure 3. The panorama of nonlinear wave channel (a) and the current meter (b). 178 

 179 

The installation of the ROV model, the strut, the load cell, and the motion platform are shown in Figure 4. The origin 180 

O of the space-fixed coordinate system is fixed on the bottom center of the 6-DOF parallel platform (it is inverted). The 181 

Ox0 axis points to the longitudinal of the water channel and the Oy0 axis points to the lateral direction in the experiment. 182 

The load cell and the motion platform are connected with a thick steel plate which ensures the load cell is located at the 183 

control of the motion platform. The load cell is right above the gravity central of the ROV model in each installation 184 

method. The ROV model is linked by a steel strut with the load cell. To achieve 6-DOF forces and moments measurement 185 

without buoyancy and current direction effects, the ROV model needs to rotate. The installation of the load cell never 186 

changed in the whole experiment. We only change the connection type and direction of the strut and the ROV model. The 187 

installation for drag tests (+X cases) is illustrated in Figure 4(a), and the ROV model rotates 180° for −X cases. The 188 

methods in Figure 4(b) and (c) are for the drag tests in lateral (±Y) and vertical (±Z) respectively. The draft tests use the 189 

method in Figure 4(a). The drift angles are adjusted by rotating the motion platform on the Oz0 axis. 190 

 191 

            (a)                       (b)                    (c)                     (d) 192 

Figure 4. The installation of the ROV model: longitudinal drag and horizontal PMM tests (a), lateral drag tests (b), vertical 193 

drag tests (c), and vertical PMM tests (d). 194 

 195 

3.2. Test conditions 196 

The PMM test abides the Froude's law of similarity. There are static drag tests and dynamic tests to estimate the 197 

viscous and inertia hydrodynamic coefficients. The static tests include the longitudinal drag, lateral drag, vertical drag, 198 

and drift drag tests. The ROV was fixed and The load time histories as the current scour of the ROV model were recorded. 199 

In the drift drag test, the ROV model was set to a settled angle in the horizontal plane. The dynamic tests include surge, 200 

pure sway, pure heave, pure roll, pure pitch, and pure yaw small amplitude PMM tests. The motion definition in the body-201 

fixed coordinate system of each test and the coefficients calculated are listed in Tables 1 and 2. VC indicates the magnitude 202 
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of the current velocity varies from 0.2 to 0.5 m/s. The amplitude a=0.03m, and the frequency ω varies from 0.25 rad/s to 203 

3.14 rad/s in the dynamic tests. The roll angle φ is 0.0872 rad, and the t indicates the physical time. The drift angles (β) 204 

are within ±20 ° and the trim angles (α) are in the range of ±10°. The details of the designed conditions are shown in Table 205 

3. 206 

Table 1. Static PMM tests names and their corresponding maneuvering derivatives. 207 

Static tests Longitudinal 

drag 

±X The current direction 

along the ±Ox axis 
u u

X 
uuX 

u
X 

uX 
u u

Y  uuY 
u

Y  uY 
u u

Z  uuZ 
u

Z 

uZ 
u u

K 
uuK 

u
K 

uK 
u u

M 
uuM 

u
M 

uM 
u u

N 

uuN 
u

N 
uN   

 Lateral drag ±Y The current direction 

along the ±Oy axis 
v v

X 
vvX 

v
X 

vX 
v v

Y  vvY 
v

Y  vY 
v v

Z  vvZ 
v

Z 

vZ 
v v

K 
vvK 

v
K 

vK 
v v

M 
vvM 

v
M 

vM 
v v

N 

vvN 
v

N 
vN   

 Vertical drag ±Z The current direction 

along the ±Oz axis 
w w

X 
wwX 

w
X 

wX 
w w

Y  wwY 
w

Y  wY 
w w

Z  wwZ 

w
Z  wZ 

w w
K 

wwK 
w

K 
wK 

w w
M 

wwM 
w

M 

wM 
w w

N 
wwN 

w
N 

wN   

 Drift  XY The current direction has 

an included angle β 

against the -Ox axis 

u v
X 

uvX 
u v

Y  uvY 
u v

Z  uvZ 
u v

K 
uvK 

u v
M 

uvM 

u v
N 

uvN    

 Trim XZ The current direction has 

an included angle α 

against the -Ox axis 

u w
X 

uwX 
u w

Y  uwY 
u w

Z  uwZ 
u w

K 
uwK 

u w
M 

uwM 
u w

N 
uwN    

 208 

Table 2. Dynamic PMM tests names and their corresponding maneuvering derivatives. 209 

Dynamic 

tests. 

Surge  cos( )Cu V a t = + , 
2 sin( )u a t = − , and 

other velocities are zero. 

uX 
uY  uZ  uK 

uM uN   

Sway , cos( )Cu V v a t = = , 
2 sin( )v a t = − , and 

other velocities are zero. 

vX 
vY  vZ  wK 

wM 
wN   

Heave  , cos( )Cu V w a t = = , 
2 sin( )w a t = − , 

and other velocities are zero. 

wX 
wY  wZ  wK 

wM 
wN   

Roll  
0 0, sin( ), cos( )Cu V t p t     = = = , 

2 sin( )p a t = − , and other velocities are 

zero. 

pX 
pY  pZ  pK 

pM 
pN 

pX 
pY  pZ  pK 

pM 

pN    

Pitch  
0 0, cos( ), arctan( / )C Cu V q t a V    = = = , 

2

0 sin( )q t  = − ,  

and other velocities are zero. 

qX 
qY  qZ  qK 

qM 
qN 

qX 
qY  qZ  qK 

qM 

qN    

Yaw  
0 0, cos( ), arctan( / )C Cu V r t a V    = = = , 

2

0 sin( )r t  = − , and other velocities are 

zero. 

rX 
rY 

rZ  rK 
rM 

rN 
rX 

rY  rZ  rK 
rM 

rN    

 210 



 

 

Table 3. The details of the test conditions 211 

Static tests ±X and ±Y cases VC/(m/s) 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5  

    

 ±Z cases VC/(m/s) 0.2, 0.25, 0.3, 0.35, 0.4  

    

 XY and XZ cases VC/(m/s) 

β and α/° 

0.4 

±2, ±3, ±4, ±5, ±6, ±7, ±8, ±9, ±10 

Dynamic  Surge and sway VC/(m/s) 0.4 

tests  a/m 0.03 

  ω/(rad/s) 0.25, 0.38, 0.50, 0.63, 1.26, 1.38, 1.51, 1.63, 1.76, 1.88, 2.20, 

2.51, 2.83, 3.14 

    

 Heave VC/(m/s) 

a/m 

ω/(rad/s) 

0.4 

0.03 

0.25, 0.38, 0.50, 0.63, 1.57, 1.88, 2.20, 2.51, 2.83, 3.14 

    

 Roll VC/(m/s) 0.4 

  φ/° 5, 2 

  ω/(rad/s) (5°: 0.25, 0.38, 0.50, 0.63), (2°: 1.26, 1.38, 1.51, 1.63, 1.76, 1.88, 

2.20) 

