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Abstract: This study deals with the characteristic analysis of a permanent magnet synchronous
generator (PMSG) with a bolting and an overhang structure. Bolting is applied to a PMSG to prevent
the defects caused by scattering. To compensate the flux reduction caused by the end effect and
bolting material, an overhang structure is used for the permanent magnet machine. Therefore, an
overhang structure must be considered in the three-dimensional (3D) analysis of a PMSG; however,
such an analysis is time-intensive. To reduce the initial analysis time, we performed a semi-3D
analysis of a PMSG considering a bolting and an overhang structure. Subsequently, we compared the
output results of the characteristic analysis with a 3D finite element method and experimental results
under loading.

Keywords: semi-3D techniques; end effect; permanent magnet synchronous generator; PM overhang

1. Introduction

Generators are machines that convert mechanical energy into electrical energy. They
are being actively studied in the design and analysis of devices for generating renewable
energy owing to environmental issues. Among them, a permanent magnet synchronous
generator (PMSG) uses a rare earth magnet having a high energy density. Therefore, it is
advantageous for light-weighting and miniaturization compared with other generators,
while achieving a high-generating efficiency. A PMSG is also utilized to convert power
into energy using waves. Numerous systems are being studied to develop a wave power
generator for renewable energy using PMSGs [1-4].

An oscillating water column system employed in a wave power generator should
be designed to operate over a wide variable speed range [2,5-12]. Because a wave power
generator endures continuous variation about speed under the effect of wave power, as
such, when the power is generated at high speed due to the change in speed, the scattering
of permanent magnets may occur. Therefore, methods such as sleeves and permanent
magnet (PM) bolting are used to prevent the defects caused by scattering.

In this paper, the generator use a bolting. The bolting is more useful than sleeves in
manufacturing processes. However, the magnetic flux is reduced by the bolting material
characteristics. In addition, the end effect of PM machines also causes the leakage magnetic
flux. To mitigate this problem, an overhang structure is used in which the axial length
of the rotor is different from the length of the stator [6]. A PMSG with a bolting and an
overhang structure should be considered as a complex three-dimensional (3D) structure.
The 3D finite element method (FEM) is preferred to accurately consider and analyze these
structural elements [6,13-15].
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The FEM has been extensively used as a useful numerical method for analyzing
complex generators in electromagnetics. The advantage of the FEM is that it enables precise
analysis; therefore, the results of the characteristic analysis are similar to the experimental
ones. However, it requires a long analysis time owing to various design variables, and a
complex shape implies difficultly in dividing the elements [3]. One method to compensate
this demerit of the FEM is the equivalent circuit method. In this method, the circuit
parameters obtained from a PMSG form a semi-3D circuit and a characteristic analysis is
performed. The equivalent circuit allows the analysis to not be bound to the shape of the
machine, unlike the FEM, and can simplify the circuit. In addition, it is easy and can derive
characteristic results and a reduced analysis time considering the circuit parameters.

In this study, a semi-3D electromagnetic characteristic analysis of a PMSG was per-
formed, considering a bolting and an overhang structure. We used a semi-3D circuit to
reduce the initial analysis time. Subsequently, an operating point of the PM obtained
from a magnetic equivalent circuit was applied to a semi-3D model for considering the
overhang [6,10]. The semi-3D equivalent circuit employed the circuit parameters, which
were derived based on the PMSG design specifications. Inductance in the circuit param-
eters was also considered for accuracy. In addition, the PMSG was divided into regions
of the PM with and without the bolting, and a characteristic analysis was conducted by
superposition [5]. Therefore, the semi-3D analysis results were compared with the 3D FEM
and experimental results.

