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Abstract

Stator-permanent magnet (PM) (Stator-PM) machines include doubly salient PM, flux
reversal PM (FRPM), and switched flux PM (SFPM) machines, in which both the PMs and
armature windings are placed in the stator, whilst there is neither PM nor coil in the rotor. They
have been the subject of much interest over the last 20 years. The operation and interaction
mechanisms between the open-circuit and armature excitation magnetomotive forces (MMFs)
in stator-PM machines have not been well described, however, which will be explained by the
magnetic gearing effect in the first part of this thesis. It is found that similar to magnetic gears
and magnetically geared (MG) machines, conventional single-stator-PM machines operate
based on the modulation effect of the rotor to the open-circuit and armature excitation MMFs.
It is also found that more than 95% of the average electromagnetic torque in SFPM machines
is contributed by several dominant open-circuit and armature excitation air-gap field harmonics.
The magnetic gearing effect in the partitioned stator SFPM (PS-SFPM) machines, which was
proposed recently based on the magnetic gearing effect in the conventional single stator SFPM
machines, is also investigated in this thesis. The partitioned-stator-PM machines also operate
based on the magnetic gearing effect. Furthermore, over 93% of the electromagnetic torque
generated in both the outer and inner air-gaps in the PS-SFPM machines is contributed by the
dominant air-gap field harmonics.

Consequent-pole PM topology and overlapping armature winding topology for the
partitioned stator FRPM (PS-FRPM) machines, based on the magnetic gearing effect in the
partitioned-stator-PM machines, are investigated in this thesis. By applying consequent-pole
PM topology, about a third of the PM volume can be saved, but the torque density and
efficiency are similar. For the overlapping armature winding topology, higher torque density,
smaller loss, and hence larger efficiency etc. can be achieved when the machine stack length is

relatively long.

Finally, the PS-FRPM machines and the conventional MG machines, both of which have
surface-mounted PMs, are compared in terms of electromagnetic performance. Compared with
conventional MG machines, PS-FRPM machines have a smaller flux-leakage and hence a
higher torque density and a larger power factor due to their smaller PM pole-pair number and

iron piece number.
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Nomenclatures

Basc Armature excitation air-gap flux density T

Bagcin Armature excitation inner air-gap flux density T

Bpm PM air-gap flux density T

Bpmout PM outer air-gap flux density T

Br Air-gap flux density, radial component T

Brin Inner air-gap flux density, radial component T

Brinn n™ Fourier coefficient of inner air-gap flux density, radial T
component Brin

B n" Fourier coefficient of air-gap flux density, radial component By T

Brout Outer air-gap flux density, radial component T

Broutn n™ Fourier coefficient of outer air-gap flux density, radial T
component Brout

Brpm PM remanence T

Bt Air-gap flux density, tangential component T

Btin Inner air-gap flux density, tangential component T

Biinn n™ Fourier coefficient of inner air-gap flux density, tangential T
component Btin

Bin n Fourier coefficient of air-gap flux density, tangential component T
Bt

Biout Outer air-gap flux density, tangential component T

Btoutn n" Fourier coefficient of outer air-gap flux density, tangential T
component Biout

Ca1 Distance between coils Al and A3 in stator slot number -

E2p 2D FE predicted phase fundamental back-EMF \Y/

Esp 3D FE predicted phase fundamental back-EMF

Eeload On-load end effect coefficient -

Eeopen Open-circuit end effect coefficient -




Fa Phase A armature excitation MMF A
Fasc Armature excitation MMFs A
Fs Phase B armature excitation MMF A
Fc Phase C armature excitation MMF A
Fpm PM MMF A
Fpwms PM MMF square waveform peak value A
g Air-gap length m
gi Inner air-gap length m
Jo Outer air-gap length m
Gr Gear ratio -
ia Phase A current A
iB Phase B current A
ic Phase C current A
id D-axis current A
lac DC bus current of inverter A
Imax Maximum phase current A
iq Q-axis current A
Irms Phase current RMS current A
Kcfe Iron eddy current loss coefficient W/m?®
Kefe Iron excess loss coefficient W/m?
Kfw Flux-weakening coefficient -
Knfe Iron hysteresis loss coefficient W/m?
Kov vi" winding pitch factor -
Ks End winding empirical coefficient -
Krr Torque ripple coefficient %
Udc DC bus voltage of inverter \/
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La+s Self-inductance of serially connected phase A and phase B H
Laa Phase A self-inductance H
Les Phase B self-inductance H
Lq D-axis inductance H
Le Half turn coil end length m
Lhalf Half turn coil total length m
loth Outer stator tip bottom length m
lott Outer stator tip top length m
Lq Q-axis inductance H
Ls Stack length m
m Phase number -
Mok Fourier coefficient of air-gap permeance determined by k H
Mascq Fourier coefficient of armature excitation MMF determined by g A
Mga Mutual inductance between Phase A and Phase B H
Mca Mutual inductance between Phase A and Phase C H
Mipk Fourier coefficient of iron piece permeance determined by k H
Mpwmi Fourier coefficient of PM MMF determined by i A
Nac Number of turns per armature coil -
Ne¢ Number of turns per coil -
Nce Cogging torque cycles per electric period -
Ntc Number of turns per field coil -
Nip Iron piece number -
Nos Outer stator pole number -
Nr Rotor pole number -
Ns Stator pole number -
Po DC component value of air-gap permeance waveform H
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P2 Peak-to-peak value of air-gap permeance waveform H
Pcfe Iron eddy current loss W
Peu Copper loss W
Peue End winding copper loss W
Peus Copper loss excluding end winding copper loss wW
Pea Armature excitation pole-pair number -

Pefe Iron excess loss W
Pem Electromagnetic power W
Pre Iron loss W
Preis Inner stator iron loss W
Preos Outer stator iron loss W
Prer Rotor iron loss W
Pres Stator iron loss W
Phfe Iron hysteresis loss W
Pi Inner PM pole-pair number -

Pin Input power wW
Pip Peak-to-peak value of air-gap permeance waveform H
Po Outer PM pole-pair number -

Pout Output power W
PPM PM pole-pair number -

PPMe PM eddy current loss W
q Slot number per pole per phase -

Rg Air-gap radius m
Ry Inner air-gap radius m
Rgo Outer air-gap radius m
Rii PM body inner radius m
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Rin Inner air-gap radius m
Ripi Iron piece inner edge radius m
Risi Inner stator inner radius m
Roi Winding body inner radius m
Roo Winding body outer radius m
Rosi Outer stator inner radius m
Roso Outer stator outer radius m
Rosy Outer stator yoke radius m
Rout Outer air-gap radius m
Roy Winding body yoke radius m
Rri Rotor inner radius m
Rro Rotor outer radius m
Rry Rotor yoke radius m
Resi Stator inner radius m
Rso Stator outer radius m
Rsy Stator yoke radius m
S2 Constant in air-gap permeance -
Sasc Constant in armature excitation MMF -
Sip Constant in iron piece permeance -
Spm Constant in PM MMF -
Tavg Average electromagnetic torque Nm
Tavg2p 2D FE predicted average electromagnetic torque Nm
Tavgap 3D FE predicted average electromagnetic torque Nm
Thri Flux iron bridge thickness m
Tem Air-gap electromagnetic torque Nm
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Temn Air-gap electromagnetic torque component generated by the n'" Nm
radial and tangential field harmonics
Temnavg | Average value of air-gap electromagnetic torque component Nm
generated by the n" radial and tangential field harmonics Temn
Temout Outer air-gap electromagnetic torque Nm
Temoutn Outer air-gap electromagnetic torque component generated by the Nm
n'" radial and tangential field harmonics
Temoutnavg | Average value of outer air-gap electromagnetic torque component Nm
generated by the n" radial and tangential field harmonics
TL Load torque Nm
Tmax Maximum electromagnetic torge Nm
Tmin Minimum electromagnetic torge Nm
Toutavg Outer air-gap average electromagnetic torque Nm
Tr Torque ripple %
Unmax Maximum phase voltage \Y/
Vimachine | Machine volumn m3
Vewm PM volume m?
Vsp Split ratio -
n Efficiency %
6o Angle between initial rotor pole position and horizon line rad
61 Half of PM arc rad
6> Half of rotor pole arc rad
03 Half of PM arc plus stator tooth arc rad
O Half of stator tooth arc rad
Oag31 Additional phase angle resulted from the polarity of the coil A3 and rad
its corresponding PM
Ocoil Coil pitch arc rad
Oipi Iron piece inner arc rad
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Bipo Iron piece outer arc rad
Oosp Outer stator slot pitch arc rad
Oost Outer stator tooth arc rad
Oot Outer stator tooth tip arc rad
Opm PM arc rad
Ori Rotor pole inner arc rad
Orinn n" phase angle of inner air-gap flux density, radial component Bin rad
O n'" phase angle of air-gap flux density, radial component By rad
Oro Rotor pole outer arc rad
Oroutn n" phase angle of outer air-gap flux density, radial component Brout rad
Orp Rotor pole arc rad
Ory Rotor yoke arc rad
Ost Stator tooth arc rad
BGtinn n' phase angle of inner air-gap flux density, tangential component rad
Biin
Omn n" phase angle of air-gap flux density, tangential component Bt rad
BGroutn n'" phase angle of outer air-gap flux density, tangential component rad
Brout

KPM PM bulk conductivity s/m
1o Vacuum permeability H/m
HUrPM PM relative permeability -

Ty Coil pitch in terms of circumferential length m

D Open-circuit phase A flux-linkage Wb
Pa1 Open-circuit coil Al flux-linkage Wb
Daty vi" harmonic of open-circuit coil Al flux-linkage ®a1 Wb
Dp2 Open-circuit coil A2 flux-linkage Wb
D2y vi" harmonic of open-circuit coil A2 flux-linkage @a> Wb
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Daz Open-circuit coil A3 flux-linkage Whb
Dasy vi" harmonic of open-circuit coil A3 flux-linkage ®as Wb
Dpa Open-circuit coil A4 flux-linkage Whb
Dasy vi" harmonic of open-circuit coil A4 flux-linkage ®as Wb
WAA Average flux-linkage of phase A under constant phase A current Ia Wb
WAPM Average flux-linkage of phase A due to only PM Wb
WBA Average flux-linkage of phase B under constant phase A current Ia Wb
WBPM Average flux-linkage of phase B due to only PM Wb
WCA Average flux-linkage of phase C under constant phase A current la Whb
WCPM Average flux-linkage of phase C due to only PM Wb
WPM D-axis PM flux-linkage Wb
We Rotor electric angular speed rad/s
Qip Iron piece mechanical angular speed rad/s
Qpm PM mechanical angular speed rad/s
Qr Rotor mechanical angular speed rad/s
Qrmax Maximum mechanical angular speed rad/s
B3 Lag angle between open-circuit coil A3 flux-linkage ®@asv and open- rad

circuit coil Al flux-linkage @a1v
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Abbreviation

AC Alternating current

BLAC Brushless alternating current

BLDC Brushless direct current

CPM Consequent-pole permanent magnet

DC Direct current

DS Double salient

DSPM Double salient permanent magnet

EMF Electromotive force

FE Finite element

FR Flux reversal

FRPM Flux reversal permanent magnet

MG Magnetically geared

MMF Magnetomotive force

PM Permanent magnet

PS Partitioned stator

PS-DSPM Partitioned stator double salient permanent magnet
PS-FRPM Partitioned stator flux reversal permanent magnet
PS-SFPM Partitioned stator switched flux permanent magnet
RTPM Rotating permanent magnet

SF Switched flux

SFPM Switched flux permanent magnet

SPM Surface-moutned permanent magnet

SRM Switched reluctance machine

STPM Static permanent magnet
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1 General Introduction

1.1 Introduction

By introducing permanent magnets (PMs) into the stator of a switched reluctance machine
(SRM), higher torque density and higher efficiency stator-PM machines can be achieved when
they have both PMs and armature windings in the stator [ZHUOQ7a]. It is easier to manage the
PM temperature in stator-PM machines compared with conventional rotor-PM machines, in
which the PMs are accommodated in the rotor [ZHU11b] [CHE114a].

Stator-PM machines can be classified into three categories according to the different PM

positions therein, i.e.:

e Doubly salient PM (DSPM) machine with yoke-inserted PMs
e Flux reversal PM (FRPM) machine with tooth-surface-mounted PMs
e Switched flux PM (SFPM) machine with tooth-sandwiched PMs

Based on these three main types of stator-PM machines named above, various topologies
have been proposed and analysed over the last 20 years [ZHU11b] [CHE11a] [ZHU14a]. The
operation and interaction mechanisms between the open-circuit and armature excitation
magnetomotive forces (MMFs) in stator-PM machines have not been well explained, however,
this thesis will clarify this using the magnetic gearing effect, which is similar to magnetic gears
[ATAOla] [ATAO04a] and magnetically geared (MG) machines [ATA08a] [JIA09b] [WAN11c]
[BAI15a] [WANO08a] [QU11a]. Some novel topologies of partitioned-stator-PM machines
having separated PMs and armature windings will be explored in this thesis based on the
magnetic gearing effect, in order to further improve the electromagnetic performance of

existing stator-PM machines in terms of torque density and efficiency.

1.2 Conventional Single-Stator-PM Machines
1.2.1 DSPM machines

The SRM has a robust rotor without any PM or coil, as well as non-overlapping concentrated
windings [SPO87a], as shown in Fig. 1.1 for a 12/8-stator/rotor-pole counterpart. The coil
connection of the 12/8-stator/rotor-pole SRM is shown in Fig. 1.2. Theoretically, the
rectangular current waveform in the SRM can be regarded as a sum of the DC component, the
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fundamental sinusoidal component, and other higher order harmonics in the Fourier series
[LIU12a]. By neglecting the current harmonics, a SRM with only a DC current and a
fundamental sinusoidal current could be regarded as a stator-wound field machine [L1U12a].

A2

Stator

Winding
Rotor
Ad
Fig. 1.1 Cross-section of a 3-phase 12/8-stator/rotor-pole SRM.
3-Phase Source
Al A2 A3 A4
—@ O—e o—e O—e O—
Bl B2 B3 B4
—@ O—@ O—@ O—e& ___ _O—
C1 C2 C3 C4
—@ O—e O—@ Oo—e —  _O—¢

Fig. 1.2 Coil connection of the 3-phase 12/8-stator/rotor-pole SRM.

To enlarge the torque density in a SRM by introducing PM excitation, the DSPM machine
was developed in [LIA95a]. As for the typical 12/8-stator/rotor-pole SRM shown in Fig. 1.1,
the corresponding DSPM machine [CHEQO4] is illustrated in Fig. 1.3. As shown in Fig. 1.3,
the rotor of the DSPM machine is similar to that of the SRM, i.e. there is neither PM nor coil.
However, both the armature coils and PMs are placed in the stator, with non-overlapping
concentrated armature windings, similar to the SRM, and yoke-inserted PMs obtained. The
open-circuit phase flux-linkage varies linearly versus the rotor position, and the phase back-

EMF is theoretically trapezoidal [CHE11a]. Consequently, the DSPM machine can operate in

19



brushless DC (BLDC) mode [LI07a]. By skewing the rotor, however, a more sinusoidal phase
back-EMF with fewer harmonics can be achieved and hence a brushless AC (BLAC) mode can
also be employed [CHEO3a].

PM Stator

Rotor

Stator

Rotor

Fig. 1.4 Cross-section of a 3-phase new type 12/10-stator/rotor-pole DSPM machine.

The 12/8-stator/rotor-pole DSPM machine shown in Fig. 1.3 suffers from an asymmetric
magnetic path, and hence the asymmetric phase back-EMF as well as a large torque ripple. In

the 3-phase 12/8-stator/rotor-pole DSPM machine shown in Fig. 1.3, the PM number is one-
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third of the stator pole number. A new type of DSPM machine with equal numbers of stator
poles and PMs is proposed and analysed in [WU14a], as shown in Fig. 1.4. In the new type of
DSPM machines, the magnetic path is symmetrical, and the even harmonics in coil back-EMF
can be eliminated in the phase winding by appropriately connecting the coils. Consequently,
the torque ripple is much smaller than the conventional type of DSPM machine shown in Fig.
1.3. This new type of DSPM machine has a much higher PM volume and hence cost, as well

as a slightly lower torque [WU15b].
1.2.2 FRPM machines

When the PMs are surface-mounted on the stator teeth, a FRPM machine can be achieved,
as firstly proposed and analysed in [DEO97a] and [WANO1a] for the single phase 3/2-
stator/rotor-pole and three-phase 12/8-stator/rotor-pole counterparts, respectively. In
[HUALOa], the 12/10-stator/rotor-pole FRPM machine is developed, which has a more
sinusoidal open-circuit phase flux-linkage, hence also the back-EMF, since the coil even

harmonics can be cancelled in the phase winding by appropriately connecting the coils.

PM Stator

Rotor

Fig. 1.5 Cross-section of a 3-phase 12/10-stator/rotor-pole FRPM machine.

As for the 12/10-stator/rotor-pole FRPM machine [HUA10a], as shown in Fig. 1.5, when the
rotor position changes, various open-circuit coil flux-linkages, hence also the back-EMF, can
be obtained. By injecting currents into coils, electromagnetic torque can be generated in the
air-gap. Compared with the conventional DSPM machine, the FRPM machine has a

symmetrical magnetic path and more a sinusoidal phase back-EMF, therefore also a smaller
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torque ripple. More importantly, unlike the unipolar coil open-circuit flux-linkage in the DSPM
machine, the open-circuit coil flux-linkage is bipolar due to the alternately reversed PM
magnetisation directions, which is beneficial to torque density. Due to the stator surface-
mounted PMs, however, the FRPM machines suffer from a larger equivalent air-gap width,
hence a higher magnetic reluctance and a poorer torque density, as well as a poorer
demagnetisation withstand capability, since the PM flux and the armature excitation flux are

in series.
1.2.3 SFPM machines

Another typical stator-PM machine is the SFPM machine, in which PMs are tooth
sandwiched, as shown in Fig. 1.6(a) for a 12/10-stator/rotor-pole SFPM machine [HOA97a]
[ZHUO5a]. The rotor in the SFPM machine is similar to the one in the SRM, DSPM machine,
and FRPM machine, i.e. without any coil or PM. The PMs are, however, inserted in the stator
teeth, which is different from the DSPM machines that have yoke-inserted PMs and the FRPM
machines with tooth-surface-mounted PMs. In SFPM machines, due to their alternately
reversed PM magnetisation directions, by appropriately connecting the coils belonging to the
same phase, even harmonics can also be eliminated in the phase flux-linkage, hence also the
back-EMF. Consequently, the phase back-EMF waveforms of SFPM machines are very
sinusoidal [HUAOQ8a], thus the BLAC mode operation is preferred.

Compared with DSPM machines and FRPM machines, SFPM machines exhibit higher
torque density due to the flux focusing effect caused by the spoke type PMs [ZHUO5a]
[ZHAO09a] [ZHU11b]. Also, SFPM machines have a better PM demagnetisation withstand
capability, since the PM flux and armature excitation flux are parallel [ZHUO05a] [MCF14b].
SFPM machines have therefore drawn a lot of attention in recent years [ZHU11b] [ZHU14a].
Besides the 12/10-stator/rotor-pole SFPM machine shown in Fig. 1.6(a), different stator/rotor-
pole combinations are also investigated for SFPM machines. In [CHE10a], electromagnetic
performance of the 12-stator-pole SFPM machines having 10-, 11-, 13- and 14-rotor-pole
rotors shown in Fig. 1.6(a)-Fig. 1.6(d) were comparatively analysed using finite element (FE)
analysis. It shows that the 12/11- and 12/13-stator/rotor-pole SFPM machines have higher
torque density due to a larger pitch factor but a lower cogging torque, hence also a lower torque
ripple due to having closer stator and rotor pole numbers. For the 6/5- and 6/7-stator/rotor-pole

SFPM machines, a similar comparative analysis is conducted in [CHE10d].
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Stator

Rotor

Stator

Rotor

(d) 14-rotor-pole rotor

Fig. 1.6 Cross-sections of 3-phase 12-stator-pole SFPM machines with 10-, 11-, 13- and 14-

rotor-pole rotors.

Besides the all poles wound windings shown in Fig. 1.6, alternate poles wound windings can
be adopted in SFPM machines, as shown in Fig. 1.7 for a 3-phase 12/10-stator-pole alternate
poles wound counterpart [OWE10a] [CHE10d]. It shows that the phase back-EMF in 12/11-
and 12/13-stator/rotor-pole alternate poles wound SFPM machines are higher than their all
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poles wound counterparts, respectively, due to the enhanced winding factor, whilst in the
12/10- and 12/14-stator/rotor-pole machines respectively they are similar. By further removing
the PMs without coils wound, the E-core SFPM machine can be achieved, with a higher slot
area and hence torque density for the same copper loss, e.g. a 6/5-stator/rotor-pole SFPM
machine as shown in Fig. 1.8(a). Compared with the U-core SFPM machines shown in Fig. 1.6,
E-core SFPM machine also has a higher fault tolerance capability due to the additional teeth
between the coils. However, these teeth can be further removed to enlarge the slot area and
torque density to form a C-core SFPM machine, as shown in Fig. 1.8(b) for a 6/5-stator/rotor-
pole C-core SFPM machine. Other modified stator/rotor topologies can be applied to SFPM
machines to improve the electromagnetic performance, such as applying a modular stator in
[TAR15a] to enhance the fault tolerance capability, a modular rotor in [THO12a] to reduce the
iron loss, and additional PMs outside the stator in [DEO14a] to improve the mechanical flux-

weakening capability.

Stator

Rotor

Fig. 1.7 Cross-sections of a 3-phase 12/10-stator-pole alternate poles wound SFPM machine.
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(b) C-core

Fig. 1.8 Cross-sections of 3-phase 6/5-stator/rotor-pole E-core and C-core SFPM machines.

1.3 Magnetic Gears and Magnetically Geared Machines

1.3.1 Magnetic gears

A magnetic gear is a torque transmission device, which consists of two PM bodies and iron
pieces modulating the PM MMFs, as shown in Fig. 1.9(a) for a 4-inner-pole-pair/26-pole/22-
outer-pole-pair magnetic gear with surface-mounted PMs [ATAOla]. Torque can be

transmitted between each pair of gears, with various gearing ratios being obtained [ATAO4a].
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In a magnetic gear, however, the torque transmission between the high- and low-speed gears
is conducted electromagnetically, whilst this is completed by direct contact with a mechanical
gear. Unlike mechanical gears, magnetic gears do not require lubrication, hence noise,
vibration, and reliability can be improved [ATAO1a] [ATAO4a].

Inner PM body PM Outer PM body yoke

Outer PM body PM

Iron piece
Inner PM body yoke

Inner PM body PM Outer PM body yoke

Outer PM body PM

Iron piece
Inner PM body yoke

(b) Spoke type PMs

Fig. 1.9 Cross-sections of a 4-inner-pole-pair/26-pole/22-outer-pole-pair magnetic gear
having surface-mounted and spoke type PMs.

In [RASO5a], a new type of magnetic gear with spoke-type PMs which has a flux focusing
effect, hence higher torque density is proposed and analysed, as shown in Fig. 1.9(b). This is
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similar to the higher torque density found in the SFPM machines compared to the FRPM

machines. An interior PM type magnetic gear is proposed and analysed in [FRA11a].

Another type of magnetic gear having surface-mounted PMs with Halbach magnetisation
arrays is proposed in [JIA10a]. Compared to the counterpart with parallel magnetisation arrays
in [ATAO1a], the proposed magnetic gear with Halbach PMs in [JIA10a] exhibits a higher

torque density, a lower cogging torque, and a lower iron loss due to less harmonics [JIA09a].

An axial flux magnetic gear with surface-mounted PMs is proposed and analysed in
[MEZ06a]. Compared with the conventional radial flux magnetic gear in [ATAO1la], the
proposed axial flux magnetic gear proposed in [MEZ06a] has a larger torque density due to the
higher effective area with a smaller end effect. Nevertheless, the axial flux magnetic gear can
offer hermetic isolation between the two rotor shafts. The axial flux magnetic gear adopted
with spoke type PMs exhibiting higher torque density is proposed and analysed [ACH13a].
Transverse flux magnetic gears are proposed and analysed in [LI11a] [BOMZ14a]. To further
enhance the torque density, axial flux and transverse flux concepts are combined together in
the magnetic gears [YIN15a].

1.3.2 Magnetically geared machines

Due to the merits of magnetic gears and electromagnetic torque transmission, MG machines
which integrate electrical machines and magnetic gears together have received much attention
[ATAO08a] [JIA09b] [WAN11c] [BAI15a], due to their low speed and high torque capabilities.

In terms of the magnetic gear with rotating inner PM body and rotating iron pieces, a MG
machine can be obtained by attaching an armature winding stator with the same pole-pair
number as the inner PM body to the static outer PM body, as demonstrated in Fig. 1.10(a) for
a 2-armature excitation-pole-pair/23-pole/21-PM-pole-pair MG machine proposed and
analysed in [ATAO08a]. Another typical MG machine with 3 air-gaps is shown in Fig. 1.10(b),
which has three rotors, i.e. a control rotor, an output rotor and an inner rotor. By controlling
the armature winding currents, a gear ratio between the rotors can be achieved in these types
of MG machines [ATA08a] [JIA09b] [WAN11c] [BAI15a], thus obtaining low speed/high

torque output for the whole machine.
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(b) 3-armature excitation-pole-air/16-pole/13-PM-pole-pair

Fig. 1.10 Cross-section of a 2-armature excitation-pole-pair/23-pole/21-PM-pole-pair
and a 3-armature excitation-pole-air/16-pole/13-PM-pole-pair.

For magnetic gears with two rotating PM bodies whilst the iron pieces are static, as analysed
in [ATAOla] and [ATAO4a], the MG machine analysed in [WANO8a] can be obtained by
displacing the outer rotating PM body using an equivalent 4-pole-pair armature winding stator,
as shown in Fig. 1.11. Compared with other types of MG machines, such as those analysed in
[ATAO08a] [JIA09b] [WAN11c] [BAI1l5a], the MG machine shown in Fig. 1.11 has only one

rotor, which is easier to manufacturing.
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Rotor PM Stator

Armature winding

Static iron piece
Rotor yoke P

Fig. 1.11 Cross-section of a 4-armature excitation-pole-pair/26-pole/22-PM-pole-pair MG

machine.

Rotor yoke

Armature winding

Stator

Fig. 1.12 Cross-section of a 3-armature excitation-pole-pair/27-pole/24-PM-pole-pair vernier

machine.

Obviously, in the MG machines shown in Fig. 1.11, the static iron pieces and the outer
armature winding stator can be integrated to eliminate the air-gap between them, e.g. the 3-
armature excitation-pole-pair/27-pole/24-PM-pole-pair vernier machine [L110a] shown in Fig.
1.12. Compared with the MG machines, the vernier machine shown in Fig. 1.12 has only one
air-gap, which means it is much easier to build. Furthermore, if the armature winding stator
pole number is the same as the static iron piece number, a flux modulated machine can be

achieved, as shown in Fig. 1.13 for a 2-armature excitation-pole-pair/24-pole/22-PM-pole-pair
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counterpart [QU11a]. The flux modulated machine shown in Fig. 1.13 has a similar topology
to the conventional surface-mounted PM synchronous machine. However, the flux modulated
machine operates based on the modulation of the stator slots to the open-circuit and armature
excitation MMFs.

Rotor PM Rotor yoke

Armature winding

Modulation slots
Stator

Fig. 1.13 Cross-section of a 2-armature excitation-pole-pair/24-pole/22-PM-pole-pair flux

modulated machine.

1.4 PhD Research Scope and Contributions
141 Scope

The research during the PhD study and in this thesis is mainly divided into the following
steps:

e Step 1: Investigation of the operation and interaction mechanisms between the open-
circuit and armature excitation MMFs in conventional single-stator-PM machines;

e Step 2: Investigation of the operation and interaction mechanisms between the open-
circuit and armature excitation MMFs in the recently proposed and analysed
partitioned-stator-PM machines;

e Step 3: Based on the magnetic gearing effect in the partitioned-stator-PM machines
investigated in step 2, advanced consequent-pole PM topology and overlapping
armature winding topology are applied to the partitioned-stator-PM machines and the

resulting electromagnetic performances are investigated.
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e Step 4: The PS-FRPM machines and the conventional MG machines, both of which

have surface-mounted PMs, are compared in terms of electromagnetic performance.

All of the above theoretical analysis are experimentally validated based on the prototypes.

[ Single stator PM machines ]

Operation and interaction
Chapter 2 mechanisms between PM and
armature reaction MMFs

Operation and interaction
[ Partitioned stator PM machines mechanisms between PM and Chapter 3

armature reaction MMFs

|
! }

{ Partitioned stator FRPM } [ Partitioned stator FRPM } [Comparison between partitioned}

machines having machines having overlapping stator FRPM and conventional
consequent-pole PMs armature windings magnetically geared machines

Chapter 4 Chapter 5 Chapter 6

Fig. 1.14 lllustration of research scope and contributions.

The contents of subsequent chapters are summarised as follows:

Chapter 2

In this chapter, the operation and interaction mechanisms between the open-circuit and the
armature excitation MMFs in SFPM machines with various topologies and armature winding
connections are analysed based on a simple MMF-permeance model. It is found that similar to
magnetic gears and MG machines, SFPM machines operate based on the modulation effect of
the rotor to the open-circuit and armature excitation MMFs. After modulation, the open-circuit
and armature excitation air-gap field harmonics are multi-synchronised, generating an average
electromagnetic torque in the air-gap. It is found that more than 95% of the average
electromagnetic torque in SFPM machines with N¢-pole rotor and pewm-pole-pair PMs is
contributed by the dominant rotating field harmonics in open-circuit and armature excitation
fields with the same pole-pair number of |kN.2i-1)pem| (k=1, i=1, 2, 3) and static field
harmonics with the same pole-pair number of (2i-1)pem (i=1, 2, 3). This analysis is also

applicable to other types of stator-excitation machines.
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Chapter 3

In this chapter, the operation and interaction mechanisms between the open-circuit and the
armature excitation MMFs of the partitioned-stator-PM machines is analysed based on both
the outer and inner air-gap open-circuit and armature excitation field harmonics. It is found
that the partitioned-stator-PM machines also operate based on the magnetic gearing effect. The
modulation of the rotor iron pieces to the open-circuit and armature excitation MMFs is similar
to that in magnetic gears and MG machines, as well as conventional single-stator SFPM
machines. It is also found that in PS-SFPM machines with Nr-pole rotor and pem-pole-pair PMs,
more than 93% of the electromagnetic torque generated in both the outer and inner air-gaps is
contributed by the dominant rotating field harmonics in open-circuit and armature excitation
fields with the same pole-pair number of |kNr2i-1)prm| (k=1, i=1, 2, 3) and static field
harmonics with the same pole-pair number of (2i-1)ppm (i=1, 2, 3).

Chapter 4

In this chapter, consequent-pole PMs are applied to the PS-FRPM machines to reduce the
PM volume, based on the magnetic gearing effect in the partitioned-stator-PM machines. It is
found that the 12-stator-pole PS-FRPM machine having 10-, 11-, 13- and 14-rotor-pole with
consequent-pole PMs can generate 98.59%, 96.69%, 95.50% and 97.15% torque density of
their corresponding surface-mounted PM counterparts respectively, whilst 28.33%, 30%, 30%
and 33.33% of the PM volume can be saved. PS-FRPM machines with consequent-pole PMs

can exhibit less than a 1% reduction in efficiency than their surface-mounted PM counterparts.
Chapter 5

In this chapter, based on the magnetic gearing effect, overlapping armature winding topology
with the same armature excitation pole-pair numbers is applied to the 12/10-stator/rotor-pole
PS-FRPM machines and the electromagnetic performance is comparatively investigated, with
the counterpart having non-overlapping windings. It is found that compared with the existing
12/10/12-pole PS-FRPM machine with non-overlapping armature windings, the proposed
24/10/12-pole PS-FRPM machine with overlapping armature windings exhibit less iron loss
and PM eddy current loss, larger open-circuit fundamental phase flux-linkage and back-EMF,
hence higher torque density but smaller torque ripple, higher efficiency, higher self-inductance
and lower mutual inductance, and hence a higher self/mutual-inductance ratio, and better

capability to restrict the short-circuit current, as well as much higher flux-weakening capability
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when the machine stack length is relatively long. The proposed 24/10/12-pole PS-FRPM
machine does, however, suffer from larger end-winding axial length, hence larger total copper

loss when the machine stack length is short.
Chapter 6

In this chapter, PS-FRPM machines and conventional MG machines, both of which have
surface-mounted PMs operating in both static-PM (STPM) type and rotating-PM (RTPM)
types are comparatively analysed in terms of electromagnetic performance. It is found that in
both the PS-FRPM and MG machines, the STPM machine has higher phase back-EMF, hence
also torque density than its RTPM counterpart, due to its higher electric frequency. The higher
iron piece number and PM pole-pair number cause higher synchronous reactance and lower
power factor in the MG-STPM and MG-RTPM machines, however, as well as more iron loss,
therefore lower efficiency. Overall, the PS-FRPM machine operating in STPM mode has the
highest torque density within the whole copper loss range, the highest efficiency, and also the
largest power factor. It is also found that to reduce the flux-leakage in a MG machine to obtain
a larger electromagnetic torque and a higher power factor, smaller iron piece and PM numbers
are preferred. Furthermore, a STPM type machine is recommended to enhance the electric

frequency, hence also the phase back-EMF and electromagnetic torque.
Chapter 7

This chapter contains the general conclusions of this thesis and potential future work in this

area.
1.4.2 Contributions
The contributions of this thesis are summarised as follows:

e The operation and interaction mechanisms between open-circuit and armature
excitation MMFs, i.e. magnetic gearing effect, in both the conventional single-stator-
PM machines and the partitioned-stator-PM machines.

e Applying consequent-pole PM topology to the PS-FRPM machines to reduce the PM
volume and cost but keep similar torque density and efficiency.

e Applying overlapping armature winding topology to the PS-FRPM machines to achieve
higher torque density, higher efficiency, higher fault-tolerance capability, and higher

flux-weakening capability etc. when the machine stack length is relatively long.
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e The comparative study of the PS-FRPM machines and the conventional MG machines

operate in both STPM and RTPM modes will provide a design guide for MG machines.
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2 Analysis of Magnetic Gearing Effects in Switched Flux Permanent

Magnet Machines

Many topologies were proposed for the conventional stator-permanent magnet (PM) (stator-
PM) machines including doubly salient PM, flux reversal PM, and switched flux (SF) PM
(SFPM) machines over the last 20 years. However, the operation and interaction mechanisms
between the open-circuit and the armature excitation magnetomotive forces (MMFs) have not
been investigated yet. In this chapter, this is analysed based on a simple MMF-permeance
model for SFPM machines having various topologies and armature winding connections. It is
found that similar to magnetic gears and magnetically geared (MG) machines, SFPM machines
operate based on the modulation effect of the rotor to the open-circuit and armature excitation
MMFs. After modulation, the open-circuit and armature excitation air-gap field harmonics are
multi-synchronised, generating average electromagnetic torque in the air-gap. It is found that
more than 95% of the average electromagnetic torque in SFPM machines having Nr-pole rotor
and ppm-pole-pair PMs are contributed by the dominant rotating field harmonics in open-circuit
and armature excitation fields with the same pole-pair number of |kNr2i-1)ppwm| (k=1, i=1, 2,
3) and static field harmonics with the same pole-pair number of (2i-1)pem (i=1, 2, 3). The
analysis is also applicable to other types of stator-excitation machines.

