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Abstract — This paper presents the practical rapid design
approach for large power density and low cost of transverse flux
type permanent magnet linear synchronous generator for wave
energy conversion. The proposed design approach is based on
response surface methodology and three-dimensional (3D) static
analysis. First, the basic structure and operational principle of
the proposed model used for wave energy conversion are
described. Second, in order to solve the problem that it takes
much time to design transverse flux type topologies due to its
complex structure, the simplified design approach for large
power density and low cost under the condition where motor’s
structure and total volume are known is proposed. Finally, the
result and effiracy of proposed design approach are evaluated by
3D finite element analysis (FEA).
I.

INTRODUCTION

Recently, ocean energy conversion has been of great
interest in the industrial field. Especially, compared with other
renewable energy sources, generation using wave power has
been attractive and many researchers have been tried to bring
wave power generator into commercial use [1].
Generally, large power density, low cost, and easy
maintenance are important technical requirements in order to
wave power generation. Considered easy maintenance, wave
power generation using linear type generator has a great
advantage because the use of gearboxes and rotation-linear
conversion are not needed in linear motion [2]. Several types
of linear generators are available. In particular, because of the
advent of rare-earth permanent magnets [3], a permanentmagnet linear synchronous generator (PMLSG) has been
attractive. However, one of the drawbacks of the PMLSG is
that the thrust density is comparatively lower than that of
rotary generators equipped with rotary-to-linear converters.
Hence, increasing the power density is one of the most
important research topics with regard to the PMLSG today. A
transverse-flux-type topology is an ideal alternative in which
the flux is carried in the iron-back in a plane transverse
(perpendicular) to the direction of motion and current flow.
Therefore, the magnetic and electric loads in the machine are
along different planes. This allows for an inverse relationship
to exist between the capability of the machine to produce
power and the pole pitch, which results in a higher power
density [4]
However, due to the presence of a 3D magnetic circuit, the
process for manufacturing conventional transverse-flux-type

topologies is generally difficult and it takes much time to
design, which limits its application in wave power generation.
In earlier works, the authors have proposed a transverseflux-type topology using generic armature cores for rotary
machinery has been proposed to address the problem of
complex structures in conventional transverse-flux-type
topologies [5]. Unlike the configuration in conventional
transverse-flux-type topologies, the proposed model has a 2-D
magnetic circuit in which the main flux flows transversely
from the north pole to the south pole along the armature core.
In this magnetic circuit, the iron cores in the armature and
field units can be easily fabricated using laminated steel plates
that are arranged along the moving direction [5].
This paper mainly focuses on three things. First, the basic
structure and operational principle of the proposed model
which is used for wave power generator are introduced.
Second, the practical rapid design approach for the maximum
power density in which three-dimensional (3D) static analysis
and response surface methodology (RSM) are used and the
proposed model is designed by applying the practical rapid
design approach. Third, the design results and efficacy of the
simplified design approach are analyzed and evaluated.
II.

BASIC STRUCTURE

Fig. 1 shows the configuration of the three-phase unit of the
proposed model [5]. In the overall configuration, the armature
side is the stator, and the field side is the mover, as shown in
Fig. 1(a). The armature side consists of armature units in a
non-magnetic material box connected to the base stage. The
field side consists of field units inside of a stainless steel pipe
connected to buoy.
A basic armature unit consists of an even number of salient
poles and a concentrated winding structure along with a foursalient-poles configuration, as shown in Fig. 1(b). Every
armature coil is wound in series with a phase difference of
180°. By applying a current to these coils, each of them is
excited with a phase difference of 180°. In Fig. 1(b), -U
denotes the current component shifted by 180° from U. A field
unit consists of an even number of field magnets (equal to the
number of salient poles in the armature unit) and an iron core,
as shown in Fig. 1(b). The field magnets are magnetized along
the radial direction, similar to that in a conventional
cylindrical structure. In this configuration, not only the

armature core of three-phase machines but also the armature
core of the stepping motor can be used as the armature core.
Further, the field side is designed according to the shape of the
armature core.
When a field unit is accurately located in the center of the
armature unit, a magnetic circuit is formed, as shown in Fig.
1(c). The main flux flows transversely from the north pole to
the south pole along the armature core. In this manner, the
cross-sectional symmetrical magnetic form of the balanced
magnetic circuits that have the same number of salient poles in
armature unit emerges.

