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Abstract: To study the dynamic characteristics of remotely operated vehicle (ROV)
underwater motion, a transformation matrix between the carrier coordinate system and the
inertial coordinate system was established, and the rigid body dynamics model of the ROV was
derived by using the Newton-Euler equation. According to the results of the ROV experimental
prototype in this article, the dynamic model is simplified based on the force, motion
characteristics, and structural characteristics. In the pool experiment, based on the propeller
dynamic model, the least squares method was used to identify the parameters of the heading
and vertical dynamic models, and through the experimental results under step control signals of
different amplitudes, they were compared with the models under the same control signal. The
output is subjected to error analysis. The experimental results show that the error between the
theoretical value and the experimental value is small, verifying the accuracy of the ROV
dynamics model established in this article.

1. Introduction

With the development of the marine industry, remotely operated vehicle (ROV) is widely used in lakes,
reservoirs, and ports to engage in maintenance, exploration, etc. [1]. Since the underwater environment
is difficult to predict, the ROV must be simulated through experiments and its motion patterns must be
analyzed first to ensure the autonomy and safety of the ROV. Therefore, it is necessary to first
establish a model for the ROV and identify its corresponding hydrodynamic parameters.

Regarding how to identify the corresponding parameters of ROV, Yu adopted the empirical
formula method [2], but this method cannot accurately obtain the relevant hydrodynamic coefficients.
To this end, this article adopts an experimental method to determine the hydrodynamic coefficient by
measuring the actual movement speed of the ROV in the water based on the relationship between the
external force and the movement speed of the ROV. Since ROV has six degrees of freedom when
moving in water and behaves as a high-intensity nonlinear coupling system, this article establishes and
simplifies the ROV kinematics and dynamics model. In addition, to reduce the complexity of
multi-degree-of-freedom coupled motion, this article decomposes the dynamic model into
single-degree-of-freedom motion, so that the influence of the propeller on the underwater motion of
the ROV in this article can be intuitively described.
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2. Structural design and kinematic model of ROV

2.1 ROV structural design

The ROV designed in this article can be divided into three parts at the mechanical structure level:
streamlined shell, aluminum profile frame, and electronic cabin. The electronic cabin, thrusters, and
sensors are installed on the frame respectively, and the thrusters and sensors are integrated with the
electronic cabin through watertight connectors. The overall structure of the ROV is shown in Figure 1.

Doppler
velocimetry

Thrusters 5 Thrusters 2 Thrusters 4 Thrusters 6 Thrusters 7

Electronic Aluminium Depth Thrusters 3

Thrusters 1 .
cabin frame sensor

Thrusters 8 Resin shell

Figure 1. Physical diagram of the overall structure of ROV.

2.2 Kinematic model of ROV

Referring to the terminology bulletin of the International Tank Conference (ITTC) and the Society of
Naval Architecture and Marine Engineering (SNAME) [3], the ROV inertial coordinate system E-&ng
and the carrier coordinate system O-xyz are established, as shown in Figure 2. The specific motion
parameters and mechanics are shown in Table 1.

Inertial coordinate E %LV f

system
\j" Carrier coordinate system
0 =
1 - ﬁ A —————
A L
Y PV
Yoo
¢ z

Figure 2. Schematic diagram of the ROV coordinate system.
Table 1. ROV motion parameters and mechanical parameters.

Linear velocity and

Name Position and angle . Forces and moments
angular velocity
Vertical movement X u X
Lateral movement y y Y
Vertical movement z w Z
Rolling motion ® P K
Pitching motion o q M
Heading motion v r N

Because the state variables such as linear velocity and angular velocity of ROV are measured based
on sensors in the carrier coordinate system, Newton’s law and Euler’s equation are only established in
the inertial coordinate system. Therefore, it is necessary to establish a conversion between the carrier
coordinate system and the inertial coordinate system equation.
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where J, is the transformation matrix for displacement and linear velocity from the carrier
coordinate system to the inertial coordinate system.
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w
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where J is the transformation matrix for angle and angular velocity from the carrier coordinate
system to the inertial coordinate system.

The kinematic model of the ROV converted from the carrier coordinate system to the inertial

1’1 Jv 3x3 1
"IZ 03><3 Jw 2 (3)

where 4, =[£,1,81, 7, =[¢.0.¥1 ,v,=[u,v,w]",and v, =[p,q,r]".