This part has been published in IEEE Transactions on Magnetics.

2.1 Introduction

SF machines were firstly proposed in 1955 as a single phase PM generator [RAU55a] and
re-emerged as three-phase SFPM machines [ZHUO5a] [HOA97a] [HUAO8a] [ZHA11a] due to
their simple and robust rotor without neither PM nor coil. Different from the conventional
interior PM and surface-mounted PM (SPM) machines, a doubly salient structure and stator-
PM cause abundant air-gap field harmonics in a SFPM machine. The air-gap field harmonics
in SFPM machine are caused by the modulation of the salient rotor to PM and armature
excitation fields, similar to the iron pieces to those fields in MG machine [WANO8a]
[WANO9a]. In [MCF14a], the torque production mechanism in SFPM machines was recently
investigated based on the analysis of air-gap field harmonics. It shows that torque in SFPM
machines is produced by air-gap field harmonics due to a pair of heterodyned harmonics of the

MMF of the stator magnets and the rotor air-gap permeance, and thus, their torque production
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mechanism exhibits similarities to vernier machines [QU11a] and magnetic gears [ATAOla]
[ATAO4a]. In addition, it is shown in [MCF14a] that in idealized case, increasing the fraction
of air-gap that is occupied by rotor teeth, together with the winding factor, is important to
increase the produced torque. Indeed, references [ZHUO05a] [CHE10a] [CHE11b] show that
optimal rotor pole width exists and is found to be around 1/3 for the ratio of rotor pole width
to rotor pole pitch for many SFPM machines. In [MOR10a] and [MOR13a], another typical
stator-PM machine flux reversal (FR) PM (FRPM) machine with doubly salient topology is
analysed from the perspective of the fictitious electrical gear. It is pointed out in [MOR10a]
[MOR13a] that the FRPM machine can be regarded as a rotor-PM synchronous machine with
a built-in fictitious electrical gear. In [EVA15a] [ZHU15a] [ZHU14a], the similarities between
SFPM and FRPM machines and MG machines have been revealed by directly converting them

into two partitioned stators and one rotating modulating iron rotor.

In this chapter, modulation of salient rotor and magnetic gearing effect in SFPM machines
with different stator/rotor pole combinations, winding configurations and stator lamination
segment types are comprehensively investigated based on the air-gap field harmonics by a
simple MMF-permeance model. Not only harmonic orders but also rotating speeds of the air-
gap field harmonics, and more importantly, many synchronised pairs of open-circuit and
armature excitation air-gap field harmonics with same orders and same rotating speeds, can be
analytically predicted. The contribution of the dominant pairs of open-circuit and armature
excitation air-gap field harmonics to the average electromagnetic torque in SFPM machines
will be investigated in this chapter.

This chapter is organized as follows. In section I, modulation of salient rotor and magnetic
gearing effect of the conventional 12/10-pole, U-core, all poles wound SFPM machine are
evaluated. In section Ill, the influence of rotor pole number on air-gap field harmonics and
magnetic gearing effect is investigated, together with that in alternate poles wound, E- and C-
core SFPM machines. Then, in section IV, the contribution of the main field harmonics to the
average electromagnetic torque is analysed. Finally, in section V, prototype machines are built
and measured in order to verify the FE predicted average static torques in 12-stator-pole U-

core all poles wound SFPM machines having 10-, 11-, 13- and 14-rotor-poles.

2.2 Magnetic Gearing Effect in Conventional 12/10-Pole SFPM Machine

The main design parameters of the 12-stator-pole SFPM machines with different rotor pole
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numbers shown in Fig. 2.1 are listed in Table 2.1. The coil connection of the SFPM machines
can be referred to Fig. 1.2. These dimensional parameters can be referred in the linear
illustration shown in Fig. 2.2. In this sub-section, the magnetic gearing effect in the 12/10-pole
SFPM machine Fig. 2.1(a) is investigated by a simple MMF-permeance model. In next sub-
section 2.3, the contribution of the main air-gap field harmonics will be investigated by FE

analysis.

In order to obtain an analytical model for the air-gap flux density, the following assumptions

are made:

(1) The permeance of the steel lamination is infinite and hence not saturated, and the flux
lines are perpendicular to the steel lamination surface and no tangential component of air-gap
flux exists. It should be noted that in practice the steel lamination suffers from saturation.
Especially, it is relatively highly saturated in SFPM machine. However, the analytical model
adopted here is for clearly showing the air-gap field harmonic orders and rotating speeds, and
reveal the modulation of the salient rotor, not for predicting the air-gap field amplitude and
hence electromagnetic torque precisely. The accurate air-gap flux density and electromagnetic

torque will be calculated by finite element (FE) analyses later.
(2) The relative recoil permeability of PM is unit, i.e. the same as that of air.
(3) The flux leakage and the effect of finite axial length are neglected.

For taking both the rotor and stator saliency into consideration in the MMF-permeance
model for clearly showing the modulation effect of rotor poles to the PM open-circuit and
armature excitation fields, the rotor saliency is accounted in the air-gap permeance, whilst that
of the stator including both slots and PMs is taken into account in PM open-circuit and armature

excitation MMFs, as given as follows.
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(c) 13-rotor-pole rotor (d) 14-rotor-pole rotor

Fig. 2.1. Cross-section of 3-phase 12-stator-pole SFPM machines with 10-, 11-, 13- and 14-

rotor-pole rotors.
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Table 2.1 Main Design Parameters of SFPM Machines

Items/stator/rotor pole numbers Unit | 12/10 | 12/11 | 12/13 | 12/14
Stator pole number, Ns - 12

PM pole-pair number, ppm - 6

Rotor pole number, Nr - 10 11 13 14
Number of turns per coil, Nc - 18

Rotor mechanical angular speed, Qr | rpm 400

Stack length, Ls mm 25

Stator outer radius, Rso mm 45

Stator yoke radius, Rsy mm 41.5

Stator inner radius, R mm 27.5

Air-gap width, g mm 0.5

Rotor outer radius, Rro mm 27

Rotor yoke radius, Ry mm 20

Rotor inner radius, Rri mm 10

PM arc, 6pm < 7.5

Stator tooth arc, st < 7.5

Rotor pole arc, 6rp ° 12 | 11.25 9 8.25
Rotor yoke arc, Ory < 22 21 17 13.2
Is\c;]s?tlie}onbaer%\/ﬁzrr]izci)rr:iﬁii?lle, r@(())tor Pl = | o |05 | 577 | -6a3
Half of PM arc, 61 < 3.75

Half of rotor pole arc, 62 ° 6 |[5625| 45 |4.125
O1+arc of stator tooth, 63 < 11.25

Half of stator tooth arc, 64 < 3.75
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Fig. 2.2. Linear illustration of SFPM machines.
2.2.1 Open-circuit air-gap flux density

The air-gap PM MMF generated by sandwiched PMs in the stator teeth accounting for the
stator saliency including both slots and PMs is assumed to be square wave with air-gap
circumferential position #, as shown in Fig. 2.3, and its Fourier series expansion Fpm(6) is given
by (2.1), in which Mpwi and Spm are the Fourier coefficients.

A FPM
FPMS___

-7z'/lpP|v| -03 -01 | .y
Ol 6. 6s 7/ ppm

Fig. 2.3. Air-gap PM MMF in SFPM machines accounting for the stator saliency.

.

Fpp(0) = Spy Z{MPMiSin[(Zi — Dppm01}
i=1
Spm =
_ cos[(2i — 1)ppm6:] — cos[(2i — Dppybs]
Mewi = 2i—1

where pem, Nr, 61 and 65 are PM pole-pair number, rotor pole number, the half arc of PM and
the half arc of PM plus the arc of stator tooth given in Table 2.1, and Fpvs is the PM MMF

square waveform peak value.
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The air-gap permeance model accounting for rotor slots is presented in Fig. 2.4. For a simple
model, the influence of the stator slots and PMs on the air-gap permeance is neglected here, as
they do not influence the interaction mechanism between the PMs and the armature excitations.
The Fourier series of the air-gap permeance presented in Fig. 2.4 can be obtained as (2.2), in

which Mz and Sy are the Fourier coefficients.

AP
A
2Pz,
v
: G
7N [ R
Qrt+90 (9

Fig. 2.4. Air-gap permeance model accounting for rotor slots.

o

P(@, t) = PO + SZ Z{Mzk COS[kNr(g - .Qrt - 00)]}
k=1
\s, = 2F2 (22)
2= s
_ Sin(kNrez)

\'""2k — k

p

where Qr, 6o and 6 are the rotor speed in rad/s, the angle between initial rotor pole position
and horizon line, and the half arc of rotor pole given in Table 2.1, whilst Po and P, are the DC

component and peak-to-peak value of permeance waveform in Fig. 2.4.

Therefore, the open-circuit PM air-gap flux density distribution Bpm(8, t) can be deduced by
multiplying F(6) and P(#, t) from (2.1) and (2.2),
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( ©o
B(0,t) = Fpu(8)P(6,t) = PySpy Z{MPMiSin[(Zi — Dppmb1}

i=1
SPMSZ
2

+ ZZ[MpMiMZk(COS a, + cosay)]

i=1k=1

\ [ RN, +6y) + % (2:3)

RN 4 (20 1 _
@ = kN + 2t = Dppul |0 =5y

KN, (2t + 65) — ]
kN, — (2i — Dppu

a; = [kN, — (2i — Dppy] |0

\

Table 2.2 Characteristics of PM Open-Circuit Air-Gap Field Harmonics in SFPM Machines

No. Pole-Pairs Rotating Speed, NrQr
1 (2i = Dppu 0 (static)
_ k

k
3 |kN, — (2i — Dppul

kN, — (2i — 1)pPM

The characteristics of open-circuit air-gap flux density spatial harmonics accounting for rotor
slots are listed in Table 2.2. Since the PMs and hence PM MMFs in SFPM machines are static,
static air-gap field harmonics having (2i-1)ppm-pole-pair (i=1, 2, 3...) exist under open-circuit
operation condition as No.1 in Table 2.2. More importantly, due to the modulation of the Ni-
pole salient rotor to the ppm-pole-pair PM magnetic field, air-gap rotating field harmonics
having pole-pairs of [KNrH2i-1)ppm| (k, i=1, 2, 3...) are generated as No.2 and No.3 in Table
2.2, respectively. It should be noted that the positive or negative rotating speeds mean that the

corresponding field harmonic rotates forward or backward to the rotor, respectively.
2.2.2 Armature excitation air-gap flux density

Fig. 2.5 shows the air-gap MMF of armature excitation in the 12/10-pole SFPM machine
accounting for the stator saliency including both slots and PMs, where ia, is, ic are the phase

currents respectively and given as,
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21
ip = \/—IrmS sin (a)et - ?) (2.4)

le = V21, s sin(w,t)
| 2m
klc V21,5 sin (a)et + ?)

where Ims and Nc are phase current RMS current and number of coil turns, respectively. The

relationship between we and Qx is given as,
we = N2, (2.5)

The Fourier series expansion of the air-gap MMF shown in Fig. 2.5 can be derived as,

( 3Sapc .
Fypc(6,t) = 2 [MABCq sm(f)]
q=1
2V2N, I
ABC —
X T (2.6)

1
Mypcq = E[Sin(4q93) — sin(4q6,)]
—4q0 + N,.02,t,q = 3r — 2
&= {46]9 +N.2,t,gq=3r—1
\ 0,g =3r

where Saec and Magcq are the Fourier series coefficients, and r is a positive integer.
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Fig. 2.5. Air-gap MMF of armature excitation in 12/10-pole SFPM machine accounting for

the stator saliency (ia=ig=ic).

In [MCF14a], the modulation of rotor poles to the armature excitation MMF is not given.
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Here, it is conducted as follows.

The armature excitation air-gap flux density distribution Basc(6, t) can be deduced by
multiplying Fasc(#) and P(6, t) from (2.6) and (2.2),

Bapc(0,t) = F4pc(6,t)P(6,1) (2.7)

When g=3r-2 (g=1, 4, 7,...), Basc is given by (2.8) and (2.9). When g=3r-1 (g=2, 5, 8,...),
Basc can also be expressed by (2.8) and (2.9) with the coefficient of g multiplied by “-1”.

3P, S4nc o .
Bupc(6,t) = 0°ABC Z Mypcqcos [4619 — N0t + E]}
.o (2.8)
35 S,
o z z [MABCqMZk(COS Py + cos ,82)]
=1k=1
( (= DNt + kN6, +5
B = (kN,. —4q) [0 — KN — g
T
< : . (2.9)
8, = (kN. +4¢) |0 (k + N0t + kN, 6o — 5
| rr kN, + 4q

The characteristics of armature excitation air-gap flux density spatial harmonics accounting
for rotor slots are listed in Table 2.3 and Table 2.4 for g=3r-2 and g=3r-1, respectively. Due to
the modulation of fundamental rotor permeance (k=1) to the armature excitation MMF, static
field harmonics can be obtained with pole-pair numbers |N-4q| for g=3r-2 and N,+4q for q=3r-
1. When g=3r-2, the pole-pair numbers of armature excitation air-gap static field harmonics
are given in (2.10). Obviously, the field harmonics of pole-pair numbers shown in (2.10) are
exactly synchronous to those of (2i-1)pem (i=1 ,2, 3,...) given in Table 2.2. As for the pole-pair
numbers of armature excitation air-gap static field harmonics with g=3r-1, it is shown in (2.11).

Again, they are completely synchronous to those of (2i-1)pem (=2, 3,...) given in Table 2.2.

PpyyWhenr =1

IN, — 4q| = |18 — 12r| = {[Z(r D) — gy, when v > 2

(2.10)

N,+4q=12r+ 6 =[2(r+1) — 1]lppy (2.11)

Besides the static field harmonics, rotating ones are also generated in the air-gap. They are
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also synchronous to their PM open-circuit counterparts given in Table 2.2. This is explained as

follows.

For No.1~No.3 in Table 2.3, the pole-pair numbers of rotating field harmonics can be
rewritten as (2.12)-(2.14). (2.12) and (2.14) are identical to No.2 in Table 2.2, whilst (2.13) is
equal to No.3 in Table 2.2, respectively.

4q =12r—8 =N, + [2(r — 1) — 1]lppy (2.12)
|kN, —4q| = |10k — 12r + 8| = |(k — )N, — [2(r — 1) — 1]ppu| (2.13)
kN, +4q =10k +12r —8 = (k + 1)N, + [2(r — 1) — 1]ppum (2.14)

As for No.1~No.3 in Table 2.4, the pole-pair numbers of rotating field harmonics are given
in (2.15)-(2.17). (2.15)and (2.17) are the same with No.3 in Table 2.2, whilst (2.16) is equal to
No.2 in Table 2.2.

4q =12r —4 = —{N, — [2(r + 1) — 1]ppum} (2.15)
kN, + 4q = 10k + 12r — 4 = (k — N, + [2(r + 1) — 1]ppy (2.16)
|kN, —4q| = |10k + 12r — 8| = |(k + 1)N, — [2(r + 1) — 1]ppu| (2.17)

Table 2.3 Characteristics of Armature Excitation Air-Gap Flux Density Elements in 12/10-
Pole SFPM Machines, g=3r-2

No. Pole-Pairs Rotating Speed, NrQr
1 4 !
q 4q
2 kN, — 4 k1
| T ql kNr _ 4q
3 kN, + 4 ki1
r T kN, + 4q
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Table 2.4 Characteristics of Armature Excitation Air-Gap Flux Density Elements in 12/10-
Pole U-Core SFPM Machines, q=3r-1

No. Pole-Pairs Rotating Speed, NrQr
1 4 !
q 4q
2 kN, + 4 k1
r kN, + 4q
3 kN, — 4 kil
| T Q| kN-r _ 4q

2.2.3 Magnetic gearing effect

As foregoing analysed, after being modulated by rotor permeance, PM open-circuit and
armature excitation air-gap field harmonics synchronous to each other, including both rotating

and static ones, with both the same rotor pole-pair number and rotating speed.

PMs with ppm=6 pole-pairs are static in 12-stator-pole SFPM machine, which leads to static
air-gap PM MMF. However, due to the modulation of the rotor permeance to the static PM
MMF, rotating field harmonics with pole-pair number |kN:H2i-1)pem| (k, I=1, 2, 3...) can be
generated in the air-gap. More importantly, they are synchronous to those rotating field

harmonics caused by armature excitation as foregoing analysed.

Although armature excitation MMFs of three-phase armature windings injected by
symmetrical sinusoidal time-variant currents are rotating, air-gap static field harmonics can be
obtained due to the modulation of the fundamental rotor permeance. The pole-pairs of these
air-gap static field harmonics are the same with those generated by static PM MMF, i.e. (2i-
Dpem (=1, 2, 3...).

Consequently, it can be concluded that the 12/10-pole SFPM machine is a multi-harmonic
synchronous machine, with many pairs of synchronised PM open-circuit and armature
excitation fields harmonics. This can be verified by FE analysis as shown from Fig. 2.6 to Fig.
2.9 for open-circuit and armature excitation in the machines with and without consideration of
saturation in the lamination steel. The armature excitation air-gap field harmonics in machine
with saturated and non-saturated lamination steel shown in Fig. 2.8 and Fig. 2.9 are very similar,
in terms of both amplitudes and rotating speeds. This can be explained by the low saturation in

the lamination steel under armature excitation. As may be expected, the saturation degree will
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be higher with larger armature winding current and hence MMF. As shown in Fig. 2.6 and Fig.
2.7, those for PM open-circuit are different. The air-gap field harmonics in the machine with
non-saturated lamination steel have higher amplitudes generally, due to the high PM open-
circuit saturation practically as aforementioned. However, the rotating speeds are the same.
Therefore, it can be observed that the saturation which is not taken into consideration in the
previous analytical MMF-permeance model only influence the air-gap field harmonics
amplitudes, not the rotating speed. More importantly, the machines with and without
consideration of saturation in the lamination steel have similar dominant air-gap field

harmonics.

The modulation of rotor to the PM open-circuit and armature excitation fields in SFPM
machine is similar to that of iron pieces to those fields in MG machine [WANO08a] [WANO09a].
The interaction of these synchronised harmonics pairs will generate electromagnetic torque.
As shown in Fig. 2.6(a) and Fig. 2.7(a), the dominant air-gap field harmonics are with pole-
pair numbers 4, 8, 16 and 28 (|kNr+2i-1)ppm| when (k=1, i=1, 2)) due to modulation of the
fundamental rotor permeance and 6, 18 ((2i-1)pem When (i=1, 2)) without modulation for
rotating and static ones, as derived in (2.3). The higher armature excitation air-gap field
harmonics are with pole-pairs of 4, 6, 8, 14, 16 and 20 as illustrated in Fig. 2.8(a) and Fig.
2.9(a). The dominant air-gap field harmonic orders for armature excitation are 4q (r=1, 2 and
g=1, 2, 4,5), i.e. 1, 4, 16, 20, without modulation of the salient rotor, and kN,+4q (k=1, q=1)
resulted from the modulation of the fundamental rotor permeance and the fundamental
armature excitation MMF, as derived in (2.8) and (2.9). This implies that those dominant air-
gap field harmonics may contribute to most of the average electromagnetic torque, as will be
shown later. It is worth noting that the number of elements in the air-gap for finite element

analysis is 1200 in this chapter.
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Fig. 2.6. FE predicted open-circuit air-gap radial field harmonics of 12/10-pole SFPM

machine with saturated lamination steel.
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Fig. 2.7. FE predicted open-circuit air-gap radial field harmonics of 12/10-pole SFPM

machine with non-saturated lamination steel.
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have the same phase angle).
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2.3 Magnetic Gearing Effect in Various SFPM Machine Topologies
2.3.1 All poles wound SFPM machines having different rotor pole numbers

In [CHE10a], the rotor pole number in 12-stator-pole SFPM machine is expanded from 10
to 11, 13 and 14. The electromagnetic performance of 12-stator-pole SFPM machines with
different rotor pole numbers is investigated by a lumped circuit model in [CHE10b]. In this
section, the magnetic gearing effect in 12-stator-pole SFPM machines having 11-, 13- and 14-
rotor-poles is analysed. The dominant open-circuit air-gap field harmonics in 12-stator-pole
SFPM machines having 11-, 13- and 14-rotor-poles with |aN:2b-1)pem| (a=1, b=1, 2) and
(2b-1)pem (b=1, 2) for rotating and static ones have been synthesised in Table 2.5. Although
the field harmonics in the air-gap for armature excitation are complicated, they can be
analytically predicted by the MMF-permeance model as listed in Appendix A for 12/11-,
12/13- and 12/14-pole SFPM machines, respectively.

Table 2.5 Characteristics of Dominant PM Open-Circuit Air-Gap Field Harmonics in SFPM

Machines

Rotating direction Formula k i 10 | 11 | 13 | 14

- 1 6

Static (2i — Dppu

- 2 18
1 1 16 17 19 20
1 2 28 29 31 32
Forward 1 1 4 5 7 8

|kN, — (2i — )ppyl

Backward 1 2 8 7 5 4

As shown in Appendix A, similar to the 12/10-pole SFPM machine, there are armature
excitation static field harmonics also with (2i-1)pem-pole-pair (i=1, 2, 3...) existing in the air-
gap of 12/11-, 12/13- and 12/14-pole SFPM machines due to the modulation of the rotor
permeance fundamental component to the pea-pole-pair rotating armature MMF with same

rotating speed.

More importantly, the equivalent pole-pair number pea of the uppermost forward rotating

harmonic corresponding to different coil connections are 4, 5, 7, and 8 for 12-stator-pole SFPM
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machines having 10-, 11-, 13- and 14-rotor-poles respectively as given in Fig. 2.10 by FE
analysis. In Fig. 2.10, 5" and 4" harmonics for 13- and 14-rotor-pole SFPM machines are

backward rotating.

0.20
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? 0.15 8 013-pole
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)
©
x< 0.10
S
=
8
o
< 0.05
x

0.00 a

1 3 5 7 9 11

Harmonic order

Fig. 2.10. FE predicted armature excitation air-gap radial field harmonics spectra of 12-
stator-pole SFPM machine (pcu=20W, phase current and phase back-EMF have the same

phase angle).

It can be shown that the harmonic with pole-pair number pea is exactly synchronous to that
modulated by fundamental rotor permeance to static PM MMF having (Ny-ppm)-pole-pair as
given in Table 2.5, as well as other dominant field harmonics. Therefore, this phenomenon that
the modulation of the rotor to the static PM and rotating armature magnetic fields is designated
here as ‘magnetic gearing effect’ in SFPM machines. The relationship between pea, Nr and pem

is governed by,

Ny = Ppm + Pea (2-18)

This is similar to (2.19) and (2.20) for the magnetic gears [ATAOla] [ATAO04a] and MG
machines [WANO8a] [WANO9a], respectively.

Nip =Ppo T Di (2-19)

where po and p; are the outer and inner PM pole-pair numbers and Nip is the iron piece number

in a magnetic gear.
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Nip = Ppm + Pea (2.20)

where ppm and pea are the PM pole-pair number and equivalent pole-pair number of armature

windings whilst Njp is also the iron piece number in a MG machine.

Similar to a magnetic gear with rotating iron pieces and outer PMs [ATAO04a], the magnetic
gearing ratio in SFPM machines and substituting rotating armature excitation field is defined

as,

& _ Ppm t+ Pea
pea pea

G, = (2.21)

The magnetic gearing characteristics of 12-stator-pole SFPM machines with different rotor
pole number are given in Table 2.6. pea Of armature windings increases with rotor pole number,

and consequently the gearing ratio Gr decreases from 2.5 to 1.75.

Table 2.6 Magnetic Gearing Characteristics in 12-Stator-Pole SFPM Machines with Different

Rotor Pole Numbers

Ns PPm Nr Pea Gr
10 4 25
11 5 2.2

12 6 12 6 2
13 7 1.86
14 8 1.75

2.3.2 Alternate poles wound SFPM machines

In the previous section, SFPM machines have all poles wound with armature windings. In
this section, magnetic gearing effect in SFPM machines with alternate poles wound windings
is investigated, e.g. 12/10-pole one as shown in Fig. 2.11(b). It should be noted that the
dimensional parameters of the 12/10-pole SFPM machine with all and alternate poles wound

windings are the same, except the different winding configurations.
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The winding type is A1-C1-B1-A2-C2-B2 anti-clockwise in 12/10-pole SFPM machine with
alternate armature windings Fig. 2.11(b), whilst the 12/14-pole all poles wound SFPM machine
with all poles wound has a double winding type Fig. 2.1(d), i.e. A1-C1-B1-A2-C2-B2-A3-C3-
B3-A4-C4-B4 anti-clockwise. pea in the 12/14-pole SFPM machine with all poles wound is 8
as foregoing analysed. However, pea in 12/10-pole SFPM machine with alternate armature
windings is half of that of 12/14-pole all poles wound SFPM machine, i.e. 4. This is the same
with the 12/10-pole SFPM machine with all poles wound, Fig. 2.11(a). Consequently, pea, pem,
Nr also match the equation (2.18). More importantly, the gearing ratios are the same in SFPM

machines with all and alternate poles wound.

(a) All poles wound (b) Alternate poles wound

Fig. 2.11. Cross-section of 12/10-pole SFPM machine with all and alternate poles wound

armature windings.
2.3.3 E-and C-core SFPM machines

In the previous analysis, the magnetic gearing effect in the SFPM machines with
conventional U-core lamination segments is investigated. In [CHE11b] [CHE11c], developed
SFPM machines with E- and C-core lamination segments exhibiting higher torque density due
to larger slot area are proposed and analysed, respectively. For 12/10-pole SFPM machine with
U-core stator lamination segment, Fig. 2.1(a), its 6/10-pole E- and C-core counterparts with
same dimensional parameters are shown in Fig. 2.12(a) and Fig. 2.12(b), respectively. Coil

numbers in 6/10-pole E- and C-core SFPM machines are the same with that of 12/10-pole
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SFPM machine with alternate armature windings, Fig. 2.11(b), i.e. 6. However, pea is variant
due to different coil polarities. pea in 6/10-pole SFPM machine having E- and C-core can be

obtained as follows.

Fig. 2.13 illustrates the air-gap armature excitation MMF of 6/10-pole SFPM machine with
E- and C-core accounting for the stator saliency. The Fourier series expansion of the air-gap
MMF shown in Fig. 2.13 is given by,

( o (38
Fasc(6,0) = )" [F22 Mg sino)|
q=1
4V2N,I
\Sasc = —nc R (2.22)
—q0 + N,.02,t,q =6r—5
&= {q@ + N, t,g=6r—1
\ 0,q = else
where Magcq for E-core machine is,
1 : : qm
Mypcq = 7 [sin(q03) — sin(q6;) + 251n(q64)cos(?)] (2.23)
and for C-core machine Magcq i,
1 :
Mypcq = a [sin(q63) — sin(qB,)] (2.24)

where 65 is the half arc of stator tooth given in Table 2.1.
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(a) E-core (b) C-core

Fig. 2.12. Cross-section of 6/10-pole SFPM machine with E-core and C-core stator

lamination segments.

As shown in (2.22), the equation is similar to 12/13-pole SFPM machine shown in Appendix
A except the amplitudes of harmonics. Consequently, characteristics of armature excitation air-
gap field harmonics in 6/10-pole E- and C-core SFPM machines can also be synthesised as
similar to the 12/13-pole SFPM machine in Appendix A. Therefore, the equivalent pole-pair
number of armature excitation in 6/10-pole E- and C-core SFPM machines is the same with
that of 12/13-pole SFPM machine, i.e. pea=7. With N;=10 and ppm=3, these three parameters
match the equation (2.18) again. This implies that the E- and C-core SFPM machines also
operate on magnetic gearing principle. More importantly, the gearing ratio is 1.43 in 6/10-pole
E- and C-core SFPM machines, whilst that in 12/10-pole U-core SFPM machines it is 2.5 due
to the different pea as shown in (2.21).
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Fig. 2.13. Air-gap MMF of armature excitation in 6/10-pole E- and C-core SFPM machines

accounting for the stator saliency.

2.4 Torque Contribution of Dominant Field Harmonics

In the foregoing sections, the magnetic gearing effect of SFPM machines with different
stator/rotor pole combinations, winding configurations, and stator lamination segment types
are analysed. It is found that all the SFPM machines operates on magnetic gearing principle,

with abundant field harmonics due to the modulation of rotor permeance harmonics. In this
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section, the torque contribution of the dominant field harmonics will be investigated by the
Maxwell stress tensor. In [MCF14a], it is concluded that only open-circuit air-gap field
harmonics and armature excitation MMF with same pole-pairs |[Nr-pem| and Nr+ppm generate
non-zero electromagnetic torques in SFPM machine having pewm stator pole-pairs and Ny rotor
poles, and the torque proportions of the field harmonics to the average electromagnetic torque
are not considered. In this section, it is found that >95% of the average electromagnetic torque

in SFPM machines are contributed by several dominant field harmonics.

Under on-load operation condition, the air-gap flux density radial component B, and
tangential component Bt can be expanded by Fourier series,

(
| B,.(t,0) = By, cos[nf — 6., (t)]
2

(2.25)
| :00) = > By coslnd = 0, (9]
k

where B and B are the n" Fourier coefficients of B and B: whilst 6n and 6 are the
corresponding phases.

The electromagnetic torque Tem calculated by the Maxwell stress tensor based on the obtained

air-gap flux density can be given by,

0

2 2T
_ RalLs = 2.26
Tem(t) - ,Ll BTBt da - Temn (t) ( . )
n

where Rq is the air-gap radius, uo is the vacuum permeability, Ls is the stack length, and Tem(t)
is the instantaneous electromagnetic torque generated by the n' radial and tangential field
harmonics expressed as,

mR2L
Temn(t) = %BrnBtnCOS[ern(t) - th (t)] (2-27)
0

As can be seen from (2.26) and (2.27), only the interaction between the radial and tangential
air-gap flux densities of the same spatial order can produce electromagnetic torque. For the
previously analysed 12-stator-pole SFPM machines, Fig. 2.14 and Fig. 2.15 give the FE
predicted electromagnetic torque waveforms and the torque proportion contributed by the
dominant field harmonics, under brushless AC (BLAC) mode, copper loss pc.=20W and d-axis

zero current control, i.e. phase current and phase back-EMF have the same phase angle. In Fig.
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2.15, the torque proportion contributed by the n'" field harmonic with reference to the average

electromagnetic torque is obtained by 3 steps:

Step 1: At a certain time t, FE predicted Bi(t, ) and Bi(t, #) are expanded to Fourier series
based on (2.25). Consequently, Brn, B, Om(t) and 6in(t) can be obtained.

Step 2: Instantaneous electromagnetic torque Temn(t) generated by the n™ radial and tangential
field harmonics Bi(t, 8) and By(t, 8) can be obtained from (2.27).

Step 3: The average electromagnetic torque component of the n™ field harmonic Temnavg

within the full electric period can be obtained, as well as its torque proportion.

12/10-pole non-satureated

i

Torque (Nm)
w

2 _ -
12/10-pole alternative poles wound | _______ 11-pole
1 L + 13-pole
° 14-pole
0 1 1 1 1 1
0 60 120 180 240 300 360

Rotor position (elec. deg.)

Fig. 2.14. FE predicted electromagnetic torque in 12-stator-pole SFPM machines (BLAC,
pcu=20W, phase current and phase back-EMF have the same phase angle).
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Fig. 2.15. Torque proportion contributed by field harmonics in 12-stator-pole SFPM
machines (BLAC, p.u=20W, phase current and phase back-EMF have the same phase angle).

As listed in Table 2.7 and Table 2.8, more than 96% of electromagnetic torques in SFPM
machines are contributed by the dominant air-gap field harmonics, i.e. rotating ones in open-
circuit and armature excitation fields with the same pole-pair number of |kNy#2i-1)ppm| (k=1,
i=1, 2) and static ones with the same pole-pair number of (2i-1)pem (i=1, 2). Among these field
harmonics, harmonics with pole-pair number -Nr+3ppm are rotating backward on both open-
circuit and armature excitation operation conditions, generating negative electromagnetic
torque.

