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ABSTRACT: The increased electrical demand in electrical machines promotes the improvement in power density in double stator sys-
tems. The power mapping performance and density of a novel type of interior embedded permanent magnet for a double-stator generator
(IEDSQ) is investigated in this work. This study investigates the basic attributes of the proposed IEDSG by analyzing various load
resistances and changing rotor speeds. The Finite Element Method (FEM) is used to model the generation capabilities that consider
electromagnetic properties such as flux density and flux lines. The proposed IEDSG is then manufactured and tested in a laboratory
environment to assess how effectively it will perform when being paired with a load circuit. The efficiencies of two unique coil connec-
tions — series coil and independent coil — are evaluated and compared. According to the experimental results, when operating at an
800-rpm rotating speed, the independent-coil connection delivers a peak power output of 1688 W, a 16% improvement over the series-coil

connection.

1. INTRODUCTION

usinesses and academic institutions have shown a strong
Binterest in the study of electrical power generation from
renewable energy sources. To generate electrical energy, a
prime mover and a generator are typically used in tandem. The
shaft of the generator rotates due to an external force supplied
by mechanical energy. Car engines, steam turbines, gas tur-
bines, hydro turbines, and wind turbines are examples of pri-
mary movers. Permanent magnet synchronous machines have
been utilized as generators due to their numerous advantages,
including their quick response, high efficiency [1-3], and ro-
bust and economical mechanical structure.

The permanent magnet properties, structure, and losses influ-
ence the size and performance of a permanent magnet genera-
tor [4]. Furthermore, the available power of Permanent Magnet
Generator (PMGQG) machines is affected by both voltage and in-
ductance [5]. As aresult, the number of poles and other features
must be carefully chosen to achieve the desired inductance.

Many researchers have proposed structural alterations
such as single stator for surface and interior permanent mag-
nets [6,7], double stator [11-16], and double rotor [17, 18].
Gieras et al. [6] observed that a surface permanent magnet with
a single stator generator had a low inductance value, resulting
in a narrow field weakening range and a low torque-generating
current. Surface permanent magnets provide only electromag-
netic torque, whereas interior permanent magnets can produce
both electromagnetic and reluctance torque.
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Following the magnetic flux path, surface permanent mag-
net machines are unaffected by reluctance variations caused by
mounting the permanent magnet on a surface of the rotor core
made of a magnetic material with generally consistent charac-
teristics. This architecture eliminates the requirement for pur-
poseful changes in magnetic saliency. Because of this, an inte-
rior permanent magnet may generate higher torque than a sur-
face permanent magnet [8]. The integration of permanent mag-
nets within the rotor distinguishes the interior permanent mag-
net from the surface permanent magnet. This integration results
in an extremely high power density as well as a torque-to-inertia
ratio [19, 20].

According to Pellegrino et al. [9], regardless of the current
overload, the output power of the surface permanent magnet
single stator generator cannot reach the continuous power rat-
ing, whereas the interior permanent magnet single stator gen-
erator has excellent overload capability across the entire speed
range as the machine’s salience increases. According to Yu et
al. [10], even though surface permanent magnets are signifi-
cantly easier to make because they are adhesively attached to
the rotor surface, this may result in permanent magnets flying
off. Aninterior permanent magnet will provide better durability
because it is in the center of the rotor.

Chai et al. [11] developed a double-stator starter generator
for hybrid autos in 2005 to improve performance per volume
and performance cost ratio. Chau et al. built and analyzed
a new double-salient permanent magnet machine with a flux-
controlling outer rotor in 2006 [12]. Misron et al. [16] cre-
ated a single-phase permanent magnet generator to achieve high
output power and efficiency; the best configurations were es-
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FIGURE 1. Structure of IEDSG.
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FIGURE 2. Magnetic flux distributions. (a) Flux lines. (b) Flux density.

tablished by altering the slot pole combination and length of
the generator’s outer stator yoke. The excellent flux linkage
use of this double-stator topology results in high power den-
sity [16,21, 22].

To increase the generator’s power density, a double stator
generator with an interior and embedded permanent magnet is
suggested. The flux of the embedded permanent magnet will
be forced through the air gap by the flux of the interior perma-
nent magnet without returning to the permanent magnet itself.
The performance features of the suggested machine are ana-
lyzed using a two-dimensional finite element technique (2D-
FEM) numerical tool since it takes less time to simulate and
has an accuracy difference of less than 10% compared to the
three-dimensional finite element method. The power mapping
method is used to analyze the performance of the coil connec-
tion under each condition’s varied load and variable speed. The
coil connection’s performance is analyzed, and it is discovered
that an independent coil provides 16% more power than a series
coil connection.

