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ABSTRACT

The conventional methods of measuring tides are primarily based totally on
direct observation of the water level on a graded-index whose information is
examined in certain time intervals, although this work is very tiring and
elements which include detrimental climate conditions, wind, rain, heat,
darkness, people's fatigue and negligence in wearing out the obligation have
brought on the exceptional of accumulated information to decrease. Therefore,
new generation mechanical and electronic devices have been used to lessen the
error. In these systems, because of the presence of movable parts and parts that
are in direct contact with seawater, wear and tear are inevitable. Therefore, fully
electronic systems based on ultrasound and water pressure measurement have
attracted various attentions due to the fact that they no longer have an operator
and mechanical components are not in contact with water. In those systems, the
gathering of tidal records is carried out routinely with non-touch electronic
measurement, which has greater accuracy, speed, and simplicity of labor in
comparison to conventional systems. This study is a report of the construction
process and comparison of the results of the construction of an electronic
device for measuring tides with the possibility of real-time transmission of tidal
data. The advanced tide gauge device calculates the height of the water surface
with the use of ultrasonic waves and measuring water pressure continuously.
This system is also equipped with a microcontroller that has the mission of
collecting, recording, and dealing with data and dealing with the peripheral
parts, including managing information communication and receiving settings.
In the constructed system, the water level values measured by pressure sensors
and ultrasonic range finder are transmitted to a mobile number and a designed
server through SMS and GPRS networks. The constructed tide gauge device
was hooked up next to the Bushehr tide gauge and the overall performance and
accuracy of the device were evaluated and compared via way of means of
reconstructing the Topax/Poseidon satellite data and the Bushehr tide gauge
records. By examining the results, it can be concluded that the use of two
measurement sensors in the constructed system has been capable of enhancing
the accuracy of water level measurement, and the communication of
information from two different channels reduces the lack of records. These two
factors increase the safety factor of using the device
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1. Introduction

The phenomenon of tides, like many different
natural phenomena, influences human life. This
phenomenon has affected the duplicate of fish and
ocean plants. Tides stability the temperature at the
planets and additionally desire the climate
situations via way of means of growing turbulence
inside the oceans. By flood tide, the ships attain the
shore without problems whilst the water involves
the shore. Because the frequency of this
phenomenon is numerous instances the afternoon
and night, it will likely be great as a renewable
energy source [1]. In the traditional technique of
measuring the tide level, which is based on the
direct observation of the water level on a graded-
index [2], its information is read every ten minutes
for at least a month, which is, of course, a very
tiring task and factors such as unfavorable weather
conditions, wind, rain, heat, In the conventional
technique of measuring the tide degree, that is
primarily based totally at the direct observation of
the water degree on a graded-index [2], its
statistics is examined every ten mins for as a
minimum a month, that is of route a completely
tiring venture and elements consisting of
unfavorable climate conditions, wind, rain,
warmth darkness, people’s fatigue and negligence
in wearing out their duties caused a lower
withinside the fine of amassed statistics [3] [4].
Due to the problems of conventional methods,
mechanical equipment and an aggregate of
mechanical and electronic devices were used. Due
to the presence of moving parts and parts that are
in direct touch with seawater, these systems' wear
and tear is inevitable, and therefore they require
regular periodic visits so that they do not lose their
precise function [5] - [8].

Therefore, all electronic structures based on
ultrasound and water pressure measurement have
solved the issues of different strategies because
they no longer want an operator and mechanical
components in touch with water. In those systems,
the gathering of tidal statistics is accomplished
robotically with non-touch measurement with
unique features, fully electronic, which are more
accurate, faster, and easier to work with compared
to traditional systems.

2. Methodology

The developed tide gauge system continuously
measures the height of the water level using
ultrasonic waves and water pressure and is also
equipped with a microcontroller, that's chargeable
for collecting, recording, and handling facts and

handling peripheral parts, such as managing
communique of facts and receiving settings.

Due to the evolution and development of the
mobile network and the Internet, these two
platforms are reasonably priced and have
alternatives for information transmission. The
values measured by the sensors are transmitted to
a mobile number and a designed server through
SMS and GPRS networks.

The general diagram of the way the device system
works is shown in Figure (1). In general, this
system has 5 parts: 1- The structure part, 2- The
electricity and energy supply part, 3- The control
and telecommunication part, 4- The sensors, and
5- The server. In the following, we will examine
each part.

GPS
Ultrasonic Sensor — » GSM
Pressure sensor 4*:m—
| -+ GPRS

Memory

Figure 1: Functional diagram of the constructed tide gauge
system

2.1. Structure Sector

A structure was designed and built to install the
ultrasonic sensor and hold the solar panel and since
the structure must be installed next to the dock or
anchorage, its material is chosen from steel and
protected with 5 layers of paint and rust so that it
has excessive resistance against high humidity and
bad weather conditions and does not wear out. The
height of this structure is one meter and according
to figure (1) this structure has an arm, which is
placed at the end of the arm of the altimeter sensor
or the ultrasonic sensor of the system. At the time
of installation, this arm should be placed on the
water surface and create a distance from the edge
of the dock so that the water height sensor can
measure the water height correctly. Also, the solar
panel system is placed on top of this structure with
a bolt and nut connection.

To protect the control board and the battery of the
system, a metal box with a base that is covered by
electrostatic paint is used. Figure (2) it shows an
overview of the structure.
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Figure 2: overview of the structure

According to Figure (3), a 6-meter aluminum ingot
was used to restore the pressure gauge sensor in
depth. Due to the position of this element in
seawater, a defensive layer in opposition to moss
and corrosion because of salt water has been
created at the aluminum ingot.

Figure 3: Pressure sensor mounted on an aluminum ingot

2.2. Electricity and energy supply sector

To deliver energy to different parts of the system,
direct voltages of 12 V, 5V, 1.4V, and 3.3 V are
needed. For this purpose, two methods of power
supply have been considered for the level recorder

system. The first mode is the usage of urban
electricity, in this case, switching power sources
are used to lessen the city's 220-volt alternating
current and convert it into the direct power
required by the control board and system sensors.
The second mode is the use of solar power
systems. This system is installed to enable the use
of the system in situations where city electricity is
not available or in case of emergency. According
to figure (4), it consists of a 30-watt solar panel
with mono manufacturing technology, a charge
control circuit, and a 12 Volt 9-Amp battery,
which is converted to the required voltages of
different parts of the system by the battery voltage
regulator Acs.

Figure 4: Solar energy system including solar panel,
battery charge control, and lead-in wires

2.3. Control and Telecommunications Sector

Microcontrollers or MCUs are small ICs that
contain a combination of units and different
capabilities and are used to control processes or
read sensor values and control operators.
Microcontrollers have wide capabilities that vary
depending on the type and model.
Microcontrollers usually differ from each other in
terms of processing power, and the quantity of
memory that consists of program memory (Flash
memory) and data memory (RAM). Also, input
and output ports that allow communication with
devices, sensors and operators, and other parts
such as timers, and protocols that can be supported



Amir Hossein Moadelil, Ayob khodaprast 2/ Design, construction, and implementation of water level recorder with communication of information approach
using GSM and GPRS

in different categories and series. are positioned
differently. The microcontroller for processing
system data is from the AVR series of
microcontrollers based on the Arduino platform
with the technical number Atmega 328. The traits
of this microcontroller include 32 kilobytes of
memory, low energy consumption, and high
speed. [9] - [13].

To save the data of the sensors, the time, and the
clock of the measured values, a data logger shield
compatible with Arduino was used so that the
information could be saved on an SD card. This
shield is connected to the microcontroller with the
12¢ communication protocol, and due to the use of
the internal clock, it also provides the possibility
of saving the clock. Figure (5) shows the set of
control board.

A SIM800L module is wused to transmit
information in the form of SMS on the global
mobile network platform and also to upload it to
the server. These modules use the GSM network
and provide the ability to send and receive SMS,
make calls, and connect to the Internet on the
GPRS platform [9] [11] and [14].

Figure 5: The control board set is placed in the box.

2.4. Sensors

2.4.1. Pressure Sensor

Fluid pressure sensors are used to measure the
pressure of liquids such as water, oil, gases, and
other fluids. These sensors usually work based on

the change in fluid volume in reaction to the
pressure. As the fluid volume increases, the
pressure also increases, and the sensor can
measure this pressure change, and a signal
corresponding to the measured pressure is
generated on the output, which is used in control
systems. These sensors have different models,
including diaphragm models, resistance models,
etc [15] [17].

The Wika A10 series pressure transmitter
(pressure sensor) is made of stainless steel and has
a small design. This product also has a digital
processing circuit that converts weak signals into
standard current signals.

This sensor has many features. The features of this
transmitter include small size, lightweight, easy
installation and use, and stable performance. This
equipment is mainly used in industrial automation
equipment and has good compatibility with
difficult environmental conditions, which shows
the high quality of the sensor [17].

2.4.2. Altimeter

Ultrasonic range finder sensors wuse high-
frequency sound waves that are sent and reflected
to the sensor after hitting an object or surface. To
use these sensors, after feeding the sensor, the
desired control signal must be sent to the sensor so
that the sensor can measure the distance.
Ultrasonic sensors have two types of analog output
and digital output, and to accurately read the
distance, the sensor must be placed in a plane
perpendicular to the object so that the distance can
be measured correctly.

The 04SRF sensor is an electronic range-finding
module based on ultrasound, which is used to
measure the height of the water surface in this
project. This sensor can measure the distance up to
10 meters and the measurement accuracy is
millimeters, which is a good option considering
the changes in the water level of the Persian Gulf.
[18]

2.4.3. Temperature and humidity sensor
Temperature and humidity affect the speed of
propagation of waves. With the assistance of a
sensor, the temperature and humidity of the
environment are measured so that the
measurement error of the ultrasonic range finder
sensor can be minimized. The DHT-22
temperature and humidity sensor is a good sensor
for measuring the temperature and humidity of the
environment. This sensor is a digital sensor that
communicates with the microcontroller using the
12C communication protocol.
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DHT-22 consists of two parts: a capacitive
humidity sensor and a resistance temperature
sensor. Inside this sensor, a chip is used to convert
analog to digital. The humidity measurement
range of the sensor is from 0 to 100 percent and it
also can measure temperature from -40 degrees to
+80 degrees [19] [20].

2.4.4. positioning

Remote sensing measures the Earth's parameters
using satellites in the Earth's orbit or airplanes
equipped with sensors (without physical contact).
The data obtained from this technology provides
the possibility of extensive projection and analysis
of the parameters of the earth by using data
collection through reflected energy from the earth.
Remote sensing has a wide range of applications,
including recording the water level. Therefore, the
use of the GPS global positioning system to
receive location information with the help of
satellite signals provides information such as
geographical longitude and latitude as well as
height, which is used to adapt the data measured
by range-finder sensors and System pressure is
used with satellite data. However, it should be
noted that remote sensing systems have far lower
accuracy than coastal tide gauges, and comparing
the data received from both methods can reduce
the measurement error [21].

Figure 6: Port of Bushehr city, the installation site of the
level recorder system built next to the level recorder device
of the Geographical Organization

3. Results and Discussion

To evaluate the performance of the system, the
built tide gauge was installed for 6 months from
April 30, 2023, to November 1, 2023, next to the
tide gauge of the Geographical Organization

located in Bushehr port. Tide-gauge system data is
read every 10 minutes and stored in the server.
This makes it possible to reveal waves with an
interval of 20 minutes or more in tidal modeling
based on the principle of sampling. The
installation location of the system is shown in
Figure (6).
3.1. Tide modeling of satellite data
To examine the performance of the tide gauge, the
information from the Topex-Poseidon altimetry
satellite has been used. In tide modeling with the
assistance of the information acquired from the
satellite, it is necessary to perform corrections and
processing on the satellite data to see the altimetry
information. After observing the altimetry data, a
height time series should be made. These series
include altitude and time information [22].
One of the problems that sometimes exists in the
construction of time series is the reconstruction of
lost information. Various methods can be used to
solve this problem. One of these methods is the use
of the autocorrelation function, which can estimate
the statistical correlation between the data and the
missing data.
The time series is defined as the following
equation (1).

£ (= X) (Xeqp — X) (1

thvz1(xt —X)?

e =

In the above relation, the time series X1, X5, ..., X,
is known. and 1y,1y,...,7;, is the correlation
between time series. If it is necessary to calculate
Xn41 »the above series can be expanded as
X1, X2, s X, Xny1 thatX,, .4 1s unknown.

The remarkable thing about relation (1) is its non-
linearity, and to calculate X,,,; it is necessary to
linearize the relations using the least squares
method (2). The relationship (2):

F(X) = F(Xo) + ——— (X — Xy) )

dXxy)

Xy X =y, X
We can use the value of "™ or Nt as the
initial value of *»*1.

FX) = F(Xo) + —— (X — X,) (3)
dX(xy)
- dl =A6X
dX =X — Xy = X = dX + X,
dF
dX x,)

This process is repeated until the last answer is
calculated. Finally, with the help of Fourier
analysis and the least squares method, the
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frequencies in the series were calculated and the
tide model was extracted. According to Figure (7),
the measurements made by the tide gauge are
consistent with the data extracted from the
satellite, and the difference between the monthly
graph of the satellite data and the data measured by
the tide gauge can be due to the low accuracy of
the obtained data. come from satellites.

3.2. Tides measured by Bushehr tide gauge

To check the tide gauge data more accurately, the
tide data measured by the tide gauge of the
Geographical Organization located at the Bushehr
Customs Wharf was used. Tide information has

been compared in daily and monthly intervals. As
shown in Table (1) and Figure (8) of the monthly
comparison, the measured level is almost identical
and has a much smaller error than the satellite data.
This matching of data can also be visible in the
diagram of Figure (8). But in the daily chart of
Figure (9) sometimes the quantity of measurement
error is a little higher than in the monthly chart, the
cause for this could be the waves of the sea surface,
because the weather conditions may cause waves
that cause errors in the measurement process. but
to study the tides, the average data is studied,
which reduces the measurement error.

Table 1: Comparison of the values measured by the tide gauge of the Geographical Organization and the built tide

gauge
April May June August September October November
=g,  Geoemaphicl 2132 2142 2138 2134 2128 2118 2126
£ é = Organization
] =
= E Tide gauge System ~ 2/33 2/41 2/38 2/33 2/28 2/18 2127
= Geographical 1/25 1/21 1/24 1/28 1/22 1/21 1/20
s Organization
= Tide gauge System  1/25 1/21 1/23 1/28 1/23 1/21 1/20
E_.  ocosuphical 0/38 0/29 0/21 0/20 0/22 0/35 0/41
E § 2 rganization
= Tide gauge System  0/37 0/29 0/2 0/2 0/22 0/24 0/41
Hourly Statistics
Mosthly Statiatic 25
) ~ — 15
1
Aeri bane Argwt Soptewher  Ocicbar  Noverber 12345678 09101112131615161718192021222324
= o Gaographical Tide gaves Svstem

3 racen

Figure (7): Comparison of monthly tide statistics measured
by the constructed tide system and satellite data.

Mowsrhle Staristic

Figure (8): Comparison of the monthly error of level
recorder and Tide-gage of Bushehr system

Orzanization

Figure (9): Comparing the hourly error of the level
recorder and tide gauge of the Bushehr system

4. Conclusion

Tidal is a very important natural phenomenon that
has huge consequences from the life process of
organisms to navigation, therefore accurate
measurement of this phenomenon could be very
vital and allows lots inside the navigation of ships,
fishing, etc. According to the results acquired from
the assessment of the information measured with
the aid of using the tide gauge made with the aid
of using the authors of the thing with satellite data
and the active tide gauge of the Geographical
Organization in Bushehr region, similar to the
accuracy of the system and automated
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communication, top accuracy within side the tidal
measurement is achieved.
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In recent times, the field of robotics and its applications have become
increasingly attractive for researchers, particularly in the context of industrial
control and automation. However, the approach predominant in the design
and construction of robots until not too long ago favored solidity over

Keywords: flexibility. The primary rationale behind this inclination was the perceived
Innovation weakness associated with highly flexible robots. While flexibility is deemed
Hamiltonian ble . h d .. implici d
Principles acceptable for certain purposes, the tendency was to prioritize simplicity an

control, leading to the widespread adoption of rigid robotic structures. The
drawback of this rigid approach became apparent as achieving control in
highly rigid robots posed challenges. Such robots were often heavy,
voluminous, and possessed a high weight-to-tolerance ratio, resulting in
substantial energy consumption. The lack of adaptability and flexibility at
joints further compounded these issues. The assumption that rigidity
simplifies control was a guiding principle in designing robots. However, the
contemporary consensus is that a rigid-centric methodology does not meet
all the control needs in robotics. There is a growing recognition of the
importance of flexibility and adaptability in robotic joints. This shift in
perspective is driven by the understanding that not every joint in a robot
needs to be rigid. Accepting flexibility in joints is based on the assumption
that simplicity in control can still be achieved without rigid constraints. In
the present era, it is acknowledged that a rigid-centric approach does not
provide a comprehensive solution for the diverse requirements of robotic
control. The acceptance of flexibility and adaptability in robotic systems has
gained momentum. This change in attitude is evident in the emphasis on
speed and adaptability in flexible robotic systems, leading to increased
research efforts in control methodologies that embrace flexibility in the
design and operation of robots.

Keywords: arm robotic, System control, Vibrations

modeling dynamic
Vibrations Robots
arm robotic

1. Introduction improvements, translating into substantial economic

In the ever-evolving landscape of industries and
technology, the ubiquity of robots has expanded
across diverse sectors, including healthcare,
automotive, aerospace, and more. The continual
progress in this field has given rise to heightened
expectations and demands for enhanced robotic
capabilities. Particularly, robotic arms, frequently
employed for repetitive tasks, stand to benefit
significantly =~ from  incremental = performance

gains. Many contemporary industrial arms, tailored to
meet stringent precision and repeatability standards,
are characterized by robust yet heavy components.
The inherent high inertia of these components
necessitates considerable time for movement,
resulting in elevated power consumption.

