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Abstract

Multiport electrical machines are widely utilized for energy distribution and
combination, aiming to enhance overall efficiency, power factor, and speed/torque
of transmission ports. These machines have gained increasing importance in
transportation electrification and power generation due to their compact structure,
design flexibility, and high efficiency. A comprehensive literature review is
conducted, analyzing fundamental principles, advanced controlling strategies, and
existing multiport topologies. The pros and cons of these topologies are evaluated,
along with discussions on challenges and future trends. The review identifies two
key research gaps: unsatisfactory torque performance and weaker flux
controllability.

To improve torque performance, a novel brushless dual-electrical-port dual-
mechanical-port machine (BLDDM) is proposed. This design incorporates high-
order harmonic modulation, artificially enhancing the third-harmonic component
of the airgap flux density in the inner airgap while maintaining the fundamental
component in the outer airgap. Comparative analysis with conventional designs of
the same dimensions demonstrates that the proposed BLDDM achieves a 50%
higher back electromotive force (EMF) in the modulation winding and a 45.7%
larger torque density. Experimental testing of a machine prototype validates the
feasibility and advantages of the proposed design.

For reducing energy consumption in control windings and enhancing overall
efficiency in Variable Speed Constant Frequency (VSCF) applications, a novel

brushless dual-electrical-port dual-mechanical-port doubly fed machine (BLDD-
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DFM) is developed. This design incorporates high-order harmonic modulation,
amplifying the third-harmonic component in the inner airgap of the
magnetomotive force (MMF) while maintaining the fundamental component in
the outer airgap. By employing high-order harmonic modulation, the slip ratio is
reduced, resulting in energy savings. Finite element analysis and comparative
studies confirm the effectiveness of the proposed design, and a prototype further
validates its feasibility and advantages.

To achieve improved flux weakening performance, a novel mechanical flux-
weakening design for a spoke-type permanent magnet generator is proposed. This
design allows effective adjustment of the total induced voltage and the amplitude
of the back EMF vector sum by mechanically controlling the position of an
adjustable modulator ring. Consequently, Variable Speed Constant Amplitude
Voltage Control (VSCAVC) with a wide speed range can be achieved. Compared
to the electrical flux weakening method, the mechanical approach offers easier
operation without the risk of permanent magnet demagnetization. The proposed
design is supported by an analytical model and operating principles, and
performance analysis of different stator/rotor pole pair combinations using finite
element methods demonstrates the characteristics of VSCAVC.

Finally, a novel hybrid excitation consequent-pole contra-rotating machine
with zero-sequence current excitation is introduced to enhance flux weakening
ability. This design involves stator windings carrying both the DC field winding
current and the AC armature current, resulting in a more compact machine. The
flux can be weakened or enhanced without the risk of demagnetization by

controlling the zero-sequence current excitation in the integrated winding.
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Chapter 1 Introduction

1.1 Research Background

An electric machine is defined as an electric device used for the
interconversion between electrical and mechanical energy [1]. Typically, a
conventional electrical machine comprises a single electrical port (EP) and a
single mechanical port (MP). The EP serves as the input/output (I/O) port for
current and voltage, usually represented by the windings of the electric machine,
while the MP serves as the I/O port for torque and angular speed, which generally
refers to the rotor [2].

When an electric machine has more than one rotating part or winding, this
machine is named a multiport machine. Due to the rapid development of power
electronics and mechanical engineering in recent decades that have revolutionized
the world’s energy conversion systems, multiport machines like dual mechanical
port (DMP) machines have been increasingly explored in recent days.

In particular, electrification is becoming an increasingly popular topic with
increasing environmental protection concerns. This has accelerated development
and implementation of multiport technologies in the field of transportation
electrification, power generation, and other areas. Today, multiport machines can
be widely used in various fields, including but not limited to electric continuously
variable transmission (E-CVT) systems for hybrid electric vehicles (EVs), electric
marine propulsion systems, electric aviation systems, and robotic actuators.

Adopting the multiport topology in electric machines is generally for the



following purposes:
1) To increase the overall efficiency and power factor.
2) To increase the torque density for direct drive applications.
3) To distribute or combine the energy from different ports flexibly.

The first multiport concept, i.e., the DMP concept was introduced in the
1920s to improve the performance of the induction motor (IM) [3]. However, at
that time, the technology of rare-earth permanent magnet materials was not well
developed, and the technology of electronic devices was quite primitive, making it
challenging to control the DMP topology. As a result, the dual electrical port
(DEP) machine, such as the doubly fed IM, was the main focus of the study.

Since the 1980s, PM material and power electronic technology has
developed rapidly. In the 2000s, with the trend of hybrid electric vehicles (HEV)
having become a hot spot, the study of multiport machines has gradually become
popular because the multiport -based E-CVT system is more compact, which is
most suitable for limited space in HEV. In [4], Eriksson and Sadarangani first
developed the brushed four-quadrant transducer (4QT), to decouple the speed and
torque of two mechanical ports. In [5], Xu first developed the concept of the
machine and methodically analyzed the basic structures and operational principles
of a sample multiport machine.

Also, with the emergence of magnetic gear around the beginning of the 21
century, flux modulation theory has been actively adopted in the design of
multiport machines, which promotes the development of multiport technology.
Using the modulation effect, various multiport structures have been designed,
such as the pseudo direct-drive machine, bidirectional flux modulation machine,

etc. [6, 7]. The applications of the multiport machines involved are not only
2



limited to brushless E-CVT, wind power generation, etc. Extensive research has

been conducted on different multiport topologies [8, 9].

1.2 Research Objectives

This thesis proposes novel multiport machine designs to improve the torque
density and flux controllability. The objectives are:

* To develop a multiport machine with specialized outer rotor configuration
and high order modulation to improve the torque density.

* To develop a multiport doubly fed machine with specialized outer rotor
configuration and high order modulation to reduce the energy
consumption in the control winding for variable speed constant frequency
power generation.

* To design a multiport machine based on magnetic gear with good flux
weakening by using mechanical method.

» To propose a multiport contra-rotating machine with extended speed

range using one set of winding with zero-sequence-current.

1.3 Methodology

The methodology of this thesis is:

* To build accurate analytical model for each design to conduct
preliminary fast computation.

* To analyze the no-load and on-load performances of the proposed
designs by finite element method (FEM).

* To validate the analytical and FEM results through experiment results.

1.4 Thesis Outline



The thesis consists of 6 chapters, which is organized as follows.

In Chapter 2, the existed multiport machines’ topologies and control
methods are reviewed based on the power flow types from the perspective of
DMP machines. By analyzing from fundamental principles to advanced
controlling strategies, this paper aims to provide a comprehensive overview of
existing multiport topologies. The pros and cons of all topologies are analyzed,
and their challenges and future trends are discussed. The research gaps are
found through the literature review.

In Chapter 3, a novel brushless dual-electrical-port dual-mechanical-port
machine (BLDDM) using a high-order harmonic modulation is proposed to
improve the torque density of BLDDMs. The key is that the compound outer
rotor is artificially designed to enhance the third-harmonic component of
airgap flux density in the inner airgap while remaining the fundamental
component unchanged in the outer airgap. The presented BLDDM is
optimized and compared with the conventional design with the same
peripheral dimensions, which shows that the proposed design has 50% higher
back EMF in modulation winding and 45.7% larger torque density. The
machine prototype is tested, and the experimental results verify the feasibility
and advantages of the proposed design.

In Chapter 4, a novel brushless dual-electrical-port dual-mechanical-port
doubly fed machine (BLDD-DFM) that incorporates high-order harmonic
modulation to reduce the energy consumption in the control winding is
proposed for variable speed constant frequency (VSCF) applications. By
employing high-order harmonic modulation, the slip ratio can be reduced,

resulting in energy savings.



In Chapter 5, a novel mechanical flux-weakening design of a spoke-type
permanent magnet generator for a stand-alone power supply is proposed. By
controlling the position of the adjustable modulator ring mechanically, the
total induced voltage, i.e., the amplitude of the back EMF vector sum can be
effectively adjusted accordingly by the modulation effect. Consequently, the
variable-speed constant-amplitude voltage control (VSCAVC) with a large
speed range can be achieved. Compared to the electrical flux-weakening
method, the mechanical flux-weakening method is easier to operate without
the risk of PM demagnetization. The analytical model is presented, and the
operation principles are illustrated. To analyze the performance of different
combinations of stator/rotor pole pairs, four cases are optimized and analyzed
using the finite element method for comparison. The characteristics of
VSCAVC are analyzed.

In Chapter 6, a novel hybrid excitation consequent-pole contra-rotating
machine with zero-sequence current excitation is presented in this paper. The
stator windings carry both the DC field winding current and the AC armature
current, making the machine more compact. Further, the flux can be weakened
or enhanced without the risk of demagnetization by controlling the zero-
sequence current excitation in the integrated winding. Finally, the segmented
stator can effectively reduce iron loss and simplify the manufacture
processing.

In Chapter 7 , the conclusions are made, and the future work of the

multiport machines’ study are planned.



Chapter 2 Literature review

Fig. 2-1 shows the power flow model of the multiport system. The model of
a multiport machine consists of two MPs and one or more EPs. MPs can be
regarded as the rotors and EPs can be regarded as the stator windings.
Motor Mode

Electric/
P, p,
Magnetic field
> ]

Generator Mode

Fig. 2-1. The general power flow and operation modes of the multiport machine.

Generally, in motor mode, the electrical source inputs electrical power (P.,)
into the EP. During electromagnetic conversion, MPs deliver mechanical power
(P,,) to drive the mechanical load, which is shown in the red arrows in Fig. 2-1.
Similarly, the power flow in the generator mode is shown in blue arrows.

As multiport machine involves both single-electrical-port dual-mechanical-
port (SEP-DMP) type and dual-electrical-port dual-mechanical-port (DEP-DMP)
type, for easy classification, the literature review is given from the perspective of

DMP machines.

2.1 Machine Classification

Based on the power flow relationships between the EP and two MPs, DMP
machines can be classified into the following three main categories, shown in Fig.
2-2:

1) Series power flow (SPF) type machines, where two MPs and the

EPs are connected in series, and the energy transfer between all ports is



unidirectional.

2)

Parallel power flow (PPF) type machines, where two MPs are

parallelly connected to the EPs, and the energy transfer between all ports is

unidirectional.

3)

Hybrid power flow (HPF) type machines, where two MPs are

parallelly connected to the EPs, and the energy transfer between certain

ports is bidirectional.

The following sections will discuss the categories mentioned above in detail.

| The DMP Machines |
SPF-DMP PPF-DMP HPF-DMP
I
[ l [ |
q Magneti
Induction type geajg:ll t;;e Unidirectional Bidirectional Brushless type Brushed type
machine machine type machine type machine machine machine
I
[ ] [ ]
Planetary-DD Pseudo-DD Concentrical Separated type
machine machine type machine machine

Fig. 2-2. The classification of the DMP machines.

The following sections will discuss the categories mentioned above in detail.

2.2 Series Power Flow Type DMP Machines

Fig. 2-3 shows the model of the SPF-DMP machine, where the EP and two

MPs are connected in series. For the SPF-DMP machine, an MP is used as the idle

rotor, namely the free rotating rotor, which transfers the energy to the input/output

rotor. The input/output rotor, namely the I/O rotor, is connected to the shaft. In

Fig. 3, the idle rotor is MP:1 and the I/O rotor is MP2. As this type of DMP

machine only has one MP adopted for the mechanical energy output or input, its

function is generally similar to a conventional single mechanical port machine.




The idle rotor is generally used as a cascade bridge for the following purposes:

1)

2)

To transfer the torque.

To improve the power factor and efficiency;

P,

EP(s)

MP, MP,

.

The SPF-DMP Machine

(a)

o= vp, [€= wp,

P, ﬂ‘-{ EP(s)

s

The SPF-DMP Machine

(b)

Fig. 2-3. The model of the SPF-DMP machine. (a) Motor mode. (b) Generator mode.

Different types of machines are used to realize the various functions of the

idle rotor, so the SPF-DMP machine can be further classified into the following

two subcategories: induction type and magnetic-geared type. The corresponding

characteristics are briefly presented in Table 2-1 and will be discussed in detail in

the following session.

Table 2-1. Comparison of the SPF-DMP machines
Item SPF-DMP-IM SPF-DMP-MGM
Topology ° One squirrel-cage 1/O o One PM-excited I/O rotor, one
rotor, one PM-excited idle PM-excited idle rotor
rotor o One or more stators
o One stator
Merits o Higher power factor o Amplifying the torque for
than conventional IM motor mode
o Higher efficiency than . Increasing the rotating speed
conventional IM of the magnetic field for generator
. Equal performance as mode
the PMSM . High torque density and
power density
Weakness . More complex . More complex manufacturing

manufacturing process than

the PMSM

process than the single MP machine




2.2.1 Induction Type SPF-DMP Machine

For the SPF-DMP induction machine (IM), the I/O rotor is usually a squirrel-
cage IM rotor. The idea is to improve the power factor and the efficiency of the
IM by reducing the magnetizing current, which is achieved by using an additional
idle rotor for field excitation. The equivalent circuit is shown in Fig. 2-4.
Compared with the equivalent circuit of conventional IM, an extra field excitation
source (Es) can be found in the magnetizing branch for SPF-DMP-IM. The

relationships between speed and pole pair number are as follows:

{pawa = P1w1 = Pawy
Pa =P1 = D2

(2-1
where p,, p1, P2 are the pole pair number of the stator winding, idle rotor (MP1),

and I/O rotor (MP2), respectively, whereas w,, w;, and w, are the synchronous

speed of stator winding, idle rotor, and I/O rotor.

R X JX, ]
—AMA—YYN o YN
\/Im
N Is
JX
R./s §
+ r
o *E
A E

Fig. 2-4. Equivalent circuit of SPF-DMP-IM [10].



Stator

DC-excited
idle rotor

Squirrel-cage
I/O rotor

Fig. 2-5. The SPF-DMP-DCIM [3].

Stator

PM-excited
idle rotor

Squirrel-cage
I/O rotor

(@

Stator

Squirrel-cage
I/O rotor

PM-excited
idle rotor

(b)
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Fig. 2-6. Three topologies of the SPF-DMP-PMIM.

Punga and Schoen proposed the first single-phase DC induction motor
(DCIM) with an idle rotor and DC exciting winding in [3], shown in Fig. 2-5.
However, the use of commutators and brushes required for the DC exciting
winding is not reliable and requires constant maintenance. To address this issue,
the use of permanent magnets (PMs) instead of the DC exciting winding is
proposed, resulting in the PM induction motor (PMIM) [10, 11]. Early PMIM
designs utilized ferrite and Alnico PMs, which have low energy and are prone to
demagnetization. However, modern high-energy PMs have been developed, and a
single-phase PMIM with such PMs has been proposed [12]. The placement of the
idle rotor in PMIM can be between the stator and the I/O rotor, inside the I/O
rotor, or outside the stator, shown in Fig. 2-6. The influence of PM and core
material on PMIM performance has been investigated, with PMIM found to have
slightly higher efficiency, torque density, and power density than PMSM of the
same size and material [13]. Design methods based on analytical approaches have
also been investigated for improved PMIM design [14, 15].

The characteristics of the SPF-DMP-IM are summarized as below:

4) The SPF-DMP-IM uses an additional idle excited rotor as an extra field
11



excitation source in the magnetizing branch to reduce magnetizing current,
which improves power factor and efficiency.

5) Early SPF-DMP-DCIM needs commutators and brushes for the
winding, which requires constant maintenance.

6) SPF-DMP-PMIM has slightly higher efficiency, torque density, and
power density than PMSM of the same size and material, but the structure is

more complex.
2.2.2 Magnetic Geared Type SPF-DPM Machine

In the SPF-DMP magnetic geared machine (MGM), the idle rotor operates at
high speed and low torque and the I/O rotor operates at low speed and low torque.
A stationary modulation ring is placed between the idle rotor and the I/O rotor or
between the idle rotor and the stator, based on the different operating principles.

The SPF-DMP MGM can be considered as a combination of the PMSM part
and the MG part. The PMSM part includes the stator and idle rotor. The MG part
includes the idle rotor, the modulation ring and the I/O rotor [16]. The energy of
two parts is transferred through the idle rotor in a cascade.

This type of machine utilizes the flux modulation principle, also known as
the magnetic gear effect [17]. A magnetic gear structure consists of three
components: the small-pole-pair magnetic field, the modulation segments, and the
large-pole-pair magnetic field. In general, two magnetic fields are excited by
permanent magnets with different pole pairs on two rotors. The stable torque
between these three components can only be generated when certain relationships
are met:

Pspp = Nk — Pipp (2-2)

12



where 1y, Pspp and pyy,, are the number of modulation segments, the pole pair

number of the small-pole-pair magnetic field and the large-pole-pair magnetic
field, respectively. The speed and torque relationship can be expressed as

{psm’stp = M Qg = PrppQipp (2-3)

TsppLspp = Tk = TippQipp

where Qg , Q) and Qy,, are the mechanical rotation speeds of the small-pole-
pair magnetic field, the modulation segments and the large-pole-pair magnetic
field, Tspp,Tx and Ty, are the torque generated by the small-pole-pair magnetic
field, the modulation segments and the large-pole-pair magnetic field, respectively.

Generally, the magnetic field with a small pole pair is excited by the PMs on
the idle rotor. The I/O rotor can be the rotor with a large pole pair number of PMs
or the modulation ring, depending on the machine type. As the MG is just a gear
structure without an energy source, the armature winding functions as the prime
mover to drive one of the rotors, usually the idle rotor. The relationships of the
idle rotor and the armature can be expressed as

{pspp = Pa (2-4)

Pspp{lspp = PaWa
where p, and w, are the pole pair number and the angular speed of the armature
winding. The stator, winding and MG form the magnetic-gear machine (MGM).

2.2.2.1 Planetary direct-drive SPF-DPM MGM
Fig. 2-7 shows the planetary direct drive type configuration. The idle rotor
has PMs on both sides. The modulation ring is placed between the I/O rotor and
the idle rotor and forms the MG part with them. The I/O rotor is the PM outer
rotor, i.e. the rotor with a large pole pair number. The modulation ring is

stationary, that is, {1, = 0. Based on that, (2-3) can be modified as
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(2-5)

{psma Qspp = —PiopLlipp

TsppQspp = —TippLlipp

1/0 rotor

Modulation
| ring MG part
- Idlerotor :
{ PMSM Part
 Stator

Fig. 2-7. Planetary direct-drive type SPF-DPM-MGM [18].

The operating principle is quite straightforward: the stator winding drives the
idle high-speed rotor like a conventional PMSM. After interacting with the
modulation ring, the idle rotor then transfers power to the low-speed I/O rotor.
The magnetic gearing effect decreases the rotating speed but amplifies the torque,
thus improving the overall torque performance compared to conventional PMSM.

In [18], the planetary-type configuration is proposed and suggested to be
applied to electric vehicles, with the aim of replacing the gear mechanism and
perform direct drive within the limited volume. The 2D FEM shows that this
topology can reach a high torque density, around 87 kNm/m?. However, both
designs have the problem that the iron core of the idle rotor is highly saturated,
which means that the magnetic field of the PMSM part and the MG part are
coupled.

To overcome this issue, an improved version of the planetary model, named
the motor-integrated PM gear (MIPMG), is proposed in [19]. By adjusting the PM
thickness of the idle rotor, the PMSM part and the MG part of the MIPMG can be

magnetically decoupled, which enables the new design to have better flux
14



weakening abilities while the high torque density remains. An experimental
evaluation is conducted in [20] and it was found that the rotationally dependent
losses were quite excessive, and the solution by modifying the key components
(such as the structure of modulation ring) is proposed in [19], where the new
model is named MIPMG v.2. In [21], MIPMG v.2 is applied in battery electric
vehicles and its experimental data were analyzed, demonstrating that loss is
reduced and torque density is improved, namely 99.7 kNm/m?®. Recently, MIPMG
has been applied to the conveyor system to replace the conventional system
formed by IM and the gearbox [22]. Several topologies are proposed, in which the
semi-integrated topology is finally selected and measured at around 142 kNm/m?>.

