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Magneto-mechanical modeling of a tubular permanent
magnet linear generator for wave energy conversion
using T-Omega formulation

Badanie projektu rurowego liniowego generatora z trwafymi magnesami do przeksztatcania energii fal
przy zastosowaniu formuty T-Omega

Abstract. This article explores the design and simulation of a Tubular Permanent Magnet Linear Generator (TPMLG) for wave energy conversion
using the Finite Element Method (FEM). The proposed approach employs the T-Omega formulation to significantly reduce computational time
compared to conventional FEM formulations while maintaining simulation accuracy. A coupled magneto-mechanical model captures essential
electromagnetic-structural interactions critical for TPMLG performance. Experimental data validate the accuracy and reliability of the T-Omega
formulation in modeling TPMLG behavior. The proposed approach enables rapid design optimization of TPMLGs, accelerating the practical
implementation of wave energy conversion systems.

Streszczenie. Niniejszy artykut bada projektowanie i symulacje rurowego liniowego generatora z magnesami trwatymi (LGMT) do konwersji energii
fal przy uzyciu metody elementéw skoriczonych. Zaproponowane podejécie wykorzystuje formulacje T-Omega, aby znaczgco zmniejszyé czas
obliczeniowy w poréwnaniu z konwencjonalnymi technikami, przy zachowaniu doktadnosci symulacji. Sprzezony model magneto-mechaniczny
uwzglednia kluczowe oddziatywania elektromagnetyczno-strukturalne istotne dla wydajno$ci generatora. Dane eksperymentalne potwierdzajg
doktadno$¢ i wiarygodno$c formulacji T-Omega w modelowaniu zachowania LGMT. Zaproponowane podej$cie umozliwia szybka optymalizacje

projektowg generatora, przyspieszajgc praktyczne wdrozenie systeméw konwersji energii fal.

Keywords: Finite element method, T-Omega formulation, tubular linear generator, wave energy conversion
Stowa kluczowe: Metoda elementéw skonczonych, formuta T-Omega, liniowy generator rurowy, konwersja energii falowe;j

Introduction

The increasing demand for renewable energy sources
has spurred the advancement of a variety of wave energy
conversion systems including point absorbers, oscillating
water columns, overtopping devices, and linear generators.
Point absorbers use a buoyant device that oscillates with
the waves and drives a power take-off system, while
oscillating water columns utilize the movement of air inside
a column to drive a turbine. Overtopping devices capture
the wave's energy by allowing it to flow into a reservoir,
which then drives a hydro turbine. Each of the systems
mentioned above has limitations, such as the requirement
of a large space or complex control procedure. Linear
generators, on the other hand, offer a compact and efficient
solution that can be directly coupled with the wave energy
conversion system, eliminating the need for complex power
take-off systems [1, 2].

Linear generators have gained attention as a promising
solution for wave energy conversion systems due to their
high efficiency and direct drive capability. Especially,
Permanent Magnet Linear Generators (PMLGs) have
gained popularity due to their high power density [3]. This
high power density is crucial for offshore applications where
space is limited. Additionally, they offer a high magnetic flux
density, which enhances their power output and improves
their overall efficiency. The stationary coils and moving
magnets of PMLGs eliminate the need for a ferromagnetic
core or additional power sources, resulting in a more
compact and lightweight generator design [4].