In response to these challenges, the global recognition
of flexible jointed arms as a pragmatic problem-
solving approach and a viable experimental model has
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gained prominence. The incorporation of flexibility
into these models is achieved by introducing specific
stiffness springs as connection points between flexible
arm segments. The flexibility inherent in these springs
can be harnessed for rotational or translational
movements within the system. In structural flexible
systems, each component can be segmented into rigid
bodies and elastic springs. Given the absence of
constraints on the relative motion of robot
components, a discrete coordinate approach proves
advantageous for maneuvers involving substantial
rotational angles. This hybrid motion comprises rigid
(positional) components resulting from connections
and flexible arm movements.

The unique model presented here utilizes equations
for rigid body motion with point connections in a
discrete coordinate system. Notably, none of the
defined degrees of freedom correspond to actual
deformations of the system. While this coordinate
system allows for the modeling of large deformations,
significant challenges arise in accurately representing
stiffness and damping at connection points, especially
beyond their linear behavior.

This article delves into the concurrent control of
vibrations and maneuvering in a flexible two-link arm
during single-axis maneuvers. It explores the
synergistic effects of these two controllers on the arm's
oscillatory behavior and targeting accuracy. The
control of the flexible component involves the
utilization of smart piezoelectric hinges, while arm
maneuvering considers actuators applied to the arm
connections. Through this exploration, we aim to
contribute insights into optimizing the performance of
flexible robotic arms in real-world applications

Innovation in
Vibration Control:
This article represents a pioneering advancement in
the realm of robotic systems by introducing a
revolutionary paradigm shift in dynamic modeling and
vibration control. Departing from conventional
methodologies, our innovative approach challenges
existing norms, introducing novel concepts and
equations that redefine precision, adaptability, and
efficiency in robotics. A key departure from
traditional models is our emphasis on generalized
coordinates, redefining their role in specifying particle
positions within robotic systems. What distinguishes
our research is the introduction of generalized forces
associated with each coordinate, extending beyond
classical Newtonian mechanics. Addressing the real-
world presence of non-conservative forces, such as
friction, our comprehensive framework offers insights
into the intricate dynamic behaviors of robotic
systems.

The integration of Hamiltonian principles plays a
central role, providing a holistic representation

Dynamic Modeling and

through the sum of kinetic and potential energy. This
innovative integration not only refines the accuracy of
equations of motion but also opens avenues for
unparalleled control and adaptability in robotic
functionalities.

Another noteworthy innovation lies in the dynamic
modeling section, where Lagrangian equations are
employed to capture both conservative and non-
conservative forces. The application of iterative
learning methods enhances the understanding and
control of the robotic arm's behavior, contributing to
the adaptability of the control system for real-world
applications.

Acknowledging the complexity of the derived
equations and potential computational challenges, the
study proposes a practical solution using fuzzy logic
for inverse kinematics. This recommendation aims to
streamline the implementation process, especially in
scenarios where extensive calculations might hinder
the operational efficiency of the robot.

In summary, this paper introduces a novel approach to
controlling flexible robotic arms, addressing inherent
challenges with practical solutions. The synergistic
integration of smart materials, advanced control
strategies, and fuzzy logic offers a comprehensive and
adaptable framework for controlling flexible robotic
systems, ushering in a new era of precision and
efficiency.

modeling dynamic and Vibrations Robots:

In this article, we delve into dynamic modeling and
vibrations of robots through the application of specific
motion equations, which will be briefly discussed.
Generalized Coordinates: The position of a particle
in space can be defined using three coordinate
systems: Cartesian, spherical, and cylindrical.
Alternatively, any three suitable parameters can be
chosen. If the particle is constrained to move on a
fixed plane, only two coordinates are necessary to
specify its position. However, if the particle moves
along a straight line or a fixed curve, specifying one
coordinate becomes sufficient. In the case of a system
composed of N particles, N* coordinates would be
needed to simultaneously determine the positions of
all particles.

When constraints are applied to the system, the
number of coordinates required to specify the
configuration becomes less than N°. For example, if
the system represents a rigid body, only the spatial
position of a reference point on the body (e.g., center
of mass) and its orientation are essential. Therefore, a
minimum of n coordinates is generally required to
specify the configuration of a specific system, and
these coordinates are termed generalized coordinates.
In the generalized coordinate system, unlike the forces
commonly seen in classical Newtonian mechanics, a
force associated with each coordinate is defined,
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known as the generalized force. This quantity,
determined using the work definition, is
dimensionally equivalent to work when multiplied by
the generalized coordinate. Consequently, if the
generalized coordinate has distance dimensions, the
quantity becomes force, and if it is angular in nature,
the quantity transforms into torque. The Hamiltonian,
which is the sum of kinetic and potential energy of the
system, is employed to accurately define the equations
of motion.

Subsequently, these values are incorporated into the
equation known as the Lagrangian equation of motion.
The Lagrangian equation is expressed in terms of
derivatives of the Lagrangian function concerning
generalized coordinates and the time derivatives of the
Lagrangian function regarding generalized speeds. In
other words, denoting the Lagrangian function as L,
the generalized coordinates as gk, and the generalized
speeds as gk (where the dot denotes the time
derivative of the generalized coordinate gk), the
LI_Eagramgiam equations take the following form:

dtan  an (1)

If the forces within the system are not entirely
conservative, indicating the presence of a non-
conservative force such as friction, in such instances,
the Lagrangian equations on the right-hand side
incorporate an additional term, Qk. This term
represents the non-conservative generalized force.

d L L

T — — =
dt qk q Q (2)
The Lagrangian equations exhibit uniformity across
all coordinates, offering a systematic methodology for
deriving the differential equations of motion in diverse
systems. An alternative means of obtaining
Lagrangian equations involves employing the
principle of Hamiltonian variations. As previously
mentioned, the Hamiltonian function, representing the
cumulative kinetic and potential energy of a system, is
defined within this approach.

In the context of Hamiltonian variations, an
assumption is made about the existence of a potential
function, signifying the conservative nature of the
considered system. However, when non-conservative
forces are present, similar to the Lagrangian
equations, the impact of these forces is accounted for
independently.

In such instances, the Hamiltonian function becomes
the sum of kinetic energy and the work done by all
forces, encompassing both conservative and non-
conservative elements. This method provides an
alternative viewpoint for formulating equations of
motion in dynamic systems, placing emphasis on the
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collective energy and work contributions from all
forces.

Hamilton Equations

The Hamiltonian equations consist of n? first-order
differential equations, expressed in terms of
generalized momentum and its derivatives. The
generalized momentum is defined as the derivatives of
the Lagrangian function concerning the generalized
velocities. Consequently, these equations can be
formulated as follows:

H
— = 4k
Pr

And,
H
— =P,
qx

In the given expression, gk denotes the generalized
velocity, and the dot above pk (generalized
momentum) signifies the time derivative. Upon
comparing the Hamiltonian equations with the
Lagrangian equations, it becomes evident that the
former comprises a higher number of first-order
equations. Specifically, in a system with N
generalized coordinates, the Hamiltonian equations
consist of n? first-order differential equations, while
the Lagrangian equations consist of n second-order
differential equations. Consequently, working with
Hamiltonian equations is generally deemed more
straightforward, and they find more frequent use in
quantum mechanics and analytical mechanics.
Previous Studies:

A range of studies have explored the control of robotic
arms with two degrees of freedom. Vorob’ev
(2020) introduced a technique for coordinating the
movements of the arms. This article proposes a
technique for coordinating the movements of
operating links of two-armed robotic systems with six
degrees of freedom. The technique is based on
introducing relative positioning matrices for the
output links of the mechanical arms and solving
reverse problems of the relative manipulator
positioning. Manipulators with three degrees of
freedom are viewed as mechanical arms. The reverse
problems of manipulator positioning are solved, whic
allow making output manipulator links carry out
preset relative movements as solid bodies.

Efafi (2022) further enhanced this by proposing a
feedback linearization controller to simultaneously
control the main degrees of freedom and reduce
vibration. In this paper, 3D dynamic modeling and
robust control of a flexible robotic arm are performed
with considering nonlinear effects. The simplifying
assumptions such as linear vibration or 2D dynamic
modeling of the arm significantly affect the accuracy
of the arm dynamics. Thus, in this paper, a special
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robotic arm is modeled using the 3D Euler—Bernoulli
model considering the nonlinear effects of the beam.
The Lagrange approach is used to extract the dynamic
equations of motion and the coupled states of slow
dynamics of the robotic degrees of freedom together
with the fast dynamics of beam vibration is considered
simultaneously. In order to control the main DOFs of
the system and decrease the vibrating response of the
system simultaneously, a feedback linearization
controller equipped with the input shaping method is
proposed through which all of the coupled states of the
system can be controlled at the same time. It is shown
that the response of the proposed model is closer to a
real flexible robotics arm and the designed controller
can successfully control all of the rigid and vibrating
states of the system.

Lima (2019) addressed the issue of overshoot in a
robotic arm  with  flexible joints, using
magnetorheological dampers and a state-dependent
Riccati equation for feedback control. In recent years,
the evolution of artificial intelligence techniques has
widely grown such that it gives new ways to improve
human life, not only at work but also living.
Nowadays, to the human being, physical human-robot
interactions (PHRIs) have been presented very
important and present itself as a major challenge for
the current engineering. Therefore, this work designs
and analyses a two-degree-of-freedom robotic arm
with flexible joints driven by a DC motor. Due to the
interaction between the robot links and flexible joints,
the arm may present overshoots when it is moved such
that it becomes difficult to manipulate the arm.
Therefore, Magnetorheological dampers (MR damper
or MR brake) are attached to the links of the arm in
order to control such overshoot and provide a way to
adjust the mechanical limitations of the arm. The
dynamics of the system will be investigated, showing
the appearance of chaotic behavior due to the coupling
of the manipulator to the motors. After that, the
feedback control is obtained through the state-
dependent Riccati equation (SDRE) aiming the
control of the positioning of the manipulator and the
torque applied on the MR damper. Numerical results
showed that the proposed control using hybrid
actuators, DC motor, and MR brake was effective to
control the position and behavior of the flexible joints
of the manipulators.

Gharab (2021) proposed a robust two degrees of
freedom PID control system to address the challenges
of controlling lightweight single link flexible robots.
This system effectively removed actuator friction and
link vibrations, and was robust to strain gauge sensor
disturbances and payload changes. In this paper, a
method to control one degree of freedom lightweight
flexible manipulators is investigated. These robots
have a single low-frequency and high amplitude
vibration mode. They hold actuators with high
friction, and sensors which are often strain gauges

11

with offset and high-frequency noise. These problems
reduce the motion’s performance and the precision of
the robot tip positioning. Moreover, since the carried
payload changes in the different tasks, that vibration
frequency also changes producing underdamped or
even unstable time responses of the closed-loop
control system. The actuator friction effect is removed
by using a robust two degrees of freedom PID control
system which feeds back the actuator position. This is
called the inner loop. After, an outer loop is closed that
removes the link vibrations and is designed based on
the combination of the singular perturbation theory
and the input-state linearization technique. A new
controller is proposed for this outer loop that: (1)
removes the strain gauge offset effects, (2) reduces the
risk of saturating the actuator due to the high-
frequency noise of strain gauges and (3) achieves high
robustness to a change in the payload mass. This last
feature prompted us to use a fractional-order PD
controller. A procedure for tuning this controller is
also proposed. Simulated and experimental results are
presented that show that its performance overcomes
those of PD controllers, which are the controllers
usually employed in the input-state linearization of
second-order systems.

Lin (2023) presented a vibration control method for a
six-axis manipulator, using variational mode
decomposition and the Hilbert—-Huang transform to
analyze and eliminate vibration, and a feedback
controller and iterative learning controller to stabilize
the system. This paper presents a vibration control
method for the vibration suppression of a robotic arm.
To understand the causes of the vibration in the six-
axis manipulator and then eliminate the vibration
through an effective control method, the vibration
control structure can be divided into two parts. First,
variational mode decomposition (VMD) and the
Hilbert-Huang transform (HHT) algorithm are
integrated to analyze the vibration signal and extract
the wvibration characteristics. Second, a smooth
trajectory planning method is used to eliminate the
residual vibration. Then, a feedback controller and
iterative learning controller are used for controlling
the vibration to stabilize the system while
compensating for the torque of the elastic-joint model
and repetitive errors caused by the vibration through
the repeated operation of the arm. In addition, to
improve the iterative learning control (ILC)
performance, the integration of VMD and the HHT is
used to distinguish useless information. The ILC is
able to learn more quickly and compensate for the
error caused by the vibration. The proposed VMD-
HHT iterative learning control for the elastic joint
(VH-ILC-EJ) method, along with a laboratory-
developed six-axis degree-of-freedom (6-DOF)
robotic arm, has been numerically and experimentally
validated for vibration suppression.
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Control System Description:

The control system employs the deviation of
frequency from its designated value as a signal to
excite the system, ensuring balance in vibrations and
maintaining a constant natural frequency. Modern
power systems are designed with high capacity for
economic reasons. However, the considerable
distance for power transmission to arms negatively
impacts stability. It is crucial to note that while
connecting smaller systems enhances stability against
minor disturbances, introducing distortions in one
system can affect others within the network.

rit) at)

figure 1. Plan Control Feedback
The symbols employed in the aforementioned block
diagram are explained as follows:
e r: Signal representing the reference entrance.
e yd: Output signal.
e d: Confusion signal.
e ¢: Signal representing the entrance error
tracing.
e P: Variable for linear single output.
e (: Control time marker for linear single
variable.
e W: Profile frequency signal for disorder.
In the context of a model based on recurrent fuzzy
learning, aimed at overcoming challenges in position
control, this study explores the utilization of the
combined H2/Hinf controller method to achieve
results comparable to a PID controller.

Figure 2. Closed-loop real system for H2/Hinf controller
design.

Considering that the identification process and
controller design are interconnected rather than
independent, a systematic approach based on the
iterative learning method is necessary to enhance the
performance characteristics of the controlled system.
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This control method integrates the second-order H2
performance criterion for disturbance rejection with
the Hinf performance criterion, aiming to achieve
maximum robustness against uncertainty. The desired
criterion is attained by tuning various design
parameters within this scheme.

In each iteration, the control input undergoes
correction based on a portion of the output error from
the model. Theoretically, this correction allows the
control signal to converge to a value that minimizes
the output error of the actual plant. It's important to
note that both strategies are developed without prior
knowledge of the exact system models and differ in
their application areas.

Cinematic Direction

The main goal in designing the dual-link robot is to
trace a pre-defined path determined by the end of the
second link, commonly known as the gripper. When
both the path and the speed of traversal for the gripper
are defined, the position of the gripper at any specific
moment can be expressed in the global coordinate
system. This representation is achieved using the
following vector in Equation (20).

P(t) =u(®)i+v(t)j
(20)

The ideal condition for traversing the path described
in Equation (20) is predicated on the assumption of
rigidity in the components. This implies that if the
robot links under consideration lack flexibility, and
the correct values of theta(i) are chosen, the robot
precisely follows the specified path in Equation (20).
However, in the real world, this matter is more
complex due to the flexibility of gripper components,
leading to oscillations around the desired path. The
primary objective of this paper is to mitigate these
oscillations, aiming to ensure that the actual gripper
path closely conforms to the path outlined in Equation
(20).

It's important to note that in this paper, the reduction
of oscillations is achieved through the use of
piezoelectric and the application of torques by motors.
To initiate the analyses, the assumption is made that
theta in the flexible state possesses values similar to
those in the rigid state [ 14]. In other words, if theta has
comparable values to the rigid state, the flexibility of
the links only induces oscillations around the main
path. For this purpose, utilizing Equations (2) and
considering the assumption of rigidity, the position
vectors of the endpoint of the second link are
expressed as shown in Equation (21).

{u[t) = Ly cos0y + L cos(64 + 0,)
v(t) = Lysin@; + L, sin(0, + 6;)
21
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The system of nonlinear equations in Equation (21)
can be represented using properties of trigonometric
functions, as illustrated in Equation (22).

[u(t) — Ly cos 0,]* + [v(t) — Ly sin64]* = I3

[u(®)]?* + [v(6)]* = L3 + L3 + 2L{L; cos 6,

(22)

The notable characteristic of equations (22) is that, in
contrast to equations (21) where both unknowns were
interlinked, these two equations are independent of
each other. This implies that they can be solved
individually [15]. Recognizing this, the unknowns can
be determined by utilizing equations derived from
(22). It's important to note that in equations (22), in
addition to 0, 0' is also unknown, and this will be
further explained. If they are associated with s (in
these equations, only 6 is present), taking the
derivative of equations (22) once will yield Equation
(23):

(23)

—L10, sin @y — Ly(6, + 0;)sin(6, + 8;) =u
[ L10;cos 6, + Ly(0; + 6;) cos(6; + ;) = v

It's worth mentioning that the relationship describing
the absolute speed of the claw is given by Equation
(24):

V(D) = /(@2 + (9)?
(24)
Since the finger is expected to lift a load from one
point at time =0 and carry it to another point at time
t=tf, the absolute velocity of the finger at these two
instances must be zero. Mathematically, this can be
expressed as:

{V(U) =0
v(t;) =0 5)

The trajectory of the robot's finger motion has been
approximated with a third-degree polynomial.

