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 Abstract - In order to simplify parameter adjustment process 

of the AUV controller in the pool experiments, many researchers 

established the robot dynamics model and pre-adjusted the 

parameters in the simulation. This paper mainly studied the 

characteristics of underwater spherical robot hydrodynamic 

model and the verification of the model through experiments. 

First, we obtained the hydrodynamic force acting of the robot in 

different fluid environments through Computational Fluid 

Dynamic method. Then, the hydrodynamic coefficients of the 

dynamic model were calculated by the regression of the above 

force data. Finally, these hydrodynamic coefficients obtained from 

the above simulation were verified by pool experiments. The 

experimental results showed that these coefficients obtained by 

this method was well fitted with the experimental data and may be 

used as a reference for the hydrodynamic model. In addition, the 

nonlinear characteristics of hydrodynamic coefficients under 

different disturbances were also studied. This will provide further 

reference for model identification and control in complex 

underwater environment. 

 Index Terms - underwater spherical robot, Computational Fluid 

Dynamic, hydrodynamic modeling, robot motion. 

I.  INTRODUCTION 

 With the frequent and deep utilization of water 

environment (such as ocean) resources, various types of 

underwater vehicles have been developed [1]. Among them, 

underwater spherical robot has been extensively studied 

because of its stable structure, flexible movement, and 

adaptability to underwater exploration [2]. These advantages 

make underwater spherical robot play an important role in 

terrain and resource detection [3], cooperative operation [4] and 

other fields [5]. However, under the reality of complex 

hydrodynamic environment conditions, the current movement 

performance of the robot cannot perfectly realize the expected 

exploration target [6].  

 Parameter testing and adjustment of motion controller is 

one of the obstacles to the performance improvement of 

underwater robot [7]. Due to the limitation of energy and 

surrounding environment, it is challenging, time-consuming 

and resource-consuming to adjust parameters of underwater 

robot in actual pool experiment [8]. Therefore, it is an efficient 

way to first determine the approximate parameters during 

simulation and then further adjust these parameters in the 

underwater experiment of the robot [9]. Based on the above 

analysis, a dynamic model with accurate hydrodynamic 

coefficients is essential. 

 The fluid around the moving underwater robot is relatively 

strong and complex, which leads to the highly nonlinear and 

coupling of the kinematics and dynamics models of the 

AUV[10]. Therefore, in general, it is difficult to model the robot 

dynamics model with accurate hydrodynamic coefficients. 

However, hydrodynamics coefficients of the robot dynamics 

model are very important to accurately simulate the dynamic 

performance and the further control of the underwater 

robot[11]. Based on this, we focus on the acquisition of 

hydrodynamic coefficients in the dynamic modeling of the 

underwater robot. 

 The acquisition methods of hydrodynamic coefficients 

mainly include test-based methods, predictive methods, and 

computational fluid dynamics (CFD) methods. Test-based 

methods is based on towing-tank model tests. The disadvantage 

of this method is that the need for the vehicle model itself and 

corresponding laboratory facilities can reduce availability and 

increase the cost of testing [12]. The predictive methods get the 

hydrodynamic coefficients through theoretical analysis [13]. 

This method can be applied to typical streamlined cylindrical 

underwater vehicle [14], but the modeling error is usually large 

for complex underwater vehicle [15]. For example, for 

underwater spherical robots, the distribution and importance of 

each hydrodynamic coefficient will be somewhat different [16]. 

Computational fluid dynamics (CFD) method has been widely 

used in the simulation of the flow field generated by underwater 

vehicle movement [17], and can also be used in the calculation 

of hydrodynamic model [18]. This method can obtain all the 

corresponding hydrodynamic coefficients more accurately, and 

build the dynamics model of the robot based on these 

coefficients [19]. 

