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ABSTRACT

This thesis systematically investigates radial-flux dual-rotor (DR) permanent magnet (PM) (DRPM)
machines with (a) different slot/pole number combinations, (b) magnetic fluxes produced by two rotors in
both series and parallel, and (c) two rotors operating at either the same or different speeds. All the
investigations are carried out by analytical analyses and/or finite element analysis (FEA), together with

experimental verification.

In the scenario that two rotors of DRPM machines operate at the same speed, the DRPM machines
with series (S) and parallel (P) magnetic circuits (SDRPM and PDRPM machines) are compared. The
analysis indicates that SDRPM machines generally exhibit higher torque. Moreover, the outer rotor of the
DRPM machine contributes most to the total torque, which also shows the single rotor permanent magnet
(SRPM) machine has a potentially higher torque than the DRPM machine. Therefore, the SDRPM
machine is selected to compare with the SRPM. It reveals that the SDRPM machines have higher

overload capabilities but lower torque density and less efficient PM utilisation than the SRPM machines.

Although with lower torque density and PM utilisation, DRPM machines inherently have two rotors
compared to SRPM machines. Thus, DRPM machines can be employed in applications that require two
rotors, thereby replacing two SRPM motors. The counter-rotating (CR) operation is selected for further
analysis as a special case in a scenario with different rotational speed rotors since the CR operation
systems are widely used in industrial applications, such as underwater vehicles, wind power turbines,
household appliances, etc. Therefore, a yokeless counter-rotating dual-rotor PM (YCDRPM) machine,
which features series magnetic circuits, is introduced and analysed. This YCDRPM machine has the
synergies of a magnetic gear and a PM machine to achieve dual-rotor CR operation, significantly
reducing the cost and saving the space compared to using two SRPM machines. However, the
sandwiched stator of the YCDRPM machine results in a complex mechanical structure, and its radial flux
configuration makes the torques of two rotors more challenging to adjust. Therefore, a novel counter-
rotating single-stator dual-internal-rotor PM (CSDPM) machine is proposed. The CSDPM machine
design includes a single shared winding set, one shared stator, and two robust rotors. Different from
conventional radially arranged radial-flux magnetic geared machines, axially arranged radial-flux rotors
of CSDPM machines allow for easier assembly and can modify the torque split of two rotors. The
proposed CR operation system with the CSDPM machine shows higher torque than the conventional CR

system using two SRPM machines.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Since Michael Faraday discovered electromagnetic induction, which led to the development of the first
electrical generator [FAR21] [FAR31], electrical machines have been developed over hundreds of years.
Electrical machines play a crucial role in converting electrical energy into mechanical energy or vice

versa, and are widely used in transportation, aerospace, household appliances, and other fields.

There are three ways to generate magnetic fields in electrical machines. The magnetic field can be
generated by the current flowing through the field windings, such as the electrically excited machines, in
which the brushes/commutator are often required for the power supply. However, electrical machines that
employ commutators and brushes have a limited service life due to friction and sparks generated by the
brushes/commutator. The brushless machine, such as the induction machine, can generate magnetic fields
through electromagnetic induction. In this type of machine, the current in the rotor needed to generate
torque is obtained through electromagnetic induction of the magnetic field of the stator winding. The
magnetic field in the brushless machine can also be generated by permanent magnets (PMs). PM
materials and PM machines have been developed for several decades. Compared with other machines, the
PM machine shows high torque density, high efficiency, simple structure, and easy control. Moreover,
PM brushless machines do not require any external power supply or winding structures for excitation,

which reduces manufacturing costs and makes them easy to assemble [ZHUO7].

Among all the different types of electrical machines, the single-rotor electrical machines are
extensively employed in industry due to their simple mechanical structure and ease of assembly
[CHAO8]. In order to further enhance electrical machine performance and consider more different
working conditions, the dual-rotor electrical machines have been proposed [KEL69] [QUO3a]. This
innovation provides additional insights into electrical machine structural design, aiming to improve
performance and adapt to various operational scenarios. Therefore, this thesis focuses on the PM
machines with dual rotors, i.e., dual-rotor PM (DRPM) machines. This chapter systematically introduces
the single-rotor (SR) and DRPM machines, as shown in Fig. 1.1. Section 1.2 introduces the general SR
PM machines from aspects of winding and PM topologies. In order to meet various application

requirements, which require dual rotors to operate at the same or different rotational speeds, DRPM



machines with the same or different rotor speeds are proposed. DRPM machines with the same or
different rotor speeds are divided into two groups, i.e., DRPM machines with parallel and series magnetic

circuits, as will be introduced in Sections 1.3 and 1.4, respectively.

Moreover, specific applications, such as underwater vehicles, wind turbines, and household
appliances, require counter-rotating (CR) operation. The CR DRPM machine is proposed to achieve CR
operation without the redundancy of multiple machines or additional mechanical systems like bevel-
planetary gearboxes. The CR DRPM machine aims to simplify the mechanical configuration and enhance
CR system efficiency, which will be introduced in Section 1.5 in detail. Finally, the scope and

contributions of this thesis will be shown in Sectionl.6.

Permanent Magnet Machine

Single Rotor PM Machine Dual Rotor PM Machine
[ [
I | I |
Winding Topologies PM Topologies Series Parallel
I I
[ I ] [ I ]

Same Different || Counter Same Different || Counter
Speeds Speeds Rotating Speeds Speeds Rotating

Fig. 1.1. Outline of introduction.

1.2 Single Rotor PM Machines

Due to their simple mechanical structures, single-rotor PM machines are commonly used. They can be
classified as either rotor PM or stator PM machines. Figs. 1.2 (a) and (b) illustrate the rotor surface-
mounted PM (SPM) and interior PM (IPM) machines, respectively. These two types of machines have
high power density, efficiency, and reliability. They are the most popular types of rotor PM machines
used. Figs. 1.2 (c) and (d) show typical stator PM machines, i.e., switched flux PM (SFPM) and flux
reversal PM (FRPM) machines. Compared to rotor PM machines, stator PM machines locate the PM on
the stator together with the stator winding. This causes poor thermal management capability as the stator
winding temperature increases. Moreover, the manufacture of stator PM machines is difficult and costly
due to their complex stator structure. Thus, this thesis focuses on the rotor PM machines for further
investigation. In addition, the single rotor PM machine can be categorized by the rotor position. Figs. 1.2
(a)-(d) show the rotor located inside the stator, which is also called an internal rotor (IR) machine. In
contrast, the external rotor (ER) machine locates the rotor outside the stator. The ER SPM machine is

shown in Fig. 1.2 (e). The PM machines can also be classified by the direction of the magnetic flux. In
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Fig. 1.2. General brushless PM electrical machines.
1.2.1 Winding topologies

Fig. 1.2 shows the stator structure of the PM machines with the slots to accommodate windings. The
stator windings can be categorized into two types: overlapping winding (OW) and non-overlapping
winding (non-OW), which usually depend on the number of slots per pole per phase (g). OW is typically
used in integer slot (IS) machines, ¢ > 1, and it includes two types of winding - concentrated winding
(CW) and distributed winding (DW), as depicted in Figs. 1.3 (a) and (b), respectively. Figs. 1.3 (c¢) and
(d) show typical configurations of non-overlapping winding, which include tooth coil (TC) and toroidal
winding (TW). It is worth noting that the TC is always a CW. Compared with non-OW, OW has a higher
winding factor, and the OW machines have the potential to utilise the reluctance torque. However, OW
usually shows a significantly longer end-winding length than non-OW. Thus, the OW machines have
higher copper loss and longer axial length, which result in low power density. TC non-OW, generally
used in fractional slot (FS) machines, ¢ < 1, tends to achieve a high winding factor. TW has the same
winding factor as the OW but potentially a shorter end-winding axial length, which may increase the
torque density of the OW machine. However, the outside conductors of toroidal windings in single rotor
PM machines cannot produce back-EMF, but they contribute to the end-winding length and increase

copper loss.
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(a) OW-CW (b) OW-DW

(c) Non-OW-TC (d) Non-OW-TW

Fig. 1.3. Winding configurations in PM machines.
1.2.2 PM topologies

This section introduces the PM topologies of the rotor and stator PM machines separately. ER PM
machines have become popular in some applications such as wind power, in-wheel drive, etc. since the
ER PM machines have larger space utilisation ratios and torque density. However, the ER structure also
causes complex mechanical and cooling issues compared to the internal rotor (IR) PM machine. IR and

ER PM machines only have rotor position differences, and the torque production mechanism and analysis



method are the same. Thus, this section only discusses IR PM machines.
A. Surface PM rotor

Generally, surface PM rotors have three common structures, i.e., surface-mounted PM, surface-inset
PM, and Halbach PM, as shown in Fig. 1.4. The SPM rotor is known for its simple structure and ease of
manufacturing. It is considered a non-salient rotor since the permeance of rare-earth PMs is similar to that
of the air, which eliminates reluctance torque. Therefore, the torque per PM volume of the SPM machine
is relatively lower. The surface-inset PM rotor has iron salience between PMs, which provides a slot for
easily fixing PMs, and the rotor saliency can generate reluctance torque. However, the iron saliency also
provides a flux path to the PM leakage and takes up the space of the PM arc width, reducing the average
torque of the machine. Halbach PM increases PM flux. It consists of magnets that are magnetized in the
direction of the flux path. As the Halbach PM provides the magnetic flux path, the amount of rotor iron
can be reduced, thereby reducing the overall weight of the Halbach PM rotor.

(a) Surface-mounted PM



(b) Surface-inset PM

(c) Halbach PM

Fig. 1.4. Surface PM rotor topologies.



B. Interior PM rotor

The PMs are embedded in the iron core of the IPM rotor. Similar to surface-inset PM rotor, the IPM
rotor is a salient rotor that can generate reluctance torque to increase torque density and power density

especially under flux weakening operation.

Typically, the IPM rotor can be categorized by different PM arrangements into I-type, V-type, U-type,
A-type, and spoke-type, as shown in Fig. 1.5. For the I-type IPM rotor, PMs are inserted into the rotor
iron core in a shape resembling the letter "I". This design aims to optimise the magnetic flux distribution
within the rotor. The magnets in an I-type rotor are buried within the rotor core, which helps them
withstand high rotational speeds and mechanical stresses. This design is commonly used in applications
requiring high torque and good flux-weakening performance. The V-type IPM rotor has PMs arranged in
a "V" pattern. Due to the flux-focusing effect, the V-type and spoke-type structures can improve torque
performance compared to the I-type IPM rotor. As shown in Figs. 1.5 (¢) and (d), the hybrid-type IPM
rotors, such as U-type and A-type rotors, are designed as a V-type combined with I-type configurations.
This topology combines the advantages of V-type and I-type rotors, which utilise the flux-focusing effect
and have a low leakage coefficient. However, the complexity of the rotor structure results in difficulty in

manufacturing and high cost.

(a) I-type (b) V-type



(c) U-type (d) A-type

(e) Spoke-type

Fig. 1.5. Interior PM rotor topologies.



C. Stator PM

The stator PM can also be categorised by surface and interior PM configurations. Fig. 1.6 shows the
typical stator PM topologies. In the FRPM machine, PMs are mounted on the surface of the inner side of
the stator teeth. In the SFPM machines, PMs are embedded in the stator teeth. Usually, stator PM
machines utilise field modulation to improve torque density. However, as mentioned in Section 1.2.1, the
PMs of stator PM machines are located near the stator winding, which limits their thermal management

capability.

(a) (b)

Fig. 1.6. Stator PM topologies.
1.3 Dual Rotor PM Machines with Parallel Magnetic Circuits

DRPM machines are proposed further to improve the torque density of SR PM machines. The first
induction machine with a dual-rotor structure was utilised in 1969 [KEL69]. For the axial-flux PM
machines, in 1988, the axial-flux DRPM machine with TW configuration, which is known as the
TOURUS machine, was proposed in [SPO88]. The magnetic fluxes generated by two rotors of the
TOURUS machine are in parallel [SPO90]. The shared stator yoke is necessary for the TOURUS
machine to provide the path for the parallel fluxes, as shown in Fig. 1.7 (a). In [WOOO07], the PM patterns
of two rotors of the TOURUS machine are changed to the N-N pattern from the N-S pattern, and thus,
two rotor PMs generate fluxes in series. In this case, the stator yoke can be completely removed to

achieve a yokeless and segmented armature (YASA) structure, as shown in Fig. 1.7 (b).

For the radial-flux PM machine, in 2003, the radial-flux DRPM machine with a shared stator is
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proposed in [QUO03a] to enhance the torque density (Considering the space requirement of the machine in
applications, the torque density in this Thesis is defined by Electromagnetic Torque/Machine Volume,
Nm/m?). Similarly, the radial-flux DRPM machine can be divided into two groups based on the magnetic
circuits of two rotors in parallel or series. In this thesis, the DRPM machine with parallel magnetic
circuits is called the PDRPM machine, in which the magnetic fluxes generated by each rotor are in
parallel, as shown in Fig. 1.7 (c). The PDRPM machine can be designed as a combination of two single-
rotor PM machines, and the two rotors do not interact with each other. The DRPM machine with series
magnetic circuits is called the SDRPM machine. The magnetic fluxes generated by two rotors in the
SDRPM machine are in series, in which two rotors are interacted, as shown in Fig. 1.7 (d). The
corresponding two rotors can operate at the same or different speeds for all types of DRPM machines.
The radial-flux DRPM machine has a slightly lower torque density and efficiency compared to the axial-
flux DRPM machine [Qu03b]. However, the axial-flux DRPM machine has several inherent
disadvantages, i.e., difficulty in manufacturing, particularly on the steel lamination, high cost, and
imbalance of magnetic force between the stator and rotor. Thus, this thesis focuses on the radial-flux
DRPM machine for further investigation. To introduce DRPM machines, refer to the flow chart in Fig.
1.8. This section provides an overview of PDRPM machines, while SDRPM machines will be discussed

in the following section.
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Fig. 1.7. General DRPM machines.
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1.3.1 Same rotor speed

The PDRPM machine with two SPM rotors has received extensive attention and research due to its
easy manufacturing. [QUO03a] first proposed the PDRPM machine with two different rotor combinations,
i.e., hybrid-PM and surface-PM rotors, as shown in Figs. 1.9. The output torque is directly related to the
air gap surface area for constant electrical and magnetic loadings. Thus, the torque density can be
enhanced by increasing the air gap volume from doubled air gaps. The PDRPM machine proposed in
[QUO3a] uses the non-OW TW. It utilises both working surfaces of the stator core, allowing the
conductors of TW on both sides to generate back EMF and significantly shortening the end-winding
length. This design enables the machine to use a much higher percentage of the stator winding to produce
torque than conventional machines, resulting in improved machine efficiency [QU04]. Two rotors have
the same pole number and rotational speeds and are connected by an end disc for easy assembly.
However, the sandwiched stator shows poor heat dissipation capacity. [XU13] uses the PDRPM machine
for wind power generation and investigates the influence of slot pole number combinations on machine
performance [XU17]. Since the magnetic fluxes generated by inner and outer PMs are parallel, the
PDRPM machine can be designed equivalently by splitting into an IR PM machine and an ER PM
machine for simplicity [UYGI15] [SON14]. The same rotor speed DR machines have two rotors of the
same rotational speed. Thus, two rotors are fixed on one end disk and mounted on one shaft. This type of
machine has only one output despite having two rotors. Therefore, the same-rotor-speed DR machine can
be treated as a single-rotor machine, but it splits one rotor into two parts and arranges it on two sides of

the stator.
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Fig. 1.9. PDRPM machine topologies [QUO03a].

Vernier PM machines typically have high coil pitch stator winding configurations, resulting in a long
end-winding. The PDRPM machine structure is designed to produce back EMF on both side conductors
of the TW and effectively shorten the end-winding length. As a result, the vernier PDRPM machine with
TW configuration, as proposed in [NIU10], aims to enhance torque density and reduce copper loss.
Additionally, the open stator slot structure is considered to improve the field modulation effect in the
vernier PM machine. Based on this topology, the vernier PDRPM machine with the consequent pole is
proposed in [ALL20]. The consequent pole configuration increases the torque per PM volume of the

vernier PDRPM machine and reduces the cost, as shown in Fig. 1.10.
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Fig. 1.10. Dual-rotor PMVM with consequent pole [ALL20].

To discuss the different rotor types of the PDRPM machine, [FUJ15] investigates the influence of
different rotor types on PDRPM machines. It compares the SPM, surface-inset PM, I-type IPM, and V-
type IPM rotors PDRPM machines, as shown in Fig. 1.11. The 3"-generation Toyota Prius IPM machine
is selected as a baseline. The dual surface-inset PM rotors PDRPM machine shows the highest torque
among all PDRPM machines, slightly higher than the dual I-type IPM rotors PDRPM machine. In order
to use the PDRPM machine in automotive applications, the inner rotor is considered to be an I-type rotor
to prevent scattering of the PMs when the inner rotor rotates at high speed and uses the surface-inset PM
outer rotor, called dual-SI PDRPM machine, as shown in Fig. 1.11 (e). This machine still shows
significantly lower torque than the 3™-generation Toyota Prius IPM machine with the same PM volume,
machine outer diameter and stack length. However, the TW configuration reduces the copper loss due to
the short end-winding length, which results in high efficiency. In addition, low back EMF causes low
torque and increases the flux weakening speed. Thus, the maximum power of the dual-SI PDRPM

machine is higher than that of the 3™-generation Toyota Prius IPM machine.
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(d) Dual V-type
(c) Dual I-type
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(e) Dual-SI

Fig. 1.11. PDRPM machines with different rotor types [FUJ15].

The Halbach PM arrangement is considered to further increase the torque of the PDRPM machine. The
Halbach PM provides the flux path that reduces the amount of rotor iron core. The PDRPM machine has
two rotors, and the Halbach PM arrangement significantly reduces the rotor weight, increasing the torque
per weight of the PDRPM machine [KUM16] [WU17]. The consequent pole is employed in the PDRPM

machine to significantly reduce the PM volume and enhance the torque per PM volume [ZHA20a].

The PM-assisted synchronous reluctance machine has many attractive features for traction application,
including the possibility of using low-cost ferrite PMs, high reluctance torque, and optimal flux
weakening capability [CAI14]. The DR structure is considered to achieve the PM-assisted synchronous
reluctance machine. [LI18] proposed a dual-rotor hybrid machine that integrates the synchronous
reluctance rotor and the SPM rotor into a PDRPM machine, which is shown in Fig. 1.12. It shows that the
torque of the proposed machine is close to that of the Toyota Prius machine even using the ferrite PM.
However, to achieve the maximum torques of both rotors with one set of the shared stator winding, the
optimal offset angle between two rotors requires change for different loading conditions, which is

inconvenient in automotive applications.
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Fig. 1.12. SPM ER and reluctance IR PM-assisted synchronous reluctance machine [LI18].

In addition to the rotor PM PDRPM machine mentioned above, the stator PM switched flux PDRPM
machine is proposed in [HAO14] [ZHA17]. The switched flux PDRPM machine shows comprehensive
advantages in high torque/power density, efficiency, low cogging torque, and torque ripple [XIA18]. To
produce different torques of two rotors of a switched flux PDRPM machine, [CAO21] introduces one set
of magnetic coupling winding on the stator to regulate the PM fields in two side air gaps, as shown in Fig.
1.13. However, the PMs and several sets of windings are located on the stator, which causes the
temperature rise of the winding which affects the PM performance. As a result, the thermal management

capacity of the machine is significantly reduced, and the sandwiched stator makes heat dissipation more

difficult.

Fig. 1.13. Dual-rotor FSPM machine [ZHA17].

18



1.3.2 Different rotor speeds

As discussed in the pervious section, the same speed inner and outer rotors of the DRPM machine are
fixed on the same shaft, resulting in a single output port despite having two rotors. The concept of dual-
mechanical ports in electrical machines was initially introduced by [XUO5], as shown in Fig. 1.14. This
method allows the DRPM machine to set two rotors on separate shafts, accommodating different
operational requirements [XV09]. This configuration offers a space and cost-efficient alternative to
utilising two PM machines, as the DRPM machine can operate as two independent outputs when two

rotors operate at different speeds.

T

Torque . .
Electrical | coupled | Mechanical
I —_— . —
EM Field
Speed

(a) Conventional electrical machine

Y ous

Port 2 .
‘ . Mechanical

| ‘ Electrical Coupled —>

Port 1 EMField |,

(b) Dual-mechanical-port electrical machines

Fig. 1.14. Dual-mechanical-port electrical machines [ XUO0S5].

In the application described in [YEH12], the PDRPM machine with two different-speed rotors is used
in air conditioning systems. Two different-speed rotors are mounted on different shafts. The machine
achieves various operational modes for each rotor by configuring different stator winding groups for the
corresponding rotor, enabling them to operate separately as condensers and evaporators, as shown in Fig.
1.15 (a). Furthermore, [KWO18] proposes integrating vernier and flux-reversal PM machines into a
PDRPM machine for washing machines. This integration allows the PDRPM machine to transition
between washing and dehydrating modes, each requiring different operating conditions. There is a non-
magnetic barrier between the sandwiched stator, which was designed to eliminate magnetic coupling of
the inner and outer parts [KWO18]. The outer machine is a Vernier FRPM machine. A consequent-pole
type was used on the stator. The inner machine is a conventional FRPM machine. Without the barrier, the

machine would experience magnetic flux coupling, causing back EMF distortion and unwanted torque
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generation on the unintended part. The outer machine is designed for the washing mode with high torque
and low-speed requirements. The inner machine is designed for dehydrating mode with low torque and
high-speed requirements. These configurations require two sets of stator windings and inverters to control

two rotors separately.

For the stator PM PDRPM machine with different-speed rotors, [LIU19] proposed a switched flux
PDRPM machine with different pole number rotors, as shown in Fig. 1.15 (c). The optimised machine

increases the sinusoidal degree of the waveform of no-load back EMF and reduces the cogging torque.

(c) [LIU19]

Fig. 1.15. PDRPM machine with different-speed rotors.
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1.4 Dual Rotor PM Machines with Series Magnetic Circuits

1.4.1 Same rotor speed

In contrast to the PDRPM machine, the magnetic circuits of the two rotors of the SDRPM machine are
in series. The PDRPM machine integrates the features of both IR and ER PM machines by connecting the
inner and outer magnetic circuits in parallel. However, this design necessitates a shared stator yoke,
which increases iron losses and reduces slot areas. Moreover, the fluxes generated by PMs on each rotor
are superimposed on the stator yoke. Thus, the thick stator yoke is required to avoid severe magnetic
saturation, further reducing the stator slot area. To address this issue, the radial-flux yokeless SDRPM
machine is proposed in [VANI13], as illustrated in Fig. 1.16. Different from the PDRPM machine, the
SDRPM machine maintains the same flux pattern for inner and outer PMs, aligning the flux directions
and the polarities of the MMFs in the inner and outer air gaps. Thus, the fluxes generated by PMs flow
through two air gaps and rotor yokes [WANI12]. This design allows to remove the stator yoke,
significantly reducing weight and iron losses. The yokeless SDRPM machine employs FSCW TC
[VAN13]. This configuration offers a large slot area, allowing the copper wire to be wound directly onto

the stator cores, thus improving the slot fill factor and reducing the weight of the machine.

The SDRPM machine utilises the Halbach PM arrangement [GOL18] [GOL19a] [GOL19b] to further
increase torque density. The proposed SDRPM machine with Halbach PM shows high power and torque
densities. Eliminating the stator yoke provides a large slot area for inserting cooling channels into the
stator slot, which improves heat dissipation [GOL19a]. The Halbach PM arrangement provides the flux
path, allowing the two rotors of the SDRPM machine to reduce the amount of iron core, significantly
reducing the weight of the machine. Comparison in [GOL18] shows that the Halbach PM SDRPM
machine has the highest torque density due to having the lowest active mass weight compared to IR, ER,
and dual-stator Halbach PM machines. A sub-domain model for the SDRPM machine was developed by
[GOL19b], which demonstrates good agreement with finite element analysis (FEA) results, making it

useful for the initial design stages of the SDRPM machine.
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Fig. 1.16. Yokeless SDRPM machine [VAN13].

When comparing IS PDRPM machines and IS SDRPM machines, the IS TW PDRPM machines
demonstrate superior performance in megawatt-scale wind power generation applications compared to IS
TC SDRPM machines [POT16]. This advantage is due to the TW configuration in IS TW PDRPM
machines, which reduces the length of end-windings. Consequently, for high-power applications, the
copper loss and active mass of end-windings in IS TC SDRPM machines are significantly higher than
those in IS TW PDRPM machines [POT15]. In contrast, FS TC SDRPM machines show higher torque
than FS TC PDRPM machines in low-power applications since the yokeless modular structure offers a

larger slot area, allowing for higher input current under the same copper loss conditions [RAN22a].

In addition to the rotor PM SDRPM machine mentioned above, stator PM switched flux SDRPM
machines are proposed in [GAN16] [JAF20], as shown in Fig. 1.17. The stator PM provides the flux path
to connect the inner and outer rotors. Two same-speed rotors of the stator PM switched flux SDRPM
machine are displaced by half a pole pitch to maintain symmetry for flux flow. The stator PM switched
flux. SDRPM machine achieves higher saturation limits as the effective airgap is twice that of the
conventional machine. In [JAF20], the split-tooth stator is employed, and the PM is located in the middle
of two stator sides to provide a flux path, as shown in Fig 1.17 (b). The windings are wrapped on the
stator parts toroidally. The cogging torque ripple of the proposed machine is less than that of the SFPM
machine. However, the torque of the stator PM switched flux SDRPM is lower in the case of the same

current density compared with the conventional SFPM machine.
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(a) [GAN16] (b) [JAF20]

Fig. 1.17. Switched flux SDRPM machines.
1.4.2 Different rotor speeds

In contrast to the PDRPM machine, the magnetic circuits of the two rotors in the SDRPM machine are
series, resulting in magnetic interaction between the rotors. Two different-speed rotors of the SDRPM

machine must employ field modulation to achieve torque transmission.

[ATAO1] first proposed a novel high-performance magnetic gear for efficient energy transmission, as
shown in Fig. 1.18. The magnetic gear is constructed by a lower number of poles in the inner SPM rotor,
a higher number of poles in the outer SPM rotor, and sandwiched stator modulating segments. The
harmonic order of flux density produced by either the high or low number of poles rotor PMs is given by

[ATA04] [ATA06] [RASO5] [JIA09]:
Pmg = Imp + kN
m =135, ...
k=0,1,23,.. (1.1)

where N; is the number of stator modulating segments, and p is the number of PM pairs of the rotor. In

addition, the rotational speed of magnetic field generated by PM can be calculated as:

mp

Omk = RN, " (1.2)

where o, is the rotational speed of the PM rotor. Thus, in order to transmit the torque between two

different pole rotors at different speeds. The pole pair number of the other PM rotor must be equal to the
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harmonic order when k#0, and the corresponding gearing ratio G, with the fixed stator modulating

segments can be expressed as:

(1.3)

Fig. 1.18. A novel high-performance magnetic gear [ATAO1].

