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[DESCRIPTION]

[Title of Invention]

MOTOR ASSEMBLY FOR LINEAR DIRECT-DRIVE MOTOR
[Technical Field]

Technical Field
[0001]—This-invention-relates-generally-to-a-direct-drive-motor,-and-more-
specifically to a motor assembly of the direct-drive motor.

[Background Art]

Background
[0002] Conventional electric motors convert electric energy into
mechanical energy. The conventional electric motors operate through
interaction between the motor's magnetic field and electric current in a winding
to generate a force in the form of rotation of a shaft. Most of the conventional
electric motors require pairing with speed-reducing transmission mechanism
| (such as a gearbox) when driving the loads for various applications. The pairing
is mainly due to two reasons: (a) typicélly electric machines are most efficient
at its rated speed, which is usually a lot higher than the needed speed of the
load; and (b) the direct torque output of the electric machines is usually not
large enough for the application, and a transmission mechanism is needed to
increase torque. Such motor drive architecture including both the electric motor
and the transmission mechanism are utilized in various application ‘areas, such
as machine tools, industrial machinery, home appliances, electric vehicles, and

the like.
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[0003] However, the gearbox typically has nonlinear dynamics such as
backlash hysteresis, nonlinear Coulomb friction, which can impair the electric
motor’s dynamic performance, and is not favorable for precision applications.
To that end, in several application areas, such as machine-room-less elevators,
robot manipulators, precision rotary stages, and in-wheel drives for electric
‘vehicles, it may be beneficial to eliminate the transmission mechanism, and
directly drive the load with the electric motor. Motors that directly drive the
loads are called direct-drive motors.

[0004] A majority of electric motors are rotary machines, with a rotor that
rotates along an axis. For some applications, for exarhple, linear precision
stages, linear motion is required. Therefore, transmission devices such as belts
are needed with rotary motors. The traditional “servo motor” and “transmission
device” systems are typically used for serv-feed purpose that are essential to
many industrial applications such as CNC machine tools. With the existence of
transmission mechanism, friction and complicated structures are inherent
defects in such systems. Therefore, for such systems, direct-drive system with
linear motors is highly desirable. |

[0005] For a linear direct-drive motor, the basic structure includes one
stator and one fnover/forcer, with an air gap in between. An exemplar stator of
the direct-drive motor includes permanent magnets and back iron and forms a
linear rail. An exemplar mover/forcer can include coils with or without iron
core, moves along the stator rail (also referred to as “stator track™), and is
generally shorter in length compared with the stator track. However, such an
arrangement in‘ the conven;cional linear direct—dri\)/e motor provides limited, e.g.,

only one interface between the stator and the mover that generates the thrust
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force. Thus, a significant amount of current-carrying winding that generates
useful thrust force is left unused.

[0006]  Therefore, there is a need for a liner direct-drive motor with a
better design structure that eliminates the shortcomings of the conventional

linear direct-drive motor discussed above.

[Summary of Invention] |

Summary

[0007] It is an object of some embodiments to provide a motor
configuration (or assembly) based on a linear direct-drive motor conﬁguraﬁon,
which provides multiple interfaces between the stator and the mover to generate
higher density thrust force.

[0008] It is an object of some embodiments of the present disclosure to
provide a motor configuration (or assembly) comprising a mover and a stator
that delivers high force density, aiming at direct-drive actuators in various
application areas. It is also an objective of some embodiments of the present
disclosure to provide a motor assembly that increases the force density by
reducing eddy current loss. Additionally or alternatively it is an objective of
some embodiments of the present disclosure to provide a motor assembly that
provides flexibility in adjusting dimensions of each force-generating surface of
the motor configuration such as ihtersecting surféces of the mover and the stator.
[0009] Some embodiments are based on a recognition that the force
density of the linear direct-drive motor can be increased by increasing an
interface formed by the force-generating surfaces (also referred to as “active
planes”) of the motor configuration. The force-generation surface is formed by
a surface of a mover having windings of wires adjacent to a surface of a stator

having magnets. To increase the interface without unpractically increasing the
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dimensions of the motor assembly, there is a need for a more complex profile
of the force-generation surface that includes force-generation surfaces lying on
intersecting planes. Examples of such profiles include L-shaped profile,
rectangular profile, triangular profile, and the like. However, the force-
generation surfaces lying on intersecting planes create an additional problem
reducing the efficiency of the motor.