 In this paper, the modeling of underwater spherical robot 

based on CFD simulation was calculated. The effect of damping 

force coefficients caused by water flow on robot dynamics was 

studied. The purpose was to predict the coefficients that related 

to hydrodynamics in the robot dynamics model, so as to provide 

reliable guidance for the control of robot. Based on this 

dynamic model, we generated the process of robot movement 

through simulation under certain conditions. Then, experiments 

were carried out on underwater spherical robots to obtain the 

robot's movement process in the pool under the same 

conditions. The comparison of the robot movement based on 

simulation and experiment verified the effectiveness of the 

modeling method. 



II.  DYNAMICS MODELING 

A. Dynamics Equation of the Spherical Robot 

 Our study was mainly based on the Amphibious Spherical 

Robot V (ASR-V), whose structure was shown in Fig. 1(a). The 

robot consists of an approximately hemispherical body and four 

thrusters that can be arranged in an H shape (as shown in Fig. 

1(b)), which enables the robot to move forward and turn 

flexibly on a horizontal plane. In addition, the related fine 

structures in Fig. 1(a) were simplified in Fig. 1(b) to facilitate 

the simulation of Computational Fluid Dynamic. The robot is 

designed to explore underwater environments such as shallow 

seas, lakes and rivers. 
    

 

（a）                                      （b） 

Fig. 1 The model structure of the ASR. (a) The Structure of ASR-V robot. (b) 

Robot with H-shaped arrangement of thrusters. The model has been partially 
simplified for better hydrodynamic calculations. 

 

 The radius of ASR-V shell is 0.15 meters, and the total 

weight of this robot is 6.7 kilograms. To describe the motion of 

ASR-V, two coordinate systems are defined, as shown in Fig. 

1(b). The first is the inertial coordinate system �� � �� , �� , ��  

with the origin fixed on the earth surface. The second is the 

reference coordinate system �� � 	� , 
� , ��  fixed on the robot 

body, and the origin ��  is fixed on the center of the robot. When 

the robot moves, its position and attitude can be represented by 

the vectors � 
 �	, 
, �, �, �, ��� . Its velocity and angular 

velocity can be expressed by the vector � 
 ��, �, �, �, �, ���. 

Finally, the forces and torques acting on the robot can be 

expressed by the vectors � 
 ��, �, �, �,�,���. The dynamics 

model of the robot can be described as [20]: 
 

� 
 �� ! "#�$� ! %#�$ ! &#�$, (1) 

where, 
 

� 
 �'( !�) 
 *+,-./,/,/, 01 , 02 , 034
� *+,-.�5 , �6 , �7 , �8 , �9 , �: 4 

(2) 

"#�$ 
 "'(#�$ ! ")#�$ (3) 

%#�$ 
 %;#�$ ! <=#�$� (4) 

 

 &#�$ is the restorative force. For ASR, the center of mass 

is located below the center of buoyancy, so the restorative force 

remains vertical. �'( is the rigid body inertia matrix, "'( is 

the rigid body Coriolis-centripetal force matrix, �)  is the 

additional mass force matrix, and ") is the additional Coriolis-

centripetal force matrix. %#�$ is the hydrodynamic damping of 

the ASR, and this dynamic term is the main concern in our 

subsequent studies. At present, the basic model for the 

hydrodynamic damping coefficients are mostly based on the 

following three assumptions [21]: 

 1) The model neglects linear and angular coupled terms. 

 2) The model assumes that the robot is top-bottom and port 

starboard symmetric. 

 3) The model neglects any damping terms greater than 

second order. 

 However, hydrodynamic damping is coupled and highly 

nonlinear, especially for complex shape underwater robots. 

Therefore, we analyze the variation characteristics of the 

hydrodynamic damping coefficients under different flow 

disturbance. 

B. Computational Fluid Dynamic 

 The model of the robot under the CFD software ANSYS 

CFX is shown in Fig. 2. The computing domain is 3.5m in 

length, 3.5m in width and 3.1m in height, and the robot is set in 

the center of the computing domain. In addition, there is a 

rotation domain with a diameter of 1.1m and a height of 0.65m, 

which is used to simulate the hydrodynamic performance 

during the yaw motion of the robot. Fig. 3(a) shows the meshing 

of the computational domain in CFD, which contains 497,784 

nodes and 2,630,860 elements. The meshing of the robot 

surface and its surrounding computing domain is shown in Fig. 