Based on the magnetic gear, [CHAOQ7] introduced an inner stator (InS) magnetic-geared PM machine,
as depicted in Fig. 1.19 (a). This machine utilises field modulation to reduce speed or increase torque by
seven times. Additionally, if the load torque exceeds the peak torque transmission capacity, the magnetic
gear will slip instead of experiencing mechanical breakage. This machine has been comprehensively
analysed in [JIAO8] [DUO8] [RAS13] [FRA12] [FRA15] [GER13] [GER15]. [JIA09] applied this InS

magnetic-geared PM machine in wind power, yielding several benefits:

e The low-speed ER design allows direct coupling with wind blades for efficient power capture.

o The integration of a coaxial magnetic gear enables the PM brushless generator to operate at high
speeds, achieving high power density.

e The magnetic gear provides physical isolation between the inner and outer rotors, reducing

maintenance costs and acoustic noise.

Despite these advantages, the mechanical structure of the machine is complex, involving four coaxial
components, two sets of PM arrays, and three layers of air gaps. This complexity results in low reliability,
too much use of PMs, challenging manufacturing processes, and high costs. Then, [ATA08] proposed an
outer stator (OS) magnetic-geared PM machine that integrates a magnetic gear and a PM machine, as
shown in Fig. 1.19 (b). Compared with the machine shown in Fig. 1.19 (a), this machine sets the

modulation pole pieces as a rotational part. The outer PMs of the magnetic gear are mounted on the stator
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to save an air gap, which is more conducive to manufacturing realisation. The stator is located on the
outermost side, which is more conducive to the heat dissipation of the armature winding. To simplify the
mechanical structure of the magnetic-geared machine, [JIA11] [JIA12] directly wound the stator winding
on the stationary modulation ring to realise the intermediate stator magnetic-geared machine, as shown in
Fig. 1.19 (c). However, the intermediate segmented modulation ring employs the DW, making the
assembly more difficult. Moreover, the intermediate stator has poor heat dissipation capability compared
with the Ins and OS structure [DAL18]. Therefore, InS and OS magnetic-geared PM machines are the

most popular types among all magnetic-geared machines.

(c) Intermediate stator magnetic-geared machine [JIA11]

Fig. 1.19. Magnetic-geared PM machines.
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For the InS magnetic-geared machine, [WANO09] removes the inner rotor, and the inner magnetic field
is only generated by the armature reaction, as shown in Fig. 1.20. This design reduces costs and simplifies
the mechanical structure by saving an air gap, one rotor, and one set of PMs. Extensive research has been
conducted on this machine [FU10] [UBA17] [UBA20] [WANI17a] [LIU12] [ZHA20b]. However,
compared to the OS magnetic-geared machine, the InS magnetic-geared machine presents challenges in

assembling the ER and rotational modulation ring with the inner stator.

Fig. 1.20. InS magnetic-geared machine [WANO9].

Similarly, for the OS magnetic-geared machine, [ZHE13] remove the PM on the stator of the OS
magnetic-geared machine in [ATAO08], and the outer magnetic field is only generated by the armature
reaction [BAIl5a] [BAIl15b] [BAIlSc] [BAI16] [LIU21], as shown in Fig. 1.21. This machine is
proposed in [ZHE13] and comprehensively analysed in [BAIl5a]. The analytical modelling of this
machine is developed in [YIN17]. The consequent pole rotor is employed to reduce the PM amount
[BAI15b]. [BAIl5c] replaces the steel modulation ring with PM, and the inner rotor can be salient rotor to
enhance the rotor mechanical strength. [BAI16] inserts the nonmagnetic metal bar into the modulation
ring to enhance the mechanical strength of the modulation ring. [LIU21] employs one more modulation

winding on the stator to improve the field modulation effect to increase the torque.
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Fig. 1.21. OS magnetic-geared machine [ZHE13].

In [Niul3], a consequent pole OS magnetic-geared machine is developed, which features the
consequent poles on both the inner rotor and the modulation ring [NIU13] [LUO17] [LIU16] [WANI19].
This machine utilises two sets of stator windings to enhance the field modulation effect, as illustrated in
Fig. 1.22. Tt is applied in electrical continuously variable transmission systems [NIU13] and wind energy
conversion systems [LIU16] [WANI19] [LUO17]. The proposed machine with the doubly bidirectional
flux-modulation effect increases torque density. Additionally, it enables various-speed constant-amplitude
voltage operation over a wide speed range, providing stable DC power with a simple uncontrolled diode

rectifier. The main advantages include a simple structure without requiring a gearbox and brush system.
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Fig. 1.22. OS magnetic-geared machine with consequent pole [NIU13].

The spoke PM array is employed in magnetic-geared IR PM machine to increase the torque density
[LIA21] [REN17] [HAN19] [REN21] [LIU22a] [LIU22b] [LI16a]. This magnetic-geared IR PM machine
with spoke PM is shown in Fig. 1.23. Spoke PMs are located on the modulation ring to utilise the flux
focusing, and two sets of stator windings are employed to utilise doubly bidirectional flux-modulation
effect. Thus, this type of machine shows significantly high torque and power densities. Generally, the

topologies evolution of the magnetic-geared machines is shown in Fig. 1.24.

Fig. 1.23. OS magnetic-geared machine with spoke PM [REN21].
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[WANO09] [ZHE13]

Fig. 1.24. Topologies evolution from magnetic gear to some other magnetically-geared machines.
1.5 Counter-Rotating Dual Rotor PM Machines

Counter-rotating (CR) machines are extensively utilised to enhance the performance of specialised
industrial applications, including underwater vehicles, wind turbines, and household appliances. [HOL94]

introduced a CR ring thruster for underwater vehicles, where two thruster rings rotate in opposite
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directions to mitigate roll motion during underwater propulsion. It has been optimised in [SAS98], as
shown in Fig. 1.24. This CR propulsion system prevents single-direction rotational water flow, which can
cause underwater vehicles to yaw in one direction [LIU18]. The counteracting torques generated by the
two CR propellers enable precise and straight movement of the vehicle [SHI20]. Additionally, in axially
arranged CR propellers, the aft propeller recovers rotational energy losses from the fore propeller,
resulting in an efficient propulsion system [HOU18]. Propulsion efficiency is further improved when the
fore propeller rotates faster than the aft propeller, as compared to both propellers rotating at the same
speed [MAL13] [YANO96]. Traditionally, CR underwater vehicle propulsion is driven by either two
separate machines or a single machine integrated with a bevel-planetary mechanical gearbox, as shown in
Fig. 1.25. This setup is costly, heavy, and space-consuming, and its complex mechanical structure

necessitates frequent maintenance.

Fig. 1.24. Counter-rotating propellers for underwater propulsion [SAS98].

Bevel-planetary Counter-rotating

gear \ *
Electrical

Machine

(a)

Counter-rotating

Two Electrical
Machines

(b)

Fig. 1.25. Typical system of counter rotating propellers.
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In the field of wind power turbines, [SHI98] was the first to patent a CR wind turbine system.
Subsequently, [JUNOS] developed a 30kW CR wind turbine system featuring a smaller auxiliary rotor
placed upwind of the main rotor to capture additional wind energy and compensate for the dead zone of
the main rotor, as shown in Fig. 1.26. This configuration enhances the aerodynamic efficiency and power
output compared to conventional single-blade wind turbines [SAN13]. The smaller blade length of the
auxiliary rotor allows for higher tip speeds, further increasing power output. However, similar to
underwater propulsion, CR wind turbine systems usually incorporate a bevel-planetary mechanical gear,
leading to mechanical complexity, maintenance issues, noise, low reliability, and high costs. To
circumvent these problems, [BOO10] used slip rings in the stator armature winding to design the stator as
a rotating part, achieving CR operation without a mechanical gearbox. Nevertheless, this approach also

suffers from reliability issues and slip ring maintenance requirements.

Main Rotor Blade

Pitch Controller

Auxiliory Rotor Biode

Generator

s !

Fig. 1.26. Planetary gear system-based counter-rotating system [JUNOS5].

In the field of aerospace, Henry Bright patented the first CR propellers for a helicopter in 1859
[HAYS52], as shown in Fig. 1.27. Based on this topology, coaxial CR propellers for helicopters evolved
into fully operational models recognised in aviation [LEIO6] [COL97] [HOLO4]. CR propellers are
developed to improve aircraft performance and address aerodynamic challenges associated with

propellers rotating in a single direction, which utilise a dual-blade system on the same axis but rotate
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oppositely to balance the forces involved [SCH12] [WEI22].

C
-

\ /

UL

———

Fig. 1.27. CR propellers [HAY52].

CR propellers mitigate the aerodynamic issue of asymmetry of lift, a phenomenon occurring in
rotorcraft during forward flight, where rotor blades alternately advance and retreat relative to the direction
of flight. The advancing blades encounter more airspeed and generate more lift compared to the retreating
blades [WATO04] [REH22] [LEIO6]. By employing two rotors that rotate in opposite directions, CR
propellers save a tail rotor and maintain balanced lift on both sides, enhancing stability during takeoffs,
landings, and manoeuvres [SIN21]. In hover, CR propeller rotors show a 13% higher performance merit
than single-rotor configurations, and the lack of a tail rotor enhances overall efficiency by avoiding power

losses, thereby offering a 20% higher efficiency for coaxial CR propeller helicopters [BOU97] [BOU99].

Additionally, in CR propeller systems where the propellers are axially aligned, the aft propeller
captures rotational energy lost by the forward propeller, enhancing overall propulsion efficiency

[COR22]. This configuration saves 8% fuel compared to turbofan engines [STR82] [HAGSS].

Generally, the CR propeller rotor in aircraft is driven by a single engine integrated with a complex
mechanical gearbox. This conventional setup is often costly, heavy, and consumes substantial space

within the airframe.

Therefore, CR DR electrical machines are proposed to achieve CR operation, improve reliability, and

reduce weight, cost, and space requirements. The DRPM machine, utilising high-energy PM material, is
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the most popular topology due to its high torque density and efficiency. The CR DRPM machine can also
be categorised into two groups by magnetic circuits of two rotors in series or parallel, as shown in Fig.

1.28.

Permanent Magnet Machine

Dual Rotor PM Machine

Series Parallel
[ ] [ ]
Same Different Counter Same Different Counter
Speeds Speeds Rotating Speeds Speeds Rotating

Fig. 1.28. Categorisation of CR DRPM machine.
1.5.1 Parallel magnetic circuits

In Section 1.3.2, [YEH12] introduced a DRPM machine that fixes two rotors on separate shafts,
enabling independent rotor operation. Similarly, [ZHA14] [ZHAO7] [CHE11] also proposed DRPM
machines with shared armature winding sets and two same pole number rotors, achieving CR operation
by altering the phase sequences for the corresponding rotors, as illustrated in Fig. 1.29 (a). For the stator
PM CR DRPM machine, the CR switched flux PM machine is proposed in [ULL22a] [ULL22b]
[MIR21], as shown in Fig. 1.29 (b). In this machine, stator PMs produce opposite polarities MMFs in two
air gaps, and the armature reaction produces the same polarities MMFs in two air gaps, allowing two
rotors to achieve CR operation. However, these types of CR DRPM machines have only one set of stator
winding and the same pole number rotors. Thus, the rotational speeds of the two rotors should be the

same, but only the directions are different.
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(a) [ZHA14] (b) [ULL22a]

Fig. 1.29. CR DRPM machines with parallel magnetic circuits.
1.5.2 Series magnetic circuits

For the CR DRPM machine with series magnetic circuits, magnetic-geared machines are the most
popular type, which can utilise field modulation to achieve CR operation. [WAN17b] [LUO17] [CHE21]
proposed magnetic-geared CR DRPM machines that use two winding sets interacting with a rotor and a
modulation ring, employing dual field modulation to achieve CR operation and enhance torque density, as
shown in Fig. 1.30. However, the modulation ring typically has inadequate mechanical strength to serve
as an output rotor. The sandwiched modular stator magnetically geared DRPM machine addresses this by
using a modular stator between the two rotors as the modulation ring, providing a robust rotor structure
[JTA12]. Nevertheless, the sandwiched stator assembly with dual-mechanical ports introduces mechanical

complexity and manufacturing challenges.

34



Fig. 1.30. CR DRPM machines with series magnetic circuits [CHE21].

These methods for achieving CR operation can also be applied to axial flux DRPM machines
[HUA24] [ZHU18a] [HAS20] [XIA23]. As mentioned in Section 1.3, the conventional YASA machine
has two rotors with the same pole number and rotates at the same speed, as shown in Fig. 1.31 (a). In
[ZHU18a] [KHA18b], the axial-flux YASA machine employs two different pole number rotors to utilise
the field modulation in the FS CW machine to achieve CR operation [ZHU18b], as shown in Fig. 1.31
(b). Then, [HAS20] utilises the same method on the conventional TOURUS machine (Fig. 1.31 (c)). The
TW configuration is employed on the common stator yoke, as shown in Fig. 1.31 (d). However, axial flux
machines face inherent drawbacks in lamination manufacturing and axial magnetic attraction forces

between the rotor and stator.

3D Model Rotor 1 PMs Stator Core TC Rotor 2

(a) Conventional YASA
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3D Model Rotor 1 PMs Stator Core Rotor 2

(b) [ZHU18a]

Rotor 1 PMs Stator Core TW Rotor 2

(c) Conventional TOURUS

3D Model Rotor 1 PMs Stator Core TW Rotor 2

(d) [HAS20]

Fig. 1.31. Axial-flux DRPM machines.
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1.6 Scope and Contributions of Thesis

This thesis focuses on the DRPM machines. Comparative studies are conducted on PDRPM, SDRPM,
and SR SPM machines to analyse the performance of DRPM machines under the same speed scenario.
The counter-rotating operations of DRPM machines are investigated as a particular case of different
speed scenarios. The counter-rotating SDRPM machine is investigated, and a novel counter-rotating
PDRPM machine is proposed. The research scope and analysed machines in each chapter are shown in

Figs. 1. 32 and 1.33 with the detailed contents described as follows:
Chapter 1

PM machine topologies, including both single and dual-rotor, are introduced. With particular attention
paid to the DRPM machines, the topologies are reviewed based on the same speeds, different speeds, and

counter-rotating operations.
Chapter 2

In order to analyse the electromagnetic performances of DRPM machines under the same speed
scenario, the radial-flux PDRPM and SDRPM machines with non-OW TC and TW, and OW DW
configurations are comprehensively compared, accounting for different slot/pole number combinations,
stator winding configurations, and machine sizes. The designs of all machines are optimised using the

finite element analysis based on a genetic algorithm. FEA predictions are validated by experiments.
Chapter 3

The comparison of SDRPM and PDRPM machines reveals that the external rotor of the PDRPM
machine with TC winding configuration contributes the majority of torque to the total torque, which is
even higher than the total torques of the TW PDRPM machine and the TC SDRPM machine under the
same speed scenario. The single external-rotor machine potentially has even higher torque than the dual-
rotor machine. Thus, the comparative analysis of the electromagnetic performances of radial flux DR
SPM machines with FS non-OW, with reference to external- and internal-rotor SPM machines. The
SDRPM machine is selected to compare with the single-rotor machines since the SDRPM machine shows
higher torque than the PDRPM machine in Chapter 2. All machines are optimised by genetic algorithm
using finite element analysis under various design optimisation scenarios, together with the equivalent
magnetic circuit analysis. In addition, the influence of air gap length, PM volume, machine inner bore

radius, and pole number is investigated. The measured results validate the FEA results.
Chapter 4

Under the same speed scenario, the DRPM machine has lower torque than the single-rotor PM
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machine. However, dual-rotor machines inherently have an extra rotor compared with single-rotor
machines. When the two rotors of the dual-rotor machine operate in different working conditions, the
dual-rotor machine can replace two single-rotor machines to meet the requirements of some special
applications that require two rotors to reduce the cost and save space. Thus, the counter-rotating
operations of DRPM machines are investigated as a special case of different speed scenarios. Radial-flux
FSCW yokeless counter-rotating dual-rotor permanent magnet (YCDRPM) machines are investigated.
The magnetic circuits of two rotors of YCDRPM machines are in series. Based on the magnetic field
modulation theory, a YCDRPM machine combines magnetic gear and PM machine to realise dual-rotor
counter-rotating operation for special applications, such as washing machines, counter-rotating wind
power generators, and underwater vehicles. The operation principle and three feasible slot/pole number
combinations are investigated under different operation modes. The YCDRPM machine is analysed using

an analytical method and validated by FEA and experiments.
Chapter 5

The sandwiched modular stator of the YCDRPM machine results in a complex mechanical structure
that makes manufacturing and assembly difficult. Thus, a novel counter-rotating single-stator dual-
internal-rotor permanent magnet (CSDPM) machine is proposed. The magnetic circuits of two rotors of
the CSDPM machine are in parallel. This machine utilises magnetic field modulation in the FSCW PM
and vernier PM machines to realise the counter-rotating operation for some special applications. The
magnetic field modulation principle and the relationship between two rotors and the armature reaction are
analysed. The electromagnetic performance of the CSDPM machine is comprehensively investigated.

Experiments on a prototype CSDPM machine validate the results.
Chapter 6

General conclusions are described based on the previous chapters. Also, potential future works are

proposed.
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Outer phase A
stator winding  Outer flux

Inner phase A |pner flux
stator winding

(a) TC-SDRPM. (b) TC-PDRPM.

Outer phase A
stator winding  Outer flux

4

Inner phase A Inner flax
stator winding

(¢) TW-PDRPM.

Fig. 2.6. Open circuit flux line linked with phase A stator winding of optimised 12s10p machines (Rotor
position at 0 deg).
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Fig. 2.7. Comparison of phase flux linkages of 12s10p machines.
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Fig. 2.8. Comparison of phase-A back EMFs of 12s10p machines (Rated speed=400 r/min).

2.4.3 Torques, PM utilisations, and overload capabilities

The on-load torques of all optimised 12s10p machines under 30W copper loss with zero d-axis current
control are shown in Fig. 2.9. The TC-PDRPM machine has the highest torque, 4.3 Nm, due to its highest
back EMF. In contrast, the TW-PDRPM machine has the lowest torque, 3.2Nm. Since the TW-PDRPM
not only has the lowest back EMF but also the stator yoke design in the PDRPM machines further reduces

the slot area compared with the yokeless structure of the TC-SDRPM machine, leading to an even lower
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input current in the PDRPM machines under the same copper loss condition (Table 2.3).
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Fig. 2.9. Comparison of torques of 12s10p machines.

The original optimisation objective has only considered the optimal torque and not set the limitation of
PM volume. Thus, the PM utilisation of all machines are compared in Fig. 2.10. The PM utilisation is the

ratio of average torque and PM volume, it can be defined as:
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T,
PTorque/PM = Vavg (2.2)
PM

where 7. 1s the average torque, and Vpy is the PM volume. It can be seen that the TC-PDRPM machine

has the highest outer PM utilisation, while the TW-PDRPM machine has the highest inner PM utilisation.

‘iE: 0.20 ;L?]t:rl
E 0.15- - -§ 5N Outer
'*% 0.10 - § § N
] \ \ \
g 005- § § §
T 0.0 A§ /& 7

I " I " I
TC-SDRPM TC-PDRPM TW-PDRPM
Fig. 2.10. Comparison of PM utilisation of 12s10p machines.
The overload capabilities of all 12s10p machines are shown in Fig. 2.11. It can be seen that the TC-
SDRPM and TC-PDRPM machines have the same overload capabilities. However, the TC-PDRPM

machine always produces higher torque than the TC-SDRPM machine at different copper losses. In
contrast, the TW-PDRPM machine has the weakest overload capability.
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Fig. 2.11. Torques versus copper loss of optimised 12s10p machines with zero d-axis current.
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2.4.4 Losses and efficiencies

The PM eddy current, iron, and copper losses of all optimised 12s10p machines at the rated load are
shown in Fig. 2.12. As can be seen, the TC-SDRPM machine has the lowest iron loss due to its yokeless

stator structure.

40
Bl 7C-SDRPM

1|[ZZ4 TC-PDRPM
304 (B8 TW-PDRPM

— ’,— —————————— .~~
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» 20- ( \
8 \.0 /
4
- 0 *. PM Eddy Current.-*’
0 -M ;

PM Eddy Current Iron Copper
Fig. 2.12. Losses of optimised 12s10p machines at rated load (Rated speed=400 r/min).

Furthermore, the efficiencies (2.3) of all three machines are calculated and compared in Fig. 2.13.
Clearly, the 12s10p TC-SDRPM machine has the highest efficiency due to the low PM eddy current and

iron losses.

Tavgw
N=c———F— (2.3)
Tavgw + Ploss

where w is the machine rotating speed and P.ss 1s the total loss in the machine.
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Fig. 2.13. Efficiencies of optimised 12s10p machines.
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2.5 Influence of Slot/Pole Number Combinations of TW-SDRPM, TW-
PDRPM, and TOW-PDRPM machines

The influence of slot/pole number combinations of TC-SDRPM, TC-PDRPM, and TW-PDRPM
machines are investigated in this chapter, i.e., 12s10p FS machines, 12 slots 20 poles (12s20p), and 12
slots 22 poles (12s22p) IS machines. Their winding connections and corresponding coil EMF phasors are
shown in Fig. 2.14. The number of slots per pole per phase g can be calculated by:

- 2mp

q (2.4)

where N; is the number of the stator slot, m is the number of the phase, p is the number of the rotor pole

pairs.

It should be noted that the pole pair numbers of 12s20p and 12522p combinations in formula (2.4) are
the pole pair numbers of the armature windings as 2 and 1, respectively. Thus, ¢ of 12s10p machines is

2/5. The g of the 12s20p and 12s22p IS machines are 1 and 2, respectively.

For all machines with different slot/pole number combinations, the winding connected for the highest
winding factors. Therefore, the optimal coil pitches of 12s10p, 12s20p, and 12s22p SDRPM machines are
I, 3, and 5, respectively. All machines with different slot/pole number combinations are globally
optimised with the same condition as Chapter 2.3 to maximise the torque. The optimised parameters are

listed in Table 2.4.

61



L (d) 1L (d)

Fig. 2.14. Cross-sections of machines with different slot/pole number combinations and corresponding coil EMF
phasors. 1. 12s20p. I1. 12s22p (a) TC-SDRPM. (b) TC-PDRPM. (¢) TW-PDRPM. (d) Corresponding coil EMF

phasors.
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TABLE 2.4
PARAMETERS OF OPTIMISED OF TC-SDRPM, TC- AND TW-PDRPM MACHINES WITH DIFFERENT SLOT/POLE NUMBER

COMBINATIONS
Symbols TC-SDRPM TC-PDRPM TW-PDRPM
Nyp 12/20 12/22 12/20 12/22 12/20 12/22
Wiss/Wost 3.8 4 2/4.2 2.4/4.8 2.7/5.3 2.6/5.6
Ry/R; - - 0.51 0.55 0.66 0.67
hyy - - 5.6 6.4 5.7 6
R/R; 0.405 0.42 0.38 0.4 0.45 0.47
R4/R; 0.86 0.83 0.85 0.82 0.85 0.84
bis 3.2 3.7 5.3 6.2 6 4
bos 10.4 12.3 12.8 8.2 9.4 5.2
his 1 1.3 1.3 1.5 1 1
Ros 1.3 1.1 1.2 1.1 1 1
Ois 15 6.1 9.5 15 9.7 5
Oos 17 12.7 10.5 10 12 11.4
Ry>-R; 2.2 1.9 2.3 1.9 2.2 2.2
R6-Rs 2.3 2 2 1.9 2.1 2.3
Oim 180 164 15.3 15.4 17.2 14.2
Oom 180 163 16.5 11.9 15.2 11.8
Vim 13.4 11.2 11.1 10.7 14.5 13.7
Vom 31.9 25.9 26 19.1 25 22.7
Ve 453 37.1 37.1 29.8 39.5 36.4
Lamp 5.3 3.8 4.7 3.5 49 4.5

2.5.1 Air gap flux densities

Fig. 2.15 shows the open circuit flux lines and magnetic flux density distributions of all optimised
machines. With the increase of pole number, the pole pitch decreases, and the magnetic saturations on the

stator and rotor are less.
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Fig. 2.15. Open circuit flux density distributions and flux lines of optimised machines with different slot/pole

number combinations. 1. 12s20p. II. 12s22p (a) TC-SDRPM. (b) TC-PDRPM. (c) TW-PDRPM.

Fig. 2.16 shows the variations of inner and outer air gap flux densities of all machines with pole
numbers. The inner and outer fluxes of the TC-SDRPM machine interact. Thus, the outer air gap flux
density decreases with the inner air gap flux density as the pole number increases in the TC-SDRPM
machine. As mentioned in Chapter 2.4, the inner rotor contributes minimally to the TC-PDRPM machine.

Therefore, the inner air gap flux density of the TC-PDRPM machine is the smallest among all machines
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with different slot/pole number combinations. The waveforms and spectra of air gap flux densities of all

machines are shown in Fig. 2.17.

10
=
2 0.9
7
c
S 0.8
3
i 0.7
&
¢ 0.6 - TC-SDRPM TC-PDRPM TW-PDRPM
= Inner: — - ——
< 05 Outer: -w- -o- -4-
' 10P 20P 20P

Pole Number

Fig. 2.16. Inner and outer air gaps flux densities versus pole numbers.
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Fig. 2.17. Inner and outer air gap flux densities of TC-SDRPM, TC- and TW-PDRPM machines.
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2.5.2 Flux linkages and back EMF's

Fig. 2.18 shows the phase A flux linkages of all machines with different pole numbers. In TC-PDRPM
machines with different pole numbers, the flux linkage generated by the inner rotor is negligible.
However, the outer rotor radius is significantly larger than that of the inner rotor, and the outer PM
generates higher flux due to the larger PM width. As a result, the outer rotor generates significantly higher
flux linkage. Thus, TC-PDRPM machines with different slot/pole number combinations have the highest
total flux linkages among all machines. The total flux linkages of the 10p and 22p TC-SDRPM machines
are higher than those of the corresponding TW-PDRPM machines. The outer flux linkages of the 20p
TW-PDRPM and TC-SDRPM machines are similar, but the inner flux linkage of the TC-SDRPM
machine is lower than that of the TW-PDRPM machine. Therefore, the total flux linkage of the 20P TW-
PDRPM machine is higher than that of the 20p TC-SDRPM machine. The back EMFs and flux linkages
of all machines under different pole numbers with similar relationships are shown in Fig. 2.19. The
waveforms and spectra of phase-A flux linkages and back EMFs of all machines are shown in Fig. 2.20

and Fig. 2.21, respectively.
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Fig. 2.18. Phase A flux linkages versus pole numbers.
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Fig. 2.19. Back EMFs versus pole numbers (Rated speed=400 r/min).

