(12) STANDARD PATENT

(11) Application No. AU 2010297259 B2

(19) AUSTRALIAN PATENT OFFICE

(54)  Title

Multi-phase stator device

(51)
HO2K 1/14 (2006.01)

(21) Application No:

(87) WIPONo: WO11/033106

(30)  Priority Data

(31) Number
PA 2009 70119

61/244,281

Publication Date:
Accepted Journal Date:

Applicant(s)
Hoganas AB

Inventor(s)

2010297259

International Patent Classification(s)

HO2K 21/14 (2006.01)

(22)  Date of Filing:  2010.09.20

(32) Date (33) Country
2009.09.21 DK
2009.09.21 us

2011.03.24
2015.12.10

Atkinson, Glynn James;Jack, Alan G.;Mecrow, Barrie

(74)  Agent/ Attorney

Phillips Ormonde Fitzpatrick, L 16 333 Collins St, Melbourne, VIC, 3000

(56) Related Art
WO 2007/024184
DE 10050352

EP 1005136




wo 2011/033106 A1 I 00 0O 000 A O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau 0 ',& /

(43) International Publication Date

(10) International Publication Number

WO 2011/033106 A1

24 March 2011 (24.03.2011) PCT
(51) International Patent Classification:
HO2K 1/14 (2006.01) HO2K 21/14(2006.01)
(21) International Application Number:
PCT/TP2010/063796 (74)
(22) International Filing Date:
20 September 2010 (20.09.2010)  (81)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
PA 2009 70119 21 September 2009 (21.09.2009) DK
61/244,281 21 September 2009 (21.09.2009) Us
(71) Applicant (for all designated States except US): HO-
GANAS AB [SE/SE]; $-263 83 Hoganis (SE).
(72) Inventors; and
(75) Inventors/Applicants (for US only: ATKINSON, 89

Glynn, James [GB/GB]; 3 Grosvenor place, North
Shields Tyne and Wear NE29 ONH (GB). JACK, Alan,
G. |GB/GB]; Milestone Ilouse, Allendale Road, Llexham

Northumberland NE46 2NB (GB). MECROW, Barrie
[GB/GB]; 50 Haddington Road, Whitley Bay Tyne and
Wear NE25 9UN (GB).

Agent: SCHWARZE, Holm; c¢/o Zacco Denmark A/S,
Hans Bekkevolds Allé 7, DK-2900 Hellerup (DK).

Designated States (unless otherwise indicated, for every
kind of national protection available): AL, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
Dz, LC, LL, UG, IS, FI, GB, GD, G, GlI, GM, GT,
HN, HR, HU, ID, I, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, 87, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

[Continued on next page]

(54) Title: MULTI-PHASE STATOR DEVICE

Fig. 9

(57) Abstract: Disclosed is a stator device (10) adapt-
ed to be arranged in an electrical machine, where the
electrical machine further comprises a moving device,
where the stator device is a multi-phase stator device,
where the phases are arranged side-by-side in a direc-
tion perpendicular to direction of motion of the mov-
ing device (12), and where each phase comprises a
first stator core section (14) having a set of teeth (27),
a sccond stator core scction (16) having a set of tecth
(27), and a coil (20), and where the teeth (27) are ar-
ranged to protrude towards the moving device (12);
and wherein at least two neighbouring phases share a
stator core section (14), so that the first stator core
section (14) of a first phase and a second stator core
section (16) of a second phase is formed as a single
unit.



WO 2011/033106 A1 NI EI0ETH0 IR0 RO A 00

EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, Published:
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



WO 2011/033106 PCT/EP2010/063796

10

15

20

25

30

Multi-phase stator device

Field of the invention

This invention generally relates to electric machines. More particularly, the
invention relates to a rotating or linearly moving three-phase transverse flux
machine with a permanent magnet rotor or mover structure. This type of
machine could be utilized either as a motor or a generator depending on the
area of application. A linearly moving machine may also be denoted a linear

machine, a transversally moving machine or a translational moving machine.

Background of the invention

The transverse flux machine (TFM) topology is an example of a modulated
pole machine. It is known to have a number of advantages over conventional
machines. The basic design of a single-sided radial flux stator is
characterized by a single, simple phase winding parallel to the air gap and
with a more or less U-shaped yoke section surrounding the winding and
exposing in principal two parallel rows of teeth's facing the air gap. The state-
of-art multi-phase arrangement is characterized by stacking magnetically
separated single phase units perpendicular to the direction of motion of the
rotor or mover. The phases are then electrically and magnetically shifted by
120 degrees for a three-phase arrangement to smooth the operation and
produce a more or less even force or torque independent of the position of
the rotor or mover. Note here that the angle referred to is given in electrical
degrees which is equivalent to mechanical degrees divided by the number of

pairs of magnetic poles.

A cylindrical motor uses a concentric stator and rotor, and the motion is then

considered as rotational or as an end-less rotation. A linear machine uses
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translation motion that is normally not a closed moticn pattern but may be a
back-and-forward motion along a ‘line’. The linear machine or driver has a
mover instead of a rotor. The magnetic circuit may be arranged by the same
basic magnetic principles in both a rotor and mover, however the geometries

will differ.

An example of an efficient rotor or mover arrangement is the use of so called
buried magnets combined with soft magnetic pole sections or pieces to allow
the permanent magnet field to flux-concentrate 6r be flexible in a direction
fransverse to the motion as e.g. described in the patent application
W02007/024184 by Jack et al.

WO02007/024184 discloses an electrical, rotary machine, which includes a
first stator core section being substantially circular and including a plurality of
teeth, a second stator core section being substantially circular and including
a plurality of teeth, a coil arranged between the first and second circular
stator core sections, and a rotor including a plurality of permanent magnets.
The first stator core section, the second stator core section, the coil and the
rotor are encircling a common geometric axis, and the plurality of teeth of the
first stator core section and the second stator core section are arranged to
protrude towards the rotor. Additionally the teeth of the second stator core
section are circumferentially displaced in relation to the teeth of the first stator
core section, and the permanent magnets in the rotor are separated in the
circumferential direction from each other by axially extending pole sections

made from soft magnetic material.

The stacking of the individual stator phase sections is normally based on a
physical magnetic separation in-between the individual phase-sections to
reduce the magnetic coupling in-between the phases that possibly can have

an effect of reducing the effective flux in the air gap during operation.
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It is desirable in some applications to provide a machine that is as
geometrically compact as possible to fit in a given limited space and to be
able to have a high volume specific performance e.g. expressed as Torque
per Volume [Nm/m?®].

A conventional, balanced 120 degree phase shift, three-phase sinusoidal or
trapezoidal drive scheme does not fully engage the core magnetically during
the time cycling of operation, and therefore a significant part of the total stator

core volume is constantly inefficiently used.

Thus prior art discloses tuning of a set of three phase units at phase orders
0°, 120°, and 240°.

