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ABSTRACT Internal combustion engines emit high-temperature, high-pressure, and high-speed exhaust
gases, resulting in wasted energy and low thermal efficiency. In order to recover the available residual energy
in the exhaust gas, this paper proposes a new topology of the disk-type axial flux stator-excited doubly salient
generator (AFSDSG) with partitioned stator suitable for high-temperature and high-speed operation. Based
on the analysis of the above generator inductance characteristics, the influence mechanism of three pole-slot
structures on the induced electromotive force (IEMF) of the armature winding is clarified, the equivalent
magnetic circuit method is used to analyze the influence of different winding arrangements on the no-load
performance of the generator, and the principles of pole-slot structure optimization and winding arrangement
are summarized. The finite element software is used to model and simulate different configuration. After
focusing on the analysis of transient characteristics such as inductance, armature winding IEMF, and air-gap
flux, it is concluded that different from the conventional pole-slot structure and winding connection method
make that only the overlapping area of the stator and the rotor changes linearly can produce a constant voltage,
the winding arrangement of Winding Partition Excitation Span 2 has a high IEMF amplitude value and low
harmonic content. Finally, the prototype of a three-phase 12/8-pole was trial manufactured and tested. The
consistency of the simulation results and experimental results is verified the innovation and feasibility of the
new topology proposed in this paper.

INDEX TERMS Disk-type generator, axial flux, pole-slot structure, windings connection.

I. INTRODUCTION
Improving performance and saving energy are the eternal
development themes of the automobile and motor industries.
The energy generated by the combustion of fuel in inter-
nal combustion engines is mainly converted into mechani-
cal energy for output, cooling energy, exhaust energy, and
mechanical loss energy. The traditional internal combustion
engine is inefficient, and a large amount of fuel energy is
lost or directly discharged into the atmosphere, which not
only wastes resources, but also causes damage to the envi-
ronment [1], [2].

The associate editor coordinating the review of this manuscript and
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In order to improve the thermal efficiency of internal
combustion engines, many scholars have conducted exten-
sive research [3], [4], [5], [6]. Recovering exhaust gas
energy and reducing the share of exhaust gas loss energy
is one of the research hotspots for improving thermal effi-
ciency [7]. Turbine power generation uses the energy of
the exhaust gas to drive the rotation of the exhaust gas
turbine, thus allowing the rotor of the generator coaxial
to it to rotate and generate electrical energy for energy
conversion.

However, more research has been carried out on the ratio-
nality of turbine power generation systems [8], [9], [10], and
less on the structure of the generator body. In reality, never-
theless, the harsh operating environment of the turbocharger
places high demands on the generator.
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The magnetic field in a generator can be provided by both
permanent magnets and excitation windings. The advantages
of high performance of permanent magnets have made per-
manent magnet synchronous motors one of the hot research
topics in motors [11], [12]. Scholars have extensively and
intensively studied the structure of motor ontology [13], [14].
For example, Korean scholar has proposed a new spoke-type
permanent magnet synchronous generator, which reduces the
leakage flux and the cogging torque through a special design
of the isolation bridge and support structure [15]. However,
the high temperature characteristics of turbochargers increase
the risk of demagnetization of the permanent magnets expo-
nentially, making the supply of the magnetic field through the
excitation winding the best option.

In conventional radial flux wound excitation generators,
the conference [16] proposes a generator in which the arma-
ture current and the stator harmonic control winding current
jointly generate the excitation power, the former compensat-
ing for the weak magnetic effect produced by the armature
reaction to keep the load voltage stable. The conference [17]
proposes a permanent magnet synchronous generator with
three sets of excitation windings, one set on the stator and
two sets on the rotor. The excitation winding on the stator
generates a magnetic field that produces an AC voltage in the
first rotor excitation winding, which is rectified by a diode to
provide a DC excitation current to the second rotor excitation
winding. The generator has proven to have a hard external
characteristic and a THD of less than 5% for both no-load
and load output voltages.

