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Abstract—This paper addresses the issue of relatively
inferior torque performance in brushless doubly fed
machines (BLDFMs) used for variable speed constant
frequency (VSCF) operation in wind power generation
systems. To mitigate this limitation, a novel brushless
dual-electrical-port dual-mechanical-port DFM (BLDD-DFM)
structure is proposed, which employs high-order
harmonic modulation to reduce energy consumption in
the control winding during VSCF applications. The
compound outer rotor is designed specifically to enhance
the third-harmonic component within the inner airgap's
magnetomotive force. By implementing high-order
harmonic modulation, the slip ratio is reduced, resulting in
over a 3-fold decrease in energy consumption compared
to conventional designs. Additionally, under rated
conditions, the proposed design exhibits maximum torque
improvements of 23.03% for the outer rotor torque and
144.08% for the inner rotor torque compared to the
conventional design. Finite element analysis and
comparative studies with existing counterparts validate
the effectiveness of the proposed machine. Furthermore, a
prototype is presented to demonstrate the feasibility and
advantages of the proposed design.

Index Terms—Brushless doubly fed machines, High-
order-harmonic modulation, Variable speed constant
frequency, Wind power generation

[. INTRODUCTION

ITH escalating environmental concerns and the
prevailing energy crisis, there has been a notable shift
towards substituting power generation systems reliant on fossil
fuels with renewable energy sources [1, 2]. Within this context,
wind power generation systems have garnered significant
attention within the industrial sector, experiencing rapid
advancements over the past few decades due to their cost-
effectiveness and sustainable nature.
Given the inherent variability of wind speeds due to natural
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factors, maintaining a consistent frequency in the electrical
output port call for the development of specific technologies.
These technologies, referred as variable speed constant
frequency (VSCF) operation, enable wind power generation
systems to sustain a constant industrial frequency in the output
electrical port, regardless of fluctuations in the input speed of
the mechanical port [3].

Doubly fed machine (DFM) is a commonly employed
method in industrial applications to achieve VSCF operation.
The initial development and widespread use of the doubly fed
induction machine (DFIM) can attribute to its cost-
effectiveness and high controllability. However, conventional
DFIMs rely on controlling the windings on the rotor to
regulate the output frequency, necessitating the use of wound-
rotor and slip rings. The slip ring mechanism presents
challenges related to direct mechanical contact, which requires
regular maintenance due to wear and tear.

To overcome the mechanical structure-related issues,
several brushless doubly fed machine (BLDFM) have been
proposed, including self-cascaded DFIM [4], dual-stator
DFIMs [5, 6], nest-loop rotor based DFIM [7, 8], and
brushless double fed reluctance machine (DFRM) [9, 10].
Nevertheless, many of these brushless structures suffer from
drawbacks such as low power density and low efficiency.

Recent advancements in flux modulation theory have
facilitated the development of brushless dual-electrical-port
dual-mechanical-port DFMs (BLDD-DFMs). These machines
eliminate the need for slip ring structures, thereby operating as
brushless systems. BLDD-DFMs can be categorized into two
types based on their operating principles [11]. The first type is
the transverse-flux (TF) type, which integrates the transverse-
flux machine (TFM) and the permanent magnet synchronous
machine (PMSM) [12, 13]. However, the TFM faces
manufacturing challenges that limit its widespread adoption.
The second type is the magnetic-geared (MG) type, which is
more commonly used due to its superior performance. It
comprises a magnetic-geared machine (MGM) and a PMSM
section. The PMSM generates power, while the MGM
maintains a constant output frequency. Conventionally, a
design is proposed where the stator and inner rotor constitute
the PMSM section with the outer rotor positioned between
them, results in a longer flux path for the PMSM, thereby
reducing performance [14]. To address this issue, [15, 16]
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propose and analyze a dual-PM bidirectional flux modulation
structure featuring two consequent-pole PM rotors. These
designs enhance the PMSM performance by configuring the
stator and outer rotor as the PMSM section. Furthermore, [17,
18] introduce spoke PMs as replacements for radial PMs on
the outer rotor, further shortening the flux path and improving
the torque density of the PMSM section. Another design in [19]
suggests substituting the PMSM section with a permanent
magnet Vernier machine (PMVM) section, enhancing power
generation performance.

