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Abstract: Wave energy is a new type of clean energy. Aiming at a low wave energy density and small
wave height in China’s coastal areas, a tubular permanent magnet linear generator (PMLG) with a
short stroke, small volume, and high power density is designed for wave power generation. Firstly,
the generator’s electromagnetic parameters are analyzed by the analytical method, and the magnetic
circuit topology and basic structure of the generator are analyzed by the equivalent magnetic circuit
method (EMCM). Then, the finite element method (FEM) is used to analyze the influence law of the
generator’s basic structural parameters on the output electromotive force (EMF) and its sinusoidal
characteristics. The multi-factor and multi-level analysis is carried out based on the orthogonal test
method to study the size parameters of the above analysis, and the optimal structure parameter
combination for the generator is obtained. Finally, the prototype is trial-produced and tested for
steady-state and transient performance to confirm the accuracy of the simulation calculations, and
the output performance under no-load and load conditions is examined. The results show that both
the optimized prototype’s power density and the output EMF’s sinusoidal properties have been
improved under the proposed scheme.

Keywords: wave power; permanent magnet linear generator; total harmonic distortion; optimiza-
tion design

1. Introduction

With the worsening of world’s energy crisis, wind, solar [1,2], wave [3], and other
new energy sources have become research priorities in recent years. The wave energy
is a kind of energy formed by the wind blowing across the sea surface [4]. The marine
areas in different geographical locations have different wave characteristics [5]. The novel
direct-drive wave power system with a simple structure and an improved efficiency adopts
a linear generator [6,7] as the energy converter, which can directly match the up and
down reciprocating motion of the wave [8,9]. Among the existing studies, the main linear
generators applied to wave power generation are hybrid magnetic field modulated linear
generators (HMFMLG) [10], switched reluctance linear generators (SRLG) [11,12], and
permanent magnet synchronous linear generators (PMSLG) [13,14], etc.

Although HMFMLG has a superior output performance and a higher use efficiency of
permanent magnets (PM), its complicated construction is a big disadvantage that is hard
to overcome. The SRLG's structure is simple and inexpensive to produce, but it produces
a lot of noise and has poor stability. The PMSLG [15-17] has the benefits of high power,
a compact structure, and high efficiency. Liu et al. [18] proposed a two-body direct-drive
wave energy converter, in which the translator and stator of the PMLG were mounted on
two buoys to extract energy from the relative motion between two oscillating buoys. Zhang
et al. [19] and Jang, S.M. et al. [20] studied a PMLG of the Halbach PM array to improve the
air gap magnetic field of the generator, in which the effects of different slot and pole pitches
on the detent force were analyzed, but the waveform of the EMF was not analyzed. Zhou
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et al. [21] proposed a calculation model based on the EMCM and used it to analyze the
magnetic circuits corresponding to the stator core, PM, and air gap, respectively. Finally,
the partial magnetic circuits were combined to obtain a complete equivalent magnetic
circuit model for this motor. Arslan et al. [22] analyzed the correlation between the variable
structure parameters of the motor and the efficiency and volume based on the effect surface
optimization method and multi-objective genetic algorithm. Finally, the comprehensive
performance of the motor was improved, and the optimal value of the motor was obtained.

This paper designed a high power density PMLG based on the Halbach array, which
is suitable for operation in the near coastal environment of China. The PMLG is designed
preliminarily by the analytical method and its electromagnetic parameters are determined.
In order to increase power density, improve power production efficiency, and decrease the
THD of the EME, the variation law of induction EMF’s peak and the THD under various
parameters from the perspectives of yoke thickness, tooth width, and PM thickness was
examined in depth by the FEM. The multi-parameter optimization is carried out based on
the orthogonal design method to obtain the optimal parameter combination. Finally, the
steady-state and dynamic performance of the protype are tested. The results show that the
optimized PMLG has the advantages of high power density, high generation efficiency, and
a small THD of the EMF.

2. Analytical Calculation of PMLG

Aiming at a low wave energy density and small wave height in China, this study
develops a small Halbach array PMLG that uses the fundamental structure of a long
secondary and short primary. As a wave generator, the primary is relatively fixed, and
the secondary is directly connected to the wave collecting apparatus. The secondary is
driven by the wave to perform reciprocating linear motion to produce electricity. Based
on the wave characteristics, the generator performance requirements are shown in Table 1.
According to the generator design index, the electromagnetic properties of the generator
are calculated and analyzed using the analytical method.