3. Establishment and simplification of dynamic model of ROV
To reduce the complexity of the model and facilitate subsequent research, the ROV designed in this
article has the following characteristics:

(1) The center of gravity of the ROV designed in this article coincides with the origin of the motion
coordinate system. Its shape is flat and can be approximately regarded as symmetrical about xOy, xOz,
and yOz and the ROV has a low speed in the water.

(2) The ROV has been manually trimmed before moving. By adding buoyancy materials inside the
fuselage, the roll and pitch angles of the ROV are 0. The center of buoyancy of the ROV is slightly
higher than the center of gravity, and the buoyancy and gravity are approximately equal.

According to the above characteristics, the ROV dynamics model is simplified as:

Mvyv+D(v)v=rt )

where M is the mass and inertia matrix, D(v) is the fluid resistance matrix, and 7 is the propeller
thrust and moment matrix. M and D(v) can be expressed as:

M =diag{m-X, m-Y, m-Z, 0 I -M, I .-N,]}

I3

6))

D(v)=diag{Xu+Xu‘u‘|u| Y+Yb Z,+Z w0 M +M, g N+N,

4l

1
p
I
The thrust generated by the thruster is the main power source of the ROV. The ROV designed in
this article is equipped with a total of eight thrusters, including two thrusters in the longitudinal and
transverse directions, and four thrusters in the vertical axis. The location is shown in Figure 3.
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Figure 3. ROV thruster layout diagram.
The six-degree-of-freedom thrust and moment equations of the ROV thruster in the carrier
coordinate system can be expressed as:

X, ] T +1;
e (T +T)e
_| 4 L+T,+T+1,
Tk T enn -4 T)a
M| L -T+TL+T)b
_NT_ L (Ts_Te)gC | (7)

where T~Ts is the thrust generated by the eight thrusters of the ROV; ¢ is the thrust loss
coefficient of the lateral thrusters, which is taken to be 70%; a is the distance from the vertical
thrusters to the x-axis, which is 0.147 m; b is the distance from the vertical thrusters to the y-axis and
the distance is 0.827 m; c it is the distance from the lateral thruster to the z-axis, which is 0.921 mm.

Further, the simplified dynamic model is decoupled into a single-degree-of-freedom dynamic
model.

m§§+d§§+d§‘f‘§|§|=f§ (8)
where ¢ is the direction of the degree of freedom, m, is the inertia coefficient, d. is the
primary resistance coefficient, d A is the secondary resistance coefficient, and 7, is the component

of the propeller thrust or moment in the direction of the degree of ¢ freedom.

4. Identification of dynamic model parameters of ROV

4.1 Overview of least squares method
The least squares method is a mathematical method for fitting data and estimating parameters [4]. Its
goal is to find a set of parameters that minimize the sum of squared residuals between the model’s
predicted values and the actual observed values.

Therefore, in Formula (8), the following relationship is established through the least squares
method.

T.»;,l ‘>§,1 Vf,l V.»;J |v§,1|

Ty |= \';qu Vi V.f,k|v§,k| df

: Ay
T . 0
J,’L _Vg,n v‘f,n vf,n vf,n ]
Y H
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The least squares estimate that can be obtained according to the above formula is:

Gy =(H'H) HTy (10)

4.2 Dynamic model of thruster

Based on the propeller dynamics model proposed by Fossen, due to the low underwater navigation
speed of the ROV in this article, according to Avila et al. [5], this article does not consider the motor
characteristics of the propeller, and the rotation speed of the propeller can be obtained. There is an
approximate binomial relationship with the control voltage. The dynamic model to establish the
controllable voltage and thrust of the thruster is:

T=aV*>+bV +c (11)
where T is the propeller thrust; a, b, and c are constants to be estimated.

As shown in Figure 4 (a), with the help of the thruster test system device, the data of the thrust
generated by the thruster and its control voltage during forward and reverse rotation were measured.
During the experiment, the control voltage was slowly increased from -2.4 V to 2.4 V with a step
increment of 0.2 V, and the control voltage and corresponding thrust value of the thruster were
obtained. Considering that the situation of the propeller in forward and reverse rotation is not
consistent, the measured thrust and control voltage are fitted piecewise through the MATLAB least
squares fitting program. The thruster fitting curve is shown in Figure 4 (b).