0.15 0.15
20p TC-SDRPM TC-PDRPM TW-PDRPM 20p TC-S&!PM Tc-gaPM TWﬂ?PM
Total: —— - - — Total:
0.10+ Inner: —e-— —e— —e— o] Inner: V4|
0054+ Outer: —X- — - E 0.10 - Outer: [] — —
[}
000 3
b=
-0.05 1 S 0.05-
£
-0.10 <
-0.15 T T T T T 0.00 T T o T T T Y T T T
0 60 120 180 240 300 360 0 2 3 4 5 6 7 8 9 10
Rotor Position (Elec. deg.) Harmonic Order
(a) 12s520p.
0.15 0.15
22p TC-SDRPM TC-PDRPM TW-PDRPM 22p TC-S&?PM TC-FﬂPM TW'ﬁPM
Total: —— — —_— —_ Total:
0.10 Inner: —e-— —e - —e— o) Inner:
0.05 -‘::? : Outer:  ~-3- ; 0.104 Outer: [J — —
- % =0
- -
0.004- —*— =
=
-0.05 - Q. 0.05-
£
-0.10 4 <
_015 T T T T T 000 T T T T T T T T T T
0 60 120 180 240 300 360 0 2 3 4 5 6 7 8 9 10
Rotor Position (Elec. deg.) Harmonic Order
(b) 12522p.

Fig. 2.20. Phase-A flux linkages of TC-SDRPM, TC- and TW-PDRPM machines.
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Fig. 2.21. Back EMFs of TC-SDRPM, TC- and TW-PDRPM machines (Rated speed=400 r/min).
2.5.3 Torques, PM utilisations, and overload capabilities

The torques and PM utilisations of TC-SDRPM, TC- and TW-PDRPM machines with different
numbers of slot/pole number combinations are shown in Figs. 2.22 and 2.23, respectively. The TC-
PDRPM machines with different slot/pole number combinations and all winding configurations show the
highest torque due to their highest back EMF. Moreover, the total PM utilisations of the TC-PDRPM
machines are higher than other types of machines. On the other hand, the torques of TW-PDRPM
machines with different slot/pole number combinations are the lowest. Although the TW configuration
has shorter end-winding length than the TC configuration, the yokeless modular stator structure provides
a big slot area for the TC-SDRPM machines. The 10p and 20p TC-SDRPM machines allow higher input
current than TW-PDRPM machines, even when considering the end-winding length under the same
copper loss condition. For the 22p machines, the back EMF of the TC-SDRPM machine is significantly
higher than that of the TW-PDRPM machine. Additionally, the 22p machine has a strong 2 pole stator
armature reaction. The 22p TW-PDRPM machine faces severe magnetic saturation in the stator yoke, as
shown in Fig. 2.24. Therefore, despite having a higher input current, the torque of the 22p TC-SDRPM
machine is higher than that of the 22p TW-PDRPM machine. The waveforms and spectra of torques of
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TC-SDRPM, TC-PDRPM and TW-PDRPM machines are shown in Fig. 2.25.
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Fig. 2.22. Torques versus pole numbers.

o
N
1

o
w
1

O
N
1

o
—
1

o
o

TC-SDRPM TC-PDRPM TW-PDRPM
Total: —— —_— —_—
Inner: —@-— —o - — —
Outer: —- - - —% -

Pole Number

Fig. 2.23. PM utilisations versus pole numbers.
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Fig. 2.24. Flux density distributions and flux lines at rated load. I. 12s10p. II. 12s20p. III. 12522p. (a) TC-SDRPM.
(b) TC-PDRPM. (c¢) TW-PDRPM.
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Fig. 2.25. Torques of TC-SDRPM, TC- and TW-PDRPM machines.

Fig. 2.26 shows the average torques of all machines under different copper losses. The machine 22p
TW-PDRPM exhibits the weakest overload capability due to the strong armature reaction. On the other
hand, the TC-SDRPM machines have stronger overload capability compared to other types of machines
with the same pole number. This is because the series connection of TC-SDRPM machines leads to

almost double the equivalent airgap length, i.e. 2x(PM thickness + airgap).
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Fig. 2.26. Average torques versus copper loss of TC-SDRPM, TC- and TW-PDRPM machines with different slot-

pole number combinations with zero d-axis current.
2.5.4 Losses and efficiencies

The PM eddy current and iron losses of all optimised machines with different slot/pole number
combinations are shown in Fig. 2.27. The copper loss for all machines is the same at 30W. The TC-
SDRPM machines have the lowest iron loss with different pole numbers because of the yokeless stator
structure. Fig. 2.28 illustrates the efficiencies of all machines. It is observed that all types of machines
achieve relatively higher efficiency with the 12s20p slot/pole number combination. The 12s20p TC-
PDRPM machine has the highest efficiency compared to all other machines since it has the highest

torque.
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Fig. 2.27. Losses of TC-SDRPM, TC- and TW-PDRPM machines with different slot-pole number combinations at
rated load (Rated speed=400 r/min).
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Fig. 2.28. Efficiencies of TC-SDRPM, TC- and TW-PDRPM machines with different slot-pole number

combinations at rated load.

2.6 Influence of Machine Size

Compared to the IS SDRPM machine, it was reported [POT16] that the PDRPM machine performs
better in MW wind power generation applications. However, different machine sizes with different
slot/pole number combinations should be discussed for different applications. Therefore, this chapter

investigates the influence of the machine size for TC-SDRPM and TC- and TW-PDRPM machines with
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different numbers of slot/pole number combinations. The scaling-up analysis is conducted in three distinct
directions, as illustrated in Fig. 2.29. The red arrow K presents the machine only scaling up in the radial
direction but keeping other parameters the same in the axial direction. The blue arrow K, shows the
machine only scaling up in the axial direction but keeping other parameters the same in the radial

direction.
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Fig. 2.29. Scale up method of machine.

2.6.1 Scale-up in radial direction

In the radial direction, the copper loss scales up as K,”. The end-winding length is influenced
significantly by the radially scaling up. The stator armature winding input current with zero d-axis current

control and the torque of all machines varied with the K, are shown in Fig. 2.30.

In this case, the torque of the 12s20p TW-PDRPM machine increases to the highest with the increase
in K. The TW configuration gives the IS TW-PDRPM machines an advantage of their shorter end-
winding length. Thus, the 12s20p and 12s22p TW-PDRPM machines have higher input current with
increased K,. However, the strong 2 pole stator armature reaction in the 12s22p TW-PDRPM machine
leads to severe magnetic oversaturation, which results in the torque of the 12s22p TW-PDRPM machine

increasing slowly with K.
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Fig. 2.30. Variation of average torque and stator g-axis input current with K. (a) Input current. (b) Average torque.
2.6.2 Scale-up in axial direction

In the axial direction, copper loss increases in proportion to K,. Fig. 2.31 shows the input currents and
torques of all machines vary with K,. With axial scaling, the effect of end-winding length becomes
negligible gradually. Therefore, the input currents in TC-SDRPM and TC-PDRPM machines increase
more with Ka than in TW-PDRPM machines. This leads to a more significant increase in the torque of

TC-SDRPM and TC-PDRPM machines compared to TW-PDRPM machines.
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Fig. 2.31. Variation of average torque and stator g-axis input current with K,. (a) Input current. (b) Average torque.
2.6.3 Scale-up in radial and axial directions

When both radial and axial directions are scaled up, the volume of the machine is scaled up. The
copper loss scales up as K,xK,?. Fig. 2.32 shows the relationships between the torque of all machines with

K, and K.

As mentioned in Chapter 2.6.1, the IS TW-PDRPM machines have higher stator g-axis input currents
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than IS TC-SDRPM and TC-PDRPM machines due to their short end-winding length. However, when the
axial direction is considered. The stator g-axis input current difference is insignificant compared to only
the radial direction scales up. Therefore, the advantage of the short end-winding in TW-PDRPM machines
is less. The TC-SDRPM machine performs well with different slot pole number combinations when both

radial and axial lengths increase.
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Fig. 2.32. Variation of average torque with K, and K,. I. 12s10p. II. 12s20p. III. 12522p. (a) TC-SDRPM. (b) TC-
PDRPM. (c) TW-PDRPM.
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2.6.4 Summary

The TC-SDRPM, TC- and TW-PDRPM machines with different slot/pole number combinations and
machine sizes are discussed in this chapter. Fig. 2.33 shows the recommended machine type for different
machine sizes. The discussion on the applicability of different machine types in different dimensions only
considered the electromagnetic torque of the machines. It can be concluded that the TW-PDRPM machine
is better for the large radius and small axial length application due to the short end-winding length of the
TW configuration. On the other hand, the TC-PDRPM machine is suitable for large axial length and small
radius applications due to its relatively higher torque, and the end-winding length becomes gradually
negligible with the increasing axial length. The TC-SDRPM machine always performs well when both

radial and axial lengths increase.

Radial
Dimension

TC-PDRPM

Axial
Dimension

Fig. 2.33. Recommended machine type for different machine sizes.

2.7 Experimental Validation

The 12s10p TW-PDRPM and TC-SDRPM machines, Fig. 2.34, are prototyped and tested to validate
the FEA results. The design parameters are listed in Tables 2.2 and 2.3.
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Fig. 2.34. 12510p machine prototypes. I. TC-SDRPM. II. TW-PDRPM. (a) Stator. (b) Rotor.

The cogging torques and static torques of 12s10p TC-SDRPM and TW-PDRPM machines are
measured by using the test method in [ZHU(09] and the test rig shown in Fig. 2.35. The phase-back EMFs

of two machines are obtained at 800 r/min. The FEA predicted and measured results of cogging torques
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and back EMFs of the two machines are shown in Figs. 2.36 and 2.37, respectively. Although the
amplitudes and waveforms exhibit some differences, it is worth mentioning that both FEA and
experiments confirm the small cogging torques in the prototype machines. The differences between the
measured and the predicted torque and EMF amplitudes are mainly attributed to the manufacturing
imperfection. Overall, for both back-EMF and cogging torque, the FEA predictions are well validated by

experiments.
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Fig. 2.35. Test rig for static torque measurement.
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Fig. 2.36. FEA predicted and measured cogging torques.
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Fig. 2.37. FEA predicted and measured phase back EMFs.

The full and half load static torques of TW-SDRPM and TC-PDRPM machines are measured by
injecting a range of DC (14 = —21p = —2Ic = Ipc), and the full load current /iaed corresponds to the copper
loss of 30 W, as shown in Fig. 2.38 (a). Fig. 2.38 (b) shows the variation of average torque with current.
The measured torques match well with the FEA results, and as expected, the TC-SDRPM machine has a
higher torque compared to the TC-SDRPM machine.
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Fig. 2.38. FEA and measured torques.
2.8 Conclusion

This chapter has presented a comparative study of radial flux TC-SDRPM, TC-PDRPM, and TW-
PDRPM machines with different slot/pole number combinations and machine sizes. All machines are

optimised by the FEA genetic algorithm.
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Some conclusions can be drawn as follows.

1. In a radial structure machine, the outer rotor inherently has a larger radius than the inner rotor,
resulting in a larger pole arc for the outer rotor PM, producing higher flux. The TC-PDRPM machine has
the highest utilisation of the outer rotor PM. Thus, the TC-PDRPM machine has the highest PM

utilisation among all types of machines with different slot/pole number combinations.

2. In terms of machine size scaling effects, the 12s20p TW-PDRPM machine shows the highest
torque when scaling up radially, which is attributed to its short end-winding. The 12s20p TC-PDRPM
machine performs better in axial scaling up since the TC-PDRPM machine has the highest torque, and the
end-winding length is negligible with the axial length increase. The TC-SDRPM machine has the best

performance when the machine scales up in both axial and radial directions.

The 12s10p TW-PDRPM and TC-SDRPM machines have been prototyped for validation. The

experimental results have good agreement with the FEA.
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CHAPTER3

DUAL- AND SINGLE-ROTOR RADIAL-FLUX
FRACTIONAL-SLOT PERMANENT MAGNET MACHINES

In Chapter 2, the comparison of dual-rotor PM machines with series and parallel magnetic circuits
(SDRPM and PDRPM machines) reveals that the external rotor of the PDRPM machine with tooth coil
winding configuration contributes the majority of torque to the total torque, which is even higher than the
total torques of the toroidal winding-PDRPM machine and the tooth coil-SDRPM machine. It shows that
the single external-rotor machine potentially has even higher torque than the dual-rotor machine. Thus,
this chapter presents a comparative analysis of the electromagnetic performance of radial flux dual-rotor
surface-mounted permanent magnet (SPM) machines with fractional slot non-overlapping windings, with
reference to external- and internal-rotor SPM machines. The SDRPM machine is selected to compare
with the single-rotor machines since the SDRPM machine shows higher torque than the PDRPM machine
in Chapter 2. All machines are optimised by genetic algorithm using finite element analysis under various
design optimisation scenarios, together with the equivalent magnetic circuit analysis. In addition, the
influence of air gap length, PM volume, machine inner bore radius, and pole number is investigated. The
results have revealed that the dual rotor SPM machine has lower torque but higher overload capability

than the single rotor SPM machines. The SDRPM machine is prototyped and tested to validate the results.

This chapter is published in the 2022 International Conference on Electrical Machines (ICEM) (ICEM)
[RAN22b], and submitted to IEEE access:

Z. T. Ran, Z. Q. Zhu, F. R. Wei and E. Cetin, "Comparative study of yokeless dual-rotor and external-
rotor radial-flux fractional-slot PM machines," 2022 International Conference on Electrical Machines
(ICEM), Valencia, Spain, pp. 1913-1919, 2022.

Z.T. Ran and Z.Q. Zhu, “Comparative study of dual- and single-rotor radial-flux fractional-slot

permanent magnet machines,” IEEE Access.
3.1 Introduction

High torque density electrical machines are widely used in industry, such as aerospace, robotics,
electric vehicles, and wind power generators, etc. Permanent magnet (PM) synchronous machines

(PMSMs) using high-energy PM materials are arguably the most popular electrical machine technology
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due to high torque density and high efficiency [ZHU14]. To further improve the torque density of
PMSMs, many researchers have strived to develop new machine topologies, of which dual-rotor (DR)

PM machines have received widespread interest [RAN22b] [ZHA17] [JAF20] [GAN16] [LIU19].

The radial flux DRPM machine was proposed in [QUO3a]. The machine is constructed by a
sandwiched stator with inner and outer surface-mounted PM (SPM) rotors. Since the inner and outer
rotors have the same pole number, two rotors are mounted on the same shaft with the same rotating speed.
The magnetic fluxes generated by inner and outer PMs are in parallel and superimposed in the stator yoke
[QUO04]. Thus, the machine can be simply designed as an internal rotor PM machine combined with an

external rotor PM machine [SON14] [ALL20].

In order to further enhance the torque of the DRPM machine. Various PM arrangements of inner and
outer rotors are investigated. Compared to a SPM rotor, an interior PM (IPM) inner rotor utilises the
internal space of the DRPM machine to increase torque due to flux focusing [FUJ15]. Moreover, a
Halbach-array PM configuration helps the DRPM machine significantly to reduce the weight of two
rotors, and thus, the torque density of the machine is increased [KUM16]. However, the DRPM machine
exhibits the issue of high PM amount requirement due to two rotors. Thus, a consequent pole DRPM
machine is proposed to reduce the PM amount and cost [ZHA20a]. The current harmonic injection
method is also considered to increase the torque of the DRPM machine. However, the severe magnetic

saturation in the stator yoke caused by the current harmonic injection reduced the torque [WAN12].

Since the inner and outer PMs have the opposite magnetisation directions, the fluxes superimposed in
the stator yoke of a conventional DRPM machine lead to a thick stator yoke. This influences the slot area
and the machine weight. Therefore, in order to further improve the electromagnetic performance of the
conventional DRPM machine. The yokeless series magnetic circuits DRPM (SDRPM) machine is
proposed in [VAN13]. The inner and outer PMs have the same magnetisation direction, and the fluxes
generated by the inner and outer PMs are in series in the SDRPM machine. Thus, the stator yoke can be
completely removed. This yokeless structure provides a large slot area, and the copper wire can be wound
directly onto the modular stator cores to enhance the slot fill factor and reduce the weight of the

conventional DRPM machine [WAN12].

In the SDRPM machine, the Halbach-array PMs are used to increase the torque and reduce the
machine weight further [GOL19a]. The yokeless structure and Halbach-array PM significantly reduced
the weight the SDRPM machine compared to the internal-rotor SPM (IRSPM) and external-rotor SPM
(ERSPM) machines. Thus, the Halbach-array PM SDRPM machine shows higher torque density
compared to single-rotor SPM (SRSPM) machines which is better for aerospace applications [GOL19b].

The current harmonic injection method is more effective in the SDRPM machine to increase the torque
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compared to the conventional DRPM machine due to yokeless structure [GOL18].

[POT16] compares the SDRPM and conventional DRPM machines. In general, the SDRPM machine
shows higher torque than the DRPM machine under the same thermal condition because the yokeless
structure provides a larger slot area to the SDRPM machine. Only under the large machine size and high
coil pitch condition, the conventional DRPM machine shows higher torque than the SDRPM machine,
since the conventional DRPM machine can employ toroidal winding on the stator yoke to reduce the end-

winding length significantly.

In order to further analyse the electromagnetic performance of the DRPM machine. It is necessary to
compare the DRPM machine with the conventional SRSPM machines. [DUB16] compared the SDRPM
machine with the SRSPM machines in aerospace applications. The SDRPM machine shows efficiency
similar to the conventional ERSPM machine but with poor heat dissipation capacity. Therefore, to discuss
the electromagnetic performance of the DR structure machines. In this chapter, the higher torque SDRPM
machine is selected to compare with the IR and ER SPM machines. The SPM machine with fractional-
slot concentrated winding is widely used due to its high efficiency, short end-winding, and good fault-
tolerance capability [EL10] [ZHU11]. Thus, the fractional slot concentrated winding (FSCW) SDRPM

and SRSPM machines are considered.

This chapter comprehensively analyses and compares the electromagnetic performances of ERSPM,
IRSPM, and SDRPM machines by using finite element analysis (FEA). The results are further explained
by equivalent magnetic circuit theory. Section 3.2 describes the topologies of the SDRPM machine and
conventional ERSPM and IRSPM machines. Section 3.3 describes the global optimisation of all machines
via the FEA-based genetic algorithm. Section 3.4 compares their electromagnetic performances, which
are further explained by the equivalent magnetic circuit in section 3.5. Section 3.6 investigates the
influence of air gap length, PM volume, machine inner bore radius, and pole number on the
electromagnetic performance of SDRPM and SRSPM machines. Section 3.7 shows the experimental

validation. Finally, the conclusion is given in section 3.8.
3.2 Machine Topologies

Among the FSCW PM machines with different slot/pole number combinations, the 12-slot/10-pole
machine has lower cogging torque and better electromagnetic performance [EL10] [ZHU11], and thus, is
firstly investigated and the influence of slot/pole number combinations will be given later in section 3.6.
The radial flux 12-slot/10-pole SDRPM machine is shown in Fig. 3.1(a), together with the winding

arrangement and the magnetising direction of PMs. It has the following features:

° Both rotors are SPM.
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The inner and outer rotors are mounted on the same shaft rotating with the same speed.

The magnetic poles of the two rotors are aligned and have the same pole numbers and also the
same magnetisation polarities.

The magnetic circuits of inner and outer rotors are in series.

The sandwiched single stator is yokeless.

The fractional slot concentrated tooth-coil winding is used.

For the modular stator, the concentrated winding can improve slot fill factor and make assembling

easier, and meanwhile, have short end-winding and high fault tolerance, etc.

To make a comprehensive comparative study between SDRPM and SRSPM machines, the IRSPM and

ERSPM

machines are selected for comparison, as shown in Fig. 3.1(b) and (c). The SDRPM and SRSPM

machines have the same slot/pole number combination and winding topology, as well as the same

lamination and PM materials. The coil back-EMF phasors are the same for all machines, as depicted in

Fig. 3.2.

TABLE 3.1
BASIC DESIGN PARAMETERS
Parameters Values
Outer radius of outer rotor 50mm
Lamination stack length 50mm
Number of outer rotor poles 10
Number of inner rotor poles 10
Number of stator slots 12
PM remanence 1.2T
PM relative permeability 1.05
Rated speed 400 r/min
Number of series turns per phase 192
PM grade N35SH
Lamination grade M300
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Fig. 3.2. Coil EMF phasors of 12-slot/10-pole SDRPM, ERSPM, and IRSPM machines.
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3.3 Design Optimisation

To make a fair comparison, all machines are globally optimised by the genetic algorithm using the
FEA. The global optimisation objective is maximum torque under a fixed 30 W copper loss. During the
optimisation, other fixed and variable parameters are listed in Table 3.2 and Table 3.3, respectively.
Furthermore, to avoid the magnetic flux density over-saturation on the iron core, the magnetic flux

density in stator and rotor cores of all machines are constrained under 1.7T during the optimisation.

TABLE 3.2
FIXED PARAMETERS
Parameters
Outer radius of outer rotor 50mm
Lamination stack length 50mm
Shaft radius 15mm
Copper loss 30W
Airgap length Imm
Max iron core magnetic flux density 1.7T
TABLE 3.3
VARIABLE PARAMETERS
Parameters Symbol
Outer PM thickness Lom
Inner PM thickness Lim
Outer PM pole arc Oom
Inner PM pole arc Oim
Stator outer radius Ry
Stator inner radius Ri
Stator outer slot opening bos
Stator inner slot opening bis
Outer tooth-tip height Ros
Inner tooth-tip height his
Outer tooth-tip slope Olos
Inner tooth-tip slope Ois
Stator tooth width Wit
Stator yoke height hgy

All design parameters are illustrated in Fig. 3.3. All machines are optimised, and the optimised
parameters are shown in Table 3.4. The open-circuit flux density distributions and flux lines are shown in
Fig. 3.4. It should be noted that the volume of PM is not fixed in the optimisation but will be investigated

later in section 3.5.
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Fig. 3.3. Dimensional parameters. (a) ERSPM. (b) IRSPM. (¢) SDRPM.
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TABLE 3.4
PARAMETERS OF OPTIMISED MACHINES

Parameters ERSPM  IRSPM  SDRPM
Outer PM thickness (mm) 2.5 - 2.0
Inner PM thickness (mm) - 3.5 2.0
Outer PM pole arc (°clec.) 145 - 150
Inner PM pole arc (°elec.) - 180 178.5
PM volume (cm?) 27.5 32.4 36
Stator outer radius (mm) 41 - 42
Stator inner radius (mm) - 323 22
Stator outer slot opening (mm) 6.2 - 6.4
Stator inner slot opening (mm) - 3.8 0.4
Outer tooth-tip height (mm) 0.7 - 0.7
Inner tooth-tip height (mm) - 0.8 1.3
Outer tooth-tip slope (deg.) 19 - 14
Inner tooth-tip slope (deg.) - 12 0
Stator tooth width (mm) 8.6 8.3 7.2
Stator yoke height (mm) 5.4 4 -
Slot area (mm?) 144 156 172
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Fig. 3.4. Open circuit flux density distributions and flux lines. (a) ERSPM. (b) IRSPM. (¢) SDRPM.

3.4 Comparison of Electromagnetic Performances of SRSPM and SDRPM

Machines

In this section, the electromagnetic performances of all machines will be compared.

Fig. 3.5 shows the air-gap flux densities of the IRSPM, ERSPM, and SDRPM machines. For the
optimised SDRPM machine, as shown in Table 3.5, the tooth fluxes collected at the outer and inner
airgaps are very similar. Since the radius and area of outer airgap are larger than those of inner airgap, the
flux density in the inner airgap of SDRPM machine is larger than that in the outer airgap, as shown in Fig.
3.5(b). The outer airgap flux density of the ERSPM machine is larger than that of the SDRPM machine,
since, with a similar outer airgap area, the magnetic flux of the outer airgap of the ERSPM machine is
larger than the SDRPM machine. The main reason is that for the radial-flux SDRPM machine, the inner
and outer magnetic circuits are connected in series, but the PMs of the inner and outer rotors cannot
generate the same magnetic flux due to the different radii of the two rotors. Therefore, the resultant
magnetic flux of the SDRPM machine is decreased, which will be further discussed in Section 3.5 by

using equivalent magnetic circuits.
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Fig. 3.5. Comparison of inner and outer airgap flux densities of ERSPM, IRSPM, and SDRPM machines.

TABLE 3.5
AIRGAP CHARACTERISTICS OF SRSPM AND SDRPM MACHINES
Outer/Inner airgaps ERSPM IRSPM SDRPM
Airgap flux density (T) 0.88/- -/1.0 0.77/0.96
Airgap radius (mm) 41/- -/31 42/21
Airgap area (mm?) 261/- -/198 267/135
Coil flux linkage (mWb) 0.674/- -/0.656 0.598/0.533

Fig. 3.6 compares the phase A flux linkages of three machines. The fundamental component of the
phase flux linkage of the ERSPM machine is the largest, 0.125Wb. The fundamental component of the
phase flux linkage of the SDRPM machine is the smallest, 0.107Wb. This means the magnetic fluxes
linking with the coils of the SDRPM machines is smaller than that of the IRSPM and ERSPM machines,

even if the SDRPM machines employ more PM material.
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Fig. 3.6. Comparison of phase-A flux linkages ERSPM, IRSPM, and SDRPM machines.
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Since the phase A flux linkage of the ERSPM machine is the highest, its back EMF is also the largest.
As can be seen from Fig. 3.7(b), the fundamental component of the back EMF of the ERSPM machine is
26.3V, and that of the SDRPM machine is the lowest, 22.5V.
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Fig. 3.7. Comparison of phase-A back EMFs of ERSPM, IRSPM, and SDRPM machines (400 r/min).