It remains a problem to optimize performance numbers or values, such as

torque pr. volume and/or torque pr. current.

EP 1005136 discloses a transverse flux machine having combined phases.
However, it remains desirable to provide a simpler construction of such an

electrical machine.

Summary

According to a first aspect, the present invention provides an electrical

machine comprising a stator device and a moving device,

wherein the stator device is a multi-phase stator device comprising a plurality
of phases arranged side-by-side in a lateral direction, perpendicular to a
direction of motion of the moving device, where the stator device comprises a
plurality of sets of teeth, each tooth protruding towards the moving device
and comprising an interface surface facing the moving device, wherein the

teeth of each set are distributed along the direction of motion, wherein the
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plurality of sets of teeth comprises two peripheral sets and a plurality of inner
sets arranged in the lateral direction between the peripheral sets; where the
teeth of the inner sets are wider, in the lateral direction, than the teeth of the
peripheral sets and provide a common magnetic flux path shared by two
neighbouring phases; wherein the interface surfaces of the teeth of the
peripheral sets define a lateral extent of an active air gap region between the
stator device and the moving device;

wherein the stator device comprises at least two separate stator core
sections that abut each other and share one of the plurality of phases;

wherein the moving device comprises a plurality of permanent magnets
separated from each other in said direction of motion by pole sections formed
as rectilinear rods elongated in the lateral direction, the rods providing a
magnetic flux path extending across the lateral extent of the active air gap
region; and

wherein the teeth of the respective sets are arranged displaced in the

direction of motion relative to the teeth of the other sets.

According to a second aspect, the present invention provides a stator device
adapted to be arranged in an electrical machine, where the electrical

machine further comprises a moving device,

where the stator device is a multi-phase stator device, where the phases are
arranged side-by-side in a direction perpendicular to a direction of motion of
the moving device, and where each phase comprises two stator core
sections each having a respective set of teeth, a flux bridge connecting the
stator core sections, and a coil, and where the teeth are arranged to protrude
towards the moving device; and
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wherein the teeth of a first stator core section of a first one of two
neighbouring phases and the corresponding teeth of a second stator core
section of a second one of the two neighbouring phases provide a common
magnetic flux path shared by both neighbouring phases; and

wherein the stator device comprises at least two separate stator core
sections that abut each other and share one of the plurality of phases.

In embodiments of the electrical machine, the moving device comprises a
plurality of permanent magnets separated from each other in said direction of
motion by pole sections formed as rectilinear rods elongated in the lateral
direction, and the pole sections extend laterally across all phases of the
stator. In particular, the interface surfaces of the teeth of the peripheral sets
may define a lateral extent, measured in the lateral direction, of an active air
gap region between the stator device and the moving device; and the rods
may provide a magnetic flux path extending across the lateral extent of the

active air gap.

In embodiments of the electrical machine, the teeth of the respective sets are
arranged displaced in the direction of motion relative to the teeth of the other

sets.

Each phase of the stator device may be formed by two stator core sections
wherein the teeth of a first stator core section of a first one of two
neighbouring phases and the corresponding teeth of a second stator core
section of a second one of the two neighbouring phases are formed as a
common set of teeth providing a common magnetic flux path shared by both
neighbouring phases.

Hence, teeth of neighbouring phases magnetically function as a common set
of teeth that are common to the two neighbouring/adjacent phases, and that
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are magnetically shared by the two neighbouring/adjacent phases. The
moving device and the stator device each have a simple construction
involving few parts. The parts of the moving device each have a simple
geometric shape, thus allowing efficient and cost-effective construction.

The teeth of the first stator core section of the first one of two neighbouring
phases may be located at the same positions (along the direction
perpendicular to the direction of motion of the moving device) as the
corresponding teeth of the second stator core section of the second one of
the two neighbouring phases, i.e. the teeth of the adjacent stator core
sections of the neighbouring phases may be aligned with each other in the
direction perpendicular to the direction of motion of the moving device. The
first stator core section of a first phase and a second stator core section of a
second phase may be formed as two separate units arranged back-to-back,
e.g. abutting each other, or they may be formed as a single unit, thus forming

a common stator core section common to the neighbouring phases.

Consequently, it is an advantage that the phases are combined to
magnetically share a stator core section during operation, since this provides
that a significant part of the total stator core volume is constantly efficiently

used.

It is an advantage that the duty cycle of magnetization is improved, since flux
paths are shared between the neighbouring phases.

It is an advantage that the stator device may function as a single sided
transverse flux machine, since hereby the volume and weight specific
performance is improved. Thus the performance numbers for e.g. torque pr.

volume and/or torque pr. current may be improved.
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It is an advantage that the geometrical width of the machine in a direction

perpendicular to the direction of motion may be reduced, since a magnetic
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separation section in-between the phases results in a larger geometrical
width.

Furthermore, it is an advantage that an electrical, rotary machine may
comprise permanent magnets with axially shorter fotal length than in a
conventional stator device with separated phases. It is a further advantage

that the axially shorter permanent magnets will result in lower cost.

When the common stator section of neighbouring phases is formed as a
single unit, a reduced number of components is required for the stator
device, since a stator core section is shared between two or more phases. In
prior art stator devices, each phase has its own separate set of stator core

sections.

Furthermore, it is an advantage that there is a higher level of integration of
the components, since hereby the stator device may be more robust and may
be easier to manufacture.

A set of teeth is defined as a group of teeth, such as a plurality of teeth.

Since the phases are arranged side-by-side in a direction perpendicular to
the direction of motion of the moving device, the direction will be axial in a

rotary machine.

A moving device may be a rotor in a rotationally moving device or a mover in

a linearly moving device.

In some embodiments the stator core section is a soft magnetic structure. It
is an advantage that the improved utilization of soft magnetic structure
causes improved performance per volume. In one embodiment the stator

core sections are made of soft magnetic powder. By making the stator core
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sections from soft magnetic powder the manufacturing of the stator device
may be simplified and magnetic flux concentration, utilizing the advantage of

effective three dimensional flux paths, may be more efficient.

Each stator core section may comprise a stator core back section and a set
of teeth extending from the stator core section, wherein the stator core back
section connects the teeth and provides a flux path between neighboring
teeth in the direction of motion. A stator core section may further comprise a
yoke section that provides a flux path in the lateral direction towards another
stator core section comprising another one of the sets of teeth of the same

phase.

In some embodiments, the stator device comprises a single yoke section
connecting the stator cores sections of all phases. In a rotary machine, the
flux bridge may be a stator yoke section arranged concentrically with the first
and second stator core sections. By arranging such a stator core section the
manufacturing process of the parts of the stator assembly and the
assembling process of the stator assembly may be facilitated and more cost-
effective.

The stator core section may thus be manufactured so as to only comprise a
small number of parts, and allow each tooth of one set of teeth to
magnetically communicate with more than one teeth of another one of the

sets of teeth of the same phase.

