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Background and Objectives: In recent years, linear generators have been
broadly utilized to harness wave motion energy. There are various types of
linear generators with different magnetic and geometric structures. Among
these generators, linear permanent magnet synchronous generator provides
a higher energy density than other generators. Due to the simplicity of the
structure and the low cost of producing a flat double-sided structure, this
type of structure is investigated in this paper.

Methods: The purpose of the paper can be divided into two main sections:
first, modeling of the flat double-sided linear permanent magnet
synchronous generator by using magnetic equivalent circuit (MEC) method
and second, deriving the generator electrical equations which are used in
analysis and design process.

Results: The behavior of the linear permanent magnet synchronous
generator is studied and the induced voltages are calculated. The no-load
and loaded conditions of the generator with different loads are investigated
and the voltage and the current of the load are obtained.

Conclusion: In order to confirm the results, finite element method (FEM) is
employed. The designed linear generator is simulated by FEM. Comparing
the results obtained by MEC and FEM show good agreements between two
methods, validating the presented modelling method.

©2022 JECEI. All rights reserved.

Introduction

With ever-increasing environmental concerns, a

energy [12]-[15]. The wave energy is transferred to the
buoy of the wave energy converter, where it is
converted into kinetic energy, and finally it is extracted

considerable attempt has been made to develop
renewable energy sources (RESs). Among these sources,
ocean wave energy is a major source for generating
electricity [1], [2]. It has the highest energy density and
availability and is also more predictable than other
renewable energies [3]-[10]. This topic has been
extensively studied and several systems have been
developed to exploit wave power [11]. A suitable system
for harnessing wave energy is a wave energy converter
that is used to convert wave energy into electrical

Doi: 10.22061/JECEI.2021.7782.434

as electrical energy [16], [17]. In recent years, linear
generators have been widely utilized in these
converters [18]. So, their modeling is one of the most
important issues in the design and analysis of these
generators. There are different modelling methods; one
of them is magnetic equivalent circuit (MEC) modeling,
the main purpose of which is to determine the magnet
or coil flux density at different points of the generator.
Hence, the MEC method has been continuously
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improved and now enjoys many capabilities [19]. This is
an effective method in modeling the flux density
distribution in permanent magnet (PM) machines and
can consider the effect of saturation [20]-[23]. The MEC
is extensively used for the analysis and design of
electrical machinery [24]. For example, a 3D MEC
method has been proposed in [25] to analyze the
coupling flux characteristics and electromagnetic force of
a double-sided linear switched reluctance machine
(LSRM). Then, flux linkage curves calculated by MEC are
compared with the 3D results of FEM and the empirical
results. Reference [26] compares the nodal and mesh-
based MEC formulations of a magnetic system. The
Newton-Raphson algorithm is used to solve the algebraic
system and draw conclusions about the computational
efficiency of the two formulae in linear and nonlinear
cases. The two formulations perform similarly in linear
conditions; however, in nonlinear conditions, the mesh-
based model performs significantly superior to the
nodal-based formulation. A quasi-3D nonlinear MEC
model is proposed for double-sided axial flux PM
machines with concentrated coils [27]. The model can
take into account not only the effect of local magnetic
saturation but also the 3D flux distribution. To evaluate
the reliability of the MEC model, two prototypes of this
machine have been considered, and by comparing the
calculated parameters of the MEC model with FEM and
experimental results, its validity has been confirmed.
According to performed research on the LPMSGs, the
magnetic equivalent circuit (MEC) model of flat double-
sided LPMSGs has not yet been investigated in literature.
Therefore, in this paper, the MEC model is proposed for
this type of generator. Then, by using this model, the
performance of the machine is investigated at no-load
and loaded conditions. The second section of the
present paper describes the modeling of LPMSG using
the MEC method. The electrical equations of the system
are provided in the third section. Eventually, the
simulation results and the validation are presented in
the fourth and fifth sections, respectively.

Generator Modeling Using The MEC Method

In this section, MEC method is proposed for modelling
an air-cored flat double-sided LPMSG. There are
different topologies for these generators [28], [29]: one
with integrated back-iron [28] and the other with C core
module type [29]. In generators with integrated iron, the
normal force acting on both sides of the generator is
very high; however, in C core module type, the normal
force between two modules in both sides reduces due to
separated modules. In this paper, flat module type
configuration is considered to decrease the normal
force. The 2D model of the mentioned configuration is
depicted in Fig. 1. In this figure, each translator module
is composed of a magnet and the iron.

_Tron

}» Magnet

R

Fig. 2: The proposed MEC model of the jth path for a pole; (a)
general layout and (b) summarized layout.

