INFORMATION AND MEASUREMENT
TECHNOLOGIES IN MECHATRONICS
AND ROBOTICS

TEST PLATFORM PARADIGM
FOR UNDERWATER DYNAMICS MEASUREMENTS

Xinyu Zeng, PhD Student; Svyatoslav Yatsyshyn, Dr.Sc., Prof.;
Lviv Polytechnic National University, Ukraine, E-mail: foreverlemon99@gmail.com

https://doi.org/10.23939/istcmtm2024.01.

Abstract. This paper presents a test platform paradigm for underwater dynamics measurement. The platform aims to ad-
dress the limitations of current measurement techniques and provide a comprehensive understanding of underwater dynamics. The
proposed platform incorporates advanced control systems and compensation techniques to improve the accuracy and reliability of
measurements. The effectiveness of the platform is demonstrated through experimental results, showing improved performance
compared to existing methods. The test platform paradigm offers a promising approach for underwater dynamics measurement in

various applications.
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1. Introduction

Accurate measurement of underwater dynamics is
crucial for various applications such as underwater ro-
botics, oceanographic research, and environmental moni-
toring. However, existing measurement techniques suffer
from limitations such as unstable oscillations and nonu-
niform behavior. These limitations are often caused by
thruster dynamics and nonlinearities in the system. To
overcome these challenges, a new test platform paradigm
is proposed. The proposed test platform paradigm inte-
grates advanced control systems and compensation tech-
niques to improve the accuracy and reliability of under-
water dynamics measurement. By considering the non-
linear response of torque-controlled thrusters, the plat-
form aims to reduce the effects of thruster dynamics and
achieve stable and uniform behavior over the entire op-
erating range. The platform also incorporates adaptive
sliding controllers to compensate for uncertainties and
degradation of thruster performance.

2. Drawbacks

Current measurement techniques for underwater
dynamics often fail to provide accurate and reliable re-
sults due to the limitations mentioned earlier. These
drawbacks can lead to inaccurate data interpretation and
hinder the progress of underwater research and applica-
tions. Therefore, there is a need for a new test platform
paradigm that addresses these drawbacks and provides
more robust and precise measurements.

3. Goal

The goal of this work is to develop a test platform
paradigm for underwater dynamics measurement that
overcomes the limitations of current techniques. The

platform aims to improve the accuracy, stability, and
uniformity of measurements by incorporating advanced
control systems and compensation techniques.

4. General Description of a Thruster

A propeller is a device used to generate thrust in
underwater vehicles (Fig.1). It typically consists of a
rotating screw-like blade that pushes water backward to
create propulsion. The direction of thrust can be altered
by reversing the rotation of the propeller. The perfor-
mance of a propeller is crucial for the control and
movement of underwater vehicles. The performance of a
propeller can be described using various parameters, in-
cluding thrust, propeller speed, and output flow velocity.
The thrust of a propeller is directly proportional to the
square of its propeller speed, while the output flow veloci-
ty depends on thrust, propeller speed, and propeller effi-
ciency.

To accurately describe the dynamic characteristics
of a propeller, researchers have constructed a physical
system model based on force and torque feedback to re-
flect the propeller's thrust. This model uses the propeller
angular velocity as the dynamic state variable and controls
the propeller's motion through input torque. In this exper-
iment, we selected propellers manufactured by ROV-
MAKER and controlled the output current using Pulse
Width Modulation (PWM) to regulate the propeller's
output torque, thereby generating thrust underwater[1].

In PWM control, the pulse width range is 1000-
2000 microseconds, with 1500 corresponding to the
motor's midpoint. In other words, when PWM outputs
1500 microseconds, the motor remains stationary. As the
control signal increases linearly from 1500 to 2000 mi-
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croseconds, the motor rotates forward, and the speed
linearly increases. Conversely, during the decreasing
process from 1500 to 1000 microseconds, the motor
reverses, increasing its speed[2].

Fig. 1. Using propellers manufactured by ROVMAKER,
voltage supply range: 3s-6s, maximum passing current 15A,
waterproof to a depth of 300 m underwater surface

5. Lumped Parameter Model Development

A standard thruster configuration, illustrated in
Figure 1, comprises a stationary shroud and a propeller
propelled by a torque-generating mechanism (T) operat-
ing at angular velocity (®). The thruster's shroud pos-
sesses a cross-sectional area (A) and encloses a volume
(V). The surrounding fluid has a density (p) and a volu-
metric flow rate passing through the thruster (Q)[3].

The model development is simplified by the fol-
lowing assumptions (Figure 2):

1. Negligible Kinetic energy of the external fluid
environment.

2. Negligible friction losses in the motor and pro-
peller blades.

3. Incompressibility of the ambient fluid.

4. Maintaining parallel flow direction at the inlet
and outlet of the thruster, disregarding rotational flow
effects.

A state function of the volumetric flowrate Q can

be used to express the kinetic coenergy T* [4] of the
fluid in the thruster:
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Defining a generalized momentum as:
A .
T =V (2

The above relation is that of inertia (momentum
related by a static constitutive law to the flow in bond-
graph nomenclature with the effort variable T and flow
variable QQ.