3(b). 
    

 
Fig. 2 The CFD model of the robot. 

 

 
(a)                                                 (b) 

Fig. 3 The meshing of the simulation area. (a) The meshing of the 

computational domain in CFD. (b) The meshing of the robot surface and its 
surrounding computing domain. 

 

 The basis of CFD is the governing equations of fluid 

dynamics -- continuity, momentum conservation and energy 

conservation [22]. According to the Reynolds number 

calculation principle, when the robot moves at a velocity of 

about 0.1m/s, the Reynolds number is about 30,000. Therefore, 

a shear stress transport (SST) turbulence model was selected as 

the turbulence model in this paper. It has good stability and has 



been widely used in the field of turbulence calculation. The SST 

model is based on the k-w model. Fig. 2 marks the boundary 

conditions of the computing domain, where the inlet is the entry 

of the computing domain and the outlet is the exit of the 

computing domain. The boundary conditions are set as follows: 

the inlet boundary is the inflow port of the flow field, and the 

velocity of the entire flow field is changed by the input velocity 

of the inlet boundary; The outlet boundary is the fluid flow 

outlet and is set as the constant pressure boundary. The others 

is set as no slip boundary. In the simulation, the robot remains 

stationary and the fluid flows from the inlet to the outlet. The 

principle of relative motion can be used to understand the 

motion of underwater robot. 

 The grid independence of this computing domain has been 

verified, as shown in Fig. 4. The diamond point represents the 

grid scale selected for calculating the data used in this article. 

The selection of this scale not only ensures the accuracy of the 

computing results, but also ensures the high utilization rate of 

the computing resources. 
    

  
Fig. 4 The grid independence validation of the computing domain. 

 

III.  MODEL IDENTIFICATION AND VALIDATION 

 The CFD modeling and hydrodynamic analysis of 

underwater spherical robot are the preliminary analysis to 

determine the influence of each hydrodynamic coefficient. In 

this section, we will discuss the dynamic models of the robot in 

surge motion and yaw motion, focusing on the identification of 

the relevant hydrodynamic damping coefficients. 

A. Model identification of surge motion 
 

TABLE I 

THE COMPUTING RESULTS OF ASR HYDRODYNAMIC DAMPING AT DIFFERENT 

SURGE VELOCITY 

surge velocity 

(m/s) 

surge damping 

 (N) 

surge velocity 

(m/s) 

surge damping 

(N) 

0.00 -0.00020 0.20 0.44516 

0.02 0.00544 0.22 0.53802 

0.04 0.01928 0.24 0.63986 

0.06 0.04186 0.26 0.75051 

0.08 0.07293 0.28 0.87046 

0.10 0.11278 0.30 0.99881 

0.12 0.16119 0.32 1.13579 

0.14 0.21879 0.34 1.28167 

0.16 0.28528 0.36 1.43652 

0.18 0.36097 0.38 1.60013 

 surge motion is the most common mode of robot 

underwater movement. Based on this, we designed a set of 

hydrodynamic simulations at different surge velocity without 

disturbances, as shown in Table 1. 

 The table lists the computing results of hydrodynamic 

damping acting on the ASR at different surge velocity. In the 

table, the surge damping force was calculated by integrating the 

surface pressure of the robot along the axis. The hydrodynamic 

damping coefficients of surge motion can be obtained by 

regression analysis of the computing results in Table 1.  

 The damping coefficients are often assumed to be linear 

based on the assumption of small disturbances. Through model 

identification, the relationship between the hydrodynamic 

damping of the robot and the surge velocity without 

disturbances can be obtained as follows: 
 

>� 
 �0.0155� � 11.0365�2 (5) 

 We assumed that the damping coefficients of the robot only 

contain the velocity and quadratic velocity terms. From the 

identification formula and the regression analysis, we 

concluded that the damping of surge motion was linearly related 

mainly to the quadratic velocity, but less to the first order of 

velocity. 
    