Radial flux wound excitation generators are favored for
their ease of regulation and control [18], [19], but the axial
length is an important influence on the output power, the
greater the axial length, the greater the output power. But in
fact, a larger axial length will contribute to a larger rotating
mass, which has an adverse impact on the response of the
turbocharger. Axial flux generators with stable construction
and small mass rotors are therefore the preferred choice for
high speed operation.

The double-sided stator middle rotor is one of the basic
structural forms of axial flux generators, with a small axial
rotor length and small rotating mass, in line with the original
design objectives. The existing literature has only studied
axial flux PMGs in some detail [20]. The conference [21]
studied the Halbach axial flux permanent magnet generator,
comparing the effect of different parameters such as pole
arc coefficient and air gap length on the total harmonic
distortion. In [22], the pole shape was analyzed and the
results showed that the triangular pole has a higher back
electromotive force (EMF) and output power. The confer-
ence [23] proposed a radial-axial flux switched permanent
magnet generator with both stators. One stator is similar to
the conventional radial flux internal stator and the other is
similar to the axial flux motor stator consisting of U-shaped
stator modules, both of which are spatially perpendicular
and the flux is closed after passing through the rotor. It has
the advantage of being noiseless, flux concentrated and a

TABLE 1. Summary of existing research.

passive rotor. The overly prominent advantages of permanent
magnets have allowed the inherent property of the excitation
winding easy to adjust magnetic field and suitability for high
temperatures to be overlooked, so little research has yet been
reported on winding-excited disk generators. Based on the
above analysis, a summary of the existing research is shown
in Table 1.

As for the segmented rotor, it is widely used in radial flux
switched reluctance motors [28] and to a lesser extent in some
axial flux motors [29], but its sectorial rotor is permanent
magnets. For example, reference [30] proposed a dual-stator
single-rotor axial flux hybrid excitation generator with arma-
ture winding in the stator yoke and excitation winding in the
stator teeth, a rotor sandwiched between two stators, and a
rotor frame with fan-shaped magnetic poles affixed on both
sides, and the rotor slots formed by their adjacent poles are
parallel slots. Besides, it has also been reported in the dual-
rotor single-stator machine [31]. In contrast, for the axial flux
dual-stator single-rotor machine, the non-permanent magnet
sectorial segmented rotor is the first application, and the rotor
slots are also sectorial, which is different from the parallel
slots in the conference [30]. When it comes to partitioned
stators, it is not the traditional concept of an E-type or C-type
stator, as described in references [31], [32], but rather a
distinction of functional areas that define the name of the
stator according to the role of the windings wound on the
stator. In fact, dual-stator single-rotor motors inherently have
two stators, but none of the previously reported research work
has seen the representation of stator partitions, which means
that non-partitioned-stator increases the cost and installa-
tion complexity of the machine. For example, reference [33]
reported an axial flux dual-stator single-rotor permanent
magnet starter generator with the rotor sandwiched between
the two stators as in reference [30]. To improve its thermal
performance, the permanent magnets are segmented radially
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FIGURE 1. The structure of the designed AFSDSG.

to suppress their losses and the separated rotor cover also
dissipates heat efficiently.

In response to the above analysis, this paper proposes
a stator axially partitioned axial flux stator-excited doubly
salient generator (AFSDSG) topology. The generator has a
robust rotor with a small mass, which reduces the rotational
inertia and is not affected by the working environment of the
turbocharger. This paper describes the generation mechanism
of induced electromotive force (IEMF) and the ideal chang-
ing waveform of armature winding inductance and IEMF.
According to the different relative positions of the stator and
rotor, the mathematical model of the overlapping area of the
stator and rotor of three pole-slot structures is established by
synthesizing the principle that the magnetic flux density of
the air gap changes with the presence. The linear variation
of the overlapping area of the sectorial pole sectorial slot
(SPSS) makes the flux linkage vary uniformly, which greatly
reduces the output voltage ripple. Combined with the analysis
of the winding arrangement, the result of IEMF with less
harmonics and high amplitude is obtained. Besides, the static
and dynamic characteristics of the AFSDSG are also obtained
by means of finite element software. Finally, a prototype
is manufactured, and the IEMF of the prototype is tested.
Compared with the simulation results, the feasibility and
innovation of the proposed AFSDSG are verified.