As aforementioned, the analytical MMF-permeance model without consideration of the
lamination steel saturation can clearly predict the dominant air-gap field harmonics for both
open-circuit and armature excitation, verified by FE analysis with both non-saturated and
saturated lamination steel. As shown in Fig. 2.15 and listed in Table 2.7, for 12/10-pole SFPM
machines with saturated and non-saturated lamination steel, in both of them >96% the
electromagnetic torques are generated by several same dominant harmonics although the
average torque in the non-saturated machine is higher, Fig. 2.14, as may be expected. Although
the saturation in the lamination steel slightly influence the torque proportions of the dominant
air-gap field harmonics, they contribute more than 96% of the electromagnetic torques in both

SFPM machines with non-saturated and saturated lamination steel.
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Table 2.7 Torque Proportion of Field Harmonics in 12-Stator-Pole SFPM Machines with

Different Rotor Pole Numbers

Lamination
steel

Nr

Harmonic order

Item

Nr-ppm

Ppm

-Nr+3ppm

Nr+ppm

3ppm

Nr+3ppm

Non-Saturated

10

Harmonic
order

8

16

18

28

Sum

Torque
proportion
(%)

23.88

23.26

-13.40

32.89

24.29

5.12

96.03

Saturated

10

Harmonic
order

16

18

28

Sum

Torque
proportion
(%)

24.86

23.35

-12.19

29.99

25.11

6.06

97.19

11

Harmonic
order

17

18

29

Sum

Torque
proportion
(%)

26.64

19.85

-12.09

28.68

27.92

5.43

96.43

13

Harmonic
order

19

18

31

Sum

Torque
proportion
(%)

27.54

16.96

-10.72

26.75

31.58

4.86

96.98

14

Harmonic
order

20

18

32

Sum

Torque
proportion

(%)

25.88

18.15

-9.67

25.43

3251

4.73

97.02

Table 2.8 Torque Proportion of Field Harmonics in 12/10-Pole SFPM Machines with

Alternate Wound Windings

Harmonic order

Item
Nr-ppm| Ppm |-Nr+3ppm| Nrt+pem | 3pem | Nr+3pem
Harmonic order 4 6 8 16 18 28 Sum
Torque proportion (%) | 25.17 | 23.96 | -12.24 | 30.31 [24.89| 5.90 97.99
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The electromagnetic torque waveforms in 6/10-pole E- and C-core SFPM machines
predicted by FE are given in Fig. 2.16. The torque proportion of the dominant air-gap
harmonics are given in Fig. 2.17. As listed in Table 2.9, more than 95% of the average
electromagnetic torques in E- and C-core SFPM machines are contributed by harmonics with
pole-pair number numbers |[kN:+2i-1)ppm| (k=1, and i=1, 2, 3) and (2i-1)prm (i=1, 2) for
rotating and static field harmonics, respectively. It should be noted that the 6/10-pole E- and
C-core SFPM machines suffers from higher torque ripple as shown in Fig. 2.16. This is caused
by the larger back-EMF harmonics and cogging torque, as pointed out in [CHE11c].

As well known, in fractional-slot SPM machine there are many air-gap field harmonics
mainly caused by the slot effect [ZHU93c] and non-sinusoidal armature MMF distribution
determined by non-overlapping concentrated winding layout [ELR10a] [CRO02a] [ZHU114a],
resulting in severe parasitic effect such as eddy current loss and torque ripple [BIAO6a] [ISh05a]
[FREO7a] [BIAO8a]. More importantly, these field harmonics contribute little to the average
electromagnetic torque, as shown in Fig. 2.18 for 12-slot/8-pole fractional-slot SPM machine.
The main design parameters of the 12-slot/8-pole fractional-slot SPM machine are the same
with [ZHU13a]. In Fig. 2.18 and Table 2.10, it can be observed that the average electromagnetic
torque is mainly generated by the working harmonic with PM pole-pair number pr, i.e. >95%.

Torque (Nm)

0 60 120 180 240 300 360
Rotor position (elec. deg.)

Fig. 2.16. FE predicted electromagnetic torque in 6/10-pole E- and C-core SFPM machines.
(BLAC, pcu=20W, phase current and phase back-EMF have the same phase angle).
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Fig. 2.17. Torque proportion of field harmonics in 6/10-pole E- and C-core SFPM machines
(brushless AC, peu=20W, phase current and phase back-EMF have the same phase angle).
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Fig. 2.18. Torque proportion of field harmonics in 12-slot/8-pole fractional-slot SPM
machine (BLAC, pcu=20W, phase current and phase back-EMF have the same phase angle).
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Table 2.9 Torque Proportion of Field Harmonics in 6/10-Pole E- and C-Core SFPM
Machines (%)

Harmonic order E-core C-core
Ny-3ppwm 1 1.46 4.36
pPPm 3 1.95 -2.09
Nr-5pewm 5 -17.87 -13.42
Nr-ppm 7 17.47 3.87
3pem 9 10.02 29.01
Nr+ppm 13 21.31 13.35
Sppm 15 41.00 32.01
Nr+3ppm 19 5.80 18.91
Nr+5ppm 25 14.07 9.09
Sum 95.20 95.08

Table 2.10 Torque Proportion of Field Harmonics in 12-Slot/8-pole Fractional-slot SPM

Machine
Harmonic order
Item
PPM 3ppPm 5ppm
Harmonic order 4 12 20 Sum
Torque proportion (%) 95.59 3.35 1.08 ~100

Although both SFPM and fractional-slot SPM machines suffer from abundant air-gap field
harmonics which results in parasitic loss, their contribution to the average electromagnetic
torque in these two types of machines are different. In a fractional-slot SPM machine, the
working harmonic generates >95% of the average electromagnetic torque, Fig. 2.18. However,

in SFPM machines, it is mainly contributed by several dominant air-gap field harmonics, as
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shown in Fig. 2.15 and Fig. 2.17. Although in the fractional-slot SPM machine 3p/" and 5p™"
harmonics can produce small average electromagnetic torque, their parasitic effect on losses
may be dramatic due to the triple and quintuple electric frequencies, respectively. However, all
the rotating dominant air-gap field harmonics in SFPM machines are of the same electric

frequency due to k=1 and static ones give no rise to losses, as listed in Table 2.2.

2.5 Experimental Validation

To validate the previous analyses, 12-stator-pole U-core all poles wound SFPM prototype
machines with 10-, 11-, 13- and 14-rotor-pole are prototyped. Fig. 2.19 shows the photos of
the stator and rotors. The four rotors Fig. 2.19(b) share the common stator, as shown in Fig.
2.19(a). In the foregoing sections, the magnetic gearing effect in SFPM machines is analysed
based on the air-gap field harmonics and the torque proportion of the dominant harmonics is
investigated. The air-gap field harmonics and their contributions to the average electromagnetic
torque cannot be measured on the prototype machines due to the limited experimental
conditions. However, the FE predicted electromagnetic torques can be verified by
measurements. Average static torques within 0~180 electric degrees of the prototype machines
are calculated by 2D FE and compared with measurements, as shown in Fig. 2.20(a) and Fig.
2.20(b) respectively. Although 2D FE predicted average static torques are slightly lower than
those of measurements due to end effect, good agreements are obtained. As for the dynamic

performances of these 4 prototypes, they are measured and analysed in [ZHU14b] [ZHU15¢].

(a) 12-pole stator (b) Rotors

Fig. 2.19. Pictures of U-core SFPM machines.
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(d) 14-rotor-pole
Fig. 2.20. Comparison of 2D FE predicted and measured average static torque with phase A

current la (la=-21p=-21).

2.6 Conclusions

In this chapter, the modulation of salient rotor and magnetic gearing effect in SFPM
machines are analysed by a simple MMF-permeance model, with due accounting for different
stator/rotor-pole combinations, winding configurations and stator lamination segment types.

FE predicted results show that >95% of the average electromagnetic torque in SFPM machines
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are contributed by the dominant rotating field harmonics in open-circuit and armature
excitation fields with the same pole-pair number of |kN:2i-1)ppm| (k=1, i=1, 2, 3) and static
field harmonics with the same pole-pair number of (2i-1)pem (i=1, 2, 3). In essence, it has
numerically proved that the SFPM machine is equivalent to a MG machine and operates on
magnetic gearing effect. The modulation of the salient rotor to PM and armature excitation
fields in SFPM machines is similar to that of the iron pieces to those fields in magnetic gears

and MG machines.
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3 Analysis of Magnetic Gearing Effects in Partitioned Stator Switched

Flux Permanent Magnet Machines

Based on the magnetic gearing effect in the conventional single stator switched flux
permanent magnet (PM) (SFPM) machines which has been presented in Chapter 2, novel
partitioned stator SFPM (PS-SFPM) machines with PMs and armature windings in two
separated stators exhibiting higher torque density were proposed and analysed recently. In this
chapter, the operation and interaction mechanisms between the open-circuit and the armature
excitation magnetomotive forces (MMFs) in the PS-SFPM machines having various topologies
and armature winding connections is analysed based on both the outer and inner air-gap open-
circuit and armature excitation field harmonics. It is found that the PS-SFPM machines also
operate based on the magnetic gearing effect. The modulation of the rotor iron pieces to the
open-circuit and armature excitation MMFs is similar to that in magnetic gears and
magnetically geared (MG) machines, as well as the conventional single stator SFPM machines.
It is also found that for the PS-SFPM machines having N¢-pole rotor and ppm-pole-pair PMs,
more than 93% of the electromagnetic torques generated in both the outer and inner air-gaps is
contributed by the dominant rotating field harmonics in open-circuit and armature excitation
fields with the same pole-pair number of |kN.2i-1)pem| (k=1, i=1, 2, 3) and static field

harmonics with the same pole-pair number of (2i-1)pem (i=1, 2, 3).

This part has been published by IEEE Transactions on Energy Conversion.

3.1 Introduction

In order to further enhance the torque density of the SFPM machine, a partitioned stator
SFPM (PS-SFPM) machine has been developed [EVA15a] in which the inner space is utilized
by separating PMs and armature windings in two different stators, i.e. the outer one and the
inner one. Due to the higher utilization of the inner space and the increased slot area for the
armature windings, the novel PS-SFPM machine can produce larger torque than the
conventional SFPM machine with a single stator. The cross-sections of 12-stator-pole PS-
SFPM machines having 10-, 11-, 13- and 14-rotor-pole rotors are shown in Fig. 3.1(a)-(d),
respectively. As shown in Fig. 3.1, armature windings and PMs are separately accommodated
in the outer and inner stators, between which a rotor made up of several segmented iron pieces

is sandwiched. Although the inner stator of the 12-stator-pole PS-SFPM machines having 10-,
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11-, 13- and 14-rotor-pole rotors are exactly the same with 12-pole PMs and all the outer stators
have 12 poles, as shown in Fig. 3.1(a)-(d), the outer stator armature winding distributions are
different, besides the various rotor iron piece number. Different from the double stator PM
machines [TOB99a] [CHAO09a] [NIU09a] [WAN11b], in which both the outer and inner stators
have the same field function and identical topology, the outer and inner stators in the PS-SFPM
machines perform different field functions, i.e. open-circuit PM and armature excitation,
respectively. It is worth noting that the coil connection of the PS-SFPM machines can be
referred to Fig. 1.2.

However, as shown in Fig. 3.1, the topologies of the PS-SFPM machines are similar to those
of the magnetic gear [ATAOla] [ATA04] [RAS05a] [JIA10a] and the conventional MG
machines [WANO08a] [WANO09a], both of which contain two air-gaps. Magnetic gear is a non-
contact physically torque transmit device. A magnetic gear consists of three parts, including
two PM bodies and one iron piece ring. Torque can be transferred from one part to another,
along with variable gear ratios [ATAO04]. By substituting one rotating PM field by armature
windings stator, the magnetic gear can be developed to a MG PM machine [WANO08a]
[WANO9a].

The PS-SFPM machines shown in Fig. 3.1 can also be regarded as MG machines, having a
rotating armature field and an iron piece rotor but a static PM body, which will be studied and
investigated in this chapter. In addition, from the perspective of the air-gap field harmonics,
the magnetic gearing effect in the PS-SFPM machines will be comprehensively analysed via a
simple magnetomotive force (MMF)-permeance model, including different stator/rotor-pole
combinations, all and alternate poles wound, E-core and C-core machines. More importantly,
the average electromagnetic torque contribution of the main air-gap field harmonics will be

investigated by finite element (FE) analysis.

This chapter is organized as follows. In section |1, the magnetic gearing effect of a 12/10-
pole PS-SFPM machine is firstly investigated. Then, in section Ill, various developed PS-
SFPM machine topologies are analysed in terms of magnetic gearing effect. In section 1V, the
contributions of the main air-gap field harmonics to the average electromagnetic torque are
obtained by the FE analysis. In section V, test results on a fabricated 12/10-pole PS-SFPM
prototype machine are provided to validate the FE analysis, followed by conclusions in section
VI.
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(c) 13-rotor-pole rotor (d) 14-rotor-pole rotor

Fig. 3.1. Cross-sections of 12-stator-pole PS-SFPM machines with 10-, 11-, 13- and 14-rotor-

pole rotors.

3.2 Analysis of 12/10-Pole PS-SFPM Machine

As shown in Fig. 3.1, armature windings and PMs are separately placed in the outer and the
inner stators, whilst the segmented iron piece rotor is sandwiched between the two stators. This
is similar to the conventional MG machine [WANO8a] [WANO09a]. However, it is different
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from the conventional MG machine which has stationary iron pieces and a rotating PM field,
instead the iron pieces in PS-SFPM machines are rotating whilst the PM field is stationary. In
this section, the magnetic gearing effect in the 12/10-pole all poles wound (U-core) PS-SFPM
machine will be investigated in terms of the air-gap field harmonics.

As is well known, the accurate prediction of the air-gap field of electrical machines is
important. Although the saturation is neglected, the subdomain method is preferred to
analytically calculate the air-gap field for saving computing time, such as [ZHU10b] for the
surface-mounted PM machine, [BOU13a] the conventional SFPM machine with single stator,
[LUB10a] the magnetic gear, [ZHA15a] and the MG machine. Both the open-circuit air-gap
field and that generated by armature excitation can be accurately predicted by the subdomain
method. However, the interaction between the open-circuit and armature excitation air-gap
fields cannot be observed by harmonics analysis in detail via the subdomain method. This can
be tackled by using the MMF-permeance model, as studied in [DAJ12a] for the salient pole
PM machine, and [GAS12a] and [L116a] for the conventional SFPM machine with single stator.
A simple MMF-permeance model is adopted in this chapter for analytically predicting the air-
gap field harmonic orders and rotating speeds, via which the modulation effect of the rotor iron
pieces is revealed and hence the magnetic gearing effect in the PS-SFPM machine. Both the
inner and outer air-gap field harmonics will be derived by the simple MMF-permeance model.
It should be noted that this chapter is not aiming to analytically predict the air-gaps field
distributions, but aiming to investigate the magnetic gearing effect in the PS-SFPM machine
via air-gap field harmonic orders and rotating speeds. Therefore, in the adopted simple MMF-
permeance model, the air-gap permeance is modelled as rectangular, although it can be

precisely modelled by flux tubes [GAS12a] or the conformal mapping method [L116a].

In the MMF-permeance model, the permeance of the steel and the PM are assumed to be
infinite and unit (same with air), respectively. The flux-leakage and the axial end effect are
neglected. To ease the evaluation of the magnetic gearing effect, only the influence of the rotor
iron pieces on the air-gap permeance is taken into consideration, whilst those of the outer stator
slot and the inner stator PM are reflected in the MMF distributions. The MMF-permeance
model predicted air-gap field harmonics orders and rotating speeds will be validated by FE

analysis without and with consideration of saturation in steel.
3.2.1 Inner air-gap open-circuit PM MMF

The inner air-gap open-circuit PM MMF in the PS-SFPM machines is illustrated in Fig. 3.2.
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In Fig. 3.2, 6- and F-axes represent the air-gap position and the MMF respectively. The
dimensional parameters of the 12/10-pole PS-SFPM machine are given in Table 3.1 and

illustrated in Fig. 3.3. The inner air-gap open-circuit PM MMF waveform shown in Fig. 3.2

can be expressed in Fourier series,

‘

A

Spm =

\MPmi =

=1
4Fpy

Fpr(0) = Spum Z{MPMiSin[(Zi — Dppub1}

cos[(2i — 1)ppumb4]

2i—1

(3.1)

where Spwm is the constant in PM MMF. Mewi is the Fourier coefficient of PM MMF waveform

determined by i. ppm is the PM pole-pair number. Fpys is the PM MMF square waveform peak

value. 61 is the half of PM arc @pwm.
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Fig. 3.2. Inner air-gap open-circuit PM MMF in PS-SFPM machines.
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Fig. 3.3. Linear illustration of dimensional parameters in PS-SFPM machines.
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Table 3.1 Dimensions of 12-stator-pole all poles wound (U-core) PS-SFPM machines

Parameters Unit Value
Rotor pole number, Nr - 10 11 13 14
Stack length, Ls mm 25
Outer stator outer radius, Roso mm 45
Inner stator inner radius, Risi mm 10.4
Outer air-gap length, go mm 0.5
Inner air-gap length, gi mm 0.5
Outer stator tip top length, lot mm 0.5
Outer stator tip bottom length, lot mm 2 3 35 | 35
Outer stator yoke radius, Rosy mm | 425 | 425 | 425 | 43
Outer stator inner radius, Rosi mm | 315 |31.25|31.25|32.25
Rotor inner radius, Ry mm 26 |26.25|26.75|27.75
Outer stator tooth arc, Gost < 9 9 8 7
Outer stator tooth tip arc, Got < 3 3 3 3
Rotor pole outer arc, 6ro < 25 23 20 19
Rotor pole inner arc, Ori < 20 18 18 13

3.2.2 Outer air-gap armature excitation MMF

In the 12/10-pole all poles wound PS-SFPM machine, which has non-overlapping
concentrated armature windings, Fig. 3.1(a), the outer air-gap armature excitation MMF
waveform of the three-phase windings can be shown in Fig. 3.4. The injected three-phase

sinusoidal symmetric currents are given by (2.4).
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Fig. 3.4. Outer air-gap armature excitation MMF in 12/10-pole PS-SFPM machine (ia=ig=ic).

The outer air-gap armature excitation MMF waveform, Fig. 3.4, can be expressed in Fourier

series,
( 3Sasc N .
Fppc(6,t) = > Z[MABCq sm(f)]
q=1
_ ZﬁNcIrms
ABC — T
3 (3.2)

1
Mypcq = ESin(4q93)

4jq0 + N,.0),.t,q =3r—1
0,qg =3r

—4jg6 + N,.0,t,q = 3r — 2
-
\

where Fagc is the three-phase armature excitation MMF. Fa, Fg, and Fc are the A-, B-, and C-
phase armature excitation MMFs respectively. Sagc is a constant in armature excitation MMF.
Magcq IS the Fourier coefficient of armature excitation MMF waveform determined by g. Nc is
the number of coil turns. 83 is half of Oost plus fot given in Table 3.1. Qr is the rotor mechanical
angular speed in rad/s. r is a positive integer mathematically. j is a constant 1 here for 12/10-
pole PS-SFPM machine, as well as in (3.5) and (3.6).
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3.2.3 Magnetic gearing effect

The air-gap permeance waveform with consideration of slots between rotor iron pieces is
shown in Fig. 3.5. Here, it is worth noting that the influence of the stator slots and PMs on the
air-gap permeance is not accounted, since they do not influence the interaction mechanism
between the PMs and armature excitation. The air-gap permeance waveform shown in Fig. 3.5

can be expressed as Fourier series,

(. o0
P(6,6) = Py + 5, ) (M coslieN, (6 — 2t — )]}
k=1
4.P.
S, =2 3.3)
T
sin(kN,.6,)
\ 2k = T

where Po is the DC component of air-gap permeance. P is the peak-to-peak component of air-
gap permeance. S is the constant in air-gap permeance. My is the Fourier coefficient of air-

gap permeance determined by k. 6 is half of the rotor pole arc.
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Fig. 3.5. Air-gap permeance waveform with consideration of slots between rotor iron pieces.

Due to the modulation of the rotor iron pieces to the inner air-gap open-circuit PM MMF,
complex field harmonics will be produced in the outer air-gap. By multiplying the inner air-
gap open-circuit PM MMF Fourier series F(¢) from (3.2) and the air-gap permeance Fourier
series P(0, t) from (3.3), the outer air-gap open-circuit PM flux density distribution Bpmout(6, t)
can be deduced as,
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Similarly, due to the modulation of the rotor iron pieces to the outer air-gap armature
excitation MMF, the inner air-gap armature excitation flux density distribution Bagcin(d, t) can
be calculated from (3.2) and (3.4), as shown in (3.5) and (3.6) when g=3r-2. When gq=3r-1,
Bascin can also be expressed by them with the coefficient of q multiplied by °-1°. It should be
noted that j=1 in (3.5) and (3.6) as well as (3.2) for 12/10-pole PS-SFPM machine, as
previously mentioned.

OSAB

. T
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The outer air-gap open-circuit PM radial field components, (3.4), predicted by the MMF-
permeance model can be synthesized in Table 3.2. There are both static and rotating field
harmonics in the outer air-gap. The static field harmonics are generated since those of the inner
stator PMs are static, whilst the rotating ones are caused by the modulation of the rotor iron
pieces to the open-circuit PM MMF. The pole-pairs and rotating speeds listed in Table 3.2 can

be verified by FE analysis without and with consideration of saturation in steel, as shown in
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Fig. 3.6 and Fig. 3.7. In Fig. 3.6 and Fig. 3.7, the PS-SFPM machine operates under brushless
AC (BLAC) mode with zero d-axis current control, i.e. phase current and phase back-EMF
have the same phase angle. The orders of these FE predicted field harmonics with
magnitude >0.1T are in good agreement with those predicted by the MMF-permeance model,
i.e. with pole pair numbers (2i-1)pem (i=1, 2) for 6 and 18, kN+(2i-1)pem (k=1, i=1) for 16, and
[kNr-(2i-1)pem| (k=1, i=1, 2) for 4 and 8. The rotating speeds of these harmonics in Table 3.2
can also be verified by FE from the phases shown in Fig. 3.6(b) and Fig. 3.7(b). For example,
the 6™ and 18™ field harmonics are stationary, whilst the rotating speed of the 8" field harmonic
is negative and backward rotating, opposite to that of the 4" and 16" field harmonics. It is
worth noting that the saturation in the steel only has impact on the outer air-gap harmonic
amplitudes. Generally, as expected, the outer air-gap harmonics without consideration of
saturation in steel have higher amplitudes than their counterparts with consideration saturation,
as shown in Fig. 3.6 and Fig. 3.7. However, there is no influence of saturation in steel on the
outer air-gap harmonic phases and hence the rotating speeds. This indicates that although the
saturation in steel is neglected, the adopted simple MMF-permeance model can predict both
the open-circuit outer air-gap harmonic orders and rotating speeds in the saturated PS-SFPM
machine, for investigating the magnetic gearing effect. It should also be noted that the same
order field harmonics will also be produced in the inner air-gap due to the modulation of the
rotor iron pieces to the inner air-gap PM MMF, albeit with different amplitudes from the outer

air-gap ones.

Table 3.2 Characteristics of outer air-gap open-circuit pm field harmonics in PS-SFPM

machines (i=1,2,3,...)

Pole-Pairs Rotating Speed, NrQr
(2i — Dppy 0 (stationary)
k

kN, + (2i — D)ppy

kN, + (2i — Dppy
k

|kN, — (2i — 1)pppyl

kN, — (2i — 1)pPM
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Fig. 3.6. FE predicted outer air-gap open-circuit PM radial field in 12/10-pole PS-SFPM

machine without consideration of saturation in steel.
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Fig. 3.7. FE predicted outer air-gap open-circuit PM radial field in 12/10-pole PS-SFPM

machine with consideration of saturation in steel.

As for the inner air-gap armature excitation radial field components, (3.5) and (3.6),
predicted by the MMF-permeance model, they can also be synthesized in Table 3.3. Although
the outer air-gap armature excitation MMF is rotating, static field harmonics will be produced
in the inner air-gap after being modulated by the rotor iron piece’s fundamental permeance

with k=1, as shown in Table 3.3, together with rotating harmonics. The FE predicted field
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harmonics with magnitude >0.025T are in good agreement with those predicted by the MMF-
permeance model, having pole pair numbers 4q (g=1, 4) for 4 and 16, |kNr-4q| (k=1, 2, =1, 4)
for 6, 16 and 4, and kN(+4q (k=1, g=1, 4) for 14 and 26. And also 4q (q=2) for 8, kN+4q (k=1,
g=2) for 18 and |kN-4q| (k=1, q=2) for 2. As shown in Fig. 3.8(a) and Fig. 3.9(a), the inner air-
gap harmonic amplitudes without and with consideration of saturation in steel are similar, as
the saturation level in steel is low. The rotating speeds of these harmonics can also be verified
by FE from the phases shown in Fig. 3.8(b) and Fig. 3.9(b). Again, the adopted simple MMF-
permeance model can predict both the inner air-gap harmonic orders and rotating speeds with
and without consideration of saturation in steel, for investigating the magnetic gearing effect.
Similar to the modulation of the rotor iron pieces to the inner air-gap PM MMF, the modulation
to the outer air-gap armature excitation MMF not only generates field harmonics in the inner
air-gap but also produces field harmonics in the outer air-gap with the same harmonics orders
but different amplitudes.

Table 3.3 Characteristics of inner air-gap armature excitation field harmonics in 12/10-pole
PS-SFPM machines (r=1,2,3,...)

q Pole-Pairs Rotating Speed, NrQr
4 1
q 4q
3r-2 kN, — 4 k1
| T ql kNr _ 4q
kN, + 4 kil
r T kN, + 4q
4 1
q 4q
3r-1 kN, + 4 1
r T kN, + 4q
KN — 4 k+1
| T ql kNr _ 4q
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Fig. 3.8. FE predicted inner air-gap armature excitation radial field in 12/10-pole PS-SFPM
machine without consideration of saturation in steel (pcu=20W, phase current and phase back-

EMF have the same phase angle).
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Fig. 3.9. FE predicted inner air-gap armature excitation radial field in 12/10-pole PS-SFPM
machine with consideration of saturation in steel (pcw=20W, phase current and phase back-

EMF have the same phase angle).

As the foregoing analysed, after being modulated by the sandwiched rotor iron pieces,
abundant field harmonics can be produced in the outer air-gap and the inner air-gap. This is
similar to the modulation of iron pieces in the magnetic gear [ATAO01] [ATA04] [RAS053a]
[JIA10a] and the MG machine [WANO08a] [WANO09a].
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In the analysed 12/10-pole PS-SFPM machine, the PM pole-pair number in the inner stator
is prm=6. The winding layout in the 12/10-pole PS-SFPM machine is exactly the same as that
in the conventional 12-slot/4-pole-pair fractional-slot surface-mounted PM (SPM) machine
[ZHU13a]. Consequently, the equivalent pole-pair number of armature windings in the outer
stator is pea=4. pea is defined as the one with highest amplitude among those forward rotating
field harmonics having the same electrical angular speed as the rotor, i.e. we. With
consideration of the rotor pole (iron piece) number Nr=10, ppm, Pea and N also match the

equation,

Ppm + Pea = Ny (3-7)

It can be concluded from (2.19), (2.20), and (3.7) that the 12/10-pole PS-SFPM machine can
be regarded as the equivalent MG machine of an inserted-PM magnetic gear having rotating
iron pieces and outer PMs with po=4, pi=6 and Nijp,=10, according to [ATAO04a]. By substituting
the rotating outer PMs using the 12-stator-slot non-overlapping concentrated three-phase
armature windings with sinusoidal symmetric currents, a 12/10-pole PS-SFPM machine can
be obtained as shown in Fig. 3.1(a). The magnetic gearing ratio Gy in the 12/10-pole PS-SFPM
machine can be expressed according to the magnetic gear with rotating outer PMs and iron
pieces [ATAO4a],

3.3 Further Analysis of Developed PS-SFPM Machines
3.3.1 All poles wound PS-SFPM machines having different rotor pole numbers

In the previous section, it was revealed that the operation of the 12/10-pole PS-SFPM
machine is based on the magnetic gearing principle. The sum of ppm=6 and pea=4 is equal to
Nr=10 in the 12/10-pole PS-SFPM machine, as illustrated in (3.7). In [EVAL15a], the 12/11-,
12/13- and 12/14-pole PS-SFPM machines are also presented and compared with the 12/10-
pole one. Their cross-sections are similar to that in Fig. 3.1, and the dimensional parameters
are given in Table 3.1. The magnetic gearing effect in these machines can be similarly analysed

as follows.
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Fig. 3.10. Outer air-gap armature excitation MMF in 12/11-pole PS-SFPM machine.

For a 12/11-pole PS-SFPM machine, Fig. 3.1(b), the outer air-gap armature excitation MMF
waveform can be plotted in Fig. 3.10. That of the 12/13-pole PS-SFPM machine is similar to
the 12/11-pole one, except the exchange of B- and C-phases. This can be seen from the winding

layouts given in Fig. 3.1(b) and 1(c). The Fourier series expansion of 12/11- and 12/13-pole
PS-SFPM machines is given by,

( " [3Sa8c .
Fypc(6,t) = Z [ 2 Mypcq sm(f)]
q=1
S _ 8\/§Nclrms
aBc =
1 qmy . qmy
{ Mapcq = asm (7) sin (ﬁ) sin(q0s) (3.9)
(. 5n
jq (9 +E) + N.2,.t,q=6r—>5
£ = ! (5w
I —Jq (9 +E) +Nrﬂrt,q =6r—1
\ kO,q = else

where j=1 and -1 for 12/11- and 12/13-pole PS-SFPM machines, respectively.

Similar to (3.5) and (3.6) for 12/10-pole PS-SFPM machine, Bagcin in the 12/11- and 12/13-
pole PS-SFPM machine can be given in (3.10) and (3.11) for g=6r-5. When q=6r-1, Bagcin Can
also be expressed by them with the coefficient of @ multiplied by ‘-1°.
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3PySasc i e
°°q > (3.10)
3V S
T Z Z[MABCCIMZR(COS Y1 + cosy,)]
q=1k=1
where j=1 and -1 for 12/11- and 12/13-pole PS-SFPM machines, respectively.
( [ (k= DNt + kN, 6, — W'
= (kN j —
v1 = (KN, +jq) |6 e
| : 6V (3.11)
vy, = (kN, —jq) |6 — .
\ i o kNr —Jjq

where j=1 and -1 for 12/11- and 12/13-pole PS-SFPM machines, respectively.

As for the 12/14-pole PS-SFPM machine illustrated in Fig. 3.1(d), it has a similar winding
layout as the 12/10-pole one, Fig. 3.1(a), except the exchange of B- and C-phases. The Fourier
series expansion of the outer air-gap armature excitation MMF waveform 12/14-pole PS-
SFPM machine can be given by (3.3) with j=-1. Also, Bagcin in the 12/14-pole PS-SFPM
machine can be given in (3.5) and (3.6) with j=-1 for q=3r-2. When g=3r-1, Bagcin can also be
expressed by them with the coefficient of q multiplied by “-1°.

0.20
m10-pole O11-pole

0.15 O13-pole D 14-pole
E
— 010 I~
m

0.05

0.00

Harmonic order

Fig. 3.11. FE predicted inner air-gap armature excitation radial field spectra in 12-stator-pole

PS-SFPM machines having different rotor pole numbers.
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As shown in (3.10) (3.11)with j=1 and -1, and (3.5) (3.6) with j=-1 for the 12/11-, 12/13-
and 12/14-pole PS-SFPM machines respectively, many field harmonics will be generated in
the air-gap due to the modulation of the rotor iron pieces to the open-circuit PM and armature
excitation fields. The FE predicted inner air-gap armature excitation radial field spectra in
12/10-, 12/11-, 12/13- and 12/14-pole PS-SFPM machines are shown in Fig. 3.11. As
aforementioned, pea is defined as the one with the highest amplitude among those forward
rotating field harmonics having the same electrical angular speed as the rotor. As shown in Fig.
3.11, pea are 4, 5, 7 and 8 for 12/10-, 12/11-, 12/13- and 12/14-pole PS-SFPM machines
respectively. Consequently, (3.8) can also be matched in the 12/11-, 12/13- and 12/14-pole PS-
SFPM machines. The magnetic gearing characteristics are listed in Table 3.4. The gear ratio in

the 12-stator-pole PS-SFPM machines decreases with the rotor pole number.

Table 3.4 Magnetic gearing effect in 12/10-, 12/11, 12/12-, 12/13- and 12/14-pole PS-SFPM

machines
Nr Ppm Pea Gy
10 4 2.5
11 5 2.2
12 6 6 2
13 7 1.86
14 8 1.75

3.3.2 Alternate poles wound PS-SFPM machines

In the previous analysis, PS-SFPM machines with all poles wound winding were analysed
and it was found that they operate based on the magnetic gearing effect. Here, the magnetic
gearing effect in the 12/10-pole alternate poles wound is analysed. Its dimensional parameters
are the same as those in the 12/10-pole all poles wound PS-SFPM machine as given in Table
3.1
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The winding type in the 12/10-pole alternate poles wound PS-SFPM machine is Al- C1-
B1- A2- C2- B2 anti-clockwise, as shown in Fig. 3.12. This is doubled in the previously
analysed 12/14-pole all poles wound PS-SFPM machine, Fig. 3.1(d), i.e. Al- C1- B1- A2- C2-
B2- A3- C3- B3- A4- C4- B4 anti-clockwise. Consequently, pea in the 12/10-pole alternate
poles wound PS-SFPM machine is half of that in the 12/14-pole SFPM machine with all poles
wound, i.e. 4 and 8 respectively. With consideration of ppm=6 and Nr=10, it is found that (3.8)
can also be matched in the 12/10-pole PS-SFPM machine with alternate poles wound.

Fig. 3.12. 12/10-pole PS-SFPM machine having alternate poles wound armature windings.
3.3.3 E-core and C-core PS-SFPM machines

Here, the magnetic gearing effects in the 6/10-pole E-core and C-core PS-SFPM machines
are analysed. Their dimensional parameters are also the same as those in the 12/10-pole all

poles wound PS-SFPM machine as given in Table 3.1.

Fig. 3.13(a) and Fig. 3.13(b) illustrate the cross-sections of 6/10-pole E-core and C-core PS-
SFPM machines, respectively. The 6/10-pole E-core PS-SFPM machine, Fig. 3.13(a), also has
6 alternate pole wound coils in the outer stator, similar to 12/10-pole alternate pole wound PS-
SFPM machine Fig. 3.12, albeit with different winding layouts. However, the PM number in
the E-core machine is half, i.e. 6. In 6/10-pole E-core and C-core PS-SFPM machines, the outer
air-gap armature excitation MMF is given in Fig. 3.14, which can be expanded to Fourier series

as,
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( - 38,
Fasc(6,0) = D[22 Mapeq sino)|
q=1

4‘/§N clrms

/[
—q0 +n,.0,t,q=6r—5

-

\

(3.12)

ABC =

q0 + n.2t,q=6r—1
0,q = else

where Magcq for the E-core PS-SFPM machine is
Mypcq = 1 1+ 2cos % sin(q63) (3.13)
q
and Magcq for the C-core PS-SFPM machine is

1
Mupcq = ESin(q93) (3.14)

(a) E-core (b) C-core

Fig. 3.13. Cross-sections of 6/10-pole E- and C-core PS-SFPM machines.