The armature cores are arranged along the direction of
movement (i.e., the z-direction), as shown in Fig. 1(d). Each
core is spatially separated by a difference of 120°. The field
magnets are arranged along the z-direction, and each magnet
is electrically separated by 180°. The non-magnetic material
spacer isolates the magnetic paths between the iron cores. In
this structure, each unit in the armature and field sides is
magnetically separated. The flux flow is transverse to the
direction of movement and the longitudinal flux flow (similar
to that in a conventional cylindrical structure) back to the
common core is absent. Therefore, any core-pole combination,
including not only the fundamental three core-two pole
combination but also the three core-four pole combination, can
be easily achieved by arranging each unit in the armature and
field sides along the direction of movement.
III. PRACTICAL RAPID DESIGN OPTIMIZATION USING 3D
STATIC ANALYSIS AND RESPONSE SURFACE METHODOLOGY
In this section, the proposed simplified method using 3D
static analysis and response surface methodology is described.

(a)

(b)

(c)

(d)
Fig. 1. Fundamental configuration of the three-phase unit. (a) The entire
configuration. (b) The armature and field unit. (c) Magnetic circuits. (d)
Configuration along moving direction. (In (d), iron cores in the field side have
been removed for better understanding and clarity.)

A. Main Parameters in the design approach
Basic specification of proposed model is shown in Table.1.
External radius of armature, air gap and diameter of armature
conductor is constant values in any cases. The ratio of field
core and non-magnet spacer is also the constant value, three to
one.
Since 50JN230 (JFE-steel) is used in armature and field
core, 1.5T denotes the maximum flux density in the nonsaturation region [6]. Material of permanent magnet is N50M,
one of the Neodymium magnet that residual magnetic flux
density is 1.32T [7].
Fig.5 is design variables of the proposed model. There are
three design variables in this model, armature iron core width
w, slot pitch τs defined as thickness of armature and coil along
moving direction, and field radius r. These three design
variables are the factors of response surface methodology. All
of three factors are the parameter involving electric loading
and magnetic loading, therefore, they have direct affect on the
output power. The qualitative meaning of the factors is
explained as follows:
1). Armature iron core width w: Factor w is related to the
magnetic saturation, and one magnetic circuit always has the
same width, w/2. By this constraint condition, armature iron
core width and coil width have relationship of trade-off, that is,
electric loading and magnetic loading have relationship of
trade-off with changing w.
2). Slot pitch τs: From factor w, the coil width is determined.
Therefore, according to the increase of τs, the thickness of
armature increases and magnetic loading increases. By slot
combination, pole pitch defined as length field core and spacer
along moving direction is determined. With the increase of τs,
the pole pitch also increases, and drive frequency decreases.
As the result, output power has one maximum point with
changing τs.

3). Field radius r: If the field radius increases, the magnet
volume increases proportionately, however the iron teeth
length winded coil decreases. Therefore, electric loading and
magnetic loading have relationship of trade-off with changing
r.
Table.1 Basic specification of proposal model.
Symbol
Quantity
External radius of armature
275[mm]×275[mm]
Air gap
1[mm]
Diameter of armature conductor
1[mm]
Material
Armature core
50JN230
Field core
50JN230
Permanent magnet
N50M
Non-magnet spacer
Aluminum
Coil
Copper
Slot combination
3slot-4pole
velocity
0.8m/s

Fig.2 is phasor diagrams for salient pole type generator
operation. In Fig.2, Id and Iq are the d-axis and q-axis current,
and Xd and Xq are reactance expressed as Xd =ωLd and Xq =ωLq.
R is load resistance and Vout is load voltage. Fig.3 shows an
equivalent circuit for generator operation. Load is only
resistance load as Fig.3, and power factor is considered as 1.
The armature winding resistance is expressed as ra in Fig.3.
From Fig.2 and Fig.3, the d-axis and q-axis current obtained
are expressed as (6) and (7). Under these condition, output
power P is calculated as (8).

Fig. 2. Phasor diagrams for generator operation.

Fig. 3. Equivalent circuit for generator operation.

(a)
(b)
Fig.5. Design variables of the proposed model. (a) x-y plain. (b) y-z plain.

B. Estimation Output power using 3D Static analysis
The flux in field magnet, d-axis and q-axis are obtained by
the 3D static analysis and each symbol is ϕf, ϕd and ϕq. This
model is a salient pole machine and d-axis armature
inductance differs from q-axis armature inductance. The daxis and q-axis armature inductance, Ld and Lq, are expressed
as (1) and (2).

Ld = N
Lq = N

φd − φ f
I

φq
I

(1)

(2)

where N and I are the armature turns and the armature current.
Considering moving direction, when the angular frequency is
presented ω = 2πf, the air gap flux distribution is expressed as
(3).