Table 1. Performance requirements of PMLG.

Parameter Value Parameter Value
Rated voltage Un/V 25 Stoke H/mm <40
Rated speed V/m/s 0.5 Outer diameter Ds o, /mm <100
Rated frequency fy/Hz 10 Phase m 1

2.1. Electromagnetic Calculation of PMLG

The main dimensions of the rotary motor are the armature diameter and the axial
effective length. The linear motor evolves from the rotary motor and its corresponding
main dimensions are the primary effective length and the inner diameter.

The primary effective length [, is denoted as:

ls = 2Pt 1)

Speed:
V =21fn 2)

According to the characteristics of small wave power in summer, taking V = 0.5
m/s, the polar distance T = 25 mm can be calculated. In this paper, the PMLG based on
the Halbach PM array [23-26] adopts the structure of three slots and four poles, so the
primary effective length of the generator can be obtained. Generally, the calculated power
is determined by the rated index of the generator:

P' = mEI 3)
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Phase electromotive force:

E = 4.44 fNK;,®sKo @)
E=(1+AU)Uy ©)
Rated power:
Py =mUyIcos ¢ (6)
Air gap magnetic flux:
@5 = Bsi7tDs_in T @)
Electric load: omNI
m
A= e ®
Tidy up bring in:
P/
2PTtD; iy =
TS = 13 940Ky Koy AB,V ©)

where, P’ is the calculated power, E is the phase EMF, [ is the phase current, N is the
number of winding turns, Ky, is the fundamental winding coefficient, K¢ is the air gap
flux waveform coefficient, B, is the air gap magnetic density, «; is the calculated pole arc
coefficient, P is the pole logarithm, AU is the voltage regulation, D; ;, is the stator’s inner
diameter and ¢ is the power factor.

It is clear that the generator’s primary dimensions are dependent on the calculated
power, electromagnetic load, and air gap magnetic density.

2.2. Stator Design

According to the above formula, the stator’s effective length can be calculated. To de-
termine the turns per coil turns, the generator’s EMF and fundamental winding coefficient
are used as guides, and their relationship is as follows:

E

N=——
4.44f®5Ky,Ko

(10)

According to the diameter of the coil, the area occupied by the coil can be calculated,
and the size of the teeth and grooves can be further determined.

The crack ratio Kg is defined as the ratio of the stator inner diameter D; ;, to outer
diameter D; ,,, and the size of the primary outer diameter is determined by the crack ratio.
Current research indicates that when Kg = 0.45, the output power and power density of
the generator are the maximum. The preliminary design parameters of the PMLG can
be derived using the aforementioned analytical procedure, and its structure is shown in
Figure 1.

Sliding sleeve Stator yoke ~ Stator teeth Coil ~ Coil skeleton

Locating piece  PM array End cover

Figure 1. PMLG'’s structure.

3. Analysis of Equivalent Magnetic Circuit Model

The distribution of the magnetic field inside the motor is determined by converting the
calculation of the motor magnetic field into the calculation of the magnetic circuit using the
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EMCM. The magnetic circuit corresponding to the model is shown in Figure 2. The air gap
allows the magnetic force lines produced by the radially magnetized PM to penetrate the
stator teeth and yoke before moving on to the adjacent PM. Finally, the axial magnetized
PM returns to the initial PM to form a closed loop. The magnetic circuit includes the
magnetomotive force source F;, the PM reluctance Ry, the air-gap reluctance Rg, the stator
tooth reluctance R, the stator yoke reluctance R,, and the translator yoke reluctance R;.

1 Ro 1 Ro
[ - T - T
R. R,
R, D_‘Rg
‘ | ‘ F(DRW Riua FJRmr[] £ |ER o Fo| R X ‘ ‘
i

R; R; R
Figure 2. Equivalent magnetic circuit method.
Where, the magnetomotive force is generated by the PM:

Brl

Fc =Hcl =
C C oy

(11)

H¢ is the PM’s coercivity, [ is the length of the PM along the magnetization direction,
B, is the PM’s remanence, ji is the vacuum permeability, and y; is the relative permeability
of the PM.

