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Wind power plays an important role in the transition to new energy sources. This article introduces a bidirectional flux-modulated
radial permanent magnet (PM) generator, incorporating a mechanical flux-weakening design. The focus is on achieving mechanical
flux-weakening effects through the principles of flux modulation while employing working harmonics to ascertain the appropriate
winding pole pair number and sequence. This design facilitates the regulation of the induced back electromotive force (EMF) and
enables a broad operational speed range for the variable speed constant amplitude voltage (VSCAV) mode of the wind power
generator. Furthermore, the strategic selection of specific working harmonics permits the generator to operate with a singular set of
windings. The topology is presented, and the operational principles are thoroughly analyzed. Ultimately, the structure is subjected
to testing through algorithm optimization and finite element method (FEM).

Index Terms— Finite element method (FEM), flux modulation principle, mechanical flux weakening, permanent magnet (PM)
machine, radial type, wind power generation, working harmonics.

I. INTRODUCTION

ITH the escalation of climate change and the dimin-

ishing availability of fossil fuel resources, there is an
increasing awareness of the unsustainability of depending on
conventional energy sources. Therefore, the imperative to shift
toward renewable energy has become more pressing than ever,
wind power generation has emerged as a pivotal element in
the global renewable energy landscape, necessitating advance-
ments in generator design to enhance efficiency, reliability, and
performance across diverse wind conditions [1], [2]. Perma-
nent magnet (PM) generators hold a significant position in the
field of wind power generation due to their advantages of high
efficiency, high power density, and enhanced reliability [3], [4],
[5].

In wind power generation, wind speed is not constant and
can vary over a wide range, making the control of output
voltage a complex issue. Furthermore, the fixed magnetic
flux of PMs influences the operating speed of the generator.
Therefore, implementing flux-weakening control in PM wind
power generators enables operation across a broad spectrum
of wind speeds while maintaining effective control over the
voltage.

The conventional method for flux-weakening is to inject
a negative d-axis current, which generates a magnetic field
that counteracts the magnetic field provided by the PMs,
thereby reducing the magnetic flux [6], [7], [8]. However,
if an excessive amount of negative d-axis current is injected,
there is a risk of demagnetization of the PMs. In [9], [10],
and [11], a winding switching strategy is proposed to achieve
flux weakening, and however, this method involves complex
control circuits and introduces additional losses. Moreover, for
hybrid excited machines, excitation current can be supplied to

additional excitation windings to control the magnetic flux,
with the polarity of the excitation current being adjusted to
enhance or reduce the magnetic flux [12], [13]. The excitation
path is typically arranged in parallel with the magnetic circuit
of the PMs to prevent demagnetization of the PMs. In addition,
magnetic flux can be controlled using a memory machine [14],
[15], which involves injecting current pulses into the PM
machine to alter the magnetization state of low coercivity
PMs, thereby adjusting the magnetic flux in the air gap.
Depending on the configuration of the current pulse injection
coils, memory machines can be categorized into self-coiling
and super-coiling types. However, the structure of memory
machines tends to be relatively complex.

However, regardless of the aforementioned specific elec-
trical method employed, additional energy consumption is
required, usually in 5%-20% power loss, which adversely
affects the overall efficiency of the system. Mechanical flux
weakening can be realized without the need for extra energy
consumption, as it involves adjusting the angle of a particular
component within the machine. This approach also mitigates
the risk of PM demagnetization. Zhu et al. [16] proposed
switched flux PM machines with flux adjusters located on
the outside surface of the stator, which achieves the effect
of flux weakening. In [17], the rotor is segmented into two
parts by utilizing auxiliary mechanisms such as brakes, and the
magnetic flux is regulated through the relative motion between
the two rotors and the stator. Jiang and Niu [18] presented a
PM generator for wind power generation with mechanical flux
weakening based on flux modulation principles.

The principle of flux modulation is widely applied in PM
machines [19], [20], [21], [22]. By regulating the magnetic
flux, it enhances the efficiency and performance of the machine
while broadening the speed control range. Jiang et al. [20]
proposed a dual-rotor transverse flux PM machine, and two
rotors operated at a lower counter-rotational speed generate
a high-frequency magnetic flux density in the air gap based
on the principle of flux modulation, thereby enhancing the
system’s rotational speed. The generator proposed in [21]
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Fig. 1.

and [22], which is based on the principle of bidirectional flux
modulation, can significantly improve the performance of the
generator and is suitable for direct-drive applications.