[n some embodiments the stator device is a three-phase stator. An odd
number of phases is advantageous, because the instantaneous sum of the
currents is zero that means that the number of supply wires to the machine is
reduced by one, and the number of switching devices required in the
converter is reduced by two. The minimum number of multiple and odd

numbered phases is therefore three. Other odd numbers of phases, such as
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five, seven, nine etc. phases may also be provided. Hence, generally, a
multiphase stator device may comprise n phases (n being an integer and
n>1), including two peripheral phases each having a single neighbouring
phase and n-2 inner phases, each inner phase having two neighbouring
phases, wherein each inner phase comprises two common sets of teeth,
each common set of teeth being common/shared with one of the respective
neighbouring phases of the inner phase, wherein each peripheral phase
comprises a set of peripheral teeth and a set of common teeth
common/shared with the respective neighbouring phase of the peripheral
phase,

Furthermore, an even number of phases may also be provided, but may not

be as advantageous as an odd number of phases, as described above.

In some embodiments the electric machine is a rotary machine. The moving
device is a rotor. In this case, the first stator core section, the second stator
core section, the coil and the rotor may encircle a common geometric axis. In
a rotary machine the lateral direct is an axial direction of the machine, and

the direction of motion is a circumferential direction of the machine.

The permanent magnets in the moving device may be separated in the
direction of motion from each other by laterally extending pole sections in the
form of rectilinear rods. The pole sections may be made of a soft magnetic
powder. The permanent magnets may be magnetised in the direction of
motion and with alternating orientation. Generally, the permanent magnets
may also be rectilinear rods elongated in the lateral direction; the rods may

extend across the lateral extent of the active air gap

In some embodiments the electrical machine is a modulated pole machine

such as a transversal flux machine.



WO 2011/033106 PCT/EP2010/063796

10

15

20

25

30

In conventional machines, the coils explicitly form the multi-pole structure of
the magnetic field, and the magnetic core function is just to carry this multi-

pole field to link the magnet and/or other coils.

In a modulated pole machine, it is the magnetic circuit which forms the multi-
pole magnetic field from a much lower, usually two, pole field produced by
the coil. In a modulated pole machine, the magnets usually form the
matching multi-pole field explicitly but it is possible to have the magnetic

circuit forming multi-pole fields from a single magnet.

The modulated poie machine has a three-dimensional (3D} flux path utilizing
magnetic flux paths in the transverse direction both in the stator and in the
moving device, e.g. in the axial direction in a rotating machine, where the
moving device is a rotor. The 3-dimensional flux paths are particularly

suitable when utilising the combined phases stator.

Thus in some embodiments the stator device and/or the moving device
comprise a three-dimensional (3D) flux path including a flux path component

in the transverse direction relative to the direction of movement.

The benefit of having the modulation is that every pole sees all of the
magneto motive force (MMF) of the coll, so that as the pole number rises, the
magnetic field strength (MMF/metre) rises with it without any change in the
coil. This may be compared with a conventional machine in which as the pole
number rises, so does the number of coils and hence the smaller each coil is.
The pole pitch however also falls with pole number, so that as the pole
number rises, the magnetic field strength is more or less constant in a
conventional machine as the MMF/coil reduction balances with the reduction

in pole pitch.
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The natural design for a modulated pole machine is for a high pole number.
This may make very high electric loading, i.e. magnetic field strength,

possible with modest requirements for the volume of the conductor required.

Thus a modulated pole machine will show its largest advantage in
circumstances where the pole number is high and the possible electric

loading using conventional coils is low.

In some embodiments the modulated pole machine comprises a claw pole
arrangement or extension.

For modulated pole machines, taking as fixed a geometry which forms torque
from a circumferential/axial surface i.e. a radial field machine, the field may
be carried radially across the air gap with the magnetic circuit,
circumferentially by one pole pitch, which can be done in the stator or the
rotor or partially in both, and axially in both directions to enclose the coil. If
the axial circuit is closed in the stator around the coil, the claw pole

arrangement is produced.

A claw pole arrangement or extension may be used together with the
combined phases, but the axial claw extension should be limited or small in
order not to cause leakage. Leakage may occur when the claws overfap each
other, since these overlapping faces may provide an unwanted path for
leakage flux. Even if claws only stretch to half the phase axial width, they
may come in close proximity and that may cause a lot of unwanted magnetic
leakage, so only small or minor claws should be used when using combined
phases. Thus it is possible to use minor claws, defined as semi-claw poles, to
adjust the pole tip area but the claws may not be able to overlap axially since
the phase shift of the combined phases hinders the free extension of claws

across the stators axial extension.
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The present invention relates to different aspects including the stator device
described above and in the following, and corresponding methods, devices,
and/or product means, each yielding one or more of the benefits and
advantages described in connection with the first mentioned aspect, and
each having one or more embodiments corresponding to the embodiments
described in connection with the first mentioned aspect and/or disclosed in

the appended claims.

Brief description of the drawings

The above and/or additional objects, features and advantages of the present
invention, will be further elucidated by the following illustrative and non-
limiting detailed description of embodiments of the present invention, with

reference to the appended drawings, wherein:

Fig. 1 shows examples of a prior art machine and stator device with
separated phases.

Fig. 2 shows an example of a cross-section of three-phase machine with

separate phases.

Fig. 3 shows an example of a magnetic flux phasor diagram of a three-phase

machine with separate phases

Fig. 4 shows an example of a stator arrangement of a three-phase machine
with separate phases showing a stator from the normal direction of the air
gap plane.

Fig. 5 shows an example of a stator device with magnetically combined
phases.
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Fig. 6 shows an example of a cross-section of a three-phase machine with

magnetically combined phases.

Fig. 7 shows an example of a magnetic flux phasor diagram of a three-phase

machine with magnetically combined phases.
Fig. 8 shows an example of a stator arrangement of a three-phase machine
with magnetically combined phases showing a stator from the normal

direction of the air gap plane.

Fig. 9 shows an example of the structure of a three-phase machine with

magnetically combined phases.

Fig. 10 shows examples of the structure of a three-phase linearly moving

machine.

Fig. 11 shows examples of the structure of three-phase machines with

magnetically combined phases and semi-claw poles.

Fig. 12 shows an example of flux paths in the stator device and in the moving
device.

Detailed description

In the following description, reference is made to the accompanying figures,

which show by way of illustration how the invention may be practiced.