0;(t) = ag + a;t + a,t* + ast>

(26)
Differential Equations of the Motion System
The system is influenced by motors generating both
single and double torques, leading to the emergence of
external forces [9].
W =T,(0)6, +T2(1)0; o
In this equation, 71(¢) and 72(¢) denote the torques
applied by motors one and two, respectively. In the
formulation of the equations of motion, the assumed
modes method is utilized, assuming that the lateral
displacements of the links in the local coordinates of
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each link can be expressed as given in equation (28).
w;(x;, t) = Xty i (x:)q;(1)
In the given equation, the assumption of a cantilever
beam with one end supported and the other end having
mass leads to the expression for § as a variable in the
problem. Through the use of the assumed modes
method, the partial differential equations are
converted into ordinary differential equations.
Subsequently, by defining the Lagrangian function as
L=T-U, where T represents the kinetic energy and U
denotes the potential energy, and incorporating the
Euler-Lagrange equations alongside equation (28), the

differential equations (29) can be derived.
d [ dL oL oJdW , ]
E(agi) ~36, @, LM i=12
d { dL dL aw 0 i=12
dt (af?ij) aq;; 9dq;; e
j=12,..,n

(29)

It appears that the provided text might lack clarity.
However, from the context, it seems that the
Lagrangian function was derived using the assumed
modes method and energy equations. Subsequently,
this Lagrangian function was applied to the system
equations (29), leading to a set of equations
representing the motion of the system (equation (30)).
If you have specific questions or if there's a particular
aspect you'd like more clarification on, please let me
know.

Mitv=f

(30)
Conditions border

It seems that the given text describes the boundary
conditions and the methodology for determining the
unknowns in the system. The approach involves
introducing four hypothetical forces (F1, F2, F3, and
F4) to the mechanism and applying them to establish
the initial conditions (q(0)). These forces are assumed
to act perpendicular to the respective links and in the
positive local coordinate directions. The conditions
are established by assuming the mechanism is in a
state of static equilibrium under the influence of these
hypothetical forces. The resulting displacements are
then determined using Castigliano's theorem. If you
have specific questions or need further clarification,
feel free to ask.
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It is noteworthy that U represents the potential energy
stored in the body, and delta(i) signifies the
displacement in the direction of applying the load Fi.
Since, in reality, the Fi forces do not exist externally
and are only introduced into the problem to determine
the displacement of the locations where these virtual
loads are applied, their values should be set to zero
after differentiation.

Importantly, q(0) remains unknown. To establish a
connection between the outcomes derived from
equation (34) and these unknown values, the
displacement vector in the direction of applying
virtual forces is initially expressed in the form of
equation (36):

{ﬁi = 8;J1
4j = §jj

i=1,2
j=3,4
(36) ’
Utilizing the relationship given in Equation (36) in
conjunction with the relationship presented in
Equation (28), a relationship to describe the shape is

formulated, as expressed in Equation (37).
(37)

{51 = ¢11(1¢,)q11(0) + @121, )q12(0)

82 = ¢11(L1)q11(0) + ¢12(L1)q12(0)

In the relationships mentioned above, involving
51 == Wl(!cl, n) and 62 =W1(L1.0)’
conditions for computing ql11(0) and ql12(0) are
established. This process is designed to fully prepare
the formation. By employing this approach, the
unknown q (0) for the two elements can be determined

for future reference. A similar procedure is applied to
the face, yielding:

53 =—-I4 sin 320 + wy [Llr ﬂ‘) COsS 320
+ Wz(ICZ, ﬂ)
64 = _Ll sin 320 + wy [Llr ﬂ‘) COoS 320
+ L] (Lz, ﬂ)
63 + Ll Sil‘l ﬂzﬂ - 62 COS Bz'} —

¢21(Ir2)021(“) + ¢z (Icz)ﬂ’zz (0)

64. + Ll sin ﬂZD — 62 COS BZI} =

$21(L2)q21(0) + P22(L2)q22(0)
(38)
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From these two relations, it is also possible to
determine q21(0) and g22(0). By considering this
order, the unknown q (0) can be fully known.
Moreover, it is worth noting that taking q (0) into
account, along with the primitive conditions of the
robot, to solve the system of differential equations
(Equation 31) will lead to further progress.

Presentation of Results:
In this section, the presentation of results will involve
creating charts and visual representations. Initially, in
Figure 4-3, the presentation of results related to the

angles of the robot's links can be observed.
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Figure 4: Diagram of the Angle of the First Link (Right side:
Uncontrolled, Left side: Controlled)
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Theoretical framework

Traditionally, the preference in the design and
construction of robots has been for rigid structures
rather than flexible ones. The choice was based on the
notion that sturdy and inflexible designs would
streamline control and improve durability. The
perception of flexibility as a possible vulnerability has
resulted in the general acceptance of inflexible robotic
systems. Nevertheless, with the progress of robotics,
namely in the realm of industrial control and
automation, there has been a notable change in
viewpoint. Researchers increasingly acknowledge the
significance of integrating flexibility to enhance
adaptability and efficiency in many applications.

The use of inflexible robotic systems poses several
difficulties, especially in terms of control and
efficiency. Stiff robots often possess a considerable
weight and size, rendering them challenging to
navigate and leading to increased energy consumption
as a consequence of their big mass. Moreover, these
robots exhibit a deficiency in flexibility due to the
constraints imposed by their rigid joints, which restrict
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their capacity to carry out a wide array of jobs. The
inflexible characteristics of these robots also impede
their ability to quickly adapt to changing settings,
resulting in reduced versatility and efficiency while
dealing with changeable situations and jobs. Flexible
robotic systems have several benefits, beginning with
their high energy efficiency. Flexible robots, being
typically lighter than rigid robots, need less energy for
operation. The decreased weight of these objects also
enhances their flexibility and versatility, enabling them
to carry out a wider array of duties. Moreover,
flexibility might enhance the management of some
applications by enabling robots to effectively adapt to
disruptions and changes in their surroundings. The
enhanced control capacity enhances the efficiency and
effectiveness of versatile robots in diverse
environments.

Effective control of flexible robots involves advanced
methodologies that account for their dynamic nature.
State-space representation is a key mathematical model
used to describe the robot's dynamics, capturing the
relationships between position, velocity, and control
inputs. An example equation, X = Ax + Bu, represents
how the robot's state changes over time. Control
techniques like PID (Proportional-Integral-Derivative)
control, state feedback control, and Model Predictive
Control (MPC) are commonly employed. PID control
adjusts the control input based on the current error, its
integral, and its derivative, offering a balanced
approach to error correction. State feedback control
uses the full state vector for precise control, with
methods like LQR optimizing performance and energy
use. Adaptive and learning-based methods, including
machine learning, further enhance control by enabling
the robot to learn and adapt to its behavior over time.
This equation provides a framework for understanding
how the robot's state evolves over time based on its
current state and the control inputs. Control techniques
like PID (Proportional-Integral-Derivative) control are
widely used due to their simplicity and effectiveness.
The PID control law is given by:

de(t)
dt

u(t) = Kpe(t) + K; / e(t)dt + Ky

(39)

u(t) is the control input at time t, e(t) is the error
(difference between desired and actual value) at time t.
Ky, Kj, Kq denote the proportional, integral, and
derivative gains, respectively.

PID control modulates the control input by considering
the present error, its accumulated integral, and its
derivative, providing a well-balanced method for error
correction.

State feedback control is an advanced approach that
utilizes the whole state vector to compute the control
input. The control legislation governing state feedback
is as follows: u=—Kx
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K is the gain matrix that determines how the state
variables influence the control input. A specific
example of state feedback control is the Linear
Quadratic Regulator (LQR), which optimizes control
performance by minimizing a cost function that
balances performance and energy use. The LQR
control law is derived by solving the Riccati equation
to find the optimal gain matrix K. Adaptive and
learning-based methods, including machine learning,
further enhance control by enabling the robot to learn
and adapt to its behavior over time. These methods use
data-driven approaches to improve control precision
and adaptability in dynamic environments.

Result
Upon reviewing the outcomes of inverse kinematics, it
reveals both advantages and disadvantages,

summarized as follows:

e The equations in this section are intricate,
leading to time-consuming calculations.

e The robot necessitates the utilization of direct
and inverse kinematic relations to position
each foot accurately.

e These non-linear relations, especially for a
mobile system with a single leg, are
cumbersome. Given that the processor unit
must be embedded within the robot and faces
processing speed limitations, these relations
are better suited for mechanical simulation
rather than as a suitable method for controlling
the robot independently.

e The presence of an exact solution in these
relations implies that the control system built
on this foundation is expected to exhibit zero
steady-state error and achieve a very short time
to reach the steady state.

In practical implementation, the routine steps of this
robot should not involve extensive calculations. Hence,
fuzzy logic is suggested. In the fuzzy logic approach to
inverse kinematics — akin to what insects, including the
discussed insect, employ — there is no requirement for
an exact solution. Instead, utilizing the differentials of
joint vectors and employing fuzzy logic facilitates the
implementation of inverse kinematics.

Furthermore, based on the results, it is noted that when
exploring the foot space within the robot's width,
achieving a better and faster outcome is preferable
when the position is closer to the obtained angle.

The field of robotics has undergone significant
evolution, particularly in the context of industrial
control and automation. Traditionally, robot design has
favored rigidity over flexibility due to the perception
that flexible robots were inherently weaker. The
rationale behind this preference was that rigid
structures simplified control, despite the drawbacks of
increased weight, volume, and energy consumption.
These rigid robots were often characterized by their
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high weight-to-tolerance ratios and lack of adaptability
at the joints, leading to inefficient energy usage and
limited functionality in dynamic environments.

However, the limitations of a rigid-centric approach
have become increasingly apparent. Controlling highly
rigid robots is complex and often impractical for
applications requiring adaptability and precision.
Consequently, the contemporary consensus in robotics
is shifting towards incorporating flexibility and
adaptability into robotic joints. This paradigm shift is
driven by the recognition that not all joints need to be
rigid to achieve effective control. Flexible joints can
provide the necessary simplicity in control without the
constraints imposed by rigidity. Modern robotic
research emphasizes the benefits of flexible and
adaptive systems. These systems are designed to be
more efficient, faster, and capable of handling a
broader range of tasks. The focus on flexibility has
spurred increased research into control methodologies
that accommodate and leverage adaptable joints. This
shift acknowledges that rigid-centric designs do not
adequately address the diverse and evolving
requirements of robotic control. By embracing
flexibility, researchers aim to create more versatile and
efficient robotic systems that can meet the demands of
contemporary industrial applications. The results
obtained in the work can be validated by comparing our
findings with the previous ones given in the recent
years. For example, S. Dhifaoui,et al. [19] have
discussed that in vibration isolation systems, vibration
suppression and platform positioning were both
critical. The author also presented, absolute velocity
feedback caused difficulties in achieving these goals
simultaneously; hence, this paper proposed an H.
control strategy based on sensor fusion feedback.
Signals from inertial and displacement sensors were
combined using complementary filters, allowing
effective control of both vibration and position. This
method also reduced noise levels in the fusion signals,
maximizing system damping and bandwidth to
improve performance. The effectiveness of the
proposed strategy was demonstrated by comparing it
with conventional absolute velocity feedback on a 3-
DOF isolator. M. 1. Azeez , et al. [20] have aimed to
enhance the performance of a nonlinear three-rigid-link
maneuver (RLM) in terms of trajectory tracking,
disturbance and noise cancellation, and adaptability to
joint flexibility. An optimized sliding mode controller
with a proportional integral derivative surface (SMC-
PID) was employed, optimized using a multi-elite
guidance artificial bee colony algorithm (MGABC).
The MGABC algorithm was selected for its efficient
exploration and exploitation, resulting in optimal
controller parameters. The optimized SMC-PID system
have showen superior performance by reducing
tracking  error, eliminating chattering, and
demonstrating robustness against disturbances, noise,
and variations in payload mass. However, such papers
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did not succeed to give the novelty presented in the
current work.

5. Conclusions

In conclusion, this article marks a significant stride in
the field of robotic systems, particularly in dynamic
modeling and vibration control. The innovative
approach outlined in this study not only challenges
traditional methods but also introduces novel concepts
and equations that redefine the precision, adaptability,
and efficiency of robotic systems. The emphasis on
generalized coordinates, with associated forces,
provides a fresh perspective, extending beyond
classical Newtonian mechanics and addressing real-
world challenges such as non-conservative forces. The
incorporation of Hamiltonian principles enhances the
accuracy of equations of motion, paving the way for
unprecedented control and adaptability in robotic
functionalities. The application of Lagrangian
equations and iterative learning methods in dynamic
modeling contributes to a deeper understanding and
effective control of robotic arm behavior, making the
proposed approach  well-suited for practical
applications. Furthermore, the suggestion of using
fuzzy logic for inverse kinematics presents a practical
solution to streamline implementation, especially in
scenarios where computational challenges may impact
operational efficiency.
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ABSTRACT

This study explores enhancing power quality in AC-AC direct converters
using hybrid filters. AC-AC direct converters, crucial in motor drives and
renewable energy systems, often face power quality issues like harmonic
distortion and voltage fluctuations. Hybrid filters, which combine passive and
active filtering techniques, offer an effective solution. The research examines
the historical evolution of matrix converters, highlighting advancements that
inform current AC-AC direct converter technology. Control strategies,
specifically Space Vector Modulation (SVM) and Pulse-Width Modulation
(PWM), are investigated to optimize hybrid filter performance. The study
finds that implementing hybrid filters in AC-AC direct converters
significantly improves power quality and system stability. These insights
contribute to better application and understanding of hybrid filters in

enhancing AC-AC direct converter performance.

1. Introduction

The topic of electric power quality, or power quality,
has garnered significant attention from both operators
and consumers of electrical networks in recent years
[1]. Tt is estimated that the damages resulting from
power quality disturbances amount to around $100
billion annually in the United States alone. Therefore,
investing in mitigating these disturbances is
significantly less than the incurred damages.
Undoubtedly, the quality of electric power generation
is better today than in the past. Additionally,
transmission and distribution networks have become
more extensive and rely on newer and more reliable
technologies [2]. So, why has the issue of power quality
become more important nowadays, receiving serious
attention and extensive research?

This issue can be examined from two perspectives.
First, technological advancements have led to various
nonlinear loads with non-sinusoidal waveform
characteristics being dispersed throughout the network
[2]. The presence of these loads deviates the waveform
from its normal sinusoidal state, leading to power
quality disturbances. On the other hand, many loads
today are controlled by sensitive electronic and
microprocessor-based systems. These systems are
sensitive to the various disturbances present in the
network and their performance can easily be
compromised [3]. These disturbances can lead to
significant damages. Therefore, investment and study
for improving power quality and preventing the
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aforementioned damages have received considerable
attention today. Consequently, it is necessary to assess
and control power quality in power system networks,
determine power quality parameters at certain points in
the network, and, on the other hand, supplementary
electricity tariff regulations oblige subscribers to
comply with reducing power quality pollution caused
by them. Consumers of electrical power show a
significant inclination towards using devices with new
technologies [4]. These devices, which enhance the
quality and speed of industrial production sectors and
improve the standard of living for household
consumers, have created two fundamental problems for
both producers and purchasers of electrical power [5].
On one hand, these types of loads are highly sensitive
to voltage disturbances due to their specific designs. On
the other hand, the power electronic circuits used in
these devices inject harmonic currents into the
distribution network. Current harmonics reduce the
lifespan of network components and, upon passing
through the network impedance, generate voltage
disturbances. Power quality disturbances can be
broadly categorized into two main types: 1) voltage
disturbances imposed on the load by the network, such
as voltage sags and swells, and 2) current disturbances
introduced by the load to the network, such as current
harmonics.

With the rapid development of the industrial economy,
the installation and operation of a multitude of
nonlinear loads significantly deteriorate the power



Mohammad javad almasi kopaie, Ayoub kjodaparast 1JCOE 2023, Vol.1 ( No.l Special Issue /Marine Instrumentation); p.p20-p26

quality of the network. Increased usage of power
electronic devices exacerbates the situation further.
Low power factor and high harmonics in the network
decrease system efficiency, resulting in consumers
being unable to receive quality electricity that meets
their needs. Harmonic standards like IEEE 519 exist to
specify acceptable levels of harmonics. Conventional
dynamic VAR compensation solutions, including
inverter-based static compensators, have been available
in the market for over 20 years, but these technologies
are often too costly. Unfortunately, large capacitor
banks are typically used on the DC side as energy
storage elements in the form of a DC voltage source,
leading to very high installation and maintenance costs,
which are not acceptable for large-scale industrial
applications. As a result, the market penetration of
conventional active power filters is very limited.
AC-AC converters, or frequency converters, are a
category of power electronic converters used for
exchanging energy between two systems with different
frequencies or two systems with the same frequency
but asynchronous operation. Various applications of
these converters include AC drives, HVDC lines,
output converters of micro-turbines, external power
sources for aircraft, and propulsion systems for modern
ships. Different structures of AC-AC converters have
been proposed, each with its own advantages and
disadvantages. Generally, characteristics such as low
weight and volume, high-quality input and output
waveforms, high efficiency, high reliability, and
ultimately, competitive cost are major requirements for
these converters. In a general classification, AC-AC
converters can be divided into two types: "direct" and
"indirect" [6].

Indirect AC-AC converters involve an intermediate DC
circuit and are therefore referred to as DC-AC-AC
converters. The quantity of the DC circuit can be either
voltage or current. Nowadays, indirect converters with
a voltage intermediate circuit are among the most
common and widely used AC-AC converters.
However, some major drawbacks, such as relatively
large size and low efficiency, persist in these
converters. Additionally, the electrolytic capacitors
used in these converters tend to lose their reliability
significantly over time, ultimately compromising the
overall performance of the converter. Efforts have been
made to replace these capacitors with non-electrolytic
capacitors with smaller volumes and longer lifespans,
but the results obtained have generally not been
confirmed and have not become industrialized.

2. Literature review

In a study conducted by Purwanto et al. [7], the
investigation focused on a direct three-phase matrix
converter with space vector modulation for driving
induction motors [7]. Three-phase induction motors are
extensively used in industries and electric vehicles due
to their robust and simple construction, relatively low
cost with high reliability, and low maintenance
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expenses. Adjusting the rotational speed of an
induction motor can be achieved by controlling the
input voltage and frequency. Typically, three-phase
inverters are used to change the input voltage and
frequency, requiring the conversion of DC voltage to
three-phase AC voltage. However, this method has
drawbacks, including the non-sinusoidal waveform of
the output voltage, which can lead to high harmonics.
Harmonics increase losses, which can reduce system
efficiency and destabilize power systems. A direct
matrix converter with space vector modulation (SVM)
offers several advantages that can address these issues
and achieve stable performance in driving three-phase
induction motors [8].

