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Abstract—In the conventional permanent magnet linear
generators (PMLGs) used for oceanic wave energy conversion
system, demagnetization could cause everlasting degradation in
electrical power generation. This paper presents a new design
that can be applied to various PMLGs to avoid demagnetization.
To check the effectiveness of the proposed technique, a PMLG is
considered which allows both the fixed and variable length of air
gaps for analysis. The finite element analysis is used by using the
software package ANSYS/Ansoft to simulate the testing PMLG
for two conditions: with and without using the proposed
technique. Different parameters and characteristics of the PMLG
under both conditions are presented in detail. Both the
simulation and test results show that the proposed design is able
to avoid the demagnetization problem successfully.

Index Terms—Demagnetization, oceanic wave energy
conversion, permanent magnet linear generator, variable length
of air gap.

1. INTRODUCTION

LECTRICAL power generation systems from renewable
energy resources (RERs) are progressively growing their
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coverage in power systems [1]. The most common sources of
RERs are the solar and wind energy which are being used
either individually [2], [3] or together in hybrid form [4], [5].
Each of this power system may include any type of storage
[6], [7] to continue power flow during the absence of one or
more of these RERs. The oceanic wave energy (OWE) which
is developed rapidly is being considered as a strategic source
of renewable energy [8].

The OWE is highly available and predictable compared to
other conventional RERs. Solar power is not available at night
and the wind flow time is uncertain. Different types of
prototype converters of OWE are installed not only in the
region of higher altitude such as in European Union but also in
some Asian countries such as Japan and India [9]. The linear
generators are becoming very popular due to their benefit to
connect with direct drive systems for OWE conversion
systems. Among different types of OWE converters, various
types of permanent magnet linear generators (PMLGs) have
been described in [10]-[16]. These conventional PMLGs are
designed such that the stator and translator can maintain a
constant air gap length. Fig. 1 illustrates a conventional OWE
conversion system where a PMLG is connected to a float
which is basically a point absorber.
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Fig. 1. An existing linear generator with fixed length of air gap.

Various types of PMLGs depending on the physical
architecture are being designed and analyzed. Among them,
there are two major categories: tubular type [17] and flat type
[18]. Generally, the construction of the translator of a PMLG



is complex because of the coexistence of the permanent
magnets and the translator core. As a result, increase in
temperature takes place in the translator during its operation
which is one of the main reasons of mechanical failure and
demagnetization of the permanent magnets [18].

The advantages of linear generators with flat type
constructon is pointed out in [19] which is basically a double
sided PMLG driven by a point absorber type power take off
system. The design of PMLGs is being developed in different
ways. A theoretical concept of a new design of the translator
of a flat PMLG for OWEC is explained in [20]. Because of
variable magnitude and frequency of the oceanic wave the
generated voltage and frequency of the PMLG widely
changes. For this reason, a controller is necessary to stabilize
the output voltage which is generated by the PMLG. A
comparison of the generated voltages from a PMLG with and
without using a fuzzy logic controller is shown in [21] for the
same condition of the oceanic wave.

The nonlinear torque model of the permanent magnet
brushless synchronous motor is described in [22] by symbolic
regression. The shape optimization is introduced in [23] which
is a new concept to be applied on the PMLG for generation of
more electricity. It is also shown that less amount of steel core
is needed to generate the same amount of electrical power in
the same PMLG due to the shape optimization. The finite
element based optimization of the three-phase electrical
machine is also shown in [24].

Different PMLGs are studied and it is analyzed that
demagnetization happens at the time of electrical power
generation. The PMLG with variable air gap is introduced in
[25] for prevention of demagnetization. The superconductor
made of magnesium-diboride is used to make a
superconducting ~ linear  generator [26] to  avoid
demagnetization of the flux switching and a Vernier hybrid
type PMLG. Two different linear generators using
superconductors are presented in [27], [28]. An
electromagnetic [29] and a superconducting [30] linear
generator for OWE conversion are proposed to prevent
demagnetization. The amount of copper loss is high if the
linear generator is made by electromagnets. On the other hand,
superconducting linear generators are expensive not only for
the cost of superconductor itself but also for maintaining
cryogenic temperature inside the ocean.

Demagnetization of the permanent magnet is one of the
reasons of malfunctioning and performance degrading of the
power generation system which are stated in [31], [32].
demagnetization is irreversible according to the statement of
[18] and [32], which indicates that there is no way to recover
the performance of the permanent magnet if it has occured
once. Therefore, it is necessary to protect the demagnetization
which occurs in the conventional PMLG although a few
research papers are focused on this issue. Extensive research
studies indicate that all of the PMLGs used for electrical
power generation from the oceanic wave are with fixed length
of air gap (FLAG). Almost all of the PMLG has FLAG
between its stator and translator throughout the stroke length.