Figs 1-4 show examples of a three-phase machine with separate phases,
which may be termed a Separate Phase Modulated Pole Machine (SPMPM).
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Figs 1a)-1b) show an example of a prior art three-phase radial machine. An
electrical, rotary machine comprises a stator assembly and a rotor. For the
purpose of the present description, primed reference numerals with '
generally refer to a feature of a first phase, ' ' to a corresponding feature of a
second phase and ' ' ' to a corresponding feature of a third phase, while
reference numerals without prime refer to the corresponding features of all
phases. Three stator assemblies 10°, 10", 10™" are shown, and each stator
assembly comprises a first stator core section 14, a second stator core
section 16, a stator yoke section 18 and a coil 20. Three rotors 12, 127, 12"
are shown, and each rotor 12 comprises permanent magnets 22 and pole
sections 24. An axle 50 onto which the rotor is mounted is shown. Each
stator core section 14, 16 is essentially circular in shape and includes a
plurality of radially extending teeth 26. The teeth are arranged to extend
towards the rotor 12 for forming a closed circuit flux path with the rotor 12.

Each of the phase sections, i.e. single phase machines, is shown including a
rotor of its own, i.e. each phase section corresponds completely to a single
phase machine.

Fig 1¢) shows an example of spatial separation between phases according to
prior art. In the figure the first stator core section 14", 14", 14™ of each phase
is shown. The spatial separation in this example relates to the teeth 26 of the
stator core section of one phase being circumferentially displaced in relation

to the teeth of the stator core section of the other phases

The schematic example of a stator device with separated phases in fig. 1d)
shows three separated phases, phase 1 of stator assembly 10, phase 2 of
stator assembly 107, and phase 3 of stator assembly 10",

Each basic unit ar phase unit comprises a single coil or core 20, a first stator
core section 14, a second stator core section 16, and a stator yoke section

18. This phase unit creates a unidirectional but pulsing torque.
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Fig. 2 shows a cross-secticn of a three-phase Separate Phase Modulated
Pcle Machine (SPMPM). Phase 1 is indicated by A, stator core section 14’
and stator assembly 10’, phase 2 is indicated by B, stator core section 14”
and stator assembly 10”, and phase 3 is indicated by C, stator core section

(32 33y

14 and stator assembly 10°”. The first stator core section 14, the second
stator core section 16, and the stator yoke section 18 is shown for each
phase unit.

The rotor 12 is seen, and the air gap 30 between the rotor and each of the
stator assemblies, 10°, 10”7, 10", is seen. The magnetic flux, ¥, path for each
of the phases are seen, Wx for phase A, Wg for phase B, and W for phase C.

The value of the separate fluxes, + or -, at the air gap 30 is also shown.

Fig. 3 shows a magnetic flux phasor diagram for the separated phase units.
The displacement of the phase units is 120°. The magnetic flux of phase 1 is
indicated by W,, the magnetic flux of phase 2 is indicated by Wg, and the
magnetic flux of phase 3 is indicated by We.

Fig. 4 shows an example of the displacement of phase units, phase A, phase
B and phase C relative to the rotor pole. The rotor pole reference is indicated
by the dotted rectangle 121 across phase A, phase B and phase C. The teeth
26 and the coils 20 of the phase units are shown. The teeth 26 are part of the
stator core sections, as seen in fig. 1b). The displacements of 120° between
the phase units are seen and indicated by the position of the numbers 0°,
120°, 240° and 360°.

Each of these phase units has two sets of armature teeth 26, as seen in fig.
1b), where the first stator core section 14 includes one set of teeth and the
second stator core section 16 includes the other set of teeth. One set
emanates from the left side of the coil 20 and has a north pole when driven

with a certain direction of armature current, the other set emanates from the
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right side of the coil 20 and has a south pole when driven by the same

direction of current.

When multiple phase units are used they are separated from each other
axially, and this means that the teeth on the right side of the leftmost unit are
in close proximity with the teeth of the left side of the next phase unit and so

on for each of the units with facing sides.

However, this close proximity is not beneficial for the most obvious choices of

angle displacement of the teeth.

Figs 5-9 show examples of a three-phase machine with combined phases,
which may be termed the Combined Phase Modulated Pole Machine
(CPMPM).

The combined phase machine comprises a stator assembly 10 as seen in fig.
5 and fig. 6, and a moving device 12, e.g. a rotor, as seenin fig. 6. In figs 5, 6
and 8, the reference numerals with ' refers to a feature of a first phase, ' 'to a

feature of a second phase and '’ ' to a feature of a third phase.

Fig. 5 shows that the stator assembly 10 comprises three phases, phase 1,
phase 2 and phase 3. Phase 1 and phase 3 may be designated as petipheral
phases and phase 2 may be designated a inner phase. Each phase
comprises a single coil or core 20, which may be supplied with different
voitages for operation, e.g. sinusoidal or square wave. Each phase
furthermore comprises a first stator core section 14, and a second stator core
section 16. As is seen in the figure, the first stator core section 14” of phase
2 and the second stator core section 16’ of phase 1 are formed as a single

(11

unit. Similarly, the first stator core section 14 of phase 3 and the second
stator core section 16” of phase 2 are formed as a single unit. Furthermore,

the first stator core section 14’ of phase 1 is a single unit that is not shared
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with any other phase, and likewise the second stator core section 16" of
phase 3 is a single unit. Thus there are four single units, where two of the
single units each are shared between two different phases.

The stator assembly 10 comprises a stator yoke section 18, which is
common for and shared by all the phases. The stator yoke section is
arranged to provide a magnetic flux path between stator core sections,
thereby acting as a flux bridge. The material used for the stator yoke section
may be soft magnetic powder in order to facilitate the assembly of the stator
and to provide a relatively low reluctance transition between a first and a
second stator core section.

A moving device is not shown in fig. 5, but a moving device would be
configured to be arranged at the top of the figure, so that the moving device

is close to the coils 20.

Fig. 6 shows a cross-section of the three-phase Combined Phase Modulated
Pole Machine (CPMPM). The stator assembly 10 comprises phase 1
indicated by A, phase 2 indicated by B, and phase 3 indicated by C. The first
stator core section 14 and the second stator core section 16 are shown for
each phase unit. The stator yoke section 18 is shared by and common for the
three phases.

A moving device 12, which may be a rotor or mover, is shown, and the
moving device comprises sections of permanent magnets and pole sections
(not shown), which may be made from soft magnetic material. The pole
sections are arranged between the permanent magnets, thereby separating
the permanent magnets from each other. More about pole sections,
permanent magnets and flux is described in WO2007/024184.

If the moving device 12 is a rotor, the rotor 12 may be arranged on an axle or
shaft (not shown), and positioned in the centre of the stator assembly 10 or, if
the rotor is an outer rotor type, around the stator assembly. If the moving

device 12 is a mover, the device may be a flat, linear device which does not
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have any inside or outside as the rotor, instead the mover moves just up and
down or right or left.

An air gap 30 between the common stator assembly 10 and the moving
device 12 is also shown in fig. 6.

The moving device 12, e.g. the rotor, is arranged for interaction with all three
phase sections, i.e. the rotor may extend in the axial direction in order to
interact with all three phase sections. The electrical machine may comprise
radial phase sections or axial phase sections or a combination.

