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The new spacecraft docking system with new Euclidean support-
guide legs provide free relative motion of spacecraft and its docking
unit are proposed. For the first time, Euclidean hexagonal and
octagonal manipulators of docking system are applied. Structural
and constructive synthesis of hexagonal and octagonal Euclidean
parallel robot manipulators of spacecraft docking system are
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Manipulators of these type include “pin-cone” type manipulators
and androgynous peripheral manipulators. Systems of links for new
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1. Introduction

In scientific literature there are various descriptions of cylindrical parallel mechanisms of extension, retraction
and motion of spacecraft docking system (Syromyatnikov, 1984). The first spacecraft docking devices were pin-
cone type devices. The transition of astronauts from one spacecraft to another is made through open space.
Devices of ‘pin-cone’ type carried out precise connection of spars between two spacecraft, and also carried out
multiple docking and undocking of spacecraft (Afanasyev, 2003).

The docking process began with the bar head hitting the receiving cone, into which the pin of the docking
mechanism entered, which in turn entered to the guide pin holes. Once the bar head entered the receiving cone,
the latches went into the slots and clamped down. In the event of a successful coupling, the docking mechanism
drive was engaged to tighten and levelling was carried out by a lever mechanism. During undocking, the bar was
extended and held in the forward position, springs of the shock absorber were compressed and under the action
of springs, the bar head moved forward and separated the spacecraft (Golubev & Yaskevich, 2020; Syromyatnikov,
n.d.; Yaskevich, 2007).

In a subsequent device on the principle of ‘pin-cone’ was to ensure the tightness of the tunnel by means of locks
of rigid connection and transition of astronauts through it. These mechanisms were not only androgynous, but
could also perform androgynous coupling, which later became the basis for the creation of androgynous
peripheral units. The docking process started with coupling and then the actuator of the docking spar locks was
engaged. With the closing of the spar locks, the docking mechanism rod unhooking process took place. The
docking mechanism actuator allowed the latches to tip forward under spring action, and pulled the head out of
guide pin hole and retracted the bar. During undocking, spring pushers were used to disengage the spar joint
(Bolotnik & Shmatkov, 2007; Efimenko, 1984; Akimenko et al., 1975).

Further androgynous-peripheral docking devices were developed, which belonged to the ‘androgynous type’
devices. Androgynous type of docking mechanism is located at the periphery of the docking spar, for this reason
such a docking devices is called a peripheral docking devices. Androgynous-peripheral docking devices consist of
two units: active and passive. Docking devices that fulfil the functions of both active and passive units are called
androgynous docking devices. The most important reason for creation of docking device of new type was
liberation of the central part from a pin and a receiving cone. An important element of this mechanism was a ring
with three guide petals. The coupling was carried out by latches when the end faces of the rings of both units
were aligned. Then the docking spars were aligned with pins and guide pin holes, and the rigid connection that
formed the tunnel was provided by locks with active and passive hooks. Undocking was accomplished by
unhooking the latches and pushing back the active unit using springs (Mount & Mikhalkin, 1974; Efimenko, 1995;
Yaskevich, 2018).

The next modification of androgynous-peripheral docking devices differed from the previous one in the design of
guiding petals. The petals were located not outside but inside the docking ring, which led to a reduction in the
internal diameter of the transition tunnel (IDSS, 2016). The use of androgynous-peripheral docking devices freed
cosmonauts from the work involved in freeing the transition tunnel from the docking mechanisms (“Androgynous
Peripheral Attach System”, n.d.).

Kinematic structures with different structural parameters of Euclidean docking robot manipulators with three,
four and five legs were described (Alizade, 2019). The other one as hexagonal interface Euclidean manipulators of
passive and active docking units were represented (Alizade & Samadzade, 2021). In order to reduce the number of
links in the four active planes of the support-guide legs, new octagonal Euclidean interface docking units with
joints “sphere in cylindrical slot” are created (Alizade et al., 2022). The main advantage of Euclidean parallel robot
manipulators is the usage of 4DoF kinematic pair “sphere in cylindrical slot” and RR pairs in each leg (Alizade et
al.,, 2024, June). Euclidean octagonal parallel robot manipulator has four legs insread of six that is benefit of
octagonal manipulator and significantly reduces the weight of the structure (Alizade et al., 2024, May).

Using the Euclidean system instead of Cartesian gives the possibility of modelling four kinematic chains instead
of six, which is an important advantage. Using the 4DoF kinematic pair “sphere in cylindrical slot” reduces the
number of links, which reduces the weight of the structure.

The capture latch system is improved by adding a new mechanism which allows the latches to release quickly
enough in the event of failed coupling that helps to prevent structural damage.

For the first time, the vector spaces R2 and R3 are combined and the new Euclidean hexagonal manipulator with
three closed kinematic circuits 5R create flat five-link mechanism is received. The connecting coupler point of
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this mechanism is connected to the 4DoF kinematic pair "sphere-in-cylindrical slot"

2. Structural synthesis of Euclidean hexagonal and octagonal parallel manipulators

Let the octagonal junction generates the motion (RRRPPP) in space with general constraint d = 0. Parallel
manipulator can be obtained by taking an appropriate structural group (M = 0) and adding the reqired number of
actuators (M). According to the formula of F. Freudenstain and R.I. Alizade (IDSS, 2016):

M=Y_ fi-L @

where: M - mobility of manipulator;

A - mobility number of independent close loops of manipulator;
L - number of independent loops;

f; - the DoF of kinematic pairs;

j - the number of joints.

The number of independent loops L is equaled:
L=c—-B (2)
The kinematic chains on moving platform equal:
c=ctc+g (3)
where c¢; —the total number of legs;
¢, —the total number of branches;

¢; —the total number of jointing up of mobile platforms.
Structural groups for Euclidean hexagonal and octagonal parallel manipulators (Fig. 1) have the following form:

1. Hexagonal manipulator 2. Octagonal manipulator
0=Y_,fi—Ac—B) 0=Y_,fi—Ac—B)
Y_.fi=Ac—B) P AEVICES:)
A=6;¢=6;B=1 A=6;¢=4B=1
Y fi=6-(6-1) Y fi=6-(4-1)
I, fi=30 J_ fi=18
j . J g
ji:M:ﬂ:(SISJSISJSIS) ]l:ﬁ:§2(4’4’5’5)
1 6 cl 4
Hexagonal Octag
Class [i] 4
Type 5] 4
Kind 0 0
Order [i] 4
_ S ]
1)) ([
N o [
IR
3 ¢
- ~ L]
.\__\_\..\ A 2& P -

Fig. 1. Structural groups for Euclidean manipulators
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Definitions for structural classification:

e (lass of a structural group with the single-platforms equal to the number of platform’s joints ( /).

e Type of a structural group expressed by number of joints on each of the mobile platforms (jz).

e Kind of a structural group expressed by number of branches (cp) and platforms connection joints (c;) .
e Order of a structural group expressed by the number of legs (¢;).

3. Structural synthesis of Euclidean interface manipulator

Existing spatial mechanisms move in vector space R3. Consider the new layout of spacecraft and space station
docking mechanism by designing Euclidean four legs manipulator in vector space R3. From this point of view, a
octagonal manipulator is considered, which support chains (legs) are at four active planes. The support chains
(Fig. 2(b)) are represented as flat dyads with two links and two rotating pairs are connected to the octagonal
junction by means of 4DoF of kinematic pair "sphere-in-cylindrical slot".

Table 1. New 6DoF parallel robot manipulators of spacecraft

Illustration
, Angle
Structural bonding Motioa between
of g A c; my M
Euclidean fi
platform
planes
1 2 3 4 5 6 7 8
NS R..R,.
kR 5’;_?5;"" kR R,.P., 120° 6 6 36 | 6| 6
I3 PP,
1 2 3 4 5 6 8 9
1
1 2 3 4 5 6 7 8
'R"R —_— er R\
RR —5:5:S:5:—RR | R_ p 90° 6 4 24 | 6| 6
RR PP
2
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Using four active faces of the docking unit by means of supporting kinematic chains, a new Euclidean manipulator
of the form 4RRScs is obtained (Table 1).

Euclidean docking manipulator with A =6; L =3; M = 6; ¢; = 4 is represented (Fig. 2(a)).
Using the formula (1) and input data, the mobility of docking manipulator is equal: 6 = Z{zl fi—6-3; Z{zl fi = 24.

a) Constructive structure b) Constructive leg

Fig. 2. New design of octagonal spacecraft docking manipulator

The advantage is the combination of planar structures with spatial ones is applied. The platform itself, which
connects to the space station platform, makes six movements in space, both translational and rotational.

The manipulators developed so far use Cartesian system while the proposed manipulator uses Euclidean system.
The manipulators used so far have six legs. The proposed Euclidean hexagonal manipulator also has six legs and
the octahedral manipulator has four legs. It is the use of the Euclidean system that makes it possible to model a
manipulator with four legs. Despite the reduction of the support chains, the manipulator is able to perform the
same movements as the current manipulators. This feature is an advantage of the newly proposed Euclidean
spacecraft and station docking manipulators.

4. A hexagonal Euclidean manipulator with the form 3(5R)Scs

The present docking manipulators are controlled by a spatial parallel structure manipulator with six degrees of
freedom. All these structures, along with those previously proposed in this paper, are spatial mechanisms that are
in vector R3 space. A new modification of the hexagonal Euclidean manipulator for docking spacecraft and stations
is proposed, which differs from the previously proposed ones. The difference consists in that here two vector
spaces R2 and R3 are combined. By combining of these vector spaces has led to a new design of manipulator of
docking system and stations. The proposed manipulator is a hexagonal joint with six degrees of freedom, whose
support chains are on three alternating active planes. Legs of the proposed hexagonal Euclidean manipulator are
three closed kinematic circuits 5R create flat five-link mechanism with two degrees of freedom M=2, the
connecting coupler point of which is connected to the hinge "sphere-in-cylindrical slot". Using three active faces
of the docking unit by means of legs, a new Euclidean hexagonal manipulator of the form 3(5R)Scs is obtained

(Fig.3).
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Fig. 3. Design of a hexagonal Euclidean manipulator 3(5R)Scs with six DoF

For the purpose of determining the number of mobility of this manipulator, structural synthesis is performed. This
manipulator also differs from previously proposed manipulators in that this one contains mixed independent loops
with variable general constraint.

Mobility equation for manipulators which contain mixed independent loops with variable general constraint can
be calculated as

M=%~ Sk i+ 4~y )
Where: M - mobility of manipulator;
A — the dimension of the active motion space;
L - the number of independent loops;
f; — the degree of freedom of kinetic pairs;
j — the number of joints;
q - the excessive over closing constraints;
Jjp — the number of passive degree of freedom in kinematic pairs.

The number of independent loops of the hexagonal Euclidean manipulator is five, three of which are in the vector
space R2, and the remaining two are in the vector space R3. As a consequence, the dimension of the active motion
space is defined as follows

Yri A =3:3+6-2=21
The sum of degree of freedom of kinetic pairs is defined as
Yfi=5'3+4-3=27

Due to the absence of the excessive over closing constraints and the number of passive degree of freedom in
kinematic pairs, the mobility of this manipulator is equal

M=27-21-0-0=6

10
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3
15
Ty

Fig. 4. The structural form of a hexagonal Euclidean manipulator 3(5R)Scs

The structural form of the proposed hexagonal Euclidean manipulator 3(5R)Scs is shown in Fig. 4.
5. Constructive synthesis of Euclidean interface manipulator

Coupling or initial contact is an important part of the docking process. For its implementation, the spacecraft
manipulators have a system called the soft capture system.

A soft capture system is a system used during the initial contact between two spacecraft in order to align them.
The soft capture system of the hexagonal Euclidean manipulator is a hexagonal joint with three guide petals 5 and
three capture latches 1located on each of them. The soft capture system is used during docking, after the direct
approach of the two spacecraft. By means of six legs, the soft capture system extends its full length and is guided
directly to the passive manipulator.

The initial contact is made by means of the capture latches entering the corresponding strikers 2 on the passive
hexagonal docking system 3. After that, sensors 4 installed in the soft capture system signal that the connection
between the spacecraft is held by the latches and it is necessary to start the alignment of the spacecraft. After the
completion of the alignment of the two spacecraft, the hard capture system is applied. After successful hard
capturing, the capture latches are released and the soft capture system is retracted.

4 5
Fig. 5. Capture latch system

11
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Fig. 5 represents such elements as 1 - capture latch; 2 - striker; 3 - passive docking system; 4 - sensor ; 5 - guide
petals.

The soft capture system of the hexagonal Euclidean manipulator differs from previous versions. The capture
latches in this system are enhanced and have a number of improvements that were not previously available. In the
improved version, the latches are capable to release under significantly higher loads, and is also equipped with a
mechanism for automatic secondary release, allowing the latches to release quickly enough so that in the event
of a failed coupling, the two spacecraft can disengage without damage to the docking mechanisms.

The main elements of the device of capture latch (Fig. 6) are motor 1, latch pawl 3 and automatic secondary release
mechanism 4. The latch pawl is used for latching, responsive to the load from the striker 2, located on the passive
manipulator to realise the capture of the two docking systems. This mechanism also includes a spring that
provides the force required to extend the secondary release mechanism. The lever mechanism system transmits
torque from the motor to the latch pawl, thereby holding the catch in the desired position. The principle of
operation of the automatic secondary release mechanism is as follows. In a first step, the capture latch is in a
position to capture and hold the locking plate located on the passive space docking vehicle. In the event of a failed
coupling, the latch is released and releases the striker by means of a motor drive system. A secondary release
mechanism allows the striker to be unlocked in the event of failure of the capture latch system. This mechanism
is actuated by the actuating mechanism, releasing in turn the spring pusher. When the mechanism is actuated,
docking cannot be realised by means of the latches.

