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Abstract: To tackle the issue of high cost and large volume for
offshore wind power generators, a novel dual-rotor dual-stator
permanent magnet synchronous generator ( DRDS-PMSG) is
proposed. The equivalent magnetic circuit model of the
generator is established, finite element analysis is performed to
evaluate the electromagnetic characteristics and coupling
effect, and some simulation results are verified through
experiment. The simulation analysis results show that three
typical equivalent magnetic circuits exist with changed relative
positions between the inner and outer magnets, and the
equivalent reluctance of the coupling region can be described
using a coupling coefficient. The coupling effect of inner and
outer machines is revealed by electromagnetic characteristics,
including cogging torque and electromagnetic torque. The
peak-to-peak values of the cogging torque of inner and outer
machines are 0. 52 and 1. 64 kN - m, the average values of
electromagnetic torque are 11.65 and 27.09 kN - m, and the
torque ripples are 6. 02% and 4. 12% , respectively. In
general, a coupling effect exists between the inner and outer
machines; however, the coupling effect is effectively reduced
by the flux barrier.
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generator

W ith the advancement of high-performance perma-
nent magnet ( PM) materials, the research and
application of PM machines have experienced rapid devel-
opment'''. Meanwhile, the improvement in manufactur-
ing technology and intelligent control strategy has laid a
solid foundation for the study of dual-stator PM machines
(DSPMMs) and dual-rotor PM machines ( DRPMMs).
These PM machines with relatively complex structures

evolve from common PM machines and usually possess

Received 2023-09-21 , Revised 2024-01-22.

Biography : Fu Mingzhi (1979—) , male, master, senior engineer, mz_
fu@ qgny. chng. com. cn.

Foundation item : National Key Research and Development Plan of Chi-
na (No. 2020YFB1506603 ).

Citation ; Fu Mingzhi, Qin Meng, Guo Xiaojiang, et al. Magnetic field
and coupling effect analysis of a novel dual-rotor dual-stator permanent
magnet synchronous generator [ J ]. Journal of Southeast University
(English Edition) ,2024,40(1) :89 —96. DOI: 10. 3969/j. issn. 1003 —
7985.2024.01.010.

an extra stator or rotor to fully utilize the internal spaces.
Consequently, the torque and power densities of such ma-
chines experience great enhancement, thus raising the
machine’s capacity without increasing its size and weight.
Therefore, the design of PM synchronous generators
(PMSGs) with a larger capacity becomes feasible, and
energy saving and high efficiency show enormous poten-
tial in the field of wind power generation>”".

In recent years, many global scholars have proposed
various novel topologies of DSPMMs and DRPMMs and
have conducted prototype tests to improve their perform-
ance, thus providing theoretical and experimental refer-
ence to the real application of the machines in different
operating conditions. A dual-stator five-phase PMSG was
proposed for wind power generation, wherein a pseudo-
pole was used to save PM materials. The magnetic circuit
model of the machine was obtained, and the electromag-
netic performance of the machine was analyzed and com-
pared with that of dual-stator embedded-pole and single-
stator single-rotor PMSG'*’. Kim et al. "*’ designed a du-
al-stator radial-flux PM generator applied in wind turbines
along with stator teeth pairing for the cancellation of its
cogging torque. Another dual-stator PM generator was
proposed for the applications in low-speed conditions,
and the cogging torque was reduced through stator teeth
pairing and pole-arc ratio adjustment®’. Concurrently,
DSPMMs with other structures are also investigated. A
dual-stator axial-flux PM machine with soft magnetic
composite cores was explored and optimized to meet the
requirements for torque density in a robot servo sys-
tem'”). Certain machines with rare structures are also
classified as DSPMMs, including the dual-stator flux-
switching PM motor proposed in Ref. [ 8], where the
PMs and windings are located on the stator, and a doub-
le-salient rotor is used to reduce the difficulty in manufac-
turing. Different rotor configurations of DSPMMs using
superconducting ( SC) material have also been explored
to improve power capacity and reduce cogging torque and
losses of large generators'”’. Allahyari et al. """ proposed
a consequent-pole DRPM vernier machine, wherein the
windings of the inner and outer motor are connected in se-
ries, shortening the end-winding length. A flux-switching
PM machine with a double C-hoop stator and interior PMs
was designed to enhance efficiency and power density,
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which is targeted at wind power applications'"''. Asefi et
al. '™ studied the topology design and optimization of a
dual-rotor axial-flux PM generator. A double-rotor trans-
verse flux PM wind power generator was proposed, and
the optimization of rotor width was accomplished to re-
duce the harmonic component of electro-motive force
(EMF) "/,