Each of the stator core sections, 14, 16, 147, 16”, 14" and 16, may be
essentially circular in shape and include a plurality of radially extending teeth
as seen in fig. 8. The teeth are arranged to extend towards the moving
device 12, e.g. the roter, for forming a closed circuit flux path with the rotor
12. The teeth may extend inwards towards an inner rotor, or the rotor may be
arranged outside the stator core sections, 14, 16, whereby the teeth should
be arranged to extend radially outwards instead.

The magnetic flux W path for each of the phases are seen, W4 for phase A,
Ws for phase B, and YW for phase C. The values of the combined fluxes at

the air gap 30 are also shown.

The first 14 and second 16 stafor core sections may be axially displaced in
relation to each other and they may be arranged around a common axis.
Each coil 20 may be arranged between the first 14 and the second 16 stator
core section. The advantage of arranging the coil 20 like this is that all of the
MMF (Magneto Motive Force) is seen by every pole and, thus, results in high
electric loading and high output for given size and/or cost. The stator yoke
section 18 may be arranged concentrically to the first 14 and the second 16
stator core sections. The stator yoke section 18 may be substantially of a
width, in the axial direction, corresponding to the width of the assembly of the
first 14 and the second 16 stator core sections and the coil 20, in order to be
arranged as a flux bridge between the first 14 and the second 16 stator core

section. By making the stator yoke section 18 from soft magnetic powder, the
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efficiency of the three dimensional flux path going from the first 14 and the
second 16 stator core sections to the stator yoke section 18 is increased in
relation to an embodiment where the stator yoke section is made from
laminates. Further, one of the first 14 and the second 16 stator core sections
may be rotationally displaced in relation to the ather of the first 14 and the
second 16 stator core section. This displacement resuilts in that the teeth, see
fig. 8, of one of the first 14 and the second 16 stator core sections are
positioned at a circumferential position different from the circumferential
position of the teeth of the other of the first 14 or the second 16 stator core
section. Each tooth of one of the first 14 or the second 16 stator core
sections may be positioned, in the circumferential direction, in the middle of
the gap between two teeth of the other of the first 14 or the second 16 stator
core section.

The concept of displacing the teeth of cne of the first 14 or the second 16
stator core section in relation to the teeth of the other stator core section is
advantageous in order to make effective use of the above described and

most effective design of the moving device.

Fig. 8 shows the displacement of the combined phase units, phase A, phase
B and phase C relative to the moving device pole, e.g. the rotor pole. The
rotor pole reference 121 is indicated by the dotted rectangle across phase A,
phase B and phase C. The coil 20 of each of the phase units is shown. Each
phase, A, B, C, comprises a first stator core section (not shown), and a
second stator core section (not shown), and the stator core sections
comprise teeth. As was seen in fig. 5, the first stator core section 14” of
phase 2, which corresponds to phase B here, and the second stator core
section 16’ of phase 1, which corresponds to phase A here, are formed as a
single unit. Thus the teeth 27 are shared by phase A and B. Similarly, the first
stator core section 14" of phase 3, which corresponds to phase C here, and
the second stator core section 16" of phase 2, corresponding to phase B

here, are formed as a single unit, and therefore the teeth 28 are shared by
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phase B and C. Furthermore, the first stator core section 14’ of phase 1,
corresponding to phase A here, is a single unit, and the teeth 26’ are not

1

shared by two phases. Likewise the second stator core section 16’ of phase
3, corresponding to phase C here, is a single unit, and the teeth 26" are not
shared by two phases. Thus there are four single units, where two of the
single units each are shared by two different phases, whereby each of the set
of teeth 27 and 28 are shared by two different phases.

The displacements between the phases are seen and indicated by the
position of the numbers 0°, 150°, 270°, and 60°, respectively, which are

described in more detail below.

Thus one single set of teeth may be used to share sequential phases instead
of using separate phase units. The selection of the appropriate orientation of
each set of teeth can provide a significant benefit. If for example, a three
phase machine with three coils arranged axially is provided, this gives four
sets of teeth, one at either end, and one set between phases 1 and 2 and
another set between phases 2 and 3, see fig. 8. The choice of angle is not
intuitive, but should be close to 0°, 150°, 270° and 60° for each of the four
teeth sets taken from one end to the other.

According to some embodiments, the middle sets of teeth have a different
axial width than the sets of teeth at the ends, as seen in fig. 8, which provide
a slight adjustment in axial width to make a truly balanced set of flux linkages

and torques between the three phases.

An example of the structure of a three-phase rotating machine with combined
phases is shown in fig. 9.

Fig. 9 shows a stator device 10 and a moving device 12 in the form of a rotor.
The reference numerals with ' refer to a feature of a first phase, ' ' to a feature
of a second phase and ' ' ' to a feature of a third phase. The stator device 10

comprises three phases, where each phase comprises a coil 20, a first stator
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core section 14 and a second stator core section 16. One rotor 12 is shown
which encloses the stator device 10. The rotor 12 comprises permanent
magnets 22 and pole sections 24 extending along the entire stator device 10.
An axle onto which the stator is mounted may be provided (not shown). Each
stator core section 14, 16 is essentially circular in shape and includes a stator
core back section 29 and a plurality of radially extending teeth which extend
rom the stator core back section. The teeth are arranged to extend outwards
towards the rotor 12 for forming a closed circuit flux path with the rotor 12.
The stator core back section 29 connects the teeth in the circumferential
direction. The stator cores sections further comprise a yoke section 23
extending axially from the stator core back section 29 towards the

neighbouring stator core section so as to provide an axial flux bridge.

The second stator core section 16’ of phase 1 and the first stator core section
14" of phase 2 are arranged as one unit, i.e. a combined stator core section,
whereby phase 1 and phase 2 share a stator core section. Thus the teeth 27
of the combined phase unit are arranged to be shared between phase 1 and
phase 2, whereby the set of teeth of the first stator section 14" of phase 2
and the set of teeth of the second stator core section 16’ of phase 1 are
formed as one unit.

The teeth 28 of the combined phase unit are arranged to be shared between
phase 2 and phase 3, whereby the set of teeth of the first stator section 14’
of phase 3 and the set of teeth of the second stator core section 16” of phase
2 are formed as one unit.

The teeth 26 at each end of the stator device 10 are not shared between two
phases, and thus the teeth 26’ belong only to phase 1 and the teeth 26™
belongs only to phase 3. Furthermore, the teeth 26’ and 26™ of the peripheral
phases 1 and 3 define the axial extent of the active air gap region of the
stator which axially extends between the peripheral edges of the teet 26’ and

26", respectively. The permanent magnets 22 and pole sections 24 extend
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axially across the entire active air gap region, i.e. between the axially outer
edges of the surfaces of teeth 26" and 26’ facing the rotor.