The Carter coefficient k; is introduced, and its computation follows. It takes into
account how stator slotting affects the effective air gap length:

(ws + wt)(Sg + ZUt)

ks = 12
o (ws + wy) (5g + wi) — wi? (12)
The air gap reluctance Ry is obtained from the reluctance equation as:
" ksd ks(Inr —1
Rg: sar _ 5(nr 1’17’2) (13)
1y 2TTTUQWs 27T o Ws
The magnetoresistance of PM is:
"2 dr Inr, —Inr
Ry = =21 (14)
1 27T Uy Ty 27T oMy Tr
Ra i (15)

 poprr(ra® —112)

The internal resistance of the yoke and stator teeth is negligible in comparison to the
air-gap resistance. According to the magnetic circuit theorem, the PM’s magnetic flux in
the air gap can be expressed as follows:

&= Fc _ Hc(rp —r1) + HeTa (16)
2Rg + Ryr + Rya ks(Inr—Inr,) + Inry—Inry T
TTHoWs 2o pr T s (r22—112)
o Hc(rp — 1)+ HeTa
Bs = = (17)
27Ty 2rtyks(Inrs—Inry) + r(Inry—Inry) 2,7,
Hotos Hor popr (r22—112)

where w is the tooth width, wy is the notch width, g is the air gap length,r is the radius of
air gap, r; is the inside radius of the PM, r; is the outside radius of the PM, r3 is the inside
radius of the stator teeth, 7, is the length of the radial magnetized PM, and 1, is the length
of the axial magnetized PM.
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The EMCM is used to investigate the PMLG’s magnetic circuit topology and analyze
the rationality of the magnetic circuit structure, which has certain theoretical guiding
significance. Meanwhile, EMCM explains the relation between the air-gap magnetic density
and reluctance, and analyzes the forming mechanism of high power density, providing a
guiding reference for the subsequent finite element analysis and optimization.

4. Finite Element Analysis and Structure Optimization of PMLG
4.1. Model Establishment and Result Analysis

The three-dimensional finite element model of PMLG is established in electromagnetic
simulation analysis software, which is used to analyze the electromagnetic characteristics
of the generator. The translator yoke, stator yoke, and stator teeth are all made of steel-08
with high permeability. The PM array adopts high-performance NdFeB material (model:
N45SH); the coil skeleton adopts high strength engineering plastic, and the coil is copper
core enameled wire. The whole model uses tetrahedral automatic mesh, and the mesh is
encrypted around the model air gap to improve the accuracy of the simulation calculation.
Figures 3 and 4 show the static magnetic induction intensity cloud diagram and the static
air gap magnetic density curve of the PMLG, respectively.

Magnetic Flux Density (T)
24000

i =N ‘
.:&'._-lg-_l'l‘fl' o~ " -
| " 2 BT o o ~
BN T Il T8 2 =
EVRS Ak BAFCE BB
[ ‘é‘"";'-?-."" - -

Working air gap

Figure 3. Cloud diagram of magnetic flux intensity.

T T
Static air gap magnetic density

Magnetic flux density (T)

0 20 40 60 80 100
Position (mm)

Figure 4. Static air gap magnetic density curve of PMLG.

The traveling wave magnetic field produced by the Halbach array moves relative to
the coil at a constant speed when the translator moves at a speed of 0.5 m/s. According to
Faraday’s law of electromagnetic induction, the induced EMF is generated in the coil. Even
while the entire waveform is sinusoidal, there are some localized distortions in the site
where the peak and trough are more noticeable. The waveform’s examination using the
fast Fourier transform (FFT) reveals that the EMF’s peak is 20.22 V and its THD is 4.01%.

4.2. Translator Structure Analysis

The theoretical analysis was conducted to make preliminary determinations of several
important motor dimensions. In order to maximize the use of the PM and subsequently
enhance the performance of the motor, it is typically required to study the impact of various
structural dimensions on the EMF [27]. This paper analyzes the influence rule of PMLG'’s
size change by taking the EMF’s peak and THD as the targets, in order to improve the
power density and facilitate the subsequent work of grid connection.
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The translator yoke is a component of the generator secondary, which is repeatedly
examined in various thicknesses. Figure 5a demonstrates that the EMF’s peak steadily rises
as yoke thickness increases, but the rising amplitude is getting smaller. The THD of the
EMF gradually drops until it settles at a constant value of 3.62%. The generator’s translator
yoke is made of the magnetically conductive steel-08 material when it uses the Halbach
array, which can increase the generator’s power density.