The planetary direct-drive type model has quite potential performance, but
almost no commercial application has yet appeared. The reason may be its
manufacturing difficulty (coaxial structure with three airgaps) and its high loss at
high speed.

2222 Pseudo-direct-drive SPF-DPM MGM

Fig. 2-8 shows a typical pseudo-direct-drive (PDD) type configuration,
where the I/O rotor is the modulation ring, which is placed between the stator and
the idle rotor. Unlike the planetary-direct-drive type, for the MG part of the
pseudo-direct-drive type model, the stationary parts are the PMs with a large pole
pair number on the stator, i.e., Qyppn, = 0. On the basis of that, (2) can be

modified as

{psppﬂspp = MLy

2-6
TsppQspp = Tiell (2:6)
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Fig. 2-8. Pseudo-direct-drive type SPF-DPM-MGM. (a) Outer stator type [23]. (b) Sandwiched stator
type [24, 25].

The operating principle is as follows: the stator winding interacts with the
PMs on the idle rotor in the innermost. The idle rotor then interacts with the
stationary PMs and transfers the power to the I/O rotor. Based on (5), the torque
of the I/O rotor is also amplified.

The first PDD machine shown in Fig. 2-8(a) is proposed in [6]. A prototype
was made and tested, showing that the PDD machine has a high torque density
(>60 kNm/m 3) and high power factor (>0.9). The PDD machine with the V-

shaped idle rotor for robustness is proposed in [26] for ship propulsion. However,
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because PMs are mounted at the tip of the teeth, which increases the air gap
between the stator and the idle rotor, the torque generated by the stator winding is
relatively low. To overcome this problem, a new structure is proposed, whose
winding is arranged on the stationary modulator, between the idle rotor and the
I/O rotor, namely the sandwiched-stator type PDD machine, in [24, 25], shown in
Fig. 2-8(b). Alternatively, a new type of PDD machine is proposed in [27], whose
PMs are mounted only on the idle rotor. The FEM results showed that the torque
generated by the winding increases, but the overall torque decreases as the total
amount of PM decreases. Later, this topology was improved by adding PMs to the
opening of the stator slot, which turned out to have better performance in low-
speed high-torque applications [28]. To reduce PM mass, a PDD machine with a
DC-excited idle rotor is proposed, which also has better excitation controllability
[29]. A technique for PDD machines with alternative windings is proposed [30],
which shows that overall integrity improved with a slight decrease in torque

density compared to [23].

Idlerotor  I/O rotor Idle rotor I/0 rotor

(@) (b)
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Fig. 2-9. The variants of PDD machine. (a) Vernier PDD machine[31]. (b) Split-tooth VPDD machine
[32]. (c) VPDD machine with Halbach array [33].

Based on the original PDD machine in [23], many variants have been
designed. A linear PDD machine is proposed to improve efficiency and power
density [34]. Another kind of variant is vernier PDD (VPDD) machine. Vernier
machine is developed from the magnetic gear. For the vernier machine, the small-
pole-pair magnetic field is excited by the stator winding and the large-pole-pair
magnetic field is excited by PMs on the rotor. The pole pair number of the
modulation segments is usually one or several times of the stator slots. Since the
modulation segments are stationary, they can be attached directly to the stator

teeth. The relationship can be summarized as

n,=kZ k=123 ..
|nk - prl = Pa 2-7
Pa®Wq = Pr iy

where Z is the number of stator slots, p,- and (},. are the pole pair number and the
rotation speed of the rotor.
In [31], the VPDD machine is proposed, whose I/O rotor is a PM ring, shown

in Fig. 2-9(a). For the machine in [33], the stator teeth and the I/O rotor form a
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vernier machine. The VPDD machine has a high torque density (91.8 kNm/m 3),
low torque ripple (0.08%) and high power factor (0.94). Later, the author noticed
that the amount of PM usage is high for VPMM, so the VPDD machine with the
split-tooth stator is then designed to reduce overall PM usage. Split-tooth design
can remain the high power factor, with a slight decrease in torque density [35].
[32] followed the study of [35] and proposed the split-tooth VPDD machine with
the concentrated coil and optimized with the goal of high torque per coil length,
which is shown in Fig. 2-9(b). [33] also followed the work in [31] and further
improved the torque density to 137.4 kNm/m?® by applying the Halbach PM
structure on the idle rotor. In [36], the Halbach PM arrays are applied in the
opening of the stator slot and the consequent pole structure is applied in the idle

rotor, which can have the same performance as [33], shown in Fig. 2-9(c).

Drive control signal
Current Drive ; o
Speed demand| Drive signail| PWM abe "
controller | system inverter ?
0idle
Simulated |
resolver
Observer k

Fig. 2-10. Schematic of close-loop speed control system of PDD machine using only I/0 rotor sensor
[37].

For the controlling aspect of the PDD machine, because it lacks damping in
the system, conventional field oriented control (FOC) is not suitable, as there is a
torsional oscillation between the idle rotor and the I/O rotor. Full-state feedback
control based on observed feedback is proposed to overcome this issue in [38],

which turned out to be effective but difficult to adjust state feedback gains for
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better performance. In [39], a state feedback controller with a reduced-order
observer tuned by the genetic algorithm (GA) is proposed. The author further
proposed a novel technique to control the PDD machine with a single quipped
sensor on the I/O rotor, shown in Fig. 2-10, which achieves the same effect as two
sensors and greatly simplified the construction, since the idle rotor is difficult to
equip the sensor due to its innermost position [37].

The characteristics of the SPF-DMP-MGM are summarized as below:

1) The planetary direct-drive type SPF-DMP-MGM uses an idle rotor
with PMs on both sides and a modulation ring between the 1/O rotor and the
idle rotor to improve torque performance compared to conventional PMSM.

2) The motor-integrated PM gear (MIPMG) overcomes the issue of
highly saturated iron core in the idle rotor by magnetically decoupling the
PMSM part and the MG part, resulting in better flux weakening abilities and
high torque density.

3) The pseudo-direct-drive (PDD) type SPF-DMP-MGM places the 1/0
rotor as the modulation ring between the stator and the idle rotor and has been
developed into many variants with different structures and PM configurations
to improve performance in low-speed high-torque applications.

4) To overcome the issue of torsional oscillation between the idle rotor
and the I/O rotor, various techniques for full-state feedback control, state
feedback control with reduced-order observer tuned by the genetic algorithm,

and single-sensor-based control have been proposed for the PDD machine.
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Fig. 2-11. Distribution of the SPF-DMP machines in torque density and speed.

Fig. 2-11 summarizes the torque densities per volume and rotary speeds of
different SPF-DMP machines at rated condition in [13-15, 18-20, 22, 23, 28, 31-
33, 36]. As shown in Fig. 2-11, the induction type is about equivalent torque
density as the conventional PMSM. Because there is only one airgap between the
stator and the idle rotor, and there is a complete magnetic gear structure, the
planetary direct-drive type structures are applied in HEVs due to the high speed
and high torque density. The PDD structures have two airgaps, which can be
applied in ships or EVs with direct drive motor because they require high torque
density rather than high speed. As seen from the present research results, the PDD
structure is the most promising SPF-DMP topology due to its relatively simple

structure, high torque density, and high power factor.

2.3 Parallel Power Flow Type DMP Machines

Fig. 2-12 shows the model of the PPF-DMP machine. Two MPs are
parallelly connected to the EP through the electromagnetic field. Both MPs work
as I/O rotors, which are connected to mechanical loads or sources directly. On the
basis of the relative rotating directions of two MPs, the PPF-DMP machine can be
further divided into the following two subcategories: the unidirectional (UD) type

and the bidirectional (BD) type. Their characteristics are briefly listed in Table II.
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The PPF-DMP Machine

(a)

r. <= Ere).

The PPF-DMP Machine

(b)

Fig. 2-12. The model of the PPF-DMP machine. (a) Motor mode. (b) Generator mode.

Table 2-2. Comparison of the PPF-DMP machines
Item PPF-DMP-UDM PPF-DMP-BDM
Topology e One stator sandwiched by two ° Two rotors with the same or
rotors with the same speed different speed
o With, or without PMs on the ° With PMs on the rotors
rotors o One or more electrical port.
. One electrical port
Merits o High torque density and power o High efficiency for the
density propulsion system
o Increase the frequency for
direct-drive wind turbines
Weakness o Complex manufacturing process . Complex manufacturing
for cup-shaped double rotor structure process
. Special consideration of the

interaction between two electrical
ports

2.3.1 Unidirectional Type PPF-DMP Machine

The topology of the dual rotor radial flux toroidally wound UD machine

(UDM) is proposed in [40], shown in Fig. 2-13. The author later presented its

design procedure and optimization method in [41]. This topology can be regarded

as the combination of two separate PM machines because the magnetic flux paths

of two MPs are in parallel, shown in the bottom right corner of Fig. 2-13. The
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purpose of using the toroidal coil is to effectively reduce the length of the end
winding, thus reducing the copper loss and improving the efficiency. The toroidal
coil is later widely used for this type of machine. The comparison between the
radial flux type and the axial flux type is presented further in [42] through FEM.
The results show that both types have similar performances, but the radial flux
type has a higher power loss per airgap area and the axial flux type has a higher
material cost due to the additional PMs needed. The effects of different
parameters on performance are presented in [43], and the design guideline based

on that is given.

) Inner rotor Outer rotor
T . (1/O rotor 1) (I/O rotor 2)

A: Rotor B: Stator C: Overview

(b)

Fig. 2-13. Dual-rotor radial-flux toroidally-wound PPF-DMP-UDM and its parallel flux path [40]. (a) Machine
configuration. (b) Prototype.
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In [44], a UDM is presented whose two rotors are separated. In this topology,
two sets of radial winding are used to control two MPs independently. In [45], a
Halbach version of the separate-rotor UDM is proposed, which shows an
improvement of 16% in torque density compared to the non-Halbach version. An
equivalent design method is presented in [46] by splitting the machine into two
parts based on magnetic paths and individually calculating the performance of

each part.

Flux barrier Inter-pole

I/0 I’0
rotor 1 rotor 2

Segmented
stator

(b) (@
Fig. 2-14. Variants of the original PPF-DMP-UDM. (a) SRM and its prototype [47]. (b) VM [48]. (c)YASAM [49].

Based on the aforementioned UDM, several kinds of variant topologies are
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designed. The first type is the switched reluctance machine (SRM), which has the
feature of being robust and free-PM and greatly reducing the cost of the material.
The rotors are of salient-pole structure. In [50], the UD-SRM with axial-flux
toroidal winding is presented, which showed a high fault tolerant capability. A
radial-flux UD-SRM with two sets of radial windings for individual control of
two rotors is presented in [47], shown in Fig. 2-14(a).

The second variant is the UD vernier machine (VM). In [48], the UD-VM
with the toroidal winding and open slot structure is proposed, which is shown in
Fig. 2-14(b). The UD-VM is compared with single rotor VM and double stator
VM, whose results verified its advantageous performances. A dual-PM UD-VM is
proposed based on [48], which further magnifies the torque by the modulation
effect of the dual-PM structure [51]. In [52], a UD-VM axial flux is proposed and
a quasi-3D method is proposed to shorten the calculation time of the FEM.

The last type is the axial-flux yokeless and segmented armature machine
(YASAM). This topology was first proposed in [49], which is shown in Fig.
2-14(c). Unlike previous types, whose magnetic paths of two MPs are in parallel,
the magnetic path of two rotors for the YASA type is in series, which makes the
common yoke of the stator unnecessary. Thus, the common stator yoke is
removed and segmented. This structure significantly shortens the flux path for
axial-flux machines and reduces the stator iron loss due to the segmented structure,
which makes this type of machine have high efficiency and torque density.
However, the YASAM has the problem of overheating. In [53], the air cooling of
the YASA machine is investigated, and the author proposed the structure of the
aluminium heat transfer fin, which can increase 40% in terms of the achievable

continuous current density. In [54], the UD-YASA with Halbach array is
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proposed for further improvement of the torque density. Its optimization methods
are given, which have been proven to be fast and accurate enough. YASAM is
commercially produced for electric vehicles.
The characteristics of the PPF-DMP-UDM are summarized as below:
1)The dual rotor radial flux toroidally wound UDM is proposed as a
combination of two separate PM machines, with toroidal coil used to reduce
the length of the end winding, copper loss, and improve efficiency.
2)Among all variants, YASAM has high efficiency and torque density
due to its segmented stator structure, which is commercially produced for EVs,
but overheating is a problem. The air cooling and the aluminum heat transfer

fin are proposed to improve its continuous current density.
2.3.2 Bidirectional Type PPF-DMP Machine

As the BD machine (BDM), also known as the contra-rotating structure, has
been found to have a higher efficiency for fluid turbines than the UD structure, the
PPF-DMP-BDM has gradually become an interesting research topic [55]. The

PPF-DMP-BDM is generally used for marine propulsion.

Windings

Segmented
stator

Windings

Fig. 2-15. The PPF-DMP-BD-WC machine [56].
The topology is first proposed in [56], shown in Fig. 2-15. In this topology,
the pole-pitch-segmented stator is sandwiched and shared by two contra-rotating

rotors. The operating principle is quite simple: for a three-phase machine, by
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swapping two phases’ positions while remaining one phase unchanged, the
amplitude of the magnetic field for two rotors remains the same, but the rotating
direction become opposite, thus the contra-rotation is achieved. This can be
regarded as two contra-rotating PMSMs that share the same stator yoke [57]. An
optimized vector control method with load torque observer compensation is
proposed in [58] for the axial-flux BD-WC machine, which realized the
simultaneous control of dual rotor and can eliminate torque and speed tipple under
heavy unbalanced loads. Its control diagram is shown in Fig. 2-16.

A BD-WC machine with no segmented radial flux is analyzed in [59], where
the flux density of the outer airgap is greater than that of the inner air gap. In [60],
a BD-WC machine with an all-segmented stator and two non-segmented stators is
proposed. The author later analyzed the inter-rotor interaction through the
common stator core in [61] and found that this interaction improved the back
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Fig. 2-16. Control diagram of the axial-flux PPF-DMP-BD-WC machine [58].
The characteristics of the PPF-DMP-BDM are summarized as below:
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1)The BDM has higher efficiency for fluid turbines than the UDM and
the PPF-DMP-BDM has become an interesting research topic, generally used
for marine propulsion.

2)The operating principle involves swapping two phases' positions while
remaining one phase unchanged to achieve contra-rotation, resulting in two

contra-rotating PMSMs sharing the same stator yoke.

th
=

S | e e .
B40l

r .

2t —————— e

i g1 | | .1 VM, YASAM type
- I T T O o

-

bl | ==  UDM
-*]

= e R e SRM type BDM
S0 e T == PMSM
o | Tl o

= TTTeeel - ® .

Speed (rpm)
Fig. 2-17. Distribution of the PPF-DMP machines in torque density and speed.

Fig. 2-17 presents a summary of torque densities per volume and rotary
speeds for various types of PPF-DMP machines under rated conditions in [40, 43,
44, 46-52, 56, 61]. The torque value is obtained by combining the torques of both
mechanical ports. Based on the figure, the SRM type PPF-DMP-UDM exhibits
torque density similar to that of conventional PMSM, whereas VM and YASAM
type PPF-DMP-UDMs demonstrate relatively high torque density. The PPF-
DMP-UDM, with its wide rated speed range, finds applications in direct drive
systems such as electric trucks and electric ship propulsion. On the other hand, the
PPF-DMP-BDMs offer low speed and high torque density characteristics, making
them suitable for ship propulsion. Researchers have shown increased interest in
PPF-DMP-UD configurations, with YASAMs already being commercially

produced and VMs considered as potential solutions.
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2.4 Hybrid Power Type DMP Machines

Fig. 2-18 illustrates the model of the HPF-DMP machine. This type of DMP
machine is mostly used in complex power distribution applications, e.g., E-CVT
for hybrid EVs (HEVs) to replace the conventional planetary gearbox. For the
HPF-DMP machine, an input rotor is connected to the mechanical source (that is,
the prime mover like the internal combustion engine) as an input port, which is
the MP1 in Fig. 2-18. Based on the operation status, the I/O rotor (which is MP2 in
Fig. 2-18) and the stator windings (EPs) can work both in motor mode (e.g., speed
increase occasion for HEVs) and in generator mode (e.g., regenerative braking for
HEVs). An E-CVT need to have the following characteristics:

1) ICE should operate in its high-efficiency speed region;
2) The speed of the I/O rotor can be controlled independently of
the speed of ICE;
3) The torque of the I/O rotor can be controlled independently.
Thus, HPF-DMP machines have two sets of windings to control the speed

and torque of the I/O rotor independently.

The HPF-DMP Machine

Fig. 2-18. The model of the HPF-DMP machine.

Table 2-3. Comparison of the HPF-DMP machines
Item HPF-DMP-BM (4QT) HPF-DMP-BLM
Topology ° One PM-excited outer I/0 . One PM-excited outer 1I/O rotor
rotor . One inner input rotor, with or
o One DC-excited inner input without PMs
rotor with winding o Two electrical ports placed in the
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. Two electrical ports placed stator

separately . Brushless design
e Brush mechanism
Merits . Flexible flux controllability . Compact structure
. Flexible speed and torque o Flexible speed and torque
regulation regulation
. High efficiency o High torque density and power
density

Weakness . Regular maintenance needed . Complex manufacturing process
° Serious cooling problem for . Special consideration of the
the winding on the inner rotor interaction between two electrical ports
. Complex manufacturing
process

The HPF-DMP machine is chronologically developed from brushed to
brushless type, which will be introduced in the following two subsections. The

features of the HPF-DMP machine are briefly shown in Table III.

2.4.1 Brushed Type HPF-DMP Machine

In [4], Eriksson and Sadarangani proposed the four-quadrant (4QT) HEV
Drive System. The 4QT system consists of a stator, an outer rotor and an inner
rotor. The outer rotor works as the I/O rotor, which is connected to the mechanical
load, is in a double-layer or single-layer PM structure. The inner rotor acts as the
input rotor, which is connected to the mechanical source and usually consists of
windings and slip rings to operate as a normal synchronous machine.

The 4QT system can be considered as the combination of two PMSM parts:
the outer rotor and the inner rotor form the first PMSM part, which is also called
the double-rotor synchronous machine (DRM) part; the stator and the outer rotor
form the second PMSM part, which is also called the single-rotor synchronous
machine (SM) part. The inner rotor winding is used to control the speed of the I/O
rotor. As the inner rotor is connected to the ICE, the speed of the 1/O rotor can be

the sum of the speed of the ICE and the magnetic field excited by the inner rotor
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winding. When the speed is set, the torque generated by the inner rotor winding is
also set and cannot be adjusted. Therefore, the stator winding is introduced to
achieve better overall torque control. The relationship can be summarized as
follows:

{QI/O = Qicp + Wirw 2.8

TI/O = Tiyw + Tsw
where Q; /9, Q;cp and w;;, are the rotation speed of the I/O rotor, the ICE and the

magnetic field excited by the inner rotor winding, T;/o, Tirw and T, are the

torque of the I/O rotor, torque generated by the inner rotor winding and the stator

winding.
Inner rotor Outer rotor Inner rotor Outer rotor
N PRM T gy

Gear ' ' Gear
box

ICE

J=I=

Inner rotor
winding

Stator
winding

Stator
winding

(a) (b)

Fig. 2-19. The 4QT system [4]. (a) Separate form. (b) Concentrically combined form.

DRM and SM can be connected separately or concentrically, as shown in Fig.
2-19. Two EPs (stator windings and wound rotor windings) are controlled
independently, allowing the ICE to operate efficiently in its optimal region in all
four quadrants while still having the ability to adjust output power, thus saving
fuel on the order of 40-50% for urbran light cars and 20-30% for heavy vehicles.
In [62], a similar structure is proposed for the city bus, but the PM rotor is
replaced by the induction rotor with the squirrel cage, whose results show that the

fuel efficiency has increased by more than 25% compared to the normal ICE
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system. In [63], a flux-switching topology is proposed and the multiobjective
optimization method is investigated.