The torques of the SRSPM and SDRPM machines are compared in Fig. 3.8. The globally optimized
SDRPM machine has the largest slot area compared to other machines due to the yokeless structure,
allowing for the highest input current under the same copper loss condition. The ERSPM machine
exhibits the highest back EMF, with an average torque of 5.9Nm, higher than the SDRPM machine by
10.2%. Although the back EMF of the IRSPM machine is slightly larger than that of the SDRPM
machine, the input current of the SDRPM machine is higher, resulting in similar torque outputs for both

the IRSPM and SDRPM machines.
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Fig. 3.8. Comparison of torques of ERSPM, IRSPM, and SDRPM machines under 30 W copper loss.
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In order to compare the overload capacity of the ERSPM, IRSPM, and SDRPM machines, the
variation of average torque with current is shown in Fig. 3.9. The average torque of the ERSPM machine
is higher than that of the SDRPM machines before the current is increased to 60A. Then, the ERSPM
machine is saturated magnetically, Fig. 3.10. Moreover, the torques of the SDRPM and IRSPM machines

continue to increase linearly and exceed the ERSPM machine.
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Fig. 3.9. Torque versus current of ERSPM, IRSPM, and SDRPM machines.
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Fig. 3.10. Flux density distributions and flux lines at rated current (left) and current=60A (right).
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Since the PM volume is not fixed during the optimisation, in order to compare the torque per of PM

volume between these machines, prorque/pm, is defined as:

T
PTorque/PM = E GB.1)

where T is the electromagnetic torque, and Vpy is the PM volume.

The values of prorque/pm Of all machines are listed in Table 3.6 As can be seen, the conventional
ERSPM machine has the highest prorque/pm- The IRSPM machine has the same torque as the SDRPM
machine. However, the SDRPM machine has two rotors that employ more PM material. Thus, prorque/pm

of the IRSPM machine is also higher than that of the SDRPM machine.

TABLE 3.6
TORQUE CHARACTERISTICS OF SRSPM AND SDRPM MACHINES
Parameters ERSPM IRSPM SDRPM
T (Nm) 5.9 53 5.3
PM volume (cm?) 27.5 32.4 36
PTorque/PM (Nm/cm?) 0.215 0.164 0.147

As can be seen from Table 3.6, the conventional ERSPM machine can achieve higher torque than the
SDRPM machines, even with a lower PM volume. The conventional IRSPM machine can achieve the
same torque as the SDRPM machine by using less PM volume. This means that compared with the
conventional SRSPM machine, the SDRPM machines have no advantage in terms of the torque, the
torque density, and the cost, which is not as expected as the axial field yokeless and segmented armature
DRPM machine [TAR22] and the linear machine [EGU20], which will be further investigated in the next

section.
3.5 Further Analysis by Equivalent Magnetic Circuit

In the following equivalent magnetic circuit analysis, the globally optimised SDRPM machine is

selected to explain why the resultant flux linkage in the SDRPM machine is low.

Neglecting the flux leakages, the magnetic flux path and the corresponding equivalent magnetic circuit
are shown in Fig. 3.11 and Fig. 3.12, respectively. Ry is the reluctance of airgap over one pole pitch. The
permeability of the core material is assumed to be infinite, and thus, the reluctances of the stator and rotor

cores can be neglected.
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Fig. 3.11. Magnetic flux path of SDRPM machine.

Fig. 3.12. Equivalent magnetic circuit of SDRPM machine.

In the equivalent magnetic circuit, the PMs act as flux sources with permeance in parallel and the

airgap equivalent reluctance can be expressed as:

Dom = BrSom (3'2)

Dim = BrSim (3.3)
S

Aom = nurilo—om (3'4)
om
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_ UrloSim

A; .
im L (3.5)
L
R, =—2 3.6
g lloSg (36)

where @,,, and @;,,, are the outer and inner PM equivalent fluxes, respectively. B, is the remanence of the
PM, and Lg, Lom, and Lin are the airgap, outer and inner PM thicknesses, respectively. Ay, and A, refer
to the permeance of inner and outer PMs, respectively. S;, Som and Sin are the magnetic fluxes flow

through the surface area of airgap, outer and inner PMs per pole. x and uo are the relative permeability

and the permeability of free air space, respectively.

For the radial-flux SDRPM machine, the inner rotor radius is inherently smaller than the outer rotor:

Som > Sim (3.7)
Thus,

Py > Py (3.8)
Therefore, the flux through a stator tooth @, can be expressed as:

_ YhonPom + 1/ Aim®im _ Pt Pin 177
Y7O2R, + 1/ Ao + 1/ Aim 1+ Y Aim
1/Aom

The magnetic circuit of the IRSPM machine is the same as that of the ERSPM machine. For a

< Dy (3.9)

comparative analysis between the SDRPM and the SRSPM machines, the ERSPM machine is selected as
the benchmark for the equivalent magnetic circuit study. After completely removing the inner rotor part
and inner airgap from the SDRPM machine, it transforms into an ERSPM machine. The equivalent

magnetic circuit of the ERSPM machine is shown in Fig. 3.13.

(Dom Aom ¢0m Aom
@, | R, R,

Fig. 3.13. Equivalent magnetic circuit of ERSPM machine.

In this case, the magnetic flux @, can be expressed as:
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1/A0m(pom

= 3.10
27 Ry +1/Aom (3.10)
Thus,
1 1 1
Z ¢ Zom (pom + Zim (pim Kl + KZ
Ry+7  2Rg+7 47 (Rg + Aom) (2R, + R )
where K; and K, are defined as:
(d)om - Cbim)
Ki=——"->0 3.12
! Aionm ( )
K R - ) - )] 3.13
2 — g(/lom om Aim im) ( ' )
and
1/Aom@Pom = Fom = HLom (3.14)
1/Aim®im = Fip = HLjy, (3.15)

where F,m and Fin are the outer and inner PMs equivalent MMFs, respectively. H is the magnetizing

force.

From the optimised parameters of the SDRPM machine:

Lom = Lim (3.16)
and

Fom = Fim (3.17)
Thus,

D, —D; >0 (3.18)

Therefore, for the radial-flux SDRPM machine, since the inner and outer PMs magnetic circuits are
connected in series, the inner PM cannot (or is very difficult to) generate the same magnetic flux as the
outer PM, the resultant magnetic flux of the machine will be decreased. Consequently, although more
PMs are used, the flux linkage is lower, and the corresponding output torque is also smaller. Compared
with the SRSPM machine, such as the ERSPM machine, in which one of the rotor parts of the SDRPM
machine is removed, the main magnetic flux and consequently the phase flux linkage become higher.

Thus, the output torque of the SRSPM machine is higher while the PM volume is much smaller.

101



3.6 Influence of Design Parameters in SDRPM and SRSPM Machines

under Different Critical Parameter Conditions

The analysis of the magnetic circuit in the SDRPM machine reveals that due to different radii of outer
and inner airgaps, the inner and outer PMs produce different magnetic fluxes, which results in the
resultant coil flux linkage smaller than that produced by the outer PMs. The larger the difference between
the magnetic fluxes produced by the outer and inner PMs, the more the reduction. In other words, the

inner PMs have a detrimental effect on the magnetic flux produced by the outer PMs.

Additionally, the SDRPM machine exhibits increased magnetic reluctance for the outer PMs, the inner
PMs and airgap are equivalent to an extra air gap for the outer PMs compared to the SRSPM machine.
Therefore, in this section, a comprehensive comparative study of the electromagnetic performance of
dual- and single-rotor SPM machines is carried out, and the influence of air gap length, PM volume,

machine inner bore radius, and pole numbers is investigated.
3.6.1 Air gap length

Compared with the SRSPM machines, although there is another PM excitation the SDRPM machine
has an extra air gap which leads to a higher magnetic reluctance in the main flux circuit. The influences of
the inner and outer air gap lengths on the electromagnetic torque of the SDRPM machine are shown in
Fig. 3.14. The inner and outer rotor radii of the SDRPM machine are fixed when the inner and outer air
gap lengths are varied. Only the inner and outer radii of the modular stator are changed with the
corresponding air gap. Since the air gap length in the SRSPM machine is 1mm, the variation range of the
inner and outer air gap lengths of the SDRPM machine is 0.5 mm to 1.0 mm. When the inner and outer

air gap lengths are both 0.5mm, the resultant air gap of the SDRPM machine is Imm.

Fig. 3.14 shows the variation of torque of the SDRPM machine with the inner and outer air gap
lengths. The inner rotor torque of the SDRPM machine increases with both inner and outer air gap lengths
decreasing due to the inverse relationship between the length and magnetic reluctance of the air gap. The
outer rotor torque increases with a decrease in the outer air gap length and increases with an increase in
the inner air gap length. This can be explained according to formula (3.9), which means that the magnetic
flux generated by the outer PM is reduced by the flux produced by the inner PM. Therefore, when the
inner air gap reluctance increases with the inner air gap length, The flux generated by inner PM is

reduced. The outer rotor flux has increased.

The total torque of the SDRPM machine is increased with both inner and outer air gap lengths
decreased. When the inner and outer air gap lengths of the SDRPM machine are 0.5mm, the total air gap
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length of the SDRPM machine is the same as the SRSPM machine. In this case, the torque of the SDRPM
machine can achieve 6Nm, which is only slightly higher than 5.9Nm for the ERSPM machine and higher
than 5.3Nm for the IRSPM machine. The torque per PM volume of the SDRPM machine is 0.166
Nm/cm?, which is higher than that of the IRSPM machine, 0.164 Nm/cm?, but still lower than that of the
ERSPM machine, 0.215 Nm/cm?. When the inner and outer air gap lengths of the SDRPM machine are
Imm, the single air gap length of the SDRPM machine is the same as the SRSPM machine. The torque of
the SDRPM machine is only 5.3Nm, which is the same as that of the IRSPM machine but much lower
than that of the ERSPM machine. In this case, the torque per PM volume of the SDRPM machine is only
0.147 Nm/cm?, which is lower than those of the ERSPM and IRSPM machines. The torque comparison of
SDRPM and SRSPM machines with different air gap length conditions is listed in Table 3.7. Considering
the SDRPM machine has a more complex mechanical structure than the SRSPM machines. In the rest of
the research of this chapter, the inner and outer air gap lengths of the SDRPM machine are both fixed at
Imm, the same as the air gap length of the SRSPM machines.
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Fig. 3.14. Average torque of SDRPM machine with different inner and outer air gap lengths.
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TABLE 3.7

TORQUE CHARACTERISTICS OF SRSPM AND SDRPM MACHINES

Parameters ERSPM  IRSPM SDRPM
Air gap length (mm) 1 1 0.5/0.5 1/1
T (Nm) 5.9 53 6.0 53
PM volume (cm?) 27.5 32.4 36 36
PTorque/pm (NM/cm?) 0.215 0.164 0.166 0.147

3.6.2 PM volume

In the previous sections, in order to reach the maximum torque of all machine types under different
scenarios. All optimisations are considered the PM amount unrestricted. Thus, the influence of PM
volume is investigated in this section. There are two scenarios: the PM volume is fixed either as that of

the SDRPM or SRSPM machines during the optimisations, which will be discussed as follows separately.
A. PM volume fixed as same as SDRPM machine

In this sub-section, the same optimization procedure and design constraints for SDRPM machines in
Section 3.3 are employed for the SDRPM machines, except that the PM volume is now fixed at 36¢cm?, as
the optimised SDRPM machine. The optimised parameters are listed in Table 3.8. Fig. 3.15 illustrates the

corresponding open circuit flux line and flux density distributions.

TABLE 3.8
PARAMETERS OF OPTIMISED MACHINES
Parameters ERSPM IRSPM SDRPM
Slot/pole number combination 12-slot/10-pole
Outer PM thickness (mm) 3.2 - 2.0
Inner PM thickness (mm) - 5 2.0
Outer PM pole arc (°elec.) 152.5 - 150
Inner PM pole arc (°elec.) - 164 178.5
PM volume (cm?) 36 36 36
Stator outer radius (mm) 40.2 - 42
Stator inner radius (mm) - 28.7 22
Stator outer slot opening (mm) 8.5 - 6.4
Stator inner slot opening (mm) - 2.8 0.4
Outer tooth-tip height (mm) 0.6 - 0.7
Inner tooth-tip height (mm) - 1.2 1.3
Outer tooth-tip slope (deg.) 4 - 14
Inner tooth-tip slope (deg.) - 4.8 0
Stator tooth width (mm) 8.5 7 7.2
Stator yoke height (mm) 4.5 3.7 -
Slot area (mm?) 140 209 172
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Fig. 3.15. Open circuit flux density distributions and flux lines. (PM volume fixed to 36cm?)
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Fig. 3.16a shows the air gap flux densities of the optimised ERSPM, IRSPM, and SDRPM machines,
all set with a fixed PM volume of 36cm?®. In this scenario, the single rotor of the SRSPM machines
employed the same PM volume as the sum of two rotors of the SDRPM machine. Thus, the fundamental
component of the air gap flux density of the ERSPM machine is higher than the outer air gap flux density
of the SDRPM machine. Similarly, the air gap flux density in the IRSPM machine exceeds the inner air
gap flux density of the SDRPM machine. The flux linkages of all machines are shown in Fig. 3.16b. In
this scenario, the fundamental component of the flux linkage of the SDRPM machine is slightly higher
than that of the IRSPM machine but still significantly lower than that of the ERSPM machine. The back

EMFs of all machines have the same trend, as shown in Fig. 3.16c¢.

The torques of the ERSPM, IRSPM and SDRPM machines are optimised under the same PM volume
shown in Fig. 3.16d. The IRSPM machine has a larger slot area, which allows higher input current
compared to the SDRPM machine for the same copper loss. Thus, compared with the SDRPM machine,
although the back EMF of the IRSPM machine is slightly lower, the torque is still higher.
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Fig. 3.16. Comparisons of ERSPM, IRSPM, and SDRPM machines (400 r/min PM volume fixed to 36cm?).

B. PM amount fixed as same as SRSPM machine

In this scenario, during the optimization, the PM volumes of IRSPM and SDRPM machines are fixed
as the same PM volume of the optimised ERSPM machine in Section 3.3, i.e., 27.5 cm®. The optimised
parameters are listed in Table 3.9 and the corresponding open circuit flux line and flux density

distributions are shown in Fig. 3.17.
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Fig. 3.17. Open circuit flux density distributions and flux lines. (PM volume fixed to 27.5 cm?)

108



TABLE 3.9
PARAMETERS OF OPTIMISED MACHINES

Parameters ERSPM IRSPM SDRPM
Slot/pole number combination 12-slot/10-pole
Outer PM thickness (mm) 2.5 - 1.7
Inner PM thickness (mm) - 3.6 1.3
Outer PM pole arc (°clec.) 145 - 153
Inner PM pole arc (°clec.) - 168 155
PM volume (cm?) 27.5 27.5 27.5
Stator outer radius (mm) 41 - 42.7
Stator inner radius (mm) - 29 20.7
Stator outer slot opening (mm) 6.2 - 7
Stator inner slot opening (mm) - 2.5 0.5
Outer tooth-tip height (mm) 0.7 - 1
Inner tooth-tip height (mm) - 0.9 1.4
Outer tooth-tip slope (deg.) 19 - 13
Inner tooth-tip slope (deg.) - 11.5 2.7
Stator tooth width (mm) 8.6 7 7
Stator yoke height (mm) 54 3.6 -
Slot area (mm?) 144 207 180

In this scenario, the SDRPM machine has the same PM volume as the SRSPM machines. However,
the SDRPM machine has an extra rotor compared to the SRSPM machines, resulting in relatively thinner
PM thicknesses for its inner and outer rotors. The air gap flux densities, flux linkages, back EMFs, and
torques are shown in Fig. 3.18, respectively. It can be observed that the flux densities and torques in both

external and internal rotor SRSPM machines are higher than those in the SDRPM machine.

—~ 15 15

= ——ERSPM - - Inner, SDRPM I ERSPM

b 104 — <IRSPM Outer, SDRPM IRSPM

= —_ Inner, SDRPM

2 ] = Outer, SDRPM

o 05 Py 1.0 -

© ©

X 0.0 _g

TR i o

% -0.5 ﬂ E 0.5

O -1.0-

i

< -1.5 4 ' ! ' ! 0.0 T =r= T T T T T I)_I'h_l'
0 60 120 180 240 300 360 0 2 4 6 8 10 12 14 16 18 20

Rotor Position (Mech. deg.) Harmonic Order

(a) Air gap flux densities.

109



0.15

0.15

é —— ERSPM I ERSPM
2 5104 —-RsPM | 24 IRsPM
g, ’ - - -=SDRPM| o [£SS sbrRPM
g 0.05 4 E 0.10
£ 3
3 0.00- 4
x =
S 05 ° i
= -0.05 g. 0.05
® 0101 <
©
e
o -0.15 T T T ! ! 0.00 T —{r— T T T T T T T T T
0 60 120 180 240 300 360 0 1 2 4 5 6 7 8 9 10 11 12 13
Rotor Position (Elec. deg.) Harmonic Order
(b) Flux linkages.
30 30
B ERSPM
20 4 25 4 73 IRsPM
— —_ Y SDRPM
< 10 =
LEI- % 20 1
w 0 2 157
- =
S 10 & 10
o 20 —Erspm| < 5
= = [IRSPM ]
P N St SDRPM
0 60 120 180 240 300 360 01 2 3 4 5 6 7 8 9 10 11 12 13
Rotor Position (Elec. deg.) Harmonic Order
(c) Back EMFs.
8 8
[——ERSPM— - IRSPM:- - SDRPM| ; I ERSPM
74 - V27 IRSPM
= N ~ANA N AN A N—AN—AL € 6 A SDRPM
E . © e o AT S T o, N e " o o T o E
E 5_c PP TRl P e R T et s .o eo® oo’ Yo teot % ° 5
°
g 4 4 5 4
S 3] = 3
5 o
= 2] g 2
14 1
0 T T L] T L] O
0 60 120 180 240 300 360 01 2 3 4 5 6 7 8 9 10 11 12 13

Rotor Position (Elec. deg.)

Harmonic Order

(d) Torques.

Fig. 3.18. Comparisons of ERSPM, IRSPM, and SDRPM machines (400 r/min PM volume fixed to 27.5 cm?).
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3.6.3 Inner bore radius
A. Without machine inner bore radius restriction

Compared with the SRSPM machine, the SDRPM machine requires more active space to
accommodate two rotors. Therefore, this section considers an optimisation scenario without restriction on

the machine inner bore radius.

In this section, all machines are optimized by FEA to maximise the torque. The copper loss is
maintained at 30W, and the machine outer radius is set at S0mm. The PM volume and the machine inner
bore radius are optimised without any constraints. The optimised design parameters of all machines are

listed in Table 3.10, while the corresponding open circuit flux density distributions and flux lines are

shown in Fig. 3.19.

TABLE 3.10
PARAMETERS OF OPTIMISED MACHINES
Parameters ERSPM IRSPM SDRPM
Slot/pole number combination 12-slot/10-pole
Inner bore radius (mm) 10.7 12 9.7
Outer PM thickness (mm) 2.7 - 2
Inner PM thickness (mm) - 3.7 2
Outer PM pole arc (°clec.) 138 - 169
Inner PM pole arc (°clec.) - 180 167
PM volume (cm?) 28.1 30.3 34.7
Stator outer radius (mm) 41 - 42
Stator inner radius (mm) - 29 18
Stator outer slot opening (mm) 5.4 - 8
Stator inner slot opening (mm) - 2 0.5
Outer tooth-tip height (mm) 0.8 - 1
Inner tooth-tip height (mm) - 1 1
Outer tooth-tip slope (deg.) 15 - 13.5
Inner tooth-tip slope (deg.) - 7 15
Stator tooth width (mm) 9 8 7
Stator yoke height (mm) 8 3.8 -
Slot area (mm?) 134 189 176
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Fig. 3.19. Open circuit flux density distributions and flux lines. (without machine inner bore radius restriction)
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The variations of the torque with the machine inner bore radius of all machines during the optimisation
are shown in Fig. 3.20. It reveals that the ERSPM machine achieves higher torque with an inner bore
radius of approximately 10mm. A small inner bore radius provides a large slot area for a higher input
current. However, a further reduction in the machine inner bore radius restricts the stator yoke thickness
and stator tooth width, leading to a decrease in torque. The SDRPM machine shows a similar trend as the
ERSPM machine. Reducing the SDRPM machine inner bore radius enlarges the slot area and the torque
of the outer rotor, meanwhile sacrifices the torque of the inner rotor, but the total torque is increased. In

contrast, the torque of the IRSPM machine is relatively unaffected by changes in the machine inner bore

radius.
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Fig. 3.20. Variation of torque with inner bore radius during optimisation.

For the ERSPM machine, the optimisation tends to utilise more PM material to enhance the flux

linkage. Decreasing the inner stator bore radius of the ERSPM machine results in the increase the stator
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yoke thickness, thereby improving magnetic saturation even with an increased PM volume.

For the IRSPM machine, as the rotor inner bore radius reduces, the stator slot area is increased, being
the largest among all machines. Therefore, the IRSPM machine allows the highest input current of all

machines for the same copper loss.

The optimised SDRPM machine has the smallest optimised inner bore radius since it needs more
active space for an extra rotor compared to the SRSPM machines. However, further increasing the inner
active space cannot compensate for the resultant flux reduction due to difference in the fluxes generated
by inner and outer PMs of the SDRPM machine. Therefore, as shown in Figs. 3.21, the conclusions for

ERSPM, IRSPM, and SDRPM machines are the same with/without the restriction of the inner bore

radius.
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Fig. 3.21. Comparisons of ERSPM, IRSPM, and SDRPM machines without inner bore radius restriction (400 r/min).
B. With large inner bore radius

Since when the inner bore radius is small (15mm), the inner and outer PMs of the SDRPM machine
hardly generate the same magnetic fluxes, resulting in deteriorated resultant torque performance.
Therefore, in this sub-section, the scenario with a large inner bore radius (35mm) and hence a small

difference between the inner and outer PM rotors in SDRPM machine is considered.

All machines are globally optimised with the same condition as section 3.3, but the inner bore radius is

fixed to 35mm, as listed in Table 3.11.
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Fig. 3.22. Open circuit flux density distributions and flux lines. (inner bore radius=35mm)
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TABLE 3.11
PARAMETERS OF OPTIMISED MACHINES

Parameters ERSPM IRSPM SDRPM
Slot/pole number combination 12-slot/10-pole
Inner bore radius (mm) 35 35 35
Outer PM thickness (mm) 1.7 - 1.4
Inner PM thickness (mm) - 1.5 1.5
Outer PM pole arc (°elec.) 117 - 95
Inner PM pole arc (°elec.) - 162 75
PM volume (cm?) 15.8 17.5 18
Stator outer radius (mm) 43.4 - 44.8
Stator inner radius (mm) - 40.8 40
Stator outer slot opening (mm) 2.8 - 5.6
Stator inner slot opening (mm) - 7.73 34
Outer tooth-tip height (mm) 0.7 - 1.1
Inner tooth-tip height (mm) - 0.6 0.6
Outer tooth-tip slope (deg.) 12 - 3
Inner tooth-tip slope (deg.) - 2.6 2
Stator tooth width (mm) 7.7 6.6 9.7
Stator yoke height (mm) 3.5 33 -
Slot area (mm?) 46.4 67.5 33

The open circuit flux lines and flux density distributions of the optimised machines are shown in Fig.
3.22. Since the pole arc ratio is small, the magnetic loadings of all machines are low, and the back EMF
waveforms of all machines are not sinusoidal, Fig. 3.23. Therefore, in order to analyse the influence of
the large inner bore radius and improve the magnetic loadings of all machines. All machines with

different slot/pole number combinations based on the large inner bore radius are analysed in the next

section.
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Fig. 3.23. Comparison of phase-A back EMFs of 12-slot/10-pole ERSPM, IRSPM, and SDRPM machines (400 r/min, inner

bore radius=35mm).
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3.6.4 Pole number

Based on the equivalent magnetic circuit analysis, the pole arcs of the inner and outer PMs are critical

parameters in output performance. Thus, the influence of the pole number is investigated in this section.

In order to enhance the output performance of the SDRPM machine by minimising the difference
between the inner and outer PM arcs, the machine with different pole numbers is analysed based on the

large inner bore radius (35mm) to further reduce the difference between the inner and outer PMs.

Based on the previous section, to avoid the magnetic saturation on the lamination of all machines with
a 35mm inner bore radius while improving the magnetic loadings. The high rotor pole numbers are
considered for all machines. Since the SDRPM machine has a yokeless modular stator, only the FSCW
machines are considered in this section and the slot number is doubled, being increased from 12 slots to
24 slots. The influence of pole number on the electromagnetic performance of 24-slot machines is
investigated. Therefore, the EDRPM, IRSPM, and ERSPM machines with the same 24 slots and different
pole numbers, i.e., 20-pole, 22-pole, 26-pole, 28-pole and 32-pole, are globally optimised with the same
condition as section 3.3. The ERSPM, IRSPM, and SDRPM machines have 35mm inner bore radius with
the same 24-slot and different pole numbers, i.e., 20-pole, 22-pole, 26-pole, 28-pole, and 32-pole, as
shown in Fig. 3.24. The corresponding coil phasors are shown in Fig. 3.25. All machines are globally
optimised with the same condition as section 3.3, i.e., maximum average torque and minimum torque
ripple. The optimised parameters of all machines are listed in Table 3.13. The inner bore radius is fixed at
35mm. The open circuit flux line and flux density distributions of optimised machines are depicted in Fig.

3.26.

1. (a) ERSPM. 1. (a) ERSPM.
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I. (c) SDRPM. I (c) SDRPM.

1. 24-slot/20-pole I1. 24-slot/22-pole

1L (a) ERSPM. IV. (a) ERSPM. V. (a) ERSPM.
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I11. (c) SDRPM.

IV. (c) SDRPM.

V. (c) SDRPM.
III. 24-slot/26-pole

IV. 24-slot/28-pole V. 24-slot/32-pole

Fig. 3.24. Cross-sections. 1. 24-slot/20-pole. II. 24-slot/22-pole. III. 24-slot/26-pole. IV. 24-slot/28-pole. V. 24-slot/32-pole.
(inner bore radius=35mm)
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(c) 24-slot/26-pole.

Fig. 3.25

(d) 24-slot/28-pole.

1,4,7,10,13,16,19,22

A

(e) 24-slot/32-pole.

. Coil EMF phasors of ERSPM, IRSPM, and SDRPM machines.