 
Fig. 5 The relationship curve between the damping force of surge motion and 

the quadratic surge velocity and the disturbance velocity (sway velocity). 

    

 
Fig. 6 The relationship curve between the damping force and the quadratic 

velocity of the robot under different sway velocity disturbance. 
 

 Furthermore, we designed the hydrodynamic simulation 

when the velocity disturbance existed in the sway direction of 

the robot, as shown in Fig. 5. The figure described the relation 



between the damping force of surge motion and the quadratic 

surge velocity and the disturbance velocity (sway velocity). We 

concluded that the surge damping force was related to both 

velocities mentioned above, but it was not completely linear. In 

order to further analyze the influence of disturbance on the 

damping coefficients, Fig. 5 was decomposed according to the 

disturbance velocity to obtain Fig. 6. 

 Fig. 5 showed the relationship curve between the damping 

force and the quadratic velocity of the robot under different 

sway velocity disturbance. The damping coefficients were 

constant with constant sway velocity disturbances. 
    

 
Fig. 7 The relation between the damping coefficients of surge motion and the 

disturbance velocity in sway direction. 
 

 As shown in Fig. 7, the relationship between the damping 

coefficients and the disturbance velocity was obtained through 

regression analysis. It was shown that the change of the 

damping coefficients with the increase of the disturbance 

velocity was nonlinear. 

B. Model identification of yaw motion 
 

TABLE I 

THE COMPUTING RESULTS OF ASR HYDRODYNAMIC DAMPING AT DIFFERENT 

YAW VELOCITY  

sway angular 

velocity (m/s) 

sway damping 

(N) 

sway angular 

velocity (m/s) 

sway damping 

(N) 

0.0000 -0.00006 0.1163 -0.00180 

0.0116 -0.00015 0.1400 -0.00240 

0.0232 -0.00016 0.1570 -0.00287 

0.0349 -0.00023 0.1745 -0.00343 

0.0465 -0.00036 0.1919 -0.00402 

0.0582 -0.00053 0.2094 -0.00467 

0.0698 -0.00067 0.2268 -0.00532 

0.0814 -0.00102 0.2443 -0.00607 

0.0932 -0.00127 0.2617 -0.00682 

0.1047 -0.00132 0.2792 -0.00766 
 

 Yaw is an important way for underwater robot to extend 

one-dimensional motion into two-dimensional motion. 

Similarly, we designed a set of hydrodynamic simulations, as 

shown in Table 3. The table lists the computing results of the 

damping in ASR yaw motion under the condition of different 

yaw angular velocity in ANSYS. The hydrodynamic damping 

coefficients of yaw motion obtained by regression analysis of 

the above computing results. 

 The damping coefficients are often assumed to be linear 

based on the assumption of small disturbances. The relationship 

between the hydrodynamic damping of the robot and the yaw 

angular velocity without disturbances was identified as follows: 
 

>� 
 �0.0061� � 0.0771�2 (6) 

 

 From the identification formula and the regression 

analysis, we concluded that the damping of yaw motion was 

linearly related to the quadratic angular velocity and the first 

order angular velocity. 
    

 
Fig. 8 The relationship curve between the damping torque of yaw motion and 

the quadratic angular velocity and the disturbance velocity (surge velocity) 

    

 
Fig. 9 The relationship curve between the damping torque and the quadratic 

velocity of the robot under different surge velocity as disturbance. 

 

 
Fig. 10 The relation between the damping coefficients of yaw motion and the 

disturbance velocity in surge direction. 
 

 Furthermore, we designed the hydrodynamic simulation 

when the velocity disturbance existed in the surge direction of 

the robot, as shown in Fig. 8. We can see that the relationship 



between yaw damping torque and the above two velocities was 

very complex. Therefore, we decomposed Fig. 8 into Fig. 9 

according to the disturbance velocity. 

 Fig. 9 showed the relationship curve between the damping 

torque and the quadratic angular velocity of the robot under 

different surge velocity as disturbance. The damping 

coefficients were constant without disturbance. With the 

increase of the disturbance, the relationship between the 

damping coefficients and the quadratic angular velocity was no 

longer linear. 