It can be concluded from (3.9) with j=-1 and (3.12)-(3.14) that the 6/10-pole E- and C-core
PS-SFPM machines shown in Fig. 3.13 have the same armature excitation MMF harmonic
orders as the 12/13-pole PS-SFPM machine, Fig. 3.1(c), albeit with different magnitudes.

Therefore, pea Is the same in these three machines, i.e. 7. Again, (3.8) can be matched in the
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6/10-pole E- and C-core PS-SFPM machines.
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Fig. 3.14. Outer air-gap armature excitation MMF generated in 6/10-pole E- and C-core PS-

The magnetic gearing characteristics of the 12/10-pole alternate poles wound, 6/10-pole E-
and C-core PS-SFPM machines are synthesised in Table 3.5, compared with the 12/10-pole all

poles wound one. Due to the same Nr=10 and pea=4 between 12/10-pole all and alternate poles

SFPM machines.
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wound PS-SFPM machines, magnetic gearing ratio G, are the same as 2.5. However, in the
6/10-pole E- and C-core PS-SFPM machines, it is 1.43 due to a higher pea=7.

Table 3.5 Magnetic gearing effect in 12/10-pole all and alternate poles wound, 6/10-pole E-
and C-core PS-SFPM machines

Machine Nr PPM Pea Gr

12/10-pole all poles wound 6 4 2.5
12/10-pole alternate poles wound 6 4 2.5
6/10-pole E-core 0 3 7 1.43
6/10-pole C-core 3 7 1.43

3.4 Torque Contributions of Dominant Field Harmonics

In the previous analysis, it was shown that the PS-SFPM machines operate based on the
magnetic gearing principle, by the MMF-permeance model. Due to the modulation of the rotor
iron pieces to the open-circuit PM and armature excitation MMFs, abundant field harmonics
will be generated in both air-gaps. Their orders and rotating speeds predicted by the MMF-
permeance model can be validated by the FE results, e.g. some dominant harmonics as
illustrated in Fig. 3.7 and Fig. 3.9. In this section, the average torque contributions by these

field harmonics are investigated.

According to the Maxwell stress tensor, the instantaneous electromagnetic torque in the

outer air-gap Temout(t) can be expressed as,

2T
2

RgoLs
Temout(t) = 1o Brout(t' 9) Biout (t' 9)d9 = Temoutn (t) (3-15)
0 n

where Rgo and o are the outer air-gap radius and the vacuum permeability, respectively. Brout(t,
0) and Brwouw(t, #) are the instantaneous outer air-gap radial and tangential flux density
components, respectively. Temoun(t) is the instantaneous electromagnetic torque generated by

the n'" radial and tangential field harmonics in the outer air-gap.

Brout(t, ) and Brout(t, 6) in (3.15) can be expanded by Fourier series,
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Brout(t’ 6) = z Broutn(t) COS[TIQ - Hroutn(t)]
n

Z (3.16)
Biout (t, 6) = Btoutn(t) COS[TL@ - etoutn(t)]
\ .

where Broutn(t) and Broutn(t) are the n' Fourier coefficients of Brout and Brout, respectively. Groutn(t)

and Groun(t) are their phases, respectively.

Based on (3.16), Temoun(t) in (3.15) can be rewritten as,

mR5,Ls

Temoutn (t) = B outn () Brouen (£)€0S[0roun (£) — Broutn ()] (3.17)

The electromagnetic torque waveforms generated in the outer and inner air-gaps predicted
by FE are shown in Fig. 3.15(a) and Fig. 3.15(b), respectively. The contributions of field
harmonics to these two average electromagnetic torques are given in Fig. 3.16(a) and Fig.
3.16(b), respectively. By ways of example, the spectra in Fig. 3.16(a) are obtained as follows,

(1) Firstly, Brout(t, ) and Brout(t, 8) at different times t can be expanded to Fourier series
based on (3.16), and hence Broutn(t), Btoutn(t), Groutn(t) and Groutn(t) can be obtained.

(2) Secondly, according to (3.17), Temoutn(t) can be calculated from Broutn(t), Btoutn(t), Groutn(t)
and etoutn(t).

(3) Finally, the average torque generated by the n'" radial and tangential field harmonics

Temoutnavg @and hence the torque contribution shown in Fig. 3.16(a) can be obtained.

The contribution of the main air-gap field harmonics having pole-pairs of (2i-1)ppm and |N¢
+(2i-1)pem| (i=1,2,3) is given in Table 3.6 and Table 3.7 for the outer and inner air-gaps
respectively, as well as the electromagnetic torque of rotor iron pieces as Table 3.8. As shown
in Table 3.6-Table 3.8, more than 93% average electromagnetic torques are generated by these
main field harmonics for both the outer and inner air-gaps, and also the electromagnetic torque
of the rotor iron piece. This is different from the magnetic gear analysed in [ATAOla] and
[ATAO4a] in which the main electromagnetic torque is transmitted via two dominant air-gap
harmonics having pole-pair number with po and pi. This is caused by the smaller gear ratios in
PS-SFPM machines, and the slotted topology with non-overlapping concentrated armature
windings which exhibit abundant MMF harmonics. It should be noted that the electromagnetic

torque waveforms shown in Figs. 15 and 16, and the torque contribution of the main field
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harmonics listed in Table 3.6-Table 3.8 are obtained by FE, for depicting that the average
electromagnetic torques are generated by the main field harmonics in the PS-SFPM machines.
It is worth noting that when the saturation in steel is neglected, both the outer and inner air-
gap electromagnetic torques will be higher than their saturated components, as shown in Fig.
3.15 for the 12/10-pole U-core PS-SFPM machine with and without consideration of saturation
in steel. However, more than 95.40% of the outer and inner air-gap average electromagnetic
torques are still generated by the main field harmonics, as well as the electromagnetic torque
of the rotor iron piece, as shown in Table 3.6-Table 3.8 for the 12/10-pole U-core PS-SFPM
machine without consideration of saturation in steel, i.e. the steel is non-saturated. This again
indicates that whether the saturation in steel is taken into consideration or not, the
electromagnetic torques in the PS-SFPM machines are mainly contributed by the main field
harmonics, due to the magnetic gearing effect. It is worth noting that the number of elements

in air-gap for finite element analysis is 1200 in this chapter.
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Fig. 3.15. Electromagnetic torque waveforms generated in the air-gaps in PS-SFPM machines

with consideration of saturation in steel.
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Fig. 3.16. Contribution of field harmonics to average electromagnetic torque in outer and

inner air-gaps in PS-SFPM machines with consideration of saturation in steel.
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Table 3.6 Outer air-gap torque contribution of main field harmonics in 12-stator-pole PS-
SFPM machines (%)

Harmonic order U-core Alternate |[E-core| C-core
Nr 10 non-saturated| 10 11 13 14 10 10 10
PPm 5.73 -3.03 | -4.86 | -9.25 |-12.15| -1.93 |-10.32| 4.88
INr-ppm| 78.36 78.2278.01|75.35|73.84| 78.73 |81.53| 61.67
Nr+ppm 9.33 10.16| 8.34 | 9.18 |10.47| 9.28 0.41 | 15.29
3ppm 14.60 16.47119.99|24.48 | 25.94| 1591 | 1.57 | -4.96
INr-3ppm| -10.90 -10.69|-11.36|-10.07| -8.71 | -10.35 | 2.85 | 9.97
Nr+3ppm 1.48 215 | 238 | 3.39 | 4.39 2.45 2.18 | 2.23
Sppm 0.40 -0.02 | -0.04 | -0.52 | -0.56 | 0.07 |28.32| 13.11
INr-5pew] 0.12 0.35 | 0.57 | 0.32 [-0.21| 0.26 |-14.84|-12.53
Nr+5ppm 0.03 043 | 062 | 094 | 1.08 | 034 | 4.06 | 569
SUM 99.14 94.0393.67193.82|94.09| 94.76 |95.75| 95.36
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Table 3.7 Inner air-gap torque contribution of main field harmonics in 12-stator-pole PS-
SFPM machines (%)

Harmonic order U-core Alternate |[E-core| C-core
Nr 10 non-saturated| 10 11 13 14 10 10 10
PPm 75.09 78.06 | 77.98|76.37|72.95| 78.12 |52.11| 9.24
INr-ppm| -6.24 -5.85|-6.27 | -6.34 | -6.38 | -5.85 |-6.44| 8.53
Nr+ppm 23.57 19.1919.06 {19.88 | 21.67 | 19.33 |22.25| 26.80
3ppm -1.12 153 | 1.19 | 1.39 | 3.28 146 |17.01| 39.42
INr-3ppm| 0.62 1.04 | 1.67 | 259 | 2.74 100 |-1.15| -3.22
Nr+3ppm 2.49 0.40 | 055 | 1.13 | 1.50 0.44 6.54 | 5.58
Sppm 0.93 0.17 | 0.57 | 1.02 | 1.20 0.18 150 | 6.89
INr-5ppwm| -0.66 -0.53|-0.83 |-1.78 | -229 | -0.54 |-0.03| 1.14
Nr+5ppm 0.71 0.50 | 0.50 | 052 | 0.51 | 050 | 3.46 | 1.70
SUM 95.40 94.51194.41|94.77|95.18| 94.64 |95.24| 96.08
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Table 3.8 Electromagnetic torque contribution of main field harmonics in 12-stator-pole PS-
SFPM machines (%)

Harmonic order U-core Alternate |[E-core| C-core
Nr 10 non-saturated| 10 11 13 14 10 10 10
PPm 43.53 41.87|36.67(28.29 (23.96| 4231 |16.93| 7.41
INr-ppm| 32.26 31.66 | 35.76 1| 39.53|39.80| 31.99 |43.13| 30.78
Nr+ppm 17.09 15.16|13.72|13.87 | 15.22| 14.83 | 9.94 | 21.98
3ppm 6.03 8.20 |10.5714.36 |16.33| 7.92 8.31 | 20.84
INr-3ppm| -4.62 -4.20 | -4.83 |-452|-3.85| -407 | 110 | 2.30
Nr+3ppm 2.03 1.18 | 1.46 | 2.40 | 3.16 1.34 408 | 4.18
5ppm 0.69 0.08 | 0.26 | 0.15 | 0.19 | 0.13 |16.61| 9.49
INr-5pew] -0.31 -0.14 | -0.13 | -0.60 | -1.09 | -0.18 |-8.37 | -4.58
Nr+5ppm 0.40 047 | 056 | 0.75 | 0.83 | 043 | 3.80 | 3.37
SUM 97.10 94.30(94.04 194.24 |1 9455| 94.69 |95.53| 95.78

3.5 Experimental Validation

In this section, a prototype machine of 12/10-pole PS-SFPM machine is fabricated, Fig. 3.17,
for verifying the FE analysis. The dimensions of the prototype machine are given in Table 3.9.
The 2D FE predicted and measured static torque waveforms under different currents are given
in Fig. 3.18. Good agreements have been achieved between the measured and 2D FE predicted
ones, although the measured values are slightly smaller due to end effect, similarly for the

average static torques listed in Table 3.10.
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(a) Partitioned stators

(b) Rotor

Fig. 3.17. Photos of 12/10-Pole PS-SFPM prototype machine.

Table 3.9 Dimensions of the 12/10-pole PS-SFPM prototype machine

Parameters | Prototype | Parameters | Prototype | Parameters | Prototype
Ls (mm) 25 Risy (MM) 21.75 Bosy (I 6.14
Roso (MM) 45 Risi (mm) 10.4 Oot (9 4.94
Rosy (Mm) 42 Tem (Mmm) 4 lott (Mm) 1
Rosi (Mm) 31.75 Tori (Mm) 0.5 loto (MmM) 3
Rro (mm) 31.25 0o (Mmm) 0.5 Oro (9 18
Rri (mm) 26.25 gi (mm) 0.5 6ri (9 24
Riso (Mm) 25.75 Bost (9 8.12 Gpm (9 30
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Fig. 3.18. 2D FE predicted and measured static torques under different currents in the 12/10-
pole PS-SFPM prototype machine (Ia=-2lg=-2Ic).

Table 3.10 Comparison of 2D FE predicted average static torques and measured ones under

different currents (la=-2lp=-2l¢)

la (A) |2D FE Predicted (Nm)| Measured (Nm)
0 0 0
5 0.51 0.44
10 1.01 0.91
15 1.50 1.23

Torque transducer

Fig. 3.19. Test rig for the PS-SFPM machine (Ug4c=18V, l4c=7.5A).

Based on the test rig shown in Fig. 3.19, the measured and 3D FE predicted torque-speed
curves of the 12/10-stator/rotor-pole PS-SFPM machine are comparatively shown in Fig. 3.20,

whilst the corresponding power-speed curves are illustrated in Fig. 3.21. As shown in Fig. 3.20
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and Fig. 3.21, the measured values are slightly smaller than the 3D FE predicted values due to
the short-circuit current and hence loss in the nonmagnetic but current conducting sticks and

Allium holder, which is larger at higher speed. This can be observed in Fig. 3.22.
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Fig. 3.20. 3D FE predicted and measured torque-speed curves of the 12/10-stator/rotor-pole
PS-SFPM machine.
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Fig. 3.21. 3D FE predicted and measured power-speed curves of the 12/10-stator/rotor-pole
PS-SFPM machine.
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Fig. 3.22. Power loss between 3D FE predicted and measured power-speed curves of the
12/10-stator/rotor-pole PS-SFPM machine.

3.6 Conclusions

In this chapter, the magnetic gearing effect in the PS-SFPM machines is analysed in terms
of the air-gap field harmonics based on a simple MMF-permeance model, and verified by FE
analysis. It is found that the PS-SFPM machines operate based on the magnetic gearing
principle. The modulation of the rotor iron pieces to the open-circuit PM and armature
excitation MMFs is similar to that in the magnetic gear and MG machines. More than 93% of
the electromagnetic torques generated in both the outer and inner air-gaps is contributed by the
dominant rotating field harmonics in open-circuit and armature excitation fields with the same
pole-pair number of |kKNrH2i-1)pem| (k=1, i=1, 2, 3) and static field harmonics with the same
pole-pair number of (2i-1)pem (i=1, 2, 3).
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4 Partitioned Stator Flux Reversal Permanent Magnet Machine with

Consequent Pole Permanent Magnets

In the previous Chapter 3, it is found that the partitioned stator permanent magnet (PM)
machines operate based on the magnetic gearing effect, similar to magnetic gears and
magnetically geared (MG) machines, as well as the conventional single-stator-PM machines as
presented in Chapter 2. In this chapter, based on the magnetic gearing effect in the partitioned-
stator-PM machines, a consequent-pole PM (CPM) inner stator is applied to the partitioned
stator flux reversal PM (FRPM) (PS-FRPM) machines referred in Appendix B to reduce the
PM volume and hence cost. It is found that the 12-stator-pole PS-FRPM machine having 10-,
11-, 13- and 14-rotor-pole rotors with a CPM inner stator can generate 98.59%, 96.69%, 95.50%
and 97.15% torque density of their corresponding surface-mounted PM (SPM) inner stator
counterparts, respectively, whilst the PM volume can be saved by 28.33%, 30%, 30% and
33.33%. The PS-FRPM machines with a CPM inner stator exhibit less than 1% lower

efficiency than their corresponding SPM inner stator counterpart.

This part has been published in IEEE Transactions on Energy Conversion.

4.1 Introduction

Compared with doubly salient PM (DSPM) machines with yoke-inserted PMs and switched
flux PM (SFPM) machines with tooth-inserted PMs, FRPM machines with surface-mounted
PMs have the benefit of robust integral stator lamination which makes them easier to make and
assemble [ZHUQ9a]. However, similar to DSPM and SFPM machines, FRPM machines also
suffer from an obvious demerit which is the geometric conflict of PMs and armature windings,
resulting in that the total area of PMs and armature windings and hence the torque density are
restricted. In [ZHU15a], a new FRPM machine with partitioned stator in which the PMs and
armature windings are separately placed in inner and outer stators is described and analysed,
which can be referred to Appendix B. By utilizing the inner space, the electromagnetic load
can be enlarged resulting in higher torque density in PS-FRPM machines. In PS-FRPM
machines, the outer and inner stators perform different field functions, i.e. armature excitation
and PM fields, respectively. This is different from the conventional double stator machines
[ZON14a] [TOB99a] [ABBO00a], in which the two stators are identical.
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However, the PM material especially the high energy-product PM, such as NdFeB, is
expensive. To reduce the cost, the research on the less-PM and non-PM machines has drawn
much attention over last few years [BOL14a]. An effective way is to introduce wound field
winding. With the hybrid excitation by both PMs and field winding the PMs are exempted cost
effectively due to less or zero PM volume [LUOOOa] [GAP14a] [SRI11a] [BAS11la] [HUAQ9a]
[WAN12a] [GAO14a] [ZUL10a] [SUL11la] [FUK12a]. For stator-excitation machines, less-
PM hybrid excitation and non-PM wound field ones are analysed in [HUAQ9a] [WAN12a]
[GAO14a] and [ZUL10a] [SUL11a], respectively. However, the introduction of field winding
will cause higher copper loss and therefore lower efficiency. Another effective way to reduce
the PM volume is to adopt consequent-pole PMs (CPM) in machines, including stator-PM
machine [CHUO8a] and rotor-PM machine [CHU1la] [CHU12a] [CHU15a], as well as
magnetic gear [LIU09a] As pointed out in [CHU15a], fractional-slot machine with CPM rotor
can achieve similar electromagnetic performance with 33% PM volume reduction. In this
chapter, the CPM is employed in the PS-FRPM machines to reduce the PM volume while
remain the torque density and efficiency.

This chapter is organized as follows. In section 4.2, the 12/11-pole PS-FRPM machine with
CPM inner stator is proposed and analysed. In section 4.3, different stator/rotor pole
combinations are employed and designed, of which the electromagnetic performance is given
in section 4.4. In section 4.5, the prototype machine with CPM inner stator is built and tested

to verify the finite element (FE) analysis.

4.2 12/11-Pole PS-FRPM Machine with CPM Inner Stator

In [ZHU15a], three-phase 12-stator-pole PS-FRPM machines with surface-mounted PM
(SPM) inner stator having different rotor pole numbers, i.e. 10, 11, 13 and 14, are
comparatively analysed. Their main design parameters are given in Table B.1. It shows that
the 12/11-pole PS-FRPM machine with SPM inner stator shown in Fig. 4.1(a) can produce the
largest torque density among these four machines.

As shown in Fig. 4.1(a), there are two stators and one sandwiched rotor made up of iron
pieces in PS-FRPM machine with SPM inner stator. The PMs and armature windings are
separately placed in the inner and outer stators respectively. Two adjacent PMs in the SPM
inner stator have opposite polarities consisting of one PM pair, consistent with those in SPM
machine [ELR06a]. However, this is different in the CPM inner stator. As shown in Fig. 4.1(b),

106



all the PMs have the same polarity, between which iron consequent poles are sandwiched. The
PM numbers in CPM inner stator, Fig. 4.1(b), is only half of that in SPM one, Fig. 4.1(a).
However, the equivalent pole pair number of the CPM inner stator is the same as that in the
SPM one, i.e. 6, due to the alternate PMs and iron poles, Fig. 4.1(b), as pointed out in [DOR10a].
It is worth noting that the coil connection of the PS-FRPM machines having both SPM and

CPM inner stators can be referred to Fig. 1.2.

Inner stator
Outer stator

(b) Proposed PS-FRPM machine with CPM inner stator
Fig. 4.1. Cross-section of 12/11-pole PS-FRPM machines with existing SPM and proposed

CPM inner stators.

Fig. 4.2 shows the variation of 2D FE predicted average electromagnetic torque with PM arc
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Opm in the 12/11-pole PS-FRPM machine with CPM inner stator when the copper loss is set as
the rated value pe,=20W, under brushless AC (BLAC) and zero d-axis current control, i.e.
phase current and phase back-EMF have the same phase angle. The largest torque can be
achieved with 2.84Nm when the PM arc 6pm=42 < whilst that of 12/11-pole PS-FRPM machine
with SPM inner stator is 2.94Nm. Therefore, the 12/11-pole PS-FRPM machine with CPM

inner stator can maintain 97.1% torque density whilst the PM volume can be saved by 30%.

3.0

N N n
EN o ©

Average torque (Nm)
N
N

2.0 1 1 I\
30 35 40 - 45 50

PM arc 6, (mech. deg.)

Fig. 4.2. 2D FE predicted average torque against PM arc of 12/11-pole PS-FRPM machine
with CPM inner stator (pcu=20W, BLAC, phase current and phase back-EMF have the same

phase angle).

Fig. 4.3 shows the coil flux-linkage waveforms of the 12/11-pole PS-FRPM machine with
CPM inner stator. In Fig. 4.3, N¢ is the number of coil turns. Although the coil flux-linkages
suffer from even harmonics similar to the SPM counterpart [ZHU15a], there is no even
harmonic in the phase flux-linkage due to cancellation. This is similar to that in the 12/11-pole
PS-FRPM machine with SPM inner stator. The flux-linkage even harmonics in coils Al and
A3 can cancel each other due to 180 electric degrees phase difference, whilst those of the odd
harmonics including the fundamental component are the same, resulting in doubled value, as

evidenced by Fig. 4.3(b). This can be explained as follows.

The instantaneous open-circuit coil Al flux-linkage, @a1(t), in Fourier series can be given
by,
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B, () = Z B0, (E) = Z &, sin(vN.Q,.t + 6,) @4.1)
v=1 v=1

where t is time. @y is the vi" harmonic amplitude. éy is the vi" harmonic phase. Ny is the rotor

pole number. & is the rotor mechanical angular speed.

300

200

ge (WWh)

c O
X
b=
) -100
=
L 200
_300 1 1 1 1 1
0 60 120 180 240 300 360
Rotor position (elec. deg.)
(a) Waveforms
500
DAl
= 400
; EA3
2 200 FAL+A3
)
(@]
=) HA2
4
£ 200 A4
x
3 DA2+A4
L 100 oA
0 Ll e ] | 1 1 1
3 4 5 6 7

Harmonic order
(b) Spectra

Fig. 4.3. Coil flux-linkage waveforms of 12/11-pole PS-FRPM machines with CPM inner
stator (Nc=1).
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Similarly, the open-circuit coil A3 flux-linkage, ®@as(t) can be given by,

Dy3 (t) = z D3y (t) = z <vain(er~Qrt + 6, — ﬁ31v) (4-2)
v=1 v=1

where B31y is the lag angle between ®asy and ®auy. It is given by,

33117 = _—TN + 0aaz1 (4-3)
S

where Ca1 is the distance between coils Al and A3 in stator slot number. fagz:1 is the additional
phase angle resulted from the polarity of the coil A3 and its corresponding PM. Ns is the stator

pole number.

As shown in Fig. 4.1(b), all the 6 PMs are magnetized outwards whilst the coils Al and A3
have inverse polarities. Consequently, 6aq31 in the 12/11-pole PS-FRPM machine having CPM
inner stator is z, the same as that having SPM inner stator in which the relative polarities of the
coil and its corresponding PMs are also inverse for coils Al and A3, as shown in Fig. 4.1(a).

Consequently, 31y can be calculated by,
ﬁ311.7 = (_1117 + 1)7T (44)

Based on (4.4), it can be observed that f31/z for even harmonics (v=2n, n=1, 2, 3,...) are
odd, resulting in 180 electric degrees phase difference between ®azy and ®a1y. Consequently,
the even harmonics will cancel each other when coil Al and coil A3 are connected in series.
As for odd harmonics as well as fundamental component (v=2n-1, n=1, 2, 3,...), Ba1w/z are even
numbers according to (4.4). Therefore, @azv and dayy are exactly the same. The analysis is also
applicable to the flux-linkages of coils A2 and A4. Consequently, there is no even harmonic in
the phase flux-linkage when the coils constitute one phase are connected in series, as shown in
Fig. 4.3(b).

The fundamental coil flux-linkages shown in Fig. 4.3(a) are listed in Table 4.1, for the 12/11-
pole PS-FRPM machine with SPM and CPM inner stators, respectively. The fundamental coil
flux-linkage of the machine with CPM inner stator is 97.01% of that with SPM inner stator.
The fundamental distribution factor in the 12/11-pole PS-FRPM machine with SPM inner
stator is 0.966, i.e. the angle between the fundamental back-EMF phasors of coil A1(Asz) and
Ax(As) is 30 electric degrees. However, it is not 30 electric degrees whilst the fundamental

distribution factor is 0.972 in the CPM inner stator machine according to the 2D FE predicted
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results listed in Table 4.1. This is caused by the asymmetric magnetic path in the CPM inner
stator machine. Therefore, the fundamental phase flux-linkage and hence the fundamental
phase back-EMF of the machine with CPM inner stator can maintain 97.65% of that with SPM
inner stator, whilst the PM volume is only 70%. This is due to that the PM arc 8pm=42<in the
machine with CPM inner stator, Fig. 4.2, which is 0.7 times of the PM arc of a pair of north

and south poles of SPM machine having same other dimensions.

Table 4.1 Comparison of Fundamental Coil and Phase Flux-linkages in 12/11-Pole PS-FRPM
Machines with CPM and SPM Inner Stators predicted by 2D FE (uWb)

Items CPM SPM
WAL WA3 111.8 115.3
WALTWAS 223.6 | 230.6
WA2, WA4 111.8 115.3
waz2tyag 223.6 230.6
wartyaotwastyas | 434.9 | 44543

w

Tavg=2.94Nm
M

-
S’ S_” Seo S P ~ ’ Se”

Tavg=2.85Nm

Torque (Nm)

=
T

O 1 1 1 1 1
0 60 120 180 240 300 360

Rotor position (elec. deg.)

Fig. 4.4. Comparison of the on-load electromagnetic torque waveforms of 12/11-pole PS-
FRPM machines with CPM and SPM inner stators predicted by 2D FE (pc.u=20W, BLAC,
phase current and phase back-EMF have the same phase angle).
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The rated on-load electromagnetic torque waveforms of the 12/11-pole PS-FRPM machine
with CPM and SPM inner stators are shown in Fig. 4.4. The average torque Tayg Of the machine
with CPM inner stator is 97.1% of that with SPM machine, i.e. 2.85Nm and 2.94Nm,
respectively. However, the torque ripple is slightly higher in the machine with CPM inner stator,
6.64% and 1.87%, respectively. This is caused by the higher cogging torque which will be

given later. The torque ripple T is defined as,

T, — Thi
T, = —/——— "7 x 100% (4.5)
Tavg
where Tmax, Tmin and Tayg are the maximum, minimum, and average electromagnetic torque,

respectively.

4.3 Stator and Rotor Pole Combinations

Fig. 4.5 shows the average torque and torque ripple versus PM arc fpm in 12-stator-pole PS-
FRPM machines with CPM inner stator having different rotor pole numbers. The dimensional
parameters of these 12-stator-pole PS-FRPM machines with CPM inner stator are the same as
those 12-stator-pole PS-FRPM machines with SPM inner stator shown in Table 4.2, except the
PM arc 6pm. As shown in Fig. 4.5, the optimal PM arc 6pm for the largest average
electromagnetic torque are 43< 42< 42<and 40<for 10-, 11-, 13- and 14-rotor-pole machines,
respectively. Similar to that in PS-FRPM machines with SPM inner stator [ZHU11a], 12/11-
and 12/13-pole PS-FRPM machines with CPM inner stator can produce higher torque than
12/10- and 12/14-pole ones. Moreover, the torque ripple in 12/10- and 12/14-pole machines

are higher, which is caused by the larger cogging torque as shown in Fig. 4.6.
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Table 4.2 Design Parameters of 12-Stator-Pole PS-FRPM Machines with SPM Inner Stator

Parameters Unit Value
Rotor pole number, Nr - 10 11 13 14
Stack length, Ls mm 25
Outer stator outer radius, Roso mm 45
Inner stator inner radius, Risi mm 10.4
Outer air-gap length, go mm 0.5
Inner air-gap length, gi mm 0.5
Outer stator tip top length, lot mm 0.5
Outer stator tip bottom length, lot mm 2
PM arc, Gpm < 30
Outer stator yoke radius, Rosy mm 43 43 43 | 435
Outer stator inner radius, Rosi mm 31 31 32 | 325
Rotor inner edge radius, Rri mm 26.5 27 | 285 | 29
Outer stator tooth arc, Gost < 7 7 6 5
Outer stator tip arc, Got < 3 3 3 3
Rotor pole outer arc, 6ro < 23 22 20 20
Rotor pole inner arc, Ori < 24 21 16 13
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Fig. 4.5. Average torque and torque ripple against PM arc of 12-stator-pole PS-FRPM
machines with CPM inner stator (p.u=20W, BLAC, phase current and phase back-EMF have

the same phase angle).
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Fig. 4.6. Cogging torque waveforms of 12-stator-pole PS-FRPM machines with CPM inner

stator.

The larger cogging torque and hence torque ripple may cause higher vibration and acoustic
noise. It is usually useful to suppress the cogging torque, which is caused by the variable air-
gap permeance. An effective way to suppress the cogging torque in PM machines is to modify

the slot openings [ZHUO9a]. To conduct a fair comparison between the PS-FRPM machines
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with CPM and SPM inner stators, the outer stators of the former ones are kept the same with
the later ones respectively. Consequently, the armature winding slot and hence the ampere turns
are the same between each pairs of machines with CPM and SPM inner stators respectively.
The inner stators are also set the same, except the arcs of PM pm are 43< 42< 42 °and 40 “for
10-, 11-, 13- and 14-rotor-pole machines with CPM inner stator, respectively, whilst that in all
the machines with SPM inner stator is the same, i.e. 30< The feasible design parameters are
the rotor outer pole arc 6r, and the rotor inner pole arc 6ri, which can be referred to Fig. B.6.
Fig. 4.7 and Fig. 4.8 show the torque ripple coefficient Krr and average torque Tavg With &y and
6ri in the four analysed CPM inner stator machines, respectively. The torque ripple coefficient

Krr is defined as,
Ky = 100% — T, (4.6)

There is no apparent trend but variation of Krr with 6y, and 6ri, as shown in Fig. 4.7. Generally,
12/11- and 12/13-pole PS-FRPM machines with CPM inner stator have lower torque ripple
than other two. However, for 12/10- and 12/14-pole machines, modifying the rotor slot opening
is an effective way to suppress the torque ripple by changing 6r and 6, as shown in Fig. 4.7(a)
and Fig. 4.7(d), respectively. As for Tayg, there is a peak point for the largest average torque for

all the four machines, as shown in Fig. 4.8.
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Fig. 4.7. Torque ripple coefficient against rotor pole arcs of 12-stator-pole PS-FRPM
machines with CPM inner stator.
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(a) 10-rotor-pole rotor (b) 11-rotor-pole rotor

(c) 13-rotor-pole rotor (d) 14-rotor-pole rotor

Fig. 4.8. Average torque against rotor pole arcs of 12-stator-pole PS-FRPM machines with
CPM inner stator.

For reducing T, and also maintain Tavg, the modified 6r, and 6ri are obtained by two steps:
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(1) The combinations of (6ro, 6ri) are discarded if the corresponding Tavg is lower than 95%
of that of the SPM counterpart.

(2) Among the remaining combinations of (6o, 6ri), the one with the smallest torque ripple

is selected as the modified values for 6y and 6.

The modified combinations of (6ro, 6ri) are (22< 209, (24< 209, (23< 159 and (16< 1799
for 12/10-, 12/11-, 12/13- and 12/14-pole PS-FRPM machines with CPM inner stator,
respectively. The electromagnetic torque characteristics are synthesized in Table 4.3, in which
CPM1 and CPM2 mean before and after modification, respectively. After modifying 6r, and
6Oy for smaller torque ripple, the CPM machines having 10-, 11-, 13-, and 14-rotor-pole can
generate 98.59%, 96.69%, 95.50% and 97.15% torque density of their corresponding SPM
counterparts, respectively. More importantly, as shown in Fig. 4.9, the PM volume can be saved
by 28.33%, 30%, 30% and 33.33% in the PS-FRPM machines with CPM inner stator having
10-, 11-, 13-, and 14-rotor-pole, respectively. In Fig. 4.9, the PM volume in 12-stator-pole PS-
FRPM machines with CPM inner stator having 10-, 11-, 13- and 14-rotor-pole are 9613.8mm?,
9390.2mm?3, 9390.2mm?3, 8943.1mm?, respectively, whilst that in all the four SPM inner stator
machines is 13414.6mm3 [ZHU15a]. It should be noted that each PS-FRPM machine with CPM
inner stator has the same PM outer and inner radii as its counterpart with SPM inner stators,

respectively, except the PM arc &pwm as illustrated in Fig. 4.5.
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Fig. 4.9. Comparison of PM volumes of 12-stator-pole PS-FRPM machines with CPM and

SPM inner stators.
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Table 4.3 Electromagnetic Torque Characteristics of PS-FRPM Machines with CPM and
SPM Inner Stators

Items 12-stator-pole PS-FRPM
Nr 10 11 13 14
Tayg (Nm) | 283 | 294 | 289 | 2.81
SPM
Tr (%) 1895 | 1.87 | 0.62 | 6.96
Tayg (Nm) | 2,78 | 2.85 | 2.83 | 2.76
CPM1
Tr (%) 59.24 | 6.64 | 5.46 | 37.22
Tawg (NmM) | 2,79 | 2.84 | 276 | 2.72
CPM2
Tr (%) 6.62 | 1.76 | 3.99 | 14.80

4.4 Electromagnetic Performance

In the previous section, 12-stator-pole PS-FRPM machines with CPM inner stator having
10-, 11-, 13- and 14-rotor-pole are presented and the rotor pole arcs are modified to achieve
smaller torque ripples. In this section, the electromagnetic performance of these machines with
CPM inner stator are evaluated and compared to their counterparts with SPM inner stator to

evaluate the proposed machine with CPM inner stator comprehensively.
4.4.1 Open-circuit flux-linkage and back-EMF

Fig. 4.10 shows the open-circuit phase flux-linkage of 12-stator-pole PS-FRPM machine
with CPM and SPM inner stators having different rotor pole numbers. Although the PMs have
the same polarity in the machines with CPM inner stator, the phase flux-linkages are bipolar.