Fig. 6. Device of capture latch

Fig. 6 represents such elements as 1 - motor; 2 - striker; 3 - latch pawl; 4 - automatic secondary release
mechanism.

Once the soft capture system is complete, the hard capture system is used to seal and complete the docking
process. The hard capture system of a hexagonal Euclidean manipulator includes locks, guide pins, guide pin
sockets, and strikers. Each lock includes two hooks, one of which is passive and one of which is active. Two locks
are located on each plane of the hexagonal Euclidean manipulator and hence twenty-four hooks are mounted on
one docking spar, twelve of which are active and the remaining twelve of which are passive.

When the hard capture systems of the active and passive hexagonal Euclidean manipulator are in close proximity,
the locking system is actuated, thereby actuating the hooks. After that, the active hooks engage the passive hooks
on the opposite docking manipulator, thereby, along with the sealing, ensuring a tight docking between the two
spacecraft. The opening and closing of the hooks by the closed tether is ensured by means of a main motor
mounted on one of the locks. In addition to the main motor, there is also an additional motor for redundant
opening of the active and passive hooks. The additional cable link has been replaced in this case by pirobolts, due
to the large number of gap-sensitive moving parts.

This mechanism has a small number of moving elements and is completely independent of the cable drive. The
locks are also fitted with special sensors to monitor hook engagement and tightening. Spar locks must have

12
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sufficient reliability and strength to prevent component failure. To prevent or minimise the risk of possible
spontaneous opening and depressurisation of the joint, the locks of the hard capture system shall generate a pre-
tightening force that exceeds all external forces as well as internal loads tensile to the joint.

6. Constructive synthesis of Euclidean interface manipulator

The docking of active and passive Euclidean manipulators of spacecraft and station (Fig. 7) is a rather complex
process, which consists of several stages. This paper provides a detailed description of these stages.

The initial stage of docking of active and passive Euclidean manipulator of spacecraft and station docking begins
directly with their approach. After reaching a certain proximity of the two spacecraft, the speed of the active
spacecraft is reduced to a certain level. The active spacecraft then moves along the centre axis towards the passive
spacecraft. This continues until the distance between the two spacecraft is sufficient to perform docking.

In a second step, the hexagonal junction 2 of the active hexagonal Euclidean manipulator (Fig. 7(a)) performs what
is referred to as a "Lunge", wherein the hexagonal junction 2 approaches and enters the passive manipulator
(Fig.7(b)) using the six legs 1 to reproduce the first contact.

a) Active docking manipulator b) Passive docking manipulator

Fig. 7. Docking of Euclidean manipulators of spacecraft and station docking

The first contact is reproduced by means of the guide petals 3 of the active Euclidean manipulator. If the "Lunge"
is successful, the latches 11 which are arranged on the guide petals 3 of the active manipulator extend and strike
the mechanical latch striker 8 which is arranged on the passive Euclidean manipulator. In the next stage, the job
of the active hexagonal junction 2 now is to attenuate the relative motion between the two vehicles and to align
the active and passive hard capture system 10. For this purpose, all six legs 1 of the hexagonal Euclidean
manipulator are brought to an equal position for the same length. In this position, the hexagonal junction 2 will
be parallel to the hard capture system 10 relative to the centre axis.

These legs 1 then begin to retract to bring the active and passive hard capture systems 10 together, and the guide
pins 6 of the active and passive systems enter their corresponding guide pin hole 7, thereby forming tunnels. When
the two tunnels are next to each other, a set of twelve structural locks 14 are actuated. Each lock 14 comprises an
active and a passive hook, where the active hooks 4 engage the corresponding passive hooks 5 on the opposite
unit.

The structural hooks close the remaining gap between the tunnels, compressing the elastomeric seal and creating
a tight connection. Once the hard grip is complete, a power and data plugs 9 engage, allowing energy and data to
be transferred between the docked spacecraft.

The docking process is completed that the area between the hatch on the spacecraft and the hatch on the space
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station called the vestibule needs to be pressurized. Once this is done and leak checks are performed the
hatchways can be opened up and astronauts can move between the visiting spacecraft and the space station.

Fig. 8. New design of hexagonal spacecraft docking manipulator

Fig. 8 represents constructive elements of octagonal Euclidean parallel robot manipulator of spacecraft docking
system such as 1 - legs; 2 - octagonal junction; 3 - guide petals; 4 - active hook; 5 - passive hook; 6 - guide pin;
7 - guide pin hole; 8 - striker; 9 - latch a power and data plug; 10 - hard capture system; 11 - latch; 12 - spring
cable; 13 - hinge (sphere in cylindrical slot).

7.

Conclusion

Based on the analysis it becomes clear that androgynous-peripheral docking manipulators have a number
of advantages over the pin-cone design, the main of which is to free astronauts from the complicated work
of disassembling the transition tunnel after docking.

The new manipulator 6RRScs was presented as a hexagonal structure with support chains (legs) on three
active planes.

The soft and hard capture systems of new types of Euclidean manipulators is described.

The improved version of capture latch system of the Euclidean manipulator is proposed. All improvements
of capture latch system is described.

The developed scheme of the docking mechanism, clearly shows the arrangement of dyads on three active
planes, which are connected to the docking element by 4DoF kinematic pairs "sphere-in-cylindrical slot".
By arranging the support chains on four active planes, it is possible to free up the docking space that is
occupied in current designs. The support chains are presented as four flat dyads, which consist of two
links with a rotating pair. The connection of the dyads to the octagonal docking element is realised by
means of 4DoF of kinematic pair "sphere-in-cylindrical slot".

Reducing the number of links in the four active planes of the docking manipulator by means of use of a
new kinematic pair "sphere-in-cylindrical slot". The new 6DoF octagonal manipulator 4RRScs with four
legs on four active planes is presented.

The structural and cotructive synthesis of the hexagonal and octagonal manipulators are described.

By combining vector spaces R2 and R3, a new modification of the hexagonal Euclidean manipulator with
three closed kinematic circuits 5R create flat five-link mechanism with two degrees of freedom, the
connecting coupler point of which is connected to the hinge "sphere-in-cylindrical slot" is obtained.

For the purpose of determining the number of mobility of the hexagonal Euclidean manipulator 3(5R)Scs,
structural synthesis is performed and by using formula for manipulators which contain mixed independent
loops with variable general constraint, the number of mobility is calculated.

Structural form the hexagonal Euclidean manipulator 3(5R)Scs was presented.
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e Ahard capture system was also presented, with twelwe locks, containing one active and one passive hook
each, located on six faces of the docking spar. The spar locks are one of the most critical mechanisms in
docking as they are the ones that provide the tightness of the joint.

e The additional cable link has been replaced pirobolts because this one has a smaller number of moving
elements and also because of its independence of the cable drive.

e The description of the docking process of the active and passive Euclidean manipulator for docking
spacecraft and stations provides an opportunity to review all elements of the Euclidean manipulator
design and get their purpose.
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1. Introduction

A great deal of effort has gone into developing accurate dynamic models for underwater vehicles in the previous
years. To understand the complexity of underwater vehicle dynamics, studies by Fossen (2011) and (1994)
investigate the hydrodynamics, hydrostatics and control surface effects that are necessary to develop correct 6-
DOF simulation models. These seminal works are a significant step toward understanding the complexity of
underwater vehicle motion and lay the foundation for future research.

Effective control of underwater vehicles is critical for accurate navigation in difficult underwater conditions. AUVs
have been made more stable and maneuverable using a variety of control tactics, ranging from basic PID
controllers to more complicated nonlinear control approaches. A detailed study of the feedback linearization
approach is presented by Slotine and Li (1991) and Stevens et al. (2016). This control approach is effective in
translating underwater vehicles' inherently nonlinear dynamics into a more manageable and controllable form.
Feedback linearization simplifies control design and allows for more precise control of AUVs, particularly in the
pitch and yaw planes, by converting nonlinear underwater vehicle dynamic equations into linear equations (Zhou
& Eustice, 2014).

The pitch controller can be built using a dual-loop methodology (Dougherty & Woolweaver, 1990). The inner loop
controls pitch, while the outer loop controls depth. The depth controller generates a reference pitch angle, which
serves as the input for the pitch angle controller (Hong et al., 2010). The pitch angle controller determines the
elevator deflection required to meet the reference pitch angle. The yaw plane controller can be built around a
framework in which the outer loop regulates the yaw angle and the inner loop controls the yaw rate.

There are various controller design strategies accessible, each with its own set of benefits and considerations.
One study looks into the usage of sliding mode control (SMC) to construct a pitch controller (Edwards & Spurgeon,
1998). Different controllers' performances are compared by Shetty et al. (2021). The linear quadratic regulator
(LQR) is studied by Joshi (2016). This study employs a distinct controller design: the feedback linearization method.
For mathematical convenience, the nonlinear system can be divided into three mostly independent linearized
subsystems: speed, steering and depth, as specified by Abkowitz (1964). The feedback linearization approach is a
powerful control strategy that converts nonlinear dynamics into a controllable form and simplifies control
planning.

This study investigates 6-degrees-of-freedom (6-DOF) nonlinear dynamic modeling, with a focus on the complex
motion of underwater vehicles. The model precisely calculates forces and moments, demonstrating how
propeller-induced thrust, hydrostatics, hydrodynamics, added mass and control surfaces all interact.

Gaining precise control over depth and yaw is one of the most important things we can do to overcome the
challenges of the underwater environment. The feedback linearization method is used to develop the controller
for the yaw and pitch plane channels.

This study provides a comprehensive guideline by bringing together all these steps. It explores 6-degrees-of-
freedom (6-DOF) nonlinear dynamic modeling, with a focus on the complex motion of underwater vehicles. The
model precisely calculates forces and moments, demonstrating how propeller-induced thrust, hydrostatics,
hydrodynamics, added mass and control surfaces all interact. Gaining precise control over depth and yaw is one
of the most important things we can do to overcome the challenges of the underwater environment. The feedback
linearization based nonlinear dynamic inversion method is used to develop the controller for the yaw and pitch
plane channels.

A nonlinear dynamic model has been developed for REMUS (Remote Environmental Monitoring UnitS), an
autonomous underwater vehicle used for search, recovery and mapping missions. REMUS is an open-source AUV,
with its physical and hydrodynamic parameters readily available in the literature. Consequently, the methods
employed in this study are applied to REMUS but can be extended to any AUV or underwater vehicle, provided its
parameters are accessible.

2. Mathematical Models of AUV Kinematics and Dynamics

Linear systems have proportional and understandable relationships between variables. However, nonlinear
systems become increasingly difficult, necessitating the use of specialized modeling approaches (Slotine & Li,
1991).

18


https://www.doi.org/10.71108/transporttech.vm01is01.02

Kaya and Hajiyev, TransportTech, Volume 1, Issue 1, 2024, DOI: 10.71108 /transporttech.vm01is01.02

To construct a nonlinear dynamic model of a system, the forces and moments acting on the system must be
defined. There are four distinct forces and moments acting on this AUV system. These include hydrostatic,
hydrodynamic, propeller thrust and fin forces and moments (Prestero, 2001).

21. Hydrostatic Force and Moment

The underwater vehicle is subjected to hydrostatic force and moment due to its weight and buoyancy. This force
and moment can be found in the body fixed axis with Eq. 1-3 (Prestero, 2001).

0 0
fG=11‘1[0] fe=Ji" |0 @
w B
Fys =fc — /s @)
Mys =165 x f @A)
f¢ —Gravity Force
fs —Buoyancy Force
J1 —Transformation Matrix from Body to Earth Frame (defined in Eq 4)
W —Weight
B —Buoyancy
Fys —Hydrostatic Force
Mys —Hydrostatic Moment
rqz —Distance between CG (Center of Gravity) and CB (Center of Buoyancy)
cosy cosO —sin cos$p + cosy sinf sing  siny sing + cosy sinb cos¢p
J1 = |siny cos@  cosy cosgp + siny sinf sing  —cosy sing + siny sinb cosgp )

—sinf cos6 sing cos6 cos¢p

Here, ;5 vector is defined. Center of the forces and moments is used as the center of buoyancy (CB) point in this
study. It is defined in Eq. 5.

Tep = Xce — XcB ®)
2.2. Hydrodynamics Force and Moment

The AUV is subjected to several impacts as it moves through the water, resulting in a force and moment on the
vehicle. These are referred to as hydrodynamic forces and moments. Hydrodynamic parameters are obtained
through CFD (Computational Fluid Dynamics) analyses, which are conducted under various conditions such as
different speeds and rates of the system. As a result of these CFD analyses, a set of hydrodynamic force and
moment parameters is generated. The forces and moments arising from hydrodynamic effects on the system are
then expressed using this set of equations.

The hydrodynamic force and moment can be expressed as Eq. 6-11 (Prestero, 2001).

Xup = Xupgulul + Xy + Xyqwq + Xgq99 + Xppvr + Xpprr (6)

Yup = Yo v|v] + Yol + Vv + Vit + Yyur + Yywp + Y0pq + Yypuv (7

Zyp = ZywiWIwl + Zgiq1alql + ZyWw + Z3q + Zyquq + Zypvp + Zpprp + Zyyuw (8)
Kup = Kppiplpl + Kyp ©)

Myp = My,wlw| + Mgiqqlql + MyW + Myq + Myguq + M, vp + My pyrp + My uw (10)
Nyup = Ny v|v| + Ny |7| + Ny© + Npt* + Nypur + Nypwp + Npapq + Nyuv (11)

Xup, Yup, Zyp —Hydrodynamic Force Components
Kyp, Myp, Nyp —Hydrodynamic Moment Components

u, v, w —Linear Velocities
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p,q,r —Rates

u, v, w —Linear Velocity Derivatives

p, ¢, 7 —Rate Derivatives

Hydrodynamic coefficients in the equations are defined by Prestero (2001) for the REMUS AUV.
2.3. Propeller Force and Moment

Because there is no more shared thrust model data, the easiest way to develop this model is to match the propeller
thrust to the vehicle's axial drag. The equation is provided in Eq. 12 (Prestero, 2001).