II. AFSDSG STRUCTURE AND PRINCIPLE
The designed AFSDSG is shown in Fig. 1. The segmented
rotor is fixed in the non-magnetic rotor frame and sandwiched
between two symmetrical stators. The field winding and
armature winding are wound on the stator teeth in a certain
order. A direct current (DC) is fed into the excitation winding
to establish the internal magnetic field of the machine. The
rotor rotates under the drive of the prime mover to generate
the IEMF by the flux linkage which regularly appears in the
armature winding.

When the armature winding and the field winding are
partitioned synchronously with the stators, the field winding
is wound across both poles and the armature winding is

FIGURE 2. Flux paths at different rotor positions, (a) 0◦ mechanical angle
(0◦ electrical angle); (b) 7.5◦ mechanical angle (7.5◦ electrical angle).

wound centrally, as shown in Fig. 2. This figure is a schematic
diagram of the axial cross-sectional flux at the radial middle
radius of the AFSDSG. The rotor flushing phase A is defined
as 0◦ mechanical angle. When the rotor teeth are located at
this position, the flux linkage appears in the phase A after
passing through the rotor teeth and the air gap. At the same
time, it is the maximum flux of the phase, as shown in
Fig. 2 (a). The rotor rotates anticlockwise by 7.5◦ mechanical
angle, as shown in Fig. 2 (b). Compared to the 0◦ position, the
flux in phase A decreases and the flux in phase B increases,
i.e. the inductance of phases A and B change simultaneously.
When the DSG2 power generation method is used, within the
process of 0◦ to 7.5◦, phase A and B work at the same time to
generate power, the ideal inductance and IEMFwaveform are
shown in Fig. 3. The main flux linkage is closed after passing
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FIGURE 3. Ideal inductance and IEMF.

FIGURE 4. Distribution of excitation potential.

through the stator and rotor iron cores with air gaps, showing
a circulation in the axial and circumferential directions. θ and
α indicate themechanical and electrical angles respectively in
Fig. 3 and Fig. 4.

A magnetic field is established in the stator 1 after the DC
is applied to the excitation winding. The rotor continues to
rotate under the drive of the prime mover, and the magnetic
flux is regularly induced in the armature winding to generate
IEMF. However, in reality, as the rotor rotates, the mag-
netic flux in the excitation winding changes from moment
to moment, which consequently contributes to periodically
changes in the excitation self-inductance. The excitation back
EMF and excitation positioning torque caused by excitation
self-inductance are represented by Uf and Tf, respectively.
Therefore, the expressions of the two are as follows:

Tf =
1
2
i2f
dLf
dθ

Uf = −
dψf

dt
= −Lf

dif
dt

− if
dif
dt

(1)

where if is the excitation current and Lf is the field winding
self-inductance.

It can be seen from the above formula that the excita-
tion back EMF Uf and the excitation positioning torque
Tf are related to the excitation current if and the excita-
tion self-inductance Lf. When the excitation current remains

unchanged, the two are only related to the excitation self-
inductance Lf. Nevertheless, the excitation self-inductance
is caused by the periodic change of the flux linkage in the
excitation winding during the rotor rotation. Accordingly, the
following factors should be considered in the arrangement of
the stator and rotor teeth and windings on the performance of
the machine:

(1) During the working process of the generator, the excita-
tion self-inductance should not change significantly with the
rotor rotation, and the excitation back EMF and positioning
torque should tend to be close to 0.

(2) The total magnetic permeability of the generator should
remain constant at any moment, the magnetic voltage drop in
each magnetic circuit should be the same and the inductance
of each phase should be symmetrical.

III. AFSDSG TOPOLOGY ANALYSIS
A. STRUCTURAL ANALYSIS OF THE POLES AND SLOTS
For the purpose of this analysis, the following assumptions
are made.