Currently, mainstream generators rarely employ the
mechanical flux-weakening method, which not only consumes
additional energy but also decreases the system’s reliability.
Furthermore, most generators utilize two sets of windings,
increasing costs and complicating the manufacturing process.
To deepen the understanding of mechanical flux weakening
and the principle of flux modulation, this study introduces a
bidirectional flux-modulated radial PM generator (BFRPMG)
featuring a mechanical flux-weakening design. The mechanical
topology and working principles are explained. In addition,
the generator’s performance is enhanced using an optimization
algorithm aimed at increasing torque density and minimiz-
ing torque fluctuations. The analysis of the structure is
conducted using finite element method (FEM) simulations.
The rest of this article is arranged as follows. Section II
proposes the machine configuration with machine topology.
Section III introduces working principles, including bidi-
rectional flux modulation principle and working harmonic
selection. In Section IV, the optimization of the structure
and the performance after optimization are analyzed. Finally,
conclusions are summarized in Section V.

II. MACHINE CONFIGURATION

The mechanical topology of the PM generator is illus-
trated in Fig. 1, which provides a detailed representation
of the components within the power generation system and
their interrelations. From Fig. 1, it can be observed that
the generator is equipped with two mechanical ports (MPs).
The first MP, i.e., the rotor, is linked to the wind turbine
blades via a gearbox, thus effectively converting wind energy
into mechanical power. The second MP is the adjustable
modulation ring, which can alter its angular position under the
control of a servo motor, thereby enabling precise modulation
of the magnetic flux in the air gap.

The design incorporates 13 pole pairs of PMs that are
inserted into the rotor and oriented in a radial direction.
This innovative approach allows for efficient modulation of
the magnetic field in the air gap. Moreover, each adjustable
modulation ring is equipped with PMs that align with the
magnetization direction of the PMs in the rotor, facilitating a
bidirectional magnetic flux effect. Meanwhile, both the rotor
and the adjustable modulation ring form the consequence-
pole structure. The number of pole pairs on the adjustable
modulation ring is 24, which corresponds to the number of
stator slots, ensuring a harmonious interaction between the
modulation capabilities of generator and the output from stator.

A three-phase winding arrangement of 13 pole pairs is
deployed in the stator slots, utilizing a single-layer winding
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Fig. 2. Diagram of the winding configuration distribution.

configuration. This design simplifies the manufacturing pro-
cess and significantly reduces production costs. Fig. 2 further
elucidates the distribution of the winding according to the slot
potential vector.

III. WORKING PRINCIPLES
A. Bidirectional Flux Modulation Effect

In recent years, the bidirectional flux modulation effect
based on flux modulation effect has been widely researched.
Fig. 3 illustrates a part of the machine, serving to explain the
phenomenon of bidirectional flux modulation effect. As shown
in Fig. 3, the rotor PMs and the adjustable modulation rings
form the first flux modulation group, while the rotor teeth
and the PMs between adjustable modulation rings form the
second flux modulation group. In the following, the first flux
modulation group is selected as an example to illustrate the
bidirectional flux modulation effect.

The fundamental component of magnetic motive force
(MMF) of the rotor PMs F, (0, 6;) and the magnetic circuit
permeance of the air gap 1 Pgp(0) can be expressed as
follows:

F,(0,01) = Fi cos[N, (0 — 61)]

T hy
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m
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where N, is the pole pair number of rotor and N, is the
pole pair number of adjustable modulation ring. 6, 6;, and 6,
are the angular position of the air-gap field, the rotor, and the
adjustable modulation ring, respectively, as shown in Fig. 3. F;
is the amplitude of MMF at 6, and Py and P; are parameters
depending on the slot dimensions and empirical coefficients.
hw, Wm, and B, are all properties of PMs, respectively,
the thickness, the relative magnetic permeability, and the
remanence.