Xprop = —Xu|u|u|u| (12)
X,rop —Propeller Thrust Force
X, —Hydrodynamic Coefficient

2.4. Fin Force and Moment

Fins refer to the control surfaces on an underwater vehicle. The force and moment generated by the fins are
referred to as fin force and moment. The equations are presented in Eq. 13-16 (Prestero, 2001).

Yein = Yuus, 6, (13)
Zpin = Zyys u*Ss (14)
Mgy = Muu55u25s (15)
Nfin = Nyys, u?6, (16)

Y¢in, Zsin —Fin Force Components
Mgy, Nt —Fin Moment Components
6, —Rudder Deflection

85 —Stern (Elevator) Deflection

2.5. AUV Rigid Body Dynamics

6-DoF equations of the motion for the rigid-body are represented with the below simplified equations in Eq. 17-
22 (Prestero, 2001).

mli—vr + wq — xg,(q* +1%) + Y5, (0q — 7) + 2, (@1 + @)] = T Xt (17)
m[v —wp +ur — yg, (r? +p?) + 24, (qr — B) + x4 (qp +7)] = X Yort (18)
mw —uq + vp — 25, (0> + 4% + x5, (0 — Q) + Y (rq + D) = T Zexe (19)
Lxb + (Ipz = Ly )qr + m[ygy (W — uq + vp) — 2y (0 = wp + ur)] = ¥ Kexe (20)
Ly q + (I = L)p + M2, (0 — vr + wq) — xgp, (W — uq + vp)] = X Moy, (21)
Lt + (lyy = L JPa + mxgy (0 = wp +ur) = Ygu (it = v + wq)] = X Newy (22)

Y Xeoxt» 2 Yoxt» 22 Zoxt » 2 Kext » 22 Moyt , 22 Newe —Total External Force and Moment in 6-DoF

Acceleration and angular acceleration are computed using the 6-DoF Equations of Motion. Following the
calculation of acceleration, the velocity profile is calculated by applying the integral operation to the acceleration.
These calculations are carried at the body-fixed coordinate system.

2.6. AUV Kinematics

Kinematics of the AUV is the study of its position, orientation and speed in order to understand how it moves in
underwater. The AUV force, moment, linear velocity, angular rates, euler angles and coordinate systems are
represented in Fig. 1.
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SWAY (2): v,Y
PITCH (5): qM

HEAVE (3): w,Z SURGE (1): u,X
YAW (6): r.N ROLL (4): p,K

Fig. 1. AUV Coordinate Systems and States

The vehicle's motion in 6-DoF can be specified using the vectors shown in Eq. 23-28 (Prestero, 2001).

m=I[xyz] (23)
n=poy] (24)
v = [uvw]” (25)
v, =[pqr]” (26)
L =[xvz 27)
7, = [K M N]T (28)

11, N, —Vehicle’s position and orientation with respect to the inertial or earth-fixed reference frame
vy, v, —Vehicle’s translational and rotational velocities with respect to the body-fixed reference frame
74, T, —Vehicle’s total force and moments with respect to the body-fixed reference frame

Eq. 29 can be used to compute the transformation of translational velocity from the body reference frame to the
inertial or earth-fixed reference frame (Prestero, 2001).

N

J; —Transformation Matrix from Body to Earth Frame (defined in Eq. 4)
¢, 0,9 —Euler Angles
u, v,w —Linear Velocities

Eq. 30 can be used to compute the transformation of rotational velocity from the body reference frame to the
inertial or earth-fixed reference frame (Prestero, 2001).

}E ) [5] 30)

J, —Transformation Matrix of Rotational Velocity from Body to Earth Frame (defined in Eqg. 31)

¢, 6,1y —Euler Angle Derivatives
p, q,r —Rates
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1 sing tan cos¢ tanf
J, =10 cos¢ —sing (31)
0 sing/cosd@ cos¢p/cosO

6-DOF nonlinear dynamic model design process is shared so far. The next step will be the appropriate controller
design.

3. Controller Design for AUV Dynamics

The controller design method is nonlinear dynamic inversion which is based on the feedback linearization method.
There are two controllers: the pitch plane controller and the yaw plan e controller. Pitch plane controller has two
modes: depth and pitch angle controller. Yaw plane controller has two modes: yaw angle and yaw angular rate
controller.

The nonlinear state variable form is defined in Eq. 32.

x=f(x)+gu (32)

Error and its derivative is defined in Eq. 33, 34.
e =X~—Xpep (33)
€ =X — Ryos (34)

Let’s define,

é+Ke+K,[edt=0 (35)
e=Ke+K,[edt (36)
X = JICTef — & (37)

After using Eq. 35-37, control input is represented with the Eq. 38.
U= [tey — &= f(0]g7 () (38)

3.1. Pitch Plane Controller

Pitch angle and depth control are the two different modes of the pitch plane controller. Fig. 2 shows the pitch
plane controller.

ot l
T
D
RealStates deta
i deltaE
theta_command
Theta Control
PitchControlMode —I >0
» > —o0
theta_ref.
;_command
@ a Depth Control
Commands

Fig. 2. Pitch Plane Controller

Theta is the inner loop of the pitch plane controller and depth is the outside loop.

To control the depth, a reference depth must be specified as z,.¢. The 6, will be determined using the Eq. 39-
43 (Kaya, 2024).

€ = Zyreal — Zref (39)
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e —Error

K,, K, —Proportional Gain and Integral Gain

é+K1€+K2f€=0
Z=Zref—Kle—K2fe
Vsind = —z

- z
Href = s 1(_ ;)

z,z —Position-z (Depth) and Position Derivative
Zreq —AUV Real Depth

z,.s —Reference (Desired) Depth for Controller

vV —Total Velocity

6,0,.; —AUV Pitch Angle and Reference Pitch Angle for Controller

(40)
(41)
(42)
(43)

The given equation calculates 6,.;. The pitch angle controller will use the first and second derivatives of 6, as
input. In the second method, 6,., can be sent directly to the autopilot, as illustrated in the pitch plane controller
picture. Autopilot will calculate the necessary §, angle to achieve the specified 6,.;. Eq. 44-50 shows the process.

q,r —Pitch and Yaw Rate

¢ —Roll Angle

Assume, ¢ = 0. Then, 6 = q,

e=é—éref
feze_gref

6 = gcos¢p — rsing

é+K1€+K2fe=0

(0 —0ref) + K1 (6 = Oref) + Ky (0 — 0,er) =0
é = éref - K1(9 - éref) - K2(9 - Qref)
q= éref - Kl(é - éref) - KZ(H - eref)

(44)
(45)
(46)

(47)
(48)
(49)
(50)

Following this technique, &, is determined and transmitted to the system dynamic model. The nonlinear dynamic
model calculates the states and sends them to the autopilot again. The system can reach the desired depth or
theta angle by applying the controller's §, instruction.

3.2. Yaw Plane Controller

Yaw rate and yaw angle controller are the two different modes of the yaw plane controller. Simulation model of
the yaw plane controller is given in the Fig. 3.

T

RealStates.

Commands

mmmmmmm

Yaw Centrol

:} >

Fig. 3. Yaw Plane Controller

_command

deltaR

deltaR

Yaw Rate r Control

23


https://www.doi.org/10.71108/transporttech.vm01is01.02

Kaya and Hajiyev, TransportTech, Volume 1, Issue 1, 2024, DOI: 10.71108 /transporttech.vm01is01.02

The yaw plane controller has an inner loop that controls the yaw rate and an outside loop that controls the yaw
angle.

To control the yaw angle, specify a reference yaw angle ,.;. Then r,.., will be determined using the Eq. 51-54
(Kaya, 2024).

e =~ rey (5)
6= — ey 52)
é+Ke+K,[e=0 (53)
W =1l)ref_K19_K2fe (54)

e —Error

K;, K, —Proportional Gain and Integral Gain

¥, —Yaw Angle and Yaw Angle Derivative

Yror —Reference (Desired) Yaw Angle for Controller
V —Total Velocity

Eq. 55 shows the conversion of the rotational velocity from the body reference frame to the inertial or earth-fixed
reference frame.

v =)+ (o) 5)
q,r —Pitch and Yaw Rate
¢, 6 —Roll and Pitch Angle
Assume ¢ = 0, then Eq. 56-57 is formed.
V=g (56)
Tyer = Y cOSO (57)

Tyer is calculated and the first derivative is fed into the yaw rate controller. In the second option, .., can be
supplied directly to the autopilot, as illustrated in the yaw plane controller picture. Autopilot will compute the
necessary &, angle to achieve the target r,.. Eq. 58-62 represents the process.

e =T —Tps (58)

é =T —Togs (59)
é+Ke+K,[e=0 (60)
= Trep + Ki(T = Tyep) + Ky [(r = Tyep) = 0 (61)
7= Trep — Kl(T - Tref) - K, f(r - 7”ref) (62)

Following this technique, &, is determined and transmitted to the system dynamic model. The nonlinear dynamic
model calculates the states and sends them to the autopilot again. Applying the controller's §,, command allows
the system to achieve the specified yaw angle or rate.

4. Results and Discussion

This section presents some of the controller's results and performance with true states.

The engine model is based on a basic transfer function. The engine model receives an RPM command and responds
accordingly. It is used to simulate an RPM changeover. The engine model is shown in Fig. 4.

‘I num(s) -
@ 'i <EmrRPM> i den(s) pm

Emr. rpm PervaneRPM

Fig. 4. Engine Model
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RPM response for 5000 RPM command is given in the Fig. 5.

Propeller RPM
6000

5000 [~

4000 —

o 3000 [
4

2000 [y

1000 1

| | | | | | 1 | | |
0
0 20 40 60 80 100 120 140 160 180 200
time [s]

Fig. 5. Propeller RPM Graph

AUV velocity reaches around 5 m/s with this RPM. Graph is given in the Fig. 6.
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Fig. 6. AUV Velocity Graph
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When the AUV moves at this velocity, several commands are issued to the system. Different controller modes are
tested. First, the depth control mode is examined. Fig. 7 shows the AUV's command depth as well as its actual

depth.

Depth Graph
300 — P P
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AUV Depth

250 [—

200 —
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2
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100

| | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
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Fig. 7. Commanded Depth vs. AUV Depth Graph

Secondly, theta angle control mode is evaluated. Fig. 8 shows the AUV's commanded and real theta angles.

Theta Angle Graph
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Fig. 8. Commanded Theta vs. AUV Theta Graph
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As seen in Fig. 7, 8, the system is capable of executing the appropriate commands in pitch plane. Controller is able
to reach the desired the values of theta angle or depth, depending on the pitch plane control mode.

Finally, the yaw controller is tested. The first control mode is yaw angle controller. Fig. 9 depicts the AUV's
commanded and actual yaw angles.

Yaw Angle Graph
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Fig. 9. Commanded Yaw vs. AUV Yaw Graph

Next, the yaw rate controller mode is tested. Fig. 10 shows the system's commanded and true yaw rates.

Yaw Rate Graph
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Fig. 10. Commanded Yaw Rate vs. AUV Yaw Rate Graph
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As seen in Fig. 9, 10, the controller carries out the desired commands. In the yaw plane, controller is able to
successfully reach the desired yaw angle or yaw angular rate, depending on the yaw plane control mode.

5. Conclusions

Autonomous underwater vehicles are being utilized to investigate underwater habitats. This topic is rapidly
expanding and has significant implications for research, business and the military. This paper investigates the
complex dynamics of nonlinear models with six degrees of freedom (6-DOF) for underwater vehicles. The major
goal was to develop an effective control strategy for precise pitch and yaw control utilizing the feedback
linearization method.

The 6-DOF dynamic simulation model played an important role in determining how forces and moments affect
underwater vehicle movement. Careful consideration of propeller thrust, hydrostatics, hydrodynamics, added
mass and control surfaces paved the way for a comprehensive modeling framework. The use of feedback
linearization has proven to be an effective solution to problems caused by the nonlinear dynamics that are
widespread underwater.

The feedback linearization method was used to convert nonlinear dynamics into a manageable form, making it
easier to develop control systems. The proposed technology enhances the mobility and flexibility of autonomous
underwater vehicles by providing precise depth and yaw control. This is an important step toward making them
more usable in real-world applications.

There are many studies in the underwater vehicles area; however, this research brings up the 6-DoF modelling
and controller design topics together. Moreover, this research applies the feedback linearization controller
method for the AUVs. This study has made significant progress in helping us understand how to control the state
of an underwater vehicle. To ensure that the proposed approaches operate, they should be thoroughly tested in
actual underwater fields. Field tests would allow us to learn more about potential difficulties and how effectively
the control system performs in various scenarios. Field testing determine whether or not the real-world system
dynamics match the simulation model. Simulation models needs to be regularly updated based on field
experiments.