2. |IEDSG'S STRUCTURE AND WORKING PRINCIPLE

2.1. Structural Configuration

The suggested generator is made up of two stationary sections,
the inner and outer stators, and one rotating part, which in-
cludes interior permanent magnet, embedded permanent mag-

net, and rotor core. To maximize flux connections and increase
power density, the double stator generator was initially devel-
oped with a surface permanent magnet. However, the original
design had a weakness that could result in large eddy current
losses. As illustrated in Figure 1, this study presentes an interior
and embedded permanent magnet for a double stator generator.
Song et al. [23] investigated various rotor structures utilizing
the finite element approach in conjunction with an optimal de-
sign procedure, commonly known as an iterative process, and
concluded that this combination method has the maximum ac-
curacy. As aresult, the permanent magnets are available in two
sizes based on an optimal design algorithm: 16 mm x 6 mm and
6 mm x 3 mm, commonly known as embedded PM and interior
PM. An interior PM is a permanent magnet that has been in-
serted into the rotor core so that both of its surfaces are facing
the rotor core. An embedded PM is a permanent magnet with
one surface facing the rotor core and the other facing the inner
or outer air gap.

The FEM simulation demonstrated the flux created by the
interior and embedded PM utilized by both the outer and in-
ner stators. The interior PM can increase the flux linkage from
the embedded PM to the inner stator, making it easier for the
flux to flow through the coil. The magnetic flux distributions
in Figure 2 demonstrated that this is a radial flow, since the flux
then proceeds down the stator, passing through the embedded
PM and the air gap before entering the inner stator. The sta-
tor will get the most flux due to the force of the flux from the
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inner PM, which will then flow to the outside air gap and give
the most power. As shown by the flux density distributions and
flux lines in Figure 2, the flux is distributed along the stator
and permanent magnet, maximizing the usage of flux. Table 1
displays the proposed IEDSG specification.

TABLE 1. Specifications of proposed IEDSG.

Parameter Value
Number of Poles 30
Number of Slots 45
Inner Diameter [mm] 175
Outer Diameter [mm)] 300
Size of Interior PM [mm)] 6 x3
Size of Embedded PM [mm] 16 x 6
Outer and Inner Airgap [mm] 3

2.2. Working Principle
2.2.1. Series-Coil Connection

The series-coil connection and independent-coil connection are
two ways that the IEDSG can be used. For the series-coil con-
nection, the inner stator coil and outer stator coil are linked in
series for each phase. As a result, the voltage generated at the
inner and outer stators is what drives an IEDSG to produce elec-
tricity when the coil is connected in series. Equation (1) is used
to calculate the produced voltage for a series connection.

EGWM = 444f (Nirmer + Nauter) ¢series [V] (1)

where Eq, .. represents the generated rms voltage in [V], f the
frequency of the generator in [Hz], Nj,., the number of inner
coil turns, N, the number of outer coil turns, and ¢, es the
flux linkage through the series coil winding in [Wb]. The flow
of the current at the series coil connection is calculated using
Equation (2).

- L Al @

\/(Rseries + RL)2 + (ZWfLSeries)z

Qseries

where I, represents the series current, R s the series ar-
mature resistance of the coil winding, R, the load resistance,
and Lg,s the coil inductance. The total machine loss of an

IEDSG is given by:
]Dl :I2 Rseries+5tha +Eef232 [W] (3)

series Qgeries

where P, 1is the total series losses power, ¢, the hysteresis
coefficient, €, the eddy current coefficient, v a constant, and B
the flux density of the magnet. The total series output power
Pi..ies generated is calculated based on Equations (4) and (5).

P)series = (EGM[N) I series Pseries losses [W] (4)
E2
P = Gl
\/(Rseries + RL)2 + (27TfLseries>2
_Reries losses [W] (5)

2.2.2. Independent-Coil Connection

The inner stator and outer stator, each of which produces a dif-
ferent amount of power, are separated from the coil connection
for independent coils. Equations (6) and (7) provide the elec-
trical power generated by an IEDSG when the coil is connected
independently.

EG,,W, = 4-44f(Mnner)¢inner [V] (6)
EGyu = 444f (Nower) Gouer [V] (7
where Eg,,. and E¢, . represent generated rms voltages at

inner and outer coils in [V]; f is the frequency of the generator
in [Hz]; and ¢juer and ¢y are the flux linkage through the
inner and outer coil winding in [Wb]. The flow of the current at
inner and outer coil connection is calculated using Equations (8)
and (9).

