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1. INTRODUCTION

By the growing of the number for commercial, scientific and military applications of underwater ve-
hicles autonomous underwater vehicle/remotely operated vehicle (AUV/ROV), the speed and position control
system of them are subject to an increased focus, and to improve their precision, a good control of the force
generated by the thruster is necessary [1], [2]. A thruster is the most important actuator in an underwater
vehicle [3]], built from a motor and a propeller [4], it generates a thrust force allowing the vehicle to move.
Thruster control system is situated in the most inner control loop (low level part) [5]], and its main purpose is to
fullfil the high level control commands from dynamic positioning (DP) system or Joystick [6]. The associated
underwater vehicle control system is heavily dependent on the performance and response of this actuator [7],
for this reason their characteristics must be modelled accurately [8]], [9]]. Obtaining the mathematical model of
a thruster is more complex because it depends on the model of motor, the propeller and other unknown factors
like ambient water speed [[10], [11]]. The identification is the best way to obtain the model of thruster [12]], [[13l],
but it requires an adequate equipment called test bench. A test bench for the identification of marine thrusters
is generally constituted by: a tank filled with water, a thruster’s carrying structure and instrumentation which
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will make it possible to control the thruster and the measurement of the different physical quantities needed
[14]. The realization is multidisciplinary because it requires skills in electrical and mechanical engineering.
Several laboratories have been interested in the realization of test benches in order to identify their thrusters
and a bibliographical analysis made in [[15]] shows this. The objective of this research is to obtain an accurate
dynamic model of marine thruster using a low-cost test bench and a hybrid identification approach, this ap-
proach reduce effort in developing complex analytical solution by combining between the simulation parts and
the experimental part. The organization of this article will be as follows: we start by focusing on the model of
the thruster that we will propose, after we present the methodology of its identification, our approach and the
results obtained. The integration of the thruster’s model on a ROV under unmanned underwater vehicle (UUV)
simulator and using robot operating system (ROS) toolbox will be presented in the final section to show its
behaviors. A conclusion and perspectives will be discussed at last.

2. THE THRUSTER’S MODEL

A thruster, as defined previously, is composed of an electrical machine (actuator), a propeller, a trans-
mission shaft and the frame that supports the whole, as shown in the Figure 1. In marine propulsion there are 3
types of electric machines; direct current (DC) motor with brushes, brushless synchronous motor and induction
motor [[16]. These actuators (motors) require pre-actuators (drivers) to vary their speeds, so it is necessary to
act on the pre-actuator which will act on the actuator then the latter will absorb a power to deliver a thrust force
or a hydrodynamic torque. In works that deal with the marine propulsion the pre-actuator is not taken into
consideration when representing the model of a thruster as shown in the Figure 1(a) although this is the first
item to receive the controller’s command when we use a digital control. The model of the thruster that we will
propose is a model that will take into consideration the pre-actuator. This model will consist of; a pre-actuator,
a motor and a propeller as shown in the Figure 1(b).
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Figure 1. Representation of a thruster model with electric motor for (a) general model [17]
and (b) proposed model

The driver (pre-actuator) can be represented as a gain that transforms a pulse width modulation (PWM)
input signal (us) into a voltage supplied for the actuator (motor), its response is linear.

Y=aX+0b (1)

Where Y represents the output voltage V;,, that will be applied to the motor, X the duty cycle of PWM, a and
b are constants and given as (by using a power supply of 12 Volts).

Y =0,012.X — 12 2)

For motor modelling there are two approaches; the first is to consider the model of the motor and the
propeller as a single model with as input the voltage applied to the motor and the output is the thrust force
generated by the propeller, in the second approach both models are considered separately. In our case we will
opt for both approaches, the first will be considered in the experimental part with the test bench and the second
approach in the simulation part because the model of the brushless direct current motor (BLDC) A2212 that
we used in the experimental is already identified in [[16]] and is in the form of a first order transfer function.