2. Analysis Model
Analysis Model of PMSG and Design Specification

Figure 1 shows the model shape of the analyzed PMSG in this study. The figure on the
left shows the section view of the machine along the axial direction, and the right shows
the side view. The latter shows the row of radial PMs that are bolted. In addition, the axial
length of the rotor is longer than the length of the stator, as shown in Figure 1, which is the
overhang to compensate the leakage flux. Table 1 summarizing the design specification
shows that the length is increased by 2 mm due to the overhang. Normal two-dimensional
(2D) analysis of the PMSG cannot consider an overhang and bolting because the 2D FEM
is based on the axial cross-section. The PMSG should be divided into the overhang and
bolting regions to analyze it structurally.
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Figure 1. Analysis model of PMSG.

Table 1. Design Specifications.

Parameters Values Unit
Stator Outer Radius 64 mm
Stator Inner Radius 85 mm
Rotor Outer Radius 125 mm
Shaft Outer Radius 87 mm

PM Arc Ratio 0.85 -
Stator Axial Length 90 mm
Rotor Axial Length 92 mm

Rated Speed 800 rpm

Rated Power 3 kW
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3. A Semi-3D Technique Method
3.1. Magnetic Equivalent Circuit

PM overhang compensates for leakage flux and increases effective air gap flux. The
increased air gap flux means a variation in elements through the existing magnetic circuit
analysis. The magnetic equivalent circuit is a characteristic analytical method to calculate
flux density based on an analogy of the electric circuit. The method can algebraically
represent the relationship between the magnetic flux generated by the magnet to the air
gap flux. From that, it is possible to define the operating point of PMSG [10,11,16-18].

Figure 2 shows the magnetic equivalent circuit of a surface permanent magnet device.
Rsy and Ryy are the magnetic reluctance of the stator and rotor yoke. Ry, is the leakage
reluctance to express magnetic flux leaking to adjacent poles or other poles. Ry, is the
leakage reluctance between the rotor and the magnet. A permanent magnet and airgap
consist of a magnetic flux source @, and a reluctance of Ry, and Re corresponding to
the half pole. Figure 2a shows the magnetic equivalent circuit of a surface magnet type
permanent magnet device. Figure 2c¢ is the simplified equivalent circuit from (a) to (b) and
(b) to (c). Rsy and R,y are negligible given the assumption that the magnetic saturation of
the stator and rotor cores are neglected [10,11,19-21].

Pm:Pmo+2PLmr+4Pme (1)
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Figure 2. Surface-attached permanent magnet device: (a) magnetic equivalent circuit, (b,c) simplifica-
tions of the magnetic circuit [10,11].

Equation (1) is the permeance for the magnetic flux source. To express the magnetic
flux source and the air gap flux algebraically, first, the reluctance of the magnet was
synthesized in parallel. For the convenience of calculating the parallel reluctance, it is
expressed as permeance.

1

Qg = —
&7 14 PuRg

P, @)
In Figure 2c, you can see the equivalent circuit composed of permeance and air gap
reluctance. As Equation (2), the air gap flux @, is expressed only as magnetic flux ®, by the
equivalent circuit analysis, where Py is the leakage permeance of the magnet. In addition,
the magnetic flux due to the magnet can also be expressed only with the magnetic flux r

as follows:
1+ PRy

m:mr (3)

The magnetic flux ®,, was derived from Equation (3) by substituting Equation (2)
from the relation between the air gap flux and the magnetic flux source. Therefore, from the
derived Equations (2) and (3), the air gap flux along with the leakage factor can be newly
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defined [10,11]. The leakage factor is usually defined, in general, as the ratio of airgap flux
to magnet flux [8]:

)
fLKG=3g<1 4
m

The ®; and @, from Equation (4) is substituted by Equations (2) and (3) as follows:

fLKG
b,=—"—"— & 5
g 1 +fLKGPmoRg ' ( )

Finally, given that ®; = B;Ag and @, = B,A;;, Equation (5) gives another convenient
formula for By [8].

_ fLkG o Am
1+fLKGPmoRg Ag

where By is the average airgap flux-density across the airgap area Ag, and Ay, is the magnet
pole area, both being circulated for one pole [8].