Giner 5 [A] (8)
\/(Rinner + RL) + (27‘f..]cl/l‘nner)2
EGUMI{’V
Qouter 5 [A] (9)
\/(Router + RL) + (27TfLouter)2
where I, . and I, . represent inner and outer currents, R e,

and R, the inner and outer armature resistances of the coil
winding, and L;,uer and Ly, the inner and outer coil induc-
tances. The total machine loss of a IEDSG is given by:

P, = I?  Rimer +enfB® +e.f?B* [W]  (10)

inner Qinner

=12 R()uter‘i’gtha‘i’gefQB2 [W} (11)

Louter Qouter

where P, . and P, are the losses powers at inner and outer
coils. The inner and outer output powers P and Py,
generated are calculated based on Equations (12), (13), (14),
and (15).

Pinner = (EG,v,,,w,.) Ia,-,me,- - Bnnerlasses [W] (12)

outer

E2
Biner = Cimer - P,
\/(Rinner + RL>2 + (27TfLinner)2

[W](13)

inner

Pouter = (EG,,W,) I(Lamr - Pouter losses [W] (14)

E2
Pouter = Goer - P

\/(Router + RL)2 + (27TfL0uter)2

[W](15)

outer

The total output power Fj,gependens combined for both inner and
outer stators in a DSPM generator is

E2

Gouter
Bndep dent — 2 Louter
\/(Router + RL) + (277-.](‘Ltmter)2
EZ
+ - P, | W] (16)

\/(Rinner + RL)2 + (27TfLmner)2
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FIGURE 3. Block diagram of IEDSG analysis.
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FIGURE 4. Mechanical assembly of IEDSG. (a) Inner and outer stator. (b) Permanent magnet and rotating iron. (c) Assembled IEDSG.

The amount of inductance in each coil connection will have an
impact on the power produced by the proposed IEDSG based
on the power equation for independent-coil and series-coil con-
nections. The generated power is inversely proportional to the
value of inductance. The maximum power generated by the
proposed IEDSG will increase because of the lower inductance.
Section 4 will discuss the proposed IEDSG’s performance in
more detail.

3. SIMULATION AND EXPERIMENTAL DESIGN

3.1. 2-D Finite Element Method

The 2D-FEM was conducted using JMAG software package
developed by JSOL Corporation. Despite the apparent suit-
ability of 3D Finite Element Method (FEM) for appropriately
projecting additional IEDSG performance aspects such as mag-
netic flux or axial end effects, the current study was limited in
scope. The analysis of these properties is outside the scope of
this work due to time constraints and the computationally de-
manding nature of using 3D FEM. An investigation of the tran-
sient response from a simulation was carried out to forecast the
IEDSG’s electromagnetic properties by using Maxwell’s equa-

tion [24].
0 Jy 0 y
Q: — [v== — [ v==
Ox <v3:17> + Oy (U3x>

0By 0By,
__J_U< or  dy )+

0A

ot

)

where () represents the field solution region of calculation; A
represents the magnetic vector potential; J represents the cur-
rent density; v represents the material’s reluctivity; o represents
the material’s electrical conductivity; B, and B,, represent
the remanent flux density components.

The block diagram for the proposed IEDSG’s performance
analysis is as shown in Figure 3. When the rotation condition
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of the IEDSG is set to a given speed, the rotor rotates at that
speed, and a current is induced in the windings by the mag-
netic field produced by a permanent magnet. In a wye connec-
tion, the load resistance is linked to the rectified output of the
IEDSG, converting the AC power to DC power. When evalu-
ating the IEDSG’s performance, the impacts of load resistance
and IEDSG speed were considered.

3.2. Fabrication and Experimental Setup

Figure 4(a) illustrates the manufactured machine’s inner and
outer stators, whereas Figure 4(b) depicts the rotating iron and
permanent magnet. A permanent magnet in the rotating iron
is made of the material neodymium boron iron. The outer and
inner stators were wound with 1 mm diameter thickness coil
with 20 and 13 turns as stated in Table 2, respectively. For the
stack length, the inner and outer stator rotor air gaps were kept
at 3 mm and 30 mm, respectively. Figure 4(c) depicts the con-
structed prototype utilized for testing.

Figure 5 depicts the inner magnetic circuit and embedded
permanent magnet for a double stator generator. Voltage and
inductance influence the power produced by the generator, ac-
cording to Lindh et al. [5]. As a result, the magnetic circuit
is divided into two distinct coil connections: series-coil and
independent-coil. The coils for each phase in both connections
are connected in series; however, the connection of the inner
and outer coils differs. The inner and outer coils are directly
connected in series for the series-coil connection, but the in-
ner and outer coils are separated for the independent-coil con-
nection, and the total power is the sum of the outer and inner
powers.