Based on the structural design, scholars have undertak-
en extensive theoretical research on DSPMMs and
DRPMMs, including analytical models, electromagnetic
performance analysis, control system simulation, optimi-
zation design, and so forth. Hassannia'' designed a
fractional slot DRPMM to overcome the drawback of
high-order harmonics existing in normal DRPMMs with
two rotors rotating in opposite directions, whose torque
ripple is reduced with double-layer windings. To study
the slot-pole combination of DRPMMSs for wind power
generation, the influence of pole and slot numbers on the
winding factor was elaborated, and cogging torque,
EMF, and losses were obtained through the finite element
method'”’. Wang et al. "' studied the relationship be-
tween the cogging torque and design parameters of a mag-
netic-geared DRPMM, including the number of slots and
poles, airgap magnetic density, and stator tooth width.
An optimization simulation of radial-flux DRPMM was
performed to minimize the cogging torque and the optimal
shift angle of stators'”'. The analytical design of an axi-
al-flux DRPMM was proposed with the dimensioning
equations of the machine extracted, and its optimization
was performed by using a genetic algorithm'"®’. Yang et
al. """ proposed a DRPM vernier machine, and the opti-
mization process of the stator slot was introduced based
on a genetic algorithm.

Previous research studies on PM machines with rela-
tively complex structures are mainly focused on dual-sta-
tor single-rotor or dual-rotor single-stator types. The for-
mer type can either choose two sets of windings for each
stator to arrange split control systems or adopt only one
set of windings to reduce the length of winding ends,
while the latter can accomplish the counterrotation of ro-
tors to meet the special needs of certain application sce-
narios "', However, both types lack the advantages of
dual-rotor dual-stator ( DRDS ) PM machines.
scholars have conducted the topology design of DRDS-
PMM for hybrid electric vehicles, wherein a magnetic in-
sulating layer is set to prevent electromagnetic interfer-
ence and support the inner stator core >, Others have de-
voted themselves to the design process of DRDS flux-

Some

switching PM machines for counter-rotating wind tur-
bines'™’. Two six-phase DRDS-PMSGs with different
pole configurations were investigated and assessed based
on a series of electromagnetic characteristics, including
torque, flux density, and efficiency™ . Currently, the

design and analysis of large-scale DRDS-PMSGs are in-

sufficient, and the coupling relation between the inner
and outer machines must also be investigated.

The purpose of this study is to investigate a novel
DRDS-PMSG for large-scale offshore wind turbines. The
analytical model of the generator is established by using
an equivalent magnetic circuit method. The electromagnet-
ic characteristics of the generator are evaluated in detail,
and the coupling effect between the inner and outer ma-
chines is also investigated through finite element analysis.

1 Topology and Main Parameters of the Pro-
posed DRDS-PMSG

1.1 Performance requirements

The proposed DRDS-PMSG is designed for offshore
wind power generation and mainly consists of four parts,
namely, inner and outer rotors and inner and outer sta-
tors. The inner rotor and stator constitute the inner ma-
chine, while the outer rotor and stater constitute the outer
machine. The main performance requirements of the gen-
erator are tabulated in Table 1.