TABLE 3.13
PARAMETERS OF OPTIMISED MACHINES

Ns/2p 24-slot/20-pole 24-slot/22-pole 24-slot/26-pole 24-slot/28-pole 24-slot/32-pole
Machine ER IR DR ER IR DR ER IR DR ER IR DR ER IR DR
Loy (mm) 1.8 - 1.4 1.6 - 1.4 2 - 1.4 1.8 - 1.6 2 - 1.5
L, (mm) - 1.7 1.4 - 1.7 1.4 - 1.7 1.4 - 1.8 1.4 - 1.9 1.7
Oom (elec. 154. 156. 156. 151. 142. 148.

deg.) 138 - 145 ) - 143 3 - 2 3 - 3 6 - 155
Oim (elec. 146. 153. 167. 156.

deg) - 162 125 - 4 ) - 4 2 - 160 161 - 180 151
Ry (mm) 205 19 285 45 - 452 442 - 455 449 - 454 45 - 45.6
R,i (mm) 45 - 45.5 - 38.9 383 - 389 383 - 39 382 - 40 395
bos (mm) - 404 395 23 - 38 29 - 46 2.1 - 44 32 - 2.6
bis (mm) 23 - 1.5 - 1.2 1.5 - 0.68 1.5 - 1.4 1.4 - 1.6 2.1
hos (mm) - 1.3 1.6  0.57 - 0.58 0.57 - 0.58 1 - 0.7 0.85 - 0.6
his (mm) 0.7 - 0.6 - 0.67 0.69 - 0.96 0.69 - 0.8 0.7 - 0.6 0.4
05 (deg.) - 0.6 0.6 14 - 59 98 - 59 144 - 5.4 14 - 3.4
ois (deg.)  12.5 - 0.8 - 52 38 - 9.1 3.8 - 59 47 - 10 7
Wy (mm) - 47 4.1 4.1 36 36 38 32 33 34 3 36 32 3.6 3
hgy (mm) 3.7 35 3.3 2.3 2 - 1.9 1.4 - 1.7 1.5 - 1.57 12 -
Vem (cm?) 2 2.2 - 19.7 16 294 258 187 314 221 194 332 244 23 36.6
Asio (mm?) 425 53 353 395 567 31.5 387 601 35 445 633 331 472 61.1 395

Lamp (A) 4.8 5.1 44 45 5.3 4 44 55 42 47 56 4.1 49 55 4.5
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1. (c) SDRPM. IV. (c) SDRPM. V. (¢) SDRPM.

I11. 24-slot/26-pole 1V. 24-slot/28-pole V. 24-slot/32-pole

Fig. 3.26. Open circuit flux density and equal potential distributions. I. 24-slot/20-pole. I1. 24-slot/22-pole. III. 24-slot/26-pole.
IV. 24-slot/28-pole. V. 24-slot/32-pole. (inner bore radius=35mm)
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Fig. 3.27a shows the average torques of optimised ERSPM, IRSPM, and SDRPM machines with
different pole numbers. The torques of the ERSPM and IRSPM machines are increased with pole
numbers and achieve the highest average torque at 28 poles. Then, the torque decreased with further
increased pole numbers because the flux leakage between PMs increased (Fig. 3.26). For the SDRPM
machine, although the flux leakage between PMs increased with the pole numbers, the difference of pole
arcs between inner and outer PMs is diminished. The average torque of the SDRPM machine increased
with pole numbers constantly. However, the increase in torque of the SDRPM machine is small. The
torque of the SDRPM machine still cannot exceed that of the SRSPM machines, which can only approach
the SRSPM machine. This is because diminishing the difference between inner and outer PMs only
ensures that the resultant magnetic flux would not decrease. The variations of the torque per PM volume
of optimised machines with different pole numbers are shown in Fig. 3.27b. It can be seen that

PTorque/pm Of the SDRPM machine is maintained around 0.12 Nm/cm? and almost only half of those of
the SRSPM machines.
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Fig. 3.27. Average torque and prorque/pm Of optimised ERSPM, IRSPM, and SDRPM machines with different pole numbers.

The electromagnetic performances of the ERSPM, IRSPM, and SDRPM machines have 35mm inner
bore radius with the same 24-slot and different pole numbers, i.e., 20-pole, 22-pole, 26-pole, 28-pole, and
32-pole will be compared.

Fig. 3.28 shows the air-gap flux densities of the ERSPM, IRSPM, and SDRPM machines with a 35mm
inner bore radius with different slot/pole number combinations. All the fundamental components of air
gap flux densities of SDRPM machines with different slot/pole number combinations are smaller than

those of the ERSPM and IRSPM machines with the same slot/pole number combinations.
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Fig. 3.28. Comparison of inner and outer airgap flux densities of ERSPM, IRSPM, and SDRPM machines.

Fig. 3.29 compares the phase A flux linkages of all machines. The fundamental components of the

phase flux linkages of the ERSPM machines with different slot/pole number combinations are higher than

those of SDRPM machines with the same slot/pole number combination.

Comparing all the SDRPM machines with the IRSPM machines with the same slot/pole number

combination, the fundamental component of the phase flux linkage of the 20-pole SDRPM machine is

lower than that of the IRSPM machine. As the pole number increases, the fundamental components of the

phase flux linkages of the 22-pole and 26-pole SDRPM machines are the same as the corresponding

IRSPM machines. Further increasing the pole number, the fundamental components of the phase flux

linkages of the 28-pole and 32-pole SDRPM machines exceed the corresponding IRSPM machines. The

corresponding back EMFs of all machines show the same trend as the phase flux linkages, as shown in

Fig. 3.30.
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Fig. 3.29. Comparison of phase-A flux linkages of ERSPM, IRSPM, and SDRPM machines.
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Fig. 3.30. Comparison of phase-A back EMFs of ERSPM, IRSPM, and SDRPM machines, 400 r/min.

The electromagnetic torques of the ERSPM, IRSPM, and SDRPM machines with a 35mm inner bore
radius with different slot/pole number combinations are shown in Fig. 3.31. All machines have the same
30 W copper loss, and the corresponding amplitudes of the input current /., for each machine are listed
in Table 3.13. The torques of the globally optimised SDRPM machines with different slot/pole number

combinations are always lower than those of the corresponding ERSPM and IRSPM machines.
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Fig. 3.31. Comparison of torques of ERSPM, IRSPM, and SDRPM machines.

3.7 Experimental Validation

The 12-slot/10-pole YDRPM machine is prototyped and tested to validate the FEA results, as shown in
Fig. 3.32. The machine parameters are listed in Tables 3.1 and 3.3. The cogging torque, back EMF, static
torque at full and half load conditions, and average torques vs. currents are tested to verify the FEA
results. The dynamic test platform is used to test the back EMF, as shown in Fig. 3.33 (a). The cogging
torque and static torque are tested by the method in [ZHUO09], and the test rig is shown in Fig. 3.33 (b).
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Fig. 3.32. 12-slot/10-pole SDRPM prototype.
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Fig. 3.33. Test rigs.

Fig. 3.34 shows the measured and FEA predicted results of the cogging torque and phase back EMF of
the 12-slot/10-pole YDRPM machine. The phase-back EMF of the machine is obtained at 800 r/min.
Although the amplitudes and waveforms exhibit some differences, it is worth noting that both FEA

predicted and measured results confirm the low cogging torque in the prototype machine. The
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discrepancies between the tested and predicted amplitudes of cogging torque and EMF are principally
attributed to manufacturing imperfections. The resin injection has been used to join all stator modules
together during assembly to position the stator modules and facilitate assembly since the modular stator
structure of the machine. This process increases the manufacturing tolerance of the prototype, resulting in
discrepancies between the prototype and the FEA model. Overall, the experimental results corroborate the

FEA predictions for both back-EMF and cogging torque.
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Fig. 3.34. FEA predicted and measured results.

The static torques at full and half loads for the SDRPM machine are measured by supplying a range of
DC currents (/4 = —21p = —2Ic = Ipc), and the full-load current corresponding to a copper loss of 30 W, as
depicted in Fig. 3.35 (a). Fig. 3.35 (b) shows the variation of average torque with current. The measured

torques align closely with the FEA predictions.
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Fig. 3.35. FEA and measured torques.

3.8 Conclusion

This chapter has compared the electromagnetic performances of the radial-flux FSCW SDRPM
machine and the conventional ERSPM and IRSPM machines under different conditions. All machines are
optimised and analysed by the FEA, and the results are theoretically explained using the equivalent

magnetic circuit.
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For the radial-flux SDRPM machine, the radii of inner and outer SPM rotors are different. As a result,
the inner and outer PMs hardly generate the same magnetic flux, thus, the series connected magnetic
circuits decreases the resultant magnetic flux. This has been explained in this chapter for the first time. In
addition, based on the comparative studies under different critical parameter conditions. The SDRPM
machine only has a higher torque than the SRSPM machines when they have the same total air gap
length. However, under different scenarios in inner bore radius, pole numbers and PM volumes, it is
revealed that compared with the conventional SRSPM machines, the radial-flux SDRPM machine has a

complex structure, lower torque, higher cost, and lower torque per PM volume.
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CHAPTER 4

INVESTIGATION OF YOKELESS COUNTER-ROTATING
DUAL-ROTOR PERMANENT MAGNET MACHINES

Chapter 3 compares the electromagnetic performance of dual-rotor and single-rotor PM machines. It
reveals that the dual-rotor PM machine, with the same pole number and rotational speed of two rotors, has
lower torque than the single-rotor PM machine. However, dual-rotor machines inherently have an extra
rotor compared with single-rotor machines. When the two rotors of the dual-rotor machine operate in
different working conditions, the dual-rotor machine can replace two single-rotor machines to meet the
requirements of some special applications that require two rotors to reduce the cost and save space.
Radial-flux fractional slot concentrated winding (FSCW) yokeless counter-rotating dual-rotor permanent
magnet (YCDRPM) machines are investigated in this chapter. Based on the magnetic field modulation
theory, a YCDRPM machine combines magnetic gear and PM machine to realise dual-rotor counter-
rotating operation for special applications, such as washing machines, counter-rotating wind power
generators, and underwater vehicles. The operation principle and three feasible slot/pole number
combinations are investigated under different operation modes. All YDCRPM machines are optimised
and analysed by finite element analysis (FEA). The YCDRPM machine not only operates as a counter-
rotating DRPM machine but also can utilise the magnetic gearing effect to enhance the output torque. The

results are validated by experiments on a prototype YCDRPM machine.

This chapter is submitted to IEEE Transactions on Transportation Electrifications:
Z.T.Ran, Z.Q. Zhu, Hai Xu, Y.J. Zhou, L. Chen, and L. Yang, “Investigation of yokeless counter-rotating
dual-rotor permanent magnet machines,” submitted to IEEE Transactions on Transportation

Electrifications. (under review)
4.1 Introduction

In recent years, the technologies of dual-rotor permanent magnet (DRPM) machines have developed

significantly, as they can be used to improve the torque density of the PM machines.

The dual-rotor topology for the induction machine was first proposed in [KEL69]. Based on that
topology, [QUO3a] [QUO3b] proposed the surface-mounted PM (SPM) radial-flux toroidal wound DRPM
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machine, the inner and outer rotors with the same pole numbers are fixed on the same shaft to enhance the
torque density of the PM machine. Thus, the high torque density DRPM machine is considered for wind
power generation [XU13] [POT15] [POT16]. The different PM arrangements on the two rotors were
discussed in [FUJ15], and the consequent pole was employed in [ZHA20a] to significantly reduce the PM
volume and enhance the torque density. Since the DRPM machine contains two rotors, the Halbach-array
PM is employed to reduce the weight of both rotors [KUM16]. Moreover, the different slot/pole number
combinations were discussed in [XU17]. The vernier DRPM machine utilises the short end-winding of
toroidal winding and the magnetic field modulation of both air gaps to improve the torque density

[NTU10] [ALL20].

In order to further improve the electromagnetic performance of the DRPM machine, [WANI12]
connected the inner and outer magnetic circuits in series in the DRPM machine, in which the stator yoke
is not the main path of the resultant flux. Thus, the harmonic injection method was used to enhance the
output torque without increasing the stator yoke thickness. Since the fluxes generated by inner and outer
PMs are connected in series, [VAN13] proposed the radial flux yokeless and segmented armature DPM
(YDRPM) machine. The removed stator yoke offers a large slot area, low weight and iron loss.
Furthermore, since the modular stator significantly improves the winding fill factor, the SDPM machine

has received great attention from researchers.

[GOL18] compared the Halbach-array YDRPM machine with the single rotor PM machines. The
Halbach-array YDRPM machine shows the highest torque density since both rotors employ the Halbach-
array PMs, and the active weight is significantly reduced [GOL19a] [GOL19b].

However, since the inner and outer rotors share the same stator, the outer rotor is insufficiently utilised
[LIU18], and the different fluxes generated by inner and outer PMs may decrease the torque of DRPM
machines [RAN22]. Furthermore, the inner and outer rotors are fixed on the same shaft, and the DRPM
machine contains two rotors but has only one output port. [XUOS5] first proposed the dual-mechanical
ports employed on the electrical machine. Two rotors of the DRPM machine can be fixed on the different
shafts for different working conditions. Thus, compared with using two different PM machines for
specific applications, the DRPM machine can save space and cost since the two rotors of the DRPM

machine can be considered as two separate outputs.

[YEH12] uses the DRPM machine in the air conditioner. The two rotors with the same pole numbers
are fixed on different shafts, and the different working conditions of rotors are achieved by arranging the
different stator winding groups to control each rotor. Thus, two rotors work as the condenser and
evaporator separately. Moreover, [KWO18] integrates vernier and flux-reversal PM machines under

different working conditions into a single machine in the washing machine, since the washing and
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dehydrating modes require the electrical machine to operate under different conditions. In order to further
improve the torque density of the DRPM machine, the magnetically geared DRPM machine employs two
different pole number rotors, with the benefits of magnetic gearing effect between two rotors [JIA12]
[ZHU18a]. Moreover, the modulation ring of the magnetically geared machine can be designed as a rotor
for the output [BAIl5a]. However, the modulation ring has low mechanical strength as an output rotor

[BAIL6].

In addition, counter-rotating operation machines are required for some special applications. [SHI98]
proposed a counter-rotating DR (CDR) wind turbine, and [JUNOS] analysed and compared the CDR wind
turbine with the single rotor wind turbine. It shows that the CDR wind turbine significantly increases the
power conversion efficiency since the auxiliary counter-rotating rotor compensates for the dead zone in
the main rotor area and generates additional torque. Moreover, the different direction moments of inertia
also are beneficial to low noise and vibration [BOO10]. Thus, the CDRPM machines are proposed for the
CDR wind power generation [ULL22a] [ULL22b] [MIR21]. The outer stator magnetically geared
CDRPM machine proposed in [WANI17b] utilises the magnetic gearing effect between the rotor,
modulation ring, and stator winding to achieve counter-rotating operation. Its control strategy is
investigated in [LUO17]. Furthermore, [CHE22] replaces the inner PM rotor with the salient pole rotor,
which reduces the PM volume. The split stator teeth are also employed to form a vernier machine to

enhance the torque.

The underwater vehicles required counter-rotating operation machines as well. The counter-rotating
propeller for the underwater vehicle is reported in [HOL94], which shows that the ring thrusters are
essentially two motors with a large hollow rotor. Moreover, two counter-rotating rotors offer different
direction moments of inertia to solve the yawing and spinning problem during travelling through a guided
route [LIU18]. Furthermore, since the aft propeller can utilise the rotation flow from the forward
propeller, the propulsion efficiency of the contra-rotating propellers is superior to other propeller types
[SAS98]. In addition, the propulsion with a higher rotating speed aft propeller than the forward propeller
has higher efficiency than the propulsion with the same rotating speed aft and forward propellers [SHI20].
[CHE11] proposed the CDRPM machine for the underwater vehicle by employing toroidal winding and
changing the inner and outer phase sequence on the shared stator for different rotors. The counter-rotating
operation in the machine is realised by the twisted stator windings changing the corresponding inner and
outer phase sequences, which generate the same speed and different rotating direction magnetic field for

the inner and outer air gaps.

This chapter proposes a novel radial-flux yokeless CDRPM (YCDRPM) machine. The counter-

rotating operation is achieved by utilising the magnetic gearing effect between two rotors and the
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sandwiched modular stator. Since the modular stator is employed for a higher slot fill factor and larger
slot area, the fractional slot concentrated winding (FSCW) is considered. The electromagnetic
performances of different slot/pole number combinations of the YCDRPM machines are investigated and
compared by finite element analysis (FEA). Section 4.2 introduces the topologies of the YCDRPM
machines with different slot/pole number combinations. Section 4.3 elaborates on the operation principle
of the YCDRPM machine. Section 4.4 globally optimises the YCDRPM machine by FEA genetic
algorithm to maximise the output torque under a fixed copper loss. In section 4.5, the electromagnetic
performances of the YCDRPM machines are compared under different operation modes. The prototype

and experimental results are given in Section 4.6. Finally, the conclusion is given in section 4.7.
4.2 Machine Topologies

Based on the radial flux yokeless DRPM machine [VANI13] and the magnetic gear [ATAO1], the
sandwiched stationary modulation ring can be wounded the windings as a stator, and the counter-rotating
magnetic field working harmonics can realize a YCDRPM machine. For underwater vehicle applications,
the electromagnetic torques of two rotors need to be equal or similar for underwater vehicle applications
[ZHA14]. The two rotors of the radial-flux DRPM machine proposed in this chapter are inherently
different. Thus, the large inner bore radius is selected to sufficiently utilise the outer rotor and make two
rotors have similar electromagnetic torques. The 12 slots-10/14 poles (12s-10p/14p) YCDRPM machine

with different inner bore radii is analysed in Appendix C.

Fig. 4.1 shows the 24 slots stator with different pole number rotors of YCDRPM machines and the
related coil back-EMF phasors. They are constructed by a lower number of poles inner SPM rotor, a
higher number of poles outer SPM rotor, and a sandwiched yokeless stator. Since the outer rotor
inherently has a larger radius in the radial-flux machine, which is better to be as a higher pole number
rotor. The basic design parameters are listed in Table 4.1. Based on the electromagnetic theory, to ensure

the synchronous operation of the motor, the following relationship should be satisfied:

pr £ po = Ng (4.1)

where N is the number of stator modulating segments, p; is the number of PM pairs of inner rotor, po is
the number of PM pairs of outer rotor.

The corresponding gearing ratio G, with the fixed stator modulating segments can be expressed as:

_Po

G. =
TPI

(4.2)

where n; and no are the rotation speed of the inner and outer rotors, respectively.
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(b) 24 slots-28/20 poles.
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(c) 24 slots-32/16 poles.
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Fig. 4.1. Topologies and coil back EMF phasors of YCDRPM machines with different slot/pole number combinations.

TABLE 4.1
BASIC DESIGN PARAMETERS
Parameters Values
Number of stator slots 24
Remanence of PM 12T
Magnet relative permeability 1.05
Frequency of stator flux 100/3 Hz
Turns per phase 192
PM grade N35SH
Lamination grade M300

4.3 Operation Principle

The proposed YCDRPM machine operates as a magnetic gear combined with an electrical machine.

This section discusses the operation principle of the YCDRPM machine and explains it from the magnetic

gearing effect, armature reaction, and torque production.

The proposed YCDRPM machine operates as a magnetic gear combined with an electrical machine.

This section discusses the operation principle of the YCDRPM machine. In addition, since the proposed

machine has two mechanical ports, the different operation modes of the machine are also discussed in this

section. The discussions are based on the following condition:
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1) This section considers the simplified machine structure. The corresponding definitions of parameters

are illustrated in Fig. 4.2.

2) Only the radial component of the air gap magnetic field is discussed. The tangential component of the

air gap magnetic field is neglected for simplified analysis.
3) The magnetic saturation in the steel lamination is not considered.

4) The relative permeability of the modular stator (modulation ring) is infinite, and the permeance of the

air is considered 1.

5) The flux leakage and end effect are neglected for simplified analysis.
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Fig. 4.2. Definitions of parameters of simplified machine structure.
4.3.1 Air gap flux density generated by PMs

The modular stator teeth are considered in the stationary modulation ring when the proposed machine

works under open-circuit conditions. The YCDRPM machine works as a counter-rotating magnetic gear.

The magnetic motive forces (MMFs) are generated by the inner and outer PMs, F; (6) and Fo (), and
their Fourier series expansions are expressed as:

F(0,t) = Z Ap cos(kp,8 — kw;t)
k=135... (4.3)
A = 4'Brl'im sin kpleim)
" kmpopy 2
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FO (0, t) = z AOkCOS (prQ - k(l)ot)

k=1,3,5... (4_4)
— 4"Brl'om sin pr eom)
oK kmpouy 2

where £ is a positive odd integer, A and Aok are the inner and outer amplitudes of the Ath order harmonic,
6 is the air gap circumferential position, B, is the PM remanence, Li» and Lo, are the thicknesses of the
inner and outer PMs, 6;, and 6,, are the angles of the width of the inner and outer PMs, u, is the PM
relative permeability, w0 1s the vacuum permeability, and w; and wo are the electrical velocities of inner

and outer rotors.

The inner and outer air gap permeances considering the modular stator slotting effect can be calculated

as:
PI(Q) = PIO - Z PI] COS(ste) (4‘5)
j=1,2,3...
Po(e) = POO - Z PO] COS(stg) (4‘6)
j=1,2,3...

where N is the number of the modular stator teeth, j are the harmonic orders. The coefficients of the

permeance function can be calculated as [ZHU93] [XU24]:

Ho ( bs)
Py = 1—1.68— 4.7
10 KICLIE ﬁl ts ( )
L:
LIE == Lg + o (48)
T
_bs\°
4 JT. b
P = Hobil 5 ( ts) _ sin(1.6j7r—s) (4.9)
JmLlig : Ds ts
078125 — 2 (j 22
S
2 by b Lig 1 /b \)1 !
A T L) Y
1 [ Tt {tan L. B M TE\L, (4-10)
1 1
Bi=75- (4.11)
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Uo ( bs)
Pyo = ———(1-1.68,= 412
0= 680 : (4.12)
Lom
Log =Ly + (4.13)
T
b\
4 JT. b
Py, =j:zﬁ0 0.5+ ( ts) = sin<1.6j7rt—s) (4.14)
OE . s
0.78125 — 2 (j =
(J ts)
2 by b L b -1
o= 2o () Sl AT
oc = [T {tan Loz AV (4:15)
1 1
Bo=5- (4.16)

2 .
2 1+(2L0E)

where b is the slot opening length, # is the slot pitch, L, is the air gap length, Lz and Log are the inner

and outer effective air gaps, and K;c and Koc are the Carter’s coefficients of the inner and outer air gaps.

Therefore, the air gap flux density in the inner air gap produced by the inner rotor PM can be

calculated by:

Bypm(6,t) = F;(6,t)P;(0)

[oe)

1 (o] [ee]
= Z A Pyo cos(kp,0 — kw;t) + 3 z Z A,kP,] cos[(jNs — kp;)0 + kw,t]
k=1,3,5... k=1,3,5..j=1,2,3..
1 (o] [ee]
+5 z Z Akp,, cos[(jN, + kp,)6 — kayt] (4.17)
k=135..j=1,23..

For the air gap flux density in the outer air gap produced by the outer rotor PM as:

Boopm(0,t) = Fo(0,t)Py(0)

oo 1 oo oo
= z ApiPoo cos(kppb — kwot) + > Z z AOkPOJ cos[(jNs — kpy)O + kw,t]
k=1,3,5... k=1,3,5... j=1,2,3..

1 (o] [ee]
E Z Z ApPoj cos[(jNs + kpo)6 — kwot] (4.18)
=123..

Since the fluxes generated by the inner and outer PMs are in series, the air gap flux density in the inner

and outer air gaps contains the flux generated by the PMs of opposite rotors. The flux crosses two air
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gaps, and the permeance function of the inner and outer air gaps can be expressed by:

Pip(6) = Py — Z Pyo; cos(jNs6) (4.19)
j=1,2,3...
Ho ( bs)
P, =—2  (1-1.68,— 4.20
1o KiocLiog Pro ts ( )
L. L
Liog = 2Ly + ;r" + ;;” (4.21)
_bs\?
4 Jt. b
Pro; = _ﬂ”z—ﬂ’o[o.s + ( ts) j sin (1.6jn t—s) (4.22)
JThoE 078125 —2(j3) | s
S
2 by by Liog 1/ b -1
Koo = |1 -2 —1( )— 1 [1 —( )]}] 423
foc [ T tS { an LIOE bS n + 4' LIOE ( )
1 1

(4.24)

.310=§— ) ;
2 /1+(ﬁ)

Thus, the air gap flux density in the inner air gap produced by the outer rotor PM can be calculated by:

Biopm(8,t) = Fo(6,t)P1o(6)

[ee] 1 (o] [ee]
= 2 AOkPIO COS(kpog - k(l)ot) + E Z z AOkPIOj COS[(jNS - kp0)9 + kwot]
k=1,3,5... k=1,3,5..j=1,2,3...

1 [o9] [o9)
+E Z z AORPIOj COS[(jNS + kp0)9 - k(l)ot] (425)

Similarly, the air gap flux density in the outer air gap produced by the inner rotor PM can be calculated

by:

Boipm(8,t) = F;(6,t)P1o(0)

oo 1 00} oo
- Z AIkPIO COS(kaQ - k(l)lt) + E Z Z AIkPIOj COS[(iNS - kpl)e + k(l)lt]
k=1,35... k=1,3,5... j=1,2,3...
1 oo oo '
+§ 2 Z AIkPIOj COS[(]NS + ka)Q - k(l)lt] (426)
k=1,3,5..j=1,2,3...
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Thus, after the interaction between inner and outer air gap flux densities, the air gap flux densities in

the inner and outer air gaps can be obtained as:

B;(6,t) = Bypy(6,t) + Biopyu (6, 1)

= Z A”CPIO COS(kaH - kwlt) + z AOkPIO COS(kp09 - ka)ot)
k=1,35... k=1,3,5...

Z AIkPIj COS[(jNS - kp,)e + kwlt]
=12
Z ApPyj cos[(jNs + kp;)6 — kw;,t]
1 (o] (o]
+§ Z 2 AoiProj cos[(jNs — kpp)6 + kwot]

1 oo oo
+E Z z AOkPIOj COS[(jNS + kp0)9 - k(l)ot] (427)

Bo(6,t) = Boopm(6,t) + Boipu(6,1)

Z AorPoo cos(kppb — kwot) + Z ApProo cos(kp,0 — kw;t)
k=135.. k=135..
1 oo oo
5 z Z AOkPOJ cos[(jNs — kpp)O + kwyt]
k=1,3,5..j=1,2,3..
1 oo oo
+§ 2 Z AOkPOj COS[(st + kpo)g - kwot]
k=135... j=1,2,3..
1 (o] [o0]
+§ Z Z ApProjcos[(jNg — kp)6 + kw,t]
k=135... j=1,2,3..
1 (o] [o0] '
+§ Z Z AIkPIOj COS[(]NS + kp1)9 - kwlt] (428)
k=1,3,5... j=1,2,3..