To overcome demagnetization, a new translator design of

the PMLG is proposed in this paper by introducing a variable
length of air gap (VLAG) topology. The effects of change in
the air gap length, velocity and loads are described in a
number of research papers [30]. It is analyzed that, if the
length of air gap becomes the function of translator velocity,
the problem of demagnetization can be eleminated. Therefore,
the degradation in electrical power generation can be
prevented and the proposed design of the PMLG would be
able to generate more electrical power than the conventional
PMLG with FLAG topology. Simulation results have shown
excellent outcomes of the proposed PMLG design.

II. MATHEMATICAL MODEL OF THE PROPOSED METHOD

As the waveform of oceanic wave is close to sine wave
and the float with translator follows the wave surface as
shown in Fig. 1, the vertical position of translator, z,(f) and
velocity, vi(f) can be expressed as:

z,(t) = h;” sin(z?”t * aij @8
vt,.a):%cos(z?”tiﬂij @)

where T and H, represent the period and amplitude of the
translator motion, respectively. The initial phase angles are
symbolized by a; and S..
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Fig. 2. Variation of the length of air gap for two different positions. (a) Small
air gap length is maintained at the end position of translator. (b) Large air gap
is maintained at the vertical center position of translator.



When the float or buoy lies on the surface of the peak or
trough of the oceanic wave, the connected translator reaches at
its end position with zero velocity. In other word, the vertical
velocity of the translator is zero at the lower end as shown in
Fig. 2(a) and also at the upper end. The translator reaches the
maximum velocity at its vertical center position as shown in
Fig. 2(b) according to (2). For the same length of air gap, the
higher velocity of translator would create higher opposing
reverse magnetic field against permanent magnets. To
minimize this effect, the air gap length, dy(), is represented
as a function of position as follows:
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where dyin and d,, represent the minimum and variable air gap
lengths, respectively. The flux variation, @, can be
represented as:
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where 4 is the wavelength of the oceanic wave. The generated
voltage of the proposed linear generator, Vg, can be expressed
in the following
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The length of air gap increases with the increase of velocity of
the translator and vice-versa. The vertical displacement and
velocity of the translator are related to the float, which can be
realized from Fig. 3.

[II. MINIMIZATION OF DEMAGNETIZATION

Fig. 3 shows the nature of vertical position and velocity of
a translator with respect to time in all PMLGs. The generated
voltage, electrical power, and hence the armature current are
directly proportional to the translator velocity considering the
same load where the nature of current and power of the PMLG
are shown in Fig. 3. The characteristic curve of any permanent
magnet is generally represented by B-H loop where B is the
magnetic flux density and H the magnetic field intensity.
During the operation of electrical power generation, by Lenz’s
law, these permanent magnets face the opposite magnetic field
intensity from the armature as shown in Fig. 4. As a result,
demagnetization takes place on a previously magnetized hard
magnetic material which is not been used in an electrical
power generator.
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Fig. 3. The winding current and power generation of a PMLG with respect to
the translator position and velocity.

A [Wb/n] Moo Fagnots
@821 =
B.013 . / l A .
8. 815 [ Coil | ] /W[ Cail ]
Sgég O, — ‘ A('—a)\ - ‘ -— @
B’ BEG = ~ _,x;_-l-.. f‘; e SES
0,823 ‘ Col |/ & | I/( ,_Coil
-0, 683 Y |
.06 A — e -
-3, 829 Q< ‘ == Oy === O,
-g,912 .

615 Sthtor Gt | l
-2.915

l -8,821
-9, @24 ==

Fig. 4. Demagnetization occurs in permanent magnet of the existing PMLG.

For this reason, the second quadrant of the characteristics
curve is considered for analysis as shown in Fig. 5 where the
remanent magnetism is denoted by B, and the coercive force
by H.. Before starting operation as a generator, the magnetic
remanence, B, is located at point a according to Fig. 5. The
induced emf, E, per phase can be expressed as

E, =aV2 N0, (6)

where the winding factor is denoted by k. and f is the
frequency of generated voltage. The magnetic flux in the air
gap, @, can be represented as