Table 1 Performance requirements of the proposed DRDS-PMSG

Parameters Inner machine Outer machine
Number of phases 3 3
Number of poles 12 12
Rated power/kW 750 1 500
Rated speed/(r - min ") 700 600
Rated voltage/V 690 690
Phase current/A 657.7 1343.7
Peak current/A 930 1 900
Base frequency/Hz 70 60
Power factor 0.99 0.97
Winding connection Y Y

The generator has two sets of wind blade systems,
which enable the counterrotation of the inner rotor and the
outer rotor, thus improving the power generation capacity
of the turbine. The structure of dual airgaps effectively
increases the airgap area, thereby raising the torque and
power densities so that it can output more power from the
dual electrical ports at the same volume and material con-
sumption condition. The adoption of a surface-mounted
PM structure can reduce the cogging torque of the ma-
chine compared with an interior PM structure. In addi-
tion, since the length of the winding end does not change
with the machine length, the torque density can be further
improved by increasing the length-diameter ratio.

1.2 Topology, structural parameters, and winding
schemes

The cross-section of the proposed DRDS-PMSG is
shown in Fig. 1. The inner and outer machines are inner-
and outer-rotor machines. A layer of flux shield exists be-
tween the inner and outer machines to eliminate the cou-
pling effect between the magnetic fields of the inside and
outside machines. In addition, the inner and outer ma-
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chines are equipped with a set of windings. The conduc-
tors in the inner and outer stator slots constitute the inner
and the outer machine stator windings, respectively. The
two sets of windings are electrically independent of each
other to generate output currents with different frequencies
through the rotation of the front and rear wind blades at
different speeds.

Outer rotor steel
Outer PMs

Outer stator steel
Outer windings
Flux barrier

Inner stator steel
Inner windings

Fig.1 Cross-section of the proposed DRDS-PMSG

The main structural parameters and designed winding
schemes are tabulated in Tables 2 and 3.

Table 2  Structural parameters of the proposed DRDS-PMSG

Parameters Inner machine Outer machine

Rotor inner diameter/mm 500 1160
Rotor outer diameter/mm 574 1 300
Stator inner diameter/ mm 620 850
Stator outer diameter/ mm 800 1118
Stack length/mm 750 750
Magnet thickness/mm 18 15
Airgap length/mm 5 6

Table 3 Winding schemes of the proposed DRDS-PMSG

Parameters

Inner machine Outer machine
Number of stator slots 72 108
Number of conductors per slot

Number of coils per phase per pole
Number of parallel branches
Coil pitch
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2 Modeling of the Proposed DRDS-PMSG

The preliminary theoretical analysis of DRDS-PSMGs
is typically based on an equivalent magnetic circuit mod-
el. According to the magnetic circuit structure of the gen-
erator, its magnetic field is divided into three parts; inner
airgap field region, outer airgap field region, and cou-
pling field region, based on which the equivalent magnet-
ic circuit model is established.

2.1 Reluctance formulas of the magnetic field

The distribution of the inner airgap magnetic field is
similar to that of the outer airgap magnetic field; the
equivalent magnetic circuits of the inner and outer ma-
chines are thus analogical. Taking the outer machine as

an example, the magnetic circuit division includes the
PM, rotor core, airgap, stator core, and magnetic field
coupling regions.

Based on the equivalent magnetic circuit model in Fig.
2, the reluctance formulas of all parts in the flux paths
can be obtained. The reluctance formula of the PM region
can be expressed as follows

h

R =—"
" arL

(1)

where £ is the thickness of PMs, u is the permeability
of PMs, a is the pole-arc coefficient, 7 is the pole pitch,
and L represents the axial length of the machine core.
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Fig. 2  Equivalent magnetic circuit diagram of the DRDS-
PMSG (outer machine)

The reluctance formula of the rotor yoke region can be
expressed as follows:

l

RTC :IL hrcL (2)

rcef

where [ _ is the circumferential length of the inner and out-
er rotors for each pair of poles, w . is the permeability of
the rotor yoke, £, is the thickness of the rotor core, and
L represents the effective axial length of the machine.

The reluctance formulas of the airgap region can be ex-
pressed as follows:

__8
_MOTL (3)

g

where g is the length of airgap, u, is the permeability of
vacuum.