However, the MGM section, responsible for frequency
control in BLDFMs, often exhibits low torque density due to
limited utilization of flux harmonics, an aspect that has
received limited attention in the industry. Improving the
performance of the MGM section can result in energy savings
in the control system and overall system efficiency
enhancement.

In [20], a novel high-order harmonic winding design is
proposed for the Vernier reluctance machine. The authors
design a novel winding using the harmonics higher than the
fundamental one, i.e., the high-order harmonic winding. A
brushless dual-electrical-port dual-mechanical-port machine
(BLDDM) based on the high-order harmonic is designed in
[21] to further enhance the torque density of the MGM part
while maintaining the same amount of PM material.

This paper extends the previously mentioned concept by
introducing a novel BLDD-DFM structure for VSCF wind
power applications. The proposed structure utilizes high-order
harmonic modulation to reduce energy consumption in the
control winding. The key is to artificially enhance the third-
harmonic component of the airgap flux density within the
inner airgap while keeping the fundamental component
unchanged in the outer airgap. Both components are
effectively utilized by the two windings incorporated in this
design. The paper is organized as follows. In Sections II and
III, the machine structure and the operating principle are
introduced. In Section IV, the proposed BLDDM is compared
with the conventional design in other literature in terms of the
torque and working principle. In Section V, a prototype is
made, and the experiment results verify the feasibility and
advantages of the proposed design. Finally, conclusions are
drawn in Section VL.

Il. MACHINE STRUCTURE

Fig. 1 shows the proposed BLDD-DFM based wind power
generation system, which is composed of two electrical ports
and two mechanical ports, viz. two sets of stator winding and
two concentric rotors. The stator has 24 slots, where the 2-
pole-pair control winding and the 11-pole-pair power winding
are placed inside. The inner rotor is connected with the wind
turbine directly. It consists of only 31 iron teeth, which shows
good mechanical robustness.

The outer rotor operates in idle. It has 11 pole pairs of
spoke-type PMs and 11 pole pairs of radially-magnetized PMs,
shown in Fig. 2. The iron core of the outer rotor is placed
between two adjacent spoke PMs, and the radially-magnetized
PM is placed in the duct along the inner side of the outer rotor.

The radial-magnetized PMs are used to enhance the third
harmonic component magnetomotive force (MMF) in the
inner airgap, while remaining the fundamental component in
the outer airgap. As the MMF in the outer airgap is used for
the interaction with the regular winding and the MMF in the
inner airgap is used for the flux modulation with the inner
rotor, the fundamental and its third harmonic components can
all be fully used in this design.
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Fig. 1. The configuration of the BLDD-DFM based wind power generation
system.
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Fig. 2. The configuration of the outer rotor and the MMF in the inner and
outer airgap.

The power winding connects to the grid directly, and the
control winding connects to the grid via a back-to-back
converter. The BLDD-DFM system can be regarded as the
combination of a magnetic-geared control machine (MGCM)
and a PM synchronous generator (PMSG). The outer rotor,
inner rotor, and control winding form the MGCM. By
controlling the frequency of control winding, the outer rotor
can rotate in a fixed speed with random inner rotor speed. The
PMSG is composed of the outer rotor and the power winding,
which outputs power in constant frequency. Therefore, the
VSCEF control is achieved.

[ll. OPERATING PRINCIPLE
A. MEC analysis
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Fig. 3. The magnetic circuit of outer rotor.



The MMF waveforms excited by the PMs in the inner and
outer airgap with the notations are shown in Fig. 2. To
quantitively analyze the MMF waveform, when neglecting the
magnetic resistance in iron core, the magnetic equivalent
circuit (MEC) can be drawn in Fig. 3 [21, 22], where R,, R;,
and R;,, are the magnetic resistance of outer airgap, inner
airgap under the iron core section, and inner airgap under the
PM section, R and R, are the internal magnetic resistance of
spoke-type PM and radially-magnetized PM, F; and F, are the
MMF of spoke-type PM and radially-magnetized PM.