In theoretical research, the general theory of DMP machines is proposed in
[5]. Using a topology similar to the 4QT machine, the author further illustrates
this theory in [64] and its control strategies are presented in [65], which is shown
in Fig. 2-20. In [66], the author proposed a four-axis vector control method, which
achieved control of both rotors by a single three-leg inverter, whose phasor
diagram and control diagram are shown in Fig. 2-21. In [67], the author focused
on the magnetic coupling issue of DRM and SM and gave a guideline for the I/O
rotor design. A 30kW radial flux 4QT prototype was analyzed, built and tested,
which showed that the cooling of the inner rotor is a serious problem due to the
high frequency of the winding and the slot configuration [68]. Various analyzes
have been performed to solve this problem, such as forced air cooling by
introducing an external fan [69], specially designed air holes [70], or water flow
cooling [71]. Mechanical design and other multiphysics studies have been

conducted in [72, 73], respectively.
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Fig. 2-20. The control diagram of the 4QT machine [65].
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Fig. 2-21. Phasor diagram and control diagram of four-axis vector control [66]. (a) Phasor diagram. (b)
Control diagram.

as below:

The characteristics of the brushed type HPF-DMP machine are summarized

1)The brushed type HPF-DMP HEV drive system (4QT system) consists
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of a stator, an outer rotor, and an inner rotor, with the inner rotor connected to
the mechanical source and the outer rotor connected to the mechanical load.
2)The DRM and SM can be connected separately or concentrically,
allowing the ICE to operate efficiently in its optimal region in all four
quadrants while still having the ability to adjust output power, thus saving fuel.
3)As there is winding on the inner rotor, brushes and slip rings are
needed, which requires constant maintenance.
4)The cooling of the 4QT is a serious problem due to the winding on the

inner rotor. Various cooling methods have been investigated.

2.4.2 Brushless Type HPF-DMP Machine

24.2.1 Separated HPF-DMP-BL machine

Speed Torque
control control
winding winding

Speed control part
™ /

Inner rotor:

ICE

Outer rotorDXIZ Torque control part
(PMSM)

Fig. 2-22. The structure of the separated HPF-DMP-BL machine.
The structure of the separated HPF-DMP-BL machine is shown in Fig. 2-22.
The inner rotor is the input rotor and the outer rotor is the I/O rotor. The speed
control part and the torque control part are separate, both controlling the outer
rotor. The torque control part is usually a PMSM and based on different operating

principles, the speed control part can be a magnetic geared machine or a
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transverse flux machine (TFM).
For the topologies whose speed control part is an MGM, from (2-2), the
relationship of pole pair number can be summarized as

{pscw = Pro—scp — Pri

Ptew = Pro—tep (2-9)

where Psew » Pecw > Pro—scps Pro—tep» Pri are the pole pair number of the speed
control winding, the torque control winding, the outer rotor of the speed control
part, the outer rotor of the torque control part and the inner rotor, respectively.

The relationship of speed and torque can be summarized as

Drilly; + pro—scpl-Qrol = PscwWsew

pro—tcpnro = PtewPtew

T Qi + Tro—scpl-Qrol = TsewWscw (2-10)
Tro—tcp'Qro = TrewWecw

Tro = Tro—scp + Tro—tcp

where wqey, Weew»> Qro, y; are the rotation speed of the speed control winding
field, the torque control winding field, the outer rotor and the inner rotor, T,
Ttews Tro—scp»> Tro—tep» Tri are the torque of the speed control winding, the torque
control winding, the outer rotor of the speed control part, the outer rotor of the

torque control part and the inner rotor, respectively.

' o _ Stator
w X / PMSM Part

_~~iControl Rotor
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~ Input Rotor

Fig. 2-23. Three-airgap topology [74].

In [74], a three-airgap topology is developed, shown in Fig. 2-23. The input
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rotor in this topology is the inner PM rotor and the I/O rotor is the modulation
ring. Stator winding is used to control the speed. To control the torque, the I/O
rotor is connected to another separate PMSM, similar to the structure shown in
Fig. 2-19(a). Its operation principle and potential application are explained in [75].
The experiment shows that this topology can achieve high efficiency. However,
this topology still involves three rotating parts, making it difficult to produce in
mass.

In [76], the author proposed a structure whose outer rotor is the modulation
ring and the inner rotor is of the surface mounted PM (SPM) type, shown in Fig.
2-24. In [77], a topology with the inner rotor of the interior PM (IPM) structure is
proposed for mechanical robustness, which is shown in Fig. 2-25. In [78], a
structure with sinusoidal permeance in the outer rotor is proposed to reduce PM
loss, but it has the drawback of poor torque due to tangential flux leakage. In [79],
a double-sided separated-type axial flux model is proposed for E-CVT and its
characteristics are analyzed. Analytical modeling of the separated HPF-DMP-BL
machine is performed in [80] and the results have been compared with the FEM

results, showing good agreement.

1/0 Rotor

Fig. 2-24. Topology of the speed control part with SPM inner rotor [76].
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I/0 Rotor

Input Rotor

Fig. 2-25. Topology of the speed control part with IPM inner rotor [77].

In addition to the MGM type speed control part, the TFM type also exists.
Traditionally, the stator of the TFM consists of two parts, the teeth and yoke,
which are linked together. The general idea of the TFM speed control part is to let
the teeth in the conventional TFM separate from the stator yoke and become the
second I/O rotor. The relationship of the pole pair number can be described as

{pscw = DPro-scp = Pri

Ptew = Pro—tep (2-11)

The relationship of torque and speed is the same as in (2-10).

In [81], an HPF-DMP-BL machine is proposed with the TFM type speed
control part, whose I/O rotor is in claw shape, shown in Fig. 2-26(b), it can be
observed that two adjacent claw-pole teeth have 180 electrical degree variation,
making the flux varies when rotating. Three single phases are placed axially with
a phase shift of 120 degrees and form the entire model, as shown in Fig. 2-26(c).
A similar topology is proposed in [82], whose I/O rotor is of normal segmented

shape. The flux path is shown in Fig. 2-27.
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Fig. 2-26. TFM-speed-control claw-pole rotor type HPF-DMP-BL machine [81]. (a) Single phase. (b)
Claw-pole rotor. (c) Whole motor after assembly. (d) Prototype.
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Fig. 2-27. The flux path of TFM-speed-control claw-pole rotor type HPF-DMP-BL machine [82].

2422 Concentrical HPF-DMP-BL machine
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Fig. 2-28. The structure of the concentrical HPF-DMP-BL machine.

The structure of the concentrical HPF-DMP-BL machine is shown in Fig.
2-28, where the speed control part and the torque control part are concentrically
integrated, making the whole machine more compact. As two sets of windings are
placed in the same winding, the relationship of the pole pair number should be
given as

{pmw = Pro — Pri (2-12)

Prw = Pro
where pw, Prw» Pro and p,; are the pole pair number of modulation winding,
regular winding, outer rotor and inner rotor. The relationship of speed and torque
can be given as

ProQro = Prilri = Pimw®mw
ProQro = PrwWrw
Tro—mwQro = Trilii = Tinw @Wimw (2-13)

Tro—rwilro = Try@ry

Tro = Tro—mw + Tro—rw

where w,,,, Wrw, Qo and Q,; are the rotation speed of the modulation winding
field, the regular winding field, the outer rotor and the inner rotor, Ty, Trw,
Tro—mw> Tro—rw and T,; are the torque generated by the modulation winding, the
regular winding, the modulation winding part of the outer rotor and the regular

winding part of the inner rotor.
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In [83, 84], an HPF-DMP-BL topology with four airgaps is proposed, shown
in Fig. 2-29. This topology can be considered as the combination of two PMSM
parts and a magnetic gear part. The modulating ring is the input rotor and the
outer PM rotor is the I/O rotor. The winding of the inner stator controls the speed
and the winding of the outer stator controls the torque. This topology has two
problems: first, there are too many air gaps, which makes it difficult to maintain a
uniform air gap length in manufacturing. Second, both PM rotors are double-layer
structures. PMs on both sides of the rotor need to be magnetically decoupled for

better performance and the yoke needs to be specially designed.

b .y Outer Stator :
N / i PMSM
o i Partl

— UOrotor
”‘ Input Rotor
‘\\ | i{(Modulation ring) MG part
™S Control Rotor
PMSM
Part 2

- \ Inner Stator

........................

Control rotor Input rotor 1/0 rotor Inner stat0£
(b)
Fig. 2-29. Four-airgap topology [83, 84]. (a) Machine configuration. (b) Prototype.
In [85], a double-stator double-rotor structure is presented, shown in Fig.
2-30. This topology can be considered as the combination of a vernier machine

(VM) and an MGM. In [86, 87], the authors further simplified the topology to a
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single-stator double-rotor dual-airgap structure, shown in Fig. 2-31, which is
achieved by using two sets of windings (that is, EP). The modulated winding, the
outer stator and the inner stator form the MGM part and the regular winding and
the outer rotor form the PMSM part. Both PM rotors adopt the consequent pole
structure. Two sets of windings are placed on the same stator in a way that makes
the structure more compact. An axial flux model is presented in [88], where the
power flows of different operating modes and general working concepts are

illustrated.

.. Inner Stator

— Input Rotor :MGM part

~~ I/O Rotor

\ VM Part

™ Outer Stator

Fig. 2-30. Double-stator double-rotor topology [85].
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Fig. 2-31. Single-stator double-rotor topology [86, 87]. (a) Machine configuration. (b) Prototype.

The HPF-DMP-BL machine generally has the problem of asymmetric phase
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back-EMF and high cogging torque due to asymmetric magnetic circuits for three-
phase windings. To solve this problem, in [89], a complementary structure is
proposed in which both rotors shifted a certain angle with each other, as shown in
Fig. 2-32. The general design technique and its FOC control are introduced in [89].
The functionality and performance of the complementary structure were evaluated
in [90].

Outer rotor Stator

Barrier Inner rotor

9 Barrier

10deg _
10deg ‘ 15deg

ISdeg

Epoxy VW ===
Steel stack

Magnets
Barrier

(b)

Fig. 2-32. The complementary type BL-HPF-DMP machine [89]. (a) Machine configuration. (b)
Prototype.
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Fig. 2-33. The magnetic circuit of the PMSM part [91]. (a) Consequent-pole structure. (b) Spoke-array
structure.

As the flux of the outer PM rotor in the consequent-pole structure needs to
pass two airgaps to form a close loop, the torque of the PMSM part is relatively
weak, as shown in Fig. 2-33(a). To enhance the torque of the PMSM part, a
topology with spoke-PMs in the outer rotor is proposed in [91, 92]. With this
configuration, the torque component is enhanced because the flux only needs to
pass one airgap, which is shown in Fig. 2-33(b). The flux-focusing effect is
another merit. This structure adopts the stator of the auxiliary teeth, where two
sets of windings are placed on the main teeth and the auxiliary teeth, as shown in
Fig. 2-34(a).

In [93, 94], a topology with the inner rotor of the salient pole is proposed,
shown in Fig. 2-34(b), with the aim of reducing eddy current losses in PMs by
modulating components of harmonic flux less unworking in the airgap. The
mechanical structure of the inner rotor is also much simpler. The design process
of the spoke-PM-type model is introduced in [95], where the sizing equations

have been deduced to reduce the design time.
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Fig. 2-34. The spoke-array type BL-HPF-DMP machine. (a) Split-teeth type [91, 92]. (b) Salient-pole-
inner-rotor type [93, 94].

To boost the torque density of the HPF-DMP-BLM, several variants are
proposed. A variant with open slot configuration is proposed in [96], which can be
considered as the combination of a VM and MGM. With the vernier structure, this
type of machine has higher torque generation ability, but its torque ripple is higher
than conventional HPF-DMP-BL machine. In [97], a variant using high-order

harmonic modulation is proposed to improve the torque density of the HPF-DMP-
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BL machine. Its compound outer rotor is artificially designed to enhance the third
harmonic component of airgap flux density in the inner airgap while remaining
the fundamental component unchanged in the outer airgap.

In [98], an integrated winding is proposed that replaces the original two sets
of windings with a single winding configuration driven by two inverters.
Compared to the conventional two-set independent winding configuration, the
integrated winding configuration has the merit of lower copper loss and a simple
manufacturing process. The methods of how to configure the winding using
different phase belt is presented in [99]. The mathematical model and the drive
method considering the coupling effect and the winding asymmetry of the
integrated winding structure are developed in [100].

For the analysis of characteristics and analytical modelling of the HPF-DMP-
BL machine, the working principles of the double rotor model are discussed in
[101, 102]. The analytical modelling of the double-rotor multi-winding machine is
presented in [9] and the analytical method of determining the d-q axis was
illustrated in [102]. The problem of magnetic coupling between two sets of
windings is discussed in [103] and a guideline for choosing the pole pair
combination is introduced in [104]. In [105], the characteristics of HPF-DMP-BL
machine speed, torque and power flow are analyzed using diagrammatic methods.
Investigation of the HPF-DMP-BL machine power factor (PF) is carried out in
[106], where the control strategy to improve the PF is presented.

The coupling of two electrical ports for the HPF-DMP machines are very
essential, as it may cause unintended harmonics generated which may affect the
performance. In [92, 107], the authors give the decoupling principle according to

the periodicity of the slot number and two rotors, giving a method of verifying
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whether two windings are decoupled according to the greatest common divisors of
slot number and rotor pole pair. In [108], the authors categorizes the topologies of
existing HPF-DMP machines into five types and presents a systematic decoupling
analysis with a developed simple indicator to fast identify the coupling type.

For the control strategies, the conventional field oriented control is discussed
in [109], shown in Fig. 2-35. A sensorless control based on the dual slide model

observer (SMO) estimator was discovered in [110], which is shown in Fig. 2-36.

SVPWM
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PI i Secondary
winding

Fig. 2-35. Diagram of conventional FOC control for HPF-DMP-BL machine [108].
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Fig. 2-36. Diagram of dual-SMO estimator-based sensorless control for HPF-DMP-BL machine [109].

46



Due to the complexity of the double-rotor structure, optimizing the
parameters using conventional analytical methods is time-consuming. Various
optimization methods, such as the leveling genetic algorithm (GA) in [8] and
[111], the adaptive differential evolution algorithm (ADE) in [112], are used for
this topology.

The energy flow relationship of different ports under different working
modes is the most important issue for HPF-DMP machine. A general showing
schematic of the power flow diagram of the HPF-DMP-BL machine can be
simplified and shown with block diagram form in Fig. 2-37. The power flow
under different working modes can be generally concluded in Fig. 2-38 [9, 113].
For the application of aviation propulsion, the working modes in Fig. 2-38(a), (b),
(d) and (e) are usually adopted. All eight modes are used for the applications of

electric vehicles.
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Fig. 2-37. Showing schematic of the relationships between the HPF-DMP-BL machine and the power
flow diagram.
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Fig. 2-38. Power flow diagrams of different working modes for the HPF-DMP-BL machine [9, 113]. (a)
Pure electrical drive. (b) Pure engine drive. (c) Reduced speed and increased torque. (d) Increased
speed and increased torque (Hybrid mode). (e) Increased speed and reduced torque (Battery
charging mode). (f) Reduced speed and reduced torque. (g) Regenerative braking.

The characteristics of the brushless type HPF-DMP machine are summarized
as below:
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1)The speed control part and torque control part of the brushless type
HPF-DMP machine are separate, both controlling the outer rotor.

2)The speed control part consists of both rotors and the modulation
winding, which can be regarded as an MGM or a TFM. The torque control
part consists of the regular winding and the outer rotor, which can be regarded
as a PMSM.

3)The complementary structure is proposed to solve the problem of
asymmetric phase back-EMF and high cogging torque due to asymmetric
magnetic circuits for three-phase windings.

4)The spoke-PM-type model is proposed to enhance the torque of the
PMSM part of the machine with a shorter magnetic circuit.

5)An integrated winding configuration is proposed to replace the
conventional two-set independent winding configuration in the HPF-DMP-BL
machine, offering lower copper loss and a simpler manufacturing process.

6)Various optimization methods, such as the leveling GA and ADE are
used for this topology. Control strategies such as the FOC and sensorless
control based on the dual SMO estimator have been discussed for the HPF-

DMP-BL machine.

2.5 Challenges and Future Trends

The DMP machines possess promising development prospects in
transportation electrification. However, many challenges remain in moving from
theory to application. The main challenges and future trends of DMP machines

can be summarized as follows:

2.5.1 Structural Simplification
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The complexity of the manufacturing process is a significant challenge for
the widespread adoption of DMP machines. Simplifying the construction of DMP
machines is crucial to overcome this limitation. One potential approach to address
this issue is the adoption of modular design, which offers the possibility of easier
construction and assembly. Embracing modular design could become a prominent

trend in future DMP machine designs.
2.5.2 Winding Coupling

The DMP machines generally exhibit high pole pairs and abundant magnetic
field harmonics, leading to increased frequency and greater iron and copper loss.
Additionally, their control becomes more challenging. To address these issues, it
is necessary to explore suitable DMP structures by leveraging advancements in
technologies such as PM materials of high and low coercivity, aiming to reduce

the loss at high speeds and enhance the practicality.
2.5.3 Temperature Field Analysis

Most existing literatures focused on the electromagnetic field and ignored the
issue of temperature rise. For application, the analysis in temperature is essential,
especially for the DMP machines which have multiple airgaps and have numerous
PMs. Therefore, adopting joint simulation of multi-physical fields can establish a
rapid and effective method for analyzing and predicting temperature rises in each

component, guiding further improvements in the cooling system.
2.5.4 Torque Density

For the hybrid DMP machine, as a new type of multifunctional integrated

system, it exhibits weaker torque and power output capacities compared to the

50



combination of multiple independent machines and gearsets. Notably, the torque
density of brushless hybrid DMP topologies remain lower than that of brushed
topologies. Therefore, the design of novel structured brushless hybrid DMP

topologies is required to further enhance torque density and power density.
2.5.5 Power Factor

Because most kind of DMP machines is based on the principle of flux
modulation, they all have the issue of lower power factors compared to the
conventional non-flux modulated machines. In practical applications, lower power
factor leads to larger power capacity control devices, which results in increased
system size and weight, thereby reducing practicality. Therefore, the design of

novel structured DMP topologies is required to further enhance power factor.

2.5.6 Dynamic Performance and Fault Tolerance in the Control

System

Hybrid DMP machines can generally be regarded as the combination of two
machines, which consist of two rotors, two sets of windings, and two air gaps,
leading to significant electromagnetic coupling and complex changes in motor
parameters. As the integration of the DMP machine progresses, internal
electromagnetic coupling becomes more serious. Consequently, improvements in
the driving circuit and control algorithms are necessary to decouple two machine
parts, viz. two EPs, thereby enhancing system dynamic response. Moreover, in
applications like hybrid power systems, higher reliability is required. Therefore,
research on control strategies, such as position sensor fault tolerance methods,

sensorless control, and current control methods under open winding conditions,
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are essential to provide the system with robust fault tolerance capabilities.

2.6 Summary

This paper provides an extensive literature review of multiport machines
from the perspective of DMP machines, discussing their working principles and
different topologies. The three types of multiport machines based on power flow
relationships, namely SPF-DMP machines, PPF-DMP machines, and HPF-DMP
machines, are examined in terms of their advantages and challenges.

* SPF-DMP machines utilize an excited idle rotor connected through
electromagnetic coupling, enhancing performance with variations in
functionality across machine types. SPF-DMP-IM improves efficiency and
power factor, while SPF-DMP-MGM amplifies torque, functioning as single-
mechanical port machines. Pseudo-direct-drive machines demonstrate high
torque density and power factor potential.

* PPF-DMP machines employ parallel-connected 1/O rotors, with unidirectional
machines having rotors on the same shaft for identical rotation speeds. PPF-
DMP-UDM function as high torque density single MP machines, while PPF-
DMP-BDM face challenges in mass production despite their straightforward
working principle.

