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Summary. The design of an experimental model of wave energy converter is considered. An
experimental study of a linear generator of a wave energy converter is carried out. Experimental
characteristics of energy conversion processes in a linear generator of an electromechanical energy
converter are obtained.

Keywords: wave energy converter, linear generator, electromechanical energy converter,
experimental model.

Statement of the research problem.

One of the most promising areas of development of the world energy sector
at present is the use of renewable energy sources, which eliminates a number of
problems that arise in the process of functioning of traditional energy, including the
harmful impact on the environment. The use of renewable sources to solve the
problems of energy supply of the population and industry is extremely important for

2025 ABTOPCbKI NpaBa 3axuLeHi | Creative Commons Attribution-ShareAlike 4.0 International License
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Ukraine, which is primarily due to energy shortages and negative trends in the
existing domestic energy system and the unsatisfactory state of the environment.
The main advantage of using renewable energy resources is their inexhaustibility and
ecological purity, which contributes to the improvement of the ecological state and
does not lead to a change in the energy balance on the planet. When using
renewable energy sources, the need for extraction, processing, enrichment and
transportation of fuel disappears, the problem of utilization or disposal of harmful
waste from traditional energy production is eliminated.

The main task for our country at present is to create a scientific and technical
base for renewable energy in order to gradually replace traditional methods of
energy production in Ukraine with practically inexhaustible environmentally friendly
renewable energy sources within the framework of the appropriate realization of
their potential [1].

Among renewable energy sources, sea waves develop the highest specific
power. Using only a certain fraction of the total wave energy of the World Ocean for
electricity generation is enough to significantly increase this production without
causing any harm to the planet's ecosystem. Therefore, the issue of developing wave
energy converters is relevant and promising [2].

Presentation of the main material

A wave energy converter (WEC) is a power plant located in an aquatic
environment, the purpose of which is to generate electricity from the kinetic energy
of waves. Wave power plants are promising environmentally friendly energy sources,
which, unlike other renewable energy sources (wind, solar), have a high specific
power concentration per unit wavelength. Industrialized maritime states (Australia,
England, Norway, Japan) are developing WECs as alternative energy sources and as
the only possible energy sources for remote marine areas [3].

Their work is based on the effect of waves on working bodies, made in the
form of floats, pendulums, shovels, shells, etc. The mechanical energy of their
movements is converted into electrical energy using electric generators.

The creation of a wave energy converters is determined by the choice of a
sea area with a stable supply of wave energy, an effective design of the converter,
which includes mechanisms for converting mechanical energy into electricity. It is
believed that wave power plants can operate effectively when using a power of
about 50-70 kW/m. Experience in operating existing plants shows that the
electricity they produce is currently 2-3 times more expensive than traditional
electricity, but a significant reduction in its cost is expected in the future.

Modern wave energy converters use a wide variety of energy components of
waves to produce electricity. They use the vertical movement of waves, the flow of
water in the ocean, ebb and flow, and different levels of water temperature to
convert energy.

In [4], a design of a buoy-shaped electromechanical energy converter with a
built-in linear generator was proposed. The dynamic model of a simplified linear
electromechanical energy converter is shown in Fig. 1.

A linear generator with a mass m is attached to the WEC's housing using a
spring 2 and a damping element 3. The AC generator part consists of a sensitive colil
4 and a magnet 5. The coil 4 is built within the adjusted mass m in a position around

All rights reserved | Creative Commons Attribution-ShareAlike 4.0 International License 2025
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the magnet 5 and ends with a pair of electrical contacts that are connected to an
external load.

Magnet 5 is attached to the mass m of the generator. This means that the mass
m includes the moving mass of the generator and the mass of the magnet. The
damper must have its own resonant frequency equal to the buoy's lifting frequency.
The amplitude of the oscillations of mass m in this case would be maximum, and the
amount of electricity produced in the generator would also be maximum.

HOLVNY3LTY

a\
~
N—
TR

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1 - housing; 2 - spring; 3 - damping element; 4 - coil; 5 - magnet

The dynamics of the system in this case is described by a system of ordinary
differential equations:

MX "+ boX "+ kX + mw?(X=x) +bi(X = x") = Mo sin (w ©)
mx' -mwX=x)-biX -x)+®i=0 (1)
Li'+Ri-O(x -X)=0

where @ - coupling factor. The coupling factor in this case can be defined as @ =BLs, where
B - magnetic field flux, and Ls - characteristic size.