(1) Ignore the effects of magnetic circuit saturation and
eddy current effects.

(2) Ignore the effect of end effects on the winding.
(3) Ignore the effect of the third air gap.
The rotor rotates and the EMF induced by the armature

winding of phase A is

ea = −
dϕa
dt

− N
dφa
dt

(2)

φa = Bz (θ) Sa (θ) (3)

where ϕa is the flux linkage of phase A, N is the number of
turns of the phase winding, φa is the flux in each turn of the
coil, Bz (θ ) is the axial air gap flux of the excitation stator
pole, and Sa(θ ) is the stator-rotor overlapping area. And the
latter two are functions of the rotor position angle θ . Thus, the
phase IEMF is positively correlated with the rate of change
of the phase flux linkage.

Bz(θ ) = µH (θ ) (4)

H (θ ) = F(θ )/[hg(θ )] (5)

Bz(θ ) = µ0F(θ )Λg(θ ) (6)

where µ is the permeability, H (θ ) is the magnetic field
strength, F(θ ) is the excitation magnetic potential, Hg(θ ) is
the air gap length, andΛg(θ ) is the air gap permeability, so the
flux linkage is only related to the excitation potential and the
stator-rotor overlapping area.

Taking the excitation of each pole as an example, the distri-
bution of the excitation potential generated by the excitation
winding is illustrated, as shown in Fig. 4. Since each stator
pole of the stator 1 has an excitation winding, and the adjacent
excitation windings are wound in opposite directions, the
excitation magnetic field at the air gap between the stator
1 and the rotor will present an alternately distributed trapezoid
shape. The mechanical angle occupied by each stator pole is
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π /12. When the stator pole arc coefficient is 0.5, the mechan-
ical angle occupied by a pair of excitation magnetic poles is
π /3, and its peak value is Nfif, then the excitation magnetic
potential can be expressed by the following formula:

F(θ ) =



Nfif, 0 +
mk
3
< θ ≤

π

12
+
mk
3

−
24Nfif
π

(θ −
π

8
),

π

12
+
mk
3
< θ ≤

π

6
+
mk
3

−Nfif,
π

6
+
mk
3
< θ ≤

π

4
+
mk
3

24Nfif
π

(θ −
7π
24

),
π

4
+
mk
3
< θ ≤

(k + 1)π
3

(7)

It can be seen from the above formula that the air-gap flux is a
constant value under one excitation pole. As a consequence,
the change of the phase-A flux linkage depends on the over-
lapping area of the stator and the rotor. Considering that
the analysis of the above inductance characteristics, design
requirements and the determinants of the phase IEMF, three
pole-slot structures can be shown in Fig. 5, namely, Parallel
Pole Sectorial Slot (PPSS) and Sectorial Pole Parallel Slot
(SPPS), and SPSS. α is the stator pole arc width, β is the
stator pole pitch, and γ is the rotor pole arc width. The stator
and rotor pole arc widths of the three pole-slot configurations
are all the same, in accordance with the working mode shown
in Fig. 3. The axial end faces of the stator and rotor poles
have the same shape to ensure that the maximum amount of
magnetic flux is conducted when the stator and rotor teeth are
aligned.

The PPSS configuration is extended in light of the tradi-
tional radial flux SDSM. Its low slot space-factor contributes
to a great waste of machine inner space. And, the small
overlap area when the stator and rotor are aligned brings
about the small inductance difference, whichmakes the IEMF
generated by the armature absolutely small. The following
solutions are available for the two problems of the PPSS
configuration described above. It is called SPPS with fan-
shaped teeth and parallel slots by increasing the mechanical
angle of the outer diameter of the stator teeth of the PPSS and
reducing the mechanical angle of the inner diameter of the
stator teeth, which can accommodate more windings in the
stator slots and solve the former problem of low slot space-
factor of the PPSS configuration. For the latter, only increase
the mechanical angle of the outer diameter of the stator teeth
of the PPSS, which is called SPSS, so as to make the area
larger. Since only the mechanical angle of the outer diameter
of the stator teeth is changed, the slot space-factor of the SPSS
is the same as that of the PPSS.