* HPF-DMP machines comprise an input MP and an I/O MP, commonly used in
E-CVT applications. The HPF-DMP brushed machine (4QT system) explores
the topology but encounters issues with brushed structure and cooling for the
inner wound rotor. The HPF-DMP-BL structure employs modulation and dual
EPs for independent control of torque and speed, representing the prevailing

research trend.
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DMP machines offer compactness, high efficiency, and torque density, suitable
for E-CVT and contra-rotating propulsion. However, the dual airgap structure
complicates manufacturing compared to single MP machines, limiting current
applications. Scholars propose simplified or enhanced structures to overcome
this challenge, while technological advancements in mechanical and material

technologies will facilitate broader utilization of DMP machines.

The literature review reveals several research gaps in the field:
The torque performance of multiport machines remains unsatisfactory,
especially for the magnetic geared part. The designs presented in Chapter 3 and
Chapter 4 address this specific research gap.
In comparison to conventional machines, the flux controllability of existing
multiport machine designs is diminished due to the presence of two airgaps in
magnetic-geared machines. The designs presented in Chapter 5 and Chapter 6

specifically target this research gap.
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Chapter3 A High-Order-Harmonic
Compound Rotor Based Brushless
Dual-Electrical-Port Dual-
Mechanical-Port Machine

3.1 Introduction

With growing concerns about environmental pollution and the energy crisis,
the substitution of transportation that consumes fossil fuel with hybrid energy
have become a popular trend. Nowadays, hybrid electrical transportation
technology has received more attention and gained rapid development, including
hybrid electric vehicles [87], hybrid electric ships [26], and hybrid electric aircraft
[9]. Among all hybrid electrical devices, the power-split-type hybrid electrical
devices have attracted the most attention due to their increased fuel economy,
high control flexibility, and high efficiency [94].

For power-split-type hybrid electrical devices, the crucial component is the
continuously variable transmission (CVT) system. The CVT system can realize
the power combination and distribution from the mechanical input, the electrical
port, and the battery system. It can also decouple input speed, output speed, and
torque. However, the commercial CVT uses mechanical planetary gear, which has
the problem of low compactness, vibration, and noise [102]. In addition, the
planetary gear suffers from mild wear under prolonged, high-load operating
conditions, because the gear teeth are in direct physical contact with each other,
hence needing regular maintenance.

To address the mechanical structure-related issues in the CVT system, the
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electrical CVT (E-CVT) is developed, which is designed with two mechanical
ports (MPs) and two electrical ports (EPs) for decoupling the torque and the speed.
Generally, the inner rotor is connected with the internal combustion engine (ICE)
as input MP, and the outer rotor is connected with the load, like wheels for
vehicles as input/output MP. Two EPs control the speed and torque of the
input/output MP, respectively.

In [4, 68, 69], the four-quadrant (4QT) E-CVT system is proposed. The 4QT
system can be considered as a combination of a dual-rotor synchronous machine
(DRM) and a single-rotor synchronous machine (SM), which improved the
compactness. However, as the DRM winding is wound on the inner rotor, the
4QT system has serious cooling problems [70]. Brushes and slip-rings also
increase the unreliability of the whole system.

Recently, with the development of flux modulation theory, brushless E-
CVTs have been developed, namely, the brushless dual-electrical-port dual-
mechanical-port machine (BLDDM). The BLDDM can be classified into two
categories according to the operating principle. The first type is the transverse-
flux (TF) type, which can be considered as a combination of the transverse-flux
machine (TFM) part and the permanent magnet synchronous machine (PMSM)
part [82, 114]. Nevertheless, the TFM suffers from increased difficulty in
manufacture, which limits its wide application. The second type is the magnetic-
geared (MQG) type, which consists of the magnetic-geared machine (MGM) part
and a PMSM part. The dual-PM bidirectional flux modulation BLDDM with two
consequent-pole PM rotors is first proposed and analyzed in [87, 101]. In [91] and
[115], the authors replaced the radial PM on the outer rotor with the spoke PM,

which shortens the flux path and increases the torque density of the PMSM part.
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In [98] and [116], an integrated winding is proposed that combines two sets of
windings into one, which further reduces the copper loss. Unfortunately, the
MGM part in BLDDM usually suffers low torque density for the limited
utilization of flux harmonics, which does not have much attention in the industry.

In [117], a novel high-order harmonic winding design is proposed for the
vernier reluctance machine. It breaks the traditional winding design principle
based on the modulation effect with the fundamental harmonic of excitation.
Instead, the authors design a novel winding using the harmonics higher than the
fundamental one, i.e., the high-order harmonic winding. This design principle can
be used in BLDDM to further enhance the torque density of the MGM part while
maintaining the same amount of PM material.

In this paper, a novel BLDDM structure is proposed using a high-order
harmonic modulation to improve the torque density. The key is that the compound
outer rotor is artificially designed to enhance the third-harmonic component of
airgap flux density in the inner airgap while remaining the fundamental
component unchanged in the outer airgap. Both components can be fully used by
two windings in this design. The paper is organized as follows. In Sections 3.2
and 3.3, the machine structure and the operating principle are introduced. In
Section 3.4, an initial model is built to verify the validity of the principles, and
then the optimization of the geometrical parameters is introduced. In Section 3.5,
the proposed BLDDM is compared with the conventional design in other
literature in terms of the torque and working principle. In Section 3.6, a prototype
is made, and the experiment results verify the feasibility and advantages of the

proposed design. Finally, conclusions are drawn in Section 3.7.
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3.2 Machine Structure
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Fig. 3-1. The configuration of the proposed BLDDM based E-CVT system. (a) Proposed BLDDM structure. (b)
Schematic of the E-CVT.

Fig. 3-1(a) shows the structure of BLDDM. The stator has 24 slots, where
the 2-pole-pair modulation winding and the 11-pole-pair regular winding are
placed inside. Each rotor is connected to a shaft individually, shown in Fig. 3-1(b).
The modulation winding and two rotors constitute an MGM which accounts for
the speed and torque distribution between the two rotors. The regular winding and
the outer rotor form a PMSM which enhances the compound outer rotor torque
during acceleration or driving uphill.

The compound outer rotor is composed of 11 pole pairs of spoke-type PMs
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and 11 pole pairs of radial-magnetized PMs, shown in Fig. 3-2. The iron core of
the outer rotor is placed between two adjacent spoke PMs, and the radial-
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, both harmonic components can all be
fully used in this design. The inner rotor consists of only 31 iron teeth, which

shows good mechanical robustness.
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Fig. 3-2. The configuration of the compound outer rotor and the dual-pole-pair MMF in the inner and outer
airgap.

3.3 Operating Principle

3.3.1 MMF Analysis

The magnetomotive force (MMF) waveforms excited by the PMs in the inner
and outer airgap with the notations are shown in Fig. 3-3. To quantitively analyse
the MMF waveform, when neglecting the magnetic resistance in the iron core, the

magnetic equivalent circuit (MEC) can be drawn in Fig. 3-3 [118], where R,,, R;.,
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and R;,, are the magnetic resistance of outer airgap, inner airgap under the iron
core section, and inner airgap under the PM section, Ry 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

analysis, the magnetic potential of the outer iron ring is set as zero.

Fig. 3-3. The magnetic circuit of outer rotor.
The magnetic circuit with the node and loops for calculation is shown in the
green lines in Fig. 3-3. Based on Kirchhoff’s first law, the following relationship

of node A can be obtained

@ +2 Fnic _ Fmim -2 Fs—2Fmo =0 (3_1)
Ry Ric Rim Rg
Based on Kirchhoff’s second law, the following relationships of loop B and

C can be given as

Ry
Fr_Fmic_Fmim_aFim:O (3-2)

2E,, — 2F;, = (3-3)

Therefore, (3-1)-(3-3) can be written in the matrix form AF = B, where A is
the magnetic resistance matrix, F is the unknown MMF matrix, and B is the

known MMF matrix:
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1 4 2 1

- 4= - —— 2F;

Ro ~ Rs  Ric Rim Fino '

0 1 1+ ||Fmic |= E. (3-4)

Rim F .
mim O

2 -2 0
Consequently, F can be calculated:

Fmo 1

F = [Fnic =A_1B=R
Fmim sum 3.5
RicR,(2F,Rip, + F-Rg + 2F,R,) (3-5)

' RicRo(ZEsRim + E’Rs + ZFSRT)
Rim(4F;"RicRo - ZF:SRicRo + FrRicRs + ZF"FRORS)

RicRimRoRs
Rsym = Tdet(A) (3-6)

From Fig. 3-2, the MMF in the inner and outer airgap can be expressed by

Fourier series as

Fi(e: t) = :-liol,odd Fincos(npro (9 + -Qrot) + (,0) (3'7)
FO(G' t) = Zr-;oil,odd Fomcos(mpro(e + Qrot) + (P) (3'8)

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 in
inner and outer airgaps, which can be further expressed by means of Fourier

decomposition as

8Fmic . 0 OrpM+0
F;, = —Z¢sin (npm —C) cos (npm RPM C)

nm 2 2 (3_9)
4Fmim _. ( 9RPM)

——gin(n

nw prO 2
4Fpy . 20,40
Fom = —2sin (mpro CTRPM) (3-10)

3.3.2 MGM Part Analysis

The MGM part is composed of the modulation winding, the outer rotor, and
the inner rotor. The permeance waveform of the inner rotor in the inner airgap is

shown in Fig. 3-4, which can be given as
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A, ) =2+ EZ Agcos(kpi (6 + Qyit)) (3-11)
where p,; is the number of the inner rotor’s salient poles, ),; is the rotating speed

of the inner rotor, and Aj is the magnitude of the k-th permeance component,

which can be expressed by Fourier decomposition as

A

0, 21/py

Fig. 3-4. Permeance waveform of the inner rotor.

20, + 2P (A, — 7)), k=0
Ay = m (3-12)

2(Ae—Ay) sin (kprigt) ) k>0
km 2

The airgap flux density of the MGM part equals to the product of F; and A,
which can be expressed as

Buyem(6,t) = Fi(6,t)A(6,t)

%) [e¢) FinA
= ZZ:l,odd ?:—oo TLCOS((inO + lpri) (3_13)
NProLlro+Priflei
X (9 + NPro+Ipri t) + (p)
where
l == ik,Al = A—l (3—14)

According to (3-13), the PPN and the speed of each modulated harmonic can

be calculated as

PPNMGM(n,l) = [npyo + Ipyil (3-15)
r l i
amni) = o= Qo + e Qg (3-16)

The PPN of the modulation winding p,,,, should match the PPN of the

modulated harmonic that generates the corresponding back EMF for maximum
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steady torque transformation. Conventionally, p,,.,, is selected as the component
that is modulated by the fundamental component (i.e., PPNygp(1,-1) = |Pro —
p-i|) because the fundamental component is generally much higher than the rest
of the harmonics. However, in this proposed design p,,,, is selected as the
component that is modulated by the third harmonic, because the flux density and
the speed of the PPNygpm(3,—1)-th component are both higher than that of the
PPNygm(1,—-1) one. The PPN and the speed of the modulated winding can be

expressed as

Pwm = PPNMGM(B,—l) = 3Pro — Pri (3-17)
3Pr0Qro—Prilri
Qum = Qiams,-1) = gy (3-18)

The detailed explanation and calculation are presented in Section 3.4.1.
3.3.3 PMSM Part Analysis

The PMSM part is composed of the regular winding and the outer rotor. The
spoke-type PMs enable the flux to get through only the outer airgap, which has
greatly decreased the magnetic reluctance [94]. 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 a slotless iron core, its permeance only
consists of the average component Agn. Thus, the airgap flux density of the
PMSM part can be expressed as the following based on (3-8):

Bpusm (0,t) = Y21 oaa FomAsto€os(mpyo (6 + Qo) + @) (3-19)

According to (3-19), the PPN and the speed of each component can be

calculated as
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PPNpysy = MPro (3-20)
Qpysm = Qo (3-21)
From (3-10) and (3-19), the largest component can be obtained when m = 1.
Based on (3-21), the rotating speed remains constant. For generating the largest
back EMF, the PPN and the speed of the regular winding should satisty
Pwr = Pro (3-22)
Qwr = Qpysm = Qo (3-23)
For shortening the end winding and reducing the cogging torque, the
fractional-slot configuration with coil pitch of one slot is often used, where the

following relationship of p,,, and the slot number of stator Z is often used:

+1 (3-24)

_ _Z
pro_pwr_z

3.3.4 Power/Torque Split

When neglecting the losses and defining the reference direction of torque and
speed as the counter-clockwise direction, according to the law of energy
conservation, the power and torque relationships of the outer rotor can be given as
follows:

TwmQuwm + TromQpo + T Qi = 0 (3-25)
Twm +Trom + T =0 (3-26)
where T,,,,, is the electromagnetic torque produced by the modulated winding,
T,om 18 the outer rotor torque produced by the modulated winding, and T,; is the
inner rotor torque. With (3-17), (3-18), (3-25), and (3-26), the following torque-
PPN relationship can be obtained as
Twm: Trom: Tri = Pwm? (—3Dro): Dri (3-27)

The overall torque of the outer rotor T}, can be calculated as
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Tro = Trom + Tror (3-28)

where T, is the outer rotor torque produced by the regular winding.
3.3.5 Winding Decoupling Design

For dual-electrical-port machines, avoiding the coupling between two sets of
winding is very essential, especially when two windings are placed in the same
slots. The most effective way of decoupling is to use the winding factor as a filter.
When the winding factor of one winding’s PPN is zero for the other winding, two
windings are decoupled [107]. In this design, the slot/pole combination of 24/2 for
modulation winding and 24/11 for regular winding are chosen. The winding
factors of the working harmonics in two sets of winding are calculated based on
the method in [119] and listed in Table 3-1. It can be observed that the modulation
winding can effectively eliminate the harmonics from the regular winding, and
vice versa. Therefore, two sets of winding can work independently without

influencing each other.

Table 3-1. Winding factors of two sets of windings in BLDDM.

] k,, for k,, for
Harmonic order modulation winding regular winding
2 0.9659 0

13 0 0.9459

3.4 Primitive Case Study and Geometrical Parameter
Optimization
In this section, an initial model is first designed and analysed using both
analytical methods and finite element method (FEM) to prove the validity of the

principles in Section 3.3. Then, the initial model is further optimized by the FEM

combining NSGA-II. The parameters of the model are listed in Table 3-2 and are
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labelled in Fig. 3-5.
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Fig. 3-5. Notation of the geometrical parameters of the design.

Table 3-2. Parameters of the models

Item Notation Type Initial design Optlm al
design
Stator radius R._, Constant 105 mm
Outer rotor radius Rro_o Variable 72 mm 69 mm
Inner rotor radius R.i_, Variable 60 mm 58 mm
Outer airgap length 9o Constant I mm
Inner airgap length Ji Constant 1 mm
Stator tooth width b; Variable 10 mm 8 mm
Stator yoke width hys Variable 15 mm 12 mm
Rotor yoke width hyy Variable 10 mm 20 mm
Radial-PM angle Orpm Variable 6° 7.2°
Radial-PM thickness Rrpum Variable 5.3 mm 4.5 mm
Outer rotor core angle 0. Variable 341° 25°
Spoke-PM thickness hspum Variable 3.4 mm 4.3 mm
Spoke-PM width Lspm Variable 11 mm 10 mm
Inner rotor tooth angle 0, Variable 5.81° 3.72°
Stack length Lk Constant 50 mm

3.4.1 Analytical analysis

As mentioned in Section 3.3.2, PPNy¢u(3,-1) = (3Pro —Pri) , because
E(3_1y > E(1,—1). For explaining the principle of the design reasonably, we can

observe the back EMF of designs, which can be expressed as the following form

when neglecting the iron core saturation:

V2
Enyy = =5 DLstreNe (Ko (n,) BinyQny) (3-29)

where D is the diameter of the outer airgap circumference, N; is the number of
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turns in one phase, k,, 1) and B, ;) are the winding factor and the amplitude of
the flux density of the (np,, + lp,;)-th component. In (3-29), except for the
variables in the bracket, the other variables are all fixed by the dimensions of the
machine.

The winding factors of two designs can be freely configured, and they are
usually close to 1, thus the winding factor of two designs can be considered as
equal. Therefore, the product of the flux density amplitude and the rotating speed
will determine the amplitude of the back EMF. According to (3-13), the ratio of

two flux density amplitudes can be given by

Ba-ny _ BM _F (3-30)

Bi1,-1) FA F
By substituting the dimensions of the initial design from Table 3-2 into (3-5),

(3-9), and (3-29), the ratio between two harmonics can be calculated as

26D ~ 428 (3-31)

Bi,-1)

From (3-31), it can be observed that the flux density of the proposed design
is much higher than that of the conventional one. This is because of the proposed
design’s outer rotor configuration. When a radially magnetized PM is inserted
into the middle of the iron pole, the amplitude of the (3p,, — p,;)-th harmonic
has been greatly increased and even exceeded that of the conventional (p,, —
pri)-th harmonic.

From (3-16), since two rotors rotate in opposite directions, Qpep(z,—1) >
Qpem(,-1)- Therefore, as the amplitude of the flux density and the rotation speed
of PPNygm(3,—1) are both higher than those of PPNygu(1,-1)> (3Pro — Pri)

should be selected as the PPN for the modulation winding.

66



3.4.2 FEM Validation

To validate the analysis mentioned above, an initial model is built and
analysed by FEM based on the above assumptions. The dimensions are labelled in
Fig. 3-5. Notation of the geometrical parameters of the design., and the initial
parameters are listed in Table II. The flux density waveforms of the inner and

outer airgap and their harmonics based on fast Fourier analysis are shown in Fig.

3-6(a) and Fig. 3-6(b), respectively.
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Fig. 3-6. Flux density of the initial design. (a) Inner airgap. (b) Outer airgap.
It can be observed that the third harmonic component, namely 33
component dominates the inner airgap field, and the fundamental component,

namely 11" component dominates the outer airgap. This has validated the

principle of the outer rotor configuration.
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The amplitude of the two working harmonics is listed in Table III, where
B(1,-1) and B3 _4) are the amplitudes of the 20" and 2" components. The ratio of
B(3,_1) and B(;,_4) in the inner airgap is 4.16, which agrees with the result of the
analytical analysis in (3-31).

Table 3-3. The amplitude of the main working harmonic components in both airgaps

Bi-1)

Item B(l,—l) B(3‘_1) B(l'_l)
Inner airgap 0.025T 0.104 T 4.16
Outer airgap 0.013T 0.079T 6.07

(b)

Fig. 3-7. The winding diagram. (a) Modulation winding. (b) Regular winding.

Both B(;,_1y and B3 _;) attenuated in the outer airgap. As the PPN of B3 _q)
is small, more B(3 _1) flux goes into the stator core due to the flux barrier effect in
the outer rotor [120, 121]. B(y,—4) attenuated more because its PPN is closer to the
number of the iron core of the outer rotor, which can cause more flux leakage.

Therefore, the ratio of two components in the outer airgap is greater than that of
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the inner airgap. The winding diagram is shown in Fig. 3-7.

3.4.3 Optimization

Inputnew NSGAIL
. 4
generation .
J, Mutation
FEA analyzing Crossover
Selection

Converged or reached
maximum generations?