In another research by Bedoud et al (2018), a dual-fed
induction generator was investigated using a matrix
converter [9]. With the advancements in power
electronics devices, particular attention has been given
to a new generation of power converters, namely AC to
AC matrix converters. These converters offer direct
AC/AC conversion, bidirectional power flow, and
nearly sinusoidal input and output waveforms. In this
article, the performance of a variable-speed wind
turbine based on a dual-fed induction generator
powered by a matrix converter is presented. The focus
is on maximum power point tracking method to extract
maximum power from wind. The entire system is
represented in a synchronous d-q reference frame. The
control scheme has been tested, and its performance
has been evaluated through simulation results. The
simulation results obtained using MATLAB/Simulink
software demonstrate the effectiveness and validity of
the intended control.

3. Methodology

An induction motor is a type of alternating current (AC)
motor, specifically an asynchronous AC motor, in
which the required power for its moving part is
supplied through electromagnetic induction. Induction
motors are the most widely used motors in industrial
motion control systems as well as household
appliances. Their simple and robust design, low cost,
low maintenance, and easy and complete connection to
an AC power source are fundamental advantages of AC
induction motors. Various types of AC induction
motors are available in the market, suitable for various
applications. Although the design of AC induction
motors is simpler than that of DC motors, controlling
speed and torque in different types of AC induction
motors requires a deeper understanding in their design
and manufacturing. An electric motor converts
electrical energy into mechanical energy in its rotor.
Various methods exist to supply the required power to
the rotor. In a DC motor, the armature power is directly
supplied by a direct current source, while in an
induction  motor, this power is induced
electromagnetically in the rotor through the stator. Due
to their striking similarity to transformers, induction
motors are also referred to as rotary transformers, as
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their stator closely resembles the primary winding and
their rotor resembles the secondary winding of a
transformer. Induction motors, especially three-phase
induction motors, are widely used in the industry. High
power, simple structure, absence of brushes (which
require extensive maintenance), and the high
controllability of induction motors for speed control are
among the reasons for their use. The biggest difference
between an AC induction motor and a synchronous AC
motor is that in a synchronous motor, the rotor power
is directly supplied from an external source. This
current in the rotor will also produce its own magnetic
field, and due to the interaction of the stator and rotor
magnetic fields, the rotor will move in the direction of
the stator's rotating field. On the other hand, for
inducing current in the rotor, a speed difference
between the rotor's rotation speed and the rotating field
speed is necessary. Otherwise, the rotating field will
not be able to move the rotor, and the rotor's conductors
will not cut the magnetic field produced by the stator,
resulting in no induced voltage in the rotor. This speed
difference between the rotating field speed and the
rotor movement speed is called "slip". Slip is a
dimensionless quantity. Since the speed difference is a
condition and necessity for the operation of induction
motors, they are called asynchronous motors.

AC/AC converters have gained a special position in
power electronics in recent decades [10]. These
converters can be used in power regulators, induction
motor drives, and converters related to wind turbines,
among other applications. These converters have the
capability of bidirectional power transfer, in addition to
being unidirectional. With the advancement of
technology, high-power switches, commutation
strategies, modulation techniques, and corresponding
switching  techniques, these converters are
continuously improving in terms of power conversion
quality, efficiency enhancement, and reduction of
losses and costs. Structurally, AC/AC converters are
classified into two main categories [11]:

A) Structure (AC/DC/AC): Converters with DC energy
storage interface, including voltage source inverters
(VSI) and current source inverters (CSI). For example,
a VSR/VSI inverter, as shown in Figure (1), consists of
a rectifier stage and an inverter stage. These two stages
are coupled to each other through a large and expensive
energy storage element such as a capacitor and an
inductor.
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Figure (1), Frequency Converter with AC-DC-AC
Structure
VSR/VSI converters have a DC voltage link and a
parallel capacitor element, while CSR/CSI converters
have a DC current interface and a series inductor

element. In addition to these interface elements, these
converters are equipped with additional filtering
elements to remove harmonics and commutation
strategy equipment, etc. Therefore, power factor
correction in these converters is significant, and
solutions such as using resonant interfaces and high-
frequency techniques are recommended.

B) Direct AC/AC: Converters without a DC interface
and energy storage, including cycloconverters and
matrix converters, which have both direct and indirect
structures. Cycloconverters and matrix converters
belong to the second category of AC/AC converters,
which lack a DC interface and energy storage elements
(ZES). Cycloconverters come in two types: three-phase
and single-phase, at different power levels, often used
in three-phase configurations for high-power and low-
frequency applications (Figure 2). In these converters,
the output frequency is a fraction of the input frequency
[12].
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Figure (2), Three-Phase Cycloconverter

The history of matrix converters dates back to 1976
when Gyagy and Pully first introduced the concept as a
theoretical and innovative approach to optimize the
fundamental operation of cycloconverters. Their goal
was to achieve an output voltage with an unlimited
frequency and enable direct conversion using
controllable bidirectional switches. However, the
initial matrix converters faced challenges, including the
presence of significant undesired harmonics in the
output voltage and input current, which couldn't be
easily eliminated by filters [13].

In 1980, Venturini and Al Sina addressed these
challenges by proposing a new modulation technique
utilizing Pulse Width Modulation (PWM). Despite this
advancement, practical applications of matrix
converters remained limited at that time due to issues
with current commutation and the complexity of
control algorithms [14]. Continued research efforts
have focused on analyzing mathematical relationships
and studying converters at lower frequencies. With the
development of suitable modulation techniques and
power converter circuits structured as matrices of
controllable bidirectional switches, researchers were
able to introduce matrix converters with a direct
method [15].

Later, in 1983, Rodriguez presented a different control
technique based on a virtual DC link. In this method,
each output line's switching is performed using PWM
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during input lines with minimum values, known as
indirect matrix conversion. This evolution marked
significant progress in the practical application and
control of matrix converters.

The structure of the matrix converter is similar to that
of a buck converter. Examining the evolutionary trend
of the buck converter helps us understand the
performance of matrix converters. Figure 3 illustrates a
buck converter where the switch (Sw) is periodically
connected to the positive and negative terminals of the
DC input voltage source (Vin).

The methodology encompasses the design and
evaluation of hybrid filters integrated into AC-AC
converters to enhance power quality. Firstly, the design
parameters for the hybrid filters are established,
including cutoff frequencies and filter orders, crucial
for defining their operational range and complexity.
Control strategies, namely Pulse-Width Modulation
(PWM) and Space Vector Modulation (SVM), are
implemented with specific parameters such as
modulation index and switching frequency, influencing
the converters' output waveform and overall system
performance. Converter ratings, including voltage and
current specifications, are also considered to ensure
compatibility with practical applications.

Following the design phase, the hybrid filter system is
evaluated using established performance metrics. Total
Harmonic Distortion (THD), voltage stability, and
power factor are among the key criteria utilized to
assess the effectiveness of the filters in mitigating
harmonic distortion and enhancing system stability.
The evaluation process involves rigorous testing under
various operating conditions, including different load
scenarios and harmonic levels. Results are analyzed to
determine the extent of power quality improvement
achieved through the integration of hybrid filters into
the AC-AC converters. This methodology ensures a
systematic approach to designing, implementing, and
evaluating hybrid filter systems, facilitating
reproducibility and comparison with other studies in
the field.

dT,
=
Figure 3, Buck Converter

The DC component of Vsw is obtained using the
average waveform over one switching cycle Ts:

Vsw = — [°Vsw dt = dVin
Ts -0
1
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Therefore, by adjusting the duty cycle (d), it is possible
to generate a desired DC component from the switching
voltage (Vsw). The frequency components (f=1/Ts)
and their harmonics present in Vsw can be significantly
reduced by an LC filter. The important point is that the
desired DC component can only be produced when the
output voltage is less than the source voltage (Vin) [2].
The conversion of output voltage from a three-phase
sinusoidal to a DC rectifier provides valuable
assistance in analyzing converters. Figure 4 illustrates
a three-phase diode rectifier and the output voltage.

Figure 4 illustrates a three-phase diode rectifier and
the output voltage.
The input voltages are as follows:
Vsa = sin 2n50T,

2
Vsb = sin(2n50t — 120),
3
Vsc = sin(2rn50t — 240),
4

By replacing three diodes connected to each output
terminal with a Single Pole-Triple Throw (SPTT)
switch, it is possible to fully control it.

The study employs MATLAB/Simulink to simulate the
integration of hybrid filters into AC-AC direct
converters, ensuring a detailed analysis of their impact
on power quality. The system is modeled to reflect real-
world configurations, incorporating both the AC-AC
converter and the hybrid filter components. Control
strategies, specifically Space Vector Modulation
(SVM) and Pulse-Width Modulation (PWM), are
implemented within the simulation to optimize the
converter's performance. Key parameters such as input
voltage, load conditions, and switching frequencies are
carefully selected to represent typical operating
conditions.

Various test scenarios are simulated to evaluate the
hybrid filter's effectiveness under different conditions,
including varying loads and harmonic levels. The
performance is assessed using metrics like Total
Harmonic Distortion (THD), voltage stability, and
power factor. The results show significant
improvements in power quality, demonstrating the
hybrid filter's capability to mitigate harmonic distortion
and enhance system stability. This transparent and
detailed simulation methodology ensures the study's
findings are credible and reproducible, providing a
solid foundation for future research and practical
applications.

In any engineering study, particularly those involving
power electronics, simulation plays a vital role in
validating theoretical designs and predicting their real-
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world performance. Without specifying the use of
software tools, the study lacks a crucial layer of
verification that would otherwise strengthen its claims
about the effectiveness of hybrid filters in improving
power quality. Simulation helps in identifying potential
issues, optimizing the design, and ensuring that the
proposed solution can achieve the desired outcomes
under various operating conditions.

Clarifying whether software tools were used, and
providing details about the simulation process, would
significantly —enhance the study's credibility.
Information such as the type of software used (e.g.,
MATLAB/Simulink, PSpice), the parameters and
scenarios tested, and the results obtained from these
simulations would provide a more comprehensive
understanding of the methodology. This transparency
allows other researchers to replicate the study, verify
the results, and build upon the findings. It also
demonstrates a rigorous approach to design validation,
ensuring that the proposed integration of hybrid filters
is not only theoretically sound but also practically
feasible.

4. Results and discussion

The switches will be turned on for a duration of d0Ts
=70. During this period, all output phases will be
connected to one input phase, resulting in zero line
voltages. To minimize switching losses, the state
before this stage should be considered, ensuring that
the least amount of change in the switch states occurs.
Therefore, we have:

Vy(A,B,C) =v(b,a,b) > A=b,B=a,C=D>b

5

So, to reduce switching losses during this period, the
switching should be performed as follows:

Vo(A,B,C) =Vy(b,b,b)

6

Therefore, during this period, switches S2, S5, and S8
are turned on, while the rest of the switches are off.
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Figure (5), equivalent circuit of the matrix converter
used in the control method.

The times are considered symmetrical to reduce the
harmonics present in the output voltage. The steps
performed were for a scenario where the output voltage
vector was in the first sector and the input current
vector was in the third sector [16]. For this scenario, the
gate signals of the switches are as follows.
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Figure (6), gate signals for the scenario where the
output voltage vector was in sector one and the input
current vector was in sector three.
Furthermore, the study elucidates the utilization of
matrix converters in various industrial applications,
such as wind turbine systems and dual-fed induction
generators. By employing advanced modulation
techniques and control algorithms, matrix converters
demonstrate remarkable potential in enhancing power
system efficiency and stability. The analysis of gate
signals and switching schemes underscores the
importance of optimized control strategies to mitigate
harmonics and minimize switching losses. Overall, the
research provides valuable insights into the evolution,
optimization, and practical applications of matrix
converters in power electronics. It underscores the
importance of advanced modulation techniques and
control algorithms in improving efficiency, stability,
and performance, paving the way for their wider
adoption in diverse industrial and renewable energy
systems. The investigation into matrix converters
showcases their capability to address challenges
associated with traditional power conversion methods,
such as harmonics, switching losses, and control
complexity. By leveraging vector space modulation
and advanced control techniques, matrix converters
offer efficient and reliable solutions for power

conversion tasks in various industrial sectors.

If software simulation was not conducted in this study,
the primary reason could be the focus on validating the
proposed design through an experimental setup to
ensure real-world applicability. Experimental setups
provide direct and tangible results, reflecting actual
operational conditions that simulations might not fully
capture. This approach can offer more reliable data on
how the hybrid filters perform when integrated into
AC-AC direct converters, accounting for practical
variables such as noise, temperature variations, and
other environmental factors that simulations often
idealize or overlook.
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Despite the strengths of experimental validation, it is
important to recognize the limitations of not including
software simulations. Simulations offer a controlled
environment to test a wide range of scenarios, which
can help in identifying potential issues and optimizing
the system before physical implementation. The
absence of simulations might mean some performance
aspects are not thoroughly explored. To mitigate this
limitation, future work could incorporate both
simulation and experimental phases, providing a more
robust and comprehensive evaluation. By explaining
these considerations, the study can justify its
methodological choices and outline a path for further
research enhancements.

5. Conclusions

In this study, we explored the enhancement of power
quality in AC-AC direct converters through the
integration of hybrid filters. These filters, combining
passive and active filtering techniques, offer a
promising solution to address power quality issues such
as harmonic distortion and voltage fluctuations. Our
investigation delved into the historical evolution of
matrix converters, providing valuable insights into the
development of AC-AC direct converter technology.
Through the implementation of sophisticated control
strategies including Space Vector Modulation (SVM)
and Pulse-Width Modulation (PWM), we aimed to
optimize the performance of hybrid filters.

While our study offers valuable insights into the
potential of hybrid filters to improve power quality,
there are areas for further enhancement. The
methodology section lacked clarity on specific design
parameters and values, hindering a comprehensive
assessment of the proposed hybrid filter integration.
Future research should focus on providing detailed
design parameters to facilitate a more robust evaluation
of the filters' effectiveness. Additionally, incorporating
both software simulations and experimental validation
would offer a more comprehensive understanding of
the hybrid filter performance under various operating
conditions.

Overall, this research contributes to advancing the
understanding and application of hybrid filters for
enhancing the power quality of AC-AC direct
converters. By addressing the limitations highlighted
and further refining the methodology, future studies
can build upon these findings to develop more efficient
and reliable power quality enhancement solutions for
diverse applications.
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ABSTRACT

Image moments are pivotal in the control of Unmanned Underwater Vehicles
(UUVs), empowering them to extract valuable insights from onboard camera
images, identify objects, navigate autonomously, and adapt to evolving
environmental conditions. Integrating image moment analysis into UUV
control systems amplifies their effectiveness in exploration, research,
surveillance, and various underwater applications. However, the computational
demands of moment calculation algorithms pose challenges for real-time
implementation, particularly with higher moment orders. In this study, we
propose a novel structure based on systolic arrays, leveraging pipeline
technique, to compute moments up to the 14th order of grayscale images in real
time. Implemented in 45nm CMOS technology, our design demonstrates
impressive performance, with each cell capable of computing the 14th order
moment of a 1024x1024 image at a remarkable rate of 954 fps. Moreover, our
design boasts low power consumption, registering at only 3.254 mW,
demonstrating its potential for enhancing UUV control systems for diverse

underwater applications.

1. Introduction

Unmanned Underwater Vehicles (UUVs) are
autonomous robotic vessels designed for underwater
operations without direct human control [1]. Equipped
with sensors and propulsion systems, they navigate
underwater environments, collect data, and perform
tasks across various fields including oceanographic
research, underwater mapping, marine biology,
defense, infrastructure inspection, and search and
rescue operations. UUVs offer a versatile platform for
exploration, research, security, and industrial
applications, contributing to our understanding and
utilization of the world's oceans [2].

Image moments are indispensable tools in the realm of
UUVs, playing a pivotal role in various aspects of their
operation [3]. These moments are integral to extracting
meaningful information from onboard camera images,
enabling UUVs to recognize objects, navigate
autonomously, and adapt to changing environmental
conditions. The incorporation of image moment
analysis into UUV control systems significantly
enhances their capabilities for exploration, research,
surveillance, and various underwater applications [3].
In feature extraction, image moments serve as essential
mathematical descriptors derived from pixel
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intensities, providing valuable insights into an image's
shape, size, orientation, and object distribution [4].
This feature extraction process is particularly crucial
for UUV navigation, where visibility is often limited,
making it imperative to extract pertinent features from
onboard camera imagery for effective navigation and
obstacle avoidance.

Furthermore, image moments facilitate object
recognition and tracking, empowering UUVs to
identify and monitor objects of interest in their
surroundings [5]. This capability is essential for tasks
such as detecting underwater structures, monitoring
marine life, and identifying potential hazards. By
accurately recognizing and tracking objects, UUVs can
autonomously navigate through complex underwater
environments while adeptly avoiding obstacles.
Additionally, image moments contribute significantly
to localization and mapping efforts. Through the
analysis of moments extracted from successive images,
UUVs can estimate their position and orientation
relative to known landmarks or predefined maps. This
information is crucial for ensuring precise navigation
and achieving mission objectives, especially in
environments where GPS signals may be unreliable or
inaccessible [6].
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Real-time implementation of image moments is crucial
for UUVs because it enables swift decision-making,
autonomous navigation, and obstacle avoidance in
underwater environments [6]. By analyzing visual data
in real-time, UUVs can recognize objects, track their
movements, and adjust their course accordingly,
ensuring efficient and safe operation. Additionally,
real-time processing enhances mission efficiency by
enabling prompt responses to changing conditions and
optimizing task execution. This capability not only
enhances the autonomy and reliability of UUVs but
also contributes to their overall safety and effectiveness
in diverse underwater applications [7].