B, B, )

3.2. Operating Point of PMSG Using Magnetic Energy

As the magnetic flux increases using the PM overhang, the overall magnetic energy
increases. The magnetic energy equation is as follows:

W= /wmdv :/ %Bm  Hydo @)

An equation considering the increase in the magnetic energy from Equation (1) can
be derived. For the equation, the 3D magnetic energy is calculated the same as in the 2D
model [7]. The equation is expressed as follows [19-22]:

leHmV = le’Hm’V' ®)
2 2

The left side of Equation (8) is the magnetic energy of the 3D model, and the right side
is the magnetic energy of the semi-3D model. B, and H,, are the magnetic flux density and
the magnetic field at the operating point of the 3D model, respectively. B,," and H,,’ are
represented by the operating points of the semi-3D model considering the overhang. V and
V' are the volumes of the PM. The volume is calculated using the axial length and the area
per pole. Assuming that the thickness values of the PMs of the 3D and semi-3D models
are the same, the volume varies depending on the length of the overhang, resulting in a
variation in the operating point [15].

Figure 3 shows the demagnetization curve. It can yield the permeance coefficient (PC)
as a variation from a to a’. The PC in Equation (9) is defined as the load line slope from
being derived in Equation (6). The slope can be expressed algebraically in the Cartesian
coordinate system by the magnetic field and magnetic flux density shown in Figure 2. In
addition, the PC can be expressed as Equation (9) [8,13,14].

- Bm o 1 % LPM % ﬁ
HolHm|  frkc g  Anm

pC )
In Equation (9), fikc is the leakage factor, which typically has a value in the range of
0.85-0.95, with a calculated median value of 0.9, discretionally [8]. ¢ and Lpy are the radial
width of the air gap and the PM, per pole, respectively. A; and A, are areas of the air gap
and the axial cross-sectional per pole of the PM, respectively.
From Equations (8) and (9), the semi-3D permanent magnet operating point equation
can be derived as follows:

v
Bm’—\/—yoxPCxV,meme (10)
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By’
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Hu' = ‘Z/l()XPC

(11)

The results of the equation for the operating point are summarized in Table 2. The resid-
ual magnetic flux density, B,, obtained from Equations (10) and (11), ranges from 1.1056 [T]
to 1.1209 [T]. B, was applied to the semi-3D model to consider the overhang structure.

Load Line

2D Equivalent

3D model

< ’ t (1)
il ‘H(;H(- il /(I)H(‘ "~ /luHm - /lﬂHm
Figure 3. Demagnetization curve.

Table 2. Equivalent results considering overhang.

Parameters Unit 3D Model Semi-3D Model
B T 0.7762 0.7869
H,, A/m —253,359 —256,853
B, T 1.1056 1.1209

3.3. Analysis Method Considering Bolting and Overhang

The magnetic energy is used to consider the overhang; however, the method to analyze
the bolting is different. The bolting does not need to consider the length of the PM for the
overhang. This is because the effect on the increase in the magnetic energy is applied in
the overhang region. Instead, it is necessary to understand the bolting structure of the 3D
model and change it to a semi-3D model.

The bolting structure has a cylindrical form, as shown in Figure 4a. However, radial
cylindrical columns cannot be expressed in the 2D FEM. Therefore, in 2D, the bolting is
modeled as a rectangular parallelepiped volume. For simplification, the bolting volumes of
the 2D and 3D models are the same in the bolting regions. The equation for calculating the
width is expressed as follows:

VBol

_— (12)
Dpo; X Mrpick

Bwiam =
where By, is the bolting width obtained from Equation (12) for the semi-3D model. D,
is the diameter of the 3D bolting. The diameter is used along the axial length of the bolting
region. Mry;q is the thickness of the PM. Figure 4 shows a part of the analysis model.
Figure 4a—c are the 3D model, bolting region, and overhang region, respectively. The
semi-3D model considering a bolting and an overhang can be analyzed by dividing it into
corresponding regions, as in the above method. Subsequently, characteristic analyses of the
divided regions are performed based on superposition [5]. Table 3 lists the magnetic flux
density applied to each region.
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Figure 4. Analysis models: (a) 3D model, (b) PM with bolting, (¢) PM without bolting.