    

 Pitch and yaw VC/(m/s) 0.4 

  a/m 0.03 

  ω/(rad/s) 0.25, 0.38, 0.50, 0.63, 1.26, 1.38, 1.51, 1.63, 1.76, 1.88, 2.20 

 212 

3.3. Test equipment 213 

The PMM implemented in this study is a 6-DOF parallel platform, as shown in Figure 5(a). The maximum translation 214 

is ±189 mm in longitudinal, ±200 mm in lateral, and ±97 mm in vertical direction. The maximum orientation is 20°. Three 215 

accelerometers were installed to monitor and report the amplitude and frequency. Two horizontal sensors have a range of 216 

1g and a resolution of 3×10-5g. The range and resolution of the vertical sensor are 50g and 3×10-3g respectively. Forces 217 

and moment were measured with a load cell of the six-component balance (KD461000N). Maximum force and moment 218 

ranges are 600 N for Fx, Fy, and 1000N for Fz and 300 N m for Mx, My, and 50 Nm for Mz, respectively as shown in 219 

Figure 6(a). The load cell was calibrated statically on a test stand using standard weights. The experimental data of forces 220 

were transferred to the body-fix coordinate system, and the hydrodynamic moments of gravity central were calculated 221 

according to the raw data. A steel strut as indicated in Figure 6(b) was designed to connect the load cell with the ROV 222 

model. The signal of the load cell and the accelerometers were synchronized and collected by the dynamic signal test and 223 

analysis system as shown in Figure 6(c). The force and moment from the load cell were transferred to the body-fixed 224 

coordinate system. The load cell was reset before each test. Each case of static test in one current speed contained at least 225 

3 minutes. The measured current speed and hydrodynamic loads used to calculate derivatives in static tests were the 226 

average values after the signal was stable. We recorded the hydrodynamic loads in at last five periods of motions in PMM 227 

tests. 228 

    229 

                              (a)                             (b) 230 

Figure 5. The 6-DOF parallel platform (a) and the accelerometers (b). 231 
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                   (a)                     (b)                            (c) 233 

Figure 6. The load cell (a), the strut (b), and the dynamic signal test and analysis system (c). 234 

 235 

4. Experimental results 236 

4.1. Hydrodynamic loads 237 

The relative speeds between the ROV model and the current in the body-fixed coordinate system are used. It can 238 

indicate the motion velocity of the ROV. The ±X, ±Y, ±Z cases amount to the ROV in the longitudinal, lateral, and vertical 239 

motion with the motion speed equal to the current. To facilitate the analysis, the description of speed and motion direction 240 

are in the body-fixed coordinate system. 241 

4.1.1 Static drag tests 242 

The longitudinal static forces and moments of the ROV model in drag tests are shown in Figure 7(a) and (b). Most 243 

of the hydrodynamic forces and moments have a significant nonlinear trend with their velocities even when the speed is 244 

much less than the designed speed in the model scale which is about 0.4 m/s. The lateral force, roll moment, and yaw 245 

moment are more linear than other hydrodynamic forces and moments when the ROV is in a drag-link motion. The 246 

longitudinal drag is the largest load on the ROV model since it is collinear with motion speed. Other loads are quite 247 

obvious such as the vertical forces are more than 20% and 40% of the longitudinal drags in positive and negative Gx 248 

direction motion and the lateral forces are nearly 10% of the longitudinal drags in positive Gx direction motion. There are 249 

both roll, pitch, and yaw moments when the ROV moves in the longitudinal direction. The pitch moment is larger than 250 

the roll and yaw moments respectively. 251 

As shown in Figure 7(c) and (d). Compared to the ±X cases, the difference is that the resistance is much larger in 252 

lateral motion than in the longitudinal and the roll moment has the same direction as motion speed in ±Y cases. The 253 

discrepancy of lateral force in −Y and +Y cases is less than 5%. The vertical force in rightward lateral motion is larger 254 

than in forward longitudinal motion, but it is only about 45% of the vertical force in backward longitudinal motion when 255 

the ROV has a leftward motion. As shown in Figure 7(e) and (f), the vertical motion has a great influence on the 256 

longitudinal force and yaw moment. In comparison with ±Y cases, the longitudinal forces increase more than that in ±Z 257 

cases at the same negative speed.  258 

    259 

                            (a)                                         (b) 260 
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                            (c)                                         (d) 262 

    263 

                            (e)                                         (f) 264 

Figure 7. The experimental results in static tests. The forces (a) and the moments(b) of ±X cases, the forces(c) and the 265 

moments(d) of ±Y cases, and the forces(e) and the moments(f) of ±Z cases. 266 

 267 

4.1.2 Static drift and trim tests 268 

The hydrodynamic forces and moments in drift tests are shown in Figure 8. The longitudinal and vertical force has 269 

little effect by the drift angle within ±10° as illustrated in Figure 8(a). The variation of the longitudinal and vertical force 270 

is less than 5% and 7% respectively. The longitudinal force increases slightly with the rising drift angle, especially when 271 

the drift angle is greater and zero. On the contrary, the vertical force decreases when the drift angle increases on the same 272 

side. A left drift motion occurs as a larger vertical hydrodynamic force is downward in the body-fixed coordinate system. 273 

The lateral force, roll, and yaw moment are sensitive to the drift angle as shown in Figure 8(b). There is a significant 274 

increment of pitch moment when the drift is greater than +6°, and the increasing ratio is larger than 5%. There is an 275 

obvious change in vertical force, roll, and pitch moment when the ROV model has a trim angle as shown in Figure 8(c) 276 

and (d). As the stern of the ROV model rises, the longitudinal force appears a limit decrease in which the changing ratio 277 

is less than 7%. The lateral force varies from the starboard to the port and then becomes stable with a ratio of less than 278 

20% when the trim angle is greater than zero. There should be a zero lifting vertical force when the ROV has a trim angle 279 

of −4.04°. The direction of the roll moment is negative to the trim angle and the roll moments are almost equal at the 280 

same absolute values of the trim angle. There is a nonlinear trend arising to the pitch moment with a right over 3% 281 

variation ratio when the trim angle is larger than 6°. The yaw moment grew with a ratio of nearly 4%, but it began to level 282 

off as the trim angle was greater than 4°. 283 
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                           (a)                                        (b) 285 

    286 

                           (c)                                        (d) 287 

Figure 8. Hydrodynamic load in the drift (a) (b) and trim (c) (d) drag tests. 288 

 289 

4.1.3 Dynamic tests 290 

Hydrodynamic force and moments are shown in their hysteresis loops in Figure 9 including the longitudinal force in 291 

surge tests, the lateral force in sway tests, the vertical force in heave tests, the roll moment in pure roll tests, the pitch 292 

moment in pure pitch tests, and the yaw moment in pure yaw tests. The loops in this section show the relationship between 293 

hydrodynamic loads and oscillation displacement.  294 

The longitudinal, lateral, and vertical displacements are adopted in surge, sway, and heave tests. The roll, pitch, and 295 

yaw angles are chosen in pure roll, pitch, and yaw tests. The displacements change as a sine function with an amplitude 296 

of 0.03 m, and the angles are the cosine function in which the amplitudes of pitch and yaw increase with the oscillation 297 

frequencies. The hysteresis loop shows the variation of inertia and viscous forces. The acceleration shares the same phase 298 

as the displacement so the acceleration approaches the maximum as the meantime of displacement, and the velocity is the 299 

opposite. Therefore, there is only the inertia and viscous load when the displacement is the maximum and zero respectively. 300 