It should be mentioned that to decrease the leakage
fluxes and increase the performance of the generator,
the distance between two adjacent modules should be
as low as possible. In Fig. 1 t; , t, , and t, denote the
thickness of the iron, the thickness of the magnet, and
the thickness of the coil, respectively. Also, T,is the

pole pitch, W is the width of the magnet, and agis the

air gap between the magnet and the coil. Moreover,
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dymand d;
adjacent magnets and the distance between two
adjacent irons, respectively. Based on the flux paths in
Fig. 1 and considering the model symmetry, the

represent the distance between two

proposed MEC model of the jth path for a pole is shown

in Fig. 2. In Fig. 2, Ry, i, Ry, j, and Ry, ;are the PM, iron

m,j 2 Niv,j
vertical section, and iron horizontal section reluctances
for the jth path, respectively, and are obtained from the
following equations:

t

R .=— M (1)
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t.
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where, 1, is the active length of the generator, y, is
the relative permeability of the air, x4, is the relative
permeability of the magnet, and g4 is the relative

permeability of the iron. Also, g shows the air gap and
Rg,j is the reluctance of the air gap between the PMs
above and below the jth path, given as follows:

g=2a, +1; (4)
__9

Winla 440
On the other hand, R

(5)

g.j

mi,j represents the reluctance of

the leakage flux path of the magnet to the iron and

Rinm,j indicates the reluctance of the leakage flux path

between two adjacent PMs in the jth path, which are
obtained from the following equations, respectively:
ty 1
Wmlaﬂo

_ (7)

t
(é + ag )la/lo
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R
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In the above equation, Tp is the pole pitch which is

obtained by the following equation [28]:
|
T :ﬂl (8)
P
NC
where g is a constant with a value of less than one, |,
is the length of the working section, and N, is the

number of coils. Also, R is the leakage flux path

i, j
reluctance between two adjacent irons of the jth path,

which is obtained from the following equation:

d

i, j — i (9)
tila/uo

According to Fig. 2, ¢ @4 + Pmiij » Pom,j » N

@i j represent the magnet flux, air gap flux, magnet-to-

iron leakage flux, magnet-to-magnet leakage flux, and
iron-to-iron leakage flux, respectively.

Eventually, after obtaining the reluctances of the flux
paths and applying KVL law to the three closed paths |, II,
and Il and KCL law to nodes A and B in Fig. 2 (b), the
fluxes are calculated using the following matrix:

1

[0 | [Ruj+Ruj*Raj O Ry; 0 0 [ [oF,;
Py j 0 ngi 0 —2Rmm1j 0 0
Oni | = 0 0 Ry Ry 2R, 0| (10
P} -05 05 1 10 0
gij| |05 0 - 0 1] [0
In the above equation, Fonj s the magnet

magnetomotive force (MMF) in jth path, which is

obtained from the following equation:

B
Fm,j =tm(

—) (11)
0Hm
where, B, is the magnetic residue of the magnet. The

cross-section of the PM is obtained from the following
equation:

A=w,l, (12)
Therefore, the flux density of the air gap of the jth
path (Bg,j ) can be obtained using (13). The flowchart for

calculating this density is shown in Fig. 3.

Py,
Bg,j :T (13)

Start

Proper selection of generator
dimensions

Rz

Selection of relative permeabilities of
magnet and iron

b
Calculation of MEC model reluctances
in the jth path
b
Calculation of MEC model fluxes in the jth path
by solving a matrix (Eq. 10)
&

Calculation of air-gap flux density (B ;)
in the jth path

No
0 |

0<By=1

dL Yes

Fig. 3: The flowchart for calculating flux density of the air gap.
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Generator Electrical Equations

In this section, electrical equations for calculating the
induced voltages and the load current and voltage are
given. The cross-section of the wire is calculated as:

2
_m(wy)

A 4

In the above equation, W, is the diameter of the

(14)

wire. Also, the thickness of the coil (tc) can be obtained
as follows:

_ NiA,

= 15
WK, (15)

C

where, N, is the number of turns of each coil and

Kt is the fill factor. w, shows the average outer width

(

expressed as follows [30]:
_ W + W
==
V; and V, represent the peak voltages of the EMF of

W,

A W,

) and inner width ( i) of the coil, which are

(16)

a

each coil turn and each coil, respectively [31]:
V, = ZBglaV|
Ve = NthKthne

(17)
(18)

In the above equations, V| is the maximum linear
speed and 77, is the end-effect factor. Given that N is
the number of coils in each phase, the EMF voltage of
each phase (Vp) is defined as follows:
V, =NV, (19)

To obtain the load current, it is necessary to calculate
the total impedance of each phase (Zp) , Which is
obtained from the following equation:
Z, =R +R.+jX, (20)

In (20), R, is the load resistance of the generator in

Table 1: The parameters of the studied generator

the loaded case, X, is the coil reactance, and R; is the
coil resistance which is derived as follows:

Re = N{RyM, (21)
where, R, is the resistance of the wire, and M, is the

average length per turn, which is expressed by the
following equation:

M, =21, +(7w,) (22)
Finally, 1, and V, are the load current and voltage,
which are calculated from the following equations:
\Y
I ==2 (23)
Zp
Vi=Rl, (24)

MEC Simulation Results and Discussion

The values of the generator parameters under study
are tabulated in Table 1. In this table, the distance
between two adjacent irons is chosen 8 mm which is
high value for practical applications. As mentioned
before, to decrease the leakage fluxes, this value should
be chosen as lower as possible. The generator is
considered in the no-load and loaded conditions with
different loads. In this section, simulations are
performed using MEC, where the maximum linear speed
is vy =Im/s.