Table 3. Axial length and flux density for analysis model.

Parameters Unit Bolting Model PM Model
Axial length mm 18 72
B, T 1.1056 1.1208

3.4. Equivalent Circuit Method

The equivalent circuit method consists of the circuit parameters obtained from the
design specifications of a PMSG. It assumes the induced voltage of a generator as a sine
wave. Subsequently, the output characteristics are derived using the equivalent resistance,
synchronous inductance, and load resistance based on the circuit parameters. Among the
circuit parameters, the phase resistance was directly calculated through the equation. The
no-load back electromotive force (EMF) and a phase inductance were derived through FEM.
The voltage, current, and power calculated using the equivalent circuit vary according
to the circuit parameters. Figure 5 presents the equivalent circuit of the PMSG with an
AC load.

Epn = V2 Nppprkeo, (13)
L

Rpn = Pea (14)

Lc= 2Lstk + zrcail_end X 7T (15)

Generator Load

—_— Iph = '/load

Figure 5. Equivalent circuit of PMSG with an AC load.

Equations (13)—(15) yield the circuit parameters. Ey, is the no-load EMF of the AC
load. Ry, is the phase resistance calculated to 1.3 ). L. is the length of winding in a coil.
The output characteristics equations are as follows:

2
Rlaad (1 6)

Vieag = E
o (Rph + Rload) + (wLph>2

ph
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E

h
Iy = = - (17)
\/(Rph + Rloud) + (wLph>
Pour = 3Vloadlph (18)
Pin = 3Vloudlph + Pcopper + Peore + Protor + Pmech (19)

The output voltage can be derived from the no-load back EMF by the voltage divider
rule. Vy, in Equation (16) is derived from Ry,,4, which is the load resistance [9]. Therefore,
the output current is also obtained from Equation (17). The output power, Py, is calculated
using the output voltage and the current obtained. In addition, among the elements
composing the equation, inductance L, derived through 2D and 3D FEM is the circuit
parameter of the equivalent circuit. w is the speed.

Table 4 lists the considered circuit parameters. It also summarizes the output charac-
teristics of PMSG determined from Equations (16)—(18) according to the circuit parameters.

Table 4. Circuit parameters.

Value
Parameter Unit Speed [rpm]  Ry,,4 [Q]
2D FEM 3D FEM Exp.
E V, 3459 348.9 345.8
ph rms
Ly mH 800 40 10.1 122 -

4. Analysis and Experiment Results
4.1. Experiment Model

Figure 6a—c show the manufactured model—specifically, the experimental set, stator,
and rotor with the PM bolting, respectively. The bolting material is steel, which affects
performance. The characteristic analyses of the model have performed the characteristic
analysis to AC.

Rotor (¢)

Figure 6. Manufactured model: (a) experimental set, (b) stator, and (c) rotor.

4.2. No-Load Analysis

Figure 7 shows the phase-to-phase voltage results from the no-load analysis. Figure 7a
shows the voltage according to the effect of the overhang and bolting. The overhang
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compensated for the leakage flux caused by the end effect and showed a voltage increase
rate of about 0.6% compared to that without consideration. Although the bolting of PMs
reduces output performance due to the reduction of permanent magnets, the advantages in
the manufacturing process are more useful. In addition, it can be seen from the semi-3D
analysis that the output is compensated for by the overhang.