Pe =Pr =P~ (7

where @y is the excitation flux, @, the flux created from
armature reaction, and @; the leakage flux as shown in Fig. 4.
As the value of @; is very small compared to @,and @,, under
no load condition (without armature reaction), @, is nearly
equal to @, For the armature reaction, @, mainly opposes the
excitation flux which occurs during the operation of electrical
power generator.
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In Fig. 5, points a, b, ¢, d, and & lie on the demagnetization
curve where a represents B, of a newly installed permanent
magnet. Because of the reverse magnetic field, @, in the
opposite direction of excitation field, B of the permanent
magnet falls down to for example point d from point a
followed by the abcd line. In the stationary state or under no
load condition, B reaches point f followed by the def line
instead of returning to point a as before. As a result, the value
of B, drops down to point f from point a. Re-applying the
same amount of —H would again cause the same lower value
of B, from point f to d followed by fgd. Under no load
condition, the value of B again reaches point f followed by def’
again making a secondary hysteresis loop with a recoil line df.
This degraded value of B, which falls to point f will never
reach point a. The recoil permeability, u... can be expressed
by slope of df line which is considered for simplification.

For the lower value of applied —H, the magnetic flux
density would not further decrease more than point d. On the
other hand, for the higher value of applied —H, the magnetic
flux density would decrease from point d to for example point
h which would never reach point f. Another secondary loop,
hijkh is made with a recoil line #j and the value of B, would
never reach any higher value than point /. This phenomenon
happens to the conventional FLAG PMLG automatically
because of the variable translator velocity created by natural
oceanic wave. As the magnitude of reverse magnetic field
depends on the velocity of the PMLG for a particular load
which varies with wave motion, B would be reduced to a new
value.

IV. DESIGN OF THE PROPOSED PMLG

Fig. 6(a) illustrates the construction of the proposed VLAG
PMLG where the magnetic cores and permanent magnets are
labeled. Fig. 6(b) represents the equivalent circuit diagram of
the winding. In Fig. 6(b), Ec.;, Ec.2, Ec.3, and Ec.4 represent
the coil voltages of Coil-1, Coil-2, Coil-3, and Coil-4,
respectively as labeled in Fig. 6(a). Copper wires are selected
for coil windings. Two stators with windings are located on
the left and the right sides of the translator.
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Fig. 6. (a) Construction of the PMLG and (b) its equivalent circuit diagram.

Each of the stator winding consists of two coils which are
opposite in electrical phase from each other. Fig. 6(b) shows
the equivalent circuit diagram of the proposed VLAG PMLG
where four coils are connected in series. The equivalent series
resistance is denoted by Ryindings and the equivalent series
inductance is denoted by L,indings.

The total voltage, E, generated from these four coils are
marked by a dashed area. The translator is allowed to move
vertically between the stators. The alignment of the magnetic
poles and direction of flux lines can also be understood from
Fig. 6 (a). Fig. 7 represents the translator pole pitch, z,, which
represents the height of two consecutive translator poles with
permanent magnets. Three phase voltages are produced due to
the stator phase difference which is also shown in Fig. 7. The
vertical distance between the stator producing phase-a and
phase-c, Hgy, ¢, can be represented in the following

1
H(Da—lbc =2 (Ttr +§Ttrj (8)
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Fig. 7. Stator arrangement of the proposed PMLG.

Fig. 8 illustrates the construction of the translator of the
proposed PMLG which consists of some steel cores and
permanent magnets. The variation of air gap length, Ady, is
very small compared to the length of the translator. For this
reason, the translator is exaggerated so that the curvature can
be seen clearly. The number of steel cores are represented by
n, where the maximum value of n, ny.~= 24. Considering the
steel core placed in the vertical centre which has n=0, the total
number of steel cores in the translator is 2Xn,at1. On the
other hand, the numbers of permanent magnets are denoted by
m. Since two opposite orientations of permanent magnets are
used to design the translator, they are represented by PM(+z),
and PM(—z),. The permanent magnets in which the North
poles are placed on the upper side and the South poles in the
lower side, are denoted as PM(+z),. Similarly, PM(-z),
represents the same with opposite orientation. The total
number of PM(+z), and PM(—z), in the translator is 2Xmuex
where m,= 12. The distance between the stator and translator
core is denoted as Asc..dyr, Where —24<n<24. Similarly, the
distance between the stator permanent magnet is denoted as
Apmmdsi- where —12<m<12 and m #0. For the consecutive steel
cores and permanent magnets the value of Asc..dy- slightly
differs from that of the Apm.mds. The value of Asc..dy and
Apm-mdsy 18 higher at both ends and lower at the vertical centre
of the translator. The slope of n-th translator core, Msc.,, and
m-th permanent magnet, Mpy.» can be represented as