Fig. 3-8. The optimization flowchart using FEA and NSGA-IL.
To obtain better electromagnetic performance for the proposed design, the
geometric parameter of the BLDDM model is optimized. The optimization goals
are to maximize the output torque density K; and minimize the maximum torque

ripple ratio T,.;;,, where K1 and T,.;;, are defined as

ipa

KT — Tro;avg (3_32)

T _ maX(Trip—o'Trip—i)
rip —

(3-33)

Tro-avg
where Ty, _gpg 1S the average torque of the outer rotor, V is the electromagnetic
part volume of the machine, T,;,_, and T;;,_; are the peak-to-peak torque ripple
of outer and inner rotor, respectively. As this is a multi-objective optimization, in
this paper, FEM is used combining the non-dominated sorting genetic algorithm II
(NSGA-II). The flowchart of the optimization process is shown in Fig. 3-8.
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The optimization in this model has 20 generations, with 100 designs in each
generation as a trade-off between reaching the global optimization and shorter
calculation time. The current density of the modulation and regular winding is
6A/mm 2. All Pareto fronts of optimization are shown in Fig. 3-9, with the colour
showing the generation of each sample. From Fig. 3-9, it can be observed that the
results are becoming more concentrated in a single line from the previous
scattered form when the generation increases. The Pareto fronts of the last five
generations increase very little and lie basically on the same line, and the results
are more concentrated, thus the optimization is converged and successful. The
circled design is selected considering the trade-off between torque density and
ripple. The optimized parameters are listed in Table 3-2. Parameters of the models,
and the results are shown in Table 3-4. Performance comparison of the initial and
optimal models. Compared to the initial design, the output torque density has

increased 33% and the maximum torque ripple has decreased 15%.

1571 Generation
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Maximum torque ripple line
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:.. . J
0 10 20 30 20"
KT (Nm/L)

Fig. 3-9. The Pareto fronts of the proposed design’s optimization.

Table 3-4. Performance comparison of the initial and optimal models

Item Initial design Optimal design
Ky 20.04 Nm/L 26.64 Nm/L
Trip 6.77% 5.72%
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3.5 Performance Comparison and Analysis

To showcase the improvement of the proposed BLDDM, a conventional
model based on [94] is designed and optimized, and the electromagnetic
performances of two optimized machines are compared by FEM. For a fair
comparison, the winding design, PM volume, and machine volume of two designs
are the same. The main dimensions of two models are listed in Table V. For the

2

labels in the following figures, “prop.” and ‘“conv.” refer to the proposed and
conventional designs, respectively. The pareto fronts of the conventional designs

is shown in Fig. 3-10. The optimization configuration and procedure of the

conventional and the proposed design are the same.
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Fig. 3-10. The Pareto fronts of the conventinoal design’s optimization.

Table 3-5. Main dimensions of the proposed design and conventional design

Prop. Conv.
ftem BLDDM BLDDM
Stator outer diameter 210 mm
Stack length 50 mm
Airgap length 1 mm
Slot number (Z) 24
PPN of outer rotor spoke-PMs (p,.,) 11
PPN of outer rotor radial-PMs 11 N/A
No. of inner rotor teeth (p,;) 31 9
PPN of modulation winding 2
PPN of regular winding 11
PM volume 86.5 cm 3
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Outer rotor speed 200 rpm

Inner rotor speed -300 rpm
Modulation winding turns 22
Regular winding turns 22
Rated current density 6 A/mm 2
Power level ~2kW
Magnet material N40UH
Silicon steel sheet 35WW300

3.5.1 No-load Comparison and Analysis

(a) (b)

Fig. 3-11. Comparison of no-load flux line distribution and on-load flux density map. (a) Proposed design. (b)
Conventional design.

The flux line distributions are shown in the left portion of Fig. 3-11. A 2-
pole-pair modulated field can be observed in the inner rotor. The flux line in the
stator is the mixture of a 2-pole-pair and an 11-pole-pair field.

Fig. 3-12 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 regular and modulation windings are shown in Fig.

3-12 and Fig. 3-13, respectively.
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Fig. 3-12. Comparison of the outer airgap flux density.

From Fig. 3-12, the 2™ and 11" components are the dominant components
that match the modulation winding and the regular winding. The 11" flux density
component of the proposed design is 7% marginally smaller than that of its
conventional counterpart. As their field rotation speed is the same, the back EMF
of the proposed design is just 5% smaller than that of the conventional design,

shown in Fig. 3-13.
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Fig. 3-13. Comparison of regular winding back EMF.
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Fig. 3-14. Comparison of modulation winding back EMF.
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The amplitude of the 2" component in the proposed design is 0.08T, which
is also slightly lower than that of the conventional design 0.13T. However, the
field rotation speed of the proposed design is three times higher than its
conventional counterpart because it is the third-harmonic component that is
modulated with the salient teeth. Therefore, the back EMF of the proposed design
is 50% higher than that of the conventional design, shown in Fig. 3-14.

The amplitude of the 2"¢ component in the proposed design is 0.08T, which
is also slightly lower than that of the conventional design 0.13T. However, the
field rotation speed of the proposed design is three times higher than its
conventional counterpart because it is the third-harmonic component that is
modulated with the salient teeth. Therefore, the back EMF of the proposed design
is 50% higher than that of the conventional design, shown in Fig. 3-14.

Although there is a relatively high 33™ component, which is the third

1" component, shown in Fig. 3-12, as the regular winding is a

harmonic of the 1
three-phase Y-connected winding, all the 34-th components are eliminated. It will

also not affect modulation winding due to winding factor filtering, as mentioned

in Section 3.3.5.
3.5.2 On-load Comparison and Analysis

The knee point of the irreversible demagnetization is about for N4OUH
magnets at 120°C is -0.27T, which means that when PMs are demagnetized, the
direction of the flux density vector is opposite to the original magnetization
direction. From Fig. 3-15, it is shown that all flux density vectors are in the same

directions as the PMs, thus no demagnetization exists.
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Fig. 3-15. Flux density vectors at no load and full load condition. (a) No load. (b) Full load.

Fig. 3-15 presents the flux density vectors at no load and full load condition. The
flux density map of the two designs is presented in the right portion of Fig. 3-11.
The current density of both windings is 6A/mm 2, which is suitable for air cooling.
The maximum flux density of the stator teeth body and the yoke in both designs is
below 1.7T, which is lower than the knee point of the silicon steel sheet. There are
some local saturation areas on the tooth tips that the flux density due to the trade-
off between limited tip geometry size and larger slot area. As the saturation area is
relatively small, its impact on the main flux is limited, thus can be neglected.

The average torque and the torque ripple of both the proposed and
conventional designs under the rated conditions are sorted in Table 3-6.
Comparison of the rated output torque. When only the regular winding is injected,
the output torque of the PMSM portion in the proposed design is just 5.5% lower
than that of the conventional design. When only the modulation winding is
injected, the output torque of the MGM portion in the proposed design is 45.7%
higher than that of the conventional design. When regular and modulation
windings are both injected, the overall output torque of the proposed design is
13.6% higher than that of the conventional design. Although the torque ripple for
the PMSM and MGM portions is relatively large in both the proposed and

conventional design, the overall torque ripple is relatively small, which is less
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than 10% of the average torque.

Table 3-6. Comparison of the rated output torque

Proposed design Conventional design
Item -
Average Ripple Average Ripple
PMSM portion 22.72 Nm 1.89 Nm 24.04 Nm 2.62 Nm
MGM portion 25.22 Nm 3.28 Nm 17.31 Nm 1.57 Nm
Overall 45.39 Nm 2.53 Nm 39.94 Nm 1.98 Nm
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Fig. 3-16. Comparison of the outer rotor torque density.
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Fig. 3-17. Comparison of the inner rotor torque density.

Under different current injections in the regular and modulation windings,
the torque density of the outer and inner rotors for the proposed and conventional
designs are shown in Fig. 3-16 and Fig. 3-17, where J,,,- and J,,,,, are the current
densities of the regular and modulation windings. From Fig. 3-16, area 1 covers

the rated and most conditions. It can be observed that the torque density of the
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proposed design is higher than that of the conventional design in this area. The
torque improvement reaches its maximum variation of 58.70% in area 1 near the
rated condition. For area 2, the MGM portion of the torque is relatively small due
to low Ji,m. As the MGM portion torque plays an important role in the overall
torque of the proposed design, the torque density of the proposed design is lower
than that of the conventional design. For area 3, when both windings are injected
with high current, the outer rotor of the proposed design is more saturated, and
thus the torque density of the conventional design is higher than that of the
counterpart in certain overload condition. However, the maximum variation is
8.24% in area 2 and 4.28% in area 3, which is relatively small compared to the
maximum variation in area 1.

From Fig. 3-17, it can be noticed that the torque density of the proposed
design is higher than that of the conventional counterpart under various J,,,,. As
Jwr only controls the torque of the PMSM portion of the outer rotor, it is not

related to the torque of the inner rotor.

2 2
J (A/mm
wr ( ) me (A/mm~)
Fig. 3-18. Comparison of PM eddy current loss.

The comparison of PM eddy loss between the proposed and conventional

designs under the rated speed is shown in Fig. 3-18. Compared to the regular
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winding current, the modulation winding current plays a dominant role in the PM
eddy loss. Because the flux density of both designs is almost equal, and the
frequency of the proposed design’s modulation winding is 3.24 times of the
conventional one, the PM eddy loss of the proposed design is about 10 times of
the conventional design. The comparison of the output power is shown in Fig.
3-19, where it can be calculated that the PM eddy loss of both designs is less than
1% of the output power, which has minor effect to the performance of PMs. The
comparison of the efficiency is shown in Fig. 3-20. In the rated condition, the

efficiency of the proposed and conventional designs is 92% and 94%, respectively.
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Fig. 3-19. Comparison of the output power.
s Prop.
mmm(Cony.

~ 100
=
= 90
=]
S
= 80
b=
= 7

10 _ 15

5 10
5 0 0 ) )

Jwr (A/mm~) me (A/mm”)

Fig. 3-20. Comparison of the efficiency.
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3.6 Experiment Validation

Mounting
hole

(a) (b) (c)

Magnetic . o _M——— 3 _} .| Servo motor
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Fig. 3-21. Photos of the prototype. (a) Stator. (b) Outer rotor. (c) Inner rotor. (d) On-load test bench.

A prototype is built to validate the feasibility of the proposed BLDDM,
shown in Fig. 3-21. To enhance the mechanical strength of the outer rotor,
mounting holes and the flux bridge are added to make the airgap uniform incase
the eccentricity caused by the PMs on the outer rotor happens. As the iron bridge
is easily saturated, it has minor effect on the proposed design. Fig. 3-21(d) shows
the on-load test bench. The experiment setup is shown in Fig. 3-22. The inverters
are fed by the DC power supply and controlled by controller, which can output
power to the prototype according to the control strategy. The servo driver is also
controlled by controller and output power to the servo motor. It is connected to

the inner rotor, which simulates the prime mover in this scenario. The brake
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controller can be freely adjusted through controller. The magnetic powder brake is
connected to the outer rotor, which enables it to work as the load. The control

diagram is shown in Fig. 3-23. This machine uses the conventional field-oriented

control.
DC power supply Inverters Prototype
AC power Servo driver Servo motor
source Power - —
r ¢ flow
Controller Control I —_
: signal flow i AN
Magnetic ‘der brak
Brake controller ARHellE Porer DIake
Fig. 3-23. Control diagram of the proposed BLDDM.
Table 3-7. Comparison of the FEM and experimental back EMF amplitude
Q q. Modulation winding Regular winding
ro i FEM Exp. FEM Exp.
100 rpm 0 rpm 13.61V 13.06 V 11.11V 10.97 V
100 rpm -100 rpm 23.19V 22.11V 11.12V 11.01V
75 rpm -300 rpm 4157V 41.60 V 7.64V 7.61V
200 rpm -300 rpm 5839V 56.28 V 20.63 V 20.90 V
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The measured no-load back EMF waveforms are presented in Fig. 3-24. Fig.
3-24(a) shows the back EMF waveforms of the modulation winding at different
speeds. The single turn area is 1.41mm?, and when the current reaches 8.5A, the
current density is 6A/ mm?. The curves are sinusoidal and the amplitude and the
frequency vary according to the speed of the two rotors, respectively. Fig. 3-24(b)
shows the back EMF waveforms of the regular winding with different speeds. It
can be revealed from Fig. 3-24(b) that the regular winding back EMF is only
related to the speed of the outer rotor. The comparison of the FEM and
experimental back EMF amplitude is added, presented in Table 3-7. The
measured bank EMF results agree with the previous FEM results in Section 3.5,

where the maximum deviation of the amplitude is less than 5%.
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Fig. 3-24. Measured no-load back EMF waveforms. (a) Modulation winding. (b) Regular winding.
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Fig. 3-25. Measured torque-current waveforms. (a) Only modulation winding excited. (b) Only regular winding
excited. (c) Both winding excited.

The torque characteristics are presented in Fig. 3-25. When only the
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modulation winding is injected, the electromagnetic torque is produced on both
rotors proportionally, as shown in Fig. 3-25(a). The torque ratio is also close to
the pole ratio, which agrees with (3-26). When only the regular winding is
injected, the torque is only produced on the outer rotor, shown in Fig. 3-25(b). Fig.
3-25(c) presents the torque of two rotors with different modulation winding
currents when the regular winding current is set. The torque-current curves of the
outer rotor are parallel to each other and increased proportionally according to the
regular winding current. The curves of the inner rotor overlapped, which reveals
that the regular winding current is unrelated to the inner rotor torque. The
experiment results agree with the FEM simulations with a maximum deviation of

6.8%.

3.7 Summary

A novel BLDDM structure using a high-order harmonic modulation is
proposed in this paper to further improve the torque density of the MGM portion
of BLDDM. The key is that the outer rotor is artificially designed to enhance the
third-harmonic component of airgap flux density in the inner airgap while
remaining the fundamental component unchanged in the outer airgap. Both
components can be fully used by two windings in this design. By analyzing the
modulation effect with the analytical method and FEM, the flux density ratio of
the third harmonic and the fundamental components is about 4.28, and the
rotating speed ratio is 3, making it feasible to determine the PPN of modulation
winding as py,m = 3P0 — Pri- The prototype is optimized and compared with the
conventional design with the same dimensions and PPN of two windings by FEM,

whose result shows that the proposed design has 50% higher back EMF in
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modulation winding and 45.7% larger MGM portion torque. Finally, a prototype
is manufactured and tested. The experiment results agree with the working

principles and FEM simulations.
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Chapter4 A High-Order-Harmonic
Compound Rotor Based Permanent
Magnet Brushless Machine for
Variable Speed Constant Frequency
Wind Power Generation

4.1 Introduction

With 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 [122, 123]. 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 factors,
maintaining a consistent frequency in the electrical output port connected to the
grid call for the development of specific technologies. These technologies,
referred to 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.
[124]

The 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 be attributed to
its cost-effectiveness and high controllability. However, conventional DFIMs rely
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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 contact, which requires regular mechanical
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 [125], dual-stator DFIMs [126, 127], nest-loop rotor based DFIM [128,
129], and brushless double fed reluctance machine (DFRM) [130, 131].
Nevertheless, many of these brushless structures suffer from drawbacks such as
low power density and low efficiency.

Recent advancements in flux modulation theory have led to the development
of brushless dual-electrical-port dual-mechanical-port DFMs (BLDD-DFMs). The
commonly used magnetic-geared (MG) type BLDDM consists of a magnetic-
geared machine (MGM) and a permanent magnet synchronous machine (PMSM)
part. The PMSM part is responsible for power generation, while the MGM part
maintains a constant output frequency. However, a design proposed in [132],
where the stator and inner rotor form the PMSM part with the outer rotor placed
between them, results in a considerably longer flux path for the PMSM part,
leading to reduced performance. To address this issue, a dual-PM bidirectional
flux modulation structure with two consequent-pole PM rotors is proposed and
analyzed in [87, 101]. In this design, the stator and outer rotor form the PMSM
part, significantly enhancing its performance. Furthermore, [91] and [115] replace
the radial PM on the outer rotor with the spoke PM, further shortening the flux
path and increasing the torque density of the PMSM part. Another design in [133]

suggests substituting the PMSM part with a permanent magnet Vernier machine
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(PMVM) part, further improving power generation performance. Unfortunately,
the MGM part, responsible for frequency control in BLDFMs, typically suffers
from low torque density due to limited utilization of flux harmonics, which is an
aspect that has not received much attention in the industry. Enhancing the
performance of the MGM part can lead to energy savings in the control system
and overall system efficiency improvement.

In [117], 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 BLDDM based on the high-order harmonic is designed in [97] to further
enhance the torque density of the MGM part while maintaining the same amount
of PM material. Using the same concept, a BLDDM-based BLDFM using high-
order harmonic winding can also be designed for VSCF applications.

This chapter presents an extension of the aforementioned concept in Chapter
3 by proposing a novel BLDD-DFM structure for VSCF wind power applications.
The proposed structure incorporates high-order harmonic modulation to minimize
energy consumption in the control winding. The primary focus is on artificially
enhancing the third-harmonic component of the airgap flux density in the inner
airgap, while maintaining the fundamental component unchanged in the outer
airgap. Both components are effectively utilized by two windings in this design.
The paper is organized as follows. In Section 4.2 and 4.3, the machine structure
and the operating principle are introduced. In Section 4.4, the proposed BLDDM
is compared with the conventional design in other literature in terms of the torque
and working principle. In Section 4.5, a prototype is made, and the experiment

results verify the feasibility and advantages of the proposed design. Finally,
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summary is concluded in Section 4.6.

4.2 Machine Structure

Fig. 4-1 shows the proposed doubly fed machine system, which is composed
of two electrical ports and two mechanical ports, viz. two sets of 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.

Y. Wind turbine

Control winding
[T Power Wlndlng/‘/ﬁ " N <

] +— Stator—_ .E Radial PMs =
B (]

- - Spoke PMs L/ =

[ Inner rotor i/
%o

BIE3E]

Fig. 4-1. The configuration of the BLDD-DFM system.

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. 4-2. 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 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
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used in this design.

27/Pro

F mo

u— eRPM

eC % Fmic
Fmim

Fig. 4-2. 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 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 VSCF control is achieved.

4.3 Operating Principle
4.3.1 MEC analysis

The magnetomotive force (MMF) waveforms excited by the PMs in the inner
and outer airgap with the notations are shown in Fig. 4-2. To quantitively analyze
the MMF waveform, when neglecting the magnetic resistance in iron core, the
magnetic equivalent circuit (MEC) can be drawn in Fig. 4-3 [94, 97], where R,

R;i., and R;,,, are the magnetic resistance of outer airgap, inner airgap under the
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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.