2041 —=— EMF's peak 19.0%
—+—THD
20.1+ 48.0%
S
= 198r 17.0%
3 2
21954 16.0%E
=
2 192f 15.0%
189+ 14.0%
18.6 L L L L 1 3.0%
4 6 8 10 12
Translator yoke thickness (mm)
(a)
2l —=— EMF's peak 45.6%
—+—THD
24+
S 15.2%
4 227 a
2 14.8% &
g 20+
m 14.4%
18 |
16 + 14.0%
3 4 5 6 7 8
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(b)
23 T T T T T T
—=— EMF's peak 48.0%
22+ —+—THD
- 17.0%
s 21+
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23
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o
18+
44.0%
17}
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Tz /Tr

()
Figure 5. Effect of translator on EMF. (a) Translator yoke thickness. (b) PM thickness. (c) 7./ T

The influence of the PM’s thickness on the performance of the generator was analyzed.
The PM'’s thickness is taken as 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, and 8 mm in turn. As
can be seen in Figure 5b, the EMF increment is steady on the whole but exhibits a very
minor downward trend. With the increase of PM thickness, the product of its volume
and magnetic energy increases. However, due to the magnetic saturation occurring in
ferromagnetic material, the increment of the EMF is steadily reducing. As PM thickness
increases, the THD of the EMF steadily declines until it stabilizes eventually.
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The generator performance is analyzed by setting 7, / 7, to 5:20, 7.5:17.5, 10:15, 12.5:12.5,
15:10, and 17.5:7.5, respectively. As shown in Figure 5¢, the EMF’s peak drops as the length
of the radial magnetized PM decreases, since the magnetic induction line created by the
radial magnetized PM in a Halbach array runs perpendicularly to the direction of motion.
The magnetic field line produced by the axial magnetized PM is parallel to the direction of
motion. That is, the radial magnetized PM plays a major role in the Halbach array. The
THD of the EMF first falls and subsequently increases as the length of the axial magnetized
PM increases. When 7, = T;, the THD is at its lowest level. It can be seen that the THD will
decrease with a decrease in size difference between radial and axial magnetization.

4.3. Stator Structure Analysis

The tooth is separated into edge teeth and middle teeth based on their distinct posi-
tions, the edge teeth are found at both ends of the linear generator, one side of which forms
a groove with the stator yoke and the other side of which is broken; the middle teeth have
grooves on both sides.

As shown in Figure 6a, the peak and THD of the EMF initially increase and then
decrease as the width of the middle teeth increases. The THD is greater when the width
between the middle teeth is near to 12.5 mm. When the size of the middle tooth is closer to
the size of the PM, the EMF’s peak is larger. A portion of the PM’s magnetic field line will
leak into the air if the middle tooth’s size is too small, which reduces the main magnetic
flux and, consequently, the EMF’s amplitude. As can be seen in Figure 6b, with a 1.5 mm
increase in the edge teeth, the EMF’s peak increases by around 2 V. However, the rise in the
EMF is slightly mitigated by the wider edge tooth spacing. The THD steadily decreases as
edge tooth width increases.

21.7 | —=— EMF's peak 13.4%
——THD
216 13.2%
>
215 13.0%
3 a
2214 {28% =
W
= 213 12.6%
S 21 X
= 21.2 12.4%
21.1 12.2%
8 9 10 11 12 13 14 15 16 17
Middle tooth width(mm)
(a)
28 - —=— EMF's peak 17.0%
——THD

26 | 16.0%
S 24 5.0%
3 N
o 22t {4.0% &
=
E 20+ 13.0%

18| 12.0%

16 1 1 1 1 1 1 1 1 1 10%

4 5 6 7 8 9 10 11 12 13
Edge tooth width(mm)
(b)

Figure 6. Effect of tooth width on EMF. (a) Middle tooth width; (b) edge tooth width.
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4.4. Orthogonal Design Optimization Analysis

The above analysis process was conducted under a single factor, and the optimal
parameters of the generator were not obtained. The orthogonal test was carried out to
assess and research several factors of the stator and translator simultaneously. In orthogonal
design, partial tests are used instead of full tests, with the results of the partial tests
being analyzed to comprehend the full tests and ultimately to determine the ideal set of
parameters. The thickness of the PM, the ratio of 7, /7, and the width of the edge teeth
have a greater impact on the EMF according to the aforementioned single factor analysis.
Next, the three-factor and three-level orthogonal design analysis was conducted, as shown
in Table 2. This method has the advantages of having a more simple operation and a
higher efficiency.

Table 2. Values of structural parameters.