As shown in these figures, the inertia load increases with the frequency growth. The difference between the upper and 301 

lower values of the same curve increases with the oscillation frequency when the displacement reaches the equilibrium 302 

position which indicates an increasing viscous force. The average values of these loads are not zero because the ROV 303 

model encounters 6 DOF hydrodynamic loads. The hydrodynamic load curves are twisty when the ROV model oscillates 304 

at low frequencies due to the unsteady flow and this phenomenon disappears as the frequency rises. 305 

The historical loops for the part of cross-coupling hydrodynamic loads are shown in Figure 10. There are the largest 306 

moment coefficients in the surge, sway, and heave tests and the force coefficients in the roll, pitch, and yaw tests. The 307 

moments in low frequencies vary nonlinearly with oscillation amplitude. The values of the hydrodynamic moments and 308 

forces have a significant difference when the ROV model translates to the position with the same acceleration amplitude 309 

but opposite phase.  310 



 

 

    311 

             (a) The longitudinal force in surge tests              (b) The lateral force in sway tests 312 

    313 

             (c) The vertical force in heave tests                (d) The roll moment in roll tests 314 

    315 

            (e) The pitch moment in pure pitch tests           (f) The yaw moment in pure yaw tests 316 

Figure 9. The hysteresis loops of the hydrodynamic force and moments in dynamic tests. 317 
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               (a) The pitch moment in surge tests                (b) The roll moment in sway tests 319 



 

 

    320 

              (c) The roll moment in heave tests                (d) The lateral force in roll tests 321 

    322 

             (e) The vertical force in pure pitch tests         (f) The longitudinal force in pure yaw tests 323 

Figure 10. The historical loops for the part of cross-coupling hydrodynamic loads 324 

 325 

4.2. Hydrodynamic coefficients 326 

4.2.1. Static tests 327 

The data of each hydrodynamic load in static tests are fitted to a quadratic absolute value function 328 

2F F F F F   
    = + + +  where F  is the hydrodynamic loads and   is the current velocities of each case in 329 

the body-fixed coordinate system. The non-dimensional coefficients are calculated via F
 

 , F  , F


 , and F  330 

according to equation (4). Nonlinear non-dimensional coefficients are shown in Figure 11. All the nonlinear 331 

hydrodynamic forces and moments coefficients ( F
 

 and F ) were divided by 
21

2
L  and 

31

2
L  respectively. There 332 

are greater values of | |u uX  , | |v vY  , | |w wZ  , | |v vK  , | |w wM  , | |v vN   for each motion direction which agrees with the relative 333 

size of values for hydrodynamic loads.  334 

The velocity coupling coefficients were estimated via equation (5) and the non-dimensional method is the same as 335 

F
 

. The hydrodynamic loads coincident with the static drag test results were subtracted. Compared to the drift angle, 336 

the trim angle increases the longitudinal force. There is a significant effect on lateral and vertical hydrodynamic forces 337 

by drift and trim motion. The nonlinear coefficients of lateral and vertical forces in drift and trim motion ( uvY and zwY ) 338 

are greater than their nonlinear coefficients with only respect to the lateral and vertical speeds. The vertical force is more 339 

sensitive to the trim angle than other forces as uwZ  is nearly twice of | |w wZ . The trim angle has an obvious impact on 340 

roll and pitch moments, and the drift angle influences the yaw moment more than other moments. For all velocity coupling 341 

coefficients, the coefficients relative to uw  and uv  will be the greatest in each DOF for drift and trim motion.  342 

The Taylor expansion was applied in modeling the hydrodynamic model, therefore linear hydrodynamics were 343 

maintained. To compare the linear and nonlinear coefficients, gL  which has the same order as the velocity was chosen 344 

to normalize the linear coefficients because Froude's law of similarity was abided by. The linear hydrodynamic 345 



 

 

coefficients of forces and moments were divided by 21

2
L gL   and 31

2
L gL   respectively. The velocity of the 346 

largest coefficient in each DOF is not exactly the same as the nonlinear coefficients. 
wX  , | |wY  , 

wZ  , | |wK  , | |vM  , 
vN   347 

are the greatest linear coefficients in each DOF.  348 

 349 

(a) 350 

 351 

(b) 352 

Figure 11. Nonlinear hydrodynamic coefficients (a) and linear coefficients (b) of static tests 353 

 354 

4.2.2. Dynamic tests 355 

To filter the turbulent flow and mechanical vibration effect on inertia hydrodynamic coefficients, a band-pass filter 356 

with the frequency band 0.9ω<ω <1.1ω (ω is the motion frequency) is therefore considered [24]. The velocity and 357 

acceleration terms in the equations can be represented as listed in Table 2. Equation (1) and (3) can be rewritten as follows: 358 

In surge tests: 
31/ 2 u DX mu L X u X u + = + , 

31/ 2 u DY L Y u Y u = + , 
31/ 2 u DZ L Z u Z u = + , 359 

41/ 2 u DK L K u K u = + , 
41/ 2 u DM L M u M u = + , 

41/ 2 u DN L N u N u = + ,  360 
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Sway tests: 
31/ 2 v DX L X v X v = + , 

31/ 2 v DY mv L Y v Y v + = + , 
31/ 2 v DZ L Z v Z v = + , 361 

41/ 2 v DK L K v K v = + , 
41/ 2 v DM L M v M v = + , 

41/ 2 v DN L N v N v = + ,  362 

Heave tests: 
31/ 2 w DX L X w X w = + , 

31/ 2 w DY L Y w Y w = + , 
31/ 2 w DZ mw L Z w Z w + = + , 363 

41/ 2 w DK L K w K w = + , 
41/ 2 w DM L M w M w = + , 

41/ 2 w DN L N w N w = + ,  364 

Roll tests: 4 21/ 2 1/ 2p pX L X p L gl X p  = + , 4 21/ 2 1/ 2p pY L Y p L glY p  = + , 365 

4 21/ 2 1/ 2p pZ L Z p L glZ p  = + , 5 3( )sin 1/ 2 1/ 2x W g b p pK I p B z z L K p L glK p   + + − = + , 366 

5 31/ 2 1/ 2p pM L M p L glM p  = + , 5 31/ 2 1/ 2p pN L N p L glN p  = + ,  367 

Pitch tests: 4 21/ 2 1/ 2q qX L X q L gl X q  = + , 4 21/ 2 1/ 2q qY L Y q L glY q  = + , 368 