Abbreviations
6-DOF  : 6 Degree of Freedom

AUV : Autonomous Underwater Vehicle

CG : Center of Gravity

CB : Center of Buoyancy

m : Meter

N : Newton

PID : Proportional - Integral - Derivative Controller
rad : Radian

REMUS : Remote Environmental Monitoring Unit
rpm : Revolution per Minute

F : Force

M : Moment

X : Force on X Axis

Y : Force on'Y Axis

Z : Force on Z Axis

K : Moment around X Axis

M : Moment around Y Axis
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N : Moment around Z Axis
uwv,w : Velocities at Body Fixed Coordinate Frame
$,6,¢ : Euler Angles
p,.q,r : Angular Velocities (Rates)
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1. Introduction

The maritime industry, which accounts for approximately 90% of global trade and economic activity, is acutely
aware of its responsibility in addressing climate change and is engaged in a significant transformation to eliminate
its environmental impacts. Maritime transport, which has traditionally relied on fossil fuels, is a substantial
contributor to global greenhouse gas (GHG) emissions, accounting for an average of 3% of such emissions and
being energy intensive (IMO, 2021; Zhuo & Wang, 2022). Efforts to combat climate change, which have developed
under the responsibility of sectoral stakeholders, have now gained a new structure with decarbonization targets
under the responsibility of the International Maritime Organization (IMO) (IMO, 2021). The maritime sector has a
considerable impact on global CO; emissions due to its reliance on fossil fuels. In the context of rising demand,
fuel consumption in this sector is largely uncontrolled, largely due to the competitive nature of the industry. The
primary emission sources in the sector are the combustion of heavy fuel oil (HFO) and marine diesel oil (MDO) in
ship engines (Seyam et al., 2023; Sogut, 2024a). In particular, maritime transport is dependent on technologies
that have a direct impact on the emission of pollutants beyond COs, including sulphur oxides (SOx) and nitrogen
oxides (NOx). While these contribute to an increase in global emissions, they also give rise to air quality issues
and present a threat to the sustainability of the environment. In this context, the International Maritime
Organization (IMO) has established ambitious targets with the objective of reducing greenhouse gas emissions
from shipping. Among the key milestones, the objective of achieving a 50% reduction in total annual greenhouse
gas emissions by 2050 in comparison to 2008 levels has been identified as a priority target, with the aspiration to
achieve zero emissions in the long term (IMO, 2021). These targets have been supported by a number of interim
measures, including the introduction of stricter regulations governing the sulphur content of fuels and the
implementation of improved energy efficiency standards for newbuilds. Nevertheless, the decarbonization
objective, along with all IMO initiatives, has been conceptualized in a more comprehensive manner, thereby
facilitating the evolution of a forward-thinking approach. The decarbonization trajectory is beset with challenges,
including the high cost of new technologies, the necessity to develop infrastructure (e.g. refueling stations for
alternative fuels) and the complexity of retrofitting existing vessels (Ammar & Seddiek, 2023). However, these
challenges also present opportunities for innovation, investment and leadership in the sector, given the intensity
and conventionality of industry processes and the rapid pace of change. In practice, the maritime sector requires
the collaboration of numerous stakeholders, including governments, shipping companies, technology providers
and research institutions, to surmount these challenges. The establishment of public-private partnerships and
the promotion of international cooperation in advancing the requisite technological developments and policy
frameworks provide the fundamental structures for the future sustainable growth of the sector.

The entropy-based approach represents a robust analytical and engineering methodology that can be effectively
deployed across a range of disciplines, including thermodynamics, information theory and optimization. It offers
a valuable means of evaluating the environmental impact of systems. The concept of entropy, which measures the
degree of disorder or uncertainty due to irreversibilities in a system, forms the basis of this approach. In the
context of system solutions and applications, the entropy integral approximation algorithm facilitates the
generation of efficient results for structural evaluations conducted directly within the system and its interactions
with the surrounding environment (Barbieri et al., 2011; Sogut, 2024b). This approach enables the optimization of
performance. In general, entropy is understood as a quantitative measure of the level of uncertainty or
irreversibility in a system. In thermodynamics, entropy is employed as a quantitative measure of the amount of
energy that cannot be harnessed for work due to the presence of irreversibilities within a system. In this regard,
it can be regarded as an efficacious instrument, particularly in the context of CO. emission regulation pertaining
to thermal processes. It is evident that the utilization of existing engine technologies in the maritime sector has
the potential to result in a considerable increase in entropy, largely due to the reliance on fossil-based
consumption. The primary issue is that it has both environmental implications and potential implications in terms
of sectoral responsibilities. In this context, the present study begins with a case study to demonstrate the impact
of maritime transport as a sectoral factor. The container example was taken as a basis for evaluation of the
potential for entropy-based improvements in the sector, employing an integrated methodology. In particular, this
study examines the potential for reducing the irreversibility associated with fossil fuel consumption in terms of
power consumption and its environmental consequences.

2. Shipping's Role in Decarbonization

This chapter presents an analysis of the sectoral framework for decarbonization, with a particular focus on the
frameworks designed to avoid or reduce overall sectoral carbon dioxide emissions. One of the principal concerns
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associated with rising carbon dioxide levels in the maritime sector is the fact that the environmental impact
caused by sectoral demands, along with increasing fossil fuel consumption, is on an upward trajectory.
Furthermore, there are significant threats such as global warming and climate change, which are leading to rising
sea levels and an increase in natural disasters caused by global emissions. The maritime sector, which plays a key
role in global logistics, is expected to contribute significantly to greenhouse gas emissions. Therefore, sectoral
responsibilities make significant measures valuable, while decarbonization has emerged as an important goal in
the sector. As can be seen in Fig. 1, according to Statista, ocean and maritime shipping accounted for 11% of global
shipping sector carbon dioxide emissions in 2020.

Domestic aviation Rall

Bus 5% 1%

International _ 6% _

aviation
5%

Cars and vans
48%

Heavy freight
vehicles
16%

Fig. 1. Distribution of carbon dioxide emission produced by transportation 2022 (Modified from Statista, 2024)

To address this challenge, the maritime sector must embrace a multi-faceted approach to decarbonization. This
includes adopting cleaner technologies, improving energy efficiency and exploring alternative fuels (Oloruntobi
et al., 2023). Key strategies for reducing emissions in shipping include (Oloruntobi et al., 2023; Koukaki & Tei, 2020;
Chuah et al., 2023):

Investing in Innovative Technologies: Advances in technology offer promising solutions for reducing emissions.
The development of more efficient engines, the use of renewable energy sources such as wind and solar power
and the implementation of electric or hybrid propulsion systems are critical steps toward lowering the carbon
footprint of ships.

Enhancing Energy Efficiency: Improving the energy efficiency of ships is essential for reducing fuel consumption
and emissions. This can be achieved through measures such as optimizing hull designs, utilizing advanced coatings
to reduce drag and implementing energy-saving devices like air lubrication systems.

Adopting Alternative Fuels: Transitioning to alternative fuels like liquefied natural gas (LNG), hydrogen, ammonia
and biofuels can significantly cut emissions. These fuels can offer cleaner combustion and lower greenhouse gas
emissions compared to traditional marine fuels.

Implementing Operational Measures: Efficient operational practices, such as optimizing routes, reducing speed
and better managing cargo loads, can also reduce emissions. These measures can help ships operate more
efficiently and minimize their environmental impact.

Regulatory and Market Incentives: Governments and international bodies play a crucial role in supporting
decarbonization through regulations and incentives. Policies such as the International Maritime Organization's
(IMO) greenhouse gas strategy and carbon pricing mechanisms can drive the industry toward more sustainable
practices. By integrating these strategies, the shipping industry can make significant strides toward reducing its
carbon footprint and contributing to global decarbonization efforts. The transition to a greener maritime sector
is essential for mitigating climate change and ensuring the long-term sustainability of global trade and transport.
Decarbonizing the shipping industry is a complex but crucial undertaking, requiring coordinated efforts across
technology, operations and policy. Here are the key steps to achieve a more sustainable maritime sector:

Adoption of Cleaner Technologies

Advanced Propulsion Systems: Invest in and implement innovative propulsion technologies, such as electric and
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hybrid systems, which reduce reliance on fossil fuels and lower emissions.

Renewable Energy Integration: Utilize renewable energy sources like wind, solar and hydrogen fuel cells to power
ships or supplement existing power systems.

Energy Efficiency Improvements

Hull and Propeller Design: Optimize ship hull designs and propeller configurations to reduce drag and enhance
fuel efficiency.

Energy-Saving Devices: Install technologies such as air lubrication systems, energy-saving devices and waste heat
recovery systems to improve overall energy efficiency.

Smart Navigation Systems: Employ advanced navigation tools and software to optimize routes and reduce fuel
consumption.

Alternative Fuels

Liquefied Natural Gas (LNG): Transition to LNG, which burns cleaner than traditional marine fuels and produces
fewer emissions.

Hydrogen and Ammonia: Explore hydrogen and ammonia as zero-emission fuels. Both have the potential to
significantly reduce greenhouse gas emissions.

Biofuels: Use biofuels derived from renewable sources to reduce reliance on fossil fuels and lower carbon
emissions.

Operational Efficiency

Speed Optimization: Implement slow steaming practices to reduce fuel consumption and emissions by operating
ships at lower speeds.

Load Management: Optimize cargo loads and improve ballast management to enhance fuel efficiency and
minimize emissions.

Voyage Planning: Utilize data analytics and voyage optimization software to plan more efficient routes and reduce
unnecessary fuel consumption.

Regulatory Compliance and Innovation

International Regulations: Adhere to international regulations and guidelines, such as those set by the
International Maritime Organization (IMO), which aim to reduce greenhouse gas emissions and promote
sustainability.

Carbon Pricing and Emission Trading: Engage with carbon pricing mechanisms and emission trading schemes to
incentivize the reduction of greenhouse gas emissions and support the development of low-emission
technologies.

Investment in Research and Development

Innovative Solutions: Support and fund research into new technologies and practices that can advance
decarbonization, such as alternative fuels and energy-efficient technologies.

Collaboration and Partnerships: Collaborate with stakeholders, including governments, research institutions and
technology providers, to drive innovation and accelerate the transition to a low-carbon shipping industry.

Training and Awareness

Crew Training: Provide training for crews on new technologies, efficient operational practices and environmental
regulations to ensure effective implementation of decarbonization measures.

Industry Awareness: Promote awareness of the importance of decarbonization and encourage industry-wide
adoption of sustainable practices.
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By systematically implementing these steps, the shipping industry can make significant progress toward reducing
its carbon footprint, mitigating the impacts of climate change and contributing to a more sustainable future for
global trade and transport.

Shipping energy consumption Aviation energy consumption
P ()
R B : 16%
2015 20202022 2030 2040 2050 2015 20202022 2030 2040 2050
® Fossil fuels @ Biofuels @ Hydrogen @ Ammonia Methanol
Synthetic kerosene Electricity ® Awvocided consumption from behavioural measures (right axis)
Milestones 2022 2030 2035 2050
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International shipping activity (trillion tonne-kilometres) 125 145 165 265
Share in final energy consumption
Biofuels 0% 8% 13% 19%
Hydrogen 0% 4% 7% 19%
Ammonia 0% 6% 15% A44%
Methanol 0% 1% 1% 3%
Aviation
International and domestic aviation activity (trillion revenue passenger-kilometres) 6.0 10.9 1.4 16.5
Avoided demand from behavioural measures 0% 9% 14% 20%
Share in final energy consumption
Biofuels 0% 10% 22% 33%
Synthetic hydrogen-based fuels 0% 1% A% 37%
Technologies are being developed to enable the use of low-emissions CO, emissions from shipping and aviation decrease more rapidly in
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Fig. 2. Emission road of Shipping and Aviation towards 2050 (IEA, 2023)

The aforementioned structural requirements serve as indicators that signal impending change within the
transport sector. In particular, the sectoral roles of aviation and maritime transport demonstrate considerable
potential for effective action in this regard. In the present era, the instruments that precipitate sectoral
transformation directly entail the implementation of structural instruments, particularly those pertaining to low-
carbon technologies. The advent of new opportunities, particularly in the domain of energy sustainability, has the
potential to facilitate the control and management of CO. emissions. Alternative options such as LNG, hydrogen
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and ammonia in the maritime sector, along with the proposed sectoral studies on carbon-free fuel preferences,
offer promising avenues in this regard. Indeed, the International Energy Agency (IEA) has developed a framework
study encompassing both sectors with respect to 2050 targets. According to this report; the projected growth in
the consumption of bioenergy, hydrogen and hydrogen-based fuels in the shipping and aviation sectors is set to
increase from less than 1% of total energy consumption today to nearly 15% by 2030 and up to 80% by 2050.
Furthermore, in order to achieve significant decarbonisation in these two transport modes, enhanced energy
efficiency in shipping by 2030 and demand reduction driven by behavioural changes in aviation by 2050 will be
essential. The sectoral framework is subjected to a separate analysis in the report, with a breakdown provided in
Fig. 2.

3. Holistic Approach for Engineering

A holistic approach (Fig. 3) to engineering entails the integration of diverse perspectives and disciplines, the
simplification of the problem domain and the comprehensive addressing of complex problems. In contrast to a
narrow focus on technical specifications or isolated components, this approach emphasises the
interconnectedness of systems, taking into account how engineering solutions affect and are affected by social,
environmental and economic factors. By adopting principles from areas such as systems thinking, sustainability
and human-centred design, engineers can develop solutions that not only meet functional requirements but also
promote long-term resilience and benefit society as a whole. This broader perspective ensures that engineering
projects are not only effective, but also ethical and sustainable and address both current and prospective needs.