Parameter Code Name Level Value 1 Level Value 2 Level Value 3
I A 5 6 7
/T B 11.5/13.5 12.5/12.5 13.5/11.5
Edge tooth width C 8 9.5 11

Table 3 shows the results of the orthogonal design, the data are processed and analyzed
using the visual analysis approach in accordance with the previous orthogonal design
results. The effect curve method is utilized in this research to more clearly visualize the
outcomes of the aforementioned optimization analysis.

Table 3. Orthogonal design results.

Operation Number Combination Amplitude of EMF (V) THD
1 A1BIC1 19.94 2.62%
2 A1B2C2 21.23 2.30%
3 A1B3C3 22.21 2.28%
4 A2B1C2 24.09 2.06%
5 A2B2C3 25.51 1.85%
6 A2B3C1 21.04 3.06%
7 A3B1C3 28.48 1.64%
8 A3B2C1 23.68 2.35%
9 A3B3C2 25.38 2.11%

According to the variation amplitude of each curve in Figure 7a, it can be shown
that the PM thickness has the greatest influence on the EMF’s peak, followed by the edge
tooth width and the ratio of 7,/ 7,. The EMF’s peak displays an increasing trend when PM
thickness and edge teeth width increase, and the EMF’s peak shows a decreasing tendency
as the length of the axial magnetized PM in the Halbach array increases. As can be seen in
Figure 7b, the THD of the EMF steadily rises with the increase of the length of the axial
magnetized PM, but falls with the increase of PM thickness and edge tooth width. In
combination with Figure 7a,b, the optimal combination of PM thickness, 7,/ 7 ratio, and
edge tooth width is iy =7 mm, 7, /7, = 11.5/13.5, and an edge tooth wide of 11 mm. The
optimized PMLG size parameters are shown in the Table 4.
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Figure 7. Effect curve of orthogonal design results. (a) Effect curve of EMF; (b) Effect curve of THD.

Table 4. PMLG structure and dimension parameters.

Parameter Symbol Value
Outer diameter Ds oyt (mm) 90
Length lf (mm) 100
Edge tooth width ws (mm) 11
Stator Groove width w (mm) 19
Winding turn N 660
Winding resistance Ry (QY) 2.82
PM thickness hpg (mm) 7
Length Iy (mm) 175
Translator Outer diameter D, out (mm) 38
Radial magnetized PM T, (mm) 13.5
Axial magnetized PM T, (mm) 11.5

5. Experimental Analysis

A single-phase winding unit is created by connecting the three coils in series, and the
outside surface of the stator teeth is grooved to arrange the connection of the coils to one
another. In the Halbach array, the axial magnetized PM is processed into a ring, and the
radial magnetizing PM is spliced into a ring by using eight magnetic tiles to achieve radial
radiation magnetization. Anaerobic glue is used to adhere the PM and the translator yoke
together as a whole, as shown in the Figure 8.

5.1. Experimental Analysis of Steady State Performance

Detent force, as a performance index of a linear motor, includes end force and cogging
force. The end force is produced by the linear motor’s limited length, and the cogging
force is caused by the different magnetic conductance of the teeth and the grooves. A large
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detent force will produce vibration and noise during motor operation, thus affecting the
motor’s performance. Stator edge teeth with an inner step structure can greatly reduce the
detent force. The detent force is tested at various locations within 20 mm on the left and
right sides of the initial position, with the middle axial magnetized PM in the middle stator
slot serving as the initial position.

Figure 8. Winding unit and Halbach array of PMLG.

The detent force of the prototype is measured using the static displacement method.
Using a ball screw slide to adjust the position of the translator, the translator’s precise
position is measured by the laser displacement sensor (optoNCDT2300). When the position
of the translator is shifted by 1 mm, the measurement signal of the force sensor (T320A-S)
is collected by the integrated controller (TMS320F2812), and the operation of the control
system, as well as the processing of the measurement data, are carried out on the upper
computer. Through point-by-point measurement, the detent force of the translator at
different positions can be measured. As shown in Figure 9, the trend of the measurement
results is consistent with that of the simulation results, which verifies the accuracy of
the simulation.

30

simulation
test 4

—
o S
. T

|
f=1
T

Detent force (N)
(=]

=20+

-20 -10 0 10 20
Position(mm)

Figure 9. Detent force diagram of the prototype.