An example of the structure of a three-phase linearly moving machine with
combined phases is shown in fig. 10a). Fig. 10b) shows a linearly moving
machine

Fig. 10a) shows a stator device 10 and a moving device 12 in the form of a
mover adapted to move linearly or transversally along the stator device. The
reference numerals with ' refer {o a feature of a first phase, ' ' to a feature of a
second phase and ' ' ' to a feature of a third phase. The stator device 10
comprises three phases, where each phase comprises a coil 20, a first stator
core section 14 and a second stator core section 16. The mover 12
comprises permanent magnets 22 and pole sections 24 extending along the
entire stator device 10. Each stator core section 14, 16 is essentially linear in
shape and includes a plurality of linearly extending teeth. The teeth are
arranged to extend towards the mover 12 for forming a closed circuit flux
path with the mover 12.

The second stator core section 16’ of phase 1 and the first stator core section
14” of phase 2 are arranged as one unit, i.e. a combined stator core section,
whereby phase 1 and phase 2 share a stator core section. Thus the teeth 27
of the combined phase unit are arranged to be shared between phase 1 and
phase 2, whereby the set of teeth of the first stator section 14" of phase 2
and the set of teeth of the second stator core section 16’ of phase 1 are
formed as one unit.

The teeth 28 of the combined phase unit are arranged to be shared between
phase 2 and phase 3, whereby the set of teeth of the first stator section 14™
of phase 3 and the set of teeth of the second stator core section 16” of phase
2 are formed as ane unit.

The sets of teeth 26 at each of the two ends of the stator device 10 are not
shared between twc phases, and thus the teeth 26’ belong only to phase 1
and the teeth 26” belongs only to phase 3.
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In fig. 10b) all the three phases are separated, and thus first 14 and second
16 stator core sections are not shared between any phases. Thus there are
only sets of separate teeth 26, i.e. teeth belonging to only one phase, in the

machine of fig. 10b).

Examples of the structure of three-phase machines with combined phases
and semi-claw poles are shown in fig. 11.

Fig. 11a) and 11b) show a stator device 10 and a moving device 12. In fig.
11a) the moving device 12 is a rotor, which is shown enclosing the stator
device 10, and in fig. 11b) the moving device 12 is a mover adapted to move
linearly or transversally along the stator device. The reference numerals with
' refer to a feature of a first phase, ' ' to a feature of a second phase and'''to
a feature of a third phase. The stator device 10 comprises three phases,
where each phase comprises a coil 20, a first stator core section 14 and a
second stator core section 16. The moving device 12 comprises permanent
magnets 22 and pole sections 24 extending along the entire stator device 10.
Each stator core section 14, 16 includes a plurality of extending teeth. The
teeth are arranged to extend towards the moving device 12 for forming a
closed circuit flux path with the moving device 12.

The second stator core section 16’ of phase 1 and the first stator core section
14" of phase 2 are arranged as one unit, i.e. a combined stator core section,
whereby phase 1 and phase 2 share a stator core section. Thus the teeth 27
of the combined phase unit are arranged to be shared between phase 1 and
phase 2, whereby the set of teeth of the first stator section 14” of phase 2
and the set of teeth of the second stator core section 16’ of phase 1 are
formed as one unit.

The set of teeth 28 of the combined phase unit are arranged to be shared
between phase 2 and phase 3, whereby the set of teeth of the first stator

EER)

core section 14 of phase 3 and the set of teeth of the second stator core

section 16” of phase 2 are formed as one unit.
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The set of teeth 26 at each end of the stator device 10 are not shared
between two phases, and thus the set of teeth 26’ belongs only to phase 1
and the teeth 26™ belongs only to phase 3.

Furthermore, the combined phases machines of fig. 11a) and 11b) comprise
semi-claw poles 40, which are short extensions of the teeth in the set of teeth
26’, 27, 28 and 26’ that overlap the coils 20. The semi-claw poles are short,
small or minor claw poles, i.e. claw poles which do not extend along the
entire axial width of a phase, but which only extend along a small part of the
axial width, whereby magnetic leakage is avoided or reduced. Figs 11a) and
11b) show that the semi-claw poles 40 are arranged integrated with the teeth.
The sets of teeth 27 and 28 which are each shared between two phases
comprise the semi-claw poles in both ends of the teeth, i.e. adjacent {o coils
20, whereas the sets of teeth 26" and 26", which are not shared between two
phases but only belongs to one phase, only comprise the semi-claw poles in

the end of the teeth adjacent to the respective coils 20" and 20™".

An improvement of 30% in torque compared to prior art machines can be
realised, when using the same magnets, same stator magneto motive forcs,

same bore and same air gap width.

A larger and smoother torque can be created when employing multiple phase
units which are mechanically and electrically displaced in angular position,
instead of employing only one phase. For instance, a three phase machine
can have the phase units mechanically displaced by 1/3™ of the pitch of a
pair of poles, or 120 degrees electrical angle and the phase currents
separated by the same angle in time, while using a single moving device
structure, e.g. a rotor structure, extending through or around the three

stators.

A similar effect can be gained using three stator units all aligned in

circumferential position but supplied with currents which are 120 degree in
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time apart to act in combination with three moving device sections, e.g. rotor
sections, one for each phase which are displaced 120 degrees apart

circumferentially.

As mentioned, a prior art Separate three-Phase Modulated Pole Machine has
three phases with a 120° displacement between each phase as seen in fig.

. Each phase consists of two sets of teeth, displaced by 180°, forming a set
of north poles and a set of south poles. The three phase machine consists of
six sets of teeth (in three pairs) plus three coils. Each phase is separated
from the adjacent phase by a small distance or air gap, see fig. 2, to ensure

minimal magnetic coupling between phases.

When the phase are combined instead of being separated, as seen in figs 5,
6 and 8, adjacent teeth now have a shared flux path, as seen in fig. 6.
Merging adjacent teeth may result in a machine with four sets of teeth and
three coils, see fig. 8, and with a common moving device, e.g. rotor,
stretching the full axial width of the machine.

Each set of teeth should be positioned at a certain angle, and gather a
certain amount of flux to ensure a balanced three phase operation, where
each coil links flux of an equal magnitude and at a phase angle of 0°, 120°
and 240° respectively, see fig. 7.

Ta calculate the conditions for which a balanced three phase set of coil fluxes
result, the Combined Phase Modulated Pole Machine is analysed with the

following assumptions:

- the air gap flux density is constant in the axial direction and varies

sinusoidally in the circumferential direction;

- flux entering a tooth, ¥ =ba, where b is the air gap flux density and a is the

air gap surface area of the tooth;
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- the angular position of the tooth (circumferentially) determines the phase
angle of the flux entering the tooth;

- the flux traversing in the axial direction through the coreback directly over a

coil is equal to the flux linking the coil.