With low core loss as the constraint goal, it is necessary to
prevent the formation of a closed magnetic flux loop between
the rotor pole and the stator pole on the same side when the
rotor is aligned with the stator slot. As a result, the PPSS uses
the radial lines at both ends of the inner diameter of the teeth
as the constraint boundary for the pole arc coefficient and the
SPPS uses the radial lines at both ends of the outer diameter

FIGURE 5. Three stator-rotor configurations, (a) PPSS; (b) SPPS; (c) SPSS.

of the teeth to prevent losses due to the continuous flow of
magnetic flux.

In the rotor rotation process of PPSS and SPPS, the calcu-
lation methods of the stator-rotor overlap area are different
before and after the typical position, as shown in Fig. 6,
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FIGURE 6. Typical positions for both configurations, (a) PPSS typical position; (b) After typical position of PPSS; (c) SPPS typical
position.

so the overlap area should be calculated separately at these
two positions.

The overlap area covered by PPSS can be expressed as: (8),
shown at the bottom of the next page.

The overlap area covered by SPPS can be expressed as: (9),
shown at the bottom of the next page.

The overlap area covered by PPSS can be expressed as:

SSPSS =
θπ

(
R2
1 − R2

2

)
360

(10)

The r1 in (8) and r2 in (9) are the overlap radius of the
overlap region before the typical positions of PPSS and SPPS
respectively, and the curves are shown in Fig. 7 after the cubic
polynomial fit.

Fig. 8 shows a graph of the overlap area of the three. The
PPSS and SPPS show a curvilinear increase in their area
before the typical position, mainly due to the fact that the
overlap radius increases significantly with each unit angle
of rotation of the rotor before the typical position, and the
amount of increase in their overlap portion also increases
gradually. After the typical position, the amount of increase
in overlap area varies less per unit angle of rotor rotation and
is overall linear in relation to the rotor angle. From (2) and
(3), it can be seen that

e = −N
dφa
dt

= −NBz(θ )
dSa(θ )
dt

= −NBz(θ )
dSa
dθ

dθ
dt

(11)

From the above equation we can see that only when the
overlapping area changes uniformly, will the generator gen-
erate a constant IEMF. The IEMF of the PPSS and the SPPS
is on the rise before the typical position, whereas after the
position, it is a certain value, which leads to the fact that
the constant IEMF generated by the two accounts for a small
electrical angle and has a large voltage pulsation.

Considering the above analysis, the arrangement of the
stator pole-slot structure should follow two principles: one
is that in the process of the rotor sliding in and out, the over-
lapping area of the stator and the rotor should be maintained
unchanged to ensure that the armature winding generates a
constant IEMF during the process. The other is that when the
stator and rotor are aligned, the overlapping area should be as
large as possible to increase the maximum phase inductance.

B. WINDING ARRANGEMENT
In an inductance cycle, the pole-slot structure affects the
inductance change of the rotor slip-in and slip-out, which
determines the change rate of the inductance. The winding
arrangement affects the instantaneous state when the rotor
aligns with the stator poles and slots, and also affects the
direction of the internal magnetic circuit of the machine.
These two moments are reflected on the flux linkage curve
as the maximum value ϕmax and the minimum value ϕmin of
the flux linkage.

When arranging the winding layout, the following princi-
ples should be met. On the basis that the magnetic chain rises,
falls, and remains unchanged for 120◦ of electrical angle
respectively, the flux conductance ϕmax is increased as much
as possible when the stator and rotor are flushed together, and
the flux ϕmin in the armature winding is reduced when the
rotor is flushed together with the stator slot, i.e., the leakage
is reduced to increase the armature winding induced electric
potential amplitude.