4 21/ 2 1/ 2q qZ L Z q L glZ q  = + , 5 31/ 2 1/ 2q qK L K q L glK q  = + , 5 31/ 2 1/ 2y q qM I q L M q L glM q  + = + , 369 

5 31/ 2 1/ 2q qN L N q L glN q  = + ,  370 

Yaw tests: 
4 21/ 2 1/ 2r rX L X r L gl X r  = + , 

4 21/ 2 1/ 2r rY L Y r L glY r  = + , 371 

4 21/ 2 1/ 2r rZ L Z r L glZ r  = + , 
5 31/ 2 1/ 2r rK L K r L glK r  = + , 

5 31/ 2 1/ 2r rM L M r L glM r  = + , 372 

5 31/ 2 1/ 2z r rN I r L N r L glN r  + = + .  373 

The reason why we ignore the high-order hydrodynamic coefficients is that the amplitude of these tests is limited 374 

and the oscillation velocities are far less than 1. Besides, the bandpass filter excludes the double and triple-frequency 375 

components which are related to the high-order hydrodynamic coefficients in the frequency domain. The longitudinal 376 

velocity in each test could be seen as a constant equal to the current velocity, therefore the hydrodynamic Coriolis–377 

Centripetal loads which correlate to the longitudinal velocity and angular velocities should be considered.  378 

The equations of surge, sway, and heave could be transformed into a form of sin( ) cos( )in out staticF F t F t F = + +  379 

where F  is the load data that the force ring measured but do not include the mass and moment of inertia. inF  is related 380 

to the inertia hydrodynamic coefficient and the amplitude of the acceleration, and outF  is the product of the viscous 381 

hydrodynamic coefficients and the amplitude of the oscillation velocity. The least square method was used to fit the 382 

function. inF  of the surge, sway, and heave tests in several frequencies are shown in             (a)                                       383 

(b)                             (c) 384 

Figure 12. The sine term increases linearly with the accelerations. Except the acceleration has a significant influence 385 

on the force along the oscillation direction, there are greater sine terms in each case such as yaw moment in surge motion, 386 

roll moment in sway motion, and lateral force in heave motion.  387 

 388 

            (a)                                       (b)                             (c) 389 

Figure 12. The coefficient of the sine terms of the surge (a), sway (b), and heave (c) tests. 390 
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The hydrodynamic load in roll, pitch, and yaw tests can be expressed as in out staticcos( ) sin( )F F t F t F = + +  where 392 

the meaning of each term is the same as we mentioned above, and the data of each hydrodynamic load in roll, pitch, and 393 

yaw tests are fitted to that function. As shown in Figure 13(a), the lateral force and roll moment show a significant 394 

linear relation with increasing sway acceleration, but there is a variation in other loads. Figure 13(b) and (c) presents the 395 

variation of the cosine term of pure pitch and yaw motion against the accelerations. The pitch and yaw acceleration 396 

increases the inertial hydrodynamic loads dramatically in which the vertical force and the pitch moment in pitch motion 397 

and longitudinal force and the yaw moment in yaw motion change particularly compared to the roll motion. The sine 398 

term outF  against the rotational velocities is shown in             (a)                                       399 

(b)                             (c) 400 

Figure 14.  401 

 402 

            (a)                                       (b)                             (c) 403 

Figure 13. The coefficients of the cosine terms of the roll (a), pitch (b), and yaw (c) tests. 404 

 405 

            (a)                                       (b)                             (c) 406 

Figure 14. The coefficients of the sine terms of the roll (a), pitch (b), and yaw (c) tests. 407 

 408 

The least square method was used to estimate the inertia coefficients which should be the slope between inF  and 409 

the accelerations. The inertia coefficients are shown in Figure 15. To compare the relative size of the inertia coefficients, 410 

the non-dimensional mass of the prototype was calculated as 0.066. for the inertia coefficients in the leading diagonal of 411 

the added mass matrix of the ROV, the difference between the lateral and vertical inertia is less than 15% of the mass but 412 

they are over twice larger than the longitudinal inertia. The inertia coefficients of rotational motion have the same rules 413 

but the inertia is less than 14% of the mass. There are considerable values of inertia coefficients in off-diagonal. There 414 

are coefficients more than 10% of the mass, such as vX , rX , uY , wY , pY , vZ , qZ , uK , vK , uM , vM , and uN . 415 

As shown in Figure 16, the non-dimensional viscous coefficients to the rotational velocities are greater than those to the 416 

linear velocities. 417 
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     418 

(a) 419 

     420 

(b) 421 

Figure 15. The non-dimensional inertia coefficients of linear (a) and angular acceleration (b).  422 

     423 

Figure 16. The non-dimensional viscous coefficients to the angular velocities of the ROV 424 

 425 

5. Sensitivity analysis  426 

There are mathematical models of ROV in existing literature. However, the choice of the pivotal hydrodynamic 427 

coefficients does not reach a coincident procedure. The presented sensitivity analysis methods are suitable for a work-428 

class ROV, but the typical trajectories did not stipulate, and the effect of different trajectories of ROV was not studied. 429 

The motion form of an ROV shows a significant difference from ships or submarines. A work-class ROV seldom navigates 430 

at its design speed, or in a uniform speed motion with a typical velocity. Besides, a smaller hydrodynamic in some DOFs 431 

may still be important because a work-class ROV can move along all 6DOF due to the overdriven propeller distribution. 432 

Therefore, it is not an appropriate method that focus on one main moving direction to decide the impact of hydrodynamic 433 

coefficients with steady motion. 434 

To investigate the sensitivity of the hydrodynamic coefficient of the work-class ROV, the Normalized Sensitivity 435 

Coefficient (NSC) of the ROV was presented [46, 47]. NSC allows the rational comparison of parameters whose order of 436 

magnitude could be significantly different. The NSC indicates the influence of coefficient iX  on load iY  is defined as 437 

follows: 438 
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where iY   and iX   is the variation of the load and the coefficient. iX   and iY   is the estimated value of the 440 

coefficient and average of the load. Three kinds of trajectories were chosen to compare the difference between NSCs 441 

including the drag motion, the drift motion, and the stationary random motion. The change of the coefficients according 442 

to the normal distribution with the mean value of the estimated value and with the standard deviation for 50% of the 443 

coefficients. Therefore, we have N random iX   and corresponding iY   at one motion kind. The average of each 444 

i i

i i

Y X

Y X

 
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 
 indicates the sensitivity of the coefficient at that motion. This method aims to investigate the trajectory effect 445 

on the sensitivity of the hydrodynamic coefficients.  446 

5.1. Drag motion 447 

In the drag motion, the hydrodynamic coefficient changes once a time. Only one velocity of u, v, and w is nonzero 448 

in one case. The range of the velocity is from −1.1~1.1 m/s and −0.9~0.9 m/s which includes the design speed of ±Ox, 449 

±Oy, and ±Oz directions. The sensitivity of force coefficients in equation (4) with different linear velocities is shown in 450 