φ (t ) = φ f cos ωt

(3)

By differentiating the air gap flux distribution, the no-load
induced voltage is expressed as (4) and effective value of (4)
is expressed as (5).

e(t ) = N ωφ f sin ω t

Ef =

ω Nφ f
2

(4)

(5)

Id =
Iq =

( R + ra ) E f
( R + ra ) + ( X q − X d )( R + ra ) − X q2
2

XqEf
( R + ra ) + ( X q − X d )( R + ra ) − X q2
2

P = E f I q − I d I q ( X d − X q ) − ra I a2

(6)

(7)

(8)

C. Response Surface Methodology
RSM has increasingly been used for optimization problem,
because of its efficiency and a small amount of required data
[8]. The response is generally obtained from real experiments
or computer simulations. Therefore, in this paper, FEA is used
as numerical experiments to provide the response. Power
density defined as the power per total volume and power per
magnet volume are the responses. In order to check magnetic
saturation, flux density is also response. They are changed by
the design variables variation. The relationship between the
response of interest (y) and the k predictor variables (x1, x2, …,
xk) may be known exactly allowing a description of the system
of the form [9].

y = f ( x1 , x2 ,⋯ , xk ) + ε

(9)

where ε is the random error observed in the response. The
form of true response function f is unknown and very
complicated, so it is approximated. Usually, a low-order
polynomial of the independent variables is employed.
Therefore, the first or second-order model is used. In this
paper, in order to consider two-factor interaction, a secondorder model defined as (10) is used.

k

k

y = β 0 + ∑ βi xi + ∑ βii xi2 + ∑ βij xi x j + ε
i =1

i =1

(10)

i< j

where β is regression coefficient. The observation response
vector y at n data point of function y may be written in matrix
notation as follows:
(11)
y = Xβ +ε
Where X is a matrix of the levels of the independent variables,
β is a vector of regression coefficients, and ε is a vector of
random error. The least-squares method, which is to minimize
the sum of squares of the random errors, is used to estimate
unknown vector β. The least-square function L is as follows:
n

L = ∑ ε i2 = ε T ε = ( y − X β )

T

i =1

(y− Xβ)

(12)

T

where ε is the transpose of the matrix ε. known exactly
allowing a description of the system of the form.
The estimated vector β’ of unknown vector β must satisfy
the following equation.

∂L
∂β

= −2 X T y + 2 X T X β ′ = 0

(13)

β′

by the fitted model) and the sum of squares unaccounted for
by the fitted (or sum squares of error (SSE)). The formula for
calculate the SSR is as follows:
N

SSR = ∑
u =1

β′ = (XT X ) XT y

(14)

y′ = X β ′

(15)

−1

where XT is the transpose of the matrix X.
There are many experimental designs for creation of
response surface like D-optimal designs and 3-level full
factorial designs [10], [11]. In this paper, in order to estimate
interactions of design variables and curvature properties of
response surface in a few times of experiments, the central
composite design (CCD) is chosen. It is one of the most
important and commonly used classes of experimental designs
for a second-order response surface [12].
The CCD is composed of the 2n factorial or fraction of 2n
factorial design with 2n axial and nc central points. The choice
of parameter α, the distance of the axial design points from the
central design points is also important for adequate
performance of CCD. The value of α specifies the location of
the axial, which can be chosen by the experimenter to satisfy
various conditions. In this paper, α = 2 is chosen, because of
obtaining integer parameters in any levels.
It is always necessary to examine the fitted model to ensure
that it provides an adequate approximation for response. The
total variation is a set of data called the total sum of squares
(SST) of deviations of observed Yu about their average Y.
N

SST = ∑ (Yu − Y )

2

)

2

(17)

The deviation is the difference between the predicted value
Yu’ by the fitted model in the uth observation and the overall
average of the Yu.
The SSE by the fitted model is as follows:
N

SSE = ∑
u =1

(

Yu − Yu′

)

2

(18)

The coefficient of multiple determination R2 expressed by
SST and SSR is as follows:

R2 =

SSR
SST

(19)

It is a measure of the proportion of total variation of the values
of Yu about the mean -Y explained by the fitted model. A
related statistic, called the adjust coefficients of multiple
determination RA2 is as follows:

RA2 = 1 −

Therefore, the estimated vector β’ can be written as (14) vand
the fitted response vector y’ is given by (15).

(

Yu′ − Y

SSE / ( N − k )
SST / ( N − 1)

(20)

where k is the number of parameters in the fitted model.
Accordingly, R2 and RA2 are applied to evaluate accuracy of
the fitted model in this paper.
D. The process of the proposed method
Fig. 4 shows the flowchart of a design process using
response surface methodology.

Fig. 4. Flowchart of a design process using response surface methodology.

(16)

u =1

where N is the total number of experiments.
The SST can be partitioned into two parts, the sum of
squares due to regression (SSR) (or sum of squares explaned

In Fig. 4, the first step is to decide variables and variable
levels. Therefore, the other parameters are constants. When
selecting variable, we should care that objective functions with
changing the variables have monophasic. In the second step,
the values of parameter needed to make response surface are

determined by using CCD. Then, in order to output the
objective functions, experiment is done by using 3D static
analysis. The next step is creation of response surface and
finding the optimum point. Then, whether the optimum point
is real point is confirmed by the value of R2 and RA2. In this
paper, 0.95 ≤ R2, RA2 ≤ 1.0 is good value. If optimum point is
right, the design flow is finished. If not, from the first step, the
flowchart is repeated.