Zg Zpys
Msc—n =iA S Z > PM—-m =iA = 2[ (9)
PM—-m% str PM—m str

where Zg-_y and Zp,,_, are the thickness (height) of the

translator core and the permanent magnet, respectively. Only
for n=0, the slope of the translator core is infinite, because its
left and right sides are vertical.
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V. SIMULATION RESULTS

In the simulation setup, the translator is allowed to move
vertically. The peak to peak vertical travelling distance of the
translator is 1.6 m which is known as stroke length. The time
period of the oceanic wave is set to 4 s. The velocity of the
translator ranges from 0-1.25 m/s depending on time. As the
nature of the oceanic wave is almost sinusoidal, in the motion
setup, the time period of sine wave motion is 4 s. The width
and depth of a single unit of the proposed PMLG are 0.196 m
and 0.1 m, respectively. The induced voltages and currents of
phase-a, phase-b, and phase-c of the proposed PMLG are
plotted in Figs. 9 and 10, respectively, for the resistive load of
4Q. The curved lines represent the amplitude of the load
currents for the same generator with the fixed length of air
gaps as in the conventional linear genetator.
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Fig. 9. The induced voltages of the proposed linear generator.
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The proposed linear generator can limit the armature
current to a specified maximum value inherently to prevent
demagnetization as shown in Fig. 11 for phase-a. When the
current reaches its limit, the amplitude becomes constant
which is represented by the straight lines.
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Fig. 11. The armature current of the conventional FLAG and the proposed
VLAG PMLG for a specific load.

The stator winding current waveforms are simulated for the
conventional fixed air gap PMLG and the proposed adjustable
air gap PMLG, respectively, considering the same design and
parameters. The induced voltage and load voltage of phase-a
are plotted in Fig. 12. In phase-a, the rms value of load voltage
is 24.88 V which is less than the generated voltage 26.74 V
because of the armature resistance. Similar results are obtained
in phase-b and phase-c because of their same armature
resistances.
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Fig. 12. The induced and load voltage of the proposed linear generator.

The eddy current, hysteresis, and total core losses are
shown in Fig. 13, where the core loss components are zero at
time, =0s, 2s, and 4s. The reason is that the relative velocity
of the translator with respect to the stator is zero at time =0s,
2s, and 4s which can be realized from Fig. 3. As a result, the
generated voltage, current, and frequency are zero at these
times and for this reason the core loss is also zero. The core
loss gradually increases with the increase of the generated
frequency as shown in Figs. 12 and 13 by “Increasing
frequency”. However, the amount of core loss is almost
constant from 7=0.65s—1.35s (in the first half cycle) and
=2.65s—-3.35s (in the second half cycle) because in these time
intervals the frequency is almost constant which is shown in
Figs. 12 and 13 by “Similar frequency,” which means that the
frequency is not exactly the same but the variation of
frequency is low. In the same way, the amount of core loss
gradually decreases from 1.35s in the first half cycle. The
applied and generated mechanical forces of the translator are
shown in Fig. 14 for one cycle of the oceanic wave.
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Fig. 13. The core loss profile of the proposed linear generator.

The value of the applied force, F,. is negative in the first
half cycle because the translator moves in the upward
direction which can be understood from Fig. 3. Now, if the
direction of force is considerd downward, the value of F,. in
the first half cycle is negative. Similarly, the value of F,. is



positive in the second half cycle because of the translator’s
downward motion. The generated force, F,. shown in Fig. 14
is due to the electromagnetic interaction between the translator
and stator.

The generated electrical powers for different loads are
shown in Fig. 15 and tabulated in Table I for comparison. The
generated powers for 4Q, 6, and 8Q loads are denoted as
Piq, Psq, and Pgq, respectively. The terminal voltage, load
current, and magnetic flux linkage are shown in Fig. 16, where
the magnetic flux linkage is more at the two ends and low at
the centre of the half cycle.
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Fig. 14. The applied and generated forces of the translator of the proposed
linear generator.

TABLEI
DIMENSIONS OF THE PMLG
Power Average value (W)| Peak value (W) Rms value (W)
Psg 163.336 519.733 160.009
Psa 116.155 374.675 115.393
Psa 89.100 291.372 88.584
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Fig. 15. The generated powers for different loads.
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Fig. 16. Voltage, current, and magnetic flux of the VLAG PMLG.

It indicates that the proposed linear generator protect
overcurrent flowing through the coil by minimizing flux
linkage. Fig. 17 presents the simulated armature current
waveform for three loads, viz. I; (8 A), b (10 A), and I5 (12
A). Fig. 18 plots the waveform of electrical power generation

for the same load maintaining the same maximum current
rating for the FLAG and VLAG PMLG to make a comparison.
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Fig. 17. Different armature currents of the VLAG PMLG.
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Fig. 18. Generated electrical power for FLAG and VLAG PMLG.