Figure 6 depicts the experimental setup used to measure the
voltage, current, and power of the IEDSG. The torque sensor
is connected to the primary mover, which turns the shaft of the
IEDSG. When the prime mover rotates, an electric current is
generated by the IEDSG’s shaft, which is attached to the ro-
tor. The rectifier is then connected to the three-phase wire,
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TABLE 2. Simulation parameter.

Component

Material

Permanent Magnet

Stators

Rotor Core

Diameter of Wire

Number of Outer Coil Turns
Number of Inner Coil Turns

Phase Connection

Nd-Fe-B-38H
50H800
50H800

1 mm
20
13

wye

@ Inner coil A Outer coil A ®)
—[m Phase A
Inner coil B Outer coil B
—[m Phase B
Inner coil B Outer coil B
—[m Phase C

Inner coil A

—(m]—PhaseA

Inner coil B

—[W—Phase B

Inner coil B

_[m1— Phase C

(i) Inner-coil

(©)

Inner coil A

Phase A

Phase B

Phase C
(ii) Outer-coil

FIGURE 5. Coil-connection. (a) Series-coil. (b) Independent-coil.

Prime Mover [
I (DC Motor)

2 A,—fﬁ

Torque
~Sensor

FIGURE 6. Experimental setup of IEDSG.

and the resistance is changed using an electronic programmable
load. The voltage, current, and power were measured at various
speeds with various resistance loads.

3.3. Validation Results

The proposed IEDSG is built and assembled based on the re-
sults of the FEM analysis to validate its functionality. Changes
in load resistance of up to 50 ohms are made, and the pro-
grammable electronics load’s load voltage, generated power,
and load current are recorded and compared to simulation re-
sults. The load voltage and load current are the voltage drops
and current through the load resistance, respectively. The
dashed line in Figure 7 represents simulation data, while the
solid line reflects experimental data. The graph demonstrates
that the percentage variances in load voltage, load current, and
generated power between simulation and experimental data are
4%, 16%, and 12%, respectively.
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4. PERFORMANCE ANALYSIS

4.1. Fundamental Characteristics

Figure 8 depicts the IEDSG performance analysis for a series-
coil connection with a variable load resistance up to 50 ohm
and a constant speed of 800 rpm, together with the accompa-
nying load voltage, load current, generated torque, and gen-
erated power. Figure 8(a) depicts the planned IEDSG’s load
voltage and load current. When the load resistance, which was
inversely proportional to the load current, was reduced, so was
the load voltage. The load voltage decreases due to the low cut-
ting flux value, where the flux of the coil is greater than the flux
of the permanent magnet. The load voltage and current began
to saturate at a specific load resistance of 40 ohms. When the
load resistance was increased beyond the peak saturation point,
at a load resistance of 30 Nm at 5 ohms, the generated torque
began to decrease. At a load resistance of 5 ohm, the gener-
ated power rises to 1400 W. However, for loads with resistances
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FIGURE 7. Comparison of simulation and experimental data. (a) Load voltage. (b) Load current. (c) Generated power.
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FIGURE 9. Power characteristics for different speed. (a) Characteristics of speed. (b) Maximum generated power.

greater than 5 ohms, the power output begins to decline since
the current decreases as the load resistance rises.

4.2. Speed Characteristics

Figure 9 shows how the power characteristics change as the ro-
tor speed changes. The generated power increases as the rotor
speed increases due to an increase in flux flow across the air
gap. The proposed IEDSG reached its power generation peak
at various load resistances and speeds. For 200 RPM, the max-
imum power output is 270 W at 2.22 ohm of load resistance,
while for 800 RPM, the maximum power output is 1455 W at
5 ohm of load resistance. It is indicated that the higher the load
resistance is, the higher the power is, and the faster the rotor
spins. The data is further investigated on the highest generated
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power for each speed, as shown in Figure 9(b). It shows how
the maximum power gradually rose until the speed of 800 rev-
olutions per minute, when it began to saturate.

4.3. Coil-Connection Characteristics

To analyze the recommended IEDSG, the performance
of two distinct coil connections, including series-coil and
independent-coil, was examined. The term “independent
coil” is used when separating the inner and outer coils and
determining the combined power of the inner and outer coils.
Figure 10 depicts the power generated by connecting the inner
and outer coils. Because the stator has 54% more coil turns
twisted in it than the inner stator, which has 20 turns instead of
13, and the outer coil produces 54% more power.
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FIGURE 12. Power mapping of series-coil and independent-coil connection. (a) Series-coil. (b) Independent-coil.