In the following, reference is made to the phasor diagrams in figs 3 and 7.

A balanced three phase machine has the following coil flux linkages:
WA= |Y[<0°

YB=|¥|<120°

YC= |W|<240°

The teeth are numbered 1,2,3,4 in the axial direction, summing the flux
entering each tooth:

Y1=YA

W2= WB- YA

Y3=WYC- ¥B

W4=-YC

Relating the tooth flux to the required balanced three coil fluxes, as shown in
the phasor diagram in fig. 7, results in the following tooth fluxes:

Y 1=|¥|<0°

W2=[V3W|<150°

Y3= W3W|<270°

W4=|Y|<60°

Therefore for a balanced three phase machine, the teeth (1,2,3,4) may be
positioned at a phase angle of 0°, 150°, 270°, 60°, where a phase angle of

360° corresponds to the circumferential pitch distance between neighbouring
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teeth, Hence, the angular displacement of the teeth relative to one of the
sets of teeth is 0°/N, 150°/N, 270°/N, 60°/N, where N is the number of teeth
in each set of teeth. Furthermore, a correct surface area may be ensured
when the relative axial widths of the teeth in the respective sets of teeth are:
1, V3, V3 and 1, respectively. Hence, the inner teeth that are shared between
two neighbouring phases are wider by a factor of V3 than the peripheral teeth

that are not shared between phases but only belong to a single phase.

Fig. 7 shows a magnetic flux phasor diagram for the combined phases,
where the angles are shown, as well as the axial width of 1 unit, V3 units, V3
units and 1 unit, respectively. The magnetic fluxes of the combined phases

are also seen.

Fig. 12 shows an example of flux paths in the stator device and in the moving
device. The modulated pole machine has a three-dimensional (3D) flux path
utilizing magnetic flux paths in the ‘axial’ transverse direction both in the
stator and in the moving device, e.g. rotor.

In figure 12 a moving device 12, e.g. a rotor, is seen from radial outward
position relative to the stator device 10 of which three teeth 26 are outlined.
The axial 304 and tangential 305 directions of the moving device/stator
device are depicted. A number of the permanent magnets 22 in the moving
device are shown as hatched areas with the pole sections 24 in between. In
the sketch the stator teeth 26 are in the situation of being just opposite a pole
section 24 yielding the main magnetic flux path 300 as shown by the thick
lines. As can be seen the flux direction through the permanent magnets 22
are primarily 2-dimensional whereas the flux through the pole sections 24 is
3-dimensional. Furthermore, the magnetic flux is concentrated primarily in the
central regions 301 of each permanent magnet 22 between two neighbouring
pole sections. This design of the moving device 12 thus enables flux
concentration from the permanent magnets so that the surface of the moving

device 12 facing a stator tooth 26 may present the total magnetic flux from
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both of the neighbouring permanent magnets to the surface of the tooth. The
flux concentration may be seen as a function of the area of the permanent
magnets facing each pole section divided by the area facing a tooth. These
flux concentration properties of each pole section makes it possible to use
weak low cost permanent magnets as permanent magnets in the moving
device and makes it possible to achieve very high air gap flux densities. The
flux concentration may be facilitated by the pole section being made from soft
magnetic powder enabling effective three dimensional flux paths as
illustrated.

Even though not shown in fig. 12, there is a corresponding 3-dimensional flux
path in the stator device.

As also seen in fig. 8, the 3-dimensional flux path comprises the axial or
transverse flux path of the moving device 12, where the flux path is
transverse to the motion direction. The 3-dimensional flux paths in the stator
device and in the moving device are particularly suitable when utilising the

combined phases stator.

Both a radial machine or an axial machine or a mix of axial and radial are
possible.

In case of the axial flux version, the teeth areas which are facing the air gap
may form concentric rows with the coils or windings in between these rows.
So a three-phase version can be designed with three separate sets each of
two concentric rows of teeth and a coil or winding with a distance to the
nearest phase set to avoid magnetic coupling. Thus the axial, combined
phase arrangement may combine two neighbouring or adjacent rows of teeth

in the same way as for the radial air gap flux version (see e.g. fig. 8).

Generally, the stator structures described herein may be made of a soft
magnetic powder, e.g. a substantially pure water atomised iron powder or a
sponge iron powder having irregular shaped particles which have been

coated with an electrical insulation. In this context the term "substantially



WO 2011/033106 PCT/EP2010/063796

10

15

20

25

30

28

pure” means that the powder should be substantially free from inclusions and
that the amount of the impurities O, C and N should be kept at a minimum.

The average particle sizes are generally below 300 ym and above 10 pm.

However, any soft magnetic metal powder or metal alloy powder may be
used as long as the soft magnetic properties are sufficient and the powder is

suitable for die compaction.

The electrical insulation of the powder particles may be made of an inorganic
material. Especially suitable are the type of insulation disclosed in US
6348265 (which is hereby incorporated by reference), which concerns par-
ticles of a base powder consisting of essentially pure iron having an
insulating oxygen- and phosphorus-containing barrier. Powders having
insulated particles are available as Somaloy®500, Somaloy®550 or

Somaloy®700 available from Hoganas AB, Sweden.

Although some embodiments have been described and shown in detalil, the
invention is not restricted to them, but may also be embodied in other ways
within the scope of the subject matter defined in the following claims. In
particular, it is o be understood that other embodiments may be utilised and
structural and functional modifications may be made without departing from

the scope of the present invention.

In device claims enumerating several means, several of these means can be
embodied by one and the same item of hardware. The mere fact that certain
measures are recited in mutually different dependent claims or described in
different embodiments does not indicate that a combination of these

measures cannot be used to advantage.

It should be emphasized that the term "comprises/comprising” when used in

this specification is taken to specify the presence of stated features, integers,
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steps or components but does not preclude the presence or addition of one

or more other features, integers, steps, components or groups thereof.
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The claims defining the invention are as follows:

1. An electrical machine comprising a stator device and a moving device,

wherein the stator device is a multi-phase stator device comprising a plurality
of phases arranged side-by-side in a lateral direction, perpendicular to a
direction of motion of the moving device, where the stator device comprises a
plurality of sets of teeth, each tooth protruding towards the moving device
and comprising an interface surface facing the moving device, wherein the
teeth of each set are distributed along the direction of motion, wherein the
plurality of sets of teeth comprises two peripheral sets and a plurality of inner
sets arranged in the lateral direction between the peripheral sets; where the
teeth of the inner sets are wider, in the lateral direction, than the teeth of the
peripheral sets and provide a common magnetic flux path shared by two
neighbouring phases; wherein the interface surfaces of the teeth of the
peripheral sets define a lateral extent of an active air gap region between the

stator device and the moving device;

wherein the stator device comprises at least two separate stator core
sections that abut each other and share one of the plurality of phases;

wherein the moving device comprises a plurality of permanent magnets
separated from each other in said direction of motion by pole sections formed
as rectilinear rods elongated in the lateral direction, the rods providing a
magnetic flux path extending across the lateral extent of the active air gap
region; and

wherein the teeth of the respective sets are arranged displaced in the

direction of motion relative to the teeth of the other sets.
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2. The electrical machine according to claim 1, wherein the stator device
comprises a plurality of stator core sections, each stator core section
comprising one of the sets of teeth.