The Finite Element Method (FEM) is a powerful
technique that is highly effective in the design and
simulation of PMLGs. FEM is a computational technique
used to analyze and optimize the performance of complex
systems, such as the electromagnetic and mechanical
behavior of PMLGs. It allows designers to model and
simulate the behavior of PMLGs under different operating
conditions, and to identify potential issues and areas for
improvement in the generator's design [5].
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The following studies have extensively employed FEM
to optimize the design and performance of PMLGs for wave
energy conversion. In [6], a novel TPMLG is proposed for
direct-drive wave energy conversion. By integrating two
TLPMGs into a single device, the design enhances power
output from a single translator stroke. The study presents
design details and validates the generator's high
performance, specifically its output voltage, power, and
force densities, through 2D and 3D finite element analysis.
In [7], a novel Linear Permanent Magnet Vernier Machine
(LPMVM) with consequent-pole and halbach Permanent
Magnet arrays is developed. The LPMVM shows a
substantial increase in the thrust density and the no load
back Electromotive Force (EMF) compared to traditional
LPMVMs. Various analysis methods, including Analytical
Method, Equivalent Magnetic Circuit Method and FEM, are
examined, with FEM ultimately chosen for electromagnetic
analysis. In [8], a novel design of a speed-amplified linear
generator for the power take-off unit of an ocean wave
energy converter is presented. The design integrates
innovative features such as semi-closed stator iron cores,
four-phase coil shifting, and a fixed pulley wheel
mechanism that effectively doubles the translator's relative
speed. A 3D FEM model is developed and optimized using
sinusoidal wave excitation to enhance output power and
reduce cogging force. In [9], a new TPMLG is introduced,
featuring armature windings embedded within the slots of
modulating segments. This innovative design increases
thrust density, reduces cogging force, and enhances overall
mechanical efficiency. In [10], a modular TPMLG is
proposed, comprising a stationary primary section with
concentrated three-phase windings and a moving
secondary section equipped with permanent magnets. This
customized design allows different lengths to be assembled
according to power requirements. FEM was employed to
analyze the effect of design factors, such as the size and
shape of the magnets and coils, on the generator's
efficiency and to optimize the design accordingly.
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The use of FEM in engineering design and simulation is
a time-consuming process that requires substantial
computational resources. The process involves the creation
of a complex mathematical model that is then analyzed
through iterative computations. While FEM offers a valuable
understanding of the behavior and performance of
engineering systems, it can be prohibitively time-
consuming, particularly for complex systems.

One solution to reducing the time required for FEM
simulations is the use of the T-Omega mathematical
formulation [11-13]. This formulation is a computationally
efficient method for simulating the performance of
engineering systems, including electromagnetic devices.
The T-Omega formulation uses a simplified mathematical
model that reduces the computational cost of simulations
while maintaining accuracy. Moreover, the T-Omega
formulation offers insights into the behavior and
performance of engineering systems that would be difficult
to obtain through traditional FEM formulations. As such, the
T-Omega formulation offers a promising solution to the
time-consuming nature of FEM simulations and has
significant potential for optimizing the design and
performance of engineering systems in a broad range of
applications.

This paper investigates the performance of a TPMLG for
wave energy conversion using the T-Omega formulation.
The proposed approach employs the electric vector
potential (T) and the magnetic scalar potential (Q) to
significantly reduce computational costs by simplifying the
problem to a single degree of freedom in non-conducting
regions. The TPMLG is simulated using this formulation,
and the results are validated against experimental data to
ensure accuracy and reliability. Furthermore, a magneto-
mechanical model is incorporated to analyze the coupling
between magnetic fields and structural mechanics,
providing a comprehensive understanding of the generator's
behavior. The proposed approach achieves a
computationally efficient yet highly accurate simulation
method, offering a more effective and reliable framework for
designing and optimizing TPMLGs for wave energy
conversion, supporting the advancement of this renewable
energy technology.

The working principle of permanent magnet linear
generator

A TPMLG consists of a tubular stator and a moving
translator that is driven by the wave motion as illustrated in
Fig.1. The stator has a series of axial slots that are evenly
spaced around the circumference of the tube. The slots are
wound with copper wire to form coils that are connected in
series or parallel to achieve the desired output voltage and
power. The translator is composed of a permanent magnet
array that moves along the length of the stator as the wave
passes by. The motion of the magnet array through the
coils induces an EMF in the coils, which generates an
alternating current (AC) output.

Buoy

Linear generator _—

Fig. 1. Schematic representation of sea wave energy conversion
systems
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Magneto-mechanical modeling

In the TPMLG, the magneto-mechanical coupling
mechanism is a critical factor in determining the overall
system performance [16]. The magnetic field produced by
the permanent magnets interacts with the movement of the
translator, resulting in the induction of eddy currents in the
conducting components of the generator. These eddy
currents, in turn, create a magnetic field that interacts with
the permanent magnets, generating a force that opposes
the movement of the translator. This force is known as the
magnetic damping force, which limits the maximum power
output of the generator [17]. Therefore, a proper design and
control of the system is necessary to balance the magnetic
damping and the electromagnetic forces, optimizing the
energy conversion efficiency of the TPMLG.