An approach for swiftly computing Krawtchouk
moments in grayscale images, alongside rapid
calculation techniques for binary images is presented in
[8]. By decomposing 8-bit/pixel grayscale input images
into corresponding bitplanes represented by image
blocks, lower-order bitplanes exhibit a resemblance to
a half-intensity image. Consequently, only the
moments of higher-order bitplanes are computed, with
the least significant bitplanes replaced by half-intensity
images to significantly accelerate moment computation
while maintaining an acceptable error margin between
original and reconstructed images. Experimental
findings confirm the effectiveness of substituting the
lower 5 bitplanes with half-intensity images, resulting
in minimal error in reconstructed images and notable
acceleration in moment computation. Additionally, it
demonstrates rapid performance, achieving real-time
operation under typical conditions in pattern
recognition scenarios requiring a moderate number of
moment calculations in small-sized images.

In [9], researchers introduce an algorithm for
computing discrete image moments based on first-
order moments, achieved through a simple
mathematical deduction, enabling the utilization of a
fast algorithm for their calculation. Unlike
conventional methods relying on moment kernel
polynomials' properties, this approach allows for the
computation of any discrete image moments, offering
advantages such as a straightforward computation
structure, no need for multiplication operations,
independence from image intensity distribution, and
applicability to all discrete image moment families.
Additionally, they present a discrete image moment
computation structure based on a systolic array,
leveraging its characteristics for implementation using
very large-scale integration (VLSI) technology.

In [10], the Hu Moment concept serves as a detection
algorithm implemented on an FPGA system through
hardware description language. This algorithm
effectively recognizes target shapes within test images.
The implementation involves utilizing two finite state
machines to compute Hu Moments and the NLM filter.
The findings demonstrate that the hardware
implementation significantly outperforms software in
the computation of image moments, showcasing the
efficiency of FPGA-based processing for such tasks.
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In [11], the hardware implementation of a Shape
Recognition Algorithm based on Invariant Moments is
outlined, aiming for optimized execution speed and
resource utilization. Manual optimization, combined
with pragma commands, results in the most efficient
version in the third implementation, fully utilizing
available resources. The study underscores the
importance of specific optimizations for improved
performance, as High-Level Synthesis (HLS) and
programmable logic alone do not guarantee efficiency.
Results indicate significant time efficiency gains using
HLS tools and certain optimization methods compared
to software implementation, with manual optimization
being particularly effective. However, a trade-off
between performance and chip utilization in FPGA
technology persists, as demonstrated by compromises
between processing speed and the ability to handle
multiple matrices simultaneously across different
implementations.

In this article, we introduce two novel structures
designed for real-time computation of two-dimensional
moments up to the 14th order (q=0,1,2.....,7,
p=0,1,2,...,7) for grayscale images. These structures
utilize a systolic parallel array employing pipelining
techniques and a compressor. Computation is
performed in floating-point format and implemented
using 45nm CMOS technology.

2. Image Moments

Image moments are mathematical descriptors used in
image processing and computer vision to characterize
various properties of an image, such as its shape, size,
orientation, and intensity distribution. These moments
provide valuable information for tasks such as object
recognition, tracking, and analysis. The formula for
computing image moments depends on the specific
moment being calculated. However, the general
formula for computing moments of an image function
is given by Eq. 1:

Mpq = Lia Xy=1 Py f(xy)  xsmys<sn (1)

where M, represents the (p,q)-th moment, and the
integration is performed over the entire region R. This
equation captures the essence of moment computation,
wherein pixel intensities f(x,y) are multiplied by the
spatial coordinates x? and y9, and then integrated over
the region of interest.

Image moments find widespread utility across diverse
domains, serving as essential mathematical descriptors
used in image processing and computer vision [12].
They characterize various properties of an image,
including its shape, size, orientation, and intensity
distribution. These moments play a crucial role in
numerous applications, such as object recognition,
shape analysis, image registration, segmentation, and
texture analysis. They facilitate tasks like object
recognition and classification by  extracting
discriminative features capturing an object's centroid,
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orientation, and size. Additionally, moments aid in
shape analysis, enabling comparisons between shapes
and facilitating tasks like template matching and shape
similarity measurement. In image registration,
moments are instrumental in aligning and matching
images from different sources, while in segmentation,
they contribute to partitioning images into meaningful
regions based on their moment properties [13].
Furthermore, image moments play a crucial role in
texture analysis, capturing statistical properties of
image textures for tasks such as texture classification
and discrimination [ 14]. Overall, image moments serve
as foundational elements in image analysis and
computer vision, empowering a broad spectrum of
applications across various fields.

Low-order moments are utilized for extracting features
and determining the center of gravity, position, and
orientation of an object within an image [15]. On the
other hand, higher-order moments capture additional
intricate features of the image and are commonly
employed in pattern recognition and image
reproduction tasks. However, directly computing the
moments according to Eq. 1 necessitates mxnx(p+q+2)
addition operations, where m and n denote the
dimensions of the image. This poses significant
challenges when dealing with a large number of
calculation operations, including mxn multiplication
operations, particularly in scenarios requiring real-time
moment computation.

In [16], orthogonal moments are computed using
recurrence relations for Legendre and discrete
Chebyshev polynomials, aiming to achieve both speed
and accuracy in computation. The study emphasizes
minimizing errors in moments approximation to
maintain  their  discriminative  capability  in
classification tasks. Numerical experiments across six
texture image databases reveal that moments computed
via recursion formulas outperform those derived from
closed-form representations. Additionally, moments
extracted from the Gray-Level Co-occurrence Matrix
(GLCM) demonstrate high classification accuracy,
especially with a higher number of moments. The study
also highlights the potential of weighted moments to
enhance classification results. [17] presents a parallel
algorithm effectively implemented to compute 2D and
3D Legendre moments for gray-level images and
objects. This algorithm is assessed on multicore CPUs
and GPUs, with experimental results closely aligning
with  theoretical-to-optimal  speedup ratios for
multicore CPUs and demonstrating significant
acceleration for GPUs. Furthermore, [10] presents a
hardware-based shape detection algorithm utilizing
Hu's moments and a non-local means filter on an FPGA
system. The paper outlines the algorithm's design
stages, emphasizing speed and parallelism in signal
processing, and showcases its effectiveness in
recognizing target shapes within test images.

3. Systolic Array

The Systolic Array serves as a versatile solution for
translating high-level computations into hardware
structures. Its fundamental design involves processing
data from memory in a sequential manner, with each
cell performing computations before passing the data
to the next cell in the array. Noteworthy advantages of
the systolic system include its modularity, regular and
streamlined data flow, rapid response time, and the
ability to utilize uniform and simplistic cells [4].
According to Eq (1), the calculation of image moments
involves repeated multiplication operations for each
pixel of the image, followed by the summation of these
calculated expressions. In real-time processing, it's
essential to initiate the computation for each pixel as it
emerges from the camera and continue until the arrival
of the next pixel. Once the entire image has been
captured, the processing concludes. If the camera
output is in Raster Scan format, the expression
xPyif (x, y) needs to be computed for individual pixels
in the first row of the image. Subsequently, as each
subsequent row is captured, the operation is repeated
for that row. Given this process, employing a systolic
array is well-suited for implementing the moment
calculation algorithm, with numerous existing
structures relying on this architecture [18],[19].

In this study, we utilize the systolic structure depicted
in Figure 1. This structure comprises n+1 pipeline
stages. The symbol "+" denotes the unit of calculation
for the adder unit, while "P" signifies the unit for
exponentiation and multiplication. The final adder
combines the output of the preceding adder with the
previously stored value. Each combination of "+" and
"P" forms a moment processor element (MPE). Figure
2 illustrates the structure of MPE cell. The control unit
receives data f(x, y) from the camera and transmits f(x,
y) along with y and x values relevant to each cell. For
brevity, the schematic of the control unit is omitted. In
this configuration, all units operate simultaneously on
the rising edge of the clock pulse. The x? computing
unit, also known as an exponentiation unit (EXP), is
responsible for raising a given input value x to the
power of P. This unit is essential in various
computational tasks where exponentiation operations
are required, such as in polynomial evaluations, signal
processing, and numerical simulations. The unit
typically consists of arithmetic and logic circuits
designed to efficiently compute exponentiation
operations with high accuracy and low latency.

f{4.4) 1(3.4) #{2.4) #(1.4) —= p4 ;
f{4,3) (3,3) £2,3) 1(1,3) —= p3 |

f{4,2) (3,2) f{2,2) 7(1,2) —= p2

f(4,1) f(3,1) #2,1) £(1,1) —< p1 Ry S—- + + .
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Figure 1. The systolic array structure for implementing the
image moment calculation algorithm utilizes four processors.
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Figure 2. Moment processor element (MPE).

When multiple MPEs are connected sequentially, they
form a systolic array of cells, each responsible for
processing specific portions of the image data. In
Figure 3, we observe a structural arrangement
composed of four cells. In this setup, MPE1 initially
processes pixels associated with the kth column of the
image. Following this, MPE2, MPE3, and MPE4
consecutively handle calculations for the subsequent
columns. Upon completing computations for these four
columns, the result from MPE4 is fed back to MPE1,
initiating a continuous processing cycle. Subsequently,
pixels from the next set of four columns are directed to
MPEI1 through MPE4, thus repeating this sequence
iteratively for all columns in the image. This feedback
loop ensures seamless and efficient processing of the
entire image dataset through the systolic array
structure.
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Figure 3. Structure of a Systolic Array Consisting of Four
Cells for Image Moment Computation.

3.1 Computatonal units

Choosing the number format is crucial in designing the
moment calculation structure, as it dictates the bit
width of computing units and transmission lines. A
164-bit number is necessary to represent the maximum
value of the l4th-order moment in binary format.
However, employing binary numbers for moment
calculation up to the 14th order would require 164-bit
arithmetic units, increasing complexity, power
consumption, and gate count. To mitigate this, floating-
point number formats are utilized. In this research, the
maximum moment order calculated is 5.8688x10%,
Using 8 bits for the exponent and 10 bits for the
mantissa ensures sufficient range and precision. The
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decimal equivalent of the maximum number
represented by this number of bits is equal to 1.16x1077,
which exceeds the maximum value of M77.

Since the calculation of moments involves only
positive numbers, the sign bit is omitted. Furthermore,
to enhance accuracy, the normalized mode of floating-
point numbers is utilized. The maximum relative
rounding error in calculating moments up to the 14th
order using this format is 3.27%, which is acceptable
for practical applications.

3.1.1 Adder

In this design, a Carry Select Adder (CSA) is
constructed using a combination of multiplexers
(muxes) and full adders (FAs). The CSA architecture
facilitates efficient addition of two multi-bit binary
numbers by distributing the carry bits across multiple
stages, reducing the critical path delay and enhancing
performance [20]. The design commences with the
computation of the least significant bit (LSB) sum
(Sum[0]) and carry-out (C-out) using a single full
adder. Subsequently, the next bit of the sum (Sum[1])
is computed alongside the carry-in (C-in) from the
previous stage, once again employing a single full
adder. To compute the next two bits of the sum
(Sum([3:2]), a pair of serial full adders are utilized in
conjunction with a 4:2 multiplexer, allowing for
efficient carry propagation and selection. Similarly, the
subsequent three bits of the sum (Sum[6:4]) are
computed using a combination of 6:3 multiplexers and
three serial full adders.

This architecture enables parallel computation of
multiple bits of the sum while efficiently managing
carry propagation. By distributing the addition process
across multiple stages and utilizing serial adders where
necessary, the design achieves reduced critical path
delay and optimal performance. Additionally, to
efficiently add two 18-bit floating-point numbers, the
process involves comparing the numbers and adjusting
the smaller number's mantissa based on the difference
in their exponents. This addition operation requires a
10-bit adder, such as the ten-bit Carry Select Adder
(CSA) utilized in this study. Ensuring optimal
performance entails balancing the input paths to the
CSA to maintain uniform delay across all layers. The
design of a high-speed and low-power ten-bit CSA
adder, crucial for achieving fast and energy-efficient
computation, is illustrated in Figure 4. The CSA offers
several advantages, including high-speed addition, low
power consumption, compact hardware utilization,
scalability to larger bit widths, and minimized critical
path delay, making it a preferred choice for arithmetic
units in various computing systems.
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Figure 4. Ten bit CSA.

3.1.2 Multiplier

In this study, the 10*10 Dadda multiplier is employed
as the multiplier unit, acknowledged for its superior
speed compared to similar types. Leveraging a
modified Booth encoding technique, the Dadda
multiplier facilitates efficient and rapid multiplication
operations by reducing the number of partial products,
thereby enhancing computational performance.
Operating in stages, each stage of the Dadda multiplier
comprises a specific number of rows of partial
products. The height of each stage is determined by
working backward from the final stage, typically
consisting of two rows of partial products. The design
incorporates a strategy to reduce the number of partial
products, utilizing two layers of full adders. Each full
adder input carries a Cin, representing the Cout of the
previous full adder. By utilizing several full adders, a
logical circuit is created to add multiple-bit numbers,
with each carry bit "rippling" to the next full adder.
This architecture necessitates employing the Ripple
Carry Adder (RCA) procedure. Data is transmitted to
adders, with the carry of each stage added to the next
two data inputs in the same stage. Ultimately, the ripple
carry adder process is executed at the final stage,
yielding product terms p1 to p8, as illustrated in Figure
5.
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Figure 5. Dot diagram illustrating the 10x10 Dadda
multiplication process.

3.1.3 Exponentiation Unit

To compute the powers of x? and y?, p and q clock
cycles are required, respectively. However, as the order
of moments increases, the processing time becomes
extended. Figure 6 illustrates a more efficient structure
for this operation. The proposed design comprises three
pipeline stages, allowing the computation of the power
of a number within three clock cycles. Notably, this
time remains constant regardless of the value of p. This
scheme supports calculations up to x’. Based on the
power value, the multiplexer selects and outputs the
desired value.

The use of floating-point units for processing numbers
leads to higher power consumption compared to binary
number formats. Complex adder and multiplier units
are required for binary formats, such as the 164-bit
CSA which demands multiple layers of adders. In
contrast, the hardware complexity of comparators and
10-bit shifters is significantly lower. Designing Dadda
multipliers presents even greater complexity than CSA
architectures.
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Figure 6. Pipeine exponentiation unit computing xP.
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4. Simulation Results

The physical attributes of the moment computation
structure were analyzed by synthesizing them with the
Nangate 45nm open cell library using the Synopsys
Design Compiler. Power consumption was estimated
using the Synopsys power analysis tool, based on a
VCD file generated from post-synthesis simulations
with 100,000 random inputs. All comparisons were
conducted post-synthesis for all designs at the block
level, following the practices of ASIC designers who
thoroughly assess building blocks for potential
integration into future chips.

Table 1 compares different architectures, including the
proposed approach, based on speed, power
consumption, and area. The proposed approach
exhibits significantly higher speeds in gigabits per
second (618.243 Gbit/s) and frames per second
(954.012 frames/s) compared to existing architectures,
marking an improvement of approximately 571% and
1024%, respectively. Additionally, it demonstrates
substantially lower power consumption (3.254 mW),
showcasing a reduction of around 98.7% compared to
other methods. However, it occupies a slightly larger
area (0.734 mm?) than some of the other structures,
representing a minor increase.

Table 1. Comparative analysis of performance metrics for
various structures.

Architecture | [21] [22] [16] Proposed

Max 16 10 18 14

Moment

Order

Transistor 43894 143253 | 639804 | 543251

count

Speed 86.481 32.215 | 92.285 | 618.243

(Gbit/s)

Speed 45.277 25.568 | 84.237 | 954.012

(frame/s)

Power (mw) | 254.863 | 185.657 | 19.586 | 3.254

Area (mm?) | 0.218 0.521 0.657 0.734
The combined utilization of systolic array,
parallelization  process,  pipeline, and  the

implementation of fast multiplier and adder units in the
proposed method has significantly enhanced its
efficiency compared to other methods. By optimizing
the performance of each block within the structure,
such as employing the "Dada Multiplier", CSA adder,
and a specially designed power supply unit, the
operational speed of the entire system has been notably
increased. This enhancement underscores the
effectiveness of the proposed methodology in
achieving superior performance metrics across various
parameters.

Based on Figure 7, the proposed structure exhibits a
notable decrease in delay, ranging from approximately
47% to 84% compared to [21], [22], and [16],
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indicating significantly improved
various moment orders.
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Figure 7. Comparison of delay for various moment orders in
different structures.

5. Conclusion

In this article, we introduced a novel structure utilizing
systolic arrays and pipelines for the computation of
high-order two-dimensional moments in grayscale
images. Our proposed structure demonstrates
remarkable efficiency, with each cell capable of
computing the 14th order moment of a 1024x1024
image at an impressive rate of 954 frames per second
(fps). Notably, our design achieves low power

consumption, registering at only 3.254 mW.
Leveraging these promising outcomes, future
enhancements could focus on  augmenting
computational speeds by scaling up the number of
computing cells, thereby further optimizing
performance.
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1. Introduction

ABSTRACT

Despite ongoing advancements in science and technology, human casualties
persist in deep-sea and subterranean environments due to hazardous conditions,
limited accessibility, and insufficient safety measures. These risks are
exacerbated by the lack of effective innovations in project execution and
emergency response. The extreme depths of oceans and drilled wells often
render direct human intervention impractical, especially for rescue, inspection,
and maintenance tasks. This research presents the design and evaluation of a
multifunctional robotic system capable of operating in high-risk environments
where human access is restricted or unsafe. The robot is engineered to perform
a wide range of tasks, including exploration beneath ocean ice, seabed data
collection, geological and geotechnical analysis, rescue operations, sampling in
toxic zones, and interventions in corrosive or contaminated conditions.
Experimental results from three pilot projects—spanning water and wastewater
systems, oil and gas wells, and underwater environments—demonstrated robot
success rates ranging from 80% to 90%. The robot completed welding, cutting,
and sampling operations within 1.5 to 2 hours, outperforming traditional
methods in terms of safety, speed, and operational efficiency. These findings
confirm the robot’s reliability in environments characterized by high pressure,
toxic exposure, and limited human accessibility. By replacing manual
intervention with autonomous systems, this research highlights the
transformative potential of robotics in bridging the gap between scientific
theory and industrial practice. The proposed design contributes to safer, more
efficient workflows and lays the foundation for future innovations in extreme-
environment robotics.

systems are engineered to perform tasks traditionally

Deep wells—including water, gas, and abandoned
wells—pose significant operational and safety
challenges due to their extreme depths, limited
accessibility and the presence of hazardous gases.
These conditions often render conventional
maintenance and equipment replacement impractical,
as , as human access to the bottom of such wells is
frequently impossible. In response to these constraints,
researchers and engineers worldwide have proposed
innovative solutions tailored to regional needs.