I" has units of momentum/area and is referred to
as the pressure momentum. Since the energy relations
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are linear, the conergy and energy have equal magni-
tudes, and the kinetic energy T can be expressed as a
state function of the pressureA@omentum I:

_1—‘2 (3)
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The pressure momentum relation that follows
from a power balance is as follows:
dr _ A?
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The power input from the thruster propeller is rep-
resented by Qt, the outgoing Kinetic energy per volume
is represented by K, and the time rate of change of the
pressure momentum is shown by I.
It is possible to represent the departing kinetic en-

ergy per volume K as:
AT?
. (5)

k= 2pV2 " 2p
where the yy = AT'/V is the thruster's fluid momentum per
volume.
The convected linear momentum, which is equal
to the thrust created, connects the thruster and surround-
ing fluid:

WZ

Thrust =yyQQ (6)
The thruster/propeller characteristics and angular
velocity Q can be linked to the volumetric flow rate,
provided that the propeller does not cavitate. Slip is the
term used to describe the discrepancy between a propel-
ler's theoretical and actual advance per revolution. It is
commonly stated as a ratio ¢ as follows:
QpA—QQ
Tplql (7)
where p, also known as the pitch, is the axial distance the
propeller blades move for every unit of revolution (1 rad).

The equation above indicates that QQ (2) can be
expressed as:

g =

QQ = npAQ, ®)
where n = 1 — o is referred to as the propeller efficiency.
From equation (2)(4)(6)(8), the following thruster dy-
namic state and output equations are formed:

T
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Thrust = yyQQ (10)
The propeller angular velocity R can be used as
the thruster dynamic state variable in the thruster dynam-
ic state and output equations if we assume that the pro-

peller efficiency (n), pitch (p), and duct area (A) are

constants:
T npA
Q= - oo (11)
np’pV 2V
Thrust = Apn?p?QIQ)| (12)

Keep in mind that, as was previously stated, the
steady-state thrust force is proportionate to the input
torque.
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Fig. 2. Major Elements of the Model

6. Thruster validation (response rate,
thruster thrust, torque produced, phase lag fit)

The model was validated using a thruster mounted
in a rack in an aluminum-type table that instrumented the
device to measure the output force and torque. As shown
in Fig.3, the thrust was measured by a six-component
force transducer using a D6045A sensor from DMI (Dig-
italize Miniaturize Inteligentized), Inc. in a matrix de-
coupling technique in order to decompose the output
signal of the six-axis force transducer into its force and
torque components in different directions and complete
the recording. A series of static tests were carried out to
confirm the previously proposed model and to determine
specific parameter values a, 0, and Ct [5]. Based on the
available measurement data, it was possible to confirm
that these parameters were reasonable for the physical
parameters of propeller efficiency and volume involved.

7. Thruster Test

The thruster served as the test object for a number
of dynamic thrust measurement tests. Both a succession
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of current-commanded step input signals encompassing a
broad range of input levels and a long-period sinusoidal
waveform input signal were used in these tests [6].

Measured variables include motor input current,
voltage, and current instructions as well as motor speed
and net thrust. These measurements are all dynamic and
are collected at a sample rate of 50 Hz.

7.1. Long Period Triangular Wave Inputs

We decided to output long-period sine wave sig-
nals for the measurement of thrust generation before and
after to produce robust output results. The results are
displayed in Figure an as a function of motor speed over
60 seconds for the thrust produced in the X-axis and the
torque produced in the Y-axis. The inputs for current and
voltage with varying speeds are shown in Fig. 4. The
speed versus force generated for the steady state instance
is shown in Fig.5. This number is consistent with the
idea that predicted thrust is inversely proportional to
propeller speed. Due to the strong link between and
current inputs, the current/thrust behavior is best de-
scribed by the square law relationship.

Fig. 3. Direct coupling relationship between thrusters and sensors
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Fig. 4. The rotational speed changes in a sinusoidal waveform
and outputs the corresponding current and voltage input signals.
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Fig. 5. The thrust generated by the thruster in the direction
of the sensor's X-axis and the moment generated by the Y
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Fig. 6. Different rotational speeds corresponding to the force generated
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Fig. 7. Linear relationship with rotational speed exhibited
by the mean values of the 8 force groups under Gaussian regression
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Fig. 8. A linear relationship with rotational speed exhibited by the mean values
of 8 sets of moments under Gaussian regression

7.2. Step Input Effects of Amplitude.

In this experiment, step signals of varying ampli-
tudes were put up to regulate the motor's current and,
consequently, its speed. The influence of rotational speed
from 0 to the force corresponding to the steady state
reached after the step control signal was recorded using
eight different sets of current inputs with the same time
step setting. It was established that the thruster's force
output's steady-state value depends on its current value [7].

8. Conclusions

1. In the current work, there was developed a
test platform paradigm for underwater dynamics meas-
urement that overcomes the limitations of current tech-
niques and is able to improve the accuracy, stability, and
uniformity of measurements by incorporating advanced
control systems and compensation techniques.

2. The considered platform adapts to uncertain-
ties and degradation of thruster performance through the
use of adaptive sliding controllers which is demonstrated
through experimental validation, showcasing its superi-
ority over existing methods.

3. The proposed test platform paradigm offers a
promising approach for underwater dynamics measure-
ment providing more accurate and reliable measurements
in various applications for advancing underwater re-
search and technology.
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