Therefore, the flux density in the air gap can be obtained by
multiplying F, (0, 6) and Pgup1(9), which can be calculated as
follows:
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The flux linkage can be obtained by integrating the flux
density, which is expressed as follows:

V6 = Nroleg / * Byt (6, 61)d6 @)
0



where r, is the air-gap radius, /., is the axial length, N is
the number of turns of coil, and Nz is the pole pair number
of winding. According to (3) and (4), the flux density due
to the flux modulation effect with N, + N,, is negligible if
N, = N,,. For N, # N,,, Py is much smaller than P; due to
the adjustable modulation rings and the flux linkage can be
expressed as follows:
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where k0, ky1, and k,, are the winding factors of N,, N,
and N, + N, harmonic field, respectively. ¢y, ¢, and ¢, are
the phase shift. According to (5), k,; = 1 and much higher
than ko and k,, when Ny = N,, — N,; therefore, (5) can be
expressed as follows:
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where 0, = Q¢, with ©; being the rotating speed of rotor.
Moreover, the back electromotive force (EMF) can be derived
from the derivative of the flux linkage, which is expressed as
follows:
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The second group of flux modulation operates on a prin-
ciple similar to that of the first group, generating back
EMF that shares a common winding configuration with the
first group. The specific theoretical framework will be elu-
cidated in Section III-B discussing the selection of working
harmonics.

B. Working Harmonics Selection

Based on the principle of flux modulation, (1) and (2) can
be expressed in another way as follows:

F.0.)= ) Fjcos[jN.(6 + Q)] (8)
j=1,35,...
Pyp1(0.9) = Po+ D PicoslkN, (0 + )] (9)
k=1,2,3,...

According to (8), the maximum of MMF can be achieved
when j = 1. The highest value of magnetic circuit permeance
of the air gap can be obtained when k = 1 according to (9).
Therefore, the harmonics with j = 1 are utilized as working
harmonics for Types 0, 1, and 2. The harmonics with k = 1 are
working harmonics for adjustable modulator ring in Types
1 and 2, where Type 0 components are unmodulated stationary
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Fig. 3. Part of the structure diagram.

Fig. 4. Vector graph of back EMF. (a) Showing diagram. (b) Maximum total
back EMF position. (c) Minimum total back EMF position.

components, Types 1 and 2 are both modulated components,
Types 0 and 1 rotate in the same direction, and Type 2
rotates in the opposite direction of Type 0. Consequently,
it can be inferred that all working harmonics possess the same
frequency, thereby facilitating the output of back EMF through
a singular set of windings.

Designing the number of adjustable modulation rings to
correspond with the number of stator slots allows for the max-
imized utilization of working harmonics [18]. All harmonics
possess the same order and can be directly vectorially summed.
Fig. 4 shows the back EMF vector graph. It can be found that
the total back EMF reaches its maximum when the electrical
initial phase angle of the modulator is 2 = 0°, while the
minimum is achieved at 2 = 180°. This allows for a wide
range of adjustment for the total back EMF, spanning from
|Egy — E1 — E>| to (Eg+ E1 + E»).

IV. OPTIMIZATION AND ANALYSIS OF MACHINE

The preliminary design of the structure in this article
will undergo optimization through the nondominated sorted
genetic algorithm-II (NSGA-II) to maximize torque density
and minimize torque fluctuations. Table I shows the parameters
of the optimized structure.

Fig. 5 shows the back EMF curves of the design at no
load. FEM simulations were conducted on the optimized
structure, resulting in a back EMF amplitude of 1.45 V for
a single-turn coil. The optimized structure features a stator
slot area of 308.22 mm?, allowing for the accommodation of



TABLE I
PARAMETERS OF OPTIMIZED GENERATOR

Items Unit Value
Angle of modulation ring mech. deg 7.5°
Angle of PMs mech. deg 11.08°
Width of stator teeth mm 6.96
Height of rotor PMs mm 6.86
Height of modulator mm 3.01
Height of stator slot mm 20.6
Height of stator yoke mm 8.21
Height of rotor yoke mm 10.1
Number of stator slot N/A 24
Stator outer diameter mm 190
Airgap length mm 0.5
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Fig. 5. Back EMF waveform at no load.
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Fig. 6. FFT analysis of flux density distribution.

approximately 196 turns of coil per stator slot under a filling
factor of 0.5, and given that this is a single-layer winding
design, the maximum output of the back EMF can reach
approximately 284 V.