The reluctance formulas of the stator yoke region can
be expressed as follows;

l%c
Re =/"Lschschf )
where [ is the circumferential length of the stator for
each pair of poles, w  is the permeability of the stator
yoke, and h_ is the thickness of the stator core.
The airgap flux density of the machine can be calculat-
ed by the following :

0]
- (5)

¢ arl



92 Fu Mingzhi, Qin Meng, Guo Xiaojiang, Chen Yuhan, and Lin Heyun

where @, is the airgap flux.
2.2 Overall equivalent magnetic circuit model

Since the inner and outer rotors rotate in opposite direc-
tions, the relative positions of the inner and outer PMs
will change with their rotation. Flux leakages exist in the
flux barrier between inner and outer stators, so it is nec-
essary to further establish the coupled magnetic field mod-
el. The typical relative positions of inner and outer PMs
are shown in Fig. 3, which include three situations: PMs
aligned with the same polarity, PMs aligned with a differ-
ent polarity, and PMs unaligned. In Fig.3(a), the inner

relative positions of the inner and outer PMs lead to differ-
ent saturation conditions of the stator yoke cores. The cir-
cumferential stator yoke flux in parallel magnetic circuits is
larger than that in series and general magnetic circuits.
Therefore, the magnetic field of the yoke core is most pos-
sibly saturated in Fig.3(a). According to the PMs’ rela-
tive positions of the inner and outer machines, the equiva-
lent reluctance of the coupling region can be obtained by

l
s Af =
R /"Ls’n-h<Lef 0 0
. 4ph, Afe[ -90°,0) U (0,90°]
ks/"(’s’n-(Dosl +Di52)ch < - ’ ’

(6)

where [ is the circumferential length between the two ad-

(0.037h, +0.5)sin(7.92 x 10 *n_A§ +0.0271)
"7 1(0.037h, +0.5)sin(7.92 x 10 *n, A8 —0.027)

where n, is the relative speed between the inner and outer
machines.

Thus, the overall equivalent magnetic circuit model of the
DRDS-PMSG can be obtained, as shown in Fig. 4.

3 Coupling Effect Analysis of the Proposed DRDS-
PMSG

To explore the coupling effect of the proposed DRDS-
PMSG, its electromagnetic characteristics are evaluated
through finite element analysis ( FEA ), including flux
density distribution, airgap flux density, EMF, and cog-
ging torque.

and outer PMs are aligned with the same polarity, which
indicates that the overall magnetic circuit of the machine
is in parallel connection, the coupling degree in the radial
direction is relatively low; therefore, the reluctance in the
coupling area is regarded as circumferential reluctance. In
Fig.3(b), the overall magnetic circuit is in a series con-
nection, while in Fig.3(c), the inner and outer PMs are
not mutually aligned. In Figs.3(b) and 3(c), the mag-
netic field coupling exists in the radial direction; there-
fore, the reluctance in the coupling region is set as radial
reluctance.

In the operation process of the generator, the different

(b) (¢)
Fig.3 Typical relative positions of inner and outer PMs of the DRDS-PMSG. (a) PMs aligned with the same polarity; (b) PMs aligned
with the different polarity; (c) PMs not aligned

jacent poles of the magnetic coupling region, u, is the per-
meability of the flux barrier, A is the width of the flux bar-
rier, p is the number of pole pairs, k, is equivalent reluc-
tance correction coefficient, D,
outer stator, D,, is the outer diameter of the inner stator,
and A€ is the relative electrical angle of the inner and outer
rotor. The range of A is converted from [ —180°, 180°] to
[ —90°, 90°], according to the symmetric polarity of the
PMs. The initial reference state of A6 is where PMs are a-
ligned with the same polarity.

As mentioned before, since the relative positions of inner
and outer PMs change constantly, the correction coefficient

is the inner diameter of the

of equivalent reluctance in the coupling region also changes,
which can be obtained by

Ade[ -90°,0)
N ] (7)
e (0,90°]