F=0
Fmo [|]R0 Fs Ro Fs
d ——— | -
< I .
— F, R, J_+ F, R,
R, R,
Fmim Fmic
[I]Rlc R; [I]Rw [l]Ri R; [I]Rw
NI

Fig. 4-3. The magnetic circuit of outer rotor.
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 4 2 1
W R e e ][R
0 1 14| Pmie | = F 4-1)
2 _2 O mm O
Therefore, the amplitude matrix F can be calculated:
Fmo 1
F=|Fnc | = A"1B =
Rsum
Fmim 4o
RicR,(2F;Ryy + F.Rs + 2F;R,) (4-2)

“[RicRo (2F;Riyy + E.Rg + 2FsR;)
Rim(4‘E‘RicRo - 2F;;RicRo + FrRicRs + ZF;‘RoRs)
Ryum = ~2250% det(A) (4-3)
From Fig. 4-2, the MMF in the inner and outer airgap can be expressed by

Fourier series as

Fi(g' t) = Z:L-iol,odd Fincos(npro (9 + Qro t) + (,0) (4'4)
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Fo (9' t) = Z:-noil,odd Fomcos(mpro (9 + -Qrot) + (P) (4'5)
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

8Fmic . [} 6 +6
FiTL = —_mic sin (inO _C) CcosS (inO M)
nm 2 2 (4-6)
4Fmim _; ( 9RPM)
—SIn{n
ni pro 2
_ 4Fmo . 20.+0grpMm
Fpm = — —sin (mpm — (4-7)

4.3.2 MGCM part analysis

i

2n/pe 0

Fig. 4-4. Permeance waveform of the inner rotor.
The permeance waveform of the inner rotor in the inner airgap is shown in
Fig. 4-4, which can be given as
A6, 1) = Z+ Tk Agcos(kpyi(8 + Qi) (4-8)
where p,; is the number of the inner rotor’s salient poles, (2,; 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

20, + 25 (A, = Ay), k=0

2(A¢—As) sin (kprigt) ) k>0
km 2

A, = (4-9)

The airgap flux density of the MGCM part equals to the product of F; and A,

which can be expressed as
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Bugem(6,t) = F;(6,t)A(6,t)
[e) [e'e) FinA
= XnZl0dd Li=2co 5 tcos((npyo + 1pr) (4-10)
—. (9 + NProQyro+DriQyi t) + (P)

NPro+Pri

where

l=+k A=A (4-11)
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
[97, 117]. According to (4-10), the PPN, speed, and the frequency of the control

winding can be expressed as

Pwe = |npro + lpri|n=3,l=—1 = |3pro - pril (4-12)
_ NPro Ipri )
ch B (npro"'lpri 'Qro + npro+lpri Qn n=31l=—1
: (4-13)
— 3DroQro—Prillri
3Dro—Pri
five = 3ProQro=Prillri (4-14)

60

4.3.3 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 [94]. 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 Ay, and the airgap flux density of the PMSG

part can be expressed as the following based on (4-5):

Bpuse 6,t) = Zr;oil,odd FomAstOCOS(mpro 6+ -Qrot) + (P) (4-15)
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From (4-15) and (4-7), 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 = (mpro)m=1 = Pro (4-16)
pr =00 (4-17)

rOﬂTO
fup =H2572 (4-18)

From (4-14) and (4-18), 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
fractional-slot configuration with coil pitch of one slot is often used, where the

following relationship of p,,, and the slot number of stator Z is often used:
+1 (4-19)

4.3.4 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+Tri =0 (4-20)
Twewe + Trocro + Trillyi = Bye + Proc + P =0 (4-21)

where T,,. and T,,. are the electromagnetic torque and the outer rotor torque
produced by the control winding, P,,. 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 (4-12), (4-13), (4-20), and (4-21), the following torque-pole

pair relationship can be obtained:

Twe: Troc: Tri = Dwe: (_3pro): Dri (4-22)
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Similarly, the torque and power relationship of the PMSG part can be
expressed as

Typ + Trop = 0 (4-23)
TypQro + TropQro = Pup + Prgy = 0 (4-24)

where T, and T,,, are the electromagnetic torque and the outer rotor torque
produced by the power winding, B,,,, and P,,, are the electromagnetic power and

the outer rotor power produced by the power winding.
4.3.5 BLDFM analysis

For VSCF operation, the overall torque of the outer rotor 7,., should be O,
which can be given as

T = Trop + Troc =0 (4-25)
Take (4-25) into (4-21) and (4-24), the following power relationship can be

concluded:

Pyc+ P+ Py =0 (4-26)

Here, defining the synchronous speed of inner rotor (,;, as the speed when
the control winding’s input is direct current (DC), i.e., f,, = 0, which can be

expressed as

3 rero
Qi = =222 (4-27)

From (4-12) - (4-18), and (4-27), the slip of the inner rotor can be given as

— Qrio—Qypi _ l Pwclwe _ EM (4_28)

S = =
Qrig 3 PwpQwp 3 fwp

Take (4-22) and (4-23) into (4-28), the power of the control and power
winding have the relationship of

P Ty 2 Q
we _ Twellwe _ Pwcilwe —s (4_29)

Pywp TwpQro —3DroQwp

The negative sign shows the direction of control and power winding power is
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different, i.e., one input and one output. The mechanical input and output power
for the BLDFM system are

Pin mech = Pri (4-30)
Pour = Pwp (4-31)

Take (4-29)-(4-31) into (4-26), the relationship of input and output power
can be given as

Pin mech = —(1 = 5)Poyt (4-32)
This shows the presented BLDFM system agrees with the concept of

conventional DFM.
From (4-29), (4-31), and (4-32), the relationship of power winding and input

power is

N

P Pin_mech (4'33)

P,. = —sP,,, =
wc out 1—s

For conventional BLDD-DFM in [133] whose control winding choose to

modulate with fundamental harmonic, the slip of the inner rotor is

s' = 1we = 3¢ (4-34)
fwp

From (4-34), it can be observed that the slip of conventional design is three
times of the proposed one. Therefore, take (4-34) into (4-33), the ratio of power
consumption for the conventional power winding P,,. and proposed power
winding can be expressed as

Pue _ 3178 (4-35)

Py 1-3s

For normal condition, the slip of both conventional and proposed designs
should be in the range of [0,1], i.e.,

{SS 5[[8'11]] > s €0, (4-36)

Take (4-36) to (4-35), we can get
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!
Pwe € [3, +00] (4-37)
PWC
From (4-37), it can be observed that when the input power remain 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.

4.4 Performance Comparison and Analysis

Table 4-1. Main dimensions of the proposed design and conventional design

Prop. Conv.
ftem BLDD-DFM BLDD-DFM
Stator outer diameter 210 mm
Stack length 50 mm
Airgap length I 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 2 2
PPN of power winding 11 3
PM volume 79.2 cm 3
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

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 [133]. 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. The key dimensions of the two models

are provided in Table 4-1. In the subsequent tables and figures, the short terms
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"prop." and "conv." correspond to the proposed and conventional designs,

respectively.
4.4.1 No-load Comparison and Analysis

The flux line distributions are depicted in the upper section of Fig. 4-5. In
Fig. 4-5(a) and Fig. 4-5(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. 4-5(a), and a combination of a 2-pole-pair and a 3-pole-pair

field is displayed in Fig. 4-5(b).

B [tesla]
1.9000

1.7733
16457

1.5200
13933
1.2667
1.1400

]
| 1.0133
I 0.8857
0.7600

06333
0.5067
0.3500
0.2533
01267
0.0000

(a) (b)

Fig. 4-5. Comparison of no-load flux line distribution and on-load flux density map. (a) Proposed design. (b)
Conventional design.

Fig. 4-6 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. 4-7

and Fig. 4-8, respectively.
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Fig. 4-6. Comparison of the outer airgap flux density. (a) Waveform. (b) FFT spectrums.

Fig. 4-6 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 =Pwp _ 5), its amplitude is

Pro

comparatively lower. In contrast, the 11" component exhibits a significantly
higher amplitude of 0.91T. In Fig. 4-7, the back EMF of the proposed design is 73%

greater than that of the conventional design.

80 40
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(a) (b)
Fig. 4-7. Comparison of power winding back EMF. (a) Waveform. (b) FFT spectrums.
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Fig. 4-8. Comparison of control winding back EMF. (a) Waveform. (b) FFT spectrums.

In the proposed design, the amplitude of the 2" component is 0.07T, which
is 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. 4-8. This results also
agrees with (4-37).

Although there is a relatively high 33™ component for the proposed design,
which is the third harmonic of the 11%" component, shown in Fig. 4-6, as the
power winding is a three-phase Y-connected winding, all the 34-th components
are eliminated. It will also not affect modulation winding due to winding factor

filtering [97].
4.4.2 On-load Comparison and Analysis

The flux density map of the two designs is presented in the lower section of
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Fig. 4-5. 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.

Fig. 4-9 to Fig. 4-12 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,c,

respectively. The torque density K7 and torque ripple T}, are defined as

Ky = %(” (4-38)
T,,, = 2Zpk() (4-39)

T avg(ty)

where avg() is the function of calculation the average wvalue, V is the
electromagnetic part volume of the machine, and pk2pk() is the function to
compute the peak-to-peak value of the ripple.

Fig. 4-9 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% under 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
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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. 4-9. Comparison of the outer rotor torque density.
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Fig. 4-10. Comparison of the outer rotor torque ripple.

Fig. 4-10 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. 4-11. Comparison of the inner rotor torque density.

From Fig. 4-11, 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. 4-12. Comparison of the inner rotor torque density.

Fig. 4-12 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
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ripple of the proposed design is notably lower than that of the conventional design,

even for the inner rotor.

4.5 Experiment Validation

" \\ : End cap
Stator [nner iﬁ ¢
shell | | rotor shaft Outer

rotor shaft

%

Fig. 4-13. The prototye assembly.

A prototype of the proposed BLDD-DFM is constructed to validate the
feasibility, as depicted in Fig. 4-13. For VSCF operation, an experimental setup
was prepared, as illustrated in Fig. 4-14. 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 5Q, serving as the load. The control winding was connected to
an inverter, controlled by a dSPACE controller that adjusted the speed of the inner
rotor. Fig. 4-15 presents the control diagram, which employed conventional field-
oriented control. The reference speed of the control winding is dynamically

calculated based on (4-13).
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Fig. 4-15. Control diagram of the proposed BLDD-DFM.

Fig. 4-16 illustrates the noload back electromotive force (EMF) waveforms
at an outer rotor speed of 300rpm and an inner rotor speed of 50rpm. Specifically,
Fig. 4-16(a) and Fig. 4-16(b) present a comparison between the measured
waveform (labelled "Exp.") and the finite element method (FEM) waveform for
the control winding and power winding, respectively. The measured results
obtained from the experiments are denoted as "Exp." in Fig. 4-16. 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. 4-16. No-load back EMF waveforms. (a) Control winding. (b) Power winding.
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Fig. 4-17. 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 static VSCF experiment results are shown in Fig. 4-18, where “sub-syn.”,
“syn.”, and “super-syn.” refers to the sub-synchronous mode, synchronous mode,
and super-synchronous mode. According to (4-17), (4-18) and (4-27), the
synchronous speed of the inner rotor can be calculated as 290rpm when the

constant output frequency is set as 50Hz. When the inner rotor rotates at the speed

of 200rpm, shown in Fig. 4-17(a), the control winding operates in sub-
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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. 4-17(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. 4-17(c). The control winding enters the super-synchronous
mode when the inner rotor rotates at 360rpm. The frequency at this mode is -
35.85Hz, where the negative sign refers to the negative sequence, shown in the
right subfigure of Fig. 4-17(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. 4-17(b) and Fig. 4-17(d), respectively.
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Fig. 4-18. The dynamic 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. 4-18, where “Dyn.
process” refers to dynamic process. From Fig. 4-18(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. 4-18(c). The inner rotor
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speed and the frequency of power winding also remain constant under the

dynamic process, shown in Fig. 4-18(b) and Fig. 4-18(d), respectively.

4.6 Summary

This paper presents 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. The proposed design
primarily focuses on artificially amplifying the third-harmonic component of the
airgap flux density. Through the utilization of high-order modulation, the slip
ratio of the proposed design substantially decreases, leading to a threefold
reduction in energy consumption in the control winding compared to conventional
designs. FEM simulations are conducted to compare the prototype with a
conventional design having certain same dimensions. The results illustrate 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 variation
reaches a maximum of 23.03% for the outer rotor torque and 144.08% for the
inner rotor torque in the proposed design compared to the conventional design.
Furthermore, the torque ripple of both the outer and inner rotors in the proposed
design is approximately half of the conventional design. A prototype is
manufactured and tested, with the experimental results aligning with the working
principles and FEM simulations. VSCF experiments are conducted in static and

dynamic conditions, verifying its feasibility.
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Chapter 5 Novel Mechanical Flux-
weakening Design of a Spoke-type
Permanent Magnet Generator for
Stand-alone Power Supply

5.1 Introduction

Currently, more than 1.1 billion people are not accessible to the electrical
grid. Most of these people live in rural areas or offshore islands, and expanding
the power grid to these remote areas is neither economical nor effective [134]. A
stand-alone wind energy generating system is a perspective method of providing
electricity to regional grids and effectively solving the above-mentioned issues.
Among all wind generators, the permanent magnet (PM) generator, with its high
torque density and efficiency, is the most favored electrical generator. However,
as the wind speed is not constant, the output voltage would remain constant if no
control is introduced. For conventional PM generator, a fully rated matrix
converter may be needed, which may be expensive and complex to control. To
effectively control the output voltage, flux-weakening control is widely used for
PM machines. Numerous methods of flux weakening have been proposed in the
past 20 years, which can mainly be classified into two categories: Electrical and
mechanical techniques.

For electrical flux-weakening techniques, the most conventional method is to
inject a negative d-axis current, which produces a field that opposes the original
PM field. This technique is relatively suitable for machines with a high saliency
ratio, i.e., the difference between the d-axis and g-axis inductance is significant
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[135-137]. However, additional external inductors are required for a machine with
a small saliency ratio if the negative d-axis current injection flux-weakening
technique is used [138], which adds more complexity to the system. In addition,
over-injection of negative d-axis current may cause the demagnetization of the
PMs. Moreover, for the generating system, using this method requires two sets of
windings, and the coupling effect between two windings needs further
consideration. Another electrical flux-weakening technique uses the variable flux
method, which can be further categorized into hybrid excitation type and
mnemonic material type. Hybrid excitation type machines generally need an extra
set of DC excitation winding, which could enhance or weaken the field by
injecting positive or negative DC. Typically, the DC excitation flux path is
parallel to the PMs to prevent demagnetization of the PMs [139-142].
Nevertheless, two sets of windings are needed for this type of machine. The
mnemonic material type machine, also known as a memory machine, uses the
Alnico PM for parts or all excitations of the machine. The Alnico PM has low
coercivity; therefore, its magnetization direction can be easily adjusted using
excitation pulses in the d-axis direction of Alnico PMs [143, 144]. Nevertheless,
the structure of the memory machine needs to be specially designed to prevent the
interaction between the field generated by the armature and Alnico PMs, which is
relatively complex. Otherwise, the unwanted demagnetization of Alnico PMs may
occur.

With the electrical methods, considerable amounts of current would have to
be consumed to weaken the strong flux from the PMs or maintain the excitation
flux, which results in an efficiency decrease, while also having the risk of PM

demagnetization. Conversely, mechanical methods adjust the linked flux by
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manipulating the position of certain machine parts, which avoids the current
consumption. Therefore, mechanical methods might be more suitable for the
application of a stand-alone generator, where a wide speed range and constant
working condition is required. Mechanical flux-weakening techniques can be
categorized into two categories: Self-actuated type and actively controlled type
[145]. The self-actuated type generally uses the rotating speed-related force and
the spring system to realize the movement of flux-adjusting elements by
themselves. In [146], a spoke IPM machine with movable ferromagnetic yokes
connected with the spring system is proposed. The yoke provides a leakage path
that can move closer to the inner rotor rim when the centrifugal force is large, thus
achieving flux regulation by itself. In [147], a double-rotor PM machine is
proposed in which one rotor is directly connected to the shaft, and another rotor
rotates with displacement relative to the shaft by the spring system. Depending on
the rotational speed, two rotors will have a corresponding displacement angle.
Therefore, the total flux linkage, which is the vector sum of two flux linkages, is
adjustable. However, all the self-actuated mechanical flux-weakening methods
cannot be controlled manually, which may be problematic when emergencies
occur. Moreover, the spring system is difficult to calibrate and requires regular
maintenance. The actively controlled mechanical flux-weakening method uses an
external force to control the flux-adjusting elements. A switched flux machine
with movable iron pieces outside of the stator that is controlled independently is
introduced in [148]. When the iron piece is moved to the closed position, the PM
flux is short-circuited, reducing 60% of the flux linkage compared to the
conventional switched flux machine. An actively controlled version of the axial-

flux PM machine in [149] is proposed and a radial-flux version is presented in
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[150], which has the minimum flux linkage in the equilibrium position and the
maximum flux linkage in the aligned position.

In [151], a dual-rotor PM machine based on bidirectional flux modulation is
proposed for the standalone DC power supply. This design requires a
conventional winding whose pole pair number is equal to the outer rotor, and a
modulation winding. Two sets of windings are connected in series as their
frequencies are the same. The inner rotor is connected to the servo motor.
Therefore, the inner PM flux linkage vector is adjustable and the sum of
modulated vector and the outer PM vector, namely the total flux linkage, is
controllable. This active-controlled mechanical flux-weakening method suits the
machine with a small saliency ratio. Nevertheless, two sets of windings are
needed, which have the following shortcomings: First, two pairs of windings have
different coil pitches, which are relatively complex to manufacture; second, the
turn numbers of two pairs of windings are different for reaching the maximized
flux controlling range.

This paper proposes a novel mechanical flux-weakening spoke-type PM
generator. In only one set of windings, all three working harmonics have the same
frequency, which can be added as vectors based on the flux modulation principle.
By adjusting the modulator ring within a certain angle, the flux can be effectively
controlled without the risk of PM demagnetization, and the variable-speed
constant-amplitude voltage control (VSCAVC) can be achieved. A commercial
servo system using the position control mode is sufficient for dynamic
performance, which is also cost-efficient, robust, and easy to control. The
principles of flux controlling and working harmonic selection are introduced. To

investigate the influence of the pole pair number and the performance of the novel
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design, four cases with different rotor poles and winding configurations, i.e., 12/7,
12/8, 12/10, and 12/11 stator/rotor pole pair combinations, have been designed,
optimized, and compared. Finally, the 12/7 design is selected, and its VSCAVC

characteristics are analyzed.

5.2 Machine Configuration and Operating Principle

5.2.1 Machine Configuration

The configuration of the proposed generating system is shown in Fig. 5-1.
The designed model consists of a stator, an adjustable modulator ring, and a rotor.
A three-phase seven-pole-pair winding is placed inside twelve stator slots. A set
of seven-pole-pair PMs is placed on the rotor. The PMs on the rotor are
tangentially magnetized for flux concentration. The rotor is connected to the wind
turbine through a gearbox. A twelve-pole-pair adjustable modulator ring is placed
between the stator and rotor. The modulator is connected to the servo motor,
which can be adjusted within a limited angle for flux weakening.

Windings

Adjustable Z 0

Rotor

SN %
Stator/ ‘23 g';\\

Fig. 5-1. Configuration of the mechanical flux-weakening design of the PM generating system.

5.2.2 Flux Modulation Principles

The parameter definition of the analytical model is shown in Fig. 5-2.
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Suppose that the number of stator slots, the number of pole pair of the rotor, and

the number of pole pair of modulators are Z, p,., and p,,.

21/p Om

Stator

= ] Adjustable

modulator ring

LN

21/p;

Fig. 5-2. Parameter definition of the analytical model.
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Fig. 5-3. Magnetic circuit of one pole.

When neglecting the magnetic resistance of the iron core, the slotting effect
of the stator core, and the flux leakage, the magnetic circuit of one pole can be
given in Fig. 5-3 [118]. The magnetomotive force (MMF) of one piece of PM can
be expressed as follows:

Fpm = Hchpm (5-1)

where H. is the coercivity of the PM, and h,,, is the thickness of the PM, as

shown in Fig. 5-2. The resistance of the PM airgap of one pole and the outer

airgap of one pole can be given as follows:

hpm
= 5-2
pm UolpmLpmlstk ( )
29
Ry = ——— (5-3)

UoBrTglstk
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290
Ry =—2% 5-4
g0 Ho errg stk (5-4)

where pg is the magnetic permeability of the vacuum, (i, is the relative magnetic
permeability of the PM material, g, and g; denote the length of the inner and
outer airgap, 6, is the thickness of the iron core of one pole, 7y is the radius of the

airgap, and [ is the stack length. The flux of one pole can be calculated as

follows:

T Fpm 5.5
R R i R ( ) )
pm+2Rgi+2Rgo

The amplitude of one pole’s MMF in the airgap can be expressed as follows:

Fp = 2®,,(Ryi + Ryo) (5-6)

The waveform of the rotor in the airgap is shown in Fig. 5-4, which can be

expressed as follows:

E.(6,t) = Xiz135.. Fricos(ip-(6 + 21)) (5-7)
where F,; is the magnitude of the i-th rotor PM MMF component, which can be

further derived as follows:

(5-8)

21/pe /|

Fig. 5-4. MMF waveform of the rotor PMs.
The permeance of the modulator is presented in Fig. 5-5, which can be

expressed as follows:

A, ) =No+ Xjo123.. Ajcos(jpm(H + ¢)) (5-9)
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where ¢ is the mechanical initial phase angle of the modulator, Ay is the
magnitude of the modulators’ average permeance component, and A; is the
magnitude of the j-th permeance component, which can be expressed as follows:

2Am . jPm0
Aj = 20m gip LPm7m (5-10)
jm 2

A 70

Ay

O 27/pm |

Fig. 5-5. Permeance waveform of the modulator.
The airgap flux density produced by the rotor PMs and the modulator teeth

can be deduced by multiplying (5-7) and (5-9) and is expressed as follows:

BT(HJ t! ¢) = Fr(er t)A(Q, (nb) = BTl (9; t) + (BTZ (9' tr (nb) + BT3 (9' tr (nb)) (5'11)

where
B1(6,t) = Yiz135.. FriAOCOS(ipr(g + -Qt)) (5-12)

FriA' . . 1 rﬂ .
Bi2(0,t,¢) = Yiz135.. Xj=123.. T]COS ((]Pm + ip,) (9 + Lt) +]Pm¢> (5-13)

JPom+ipr

2 JPm—ipr

By3(0,t,¢) = Xi=135.. Lj=1,23.. T cos ((jpm —ipy) (9 - ﬂt) +jpm¢> (5-14)
For convenience in further analysis, the coefficients of the components from
(3-12) to (3-14) are sorted and listed in Table 5-1. Harmonic components can be
categorized into the following three types:
Type A components are unmodulated stationary components.
Type B1 components are modulated components that rotate in the same direction
as type A and can be adjusted mechanically.

