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Abstract: Wave energy, a high-quality renewable energy, is abundant in reserves and relatively
stable. However, the wave energy power of the same sea area varies greatly in different seasons.
The traditional linear generator cannot work efficiently in such a wide power range. This paper
presents a segmented permanent-magnet linear generator structure, which is especially designed
for the wave energy converter. This type of linear generator can match the wave energy power by
increasing or decreasing the specific primary unit, making the generator more efficient over a wider
range of wave power than the traditional type. This paper verifies the correctness by finite element
analysis.
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1. Introduction

1.1. Background

The electrical power dilemma, which has long been a worldwide problem, is one of the main
factors restraining the development of remote islands . Promoting renewable energy such as wave,
tidal, etc., in remote islands and far-reaching sea area can help to achieve self-sufficiency of electricity
with low impact on marine ecology and environment. Among marine energies, ocean wave energy
has development value due to its abundant and high power quality [1-4].

The wave energy converter (WEC) is electromagnetic device that converts the kinetic energy
of linear motion into usable electrical energy. There is a wide variety of wave energy converter
technologies. More than one thousand patents had been registered by 1980 and the number has
increased markedly since then [5]. One method is to use hydrodynamic devices to convert linear motion
into rotatory motion (oscillating water column device with an air turbine [6] and an over-topping
device with a low head hydraulic turbine [7]). Another method is known as oscillating bodies
technology. This technology uses the movement of waves to promote the activities of the device (floats,
rafts, etc.) [8-10]. Among various oscillating body technologies, the point absorption WEC using
direct-driven power take-off (PTO)has received much attention [5]. The likely reason for this can be
summarized as follows:

e  The structure of point absorption WEC with direct driven PTO is simple in structure and the
system can be more reliable;
e  The point absorption device is small in size and will not affect the navigation;
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e  The point absorption device does not completely absorb the wave energy which makes the impact
on marine ecology smaller.

Direct driven PTO usually means a linear generator connected with oscillating buoys via a rope or
steel pipe. The overall efficiency of direct driven WECs can be, in theory, close to 50% [11]. However,
the actual experiment result is generally about 24% [12].

1.2. Potential

Wave energy is a concentrated form of solar energy: the sun produces temperature differences
across the globe, causing winds that blow over the ocean surface. These winds cause ripples, which
grow into swells. Such waves can then travel thousands of miles with virtually no loss of energy.
The power density is much higher than for wind or solar power [2]. Thus, the ocean wave energy
distribution pattern varies greatly with the seasons. Taking the South China Sea as an example,
the wave heights of some sea areas are shown in Table 1.

Table 1. Wave height of FL the South China Sea in different seasons.

Spring Summer Fall Winter
(March, April, May) (June, July, August) (September, October, November) (December, January, February)
Average 0.9m Im 14m 25m
Maximum 1.5m 1.5m 3m 6m
Annual average 15m

However, Some existing prototypes such as the wave energy converter installed by Uppsala
University at Lysekil [12-15] and the 10 kW point absorption developed by Guangzhou Institute of
Energy Conversion, CAS [16] show a potential problem. The rated power of the prototype is designed
to be much higher than the actual average sea condition to adapt to the biggest wave situation. It causes
the generator to have a power point below the rated value for most of the time. The result is that the
generator works under low-efficiency conditions for long periods of time.

1.3. Solution

This paper presents a segmented structure and its control method to broaden the range of efficient
energy capture. In the short primary and long secondary linear generator system, the segmented
primary has two main advantages. One is that it can effectively reduce the copper loss of unworked
segment, thereby improving generator efficiency. The other advantage is to raise the upper limit of
input power and broaden the efficient operating range of the generator. In this paper, a model of the
primary segment and the connection between each coil is described in detail. Additionally , a finite
element analysis (FEA) of the segmented permanent-magnet linear generator is used to verify the
effectiveness of the segmented structure.