Fig. 4.11 illustrates the phase back-EMFs of these machines with CPM and SPM inner
stators. As shown in Fig. 4.11, there is no phase back-EMF even harmonic in the PS-FRPM
machine with SPM inner stator due to the cancellation of the coils’ ones, as pointed out in
[ZHU15a] [ZHU15b]. This is also applicable to the 12-stator-pole PS-FRPM machines with
CPM inner stator having 11- and 13-rotor-pole, as evidenced for the 12/11-pole one in Fig.
4.3(b). However, as shown in Fig. 4.11 (b), the even harmonics cannot be cancelled in the
12/10- and 12/14-pole PS-FRPM machines with CPM inner stator due to the unbalanced
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magnetic circuit.
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Fig. 4.10. Open-circuit phase flux-linkage waveforms of 12-stator-pole PS-FRPM machines
with CPM and SPM inner stators.

The fundamental phase back-EMF characteristics are listed in Table 4.4, in which the ratio
is defined as that of the fundamental back-EMF value of the machine with CPM inner stator to
the SPM one. As listed in Table 4.4, the PS-FRPM machines with CPM inner stator can exhibit
similar fundamental phase back-EMFs, i.e. more than 97%, compared to their corresponding

SPM inner stator one.

Table 4.4 Fundamental Phase Back-EMF Characteristics of PS-FRPM Machines with CPM
and SPM Inner Stators, Ne=1 @400rpm

Item | Unit 12-stator-pole PS-FRPM

Nr - 10 11 13 14

CPM | mV | 193.08 | 199.99 | 197.87 | 190.78

SPM | mV | 196.09 | 205.07 | 203.56 | 193.08

Ratio % | 98.46 | 97.52 | 97.21 | 98381
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Fig. 4.11. Phase back-EMFs of 12-stator-pole PS-FRPM machines with CPM and SPM inner
stators, Nc=1 @400rpm.

4.4.2 Torque characteristics

The interaction of slots and PMs in PM machines will cause cogging torque, which leads to
torque ripple, noise and vibration. In the foregoing analysis, it is found that the cogging torques
in 12/10- and 12/14-pole PS-FRPM machines are generally higher than the other two. This is
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due to the larger greatest common divisor between the stator and rotor pole numbers. The
cogging torque of the 12-stator-pole PS-FRPM machines with CPM and SPM inner stators is
shown in Fig. 4.12 and listed in Table 4.5. The cogging torque cycles per electric period nee in
CPM machines is half of their corresponding SPM counterpart, respectively. nce is given by,

_ LCM(Ns, Ny)

Nee = N 4.7)
s

where LCM is the least common multiple. k=1 for SPM inner stator machines and k=2 for CPM

ones.

As shown in Table 4.5, 12/10-pole PS-FRPM machine with CPM inner stator has smaller
cogging torque than its SPM counterpart, whilst 12/11- and 12/13- and 12/14-pole ones are
higher.

Table 4.5 Cogging Torque of PS-FRPM Machines with CPM and SPM Inner Stators (Nm)

Item 12-stator-pole PS-FRPM

Ny 10 11 13 14
CPM 0.13 0.04 | 0.06 | 031
SPM 0.53 0.01 | 0.02 | 0.13
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Fig. 4.12. 2D FE predicted cogging torques of 12-stator-pole PS-FRPM machines with CPM

and SPM inner stators.
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Fig. 4.13. Electromagnetic torque waveforms of 12-stator-pole PS-FRPM machines with
CPM and SPM inner stators (BLAC, p.u=20W, phase current and phase back-EMF have the
same phase angle).
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Fig. 4.14. Average torque with current angle of 12-stator-pole PS-FRPM machines with CPM
inner stator (BLAC, pcu=20W).

Fig. 4.13 illustrates the on-load electromagnetic torque waveforms of the 12-stator-pole PS-
FRPM machines with CPM inner stator. The torque characteristics are listed in Table 4.3 as
CPM2. The average torque with current angle in the 12-stator-pole PS-FRPM machines with
CPM inner stator is given in Fig. 4.14. Similar to those with SPM inner stator [ZHU15a], the
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reluctance torque in the PS-FRPM machines with CPM inner stator is also negligible.
Therefore, phase current and phase back-EMF have the same phase angle in PS-FRPM
machines with both SPM and CPM inner stators in this chapter.

4.4.3 Loss and efficiency

Table 4.6 gives the iron loss, PM eddy current loss and efficiency of PS-FRPM machines
with CPM and SPM inner stators calculated by FE [WAN214a]. In Table 4.6, preos, Prer, Preis and
pre are the outer stator, rotor iron pieces, inner stator and total iron loss, respectively. ppwme is
the PM eddy current loss. # is the efficiency. The iron loss pre is calculated by the FE software
Ansys/Maxwell based on (4.8). Here, it is worth noting that the variation of the direction of
flux density B should be accounted in the iron loss calculation, as studied in [ATA93a]. In
Ansys/Maxwell, to take consideration of the variation of the direction of flux density B, B is
broken into Br and B: firstly. Then, the corresponding iron losses of B and Bt are calculated
based on (4.8) and then the total iron loss accounting for the variation of the direction of flux
density B can be obtained as a sum [LINO4a]. In (4.8), the iron loss pr is calculated by three

parts including hysteresis l0ss pnte, eddy current 10ss pcre, and excess 10SS Pefe,

Pfe = Pnfe T Dcfe T Pefe = khfefBanax + kcfeszrglax + kefefl'SBrln'(Slx (4.8)

where kne=251.69W/m?, Kkce=0.34899W/m? and ke=0 are the hysteresis, eddy current and

excess loss coefficients, respectively. Bmax is the maximum flux density.
The efficiency » can be expressed as the ratio of output power Pout and the input power Pin,

Pout

Pory — _
+100% = EM — Pfe — PpPMe
Pin PEM + Pcu

«100% (4.9)

where Pewm is the average electromagnetic power.
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Outer stator

A4

Fig. 4.15. lllustration of points A, B, C and D in the 12/10-pole PS-FRPM machines with
CPM inner stator.

As given in Table 4.6, in PS-FRPM machines with both CPM and SPM inner stators, the
outer stator iron loss is more than twice the rotor iron pieces one, both of which are much higher
than that of the inner stator. This can be explained as follows. The outer stator iron loss is more
than twice the rotor iron pieces mainly due to the high volume of outer stator, whilst the
influence of the difference of the flux density and its variation is smaller. The inner stator iron
loss is much smaller than those of the outer stator and the iron pieces, as the stable flux density
in the inner stator beneficial from the surface-mounted PMs, as shown in Fig. 4.16 for 12/10-
pole PS-FRPM machines. This is similar to the rotor of the conventional rotor-PM machine
with surface-mounted PMs. The points A, B, and C are in the inner stator with the same radius,
i.e. half value of PM inner radius and inner stator inner radius, whilst different angles with 0,
15 mechanical degrees, -15 mechanical degrees, as shown in Fig. 4.15. The point D is in the
outer stator tooth, of which the radius is half of the outer stator yoke radius and the outer stator

inner radius, and the arc is O.
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Fig. 4.16. Variation of flux density at points A, B, C, D versus rotor position in 12/10-pole
PS-FRPM machines with CPM and SPM inner stators (BLAC, p..=20W, phase current and
phase back-EMF have the same phase angle).

More importantly, 12/11-, 12/13- and 12/14-pole PS-FRPM machines with CPM inner stator
have higher iron loss than their corresponding SPM inner stator counterpart, respectively.
However, the iron loss in 12/10-pole PS-FRPM machine is lower than its corresponding SPM

inner stator counterpart. The PM eddy current loss is much smaller than the iron loss in all the
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analysed machines. However, both of them are smaller than the copper loss due to low rotor
speed, i.e. 400rpm. All the PS-FRPM machines with CPM inner stator can exhibit less than 1%
lower efficiency than their corresponding SPM inner stator counterpart, as given in Table 4.6.

Table 4.6 Iron Losses, PM Eddy Current Loss and Efficiency of PS-FRPM Machines with
CPM and SPM Inner Stators

Items 12-stator-pole PS-FRPM

Nr 10 11 13 14

Preos (W) 1.08 1.24 1.16 1.29

Prer (W) 0.42 0.47 0.47 0.41

preis (W) | 0.055 0.046 0.044 0.066

CPM | pe(W) | 155 | 175 | 168 | 176

peme (W) | 0.09 0.11 0.11 0.13

Pem (W) | 116.94 | 119.06 | 115.79 | 114.08

n (%) 84.19 84.28 83.95 83.67

Preos (W) 1.17 1.18 1.12 1.18

Prer (W) 0.46 0.44 0.43 0.42

Preis (W) | 0.003 0.004 0.006 0.007

SPM | pe(W) | 163 | 1.62 | 156 | 1.62

peve (W) | 0.10 0.10 0.14 0.17

Pem (W) | 118.36 | 123.14 | 121.24 | 117.52

n (%) 84.30 84.82 84.64 84.16
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4.4.4 Winding inductance

The average self-inductance of phase A Laa and average mutual inductance of phase A and
B Mga and that of Mca when only phase A is excited are listed in Table 4.7. Both the self and
mutual inductances in 12/11-, 12/13- and 12/14-pole PS-FRPM machines with CPM inner
stator are smaller than their corresponding SPM inner stator counterpart, respectively. However,
12/10-pole PS-FRPM machines with CPM and SPM inner stators exhibit similar self and
mutual inductances. In machines with both the different inner stator types, 12/11- and 12/13-
pole ones have higher self-inductance and lower mutual inductance in absolute values than
12/10- and 12/14-pole ones. Therefore, the former two machines have higher fault-tolerance
capability to restrict the short-circuit current [BIA0Ga].

Table 4.7 Winding Inductances of PS-FRPM Machines with CPM and SPM Inner Stators,
Nc=18 (mH)

Item 12-stator-pole PS-FRPM

Nr 10 11 13 14 10

Laa 0.17 | 0.26 | 0.24 | 0.17

CPM | Mga | -0.08 | -0.02 | -0.02 | -0.07

Mca | -0.08 | -0.02 | -0.02 | -0.07

Laa 017 | 023 | 021 | 0.14

SPM | Msa | -0.08 | -0.02 | -0.01 | -0.06

Mca | -0.08 | -0.02 | -0.01 | -0.06

4.45 Unbalanced magnetic force

The unbalanced magnetic force (UMF), which is also known as unbalanced magnetic pull,
may cause noise and vibration as well as reduction of bearing life in electrical machines.
Although the 12/11- and 12/13-pole PS-FRPM machines have higher fault-tolerance capability
as aforementioned, they suffer from UMF due to the odd rotor pole number. This can be
evidenced by Fig. 4.17 and Fig. 4.18 for open-circuit and rated on-load operations, respectively.
There is no significant change in UMF due to load. There is no UMF in the 10- and 14-pole
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machines. More importantly, the UMFs in the 12/11- and 12/13-pole PS-FRPM machines with
CPM inner stator are lower than their corresponding SPM inner stator counterparts,
respectively. It should be noted that the UMFs in 12/11- and 12/13-pole PS-FRPM machines
can be relieved by multiplying both the stator and rotor pole numbers to achieve an even rotor

pole number.
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Fig. 4.17. Open-circuit UMF of 12-stator-pole PS-FRPM machines with CPM and SPM inner

stators.
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Fig. 4.18. Rated on-load UMF of 12-stator-pole PS-FRPM machines with CPM and SPM
inner stators (BLAC, pcu=20W, phase current and phase back-EMF have the same phase
angle).
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4.5 Experimental Validation

The PS-FRPM machines with the proposed CPM and existing SPM inner stators are
compared in the foregoing analysis. In the proposed PS-FRPM machines with CPM inner stator,
12/11- and 12/10-pole ones can generate larger torque. Also, the 12/10-pole one can get rid of
the UMF. In this section, the 12/10-pole PS-FRPM machine with CPM inner stator is built and
tested.

(a) Outer stator (b) Cup rotor

(c) Inner stator (d) Rotor lamination

Fig. 4.19. Photos of 12/10-pole prototype PS-FRPM machine with CPM inner stator.
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The prototype machine consists of three parts, i.e. outer stator with 12-stator-pole wound by
12 non-overlapping concentrated armature coils as shown in Fig. 4.19(a), 10-pole cup rotor,
Fig. 4.19(b), and the CPM inner stator, Fig. 4.19(c). The dimensional parameters of the
prototype machine are given in Table 4.8. The symbols in Table 4.8 are the same with those in
Table 2.2. The rotor iron pieces are connected by Tpi=0.5mm thick iron rib between the two
adjacent pieces to ease the manufacturing. The iron rib is placed close to the inner air-gap,
which can be observed from the rotor lamination shown in Fig. 4.19(d). The back-EMF and
static torque are tested on the prototype machine to verify the FE analysis.

Phase back-EMF (V)

0 60 120 180 240 300 360
Rotor position (elec. deg.)

Fig. 4.20. Variation of FE predicted and measured phase back-EMF waveforms with rotor

position of the prototype machines @400rpm.

The measured and FE predicted phase back-EMF and static torque waveforms, as well as
peak static torque, are compared in Fig. 4.20, Fig. 4.21, and Fig. 4.22. Both the measured and
FE predicted phase back-EMF and static torque waveforms are slightly asymmetric due to even
harmonics, as foregoing analysed. Good agreement can be achieved between the measured and
3D FE predicted values. However, they are more than 10% smaller than the 2D FE predicted
ones due to end effect. As shown in Fig. 4.20, the 3D FE predicted peak phase back-EMF is
only 88.59% of that of the 2D FE, i.e. 3.09V and 3.49V, respectively. As for the peak static
torques under different g-axis currents, the 3D FE predicted values are also more than 10%
lower than those predicted by 2D FE, as shown in Figs. 20 and 21, and listed in Table 4.9. The
detailed comparative analysis of the end effect in PS-FRPM machines having both SPM and
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CPM inner stators are analysed and shown in Appendix C. In the measurement of static torque,

the phase A current I, phase B current Ig and phase C current Ic are set as,
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Fig. 4.21. Variation of FE predicted and measured static torques with rotor position of the

prototype machines (Ia=-2Ig=-2Ic).
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Fig. 4.22. Measured and FE analysed peak static torques of prototype machine with CPM

inner stator (Ia=-2lg=-2Ic).
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Table 4.8 Design Parameters of 12-Stator-Pole PS-SFPM Machine with CPM Inner Stator

Table 4.9 Comparison of Measured Static Torques Under Different Q-Axis Currents

Items Prototype Items Prototype
Ls (mm) 25 go (Mm) 0.5
Roso (Mm) 45 gi (mm) 0.5
Rosy (mm) 42 Bost (9 8.12
Rosi (MM) 31.75 Bosy (9 6.14
Rro (MM) 3125 | 6ut(9 4.94
Rri (mm) 26.25 lott (Mm) 1
Riso (Mm) 25.75 lotn (Mm) 3
Risy (mm) 21.75 Oro (9 18
Risi (mm) 10.4 6ri (9 24
Tem (Mm) 4 Opm (9 42
Tori (Mm) 0.5 Nac 18

(MEA=Measured)
Q-axis current (A)[MEA (Nm)| 3D FE (Nm) | 2D FE (Nm) | 3D FE/ 2D FE (%)
5 0.85 0.87 0.98 88.43
10 1.34 1.40 1.60 87.51
15 1.82 191 2.21 86.79
20 2.30 241 2.79 86.18
25 2.77 2.86 3.35 85.21
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4.6 Conclusions

In this chapter, a novel PS-FRPM machine with CPM inner stator having less PM volume
but similar torque density and efficiency to that with SPM inner stator is proposed and its static
performance is validated experimentally. Different stator/rotor pole combinations are
employed in the proposed PS-FRPM machines with CPM inner stator. The FE results show
that the 12-stator-pole PS-FRPM machine having 10-, 11-, 13- and 14-rotor-pole with CPM
inner stator can generate 98.59%, 96.69%, 95.50% and 97.15% torque density of their
corresponding SPM inner stator counterparts, respectively, whilst the PM volume can be saved
by 28.33%, 30%, 30% and 33.33%. The PS-FRPM machines with CPM inner stator can exhibit

similar efficiency with their corresponding SPM inner stator counterpart, i.e. only <1 smaller.
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5 Partitioned Stator Flux Reversal Permanent Magnet Machine Having

Overlapping Windings

In all existing papers and also the previous chapters, the partitioned stator permanent magnet
(PM) machines are based on the concentrated non-overlapping stator windings. In this chapter,
based on the magnetic gearing effect in the partitioned-stator-PM machines, overlapping
armature winding topology is applied to the partitioned stator flux reversal PM (FRPM) (PS-
FRPM) machines and the electromagnetic performance is comparatively analysed with the
counterpart having the concentrated winding referred to Appendix B. It is found that compared
with the existing 12/10/12-outer stator pole/rotor pole/inner stator pole PS-FRPM machine
having non-overlapping armature windings, the proposed 24/10/12-pole PS-FRPM machine
having overlapping armature windings exhibits smaller iron loss and PM eddy current loss,
larger open-circuit fundamental phase flux-linkage and back-EMF and hence higher torque
density but smaller torque ripple, higher efficiency, higher self-inductance and lower mutual
inductance, and hence a higher self/mutual-inductance ratio and better capability to restrict the
short-circuit current, much higher flux-weakening capability. However, the proposed 24/10/12-
pole PS-FRPM machine having overlapping armature winding suffers from longer end winding
and hence larger total copper loss when the machine stack length is short.

This part has been published in IEEE Transactions on Energy Conversion.

5.1 Introduction

Fractional-slot non-overlapping windings are commonly used in the stator-PM machines,
including both single-stator-PM and partitioned-stator-PM machines, since machines with
fractional-slot non-overlapping windings have shorter end-winding length than those with
integer-slot overlapping windings [MOR10a] [TAN13a] [LI15a]. However, machines with
fractional-slot non-overlapping windings have less sinusoidal armature excitation
magnetomotive force (MMF) distribution, resulting in higher loss and other parasitic effects
such as torque ripple, noise and vibration due to the additional spatial harmonics [ELR10a]. In
this chapter, the PS-FRPM machine equipped with fractional-slot non-overlapping windings
[Fig. 5.1(b)] in [ZHU15a], which can be referred to Appendix B, is extended to integer-slot
overlapping armature winding having slot number per pole per phase g=1 [Fig. 5.1(a)], based
on the magnetic gearing principle [ZHU14a] [MCF14a] [WU15a] [LI15a] [MCF15a] [SHI16a]
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[DU16a]. The electromagnetic performance of the proposed PS-FRPM machine having q=1
integer-slot overlapping windings will be investigated and compared with the existing PS-
FRPM machine with g=0.5 fractional-slot non-overlapping windings. It is worth noting that
the coil connection of the PS-FRPM machines having both overlapping and non-overlapping

windings can be referred to Fig. 1.2.

Rotor iron piece

Outer stator Inner stator

(b) Existing non-overlapping winding with g=0.5

Fig. 5.1. Cross-sections of proposed 24/10/12-pole overlapping windings and existing
12/10/12-pole non-overlapping windings PS-FRPM machines.

This chapter is organized as follows. In 5.2, the operation principle of PS-FRPM machine is

analysed based on magnetic gearing principle and the overlapping winding layout is proposed
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and employed. In section 5.3, electromagnetic performance of the 24/10/12-pole PS-FRPM
machine with g=1 overlapping windings and the 12/10/12-pole PS-FRPM machine with q=0.5
non-overlapping windings are comparatively analysed by finite element (FE) analysis. In
section 5.4, both prototype machines with g=1 overlapping windings and g=0.5 non-
overlapping windings are built and tested to validate the FE predicted electromagnetic

performance, followed by conclusions in section 5.5.

5.2 PS-FRPM Machine with Non-Overlapping and Overlapping Windings
5.2.1 Fractional-slot non-overlapping winding with g=0.5

In a magnetic gear, the two rotating parts transmitting torque can be any two of inner PMs,
middle iron pieces and outer PMs, exhibiting variable gearing ratios as analysed in [ATAO4a].
If the two rotating parts are iron pieces and outer PMs, the gearing ratio G, can be expressed

as,
N
G, =L (5.1)

where Nijp and po are the iron piece number and outer PM pole-pair number, respectively. The

relationship between Nip, po and inner PM pole-pair number pi can be govern by,

Nip =DPo T Di (5-2)

For a magnetic gear with po=4, Nip=10 and p;=6, if the outer rotating PMs are substituted by
3-phase armature windings made of twelve non-overlapping coils injected by symmetric
sinusoidal currents, the magnetic gear can be extended to a PS-FRPM machine. The cross-
section of 12/10/12-pole PS-FRPM machine having non-overlapping windings is shown in Fig.
5.1(b). The equivalent pole-pair number of armature excitation of 12/10/12-pole PS-FRPM
machine is 4 which is defined as the highest forward rotating MMF harmonic order. This can
be derived as follows.

The 3-phase symmetric sinusoidal currents ia, ig, and ic can be expressed as (2.4). In
12/10/12-pole non-overlapping winding PS-FRPM machine, the armature excitation MMF can
be illustrated in Fig. 5.2, in which N¢ is the number of coil turns and 6. is half of the coil pitch

Bcoil. With non-overlapping winding, 6eoil is equal to outer stator slot pitch Gosp,
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Fig. 5.2. Armature excitation MMF in 12/10/12-pole PS-FRPM machine with non-

overlapping windings.

The Fourier series expansion of armature excitation MMF in Fig. 5.2 can be expressed as,

( 3S4pc O
Fypc(6,t) = gBC [MABCq sin(f)]
q=1
ZﬁNCITmS
Sapc =————
n (5.4)

1
Mypcq = 551'”(46191)

4q0 + N2, t,q =3r —1

—4q90 + N,.0),.t,q = 3r — 2
-
\

0,qg =3r

where Saec and Magcq are the Fourier series coefficients, and r is a positive integer.
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Fig. 5.3. Armature excitation MMF spectrum in the existing 12/10/12-pole non-overlapping
windings and the proposed 24/10/12-pole overlapping windings PS-FRPM machines (Nc=18,
Irms:].OA).

According to (5.4), the armature excitation MMF spectrum can be shown in Fig. 5.3. In Fig.
5.3, the largest forward rotating harmonic is the 4" MMF harmonic. Actually, the winding
layout of the 12/10/12-pole PS-FRPM machine is exactly the same as that in the 12-slot/4-pole-
pair fractional-slot surface-mounted PM (SPM) machine [ZHUQ9a]. Consequently, the
equivalent pole-pair numbers in these two machines are the same, i.e. 4. Therefore, the
equivalent pole-pair number of armature excitation pea can be defined as 4 in the 12/10/12-pole
PS-FRPM machine. The PM pole-pair number and rotor iron piece number are 6 and 10,
respectively. Due to the modulation of the 10-pole rotor iron pieces to the 6™ static PM field,
the 4™ rotating field will be generated in the outer air-gap, synchronizing with armature
excitation MMF and the interaction of them will produce average electromagnetic torque.
Similarly, due to the modulation of the 10-pole rotor iron pieces to the 4™ rotating armature
excitation field with the same electric rotating speed, the 6" static field will be generated in the
inner air-gap, synchronizing with PM MMF and the interaction of them will also produce
average electromagnetic torque. Therefore, the relationship between pea, Nr and the PM pole-

pair number ppwm is given by [WU15a],

Ny = Ppy + Pea (5-5)

Therefore, the slot number per pole per phase g in fractional-slot SPM machine can also be
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employed in the PS-FRPM machine. In 12/10/12-pole PS-FRPM machine, it can be calculated

as,

_ Nes 12
q_Zpeam_2*4*3_

0.5 (5.6)

where Nos is the outer stator pole number, m is the phase number.
5.2.2 Integer-slot overlapping winding with gq=1

As shown in (5.6), due to g=0.5, the 12/10/12-pole non-overlapping winding PS-FRPM
machine is a fractional-slot machine. In this section, its integer-slot counterpart with

overlapping windings having the same pea, Nr and pewm is introduced.

In integer-slot machines, the slot number per pole per phase g is an integer. With the same
Pea=4, Nr=10 and ppm=6, in the integer-slot PS-FRPM machine with overlapping windings
having q=k (k=1, 2, 3, ...), Nos Is 24k based on (5.6). In 24/10/12-pole PS-FRPM machine, g

can be calculated by,

Noys 24
q = = = 1
2Degm  2%x4 %3

(5.7)

The cross-section of the 24/10/12-pole overlapping winding PS-FRPM machine with g=1 is
given in Fig. 5.1(a). The winding layout in the proposed 24/10/12-pole overlapping winding
PS-FRPM machine is the same as that of the conventional 24-slot/4-pole-pair integer-slot SPM
machine with g=1 overlapping winding [CROO02a]. It can be observed from Fig. 5.1(a) and Fig.
5.1(b) that both the machines have the same rotor pole number Ny=10 and the same PM pole-
pair number pem=6. The proposed overlapping winding machine has 24-pole outer stator,
which is twice of the non-overlapping winding one. However, due to different winding layouts
with overlapping and non-overlapping windings respectively, the same pea can be obtained, i.e.
4. The non-overlapping winding machine with pea =4 is analysed as aforementioned. Here, the

overlapping winding one is analysed as follows.

Fig. 5.4 shows the armature excitation MMF in the 24/10/12-pole PS-FRPM machine with
g=1. Compared with that of the 12/10/12-pole PS-FRPM machine with g=0.5 non-overlapping
windings, three-phase MMFs are overlapped in the 24/10/12-pole PS-FRPM machine with g=1
overlapping windings. In Fig. 5.4, 61 is also the half of the coil pitch i, which is three times

of outer stator slot pitch osp in the 24/10/12-pole PS-FRPM machine with g=1 overlapping
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windings,

g, = 2L =0 (5.8)

The Fourier series expansion of the armature excitation MMF in the 24/10/12-pole PS-

FRPM machine can be expressed as,

( 3,150
Fypc(6,t) = gBC z [MABCq Sin(f)]
q=1
ZﬁNCITmS
ABC = — -
4 n (5.9)

1
Mypcq = 551'"(46191)

4q0 + N,.02,t,q =3r — 1

—4q60 + N,.0),t,q = 3r — 2
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Fig. 5.4. Armature excitation MMF in 24/10/12-pole PS-FRPM machine with overlapping

windings.

The armature excitation MMF spectrum of 24/10/12-pole PS-FRPM machine is illustrated
in Fig. 5.3 based on (5.9). The largest forward rotating harmonic is still the 4" MMF harmonic
and hence pea=4 in the 24/10/12-pole PS-FRPM machine. Similar to the 12/10/12-pole PS-
FRPM machine having non-overlapping winding with g=0.5, the 24/10/12-pole overlapping
winding PS-FRPM machine with g=1 also operates based on the magnetic gearing principle.

The modulation of rotor iron pieces to the PM static and armature excitation rotating MMFs
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make them synchronise with each other in both outer and inner air-gaps, resulting in average

electromagnetic torque production [WU15a].

24/10/12 —_— — = 12/10/12
Pure Sine

-180 -120 -60 0 60 120 180
Air-gap position (mech. deg.)

Fig. 5.5. Normalized MMF distributions in 24/10/12-pole PS-FRPM machine with

overlapping windings.

More importantly, compared with that of the 12/10/12-pole PS-FRPM machine with non-
overlapping windings, a more sinusoidal armature excitation MMF can be achieved in the
24/10/12-pole PS-FRPM machine with overlapping windings, Fig. 5.5. The total harmonic
distortions of the normalized MMFs of the 12/10/12- and 24/10/12-pole PS-FRPM machines
are 43.85% and 8.60%, respectively. As shown in Fig. 5.3, the magnitude of the 4" MMF
harmonic can be enhanced, whilst other harmonics can be significantly reduced to O despite
20" and 28" harmonic will be slightly increased. This indicates that the proposed 24/10/12-
pole PS-FRPM machine with integer-slot overlapping armature winding has lower loss than
the existing 12/10/12-pole PS-FRPM machine with fractional-slot non-overlapping armature
winding, as evidenced by Fig. 5.6 and Fig. 5.7 for FE predicted iron loss and PM eddy current

loss, respectively. The iron loss pre is calculated based on equation (4.8).
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Fig. 5.6. FE predicted rated on-load iron loss versus rotor speed for 24/10/12-pole and
12/10/12-pole PS-FRPM machines (p.u=20W, phase current and phase back-EMF have the

same phase angle).
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Fig. 5.7. FE predicted rated on-load PM eddy current loss versus rotor speed for 24/10/12-
pole and 12/10/12-pole PS-FRPM machines (p.s=20W, phase current and phase back-EMF

have the same phase angle).

5.3 Electromagnetic Performance

In the previous section, based on the magnetic gearing analysis of the existing PS-FRPM

machine with non-overlapping windings, the PS-FRPM machine with overlapping windings
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having more sinusoidal armature excitation MMF and lower losses is introduced. In this section,
the electromagnetic performance of these two types of PS-FRPM machines, i.e. 24/10/12-pole

one with g=1 one and 12/10/12-pole one with g=0.5, are comparatively analysed as follows.

The design parameters of the proposed 24/10/12-pole PS-FRPM machine are listed in Table
5.1, together with those of the existing 12/10/12-pole one [ZHU15a]. The design parameters
Rosy t0 6y shown in Table 5.1 are optimized with other parameters fixed, under brushless AC
(BLAC) operation, copper loss pc=20W, and zero d-axis current control, i.e. phase current and
phase back-EMF have the same phase angle, for the largest average electromagnetic torque.
For a fair comparison, the PM volume in the proposed 24/10/12-pole PS-FRPM machine is
fixed to be the same as that in the existing 12/10/12-pole one, i.e. 13414.6mm?, during the
optimization [ZHU15a].
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Table 5.1 Design Parameters of Proposed 24/10/12-Pole and Existing 12/10/12-Pole PS-
FRPM Machines

Optimized Prototypes
Parameters Unit
24/10/12 |12/10/12|24/10/12|12/10/12
Stack length, Ls mm 25
Outer stator outer radius, Roso mm 45
Inner stator inner radius, Risi mm 10.4
Outer (inner) air-gap width, go (gi) | mm 0.5
Outer stator tip top length, lot mm 0.5 1 1
Outer stator tip bottom length, lot, | mm 2 2 3
PM volume, Vem mm? 13414.6 14922.6
PM arc, Gpm < 30
PM remanence, Brpm T 1.2
PM relative permeability, urpm - 1.05
PM bulk conductivity S/m 625000
Number of turns per coil, N¢ - 18
Outer stator yoke radius, Rosy mm 42.5 43 42 42
Outer stator inner radius, Rosi mm 30 31 31.75
Rotor inner edge radius, Ryi mm 25.5 26.5 26.25
Outer stator tooth arc, Gost < 4.5 7 5 8.12
Outer stator tooth tip arc, ot ° 3 3 2 4.94
Rotor pole outer arc, 6ro ° 20 23 18
Rotor pole inner arc, 6 ° 28 24 24
Inner stator yoke radius, Risy mm 21.31 22.48 21.75
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5.3.1 Open-circuit flux-Linkage and back-EMF

The open-circuit flux distributions of the two optimized machines at d-axis position are given
in Fig. 5.8. As shown in Fig. 5.8, some flux paths in the rotor iron piece ‘R1’ are shorter in the
24/10/12-pole PS-FRPM machine due to the doubled outer stator teeth, resulting in smaller
magnetic reluctance and hence higher phase peak flux-linkage and fundamental phase back-
EMF as shown in Fig. 5.9 and Fig. 5.10(b), respectively. The 24/10/12-pole PS-FRPM machine
has 5.56% higher fundamental phase back-EMF than the 12/10/12-pole one, i.e. 3.72V and
3.52V, respectively. It is worth noting that the 3" phase back-EMF harmonic in the 24/10/12-
pole PS-FRPM machine is caused by the non-zero corresponding pitch factor, i.e. 0.62
calculated by FE. However, the 3" pitch factor kps is zero in the 12/10/12-pole PS-FRPM

machine as,

Ny
k,3 = cos [37r (— - 1)] =0 (5.10)
NOS

oMW {
\_;':I I'-N #.‘ ":{_‘l_';‘:é:'
\_/"f =

il R i ||:|. ﬁ%\%'s.'-
Z i f'

(a) 24/10/12-pole (b) 12/10/12-pole

Fig. 5.8. Open-circuit field distributions of 24/10/12-pole and 12/10/12-pole PS-FRPM

machines at d-axis position.

It should be noted that the 3 phase back-EMF harmonic makes no contribution to the line

one in machines with Y-connection windings.
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Fig. 5.9. Phase flux-linkage waveforms of 24/10/12-pole and 12/10/12-pole PS-FRPM
machines, N.=18.
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Fig. 5.10. Phase back-EMFs of 24/10/12-pole and 12/10/12-pole PS-FRPM machines, N.=18
@400rpm.

5.3.2 Torque characteristics

Cogging torque in PM machines is resulted from the interaction of PMs and slots. As shown
in Fig. 5.11(a), the cogging torque of the proposed 24/10/12-pole PS-FRPM machine is 23.6%
lower than that of the existing 12/10/12-pole one, i.e. 0.20Nm and 0.26Nm respectively.
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However, the harmonic orders in these two machines are the same as shown in Fig. 5.11(b),
i.e. 6™ 121 18™ etc.
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Fig. 5.11. Cogging torque of 24/10/12-pole and 12/10/12-pole PS-FRPM machines.

As pointed out in [ZHU15a], the reluctance torque in the 12/10/12-pole PS-FRPM machine
is negligible. For the proposed 24/10/12-pole PS-FRPM machine, it is also approximately zero
and hence the maximum torque occurs at current angle of ~90 elec. deg., as shown in Fig. 5.12.
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Therefore, in this chapter, phase current and phase back-EMF have the same phase angle in

PS-FRPM machines with both non-overlapping and overlapping windings.
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Fig. 5.12. Torque with current angle for 24/10/12-pole and 12/10/12-pole PS-FRPM
machines (BLAC, Pc,=20W).