(a)

IV. ANALYSIS OF THE RESULT
A. Design of proposed model by using response surface
methodology
Table.2 shows the data table and experimental results
using CCD. Experiments from 1 to 15 are selected by CCD,
and others are performed in order to improve the value of R2
and RA2. As the objective function, power density and power
per magnet volume are shown in the Table.2. The two
objective functions are very important to design wave
generators, because power density is present total output
power in limited space and power per magnet volume is
present cost since permanent magnet is expensive. Flux
density is also objective function in order not to saturate
magnetically.
Response surfaces of these three objective functions and
convolved function D are shown in Fig. 7 – Fig. 9. Function D
is made by convolving power density and power per magnet
volume in the ratio of one to two in non-saturation region.
From Fig.6 (d), the optimal value for function D is
46.5mm. Due to the minimal accuracy of 1mm in the
hardware design, w is chosen to be 47mm (i.e. round off to
46.5mm). In the same way, from Fig.7 (d) and Fig. 8 (d), τs is
chosen to be 83mm and r is chosen to be 54mm.

Exp
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Table.2 Data table and experimental results using CCD
w
τs
r
Power density
Power per magnet
[mm] [mm] [mm]
[W/m3]
volume [W/m3]
4
50
80
55
4.43×10
1.48×106
4
60
80
55
2.67×10
8.92×105
50
90
55
4.05×104
1.36×106
4
60
90
55
2.52×10
8.44×105
4
50
80
65
4.83×10
1.11×106
4
60
80
65
3.73×10
8.58×105
50
90
65
4.75×104
1.09×106
60
90
65
3.65×104
8.40×105
4
45
85
60
4.96×10
1.36×106
4
65
85
60
2.48×10
6.83×105
4
55
75
60
3.87×10
1.07×106
55
95
60
3.49×104
9.59×105
55
85
50
2.85×104
1.19×106
4
55
85
70
4.78×10
9.33×105
4
55
85
60
3.65×10
1.09×106
4
45
65
65
3.40×10
7.15×105
45
65
70
3.07×104
4.59×105
4
50
80
60
4.65×10
1.28×106
4
40
85
60
5.46×10
1.63×106

(b)

(c)
Fig.6. Response surface by w factor. (a) power density. (b) power per magnet
volume. (c) convolved function D.

(a)

(b)

(c)
Fig.7. Response surface by τs factor. (a) power density. (b) power per magnet
volume. (c) convolved function D.

time by 3D transient response analysis is 2 days. Then, the
number of experience, 19 times, is drastically decreased by
using response surface methodology with CCD compared the
case that the searching method have been taken in each 1mm
different value of w, τs, and r for finding optimal point.
V.

(b)

(c)
Fig.8. Response surface by r factor. (a) power density. (b) power per magnet
volume. (c) convolved function D.

B. Results and discussion
In the Table.3, the results of design by using response
surface methodology are shown. The performance prediction
for optimal design has to be checked by carrying out an FEM
computations, 3D static analysis and 3D transient response
analysis.
Table.3 Comparison of analysis in optimal proposed model.

Response surface
methodology
3D static analysis
3D transient
response analysis

CONCLUSION

In this paper, an optimal design process using response
surface methodology and 3D static analysis has been
introduced to design a TF type linear generator. By using
response surface methodology with CCD, the number of
numerical experiments is reduced, and by using 3D static
analysis, the analysis time is reduced. Then, a large power and
low cost model is designed by introducing power density and
power per magnet volume as objective function. The validity
of the optimal design process is confirmed by FEM analysis.
As the result, TF type generator is easily designed by proposed
design method considering power density and power per
magnet volume.
This optimal model is low space availability, 55%
therefore, the power is not enough to bring wave power
generator into commercial use. More large power models
should be discussed by using proposed method in the future.

(a)

Power density

Power per magnet

[W/m3]

volume [W/m3]

4.72×104

1.63×106

4.70×104

1.64×106

4.53×104

1.54×106

The error by response surface methodology is confirmed
to be small from the values of power density and power per
magnet volume by 3D static analysis. The error by calculation
output power using 3D static analysis is also small from the
values of power density and power per magnet volume by 3D
transient response analysis.
The authors guess that some errors caused by assumption
that the air gap flux distribution is sinusoidal wave. However,
the optimal criteria are very close to response surface
methodology and rapid design and an accurate performance
prediction is achieved.
In addition to these results, the analysis time by 3D static
analysis is only 10 minutes, on the other hand, the analysis
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