Mechanical Model

The mechanical modeling of a TPMLG involves the
consideration of the hydrodynamic forces acting on the float
as it moves in the water. The hydrodynamic forces are
modeled using fluid dynamics principles, such as the
Navier-Stokes equations, to predict the fluid flow around the
float [18-20]. The float motion equation is then used to
describe the dynamics of the float in response to the
hydrodynamic forces. The mechanical modeling of the
PMLGs also includes the modeling of the structural
components of the generator, such as the stator and rotor,
and the interactions between the mechanical and magnetic
fields. The goal of mechanical modeling is to optimize the
design of the generator for maximum efficiency and
performance. By accurately modeling the magneto-
mechanical coupling, it is possible to predict the behavior of
the generator under various operating conditions and to
identify potential design improvements.

Hydrodynamic Modeling

From the point of view of fluid mechanics, the physics of
the flow associated with the swell is incompressible and
irrotational [21], that is to say:

M divW =0
Q) rot V=0
With: V' — is the fluid velocity.
The wave is assumed to propagate from left to right in

the positive x-direction; thus, the free surface profile is
described by:

3 n(x,t)= Acos(kx—wt)
_Agchk(z+h)
“) p(x,z,t)= i sin(kx—ct)

Where A - represents the wave amplitude, defined as
A=H/2, with H — being the wave height. The spatial
frequency 27z/L - corresponds to the wavelength L, and
the temporal frequency w=27z/L - is associated with the
wave period T . The spatial and temporal frequencies are
interconnected by the dispersion relation, expressed as:

) w? = gktanh(kh)

Where g represents the acceleration due to gravity, and h
the water depth. Meanwhile, the overall profile of the
irregular wave can be described by:

(6) n(x,t)=2n; cos(k;x—wit—g¢; )
With: ¢; — is the random phase , i — represents the wave
component identified by its index.
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Float motion equation

The books of [21] and [22] were used as references to
explain the behavior of the system. An oscillating buoy type
energy converter is subjected to different forces: The force
of gravity, the thrust of Archimedes, the excitation forces
(related to the indexed and diffracted wave potential), the
radiation effect, the forces related to the electromagnetic
converter.

To write the equation of motion of the system, the
balance of the global forces acting on the float is applied.
Using the fundamental principle of dynamics, this is
reported in equation (7).

(7 mz=p+Il1+F.+F, +F,
Where:m — is the dry mass of the buoy, 7 — is the
acceleration of the floating buoy, p — denotes the force of

gravity, I1 — the buoyancy of Archimedes, F,. and F, —

represent respectively the forces of excitation and the effect
of radiation, while z(z) — expresses the center of gravity
position of the float.

The excitation force is calculated from the hydrodynamic
pressure equation (8), thus presented in equation (9),
where S — represents the surface of the float. The
radiation effect F. depends on the radiated potential ¢, .

It corresponds to the forces acting on the moving float in
calm water. Like the excitation forces, it is calculated from
the pressure as expressed in equation (10). The
electromagnetic force F,,, is calculated in equation (11).

em

dp 1
®) P=DPo—pgz—p——p(grady)*
o 2
©) Fexz—pa(¢1+¢0)ds
ot
op
10 F =-p—=d
(10) rETP s
(11) F,, =BI(2NIsin(6)+GI*(2sin(26))

Where:
atmospheric pressure; p

po — the reference pressure is equal to

— The density of seawater; ¢, —
diffracted wave potential; ¢; — Incident wave potential; B
— is the magnetic flux density; ./ — is the electric current
intensity; N —is the number of turns in each phase; / - is
the length of the conductor; 6 - is the phase angle
between the electric current and the magnetic flux; and G
— is the electromechanical coupling constant.

The excitation and damping strength of the radiation found

using a linear version of Morison's equations [23, 24].can be
written as:

(12) F, =Gi+An+Kn(t)

(13) F.=-{z-z

(14) k =—pgmr?

Where: { — represents the added mass, /. — is the

radiation damping term, r — the float radius, and K — the
hydrostatic stiffness.

Equation (15) represents the hydrodynamic model; the
electromechanical coupling is ensured by the
electromagnetic force.