For the convenience of analyzing, the magnetic potential of
the outer iron ring is set as zero. Based on Kirchhoff’s law, the
following relationship can be written in the matrix form AF =
B:

1 N 4 2 1 oF
RO Rs Ric Rim F‘mO R_s
R F. - — s (1
0 1 1+ | |E )
Rim mim 0
L2 -2 0
Therefore, the amplitude matrix F can be calculated:
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From Fig. 2, the MMF in the inner and outer airgap can be
expressed by Fourier series as

+00
Fi (0: t) = Fincos(npro (6 + Qrot) + <P) (4)
n=1,0dd
+00
Fo (0: t) = Fomcos(mpro (6 + Qrot) + (P) (5)
m=1,odd

where p,, is the pole pair number (PPN) of the outer rotor,
which is also the PPN for both radially-magnetized and spoke-
type PMs on the outer rotor, (,, is the rotating speed of the
outer rotor, ¢ is the initial angle of the outer rotor. F;, and F,,
are the corresponding magnitude of the n-th and m-th MMF
components, which can be further expressed by means of
Fourier decomposition as

F. = 8Fmic . ( 0c) ( HRPM+HC)
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Fig. 4. Permeance waveform of the inner rotor.

The permeance waveform of the inner rotor in the inner

airgap is shown in Fig. 4, which can be given as
+00

Ag
AGO =22+ Z Accos(kpri(8 + Q1)) (8)
k=1
where p,; is the number of the inner rotor’s salient poles, Q,;
is the rotating speed of the inner rotor, and A, is the
magnitude of the k-th permeance component, which can be
expressed by Fourier decomposition as

0 .
20, + 2P (A, — A, k=0
Ak = T (9)
Z(At - As) sin (kpri0t> k>0
km 2 )

The airgap flux density of the MGCM part equals to the
product of F; and A, which can be expressed as
Bueem(0,8) = Fi(0,8)A(0, t)

FinAl

COS((np‘ro + lp‘ri)

n=1,odd l=—oo (10)
— (9 nproﬂro + lpriQ‘ri t) + (p)
NPro + lp‘ri
where
l = ik,Al = A—l (11)

The PPN of the modulation winding p,,,,, should match the
PPN of the modulated harmonic that generates the largest back
EMF for maximum steady torque transformation. In the
proposed design, p,,. is selected as the component that is
modulated by the third harmonic, because the flux density and
the speed of the third harmonic component are both higher
than that of the fundamental one [20, 21]. According to (10),
the PPN, speed, and the frequency of the control winding can
be expressed as

Pwe = |npro + lpri|n=3,l=—1 = |3pro - pril (12)
Qo= (=22, 4Pt _q,)
e Npro + lpri i Npro + lpri " n=3,l=—1 (13)
_ 3prer0 - priQri
3pro — Pri
fwc — 3pro~0‘ro - p‘riQ‘ri (14)
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C. PMSG part analysis

The spoke-type PMs enable the magnetic circuit to get
through only the outer airgap, which has greatly decreased the
magnetic reluctance [22]. The configuration of PMs on the
outer rotor also has the flux-focusing effect, which increases
the flux density in the airgap.

As the stator can be considered as a slotless iron core, its
permeance only consists of the average component Ao, and
the airgap flux density of the PMSG part can be expressed as
the following based on (5):

+00

Bpuse(6,t) = FomAstocos(mpro (0 + Qpot) + ) (15)
m=1,0dd
From (7) and (15), the largest component can be obtained
when m = 1. For generating the largest back EMF, the PPN
speed, and the frequency of the power winding should satisfy

Pwp = (mp‘ro)m=1 = Pro (16)
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From (14) and (18), by controlling the frequency of the
control winding, the outer rotor speed can remain constant
despite variations in the inner rotor speed, and the frequency
of power winding can remain constant, which achieved VSCF
operation.

For shortening the end winding and reducing the cogging
torque, the concentrated winding is often used, where the
following relationship of p,., and the slot number of stator Z in
this paper is:

NN

Pro=Pwp =511 (19)

D. Torque/Power distribution

Based on the torque balance equation and the law of energy
conservation, the torque and power relationship of the MGCM
part can be given as

Twe + Troc + T =0 (20)

TweQwe + TrocQro + Triyi = Pye + Proe + P =0 (21)
where T, and T,,. are the electromagnetic torque and the
outer rotor torque produced by the control winding, B, and
P, are the electromagnetic power and the outer rotor power
produced by the control winding, T,; and P,; are the inner
rotor torque and power. With (12), (13), (20) and (21), the
following torque-pole pair relationship can be obtained:

Twe: Troc: Tri = Pwe: (—3Dro): Dri (22)

Similarly, the torque and power relationship of the PMSG
part can be expressed as

Twp + Trop =0 (23)

Tprro + Trop'Qro = Pwp + Prop =0 (24’)

where T, and T,,, are the electromagnetic torque and the

outer rotor torque produced by the power winding, P, and

Bop are the electromagnetic power and the outer rotor power
produced by the power winding.