2. Structure Analysis

2.1. Segmented Structure

The segmented structure topology of the permanent-magnet linear generator is shown in Figure 1.
The primary is divided into multiple segments. The primary segment I has the fewest coil turns and
the thickest wire. The number of turns in primary segment II increases, and is subject to the slot
area; the wire diameter decreases. By analogy, the number of turns in other segments increases and
the wire diameter decreases. When the wave height is low, all the primary segments are put into
operation to increase the voltage which ensures that the generator can deliver the available power at
low velocity. The coil current is also low due to the low input power, which reduces its impact on the
increase in copper loss. As the wave height increases, the primary segments are gradually cut out.
With the increase in input power, the coil current increases. Cutting off the thin coils can reduce the
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copper loss. In addition, the direct-driven WECs have a lower electrical frequency, thus, the iron loss is
always lower.

Prlmary segment [
Prlmary segment I1
Primary segment III

AT

- N

Secondary

Figure 1. Segmented structure topology for FL the permanent-magnet linear generator.

Considering effective use of the primary generator , it is necessary to fill as many wires as possible
into the primary slot. The number of turns N is limited by the wire diameter, slot area, and the fill fact
which is shown in (1).

N = Ssiot - KFill 1)
Swire
where S, is the slot area, Kp;j; is the fill factor and S, is the cross-sectional area of wire.
Every segment has a similar fill factor and slot area. The number of coil turns should satisfy the
following ratio, which is related to the slot area and square of the wire diameter as (2).

Ni:Ny:...: N, = Sslotld,% : Sslotzdi_l I Sslotnd% 2)
where d is the wire diameter.

2.2. Coil Connection

Connection between coils of each primary segment is shown in Figure 2. Coil 1 is the coils of
primary segment I and coils 2 and 3 are the coils of primary segments Il and III, respectively. When the
power input increases, the order of coils cutting off is from 3 to 1. Each segment coil is connected to the
rear segment coils or three phase Y, connecting the center point via a single-pole double-throw relay
or power electronics. Since all primary segments share one secondary, there is no phase difference
between coils 1, 2, and 3. Each segment coil can be directly connected in series.

Coil 1-U Coil 2-U

Coil 1-V

Coil 1-W ) Coil 2-W 2 Coil 3-W
Link Link
Switchl Switch2

Figure 2. Coils connection between primary segments.

The statement of the switch can be judged by the coil current. According to the current feedback,
the switch performs the corresponding action , as shown in the flow chart of Figure 3.
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Figure 3. Coils switching method.

3. Mathematical Model

3.1. Wave Energy Resource

According to linear theory of ocean surface waves , the wave length energy flux density P can be
calculated as (3)
5 kW

oT ~ (0.5——)HZ,T ®3)

2
P?Pg 2 k
m3 s

64 "
where p is the water density, g is the acceleration by gravity, Hy, is the significant wave height and
T is the wave energy period. More recently, significant wave height is calculated from measured
wave displacement.

The above formula states that the wave power is proportional to the wave energy period and to
the square of the wave height. Significant wave height can approximately be the RMS value of the
observed wave displacement. In a particular sea area, the ratio shown in (4) of wave length L and
wave displacement  is close to a constant C, which is related to the depth of water.

L

7 ~ C 4)

In deep water (deep water approximation is valid if the water depth is much greater than the
wave length), the dispersion relation of ocean waves can be expressed as follows :

w?  2r 27t

g —T/w:Tw (5)

where w is the angular frequency and Ty, is the wave period.
Substituting (4) and (5) into (3), a relationship between wave power and wave height can be found.

P o H23 (6)

With the above relationship, the wave energy density is nearly proportional to the cube of the
wave height . Combined with the characteristics of the China sea [17], the wave height in winter is
about 2-3 times higher than in summer, which means that the difference between the energy density
of waves in the two seasons is about 5.7-15.6 times.
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3.2. No-Load Status

According to the characteristics of the linear generator structure, it is assumed that the flux linkage
per phase can be expressed by (7).

Y = N®ysin (vat + M) )
p 3
where N is coil turns, ®y(t) is the fundamental magnetic flux per phase, p is pole number, v is
secondary velocity, n is 1, 2, and 3 for U, V, and W phase respectively.
The no-load EMF is the time derivative of the flux linkage which is shown in (8). Therefore,
the relationship between the no-load EMF peak E, velocity and coil turns is shown in (9).

e= a¥ _ 27oNPy cos z—nvt + nm (8)
dt P % 3
Ey < Nov 9)

3.3. Load Status

According to the dual reaction theory, the generator voltage equation is shown as (10).