(15)

o) oe et | e | e )
—| .= m+d m+( { }— m+C (Fom|H| m+¢ (|Fex
dt| z 1 0 z 0 0
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Electromagnetic Model

The T-Omega formulation is employed in this study to
handle the problem of electromagnetic eddy current. This
approach leverages the electric vector potential and the
magnetic scalar potential to describe the system's physics.
By simplifying the model to consider only one degree of
freedom, rather than three, in all non-conducting regions, it
significantly lowers computational costs. The numerical
model is based on a 3D FEM using tetrahedral elements
[256-27]. To simplify the analysis, displacement currents are
neglected, assuming the dominance of conduction currents
J, a typical assumption for eddy current problems. This
simplification, applied to Ampere's law, ensures that the
current density has zero divergence, thereby enforcing
closed loops for both induced and source currents.

The fundamental relationship between magnetic and
electric fields is defined by a subset of Maxwell's equations
as follows:

(16) rotH =J

(17) rorE =98
ot

(18) divB =0

The interdependence of the field vectors is further
defined by the material's constitutive relationship.

(19) B=uH

(20) J=0oF

The interdependence between the electric and magnetic
fields is further defined by the material's constitutive
relationship, wherein the magnetic permeability x and
electrical conductivity ¢ of the material serve as governing
parameters. These parameters may vary in space and are
also field-dependent

The continuity condition for the current density ensures
that the total current flowing into a volume is equal to the
total current flowing out of it. This is expressed
mathematically as the divergence of the current density
being equal to zero. In other words, the induced and source
currents must form closed loops, which are enforced by
neglecting the displacement current in Ampere's law.

@1) div =0

Starting from equation (21), the current density is expressed
in terms of the electric vector potential, as shown below:
(22) J =rotT

It can be observed from equations (16) and (22) that Tand
H have the same units but differ by the gradient of a scalar.
(23) H=T- gradQ)

Where Q — is a magnetic scalar potential.
From equations (17), (18), and (20), we can derive: In eddy
current region

24) ;t(lgt?)+ja),u(?—gmdﬁ) =0
o

And from (18) we obtain: In eddy current region
(25) div(i(T —gradQ2))=0

The scalar potential can be used to determine the magnetic
field in regions where there is no current.

(26) H =—gradQ

Thus from (21), the following is obtained in current-free
regions:
27

—divu(gradQ)=0
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The divergence of T -
both }and Q undefined.

is remains unspecified, leaving

To resolve this ambiguity, defining the divergence of T,
along with its curl, is known as selecting a gauge. One of
the most commonly used gauge conditions in
electromagnetics is the Coulomb gauge, which is defined
as:

(28) divT =0
This Coulomb gauge condition enables the addition of a
term div(ldiv}), to the left-hand side of equation (24)
(2

The general equation is given:
(29)
— 1= ] = ] = —
rot(—rotT )—div(—divT )+ u—(T — gradQ) =0

o o ot

—

(30) H =—gradQ

Within the region comprising permanent magnets:
31) H=H,+(T-grad®)
With: H. coercive field.

Electrical circuit model
The electromagnetic generator's equivalent electrical
circuit is depicted in Figure. 2, where R_,; and L.,

correspond to the resistance and inductance of the
generator's coil respectively. Additionally, R4

denotes the external resistance, which serves to
characterize the energy regeneration process [29].

The relationship between the circuit current and the
induced EMF, e, is governed by the electrical load
connected to the generator, as formulated in the circuit
equation (32):

(32) E= (Rcoil + Rload )l + Lciol d_;

The EMF and current are directly proportional to the
relative velocity, giving the linear tubular generator inherent
self-sensing capabilities.

With the coil inductance neglected, the maximum power
loss occurs when the regenerative energy is zero, i.e., when

R,.a=0 and the stator coils are short-circuited.

Conversely, maximum power regeneration is achieved
when the external resistance equals the internal resistance,
resulting in the highest electromagnetic damping force. The
power can be expressed as follows:

2
Rcoil + Rload

(33) P=

Fig. 2 Equivalent electrical circuit of a wave energy converter
system
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Geometric design of a Tubular Permanent Magnet
Linear Generator

Figure 3 illustrates the configuration of the TPMLG
utilized in the wave energy converter. The setup comprises
a stator featuring a three-phase coreless winding, and a
mover equipped with axially magnetized NdFeB permanent
magnets and a steel pole. This arrangement establishes a
magnetic flux path through the iron poles.