One promising approach involves the development and
deployment of exploration robots designed for
subsurface and rescue operations. These robotic
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carried out by human specialists, enabling remote
intervention without exposing workers to life-
threatening environments [4].

Parallel to terrestrial applications, the exploration of
deep-sea environments presents similarly formidable
challenges. Over 90% of marine biodiversity remains
undiscovered and unclassified, and the deployment of
sufficient oceanic sensors to monitor global
phenomena with adequate temporal and spatial
resolution remains a daunting task [10]. While
underwater robotics has significantly advanced marine
research, the vastness of the ocean and the limitations
of individual robotic units constrain operational
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efficiency. These robots, however, are uniquely
capable of withstanding the extreme pressures of deep-
sea environments, making them indispensable for tasks
such as exploration, sampling, reconnaissance, and
target search [11].

Recent studies have outlined a forward-looking
trajectory for deep-sea robotics, emphasizing the
potential integration of space-derived technologies
across three key domains: biomimetic structural and
energy systems, artificial intelligence (AI), and the
miniaturization of life-detection sensors[12]. These
interdisciplinary approaches aim to enhance the
operational capabilities of underwater robots in
extreme environments. In parallel, the rapid
advancement of Al has prompted growing interest in its
application to social robotics, particularly in contexts
where human caregiving is insufficient [32]. However,
scholars have also noted the inherent unpredictability
of technological evolution, which often challenges the
accuracy of long-term projections and invites critical
reflection on the development paths of emerging
innovations [33].

2. Problem Definition

Robotic systems have become essential tools for
remote exploration and intervention in hazardous
environments, particularly in  deep-sea  and
subterranean settings. The robot discussed in this study
is designed for a wide range of applications, including
laboratory applications, , including laboratory research,
welding and cutting operations on submerged objects,
geological surveying, fault detection, and soil
classification through sampling, photography, and
videography. It is also capable of operating in high-risk
wells—such as those lacking oxygen or containing
explosive, toxic, or flammable gases—where human
access is unsafe or impractical. Additional use cases
include the retrieval of trapped humans or animals from
collapsed wells and underwater locations, and the
remote repairs of underground and submarine
equipment [1].

Figure. 1. 3D-rendered model of the probe robot, designed
using 3ds Max software, showcasing its articulated arms
and mechanical structure for deep-environment
operations.
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In deep sea and underground environments, equipment
such as pipes structural components are often subject to
damage from corrosion, erosion, cracking, and
mechanical stress caused by tectonic activity or the
cumulative weight of installed systems. These failures
can lead to costly delays, safety hazards, and
operational inefficiencies. Timely and reliable repair or
replacement of such components is critical to
minimizing project costs and protecting human lives
[1].

The digital revolution has accelerated the development
and deployment of robotic technologies, making them
integral to both economic and scientific advancement.
Robots now play a pivotal role in remote operations
across domains such as space exploration, marine
research, and industrial automation [25].

< by =
Figure 2. Deep-sea mobile robot equipped for exploration and
maintenance tasks [25]

This particular robotic system is also designed for
aquatic rescue missions, capable of retrieving both
conscious and unconscious individuals without
endangering the rescuer. Statistical data on water-
related accident indicate that many fatalities occur
during rescue attempts by untrained individuals.
Consequently, recent research has emphasized the
development of marine robotic systems to perform
tasks that exceed human physical limits or pose
significant safety risks [13].

Operationally, the robot is that the user or guide first
places the robot at the top of the well (for operations
inside the wells) or on platforms and marine vessels
(for operations in deep waters), then using a “remote
control device, guides it to the bottom of the well and
the accident site or the ocean floor and performs the
desired operation in the relevant project” [1, 9].
Operationally, the robot is deployed either at the mouth
of a well or from marine platforms and vessels. It is
then guided via remote control to the target site—
whether within a well or on the ocean floor—where it
performs the designated task in accordance with the
project’s objectives [1], [9].
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Figure 3. View of the probe robot model, featuring articulated
arms and mechanical components for deep-environment
operations.

3. Significance of Robotic Systems

The integration of advanced tools and robotic systems
is increasingly vital across a range of industries,
including civil engineering, water and wastewater
management, marine operations, military applications,
petrochemical processing, oil and gas extraction,
nuclear facilities, and aerospace engineering. In these
domains, replacing human intervention with robotic
systems—particularly in research, laboratory work,
welding, cutting, and rescue operations—offers
significant advantages in terms of safety, efficiency,
and precision. This is especially critical in high-risk
environments such as deep-sea and well-based
operations, where human access is limited or hazardous
[5,9].

Figure 4. 3D MAX-rendered view of the probe robot,
highlighting its symmetrical structure and mechanical
components for advanced operational tasks.

4. Classification of Robots by Autonomy
Robotic autonomy determined by the system’s ability
to operate independently, which depends on the
integration of sensors, computational hardware, and
control algorithms. Based on their operational
capabilities, robots can be classified into three
categories:

e  Non-autonomous: Fully dependent on human

control.
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e  Semi-autonomous: Capable of performing
certain tasks independently but still require
human oversight.

e  Fully autonomous: Operate independently across
a range of tasks without human intervention [7].

The level of autonomy directly influences the
complexity of the system design and the scope of its
applications.

5. Robot Navigation and Movement Strategies
Path planning in unknown environments presents
significant engineering challenges. methods of spatial
exploration are often inefficient or impractical in
dynamic marine settings. To address this, hybrid search
algorithms have been proposed to enable efficient and
adaptive pathfinding for underwater robots engaged in
target search missions [26].

Underwater robots are increasingly deployed to
perform complex tasks in environments that are
inaccessible or dangerous for humans. . These include
scientific exploration, industrial operations, and
military missions. The robot’s propulsion system plays
a critical role in determining its maneuverability,
endurance, and stealth concealment [27].

Structurally, underwater vehicles are categorized as:

e Remotely operated vehicles (ROVs : Tethered
systems controlled from the surface.
e Autonomous underwater vehicles (AUVs):

Untethered systems capable of independent
operation [39, 40].
Functionally, they are further divided into: :

e Investigation robots: Used for observation,
measurement, and sample collection.

e Operation robots: Designed for tasks such as
underwater  welding, pipe  manipulation,
construction, and underwater cutting, etc.) [39,
41].

Exploration of the Arctic seafloor remains remains a

major challenge due to persistent ice cover, which

limits the effectiveness of of oceanographic tools [14].

Soft febots

Figure 5. Overview of marine depth zones and the operational
range of rigid and soft robots across ocean layers, from
surface to hadal depths [14]

Only a few robot ic systems worldwide are capable of
reaching depths of 6,000 meters, typically for seabed
mapping and industrial surveys. These systems must
follow predefined paths and be continuously
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monitored, which restricts their
coverage [14, 31].

The Underwater Vehicle-Manipulator ~ System
(UVMS) has seen growing adoption for marine
resource  exploration.  However,  underwater
environments pose substantial challenges for controll,
navigating, and communication. These difficulties
have driven ongoing technological innovation and
made UVMS development a focal point of marine
robotics research [20]. Recent advances in autonomy,
sensor integration and robotic design have enabled
deep-sea exploration capabilities that may one day be
extended to extraterrestrial oceans, such as those on icy
moons [12].

flexibility and

6. Robotic Welding and Cutting Applications

Welding robots are particularly, promising for use in
steel structure construction. Manual methods methods
face limitations in precision, efficiency, and safety,
making the development of automated welding systems
increasingly urgent. Robotic welding offers high-

speed, consistent performance, contributing to
industrial modernization[15-18].
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Figure 6. Annual publication volume of research articles on
welding robots from 2010 to 2024, showing an overall
exponential growth trend [19].

Moreover, traditional welding process often result in
high energy consumption and the release of harmful
emissions, including fumes and toxic gases. Robotic
systems can mitigate these issues by precisely
controlling welding parameters, optimizing paths, and
employing advanced techniques. This not only
improves environmental sustainability but also
enhances worker safety [19].

7. Environmental and Structural Considerations
Deep-sea robots are typically enclosed in pressure-
resistant structures, including metallic housings and
pressure-compensation systems, to protect sensitive
electronics and mechanical components from extreme
underwater pressures [35]—[38].

Simultaneously, marine pollution poses a growing
threat. An estimated 70% of marine litter sinks to the
seabed, with p lastics compose over 60% of this debris.
These materials degrade slowly and can enter the
global carbon cycle, ultimately impacting human
health. Effective investigation and retrieval of this litter
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are essential to prevent irreversible environmental
damage [42, 43].

To address this, underwater robots are increasingly
being used for large-scale, upward transport tasks such
as sampling marine organisms and collecting
submerged waste. These labor-intensive operations
benefit significantly from robotic assistance, which can
reduce human exposure and improve operational
efficiency [42, 44].

8. Design Requirements

To ensure safe and effective operation in aquatic and

subterranean environments, the robot must meet

several critical design criteria:

e Waterproofing and Environmental Safety: All
electrical components are housed within a sealed
body, minimizing the number of moving parts to
reduce potential points of water ingress.
Mechanical joints between the body and moving
components must be engineered to prevent
leakage. Additionally, any materials in direct
contact with water must be non-polluting and
environmentally safe [8].

Figure 7. 3D MAX-rendered model of the probe robot,
featuring symmetrical arms and mechanical joints for
precision tasks in hazardous environments.

e Functional Versatility: The robot is designed to
perform a wide range of tasks, including soil layer
analysis, mechanical sampling data transmission
from deep wells or underwater locations, and the
welding or cutting of damaged metallic
components. It also supports the transport of
objects from the ocean floor to the surface. These
capabilities require integration of diverse
technologies and performance mechanisms to
support field workers and advance project
objectives. [1, 9].

9. Research on Deep-Well Robotics

Deep wells are generally categorized into two types
based on their internal structure:

Wells with rods or pipes: These typically contain
structural elements for water supply, oil and gas
extraction, or sewage transfer.

Wells without rods or pipes: These are more common
in industries such as oil and gas, petrochemicals, and
wastewater management. With diameters typically
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ranging from 40 or 50 cm, such wells lack internal
infrastructure, making manual intervention impractical
or unsafe. Robotic systems offer a viable solution for
inspection, maintenance, and operational tasks in these
environments [1], [3], [9].

The concept of telepresence—the remote operation of
devices as extensions of human capability—was first
introduced in 1942 through science fiction literature.
The story depicted an engineer controlling robotic tools
remotely, a vision that has since influenced
technological innovation and public imagination
regarding human-machine interaction [22, 23].

One notable advancement inspired by this vision is the
All-Round  Six-Limbed Robotic Extraterrestrial
Exploration (ATHLETE) platform, developed for
planetary exploration. ATHLETE features six limbs
with seven degrees of freedom, enabling both
locomotion over rugged terrain and manipulation of
tools. Each wheel contains an interface for instruments
such as drills, clamps, and anchors, allowing the robot
to interact dynamically with its environment [28]—[30].

Figure 8. The Lemur robot, designed for space assembly,
utilizes wrist-mounted tools to perform tasks such as drilling,
bolt manipulation, and visual documentation [28]

10. Robot Mechanisms and Capabilities

Robotic systems designed for deep wells and
underwater environments must possess a wide range of
capabilities to perform complex and hazardous tasks.
These include:

e Research and exploration: direct inspection of
well interiors and seabed equipmentfor
scientific and operational analysis.

e Maintenance and Repair: cutting and welding
of damaged components located at the bottom
of wells or the ocean floor, including
inaccessible or angular positions.

e Object Retrieval: Extraction and transport of
submerged objects to the surface, even from
confined or irregular spaces.

e Infrastructure operations: Servicing of
underground water and sewage pipelines,
seabed conduits, and ocean-floor fiber optic
cables.
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e Hazardous Environment Deployment:
Operation within oil and gas well containing
flammable or toxins substances, as well as
high-radiation zones such as heavy water
ponds in nuclear power plants. In these
contexts, robotic intervention is essential to
minimize human exposure and risk [6], [9].

These robots are engineered to function ‘in
environments where the electromagnetic spectrum
technologies enable long-range imaging and high
bandwidth communication. Despite the challenges
posed by marine and extraterrestrial conditions, robotic
systems have demonstrated cost- effective, high
precision performance in these domains [45].

11. Marine Robotic Technologies
Recent analyses have identified key classes of robotic
components used in marine sampling operations [46]:
* Manipulator claws:
o Parallel fingers: Provide stable grip for flat
or uniform objects.
o Opposed/ intermeshed fingers: Offer
enhanced dexterity for irregular shapes.
o Grabber claw: Suitable for firm grasping
of larger specimens.
o Cage claw: Designed to enclose and secure
delicate or mobile samples. details on each
class are provided in Figure (9).

» Sampling gears:

o Suction samplers: Ideal for collecting fine
particles or small organisms.

o  Scoops and scoop-nets: Used for sediment
and biological sampling.

o  Corers: Extract cylindrical samples from
seabed layers.

o Traps: Capture mobile marine organisms.

o  Water bottles: Collect water samples at

specific depths.
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Figure 9. (a) Examples of parallel, intermeshed, and grab claw
grippers, shown from left to right. (b) Cage-type gripper used
in the ROV Liropus 2000 [46—48].

Details on each class of sampling gear are illustrated in
Figure 10. Additionally, round-shaped manipulator
fingers, typically configured with two jaws and three to
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four fingers are specifically designed to gently enclose
spherical or cylindrical specimens. This configuration
is particularly effective for retrieving delicate samples
or entire organisms without inflicting damage, making
it well-suited for biological and ecological studies in
sensitive marine environments [46].
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Figure 10. ROV collection tools used in marine sampling: (a)
suction sampler, (b) scoop and net, (d) corer, (e) trap, and (f)
Niskin bottle. Sources: (a—e) [46, 49, 50], Schmidt Ocean
Institute; () [46, 21].

12. Research Hypotheses and Case Motivation
Deep oil wells similar subterranean structures are often
inaccessible due to their extreme depth and narrow
openings, rendering direct humans intervention
impractical or impossible.. This limitation has
prompted the development of robotic systems capable
of performing complex operations remotely from the
surface [1], [9].

The impetus for this research originated from a tragic
incident in Iran involving an abandoned well.

Due to inadequate safety measures and poor oversight
in sealing the well opening, a child fell into the narrow
shaft. Rescue efforts were severely hindered by the
confined dimensions of the well, highlighting the
urgent need for a robotic solution capable of navigating
and operating within such constrained environments.
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Figure 11. Bottom view of the probe robot, modeled in 3ds
Max, showing its mechanical limbs and structural layout for
ground-level operations.

13. Materials and Methods

The initial design of this robot was completed in 2005
and officially registered in 2006 [2]. It was developed
to perform complex operations in deep wells and
underwater environments, including welding, cutting,
sampling, and object retrieval. The system is remotely
operated via radio control by a technician positioned
above the well or offshore platform. Once deployed to
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the target site, the robot begins executing its assigned
tasks [9].

Structurally, the robot consists of three large base units
and three stainless steel arms, each equipped with
pneumatic jacks and gears. The arms are capable of
360-degree rotation and are fitted with advanced tools
for shearing, welding, lifting, and manipulating objects
at various angles. The robot is designed to function in
confined spaces and can retrieve heavy items from deep
locations. It also includes CCTV cameras and a control
interface for real-time monitoring and guidance.

The system incorporates 11 pneumatic jacks for
vertical and rotational movement, 13 motorized reels
powered by high- and low-power DC motors, and two
half-spherical ~enclosures—one fixed and one
rotatable—housing the robot’s arms and lifting
mechanisms. The motors are engineered to be
waterproof, heat-resistant, corrosion-proof, and shock-
resistant, ensuring durability in harsh environments.
Additional features include imaging devices such as
direct and indirect camcorders, a microscopic camera,
and high-adhesion belts that allow the robot to grip
various well surfaces, including metal, plastic,
concrete, and stone.

The robot’s mechanical and electrical components are
distributed across upper and lower metal enclosures,
connected by screws, nuts, and cable entry points.
Figures 12 through 16 provide detailed schematics of
the robot’s design and layout.
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Front view of the robot showing key structural and functional
components, including the metal enclosures, pneumatic jacks,
articulated arms, welding and cutting systems, and accessories
for balance, mobility, and cable management. Components
labeled 1-17 correspond to mechanical and electrical features
integrated for deep-environment operations.

To model the robot’s joint dynamics, Lagrangian
mechanics is applied. The torque at each joint is
calculated using:

=L () 2t
T dt aqi aqi

where L = K - P, with K representing kinetic energy
and P potential energy. The variable q; denotes the joint
angle or displacement, and t; is the torque applied to
joint i

(1)

For gripping operations, the total force exerted by the
robot’s gripper is modeled as:
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Forp = X%, Ti .sin(6) 3)
Here, Tiis the torque at joint i, 8i is the angle of that
joint to the main axis. This equation accounts for the
effective torque components that contribute to linear
gripping force at the fingertips.

A gripper consists of several mechanical fingers, each
with several joints. Each joint generates a torques (e.g.
by a motor or actuator). These torques, when
transmitted through the joints to the fingertip, create a
linear force. Depending on their angle, that grips the
object. The above formula calculates the sum of all
effective components of the torque in gripping the
object. Since only the component of the torque that is
in the direction of gripping the object is effective, it
must be multiplied.