Type B2 components are modulated components that rotate in the opposite
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direction from type A and can be adjusted mechanically.

Table 5-1. Coefficients of the PM harmonic components in the airgap.

Elec. Initial Phase

Type Components Order Speed Frequency Angle
A Brl ipr i QQ ipTQ 0
i
BI Bro ipr + Jom —— ip,0 jomh
JPm + g)r
i
B2 B3 lipy — jPml - L iprQ JPmd
|ipy — jPm|

The flux linkage of one phase can be calculated as follows:

lpph (¢, P) = 7':glstthkd fETJI/ph B,.(0,t,¢)do = l/)phA () + lpphBl(t: ¢) + lpphBZ (t, @) (5-15)

~ZYph

where N; is the number of turns in one phase, k, is the corresponding distribution
factor, and y,, is the corresponding coil pitch. By substituting (5-12)—(5-14) into

(5-15), the Y, components of the three types can be expressed as follows:

Zy
Ypra(t) = 15lsuNekga f_ZE;A B,1(6,t)d6 (5-16)
z -16
= Yi=135.. W sin (ipr “7”) cos(ip,-02t)

w
Vo1 (6, ) = 1ylsNekapy [% " B2 (6,t,¢)d6
2/ (5-17)

TglstkNekap1Fril\j . . . VBT . .
= Xi=135.. 2j=123.. %sm <(/Pm + ip;) le )COS(lPer + jom®)

%y
Yonp2 (6, P) = 1ylsexNekgpo f_sz; B,3(6,t,¢)d6
VA

(5-18)
TglstkNekap2 Fril\j . . . 2 , ,
= Zi:1,3,5... Zj:1,2,3... %sm ((]Pm —ipy) %) cos(—ip,Qt + jpmd)
The back EMF of one phase can be calculated as follows:
dppn(t.9)
Eph (t, @) = _% = phA(t) + EphBl(t' @) + EphBZ t @) (5-19)

By substituting (5-16)—(5-18) into (5-19), the E,;, components of three types

can be expressed as follows:

EphA(t) = Zi=1,3,5... EmA(i)Sin(iper) (5-20)
Epnp1(t, @) = Xiz135.. 2j=123.. Emp1¢i,j)Sin(ip-Qt + jp,¢) (5-21)
Epnp2(t, @) = Xiz135.. 2j=123.. Emp2(i,j)Sin(ip,Qt — jp,¢) (5-22)

where Eaiz—iys Empiz—i,j)» and Epmpaz—ij) are the amplitudes of Ey,p, ,, Epng, »

and E,, respectively. All E,,, can be given as the following expression:

hpy»
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Em s kwrglstthCl)Bm s kdkprglstthme (5'23)

where k,, is the winding factor, k,, is the pitch factor, w is the corresponding
angular speed, and B,, is the corresponding amplitude of the flux density.

Therefore, Epaz—iy> Emp1z—i,j)> and Empaz—i,j) can be expressed as follows:

Emacy = KaakpaTylstk Nt WaBma = kqasin (iPr %) Tylsek NeQ(2F i Ag)  (5-24)

Emp1i,j) = kdB1kpB17”glstthwB1BmB1

_ . , . YB1T ip Q (5-25)
- kdBlsln ((lpm + lpr) Z1 ) rglstth W (FriAj)

Empagj) = kdBkaBzrglstthwBZBmBZ
_ . , . VB2l ip Q (5-26)
- kdBZSIH ((lpm - lpr) ZZ ) rglstth JPm—ipr (FriAj)

5.2.3 Working Harmonic Selection

The amplitude of the harmonics in type B is lower than type A with the same
i under the flux modulation effect. Therefore, to obtain higher back electromotive
force (EMF) and associated electromagnetic torque, the number of the pair of
winding poles should be designed according to the harmonic order of type A.
According to (3-8), the highest value of F,; can be obtained when i =1.

Therefore, the pair number of the winding should be designed as follows:

Pa = Pr (5-27)
Under the abovementioned winding design, all the harmonics in types A and

B with i = 1 are utilized as working harmonics. As all three types of working
harmonics have the same frequency, the back EMF of the three types of
harmonics can be added together.

According to (5-10), the highest value of A; can be obtained when j = 1.
Therefore, the harmonics with j = 1 in type B are used as the main working
harmonics.

The slot angles of types A, Bl, and B2 harmonics can be calculated as
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follows:

_ 2mpr

ay == (5-28)
2
Qg = ”(prz'i'pm) (5-29)
_ 27| pr—Dml
OIBZ = T (5_30)

To fully utilize all three types of working harmonics, the number of the
modulation segments should be as follows:

Pm =2 (5-31)

Under (5-31), the slot angle of type B harmonic components are as follows:

_ 2n(pr+pm) _ 2mpy

B1 — 7 7 + 277: = OCA (5'32)
_ 27| pr—pml =2 2npy 2
CZBZ—T— T[—T— mT—Qy (5-33)

From (5-28), (5-32), and (5-33), the following can be observed:

» First, a4 is equal to ap;, which indicates that types A and Bl have the
same winding arrangement sequence.

* The sum of a4 and ap, is 2w, which indicates that the winding
arrangement sequence for the flux density components of type B2 is
identical to those of types A and B1, but in the reverse direction.

Since the back EMF frequency of type A, B1, and B2 is the same, all three

types of harmonics can generate the back EMF in the same winding set.

Taking the proposed machine in Fig. 5-1 as an example, a4y = ag; = 210°,
ag, = 150°. Their armature back EMF vectors with the rotating directions are
shown in Fig. 5-6. In Fig. 5-6(b), we can observe that the back EMF vector
sequence and the rotating direction of type B2 are different from types A and B1,
which can eventually become the same winding arrangement as types A and Bl
by vertical flipping. As the frequency of three types of working harmonics is the

same, all three types can produce a back EMF in the same set of winding. We can
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conclude the following:

(a) (b)

Fig. 5-6. Armature back EMF vectors of the proposed machine with the rotating direction. (a) a4 = az, = 210°%;
(b) aBz = 1500.

All three types of working harmonics have the same distribution factor and

pitch factor, i.e.,

kaa = kap1 = kapz = kq
5-34
{kpA = kpBl = kpBZ = kp ( )

The coil pitch of types A and B1 is opposite from type B2, i.e.,

{}’A =Yg1 =Y
Y2 = ~Y

5.2.4 Flux Controlling Principle

(5-35)

Total back EMF can be derived as the vector sum of the back EMF of types
A, B1, and B2. From (5-24)—(5-26), we can conclude the vector graph of the back
EMF, as shown in Fig. 5-7(a). Vector E, is fixed, whereas Egq and Eg, can rotate
in the opposite direction. The total back EMF can change along the blue oval-
shaped trajectory. When the electrical initial phase angle of the modulator p,,,¢ =
0°, the components of types A, B1, and B2 have the same direction and the total
back EMF reaches the maximum at this position, as shown in Fig. 5-7(b). When
pPm@® = 180°, both types B1 and B2 have the opposite direction from type A, and
the total back EMF reaches the minimum at this position, as shown in Fig. 5-7(c¢).
Therefore, although types B1 and B2 have different rotation directions, both type

B components positively contribute to the control of the back EMF.
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Fig. 5-7. Back EMF vector graph. (a) Showing diagram. (b) Maximum total back EMF position (p,,¢6 = 0°). (c)
Minimum total back EMF position (p,,¢ = 180°).

By adjusting the electrical initial phase angle of the modulator p,,,¢ from 0°
to 180°, the total back EMF can vary with the range from |E,,s — E;ng1 — Emp2|

to (Epa + Emp1 + Emp2) - Therefore, the total back EMF amplitude can be

effectively controlled.

From (5-25) and (5-26), it should be observed that the amplitude of Egq is
significantly smaller than Eg,. As the rotating speed of Egq is (:ZJ:—Z:) times
higher than Eg,; therefore, Eg; plays a major role in the control of the back EMF.
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To obtain the widest control range of the back EMF, the amplitude of Eg, should
be close to E4. From (5-24) and (5-26), we could observe that B,,, 5, is smaller
than By, 4, as /A; is always smaller than 2A,. Therefore, wg, should be larger than

wy, and the pole pair number of rotor should follow:
z
pr >3 (5-36)

5.3 Electromagnetic Performances Comparison and
Analysis

5.3.1 Optimization Design

As mentioned in (5-36), four feasible stator/rotor pole pair combinations, i.e.,
the 12/7, 12/8, 12/10, and 12/11 have been designed for comparison. Four models
are optimized independently by the nondominated sorted genetic algorithm-II
(NSGA-II). The common design parameters of all models are listed in Table 5-2
and the variables to be optimized are listed in Table 5-3. The optimization goals
are to maximize the output torque density K and minimize the maximum torque
ripple ratio T}, with the armature current density of 6 A/mm 2. K7 and Tyip are

defined as follows:

Kr = Tﬁ;’g (5-37)
Trip = max(T)—min(T) 100% (5-38)

avg

where Ty, 4 is the average torque of the outer rotor, and V is the volume of the

electromagnetic part of the machine.

Table 5-2. The common design parameters of the optimized models

Item 12/7 12/8 12/10 12/11
Phase 3
Number of slots 12
Number of modulator segments 12
Pole pair number of armature windings 7 8 10 11
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Coil pitch (Slot) 1 1 2 5

Pole pair number of the rotor PMs 7 8 10 11
Outer diameter of the stator (mm) 190
Axial length (mm) 50
Length of the inner airgap (mm) 0.7
Length of the outer airgap (mm) 0.5
Rated armature current density (A/mm?) 6
Rated speed (rpm) 500

Table 5-3. The optimizing variables of models

. Range

ftem Notation 12/7 s 120 1211

Width of the PMs (mm) Lpm [10,20] [10,20] [10,20] [10,20]
Width of the modulator segments (°) O [7.5,22.5] [7.5,22.5] [7.5,22.5] [7.5,22.5]

Width of the stator teeth (mm) b; [10,20] [10,20] [10,20] [10,20]

Thickness of the PMs (mm) hpm [3,8] [3,7] [3,5] [3,5]
Thickness of the modulator segments (mm) hpn [5,10] [5,10] [5,10] [5,10]
Height of stator slots (mm) hg [10,18] [10,18] [10,18] [10,18]

Height of stator yoke (mm) hys [8,20] [8,20] [8,20] [8,20]

The optimization process flow chart is shown in Fig. 5-8. The optimization
in this paper has 20 generations, with 100 designs in each generation. The Pareto
fronts of four designs are presented in Fig. 5-9. The designs indicated by the red
arrow in Fig. 5-9 are the final optimized designs. All final designs have the

highest torque density when the torque ripple is below 10%.

Input now NSGA-II
generation I Sl
J, Mutation
FEA analyzing Crossover
Selection

Converged or reached
maximum generations?

Fig. 5-8. The optimization flowchart using FEA and NSGA-IL.
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5.3.2 Torque Performance

The curve of torque production and torque density per volume with different
current densities under the rated speed is shown in Fig. 5-10. At the rated current
density, the 12/11 design has the highest torque density, which is 38.4 kNm/m 3.
The torque density of the 12/7 design is 32.1 kNm/m 3, which is 16% lower than
the 12/11 design. However, it is worth mentioning that although the 12/7 design
torque density is the lowest among the four cases, its torque density is still

considered high compared to conventional PM machines, which are generally

under 20 kNm/m 3.
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5.3.3 Harmonic Distribution

(gul/lll N3 A3suap anbiaog,

The calculated flux density distribution and the fast Fourier transform (3-

FFT) analysis in the airgap of four cases are shown in Fig. 5-11. It can be

observed that types A and B2 components are significantly higher than the other

harmonics. To quantitatively analyze the contribution of each type of harmonic

component, the back EMF contribution of the main working harmonics is

calculated and shown in Table 5-4 using the analytical method based on (5-23).

The amplitudes of types A and B2 components are significantly higher than type

B1, which agrees with the FEM results. The amplitude of type B2 is significantly

higher than type B1, which also agrees with the operation principles.
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Fig. 5-11. The flux density distribution and their FFT analysis in the airgap of four cases. (a) 12/7. (b) 12/8. (c)
12/10.(d) 12/11.

Table 5-4. Contribution of the harmonic components to back EMF by the analytical method.

Flux Densit Winding Factor Angular Speed Induced Voltage

Case Type Order B, (3 — ;]") & k,, & 5) E B, kfw
A 7 0.7178 0.933 Q 0.66970Q
12/7 Bl 19 0.0221 0.933 0.38640 0.00760Q
B2 5 0.4704 0.933 1.40Q 0.61440
A 8 0.6679 0.866 Q 0.57840
12/8 Bl 20 0.0560 0.866 0.4Q 0.01940
B2 4 0.4642 0.866 20 0.80400
A 10 0.2203 0.866 Q 0.1907Q
12/10 Bl 22 0.0528 0.866 0.45450Q 0.02080Q
B2 2 0.2929 0.866 50 1.26830Q)
A 11 0.1753 0.933 Q 0.16360Q
12/11 Bl 23 0.0220 0.933 0.47830Q 0.00980Q
B2 1 0.1342 0.933 11Q 1.37700Q

In Table 5-4, it can be observed that for 12/7 design, the amplitude of type A

induced voltage is almost equal to type B (3-i.e.,

the sum of the amplitude of

types B1 and B2). For 12/8, 12/10, and 12/11 designs, their type B amplitude is

higher than type A.

5.3.4 Voltage Regulation Ratio

The back EMF vector trajectory of four cases using FEM is shown in Fig.

5-12, and the curves of back EMF amplitude with the change in the initial phase

angle are shown in Fig. 5-13.
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Fig. 5-12. Back EMF vector trajectory of four cases by FEM.

In Fig. 5-13, it can be observed that the 12/7 design has relatively the best
flux controlling ability, as its types A and B component’s amplitude are the
closest among all four cases, as shown in Table 5-4. The 12/8 design is similar to
the 12/7 configuration with notable drawbacks: Its type B component’s amplitude
is higher than the type A component, which makes the vector trajectory have a
specific portion on the left side of y-axis, as shown in Fig. 5-12. For the 12/10 and
12/11 designs, in Table 5-4, it can be observed that the amplitude of the type B
component is significantly higher than type A. As a result, although the type B
component vector can rotate, the variation of the total back EMF amplitude is
significantly smaller, which causes these two designs to have relatively weak flux

controllability, as shown in Fig. 5-13.
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To value the ability of flux control, the voltage regulation ratio (VRR) is

introduced in this paper. The voltage regulation ratio of the analytical method and

FEM is summarized and compared in Table 5-5, where E, and E denote the back

EMF amplitude of types A and B components, and E,,,, and E,,;, denote the

maximum and the minimum of the back EMF amplitude. The voltage regulation

ratio is defined as follows:

VRR = Emax"Emin 400y

(5-39)
max
Table 5-5. Analytical and FEM results of back EMF voltage regulation ratio.
Case Analytical Method FEM
Emin = |Es — Eg| Emax = E4 + Ep VRR Emin V) Emax (V) VRR
12/7 0.0477 Q 1.2917 Q 96.3% 0.0644 1.6539 96.1%
12/8 [-0.2450Q] 1.4018 Q 82.5% 0.2924 1.5781 81.5%
12/10 [—1.0984Q] 1.4799 Q 25.8% 1.2410 1.6632 25.4%
12/11 |-1.2233Q) 1.5504 Q 21.1% 1.3855 1.8090 23.4%

The larger the VRR, the better the flux controllability that the design has. In

Table 5-5, it can be found that the results of the analytical method agree with the

results of the FEM, thus proving the validity of the operating principles. The VRR

of the 12/7 design is significantly higher than its counterparts.
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From the above analysis, a design guideline can be given: The best flux
controllability can be obtained when the rotor pole pair number is slightly higher

than half of the stator teeth number.
5.3.5 Overall Comparison

The overall comparison of four cases is listed in Table 5-6. The torque
variation range is significantly smaller than the flux voltage regulation ratio. In
Table 5-6, the 12/7 design has the best flux voltage regulation ratio and has a
torque density of over 20 kNm/m 3. Therefore, the 12/7 design is selected as the

best design among the four cases.

Table 5-6. Overall comparison of the four cases.

Case Torque Density at the Rated Current Density (kNm/m ) Voltage Regulation Ratio
12/7 32.1 96.1%
12/8 34.1 81.5%
12/10 37.4 25.4%
12/11 38.4 23.4%

5.4 VSCAVC Characteristics of the Selected Design

The design parameters and dimensions of the selected optimized 12/7 model

are shown in Table 5-7.

Table 5-7. Design parameters and dimensions of the selected model.

Item Value Item Value
Phase 3 Pole pair number of windings 7
Number of slots 12 Number of modulator blocks 12
Pole pair number of the rotor PMs 7 Outer diameter of the stator 190 mm
Inner diameter of the stator 122 mm Length of the outer airgap 0.5 mm
Length of the inner airgap 0.7 mm Length of the model 50 mm
Thickness of the modulator 4 mm Embrace of the modulator 0.63
Thickness of the spoke PM 10 mm Length of the spoke PM 20 mm
Number of turns 100 Rated speed 500 rpm
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Fig. 5-14. VSCAVC steady-state characteristics of the selected 12 /7 design with different rotor speeds and initial
phase angles (in electrical degree). (a) = 500 rpm, ¢ = 0°. (b) Q@ = 1000 rpm, ¢ = 108°. (c) O = 1500 rpm,
¢ = 120°.

The VSCAVC steady-state characteristics of the 12/7 design are shown in
Fig. 5-14. The generator operates at a speed of 500 rpm in the beginning, and the
initial phase angle of the modulator is fixed at 0°. The amplitude of the voltage is
91 V. When the generator runs at 1000 and 1500 rpm to maintain amplitude, the
modulator simultaneously adjusts to 108° and 120° in electrical degree. The
simulation shows that the design model has good control over the voltage
amplitude. The current curve is sinusoidal, and the torque curve is smooth, with a

ripple under 5% of the average.
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5.5 Summary

This paper presents a novel mechanical flux-weakening design of spoke-type
permanent magnet generator for a stand-alone power supply. The back EMF of all
three working harmonics can obtain the same frequency and can be summed as
vectors. By controlling the position of the adjustable modulator ring and using the
modulation effect, the sum of the back EMF vector can be regulated, and the flux
weakening can be smoothly achieved. With special pole pair selection, only one
set of windings is needed, which simplifies manufacturing. Compared to
conventional PMSMs, the mechanical method can have a wide range of flux
weakening without the risk of PM demagnetization. VSCAVC can be applied to
this machine.

The analytical model and operating principles are illustrated in this paper,
and four optimized cases with different stator/rotor pole pairs are compared to

show the advantageous performance of the proposed design. The 12/7 design with
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a voltage regulation ratio of 96.1% and a torque density of 32.1 kNm/m?® is
selected. The VSCAVC characteristics of the 12/7 design are analyzed, showing

the outstanding performance of the selected design.
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Chapter 6 A Novel Consequent-Pole
Contra-Rotating Machine with
Zero-Sequence Current Excitation

6.1 Introduction

Nowadays, people's concerns about environmental protection keep growing.
Electric drives for the propulsion system of the ship are prevalent. Contra-rotating
machines have high potential applications in direct driving of two counter-rotating
propellers, which may be used in ship propulsion systems to effectively recover
energy from the main propeller slipstream rotational flow [56].