®

Monitoring
and review

Holistic
Relationships Approach
Links e
Resources

borders ’

Planning and
Implementation d

-
Fig. 3. Holistic approach for engineering (Modified from; Torres, 2014)

The holistic approach offers a perspective that directly supports decision-making processes in terms of the
holistic effects of thermodynamic systems (Close et al., 2024; Blondel-Canepari et al., 2024). Thermodynamic laws
offer a foundational methodology for engineering solutions. The First and Second Laws of Thermodynamics
represent the fundamental principles that govern the behaviour of energy in physical systems. The First Law, also
known as the Law of Conservation of Energy, postulates that energy cannot be created or destroyed, but rather
transformed from one form to another. This law serves to reinforce the fundamental principle that the total energy
of an isolated system remains constant. In practical terms, this signifies that the quantity of energy entering a
system and the quantity of energy exiting the system must be equal to the variation in the internal energy of the
system. This principle is of paramount importance to the comprehension and engineering design of systems
where energy transformations are a fundamental aspect of their functionality. To illustrate, in a heat engine,
thermal energy is transformed into mechanical work, yet the total amount of energy remains unaltered in
accordance with the First Law. The Second Law of Thermodynamics introduces the concept of entropy, which
may be defined as a measure of disorder or randomness in a system. The second law of thermodynamics states
that in any natural thermodynamic process, the total entropy of a system and its environment always increases
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with time. This implies that energy transformations are inherently inefficient, with some of the energy dissipated
as heat, which causes entropy to increase. It also emphasises the direction of spontaneous processes, indicating
that systems evolve towards greater disorder and equilibrium. The thermodynamic approach guides the design
and optimisation of energy systems, improving efficiency and informing understanding of natural phenomena.
The analysis of fossil fuel-dependent processes is conducted in relation to mass flow dynamics. These dynamics
are examined under steady-state conditions and equilibrium, as described by Cengel and Boles (2014) and Moran
et al. (2011). This approach focuses on the energy flow inherent in processes and cycles across all systems. By
applying an energy balance to identified energy users, insights can be gained into the environmental
consequences of energy use in transportational vehicles.

Q_W+2Ein_ZEout=0 (l)

Where, Q and W are the net heat and net work produced from boundaries of the system input and output. This
structure is directly related to the quantitative values resulting from the defined mass flows. For dead state
conditions where energy systems exist, the real extent of possible irreversibility is related to exergy analyses. For
such systems and their components, the exergy balance as a function of the dead state temperature for each user
behaviour is as follows;

Z(l - %)Qk - W + ZExin - ZExout - Exdest =0 (2)

Qy refers to the heat transfer rate of passing from boundaries of the system, Ex states to the exergy flow of the
system passing from boundaries, Ex,,, refers to the exergy destruction of the flow related to seeing the limits of
the irreversibility. Flow-induced exergy flow for the system where there is a phisycal processes (y);

Y = (h—hy) —To(s — sp) (3)
Y —Flow exergy (kW)
h —Enthalpy (kJ/kg)

T, —Surrounding temperature (K or °C)
s —Entropy (kW /K .kg)

Exergy flow is directly based on the enthalpy (h) and the entropy (s) potentials at the surrounding temperature
(To) (Cornelissen, 1997). The degree of irreversibility of the system, which refers to the environmental influence in
processes, depends directly on the amount of entropy produced. The Gouy-Stodola theorem states that the
environmental influence for entropy production is directly due to the irreversibility in the system and depends on
the exergy destruction (Moran et al., 2011; Dincer & Rosen, 2012):

Exdest = TOSgen (4)
Exg.sc —Exergy destruction (kW)
T, —Surrounding temperature (K)
Sgen —Entropy generation (kW /K)

All structures consume energy and their environmental performance is a function of their efficiency. In particular,
in exergy analysis, the performance of systems depends directly on the effect of the work produced. In fact, the
exergy efficiency of a system is defined by the standard exergy efficiency, which is developed based on the data
obtained at the inlet and outlet conditions of the flow process. In this context, exergy efficiency is used (Moran et
al., 2011);

— EXout =1- E'x.dest (5)

Nex E'xm Exin

ngx —Exergy Efficiency

. Ex;, —Total Exergy input (kW)
¥ Ex,y: —Total Exergy output (kW)
Exg.s: —Exergy destruction (kW)
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All processes are subject to an assessment in terms of their operational issues and potential for improvement. An
important indicator for reducing environmental impact is the potential for improvement in entropy production.
Improvement potential for such processes (Van gool, 1997):

1P = (1= 1g)(Z Exin — X EXour) (6)
[P—Improvement rate (kW)
£x —Exergy Efficiency
¥ Ex;, —Total Exergy input (KW)
> Ex,,; —Total Exergy output (kW)
4. Results and Discussion

This study presents an entropy-based model to demonstrate the environmental impact of maritime transport. It
takes container transport, which has significant potential in maritime transport, as a basis and assesses the
environmental impact and potential for improvement in the sector from a holistic perspective. The data obtained
directly points to a proposed potential for the development of decarbonisation. The data used in the study is
directly based on the European Union (EU) maritime sector report. It refers to a holistic assessment of the diesel
consumption and possible power ranges of the container ships used as reference in the study. The data relating
to the container ships used as reference in the study are shown in Fig. 4.
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Fig. 4. Data of container

Container ships are divided into eight categories. These distributions can be seen directly as reference values
defined for the average power and fuel consumption of the ships. Based on these data, the energy consumption
performance of the ships was calculated separately and their energy efficiency was considered separately based
on their unit fuel consumption behaviour. The distributions are shown in Fig. 5.
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The average unit consumption of the vessels varies between 0.45 kg/s and 6.2 kg/s, while the efficiency scale
shows a variation between approximately 29% and 53%. The most efficient structures are container consumptions
in the range 0-999 DWT. The most efficient group within this structure are the ships in the 12000-14000 DWT
range. This consumption performance of the vessels was evaluated together with the demand directly related to
the engine power. Accordingly, their distribution is shown in Fig. 6.
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Fig. 6. Demand management of the ships considering irreversibility rate

Irreversibility in ships is the most important problem area that can be defined for process control. The actual
energy requirement due to thermal necessity in ships is considered as demand. By comparing the consumption
behaviour of the ship with the possible demand, the possible irreversibility rate can be found. While the average
consumption for these ships is 3.26 kg/s, the actual consumption demand required by the engines is calculated
as 1.37 kg /s. According to this consumption behaviour, the overall irreversibility rate of the ships is found to be
approximately 58%. This value is a problem point in terms of consumption behaviour of ships. The consumption
behaviour of the ships was evaluated with reference to 25 C ambient and 1 Atm pressure conditions. Accordingly,
the exergy performance of the ships is given in Fig. 7.

0.5
0.4

0.3

Efficiencies

0.2

0.1

mmmm Unit Consumption (kg/s) ==@==FEnergy efficiency = Exergy efficiency
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While energy efficiency expresses a quantitative value in terms of thermodynamics, exergy efficiency directly
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expresses the quality of irreversibility in the environmental conditions defined for ships. In this respect, the exergy
efficiency of ships directly shows a dimension of the maximum work they can produce in the environmental
conditions in which they are located. While the average exergy efficiency for the defined structures is 22.62%, it
shows that the efficiency range varies between 16.89% and 29.99%. Exergy efficiency can also be seen as a measure
of exergy destruction and its rate of evolution. The exergetic parameters for the reference ships are shown in
Fig.8.
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Fig. 8. Exergetic parameters

According to the exergy flows, it can be seen that the linearity of the consumption behaviour has changed,
especially for ships above 8000 DWT. This structural effect has a direct impact on ship performance and
consumption efficiency. The effect of the consumption behaviour of the ships directly affects the exergy
destruction and entropy production in the ships. These consumption perturbations can be due to many reasons
together with operational uncontrolled. For this reason, it would be a good choice to control the operational data
in terms of process engineering. However, especially the exergy destruction should be considered together with
possible improvements in the ships. For this purpose, the Improvement Rate (IP) and its potential effects are
shown in Fig. 9.

0.7000 250000
0.6000
200000
0.5000
¥ 0.4000 150000
E -
% 0.3000 100000
0.2000
50000
0.1000
0.0000 0
) ) ) o o
g P P ,\o)q"’ $ @@ &,)@
o > v ’ NSIEN N
& § & & & § g
D v > 9 ‘b@ ()9

DWT

B Exergy efficiency s Improvement rate s P (kW)

Fig. 9. IP rate of the ships

39


https://www.doi.org/10.71108/transporttech.vm01is01.03

Sogut, TransportTech, Volume 1, Issue 1, 2024, DOI: 10.71108 /transporttech.vm01is01.03

According to the analyses, the average IP rate for ships was found to be 54.26%. However, the IP rate varies
between 42.01% and 64.39%. This value shows how large the irreversibility is for exergy flow. The improvement
rate due to exergy flow can be expressed as a rational value for engineering solution. As seen in this study, engine
efficiency for container ships shows similar characteristics to literature examples (Tian et al., 2021). This provides
information on the evaluation of direct energy performance, especially for diesel engines and their environmental
pollution potential due to their irreversibility.

5. Conclusions

This study has been developed primarily to show the impact potential of maritime transport and the energy and
exergy analysis of the reference container ships with a holistic approach. In this context, the performance data of
the referenced container ships are as follows.

1. The average energy efficiency of the referenced container ships is 39.99.
2. While the average exergy efficiency of the ships is 22.62%, the exergy destruction rate is 77.38.
3. The IP rate due to exergy flow in ships was found to be 54.26% on average.

In this developed approach, it should first be noted that there is an average impact potential of 54.26% for
decarbonisation in ships. Process approaches and operational control strategies should primarily be addressed as
the reasons for this value. In addition, environmental impact assessments on ships can also be developed as a
criterion in this context. In addition to this holistic approach, entropy based environmental impact assessments
will provide more realistic results. In particular, the decarbonisation roadmap can be considered as a framework
for future studies.

Abbreviations
DWT : Dead Weight Tonnage
IEA : International Energy Agency
IMO : International Maritime Organization
IP : Improvement Potential
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1. Introduction

The use of electric motors in almost all fields of activity has become the need of the hour: from the utility sector
to the most complex industries, the transformation between electrical and mechanical energy is not possible and
will not be possible without this type of electric machines. The interdependence between electric motors, the
continuity of operation at the transportation, industrial or micro enterprise level, the maintenance of financial
profitability and maintenance strategies of any organization, the development of more advanced methods for the
detection and diagnostic monitoring of various faults that may occur in motors and this has opened the way for
conducting numerous studies in this direction.

Despite numerous researches being conducted in current works on the identification of abnormal modes and
protection and technical conditions of electric motors, especially traction motors, the principles, methods and
algorithms of the complex approach to the mentioned issues, as well as the issues of realization on a real scale,
have not been fully resolved (Merizalde et al., 2017; Stranneby & Walker, 2004).

The aim of the current research work is the real-time diagnosis of faults that may occur in electric motors and
the complex grouping of faults and defects that may occur in them to prevent violations of technological activity
processes in transport and industry. With the application of modern techniques and technology, the collection of
data on the technical condition of electric motors and the monitoring of the condition of these data are of great
importance in the correct assessment of the diagnostic condition. To determinei the technical condition of the
motors, the informative signals received based on sensors should be processed correctly and certain decisions
should be made by performing various analyses on these signals. Due to the processing and analysis of signals, it
is possible to determine the technical situation in real-time. Different methods are used for signal analysis and
processing, depending on the conditions and the amount of data obtained.

2. Descriptive forms of signals used in the diagnosis of asynchronous motors

Nowadays, a third of the total electricity generated is consumed by electric asynchronous motors, which are
applied in various types of activities and industries. Undoubtedly, from the point of view of application,
asynchronous motors are more preferable in the field of electric machines. Asynchronous motors, the main
workforce of the industry, consume more than 60% of the total electricity produced in the world. Taking into
account the variety and scope of application areas, in particular, improving the efficiency of production areas is
an urgent issue from the point of view of the timely assessment of the technical condition of motor and their
constant maintenance in working conditions to ensure.

Various signal representation forms are utilized in the diagnostics of asynchronous motors. These forms play a
crucial role in the analysis and detection of faults within the motor. By analyzing signals in both the time and
frequency domains, they provide accurate information regarding different types of faults.

The types of signal representation forms are listed below (Table 1):

» Time-domain signals;

= Frequency-domain signals;

= Power spectrum;

=  Wave packets and short-time fourier transform (STFT);
= Hilbert transform and phase analysis.

Time-Domain Signals. This analysis shows the variation of the signal over time. It is used to directly observe the
operational state of the motor and the signs of faults. Signals such as voltage, current, vibration and speed are the
primary indicators of this analysis. The key characteristics of time-domain signal analysis are defined by
amplitude, mean and RMS values. This method can be employed to detect short-term anomalies and identify rapid
changes. For example, during rotor imbalance, an instantaneous increase is observed in the vibration signal.

x(t) = A-sin(2nft + ¢) 1)
A —Amplitude
F —Frequency

¢ —Phase
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Frequency-domain signals. In this method, the signal is transformed from the time domain to the frequency
domain and the spectral components of the harmonics are analyzed. Fourier Transform (FT) is widely used for this
purpose. The key characteristic of frequency-domain signal analysis is the amplitude and phase of the signal at
different frequencies. This method can be used to identify sideband frequency components during rotor bar
breakage and imbalance. In cases of rotor faults, additional harmonics appear around the 50 Hz frequency.

fanh @
fs —Network frequency
f —Rotor slip frequency
n —Harmonic number

Power Spectral Density (PSD). PSD shows the distribution of a signal’s power across different frequencies. This
method is more suitable for long-term analyses. One of the key features of this method is that the energy value of
the signal varies at each frequency. The analysis of the power spectrum is applied in the vibration and noise
analysis of motors.

PSD(f) = lim - E[1X()°] ®)

X(f) —Fourier transform of the signal

Wave packets and STFT. Wave packets and Short-Time Fourier Transform (STFT) provide time-frequency analysis
of the signal. These methods are effective in detecting short-term faults. Wave packets are used to localize changes
such as vibration and overheating. STFT provides the frequency spectrum of the signal within each time interval.
These methods are applied in cases of rotor locking and eccentricity.

Hilbert transform and phase analysis. The Hilbert transform is used to determine the signal's envelope and
instantaneous phase. Phase analysis helps detect asynchronous vibration and speed variations. The key feature of
this method is the detection of instantaneous amplitude and phase changes. It can be applied to monitor vibration
and speed variations.