600
§ A ' A 2D FEM Without —_ O Experiment
. 400 | L5 S O  Wih Bolting 2. 400 A 2DFEM
& © With Overhang © O Proposed Method
= 200 e Semi-3D %[) 200 = 3D FEM
= =
S 9 ~ 0
> >
= =
S 200 3 200
=
= 400 . = —400 ‘
~ — o = =
S T ] S0
0 1 2 3 4 s 0 1 2 3 4 5
Time (ms) Time (ms)
(a) (b)
Figure 7. No-load characteristic curve: (a) effect of the overhang and bolting, (b) comparison of
the results.

In Figure 7b, The 2D FEM is the characteristic curve that does not consider the oper-
ating point of PM. The proposed method considers the overhang and the bolting in the
semi-3D model. For verification, the results are compared to the 3D FEM and experimental
result. In the analysis specifications, the speed is 800 rpm. Table 4 summarizes the com-
pared results. The error between the semi-3D analysis and the experiment (Exp.) is less
than 4%. Although the 3D FEM has a lower error rate than the semi-3D analysis, the results
of the latter are similar to the experimental ones.

4.3. AC Load Analysis

Figure 8 shows the characteristic curves of the semi-3D model under AC load. Fig-
ure 8a,b present the output power-voltage and current-voltage curves, respectively. For the
PMSG model analysis, the overhang is considered using the operating point. Subsequently,
the circuit parameters are applied to the equivalent circuit with the AC load.

350 T v T 350 ¢ . . . .
- - - 2DFEM
A300 g e 300 F Proposed Method -
SN e S -K- 3D FEM
= 250 - :: 250 = -@- Experiment il
@ | \ &
£ 200 J £ 200
Z 150 . Z 150 1
2 2
=100 - - 2DFEM 5 100 1
o Proposed Method =)
50/ ~¥¢- 3D FEM 50 1
0 ‘ | o Expcrimcnt ‘ | |
0 2000 4000 6000 8000 0 5 10 15 20
Power (W) Output Current (A)
(a) (b)

Figure 8. Load characteristic curve: (a) power—voltage curves, (b) current-voltage curves.
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For accurate results, inductances derived from 2D and 3D FEMs are used as circuit
parameters, as listed in Table 4. The characteristic curve shows that the output has applied
inductance, as shown in Figure 8a,b, respectively. The 2D FEM shows the results using the
inductance derived from the 2D FEM, and the proposed method presents the results using
the inductance derived from the 3D FEM. The result using the inductance derived from
3D FEM matched better with 3D FEM than the result using 2D FEM inductance. Table 5
lists the output power results according to the speed when Ry, is 40 Q). From the results,
the semi-3D analysis and 3D FEM are compared to the experiment, and the error rate is
derived. The error between the semi-3D analysis and Exp. is less than 4% at 600 rpm.
Therefore, the semi-3D analysis using the equivalent circuit is similar to the characteristic
analysis from Exp.

Table 5. AC load analysis results according to speed.

Value [W] Error [%]
Speed [rppm]  Rygqq [Q] . : :
2D FEM Semi-3D 3D FEM Experiment Semi-3D 3D FEM
400 720.25 717.11 699.51 766.85 6.49 8.78
600 40 1601.5 1586 1510.8 1646.5 3.67 8.24
800 2800.9 2754 2545.3 2753.1 0.03 7.55

5. Conclusions

In this study, we performed the characteristic analysis of a PMSG considering an
overhang and bolting. First, for considering the overhang structure, the operating point
was obtained using the magnetic energy equation. Subsequently, the equivalent circuit
of the PMSG considered inductance for the output characteristics analysis. The proposed
method uses inductance derived from the 3D FEM. The semi-3D analysis applying two
methods derived results based on superposition. The results of the proposed method were
compared to 3D FEM and Exp. analysis results. However, the validity of the proposed
method was verified by the similarity of these results. Therefore, it is considered that the
method using inductance derived from the 3D FEM will be more useful than the previous
one using the 2D inductance.
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