Q(s) K,,

Gls) = V(s) T 1+rs

3)
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With Q angular velocity of the motor/propeller, V,, is the voltage applied to the motor and :

7 =0,01021 s

K,, —131,3016 "4 v
Sec

the Figure 2] shows the response of the motor to a 12 Volts step as an input.
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Figure 2. Motor angular velocity response for the input voltage step

The hydrodynamic model (propeller model) used in most scientific works [1], [4], [S]], [18], is the
steady-state model, this model is simple and was been verified in [[19]], [20]], but there are other models that are
more complex and require a lot of measurement to identify their parameters. This model is characterized by
a coefficient of thrust noted Kt and a coefficient of the hydrodynamic torque noted K¢, the block diagram
is presented in the Figure [3] The thrust force 7" and the hydrodynamic torque @) are written in the form of
following (4) and (5).

T =Krp.Q? 4)
Q=Kqg0? )
In the next section, we looking for determine the coefficients associated with the thrust generated, in order

to have a complete thruster model that allows us to do a low level control and integrated it in an underwater
vehicle model in the aims to make a high level control such as dynamic positioning or path tracking.

Figure 3. Propeller transfer function block at steady state

3. THRUSTER’S IDENTIFICATION
3.1. Method

The Figure 4 show the equipment and the steps followed for the identification of marine thruster.
The method that we implemented is based on the use of the low-cost test bench realized and described in
[[LS] to obtain measurements of the thrust force generated by the thruster (see Figure 4(a)). The method is
divided into three steps: the first consists of varying the speed of the thruster gradually from 0 to 100% which
corresponds to an PWM from 1000 to 2000 s and record the data received from the acquisition card, in the
second step we make the simulation of the motor model identified in [16] without taking in consediration the
hydrodynamic model, in the last step the hydrodynamic model will be deduced from the measurements made
and the simulation results obtained. The diagram of the Figure 4(b) shows the steps of the identification method.
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Figure 4. Equipment and method based on for identification: (a) the realized test bench and (b) the steps

3.2. Results

First step: the Figure [5]shows the characteristics of thrust generated by the thruster in both directions
(direct as shown in Figure [5(a) and reverse in Figure [5[b)). We notice that there is a dead zone in which the
thruster does not respond, it is about 50 us, then a linear zone is followed which is the operating zone, but from
a PWM of 1,800 ps the thrust force enter in a saturation zone. The thrust force generated in the direct and
reverse direction is approximately 1.3 and 1.1 KgF respectively which is equivalent to 12.7 and 10.8 Newton.
Second step: the Figure [f] shows the response of the angular velocity vs the PWM input signal, we considered
only the linear zone (PWMg[1050, 1800]), because this allows us to obtain a linear relation and simplified the
final model. Third step: from the Figure [5and Figure [§] we can trace the characteristic of the Figure [7] which
represents the relationship between the angular velocity and the thrust force generated by the thruster in both
directions, see Figure[7{a) for direct direction and Figure[7(b) for reverse direction.
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Figure 5. Thrust force generated in (a) direct and (b) reverse direction
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Figure 6. Angular velocity vs. input signal PWM

A marine thruster’s model identification based on experimental-simulation approach (Abdelmalek Laidani)



1418 ) ISSN: 2502-4752

Direct Thrust vs. Angular Velocity 15 —

o

2 _—

]

9 -

Thrust [N]
\

o —D-Thrust — R-Thrust
3 o 5th Degree Approximation 3 o 5th Degree Approximation|

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Omega [rad/s] Omega [rad/s]

(a) (b)

Figure 7. Thrust force vs. angular velocity for (a) direct direction and (b) reverse direction

We notice that there exists a linear relation between force of thrust and angular velocity, this relation
can be approximated to a polynomial form as (6).

T=KpnQ"+Kp, Q" '+ ..+ Kr, Q+ Kr,,, (6)

With Kr,, Kr,, ..., K1, and KT, , constants. To correctly choose the degree of the polynomial, we have
made the tables below that show the mean error (ME) and the root mean square error (RMSE) between the
curve obtained based on the measurements and the polynomials chosen with several degrees, given by the
following formulates as (7) and (8).