E. BLDFM analysis

For VSCF operation, the overall torque of the outer rotor
T;, should be 0, which can be given as
Tro = Trop + Troc = 0 (25)
Take (25) into (21) and (24), the following power relationship
can be concluded:
ByetPy+B,p=0 (26)
Here, defining the synchronous speed of inner rotor Q,;, as
the speed when the control winding’s input is direct current
(DQ), i.e., fi,c = 0, which can be expressed as
3
o = Lot 27)
Dri
From (12) — (18) and (27), the slip of the inner rotor can be
given as
— Q‘rio - Q‘ri — lpwcﬂwc — l& (28)
Qrio 3 Pwp -pr 3 pr
Take (22) and (23) into (28), the power of the control and
power winding have the relationship of

i _ TWCQWC _ pWCQWC
Pwp Twp Q‘ro _3pro -pr
The negative sign shows the direction of control and power
winding power is different, i.e., one input and one output. The
input and output power for the BLDFM system are
P in = P ri
Pour =P, wp

=—s (29)

(30)
(31)
Take (29) — (31) into (26), the relationship of input and output
power can be given as
Py = _(1 - S)Pout (32)

This shows the presented BLDFM system agrees with the
concept of conventional DFM.

From (29), (31) and (32), the relationship of power winding
and input power is

S
Bye = —SPyy = SPL' (33)

1 —
For conventional BLDD-DFM in [19] whose control winding
choose to modulate with fundamental harmonic, the slip of the

inner rotor is
s' = &
f wp
From (34), it can be observed that the slip of conventional
design is three times of the proposed one. Therefore, take (34)
into (33), the ratio of power consumption for the conventional
power winding P,. and proposed power winding can be

expressed as

=3s (34)

P, 1-s

— =3 35

B, 1-—3s (35)
For normal condition, the slip of both conventional and
proposed designs should be in the range of [0,1], i.e.,

s' €]0,1] [ 1]
{s € [0.1] > s € 0,3 (36)
Take (36) to (35), we can get
Pyc
5 € [3,+] (37)
Pye

From (37), it can be observed that when the input power
remains the same, to achieve the same performance, the power
consumption of the conventional design is at least 3 times
greater than that of the proposed design, which is more energy
efficient.

[V. PERFORMANCE ANALYSIS AND COMPARISON

Table |
MAIN DIMENSIONS OF THE PROPOSED DESIGN AND CONVENTIONAL DESIGN
ltem Prop. Conv.
BLDD-DFM  BLDD-DFM
Stator outer diameter 210 mm
Stack length 50 mm
Airgap length 1 mm
Slot number (Z) 24 18
PPN of outer rotor spoke-PMs (p,,) 11 15
PPN of outer rotor radial-PMs 11 N/A
No. of inner rotor teeth (p,;) 31 13
PPN of control winding (p,,¢) 2 2
PPN of power winding (p,;,) 11 3
PM volume 79.2 cm 3
Outer rotor speed 300 rpm
Inner rotor speed 50 rpm
Net slot area 125 mm?



6 A/mm?
N40UH
35WW300

Rated current density
Magnet material
Silicon steel sheet

In order to demonstrate the enhancements provided by the
proposed BLDD-DFM, two models were developed: the
proposed model and a conventional model based on the design
presented in [19]. The electromagnetic performances of these
two machines were compared using FEM analysis. To ensure
a fair and meaningful comparison, the net slot area, PM
volume, and overall machine volume are kept identical for
both designs. This paper use the optimization procedure based
on NSGA-II in [21] , and the key dimensions of the two
models are provided in Table I. In the subsequent tables and
figures, the short terms "prop." and "conv." correspond to the
proposed and conventional designs, respectively.

A. No-load Comparison and Analysis

The flux line distributions are depicted in the upper section
of Fig. 5. In Fig. 5(a) and Fig. 5(b), a 2-pole-pair modulated
field is observed in the inner rotor. The flux lines in the stator
exhibit a combination of a 2-pole-pair and an 11-pole-pair
field in Fig. 5(a), and a combination of a 2-pole-pair and a 3-
pole-pair field is displayed in Fig. 5(b).
E
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Fig. 5. Comparison of no-load flux line distribution and on-load flux density
map. (a) Proposed design. (b) Conventional design in [19].