The equivalent circuit of a linear generator is shown in Fig. 2, where L, Ro -
inductance and active resistance of the working winding; L., R. - inductance and
active resistance of the load, taking into account the rectifier resistance; £, - EMF of
motion induced in the working winding when moving the magnets.

EMF of motion £, is described by the expression

EV = CMW% = CMmeCOS(IJt (2)

where Cyw the coefficient of the electromagnetic force, which is found by the formula

2025 ABTOPCbKI NpaBa 3axuLeHi | Creative Commons Attribution-ShareAlike 4.0 International License
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Cuw = kuw

where kuw - electromagnetic force linearization coefficient; o — magnetic permeability of
vacuum, which is equal to 4107, | - the length of the circle of the magnet diameter Dy
Fu - magnetomotive force of a magnet; w — number of winding turns; k, - saturation
coefficient 1,05, a - parameter that depends on the length of the magnet and air gaps.
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Fig. 2 Equivalent circuit of a linear generator

The equation of motion dynamics of the inductor of a linear generator will be
described by the expression

d?x
dat?

an_FEM_ Frp_ anym: m (4)

where Fn,, - force applied from the side of the drive mechanism (buoy);, Fen -
electromagnetic force of a linear generator,; Fmy, - friction forces; Fupy - the force of a spring
or other device that reduces vibrations, m - the mass of the inductor.

The system of voltage equilibrium equations for current / has the following
form

(Lo + L) S+ Ry +R)i+E, =0 (5)
Up =Ly 3 +Ryi (6)

where U, - load voltage.

Fig. 3 shows a diagram of the calculation of the EMF of a linear electric
generator of the experimental model of the WEC. In the starting position z= 0 the
stator winding is opposite the magnetic pole of the rotor magnet. The stator coil is a
winding divided into 12 sections. The flux linkage of the coil with the magnetic field
IS maximum.

Variants of stator winding connection diagrams are shown in Figure 3, where
Figure 4, a shows a single-phase connection diagram, and Figure 4, b shows a three-
phase diagram.
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Fig. 3 EMF calculation scheme of a linear electric generator of the WEC:
1 - non-magnetic rotor guide; 2 - stator coil frame; 3 - stator coils; 4 - permanent
rotor magnets; 5 - rotor magnet washers
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Fig. 4 Connection diagram of the stator windings of the linear electric generator of
the experimental model of the WEC

According to Faraday's law of electromagnetic induction, when the flux linkage
of the magnetic field W and the coil changes over time t electromotive force (EMF)
occurs in the coil £(t) [5]:
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B = dy
T odt

This ratio can be transformed into the form:

d¥ dz
B =22
O=Za

where z - coordinate along the axis of the linear electric generator, % - speed of movement
of the electric generator rotor guide (Fig. 3).

Let the flux linkage of the coil vary according to the harmonic law:

wowy (T[Z)
= o cos |+

m

where A,, - the distance between adjacent magnetic poles of magnets in the initial
position z = 0. The magnetic pole is located opposite the stator winding section, which
provides flux linkage with the coil, the length of the guide is large enough to ignore edge
effects. Thus, when the guide is at the point z = 0 flux linkage is equal to Yo, when moving
the guide on z = A,, flux linkage becomes equal -Yy, since the polarity of the adjacent
magnet is opposite [6].

Then:

E(t) = Yo . (n Z) dz
7, MA@

z0z=0 F([-z0, z0))

If the rotor movement occurs according to a harmonic law with amplitude zo
relative to the central position z = 0 and with frequency F (i.e., the guideway moves
in the range [-zo, Zo)):

z(t) = zpsin(2m F t)

then the rotor speed %

dZ—Z in2r Ft
Frie T Zysin(2m F t)

Then for the EMF as a function of time:

T Zysin(2m F t)

Womr .
E(t) = sm( )27‘[20 sin(2m F t)
A A
2m2Wyzo F _
E(t) = A—cos(Z TFt) sm(

m

T ZySin(2m F t))
Am

The experimentally obtained dependences of the EMF on time are presented
in Fig. 5.
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Fig. 5 Experimental dependences of EMF on time
of a linear generator of a WEC

The obtained characteristics coincide with theoretical calculations.