Figure 17. For most cases, the NSCs of the second-order coefficients are much larger than first-order’. The sensitivity of 451 

first-order coefficients decreases with the increasing velocity. However, it should be noted that the difference of the NSCs 452 

of | |w wX , wwX , and wX  is less than 5% when the vertical velocity is 0.4 m/s. The NSC of uY  is larger than the second-453 

order coefficients’ as the absolute lateral velocity is less than 0.2 m/s. The NSC of | |w wY   and wwY   decreases with 454 

increasing speed, and the NSC of | |w wY  is smaller than two linear coefficients when the vertical velocity is less than 0.4 455 

m/s. The sensitivity of uZ  is larger than | |u uZ  at low speed, and it is the same as vZ . The sensitivity of wZ  increases 456 

sharply as the vertical speed decreases, and it is greater than wwZ  as the absolute vertical speed is less than 0.7 m/s. The 457 

NSC of the moment coefficients in equation (4) are shown in Figure 18. Besides | |w wM  and wM , the second-order 458 

coefficients have no advantage in their sensitivity. The linear coefficients are more sensitive than high orders at low speeds. 459 

uuK , | |u uM , and vvN  are less than the linear coefficients of the same motion.  460 
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 464 

(b) 465 

 466 

(c) 467 

Figure 17. The NSCs of longitudinal forces (a), lateral forces (b), and vertical forces (c) against the velocity in drag motion 468 
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 474 

(c) 475 

Figure 18. The NSCs of roll (a), pitch (b), and yaw moment (c) against the velocity in drag motion. 476 

 477 

5.2. Drift motion 478 

The drift motion aimed to study the sensitivity of coupling hydrodynamic coefficients. The NSCs of coupling force 479 

coefficients are shown in Figure 19. Each case includes two NSCs under 5 longitudinal velocities and one lateral velocity. 480 

The longitudinal speed in each case rises from 0.8 m/s to 1 m/s with an interval of 0.2 m/s. 10 different lateral velocities 481 

( cases 1 to 10) from 0.01 m/s to 0.1 m/s with an interval of 0.01 m/s are adopted. And 10 different lateral velocities from 482 

−0.01 m/s to −0.1 m/s with an interval of −0.01 m/s are chosen for cases 11 to 20. The NSC increases with the lateral 483 

velocities. The lateral moving direction has a limited influence on the sensitivity of force coefficients. The sensitivity of 484 

F  is greater than | |F  . The NSC of lateral force decreases with the increasing vertical velocity at a low longitudinal 485 

speed when the ROV moves to the Oy direction. The sensitivity of vertical force coefficients decreases with increasing 486 

vertical velocity.  487 

The NSC will grow when the longitudinal speed of 0.6 m/s. Two conditions should be noted that the sensitivity of 488 

the coefficient | |F   become larger than F  when the longitudinal velocity of 0.8 m/s and 0.4 m/s and vertical velocity 489 

of 0.09 and 0.04 m/s. Therefore, both coefficients uwY , | |u wY , uwZ , and | |u wZ  should not be ignored.  490 

 491 

                    (a) The NSC of Xuv and Xu|v|                    (b) The NSC of Xuw and Xu|w| 492 
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                    (c) The NSC of Yuv and Yu|v|                    (d) The NSC of Yuw and Yu|w| 494 

 495 

                     (e) The NSC of Zuv and Zu|v|                    (f) The NSC of Zuw and Zu|w| 496 

Figure 19. The NSCs of coupling force coefficients against the velocity in drift motion. Each data point indicates an NSC 497 

of a sort of coupling velocity. The longitudinal velocity of each data point of one curve from left to right is 0.2, 0.4, 0.6, 498 

0.8, and 1.0 m/s. Different curves with the same color represent various lateral velocities. The blue curves are the NSC of 499 

coefficients about u|v| and u|w|. The red curves are the NSC of coefficients about uv and uw. 500 

 501 

The NSCs of coupling moment coefficients are shown in Figure 20. The sensitivity of coupling roll moment 502 

coefficients decreases with increasing lateral speed when the longitudinal velocity is larger than 0.4 m/s. The sensitive 503 

effect of longitudinal velocity on those coefficients reduces if the lateral speed increases. The sensitivity of uwM  and 504 

| |u wM  show similar trend as roll moments only when the ROV move to its starboard. The sensitivity of yaw moment 505 

coefficients also decreases at larger lateral speeds but the motion direction is contrary to pitch moments. The sensitivity 506 

of roll and yaw moment coefficients about uv and uw is greater than that about u|v| and u|w|. Conversely, the sensitivity 507 

of | |u vM  is greater than uvM . The NSCs difference between uwM  and | |u wM  is less than 8% when the longitudinal 508 

velocity and lateral velocity are 0.6 m/s and 0.03 m/s respectively.  509 

  510 

                    (a) The NSC of Kuv and Ku|v|                    (b) The NSC of Kuw and Ku|w| 511 

 512 

                    (c) The NSC of Muv and Mu|v|                    (d) The NSC of Muw and Mu|w| 513 



 

 

 514 

                    (e) The NSC of Nuv and Nu|v|                    (f) The NSC of Nuw and Nu|w| 515 

Figure 20. The NSCs of coupling moment coefficients against the velocity in drift motion. The meaning of the color and 516 

sambal are the same as the Figure 19. 517 

 518 

5.3. Stationary random motion 519 

The stationary random motions were used to distinguish the sensitivity of 36 inertial hydrodynamic coefficients. The 520 

reason why we chose stationary random motions is that the acceleration must coexist with velocities which may influence 521 

the NSC of the inertial hydrodynamic coefficients because of the different growth rates of inertia and viscous load against 522 

acceleration and velocities. In these motions, the ROV moves as a stationary random process. And there are both 523 

accelerations and velocities. The trajectories are set to ensure the average velocity is zero which means the mean viscous 524 

loads are about zero and the influence of the viscous loads is minimized. The time series and power spectrum of the 525 

trajectories with different spectral peak frequencies ( p ) are shown in Figure 21 where peak frequencies from 1p  to 526 

6p   are 1.756, 1.273, 1.074, 0.905, 0.644, and 0.445 rad/s respectively. The details of the spectrums we used are 527 

discussed in section 6. 528 

 529 

Figure 21. The times series and the power spectrum of trajectories. 530 

 531 

The motion period effect on NSCs on inertial hydrodynamic coefficients is shown in Figure 22. The significant 532 

acceleration was calculated by the spectral peak frequency p  and the gravitational acceleration g . The motion period 533 

affects the uZ , rZ , rK , and vM  significantly. The relative sensitivity of the inertial hydrodynamic coefficients is 534 

consistent except uZ  and rZ . For example, Figure 22(b) can be explained that there is an order of the sensitivity of 535 

coefficients, p r w v uY Y Y Y Y    . Then we found that the sensitivity of the coefficients on the main diagonal of the 536 



 

 

matrix is not the largest in their DOF. The inertial hydrodynamic coefficients which are symmetry about the main diagonal 537 

do not have the same impact on the hydrodynamic loads in their DOF either.  538 

 539 

                         (a) i=1                               (b) i=2                              (c) i=3 540 