Therefore, the harmonic orders in the inner and outer air gaps are the same (listed in formula (4.29))
but with different amplitudes. The 24 slots-26/22 poles (24s-26p/22p) YCDRPM machine with the

simplified model (Fig. 4.2) is selected as an example, and its inner and outer air gap flux densities are
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shown in Fig. 4.3. The comparison of FEA and analytical results is shown in Fig. 4.4.

{lleS i klpll' k1 = 1,3,5, ey jl = 0,1,2,

|joNs + kapol, k, = 1,3,5,...; j» = 0,1,2, ... (4.29)
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Fig. 4.3. Air gap flux densities generated by PMs of 24s-26p/22p YCDRPM machine with the simplified model.
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Fig. 4.4. Comparison of FEA and analytical results of air gap flux densities generated by PMs of 24s-26p/22p YCDRPM

machine with the simplified model.

4.3.2 Air gap flux density generated by armature reaction

According to [LI13] [LIPOS], the Fourier series expansion of the three-phase machine winding

function is given as:

r [ee]
Ny(8) = z N,,, cos(m®)
m=1,3,5...
= 2
Ng(0) = Z N,, cos <m9 —mgn)
4 m=135... (4.30)
c 2
N:(0) = Z N,, cos <m9 + mgn)
m=1,3,5...
L Ny = % phkwm

where N, is the amplitude of the m-th harmonic order, N, is the number of turns per phase, and & is the

winding factor of the m-th harmonic order. The winding factor of the 24s-26p/22p YCDRPM machine is

shown in Fig. 4.5.
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Fig. 4.5. Winding factor of 24s-26p/22p YCDRPM machine.
The input three-phase currents can be expressed as:
ia(t) = Lpaxcos(wst)
ig(t) = Lpaxcos(wst — gn) (4.31)

2
ic(t) = Lgxcos(wst + §7r)

where I 1s the amplitude of phase current, and w; is the electrical rotating speed. Thus, the MMF

generated by the armature reaction can be expressed as:

Fo(0,t) = Na(8)ia(t) + Np(0)ip(t) + Nc(0)ic(t) = 2 Nyplmax cos(k + wst)  (4.32)

m=1,3,5...

The flux generated by the armature reaction crosses both inner and outer equivalent air gaps
simultaneously. Thus, the inner and outer flux densities generated by the armature reaction are the same,

which can be calculated as:

Ba(er t) = Fa(Q, t)PIO (9)

(o] 1 [ee] [ee]
= Z Ny lmaxPro cos(mé + kwgt) + > Z Z NiplmaxProj cos[(m + jNs)6 £ wst]

m=1,3,5... m=1’ ,

w
ul
.
1l
[y
N
w

1 0 (0]
+§ 2 Z Ny LnaxProj cos[(m — jNs)O £ wst] (4.33)

Fig. 4.6 compares the FEA and analytical results of the air gap flux densities generated by armature
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reaction of the 24s-26p/22p YCDRPM machine with the simplified model.
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Fig. 4.6. Comparison of FEA and analytical results of air gap flux densities generated by armature reaction of 24s-26p/22p
YCDRPM machine with the simplified model.

Thus, the inner and outer air gap flux densities at on-load condition can be expressed as:
BI—load (9' t) = BI (9, t) + Ba(e, t) (434)
Bo-10aa(6,t) = Bo(6,t) + B, (6, 1) (4.35)

From (4.33), The harmonic order generated by the armature reaction in the inner and outer air gaps can
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be listed as:
|m £ jsNsl, j3 =0,1,2, ... (4.36)
4.3.3 Criteria for pole numbers and speeds:

Since the pole numbers and speeds of armature reaction field and rotor should be the same to generate
torque, the armature reaction drives the inner rotor should satisty the relationship as follows:
|m + jsNs| = |j1Ng + kqp;l

ws ko (4.37)
|m £ j3Ns|  |jiNs £ kqpyl

According to the operation principle of magnetic gear, the pole pair numbers of two rotors and the
number of modular stator teeth should be:
kapo = lkip; £ jNs|

_ fapr £jNs (4.38)
! kip; °

Thus, the armature reaction and outer rotor also meet the relationship as:

|m £ j3Ns| = |j2Ns £ kapol
Wy B k,wo (4.39)
|m £ j3Ns|  |j2Ns  kapol

Consequently, when the armature reaction can drive the inner rotor, the same armature reaction can

operate the outer rotor.

The proposed YCDRPM machine satisfies a special condition in (4.37), which is as follows:

pr — Ns = —po (4.40)
Thus, the relationship of rotational speeds between the inner and outer rotor is:

2T 2T
W = —Wg = nlpla = —nopoa (4.41)

where n; and no are the mechanical rotational speeds of inner and outer rotors. The negative value
indicates that two rotors always rotate in opposite directions to achieve the counter-rotating. Thus, the
frequency of the stator flux £, n;, and no can be calculated by:

f= n;p; _ NoPo
60 60

(4.42)
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4.3.4 Back EMF

The phase back EMF induced by no-load inner and outer air gap flux densities can be expressed as

[LI16b]:
d 2
( era(t) = _E{rIgLstk fonBl(Q, t)NA(H)dH}
= Xk=135..TigLstk
2NpnK ykp, Pro sin(kw;t)
w;A 00 kp .
1441k -+ Zj=1,2,3...mNphkw(stikPI)PIf Sln(k(L)]t)
X -
2Nphkwkp0PIOO Sin(k(l)o t)
+wyA o kp .
00k + Zj=1,2,3...mNphkw(stikpo)PIOj sin(kwot)
d 2
eis(t) = =2 {rigLouc Jy " Bi(6,©)N5(8)db}
= 21?:1,3,5...7”1gLstk
( 2Nppk i kp, Pro sin (ka),t — k%n) )
wrApg o kp; : 2
1 ) + 2j=1,2,3...mNphkw(stikm)PIj Sin (kw,t -k 57’[) } (443)
X -
2NppK wip,Pro sin (ka)ot —k gn)
+woAok - kpo . 2
|+ 2123, Ty g NVenKo(instkpo) Proj SIn (kwot — ks TT) )
d 2
ec(t) = — s {rIgLstk fo "B, (6,)N; (9)d9}
= ZI?=1,3,5...rIgLstk
( 2Nppk i kp, Pro sin (ka),t + k%n) )
wAp o kp . 2
+ 2j=1,2,3...mNphkw(stika)PIj sin (szt +k gﬂ) }
X < -
2Npnk yip,Proo Sin (kwot + k En)
+woAok kp y 2
\ + 27125 Ty Nonka g skpo Proj sin (kwot + k) |
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d 2
( epa(t) = _E{rOgLstk fonBo(e; t)NA(Q)dQ}
= ZI?:l,&S...TOgLstk
( 2NpnK ykpoPoo sin(kwot) ] ]
woAok o kpo .
y + Zf=1'2'3~-'_stikpo NpnKo(jngtrpo) Prj Sin(kwot) |
2NpnK ykp, Proo sin(kw,t)
+wA o kpi -
+ 22123, INetkpy Npnk(ingtip)Proj sin(kw, t)_
d 2
eop(t) = — E{rOgLstk fo : ¢ t)NB(g)dQ}
= Yk=135..TogLstk
( 2N nk oo Poo Si z h
phRwkpol 00 Sin (kwot — kET[)
woAok o kpo I in (K )2
4 ) t 22123 Ty g NenKo(ingtkpo)Poj Sm( Wol — E”)_ | (4.44)
. 2
ZNphkwkaPIOO sSin (k(l)lt - kgT[)
L+w1Alk o LNk Py sin (ka) t — kzn)
J=123.. "N tkp, PhRT@(Nstkp)t10] I 3 /1
d 2T
eoc(t) = _a{rOgLstk Jo Bo(8, t)NC(H)dH}
= Yk=135..TogLstk
( 2Nk wrenn Poo Si 2 h
phRwkpol 00 sSin (kwot + kET[)
CoAok| s Km0y Py, sin (k I
2Nphkwkp1PIO sin (kw,t + k%ﬂ)
\ T oo i g Piojsin (kayt + k27)
J=123.. N tkp, PhTw(Nstkp))T10j I 37 /)/

where 7, and rog are the inner and outer air gap radii, and L is the stack length. The FEA and analytical

results of the back EMFs induced by the inner and outer rotors are shown in Fig. 4.7.
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Fig. 4.7. Comparison of FEA and analytical results of back EMFs generated of 24s-26p/22p YCDRPM machine with the
simplified model. (7=2000/11 rpm, no=2000/13 rpm)

4.3.5 Torque production

The reluctance torque of the surface-mounted PM machines can be neglected, the inner and outer

electromagnetic torques can be obtained by:
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era(t)ig(t) + ep(®)ig(t) + e;c(t)ic(t)

Tip(t) = - (4.45)
ny- m

Top(6) = eoa(t)is(t) + epp (t)iZB n(t) + eoc(D)ic(0) (4.46)
Ng - m

where iy4, ip and ic are the phase-A, -B and -C currents. Thus, the average torques of the inner and outer

rotors can be obtained as:

. - 2Nprk op, Pro )
A | ,_z ij—imNPhkw(stipz)PIj
ess = 157 Lopelones =123, 2oneun Fi (4.47)
+tAo1| Z _p—oNphkw(stipo)Ploj
\ I j=1,2,3...]NS +Po ’
. 2Nprk o Poo )
Ao | __Z ]'Nsp—i(zl%NphkaNsipo)Pof
Togavg = 1.570gLsticImax 4 g 2Npnkep,Proo 49
il Z jN:?—imNPhkw(stipz)PIOJ

\ j=1,2,3.. /

The FEA and analytical results of the torques of the inner and outer rotors are shown in Fig. 4.8. The
analytical results are slightly higher than the FEA results since the magnetic saturation effect is not

considered in the analytical method.
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Fig. 4.8. Comparison of FEA and analytical results of torques of 24s-26p/22p YCDRPM machine with the simplified model.

4.3.6 Torque transmission

The proposed YCDRPM machine can be operated as a magnetic gear, it will be further discussed in
Section 4.3.7. In this operation mode, according to the working principle of magnetic gears, when
mechanical torque is applied to one rotor of the YCDRPM machine, the torque transmits to the
corresponding other rotor. The gear will slip if the load is increased beyond the stall torque. The

relationship of torque transmission can be expressed similar to those of magnetic gears and magnetically
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geared machines [CHAO7] [ATAO8] [WAN14]:

e G 4.49
Tig Pr " ( )

4.3.7 Operation modes

The proposed YCDRPM machine consists of two mechanical ports and two rotors working in different
directions with the magnetic gearing effect. Thus, in Fig. 4.9, four different operation modes of the

machine are considered as follows:

1) Power split mode: In this scenario, both the inner and outer rotors are connected to the load, with
torque transfer occurring due to the magnetic gearing effect. Simultaneously, the machine functions as

a generator, and the input mechanical power induces electromotive force (EMF) in the windings.

2) Magnetic geared motor mode: One rotor inputs the mechanical torque to utilize the magnetic gearing
effect to transmit the torque. The stator windings are also injected with the rated current. Thus, the
output rotor benefits from electric and mechanical powers. In this mode, the magnetic gearing effect
enhances the output torque, and the electromagnetic torque is compromised to increase the output

torque. The machine can be used for high torque and low-speed applications.

3) Pure electric motor mode: In this mode, the initial relative angle between two rotors is zero. The
machine works as a PM machine, the rated current is injected into the stator windings, and both rotors

produce output torque.

4) Pure generator mode: In this mode, mechanical torque is applied to both rotors, inducing EMF in the
stator windings. This allows the machine to function as a generator. Owing to its counter-rotating

characteristics, the machine is well-suited for use in counter-rotating wind turbines.
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(a) Power split. (b) Magnetic geared motor.
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Fig. 4.9. Proposed machine operating modes.

4.4 Design Optimisation

All the YCDRPM machines with different slot pole number combinations, i.e., 24s-26p/22p, 24 slots-
28/20 poles (24s-28p/20p), and 24 slots-32/16 poles (24s-32p/16p), are globally optimised by the genetic
algorithm using the FEA to analyse the electromagnetic performance. Since the machine has a relatively
large radius inner bore compared with the outer diameter of the machine, the radii of inner and outer
rotors are similar. Thus, the optimisation objective is to maximise the total torque (the sum of torques of
inner and outer rotors) of the YCDRPM machine. The optimised machine achieves maximum torque with
both rotors exhibiting similar torque values. Furthermore, optimal designs are sought under a 1.7 T
magnetic flux density constraint for the iron cores, ensuring that no severe magnetic saturation occurs
within the laminations of the optimised machines. The fixed and variable parameters can be found in
Table 4.2 and Table 4.3, respectively. The associated variables are depicted in Fig. 4.10. Moreover, the
design parameters of optimised machines are shown in Table 4.4. The corresponding open-circuit flux

density distributions and flux lines are shown in Fig. 4.11.

TABLE 4.2
FIXED PARAMETERS
Parameter Values
Outer radius of outer rotor (mm) 50
Stack length (mm) 50
Copper loss (W) 30
Inner and outer air gap lengths (mm) 1
Max iron core flux density (T) 1.7
Radius of shaft (mm) 35
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TABLE 4.3

VARIABLE PARAMETERS
Parameter Symbols
Outer PM thickness Lom
Inner PM thickness Lim
Outer PM pole arc Oom
Inner PM pole arc Oim
Stator outer radius Rso
Stator inner radius Ry
Stator outer slot opening bos
Stator inner slot opening bis
Outer tooth-tip height Ros
Inner tooth-tip height his
Outer tooth-tip slope Olos
Inner tooth-tip slope Olis
Stator tooth width Wt
TABLE 4.4
DESIGNS OF OPTIMISED MACHINES
Parameter 24s-26p/22p  24s-28p/20p  24s-32p/l6p
Outer PM thickness (mm) 1.35 1.6 1.34
Inner PM thickness (mm) 1.35 1.4 1.4
Outer PM pole arc (elec.) 156 143 160
Inner PM pole arc (‘elec.) 154 130 152
PM volume (cm?) 31 30.5 31.5
Stator outer radius (mm) 45.5 45.5 45.5
Stator inner radius (mm) 39.3 39.2 40
Stator outer slot opening (mm) 4.6 4.4 4.6
Stator inner slot opening (mm) 1.5 1.5 2.6
Outer tooth-tip height (mm) 0.6 0.7 0.5
Inner tooth-tip height (mm) 0.7 0.7 0.8
Outer tooth-tip slope (deg.) 6 54 2.6
Inner tooth-tip slope (deg.) 4 4.7 34
Stator tooth width (mm) 3.4 3.6 3
Slot area (mm?) 35 33 35
1
N — \

Fig. 4.10. Variable parameters of YCDRPM machine.
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Fig. 4.11. Open circuit flux density distributions and flux lines of YCDRPM machines.
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4.5 Analysis of Electromagnetic Performance of YCDRPM Machine

In the following, the positive and negative torques represent the output and input torques, respectively.
The machine has different operation modes depending on the initial position of the inner and outer rotors.

Thus, the relative angle J between two rotors can be expressed as:
6 = pi6; —Pobo (4.50)

where 0; and 6, are the mechanical axis angles of the inner and outer rotors, respectively. The maximum

relative angle is 180 electrical degrees, found in Fig. 4.12.
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(b) Maximum relative angle. (180 elec.deg.)

Fig. 4.12. Relative angle between inner and outer rotors.
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Therefore, under no-load condition, the magnetic gearing effect between two rotors can be obtained by
fixing the outer rotor at zero position and rotating the inner rotor only. The magnetic gear torque-rotor
position characteristics for the proposed machines are shown in Fig. 4.13. The curve is asymmetric in that
the maximum torque is not obtained at 90 electric degrees. It is caused by the magnetic saturation on the

steel lamination.

20
' 24s-26p/22p = = 24s-28p/20p — - — 24s-32p/16p
—~ 15- — =

E 10- | P ‘e~
S

Torque (N

0 30 60 90 120 150 180
Inner Rotor Position (Elec. deg.)

Fig. 4.13. Magnetic gearing effect torque vs. inner rotor angle characteristics.

4.5.1 Pure electric motor mode

In Fig. 4.13, when the inner rotor pole axis is aligned with the outer rotor pole axis (6=0°). The
YCDRPM machines work on the pure electric motor mode, without magnetic gearing torque between
inner and outer rotors. Both rotors work as output ports, and only stator windings are injected current as

input.

Under this operation mode, the inner air gap flux densities of the proposed machines are compared in
Fig. 4.14. Since the 24s-26p/22p YCDRPM machine has a similar pole number of the inner and outer
rotors, the inner and outer PMs pole arc are similar. Therefore, the inner PM of the 24s-26p/22p machine
has minimal impact on the resultant flux. As a result, the flux of the inner air gap of the 24s-26p/22p

machine is the largest, as shown in Fig. 4.14b.
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Fig. 4.14. Comparison of inner air gap flux densities of YCDRPM machines.

The comparison of the outer air gap flux densities of the YCDRPM machines is shown in Fig. 4.15.
The outer PM of the 24s-28p/20p machine is the thickest, and the outer air gap flux generated by the outer
PM is the largest. Thus, the outer air gap flux density of the 24s-28p/20p machine is the largest, Fig.
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4.15b.
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Fig. 4.15. Comparison of outer air gap flux densities of YCDRPM machines.

As the stator flux frequency remains constant at 100/3 Hz for all machines, despite the varying rotation

speeds of the rotors, the frequency of the flux linkages and the back electromotive forces (EMFs)
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generated in the stator windings remain consistent. Fig. 4.16 compares the phase-A flux linkage of the
YCDRPM machines, which share a similar fundamental component value of 0.045 Wb for the flux
linkage. Consequently, the fundamental components of the back EMFs for all YCDRPM machines are
approximately 9.6 V, as depicted in Fig. 4.17(b). Moreover, when operating in pure generator mode, the

induced voltage in the stator winding is represented as back EMF.
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Fig. 4.16. Comparison of phase-A flux linkages of YCDRPM machines.
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Fig. 4.17. Comparison of phase-A back EMFs of YCDRPM machines (Stator frequency=100/3 Hz).

Due to the small slot area, the input currents of the proposed machines are small under the 30W copper
loss condition. The 26p/22p machine has the largest average inner rotor torque because of the highest

number of the inner pole pair. The 28p/20p machine has the highest average outer rotor torque reaching
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2.4Nm. The average outer rotor torque of the 32p/16p machine is only 2.1 Nm. It is because the increased

pole number causes significant flux leakage between PMs.
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Fig. 4.18. Comparison of output torques of YCDRPM machines.
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The 26p/22p machine has the smallest torque ripple of both rotors, and the 32p/16p machine has the
largest torque ripple. The phenomenon can be predicted by the cogging torque factor Cr, which is
proposed in [Zhu00]:

2pN;

= TeH P, ) ey

where p is the pole pair number, LCM(2p, N;) is the least common multiple between the number of stator
teeth and inner or outer rotors poles. The higher value of Cr represents the higher cogging torque. Thus,
the value of Cr can be calculated, and the 26p/22p machine has the smallest C7=2 for both rotors. The
cogging torque factor of both rotors of the 32p/16p machine is the largest C7=8.

Therefore, the 24s-26p/22p YCDRPM machine has the lowest torque ripple and most similar torques

between the inner and outer rotors, which is better for the requirement of the counter-rotate applications.

4.5.2 Magnetic geared motor mode

The outer rotor achieves the maximum output torque in this mode, and the inner rotor and the stator
winding injected current are both inputs. In Fig. 4.13, the initial relative angle J between inner and outer
rotors can be obtained to maximise the torque of the outer rotor. In practice, the relative angle J is
determined by the applied load. The relative angle is zero when the inner or outer rotor has no load
applied on the shaft. However, with the increase of the applied load, the relative angle is increased until
the inner or outer rotor reaches maximum torque. Moreover, both rotors would slip when the inner or

outer rotor applied load exceeds the maximum torque value.

It can be found that the relative angle o of the 24s-26p/22p machine is 79 electric degrees, for the 24s-
28p/20p machine is 82 electric degrees, and 88 electric degrees for 24s-32p/16p machine. Thus, the initial
relative mechanical angles between the inner and outer rotors of 24s-26p/22p, 24s-28p/20p, and 24s-
32p/16p YCDRPM machines are 7.2°, 8.2°and 11°, respectively. In order to obtain the maximum torque
of the outer rotor, the d-axis of the outer rotor is aligned with phasor A, and the rotating inner rotor sets

the initial relative angle. The 24s-26p/22p YCDRPM machine is shown in Fig. 4.19 as the example.
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Fig. 4.19. Initial positions of inner and outer rotors of 24-26/22 YCDRPM machine.

Relative angle

Under the open circuit condition, the magnetic gearing torque of the inner and outer rotors of all the
machines is shown in Fig. 4.20. The average torque of the inner rotor of the 24s-26p/22p machine is
9.8Nm, and the outer rotor torque is 11.6Nm, which satisfies the gear ratio of 13:11 between the inner and
outer rotors. The gear ratio of the 24s-28p/20p machine is 7:5, and the average magnetic gearing torques
of the inner and outer rotors are 8. 2Nm and 11.5Nm, respectively. The 24s-32p/16p machine has the
largest magnetic gearing torque of the outer rotor. Because of the largest gear ratio of 2:1 between the

inner and outer rotors, the average magnetic gearing torque of the outer rotor reaches 15Nm.
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Fig. 4.20. Comparison of magnetic gearing torques of YCDRPM machines.

After the currents injected in the stator windings, the outer rotor torques of all the machines are

increased, as shown in Fig. 4.21. The 24s-32p/16p YCDRPM machine has the highest torque of the outer

rotor, 17Nm. On the other hand, the torque of the outer rotor of the 24s-26p/22p YCDRPM machine is
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the lowest due to the low gear ratio.
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Fig. 4.21. Comparison of inner and outer torques of YCDRPM machines at full load.

In this scenario, the characteristics of the torque-current angle curve of all the machines are shown in

Fig. 4.22. The armature reaction causes the difference between the output torque and gearing effect
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torque. Thus, the torque produced by the armature reaction can be split between the inner and outer rotors

by changing the current angle.

—
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Fig. 4.22. Torque-current angle curves at maximum magnetic gearing torque.

4.6 Experimental Validation

In order to validate the analytical derivation and FEA predictions, a 24s-26p/22p YCDRPM machine is
prototyped and tested. The parameters of prototype machine are listed in Tables 4.1 and 4.4. The
prototype machine and test rigs are shown in Figs. 4.23 and 4.24, respectively. The dynamic test platform
is used to measure the waveforms of back-EMF, and the static test platform is used to measure the

cogging torques and on-load static torques.
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(a) Rotor. (b) Stator.

Fig. 4.23. 24s-26p/22p YCDRPM prototype.
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(a) Dynamic test platform. (b) Static test platform.

Fig. 4.24. Test rigs.

The cogging torques of the inner and outer rotors of the YCDRPM machine are measured using the
method in [ZHUO09]. For measurements, one rotor shaft is connected to a balance beam linked to a digital
weight scale to measure the force produced by the prototype while the other rotor rotates freely. The
stator is fixed to a lathe machine and can be rotated to adjust the rotor positions. Fig. 4.25 shows the
measured and FEA-predicted cogging torques of the YCDRPM machine. The measured results match the

FEA predictions well and exhibit the low cogging torques as expected.
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Fig. 4.25. FEA predicted and measured cogging torques.

Fig. 4.26 shows the measured and predicted phase back EMFs. The 400 r/min servo motor drives the
inner rotor. Thus, the outer rotor rotates in the opposite direction at 338 r/min. The results show good

agreement between the measured and FEA-predicted back EMFs.
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Fig. 4.26. Measured and FEA-predicted phase back EMFs.

As mentioned in Section 4.5, when two rotors rotate freely without applying load to the rotors, the
YCDRPM machine operates in pure electric motor mode. The static torques of two rotors of the
YCDRPM machine at half and full loads in pure electric motor mode can be measured by supplying a
range of DC currents (I4 = —2Ip = —2Ic = Ipc), the full-load current corresponding to a copper loss of 30

W, as shown in Fig. 4.27 (a). Fig. 4.27 (b) shows the variation of average torque with current. The

measured torques match well with the FEA predictions.
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Fig. 4.27. FEA and measured torques.

4.7 Conclusion

A radial-flux yokeless counter-rotating dual-rotor permanent magnet (YCDRPM) machine is presented
and investigated in this chapter. The YCDRPM machine combines a magnetic gear and a PM machine.

The stator winding is wound on the modulation ring of the magnetic gear, which avoids the low
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mechanical strength of the modulation ring as a rotor. Since the FSCW is employed for the yokeless
structure, the armature reaction generates a counter-rotating MMF for different sides to achieve the
counter-rotating operation. Furthermore, the different operation modes of the YCDRPM machine are
discussed. The YCDRPM machine benefits from the magnetic gear effect. When the YCDRPM machine
works under the magnetic geared motor mode, the output torque is significantly increased by the
transferred magnetic gearing effect and armature reaction. The performance comparisons of the different
slot/pole number combinations of the YCDRPM machine show that the 24s-26p/22p combination shows

better electromagnetic performance in terms of the output torque and torque ripple.

180



CHAPTERS

A NOVEL COUNTER-ROTATING SINGLE-STATOR DUAL-
INTERNAL-ROTOR PERMANENT MAGNET MACHINE

Chapter 4 investigates the counter-rotating (CR) magnetic geared dual-rotor machine. However, its
sandwiched modular stator results in a complex mechanical structure that makes manufacturing and
assembly difficult. This chapter proposes a novel counter-rotating single-stator dual-internal-rotor
permanent magnet (CSDPM) machine. This machine utilises magnetic field modulation in the fractional
slot concentrated winding permanent magnet (PM) and vernier PM machines to realise the counter-
rotating operation for some special applications, such as underwater vehicles, wind power turbines,
household appliances, etc. This machine has only one set of stator armature winding with easy
manufacturing and robust structure, which greatly reduces the cost, weight, and space requirement
compared with the conventional counter-rotating (CR) system. The magnetic field modulation principle
and the relationship between two rotors and the armature reaction are analysed. The electromagnetic
performance of the CSDPM machine is comprehensively investigated. It shows that the proposed CR
system with the CSDPM machine has higher torque than the conventional CR system by using two
single-rotor PM machines. There is no magnetic coupling effect between the two rotors in the CSDRPM
machine. The torque split of two rotors can be easily changed with the corresponding rotor stack length.