The excitation winding and armature winding are wound
on two stators, respectively. The excitation windings, con-
centrated windings, are wound in opposite directions to each
other, called Winding Partitioning Excitation Span 1 (WP-
ES1). Yet, when the rotor is aligned with the stator slots,
the flux will pass through the rotor and form a closed loop
between the two excitation stator poles of opposite polarity

VOLUME 11, 2023 22719



L. Li et al.: Analysis of the Topology and Electromagnetic Characteristics

FIGURE 7. Overlap radius polynomial fit.

FIGURE 8. Overlap area variation curves.

due to the double salient, increasing the machine losses and
reducing the motor performance, as shown in Fig. 9.
In order to solve the above-mentioned problem ofmagnetic

flux leakage, this paper shows two solutions based on the
SPSS, as shown in Fig. 10. Both the armature winding
and excitation winding are concentrated windings, which are
alternately distributed on each stator tooth, and the in-phase
armature windings are symmetrically arranged on the two
stators, which is called Excitation and Armature Alternation
(EAA). It completely avoids the leakage flux in the field

FIGURE 9. Leak flux distribution of WP-ES1.

stator poles in the WP-ES1. When the armature winding and
the excitation winding are respectively wound on two stators
like the WP-ES1, the excitation winding is wound across
two poles with the armature winding concentrated, which
is called Winding Partitioning Excitation Span 2 (WP-ES2).
Compared with WP-ES1, WP-ES2 has halved the number
of adjacent stator teeth of opposite polarity, and halved the
number of leakage flux between stator poles, which can effec-
tively reduce the high core loss caused by the high-density
closed flux.

Fig. 11 shows the equivalent magnetic circuit for the three
winding arrangements. F,8m,8li, and8lo are the equivalent
magnetic potential source of the field winding, the main
flux generated by the field winding, the internal leakage
flux of the main magnetic flux, and the external leakage
magnetic flux of the main magnetic flux, respectively. Gmsa,
Gmse, Gmr, and Gmg are all main flux equivalent magnetic
conductivity of the armature tooth, field tooth, rotor pole,
and air gap, respectively. Glsa, Glse, Glr, and Glg are leakage
flux equivalent magnetic conductivity, which are armature
tooth conductivity, excitation tooth conductivity, rotor pole
conductivity, and air gap conductivity respectively.

As can be seen from Fig. 11, WP-ES1 and WP-ES2 have
similar main flux and leakage flux loops. One of the leakage
fluxes of WP-ES2 has a large contribution to the armature
winding magnetic chain, increasing the maximum value of

SPPSS =


∫ 15◦

−θ

0

πr21
360

dw, 0 < θ ≤ θ1

1
2
(R1 − R2)

(√
2R2

√
1 − cos (θ + α1 − α2)+

√
2 R1

√
1 − cos θ

)
, θ1 < θ ≤ θ2

(8)

SSPPS =


∫ 15◦

+θ

0

πr22
360

dw, 0 < θ ≤ θ3

(15◦
+ θ3) πr(θ2)2

360
+

∫ (θ−θ3)πR2
180

0
(R1 − R2) dl, θ3 < θ ≤ θ4

(9)
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FIGURE 10. Three winding configurations, (a) WP-ES1; (b) EAA;
(c) WP-ES2.

the magnetic chain in that phase, and is therefore a bene-
ficial leakage flux. In contrast, the two leakage flux loops
of WP-ES1 are both non-beneficial leakage fluxes and do
not contribute to the armature winding. Nevertheless, the
EAA has a poor performance. Although the main flux path
is shorter, it does not have a significant difference between
the maximum and minimum flux value, mainly because there
is not a large amount of flux passing through the armature
winding when the rotor is aligned with the phase winding.