Fig. 6 shows the airgap flux density waveforms and the
harmonic distribution of the proposed and conventional
designs in the outer airgap. The back EMF waveforms and
their harmonic distributions of the proposed and conventional
designs for the power and control windings are shown in Fig.
7 and Fig. 8, respectively.

Fig. 6 reveals that the dominant components that align with
the control winding and power winding of the proposed design
are the 2" and 11" components, while the dominant
components corresponding to the control winding and power
winding of the conventional design are the 2" and 3™
components. The 3™ component of flux density exhibits an
amplitude of 0.17T. Although the 3™ component for the
conventional design represents a flux modulated component
with a higher frequency (five times the frequency of the

proposed design due to the gear ratio of G = Zﬂ =5), its
amplitude is comparatively lower. In contrast, the 11"
component of the proposed design exhibits a significantly
higher amplitude of 0.91T. As the back EMF is related to the

product of winding factor, amplitude of flux, and frequency,

and since the winding factor of both design are the same, the
proposed design is better than the conventional design. In Fig.
7, the back EMF of the proposed design is 73% greater than
that of the conventional design.
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Fig. 6. Comparison of the outer airgap flux density. (a) Waveform. (b) FFT
spectrums.
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Fig. 7. Comparison of power winding back EMF. (a) Waveform. (b) FFT
spectrums.

In the proposed design, the amplitude of the 2" component
is 0.07T, which is slightly lower than the conventional
design's amplitude of 0.14T. However, it is important to note
that the field rotation speed of the proposed design is three
times higher compared to the conventional design. This is
because the salient teeth modulation primarily affects the
third-harmonic component. Additionally, the pole pair number
of both the inner and outer rotor in the conventional design is
considerably smaller than that of the proposed design.
Consequently, the frequency of the control winding in the
proposed design is significantly higher. Hence, the back EMF
of the proposed design is approximately five times greater
than that of the conventional design, as depicted in Fig. 8. This
results also agrees with (37).
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Fig. 8. Comparison of control winding back EMF. (a) Waveform. (b) FFT
spectrums.

B. On-load Comparison and Analysis

The flux density map of the two designs is presented in the
lower section of Fig. 5. Both windings in both designs exhibit
a current density of 6A/mm?, which is suitable for air cooling.
The maximum flux density observed in the stator teeth body
and yoke of both designs remains below 1.7T, which is well
below the knee point of the silicon steel sheet. It is worth
noting that there are some localized areas of saturation on the



tooth tips due to the trade-off between limited tip geometry
size and larger slot area. However, the impact of these
saturation areas on the main flux is relatively small and can be
considered negligible, given their limited extent.
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Fig. 9. Flux density vectors at no load and full load condition. (a) No load. (b)
Full load.

Fig. 9 displays the flux density vectors under both no load
and full load conditions. The knee point of irreversible
demagnetization for N4OUH magnets at a temperature of
120°C is determined to be -0.27 T. This indicates that when
PMs undergo demagnetization, the direction of the flux
density vector becomes opposite to the original magnetization
direction. However, upon examining Fig. 9, it is evident that
all flux density vectors align with the PMs, indicating the
absence of demagnetization.

Fig. 10 to Fig. 13 display the torque density and the
corresponding torque ripple of the outer and inner rotors for
both the proposed and conventional designs under varying
current in the power and control windings. In these figures, the
current densities of the power and control windings are
denoted as J,,, and J,,., respectively. The torque density Kr
and torque ripple T;;, are defined as

¢~ 290 .
_ pk2pk(T,)
i = g () (39)

where avg() is the function of calculation the average value,
V is the electromagnetic part volume of the machine, and
pk2pk() is the function to compute the peak-to-peak value of
the ripple.
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Fig. 10. Comparison of the outer rotor torque density.

Fig. 10 presents a comparison of the torque density for the
outer rotor. In area 1, it is evident that the proposed design
exhibits higher torque density than the conventional design
under both rated and most operating conditions. The torque
improvement variation reaches 23.03% wunder the rated
condition, while the maximum variation reaches 122.59%. In
area 2, the torque contribution from the MGCM portion is
relatively small due to the low J,,. value. Consequently, the
torque density of the proposed design is lower than that of the

conventional design in this region. However, the maximum
variation in area 2 is 21.69%, which is relatively smaller
compared to the maximum variation observed in area 1.
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Fig. 11. Comparison of the outer rotor torque ripple.