1 n
ME = — i 7
- i; lerror] @)

RMSE = ®)

Table [T| summarize a comparison between the different degrees of the polynomials evaluated for the
representation of the propeller model in both direction of thrust, Table[T[a) shown sumarize of direct thrust and
Table [T(b) shown reverse thrust. This comparison concerns the mean and quadratic errors values of the first 8
polynomials. we notice that as the degree increases, the accuracy increases and the error values decrease. our
choice is to take a polynomial of the 5*" degree in order to have a relative error of about 1.5% as well as mean
and quadratic errors of the order of hundredth of Newton, which will allow us to bring the polynomial closer
to the measured values. The constants as mentioned in the (6) for 5" degree polynomial are presented in the
Table 2| for direct in Table[2a) and reverse thrust in Table [J|b) respectively.

The curve of of Figure represents the model of propeller, a 5! degree polynomial approximation is
showing also in this figure, and we can notice that the errors are minimum as well as mentioned in the tables
previous. Figure [8|represent the global model of the thruster, it consists of two sub models, one for the direct
thrust and other for the reverse thrust. Figure[9]shows the blocks under sub models, Figure [O|(a) for direct thrust
and Figure O[b) for reverse thrust. each sub model is constituted on the following blocks: electronic speed
controller (ESC) model, motor model and propeller model. The switches in the input and the output of the sub
model represents the dead and saturation zone respectively.

Table 1. Error comparison for (a) direct thrust and (b) reverse thrust

(a) (b)

Order ME[N] RMSE [N] Order ME[N] RMSE [N]
15t 0.3157 0.5162 15t 0.3793 0.5008
gnd 0.2552 0.3539 ond 0.2306 0.2708
grd 0.2170 0.2615 3rd 0.0706 0.0898
4th 0.0912 0.1318 4th 0.0568 0.0822
5th 0.0935 0.1305 5th 0.0537 0.0806
6th 0.0825 0.1088 6th 0.0538 0.0803
Tth 0.0618 0.0898 Tth 0.0522 0.0758
gth 0.0603 0.0891 gth 0.0511 0.0741
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Table 2. 5t Degree polynomial coefficients for (a) direct thrust and (b) reverse thrust
(@) (b)
Coefficients  Values [N.s2.rad 2] Coefficients  Values [N.s2.rad 2]
Krip 1,3506 * 10~ 1° Krigr —1.1504 10— 15
Krap —1,1879 % 10~ 11 Kraon 5.4431 « 10~ 12
Krsp 2,4328 x 1078 Kpsgr —1.1928 x 10~8
Krap —1,8243 % 1075 Kragn 1.0508 * 105
Krsp 0,0141 Krsr 0.0057
Kr6p 0,0264 Kr6r 0.0020
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Figure 9. Simulink block for (a) direct and (b) reverse thrust model

3.3. Discussion

The response of the model simulated in open loop is shown in the Figure [[0] The input is a PWM
Sinus Wave and the output is the thrust force. We notice that the simulated system behaves like the real system,
with the presence of a dead zone and a saturation zone. The Figure [TT|shows the two responses of the thruster
resulting from the experimental and simulation of the model obtained, we note that they have the same scale and
that are almost identical. On the Table [3| are mentioned the means and quadratic errors between measurement
and simulation values, we note that the errors are less than zero and this means that the simulation model
reflects the real behavior of the thruster identified.
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Figure 10. Thruster’s model open loop response
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Figure 11. Simulation vs. experimentation thrust response for (a) direct and (b) reverse direction

Table 3. Simulation vs. experimentation thrust error comparison
ME [N] RMSE [N]
Direct thrust 0.0842 0.1184
Reverse thrust ~ 0.0717 0.1083

4. IMPLEMENTATION ON UUV SIMULATOR

In this section we will use the UUV simulator to implement the model of the thruster identified above
on an underwater vehicle, the aim is to test its performances to driving this last. The UUV simulator is a
package containing the implementation of Gazebo plugins and ROS nodes necessary for the simulation of
ROVs and AUVs [21]].

As explained in [22] and shown in the Figure the thruster model is implemented as two generics
blocks that represent the dynamic model and the steady-state curve. They are 4 dynamics models available
in the thruster plugin, including zero-order model, first-order model, Yoerger’s model proposed in [23] and
Bessa’s extended model published in [24]. The Steady-State curve can be modeled as a constant gain like in
@), as constant gain with a dead-zone and as linear interpolation between input and output data that can be
obtained from manufacturer’s datasheet or from real test by a bench.