The electromagnetic torque waveforms of the two machines with pc,=20W are given in Fig.
5.13. In Fig. 5.13, when the copper loss is 20W, the rated g-axis currents iq are 22.39A and
23.19A for the proposed 24/10/12-pole and the existing 12/10/12-pole PS-FRPM machines,
respectively. The slight difference of iq is caused by the smaller winding area of the optimized
designs of the proposed 24/10/12-pole machine than that of the existing 12/10/12-pole machine.
The RMS current densities in slot are 3.34A/mm? and 3.23A/mm?, respectively, as the cross-
section slot area for each coil one side are 85.28mm? and 91.51mm?, respectively. The current
densities in the winding are twice of that in the slot in both machines, due to the slot packing
factor is designed as ky=0.5. As shown in Fig. 5.13, the average electromagnetic torques are
2.87Nm and 2.83Nm for the proposed 24/10/12-pole and the existing 12/10/12-pole PS-FRPM
machines, respectively, and the corresponding torque ripples are 13.71% and 18.95%,
respectively. The proposed overlapping winding PS-FRPM machine exhibits 1.53% higher
torque density and 2.77% lower torque ripple than the existing non-overlapping winding one.
Although the fundamental back-EMF of the 24/10/12-pole PS-FRPM machine is 5.56% higher,
the average electromagnetic torque is only 1.53% larger than the 12/10-12/-pole PS-FRPM
machine. This is caused by the smaller slot area and hence the lower ampere turns with same

copper loss pcw=20W in the 24/10/12-pole PS-FRPM machine. Due to the overlapping winding
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layout, the back iron is thicker and hence the slot area is reduced in the 24/10/12-pole PS-
FRPM machine. The torque ripple Ty is defined as,

T, — T
T, = max min (5.11)
7hvg

where Tmax, Tmin and Tayg are the maximum, minimum and average electromagnetic torques.

w

Torgque (Nm)
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Rotor position (elec. deg.)

Fig. 5.13. 2D FE predicted on-load torque for 24/10/12-pole and 12/10/12-pole PS-FRPM
machines (BLAC, phase current and phase back-EMF have the same phase angle, pcu=20W).

To comparatively evaluate the overload capabilities of the proposed 24/10/12-pole PS-
FRPM machine and its existing 12/10-/12-pole counterpart, the variation of average
electromagnetic torques against the g-axis current for the two machines is illustrated in Fig.
5.14. As aforementioned, the rated g-axis currents iq are 22.39A and 23.19A for the proposed
24/10/12-pole and the existing 12/10/12-pole PS-FRPM machines, respectively. The proposed
24/10/12-pole PS-FRPM machine can produce higher average electromagnetic torque in the
whole g-axis current range due to larger fundamental phase back-EMF shown in Fig. 5.10. It
is worth noting that when the g-axis current iq is overloaded by more than twice to 50A when
phase current and phase back-EMF have the same phase angle. The slot RMS current density
will be 7.46A/mm? and 6.95A/mm? for the proposed 24/10/12-pole and the existing 12/10/12-
pole PS-FRPM machines, respectively, resulting in 13.91A/mm? and 14.92A/mm? winding
RMS current densities, respectively, as ky=0.5. The overloaded higher winding RMS current

density will increase the copper loss and the heat. Although the overload operation is short time,
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this will make challenge to the cooling system, which may need to be taken into consideration.
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Fig. 5.14. Torque against g-axis current for 24/10/12-pole and 12/10/12-pole PS-FRPM
machines (BLAC, phase current and phase back-EMF have the same phase angle).

5.3.3 Loss and efficiency

As shown in Fig. 5.6 and Fig. 5.7, due to the more sinusoidal armature excitation MMF, the
proposed 24/10/12-pole PS-FRPM machine with integer-slot overlapping armature winding
has lower iron loss and PM eddy current loss than the existing 12/10/12-pole PS-FRPM
machine with fractional-slot non-overlapping armature winding. Due to the higher torque
density benefitted from shorter magnetic circuit and lower loss, the proposed 24/10/12-pole
PS-FRPM machine with integer-slot overlapping armature winding can exhibit higher
efficiency than the existing 12/10/12-pole PS-FRPM machine with fractional-slot non-
overlapping armature winding, as evidenced by Fig. 5.15. In Fig. 5.15, efficiency 7 is calculated
based on (4.9).
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Fig. 5.15. Efficiency versus rotor speed for 24/10/12-pole and 12/10/12-pole PS-FRPM

machines (peu=20W, phase current and phase back-EMF have the same phase angle).
5.3.4 Winding inductances

In both analysed PS-FRPM machines, winding inductances are calculated by,

LXA — l/JXA - IIJXPM (512)
Iy
where X is A, B or C, wxa and wxpm are the average flux-linkages under constant phase A

current la and open-circuit of phase X respectively.

Self and mutual inductances of both machines are listed in Table 5.2. As shown in Table 5.2,
the proposed 24/10/12-pole machine has 74.47% higher self-inductance and 28.46% lower
mutual inductance. The increase of self-inductance can be explained by the field distribution
of these two machines with only phase A excited, Fig. 5.16. As shown in Fig. 5.16, due to
doubled outer stator poles and gq=1 overlapping windings, the 24/10/12-pole PS-FRPM
machine has higher phase A flux-linkage. Consequently, with both higher self-inductance and
lower mutual inductance, the 24/10/12-pole PS-FRPM machine has higher self/mutual

inductance ratio which is beneficial to restrict the short-circuit current [BIAO6a] [CHE14a].
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(a) 24/10/12-pole (b) 12/10/12-pole

Fig. 5.16. Flux distributions in 24/10/12-pole and 12/10/12-pole PS-FRPM machines at d-
axis position with only phase A excited (pcu=20W, phase current and phase back-EMF have

the same phase angle).

Table 5.2 Self and Mutual Inductances in 24/10/12-Pole and 12/10/12-Pole PS-FRPM

Machines
Parameter Unit | 24/10/12 |12/10/12
Self-inductance, Laa mH 0.29 0.17

Mutual inductance, Lga mH 0.05 0.08

Mutual inductance, Lca mH 0.05 0.08

In PM machines, flux-weakening capability which is related to winding inductances plays
an important role on the power-constant operation region [JAH87a] [JAHO4a]. The flux-

weakening capability is evaluated by the flux-weakening coefficient ks,

Ko = La(ig = —Imax iq = 0)Lnax
w Ypu(iq = 0)

(5.13)

where Lq and wpwm are the d-axis inductance and the PM flux-linkage with consideration of

cross-coupling [Q109a]. Imax is the maximum current of the controller. ks in 24/10/12-pole and
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12/10/12-pole PS-FRPM machines are 1.10 and 0.77, respectively, with a controller has
maximum current Imax=25A. The maximum rotor speed in the 24/10/12-pole PS-FRPM
machine is infinite whilst that in the 12/10/12-pole PS-FRPM machine is 2801rpm as listed in
Table 5.3.

Table 5.3 Some Control Characteristics in 24/10/12-Pole and 12/10/12-Pole PS-FRPM

Machines
Parameters Unit |24/10/12|12/10/12
D-axis inductance, Lg mH 0.39 0.26
Maximum phase current, Imax A 25
PM flux-linkage, wpm mWb | 8.84 8.40
Flux-weakening coefficient, kw - 1.10 0.77
Rated rotor speed, Qr rpm 400
Maximum rotor speed, Qrmax rpm | Infinite | 2801

5.3.5 Influence of end winding

In the previous analysis, the end-windings of both machines are neglected, and the copper
loss is the stack active winding copper loss only. However, as shown in Table 5.4, the proposed
24/10/12-pole integral-slot overlapping winding machine suffers from 34.20% larger end
winding length than its fractional-slot non-overlapping 12/10-12-pole counterpart, due to the

larger coil pitch. In Table 5.4, half turn coil total length Lna is,
Lhair = Ls + L (5.14)
where Le is the half turn coil end length,
L, = K1), (5.15)

where Ks is the end winding empirical coefficient, which is related to the pole number. For the
24/10/12-pole and 12/10/12-pole PS-FRPM machines, it is selected as 1.25 and 1.35,

respectively [CHE90a]. 7y is the coil pitch in terms of circumferential length,
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_ (Rosy + Rosi + lotb)

y = 2 coil (5'16)

where Ocoil is the coil pitch in unit of rad, which is n/4 and w/6 for the 24/10/12-pole and
12/10/12-pole PS-FRPM machines, respectively.

As shown in Table 5.4, due to larger Le, the total length of half turn coil Lnair in the proposed
24/10/12-pole machine, and hence the total copper loss, is 11.86% higher than the existing
12/10-12-pole design, when the copper loss per active stack length is set as 20W/25mm. The
machine volume Vmachine in the proposed 24/10/12-pole machine is 17.62% larger than the
existing 12/10-12-pole design. Consequently, the average torque per total copper 10Ss Tavg/Peu
and the average torque per machine volume Tavg/Vmachine Of the proposed 24/10/12-pole
machine are 9.24% and 13.68% lower than the existing 12/10/12-pole machine, although the

average electromagnetic torque is 1.53% higher, as foregoing analysed.

Table 5.4 Evaluation of End Windings in 24/10/12-Pole and 12/10/12-Pole PS-FRPM
Machines (BLAC, pcus=20W)

Parameters Unit 24/10/12 |12/10/12

Stack length, Is mm 25

Stack copper 10ss, pcus W 20

Half turn coil end length, Le mm 17.82 13.28
End winding copper 10sS, pcue W 14.25 10.62
Half turn coil total length, Lha mm 42.82 38.28
Total copper l0ss, pcu W 34.25 30.62
Average torque, Tayg Nm 2.87 2.83
Torque/copper 10sS, Tavg/Peu Nm/W 0.08 0.09
Machine volume, Vmachine dm?3 0.39 0.33
Torque/machine volumn, Tavg/Vimachine Nm/dm? 7.44 8.62
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However, as well known, the influence of end-winding will be smaller if the stack length is
longer, as the end winding axial thickness is constant when the machine cross-section is fixed
[WAN14a] [WAN14b]. This is evidenced in Fig. 5.17 and Fig. 5.18 for both the proposed
24/12/10-pole and the existing 12/10/12-pole PS-FRP machines. In both machines, Taverage/Peu
and Tavg/Vmachine Can be effectively enhanced with longer stack length Ls, although the increment
becomes smaller with Ls. More importantly, Tavg/peu @nd Tavg/Vmachine in the proposed 24/10/12-
pole machine increase faster than the existing 12/10/12-pole machine, due to the higher average
electromagnetic torque. When the stack length Ls=287.5mm and Ls=587.5mm, the proposed
24/10/12-pole machine even has similar Tavg/pcu @nd Tavg/Vmachine @S the existing 12/10/12-pole
machine, respectively. It is worth noting that the longer end winding in the proposed 24/10/12-
pole PS-FRPM machine with overlapping winding also brings higher inductance, and hence

further enhancing the fault-tolerant capability. This will be verified by experiments.
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FRPM machines.
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PS-FRPM machines.

5.4 Experimental Validation

In the previous analysis, the electromagnetic performance of the 24/10/12-pole PS-FRPM
machine with g=1 overlapping windings is analysed and compared to the 12/10/12-pole PS-
FRPM machine with g=0.5 non-overlapping windings, which is built and measured in
[ZHU15a] in terms of phase back-EMF and static torque. In this section, the 24/10/12-pole PS-
FRPM prototype machine with g=1 overlapping windings is manufactured and measured to
validate both the phase back-EMF and static torque, which will be compared with the 12/10/12-
pole PS-FRPM prototype. Moreover, the dynamic performances of the both prototype
machines are tested and given in this section to validate the FE analysis.

The pictures of the 24/10/12-pole and 12/10/12/-pole PS-FRPM prototype machines are
shown in Fig. 5.19. The dimensions of the 24/10/12-pole prototype machine are listed in Table
5.1, whilst those of the 12/10/12-pole prototype machine are given in [ZHU15a]. For
simplifying manufacturing, only the outer stator of the proposed 24/10/12-pole PS-FRPM
machine is built, Fig. 5.19(a), and the two prototypes share the same rotor, Fig. 5.19(c), and
the inner stator, Fig. 5.19(e). Consequently, it should be noted that the dimensional parameters
of the 24/10/12-pole prototype machine listed in Table 5.1 are slightly different from those by
optimization. To ease the manufacture of the cup rotor, Tri=0.5mm thick iron bridge close to

the inner air-gap are introduced to link the adjacent rotor iron pieces, as can be seen from Fig.
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5.19(d). Due to the different dimensional parameters from the optimized designs as
aforementioned, the electromagnetic performance of the 24/10/12-pole PS-FRPM prototype
machine with g=1 integer-slot overlapping winding will be compromised. However, the tested

electromagnetic performance of both prototypes agree well with the FE predicted results, as

given as follows.

b) 12-pole non-overlappin
(0) 120 Pping (c) 10-pole cup Rotor
stator outer stator

(d) Rotor lamination (e) 12-pole inner stator (F) Assembled inner stator
Fig. 5.19. Photos of 24/10/12-pole and 12/10/12-pole PS-FRPM prototype machines.

The 2D FE predicted phase back-EMFs at 400rpm of the 24/10/12-pole and 12/10/12-pole
PS-FRPM machines are shown in Fig. 5.20(a) and Fig. 5.20(b), respectively. Due to
manufacturing tolerance, the back-EMF waveforms are slightly asymmetric. The comparison
of 2D FE predicted and measured phase back-EMFs is given in Fig. 5.21 and Fig. 5.22. In both
machines, the 2D FE predicted values agree well with the measured ones, although the
measured back-EMFs are slightly lower due to end effect. As shown in Fig. 5.21 and Fig. 5.22,
the phase fundamental back-EMF of the proposed machine is even slightly smaller than that of
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the existing machine, since the dimensional parameters of the former one are compromised, as

aforementioned.
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(b) 12/10/12-pole

Fig. 5.20. Measured three-phase back-EMF waveforms @400rpm.
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Fig. 5.21. Comparison of 2D FE predicted and measured phase back-EMFs in the 24/10/12-
pole PS-FRPM prototype machine.
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Fig. 5.22. Comparison of 2D FE predicted and measured phase back-EMFs in the 12/10/12-
pole PS-FRPM prototype machine.

The 2D FE predicted static torque waveforms of the 24/10/12-pole and 12/10/12-pole PS-
FRPM machines are shown in Fig. 5.23(a) and Fig. 5.23(b), respectively. The static torque is
defined as the electromagnetic torque with constant phase A current I, phase B current Iz and
phase C current Ic when the relationship between them are set as Ia= -21g= -2lc. Although the
peak static torque in the 24/10/12-pole PS-FRPM machine is slightly smaller than its 12/10/12-
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pole counterpart due to manufacturing compromise, there is a good agreement between the 2D

FE predicted static torques and the measured values, as shown in Fig. 5.23 and Fig. 5.24. Again,

the measured ones are slightly smaller due to end effect.
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Fig. 5.23. Comparison of 2D FE predicted and measured static torque waveforms (Ia= -21g= -
2lc).
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Fig. 5.24. Comparison of 2D FE predicted and measured peak static torques waveforms (Ia= -
2lg=-2Ic).

Fig. 5.25(a) and Fig. 5.25(b) compare the measured and 2D FE predicted self- and mutual
inductances of the 24/10/12-pole and 12/10/12-pole PS-FRPM prototypes. The self-inductance

is measured directly by LCR meter, whilst the mutual inductance is calculated by,

LA+B - LAA - LBB (5 17)
> .

where Mga is the calculated mutual inductance between phase A and phase B. La+g is the
measured self-inductance of the serially connected windings of phase A and phase B. Laa and

Les are the measured self-inductance of phase A and phase B, respectively.

As shown in Fig. 5.25, since the 2D FE analysis cannot accounting for the end winding
inductance, the measured self-inductances are slightly higher than the 2D FE predicted ones in
both machines. It should be noted that, as the 24/10/12-pole machine with overlapping winding
has longer end winding than the 12/10/12-pole machine with non-overlapping winding, the gap
between the measured and 2D FE predicted self-inductance in the 24/10/12-pole machine is
larger than that in the 12/10/12-pole machine. However, this influence can be eliminated in the
calculated mutual inductance based on (5.17), resulting in good agreement between the
measured and 2D FE predicted mutual inductances in both machines, as shown in Fig. 5.25.
More importantly, it can be observed from Fig. 5.25 that the 24/10/12-pole machine has higher
self-inductance but lower mutual inductance than the 12/10/12-pole machine with or without
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consideration of end winding, which is beneficial to restrict the short-circuit current, as

analysed in sub-section 5.3.4.
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Fig. 5.25. Comparison of 2D FE predicted and measured self- and mutual inductances.

Based on the test rig shown in Fig. 5.26, the dynamic performance of the two prototypes are
tested. The DC bus voltage and current are Ug.=18V and l4c=7.5A, respectively. Fig. 5.27

shows the transient response with speed reference stepping 0-400rpm-0 with load torque
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T.=0.28Nm. The 24/10/12-pole machine has slightly higher g-axis current iq than the 12/10/12-
pole machine, i.e. 2.91A and 2.64A, respectively, as shown in Fig. 5.27(c). The 2D FE
predicted corresponding average electromagnetic torques are 0.36Nm and 0.33Nm,
respectively. The difference between 2D FE predicted corresponding average electromagnetic
torques and measured 0.28Nm is caused by end effect and friction. In both machines, phase
current and phase back-EMF have the same phase angle, which means there is no flux-

weakening due to the lower load torque due to ig=0.

Fig. 5.26. Test rig configuration (Ug:=18V, l¢.=7.5A).
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Fig. 5.27. Transient response with speed reference stepping 0-400rpm-0 with load torque
T.=0.28Nm (phase current and phase back-EMF have the same phase angle).

As for the flux-weakening performance, torque-speed curves of the two prototypes are
measured and compared with those predicted by FE, as shown in Fig. 5.28. In the constant-
torque region, 2D FE predicted torque-speed lines have slightly higher torque in both machines,
due to end effect. Also, 2D FE predicted characteristic speed is higher than that measured in

both machines, since that the end winding inductance cannot be accounted for in the 2D FE
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analysis, as aforementioned.

Good agreement can be achieved between the 3D FE

predicted and measured torque-speed

curves in Fig. 5.28. The gap between the between the 3D FE predicted and measured torques

becomes larger with the rotor speed, as the friction

goes higher. More importantly, the

24/10/12-pole machine has smaller characteristic rotor speed than the 12/10/12-pole machine,

as the former one has a higher winding inductance, Fig.
Fig. 5.20, Fig. 5.21, and Fig. 5.22.

5.25, but a similar phase back-EMF,
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Fig. 5.28. Torque-speed curves (Ugc=18V, l4c=7.5A).

The measured efficiencies versus various speed of two prototypes are shown in Fig. 5.29,
which are calculated as the percentage of the output mechanical power to the input electric

power.
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Fig. 5.29. Measured efficiencies versus varius rotor speed (Ug=18V, l¢c=7.5A).

5.5 Conclusions

In this chapter, based on the analysis of PS-FRPM machine from the perspective of the
magnetic gearing principle, a PS-FRPM machine with overlapping winding having more
sinusoidal armature excitation MMF is proposed. Based on the optimized designs for the
highest average electromagnetic torque, compared with the existing 12/10/12-pole PS-FRPM

machine,

1) The proposed 24/10/12-pole PS-FRPM machine has smaller iron loss and PM eddy

current loss, due to more sinusoidal armature excitation MMF.

2) The proposed 24/10/12-pole PS-FRPM machine has 5.56% larger open-circuit
fundamental phase flux-linkage and back-EMF, since some flux paths in the rotor iron piece
are shorter in the proposed 24/10/12-pole PS-FRPM machine as the outer stator pole number

is doubled, resulting in smaller magnetic reluctance.
3) The proposed 24/10/12-pole PS-FRPM machine has 1.53% higher torque density, due to

173



the higher phase fundamental back-EMF, but 2.77% smaller torque ripple due to 23.6%
lower cogging torque, despite of higher 51" and 7! phase back-EMF harmonics. Due to higher
torque density and lower loss, the proposed 24/10/12-pole PS-FRPM machine with integer-
slot overlapping armature winding can exhibit higher efficiency than the existing 12/10/12-

pole PS-FRPM machine with fractional-slot non-overlapping armature winding.

4) The proposed 24/10/12-pole PS-FRPM machine has 74.47% higher self-inductance and
28.46% lower mutual inductance, and hence a higher self/mutual-inductance ratio and better

capability to restrict the short-circuit current.

5) The proposed 24/10/12-pole PS-FRPM machine has 50.97% larger d-axis inductance but
only 5.17% higher PM flux-linkage, resulting in much higher flux-weakening capability.

6) The proposed 24/10/12-pole PS-FRPM machine suffers from 34.20% larger end winding
thickness, hence 11.86% larger total copper loss and 17.62% larger machine volume, 9.24%
lower torque/copper loss and 13.68% lower torque/machine volume, although the average
electromagnetic torque is 1.53% higher in the designed machine with 25mm stack length.
However, when the stack length is longer, the influence of the end-winding will be smaller.
The proposed 24/10/12-pole machine will have similar torque/copper loss and

torque/machine volume when the stack length is 287.5mm and 587.5mm, respectively.
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6 Comparison of Partitioned Stator Flux Reversal PM Machine and
Magnetically Geared Machine Operating in Static-PM and Rotating-
PM Modes

As found in Chapter 3, the partitioned stator permanent magnet (PM) machines operate
based on the magnetic gearing effect, similar to magnetic gears and magnetically geared (MG)
machines. In this chapter, the partitioned stator flux reversal PM (FRPM) (PS-FRPM)
machines and the conventional MG machines both of which have surface-mounted PMs
operating in both static-PM (STPM) type and rotating-PM (RTPM) type are comparatively
analysed in terms of electromagnetic performance. It is found that in both the PS-FRPM and
MG machines, the STPM machine has higher phase back-EMF and hence higher torque density
than its RTPM counterpart, due to higher electric frequency. However, higher iron piece
number and PM pole-pair number cause higher synchronous reactance and lower power factor
in the MG-STPM and MG-RTPM machines, as well as larger iron loss and hence lower
efficiency. Overall, the PS-FRPM machine operates in STPM mode has the highest torque
density within the whole copper loss range, the highest efficiency and also the largest power
factor. It is also found that to reduce the flux-leakage in a MG machine for obtaining a larger
electromagnetic torque and a higher power factor, smaller iron piece number and PM number
are preferred. Also, a STPM type machine is recommended to enhance the electric frequency,

and hence phase back-EMF and electromagnetic torque.

This part has been submitted to IEEE Transactions on Energy Conversion, which is under

revision.

6.1 Introduction

Based on the operation principle of conventional stator-PM machines having single stator,
as presented in Chapter 2, PMs and armature windings in the conventional FRPM machine are
separately placed in two stators to form the PS-FRPM machine with enlarged total stator areas
and hence torque density, e.g. 12/10-stator/rotor-pole PS-FRPM machine shown in Fig. 6.1.
The coil connection of the PS-FRPM machines can be referred to Fig. 1.2. As shown in Fig.
6.1, the topology of the PS-FRPM machine is similar to the MG machine illustrated in Fig. 6.2.
The coil connection of the MG machines can also be referred to Fig. 1.2. The PS-FRPM

machines can be referred to Appendix B. Indeed, the PS-FRPM machines also operate based
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on the modulation effect of iron pieces to open-circuit PM and armature excitation MMFs,
similar to the partitioned stator switched flux PM (PS-SFPM) machine presented in Chapter 3.
The modulation of the iron pieces to the open-circuit PM and armature excitation fields makes
them synchronous in the air-gaps, generating average electromagnetic torque, similar to the
MG machine shown in Fig. 6.2. Similar to a magnetic gear, the armature excitation equivalent

pole-pair pea, the iron piece number Nip and PM pole-pair number ppwm in both machines satisfy,
Nip = Pea + Prm (6.1)

However, two major differences between the PS-FRPM machine shown in Fig. 6.1 and the

conventional MG machine shown in Fig. 6.2 are,

1) In the PS-FRPM machine shown in Fig. 6.1, the PMs are static whilst the iron pieces are
rotating. However, the PMs are rotating in the MG machine as illustrated in Fig. 6.2, whilst the

iron pieces are static.

2) Although both the PS-FRPM machine shown in Fig. 6.1 and the MG machine shown in
Fig. 6.2 have the same outer stator pole number Nos=12, the same winding topology and hence
the armature excitation equivalent pole-pair pea=4, [WU15a], the iron piece number Njp and the
PM pole-pair number ppm are quite different. Similar to the conventional FRPM machines,
Nos=2ppm in the PS-FRPM machine, and Nip=Nos 2 or Nijp=Nos 1. However, in the

conventional MG machines, Nip is several times of pea.

Based on the aforementioned two differences, electromagnetic performance of the
conventional MG machine shown in Fig. 6.2, and the PS-FRPM machine shown in Fig. 6.1
operating in both static-PM (STPM) and rotating-PM (RTPM) modes will be comprehensively
compared in this paper. This chapter is organized as follows. In section 11, the magnetic gearing
effect of a conventional MG machine or a PS-FRPM machine operating in either STPM or
RTPM mode will be introduced from the perspective of modulation effect of iron pieces to
open-circuit PM and armature excitation MMFs by a simple MMF-permeance model. The
contribution of the main air-gaps harmonics to the average electromagnetic torque is also
comparatively investigated for both the conventional MG machine and the PS-FRPM machine
in section Il. In section Ill, electromagnetic performance of the conventional MG machine
shown in Fig. 6.2 and the PS-FRPM machine shown in Fig. 6.1 operating in STPM and RTPM
modes will be compared by finite element (FE) analyses. In section 1V, prototypes of both MG
machine operating in RTPM mode and PS-FRPM machine operating in STPM mode will be
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built and tested to verify the FE predicted results.

- . Cl
Armature Wlndln Inner Stator

Ad

Fig. 6.1. Cross-section of PS-FRPM machine having 12/10/6 outer stator pole / iron piece /

inner PM pole-pair.

Fig. 6.2. Cross-section of MG machine having 12/26/22 outer stator pole / iron piece / inner

PM pole-pair.

6.2 Operation Principle

In this section, firstly the magnetic gearing effect in the conventional MG machine and PS-
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FRPM machine operating in both STPM and RTPM modes is introduced based on a simple
MMF-permeance model. Then, the contribution of main air-gap field harmonics to the average

electromagnetic torque in both PS-FRPM and MG machines is analysed, as given as follows.

The air-gap permeance waveform accounting for slots between iron pieces is shown in Fig.

6.3, which can be expressed in Fourier series by,

(. (o]
P(6,0) = Po+Sip ) {Mipiecos[JeNip (6 = 2yt = ipo)]}
i=1
ip — T
sin(kN;,0,)
Mipi = Tk

where Pq is the DC component of air-gap permeance. Pjp is the peak-to-peak component of air-
gap permeance. Qjp is the mechanical angular speed of iron pieces in unit of rad/s, of which the
positive direction is anticlockwise. In RTPM machines, Qip=0. Sip is the constant in air-gap
permeance. Mipk is the Fourier coefficient of air-gap permeance determined by k. > is half of

the rotor iron piece arc.

AP
o
uY 9 T
| €3
<IN [T ) >

Fig. 6.3. Air-gap permeance waveform accounting for slots between iron pieces.
For the open-circuit PM MMF shown in Fig. 6.4, it can be expressed in Fourier series by,

r o0
Fpy(6,t) = Spy Z{MPMiSin[(Zi — Dppu (6 — Qpyt — apyo) 1}
i=1

4F
3 Vo = PMs (6.3)

M _ cos[(2i — Dppubi]
M 2i—1
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where Spw is the constant in PM MMF. Mpi is the Fourier coefficient of PM MMF waveform
determined by i. ppwm is the PM pole-pair number. Fpys is the PM MMF square waveform peak
value. 61 is the half of arc between PMs. Qpwm is the mechanical angular speed of PMs in unit
of rad/s, of which the positive direction is clockwise. In STPM machines, Qpm=0.

A FPM
FPMS___

-7t/ ppm -0 -7t/ 2pPm

-mt/2ppm £2PMLO: 7/ ppm > 6

Fig. 6.4. PM MMF.

Similarly, the armature excitation MMF waveform illustrated in Fig. 6.5 can be expressed
in Fourier series by,

( 3Sapc
Fppc(6,t) = ;BC z [MABCq sin(f)]
q=1
_ ZﬁNcIrms
aBc =
] 1 (6.4)
Mypcq = ESin(4q93)

—4q0 + w,t,q = 3r — 2
f={4q9+wet,q=3r—1
\ 0,g =3r

where Fagc is the three-phase armature excitation MMF. Fa, Fg, and Fc are the A-, B-, and C-
phase armature excitation MMFs, respectively. Sagc is a constant in armature excitation MMF.
Magcq is the Fourier coefficient of armature excitation MMF waveform determined by g. Nc is
the number of coil turns. 65 is half of outer stator tooth arc Gost plus outer stator tooth tip arc fot.

r is a positive integer mathematically. we is the rotor electrical angular speed in rad/s. The 3-
phase sinusoidal currents are calculated by (2.4).

Based on (6.2) and (6.3), the air-gap open-circuit PM fields can be calculated by,

179



BPM (9, t) = FPM (Br t)P(@, t)

(0]

= PySpm Z[MPML'COS aq]

(6.5)
SPMSip

+— z Z[MPMl-Ml-pk(cos a; + cos as)]

i=1k=1

1
1
where 4 (j=1,2,3) is given by,

where A, wj and pj/ H; are harmonics order, electric rotating speed and initial phases of air-gap
field harmonics. They are given by,

Hy = (2i = Dppu
Hy = kN, + (20 = Dppy

(6.7)
Hz = kNyp — (20 — 1)ppu
and,
w; = (2i — Dppuf2pm
wy = kN, + (20 — 1)ppmpm (6.8)
w3 = kNip‘Qip = (2i = Dppmpm
and,

B1 = i — Dppu (aPMO + %)

s
Bz = kNipaipo + (20 — Dppyapyo + 5 (6.9)
‘ s
L,Bs = kNipipo — (2i — Dppuapmo — P

respectively.
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Fig. 6.5. Armature excitation MMF.

Similarly, the air-gap armature excitation fields Basc(6, t) can be calculated from (6.2) and
(6.4), as shown in (6.10) and (6.11) when g=3r-2. When gq=3r-1, Bagcin can also be expressed

by them with the coefficient of q multiplied by ‘-1°.

Bupc(6,t) = F4pc(6,t)P(6,1)

_ 3PoVasc
2

{MABchos [4q9 — Wt + g]} (6.10)

3 VABCVZ

MS ||M8

(00}
Z MgcqMipi (cos o1 + cos 02)]
1k=1

q
where o1 and o2 are given as,

( - (k - 1)0)et + kNl ‘9 + —-
pY0 2

. (6.11)
(k + Dt + kNipy — 5
02 (k v * q) 0 kN, + 4q

\
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Table 6.1 Characteristics of Air-Gap Open-Circuit PM Flux-Density Harmonics (i=1,2,3,...)

Pole-Pairs Electric Rotating Speed
(2i = Dppy (2i = Dppul2pm
kNip + (2i — Dppy kNipQip + (20 — 1)ppmdlpy
|kNiyp — (2i = Dppu] kNipQip — (20 — D)ppuf2py

Table 6.2 Characteristics of Air-Gap Armature-Reaction PM Flux-Density Harmonics

(i=1,2,3,...)
q Pole-Pairs Electric Rotating Speed
We
4q 4q
3r-2 kN, — 4 k-1
r- I T ql kNr _ 4q e
kN, + 4 ktl
r T kN, + 4q ¢
we
4q 4q
3r-1 kN, + 4 k-1
- r T kN, +4q °
N — 4 k+1
| T ql kNT. _ 4q we

Based on the foregoing analytically deduced open-circuit and armature excitation air-gap
fields shown in (6.5) and (6.10), pole-pairs and electric rotating speed of the open-circuit and
armature excitation air-gap fields harmonics can be listed as Table 6.1 and Table 6.2,
respectively. Since the open-circuit air-gap fields harmonics listed in Table 6.1 synchronous
with those of armature excitation listed in Table 6.2 due to the modulation of iron pieces,
electromagnetic torque can be generated in both outer and inner air-gaps in both PS-FRPM and
MG machines, based on magnetic gearing principle [WU15a]. This can be evidenced by FE
predicted air-gap average electromagnetic torque proportion of main harmonics, as shown in
Fig. 6.6, Table 6.3 and Table 6.4. As listed in Table 6.3 and Table 6.4, in all the 4 analysed PS-
FRPM and MG machines operating in both STPM and RTPM modes, more than 93% of the

average electromagnetic torque is contributed by several dominant air-gap filed harmonics, i.e.
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those having pole-pairs of (2i-1)ppm (=1, 2), |kNipx(2i-1)ppm| (k=1, i=1), and |Nost(2i-1)ppm].
This is different from the conventional magnetic gear [ATAO4a], in which the average
electromagnetic torque is generated by 2 dominant air-gap filed harmonics having pole-pairs
of outer and inner PM pole-pairs. It is worth noting that the air-gap filed harmonics having
pole-pairs of |[Nost(2i-1)ppm| are due to the modulation of the outer stator slots to the open-

circuit PM and armature excitation MMFs, similar to vernier machines [QU11a].