Fig. 11 displays the torque ripple comparison for the outer
rotor. In the proposed design, the mean torque ripple is 6.69%,
with a value of 5.35% under the rated condition, and the
maximum torque ripple reaches 15.15%. On the other hand,
the conventional design exhibits a mean torque ripple of
28.89%, with a rated condition value of 23.83%, and a
maximum torque ripple of 73.73%. The torque ripple of the
proposed design is significantly lower than that of the
conventional design, potentially attributed to factors such as
the open-slot structure and the presence of abundant
harmonics.
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Fig. 12. Comparison of the inner rotor torque density.

From Fig. 12, it is evident that the torque density of the
proposed design surpasses that of the conventional design
across different J,,. values. It is important to note that J,,
solely affects the torque of the PMSG portion of the outer
rotor and does not have any impact on the torque of the inner
rotor. The torque improvement variation reaches 144.08%
under the rated condition.
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Fig. 13. Comparison of the inner rotor torque ripple.
Fig. 13 presents a comparison of the torque ripple for the

inner rotor. In the proposed design, the mean torque ripple is
4.68%, with a maximum torque ripple of 9.53%. It is



noteworthy that all torque ripple values of the proposed design
remain below 10%. Conversely, the conventional design
demonstrates a mean torque ripple of 15.46%, with a
maximum torque ripple of 26.20%. The torque ripple of the
proposed design is notably lower than that of the conventional
design, even for the inner rotor.

In the rated condition, the efficiencies of the proposed and
conventional designs are both high, which are 92% and 93%,
respectively. The power factor comparison of the proposed
and conventional designs’ power and control windings are
presented in Fig. 14. For the power winding, both designs’
power factors are relatively high in the rated condition, which
are 0.89 and 0.88, respectively. For the control winding, both
designs’ power factors are relatively low, which are 0.51 and
0.43 under the rated condition. The reason for the low power
factor is related to the common problem of the flux modulated
machine, which are mainly caused by the flux leakage due to
two airgaps and high gear ratio [23]. How to maintain high
torque ratio while remain high power factor will be further
investigated in the future.
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Fig. 14. Comparison of the power factor. (a) Power winding. (b) Control
winding.

performance, the power consumption of the proposed design is
approximately one-third of that required by the conventional
design.
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Fig. 15. The no-load flux line distribution and on-load flux density map of the
designs with similar structure. (a) Design based on [22] (PMSM +
fundamental harmonic based MGM). (b) Design based on [23] (low gear ratio
PMVM + low gear ratio MGM).

TABLE IlI
MAIN DIMENSIONS OF THE PROPOSED DESIGN AND DESIGNS WITH SIMIALR
STRUCTURE
Design Design
Item ;;r;gn based on based on
[22] [23]
Stator outer diameter 210 mm
Stack length 50 mm
Airgap length 1 mm
Slot number (Z) 24
PPN of outer rotor spoke-PMs 11 11 20
(Pro)
PPN of outer rotor radial-PMs 11 N/A N/A
No. of inner rotor teeth (p,;) 31 9 18
PPN of control winding 2
PPN of power winding 11 11 4
PM volume 86.5 cm®
Outer rotor speed 300 rpm
Inner rotor speed 50 rpm
Net slot area 125 mm?
Rated current density 6 A/mm’
Magnet material N40UH
Silicon steel sheet 35WW300

TABLE Il
COMPARISON OF THE CONTROL WINDING POWER
Item Prop. design Conv. design
Outer rotor torque 25.22 Nm 9.09 Nm
Inner rotor torque 23.69Nm 7.88 Nm
Outer rotor speed 300 rpm
Inner rotor speed 50 rpm
Control winding power 916.18 W 326.77 W

The comparison of the control winding power at the rated
speed are listed in Table II. The proposed design exhibits
significantly higher power output in the control winding
compared to the conventional design when injecting an
equivalent current. Specifically, the control winding power of
the proposed design is 2.8 times greater than that of the
conventional design. Consequently, to achieve comparable

The comparison of the proposed design with the design with
similar structure based on [22] and [23] has been conducted,
where the dimensions are shown in Table III. The no-load flux
line distribution and on-load flux density map of the design
based on [22] and [23] are shown in Fig. 15. The design based
on [22] can be considered as a combination of a PMSM and a
fundamental harmonic based MGM, while the design based on
[23] combines a low gear ratio PMVM and low gear ratio
MGM. The comparison of the performances is listed in Table
V.