The results are validated by experiments on a prototype CSDPM machine.

This chapter is submitted to IEEE Transactions on Transportation Electrifications:
Z.T. Ran, Z.Q. Zhu, Y.J. Zhou, L. Chen, and L. Yang, “A novel counter-rotating single-stator dual-
internal-rotor permanent magnet machine,” submitted to IEEE Transactions on Transactions on

Transportation Electrifications. (under review)
5.1 Introduction

Counter-rotating (CR) machines are widely used to improve the performance of some special

industrial applications, such as underwater vehicles, wind power turbines, and household appliances, etc.

[HOL94] proposed a CR ring thruster for underwater vehicles. Two thruster rings rotate in opposite

directions to eliminate the roll motion when the propulsion operates underwater. Compared with the
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conventional single-direction rotating propulsion, the CR underwater propulsion can avoid the single-
direction rotational water flow to make the underwater vehicle yaw in one direction [LIU18]. Meanwhile,
the rotational torques produced by two CR propellers cancel each other out to help the underwater vehicle
move straight and accurately [SHI20]. In addition, for the axially arranged CR propellers, the aft propeller
recovers the rotating energy loss from the fore propeller, resulting in a highly efficient propulsion system
[HOU18]. Compared with two propellers rotating at the same speed, the fore propeller which rotates
faster than the aft propeller can improve the propulsion efficiency [MAL13] [YAN96] [SAS9S].
Generally, the conventional CR underwater vehicle propulsion is controlled by two electrical machines
separately or one electrical machine integrated with a bevel-planetary mechanical gearbox, as shown in
Fig. 5.1, which causes high cost, heavy weight, and large space. The complex mechanical structure also

needs more regular maintenances.

Bevel-planetary Different Speeds

Electrical

Machine

Counter-rotating
propellers

(a) One electrical machine with mechanical gearbox.

Different Speeds

Two Electrical
Machines

Counter-rotating
propellers

(b) Two electrical machines.
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Counter-rotating
propellers

(¢) Proposed CSDPM machine.

Fig. 5.1. Counter-rotating operation systems.

For wind power turbines, [SHI98] first patented the CR wind turbine system. Then, [JUNOS5]
developed a 30kW CR wind turbine consisting of an upwind auxiliary rotor rotating at 300 rpm and a
downwind main rotor rotating in a different direction at 150 rpm. It introduced a smaller auxiliary rotor
placed upwind of the main rotor to capture additional wind energy and compensate for the dead zone of
the main rotor area. This configuration increases the power output of the wind turbine system by
improving the aerodynamic efficiency compared with the conventional single-blade wind power turbine
[SAN13]. In addition, the smaller blade length of the auxiliary rotor allows for higher tip speeds, resulting
in higher power output. [SHE07] indicates a counter-rotating wind turbine with different rotational speeds
rotors operated on the island of Sproge, Denmark; it can produce 43.5 % more annual energy than a
single-rotor turbine. Similarly, the CR wind turbine system is usually achieved by one electrical machine
integrated with the bevel-planetary mechanical gear, which has a complex mechanical structure and
suffers from maintenance requirements, noise, low reliability, and high cost, etc. [BOO10] employs the
slip rings for the stator armature winding for an electrical machine to design the stator as a rotational part
to achieve the CR wind turbine system without a mechanical gearbox. However, it also causes low

reliability and introduces maintenance requirements of slip rings.

Therefore, dual-rotor (DR) electrical machines are considered to achieve CR operation while
improving reliability and reducing the weight, cost, and space requirements. The DR permanent magnet
(DRPM) machine using high-energy PM material is the most popular topology due to high torque density
and high efficiency.

The conventional DRPM machine only considered one mechanical port, where two rotors with the

same pole number are fixed on the same shaft and rotate at the same speed [QU03a] [QU04] [VANI13].

183



Thus, two rotors in the conventional DRPM machine cannot rotate separately. The DRPM machines are
considered to operate two rotors freely in different working conditions after multi-mechanical ports

utilised in the electrical machine are proposed in [XUO0S5].

[YEH12] proposed a DRPM machine in which two rotors have the same pole number but are set on
different shafts. This DRPM machine employs two sets of stator armature windings to control two rotors
working separately. In [ZHA14] [ZHA07] [CHE11], the DRPM machine has two armature winding sets
and two rotors with the same pole numbers to achieve the CR operation by changing the phase sequences
for the corresponding controlled rotors. The magnetically geared machine utilises field modulation to
realise CR operation. [WANI17b] [LUO17] [CHE22] proposed the magnetically geared CR DRPM
machine. This type of machine employs two winding sets that interact with a rotor and a modulation ring
to utilise the dual field modulation to realise the CR operation and improve the torque density. However,
the modulation ring usually shows poor mechanical strength to be an output rotor. The sandwiched
modular stator magnetic geared DRPM machine uses the modular stator between two rotors to be the
modulation ring, which shows a robust rotor structure [JIA12]. However, the sandwiched stator assembly
with dual-mechanical ports also causes a complex mechanical structure and manufacturing challenges.
This similar problem is also shown in flux switching CR DRPM machines [ULL22a] [ULL22b] [MIR21].
The same approaches to achieve the CR operation can also be applied in the axial flux DRPM machines
[HUA24] [ZHU18a] [HAS20] [XIA23]. However, the axial flux machine has inherent disadvantages in

lamination manufacturing and axial magnetic attraction force between the rotor and stator.

This chapter proposes a novel counter-rotating single-stator dual-internal-rotor PM (CSDPM)
machine. The CSDPM machine realises the CR operation by utilising magnetic field modulation in the
fractional slot concentrated winding (FSCW) PM machine and integral slot distributed winding (ISDW)
vernier PM (VPM) machine [ZHU18b] [LIU19]. The proposed CR operation system with the CSDPM
machine is shown in Fig. 5.1c. In this chapter, the machine topology and operation principle are
illustrated in Section 5.2 and Section 5.3, respectively. Section 5.4 describes the global optimisation
design of the CSDPM machine via the genetic algorithm based on the finite element analysis (FEA).
Then, the electromagnetic performance of the CSDPM machine is comprehensively analysed in Section
5.5. The CSDPM machines with different slot pole number combinations are investigated in Section 5.6.

Section 5.7 is the experimental validation, and Section 5.8 concludes this chapter.
5.2 Machine Topologies

The CSDPM machine realises the CR operation by utilising magnetic field modulation in the FSCW
PM and ISDW VPM machines, which can be treated as a combination of a single FSCW or ISDW stator
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producing two counter-rotating magnetic fields with different pole numbers and two counter-rotating PM
rotors with different pole numbers but corresponding to those of the stator magnetic fields, respectively.
This chapter selects the slot-pole number combinations of FSCW 12 slots-10 poles (12s10p) and 12 slots-
14 poles (12s14p) SRPM machines for further investigation in this section. Other feasible slot-pole
number combinations based on the magnetic field modulation theory are discussed in Section 5.3 and
analysed in Section 5.6. Fig. 5.2 shows the topologies of the FSCW 12s10p and 12s14p SRPM machines,
along with their corresponding coil back EMF phasors. The CSDPM machine is constructed by one

shared stator of 12 slots, one stator armature winding set, and 10p and 14p rotors, as shown in Fig. 5.3.
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Fig. 5.2. Topologies and coil back EMF phasors of SRPM machines with different slot-pole number combinations.

Endcap 10p rotor shaft  10p rotor 12s shared stator 14p rotor 14p rotor shaft Case Endcap

5.3 Operation Principle

Fig. 5.3. Proposed CSDPM machine mechanical structure.

The operational principle of the CSDPM machine is based on the magnetic field modulation concept
[ATAO6] [ATAOI1]. The analysis of the magnetic field in the air gap in the CSDPM machine can be
separated into magnetic fields generated by the PM and armature reaction. This section mainly discusses
the magnetic field modulation principle in the CSDPM machine rather than computing the actual

magnetic fluxes. Therefore, for simplification, the following assumptions are considered in this study:

1) The permeance of laminations is considered infinite, and the magnetic saturation of the lamination is

neglected.
2) The tangential component of the air-gap magnetic field is neglected.
3) Leakage flux and the end effect are neglected.

4) The relative permeability of PMs is assumed to be equivalent to that of air.

5.3.1 Air gap flux density generated by rotor PM

In the CSDPM machine, the magnetic motive force (MMF) generated by the rotor PM is shown in Fig.

5.4. It can be formulated as:

Fou(0,0) = ) Fpuicos [ip,(w;t — 0)] (5.1)
i=1,3,5...

where p, is the number of pole pairs, @, is the rotor mechanical rotating speed, Fruy; is the amplitude of

the i-th harmonic component of the MMF generated by PM, and 6 is the air gap circumferential position.
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Fig. 5.4. MMF generated by rotor PM.

The air gap flux density distribution is affected by the stator teeth. The stator teeth can be treated as

modulation modular, and the magnetic permeance function is formulated as:

A0) = A= ) A cos(iN:0) (52)

j=1,2,3...

where Ay is the fundamental amplitude of the air gap permeance, Ag; is the j-th amplitude of the air gap

permeance, Ny is the number of the stator tooth. Therefore, the magnetic flux density generated by PM in

the radial direction is modulated by stator teeth in the air gap and can be obtained as:

B, = FpyAq
o 1 ¢\ o .
Z FPMiASO COS(lpre - lprwrt) + E Z Z FPMLA COS[(lpr +]Ns)9 _]prwrt]
i=1,3,5... i=1,3,5... j=1,2,3...
AN ON o .
+5 ) Z Fewiflsjcos [(ip; = JN5)0 = jprast] (53)
i=1,3,5... j=1,2,3..

Thus, in order to produce the synchronous torque, the order of the working harmonic is ip,- & jN;. The

positive and negative values represent the rotor rotating in the same or counter directions.

5.3.2 Air gap flux density generated by stator armature reaction

According to [LI13] [LIPOS], the Fourier series expansion of the three-phase machine winding

function is given as:
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N,(6) = z Nycos(k8)
k=13,5..
- 2
Ng(0) = Z Nycos(kf — k§7r)
{ k=135... (5.4)
C 4
N:(6) = Z Ny cos <k9 — kgn)
k=13,5..
2
L Nie = 1 Npnkwi

where N is the amplitude of the k-th order harmonic, and & is the winding factor of the k-th order

harmonic.
Set the three-phase current as:
i4(t) = Lypcos(wst)
) 2
ig(t) = Ipcos(wst —§7T) (5.5)
4
ic(t) = Lpcos(wst — §7T)
where w; is the electrical rotating speed, /,; is the amplitude of the winding current. Thus, based on the set

phase current in (4.5), the MMF generated by stator winding can be formulated as:

[oe)

F;(6,t) = Na(6)ia(t) + Np(0)ip(wst) + Nc(6)ic(t) = Z NicIpn cos(kf £ wst) (5.6)
K=1,3,5..

Then, the magnetic flux density generated by armature reaction in the radial direction is modulated by

stator teeth in the air gap also can be obtained as:

Bs = F A
oo 1 oo oo .
= Nyl,pAgo cos(k6 £ wst) + 5 z z NyL,pAgj cos[(k + jNs)6 £ wt]
k=13,5.. k=13,5.. j=1,2,3...
1 (o] (o] .
s Z Z NielpAsjcos [(k — jN5)8 + wt] (5.7)

Thus, the modulated harmonics from armature reaction with the order of k + jN;. The positive and

negative values represent the rotor rotating in the same or reversed directions.

Therefore, two rotors with different pole pair numbers p1 and p> realise the CR operation by a shared

stator armature winding has to meet the relationship as:
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p1 — jNs = —p3 (5.8)

In this case, two working harmonic orders always rotate in opposite directions after the magnetic field
modulation. The 12s10p and 12s14p slot pole number combinations are taken as an example. Fig. 5.5a
shows the air gap flux density generated by the stator winding of the 12s10p and 12s14p SRPM machines

(Fig. 5.2). The corresponding working harmonic order is shown in Fig. 5.5b.
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Fig. 5. Air gap flux density generated by armature reaction of 12s10p and 12s14p SRPM machines.
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From formula (5.3), the working harmonic order generated by the rotor PM from 10p rotor is:

517, ..

-7,-19, ... (59)

Working Harmonic Order = 5i + 12j = {

The 7th-order harmonic is counter-rotating with the Sth-order harmonic. As Fig. 5.5 shows, the
armature reaction of the stator winding arrangements of 12s10p and 12s14p machines can drive both 10p
and 14p rotors, but only rotational directions are different. Therefore, in the CSDPM machine, two rotors
rotate in counter directions when the 14p and 10p rotors have a shared stator and are controlled by one

shared stator winding set.

5.3.3 Rotational speeds of two rotors

Since the CSDPM machine has a shared single stator and one set of stator armature winding for two
rotors with different pole numbers, the rotational speeds of two rotors are determined by the frequency f

of the no-load and on-load stator fluxes as follows:

P = st — DPn
n, = —_thPr_
LT N —pn (5.10)
f= np; _ _Tthh
60 60

where #n; 1s the rotational speed of the low pole number rotor, n; is the rotational speed of the high pole
number rotor, p; is the pole pair number of the low pole number rotor, and p; is the pole pair number of

the high pole number rotor. Two rotors always rotate in counter directions.

5.3.4 Torque production

The reluctance torque of the SPM machine is neglected, and the electromagnetic torque can be
calculated by:

_ 3Epnlpn

. (5.11)

E

where the phase back EMF E,;, induced by air gap flux density generated by rotor PM can be expressed as
[LI16b]:
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where g is the air gap radius, and Ly is the stack length. Therefore, the average torque can be obtained
by:

. _, 2
Nprko(jngtipAsj Sin (zpra)rt + k ?)

3 c p
Tavg = ErgLstkIphFPMl 2Nphkwpr/150 + Z -N—_T_Nphkw(stipr)Asj (5-13)
=Tz s EPr
where I is the amplitude of phase current. It can be seen that both the inner and outer air gap flux

densities are contributing to the electromagnetic torque.

Thus, the p~th and (Nsxp,)-th order harmonics can generate electromagnetic torque. In this chapter,
two rotors of the proposed machine with p/=N;-p;, which both can generate the torque under the same

armature reaction.

5.4 Design Optimisation

The CSDPM machine can be treated as a 12s10p SRPM machine combined with a 12s14p SRPM
machine. Thus, to simplify the three-dimensional optimisation of the CSDPM machine, this section
optimises 12s10p and 12s14p SRPM machines to maximise torque based on the two-dimensional model
in FEA. The shared stator in the CSDPM machine is designed for both 10p and 14p rotors. As the pole
number increases, the pole pitch is decreased. Thus, in the 12s14p SRPM machine, both the width of the
stator teeth and the height of the stator yoke are thinner than those in the 12s10p SRPM machine. Thus, if

191



the stator is optimised for a 14p rotor but paired with a 10p rotor, the stator will encounter severe
magnetic saturation issues. Therefore, for simplicity, in this section, the 12s10p SRPM machine is
optimised to maximise the torque in advance. Then, the 12s14p SRPM machine only optimises the rotor
structure with the stator structure of the optimised 12s10p SRPM machine. Tables 5.1 and 5.2 list the
fixed and variable parameters in the optimisation process. Fig. 5.6 shows these parameters, distinguishing

between variables (marked with blue symbols) and fixed parameters (marked with red symbols).

Fig. 5.6. Design parameters of internal-rotor SRPM machine. (Variable: Blue; Fixed: Red).

TABLE 5.1 FIXED PARAMETERS

Parameter Values
Copper loss (W) 30
Slot fill factor % 35
Machine outer radius (mm) 50
Stack length (mm) 50
Tooth-tip slope (deg.) 15
Tooth-tip height (mm) 1
Stator slot opening (mm) 2
Air gap length (mm) 1
Shaft radius (mm) 15
Remanence of PM 12T
Magnet relative permeability 1.05
Lamination material M300
PM material NdFe35
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TABLE 5.2 VARIABLE PARAMETERS

Parameter Symbols
PM thickness Ly
PM pole arc Om
Split ratio ks
Stator yoke height hgy
Stator tooth width Wt

In addition, the end-winding length is considered during the optimisation. The end-winding
configuration of double-layer FSCW SRPM machines is built by quarter-circles and straight lines
[ZHU22], as shown in Fig. 5.7.

> |

v ZVORW
AN W
A

A

A 4
A
A 4

Active | Ly g w Q Stator
Length Zw | Tooth

\ 4

\E HQGJ{_ End

Winding

Fig. 5.7. Simplified end-winding model.

Thus, the per-turn end-winding length /..s can be calculated by:

lend = Zﬂrend + 4lex + le (511)

The optimised parameters for both machines are listed in Table 5.3. Fig. 5.8 shows the open-circuit
flux density distributions and flux lines for both machines. Since the 12s14p machine uses the same stator

structure as the optimised 12s10p machine. The magnetic saturation on the stator of the 12s14p machine

1s less.

TABLE 5.3 Designs of Optimised Machines

Parameter 12510p 12s14p
PM thickness (mm) 3.5 35
PM pole arc (elec. deg.) 180 180
Split ratio 0.58
Stator tooth width (mm) 7.2
Stator yoke thickness (mm) 3.6
PM volume (mm?) 30
Input current (A) 5.2
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Fig. 5.8. Open circuit flux density and flux line distributions of SRPM machines.

Then, the CSDPM machine is assemblied by using the optimised 12s10p and 12s14p machines. The
two rotors of the CSDPM machine rotate in different directions and speeds, so they are fixed on different

shafts. Bearings 1 and 3 are fixed on two endcaps separately to support the corresponding rotor. Bearing 2
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is embedded in shaft 1 to connect two shafts to avoid eccentricity and enhance the mechanical strength of
the machine. The radial magnetic forces on the rotors are balanced, and thus, one rotor is not affected by
another rotor by the shaft connection. To avoid the frictional contact between two rotors which rotate in
opposite directions, an additional air gap is introduced between the 10p and 14p rotors, as shown in Fig.
5.9. The stack lengths of two rotors can be equal or unequal. In the next section, the case of equal stack
lengths of two rotors is investigated first, and then the effect of the stack length on torque split is

analysed.

Bearing 2 Optimised stator
Case

Endcap 1 Endcap 2

Optimised 10p rotor Optimised 14p rotor

— Shaft 2

g\Bearing 3

Shaft ——

Bearing

Fig. 5.9. Assembly structure of CSDPM machine.
Therefore, two designs are considered when the gap is introduced between two rotors.

1) In the first design, referred to as the CSDPM-FS machine, the additional gap between two rotors is
accommodated by reducing the stack lengths of both rotors equally, with the stator stack length fixed

at 100mm.

2) In the second design, referred to as the CSDPM-FR machine, the additional gap between two rotors is

accommodated by extending the stator stack length, with each rotor stack length fixed at S0mm.

The design parameters of the CSDPM machines are listed in Table 5.4. The gap between two rotors in
two design scenarios is considered the same at Smm for further analysis. The open-circuit flux density

distributions of CSDPM-FS and -FR machines are shown in Fig. 5.10.

195



TABLE 5.4

DESIGN PARAMETERS
Parameter CSDPM-FS CSDPM-FR
Stator stack length (mm) 100 105
Two rotors stack length (mm) 47.5 50
Gap length between two rotors (mm) 5
Machine outer radius (mm) 50
Two rotors PM thickness (mm) 3.5
Two rotors PM pole arc (elec. deg.) 180
Split ratio 0.58
Stator tooth width (mm) 7.2
Stator yoke thickness (mm) 3.6
Tooth-tip slope (deg.) 15
Tooth-tip height (mm) 1
Stator slot opening (mm) 2
Air gap length (mm) 1
Shaft radius (mm) 15

B [tesla]

(a) CSDPM-FS.
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Fig. 5.10. Open circuit flux density distributions of CSDPM machines.
5.5 Comprehensive Analysis of Electromagnetic Performance of CSDPM

Machines

The electromagnetic performances of CSDPM-FS and -FR are investigated and compared in this

section based on the three-dimensional FEA.
5.5.1 No-load

Fig. 5.11 shows the air gap flux densities of the CSDPM-FS and -FR machines. The scanning of air
gap flux densities of the CSDPM-FS and -FR machines are shown in Fig. 5.12 and 5.13, respectively.
This can be seen from radial, tangential, and axial air gap flux density components. The flux density
almost dropped to zero in the position of the gap between the two rotors of both CSDPM-FS and -FR

machines.
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Fig. 5.11. Comparison of air gap flux densities of CSDPM-FS and -FR machines.
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Fig. 5.12. Air gap flux density scanning of CSDPM-FS machine.
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Fig. 5.13. Air gap flux density scanning of CSDPM-FR machine.
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Since the air gap flux densities of CSDPM-FS and -FR are similar. The CSDPM-FR machine is
selected to analyse the radial, tangential, and axial components of air gap flux densities at the gap
between the two rotors in detail, as shown in Fig. 5.14. The spectra show that the air gap flux density in
the gap between two rotors mainly contains small 5th and 7th-order components from 10p and 14p rotors

due to the end flux leakage.
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(b) Spectra.

Fig. 5.14. Air gap flux density of CSDPM-FS machine at gap between two rotors.
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The flux linkages and back EMFs of CSDPM-FS and -FR machines are shown in Fig. 5.15 and 5.16,

respectively. The total flux linkage and back EMF are superimposed by those generated by 10p and 14p

rotors separately. In the CSDPM-FR machine, the rotor stack length is fixed at 50mm. The stator stack
length of the CSDPM-FR is 105mm, which is longer than that of the CSDPM-FS machine. The flux
linkage and related back EMF of the CSDPM-FR machine are higher than those of the CSDPM-FS

machine.
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Fig. 5.15. Comparison of phase-A flux linkages of CSDPM-FS and -FR machines.
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Fig. 5.16. Comparison of back EMFs of CSDPM-FS and -FR machines (110,=400rpm, 74,=2000/7rpm).

5.5.2 On-load

There are two on-load conditions are considered when the CSDPM machine compared with the SRPM

machines.

1) The amplitude of the input current of the CSDPM machine is the same as the optimised SRPM
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machine, 5.2A.

2) The copper losses of the CR operation systems using one CSDPM machine or two SRPM machines
are the same, 60W.

Fig. 5.17 shows the torques of the CSDPM and SRPM machines. In the first scenario, the machines
have the same input current. Since Lg,p= Smm, the stack length of each rotor is reduced by 2.5mm in the
CSDPM-FS machine. The output torques of the CSDPM-FS machine are smaller than those of the SRPM
machines. The torques of the CSDPM-FR machine are similar to those of the SRPM machines.

In the second scenario, the CR operation systems have the same copper losses using one CSDPM
machine or two SRPM machines. The CSDPM machine has only one stator armature winding set, which
saved one set of end-winding compared with two SRPM machines. Thus, the CSDPM-FR and -FS

machines have higher torque compared with SRPM machines in this scenario.
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(a) Amplitude of input current=5.2A. Waveforms.
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Fig. 5.17. Comparison of torques of CSDPM-FS and -FR machines with SRPM machines.
5.5.3 Magnetic coupling

The magnetic coupling between two rotors in CSDPM machines is analysed in this section. The
torques of different rotors in CSDPM machines are compared under different magnetising conditions for
each rotor when the input current is 5.2A, as shown in Fig. 5.18. It can be seen that the magnetisation
state of the PMs on each rotor has no effect on the torque of the other rotor in the CSDPM machine. Since
two rotors in the CSDPM machine are axially arranged, there is no overlapped space between the two
rotors in the magnetisation direction. Thus, there is no magnetic coupling between the two rotors in the

CSDPM machine.

207



Torque (Nm)

Amplitude (Nm)

CSDPM-FS: ——10P — - =14P
CSDPM-FS: = ==-10P (14P unactivated)

60

—-—-14P (10P unactivated)
T T I )

120 180 240 300 360

Rotor Position (Elec. deg.)

(a) CSDPM-FS. Waveforms.

i
\
\
\
\
\
\
\
\
\
\
\
\
:
\

1NN N N N N N N 8 N N N NN NN

csbPM-FS: [l 10P 14P
CSDPM-FS: 10P (14P unactivated)
] 14P (10P unactivated)

2 3

— e T T e
4 5 6 7 8 9 10 11 12 13

Harmonic Order

(b) CSDPM-FS. Spectra.

208



Torque (Nm)
N

0 ' CSDPM-FR; —— 10P — - - 14P
) CSDPM-FR: = == - 10P (14P unactivated)
1 ] —-—-14P (10P unactivated)
0 60 120 180 240 300 360

Rotor Position (Elec. deg.)

(c) CSDPM-FR. Waveforms.

csSDPM-FR: [} 10P 14P
CSDPM-FR: 10P (14P unactivated)
=] 14P (10P unactivated)

Amplitude (Nm)

" I . I . I . I .H:—_ I . I . I . I . || '#-' ||
1 2 3 4 5 6 7 8 9 10 11 12 13
Harmonic Order

(d) CSDPM-FR. Spectra.

Fig. 5.18. Comparison of torques of CSDPM machines with different magnetisation state.
5.5.4 Torque split

The torque split of two rotors in the CSDPM machine can be easily changed with the stack length of

the corresponding rotor, as shown in Fig. 5.19.
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L1OD

Fig. 5.19. Stack lengths of two rotors in CSDPM machine.

The ratio K; and K7 between stack lengths and torques of two rotors are defined as:

L

K, =—> (5.12)
L14-p
T

Ky ==2 (5.13)
T14-

where L, is the stack length of the 10p rotor, L;4, 1s the stack length of the 14p rotor, 77y is the torque
of the 10p rotor, and 774, is the torque of the 14p rotor. The torque ratio Kr varied with stack length ratio
K1 of the CSDPM machines are shown in Fig. 5.20.
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Fig. 5.20. Torque split.

5.6 Investigation of CSDPM Machine with Different Slot Pole Number

Combinations

As mentioned in section 5.3, the slot pole number combination of the proposed CSDPM machine

needs to satisfy the relationship as Ny=p/+pr to realise the CR operation. Therefore, this section
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investigates CDSPM machines with the same slot number, 12 slots, but different pole numbers, i.e.,
FSCW 12 slots-8/16 poles (12s8/16p) and ISDW 12 slots-4/20 poles (12s4/20p). The CDSPM-FR
machine is selected for further analysis because it has higher torque than the CDSPM-FS machine. The
12s8/16p and 12s4/20p CDSPM-FR machines and corresponding coil back EMF phasors are shown in
Fig. 5.21 and Fig. 5.22.

(b) 12s16p.
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(c) 12s8/16p CSDPM-FR machine.
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(d) Coil back EMF phasor.