Table 6.3 Contribution of Main Air-Gap Field Harmonics to Average Electromagnetic
Torque in PS-FRPM Machines (%)

STPM RTPM
Harmonic Order

Outer | Inner | Outer | Inner
PPm 6 1.17 108.71| -9.44 | 99.60
Nip-Prm 4 68.03 [-0.03 | 94.13 | 0.01
Nip+ppm 16 |12.36| 0.03 | -0.29 | 0.31
3ppm 18 |15.15|-8.71|16.55 | -0.17
[Nip-3ppm| 8 |[-6.73|-0.01|-9.89 | 0.00
Nip+3ppm 28 3.44 1001 | 3.63 | 0.07
Nos+ppm 18 - - - -
|Nos-ppwm| 6 - - - -
SUM - 193.42|~100 | 94.69 | 99.82
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Fig. 6.6. Air-gap average electromagnetic torque proportion of main harmonics.
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Table 6.4 Contribution of Main Air-Gap Field Harmonics to Average Electromagnetic
Torque in MG Machines (%)

STPM RTPM

Harmonic Order
Outer | Inner | Outer | Inner
Pem 22 |-6.87(99.85| -6.98 | 99.83
Nip-pem 4 199.17| 0.01 | 98.04 | -0.04
Nip+ppm 48 |-1.53]0.00 | -1.92 | 0.04
3ppm 66 0.03 |-0.01| 0.01 | 0.02
[Nip-3ppm| 40 | 0.47 | 0.00 | 0.59 |-0.00
Nip+3ppm 92 |-0.03|-0.00|-0.06 | -0.00
Nost+ppm 34 | 7.06 | 007 | 659 | 0.08
INos-Pem| 10 | 0.20 |-0.05| 0.12 | -0.05
SUM - 98.51 {99.87| 96.39 | 99.88

6.3 Electromagnetic Performance

In the foregoing analysis, it is found that the PS-FRPM machine and the MG machine have
the same operation principle, operating based on the modulation effect of iron pieces to open-
circuit PM and armature excitation MMFs. In this section, the electromagnetic performance of
PS-FRPM and MG machines operating in both STPM and RTPM modes will be comparatively
analysed. Their design parameters are shown in Table 6.5, of which the parameters can be
referred in the linear illustration shown in Fig. 6.7. Parameters from Nos to lows in Table 6.5 are
fixed for each machine, whilst those from Roy t0 Oipo are optimized for the highest average
electromagnetic torque with a fixed copper loss pcw=20W, under zero d-axis current control, i.e.
phase current and phase back-EMF have the same phase angle. It should be noted that in the
optimization the PM volume is fixed as 13414.6mm?, similar to the PS-FRPM-STPM machine
in [ZHU15a].
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Table 6.5 Design Parameters of PS-FRPM and MG Machines

Parameters Unit | PS-FRPM MG
Operation modes - |STPM|RTPM|STPMRTPM
Stack length, Ls mm 25
\Winding body outer radius, Roo mm 45
PM body inner radius, Rii mm 10.4
Outer air-gap width, go mm 0.5
Inner air-gap width, g; mm 0.5
\Winding body tooth tip top length, lott | mm 0.5
\Winding body tip bottom length, lot mm 2
\Winding body yoke radius, Roy mm 43 | 425 | 435 | 435
\Winding body inner radius, Roi mm 31 32 34 | 335
Iron piece inner edge radius, Ripi mm | 26.5 | 27 32 | 315
Winding body tooth arc, ot < 7 9 5 5
\Winding body tooth tip arc, fotip ° 3 4 8 8
Iron piece outer edge arc, ipo ° 23 23 11 11
Iron piece inner edge arc, Gipi < 24 | 265 | 85 | 85
PM remanence, Brpm T 1.2
PM relative permeability, urpm - 1.05
PM bulk conductivity, xpm s/m 625000
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Fig. 6.7. Hllustration of design parameters in PS-FRPM and MG machines.
6.3.1 Open-circuit flux-linkage and back-EMF

Fig. 6.8 illustrates the open-circuit flux distribution at d-axis rotor position. Compared with
the PS-FRPM machines, the MG machines suffer from more severe flux-leakage between iron
pieces and PMs, of which the corresponding flux line does not cross armature teeth. This is due
to higher iron piece number and also PM pole-pair number. As a consequence, the MG-STPM

and MG-RTPM machines have lower phase flux-linkages, as shown in Fig. 6.9.

However, due to higher iron piece number and also PM pole-pair number, the MG-STPM
and MG-RTPM machines exhibit larger fundamental phase back-EMFs than the PS-FRPM-
STPM and PS-FRPM-RTPM machines, respectively, as shown in Fig. 6.10, even the
fundamental phase back-EMFs in the MG-STPM machine is higher than the PS-FRPM-STPM
machine. More importantly, it can be observed that the PS-FRPM-STPM machine has larger
fundamental phase back-EMF than the PS-FRPM-RTPM machine, although the flux-linkage
of the PS-FRPM-STPM machine is even lower. This is due to that the 66.67% higher electric
frequency in the PS-FRPM-STPM machine than the PS-FRPM-RTPM machine, as Nip>ppm.
Similar trend can be observed between the MG-STPM and MG-RTPM machines. However,
the electric frequency in the MG-STPM machine is only 18.2% higher than the MG-RTPM

machine.
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Fig. 6.9. Open-circuit phase A flux-linkage waveforms (Nc=1).

As shown in (6.1), Njp is typically larger than ppm. Therefore, for obtaining a higher phase
back-EMF and hence electromagnetic torque, not only smaller iron piece number and PM
number are needed to reduce the flux-leakage, but also a STPM type machine is recommended

to enhance the electric frequency.
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Fig. 6.10. Open-circuit phase A back-EMFs (N¢=1, 400rpm).
6.3.2 Torque characteristics

On-load average electromagnetic torque versus current angle for the four analysed machines
are illustrated in Fig. 6.11. It can be observed that the reluctance torque of all these machines
are negligible due to similar d- and g-axis inductances Lq and Lq, which will be shown later.

Therefore, zero d-axis current control, i.e. phase current and phase back-EMF have the same
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phase angle, is applied to all of them, in brushless AC mode. The rated on-load electromagnetic
torque waveforms with same copper loss pcu=20W are comparatively shown in Fig. 6.12, of
which the characteristics are listed in Table 6.6. Generally, the STPM machines have higher
torque density than their RTPM counterparts for both the PS-FRPM and MG machines, due to
the higher fundamental phase back-EMF caused by Nix>ppm. However, the MG-RTPM
machine has the smallest torque ripple. The PS-FRPM-RTPM machine exhibits the worst
torque characteristics, i.e. the lowest average torque and the largest torque ripple due to
unbalanced magnetic circuit. In Table 6.6, the torque ripple T, is defined as,

Tonax — T
T, =2 T % 100% (6.12)
Tavg
where Tmax, Tmin @nd Tayg are the maximum, minimum, and average electromagnetic torque,

respectively.

Fig. 6.13 shows the average electromagnetic torque versus copper loss. It can be observed
that within the whole copper loss range, the PS-FRPM-STPM machine exhibits the highest
torque density, whilst the PS-FRPM-RTPM machine suffers from the smallest values.
Although the PS-FRPM-STPM machine suffers from 6.98% lower fundamental phase back-
EMF than the MG-STPM machine, as shown in Fig. 6.10, the torque density is slightly higher
by 1.81%. This is due to the 19.39% larger half slot area in PS-FRPM-STPM machine than the
MG-STPM machine, i.e. 76.65mm? and 91.51mm?2. More importantly, the average torque
difference between the PS-FRPM-STPM and MG-STPM machines becomes higher with

copper loss, since the MG-STPM having thinner iron piece is easier to be saturated.
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Fig. 6.11. Average torque versus current angle (BLAC, pcu=20W).

Table 6.6 On-Load Torque Characteristics of MG Machines

Item Unit | PS-FRPM MG
Operation mode | - |STPM|RTPM|STPM |RTPM
Tavg Nm | 2.82 | 152 | 277 | 2.34
Tmax Nm | 3.09 | 1.80 | 291 | 2.37
Tmin Nm | 256 | 1.25 | 2.62 | 2.30
Ty % | 18.56 | 35.92 | 10.43 | 3.01
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Fig. 6.12. On-load electromagnetic torque waveforms (BLAC, phase current and phase back-
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Fig. 6.13. Average electromagnetic torque versus copper loss (BLAC, phase current and

phase back-EMF have the same phase angle).

6.3.3 Loss and efficiency

Fig. 6.14 and Fig. 6.15 show the iron loss and PM eddy current loss versus rotor speed,
respectively. Due to higher electric frequency, the MG-STPM and MG-RTPM machines suffer
from higher iron loss pir than the PS-FRPM-STPM and PS-FRPM-RTPM machines. However,
the PM eddy current loss ppme of the MG-STPM and MG-RTPM machines are smaller than the
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PS-FRPM-STPM and PS-FRPM-RTPM machines. This is due to the smaller PM bulk volume
in the MG-STPM and MG-RTPM machines having higher PM pole-pair number. It is worth
noting that, when the rotor speed is 400rpm, both the iron loss pir and the PM eddy current loss
pem are much smaller than the copper loss pcu=20W. This is why in the optimization, the iron
loss and PM eddy current loss is not accounted. In Fig. 6.14, the iron loss is calculated by FE

software Ansys/Maxwell based on equation (4.8).
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Fig. 6.15. PM eddy current loss versus rotor speed.
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Table 6.7 Torque, Loss, Efficiency Characteristics of PS-FRPM and MG Machines at

400rpm
Item Unit PS-FRPM MG
Operation mode - |STPM|RTPM|STPM|RTPM
Tavg Nm | 282 | 152 | 277 | 2.34
Pem W |118.3| 63.6 |116.2| 98.0
Pir W 1.7 1.2 2.9 2.6
PPme W | 0.096 | 0.107 | 0.034 | 0.034
Pout W |116.5| 62.3 |113.2| 954
Tout Nm | 2.78 | 1.49 | 2.70 | 2.28
Y, mm? 159043
Pout/V W/m? 732665(391960(712025599587
Tout/V Nm/m3| 17491 | 9357 | 16998 | 14314
Peu w 20
Pin W |138.3| 83.6 | 136.2 | 118.0
n % |84.24|74.53 | 83.13|80.83

Table 6.7 lists torque, loss, efficiency characteristics of the analysed four machines at
400rpm. Generally, the STPM machines can exhibit higher torque density and efficiency than
the RTPM machines, in spite of larger iron loss due to higher electric frequency. The power
density of the PS-FRPM-STPM and MG-STPM machines can reach 732665 and 712025 W/m?,
respectively. In Table 6.7, Tay is the average electromagnetic torque. Pem is the average
electromagnetic power. Pout and Tout are the average output torque and power, respectively. V
is the machine volume. It is worth noting that the efficiency # in Table 6.7 is calculated based
on (4.9).
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6.3.4 Winding inductances

Table 6.8 lists self-inductance and mutual-inductance of the four MG machines. They have
similar mutual-inductance, whilst the PS-FRPM-STPM machine has smaller self-inductance
than the others three machines, as well as d- and g-axis inductances. As shown in Table 6.8, in
all the four analysed machines, d- and g-axis inductances are similar and hence the reluctance
torques are negligible, as shown in Fig. 6.11. This is due to the d- and g-axis similar magnetic

paths via iron pieces and inner PM body.

Table 6.8 Inductances PS-FRPM and MG Machines

Item Unit| PS-FRPM MG

Operation mode - STPMRTPMSTPMRTPM

Self-inductance, Laa mH| 0.17 | 0.21 | 0.22 | 0.23

Mutual-inductance, Mga |mH|-0.08 |-0.09 |-0.10|-0.10

Mutual-inductance, Mca |mH|-0.08 |-0.09 |-0.10|-0.10

d-axis inductance, Lqg mH| 0.23 | 0.30 | 0.33 | 0.33

g-axis inductance, Lg |mH| 0.26 | 0.30 | 0.32 | 0.33

Based on the phasor diagram shown in Fig. 6.16 in which phase resistance voltage drop is
neglected, the power factors of the four analysed machines can be calculated as the cosine value
of the angle between Upn and I, as listed in Table 6.9. In Fig. 6.16, Eph is the open-circuit phase
back-EMF. Uph is the on-load phase terminal voltage. Xq is the g-axis reactance. lq is the g-axis
current. All of these parameters are in per unit (p.u.) value. As listed in Table 6.9, the PS-
FRPM-STPM machine has similar power factor as its RTPM counterpart, and the MG-STPM
and MG-RTPM machines have similar power factor as well. However, due to higher electric
frequencies, the MG-STPM and MG-RTPM machines suffer from lower power factor. This

makes challenges to the inverter power rating.
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Table 6.9 Synchronous Reactance and Power Factor of PS-FRPM and MG Machines at
400rpm

Item PS-FRPM MG

Operation mode STPMRTPMSTPMRTPM

Synchronous reactance | 0.58 | 0.62 | 0.90 | 0.90

Power factor 0.81|0.78 | 0.45 | 0.43
Upn=1+j0
@)
jquq
1=l

Fig. 6.16. Phasor diagram when phase current and phase back-EMF have the same phase

angle.

6.4 Experimental Validation

In the foregoing analysis, electromagnetic performance of the PS-FRPM machine and the
conventional MG machine operating in both STPM and RTPM modes are comprehensively
compared by FE analyses. FE results show that the PS-FRPM machine operating in STPM
mode exhibits the highest torque density, efficiency, and power factor. The experiment results
of the PS-FRPM-STPM prototype machine have been reported in [ZHU15a]. Here, the MG-
RTPM machine is built and the phase back-EMF, static torque, and winding inductances
including both self- and mutual-inductances are tested. These measured results will be
presented together with comparison to those of the PS-FRPM-STPM prototype to verify the
FE predicted results.

Fig. 6.17 and Fig. 6.18 show the pictures of the two prototypes, respectively. Both prototypes
are wound with number of turns per phase Nac=72. It is worth noting that to ease manufacturing,
the PM thickness is modified to 4mm in both machines. Also, for easier assembling the rotor
iron pieces, an iron bridge of thickness Twri=0.5mm is introduced adjacent to the inner air-gap

to connected iron pieces in both prototypes.
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(a) Stator (b) Static iron pieces (c) Rotor

Fig. 6.17. Photos of MG-RTPM prototype machine.

(a) Outer stator (b) Cup-rotor (c) Inner stator

Fig. 6.18. Photos of PS-FRPM-STPM prototype machine.

Fig. 6.19 show the comparison of the measured and 2D FE predicted phase back-EMFs,
from which it can be observed that 2D FE predicted values are slightly lower than the measured
ones due to end effect in both machines. As shown in Fig. 6.19, the measured phase back-EMF
of the PS-FRPM-STPM prototype is more than twice of that of the MG-RTPM prototype. It is
worth noting that the phase fundamental back-EMF dropped 53.83% in the MG-RTPM
machine, due to the introduction of the 0.5mm iron bridge for the static iron pieces which is
one third of the total thickness of iron pieces, i.e. 1.5mm.
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Fig. 6.19. Comparison of measured and FE predicted phase back-EMFs in MG-RTPM and
PS-FRPM-STPM machines at 400rpm.

Fig. 6.20 shows the comparison of the measured and 2D FE predicted static torque
waveforms. As for the peak static torque, the comparison between the measured and 2D FE
predicted results under different phase A current Ia is shown in Fig. 6.21. Again, the 2D FE
predicted and measured static torques agree well with each other, although the 2D FE predicted

results are slightly smaller in both prototypes due to end effect. As shown in Fig. 6.20 and Fig.
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6.21, the measured static torque of the PS-FRPM-STPM prototype is higher than that of the
MG-RTPM prototype. Nevertheless, the MG-RTPM prototype is easier to be saturated than
the PS-FRPM-STPM prototype, as predicted by FE in Fig. 6.13. It is worth noting that in the
measurement of static torque, three-phase currents I, Ig, and Ic are set as Ia=-21g=-2Ic.
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Fig. 6.20. Comparison of measured and FE predicted static torques (Ia=-2lg=-2Ic).

The end-effect coefficient of two prototypes versus various phase A current lIa is shown in
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Fig. 6.22, which is defined as the ratio of the measured peak static torque to the 2D FE predicted
values. It is worth noting that, the end effect coefficient higher than 100% for the MG-RTPM

machine at 5A is due to the eccentricity of the prototype which cause higher measured torque

than the 2D predicted values, as shown in Fig. 6.20(a).
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Fig. 6.21. Comparison of measured and FE predicted peak static torques versus various phase
A current I (1a= -21g=-2I¢).
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Fig. 6.22. Influence of phase A current I on end effect coefficient in two prototypes (Ia= -

21p= -21c).

For the winding inductances including both self- and mutual-inductance, the comparison
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between the 2D FE predicted values and those measured by LCR meter are shown in Fig. 6.23.
It is worth noting that the self-inductance shown in Fig. 6.23 is directly measured by the LCR

meter, whilst the mutual-inductance between phase A and B, Mga is calculated by,

L —Lys—1L
MBA — A+B ZAA BB (6.13)

where Lag is the measured self-inductance when the windings of phase A and phase B are
serially connected. Laa is the measured self-inductance of phase A winding. Lgg is the measured

self-inductance of phase B winding.

As can be observed from Fig. 6.23, the mutual-inductance predicted by 2D FE and those
calculated based on (6.13) agree well with each other in both prototypes. However, the 2D FE
predicted self-inductance is slightly smaller than the measured one. This can be explained as
follows. Since the 2D FE predicted self-inductance cannot account for the end winding
inductance, it is slightly smaller than that measured by LCR meter. However, this influence
can be eliminated based on (6.13) for the calculation of the mutual-inductance between phase
A and B, Mga. Therefore, the 2D FE predicted mutual-inductance and that calculated based on

on (6.13) agree well with each other in both prototypes.

It is worth noting that the FE predicted and measured inductances shown in Fig. 6.23 are
obtained at a low phase current, i.e. 0.1A. The d- and g-axis inductances of both prototypes at
rated condition are also tested based on the standstill frequency response method [WIE974a].
The d- and g-axis inductances Lq and Lq can be obtained as the values of the inductance Las,
i.e. the self-inductance when the windings of phase A and phase B are oppositely connected,
at d- and g-axis positions, respectively [WIE97a]. As shown in Fig. 6.24, the measured
inductance Las is slightly higher than the 2D FE predicted values again in both prototypes due

to the end winding inductance, and hence Lq and L.
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6.5 Conclusions

The PS-FRPM and MG machines operating in STPM and RTPM modes are comparatively
analysed in this paper. It is found that in both the PS-FRPM and MG machines, the STPM
machine has higher phase back-EMF and hence torque density than its RTPM counterpart, due
to higher electric frequency. However, higher iron piece number and PM pole-pair number
cause higher synchronous reactance and lower power factor in the MG-STPM and MG-RTPM
machines, as well as larger iron loss and hence lower efficiency. Overall, the PS-FRPM
machine operating in STPM mode has the highest torque density within the whole copper loss
range, the highest efficiency and also the largest power factor. It is also found that to reduce
the flux-leakage in a MG machine for obtaining a larger electromagnetic torque and a higher
power factor, smaller iron piece number and PM number are preferred. Also, a STPM type
machine is recommended to enhance the electric frequency, and hence phase back-EMF and

electromagnetic torque.
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7 General Conclusions and Future Work

7.1 Summary

In this thesis, the operation and interaction mechanisms between the open-circuit and
armature excitation magnetomotive forces (MMFs) in the conventional single-stator-PM
machines are firstly explained as the magnetic gearing effect. It is found that the conventional
single-stator-PM machines operate based on the magnetic gearing effect, similar to magnetic
gears and magnetically geared (MG) machines. It is also found that similar to the magnetic
gears and MG machines, as well as the conventional single-stator-PM machines, the

partitioned-stator-PM machines also operate based on the magnetic gearing effect.

Based on the magnetic gearing effect in the partitioned-stator-PM machines, consequent-
pole PM topology and overlapping armature winding topology are applied to reduce the PM
volume and obtain more sinusoidal armature excitation MMF, respectively. Compared with the
surface-mounted PM topology, the partitioned stator flux reversal PM (FRPM) (PS-FRPM)
machines having consequent-pole PMs can save ~1/3 PM volume, whilst the torque density
and efficiency are similar. As for the PS-FRPM machine with overlapping armature windings,
it exhibits smaller iron loss and PM eddy current loss due to more sinusoidal armature
excitation MMF, larger open-circuit fundamental phase flux-linkage and back-EMF and hence

higher torgue density, higher efficiency, etc.

Comparative analysis between the PS-FRPM machine and the conventional MG machine
both of which have surface-mounted PMs show that the PS-FRPM machine operating at static
PM (STPM) mode has higher torque density within the whole copper loss range, higher
efficiency and also larger power factor than the MG machine operating in rotating PM (RTPM)
mode. It is also found that to reduce the flux-leakage in a MG machine for obtaining a larger
electromagnetic torque and a higher power factor, smaller iron piece number and PM number
are preferred. Also, a STPM type machine is recommended to enhance the electric frequency,
and hence phase back-EMF and electromagnetic torque.

7.2 Magnetic Gearing Effect in Single- and Partitioned-Stator-PM Machines

Based on a simple MMF-permeance model, the pole-pair numbers and rotating speeds of the

open-circuit and armature excitation air-gap fields in switched flux PM (SFPM) machines are
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analytically obtained and verified by finite element analysis. Based on the analysis of open-
circuit and armature excitation air-gap fields, it is found that similar to magnetic gears and MG
machines, SFPM machines operate based on the modulation effect of the rotor to the open-
circuit and armature excitation MMFs. After modulation, the open-circuit and armature
excitation air-gap field harmonics are multi-synchronised, generating average electromagnetic
torque in the air-gap. It is also found that more than 95% of the average electromagnetic torque
in SFPM machines having Nr-pole rotor and pem-pole-pair PMs are contributed by the
dominant rotating air-gap field harmonics with the same pole-pair number of |kN2i-1)ppw|
(k=1, i=1, 2, 3) and static air-gap field harmonics with the same pole-pair number of (2i-1)ppm

(i=1, 2, 3). The analysis is also applicable for other types of stator-excitation machines.

Similarly, based on the analysis of the open-circuit and armature excitation air-gaps field
harmonics, it is found that the partitioned stator PM machines also operate based on the
magnetic gearing effect. The modulation of the rotor iron pieces to the open-circuit and
armature excitation MMFs is similar to magnetic gears and MG machines, as well as the single-
stator-PM machines. It is also found that more than 93% of the electromagnetic torques in the
PS-SFPM machines having N¢-pole rotor and ppm-pole-pair PMs generated in both the outer
and inner air-gaps is contributed by the dominant rotating field harmonics in open-circuit and
armature excitation fields with the same pole-pair number of [kN,H2i-1)pem| (k=1, i=1, 2, 3)

and static field harmonics with the same pole-pair number of (2i-1)pem (i=1, 2, 3).

7.3 Partitioned Stator Flux Reversal PM Machines

Based on the magnetic gearing effect in the conventional single-stator-PM machines, PMs
and armature windings in FRPM machines are separately placed in the inner and outer stators,
respectively, forming PS-FRPM machines having higher torque density than the conventional
single stator FRPM machines. As the partition-stator-PM machines also operate based on the
magnetic gearing effect, consequent-pole pole PM topology and overlapping armature winding
topology are applied in partitioned-stator-PM machines to reduce the PM volume and obtain
more sinusoidal armature excitation MMF, respectively. They are summarized and compared

as follows.
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7.3.1 Basic topology having surface-mounted PMs and non-overlapping armature

windings

As for the basic topology of PS-FRPM machines having surface-mounted PM and non-
overlapping armature windings, they can exhibit higher torque density than the conventional
single stator FRPM machines having surface-mounted PMs and non-overlapping armature
windings, which can be referred to the Appendix B. The investigation of the influence of rotor
pole numbers in a 12-stator-pole PS-FRPM machine shows that amongst the 12/10-, 12/11-,
12/13- and 12/14-stator/rotor-pole PS-FRPM machines, the 11-rotor-pole and 13-rotor-pole
machines exhibit larger back-EMF and hence electromagnetic torque as well as lower cogging
torque and torque ripple, albeit with potentially higher unbalanced magnetic force due to odd
rotor pole numbers. In addition, the investigation of the influence of leading design parameters
shows that in PS-FRPM machines electromagnetic torque increases and saturates with the PM
thickness, whilst for the conventional FRPM machines, there will be an optimal PM thickness

for the maximum torque.

7.3.2 Developed topology having consequent-pole PMs and non-overlapping armature

windings

As for the developed PS-FRPM machine having consequent-pole PMs and non-overlapping
armature windings, they have ~1/3 less PM volume but similar torque density and efficiency,
compared to those with basic topologies having surface-mounted PMs. The investigation of
the influence of different stator/rotor pole combinations on electromagnetic performance shows
that the 12-stator-pole PS-FRPM machine having 10-, 11-, 13- and 14-rotor-pole with
consequent-pole PMs can generate 98.59%, 96.69%, 95.50% and 97.15% torque density of
their corresponding surface-mounted PMs counterparts, respectively, whilst the PM volume
can be saved by 28.33%, 30%, 30% and 33.33%, respectively. The PS-FRPM machines with
consequent-pole PMs can exhibit less than 1% lower efficiency than their corresponding

surface-mounted PM counterpart.

7.3.3 Developed topology having surface-mounted PMs and overlapping armature

windings

Compared with the basic topology having surface-mounted PMs and non-overlapping
armature windings, the developed PS-FRPM machine having surface-mounted PMs and

overlapping armature windings has smaller iron loss and PM eddy current loss, due to the more
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sinusoidal armature excitation MMF. The overlapping PS-FRPM machine also has larger open-
circuit fundamental phase flux-linkage and back-EMF and hence torque density, higher self-
inductance and lower mutual inductance, and hence a higher self/mutual-inductance ratio and
better capability to restrict the short-circuit current, larger d-axis inductance but similar higher
PM flux-linkage, and hence higher flux-weakening capability. However, the overlapping PS-
FRPM machine suffers from larger end winding thickness and hence larger total copper loss
when the machine stack length is short. However, when the stack length is longer, the influence
of the end-winding will be smaller.

7.3.4 Comparison of conventional FRPM machine and PS-FRPM machines with basic

topology and developed topologies

Fig. 5.16 show the average torque compasion for the 12/10-pole conventional single stator
FRPM machine having surface-mounted PMs and non-overlapping armature windings, PS-
FRPM machines having surface-mounted PMs and non-overlapping armature windings
referred to Appendix B, consequent-pole PMs and non-overlapping armature windings (CPM)
analysed in Chapter 4, and surface-mounted PMs and overlapping armature windings analysed
in Chapter 5. As shown in Fig. 5.16 and listed in Table 4.4, all the PS-FRPM machines with
the basic topology and the developed topology have more than 84.5% higher torque density
when they have the same PM volume 13414.6 mm?3. As for the three PS-FRPM machines, their
torque densities are similar, even in the whole copper loss range as shown in Fig. 7.2. However,
it is worth noting that compared with the basic topology, the PM volume can be saved by ~1/3
in the consequent-pole PM counterpart. As for the ovaerlapping counterpart, it has more
sinsoidual armature excitation MMF and hence smaller losses and higher efficiency, higher
self/mutual-inductance ratio and better capability to restrict the short-circuit current, higher

flux-weakening capability.
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Fig. 7.1. Comparison of average torque for the 12/10-pole conventional single stator FRPM
machine having surface-mounted PMs and non-overlapping armature windings (FRPM), PS-
FRPM machines having surface-mounted PMs and non-overlapping armature windings (PS-
FRPM), consequent-pole PMs and non-overlapping armature windings (CPM), and surface-
mounted PMs and overlapping armature windings (overlapping) having same PM volume
(pcu=20W, BLAC, phase current and phase back-EMF have the same phase angle).

Table 7.1 Comparison of Torque Characteristics for the Four Machines in Fig. 5.16

Item Unit | FRPM | PS-FRPM | CPM | Overlapping
Average Torque, Tavg Nm 1.51 2.83 2.79 2.87
Maximum Torque, Tmax Nm 1.72 3.10 2.87 3.06
Minimum Torque, Tmin Nm 1.31 2.56 2.69 2.67
Torque ripple, Tr % 27.65 18.95 6.62 13.71

209



N
T

Torque (Nm)

N
T

——6— FRPM
—&— PS-FRPM
—— CPM
—— Qverlapping

80 100

0 20

40 60
Copper loss (W)

Fig. 7.2. Comparison of torque versus copper loss for the 12/10-pole conventional single
stator FRPM machine having surface-mounted PMs and non-overlapping armature windings
(FRPM), PS-FRPM machines having surface-mounted PMs and non-overlapping armature
windings (PS-FRPM), consequent-pole PMs and non-overlapping armature windings (CPM),
and surface-mounted PMs and overlapping armature windings (overlapping) having same PM
volume (BLAC, phase current and phase back-EMF have the same phase angle).

7.4 Future Work

As for the stator-PM machines including both the single-stator-PM and partitioned-stator-
PM machines, based on the analysed magnetic gearing effect, the proposed future research

includes:

e The parasitic effect contribution of the air-gap field harmonics;
e Influence of gear ratio on the electromagnetic performance;

e Investigation of new machine topologies based on magnetic gearing effect.

Specifically, the partitioned-stator-PM machines suffer from the high manufacturing cost
due to the two air-gaps and the cup rotor. Further research on reducing the manufacturing cost
of the partitioned-stator-PM machines can be conducted. More importantly, the research on
stress analysis of the rotor iron pieces and the effort to reduce the force can be conducted, which

is also benefical for manufacturing.
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Appendix A Air-Gap MMF and Field Harmonics of Armature Excitation
in 12-Stator-Pole SFPM Machines Having 11-, 13- And 14-Rotor-Pole

Rotors

Fig. A.1 illustrates the air-gap MMF of armature excitation in 12/11-pole SFPM machine
accounting for the stator saliency. For 12/13- and 12/14-pole SFPM machines, the air-gap
magnetomotive forces (MMFs) of armature excitation waveforms are similar to those of 12/11-
and 12/10-pole SFPM machines, except the exchanging of B- and C-phase MMFs.

The Fourier series expansion of the air-gap MMF in 12/11-, 12/13- and 12/14-pole SFPM
machines are given by (A.1)-(A.3).

Fig. A.1 Air-gap MMF of armature excitation in 12/11-pole SFPM machine accounting for
the stator saliency.
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For the 11-rotor-pole one, when q=6r-5 (g=1, 7, 13,...) Basc is given by (A.4) and (A.5).
When g=6r-1 (g=5, 11, 17,...), Basc can also be expressed by (A.4) and (A.5) with the
coefficient of g multiplied by “-1”.
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Table A.1 Characteristics of Armature Excitation Air-Gap Flux Density Elements in 12/11-
Pole SFPM Machines
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For the 13-rotor-pole one, when q=6r-5 (g=1, 7, 13,...) Basc is given by (A.6) and (A.7).
When g=6r-1 (g=5, 11, 17,...), Basc can also be expressed by (A.6) and (A.7) with the
coefficient of g multiplied by “-1”.
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Table A.2 Characteristics of Armature Excitation Air-Gap Flux Density Elements in 12/13-
Pole SFPM Machines
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For the 14-rotor-pole one, when q=3r-2 (g=1, 4, 7,...), Basc is given by (A.8) and (A.9).
When g=3r-1 (g=2, 5, 8,...), Basc can also be expressed by (A.8) and (A.9) with the coefficient
of g multiplied by “-1”.

Bypc(6,t)
3P, S,pc N T
= OZABC Z {MABchos [4q9 + N,.02,t — E]}
q=1 (A.8)
38,5085 o o
AZC 2 Z Z [MABCqMZk(cos 0, + cos 02)]
q=1k=1
( [ |
(k = DNyt + kN,6y + 7
o, = (kN, + 4q) |6 — kN, T 4g
'
{ - - (A.9)
(k + DNyt + kN, 6y —
0 = (kN — 49) [0 — ——
\ T q

Table A.3 Characteristics of Armature Excitation Air-Gap Flux Density Elements in 12/14-
Pole SFPM Machines
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Appendix B Partitioned Stator Flux Reversal Permanent Magnet

Machine

B.1 Introduction

In this appendix, for increasing the torque density of flux reversal permanent magnet (PM)
(FRPM) machines shown in Fig. B.1(a), a partitioned stator FRPM (PS-FRPM) machine is
introduced, as shown in Fig. B.1(b), based on the concept of a novel electrical machine having
a separate PM excitation stator proposed in [EVA15a]. The PS-FRPM machine has two stators,
I.e. one stator having the armature windings and another stator having the PMs. In Fig. B.1(b),
the armature windings are on the outer stator, while the PMs are on the inner stator. Compared
with the conventional double-stator configuration, the PMs and the armature windings in PS-
FRPM machines are geometrically separated. The inner stator of PS-FRPM machine becomes
a typical surface-mounted PM configuration and is much easier to make and cool since the
PMs are physically separately from the armature windings but remain stationary.

This appendix is organized as follows. The operation principle of the PS-FRPM machine
will be introduced in section B.2. In section B.3, different stator/rotor pole combinations of PS-
FRPM machines are investigated in terms of quantitatively compared. In section B.5, the
influence of PM thickness on average electromagnetic torque is investigated in both the PS-
FRPM and conventional FRPM machines when both types of machines are optimized. The
experimental validation based on two prototype machines is presented in section B.6 followed

by the conclusions.

B.2  Operation Principle

The 12/10-stator/rotor-pole PS-FRPM machine is illustrated in Fig. B.1(b), where PMs and
armature windings are physically separated. The inner stator with surface-mounted PMs is
similar to the rotor of a conventional surface-mounted PM machine [1]. Therefore, it is easy to
mount the PMs in the PS-FRPM machine. Furthermore, the number of magnets in the PS-
FRPM machine is half of the magnet number in conventional FRPM machines, since the
adjacent two PMs having the same polarity become one single piece. This further eases the
manufacturing. Between the outer stator and the inner stator, the rotor iron pieces are

sandwiched.
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Despite various differences between the PS-FRPM and conventional FRPM machines, they
still share the same operation principle. In PS-FRPM machine, the rotor position & in electric
degrees can be given by (B.1), where N is rotor pole number and 6n is rotor position in
mechanical degrees.

0. = N0y, (B.1)

PM

PM

Outer stator

(b) PS-FRPM machine

Fig. B.1. Cross-sections of 12/10-pole FRPM and PS-FRPM machines.
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Fig. B.2. Open-circuit flux distributions of 12/10 stator/rotor-pole PS-FRPM machine at four

typical rotor positions.