U = Eg + Ir + jIXq + j1iXeq + 1o Xag (10)

where U is the load voltage, Ey is the no-load EMF, I is the current in the armature coil which can be
decomposed into the direct axis component I; and the quadrature axis component I, r is the resistance
in the armature, X; is the inductance in the armature, X,; and X,; are armature reaction reactance in
the direct axis and quadrature axis , respectively.

The thrust equation can be expressed as (11).

do
Fey — Fiy = ]E + fo (11)
where F,;;, is the electromagnetic damping, F;, is the wave thrust, | is the secondary inertia and f is
the friction damping.
The calculation method of F,;;; can be derived from the relationship between the power and the
force of linear motion.

Fgmv = LH + Piron + PCOPPET (12)

where Py, is the iron loss and Peopper is the copper loss.
The copper loss accounts for a large proportion of losses in this type of linear generator.
Copper loss can be calculated as (13).

kL
Peopper = IPr = P—— (13)
wrie
where k is the resistivity and L is the wire length.
The generator efficiency can be calculated by (14).
ur
= 14
1= (14)

4. Simulation and Result

To obtain the load operation characteristics of the generator, a numerical method can be used
for analysis. The analytical solution of electromagnetic field problems in the generator requires the
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boundary value problems to be solved for partial differential equations. The finite element method
is employed here. Since the primary and secondary structures of different generator segments are
the same, it is only necessary to establish one segment model and obtain the load characteristics of
different segments by changing the winding parameters. Also, due to the particularity of the linear
generator, periodic boundary conditions can be used to simplify the model, as shown in Figure 4.

Symmetry boundary condition, I,

Coils / Primary
AVAVAY AVAVAYA VAVAVAVAVAVAVAVA
~
Air gap
Magnets
Secondary

Periodic boundary conditions, I',

Figure 4. Simplified finite element model of the linear generator.

The differential form of Maxwell’s equations gives the expression of the magnetic vector potential
of the magnetic field as (15).
B S

UxH=Vx 2 =x(VxA)=T (15)

1

where H is magnetic strength, B is magnetic flux density, A is magnetic vector potential and 7) is
current density.

After simplifying the model into a 2-D plane as Figure 4, (15) can be rewritten as (16) in a
no-current region and (17) in a current region.

0?A, Ay
dx2 ay?

0%A 02A
Gt gy = () (7)

=0 (16)

The Galerkin method is used to discretize the above equations. The nonlinear equations can be
obtained as (18)

(Kl+[Cha=F (18)

where [K], [C] is the coefficient matrix, F is the column vector of current density and A is the magnetic
vector potential to be determined.

The main dimensions of the generator are shown in Figure 5. The specific parameters in the FEM
model are shown in Table 2. The generator is divided into three segments. The number of turns in
each segment is 40, 120 and 552. The coil wire diameters are 3 mm , 1.5 mm, 0.71 mm. In this model,
the fill factor of each segment is close to 73.5%. Since the coils are connected in series, the generator
coil resistance is 0.056 (2, 0.712 (), and 14.512 (), respectively, under different operation conditions.

) L 4
T l‘_LG_’ 2 W=

Hfi "He JL J
)i—_g_—_—_—-

Hg TPM

Figure 5. Main dimensions of the generator.



J. Mar. Sci. Eng. 2019, 7,101 7 of 10

Table 2. Main Parameters of FL the FEM Model.