To validate the selection of working harmonics, the Fourier
analysis of the air-gap magnetic flux density was performed,
as shown in Fig. 6. It can be observed that the 11th, 13th, and
24th harmonics are the primary working harmonics. The 13th
harmonic corresponds to the unmodulated Type O harmonic,
while the 11th and 24th harmonics represent the modulated
Types 1 and 2 harmonics, respectively, further confirming the
correctness of the underlying principles.

The torque performance of the machine is a critical param-
eter among the various aspects of its characteristics and serves
as an important indicator for evaluating the suitability and
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Fig. 7. Torque waveform at load after three cycles.
TABLE I
TORQUE PARAMETERS OF GENERATOR AND COMPARISON
Items Unit BFRPMG PMSG
Tmax Nm 37.79 5-30
Tae Nm 36.8 1-10
T_density Nm/L 26.25 2-10
T_ ripple N/A 4.35% 5-20%

reliability. Fig. 7 illustrates the torque waveform of this design
over three cycles. The comprehensive simulation analysis was
conducted under the condition of a current density of 6 A/mm?
and a speed of 600 r/min with a load applied. It can be
observed that the machine can ensure a stable output.

The parameters related to the torque of this generator and
comparison with regular PM synchronous generator (PMSG)
at the same volume are presented in Table II. The maximum
torque of the generator can reach 37.79 Nm, with an average
torque of 36.8 Nm, which constitutes a substantial output for
PM generators, especially when compared to the mainstream
wind power PMSG currently available on the market.
Moreover, the torque density is measured at 26.25 Nm/L,
exceeding the industry benchmark of 20 Nm/L. In addition,
the torque ripple is recorded at 4.35%, significantly lower
than the 10% standard commonly accepted in the industry.
This indicates a higher level of stability in the torque output
than regular PMSG.

The introduction of the voltage regulation ratio (VRR)
concept is intended to evaluate the magnetic flux control
capability of the generator, which is related to the maximum
and minimum values of the back EMF. It is defined as follows:

VRR = Emax - Emin

max

x 100%. (10)

Fig. 8 shows the relationship between back EMF amplitude
and the initial phase angle by FEM analysis. It can be found
that the back EMF amplitude varies with the electrical angle,
and at 0°, the amplitude is the largest. With the rotation
in different directions, the amplitude decreases accordingly.
The output of the back EMF is the performance of magnetic
properties, and the decrease of the amplitude of the back EMF
is also the effect of flux weakening. According to Fig. 8, Ep.x
for the single-turn coil is obtained as 1.45 V, while E,;, is
0.11 V. Consequently, the VRR is calculated to be 93%. The
VRR calculated by the analytical method is 93.2%, which is
close to the FEM results, and the accuracy of the analysis is
illustrated. The analytical method is related to the back EMF
amplitude of harmonic Types O, 1, and 2, which are E, and
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Fig. 8. Curves of back EMF amplitude versus the initial phase angle.
E\», and Eyy = |Eo— E1 2| and Epy = Eo+ E1 2. A higher
VRR indicates a stronger magnetic flux control capability,
which in turn signifies a more robust voltage control ability.

V. CONCLUSION

This article introduces the design of a radial PM generator.
Based on the development of the bidirectional flux modulation
effect derived from the principle of flux modulation, the
adjustable modulation ring featuring embedded PMs has been
designed. This design enhances the overall magnetic flux
control capability and enables mechanical flux weakening,
thereby improving the overall reliability of the system. The
position of the adjustable modulation ring is controlled by a
servo motor with almost zero speed, and the loss of the servo
motor is usually less than 10 W, far less than the additional loss
of the electric method of flux weakening; the overall efficiency
of the generator is also improved.

The introduction to the VRR reflects the strong magnetic
flux control capability, as well as its significant voltage regu-
lation ability and range, which is reached to 93%. This further
indicates that the design is suitable for VSCAV control in
wind power generation, making it particularly applicable for
regions that are remote from the electrical grid. In addition,
the torque performance designed in this article demonstrates
considerable utilization value for wind power generation. Both
the torque density and average torque surpass those of the
current mainstream generators available in the market. Further-
more, it exhibits minimal fluctuation, highlighting its stability
in operational conditions.

By selecting the appropriate working harmonics, this design
can achieve the output of back EMF using only a single set
of windings and features a single-layer design. Compared to
the dual-layer, dual-set windings used in most conventional
machines, this design simplifies the manufacturing process and
reduces production costs. In practical applications, it offers
high reference value.
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