5.2. Dynamic Experimental Analysis under No Load Condition

Figure 10 is a photo of the experimental device. In the dynamic experiment, a simple
harmonic motion is generated by using a rotating motor and an eccentric shaft connecting
rod to simulate the motion law of ocean waves. The connecting rod is attached to the left
side of the prototype translator, which is used to drive the reciprocating linear motion. The
translator displacement function is:

x = Asin(wt + @) (18)

where A stands for the translator’s motion stroke, which is determined by the eccentric
distance of the eccentric shaft, and w stands for the translator’s motion frequency, which is
determined by the rotational speed of the rotary motor.
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Eccentric shaft linkage mechanism

Figure 10. Prototype test system diagram.

When the motion frequency is 5 Hz, the prototype’s EMF is evaluated using various
motion strokes, and the strokes are 20 mm, 30 mm, and 40 mm, respectively. It can be
seen from Figure 11, as the stroke increases, that the peak and the THD of the EMF tend to
increase, while the waveform period remains unchanged. When the stroke increases, the
motion speed of the translator increases, so the EMF’s peak increases. The pole distance
of the prototype PM array is 25 mm and the THD of the EMF, which is 8.07% when the
stroke is 20 mm, is minimal. The THD of the EMF is 26.29% for a 40 mm stroke, which
clearly shows distortion. Thus, it can be concluded that the sine characteristics of the
EMF waveform are better when the translator moves within a pole distance range, and the
waveform will be slightly distorted when the motion stroke surpasses the pole distances.
By FFT of the EMF’s waveform, the proportion of the fundamental wave and harmonic
wave can be obtained. Based on 100% fundamental wave analysis, as shown in Figure 12,
the second harmonic makes up nearly half of the entire harmonic, occupying the biggest
percentage in the harmonic. The proportion of the second harmonic steadily rises as the
motion stroke increases, although the change in the other harmonics is minimal. It is
concluded that the THD of the EMF waveform is mainly related to the proportion of the
second harmonic. By comparison, it can be seen that the simulated value of the EMF is
basically consistent with the experimentally measured value, indicating the feasibility of
the scheme.

40 T T T T
H=20mm (sim)
30 +— H=30mm (sim)
‘;& xx ‘A‘lx‘x 4 H=40mm (sim) |
L 1 1o —— H=20mm (test)
e £ N iomm e
—~ 10} # g H=40mm (test)
> » : 1
= 0 A
= %
= \J
20 ‘%T;/ e
4
30 vy kY
,40 1 L L 1 1
0.00 0.05 0.10 0.15 0.20
Time (s)

Figure 11. EMF curve of PMLG under different strokes.

Under the condition that the motion stroke is 20 mm, the EMF of the prototype is
evaluated under various motion frequencies. The prototype is driven by the rotating
motor through the eccentric shaft connecting rod mechanism, the prototype reciprocates
motion once while the rotating motor circles around. The output speed of the rotating
motor is adjusted by the frequency converter so as to adjust the movement frequency of the
prototype. The exercise frequencies are set as 2.5 Hz, 3.3 Hz, and 5 Hz for the test. According
to the EMF waveform in Figure 13, the EMF’s peak steadily declines as the movement
frequency reduces. The waveform period grows as the motion frequency declines, which is
in fact 0.5 times related to the motion period. The THD of the EMF changes insignificantly
at different frequencies. According to the waveform’s FFT in Figure 14, second harmonic
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makes up the majority of the EMF waveform at varied frequency, with the proportions of
the other harmonics essentially remaining unchanged.

100% H=20mm
H=30mm

H=40mm

80%
60%

40%

Harmonic value

20%

3 4 5 6
Harmonic order

Figure 12. Harmonic distribution of EMF under different strokes.

« f=3.3Hz(sim)
+ f=2.5Hzs(sim)
—— f=5Hz(test)
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0.0 0.1 0.2 0.3 04
Time (s)

Figure 13. EMF curve of PMLG under different periods.

100%

80%
60%

40%

Harmonic value

20%

0%
3 4 5 6

Harmonic order

Figure 14. Harmonic distribution of EMF under different periods.

Therefore, it is clear that the prototype’s EMF peak is influenced by the motion stroke
and frequency. When the frequency is constant, EMF’s peak increases with the increase of
the motion stroke, when the stroke is constant, EMF’s peak increases with the increase of
the movement frequency. The EMF waveform period increases with the decrease of the
motion frequency, which is actually 0.5 times related to the motion period, independent of
the motion stroke. The THD of the EMF rises as the stroke rises, but it is independent of
the frequency.