 In Fig. 10, the relationship between the damping 

coefficients and the disturbance velocity was obtained through 

regression analysis. It was shown that the change of the 

damping coefficients with the increase of the disturbance 

velocity was very complex. 

 As a result, in the actual operation of the robot, the dynamic 

model of robot is difficult to predict and the control algorithm 

is difficult to be effective under the complex or large 

hydrodynamic disturbance. These disturbances are inevitable. 

Therefore, the study of the hydrodynamic damping coefficients 

under the disturbance is of great significance for the robot to 

better resist disturbance and move in the complex water 

environment. 

C. Simulation based on identification model 

 Based on the identification model and theoretical values 

model about mass matrix, we used MATLAB to simulate the 

movement process of the robot in the state of yaw motion as 

verification. The purpose was to get the relevant movement 

information, so as to compare with appropriate information in 

the experimental stage. 
    

 
Fig. 11 The velocity curve of the robot under constant torque. 

 

 In the state of yaw motion, we added a constant torque on 

the �� axis of the robot. Therefore, the robot first accelerated 

with a decreasing acceleration, and then moved at a constant 

velocity when it reached equilibrium state. The velocity curve 

of the robot under constant torque was shown in Fig. 11. We 

can see the smoothness and stability of the simulation results 

using the hydrodynamic damping coefficients getting above. 

D. Experiment and validation 

 In order to verify the validity of the hydrodynamic 

coefficients of the model, we designed relevant experiments in 

a pool. The diagram of robot in the yaw motion was shown in 

Fig. 12. 

 Similar to the simulation method, we added a constant 

torque to the robot in the pool. The robot first accelerated and 

then moved at a constant velocity. Since the constant torque 

added to the robot in the experiment could not be accurately 

measured, we calibrated it accordingly. Then we compared the 

experimental and simulation results.  
    

 
Fig. 12 The diagram of the robot in yaw motion. 

    

 
Fig. 13 The simulation and experimental results when the corrected torque is 

0.0027N·m 
    

 
Fig. 14 The simulation and experimental results when the corrected torque is 

0.0045N·m. 

 

 Considering the complexity of the underwater 

environment, the hydrodynamic characteristics of the robot 

changed with the generation of the disturbance flow, which was 

shown in the previous fluid calculation results. As shown in Fig. 

13 and Fig. 14, the simulation results were in general fit with 

the experimental results. The simulation results basically 

reflected the movement trend of the robot under the action of 

The rotating direction  



constant torque, and the qualitative velocity errors seemed to be 

small.  
   

 
Fig. 15 The yaw motion velocity of the robot after reaching equilibrium 

(constant velocity motion) under different torques. 
 

 In addition, in order to better compare the errors between 

the simulation whose model established through CFD method 

and the actual experiment, we carried out relevant verification. 

The equilibrium velocity of the robot was calculated under 

different torques and compared with the experimental data. The 

velocity representing the experimental data was the average 

velocity of the robot after the first deceleration time. As shown 

in Fig. 15, we concluded that four groups of experimental data 

were distributed near the simulation data. This reflected the 

basic accuracy of the model. According to the data in the figure, 

we calculated the errors between the four groups of 

experimental data from left to right and the simulation is 0.027, 

0.016, 0.011, 0.018rad/s, respectively. In the yaw motion of the 

robot, we concluded that the model established through fluid 

simulation can roughly simulated the movement of the robot in 

the actual environment.  

IV.  CONCLUSION 

 We set up the dynamics model of the robot through CFD 

simulation method. Then, the effectiveness of the robot 

dynamics model was verified by simulation and experimental 

analysis under the same setting. Due to the existence of 

disturbance flow, there were some errors between the 

simulation and the experiment results. This also verified that the 

hydrodynamic model of the robot was different under the 

disturbances. In addition, we also explored the hydrodynamic 

effects under different flow disturbances, which provided a 

reference for guiding the dynamic modeling and model-based 

control of the underwater robots. 
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