Based on the data provided in Table IV, it is observed that
when the rotors operate at their rated speed and both windings
reach the rated current density, a comparison between the
proposed design and the conventional design based on [22]
reveals several distinct characteristics. Firstly, the proposed
design exhibits an approximately 8.70% lower fundamental
amplitude of power winding back EMF and a 5.49% smaller
torque in the PMSG portion compared to the conventional
design. However, it is noteworthy that the no-load back EMF
in the control winding and the torque generated by the MGCM



portion in the proposed design are 33.13% and 31.36% higher,
respectively, when compared to the conventional design.
These enhancements are primarily attributed to the utilization
of high-order modulation in the proposed design [18]. Both
designs demonstrate relatively small torque ripple, remaining
below 15% of the average torque.

Compared to the conventional design based on [23], it can
be found that the proposed design has around 5.5% lower

dSPACE controller that adjusted the speed of the inner rotor.
Fig. 18 presents the control diagram, which employed
conventional field-oriented control. The reference speed of the
control winding is dynamically calculated based on (14).

Fig. 19 illustrates the noload back electromotive force
(EMF) waveforms at an outer rotor speed of 300rpm and an
inner rotor speed of 50rpm. Specifically, Fig. 19(a) and Fig.
19(b) present a comparison between the measured waveform

fundamental amplitude of power winding back EMFs and 25.9% (labelled "Exp.") and the finite element method (FEM)

smaller PMSG portion torque than that of the conventional
design, which are the result of higher frequency of the
conventional design due to its vernier structure. The no-load
back EMF in control winding is 4.27% higher, but the MGCM
portion torque of the proposed design is 27.19% lower than
the conventional design. This decrease in torque is primarily
attributed to the higher flux leakage due to the high gear ratio.
The selection of the gear ratio for the high-order modulation
design will be further analyzed in the future study. Both
designs exhibit relatively small torque ripple, which remains

below 15% of the average torque.
TABLE IV
COMPARISON OF THE PERFORMANCE OF THE SIMILAR STRUCTURE

. Design based Design based
Item Prop. design on [22] on [23]
Back EMF of power 3336 V 36.54 V 3530V
winding
Back EMF of control 3462V 2315V 33.14V
winding
PMSG portion torque 22.72 Nm 24.04 Nm 30.66 Nm
PMSG portion torque 1.89 Nm 2.62 Nm 2.79 Nm
ripple (8.32%) (10.90%) (9.10%)
MGCM portion 2522 Nm 17.31 Nm 34.64 Nm
torque
MGCM portion 3.28 Nm 1.57 Nm 3.91 Nm
torque ripple (13.01%) (9.07%) (11.29%)

V.EXPERIMENT VALIDATION

A prototype of the proposed BLDD-DFM is constructed to
validate the feasibility, as depicted in Fig. 16. The detailed
exploded view and cross section view of the proposed
machine are shown in Fig. 16(a) and Fig. 16(b). In order to
improve the mechanical robustness of the outer rotor,
additional mounting holes with diameter of 3mm and a flux
bridge with the width of 1mm are incorporated, as shown in
Fig. 16(a). The left and right outer rotor frames are joined to
the long nails to offer structural reinforcement to the outer
rotor. The end cover on the right side is linked to the outer
rotor shaft. Both rotor shafts are supported by bearings and the
stator end caps, ensuring independent rotation of the inner
rotor and outer rotor. The photos of the prototype assemblies
are shown in Fig. 16(c).

For VSCF operation, an experimental setup was prepared,
as illustrated in Fig. 17. A servo motor was connected to the
inner rotor to simulate the input from a wind turbine in this
particular scenario. The outer rotor was suspended in the air,
and its shaft was extended to enable position measurement.
The power winding was linked to a three-phase resistance
network with a resistance of 10Q, serving as the load. The
control winding was connected to an inverter, controlled by a

waveform for the control winding and power winding,
respectively. The measured results obtained from the
experiments are denoted as "Exp." in Fig. 19. The comparison
demonstrates a good agreement between the experimental and
FEM waveforms. The amplitude deviation is found to be 4.47%
for the control winding and 1.83% for the power winding.
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Fig. 16. Prototype assembly. (a) Exploded view. (b) Cross section view. (c)
Photos.
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Fig. 19. No load back EMF waveforms. (a) Control winding. (b) Power
winding.