5.3. Dynamic Experimental Analysis under Load Condition

Load analysis is an essential link of motor performance testing. The output perfor-
mance of PMLG is analyzed by simulation and experiment under different loads and
movement frequencies with a motion stroke of 40 mm. PMLG’s output characteristics are
shown in Table 5.

As shown in Figure 15 and Table 5, when the movement frequency is constant, the
power first increases then decreases as the load increases; when the external load equals to
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the PMLG’s internal resistance, the power reaches its maximum level. The circuit’s resistance
increases as a result of the increased external load, leading to the decrease in the circuit’s current
and output power; the amount of voltage that the load separates increases as the external
load increases relative to the internal resistance of the motor, leading to a gradual increase
in the EMF output. When the load is constant and combined with the prior examination of
the no-load characteristics, it is evident that, as the frequency reduces, the movement speed
decreases, the EMF created lowers, and the output EMF and power steadily decline.

Table 5. The output characteristics of PMLG under different frequency and loads.

Load Frequency  Simulation Test EMF Simulation Output  Test Output
Q) (Hz) EMF RMS (v) RMS (v) Power (W) Power (W)
5 8.21 7.26 26.86 21.03
2.5 3.3 5.66 4.92 12.76 9.73
2.5 4.25 3.56 7.16 5.06
5 11.52 10.35 26.46 21.35
5 3.3 7.84 6.89 12.18 9.53
2.5 5.83 4.75 6.62 4.54
5 14.34 13.70 20.53 18.71
10 3.3 9.67 8.68 9.26 7.54
2.5 7.26 5.86 5.21 3.52
5 15.55 15.16 16.09 15.28
15 3.3 10.45 9.63 7.36 6.31
2.5 7.85 6.68 4.06 2.93
5 16.50 16.12 13.49 12.91
20 3.3 10.82 10.17 5.81 5.15
2.5 8.15 7.18 3.19 2.52
7
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Figure 15. Output performance of simulation and test. (a) Output EMF and current; (b) output EMF
and power.
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The experimental value of PMLG’s output is lower than the simulation value, because
the iron loss is not calculated during the simulation process. When the external load
is small, the split voltage ratio inside the generator is higher, and the loss accounts for
a considerable portion of the PMLG's total electric energy. Therefore, the discrepancy
between the measured value and the simulated value is large. With the increase of external
load, the split voltage ratio inside the generator decreases, the proportion of loss decreases,
and the deviation between simulation and measurement decreases. Figure 15a,b show the
variations of the power, voltage, and current with load. When the load is small, the power
deviation between measured results and simulation results is large, because the errors
of the voltage and current are large. When the load is set to 20 (), the errors of the EMF,
current, and power are 2.6%, 9.2%, and 5.6%, respectively, and the experimental results are
essentially identical to the simulation results.

6. Conclusions

In this study, a high power density PMLG is proposed and its electromagnetic design
and optimization are studied. The changes in EMF magnitude and waveform under various
strokes and frequencies are investigated using a simulation and experiment. The main
research conclusions are as follows:

1.  The thickness of the PM, the width of the edge tooth, and the axial length ratio of
the axial and radial magnetized PM have a greater influence on the peak and the
THD of the EMF. With the increase of PM thickness and edge tooth width, the EMF’s
peak increases proportionally, and the THD decreases gradually. In the Halbach array;,
when the length of the radial magnetized PM is closer to the length of the intermediate
tooth, the peak of the EMF is larger. The smaller the axial size difference between the
axial and radial magnetized PM, the smaller the THD will be. The THD will be the
smallest when the axial and radial magnetized PM are equal in size.

2. The orthogonal design method is used to study the influences of three factors, includ-
ing the thickness of the PM, the width of the edge teeth, and the ratio of the axial
length of the axial and radial magnetized PM. The ideal structural parameters are
hy =7 mm, 1, /7 = 11.5/13.5, and an edge teeth width of 11 mm. Finally, the optimal
combination of PMLG structural parameters is obtained.

3. The EMF’s peak is related to the movement stroke and frequency; in fact, it increases
as the movement stroke and frequency increases. The EMF waveform period increases
with the decrease of the motion frequency, which in fact is 0.5 times related to the
motion period. The EMF’s THD is correlated with the stroke, that is, the THD is
low, and the sine characteristic of the waveform is better when the motion stroke is
less than the PM pole distance. The waveform will show some distortions when the
motion stroke is greater than the pole distance.
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