When the polarity of the adjacent excitation windings on
the same side of the EAA type is opposite, the magnetic flux
forms a closed loop between the excitation poles through
the stator yoke, and the magnetic flux cannot be induced
in the armature winding, which violates the intention of the
magnetic flux flowing between the armature poles and the
excitation poles, as is shown in Fig. 12.
Therefore, the directions of the magnetic potentials gen-

erated by the excitation windings on the two stators of the
EAA must be the same, as shown in Fig. 10 (b). When the
rotor is aligned with phase A, phase B and C will induce flux
from their adjacent excitation windings, which results in a
larger minimum value ϕmin for the phase flux. And all the
flux induced in the armature winding at this time is defined
as leakage flux in WP-ES2. Instead of passing through the
rotor aligned with the stator poles, the flux generated by the
excitation winding passes over the edges of the rotor and
forms a closed loop within its adjacent armature windings,

FIGURE 11. Equivalent magnetic circuit of three winding configurations,
(a) WP-ES1; (b); EAA; (c) WP-ES2.

FIGURE 12. Reverse polarity of adjacent excitation windings of EAA.

resulting in a distribution of magnetic flux within the EAA
armature winding that is evenly distributed, with no signifi-
cant difference between the maximum and minimum flux.

The WP-ES2 does not completely circumvent the leakage
flux as the EAA does, but achieves a reduction in leakage
by reducing the number of polar opposite excitation stator
poles. Unlike WP-ES1, when the rotor aligns with phase A,
the leakage flux outside the main flux forms a closed loop
in phase B, raising phase B ϕmin a little, and also closes in
phase A, raising phase A ϕmax. However, due to the magnetic
voltage drop in the stator yoke, the contribution of the linkage
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FIGURE 13. No-load curves for different winding configurations, (a) flux;
(b) IEMF.

FIGURE 14. Comparison of winding partition harmonics.

to the maximum magnetic flux is smaller than that to the
minimum magnetic flux, so the increase in ϕmax is smaller
than the increase in ϕmin, which is reflected in the phase
voltage of WP-ES2 being slightly smaller than that of WP-
ES1 in terms of IEMF, and the curves of the three magnetic
flux and back EMF are shown in Fig. 13.

The harmonic comparison between WP-ES1 and WP-ES2
is shown in Fig. 14. Since the proposed generator has a square
ideal IEMF waveform, its total harmonic distortion is larger
than that of the generator with sinusoidal waveform. As can
be seen from the figure, the fundamental amplitude of WP-
ES2 is 5.15 V, which is 0.5 V lower compared to 5.65 V of
WP-ES1. However, in terms of harmonic characteristics, the

FIGURE 15. The 3D mesh of solved region.

first 10 harmonics of WP-ES2 are all reduced, with 5.02%
lower total harmonics, 3.13% lower odd harmonics, and 4.5%
lower even harmonics. As a result, the WP-ES2 has less har-
monics in the no-load IEMF and higher quality of generation.

After the above analysis, when performing the winding
arrangement, the alternating distribution of excitation and
armature windings on the same side should be avoided in
order to avoid the problem edge effect when the rotor is
aligned with the stator slots, and also to avoid the problem
of increasing the minimum value of the flux and reducing
1ϕ. The excitation and armature windings should be wound
separately on the same side of the stator, so that when the flux
linkage has a maximum value in one phase, the amplitude in
the other two phases should be as small as possible, while
reducing the effect of the edge effect.

IV. SIMULATION AND EXPERIMENTAL ANALYSIS
A. FINITE ELEMENT MAGNETIC FIELD SIMULATION
In order to verify the rationality of the topology, the electro-
magnetic characteristics of AFSDSG were studied. Thus, the
three-dimensional topology model of the machine was estab-
lished by ANSYS Electronics, and its flux linkage, phase
voltage, and air-gap flux density were analyzed. The mesh
is shown in Fig.15.

The flux linkage and IEMF curves of the three pole-slot
configurations are shown in Fig. 16 for the winding arrange-
ment WP-ES2. When the electrical angle is 240◦, the rotor
is aligned with the stator slot. Due to the edge effect, the
flux linkage has begun to increase at this time, whereas the
SPSS rotor is in line contact with the stator, and the PPSS
and SPPS are in point contact, so ϕSPSS is the largest. As the
rotor continues to rotate, the stator and rotor begin to overlap.
In other words, during the period of 240◦ to 360◦ electrical
angle, the overlapping area of the SPSS stator and rotor
changes uniformly, and there is an obvious flat wave in the
IEMF curve, at which point the phase is in a generating state.
It can be seen from the above analysis that only when the
overlapping area of the stator and the rotor changes linearly
can the IEMF be a continuous constant value. Due to the less
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FIGURE 16. No-load waveforms, (a) flux; (b) IEMF.

linear variation in the overlapping area of the PPSS and SPPS,
the voltage flat wave duration is shorter and the rectifier
output voltage ripple is larger.