 541 

                         (d) i=4                               (e) i=5                              (f) i=6 542 

Figure 22. The NSCs of the inertial hydrodynamic coefficients, where NSCi1~6 means the NSC of the inertial coefficients 543 

in i row, 1~6 columnin of eq. 3. Such as NSC22 is the NSC of vX  , NSC43 is the NSC of wK  , and NSC51 is the NSC of 544 

uM . 545 

 546 

5.4. Model simplification 547 

The mathematical model can be simplified using sensitivity results. The NSC shows the importance of coefficients 548 

so the parameters with larger values for each group will be retained. Different coefficients can compare the sensitivity 549 

according to NSC because it is a nondimensional value. All cases with different speeds and frequencies will be used to 550 

simplify the model. The standard of simplifying is as follows: The coefficients whose NSC is less than a threshold value 551 

  will be discarded; the NSC of the discarded coefficients should remain lower than   for all cases. The simplified 552 

Models 1 and 2 can be expressed as follows. 553 

 0.1 = , Model 1 554 
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Viscous loads related to uncoupled velocities 557 
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Viscous loads related to uncoupled velocities 569 
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The motion simulation results based on the original model in section 2 and the simplified equations (9)-(12) in real 579 

scale are shown in Figure 23. The definition of screw-pitch 1 and 2 are shown in Figure 23(a). compares the roll, pitch, 580 

and yaw angle of three models. The initial longitudinal velocity is 1 m/s. The ROV starts at the origin of the space-fixed 581 

coordinate system and heads on the axis +Ox0. The thrust force and moment in Gx0 and Gz0 of the body-fixed coordinate 582 

system are 320 N and 512 Nm. The initial longitudinal velocity is 0.8 m/s. The reason why those thrusts are chosen is that 583 

the ROV will do a nearly steady rotational motion and it is convenient to analyze the effect of different models. The ROV 584 

rotates to the starboard and rises.  585 

The parameters of the rotational motion for the three models are shown in Table 4. There are more consistency 586 

between the original model and model 2. Compared to Model 1, Model 2 added a more linear longitudinal hydrodynamic 587 

coefficient about the lateral velocity and the lateral hydrodynamic coefficients about vertical the velocity. Therefore, the 588 

relative errors of horizontal motion calculated from Model 2 are smaller and the estimation of vertical position is better. 589 

However, the advantage of predicting the horizontal positions for Model 2 is not obvious.  590 

Figure 24 shows the angles of three model calculations. The greatest relative errors of the average roll and pitch 591 

angle between Model 1 and the original model are over 15%. The results of the roll, pitch, and yaw angle that Model 2 592 

predicates are closer to the original models of which the largest error is less than 1 %. The simulation results of the original 593 

model and Model 2 agree with each other. Though some discrepancies between the original model and Model 1 are 594 

smaller than 5%, the threshold value of NSC for 0.01 can also be considered for a more simple model. 595 
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Figure 23. The simulation results of the original model 0 = , the simplified model with 0.1 = , and the model with 602 

0.01 =  . (a) is the definition of rotational motion parameters where the yaw angle is 90° at point A and (b) is the 603 

trajectory of the ROV. (c), (d), and (e) is the positions of the Ox0, Oy0, and Oz0 axis. 604 

 605 

Table 4. The parameters of the rotational motions 606 

 original model  Model 1  Model 2 

 /m  /m error/%  /m error/% 

Longitudinal spacing 6.292  6.304 0.19  6.284 0.13 

Transfer 1.259  1.272 1.08  1.250 0.67 

Tactical diameter 7.461  7.402 0.79  7.467 0.09 

Turn diameter 6.477  6.397 1.23  6.480 0.05 

Screw-pitch 1 8.468  7.384 12.80  8.284 2.17 

Screw-pitch 2 10.208  7.512 26.41  9.576 6.19 

 607 
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                           (a)                                         (b) 609 



 

 

 610 

(c) 611 

Figure 24. The simulation results of the original model, the Model 1 with 0.1 = , and Model 2 with 0.01 = . (a) is 612 

the roll angles, (b) is the pitch angles, and (c) is the yaw angles. 613 

 614 

The results of zigzag-like motion simulations are plotted in Figure 25. The initial conditions are the same as the 615 

rotational motion simulations, but the yaw moment changes from 512 Nm to −512 Nm when the yaw angle reaches 10°. 616 

The yaw moment changes 512 Nm again when the yaw moment is −10°. The trajectories of the ROV do not show a 617 

significant starboard drift with a set of yaw motions. The periodically changing moment brings the accelerations and 618 

velocities of lateral and yaw motions which induce motions in other DOFs because the viscous hydrodynamic loads are 619 

related to the velocities in 6DOFs and the inertial coefficient constitutes a 6×6 matrix that affects all the accelerations in 620 

6DOFs. Under the action of the coupling model, the vertical trajectories also display the heave, pitch, and roll motion 621 

periodically.  622 

The overshoot angles and course change lags are used to compare the effects of models. The moments that the peaks 623 

of rotational angles appear show larger differences after 20 seconds. The parameters of the zigzag-like motions are listed 624 

in Table 5. The errors of overshot angles are larger than the course change lags. The accuracy of Model 2 does show an 625 

obvious preponderance than Model 1. 626 

The position of the ROV does not show peak values. Therefore, to compare the positions that the three models 627 

calculated in Figure 26(a), the linear relations between position coordinates (xg, yg, zg) for the original model, (xg1, yg1, zg1) 628 

for Model 1, and (xg2, yg2, zg2) for Model 2 are shown in Figure 26(b). The meaning of S1 and S2 is the relation of the 629 

results from Model 1 and Model 2 to the original model. The positions are nondimensional by their maximum values. 630 

The more the slope of curves S1 and S2 closer to 1 the fewer effects of different models on motion. The relative errors of 631 

the slope of each curve for Models 1 and 2 are less than 8% and 3% respectively. All in all, model 2 could be an acceptable 632 

model for the ROV.  633 
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 636 

(c) 637 

Figure 25. The results of zigzag-like motion simulations. (a) is the roll angles, (b) is the pitch angles, and (c) is the 638 

yaw angles. 639 

 640 

Table 5-1. The overshot angles of the zigzag-like motions 641 

 original model  Model 1  Model 2 

 /°  /° error/%  /° /% 

1st Overshot angle −3.12  −2.29 −26.60  −3.21 2.88 

2nd Overshot angle 12.46  11.85 −4.90  10.91 −12.44 

3rd Overshot angle −4.47  −5.69 27.29  −4.64 3.80 

4th Overshot angle 46.85  23.51 −49.82  35.95 −23.27 

 642 

Table 6-2. The course change lags of the zigzag-like motions 643 

 
original 

model/s 
Model 1/s Model 2/s 

1st Course change lag 1.41 1.2 1.41 

2nd Course change lag 3.2 2.11 3 

3rd Course change lag 1.8 1.8 1.8 

4th Course change lag 4.6 3.8 4.2 

 644 
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                        (a) Oy0 position                              (b) Oz0 position 648 