2.5 P
l) —m— auxiliary thruster thrust value

thrust value/kgf

control voltage/V

Figure 4. Thruster force measuring device and thrust curve diagram.
The expressions for the control voltage and thrust of the thruster can be obtained as follows:

T =-0.132V" +0.407V - 0.005

T, =-0.064V7 +0.932V +0.032

forward

(12)
4.3 Parameter identification experiment of the dynamic model

4.3.1 Identification of heading dynamics model parameters. According to the Formula (8), the ROV
heading dynamics model in the carrier coordinate system is:

mr+d r+d r|r| =7,
rlr| (13)

We set the control voltage signal of the thruster to a triangular wave signal with an amplitude of
-2.0~2.0 V and a frequency of 1/40 Hz, and collect the ROV’s heading angular velocity and angular

acceleration through the HWT950 inclinometer. The experimental results are shown in Figure 5.
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Figure 5. ROV heading test of 1/40 Hz triangular wave control voltage signal
According to the measured data in Figure 5, the heading torque value generated by the
corresponding control voltage and the measured heading angular velocity and angular acceleration are
brought into Formula (13), and the least squares method can be obtained:

m_ =7.396kg - m’
d =19.901N -m(rad /s)

2
dy = 46.460N - m(rad / s) (14)
Therefore, the heading dynamics model of ROV is:
o _
7.396/+19.9017 +46.460r|r| =7, (15)

4.3.2 Vertical dynamics model parameter identification. According to the Formula (8), the ROV
vertical dynamics model in the carrier coordinate system is:

m Wwd w+ de W|W| =T, (16)

We set the control voltage signal of the thruster to a triangular wave signal with an amplitude of
-2.0~2.0 V and a frequency of 1/40 Hz, and use the PCM260 depth gauge to collect the vertical depth
of the ROV. At the same time, we differentiate the depth with time to obtain the vertical velocity and

differentiate the vertical velocity with time to obtain the vertical acceleration. The experimental results
are shown in Figure 6.

4 vertical thrust

vertical velocity

thrust/kgf
o
velocity (m/s)

Sample number Sample number
Figure 6. ROV vertical test of 1/40 Hz triangular wave control voltage signal .
According to the measured data in Figure 6, the vertical thrust generated by the corresponding
control voltage and the vertical velocity and vertical acceleration obtained by measurement and
calculation are brought into Formula (16). Through the least squares method, it can be obtained:
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m, =-4.206kg
d,=24.920N-m(m/s)
d,, =34304N -m(m/s)

Therefore, the vertical dynamics model of ROV is:

—4.206w+24.920w-3

4.304wlw| =1,

(17)

(18)

To verify the accuracy of the single degree of freedom dynamic model obtained by the above
parameter identification experiment, it is necessary to apply step control voltage signals of different
amplitudes to the ROV thruster. First, the fourth-order Runge-Kutta method is used to solve the
problems separately. The differential equation of the heading dynamic model and the differential
equation of the vertical dynamic model are used to obtain the theoretical value of the heading angular
velocity and vertical velocity respectively; Then, the measured values of the ROV heading angular
velocity and the vertical velocity are respectively collected through experiments; Finally, the
identification effect is verified by comparative analysis of heading angular velocity error and vertical
velocity error. The single-degree-of-freedom experimental records drawn are shown in Figures 7 and
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Figure 7. Step control of voltage, heading, angular velocity, and error.
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shown in Table 2.
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Figure 8. Step control of voltage, vertical velocity, and error.

According to Figures 7 and 8, the heading angular velocity error and vertical velocity error of the
above two sets of verification experiments were analyzed, and the absolute error, relative error, and
error label difference of the two sets of experiments were calculated respectively. The results are
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Table 2. Analysis results of angular velocity and velocity error .

Single degree of Absolute error range Maximum relative Standard deviation
freedom name error
Heading motion  -0.0447~0.0528 rad/s 24.69% 0.0228 rad/s
Vertical movement  -0.0204~0.0194 m/s 24.28% 0.0091 m/s

5. Conclusions

This paper mainly studies the offline identification of the ROV heading dynamic model using the least
squares method based on the identification premise of the ROV propeller dynamic model in the pool
experiment. We input different thruster step control voltage signals to obtain the actual speed, and use
Runge-Kutta to output the theoretical speed of the model. The absolute error of the heading angular
velocity is approximately stable between -0.0447 rad/s~0.0528 rad/s, the maximum relative error is
24.69%, and the standard deviation of the angular velocity error is 0.0228 rad/s. The absolute error of
the vertical movement velocity is approximately stable at between -0.0204 m/s and 0.0194 m/s, the
maximum relative error is 24.28%, and the standard deviation of the speed error is 0.0091 m/s. By
comparing the error between the actual speed and the model output, the correctness of the ROV
dynamics model established in this article is verified.
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