3. The electrical machine according to claim 1, wherein the stator core

sections are made from soft magnetic powder.

4. The electrical machine according to any one of claim 2, wherein the stator
device comprises a plurality of windings arranged between respective stator

core sections.

5. The electrical machine according to claim 2, wherein each stator core
section comprises a stator core back section and a set of teeth extending
from the stator core section, wherein the stator core back section connects
the teeth and provides a flux path between neighboring teeth in the direction

of motion.

6. The electrical machine according to claim 5, wherein each stator core
section further comprises a yoke section that provides a flux path in the
lateral direction towards another stator core section comprising another one

of the sets of teeth of the same phase.

7. The electrical machine according to claim 1, comprising a number n of
phases, including two peripheral phases each having a single neighbouring
phase, and n-2 inner phases each having two neighbouring phases; wherein
each inner phase comprises two common sets of teeth, each common set of
teeth being magnetically shared with one of the respective neighbouring
phases of the inner phase, wherein each peripheral phase comprises a set of
peripheral teeth and a set of common teeth, the common teeth being
magnetically shared with the respective neighbouring phase of the peripheral
phase, and wherein the common teeth have a width in a direction
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perpendicular to a direction of motion larger than the corresponding width of
the peripheral teeth and smaller than twice the corresponding width of the

peripheral teeth.

8. The electrical machine according to claim 1, wherein the stator device is a

three-phase stator.

9. The electrical machine according claim 1, wherein the electrical machine is

a rotary machine, and wherein the moving device is a rotor.

10. The electrical machine according to claim 9, wherein the stator device is
a three-phase stator and comprises four sets of teeth, each set comprising N
teeth, N being an integer number larger than 1, and wherein the teeth of the
respective sets of teeth are arranged circumferentially displaced at angles
0°/N, 150°/N, 270°/N, 60°/N relative to the teeth of a first one of the sets of
teeth.

11. The electrical machine according claim 1, wherein the stator device
comprises four sets of teeth and lateral widths of the four sets of teeth are 1

unit, V3 units, V3 units, 1 unit, respectively.

12. The electrical machine according to claim 1, wherein the moving device is
a mover arranged to move linearly in the direction of motion of the moving

device.

13. The electrical machine according to claim 1, wherein the electrical

machine is a modulated pole machine.

14. The electrical machine according claim 1, wherein the stator device
and/or the moving device provide a three-dimensional (3D) flux path
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including a flux path component in the transverse direction relative to the

direction of motion.

15. A stator device adapted to be arranged in an electrical machine, where

the electrical machine further comprises a moving device,

where the stator device is a multi-phase stator device, where the phases are
arranged side-by-side in a direction perpendicular to a direction of motion of
the moving device, and where each phase comprises two stator core
sections each having a respective set of teeth, a flux bridge connecting the
stator core sections, and a coil, and where the teeth are arranged to protrude
towards the moving device; and

wherein the teeth of a first stator core section of a first one of two
neighbouring phases and the corresponding teeth of a second stator core
section of a second one of the two neighbouring phases provide a common

magnetic flux path shared by both neighbouring phases; and

wherein the stator device comprises at least two separate stator core
sections that abut each other and share one of the plurality of phases.

16. The stator device according to claim 15, wherein the teeth of the first
stator core section of the first one of the two neighbouring phases are located
at the same positions in the direction perpendicular to the direction of motion
of the moving device as the corresponding teeth of the second stator core
section of the second one of the two neighbouring phases.

17. The stator device according to claim 15, wherein each stator core section

is a soft magnetic structure.
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18. The stator device according to claim 15, wherein the sets of teeth of the
respective stator core sections of each phase are arranged displaced with
respect to each other in the direction perpendicular to the direction of motion
of the moving device by a respective displacement, and wherein at least two

of the phases have different displacements.

19. The stator device according to claim 15, wherein the teeth of each stator
core section have a respective width in the direction perpendicular to the
direction of motion of the moving device, and where the teeth of a first stator
core section have a width different from a width of the teeth of a second

stator core section.

20. A stator device according to claim 15, wherein the first stator core section
and the second stator core section are formed as a single unit comprising a
set of common teeth common to the first and second stator core sections.

21. The stator device according to claim 15, comprising a number n of
phases, including two peripheral phases each having a single neighbouring
phase, and n-2 central phases each having two neighbouring phases;
wherein each central phase comprises two common sets of teeth, each
common set of teeth being magnetically shared with one of the respective
neighbouring phases of the central phase, wherein each peripheral phase
comprises a set of peripheral teeth and a set of common teeth, the common
teeth being magnetically shared with the respective neighbouring phase of
the peripheral phase, and wherein the common teeth have a width in a
direction perpendicular to a direction of motion larger than the corresponding
width of the peripheral teeth and smaller than twice the corresponding width

of the peripheral teeth.

22. The stator device according to claim 15, wherein the stator device is a

three-phase stator.
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23. The stator device according to claim 22, wherein the stator device
comprises four sets of teeth, each set comprising N teeth, N being an integer
number larger than 1, and wherein the teeth of the respective sets of teeth
are arranged circumferentially displaced at angles 0°/N, 150°/N, 270°/N,
60°/N relative to the teeth of a first one of the sets of teeth.

24. The stator device according to claim 22, wherein the stator device
comprises four sets of teeth and axial widths of the four sets of teeth are 1
unit, V3 units, V3 units, 1 unit, respectively.

25. The stator device according to 15, wherein the electric machine is a

rotary machine, and wherein the moving device is a rotor.

26. The stator device according to claim 15, wherein the moving device is a
mover arranged to move linearly in the direction of motion of the moving

device.

27. The stator device according to claim 15, wherein the coil is arranged
between the first and the second stator core sections.

28. The stator device according to claim 15, wherein the stator device and
the moving device constitute a modulated pole machine.

29. The stator device according to claim 15, wherein the stator device and/or
the moving device comprise a three-dimensional (3D) flux path including a
flux path component in the transverse direction relative to the direction of

movement.

30. The stator device according to claim 26, wherein each stator core section

is a soft magnetic structure.
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31. The electrical machine according to claim 1, wherein each stator core
section comprises a stator core back section that is continuous along the
direction of motion of the moving device, and a set of teeth extending from

the stator core back section.

32. The stator device according to claim 15, wherein each stator core section
comprises a stator core back section that is continuous along the direction of
motion of the moving device, and a set of teeth extending from the stator

core back section.
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