Conclusions. As a result of the conducted research, a mathematical model of
the processes of controlled energy conversion in a wave energy converter was
obtained. The obtained results allow calculating the operating parameters of the
WEC at the design and operation stages.

BHHVYEATAIOHUMYW IHhM1I1dIHT V1 VIMLIIdIHT ‘XX U1T7E0d

References:

[1] Barylo, A. A, Benmenni, M., Bud'ko, M. O., Bud'ko, V. I, Vas'ko, P. F., Holovko, V. M,, ... &
Yatsenko, L. V. (2020). Vidnovlyuvani dzherela enerhiyi.

[2] ROADMAP, O. E. S. Ocean Energy Forum (2016).

[3] Joao Cruz Ocean Wave Energy: Current Status and Future Prespectives. - Springer, 2008.
- 431 pages.

[4] Nerubenko, G., Blintsov, V., Mozgovyy, A., & Biliuk, I. (2019, August). The Novel Wave
Energy Harvesting Buoy. In 2019 International Conference on Power Generation
Systems and Renewable Energy Technologies (PGSRET) (pp. 1-6). IEEE.

[5] Pirisi, A, Gruosso, G., & Zich, R. E. (2009, March). Novel modeling design of three phase
tubular permanent magnet linear generator for marine applications. In 2009 International
Conference on Power Engineering, Energy and Electrical Drives (pp. 78-83). IEEE.

[6] Ribeiro, J., & Martins, I. (2010, April). Development of a low speed linear generator for
use in a wave energy converter. In International Conference on Renewable Energies and
Power Quality ICREPQ"10.

2025 ABTOPCbKI NpaBa 3axuLeHi | Creative Commons Attribution-ShareAlike 4.0 International License



618

SECTION XX. ENERGY AND POWER ENGINEERING

gt

International scientific journal «Grail of Science» | Ne 52 (May, 2025)

ISSN 2710-3056

AOCHNIMKEHHA XAPAKTEPUCTUK NEPETBOPIOBAYA XBUIbOBOI
EHEPrIi

HAYKOBO-AOC/IAHA TPYTIA:

bintok IeaH CepriioBuy

AHANAAT TEXHIUHNX HayK, JOLIEHT

HayioHaneHUl yHigepcumem kopabaebydyaaHHs im. aom. Makaposa, YkpaiHa
CasueHko Oner Banepiiosuy

3aBifyBay nabopatopiaMu kadeapy aBTOMATUKM

HayioHaneHUd yHigepcumem kopabaebydysaHHs iM. aom. Makaposa, YkpaiHa
JTb0BkiH B'auecnas CepriioBny

acnipaHT kadeapu aBTOMaTVIKM

HayioHaneHul yHigepcumem kopabnebydysaHHs iM. aom. Makapoea, YkpaiHa
PaunHcbkuin AHApPI Bonognmmposuny

acnipaHT kadenpu aBTOMaTVIKM

HayioHaneHUl yHigepcumem kopabaebydysaHHs im. aom. Makaposa, YkpaiHa
Kosnos AHgpiln FOpiriosuy

PHD

HayioHaneHul yHigepcumem kopabaebydyaaHHs im. aom. Makaposa, YkpaiHa
IBaHOB AHTOH BiTaninosuy

PHD

HayioHaneHuUd yHigepcumem kopabaebydysaHHs iM. aom. Makaposa, YkpaiHa

AHOMayiA.  Po321sHYMO  NpoeKmy8aHHsA — eKCnepuMeHmansHoI  Moodeai  nepemsoprosada
X8UMLOBOI eHepeii. [lposedeHO ekcnepumeHmaneHe J00CiONeHHS AiHITHO20 2eHepamopa
nepemaeopro8aya  xauae080i  eHepeil.  OMmpumMaHO — ekCnepuMeHmanbHi  Xapakmepucmuku
npouecia  nepemeopeHHs  eHepzii 8  AIHIUGHOMY — 2eHepamopi  enekmpoMexaHiyHo20
nepemaoprosaya eHepei.

Karoyoel ¢108a: nepemasoprosay xeusne080i eHepail, NiHIGHUU 2eHepamop, enekmpoMexaHiyHud
nepemaoprosaYy eHepeii, ekcnepumeHmansHa Mooess.
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