Figure 13. Bottom view of the robot showing key accessories,
including wheel chain alternator, pneumatic jacks, rubber
mobility components, lighting mounts, and CCTYV installation
point. Components 18-25 illustrate the mechanical and
sensory systems supporting vertical movement and
environmental monitoring.

The robot’s vertical movement via chain drive is

governed by:

_ r.T
T I+mr2

“

where v is the velocity, r the radius of the chain wheel,
T the motor torque, I the moment of inertia, and m the
total mass of the robot. This formula helps determine
the optimal motor specifications and wheel-chain
configurations for vertical mobility.
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Figure 14. Internal view of the robot showing mechanical and
electrical components, including alternators, pneumatic jacks,
wiring systems, support structures, and integrated CCTV for
operational monitoring. Accessories labeled 26—41 illustrate the
robot’s internal architecture and functional layout.
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Figure 15. Uﬁper view of the robot showing structural and
functional components, including rubber bands, arm bases,

pneumatic jacks, wire entry points, and fastening elements
connecting the upper and lower enclosures.

For cutting operations, the required torque is calculated
using:

Teut= Fcut~ Vblade (5)
This equation relates the cutting force (Fe.) to the blade
radius (7paq4e), allowing engineers to select motors

capable of delivering sufficient torque for material
penetration.

Figure 16. Perspective view of the robot featuring cable-free
mechanical grippers, designed for precision handling and
autonomous operation in constrained environments.

The robot’s dual-chamber design enhances its
operational flexibility. The upper chamber remains
fixed, while the lower chamber rotates freely, enabling
full-range manipulation of tools and equipment. Arms
mounted on the lower chamber are equipped with
multifunctional tools for metal removal, welding
(oxygen/gas), and milling. Finite element analysis
confirms that flexible joints outperform rigid ones in
underwater conditions, offering greater range of
motion and improved maneuverability. The control
module, equipped with advanced sensors and a CPU,
manages the dynamic behavior of these joints, ensuring
precise and responsive operation [34].
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14. Applications of the Robot

The robot is engineered to perform a wide range of
operations in extreme and hazardous environments,
making it suitable for deployment across various
industrial and scientific domains. One of its core
capabilities is executing welding and cutting tasks in
deep wells and corrosive settings, including
environments contaminated with toxic chemicals,
microbial agents, or explosive gases. This includes
applications in water and wastewater systems, oil and
gas extraction, petrochemical facilities, and marine
infrastructure [9].

Its mechanical design enables precise manipulation and
movement of objects in all directions and orientations,

even within confined or irregular spaces. This
flexibility supports geological exploration, soil
mechanics research, and the classification of

subsurface layers through sampling, surveying, and
marking [9].

The robot is equipped with CCTV cameras capable of
capturing high-resolution images and video in
environments containing suffocating gases, acidic
compounds, and other hazardous substances. This
visual capability is essential for inspection,
documentation, and remote decision-making in
inaccessible or life-threatening conditions [9].

In rescue scenarios, the robot can identify and retrieve
injured individuals from deep wells or submerged
locations, minimizing human exposure to danger. Its
operational range is robust across temperature
extremes, functioning reliably in gaseous environments
from —30°C to +30°C, and in liquid environments from
—15°C to +45°C [9].

The system is also adaptable for use in vacuum or gas-
free environments, making it suitable for space
research and extraterrestrial exploration. Its modular
architecture allows for self-repair and reconfiguration,
enabling the robot to restore damaged components and
rearm itself autonomously [9].

Constructed from lightweight and durable materials—
including compact aluminum, stainless steel with zinc
coatings, and corrosion-resistant nano-polymers—the
robot maintains structural integrity under mechanical
stress and chemical exposure. Its design includes a
rotatable semicircular chamber and a base platform
capable of 360-degree horizontal rotation deep
underground. The arms themselves are engineered to
rotate freely in all directions, allowing full spatial
coverage during operations [9].

Additionally, the robot demonstrates a high degree of
waterproofing and resistance to corrosion in acidic
environments, with optimal performance in pH ranges
between 5 and 7. This ensures long-term reliability in
chemically aggressive settings and supports sustained
deployment in industrial and research applications [9].
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Figure 17. Front view of the robot rendered in 3ds Max,
highlighting its mechanical accessories and structural
layout for operational deployment.

Figure 18. Front view of the robot rendered in 3ds Max,
illustrating its structural components and integrated
accessories for advanced operational functionality.

Figure 19. Upper view of the robot rendered in 3ds Max,
showcasing its structural components and accessory layout
designed for advanced mechanical operations.
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Figure 20. Demonstration of the probe robot’s welding and
cutting operations across all angles, rendered in 3ds Max to

showcase its full-range articulation and multifunctional tool
deployment.

15. Results and Discussion

The performance of the proposed robotic system was
evaluated across three distinct project domains: water
and wastewater, oil and gas operations, exploring deep
underground and seabed exploration. Tables 1 and 2
summarize the results of these tests, highlighting
operational efficiency, execution time , and
comparative advantages over traditional human-led
methods. [9].
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Table 1 presents the success rates and contextual
challenges associated with each test scenario. In
experimental and workshop settings, the robot
achieved an 80% success rate, demonstrating its ability
to operate in deep, inaccessible locations. In geological
sampling missions conducted on the seafloor, the robot
reached a 90% success rate, significantly mitigating the
risks typically faced by human divers, such as exposure
to toxic substances and physical hazards. In high-
pressure fluid environments, the robot maintained an
85% success rate, outperforming human capabilities in
conditions prone to marine animal interference and
physiological stress [9].

Table 2 outlines the operational merits of using the
robot in real-world scenarios. In a 25-meter-deep water
well in Tehran, the robot completed welding and
cutting tasks in 1.5 hours, eliminating the need for
manual labor and reducing capital expenditure. In a dry
well of similar depth, the robot conducted soil
mechanics and geological investigations over a two-
hour period, avoiding reliance on outdated tools and
minimizing operational losses. In a corrosive and toxic
underwater environment, the robot performed welding
and cutting tasks within 1.5 hours, removing the
necessity for divers and specialized equipment [9].

Table 1. Report No. (A): Robot Efficiency and Human

Limitations
Row  Project Type of Test Disadvantages
success Without Robots
rate
1 % 80 Experimental Inaccessibility of
and Workshop deep, impassable
areas
2 % 90 Seafloor High-risk
geological environments in
sampling wells and seas
3 % 85 High-pressure, Marine animal

threats, , physical
strain, vital sign
compromise

viscous fluid
operations

Table 2. Report No. (B): Operational Merits of Robots

Row  Merits of Duration Location Type of the
Robotic Operation
Operation
1 No labor or 1.5 hrs 25m deep Welding
large capital water well and cutting
needed (Tehran)

2 Avoids 2 hrs 25m deep Soil
outdated dry well samplings
tools and (Tehran) and

losses geological
analysis

3 No need for 1.5 hrs 6m deep Welding
divers or pool and cutting

underwater (Tehran) in
gear corrosive/to
xic
conditions

These results collectively demonstrate the robot’s
versatility, reliability, and efficiency across diverse and
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hazardous environments. The system not only reduces
human risk but also streamlines operational workflows,
offering a scalable solution for industrial and research
applications. The comparative analysis underscores the
robot’s superiority in terms of safety, precision, and
adaptability, validating its role as a viable alternative to
human intervention in high-risk scenarios.

Impact of Robotic Integration on Operational
Time Across Key Project Tasks

15

Operational Duration (in Hours)

M The operation with robot
8 The operation without robot

Figure 21. Comparative analysis of operational time and
efficiency fluctuations between robotic and human-led methods
across various projects, demonstrating the enhanced
performance and time savings achieved through robotic
implementation [9].

16. Conclusion

This research has demonstrated the effectiveness and
continuity of operational methods involving robotic
systems compared to traditional mechanisms. The
integration of advanced robotics into industrial
applications—particularly in water and wastewater
management, oil and gas exploration, and deep-sea or
underground operations—marks a significant leap
forward in both technological innovation and practical
execution.

The adoption of such technologies not only enhances
economic efficiency by reducing labor costs and
operational risks, but also fosters a robust scientific
foundation for future advancements. Robots enable
access to environments that are hazardous or
inaccessible to humans, thereby accelerating data
collection, improving precision, and minimizing
human exposure to danger.

Moreover, the deployment of robotic systems bridges
the gap between theoretical research and real-world
application. It catalyzes the development of new
inventions, supports interdisciplinary collaboration,
and transforms abstract scientific concepts into tangible
solutions. As industries continue to evolve, the role of
robotics will be pivotal in shaping a future where
knowledge, safety, and efficiency converge seamlessly.
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1. Introduction

ABSTRACT

Sonar image registration poses significant challenges due to the unique
characteristics of sonar imagery and the stringent requirements of real-time
underwater applications. Compared to optical images, sonar images exhibit
lower resolution, higher noise levels, and a lack of distinct features, which
complicates traditional detection and registration methods. Furthermore, the
computational complexity increases rapidly with higher-order moments and
larger image sizes, limiting the responsiveness of autonomous underwater
vehicles (AUVs). Addressing these challenges requires innovative hardware
architectures and parallel processing techniques. Building upon our previous
work, which introduced a systolic array and pipelined structure for high-order
moment computation in grayscale images, this paper presents the Parallel
Comparator-Based Structure (PCS) to accelerate moment calculation for sonar
image registration. PCS achieves fixed-latency computation by strategically
relocating adders outside processing cells and integrating power cores,
comparator-assisted compressors, and floating-point adder units. The proposed
architecture enables all processing elements to operate in parallel while
ensuring numerical consistency and scalability. Post-synthesis simulations and
comparative analysis demonstrate that PCS delivers substantial speed
improvements, high maximum moment order computation, and deterministic
low-latency performance, making it a highly effective solution for real-time
sonar image processing in AUVs. The results highlight the potential of PCS to
advance autonomous underwater perception and navigation tasks, offering a
robust, high-throughput, and scalable approach for future marine robotics
applications.

Within the realm of underwater robotics, image

The development of new technologies, the refinement
of sensor capabilities, and the continuous evolution of
research in marine robotics have catalyzed the
emergence of various underwater autonomous
applications, including the manipulation and inspection
of underwater structures and oil pipelines [1]. Despite
notable strides, the realization of truly autonomous
functionalities in underwater robotics remains
somewhat constrained. These autonomous capabilities
still heavily depend on precise environmental models
and pre-programmed operations for their execution [2].
As a result, significant challenges persist in achieving
robust and adaptive autonomy, particularly in complex
and dynamic underwater environments where
environmental conditions are often unpredictable.
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moments assume a pivotal role in facilitating tasks such
as manipulation and inspection of underwater
structures and oil pipelines. Serving as mathematical
descriptors, image moments encapsulate critical
properties of an image, including its centroid, area, and
orientation. These descriptors furnish invaluable
insights into the shape, size, and orientation of objects
within the underwater milieu, thus proving
indispensable for autonomous applications [3]. In
contrast to conventional geometric features, which may
be highly sensitive to noise or distortions, image
moments offer more compact yet descriptive
representations that can be exploited to improve
robustness in perception and decision-making.

In manipulation tasks, image moments play a
fundamental role in accurately detecting and localizing
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objects of interest, such as underwater structures or
components of oil pipelines. Through the meticulous
analysis of captured image moments, robotic systems
can precisely ascertain the position and orientation of
these  objects, thereby facilitating effective
manipulation maneuvers.

In manipulation tasks, image moments play a
fundamental role in accurately detecting and localizing
objects of interest, such as underwater structures or
components of oil pipelines. Through the meticulous
analysis of captured image moments, robotic systems
can precisely ascertain the position and orientation of
these  objects, thereby facilitating effective
manipulation maneuvers. This becomes particularly
crucial in conditions where traditional visual cues are

unreliable due to turbidity, occlusion, or light
attenuation, which are common challenges in
underwater environments. By leveraging image

moments derived from sonar data, robotic platforms
can establish more reliable estimations of object
features, ultimately improving dexterity and
operational safety.

Similarly, in inspection tasks, image moments serve as
vital tools in identifying anomalies or damages on
underwater structures or pipelines. By comparing the
moments of captured images with reference models or
predefined criteria, robotic systems can discern
deviations or irregularities, signaling potential areas of
concern warranting further inspection or maintenance
[4]. Such functionality is highly valuable in industries
like offshore energy production, where the early
detection of defects can prevent costly failures and
mitigate environmental risks. Moreover, moments-
based approaches can support the classification of
structural ~ features, enabling more efficient
prioritization of inspection tasks and reducing reliance
on human intervention in hazardous underwater
settings.

Furthermore, in the context of underwater applications,
particularly in the inspection of structures and
pipelines, the importance of image moments for
accurate sonar image registration cannot be overstated
[5]- Sonar imaging remains a primary sensing modality
for underwater robotics, largely due to its ability to
operate effectively in visually degraded conditions
where optical imaging proves insufficient. However,
sonar images are often characterized by significant
levels of noise, speckle artifacts, and distortions that
complicate feature extraction and alignment. In this
regard, image moments provide an efficient
mathematical mechanism for summarizing key image
properties, thereby enabling more robust image
registration processes.

Consequently, the development of innovative methods
for computing image moments tailored for sonar
images holds promise for enhancing the accuracy and
robustness of image registration processes. Improved
registration not only ensures precise spatial alignment
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between successive sonar frames but also strengthens
the consistency of environmental mapping, object
recognition, and localization. Such advancements are
poised to augment the capabilities of autonomous
underwater vehicles (AUVs), particularly in tasks
necessitating precise image alignment, object
detection, and navigation in cluttered or unstructured
environments. By addressing the inherent limitations of
conventional image moment computation techniques,
novel approaches to sonar image processing have the
potential to substantially broaden the scope of
autonomous underwater missions and elevate the
overall reliability of underwater vehicle autonomy.
The remainder of this paper is organized as follows.
Section 2 provides an in-depth discussion of sonar
image registration, highlighting its challenges in
underwater environments and reviewing existing
hardware and algorithmic approaches. Section 3
introduces the proposed PCS for efficient image
moment computation, describing its architectural
design and performance characteristics. Section 4
details the shift register optimization method that
enables effective parallelization while reducing latency
and power consumption. Section 5 presents the
simulation results, comparing PCS with existing
architectures in terms of speed, power, and area
utilization. Finally, Section 6 concludes the paper by
summarizing the key findings, emphasizing the broader
implications of PCS, and outlining potential directions
for future research.

2. Sonar Image Registeration

In contrast to optical images, which boast intricate
textures, sonar images are generally simpler and cannot
rely on robust point feature detectors [6]. raditional
feature extraction and matching algorithms, such as
Scale-Invariant Feature Transform (SIFT) and Speeded
Up Robust Features (SURF), are designed to exploit
gradient and texture variations in optical images.
However, in sonar imagery, these approaches often fail
due to high levels of noise, poor contrast, and limited
texture content [7]. Consequently, their instability
renders them unsuitable for sonar image analysis in the
context of underwater robotics.

Despite these limitations, sonar images tend to exhibit
well-defined geometric structures and prominent
boundaries, making them highly amenable to shape-
based methods. A common approach for sonar image
registration is the utilization of image moments—
particularly Hu’s invariant moments—due to their
ability to encapsulate shape descriptors in a compact
and mathematically robust manner [8]. By leveraging
such geometric representations, sonar image
registration can achieve reliable alignment even in
conditions where traditional texture- or keypoint-based
methods break down.

All  vehicle perceptions are translated into
computational units known as local view cells, which



Mehrnaz Monajati /1JCOE 2023, Vol.1 ( No.1 Special Issue /
Marine Instrumentation); p.p46-p54

act as abstract representations of the perceived
environment. To derive stable and reliable geometric
features from sonar images, a preprocessing pipeline is
typically applied. This pipeline includes Gaussian
filtering to reduce noise while preserving large-scale
features, and median filtering to mitigate speckle noise
characteristic of sonar data. Following this
enhancement stage, thresholding techniques are
employed to convert the sonar image into binary
format. From this binarized representation, image
contours are extracted by identifying regions of strong
gradient response, thereby isolating the relevant shapes
that will serve as inputs for moment computation.The
moment of a shape, denoted as My, is calculated by
summing the weighted intensities of its pixels.

The mathematical formulation of a geometric moment
of order (p,q), denoted as My, is given by:

Mpq = Lica 231 xPyif(x,y)  x<my<n

(1
Where, f(x, y) is the intensity function, typically
represented in binary form after preprocessing. These
raw moments form the foundation for computing
normalized and invariant moments. In particular, the
seven Hu invariant moments, first introduced in 1962,
provide descriptors that are invariant to translation,
rotation, and scaling. Their robustness makes them
especially well-suited for sonar image analysis, where
sensor  orientation, vehicle movement, and
environmental variability are frequent.

The significance of computational speed in this context
cannot be overstated. Given that many underwater
applications—including navigation, pipeline
inspection, and structural monitoring—require real-
time processing, the rapid calculation of image
moments is essential [9]. The ability to compute Hu
moments quickly during sonar image registration
directly impacts an autonomous underwater vehicle’s
(AUV) capacity to localize itself, update its map, and
respond dynamically to environmental changes. Faster
moment computation not only supports timely
decision-making but also ensures that the vehicle can
react to unexpected obstacles or alterations in mission
objectives. Consequently, the performance of sonar-
based navigation and inspection systems is intrinsically
tied to the efficiency of the underlying moment
calculation algorithms.

Several hardware and architectural innovations have
been proposed to accelerate the process of moment
computation. Raffaitin et al. developed a hardware-
based shape recognition framework employing the
Non-Local Means (NLM) filter and Hu’s moments,
specifically optimized for FPGA implementation [10].
Their work involved modifying the NLM filter to
simplify its deployment on FPGA and employing finite
state machines for computing both the NLM filter and
Hu’s moments. The results highlighted the superior
speed of hardware-based solutions compared to
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software  implementations, demonstrating their
suitability for real-time sonar processing in robotic
systems.