When the inner-coil and outer-coil connections are com-
pared, the outer-coil connection demonstrates the most power
at all speeds. This happened because the outer-coil connec-
tion had the highest inductance value. Separating the inner and
outer coils, and then adding the power provided by each coil
connection can improve the proposed IEDSG’s performance as
shown in Figure 11. For example, at 800 rpm, the maximum
power of the inner coil is 512 W while the maximum power of
the outside coil is 1176 W. When the powers of the inner and
outer coils are combined, the overall power generated by the
proposed IEDSG is 1688 W, which is larger than the power of
the series coil, which is only 1456 W, as shown in Figure 12.
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The independent-coil connection increases the power output of
the recommended IEDSG by 16%.

The power mapping technique is used to evaluate the perfor-
mance of the proposed IEDSG’s coil connection. The proposed
design will be utilized to change load resistance and speed. The
maximum power color at 800 rpm for the series-coil connec-
tion is orangish, equating to approximately 1400 W at a load
resistance of 10 ohm, whereas the maximum power color for
the independent-coil connection is reddish, corresponding to
1600 W at a load resistance of 5 ohm. As a result of the power
mapping, the suggested IEDSG can reach its maximum power
at varying load resistances and speeds.
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TABLE 3. Comparison of series-coil and independent-coil connection.

Resistance Inductance Load voltage Current Torque Power
[ohm] [mH] [V] [A] [Nm] (W]
RCfsim RCiexp LCﬁexp Lstim VLisim VLiexp I L_sim 1 L_exp TGﬁsim P G _sim P G _exp
Series 0.89 1.06 2.49 0.078 85 99.94 17.13 12.48 21 1456 1247
Independent  0.89 1.04 2.27 0.078 1082  105.8 3121 26.44 21.02 1688 1513
Table 3 compares the results for series and independent coil Electric Ship Technologies Symposium, 451-458, 2005.
connections. The percentage mismatch between simulation and [5] Lindh, T., P. Salminen, J. Pyrhonen, M. Niemela, J. Kinnunen,
experimental data for series coils working at 800 rpm is 12%, and J. Haataja, “Permanent magnet generator designing guide-
while it is 9% for independent coils. The percentage difference lines,” in 2 007 Inter ”aﬁo’?al Conference on Power Engineering,
illustrates the simulation data’s dependability and acceptabil- Energy and Electrical Drives, 185-189, 2007. _
ity. Furthermore, the coil inductance of the series coil is about [6] Gieras, J. F., R.-J. Wang, and M J. Kamper, Axial Elux Pgrma-
. . . . nent Magnet Brushless Machines, Kluwer Acadenic Publisher,
10% higher than that of the independent coils. According to London. 2004
the generated power equgtlop, .(:011 inductance affects the value [7] Hendershot, J. R. and T. J. E. Miller, Design of Brushless
of generated power, which is inversely proportional to gener- Permanent-Magnet Machines, Motor Design Books, LLC, UK,
ated power. As a result, the power generated by the series coil 2010.
connection is less than that given by the independent coil con- [8] Do, T. D., S. Kwak, H. H. Choi, and J.-W. Jung, “Subopti-
nection. Independent coils outperform series coil connections mal control scheme design for interior permanent-magnet syn-
in terms of effectiveness, increasing generated power by up to chronous motors: An SDRE-based approach,” IEEE Transac-
16% compared to series coil connections. tions on Power Electronics, Vol. 29, No. 6, 3020-3031, 2014.
[9] Pellegrino, G., A. Vagati, P. Guglielmi, and B. Boazzo, “Per-
formance comparison between surface-mounted and interior PM
5. CONCLUSIONS motor drives for electric vehicle application,” IEEE Transactions
In this paper, the power density and power mapping perfor- on Industrial Electronics, Vol. 59, No. 2, 803-811, 2012:
. . [10] Yu, D., X. Y. Huang, Y. T. Fang, and J. Zhang, “Design and
mance of a unique internal and embedded permanent magnet . . .
. comparison of interior permanent magnet synchronous traction
for a double-stator generator (IEDSG) are studied. The fi- . . S
. . ) motors for high speed railway applications,” in 2017 IEEE Work-
n.lte eleme.nF methoq (F EM) is used to descrlbe the gene.ra- shop on Electrical Machines Design, Control and Diagnosis
tion capabilities, which include electromagnetic features like (WEMDCD), 58-62, Nottingham, UK, 2017.
flux density and flux lines. The proposed IEDSG is then con- [11] Chai, F., S. Cui, and S. Cheng, “Performance analysis of double-
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