The use of axially magnetized NdFeB permanent
magnets and iron poles in the magnet topologies
facilitates a cost-effective production process. This is
due to the ease of magnetization for axially magnetized
PMs. Further details regarding dimensions and
characteristics can be found in Table 1.
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Fig. 3 Geometrical form of a TPLMG

Table 1. Characteristics and dimensions of the employed TPMLG
[28]

Components Symbol Value
Phases Number m 3 phases
Pole pitch T 15 mm
Permanent Magnet width tTm 10 mm
Steel pole width TS 5 mm
Inner radius of permanent magnet Rim 10 mm
Outer radius of permanent magnet Rom 22.5 mm
Air-gap length o) 3.3 mm
Radius of inner coil Ric 25.8 mm
Radius of outer coil Roc 33.4 mm
Mover length Im 180 mm
Stator length Is 390 mm
Number of turns per slot nc 320 turns

Results and Discussion

The natural heave frequency of the power buoy is
deliberately tuned to align with the peak frequency of the
wave energy, maximizing the efficiency of energy
conversion. This floating wave-energy converter's power
generation is directly influenced by the design
characteristics of the TPMLG and its associated power
take-off system.

The power input, mover stroke, and maximum speed
were determined through the analysis of a scaled-down
model of the power buoy. This 1/10-scale model was tested
in a wave basin, and the results from this analysis were
used for the current study.

Figure 4 illustrates the displacement of the power buoy
under irregular wave conditions, with a maximum recorded
displacement of 0.087 m. Additionally, the simulation results
show the time evolution of the piston's speed in Figure 5
and its acceleration in Figure 6, alongside the behavior of
the wave.
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Fig. 4 Displacements of the floating buoy

0.3

Speed [m/sec]

-0.3

o 5 10 15 20 25 30
Time [sec]

Fig. 5 Speed of the floating buoy
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Fig. 6 Acceleration of the floating buoy

Figures 7 and 8 display the variation in magnetic flux
density resulting from magnetic excitation, as well as the
intensity of the magnetic fields within the TPLMG.

Fig. 7 Distribution of the magnetic flux density

3‘201§3000¢¢0U5
6.71392106€+ 005
5.22651212e+ 005
4.48280765¢+ 005
2.25169424¢4005

1.50798977e+005.
7.64285298¢-+004

2.05808276e-+003

Fig. 8 Intensity of the magnetic fields
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Figures 9, 10, and 11 depict the time-varying induced
EMF across the three phases of the TPMLG. As predicted
by Faraday's law of electromagnetic induction, the induced
EMF exhibits a direct proportional relationship with the
velocity of the generator. After performing calculations, the
total magnitude of the induced EMF is determined to be
1,403 V.

1.5

1

0.5 |

o

-0.5

Induced Electromotive force for phase 1 [V]

o 5 10 15 20 25 30
Time [sec]

Fig. 9 Induced Electromotive force for phase 1

Induced Electromotive force for phase 2 [V]

o 5 10 15 20 25 30
Time [sec]

Fig. 10 Induced Electromotive force for phase 2

Induced Electromotive force for phase 3 [V]
o
:

25 L L L
o 5 10 15 20 25 30

Time [sec]

Fig. 11 Induced Electromotive force for phase 3

The comparison of output power between the EMF
simulation and the experimental results under irregular
wave conditions is illustrated in Figure 12. The attained
maximum output power is nearly 3 watts, which fulfills the
design requirements. The experimental results demonstrate
a strong correspondence with the predictions obtained from
the numerical solutions.

3

Simulation
H Experimental [28]
2.5 1

P 4

15 . 8

Power [W]

P 4

0.5

o i L
o 5 10 15 20 25 30

Time [sec]

Fig. 12 Electrical output power in linear generator
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Conclusion

This study demonstrates the effectiveness of the T-Q
formulation for designing and analyzing TPMLGs. The
adopted approach provides dual advantages: significantly
lower computational costs than conventional finite element
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