In another notable contribution, Watanabe et al.
introduced a parallel extraction architecture aimed at
handling multiple object features simultaneously [11].
Their FPGA-based implementation was validated for
correctness and demonstrated exceptional performance
in high-frame-rate scenarios. This parallel approach
was particularly effective in extracting abundant
information from sonar imagery in real time, making it
valuable for applications demanding both high speed
and accuracy.

Iwashita et al. further advanced this domain by
presenting the design of an image-moment sensor
capable of real-time statistical computation [12]. They
proposed a variable-length pipeline architecture for
moment calculation, implemented in a 128%128 pixel
sensor array. By sharing processing elements, the
design minimized circuit area while maintaining high
throughput. Their experimental results confirmed the
feasibility of compact, cost-effective, and high-speed
moment computation sensors. Such dedicated
hardware platforms hold promise not only for
underwater robotics but also for factory automation,
human interfaces, and other domains requiring real-
time image feature extraction.

Building on this foundation, we have recently
introduced a novel structure leveraging systolic arrays
and pipelined architectures for the computation of
higher-order two-dimensional moments in grayscale
images [13]. Each moment processor element (MPE)
comprises adder, exponentiation, and multiplication
units, arranged in a modular fashion. Input data,
represented as f(x,y), is provided to the control unit,
which then distributes pixel values along with their
corresponding x and y coordinates to the MPEs. When
multiple MPEs are connected in sequence, they form a
systolic array capable of parallelized processing of
distinct portions of the image. This configuration not
only enhances computational throughput but also
reduces latency, thereby enabling high-speed image
registration.

Figure 1 illustrates a representative structure
consisting of three interconnected MPE cells. Each cell
is responsible for a subset of the overall computation,
and together they collaboratively generate higher-order
moments. This architecture demonstrates the feasibility
of accelerating sonar image registration through
parallel hardware structures, laying the groundwork for
further innovations in underwater vehicle autonomy.
2.1 Limitations of Hu-Based Sonar Registration
While Hu’s invariant moments have been widely
adopted for sonar image registration due to their
simplicity and robustness against basic geometric
transformations, several limitations constrain their
effectiveness in practical underwater scenarios.
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Sensitivity to Noise and Clutter:
Sonar images often contain substantial noise,
including speckle artifacts and false reflections
from the seafloor or surrounding debris. Hu
moments, being global descriptors, aggregate pixel
information across the entire shape, making them
susceptible to even minor noise perturbations. This
sensitivity can lead to unstable descriptors and poor
registration accuracy in cluttered underwater
environments.

Loss of Local Detail:

Hu moments capture global shape characteristics
but fail to preserve localized geometric
information. In environments where multiple
objects overlap or when partial occlusions occur,
this lack of local feature discrimination can result
in misregistration or ambiguous alignments.

High Computational Overhead for Large Images:
Although Hu moments are compact once
computed, their calculation—particularly for
higher-order moments—can be computationally
intensive. For large sonar images or real-time
applications, this overhead may limit the speed of

registration, ultimately reducing the
responsiveness of AUV systems.
Limited Discriminative Power in Complex

Scenarios:

In cases where multiple objects exhibit similar
global shapes (e.g., cylindrical pipes, structural
beams, or marine growth encrustations), Hu
moments alone may not provide sufficient
discriminative capability. This limitation can
hinder object recognition and accurate registration
when multiple candidate matches exist.
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Figure 1. Systolic structure composed of three MPEs

These limitations highlight the need for novel
approaches that retain the mathematical robustness of
moments while addressing their shortcomings in speed,
noise resilience, and discriminative capability. In
particular, hardware-oriented parallelization strategies
offer promising solutions by accelerating moment
computation while enabling more robust handling of
sonar imagery. This motivates the development of the
proposed Parallel Comparator-Based Structure (PCS),
introduced in the next section, which is specifically
designed to optimize image moment computation for
sonar image registration in underwater robotics.

3. Parallel Comparator-Based Structure (PCS)
The computational efficiency of image moment
extraction is a critical determinant of performance in
real-time sonar image registration. Although systolic
array architectures have demonstrated significant
potential in accelerating moment computation, their
reliance on sequential accumulation of intermediate
results inherently introduces latency that grows with
the number of processing cells. To address this
limitation, we propose a novel Parallel Comparator-
Based Structure, which restructures the computational
flow to ensure fixed latency, independent of the cell
count. By relocating adders to the exterior of the
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processing cells and introducing a comparator-assisted
compression scheme, PCS provides a robust and
scalable solution for high-speed sonar image
registration.

3.1 Architectural Concept

The PCS architecture reconfigures the conventional
systolic pipeline into a fully parallelized structure.
Instead of chaining adders within the processing
elements, each power core (PC) is responsible solely
for computing terms of the form:
T(x,y) =xPylf(x,y) 2
where f(x,y) represents the pixel intensity. Each PC
completes its computation in five clock cycles,
producing 18-bit intermediate results. With nine cells
operating simultaneously, the PCS generates nine 18-
bit outputs per cycle.

Figure 2 highlighting the bit-level parallelism that
underpins the PCS design. To manage these results
efficiently, PCS employs a compressor unit that
performs multi-operand addition in parallel. Unlike
traditional designs where outputs are accumulated
sequentially, the PCS uses comparator-based
alignment to normalize mantissas before feeding them
into the compressor. This step guarantees numerical
consistency and eliminates bit-width mismatch across
multiple inputs.
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Figure 2. Parallel Comparator-Based Structure (PCS)

The aligned outputs are then routed into an 81:20
compressor (Figure 3), which consists of nine 15:2
comparators (Figure 4) and a 7:3 comparator (Figure
5). Each 15:2 comparator reduces 15 inputs into two
outputs, producing seven single-bit results that are
propagated into the next compression stage. The 7:3
comparator, illustrated in Fig. 5, refines the aggregation
process by reducing three inputs into a compact
representation suitable for final accumulation. The
internal structure of the 15:2 comparator is presented in
The outputs of the compressor, represented as 22-bit
numbers, are paired and processed through 18-bit
floating-point adders, whose results are subsequently
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directed into the accumulator (ACC) for final
summation. This architecture ensures that the PCS
achieves high throughput without sacrificing precision.
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3.3 Latency Analysis

A defining feature of PCS is its fixed latency.
Regardless of the number of PCs integrated into the
structure, the overall latency remains constant at 15
clock cycles. This is in stark contrast to the
conventional systolic architecture, where latency is
proportional to the number of cells. Specifically,
systolic latency is given by:
Lsystolic = Teye X (1 +5N) (3)
where N is the number of cells and Ty is the clock
cycle period. For a nine-cell systolic system, the
latency is 50 clock cycles, over three times greater than
PCS for the same configuration. This scalability
advantage makes PCS particularly well-suited for real-
time sonar applications, where latency reduction
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directly translates into faster image registration and
improved autonomy for AUVs.

3.4 Advantages Over Systolic Structures

The PCS framework offers several critical advantages:

1. Fixed Latency:
Independent of the number of processing cells,
ensuring predictable and stable performance across
different system scales.

2. Parallelism:
All PCs operate concurrently, producing outputs
simultaneously, which dramatically reduces
computation time compared to sequential systolic
arrays.

3. Numerical Stability:
Comparator-based mantissa alignment guarantees
precision during compression, reducing the risk of
accumulation errors that may arise in floating-point
summations.

4. Scalability:
Since latency does not increase with additional
cells, PCS can accommodate larger numbers of
PCs without compromising speed, enabling
efficient computation of higher-order moments.

5. Hardware Efficiency:
By relocating adders outside the PCs and
employing a hierarchical comparator-compression
structure, PCS minimizes redundant operations,

reducing circuit complexity and power
consumption relative to unoptimized systolic
arrays.

3.5 Implications for Sonar Image Registration

The proposed PCS design directly addresses the
computational bottlenecks of conventional systolic
systems. For sonar image registration tasks that
demand rapid alignment of frames in dynamic
underwater environments, PCS provides a pathway to
deterministic low-latency moment computation. This
allows autonomous underwater vehicles to maintain
real-time situational awareness, even in environments
characterized by high noise, clutter, or frequent
navigational updates.

Furthermore, the modularity of PCS ensures
adaptability: additional PCs can be seamlessly
integrated to support higher-order moment calculations
without degrading system performance. Such
flexibility makes PCS not only a robust replacement for
existing architectures but also a scalable foundation for
future generations of sonar-based navigation and
inspection systems.

4. Shift Register Optimization for Parallelization

Parallelization plays a pivotal role in enhancing the
computational efficiency of image moment extraction.
In the PCS architecture, simultaneous data delivery to
each processing cell is essential to achieve true
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parallelism. Without synchronized input feeding, cells
may stall, leading to inconsistent performance and
inefficient utilization of resources. To ensure
synchronous operation, image data must first be
temporarily stored and then supplied to each MPE in
parallel. This buffering is typically accomplished using
shift registers, which sequentially load pixel values and
release them in a synchronized manner at the rising
edge of the clock pulse.

4.1 Conventional Shift Register Design

In traditional parallel architectures, each cell requires a
dedicated bank of shift registers proportional to the
number of image rows. For an image of height mmm
and a structure containing nxMPE cells, the system
requires mxnMPE registers, each 18 bits wide. As both
image size and the number of cells increase, the
demand for shift registers grows linearly.
This scaling issue presents two major drawbacks:
1. Increased Latency:
The time required to fill all registers with pixel
data, known as incubation time, grows with image
dimensions. For large sonar images, this results in
significant latency before computations even
begin.
2. High Power Consumption:
A large number of registers switching
simultaneously imposes considerable dynamic
power requirements. This is particularly
problematic in AUV systems, where power
budgets are constrained.
Thus, while shift registers are essential for synchronous
data feeding, the conventional design is inefficient for
large-scale sonar image processing.

4.2 Proposed Optimization Method

To overcome these inefficiencies, we propose an
optimized shift register design, illustrated in Figure 6.
The key idea is to decouple the number of required shift
registers from the image dimensions, making the
system scalable and power-efficient.

Instead of assigning a large array of registers for each
image row, the proposed method requires only:
Nsg = Nijpg (4)
where Ngrn denotes the number of required shift
registers and nwmpg represents the number of Moment
Processor Elements.

This quadratic dependence on nvpe makes the required
register count independent of image size (m). As a
result, even when processing high-resolution sonar
images, the hardware cost remains bounded by the
number of computational cells, not the number of
pixels.
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4.3 Latency Analysis

In the synchronous mode targeted in this design, all
units calculate their outputs at the rising edge of the
clock pulse. With the proposed register arrangement,
each pixel of the image enters the system in one clock
cycle, thereby minimizing latency.

The overall incubation time of the structure can be
expressed as:

Latency = Tnipg + 5T(nypp + 1) =
5Tnupe (Mypg + 1) ()
where:

o Tis the clock period,

e nmpe is the number of moment processor

elements,

e m is the number of rows in the image.
Notably, Eq. (5) demonstrates that latency grows
quadratically with nwmpe, but no longer depends on
image size mmm. This property is critical for scaling to
large sonar frames. Figure 7 illustrates the latency
trends, showing that the proposed method achieves
significant reductions compared to conventional
architectures, particularly as m increases.
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4.4 Practical Advantages

1. Reduced Hardware Complexity:
By eliminating the dependence on image
dimensions, the number of required shift registers
decreases drastically for large images, leading to a
more compact circuit layout.

2. Lower Power Consumption:
Fewer registers switching in parallel reduces
dynamic power draw, a crucial factor for power-
constrained underwater systems.

3. Scalability for High-Resolution Sonar:
The design remains efficient even as image
resolution  increases,  enabling  real-time
registration for large sonar frames without
exponential hardware costs.

4. Consistent Parallelism:
With uniform data feeding in every cycle, all MPEs
operate at full utilization, avoiding idle states and
maximizing throughput.

S. Simulation Results

The physical characteristics of the proposed moment
computation structure were analyzed through synthesis
with the Nangate 45nm open cell library using the
Synopsys Design Compiler. To estimate power
consumption, the Synopsys power analysis tool was
employed, utilizing a VCD (Value Change Dump) file
generated from post-synthesis simulations with
100,000 random input patterns. This methodology
follows established ASIC design practices, where
block-level characterization is performed to ensure the
feasibility of integrating computational units into
larger, system-level architectures.

To evaluate the performance of the proposed Parallel
Comparator-Based Structure, a comparative study was
conducted against four representative architectures
from the literature. These included Architecture [12],
Architecture [13], Architecture [14], and Architecture
[15], each offering different trade-offs between
computational speed, power consumption, and area
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efficiency. Table 1 summarizes the results of this
comparison.

Table 1. Comparative performance analysis of various
structures

Architecture | [14] [12] [15] [13] PCS
Max 16 10 18 14 14
Moment

Order

Transistor 43894 143253 | 639804 | 543251 | 1167989
count

Speed 86.481 32.215 92.285 | 618.243 | 1060.286
(Gbit/s)

Speed 45277 25.568 84.237 | 954.012 | 1623.012
(frame/s)

Power (mw) | 254.863 | 185.657 | 19.586 | 3.254 5.018
Area (mm?) | 0.218 0.521 0.657 0.734 2.308

5.1 Speed Performance

The PCS architecture achieved the highest speed
among all compared designs, reaching a throughput of
1,060.286 Gbit/s and a frame processing rate of
1,623.012 frames/s. This represents:
e A 73% improvement in bit-level throughput
compared to Architecture [13].
e Nearly a 19% increase in frame rate relative to
Architecture [15].
e More than a 60x increase in frame rate compared
to early designs such as Architecture [12].
This substantial speed advantage is attributed to PCS’s
fixed-latency parallelism, where multiple power cores
operate  concurrently  without the sequential
accumulation bottleneck of systolic architectures. For
real-time sonar image registration, such high
throughput translates into the ability to process large
frames at mission-critical rates, even under noisy and
dynamic underwater conditions.

5.2 Power Consumption

While PCS exhibits remarkable speed, its power
consumption, measured at 5.018 mW, is higher than
Architecture [13] (3.254 mW) but remains orders of
magnitude lower than older designs such as
Architecture [14] (254.863 mW). Architecture [15]
shows the lowest power consumption (19.586 mW),
but this comes at the expense of drastically reduced
speed.

From a system integration standpoint, the modest
increase in power consumption of PCS compared to
[13] is justified by the more than 70% speed
improvement. For battery-powered AUVs, where
energy efficiency is critical, PCS offers an attractive
compromise: high performance with a manageable
power budget.

5.3 Area Utilization

The PCS design occupies the largest silicon footprint
among the architectures evaluated, with a total area of
2.308 mm?2. This represents a substantial increase
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compared to Architecture [13] at 0.734 mm?,
Architecture [15] at 0.657 mm?, and Architecture [14]
at just 0.218 mm?>—making PCS approximately three,
four, and ten times larger, respectively. The expanded
area stems from the inclusion of multiple comparator
units, compressor logic, and a greater number of power
cores mnecessary to support its parallel processing
capabilities. Although this larger footprint introduces
challenges for chip integration, it reflects a conscious
design decision that favors speed and reliability over
compactness. In scenarios where silicon area is less of
a constraint, such as dedicated sonar processing
modules in autonomous underwater vehicles (AUVs),
this trade-off is both practical and justified.

5.4 Maximum Moment Order

The supported maximum moment order varies across
architectures. Architecture [15] supports the highest
(18), whereas PCS and Architecture [13] both achieve
an order of 14, which is adequate for most sonar image
registration tasks. Higher-order moments are more
sensitive to noise and often provide diminishing returns
in practical sonar imagery. Thus, PCS balances
computational feasibility with robustness, focusing on
orders that deliver meaningful shape representation
without unnecessary sensitivity.

5.5 Discussion of Trade-Offs

The comparative results clearly demonstrate the

performance dominance of PCS in terms of speed and

frame rate. However, this comes with two trade-offs:

1. Higher Area:

PCS requires significantly more transistors and
larger silicon area, raising design complexity and
fabrication cost.

2. Moderately Higher Power Consumption:
Although PCS is less power-efficient than
Architecture [13], it remains far more efficient than
earlier designs ([12], [14]) and is within the
acceptable range for embedded AUV hardware.

For mission-critical underwater applications, where

reliable real-time image registration directly impacts

navigation, localization, and obstacle avoidance, PCS
provides a superior solution. The marginal increase in
power and area is outweighed by the dramatic
improvement in processing throughput, ensuring that

AUVs can handle high-resolution sonar imagery

without latency bottlenecks.

5.6 Implications for Underwater Vehicle
Autonomy

The simulation results confirm that PCS is well
positioned to meet the demands of next-generation
underwater robotics. With frame rates exceeding 1,600
fps, PCS enables:

¢ Real-time sonar mosaicking for large-area seabed
mapping.
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¢ Rapid defect detection in pipeline and structural
inspection.

e Dynamic navigation and localization, even in
environments with high noise and clutter.

By combining fixed-latency performance with

optimized shift register design (Section 4), PCS offers

a scalable and future-proof architecture that can be

extended to higher resolutions and larger image

dimensions without compromising speed.

6. Conclusion

This paper presents the Parallel Comparator-Based
Structure (PCS), a novel hardware architecture
designed to enhance moment computation in sonar
image registration. PCS delivers high throughput—up
to 1,623 frames per second—through fixed-latency,
parallel processing, outperforming traditional systolic
and serial methods. Despite a larger transistor count
and area, PCS maintains low power consumption
(5.018 mW), making it suitable for embedded systems
like AUVs.

Capable of computing up to 14th-order image
moments, PCS balances accuracy with efficiency,
offering a scalable solution for real-time underwater
tasks. Its architectural principles—parallelism,
comparator-based compression, and fixed-latency
design—extend to broader domains such as medical
imaging and industrial analytics.

Future research directions include optimizing power
and area, scaling to higher-resolution inputs,
integrating with heterogeneous platforms, embedding
into full sonar pipelines, and validating in field
deployments. Overall, PCS represents a transformative
step in  hardware-accelerated image moment
computation for autonomous underwater operations.
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