{ |
Q
U (L) =—fpeeip] Propeller dynamics #{ Conversion function jr—be— 7471y 50
| |
\ Thruster plugin ]

— e mm mm mm Em o mm mm o Em Em Em Em Em Em Em Em

Figure 12. Thruster model plugin in UUV simulator

The first step is to take an existing ROV and replace their thrusters model by the ours, on the second
step we make tests on the ROV with the new thruster model and show its behaviors and thruster’s curves.
The ROV that we have chosen is under development in ou research laboratory (Figure [T3), it has 6 thrusters
mounted as follow:

- 4 thrusters in the horizontal plan, that make the ROV moves in the longitudinal X axis, Y axis and around
the Z axis (Yaw movment).
- 2 thruster in the vertical plan, that make the ROV moves along the Z axis to allow the immersion.

The Figure[T4] shows the packages and files that have been modified to integrate the characteristics of
our thruster. The dynamics block is implemented as first order transfer function with a time constant equal to
0.01 s, and the conversion block as a polynomial with linear interpolation.

To start the tests on UUV simulator we followed the steps shown in the Figure after the ROV is
spawned we launch the dynamic positioning control by running: “roslaunch myrov_dp_controller start_myrov_
dp_controller.launch” and the ROV begin tracking the desired waypoints. This node is based on a conventional
proportional-integral (PI) controllers for 4 degrees of freedom (surge, sway, heave and yaw).

By running roslog service all the topics will be saved on a rosbag file, and exporting this file on
MATLAB and using ROS toolbox [25]], we can trace all what we need to show like positions, velocities and
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sensors plugged in. The trajectory that will be tracked by the ROV is: diving 2 m, make a square of 10x10 m
and return to the surface, as shown in Figure

Figures shows the corresponding responses to linear positions and velocities on X, Y and Z
axes, and thrust forces generated. We notice that the forces generated by thruster to make move the ROV with
the surge velocity of 0,5 m/s are around 2 N, but when turning, some thrusters delivering the maximum and
minimum output forces of 12 N and -11 N recpectively. The curves show a very good behavior of the ROV
with the model of thruster described before. The Table [ resume the main performances of the ROV using the
thruster identified previously.

Figure 13. The ROV under development by AVCIS-lab

Repertory:ws/src

Folder
|—0 myrov

Package

myrov
description

Xacro file script

myrov <dynamics>
Snippets <conversion>

Figure 14. Implementation’s diagram of thruster’s model on our ROV package

[1: roslaunch uuv_gazebo_world ocean_world.launch

¥

[2: roslaunch myrov_description upload.launch ]

—

Figure 15. Steps to follow for starting tests on the ROV under UUV simulator
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Figure 16. Tracked trajectory by the AVCIS-lab ROV
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Figure 17. Linear positions of the ROV during trajectory tracking
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Figure 18. Linear velocities of the ROV during trajectory tracking
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Figure 19. The thrust forces generated by the thrusters situated in the horizontal plan
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Vertical Thruster's Force vs Time
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Figure 20. The thrust forces generated by the thrusters situated in the vertical plan

Table 4. Performances of the ROV with our thrusters

The ROV with our thruster
Max forward velocity 2.8 m/s
Max backward velocity -2.6 m/s
Max diving velocity 0.8 m/s
Max climbing velocity -0.6 m/s
CW/CCZ yaw velocity +/-1.1 rad/s

5. CONCLUSION

The thruster that we have identified is designed and constructed by our research laboratory using a
3D printing technology. The identification method used consisted of hybridizing between experimentation and
simulation. In the experimentation part, we take into consideration the full thruster model in order to obtain
the thrust characteristic as a function of the duty cycle input. In the simulation part, we take into consideration
the model based only on the driver and the motor. The last step consists on deducing the model allowing the
transition from the angular velocity to the thrust force. The model of the thrust force obtained as a function
of the angular velocity is linear, contrary to what is already verified in the literature, this can be due to several
factors: model of the motor used, the shape of the propeller fairing as well as the type of the propeller. A
simulations in the open loop was made to show the behavior of the model obtained. In the last section we
have used UUV simulator to mount the thruster’s model on our ROV (under development) in the aim to show
behavior by tracking a square trajectory with fixed forward velocity, the obtained outcomes are satisfactory.
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