H{x(®)} == [7 *Dar @)

—®t-T
H{x(t)} —Hilbert transform of the signal

Table 1. Comparison of various signal representation forms

Descriptive form Purpose of use Method Field of application
. . Tracking Instantaneous Current and Vibration Mechanical Coupling,
Time Domain .
Changes Analysis Imbalance
Frequency Domain Determination of Harmonics FFT and MCSA Rotor Bar Breakage
Power Spectral Density (PSD) Distribution of Power Across PSD Analysis Vibration and Noise Analysis
Frequency
. . Tracking Instantaneous Current and Vibration Mechanical Coupling,
Time Domain .
Changes Analysis Imbalance

The use of various signal representation forms in motor diagnostics enables comprehensive analysis. While time-
domain analysis is useful for tracking instantaneous changes, frequency-domain analysis accurately identifies the
source of faults. Power spectrum, Short-Time Fourier Transform (STFT) and Hilbert Transform play an invaluable
role in detecting more complex faults. The combined application of these methods ensures the precise and early
detection of motor faults.

Currently, diagnostic monitoring of the technical condition of the motors are carried out by analyzing signals. For
this reason, we can start this section mentioned by James Maxwell from a historical point of view and a theoretical
basis (Merizalde et al., 2017; Stranneby & Walker, 2004). In his work "Dynamic Theory of the Electromagnetic Field",
published in 1864, Maxwell presented a mathematical formula that combines electrical, magnetic and light wave-
like behaviour and the energy of wave theories. The subsequent work of other researchers, such as Oliver
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Heaviside, made it possible to summarize Maxwell's theory in four equations that demonstrated it more
practically. From Maxwell's equations, we can write the equation that expresses the wave nature of the magnetic
flux in the air gap, the voltage and current in terms of time and position. The main wave of these periodic
sinusoidal signals and their components can be represented by a convergent series of trigonometric functions,
ie.

f() = % + Y a, cosnwt + Yie, b, sinnwt (5)
where w = 2 - T™* and

= %fon(t)dt; a, = %fOTf(t) cos nwtdt; b, = ;fOTf(t) sinn wtdt (6)

f —Frequency
T —Period of the signal

In real conditions, the analytical form of the function f(t) is unknown. f{(t) is specified by a discrete set of equally
spaced values (nodal points).

According to the sampling theorem, the number of nodal points of the function f(t) with a limited spectrum (N)
must be no less than twice the number of the highest harmonic (nm).

When N=2ny, formulas (5)-(6) respectively have the form, where the index (*) determines the estimate:

f @ =xm Y(a, cosnwt + b, sinn wt) + =M cos n wt ()

where
@, = NS f(t) cosnwt by = = SIZ] f(6) sinn oty ®)

If N>2n,, (let’s take N=2(nn+1)).

£5(®) =X™ (a, cosnwt + by, sinn wt) )

where

an = Nm +1Zin1+1f(tk)C05nwtk, b, = 2n;+1 (10)

The formula is more clear from the point of view of harmonic analysis
A1) = 3™ A, sin(nwt + Py,) (11)
where A, is the amplitude of the nth harmonic
A= JE T (12
Yn — n-th harmonic offset angle
Y = arctg(an/bn) (13)

Note that if we take the standard deviation § as a criterion for assessing accuracy, i.e.
2
2= L) - £ (0] dt (14)

Then the greatest accuracy of approximation f(t) occurs if the coefficients a, and b, are calculated using formula

(6).

Representation of the signal on a time scale allows to know some parameters such as amplitude, frequency, phase
and conduct modulation. Nevertheless, when it is necessary to know the origin or causes of any abnormality that
has arisen, it is preferred to study the frequency domain (Fig. 1) and this is done with the help of Fourier analysis
(Merizalde et al., 2017; Boukra & Lebaroud, 2010; Zhang et al., 2011).
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Fig. 1. Signal representations at different scales: time, amplitude, frequency space

According to Hansen, a periodic and continuous signal can be transformed into an aperiodic and discrete signal
based on Discrete Fourier Transform (DFT). After exchanging the time and frequency domains, this signal can be
converted back into a continuous signal based on the Discrete Time Fourier Transform (DTFT), making the first
discrete and the second continuous (Fig. 2).

In its simplest form, the DFT can be written according to. The complex computations performed are proportional
to N? and NlogzN (where N is the number of signal samples) representing the significant quantity. For this reason,
in the algorithms used to obtain the DFT, the repetition of operations, the symmetry of the functions with respect
to the abscissa axis and the periodicity are significantly used to facilitate and simplify the calculation. This
methodology is known as Fast Fourier Transform (FFT). The energy and spectral density are respectively given by:

s _ —jom _ 15
Xyk 2= PNZ3xy(n) - e /"W = SNy (n) - W (15)
- N 16
XNk% =YNtxy(m) - Wit = 21(1230 1xN(2n) . Wﬁkn + Wk 2512:)0 lxN(zn +1)- Wﬂkn (16)
2 2
2
Femalx@I” = - [T XM dew = - [T S, do (17)
(pxx(w) = ZIO{(:—oc Rxx(K) : e—jZn(g)k (18)

a) x(t)“ XN

Alx(@)}
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) P{x(0} ALX(DY

©)

d)

Fig. 2. Signal transformation based on Discrete Time Fourier Transform (DTFT) (A{x(t)}: Signal x(t) after “sampling”
— A{..}; P{X(f)}: Spectrum X(f) after “periodification” —P{...}) a) Time discretization - Periodification in the
frequency domain; b) Frequency discretization - Periodization in the time domain; c) Finite signals of the
Discrete Fourier Transform (DFT); d) On assigning of the DFT coefficients

The DFT is a basic computational tool for analyzing the spectrum of a signal, but the output frequencies are
modeled as sums of sinusoids that can be differentiated. Diagnosing the condition by independently analyzing the
signal in the time or frequency domain can be improved by using Time-Frequency Representation (TFR). An even
more sophisticated toolkit can be obtained by using directly classified TFR in the Doppler uncertainty plane to
extract vectors associated with faults. Researchers propose a decision criterion based on “Mahalanobis distance”
to safely diagnose broken rotor bars, pads and stator faults (Merizalde et al., 2017; Garcia-Perez et al., 2011; Batista
et al., 2016).

Regardless of the methodology used, it is more convenient to use FFT as the main tool for signal analysis in
monitoring, detecting and diagnosing faults in asynchronous motors.

The application of the latest wave "Artificial Intelligence" - Al (Artificial Intelligence) technique is preferred in the
methodology for diagnosing faults of electric motors. Research should be deepened in the direction of creating
such systems that allow making decisions as close as possible to the thinking of the human brain, so that each of
the failure can be diagnosed separately and comprehensively evaluated when several failure occur at the same
time (Manafov & Huseynov, 2023).

One such system is the theory of “Fuzzy Logic”, which serves as an effective tool in the diagnostics and signal
analysis of motors. This theory is widely applied to assess the technical condition of electric motors, detect faults
and implement preventive measures, as it enables working with uncertainty and imprecise data.

In this context, data on motor vibrations, temperature, noise levels and current fluctuations are analyzed based
on fuzzy logic rules. For instance, if vibration levels are high and the current deviates from the norm, it indicates
a mechanical problem in the motor. Furthermore, fuzzy systems analyze current and vibration signals to detect

47


https://www.doi.org/10.71108/transporttech.vm01is01.04

Guliyev et al., TransportTech, Volume 1, Issue 1, 2024, DOI: 10.71108 /transporttech.vm01is01.04

faults in the stator or rotor, such as short circuits, insulation failures, or broken rotor bars. Problems related to load
- such as instability during load conditions or abnormalities in operating modes - are also evaluated using fuzzy
logic.

Fuzzy logic plays a crucial role in signal analysis. In spectral analysis, spectral components obtained through
Fourier or wavelet transforms of vibration or noise signals are fed into the fuzzy logic system. Fuzzy rules then
determine whether faults exist within specific frequency ranges. Additionally, “signal filtering and noise reduction”
are achieved through fuzzy logic-based filtering to minimize external noise and isolate the useful components of
the signal. Fuzzy systems accurately identify transition zones between "normal" and "abnormal” conditions in
signals.

Fuzzy logic-based systems offer several advantages in determining the technical condition of motors. Adaptation
to uncertain systems allows the detection of faults in early stages, even when signals are asymmetric or indicators
are imprecise. Real-time monitoring becomes possible, enabling the tracking of motor performance during
startup, loading and normal operation.

Thus, fuzzy logic provides significant benefits in motor diagnostics and signal analysis, as it enables the precise
identification of instabilities and early detection of faults in motor operation. These systems not only mimic human
expertise but also automate the decision-making process in real time.

In this direction, the diagnosis of faults of electric motors based on the use of Soft Computing paradigms has
recently been given place. In this case, the use of fuzzy logic apparatus is more relevant. At the same time, in this
case, it is not required to know the exact analytical relationship between the input and output quantities of the
diagnostic system and it is enough to approximate this relationship in linguistic language ("if"-"then") (Manafov et
al., 2022; Boukra & Lebaroud, 2010; Bellini et al., 2008; Zhang et al., 2011).

R;:if e =A; and é=B; then u =C; (19)
Where A, B, and c, - are fuzzy sets; e ¢ is a signal about the technical condition of the motor and its derivative.

The output signal is determined by minimizing the fuzzy logic output and defuzzifying the center of gravity:

S, Cimin(uay(@)up,(6)) (20)
S min(pa;(€) s, ()

u(e,é) =

Where y;(-) —denotes the membership functions of the signals.

When the quantity C, reaches the maximum of C, it represents the quantity u. A triangular representation of the

membership function in this model is given in Fig. 3.

Membership
Function
T L
1 LN MMN 5 MP LP
0.5
Input
0 Voltage
ML I I | o
=10 -5 0 +5 +10

Fig. 3. Normalized triangular membership function

3. Types of failures of asynchronous motors and statistics of their occurrence

Many factors and failures cause the deterioration of the technical condition of the motor. Therefore, faults of
electric motors can be classified from different perspectives as shown in table 2. Table 2 shows a preliminary
grouping of the environmental factors to which the motor is exposed and which may cause failures. A factor can
often belong to more than one group.
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Various studies have been conducted in the direction of statistical grouping of faults. Table 3 shows several
statistics sorted by source of studies. Although there is no coincidence with the prices, we can observe that the
trend is very similar for the included cases. Thus, the failure rates are classified in the following form from the
largest to the smallest: bearings, stator and rotor.

Table 2. Factors that cause failures in electric motors

Environmental Operations Equipment Human Electric power
Transients due to:
Short circuit
Fluctuations
. . Resonance
Temperature Vibration Aging Bad selection of electric Transfers
motor .
Reconnections
Capacitors
Insulation
Drivers
Moisture Overload Quality Bad use Voltage drop
Rust Excessive starts Design defects Lack of maintenance Voltage low
. I i
_— . Manufacturing mproper maintenance Voltage unbalance
Ventilation Alignment or
defects .
repairs
Pollution Resonance of Inapproprlate or poor Harmonics
the System quality parts
Shaft currents
Stator-rotor . .
Strange Objects Friction Lubrication Pefectlv'e electrical
: installation
Partial
Discharge(PD)

Table 3. Average cost of faults according to parts of an electric motor

Failure

%

Bearing Related

Sleeve bearings
Antifriction bearings

Seals

Thrust bearing

Oil leakage
Other
Total

Stator Related

Ground insulation
Turn insulation

Bracing
Wedges
Frame
Core
Other
Total

Rotor Related

Cage
Shaft
Core
Other
Total

Taking into account the factors and statistical data that cause the failure of the motors mentioned above, the
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development of the algorithm of the monitoring system of their technical condition based on the Soft Computing
paradigm is relevant and will be considered in the next research works.

4. Determination of faults related to the main components of the motor based on signal
analysis

Determination of bearing-related motor faults based on signal analysis. Bearing failures as statistics show,
"bearing" failures in asynchronous motors can cause serious problems, because these failures both reduce the
performance of the motor and lead to serious mechanical damage. Signal analysis methods are used to detect
bearing failures at an early stage. Below is information about these methods and diagnostic methods.

Types of bearing failures. Wear of the bearing surface - wear caused by friction, causing increased vibrations.
Damage to the inner or outer rings - caused by shocks and mechanical pressure. Broken rollers - caused by heavy
work or lack of proper lubrication. Lubrication failures - lack of adequate oil increases friction and creates noise
in the motor.

Signal analysis methods for cushion fault analysis. Various signal analysis methods are used to determine bearing
faults (Table 4).

Vibration analysis. Vibration analysis is one of the most widely used methods for determining bearing failures.
Faulty bearings produce unusual vibration frequencies. Analysis in the time domain - increased vibration
amplitude and unusual pulses are detected. Harmonic signals are observed at certain frequencies through analysis
in the frequency domain - Fourier Transform (FFT). Analysis of defect frequencies - specific characteristic
frequencies arise during bearing failures: inner ring defect frequency, outer ring defect frequency, roller transition
frequency, rotation frequency.

Noise analysis. During the noise analysis, the sound waves generated as a result of micro cracks or abrasions in
the bearing are analyzed. High-frequency sound signals are collected and analyzed through noise sensors. Noise
analysis provides sensitive results even in the early stages of faults.

Current signal analysis. Bearing faults cause changes in motor current. Motor Current Signature Analysis (MCSA)
- the effect of bearing faults is determined by analyzing the harmonics in the motor current signal. Also, vibration
and mechanical pressures cause the appearance of new frequency components in the current spectrum.