In this simulation, the peak induced phase voltage is
203 V, and the voltage and current values in the loaded
case are given in Table 2. Fig. 4 shows the magnetic field
intensity in terms of the relative permeability of the
magnet. Relative permeability decreases with increasing
field intensity.

Validation by FEM

To confirm the proposed method based on MEC, the
simulations of the generator in the no-load and loaded
conditions were carried out by FEM. Fig. 5 illustrates the
peak induced phase voltage in the loaded case of the
generator, which is 202.3 V.

Parameter Symbol  Value Parameter Symbol Value
active length (m) !, 0.2 magnet width (mm) Wy, 44
working section length (m) L, 0.94 coil thickness (mm) l, 16
pole pitch (mm) T, 52 iron thickness (mm) t; 10
magnet thickness (mm) - 10 space between coils (mm) S, 2.2
air gap between magnet and coils (mm) dag 3 distance between two adjacent irons (mm)  d; 8
magnetic residue of the magnets (T) B, 1.2 number of coils N, 15
number of active poles each side N, 18  wire thickness (mm) Wy 0.9
coil outer width (mm) W, 64  coil inner width (mm) \ 30
pitch factor (Rad) Kp 0.99 fill factor K_f 0.645
distance between two adjacent magnets (mm) dpn 8  spread factor (Rad) K, 0.96
coil turns N, 276 end-effect factor N 0.945
20 J. Electr. Comput. Eng. Innovations, 10(1): 17-24, 2022



Modeling and Analysis of Flat Double-Sided Linear Permanent Magnet Synchronous Generator by Magnetic Equivalent Circuit

Table 2: MEC simulation results in different loads

Load [Q] 10 20 50 100
Load voltage [V] 56.1 87.85 133.18 160.8
Load current [A] 5.61 4.39 2.66 1.61

-
O X

o
I

=
IS

Relative permeability of magnet
[} o
b o

o
o

2 4 6 8 10
Magnetic field intensity [A.T] <107

Fig. 4: The magnetic field intensity in terms of relative
permeability of the magnet.
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Fig. 5: Induced voltage in no load.

In under load condition, different loads are
considered and the voltage and current values for each
load obtained by FEM. To make better comparison, the
results obtained by MEC are compared with the results
of the FEM, in Table 3. As it is seen from the table, the
load voltages and currents obtained by the two methods
are close enough to each other, confirming the proposed
MEC method.

Table 3: The comparison of the MEC and FEM results with
different loads

Load voltage [V] Load current [A]

Load
[Q] MEC FEM Error MEC FEM  Error
[%] [%]
10 56.1 61.7 9.10 561 592 524
20 87.85 95.3 7.81 439 476 7.77
50 133.18 140 4.87 2.66 2.8 5.00
100 160.8 165.9 3.07 1.61 166 3.01

Figs. 6 and 7 show the induced voltage and current,
respectively, where the peak voltage is 200.6 V and the

peak current is 2.8 A. According to the results, the peak
induced phase voltage in the no-load case is 1.7 V, which
is higher than the peak induced voltage in the loading
case with a load of 50 Q.

Fig. 8 shows the generator flux density distribution
with a maximum density of 1.3 T. Flux lines in different
parts of the generator are shown in Fig. 9. The leakage
fluxes are obvious in the figure, due to high value of the
distance between two adjacent irons (8 mm).

q Max
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Fig. 6: Induced voltage in loaded.
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Fig. 7: Induced current in loaded.

Conclusion

In this paper, the MEC model of a flat double-sided
LPMSG is proposed. Additionally, the fluxes are

calculated for the closed jth path, and the flux density

of the air gap in this path is obtained. Electrical
equations are expressed to obtain the voltage and
current of the generator load, and the results of the
proposed MEC model are validated by FEM in Maxwell
software to demonstrate the effectiveness of the
method.
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Fig. 8: Flux density distribution in the generator.

Fig. 9: Flux lines in different parts of the generator.

Abbreviations
ag air gap between magnet and coils
B, magnetic residue of the magnets
d; distance between two adjacent irons
dim distance between two adjacent
magnets
Kp pitch factor
1, active length
I, working section length
M, the average length per turn
N, number of active poles each side
N number of coils
N, coil turns
S¢ space between coils
t coil thickness
t; iron thickness
t, magnet thickness
Wy wire thickness
i coil inner width
W, magnet width

W, coil outer width
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