Figure 26. The positions form the original model, Model 1, and Model 2. 649 

 650 

6. Discussion 651 

The above chapters carried out the key results to achieve our main goal that estimating the hydrodynamic coefficients 652 

and simplifying the mathematical model. In this section, we will analyze and discuss other results of the experiments and 653 

simulations. 654 

The hydrodynamic loads on an open-frame ROV represent significant nonlinear and asymmetrical characteristics. 655 

Due to the complex shape of the ROV model, the velocity in one DOF affects all the hydrodynamic forces and moments 656 

in 6DOFs. The hydrodynamic loads in the same DOF and velocity but in opposite directions are different. The discrepancy 657 

increases with the drag speed. The largest relative difference appears at the lateral force in ±X cases, the longitudinal 658 

force in ±Y cases, and the roll moment in ±Z cases. The loads other than the main direction of motion show obvious 659 

nonlinear trends, especially for the hydrodynamic moments. It is proved that there are amount of nonnegligible second-660 

order hydrodynamic coefficients from static tests. To describe the nonlinear and asymmetric hydrodynamic loads of the 661 

ROV model, we chose a quadratic absolute value function to fit the results. The main reason why we did not use the third-662 

order model is that we thought the hydrodynamic loads should abide by the rule proportional to the square of the velocity. 663 

Another reason is that the hydrodynamic load should be monotonic with velocity, and there are hydrodynamic loads that 664 

are approximate to the even function. A typical difference between using the third-order model (f1) and the quadratic 665 

absolute value function (f2) to fit the lateral force results in longitudinal static tests is shown in Figure 27. There is good 666 

agreement between the curves and raw data in the range of speeds in tests though, the third-order model shows a 667 

significant non-monotonic when the velocity is larger than the maximum speed we tested because of the inherent attribute 668 

of the third-order model. Of course, the speed of a vehicle should be in the range of the test conditions, but it still means 669 

the slope of the curve for the speed we tested may be wrong.    670 

 671 

Figure 27. The comparison of the third-order model (f1) and the quadratic absolute value function (f2). 672 

 673 

There is still a flaw in the quadratic absolute value function: the hydrodynamic model is continuous but not 674 

differentiable when the speed is zero. We thought that it did not affect the use of the quadratic absolute value function 675 

because the differential of force does mean anything in a steady motion simulation. May the differentiable model in zero 676 



 

 

speed should be considered if the motion speed and the response of a vehicle are high. There are a few characteristics of 677 

the model based on the quadratic absolute value function. The coefficients' order and whether there is an absolute value 678 

of velocity follow the rules of hydrodynamic loads against the static velocity. The second-order coefficient related to the 679 

absolute velocity is larger if the relation between hydrodynamic loads and the moving speed is close to an odd function. 680 

On the contrary, the second-order coefficient related to the velocity squared is larger if the relation between hydrodynamic 681 

loads and the moving speed is close to an even function. The difference between those two kind of coefficients show the 682 

asymmetrical of the hydrodynamic against the speeds.  683 

The accelerometers were used to monitor the displacement and frequency. However, the data from accelerometers 684 

were not used to calculate the velocities for the dynamic tests because there will be errors for the integral based on discrete 685 

acceleration measurements. We only used accelerometers to calculate the amplitude and compared them to the parameters 686 

we inputted. The 6-DOF parallel platform moved gradually from static to the trajectories we needed. Therefore the time 687 

it started moving and became stable is important for coefficient estimating. Therefore, there was a second purpose for the 688 

accelerators that judge the phase of motions. For example, the raw vertical acceleration (Oy0 direction in the test) in heave 689 

tests of 0.3 Hz and its filtered curve is shown in Figure 28. The large acceleration peaks were caused by the mechanical 690 

shock when the 6-DOF parallel platform changed its moving direction. The 6-DOF parallel platform needed at least 25 691 

seconds to meet a stable motion state and the measurements in the last period were affected by the sudden stop of the 692 

platform. Therefore, only the load data between 25 seconds and the last period were used. The average amplitude and 693 

frequency of acceleration in the valid range are 0.1001 m/s2 and 0.3003 Hz which agree with the inputted parameters.  694 

 695 

Figure 28. The acceleration in the heave test of 0.3 Hz. 696 

 697 

In the PMM tests, all 36 inertial hydrodynamic coefficients were estimated. However, the added mass matrix is not 698 

symmetrical. A similar phenomenon was discovered in other ROV model tests [13]. There are also asymmetrical 699 

coefficients pZ   and wM   for the DARPA Suboff model and BB2 generic submarine [23, 29]. There is still a 700 

nonsymmetric matrix occurring in an AUV whose outline is simpler and more symmetrical [22]. From the physical 701 

standpoint, the inertial hydrodynamic loads represent the amount of fluid accelerated with the ROV. The cross-coupling 702 

coefficients such as vX , wY , and wM  are nonzero for the ROV absence symmetry. The degrees for the particles of 703 

fluid adjacent to the ROV model, when it is accelerated, depend on their position relative to the body. There is a 704 

discrepancy between the inertial hydrodynamic loads in different directions caused by an acceleration in one DOF because 705 

the added mass is a weighted integration of this entire mass of fluid [48]. The accelerated particles of fluid for local 706 

structures may vary in various directions due to the viscosity effect on boundary layer separation and the mutual 707 

interference of local structures and also influence the global added mass. 708 

The hydrodynamic loads in surge, sway, and heave PMM tests include inertial and drag terms. The drag loads 709 

calculated by subtracting the inertial hydrodynamic we estimated from the data measured from the PMM tests are 710 

compared to the values from the original model in Figure 29. It is indicated that the oscillation frequency has a significant 711 

impact on drag load in one period. The load that appears at the maximum velocity shows a definite offset to the results 712 

we calculated. The drag loads at the same velocity but different phases are also inequality. The main reason why the 713 

difference exists is the historical effect of hydrodynamics which is caused by the effect of discrepancy between the wake 714 

in an oscillation and drag motion. The longitudinal force in surge motion along the current direction, as a result, the 715 



 

 

longitudinal force for dynamic tests is smaller when the relative velocity approaches the maximum because of the 716 

underdevelopment wake influence by the motion in the last period. The longitudinal force is larger than the mathematical 717 

model results when the relative velocity reaches the minimum due to the undissipated large-strength vortex which is 718 

induced by the larger relative velocity in the last period. In the sway and heave tests, the historical effect even changes 719 

the direction of the drag forces. As the velocity decreases as the frequency, the historical effect fades into obscurity. 720 

However, the drag force shows fluctuation because of the slightly larger turbulence intensity and the shake of the strut at 721 

low frequency.  722 

 723 

(a) 724 

 725 

(b) 726 

 727 

(c) 728 

Figure 29. The viscous loads from PMM tests and the mathematical model against the oscillation velocity for the 729 

longitudinal force in surge tests (a), the lateral force in sway tests (b), and the vertical force in heave tests (c). 730 