For a 12/10 stator/rotor pole PS-FRPM machine, as shown in Fig. B.2(a), when 6.=0, the
phase A flux-linkage of @a reaches positive maximum. After the rotor rotates to 90 “electric
degrees, Fig. B.2(b), the PM flux is short-circuited and @»a=0. When 6.=180< Fig. B.2(c), ®a
becomes negative maximum. @a is 0 again when 6.=270< Fig. B.2(d). Therefore, a bipolar

phase flux-linkage can be obtained in a PS-FRPM machine.
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The flux-linkage waveforms and spectra of coils Al, A2 and their sum (half of phase A) of
the 12/10-pole PS-FRPM machine are shown in Fig. B.9. N¢ is the number of turns in each
armature coil. Although there are even flux-linkage harmonics in coils Al and A2, they will be
cancelled when Al and A2 are connected in series.
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Fig. B.3. Flux-linkages of coils A1, A2 and their sum (half of phase A) in 12/10-pole PS-
FRPM machine, Nc=1.
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B.3 Stator and Rotor Pole Combinations

The influence of stator and rotor pole number combinations on electromagnetic performance
is investigated based on 12-stator-pole PS-FRPM machines. Theoretically, for a 3-phase
machine, there are a lot of feasible combinations of stator and rotor pole numbers in PS-FRPM
machines. For Ns/N-stator/rotor-pole PS-FRPM machine, the pitch factor of each coil can be
given by (B.2), in which the fundamental pitch factor kpy increases when the stator and rotor
pole numbers differ less. Therefore, to obtain a larger fundamental pitch factor, 12-stator-pole
PS-FRPM machines having 10-, 11-, 13- and 14-rotor-pole are selected for analysis in this

section.

kp, = cos[vn(% - 1] (B.2)

N

where v is the harmonic order. Ns is the stator pole number.

In order to connect the armature coils belong to the same phase appropriately, coil back-
EMF vectors of these four PS-FRPM machines are obtained and shown in Fig. B.4. The open-
circuit flux distributions of these optimal designs are given in Fig. B.5.

All these four 12-stator-pole PS-FRPM machines are optimized for the maximum torque
when having 45mm outer radius, 10.4mm inner radius, 25mm effective axial length, 20W rated
copper loss. It should be noted that for a fair comparison, the PM volume of PS-SPM machines
are set to be the same with the conventional 12/10-pole FRPM machine. The parameters of the

conventional 12/10-pole FRPM machine will be given later.

The design parameters of the PS-FRPM machines are illustrated in Fig. B.6 while their
optimal values are listed in Table B.1. In Table B.1, the parameters from Ls to lot are fixed, as
well as 6pm=30< whilst those from Rosy to 6ri are optimized parameters. The influence of
leading design parameters, such as air-gap radius, rotor pole radial thickness and pole arcs, on
the electromagnetic torques in 12-stator-pole PS-FRPM machines with 10-, 11-, 13- and 14-
rotor-poles are illustrated and analysed as follows.
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Fig. B.4. Coil back-EMF vectors for 12-stator-pole PS-FRPM machines with different rotor

pole numbers.

243



LRI

1

AT
4 @m\ﬂgﬂmg}k

ey
TS
&z

e

=0
wswv

AU Ery =g

& }"’

VA
4‘{{‘,’4‘

(c) 13-rotor-pole rotor

l
e T [ S
Pt
ol
Aﬂr
o

(b) 14-rotor-pole rotor

Fig. B.5. Open-circuit flux distributions of 12-stator-pole PS-FRPM machines with different

rotor pole numbers (6e=09).

244



Table B.1 Design Parameters of 12-Stator-Pole PS-FRPM Machines

Parameters Unit Value
Rotor pole number, Nr - 10 11 13 14
Stack length, Ls mm 25
Outer stator outer radius, Roso mm 45
Inner stator inner radius, Risi mm 10.4
Outer air-gap width, go mm 0.5
Inner air-gap width, gi mm 0.5
Outer stator tip top length, lot mm 0.5
Outer stator tip bottom length, lowy | mm 2
PM arc, Gpm < 30
Outer stator yoke radius, Rosy mm 43 43 43 43.5
Outer stator inner radius, Rosi mm 31 31 32 325
Rotor inner edge radius, Rri mm 26.5 27 28.5 29
Outer stator tooth arc, Gost < 7 7 6 5
Outer stator tip arc, Got < 3 3 3 3
Rotor piece outer edge arc, 6ro ° 23 22 20 20
Rotor piece inner edge arc, 6 < 24 21 16 13
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Ris

Fig. B.6. lllustration of design parameters in PS-FRPM machine.

B.4  Electromagnetic Performance

With all the PS-FRPM machines optimized, Fig. B.7 and Fig. B.8 show the phase back-EMF
and cogging torque of the optimal designs. As shown in Fig. B.7(b), the 12/11-pole and 12/13-
pole PS-FRPM machines exhibit larger fundamental back EMF, which implies that the 12/11-
and 12/13-pole machines will potentially generate larger torque since as in the conventional
FRPM machines the reluctance torque is negligible in PS-FRPM machines. Although 12/11-
and 12/13-pole PS-FRPM machines have a 3" harmonic in the phase back-EMFs, it will be
eliminated in the line back-EMFs when Y -type winding connection is employed. For the 12/10-
and 12/14-pole PS-FRPM machines, they have larger 5" and 7" harmonics, which implies
larger torque ripples than 11- and 13-pole machines. The PMs in PS-FRPM machines result in
cogging torque which will cause torque ripple, acoustic noise and vibration. As shown in Fig.
B.8, the cogging torques in 10- and 14-pole machines are larger than those of 11- and 13-rotor-
pole PS-FRPM machines. The reason is the larger ‘goodness’ factor, which is defined as the
greatest common divisor of the stator slot number Ns and the rotor pole number N, [ZHUOOa],

in 10- and 14-pole machines.
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Fig. B.7. Phase back-EMF of PS-FRPM machines, Nc=1 @400rpm.

247



0.4

0.2

0.0

Cogging torque (Nm)

0.4

o
w

Cogging torque (Nm)

0.0

60 120 180 240 300 360
Rotor position (elec. deg.)

(a) Waveforms

O 10-pole O11-pole
13-pole O14-pole
6 11 16 21

Harmonic order
(b) Spectra

Fig. B.8. Cogging torque of PS-FRPM machines.
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Fig. B.9. Flux-linkages of coils Al, A2 and their sum (half of phase A) in 12/10-pole PS-
FRPM machine, Nc=1.

In this section, the torque characteristics of the 12-stator-pole PS-FRPM machines having
10-, 11-, 13-, and 14-rotor-pole rotors will be comprehensively compared. In order to compare
the torque ripple of the four analysed PS-FRPM machines and the conventional FRPM machine,
the torque ripple coefficient T, is given by,
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Tonax — Timi
T, = 22T % 100% (B.3)
Tavg

where Tmax, Tmin and Tayg are maximum, minimum and average electromagnetic torques,

respectively.

In Fig. B.10 and Table B.2, 11- and 13-rotor-pole PS-FRPM machines exhibit larger torque
density, due to the larger fundamental back-EMF values as aforementioned in Fig. B.7(a). The
10- and 14-pole PS-FRPM machines have larger torque ripple than 11- and 13-pole PS-FRPM
machines since the 10- and 14-pole machines have larger 5" and 7™ back-EMF harmonics, Fig.
B.7(b), as well as higher cogging torque, Fig. B.8(a). As shown in Fig. B.11, all PS-FRPM and
FRPM machines in this chapter reach the maximum torque when the current angle is
approximately 90 degrees, i.e. zero d-axis current due to negligible reluctance torque. Hence,
all the machines are optimized when phase current and phase back-EMF have the same phase
angle. The variation of average electromagnetic torque with the copper loss is shown in Fig.
B.12. Over the whole investigated copper loss range, the 11- and 13-rotor pole PS-FRPM
machines always exhibit larger electromagnetic torque than the 10- and 14-rotor pole PS-
FRPM machines.

More importantly, all the PS-FRPM machines exhibit much larger torque density than the
conventional 12/10-pole FRPM machine having single stator and the same PM volume. It is
worth noting that the 12/10-pole FRPM machine is also optimized for the largest average
torque with the same outer radius 45mm, inner radius 10.4mm, effective axial length 25mm
and rated copper loss 20W as PS-FRPM machines. More importantly, for the 12/10-pole
conventional FRPM machine, the optimal PM thickness should be 1.5mm and the average
torque is 1.89Nm if the design parameters are optimized, which will be shown later. However,
the 1.5mm thick PMs will be irreversibly demagnetized and also are mechanically too fragile.
In order to avoid these, the PM thickness is chosen to be 3mm (13414.6 mm® PM volume) to
avoid these problems while other parameters are optimized. The optimised parameters based
on 3mm PM thickness are stator yoke radius Rsy=43mm, stator inner radius Rsi=32mm, stator

tooth arc =8 stator tip arc dsip=10 and rotor pole arc 6p=10<
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Table B.2 Torque Characteristics of 12-Stator-Pole PS-FRPM and 12/10-Pole FRPM

Machines
Item 12-stator-pole PS-FRPM FRPM
Nr 10 11 13 14 10

Tmax (Nm) | 3.10 | 2.96 | 2.90 | 2.90 1.72

Tmin (Nm) | 256 | 291 | 2.88 | 2.71 1.31

Tag (NmM) | 2.83 | 294 | 289 | 281 1.51

T, (%) |1895| 1.87 | 0.62 | 6.96 | 27.65
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Fig. B.11. Variation of average electromagnetic torque against current angle in 12-stator-pole

PS-FRPM machines with different rotor pole numbers and 12/10-pole FRPM machine.
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Fig. B.12. Variation of electromagnetic torque against copper loss in 12-stator-pole PS-

FRPM machines with different rotor pole numbers and 12/10-pole FRPM machine.

B.5

Influence of Leading Design Parameters

The influence of split ratio, which is defined in (B.4), on the torque of PS-FRPM machines

is shown in Fig. B.13.
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R
VYsp = o (B-4)
Rys0

where Rout IS the radius of outer air-gap.

A larger split ratio will reduce the armature slot area and hence the electrical load but
increase the air-gap diameter and PM flux. Hence, for all the combinations, the torque increases
first and then decreases with the split ratio, as shown in Fig. B.13. The optimal split ratio

increases slightly with the rotor pole number. However, for all the four machines, the optimal

split ratios are close to 0.7.
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Fig. B.13. Average electromagnetic torque variation with split ratio.

Fig. B.14 shows the relationship between the average electromagnetic torque and the rotor
radial thickness in PS-FRPM machines. It can be observed that the optimal rotor radial
thickness is smaller when the rotor pole number is higher. The optimal rotor radial thickness is

4 mm for the 10-pole machine, 3.5 mm for the 11-pole machine, and 3 mm for the 13- and 14-

pole machines.
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Fig. B.14. Average electromagnetic torque variation and rotor radial thickness.
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Fig. B.15. Average electromagnetic torque against slot opening in outer stator.

In PS-FRPM machines, the flux leakage between outer stator teeth is higher if the slot
opening is smaller. However, the flux focusing effect will be less if the slot opening is bigger.
As shown in Fig. B.15, for 12-stator-pole with 10-, 11-, 13- and 14-rotor-pole PS-FRPM
machines, the optimal outer stator slot opening ratio, which is defined as the ratio of the slot
opening to the stator pitch of the outer stator, is ~0.6. This optimal slot opening in PS-FRPM
machines are significantly larger than the optimal slot opening in the conventional 12/10-pole
FRPM machine shown in Fig. B.1(a) since the PM width in conventional FRPM machine is
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linked to the slot opening whilst it is independent in PS-FRPM machine.
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Fig. B.16. Average electromagnetic torque variation with rotor outer iron pole arc ratio.
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Fig. B.17. Average electromagnetic torque variation with rotor inner iron pole arc ratio.

Fig. B.16 and Fig. B.17 show the relationships between the electromagnetic torque and the
rotor outer and inner iron pole arc ratios which are defined as the ratio of rotor pole arc to the
rotor pitch, respectively. Obviously, flux focusing effect will be less with smaller iron pole arc
ratios, whilst larger iron pole arc ratios will result in more flux leakage between rotor iron
pieces. As shown in Fig. B.16, the optimal rotor outer iron pole arc ratio increases with the

rotor pole number, viz. 0.64, 0.67, 0.72, and 0.78 for 10-, 11-, 13- and 14-rotor pole machines,
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respectively. For the rotor inner iron pole arc ratios, they are 0.67, 0.67, 0.57 and 0.51,

respectively.

As aforementioned, in the conventional 12/10-pole FRPM machine, the PM thickness is not
the optimal value in terms of the torque density. Here, the influence of PM thickness on average
electromagnetic torque is investigated in both the PS-FRPM and conventional FRPM machines
when all the other parameters remain the same as the optimal values listed in Table B.1. The
variation of the average torque with the PM thickness is shown in Fig. B.18. It shows that the
average electromagnetic torque in PS-FRPM machines increases and then saturates with the
PM thickness. However, for the conventional FRPM machine, the torque first increases and
then decreases when the PM thickness is higher since the PMs will directly affect the stator
slot area and the rotor outer diameter. These have been overcome in the PS-FRPM machines

due to partitioned stator and physical separation of armature windings and PMs.
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Fig. B.18. Electromagnetic torque against PM thickness in 12-stator-pole PS-FRPM

machines with different rotor pole numbers and 12/10-pole FRPM machine.

In order to further numerically explain these phenomena, the flux density variation on the
outer stator tooth surface of the 12/10-pole conventional FRPM and PS-FRPM machines are
obtained and analysed when the rotor is at the position for the maximum A-phase flux linkage.
As shown in Fig. B.19, in order to illustrate the variation more clearly, the two tooth edges are
designated as -1 and 1, respectively. For the conventional FRPM machine, both positive and

negative parts of the radial flux density increase with the PM thickness. However, the negative
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part rises more quickly than positive part when the PM thickness is larger than Imm. Therefore,
the phase flux-linkage and hence the back-EMF fundamental magnitude will exhibit a
maximum when the PM thickness varies. As shown in Fig. B.18, when the PM thickness is
1.5mm, the conventional 12/10-pole FRPM machine exhibits the largest torque. However,
taking mechanical strength and irreversible demagnetisation into consideration, the PM
thickness is designed to be 3mm as aforementioned. Different from the conventional FRPM
machine with opposite polarity PMs mounted on teeth surface, the PMs in PS-FRPM machines
are moved onto the inner stator. The radial flux density of the teeth surface and hence the torque

always increase with PM thickness, as shown in Fig. B.19 and Fig. B.21.

Al 0 I Al

(a) FRPM (b) PS-FRPM

Fig. B.19. Hllustration of the radial flux density paths in 12/10-pole FRPM and PS-FRPM

machines.

Since PMs in PS-FRPM machines have smaller radius than the one of the FRPM machine,
PM thickness in PS-FRPM machines is larger than 3mm as shown in TABLE | when the PM
volume is the same. As given in Fig. B.18, the conventional 12/10-pole FRPM machine having
3mm thick PMs produces 1.55Nm torque. However, the PS-FRPM machines having the same
PM volume can produce more than 2.81Nm torque, which is ~181% of that in the conventional
12/10-pole FRPM machine. Without considering the mechanical stress and demagnetisation,
as shown in Fig. B.18, the conventional 12/10-pole FRPM machine has the largest torque

1.89Nm when the PM thickness is 1.5mm. However, the 12/10-pole PS-FRPM machines can
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produce more than 2.95Nm as shown in Fig. B.18. Therefore, it can also be concluded the

torque density of PS-FRPM machine can be 56% higher than that of the conventional FRPM

machine.
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Fig. B.20. Radial flux density waveforms on the surface of tooth corresponding to coil Al in
12/10-pole FRPM machine (6.=09.
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Fig. B.21. Radial flux density waveforms on the surface of tooth corresponding of coil Al in
12/10-pole PS-FRPM machine (6.=09).
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B.6 Experimental Validation

Two PS-FRPM prototype machines are manufactured to verify the above analyses and
shown in Fig. B.22. Both prototype machines share the same partitioned stators, i.e. outer and
inner stators. The dimensions of the prototype machines are listed in Table B.3. In order to ease
the prototyping, additional lamination bridges between rotor poles are employed adjacent to
the inner surface. Tori in Table B.3 is the thickness of the lamination bridges between rotor iron
pieces. Thus, all the rotor poles are mechanically connected to obtain enough mechanical
strength and relieve the tolerance requirement. The PM thickness is also rounded to 4mm.
Electromagnetic performance of the prototype machines are predicted by 2D FE analysis and
compared with the measures results including the back-EMFs, the static torques, the

inductances, and the torque-speed curves.

As shown in Fig. B.23, although the phase back-EMFs calculated by 2D FE are slightly
higher than those of measurements due to the end effect, good agreements are achieved. The
variation of static torque with the rotor position for PS-FRPM prototype machines is shown in
Fig. B.24. In 12/10-pole PS-FRPM prototype machine, good agreements between the 2D FE
predicted and measured static torques under 1a=5A can be achieved. The difference slight
increases when 1,=10A and I.=15A due to stronger end effects. For the 12/11-pole PS-FRPM
prototype machine, there is a 3" torque harmonic in measured static torque, which is caused
by the imperfect manufacturing. Fig. B.25 shows the variation of 2D FE predicted and
measured peak torques with the armature current. Again, good agreements are obtained despite
of slightly difference due to the end effect in the 12/10-pole PS-FRPM machine. For the 12/11-
pole PS-FRPM machine, the measured and 2D FE predicted peak torques are nearly the same.
Although the end effect may lead to a slightly smaller measured peak torque than the 2D FE
predicted one. However, the measured 3" torque harmonic which is caused by imperfect
manufacturing of the 11-pole rotor causes a higher measured peak torque, as shown in Fig. 23.
Consequently, the measured and 2D FE predicted peak torques are approximately the same as
in the 12/11-pole PS-FRPM machine. It should be noted that as shown in Fig. B.25, 2D FE
predicted peak torque in the 10-pole PS-FRPM prototype machine is higher than the 11-pole
one. This is because the values of design parameters of the prototype machine are not the same

as the optimized ones, for easing the prototyping.
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(c) 10-pole rotor (d) 11-pole rotor

Fig. B.22. 12/10-pole and 12/11-pole prototype PS-FRPM machines.
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Table B.3 Design Parameters of 12-Stator-Pole PS-FRPM Prototype Machines

Parameters | Prototype Machines | Parameters | Prototype Machines
Nr 10 11 Nr 10 11
La (mm) 25 go (Mm) 0.5
Roso (MmM) 45 gi (mm) 0.5
Rosy (Mm) 42 Gost (9 8.12
Rosi (Mm) 31.75 Bosy (9 6.14
Rro (MM) 31.25 Bot (9 4.94
Rri (mm) 26.15 lott (Mm) 1
Riso (Mm) 25.75 loth (MmM) 3
Risy (mm) 21.75 Oro (9 18 20
Risi (mm) 10.4 6ri (9 24 22.7
Tem (Mm) 4 Opm (9 30
Tori (Mm) 0.5

Fig. B.26 compares the measured and 2D FE predicted self- and mutual inductances of the
12/10-stator/rotor-pole PS-FRPM prototype. The self-inductance is measured directly by LCR

meter, whilst the mutual inductance is calculated by,

LA+B - LAA - LBB

2

(B.5)

where Mga is the calculated mutual inductance between phase A and phase B. La+g is the
measured self-inductance of the serially connected windings of phase A and phase B. Laa and

Les are the measured self-inductance of phase A and phase B, respectively.

As shown in Fig. B.26, as the 2D FE analysis cannot account for the end winding inductance,
the measured self-inductances are slightly higher than the 2D FE predicted values. However,

this influence can be eliminated in the calculated mutual inductance based on (B.5), resulting
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in good agreement between the measured and 2D FE predicted mutual inductances, as shown
in Fig. B.26.
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Fig. B.26. Variation of 2D FE predicted and measured inductances of the 12/10-stator/rotor-

pole prototype machine.

Based on the test rig shown in Fig. B.27, the torque-speed curve of the 12/10-stator/rotor-
pole PS-FRPM prototype is tested. The DC bus voltage and current are Ugc:=18V and l4.=7.5A,
respectively. The comparison of the FE predicted and measured torque-speed curves are shown
in Fig. B.28. In the constant-torque region, 2D FE predicted torque-speed curves have slightly
higher torque, due to end effect again. Also, 2D FE predicted characteristic speed is higher than
that measured one, since that the end winding inductance cannot be accounted for in the 2D FE

analysis, as aforementioned.

g ASy Ae

Fig. B.27. Test rig configuration (Ug.=18V, l3c=7.5A).
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Fig. B.28. Variation of FE predicted and measured torque-speed curves of the 12/10-

stator/rotor-pole prototype machine.

B.7 Conclusions

In this appendix, a novel type of PS-FRPM machine with partitioned stator is described, in
which PMs and armature windings are separately located in the inner and outer stators,
respectively. Compared with the conventional FRPM machine having single stator, the PS-
FRPM machines can exhibit ~56% higher torque capability. The influence of rotor pole
numbers in a 12-stator-pole PS-FRPM machine is investigated. It shows that amongst 12/10,
12/11, 12/13 and 12/14 stator/rotor-pole PS-FRPM machines, 11-pole and 13-pole machines
exhibit larger back-EMF and hence electromagnetic torque as well as lower cogging torque
and torque ripple, albeit with potentially higher unbalanced magnetic force due to odd rotor
pole numbers. In addition, the influence of leading design parameters is also investigated. It
shows that in PS-FRPM machines electromagnetic torque increases and saturates with the PM
thickness, whilst for the conventional FRPM machines, there will be an optimal PM thickness

for maximum torque.
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Appendix C Comparative Analysis of End Effect in Partitioned Stator
Flux Reversal Machines Having Surface-Mounted and Consequent Pole

Permanent Magnets

C1l Introduction

Although the torque density in PS-FRPM machine which can be referred to Appendix B
shown in Fig. C.1(a) is higher, it suffers from an apparent demerit of high cost due to the rare
earth PMs. For reducing the PM cost in the PS-FRPM machine, a modified PS-FRPM machine
having consequent pole inner stator shown in Fig. C.1(b) is studied in [WU15b], as presented
in Chapter 5. PS-FRPM machine having a consequent pole PM (CPM) inner stator can exhibit >
95% torque density of that having surface-mounted PM (SPM) inner stator, whilst the PM
volume can be saved by ~30%. However, in this appendix it is found that the PS-FRPM
machine having CPM inner stator suffers from higher end effect than that having SPM inner
stator, due to the higher saturation. The influence of armature excitation and aspect ratio on the
end effect in both SPM and CPM machines will also be investigated by the finite element (FE)

method in this appendix, together with the influence of PM arc in the CPM machine.

C.2  Machine Topology and Operation Principle

As analysed in [WU15a], similar to the magnetically geared (MG) machine [WANO09a] and
magnetic gear [ATAO1la], in PS-FRPM machines armature winding pole-pair pea, rotor pole

number Ny, and PM pole-pair ppm matches,

Ny = ppm + Pea (C.1)

As shown in (C.1), the modulation of the rotor iron pieces on the open-circuit PM and
armature excitation fields make them synchronous with each other in the air-gaps, generating
electromagnetic torque. Specifically, in the 12/10-pole PS-FRPM machine having SPM
machine shown in Fig. C.1(a), pea=4, Nr=10, and ppm=6. Although the PM numbers is only half
of that having SPM inner stator, ppm=6 in the PS-FRPM machine having CPM inner stator, due
to alternate PMs and iron poles, Fig. 1(b). The design parameters of the 12/10-pole PS-FRPM
machines having SPM and CPM inner stators are given in [ZHU15a] and [WU15b],
respectively. The machine stack length and outer diameter are ls=25mm and D,=90mm,

respectively.
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(b) CPM

Fig. C.1. Cross-sections of 12/10-pole PS-FRPM machines having SPM and CPM inner
stators. (a) SPM. (b) CPM.

C.3 End Effect
C.3.1 Open-circuit

As shown in Fig. C.2(a), both the 2D and 3D FE predicted phase flux-linkages of the CPM
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machine are smaller than those of the SPM machine. Moreover, the gap between the 2D and

3D FE predicted results in the CPM machine is apparently higher than that of the SPM machine.

This indicates that the CPM machine suffers from larger end effect, as evidenced by the phase
back-EMFs shown in Fig. C.3 and Table C.1. In Fig. C.2 and Fig. C.3, Na is the armature coil
turns. As listed in Table C.1, 2D FE predicted CPM machine fundamental back-EMF is 95.66%
of the SPM machine, however the 3D FE predicted percentage is 2.31% smaller, i.e. 93.45%.

This is due to the larger end effect in the CPM machine. In Table C.1, the open-circuit end

effect coefficient Eeopen IS defined as the ratio of the 3D FE predicted phase fundamental back-
EMF Esp to the 2D value E2p,

Flux-linkage (mWb)

E
Eeopen = % *100%

10

CPM 2D

— — = SPM2D
5
0
-5
-10 I I I I I
0 60 120 180 240 300 360

Rotor position (elec. deg.)

Fig. C.2. Open-circuit phase flux-linkage waveforms, Nac=18.
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Fig. C.3. Open-circuit phase back-EMF waveforms, Nac=18, 400rpm.

Table C.1 2D and 3D FE Predicted Fundamental Back-EMFs, Nac=18, 400rpm

Item 2DFE | 3DFE Eeopen

CPM 3.41V | 3.10V | 90.88%

SPM 3.57V | 3.32V | 93.03%

Ratio | 95.66% | 93.45% | 97.69%

The higher end effect in the CPM machine is due to the more severe axial flux leakage, as
shown in Fig. C.4. This can be explained by the higher saturation in the inner stator, as shown
in Fig. C.5 for the open-circuit inner stator flux density. Due to higher saturation, the relative
permeability of the inner stator pole steel is smaller in the CPM machine, as shown in Fig. C.6.
Therefore, the radial magnetic circuit reluctance is higher in the CPM machine, resulting in

more axial flux-leakage and hence higher end effect [LAB13a].
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Fig. C.4. Open-circuit inner stator end region flux density vectors at d-axis rotor position (0-
2.47).
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Fig. C.5. Open-circuit inner stator flux density at d-axis rotor position (0-2.2T).
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Fig. C.6. Open-circuit inner stator steel relative permeability at d-axis rotor position (0-9500).

C.3.2 On-load

In this appendix, both the two machines operate at brushless AC (BLAC) model under zero
d-axis current control, i.e. phase current and phase back-EMF have the same phase angle, due
to the similar d- and g-axis inductances and hence the negligible reluctance torque [ZHU15a]
[WU15b]. As shown in Fig. C.7 and Table C.2, when the copper loss pe=20W, the 2D FE
predicted average electromagnetic torque of the CPM machine is only 4.64% smaller than the
SPM machine. However, when the end effect is accounted for, the 3D FE predicted average
electromagnetic torque of the CPM machine will be 10.48% smaller than that of the SPM
machine. This is also due to the larger end effect caused by more axial flux-leakage in the CPM
machine, as shown in Fig. C.8. In Fig. C.8, the on-load end effect coefficient Eeload is defined

as the ratio of the 3D FE predicted average electromagnetic torque Tavgap to the 2D value Tavgop,

T,
Eeload = TavgBD *100% (C3)

avg2D

272



Table C.2 2D and 3D FE Predicted Average Torques (BLAC, phase current and phase back-
EMF have the same phase angle, pc.=20W)

ltem | 2DFE | 3DFE Eeload

CPM [2.73Nm | 2.46Nm | 90.15%

SPM [2.86Nm | 2.75Nm | 96.03%

Ratio | 95.36% | 89.52% | 93.88%

As shown in Fig. C.9, the end effect coefficient Eeioad is Smaller with higher copper 10Ss peu
for both these two analysed machines. This means the end effect is larger with higher load as
expected due to higher saturation. With accounting for the different end effects, the 3D FE
predicted average torque ratio of the CPM machine to the SPM machine achieves the peak
value when pc,=30W, whilst that for the 2D FE predicted curves is p.,=20W, as shown in Fig.
C.10.

—e— CPM 2D
—&— CPM 3D

Torgque (Nm)

1 L
—e— SPM 2D
—&=— SPM 3D
0 1 1 1 1 1
0 60 120 180 240 300 360

Rotor position (elec. deg.)

Fig. C.7. 2D and 3D FE predicted torque waveforms (BLAC, phase current and phase back-
EMF have the same phase angle, pcu=20W).
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Fig. C.8. On-load inner stator end region flux density vectors at d-axis rotor position (BLAC,

phase current and phase back-EMF have the same phase angle, pc,=20W, 0-2.4T).
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Fig. C.9. 2D and 3D FE predicted average torques and end effects of the CPM machine to the
SPM machine for different copper loss (BLAC, phase current and phase back-EMF have the
same phase angle).
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Fig. C.10. 2D and 3D FE predicted average torque ratio of the CPM machine to the SPM
machine for different copper loss (BLAC, phase current and phase back-EMF have the same

phase angle).

Obviously, the best way to achieve the highest Tay is 3D FE optimization. However, it is
very time-consuming. Alternatively, 2D FE optimization is always preferred for saving time.
However, only Tavgep can be obtained whilst the end effect cannot be accounted for in 2D FE
optimization. By designing the PS-FRPM machine based on the flow chart illustrated in Fig.
C.11, the highest Tavgap can be achieved by 2D FE optimization. In Fig. C.11, parameters with
superscript 0 are from 2D FE optimization, whilst those with superscript j=1 or -1 are related
to one dimension parameter variation. However, it should be noted that when Tawsp IS
maximum, the on-load end effect may not be minimum. As well known, the aspect ratio has a
significant influence on end effect. Therefore, the end effect can be reduced by enlarging the
aspect ratio in an electrical machine, i.e. increasing the ratio of the stack length to the machine
outer diameter. Also, in the CPM machine, PM arc &pm will influence the end effect. They are

analysed as follows.
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I

Fig. C.11. Flow chart of 2D FE optimization for the highest Tavgap.
C.3.3 Influence of aspect ratio

As shown in Fig. C.12, in both CPM and SPM machines, end effect coefficient Eeioad Can be
effectively enlarged by increasing the stack length, resulting in smaller end effect, when Dy is
fixed as 90mm. As shown in Fig. C.12, Ecioad can be improved from 90.15% to 97.11% when
the stack length Is is extended from 25mm to 100mm, as shown in Fig. C.12. As for the SPM
machine, Eei0a>99.24% when the stack length Is>50mm. Overall, as shown in Fig. C.13, the
average torque ratio of the CPM machine to the SPM machine accounting for the end effect
can be enlarged from 89.53% to 92.85% for Is==25mm and ls=100mm, respectively. As may be
expected, this average torque ratio will get closer to the ideal 2D FE predicted value, i.e.
95.36%. It is worth noting that in the machine with ls=25mm, when the g-axis current
1g5=23.19A and phase current and phase back-EMF have the same phase angle, the copper loss
Pecu 1S 20W.

When Do=90mm, for generating the same average electromagnetic torque as the SPM
machine with 1s=25mm, Is in the CPM machine needs to be designed as 27.5mm, i.e. 10%
higher, as shown in Fig. C.13. Consequently, the cost of iron and PM will be increased by 10%,
whilst that of copper is smaller than 10% since the end winding length is remained the same.

However, compared with the SPM machine of which the PM volume is 13414.6 mm?3, the PM
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volume in the CPM machine with 1s=27.5mm is still 21.17% smaller, i.e. 10575.18mm?. Since

the price of rare-earth NdFeB PM is much higher than those of iron and copper [FAS14a], the
cost of CPM machine with 1s=27.5mm is still lower than the SPM machine with ls=25mm.
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Fig. C.12. 2D and 3D FE predicted average torques and end effects of the CPM machine to
the SPM machine for different stack length with Do=90mm (BLAC, phase current and phase
back-EMF have the same phase angle, i5=23.19A).
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Fig. C.13. 2D and 3D FE predicted average torque ratio of the CPM machine to the SPM
machine for different stack length with Do=90mm (BLAC, phase current and phase back-

EMF have the same

phase angle, i4=23.19A).
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C.3.4 Influence of PM arc in CPM machine

In the foregoing analysis, the PM arc @pm in the CPM machine is 43 mechanical degrees
[WU15b], whilst that in the SPM machine is 30 mechanical degrees [ZHU15a]. Although a
larger 6pm can lead to a higher PM magnetomotive force (MMF), it will also cause a thinner
lamination steel between PMs and hence higher saturation in the inner stator pole steel, which
will increase the radial magnetic circuit reluctance. Therefore, there is a balance between PM
MMF and saturation in the inner stator pole steel to achieve the highest average
electromagnetic torque. This can be evidenced by the 2D FE predicted peak average
electromagnetic torque point when pm=41 mechanical degrees, as shown in Fig. C.14.
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Fig. C.14. 2D and 3D FE predicted average electromagnetic torques and end effects under
different PM arc dpm (BLAC, phase current and phase back-EMF have the same phase angle,
ig=23.19A).

However, as shown in Fig. C.14, the peak points are different for 2D and 3D FE results, i.e.
41 mechanical degrees and 42 mechanical degrees, respectively. This is due to different end
effect coefficients for various PM arc fpm, as shown in Fig. C.14. The end effect coefficient
Eeload remains stable firstly and then increases from 6pm=38 mechanical degrees, then falls after

reaching the peak value at #pm=47 mechanical degrees.
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C.4  Experimental Validation

To verify the foregoing FE analysis, the 12/10-pole PS-FRPM prototype machines having
SPM and CPM inner stators are built, as shown in Fig. C.15. These two machines use the same
outer stator and rotor, whilst the inner stators are different. Although PS-FRPM machines have
higher torque density than the conventional FRPM machine, the dual air-gaps design and
separated rotor iron pieces make it a challenge for the fabrication of the rotor. For easing
manufacturing, the rotor iron pieces are connected by introducing a 0.5mm thick iron bridge
adjacent to the inner air-gap. The cup rotor is fixed between the rotating shaft and the bottom
bearing by nonmagnetic aluminum bars and an epoxy resin, as shown in Fig. C.15(b).
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(c) SPM inner stator (d) CPM inner stator

Fig. C.15. Photos of 12/10-pole PS-FRPM prototype machines. (a) Outer stator. (b) Rotor. ()
SPM inner stator. (d) CPM inner stator.

280



Phase back-EMF (V)

0 60 120 180 240 300 360
Rotor position (elec. deg.)

Fig. C.16. Comparison of FE predicted and measured back-EMFs at 400rpm.
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Fig. C.17. Comparison of FE predicted and measured peak static torques.

C.5 Conclusions

In this appendix, the end effect in PS-FRPM machines having SPM and CPM inner stators
respectively are comparatively analysed. It is found that the CPM machine suffers from higher
end effect, due to higher saturation. FE results show that the end effect increases with armature
excitation due to more severe saturation, but can be effectively reduced by increasing the aspect
ratio. Specifically, in the CPM machine the optimal PM arc for the highest average
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electromagnetic torque predicted by 2D and 3D FE are different due to the various end effect
with PM arc.
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