Fig. 17 shows the influence of the winding arrangement on
the air gap magnetic flux density on the armature side based
on SPSS. The leakage flux of WP-ES1 forms a closed loop
in the excitation stator poles via the rotor, which has no effect
on the armature winding, while WP-ES2 reduces the leakage
flux in the excitation stator pole and increases the flux in
the armature winding, which can increase the amplitude of
the magnetic flux in the armature winding. The simulation
waveforms verify the correctness of the previous analysis.

B. EXPERIMENTAL VERIFICATION AND COMPARATIVE
ANALYSIS
To verify the validity of the above analysis, a prototype
based on the SPSS pole-slot shape and WP-ES2 winding was
fabricated according to the optimized parameters in Table 1,
and experiments were conducted on the test bench. The pro-
totype and the bench are shown in Fig. 18. The excitation
current can be changed by adjusting the DC power supply
and the generated power can output by a three-phase full-
bridge rectifier. The rated speed of the generator was set at
3000 r/min for safety due to a laboratory experiment. Fig. 19
shows the phase IEMF waveforms of no-load and load for
this prototype at 3000 r/min and 7500 r/min with the field
current 5 A.

FIGURE 17. SPSS air gap magnetic density on the armature side for
different winding configurations, (a) WP -ES1; (b) WP-ES2.

TABLE 2. Main parameters of the AFSDSG.

Bymaintaining the rated speed and adjusting the excitation
current, the no-load characteristic diagram of the AFSDSG
can be obtained as shown in Fig. 20 (a). As the excitation
current gradually increases, the generator rectifier output
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FIGURE 18. The prototype and test bench.

FIGURE 19. Experimental waveforms, (a) 3000rpm; (b) 7500rpm.

voltage gradually increases. As the excitation current gradu-
ally increases, the generator rectifier output voltage gradually
increases. Fig. 20 (b) shows the external characteristics of the
generator at rated speed and different excitation currents with

FIGURE 20. The characteristic curves, (a) No-load characteristic;
(b) External characteristic.

different resistive loads, and the simulation results are in good
agreement with the experimental results in terms of trend and
amplitude, which verifies the reasonableness of the machine
topology.

V. CONCLUSION
This paper presents a novel dual stators intermediate rotor
flux axial flow AFSDSG for automotive applications to
recover exhaust gas energy from turbocharger exhaust. The
generator has a small mass rotor, which contributes to the
high temperature resistance and low rotational inertia. The
pole-slot shape of the stator, the rotor shape, the arrangement
of the armature winding and the excitation winding are stud-
ied, and the finite element simulation analysis is compared
with the experimental results to verify the above analysis,
which provides the basis for the synergistic development of
exhaust gas energy recovery and power generation technolo-
gies.

(1) The proposed generator is a double stator single rotor
configuration with a rotating middle rotor that alternately
induces flux in the armature windings. Themachine has a sec-
torial pole-slot structure different from conventional sectorial
poles parallel slots. It is because of the special pole and slot
shape that the IEMF is positively related to the overlapping
area of the stator and rotor, and when the variation of the area
is constant with different rotor position, a constant IEMF is
generated.

(2) It has been analyzed that the excitation winding and the
armature winding should avoid alternate distribution on the
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same side and that inter-pole leakage between the excitation
should be minimized when the two are set on two stators
respectively.

(3) Following on from the SPSS, it is analyzed that theWP-
ES2 can reduce the excitation leakage compared to the WP-
ES1 and increase the voltage amplitude by 49.03% compared
to the EAA.
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