It can be seen form Fig. 18 that, although the peak value of
power is the same, the average electrical power of the
proposed linear generator is larger compared to that of the
conventional one. Figs. 19-22 show the magnetic properties of
the proposed VLAG PMLG. The magnetic flux density of
VLAG PMLG is shown in Fig. 19 for the maximum velocity
of the translator at the moment of alignment with stator cores.
The length of air gap needs to maintain a heigher value, not to
allow the coil current beyond the specified limit.

The magnetic flux density of the same PMLG is shown in
Fig. 20 for the minimum value of translator speed at the
moment of alignment with stator cores. It happens at the end
positions of the translator. The length of air gap needs to
maintain a lower value in this case so that the magnetic flux
linkage can be reached to higher value to boost up the coil
current, also maintaining the current limit. Different
parameters of the PMLG are tabulated in Table II. Figs. 21
and 22 present the magnetic field intensity, H of the proposed
VLAG PMLG for maximum and minimum lengths of the air
gap at the highest and lowest translator velocities,
respectively, at the moment of vertical alignments of the stator
and translator cores.
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Fig. 19. Magnetic flux density of the VLAG PMLG for maximum air gap.
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Fig. 20. Magnetic flux density of the VLAG PMLG for minimum air gap.

TABLEII
DIMENSIONS OF THE PMLG

Name of the items Value

Air gap length between the stator and translator (mm) 3~6

Thickness of the stator pole (cm) 1.6

Width of the stator pole shoe (cm) 4

Thickness of the permanent magnet (cm) 2.4

Vertical distance of the stator poles (cm) 4

Thickness of the translator core (cm) 1.6

Vertical distance of the translator for one cycle (cm) 8

Height of the stator pole shoe (cm) 1.6

Length of the cross section of the copper coil (cm) 3.5

Width of the cross section of the copper coil (mm) 8.5

Total width of the stator poles (cm) 5.6
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Fig. 22. Magnetic field intensity of the VLAG PMLG for minimum air gap.

Fig. 23 represents the simulated and experimental load
voltages of the PMLG with the conventional fixed length of
air gap. As the load is resistive, the nature of current waveform
and voltage waveform is the same. The magnitude of
generated voltage exceeded the limit for which excess amount
of armature current would occur. Fig. 24 represents the
simulated and experimental load voltages of the PMLG with
the proposed variable length of air gap. The magnitude of
generated voltage did not exceed the limit which ensures that,
excess amount of armature current would not occur. In the
experimental result, the proposed VLAG PMLG vibrates for
the lower linear velocities at =0 s and =2 s. As a result, the
generated voltage fluctuates at these moments which can be
seen at Figs. 23 and 24.

The downscale prototype of the proposed PMLG connected

to a resistive load with the translator design is shown in Fig.
25. The translator with the proposed VLAG PMLG is mounted
in a linear motion generator as shown in Fig. 25 (a).
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Fig. 23. The load voltage of the conventional linear generator.
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Fig. 24. The load voltage of the proposed linear generator.
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Fig. 25. (a) Linear motion generator and (b) translator design with variable air
gap topology.

To produce high amount of electrical power, the depth of a
single unit of the proposed PMLG is increased from 0.1 m to 1
m in the simulation setup. The peak generated power of the
single unit is then increased from around 450 W to 5 kW. Four
units are cascaded together to generate 20 kW electrical power
as shown in Fig. 26. Four translators are mounted together at
their top and bottom side to ensure free vertical movement of
them. The width, depth and height of the cascaded VLAG
PMLG are 1 m, 1 m, and 0.35 m respectively. The output



power can be increased to an even higher value by adding
more units together.
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Fig. 26. Cutaway drawing of the proposed cascaded VLAG PMLG.

VI. CONCLUSION

A new design is proposed to various PMLGs to avoid
demagnetization. A downscale prototype is fabricated to test
the performance of the proposed VLAG PMLG. The
numerical simulation and experimental test results are very
close to each other, and both demonstrate that the proposed
PMLG can effectively solve the problem of the
demagnetization of permanent magnets. The VLAG PMLG
can generate more average electrical power under the same
operating condition, which is another benefit. For a particular
load and translator speed as shown in the paper, the VLAG
PMLG can generated 23.77% more electrical power than the
FLAG PMLG for the same operating point on the curve of
demagnetization and armature current limit. Due to the
prevention of demagnetization, degradation of power
generation can be prevented. The proposed cascaded VLAG
PMLG can generate 20 kW electrical power.
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