Fig. 5.21. Topologies and coil back EMF phasor.
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(b) 12s520p.
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(c) 12s4/20p CSDPM-FR machine.
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(d) Coil back EMF phasor.
Fig. 5.22. Topologies and coil back EMF phasor.

The CSDPM-FR machines are optimised under conditions in section 5.4 to maximise the torque, but
slot opening is also considered in optimisation. The open circuit flux line and flux density distributions of
optimised corresponding SRPM machines are shown in Fig. 5.23 and Fig. 5.24. It can be seen that the
CSDPM-FR machines use the optimised stator of the low number of pole pair SRPM machine to avoid
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oversaturation on the stator when the CSDPM-FR machine is paired with the high number of pole pair

rotor.
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(b) With optimised stator of 16p SRPM machine.

Fig. 5.23. Open circuit flux density and flux line distributions of 12s8p and 12s16p SRPM machines.
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Fig. 5.24. Open circuit flux density and flux line distributions of 12s4p and 12s20p SRPM machines.

The optimised parameters of the CSDPM-FR machines with different slot pole number combinations
are listed in Table 5.5. The open circuit flux density distributions of optimised CSDPM-FR machines are
shown in Fig. 5.25.
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TABLES.5

OPTIMISED DESIGN PARAMETERS OF CSDPM-FR MACHINES WITH DIFFERENT SLOT POLE NUMBER COMBINATIONS

Parameter 12s8/16p 12s4/20p
Stator stack length (mm) 105
Two rotors stack length (mm) 50
Gap length between two rotors (mm) 5
Air gap length (mm) 1
Shaft radius (mm) 15
Machine outer radius (mm) 50
Two rotors PM thickness (mm) 3.5 3.5
Two rotors PM pole arc (elec. deg.) 180 180
Split ratio 0.54 0.53
Stator tooth width (mm) 7.8 6
Stator yoke thickness (mm) 3.9 6.9
Stator slot opening (mm) 2.63 3.6
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(a) 12s8/16p.
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(b) 12s4/20p.

Fig. 5.25. Open circuit flux density distributions of CSDPM-FR machines.
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Fig. 5.26 shows the average torques of the CSDPM-FR machines with different slot pole number
combinations under the same input current as corresponding optimised SRPM machines. The torque of
the CSDPM-FR machine decreases with the increase of the difference in the number of pole pairs of the
two corresponding rotors. This is because the CSDPM machine employs the optimised stator of the p;
rotor, which always requires the thicker stator yoke thickness and stator teeth width (Fig. 5.23 and 5.24).

The stator structure restricts the torque of the p; rotor.
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Fig. 5.26. Average torques of CSDPM-FR machines with different slot pole number combinations under same input current as
corresponding SRPM machines.

The average torques of the CSDPM-FR machines with different slot pole number combinations under
the same copper loss at 60W in the CR system are shown in Fig. 5.27. It can be seen that in a CR system,
the CSDPM-FR machines always show higher torque than the two SRPM machines. The ISDW 12s4/20p
CSDPM-FR machine shows significantly higher torque than the corresponding ISDW SRPM machines
since it saved one set of end-winding of the distributed winding compared with two ISDW SRPM

machines in the CR system under the same copper loss condition.
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Fig. 5.27. Average torques of CSDPM-FR machines with different slot pole number combinations under same copper
loss=60W in CR system.

Consequently, Table 5.6 summarises the comparison of the electromagnetic torques of CSDPM and
SRPM machines. In the same input current condition, the CSDPM machines have the same torque as the
corresponding SRPM machines since the CSDPM machine can be treated as two SRPM machines
combined. In the same copper loss condition, the CSDPM machines have higher torque than the
corresponding SRPM machines since the CSDPM machine has saved one set of end-winding compared
with the SRPM machine. Thus, the CSDPM machine has advantages in short end-winding and higher

torque when the CR system requires ISDW machines.

TABLE 5.6
ELECTROMAGNETIC TORQUES OF CSDPM AND SRPM MACHINES
Torque (Nm)
Slot/Pole Same input current Same copper loss
csppm j‘i j‘i
12510/14p Ph ' '
SRPM P! 4.1 4.1
Dh 4.1 4.1
csppm P 3.7 4.0
Dh 35 3.7
12s8/16p
SRPM P! 3.7 3.7
Dh 35 3.5
cspPM P! g% gg
1254/20p ’;" 35 35
1 . .
SRPM DPh 3.1 3.1

As analysed in formula (5.10), the rotational speed ratio of two rotors of the CSDPM machine is
adjustable by changing the slot pole number combinations. Under a set frequency of armature current, the

rotational speed ratio of two rotors of the CSDPM machine can be defined as:
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Therefore, the CSDPM machine can satisfy the requirements of the CR wind turbine and CR

(5.18)

underwater vehicle propulsion, which needs two rotors not only to rotate in different directions but also at

different speeds.

Generally, CR applications require the torques of two rotors to be the same for stability and to avoid
the application yawing in one direction. In the CSDPM machine, the torque ratio of two rotors is also

adjustable, as mentioned in the previous section.

This CR operation can improve the power capture capability of CR wind turbines by improving the
aerodynamic efficiency of CR blades [LIU18] [SHI20] [HOU18] [MAL13] [YAN96] [SAS98], or
improve the propulsion efficiency of CR underwater vehicles by recovering the energy loss of one
propeller using CR propellers [SHI98] [JUNO5] [SAN13] [SHEO07]. The design of a CR machine that
optimises power capture or improves propulsion efficiency for different applications must consider the
specific torque and speed ratio requirements of the two rotors for a specific application. The proposed
CSDPM machine can be designed for various torque and speed ratio scenarios, providing design

flexibility for different application requirements.
5.7 Experimental Validation

The 12s10/14p CSDPM-FR machine has been prototyped and tested to validate the FEA results. The
prototype is made with the same dimensions and parameters as the FEA model, as listed in Tables 5.1 and
5.4. The mechanical structure of the machine prototype is shown in Fig. 5.3 and assembled in Fig. 5.9.
The experiments include cogging torque and back EMF at no-load conditions and full and half-load

current static torque at on-load conditions.

The cogging torques and static torques of 10p and 14p rotors are measured by using the test method
described in [ZHUO09]. The test rig is shown in Fig. 5.28. The force produced by the prototype was
measured by connecting one rotor shaft to a balance beam and a digital weight scale while the other rotor
could rotate freely. The stator was fixed to a lathe machine, allowing rotation to adjust the rotor position.
A preload weight was placed on the beam above the scale to ensure continuous contact with the digital
scale. The cogging torque at different positions for each rotor was measured by rotating the stator to
various angular positions. Fig. 5.29 shows the measured and FEA predicted cogging torque of the 10p
and 14p rotors. The measured results meet the FEA results well in both waveforms and harmonics

although the amplitudes exhibit some differences.
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Fig. 5.29. FEA predicted and tested cogging torques.

The phase back EMFs generated by 10p and 14p rotors are measured separately. A 400 r/min prime
mover drives each rotor. Since the two rotors have no mechanical coupling and negligible magnetic
coupling, the other rotor is stationary when one rotor is driven. Fig. 5.30 shows the measured and FEA

predicted back EMFs generated by the 10p and 14p rotors. The test results are in good agreement with the

FEA predictions.
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Fig. 5.30. FEA and tested phase back EMFs.

The full and half on-load static torques of 10p and 14p rotors are measured by injecting DC (14 = 213
= —2Ic = Ipc for a range of DC values, and the full load current /,4q corresponds to the copper loss of 60
W), as shown in Fig. 5.31 (a). Fig. 5.31 (b) shows the variation of average torque with current. It can be

seen that the measured torques match well with the FEA results.

{Half-load:10p; e====FEA O Test Full-load:10p;==——=FEA X Test
4 14p; === FEA A Test 14p=——=FEA O Test

0 30 60 90 120 150 180

Torque (Nm)
O =~ N WO b O

Rotor Position (Elec. deg.)

(a) Static torques at full and half-load conditions.
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(b) Variation of average torques with currents.

Fig. 5.31. FEA and measured torques.
5.8 Conclusion

This chapter proposes a novel CSDPM machine based on magnetic field modulation for the CR
operation system. All feasible slot pole number combinations based on the operation principle are
discussed. Moreover, the CSDPM machines with the different pole numbers with the same 12 slots are
analysed. The CSDPM machine has one winding set, one shared stator, and two robust rotors to achieve
the CR operation. The axially arranged rotors are more accessible to assemble than the conventional
radial flux magnetic geared machine. The assembly mechanical structure is presented in the chapter.
Compared with the conventional CR operation system achieved by two electrical machines, the proposed

CR operation system with the CSDPM machine has higher torque.
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CHAPTER6

GENERAL CONCLUSIONS AND FUTURE WORK

6.1 General Conclusions

This thesis has comprehensively and systematically investigated DRPM machines. Based on the
rotational speeds of two rotors, DRPM machines are classified into two categories: two rotors of DRPM
machines rotate at the same or different speeds. Additionally, within each category, DRPM machines can

be further divided into two types: fluxes in two rotors in series or parallel.

In the scenario that the DRPM machine rotors operate at the same speeds, SDRPM and PDRPM
machines with different winding configurations are compared and analysed. The results show that
SDRPM machines generally have higher torque performance. Therefore, the SDRPM machine is selected
for further comparison with SRPM machines (including ER and IR PM machines). This analysis reveals,
for the first time, that although DRPM machines exhibit enhanced overload capabilities, they deliver

lower torque and less PM utilisation compared to SRPM machines.

In the scenario that the DRPM machine rotors operate at different speeds, the special case-CR
operation is investigated. For the DRPM machine with series magnetic circuits, the YCDRPM machine is
investigated by analytical method, FEA, and experiments, and the different operation modes of the
YCDRPM machine are analysed. For the DRPM machine with parallel magnetic circuits, a novel
CSDPM machine is proposed. The CSDPM machine shows a robust mechanical structure to achieve CR
operation. Compared with the conventional CR operation system achieved by two electrical machines, the

proposed CR operation system with the CSDPM machine has higher torque.

The relationship between different chapters is shown in Fig. 6.1. Concrete summaries and comparisons

will be given in the following sections.
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6.1.1 Dual-rotor PM machines with same speed rotational rotors

In the scenario that the DRPM machines rotors operate at the same speeds is investigated first in
Chapter 2 and Chapter 3. The radial flux TC-SDRPM, TC-PDRPM, and TW-PDRPM machines with
various slot/pole number combinations and machine sizes are compared. Several key conclusions can be

made as follows:

1. In radial structure machines, the inherently larger radius of the outer rotor compared to the inner
rotor results in a larger pole arc for the outer rotor PM to produce a higher flux. In this comparative
study, the TC-PDRPM demonstrates the highest utilisation of the outer rotor PM, and thus, the
highest overall PM utilisation.

2. Regarding scaling effects relative to machine size, the 12s20p TW-PDRPM machine exhibits the
highest torque when scaled up radially due to its shorter end-winding. Conversely, the 12s20p TC-
PDRPM machine performs better axial scaling since the TC-PDRPM machine has the highest
torque, and the end-winding length is negligible with the axial length increase. The TC-SDRPM

machine performs better when scaling in both axial and radial dimensions.

The results show the TC-PDRPM machines have the highest PM utilisation, but only the outer rotor
contributes the most to the total torque. It shows the SRPM machine has the potential to generate higher

torque than the DRPM machine.

Therefore, the SDRPM machine is selected to compare with the SRPM machines in Chapter 3. For the
radial-flux SDRPM machine, the different radii of the inner and outer rotors result in different magnetic
flux generation between the inner and outer PMs. This discrepancy reduces the resultant magnetic flux
due to the series connection of magnetic circuits. Further, comparative studies under various critical
parameter conditions reveal that the SDRPM machine has higher torque than the SRPM machines only
when the total air gap lengths of the machines are the same. However, variations in the inner bore radius,
number of poles, and PM volumes demonstrate that, compared to conventional SRPM machines, the
radial-flux SDRPM machine exhibits a more complex structure, lower torque and PM utilisation, and

higher costs. The comparisons of performances of different machines are listed in Table 6.1.
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Table 6.1 Comparisons of Performances of Different Machines

Torque density PM utilisation Over-load capability Manufacturing
TW-PDRPM A A A AA
TC-PDRPM AAA AAA AA AA
TC-SDRPM AA AA AAAA A
TC-ERPM AAAA AAAA AAA AAAA
TC-IRPM AAA AAAA AAA AAAA

Note: A to AAAA is from bad to best.

6.1.2 Dual-rotor PM machines with different speed rotational rotors

Although the DRPM machines have lower torque and PM utilisation than the SRPM machines, DRPM
machines inherently have an extra rotor compared with SRPM machines. When the two rotors of the
DRPM machine operate in different working conditions, the DRPM machine can replace two SRPM
machines to meet the requirements of some special applications that require two rotors to reduce the cost
and save space. Chapter 4 presents and investigates a radial-flux YCDRPM machine, which integrates a
magnetic gear with a PM machine. In this configuration, the TC stator winding is applied to the
modulation ring of the magnetic gear, effectively avoiding the mechanical strength limitations typically
associated with using the modulation ring as a rotor. This machine employs FSCW in the yokeless
structure and induces a CR MMF on opposing sides to achieve the CR operation. This Chapter also
discusses various operational modes of the YCDRPM machine, which shows the advantages of the
magnetic gear effect. Specifically, under the magnetic geared motor mode, the torque of the YCDRPM
machine is significantly enhanced by the synergistic effects of magnetic gearing and armature reaction.
Performance evaluations of different slot/pole number configurations reveal that the 24 slots with 26/22
poles configuration have better electromagnetic performance, enhancing output torque and minimizing
torque ripple. However, the YCDRPM machine has a sandwiched stator that leads to a complex
mechanical structure, and the radial flux structure causes the torques of two rotors of the YCDRPM
machine to be modified hard. Therefore, Chapter 5 proposes a novel CSDPM machine based on magnetic
field modulation for the CR operation system. The study extensively discusses all feasible slot-pole
number combinations applicable to this operation principle. Specifically, CSDPM machines featuring
various pole numbers with the same 12-slot configuration are analysed. The design of the CSDPM
machine incorporates a single shared winding set, one shared stator, and two robust rotors. Different from

conventional radial flux magnetic geared machines, the axially arranged rotors of the CSDPM machine
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facilitate easier assembly. This Chapter details the assembly and mechanical structure of the CSDPM
machine. Furthermore, comparative analyses reveal that the proposed CR operation system with the

CSDPM machine delivers higher torque than conventional systems achieved by two SR electrical

machines. The advantages and disadvantages of YCDRPM and CSDPM machines are listed in Table 6.2.

Table 6.2 Advantages and Disadvantages of YCDRPM and CSDPM machines

Chapter Machine Advantages Disadvantages

4 YCDRPM One set stator winding, one shared Sandwiched stator makes mechanical
stator, and two rotors to achieve CR structures difficult and complicated to
operation. assemble.
Utilise field modulation between two Speed ratio of two rotors is constant and
rotors to operate machine as magnetic speeds of two rotors cannot be
gear. decoupled.

Sandwiched stator hard to cooling.
5 CSDPM One set stator winding, one shared Speed ratio of two rotors is constant and

stator, and two rotors to achieve CR
operation.

Simple mechanical structure and easy to
assemble.

Torque split of two rotors is easily
modified by changing the rotor stack

length.

speeds of two rotors cannot be
decoupled.

Magnetic circuits of two rotors are
parallel and cannot utilise field

modulation between two rotors.

6.1.3 Research methodologies

Both analytical and FEM are employed in this thesis.

In Chapter 3, the equivalent magnetic circuit method is used to explain the inner and outer PMs of the
SDRPM machine hardly generate the same magnetic flux. Thus, the series of connected magnetic circuits

decreases the resultant magnetic flux.

In Chapters 4 and 5, the equivalent magnetic circuit method describes the operation principles of the
YCDRPM and CSDPM machines. The analytically calculated air gap flux densities, back EMFs, and

torques are good to match with the FEA results.
6.2 Future Work

Based on the above analyses and conclusions, some future work are recommended as follows:

1. Investigating the radial flux YCDRPM machine with the consequent pole to improve the PM
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7.

utilisation and reduce the cost.

Investigating the CSDPM machine with the consequent pole to improve the PM utilisation and
reduce the cost.

Investigating the electromagnetic performances of the radial flux YCDRPM machine with rotor
eccentricity.

Investigating the electromagnetic performances of the CSDPM machine with rotor eccentricity.
Investigating a novel structure based on the CSDPM machine with split stator teeth to enhance the
field modulation effect to increase the torque density of the machine and consider the machine
operates at various operation modes.

Investigating a novel structure based on the CSDPM machine with axial direction magnetised PM
to achieve hybrid magnetic circuits in the CSDPM to utilise the different order MMFs in one air
gap.

Investigating the thermal management of the YCDRPM and CSDPM machines.

It is important to note that in practical applications, the single shared stator winding of YCDRPM and

CSDPM machines introduces control challenges. The control strategy using mono inverter to control

multiple induction machines has been extensively studied in [WUS88], [KEL94] [BOU94] [LEVO03]

[JONOS8]. Similarly, the control strategy utilising mono inverter to control multiple PMSMs is later
proposed in [BID11] [LEE15a] [LEE15b].

To ensure the stability of a multi-PMSM system, the synchronism of each machine must be maintained

regardless of the load torque variations. In this approach, one machine, referred to as the "master

machine," is self-piloted. If the machine with the highest applied load torque is chosen as the master,

synchronism is ensured across all machines. This control strategy has been applied to the CR DRPM
machine, as detailed in [LUO19] [ZHO18] [CRO23]. The block diagram of the control scheme is shown
in Fig. 6.2.
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Fig. 6.2 Block diagram of the control scheme of CR DRPM machines [ZHO18].

For the CSDPM machine, the same control strategy can be applied by designating the rotor with the
highest load torque as the master rotor and the other as the slave rotor. However, the stability of the slave
rotor may not be guaranteed when its load torque exceeds that of the master rotor, which requires further

investigation.

In addition, this control strategy cannot be utilised directly on the YCDRPM machine since the
magnetic gearing effect causes torque transmission between two rotors of the YCDRPM machine, which

should be further analysed in the future.
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APPENDIX A END-WINDING CONFIGURATION

The end-winding configurations are illustrated in Fig. A.1. To simplify the calculation of the end-
winding length, the end-winding length is determined as a semicircle with a diameter equivalent to the
length of the "Arc" [HE21]. Thus, the end-winding length of TC-SDRPM and TC-PDRPM machines /rc.
end In Fig. A.1(b) can be calculated as:

T ((Zy - 1)(R3 + his + R4 - hos) + &

lTC—end(y=1,3,5) = P 2N, > ) + 21, (A.1)

where y is the coil pitch, Ny is the number of stator slots, R; and R4 are the stator inner and outer radii,
respectively (Fig. 2.3), his and Ao, are the stator inner and outer tooth-tip height, wy; is the tooth width, /.,
is the extend part as shown in Fig. A.1 (a).

The end-winding length of the TW-PDRPM machine /rw.ens in Fig. A.1 (c) can be calculated as
[XU21b]:

7 ((Rsy; — Rsi — hiz + Rgo — Reyo — h
lTW—end :E(( syi si it . 50 syo ot) +Rsy0 _Rsyi>+2lex (A.Z)

where Ry, and Ry, are the stator yoke inner and outer radii, respectively (Fig. 2.3).

W

—> Stator slot

(a) Side view.
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End-winding

Arc

End-windi

(c) TW.

Fig. A.1. End-winding configuration.
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APPENDIX B TC-PDRPM MACHINE WITH SAME
INNER AND OUTER SLOT AREAS

Fig. B.1 shows the cross-section of the 12s10p TC-PDRPM machine with the same inner and outer slot
areas. The 12s10p TC-PDRPM machine is optimised to maximise the torque under the same conditions as
Chapter 2.3, except the inner and outer slot areas are restricted to being the same. The optimised

parameters are listed in Table B.1. In this case, the TC-PDRPM machine is named TC-PDRPM-A

machine.

TABLE B.1
PARAMETERS OF OPTIMISED OF 12510P TC-PDRPM-A MACHINE
Parameters Symbols TC-PDRPM-A
Stator tooth width (mm) Wist/Wost 6.8/6.5
Stator yoke position Ry/R7 0.51
Stator yoke height (mm) hsy 5.7
Inner split ratio Ry/R7 0.39
Outer split ratio R4/R7 0.83
Inner slot opening (mm) bis 2.4
Outer slot opening (mm) bos 6.5
Inner tooth-tip thickness (mm) his 1
Outer tooth-tip thickness (mm) Nos 1
Inner tooth-tip slope (deg.) Ois 6
Outer tooth-tip slope (deg.) Olos 11
Inner PM thickness (mm) Ry>-R; 1.7
Outer PM thickness (mm) R6-Rs 23
Inner PM pole arc (elec.) 0; 142
Outer PM pole arc (“elec.) Oom 155
Inner PM volume (cm?) Vi 7.9
Outer PM volume (cm?) Vom 27
Total PM volume (cm?) Vi 34.9
Input current amplitude (A) Lomp 5
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Fig. B.1. Cross section of 12s10p TC-PDRPM-A machine with the same inner and outer slot areas.

The open circuit flux line and flux density distribution of the optimised 12s10p TC-PDRPM-A
machine is shown in Fig. B.2. Fig. B.3 compares the electromagnetic performances of the TC-PDRPM
and TC-PDRPM-A machines. It can be seen that since the inner and outer stator slot areas of the TC-
PDRPM-A machine are restricted, the number of turns in the outer stator slot is restricted. Chapter 2.4
mentions that the outer flux is higher than the inner flux. Thus, the flux linkage generated by the outer
rotor is restricted by the number of turns linked to the outer flux. Therefore, the flux linkage, back EMF,
and torque of the TC-PDRPM-A machine are lower than those of the TC-PDRPM machine.
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Fig. B.2. Open circuit flux density distribution and flux line of optimised 12s10p TC-PDRPM-A machines.
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Fig. B.3. Comparison of electromagnetic performances of optimised 12s10p TC-PDRPM and TC-PDRPM-A

machines.
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APPENDIX C 12 sLOTS-10/14 POLES YCDRPM
MACHINE

Fig. C.1 depicts the cross-section and corresponding coil-back EMF phasor of the YCDRPM machine
with 12s-10p/14p. This machine is optimised under the same conditions as Section 4.4 to maximise the
total torque, but the inner bore radius is set to 15mm. The optimised parameters are listed in Table C.1,

and the related open circuit flux line and flux density distributions of the machine are shown in Fig. C.2.

(UG
7 ® A
O
» O
(e
N
> &
—(0 N
K
A
Op.
7%
(a) (b)
Fig. C.1. 12 slots-10/14 poles YCDRPM machine with. (a) Topology. (b) coil back EMF phasor.
TABLE C.1
DESIGNS OF OPTIMISED 12 SLOTS-10/14 POLES YCDRPM MACHINE WITH 15MM INNER BORE RADIUS
Parameter 12s-10p/14p
Inner bore radius (mm) 15
Outer PM thickness (mm) 2.7
Inner PM thickness (mm) 3.0
Outer PM pole arc (elec.) 166
Inner PM pole arc ("elec.) 154
PM volume (cm?) 50.8
Stator outer radius (mm) 42.2
Stator inner radius (mm) 22.0
Stator outer slot opening (mm) 11.4
Stator inner slot opening (mm) 3
Outer tooth-tip height (mm) 0.8
Inner tooth-tip height (mm) 1.3
Outer tooth-tip slope (deg.) 12
Inner tooth-tip slope (deg.) 13
Stator tooth width (mm) 54
Slot area (mm?) 199
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Fig. C.2. Open circuit flux density distributions and flux lines of 12s-10p/14p YCDRPM machine.

The no-load electromagnetic performances, i.e., air gap flux densities, flux linkage, and back EMF are

shown in Fig. C.3.
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(b) Phase-A flux linkage.
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Fig. C.3. No-load electromagnetic performances of 12s-10p/14p YCDRPM machine.

Fig. C.4 shows the on-load torque of the 12s-10p/14p YCDRPM machine at 30W copper loss. The
torque of the outer rotor is significantly higher than that of the inner rotor since the outer rotor radius is
much larger than that of the inner rotor. This imbalance in torque between the two rotors does not meet

the requirements for counter-rotating applications.
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(a) Waveforms. (b) Spectra.

Fig. C.4. Torque of 12s-10p/14p YCDRPM machine.

Therefore, the 12s-10p/14p YCDRPM machine with a large inner bore radius (35mm) is optimised
under the same conditions to maximise the total torque. The inner bore radius is increased from 15mm to
35mm to increase the inner air gap radius, similar to the outer air gap radius. The optimised parameters
are listed in Table C.2, and corresponding open circuit flux line and flux density distributions are shown
in Fig. C.5. Fig. C.6 shows the electromagnetic performances of the optimised 12s-10p/14p YCDRPM
machine with a 35mm inner bore. It can be seen that since the pole arc ratio is small, the magnetic
loadings of the 35mm inner bore 12s-10p/14p YCDRPM machine are low, and the back EMF waveform
is not sinusoidal. Thus, the high rotor pole numbers for YCDRPM machines with a 35mm inner bore
radius are considered to prevent magnetic saturation on the lamination while also improving the magnetic
loadings. Since the YCDRPM machine has a yokeless modular stator, only the FSCW machines are

considered, and the slot number is doubled from 12 slots to 24 slots in Chapter 4.
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TABLE C.2
DESIGNS OF OPTIMISED 12 SLOTS-10/14 POLES YCDRPM MACHINE WITH 35MM INNER BORE RADIUS

Parameter 12s-10p/14p
Inner bore radius (mm) 35
Outer PM thickness (mm) 1.4
Inner PM thickness (mm) 1.5
Outer PM pole arc (‘elec.) 19
Inner PM pole arc (‘elec.) 14.8
PM volume (cm?) 22.2
Stator outer radius (mm) 44.8
Stator inner radius (mm) 40
Stator outer slot opening (mm) 9.6
Stator inner slot opening (mm) 5.7
Outer tooth-tip height (mm) 1
Inner tooth-tip height (mm) 0.6
Outer tooth-tip slope (deg.) 10
Inner tooth-tip slope (deg.) 2
Stator tooth width (mm) 9.2
Slot area (mm?) 33.8

B [tesla]

Fig. C.5. Open circuit flux density distributions and flux lines of 35mm inner bore 12s-10p/14p YCDRPM machine.
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Fig. C.6. Electromagnetic performances of 12s-10p/14p YCDRPM machine.
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