Description Value Exp
Secondary core height 12 [mm] H,
Secondary Permanent-magnet spacing 12.5 [mm] ™M
Permanent-magnet size 5.5 x 26 x 110 [mm]
Primary segment length 168 [mm] Lp
Primary height 50 [mm] Hp
Primary Primary segment spacing 39 [mm] TP
Groove length (Uneven) 21 [mm] Lg
Groove height (Uneven) 40 [mm] Hg
Air gap length 1 [mm]
Stack height 110 [mm]
Turns 40
I Wire diameter 3 [mm)]
Resistance of coil 0.056 [O)]
Fill factor 73.74 [%]
Turns 120
Primary Segment I Wire diameter 1.5 [mm]
Resistance of coil 0.656 (1]
Fill factor 73.48 [%]
Turns 552
I Wire diameter 0.71 [mm]
Resistance of coil 13.8 [Q]
Fill factor 73.26 [%)]

By FEA, the magnetic flux density distribution is shown in the flux line and contour plot in
Figure 6 . The tooth magnetic density peak is approximately 1.8 T.

Magnetic flux

- density: T
(((kkfj = )I =

Figure 6. Magnetic field distribution.

The no-load EMF is shown in Figure 7a. Before the switch point I, the secondary velocity is
2.5 m/s. In this status, only segment I is in operation . At this time, due to the fewer turns of coils,
the no-load EMF is lower than the other operation status, the peak value of which is 21 V. After switch
point I, the wave power input decreases and the secondary velocity decreases to 1.5 m/s. In this status,
segment Il is put into work . Even in the case of deceleration, the no-load EMF peak increases to 33 V
due to the increase in coil turns. After switch point III, the wave power input decreases again and
the secondary velocity decreases to 0.5 m/s. In this status, all the segments are put into operation,
resulting in a no-load EMF peak of up to 81 V .
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Figure 7. Simulation result of FL the segmented permanent-magnet linear generator. (a) No-load EMF;
(b) Efficiency; (c) Copper loss; (d) Iron loss; (e) Power factor; (f) Output power.

Under the load condition, the generator efficiency characteristics are shown in Figure 7b.
The dotted line shows the efficiency curve of each segment when working independently. The solid line
is the efficiency after switch intervention. When the armature current is less than 1.7 A, the efficiency
is much higher with all segments working. After switch point I, the efficiency drops dramatically.
By cutting out segment III, higher efficiency can be maintained. When the armature current is between
1.7 A and 7.4 A, segments I and II work together, which is more efficient . After switch point III,
the efficiency drops again. Segment II needs to be cut out to maintain higher efficiency. Overall,
the efficiency of the segmented linear generator is higher than 95% in a global scope.

Figure 7c—e shows the iron loss, copper loss and power factor , respectively. Due to the low
operation velocity of the linear generator for WECs, the iron loss is basically maintained below 20 W,
which means that as the armature current increases, the main reasons for the decrease in the generator
efficiency are copper loss and power factor. Without switching, the copper loss increases rapidly
but the power factor decreases rapidly as armature current increases . By segmenting and rationally
switching the connections between segments, the power factor, and copper loss can be pulled back to

a reasonable range, which allows the generator to maintain a higher output efficiency over a wider
current range.
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After switching, several segments are cut off, which makes the terminal voltage drop suddenly.
The inductive generator coils prevent the current from abruptly changing, which leads to a decrease in
output power. Then, the electromagnetic damping is reduced below the wave thrust, which makes the
secondary velocity increase . The current and terminal voltage will rise simultaneously until a new
thrust equilibrium state is reached. The output power in this process is shown in Figure 7f.

5. Conclusions and Discussion

In this paper, the segmented structure and control method of the permanent-magnet linear
generator were introduced. Each segment has the same primary structure and shares one secondary
structure . However, they differ in terms of the number of turns of coils and the wire diameter. Different
segment coils are connected in series. By controlling the switching of each segment, the range of
efficient energy capture can be widened .

When the armature current increases , the power factor decreases, and the copper loss increases,
which results in a decrease in the efficiency of the linear generator for WECs. Combined with a
reasonable switching control method, a segmented permanent-magnet linear generator can increase
the turns of coils at lower the operating velocity, which helps to increase the terminal voltage. As the
armature current increases, cutting out specific segments can help to reduce the copper loss and
increase the power factor, which helps to increase the efficiency of the generator.

The mathematical model and finite element model are presented to verify the correctness of the
proposed structure and control method.

However, there remains some room for improvement :

o  The switching control method used in this paper is an open-loop control method, which can still
be improved;
o The end efficient of the linear generator can be considered to improve the accuracy of the results.
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