3.1 Magnetic field distributions

Figs.5 and 6 show the magnetic flux and flux density
distributions of the generator in no-load and full-load con-
ditions. The maximum flux density of the generator in the
no-load condition is at the outer stator tooth (1.92 T),
while the maximum flux density at the full-load condition
is also at the outer stator tooth (1.98 T). The average
values of airgap flux density under the three different PM
relative positions in no-load condition remain almost the
same, while in full-load condition, the corresponding
values when the PMs are aligned with the same polarity
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(c) Fig. 6 Magnetic flux and flux density distributions of the
Fig.5 Magnetic flux and flux density distributions of the DRDS- ~ DRDS-PMSG at full-load condition. (a) PMs aligned with the
PMSG in no-load condition. (a) PMs aligned with the same polarity; ~ same polarity; (b) PMs aligned with the different polarity; (c) PMs
(b) PMs aligned with the different polarity; (c) PMs not aligned not aligned
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are slightly smaller than those when the PMs are aligned
with different polarity or not aligned. Therefore, flux
leakages exist in the flux barrier, which will cause a
difference in the airgap flux density.

3.2 Electromagnetic characteristics

Figs. 7 and 8 show the waveforms and harmonic con-
tents of inner and outer airgap flux densities in no-load
conditions under different PM relative positions. Evident-
ly, the fundamental amplitude of the inner air-gap mag-
netic flux density when the PMs are aligned with the same
polarity is slightly higher than that when the PMs are aligned

1.5
1.0} #
0.5F

—— Same polarity
—= Different polarity
—— Not aligned

5 0
-0.5
-1.0
150760 120 180 240 300 360
Electric angle/(°)
(a)
14F
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1.Or Not aligned
0.8
R 06k
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0 | PEN =S
01 23 45 6738 910
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(b)

Fig.7 Waveforms and harmonic analysis of inner airgap flux
density. (a) Waveforms; (b) Harmonics
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Fig.8 Waveforms and harmonic analysis of outer airgap flux
density. (a) Waveforms; (b) Harmonics

with different polarity or not aligned, while the funda-
mental amplitudes of the outer air-gap magnetic flux den-
sity of the three typical PMs relative positions remain al-
most the same.

Fig. 9 shows the waveforms and harmonic contents of
the inner and outer EMFs. It shows that the waveforms
are almost the same under single-machine simulation and
double-machine simulation, indicating that the magnetic
circuit coupling has little effect on the fundamental mag-
nitudes of EMFs.

800 -

600 e — Inner machine
400| ./ oo Outer machine

200 [/
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a Inner machine
Outer machine
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(b)
Fig.9 Waveforms and harmonic analysis of inner and outer
EMFs. (a) Waveforms; (b) Harmonics

0 1

Fig. 10 shows the cogging torque waveforms of the
generator. Evidently, the peak-to-peak value of the cog-
ging torque of the inner machine is 0. 52 kN - m, lower
than the 1. 64 kN - m of the outer machine. Fig. 11
shows the torque waveforms of the generator. The aver-
age value of the inner machine is 11. 65 kN - m, com-
pared with 27.09 kN - m of the outer machine. The
torque ripples of the inner and outer machines are calcu-
lated as 6. 02% and 4. 12% , respectively. Fig. 12
shows the FEA-predicted and experimentally measured
no-load characteristics of the machine, both of which are
in good agreement.

— Inner machine; ---- Outer machine

0 60 120 180 240 300 360
Electric angle/(°)

Fig.10 Cogging torque of the DRDS-PMSG

Cogging torque/(kN + m)
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Fig.11 Torque of the DRDS-PMSG
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Fig.12 Waveforms of no-load characteristic. (a) Inner ma-
chine; (b) Outer machine

4 Conclusions

1) The leakage flux exists in the flux shield between
the inner and outer machines, but due to the isolation
effect of the flux barrier, the coupling effect is greatly
reduced. However, the magnetic field of the inner ma-
chine is still influenced by the leakage flux of the outer
magnetic circuit to some extent.

2) The flux density and EMF waveforms are similar
under the three typical relative positions, mainly contai-
ning odd harmonic components.

3) The peak-to-peak value of cogging torque of the
inner machine is lower than that of the outer machine,
with the inner and outer machines reaching 0. 52 and
1.64 kN - m, respectively. The torque ripple of the in-
ner machine is 6. 02% , which is slightly higher than the
torque ripple of 4. 12% of the outer machine.
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