Temperature monitoring. As a result of lack of lubrication or mechanical friction, the temperature of the bearing
increases. With the help of temperature sensors, temperature changes are monitored and failures are detected at
an early stage (Garcia-Perez et al., 2011; Soualhi et al., 2015; Aroui et al., 2007; Thomson & Fenger, 2001).

Table 4. Analysis of bearing failure signals

Failure Character of signals Diagnostic method

High amplitude harmonics in the
frequency spectrum (BPFI)
BPFO frequency peaks and high

Inner ring damage Vibration and current signal analysis

Outer ring wear . FFT analysis
harmonics
Damage to rollers BSF peaks in the frequency spectrum Noise and vibration analysis
L Al fi . . o
Lack of lubrication vit?;::oﬁ increased temperature and Temperature and vibration monitoring

Various measures can be taken to prevent bearing failures. Regular maintenance - regularly check the condition
of the bearings and oils. Vibration monitoring system - using sensors to perform continuous vibration analysis.
Proper lubrication - proper lubrication materials should be applied to reduce the friction of the bearings.
Maintenance of mechanical balance - rotor imbalance can cause bearing failure, so balancing checks must be
carried out.

Apparently, bearing failures in induction motors cause both mechanical problems and reduced motor
performance. Signal analysis methods, especially vibration and noise analysis, are important for detecting these
faults at an early stage.
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Determination of stator-related motor faults based on signal analysis. Stator faults in asynchronous motors
seriously affect the efficiency and durability of the motor. Problems with the stator windings and insulation can
cause phase imbalance, overheating and even burns. Signal analysis methods play an important role in early
detection of these faults.

Types of stator faults. Short-circuit in phase windings - short-circuit between windings of the same phase or
between different phases. Insulation weakening - the occurrence of electrical leaks due to wear of the insulation
material of the windings. Phase unbalance - current differences in different phases bring an uneven load to the
motor. Damage from high temperatures - prolonged excessive heat causes melting and damage to bandages.

Signal analysis methods for stator fault analysis. Various signal analysis methods are used to determine stator
faults (Table 5).

Motor Current Signal Analysis (MCSA). When a fault occurs in the stator windings, unbalance and harmonic
components occur in the phase current. Also, side frequencies appear in the current spectrum. For example, when
a winding is short-circuited, additional harmonics appear around the fundamental frequency. The main advantage
of such analysis methods is that they allow easy diagnosis without contact. The main components observed in the
frequency spectrum during faults: fs - network frequency (for example, 50 Hz); f; + f; - harmonics depending on
the rotor frequency.

Vibration analysis. Failures in the stator windings lead to uneven distribution of the rotor magnetic field and
increased vibrations in the motor. Harmonic components in the vibration spectrum are analyzed by FFT (Fourier
Transform). Low-frequency vibrations in the motor can indicate winding problems.

Impedance and phase measurement. Impedance differences between phases occur when the phase windings are
unbalanced. Based on this, imbalances are determined by analyzing current and voltage phases in different phases.

Temperature monitoring. When the insulation is weakened, the motor overheats. An excessive increase in winding
temperature increases the risk of a short circuit in the motor. The wrap temperature is monitored with
thermosensors or infrared cameras.

Noise analysis. Micro-short-circuits and faults in the windings produce noise emissions. Noise sensors are placed
on the surface of the motor and analyze high-frequency signals.

Table 5. Analysis of stator fault signals

Failure Character of signals Diagnostic method

Additional harmonics in current Unbalanced phases MCSA, Vibration
spectrum Analysis

Increased temperature and high
frequency noise signals

Short circuit in phase winding

Insulation failure Temperature and Noise Analysis

Vibration peaks Current and Vibration

Phase unbalance Current differences between phases :
Analysis

High temperature and weakening of

Overheating of the winding insulation

Temperature Monitoring

Various measures can be taken to prevent stator faults. Regular maintenance - regularly check the insulation
condition of the windings. Temperature monitoring - prevent overheating by monitoring the winding
temperature. Phase balance - ensuring balance between phases and avoiding unbalanced loads. High-quality
insulation materials - to increase the insulation quality of the windings and use long-lasting materials.

Timely detection and elimination of stator faults of asynchronous motors ensures continuous and reliable
operation of the motor. Current signal analysis, vibration analysis, temperature monitoring and noise analysis are
effective tools for monitoring motor condition and early detection of potential problems.

Determination of rotor-related motor faults based on signal analysis. The rotor of asynchronous motors is one
of the most important parts of the motor and its failures seriously reduce the efficiency of the motor. If rotor
faults are not detected in time, they can cause severe mechanical damage or motor shutdown. Signal analysis is
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an important diagnostic method to detect rotor faults at an early stage and ensure uninterrupted operation of
equipment (Table 6).

Types of rotor faults. Bar breakage in the rotor cage - due to the breakage of the bars, the magnetic field becomes
weak and uneven. Locked rotor - serious mechanical problems occur when the rotor is stuck or does not turn.
Eccentricity - the location of the rotor outside the center of the stator causes uneven distribution of the magnetic
field and vibration. Rotor distortion and imbalance - when the rotor is unbalanced, excessive vibration occurs in
the motor.

Signal analysis methods for rotor fault analysis. Various signal analysis methods are used to determine rotor
faults.

Motor Current Signal Analysis (MCSA). Broken or damaged rotor bars create harmonic components in the motor
current. Side frequencies f; + 2x f, (harmonics with rotor slip frequency added to mains frequency) are observed.
Increased asymmetry and imbalances are determined in the current spectrum during a rotor fault. MCSA allows
non-contact rotor fault detection and is particularly effective for cage bar breaks.

Vibration analysis. As a result of rotor imbalance and eccentricity, vibrations in the motor increase. With FFT,
harmonics are observed in the vibration spectrum of the rotor rotation frequency. In cases of eccentricity, low-
frequency vibration peaks and unusual harmonics appear.

Spectral analysis of rotor faults. Rotor faults produce characteristic harmonics corresponding to the rotation
frequency. The main frequencies generated in the spectrum during rotor bar failure are:

fs* fr - rotor slip frequency, 2xf, - frequency components corresponding to bar breaks.

Temperature monitoring. As a result of rotor imbalance and mechanical problems, the rotor begins to heat up.
The temperature of the rotor is monitored with thermosensors and overheating is detected at an early stage.

Noise analysis. Rotor faults generate noise signals. High-frequency signals are collected and analyzed with the
help of noise sensors.
Table 6. Analysis of rotor fault signals

Failure Character of signals Diagnostic method

Harmonics at fs + 2x fr in the current MCSA (Motor Current Signature
spectrum Analysis) and vibration analysis
Harmonics and vibration peaks at

Rotor bar breakage

Eccentricity . Vibration analysis
rotational frequency
. High-amplitude vibration and FFT (Fast Fourier Transform) and
Rotor imbalance . I
mechanical stress temperature monitoring
Mechanical jamming (locking) Ezzgiséve vibration and increased Vibration and temperature analysis

Various measures can be taken to prevent rotor faults: Rotor balance inspections - regularly checking the rotor to
prevent unbalanced operation of the motor. Regular vibration analysis - monitoring vibration levels to detect
potential issues at an early stage. Temperature monitoring - preventing excessive overheating of the rotor. Periodic
inspection of the rotor cage - identifying bar breakages at an early stage.

Early detection of rotor faults in asynchronous motors plays a crucial role in enhancing motor reliability and
reducing the risk of failures. The signal analysis methods mentioned above are essential tools for monitoring rotor
condition and identifying potential problems.

5. Conclusions

Many techniques and methodologies developed for the diagnostic evaluation of electric motors allow for the
modelling of potential faults under various motor technical conditions. However, there has been limited research
on comprehensive solutions to the investigated faults, which is critical for the development of new motor designs
and ensuring uninterrupted operation during their service life.
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To enhance traditional diagnostic methods through “soft computing”, it is necessary to determine and predict the
motor’s condition from its equivalent circuit and apply specialized approaches for different types of faults. The
development of new modes of transportation further emphasizes the need for reliable operation of electric motors
and the timely evaluation of their technical condition under current operating conditions.

The operational challenges of traction asynchronous motors, particularly those used in transportation, increase
the probability of faults. Therefore, the methods explored in this study for fault detection through signal analysis
can serve as key tools in achieving more precise results when applied comprehensively to traction motors. The
research will play an important role in selecting informative parameters for future “intelligent diagnostic systems”
for traction motors, contributing to the effective monitoring and maintenance of their performance.

Abbreviations
DFT : Discrete Fourier Transform
DTFT : Discrete Time Fourier Transform
FFT : Fast Fourier Transform
TFR : Time-Frequency Representation
MCSA : Motor Current Signal Analysis
PSD : Power Spectral Density
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profiles successfully with high-G maneuvers. Mini UAV swarms,
mini helicopters and hybrid ground control vehicles complement
the fire suppression and rescue missions. Land-side operations are
performed by hybrid hydrogen vehicles compromising hovering
tracks connected to the air-side operations with a system of
systems approach.
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1. Introduction

Global warming keeps increasing primarily due to human-induced CO; emissions (Kabir et al., 2023). In 2024,
global forest fires destroyed or damaged twelve million hectares of forests all over the globe. Consequently, forest
fires seem to be one of the reasons why the goals of the Paris Agreement for decarbonization by 2050 will not be
achieved on time. Early detection is much more important than fire suppression and limitation. This mission needs
satellite imaging but may more effectively be achieved by swarms of UAVs. The latest data on forest fires confirms
that they are becoming more widespread, burning at least twice as much tree cover today as they did two decades
ago (MacCarthy et al., 2024). Using the University of Maryland data covering the 2001 to 2023 period, the area of
forest fires increased by about 5.4% per year. Forest fires are responsible for about six million more hectares of
tree cover loss per year than in 2001 (Afshari, 2018). Global warming is the primary cause of forest fires. On the
other hand, each acre of forest fire releases about 170-ton equivalent CO,, comprising methane and nitrous oxide.
Trees absorb CO; in their body and when burnt, they release them to the environment. On average, twenty-five
kg of CO; is absorbed by a single mature tree each year (Stancil, 2015). One of the major drivers behind increasing
fire activity is dry and high temperatures due to global warming. Each thousand Gton of CO: released into the
atmosphere causes an increase in the global temperature by 0.45 °C. At the same time, mature forest trees absorb
kg of CO; annually. This potential is destroyed by each burnt tree. New tree saplings need at least thirty years to
attain the same decarbonization potential. Therefore, a seemingly unstoppable vicious cycle between forest fires
and global warming exists. This vicious cycle is further accelerated by the fact that warmer air can hold more
water vapor. Water vapor is itself a greenhouse gas, which further accelerates the greenhouse effect (EPA, 2024).
In this respect, simply relying on water for fire suppression and cooling must be questioned because water
vaporizes and mixes with the atmosphere. Therefore, some other means of fire suppression must be sought.
Another pressing subject of decision-making is whether ground or air mobility is better for forest fire suppression.
When economic concerns are prioritized, land suppression is generally preferred and air suppression is
recommended only for the initial stages of fire until the ground assets reach the area (Bushfire CRC & AFAC, 2009).
This reasoning is not true because airside assets are effective in all stages of forest fire, provided that they work
together with the ground assets.

2. Theory

Recently, UAVs have become familiar with forest fires (Castro et al., 2018). Yet their performance characteristics
and effectiveness at many sizes and types are not completely known yet. In this study, a wildfire fighting, rescue
and reconnaissance UAV system, which is coupled with landside systems comprising hybrid hovercraft-tracked
vehicles, renewable hydrogen production facilities and a control center has been designed. The main objective is
to coordinate every step and enhance firefighting with minimum water vapor release. All systems run on nearly
green hydrogen. This process is called nearly green because even if onsite solar and wind energy are used, there
always occur exergy destructions, which directly translates to nearly avoidable (ACO-) emission responsibilities.
Fig. 1 shows this condition for a solar PV, which generates electric power at a modest efficiency, nipv and rejects
the rest of the solar insolation, 7, over the PV cells. This rejection results in local heat island and exergy destruction,
Exqes. The solar PV panel partially replaces demand from thermal power plants, but this replacement is usually less
than or equal to the emission responsibility of the solar PV Panel (ACO).

I
. ||
Grid pow:rrn re?[lacement ""I - Power

EXdes ACOZ
NTIIINE

Tref

Fig. 1. A solar PV Panel and its ACO; Emission Responsibility Due to Exergy Destruction, Exdes

In Eq. 1, the proportionality constant (k) symbolizes the need for offsetting the exergy destruction, Exdes, by
someone, somewhere and by some other means, possibly by using fossil fuels with their exergy destructions, like
a boiler.
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ACO, = k X Exges ()

If the major exergy destruction occurs upstream of the useful work obtained, the multiplier () is 2.1 kg CO,/kW-
hex. Otherwise, it is 1.1 kg CO./kW-he,. Another expression for ACO:; is given in Eq. 2, in terms of the Rational
Exergy Management Model (REMM) efficiency (wr), which is a measure of exergy imbalance (destruction) between
supply and demand. The lower the exergy destruction (better exergy match) is, the higher the (yr) and thus lower
the (ACOy). If is above 0.70, the system is ‘nearly’ green, because the ideal condition (wx = 1) is not possible due to
irreversibility.

ACO, =k X Exgyp X (1 — 1) 2)
Y =1k ®)
Xsup

Based on commercial solar PV plants in the grid, the formula to determine the limiting ACO. emission
responsibility for one kg of hydrogen gas produced under standardized conditions is given in Eq. 2. The non-zero
ACO; condition shows that completely green hydrogen is not possible, even if all embodiments are ignored. In
other words, the definition of nearly-green hydrogen will be practical.