The static VSCF experiment results are shown in Fig. 21,
where “sub-syn.”, “syn.”, and “super-syn.” refers to the sub-
synchronous mode, synchronous mode, and super-
synchronous mode. According to (17), (18) and (27), the
synchronous speed of the inner rotor can be calculated as 290
rpm when the constant output frequency is set as 5S0Hz. When
the inner rotor rotates at the speed of 200rpm, shown in Fig.
20(a), the control winding operates in sub-synchronous mode.
The frequency of the winding is 47Hz with the positive
sequence, i.e., Phase B leading Phase C by 120 electrical
degrees, shown in the left subfigure of Fig. 20(c). When the
inner rotor rotates at the synchronous speed, the frequency of
the control winding changed to almost 0, shown in the middle
part of Fig. 20(c). The control winding enters the super-
synchronous mode when the inner rotor rotates at 360 rpm.
The frequency at this mode is -35.85Hz, where the negative
sign refers to the negative sequence, shown in the right
subfigure of Fig. 20(c). At this state, Phase B is lagging Phase
C by 120 electrical degrees. By changing the frequency of the
control winding, the speed of outer rotor and the frequency of
power winding remain constant regardless the changing input
rotor speed, shown in Fig. 20(b) and Fig. 20(d), respectively.
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Fig. 20. The static VSCF experiment results. (a) Speed of inner rotor. (b)
Speed of outer rotor. (c) Current of control winding. (d) Current of power
winding.

The dynamic VSCF experiment results are shown in Fig. 21,
where “Dyn. process” refers to dynamic process. From Fig.
21(a), the inner rotor speed increases linearly from sub-
synchronous mode to super-synchronous mode. Accordingly,
the frequency of the control winding is changing continuously
during the dynamic process, and the current sequence can be
clearly observed to be altered at 5.38s, shown in the right
subfigure of Fig. 21(c). The inner rotor speed and the
frequency of power winding also remain constant under the
dynamic process, shown in Fig. 21(b) and Fig. 21(d),

respectively.
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Fig. 21. The dynamic VSCF experim(egt results. (a) Speed of inner rotor. (b)
Speed of outer rotor. (c) Current of control winding. (d) Current of power
winding.

Fig. 22 displays the measured torque, current, and voltage
waveforms corresponding to the inner rotor speeds of 200 and
360 rpm. As observed, the static torque remains constant at 4.7
and 4.9 Nm under the current load, exhibiting a maximum
deviation of 4.65% when compared to the FEM analysis
results. The torque ripple under two speeds is 7.64% and
8.25%, which both agree with the FEM with the maximum
derivation of 4%. The frequency of the control winding varies
along with the inner rotor speed. When the load remains
unchanged, the amplitude of the power winding's current and
voltage remains consistent during the VSCF operation.
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Fig. 22. Measured torque-current-voltage waveforms. (a) n,; = 200 rpm. (b)
n,; =360 rpm.

VI. CONCLUSION

This study introduces a novel BLDD-DFM structure that
employs high-order harmonic modulation to enhance torque
density in the MGCM portion and minimize energy
consumption in the control winding. By utilizing high-order
modulation in conjunction with a specialized outer rotor
design, the slip ratio of the proposed design is significantly
reduced, resulting in over a 3-fold reduction in energy
consumption compared to conventional designs. FEM
simulations are conducted to compare the prototype with a
conventional design of similar dimensions. The results
indicate that the back EMF in the control winding of the
proposed design is five times greater than that of the
conventional design and 73% higher than the power winding
in the conventional design. Under rated conditions, the torque
improvement in the proposed design reaches a maximum of
23.03% for the outer rotor torque and 144.08% for the inner
rotor torque compared to the conventional design.
Furthermore, the torque ripple of both the outer and inner
rotors in the proposed design is approximately half that of the
conventional design. A prototype is manufactured and tested,
and the experimental results align with the working principles
and FEM simulations. VSCF experiments conducted under
static and dynamic conditions confirm the feasibility of the
proposed design.
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