Generally, there are two types of contra-rotating machines, namely the
winding configured type and the magnetic geared type. For the winding
configured type, in recent studies, most designs have two rotors with the same
pole pair number and a stator with two layers. By shifting two phases of windings
on the stator's upper layer and down layer, these designs achieve the goal of
contra-rotating function [152]. However, their windings in this design intersect,
making manufacturing relatively difficult.

For the magnetic geared type, the machine is composed of a stator, a
concentrical inner and outer rotor. Two rotors can rotate at different speeds by
controlling the stator winding based on flux modulation theory [87, 102]. When
two rotors are used as output, using only one set of windings is insufficient. An
auxiliary winding that controls the outer rotor alone is needed to get full control.
Two-windings-based magnetic geared type machines have caused control
strategies to be complex. In addition, when one winding is not working, a certain
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slot area is wasted. An integrated winding structure has been proposed to
eliminate this issue [98, 116]. Nevertheless, two inverters are still needed for this
topology.

All the abovementioned structures are rare-earth permanent magnet (PM)
excited due to their high power density, high efficiency, and high reliability.
However, conventional PM machines have the drawback of limited control ability
because of the fixed PM excitation, which results in a narrow speed range.
Conventionally, PM machines use control methods like d-q transformation to use
the direct axis current to partially demagnetize the magnets for achieving field
control. These approaches have the problems like irreversible PM
demagnetization and significant temperature rise [153-155]. For easy flux
weakening methods, many structures have been investigated. In [156], a
consequent-pole PM (CPPM) machine with a circumferential DC field winding in
the stator was proposed. This structure enables the flux in the air gap to be
controlled in a wide range without the risk of PMs' demagnetization, as the DC
flux path for field controlling is parallel to the PM flux path. Using this
construction can significantly simplify the control of flux weakening. Other
variants include axial flux type CPPM machines [157, 158] and vernier type
CPPM machines [159, 160]. Nevertheless, the armature winding and the DC
windings are separated, making the structure bulky.

In [161] and [162], an integrated field and its armature control are proposed
for a variable reluctance machine. This machine's drive current is biased,
including both AC and DC components. The direct current generates the exciting
field, while the alternating current produces the rotating armature field. Because

this drive system could remove the original DC exciting windings, the system cost
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and copper loss could be reduced, and the efficiency could be improved. In [163],
a zero-sequence winding structure is proposed, which combines the DC excitation
winding and the AC armature winding through the zero-sequence winding control
strategy.

In this paper, a novel hybrid excitation PM-assisted consequent-pole contra-
rotating machine (HECP-CRM) is proposed. The flux can be enhanced or
weakened by adjusting the zero-sequence current. PMs have no risk of
demagnetization because the PM and DC flux paths are parallel. The zero-
sequence current based armature winding replace the original DC and AC
windings, making the structure more compact. The segmented stator can reduce
iron loss and simplify the manufacturing process.

This paper is organized as follows: Section 6.2 presents the configuration of
the proposed machine. The operating principles are introduced in Section 6.3. The
performances of the proposed machine are analyzed in Section 6.4. Finally, the

conclusions are drawn in Section 6.5.

6.2 Machine Configuration

Rotor II PMs Rotor I
(Lower rotor) (Upper rotor)
g ’/ - _Segmented
. / stator

|

Ammature
winding

Fig. 6-1. The 3D view of the proposed HECP-CRM.
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The configuration of the HECP-CRM is shown in Fig. 6-1. The design
involves 12 C-shaped stator segments. The segmented stator does not have a
common yoke, which can effectively reduce the iron loss. The concentrated zero-
sequence armature windings are wounded on each stator segment.

A 7 pole-pair upper rotor (rotor I) and a 5 pole-pair lower rotor (rotor II) are
placed inside the stator segments, shown in Fig. 6-2(a) and Fig. 6-2(b), where the
ferrite PMs on two rotors are in opposite radial magnetization directions. Two
rotors have the consequent pole structure and rotate in opposite directions. An

axial air gap between two rotors allows the DC flux to path through axially.

(a) (b)

Fig. 6-2. The 2D views of HECP-CRM. (a) Rotor I. (b) Rotor II.
6.3 Operating Principles
6.3.1 Rotor Pole Pair Selection

To make two rotors rotate in different directions with the same set of
winding, two rotors should have the following relationship:

Putpa=kZ k=1273.. (6-1)
where p,, and p,; are the pole pair number (PPN) of the upper and Rotor II,

respectively. For the proposed design, k = 1. Under (6-1), the slot angle of the
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Rotor I a,, and Rotor II a4 can be calculated as:

2
w =" (6-2)
2
a; = % =2 —a, (6-3)

From (6-3), as the slot angles' sum of two rotors equals 2w, two flux
components with reversed directions are generated in the airgap while the winding
arrangement is the same [164]. For the proposed design, the phasor diagram is
shown in Fig. 6-3, where we can observe the two winding arrangements can

become the same by vertical flipping.

10 4
3 3 9 11 5 10 3
12 8 2 6 12 8
, —
7 < | 7 1 = 7 1
(27}
2 6 12 8 2 6
9 11 5 3 9 11
4 10 4

(a) (b)
Fig. 6-3. The phasor diagram of two rotors. (a) Rotor I. (b) Rotor II.
The winding frequency can be calculated as

_ bPunly - _ Pdnd )
f= 60 60 (6-4)

where n,, and ny are the speed of the upper and Rotor II, respectively. To make
the speed of the two rotors closer and let the winding be concentrated, the PPN of

the two rotors in the proposed model is designed as

Z
pu=E+1

7 (6-5)
pa=5-1

6.3.2 Flux Controlling

Based on the biased DC current direction of the armature coils, the machine

has two working modes. The flux path of two different modes is shown in Fig. 6-4.
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(a)

;

PM!

(b)

Fig. 6-4. The flux control principle. (a) Flux-weakened mode. (b) Flux-enhanced mode.

In the flux-weakened mode, the biased-DC current is injected into the
armature winding, as shown in Fig. 6-4(a). The iron poles have the same polarity
as the PMs on the same rotor. This makes the flux variation smaller than in
normal mode, making the armature hard to generate back electromotive force
(EMF), thus realizing the flux weakening.

Fig. 6-4(b) shows the flux-enhanced mode. On the same rotor, the iron poles
and the PMs' directions are different. The flux variation in this mode is more
significant than in the normal mode. Hence the flux linkage of the rotor is

enhanced.
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FDC() [] Ro Rg,

Fig. 6-5. Magnetic circuit of the DC biased excitation.
The magnetic circuit of the DC-biased excitation is shown in Fig. 6-5. In Fig.
6-5, Fpc 1s the magnetomotive force of the DC-biased current, which can be
calculated as

Fpe = Nlipc (6-6)

where N is the number of turns, and I, is the DC-biased current. R, R,,-, and

agr»

R

ga are the magnetic resistance of leakage, radial airgap, and axial airgap, which

can be calculated as

l

Ra - HO(;O' (6-7)
9

Rygr = —#Ogr (6-8)
g

Roe = fosa (6-9)

where [; is the length of stator teeth tips, g,- and g, are the length of radial and
axial airgap, respectively.ug is the magnetic permeability of the vacuum. S;; is the
area of stator teeth tips, S, is the radial surface area of iron poles, and S, is the

axial area of two rotors.
6.3.3 Winding Configuration

The winding configuration and the drive circuit are shown in Fig. 6-6. The
coils are divided into two groups, winding A1, B1 and C1 as group I, and winding

A2, B2, and C2, as group II. Group I and II's neutral points are connected,
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enabling the zero-sequence current to pass through the windings. When defining
the zero-sequence current that passing through the winding to the neutral point as

positive, the current of each winding can be expressed as

( I41 = L cos2mft) + I,

Igq = I, cos(2rft + 2m/3) + I,
Icy = L, cos(2rft — 2m/3) + I,
Iy, = I, cos(2rft) — I
Ig; = I, cos(2rft + 2m/3) — I,
\Ic, = I, cos(2nft — 2m/3) — I,

where I, is the maximum amplitude of AC current, and [, is the zero-sequence

(6-10)

current:
IO:IDC (6'11)
Al+ A2+ C2+ Cl+ Bl+ B2+ A2- Al- Cl- C2- B2- BI-

Fig. 6-6. The zero-sequent current based winding configuration and the drive circuit.
With this configuration, the AC armature winding is the same, i.e., winding
Al and A2 have no phase difference, which create the same rotating magnetic
field. The DC zero-sequence current directions of the two groups are different, i.e.,

when the zero-sequence current for group I is positive, then that for group II is
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negative. This enables the DC flux of all stator segments to be in the same
direction in this design. The flux generated by the DC zero-sequence current can
be liberally adjusted and wused for the flux controlling without extra
circumferential auxiliary winding as in [156].

The DC-biased and AC winding can be combined using this winding
configuration, making the whole structure more compact. Furthermore, the DC
and AC current ratio can be freely adjusted, which increases the utilization rate of

the slot area.

6.4 Performance Analysis

The model has been analyzed by the 3D finite element method (3D-FEM).
The specifications of the model are shown in Table 6-1. As shown in Table 6-1,
the PM material used here is Y30BH, whose residual flux density is just 0.33T,
which makes it possible to couple with the zero-sequence winding for flux

weakening by using pure electricity excitation.

Table 6-1. The specification of the proposed model

Parameter Value
Number of stator segments 12
PPN of Rotor I 7

PPN of Rotor I1 5
Stator outer diameter 164mm
Stator inner diameter 90mm
Rotor inner diameter 40mm
Radial air gap length 0.5mm
Axial air gap length 0.5mm
Core length 80mm
Pole axial length 35mm
Number of turns 80

PM thickness 7mm
Material of PM Y30BH

Fig. 6-7 presents the airgap flux distribution in normal mode. From Fig. 6-7,

when no DC-biased current is injected, the air gap flux over the ferrite PMs



remains constant and in different directions. A 5-pole-pair and a 7-pole-pair field

can be clearly observed.
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Fig. 6-7. Air gap flux distribution in normal mode (/. = 0).
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Fig. 6-8. Air gap flux distribution in flux-enhanced mode (Jp = 64/mm?).
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Fig. 6-9. Air gap flux distribution in flux-weakened mode (J,c = —64/mm?).

Fig. 6-8 and Fig. 6-9 present the airgap flux distribution in flux weakening
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and enhancing mode. When the DC-biased excitation is injected in different
directions, the polarity of the flux in the iron pole area changes accordingly.
Compared to the normal mode, the flux density variation is much bigger in the
flux-enhanced mode, shown in Fig. 6-8. In Fig. 6-9, the flux variation under one
rotor area is much smaller. The flux distribution shown in Fig. 6-8 and Fig. 6-9

match the operating principles.

30+ 2 1
JDC:6A/1'1’11'1’1 \
20t e 1
_ Jpe=3A/mm’ = “‘-\
::, 1ot Y s T— s
o Z
E N T S ;
_'iu . '\\.._ e \_/
-10}+ =
é \‘- \,\ JDC:-3A/mm2
\“ = g
_2" L e .,-L,_\_/
Joc=-6A/mm’
230t ]
0 3 6 9 12 15
Time (ms)
(@)
30 T T '
& 25¢ |
L
-
Z 20} ]
£
< 157 |
10 ' , \
-6 3 0 3 6

(b)

Fig. 6-10. The relationship of back EMF and zero-sequence current excitation current. (a) Waveforms. (b)
Amplitude vs. DC-biased current density.
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Fig. 6-11. The loaded torque (a) Rotor . (b) Rotor IL.

When rotor I rotates at 500 rpm and rotor II rotates at 700 rpm, the frequency

of the armature is 58.3Hz. Under this state, the relationship between back

electromotive force (EMF) and the DC-biased current density /. is shown in Fig.

6-10. The waveforms shown in Fig. 6-10(a) are relatively sinusoidal. The

amplitude of the back EMF varies with DC-biased current density, shown in Fig.

6-10(b). The back EMF can change with a variation of +40%, which achieves
good field controllability.
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The loaded torque of both rotors is shown in Fig. 6-11. For both rotors,
compared to DC-biased current, the increase in AC current has a greater
incremental effect on the torque. As the flux density of rotor I is slightly higher
than that of the rotor II field, the torque of the rotor II is higher than that of the

rotor I.

6.5 Summary

A novel hybrid-excitation PM-assisted consequent-pole contra-rotating
machine is proposed in this paper, which shows good field controllability. The
proposed model has the following merits:

* The zero-sequence armature winding integrates the DC and AC winding,
eliminating the conventional circumferential auxiliary winding and
making the structure more compact.

* The integrated winding enables the ratio of AC and DC current to be
freely adjusted, making the slot area further utilized.

* The flux can be regulated effectively with a wide range by changing the
zero-sequence current excitation.

* As the flux path of the PM and DC are in parallel, PMs have no risk of
demagnetization.

* The segmented stator can reduce iron loss and simplify manufacturing
processing.

A 3-phase 12-coil model with a 7 pole-pair rotor and a 5 pole-pair rotor has

been designed. Three working modes of the proposed machine have been
analyzed by the 3D-FEM. The onload and noload status have been investigated.

The analysis results have proved the model to have field controllability of +40%.
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Chapter7 Conclusion and Future
Work

7.1 Conclusion

High-Order-Harmonic Brushless
Dual-Mechanical-Port Dual-
Electrical-Port Machine

Chapter 3

Improve Torque

Density
High-Order-Harmonic PM

Chapter 2 Brushless Machine for VSCF Chapter 4

Wind Power Generation

Chapter 1
Introduction ther?ture
Review
Mechanical Flux-Weakening
Spoke-Type PM Generator for Chapter 5
Stand-Alone Power Supply

Improve Flux
Controllability
Consequent-Pole Contra-Rotating

Machine with Zero-Sequence Chapter 6

Current Excitation

Research Background and Previous Work Research Objectives Research Contributions
Fig. 7-1. The outline of the thesis.

This thesis focuses on improving the torque density and flux controllability
of multiport machines. Various topologies of multiport machines are designed and
analyzed, and their potential industrial applications are investigated. The outline
of this thesis is shown in Fig. 7-1, which is structured and summarized as follows:

Chapter 2 provides an extensive literature review of multiport machines from
the perspective of dual-mechanical-port (DMP) machines, discussing their
working principles and different topologies. The three types of multiport
machines based on power flow relationships, namely single-power-flow DMP
(SPF-DMP), parallel-power-flow DMP (PPF-DMP), and hybrid-power-flow

DMP (HPF-DMP), are examined in terms of their advantages and challenges.
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This literature review identifies research gaps that serve as the research objectives
for this thesis.

In Chapter 3, a novel brushless dual-electrical-port dual-mechanical-port
machine (BLDDM) structure is proposed to further enhance torque density. This
design utilizes high-order harmonic modulation to artificially enhance the third-
harmonic component of the airgap flux density in the inner airgap while keeping
the fundamental component unchanged in the outer airgap. Two windings fully
utilize both components in this design. Analytical and finite element method
(FEM) analysis are employed to determine the flux density ratio between the third
harmonic and the fundamental components, which is approximately 4.28, with a
rotating speed ratio of 3. The pole pair number (PPN) of the modulation winding
is determined as py,.;, = 3Pro — Pri- FEM simulations compare the optimized
prototype with a conventional design of the same dimensions and PPN for both
windings, demonstrating a 50% increase in back electromotive force (EMF) in the
modulation winding and a 45.7% larger torque in the magnetic-geared machine
(MGM) portion. A prototype is manufactured and tested, validating the working
principles and FEM simulations.

Chapter 4 introduces a novel brushless dual-electrical-port dual-mechanical-
port doubly fed machine (BLDD-DFM) aimed at minimizing energy consumption
in the control winding and improving overall efficiency, specifically for variable
speed constant frequency (VSCF) applications. This design utilizes high-order
harmonic modulation to amplify the third-harmonic component of the airgap flux
density. By reducing the slip ratio through high-order modulation, energy
consumption in the control winding is reduced by threefold compared to

conventional designs. FEM simulations compare the prototype with a
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conventional design of the same dimensions, revealing a fivefold increase in back
EMF in the control winding and a 73% higher back EMF compared to the power
winding in the conventional design. Under rated conditions, the proposed design
exhibits maximum torque improvements of 23.03% for the outer rotor and 144.08%
for the inner rotor compared to the conventional design, with reduced torque
ripple. Experimental results from a prototype confirm the feasibility of the design,
and VSCF experiments validate its performance under static and dynamic
conditions.

In Chapter 5, a novel mechanical flux-weakening design of a spoke-type
permanent magnet generator for stand-alone power supply is presented. This
design regulates the back EMF vector by controlling the position of a mechanical
adjustable modulator ring and utilizing the modulation effect, enabling smooth
flux weakening. Special pole pair selection allows for the use of only one set of
windings, simplifying manufacturing. The proposed design, with a voltage
regulation ratio of 96.1% and a torque density of 32.1 kNm/m?, is analyzed for its
variable speed constant amplitude voltage control (VSCAVC) characteristics,
demonstrating outstanding performance.

Chapter 6 proposes a hybrid-excitation consequent-pole contra-rotating
machine. This design integrates the DC and AC windings using a zero-sequence
armature winding, eliminating the need for a conventional circumferential
auxiliary winding and resulting in a more compact structure. The integrated
winding allows for flexible adjustment of the AC and DC current ratio, effectively
utilizing the slot area. Flux regulation is achieved by changing the zero-sequence
current excitation, and the parallel flux path of the permanent magnets and DC

winding eliminates the risk of demagnetization. The segmented stator reduces iron
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loss and simplifies manufacturing. A 3-phase 12-coil model with a 7 pole-pair
rotor and a 5 pole-pair rotor is designed, and the three working modes are
analyzed using 3D-FEM. The study confirms the field controllability of the model,

with a range of £40%, through analysis of the no-load and load conditions.

7.2 Future Work

The future work of the research basically includes the following parts:

1) Prototype manufacturing: The prototypes that designed in Chapter 5
and 6 will be built for further studying, which are the mechanical flux-
weakening spoke-type PM generator and the hybrid-excitation
consequent-pole contra-rotating machine. The manufacturing error, the
winding ending issue, and large prototype issue should be taken into
special consideration.

2) Power factor issue: Other from the manufacturing complexity, as the
proposed multiport machines are mostly based on flux modulation, the
low power factor is also a common shortage for the multiport machine.
More structures that can reduce the flux leakage should be tried on the
multiport machines.

3) Pole-changing multiport machine: A pole-changing multiport machine
can be designed based on high-order modulation with an extended
speed range, utilizing the inherent fundamental and third harmonics of
the PMs. The proposed design effectively utilizes both components by
employing flux modulation using the fundamental and third harmonics
of the PM excitation. Specifically, the third harmonic modulation

increases the back EMF at low speeds, while the fundamental
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modulation allows for a decrease in the inverter frequency at high
speeds. This design incorporates three sets of windings: two
modulation windings for speed control and one set for torque control.
The adoption of the integrated winding design for the modulation
windings can be used for reducing the number of windings sets and
optimizes coil space utilization.

4) Hybrid-excited multiport machine: The “AC+DC” integrated winding
design can be further developed for the hybrid-excited MGM type
multiport machine. This design combines zero-sequence DC excitation
and consequent-pole PM excitation as the hybrid excitation source.
However, overcoming the high magnetic resistance of the two-layer
airgap in the MGM-type structure remains a challenge, given the
relatively weak MMF of the DC excitation.

5) Multi-set integrated winding: The current integrated "AC+AC"
winding design only allows for the integration of two winding sets. To
achieve the integration of more winding sets, such as all three
windings for pole-changing multiport machine, the utilization of coil
space can be significantly improved, leading to enhanced overall
efficiency. However, the challenge lies in reducing the number of

inverters required for the multi-set integrated winding.
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