ACOZSkx[(1—T;—ef)xw]xB>o (4)

E mr

The term (B) is the electrical energy required for electrolysis to generate one kg of hydrogen. According to
Antweiler (2020), it is about 40 kW-hg/kg H,. With Fig. 1 and Fig. 2., ACO; can be calculated. Trris the environment
reference temperature, Ty is the temperature of the PV panel frame that loses heat to the environment, nir
represents the transmission losses of the grid. nwy is the First-Law efficiency of the solar PV panel for electric
power generation.

ACO, = 1.1%[(1-283 K /335 K)x(1-0.2) /0.90] x40 kW-hs /kg Hz= 6.07 kg ACO,/kg H,

From the above calculation, the (nir) term drops if the PV plant is on site of hydrogen production on the ground
side.

Fig. 3. shows the exergy flow bar of hydrogen generation by electrolysis. It is assumed that the waste heat of
electrolysis replaces a boiler if that heat is captured and utilized in useful applications like adsorption cooling.

Zelect COZ = ACOZelect—l + ACOZelect—Z - [COZ + ACO]boiler (5)

Based on hydrogen energy produced on the land side, the UAV fleet comprises a mother ship (airside command
center), firefighting UAV swarms and helicopters, all running on green hydrogen. UAV propulsion and power
supply are compared with 1-grid electric UAV, 2-nearly-green grid electric UAV and 3- composite power system
UAV, which is presented in this paper.

CHP or HP
0, [_
" @ Condensate
nr 1
o
COapp=-1.1 1 kW-h*ysi{ PEF-0.95/ 115

Natural Gas Nl ‘ » -.
Aty 1 o, N1 E.\.J‘J':] KW.h- & colir

=095 PEF- (gpi)*1 kW-h

e E..=0.95 (N1pr) oy’ 1 KW-h
I\ I),-I-‘r),:'..:l 'l ’ | kW ll'( l'lnfll}‘r)
e ACOspp= -1.1* Exa Exy=(1- Npp)* 1 KW-he(1-T,f Tg)
Ty “COre-ACOe nmnni)s Wi ACO.,, =+1.1x Eqyp,
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PV PLANT

Fig. 2. Emissions Background of Grid-Connected Solar PV Plant and Hydrogen Power Plant
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This research has developed a new fire suppression index, FSI, for aerial firefighting systems. It involves the range,
maximum fire land area that may be covered in one mission, suppressant fill weight to the takeoff weight of the
aerial vehicle. The proposed system has an estimated FSI of 60 kW/m of fire suppression capacity. This is about
40% better than other comparable aerial firefighting systems.

Fire S o Index FSI= Heat Absorption Rate [kW/m3] 60 kW (6)
ire Supression Index —( T Take off Weight )— /m

Fire Area Covered [m2] Suppressant Weight

Nearly-GreenPower, 1 kW-hen

,\ ACO, 4, =2.1x[(0.95-1,,,%0.90) |

g 2elect-1

H> and O,

co,+ac0],  =-2.l 0242 Ly ../
[ ) +A ]bailer_—,]IBx -2+2.1x I_Tf . 2 0, = (1) -
7 4
iifimmp ACOM“,_2=l.lxli(l—l]lzlw)—Qz]x[l—iJ

1

T,-éf

Fig. 3. Exergy Flow Bar and Emissions for Electrolysis

1, =0.40
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7;=0.248

[

Fig. 4. Fossil Fuel-Grid Electric Driven UAV

1, =0.90
MOTORS
n,=0.85
n,=0.249

Fig. 5. Nearly Green Grid Electricity UAV

Power plants emit CO; as well as ACO; because they reject the downstream heat (Like in the case of solar PV
panels) through the cooling towers, instead of utilizing this thermal power in district energy systems. Depletion
of scarce water resources and the greenhouse effect of water vapor are other issues. The overall First Law fuel
efficiency from plant to propeller is only 0.248 in this example. In Fig. 5, Power is supplied to the batteries from
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renewables in the form of DC power. Onboard batteries deliver DC power to DC motors, this time. The First Law
efficiency is not much better, almost the same with Case 1.

LANDSIDE «——» AIRSIDE
ACO

! COOLING

=0.65 H:0
HEAT T

» PEM FC | /L0 F 0]
65+0.30-0.10 n,=0.90

n,=0.447

Fig. 6. Alternative 3: Composite Hydrogen Power System UAV

Fig. 6 shows the new hydrogen UAV concept. It consists of two sections. The first section is on the land side where
renewable energy systems produce hydrogen gas by water electrolysis and it is stored. The heat and oxygen by-
products of this process are used (or stored) for useful purposes on the land side complex. Hydrogen gas in
cassette type of tanks is loaded onto the UAV. On the air side (UAV), PEM fuel cells generate power, which drives
electric motors. Reject heat of the PEM fuel cell is converted to cold through an onboard adsorption cooling
machine to chill the fire extinguishing water tank. The H,0 byproduct supplements the water tank. Thus, the
reloading frequency of water from the ground side is reduced giving a better performance. The overall First Law
efficiency is higher than the other cases (0.447) and the () value of 0.85 exceeds the limit for green applications
but is not equal to one. Case 3 is the best environment-friendly and the best-performing alternative on the
drawing board. The remaining task is to optimize the subsystems.

Table 1. Alternative Power Supply Systems to the UAV. kg CO. per kW-h electrical energy consumed

Alternative Overall n; Yr CO," ACO; Total Emissions
1 0.248 0.30 1.3 0.89 2.19
2 0.249 0.45 - 0.40 0.40
3 0.447 0.85 - 0.20 0.20

* Based on a natural-gas combined cycle power plant. Primary Energy Factor (PEF): 2.5.

Table 1 compares the three alternatives in terms of the First Law, the REMM efficiency, Yz and CO, emission
responsibility. See Fig. 4, Fig. 5 and Fig. 6. In Fig. 2, a fossil fuel power plant supplies AC power through the grid. It
is inverted to DC through inverters (INV), stored in onboard batteries and then generally re-converted to AC to
drive the propellers with electric motors. This table shows that an electric aerial vehicle is responsible for
environmental pollution if the power comes from the grid. This responsibility is about six times more than
alternative 3 and three times more than alternative 2. It must also be noted that ACO; even in alternative 3 is
greater than zero because of inevitable, irreversible exergy destructions. Following these preliminary results, a
compound power supply with green hydrogen UAVs has been designed (Fig. 7).

3. Method

Fig. 7is a longitudinal cutaway illustration of the mother UAV. This UAV has multiple functions, like air side control
of UAV swarms, maintaining the coordination with the land side operations, coordinating with mobile ground
control and fire suppression by multiple means, including hydrogen bombing.

The hydrogen UAV receives hydrogen cassettes at the ground station, which generates hydrogen from renewables.
All forms of energy are utilized on the land side for hydrogen production. On the UAV, hydrogen is utilized in the
PEM fuel cell and electric power and heat are generated, while oxygen in the air is locally consumed (depleting
against fire). Water generated in the process is added to the water tank that sprays the water on the fire target.
Additives with high specific heat, like hemp, are added in the form of nanoparticles. The water supply from the
PEM FC improves the range for firefighting. On the ground, hydrogen-driven mobile units with tracks and air
cushions are designed for rescue and onsite monitoring and fire control purposes. See Fig. 8.
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This vehicle has deployable skirts such that it can morph into a hovercraft to travel fast over smoother surfaces
like plains, lakes, or the sea to harness water, or by folding the skirts up, it may morph into a tracked vehicle over
rough terrain and forest land.

One of the important tasks is its early fire detection, personnel transport back and forth, rescue and ambulance
missions on the land side. This vehicle can partially generate its own hydrogen supply by raising the propellers
mounted on telescopic columns at its stationary position by using the hydro foiling and driving propellers as wind
turbines.

Solar PVT systems complement the hydrogen production and heat demand of the vehicle for different purposes.
It also absorbs oxygen in the fire area (depletion effect), stores water and delivers it back to the ground station. A
compound wildfire detection, fighting, rescue and reconnaissance missions have been designed, based on nearly
green hydrogen produced on the land side where the main ground control is built in the potential wildfire areas.

The main control may be decentralized with mobile hydrogen vehicles that can resist wildfires and can be used
for close rescue missions. When they are parked in a safe area for near site controls and management, they can
also generate green hydrogen. The air side is composed of a mother ship UAV and a swarm of UAVs.

Electronics and Data C.
Navigation PROPULSION
|

Survelliance

Continy Comm. and
Tracking [

~Hemp nano particles

Water Mi o
Breathing MR Minimum H, Leakage, No Water "
O, (Depletion), Hs0. (Suppression)
5 ;0"‘»\‘,_,,“’3:

/. Electric /.
Power '

Fig. 7. Air Side of the System: Hydrogen Mothership UAV

H, tanks
Stretcher Room

Passenger/Cargo Room

Deployable/retractable
hover-crafting skirt

Tracks \V’mm tank

Fig. 8. Ground Side of the System: Hybrid Hydrogen, All Terrain, Amphibious Ground Control, Multitasking
Vehicle

60


https://www.doi.org/10.71108/transporttech.vm01is01.05

Kilkis, TransportTech, Volume 1, Issue 1, 2024, DOI: 10.71108 /transporttech.vm01is01.05

4. Results and Discussion

The backbone of the system is the predictive wildfire spread model (Fig. 9), which feeds information
simultaneously to the ground control center and the mother UAV on the air side (Kilkis et al., 2021).

This information is dynamically processed and commands are relayed both to ground hydrogen vehicles (Fig. 8)
and the swarm UAVs. The Mother ship also functions as the primary aerial fire suppressant (Fig. 7). The concept
drawing of the swarm UAV is shown in the upper inset of Fig. 10. These complete the coordination of multiple
assets both on the ground side and air side.

TM. ETM+

Supervised Classification

DS3505

5

Spatial Analysis Data Process

Data Fire Plant Slope | [Elevation zé::d g:::nm Temperature Fnis[ure
Model
(T )
ij >
Algorithm
N, HEVeREY « : ,
\ t=t+At S5 (R, +--}-+ Rﬁ

Fig. 9. Overview of Wildfire Spread Model. Mother UAV and Ground Control (Kilkis, 2019; Kilkis et al., 2021;
Prakasha et al., 2021)

o
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Fig. 10. Compound Firefighting and Rescue Mission Triangle: Coordinated Effort of Multiple Assets
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Fig. 10 graphically shows these assets, including novel wind turbines and next-generation solar PVT systems.
Usually, global warming-induced forest fires occur in warm and hot climates, which are ideal locations for PVT
systems following assets and missions. The following items comprise the primary advantages and functions of
these assets:

5.

Hydrogen UAVs, when fueled by renewables on site, are more energy and exergy-efficient.

They have longer range and less reloading periods.

Hydrogen combustion is cleaner than fuel cells but noisier. Therefore, this study replaces hydrogen

motors with onboard fuel cells.

Distributed electric propulsion (DEP) is quieter at take-off and landing but at the cruising flight, it does

not help when rescue missions and sonic detection needs most. Therefore, this design relies on double

propellers.

Propeller shrouds are included to reduce noise. Noise is important for landside search and rescue

missions.

How much composites? (Fire susceptibility). This study optimized the use of composites in terms of

lightweight versus fire risk (Kilkis et al., 2019).

Hydrogen on board has multiple functions:

» Propulsion

> Fire suppression (with additives still under research)

» Cooling of suppressant water

» Acoustic surveillance for rescue. Propellers are at the back, sensors and sophisticated electronics are
in the front.

» Water supply (Extended range, less loading time)

» Thermal energy is available for ancillaries on board

» Aerial bombing (last resort)

Conclusions

In conclusion, a hybrid, hydrogen-based forest fire fighting and rescue mission has been conceptualized and
designed, which is an environment-friendly high-performing integrated system with Al-supported control
algorithms. It is expected that this design will contribute to decreasing the damaging effects and monitoring
covering all phases starting with the early warning stage to the fire suppression stages. Furthermore, it may give
a clue to break the vicious cycle between global warming and forest fires. This system provides minimum hydrogen
leakage and no water vapor release. The future work should include detailed design and simulations prior to field
tests, targeting an FSI of 45.

Abbreviations and Symbols

Latin Symbols

B : Electrolysis electric power demand, kW-hg/kg H»
CO. : Direct emission, kg/h or kg /kW-he,

ACO; : Nearly avoidable CO; emission responsibility of a system or process, kg CO2/kW-hex
Ex : Exergy, kW-hex

Exdes : Destroyed exergy, kW-he

Exsup : Supplied exergy, kW-hex

FSI : Fire Supression Index, kW /m

In : Solar insolation, kW /m?

k : Unit ACO; emission factor, kg CO,/kW-hgx

PEF : Primary energy factor
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Q : Thermal output, kW-he,

T : Exit temperature after useful work output, K (See Fig. 1)
Tref : Environment reference temperature, K

Greek Symbols

€ : Unit exergy (According to the Carnot Cycle), kW-hey/kW-he,
m : First Law efficiency

Nir : Grid transmission efficiency

nir : PV efficiency

nir : Inverter efficiency

Nipp : Power plant efficiency

Yr : REMM Efficiency

Acronyms

ADS : Adsorption Cooling Machine

Al : Artificial Intelligence

CHP : Combined heat and power

DEP : Distributed Electric Propulsion

E, elect  :Electric (subscript)

EPA : Environmental Protection Agency
FC : Fuel cell

HP : Heat pump

INV : Inverter

PEM : Proton exchange membrane

PV : Solar Photovoltaic Panel

PVT : Solar Photovoltaic-thermal panel

REMM  :Rational Exergy Management Model

UAV : Unmanned Aerial Vehicle
WT : Wind Turbine

Subscripts

B, boiler : Boiler

des : Destruction (Exergy)

lect : Electric

en : Energy

ex : Exergy

inw : Inverter

- : Power Plant

ref : Reference (Temperature)
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