 731 

Both PMM tests and static tests can estimate the linear drag coefficients. The reason why we use the static test results 732 

to calculate the nonlinear and linear drag coefficients is that the historical effect influences the results significantly as we 733 

analyzed in Figure 29. Therefore, the static tests can obtain more accurate coefficients than PMM tests. However, there 734 

is an obvious shortcoming of the mathematical model we used that can not consider the historical effect. It will result in 735 

the untrue hydrodynamic and motion response of the ROV in an oscillation. To model the historical effect of the ROV, 736 

the unsteady load on the ROV will be studied in our next study about the impulse-response relation, and the new 737 

mathematical model will be compared with the original model herein.  738 

The sensitivity of the hydrodynamic coefficients in 6DOF was investigated via the Normalized Sensitivity 739 

Coefficients (NSCs). NSC excludes the effect of the size of the coefficient value and the hydrodynamic load via non-740 



 

 

dimensional. The main idea of the sensitivity analysis is to vary the speed and acceleration of the ROV model and then 741 

calculate the NSC of each coefficient. The NSC can be used to compare the coefficients in the same and different DOFs. 742 

There are only linear and angular velocities in the drag and drift motions, and the inertial hydrodynamic could be 743 

eliminated.  744 

According to the NSC results in section 5, the hydrodynamic load, and the coefficients in section 4, the sensitivity 745 

of the hydrodynamic coefficients is not only affected by the size of the coefficient values but also by the character of the 746 

hydrodynamic loads and the motion velocity. If the hydrodynamic load is small, the variation of a coefficient induces a 747 

larger effect of the hyd-term relatives to that coefficient on the hydrodynamic load. For example, the longitudinal force 748 

against the lateral velocity raises as the nonlinear coefficients vvX  and | |v vX  increase as shown in Figure 30(a) in which 749 

the linear coefficients remain unchanged. According to the definition of NSC, the NSCs for the velocity less and over 750 

zero are 
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  respectively 751 

where the denominators are the hydrodynamic loads. Because | |v vX  and vvX   are greater than zero, the limitation of 752 

0
NSC

v
 is larger than 

0
NSC

v
 when the velocity approaches the infinity as shown in Figure 30(b). similar rules appear 753 

at the linear coefficients. The difference is the limitation for v →  is zero due to the order of the denominators of 754 

NSC for linear coefficients being greater. The larger the nonlinear coefficients are the faster the NSCs close to the 755 

limitation of infinity and hence the sensitivity of the nonlinear coefficients is even bigger when the motion velocity is low 756 

and growing. The larger the linear coefficients are the NSCs close to the limitation of zero speed and the sensitivity of the 757 

linear coefficients is even smaller when the motion velocity is low and descending.  758 
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                           (c)                                         (d) 762 

Figure 30. The NSC variation against hydrodynamic coefficients. The viscous hydrodynamic load (a)(c) of four 763 

group coefficients and the NSC of eight coefficients (b)(d).  764 



 

 

 765 

To avoid the effect of the velocity, random motions were used. To be honest, the spectrums of the random motion 766 

come from the JONSWAP wave spectrum with three key parameters including spectral peak period and significant wave 767 

height [49]. The spectral periods were chosen according to the wave period-height distribution [50]. The significant wave 768 

height of 1 m was used because it is a typical operating limit for an offshore operation. The wave spectral period is the 769 

motion peak period of the ROV model and the significant wave height indicates the motion amplitude. The reason why 770 

we used the wave spectrum is that it is difficult to determine the motion period in a real ROV underwater operation, while 771 

the wave effect on ROV can be estimated. It is significant to study the NSC referring to the wave spectrum because the 772 

wave-induced vessel motion is a critical affecter on the dynamic response of an ROV in launching operation [51-53]. The 773 

control system still needs to resist the tension variation of the umbilical cable which comes from the wave-induced vessel 774 

motion [54, 55].  775 

In this paper, we did not design a control system for the ROV, which caused a set of easily influenced irregular 776 

trajectories. On this basis, 0.01 was chosen as the threshold value used to filter the coefficients via NSC based on the free-777 

running tests. However, the threshold value could be changed for other kinds of ROV. It could be better to increase the 778 

threshold value when the mathematical model is used for a model-based control system. We may use different retention 779 

methods in the future in line with the actual use motions. 780 

 781 

7. Conclusion  782 

The paper presents the results of an experimental investigation and mathematical model simplification of a work-783 

class ROV model, which was held with a 6-DOF parallel platform. The experiment includes the drag and PMM tests 784 

which enable the investigation of viscous and inertial hydrodynamic loads and coefficients respectively.  785 

The viscous force and moments relative to one kind of velocity in each three translation DOFs were measured in 786 

longitudinal, lateral, and vertical drag tests. The first finding was that there were all six DOF hydrodynamic loads on the 787 

ROV when it moved in one DOF. The moving direction has a significant impact on the hydrodynamic loads. The drift 788 

and trim drag tests are performed to estimate the velocity coupling hydrodynamic loads. The linear and nonlinear 789 

coefficients were estimated by fitting a quadratic absolute value function with the results from the drag tests. The small 790 

amplitude PMM tests in the 6-DOF including the roll, pure pitch, and pure yaw motions were carried out. The historical 791 

loops were used to analyze the relationship between the inertial and viscous hydrodynamic loads. We found that the 792 

inertial and viscous load increase with oscillation frequency and the asymmetrical hydrodynamics induce non-793 

centrosymmetric loops, especially for the longitudinal force and pitch moment in surge motion, the roll moment in roll 794 

motion, and the longitudinal force in pure yaw motion. All 36 inertial hydrodynamic coefficients and linear angular 795 

velocity hydrodynamic derivatives were estimated. The inertial and viscous terms of the hydrodynamic load at the 796 

oscillation frequency showed linear variation with acceleration. The exception is the viscous term of roll moment appeared 797 

nonlinear phenomenon.  798 

The Normalized Sensitivity Coefficient (NSC) was defined to evaluate the sensitivity of hydrodynamic coefficients 799 

on the ROV in 6-DOF motion based on the mathematical model established via the model tests. By using a series of 800 

velocities in one DOF and calculating the NSCs, the sensitivity of the viscous hydrodynamic coefficients could be 801 

compared. To avoid the velocity effect, the stationary random motions were used to analyze the sensitivity of the inertial 802 

hydrodynamic coefficients. The results of NSC showed that the size of the coefficient, the character of the hydrodynamic 803 

loads, and the motion velocity are both the key factors that affect the sensitivity of the viscous hydrodynamic coefficients. 804 

The linear coefficients may have an approximate value to the larger nonlinear coefficients in some cases. The acceleration 805 

indeed affects the inertial hydrodynamic coefficients, but the relative strength of the sensitivity did not change between 806 

coefficients in the same DOF. The mathematical model was simplified and it was verified by the rotational and overshot 807 

motions. Results illustrate that the threshold value we chose and the simplified model was suitable for the ROV. This 808 

knowledge of the sensitivity of the mathematical mode will be important when the present model is used as a testbed for 809 

other vehicles.  810 
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