[0010] Some embodiments are based on the recognition that when the

motor assembly comprising a mover, with at least two ferromagnetic structures
arranged on at least two intersecting surfaces of the mover, the motor assembly
produces at least two currents, where each current is generated due to interface
between each surface of the mover with corresponding surface of the stator.
The magnetic field generated by these currents are in different directions.
Threfore, eddy current are generated in the at least two ferromagnetic structures
of the motor assembly in different directions which creates significant losses.

[0011] To reduce the losses due to the eddy current in the motor assembly,
laminations are used to laminated the at least two ferromagnetic -structures.
Specific lamination directions are chosen according to the magnetic field
pattern, where the magnetic field pattern (also referred to as “magnetic field”)
in turn is produced by current flowing throught windings of the mover (also
referred to as “the winding current”). For linear motors with one active plane
for thrust force generation, a major magnetic field pattern is one direction, and
it ié straightforward to address the problem and choose the same lamination
direction for a ferromagnetic structure. However, for linear motors with muliple
active plane that are in different directions, magnetic fields are generated in
different directions in the ferromagnetic structures. Using laminations of the

same direction cannot reduce the eddy current losses for all directions. The
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motor assembly reduces eddy current losses in all direction by using multiple
laminated structures that are in different directions according to the magnetic
field direction. |

[0012] To that end, the present disclosure proposes a linear motor
assembly with at least two-force generating interfaces between a stator track
(or rail), where the stator track comprises an array of permanent magnets such

as Vernier permanent magnet or Halbach permanent magnet, and where the

mover comprises a slotted iron core (also referred to as ferromagnetic laminated
structure) to hold windings and guide magnetic flux, and a non-ferromagnetic
core in the center to support the iron cores and the windings. The iron cores are
laminated, for example iron cores are laminated steel sheets to minimize eddy
current loss. Some exemplary shapes of the linear motor assembly with at least
two intersecting and force generating interfaces comprises U-shaped stator rail
and mover, a triangle shaped stator and mover, a diamond shaped stator and
mover, a trapezium shaped stator and mover, and the like.
[0013] Accordingly, one embodiment discloses a motor assembly
including a mover assembly configured to slide during an operation of the
motor assembly along magnets forming inner walls of a stator, the mover
assembly comprising: a plurality of mover assembly unit, where each mover
assembly unit comprises: a non-ferromagnetic core with a profile of an outer
surface having at least two flat sections lying on intersecting planes.‘The mover
assembly unit further comprises at least two ferromagnetic laminated structures

~ arranged on the at least two flat sections of the non-ferromagnetic core, each of |
the at least two ferromagnetic laminated structures includes a stack of
ferromagnetic platés. Each ferromagnetic plate in the stack is covered with a

non-conductive coating, and each of the at least two ferromagnetic laminated
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structures is arranged on a corresponding flat section of the at least two flat
sections of the non-ferromagnetic core such that side of each ferromagnetic
plate is adjacent to the non-ferromagnetic core thereby making the
ferromagnetic plates of the at least two ferromagnetic laminated structures lie
on intersecting planes perpendicular to the intersecting planes of the at least

two flat sections of the non-ferromagnetic core. The mover assembly unit

further comprises windings of wire wrapped around the at least two

ferromagnetic laminated structures and the non-ferromagnetic core.

[0014] In some embodiments, a shape of the mover assembly corresponds
toa polyhedron.

[0015] In some embodiments, each mover assembly unit comprises the
non-ferromagnetic core with a U-shaped profile of the outer surface with three
flat sections, and a first ferromagnetic laminated structure and a second
ferromagnetic laminated structure are arranged on a first flat section and a
second flat section of the non-ferromagnetic core, respectively. The first flat
section and the second flat section are parallel to each other and perpendicular
to the third flat section of the non-ferromagnetic core, and a third ferromagnetic
laminated structure is arranged in a gap opposite to the third flat section of the
non-ferromagnetic core. A third ferromagnetic laminated structure is arranged
in a gap opposite to the third flat section of the non-ferromagnefic core. The
third ferromagnetic laminated structure is arranged using another non-
ferromagnetic core that comprises a first projection and a second projection that
slide into a corresponding first groove and a second groove of the non-
ferromagnetic core such that the third ferromagnetic laminated structure is

isolated from the first ferromagnetic laminated structure and the second
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ferromagnetic laminated structure lying on planes intersecting a plane on which
the third ferromagnetic laminated structure lies.
[0016]  In some embodiments, each flat vs’ection, of the at least two flat
sections, comprises a groove to accommodate a ferromagnetic laminated
structure, where the ferromagnetic laminated structure slides into the groove on
each flat section of the at least two flat sections.

[0017] Some embodiments are based on the realization that a modular

mover allows flexibility in adjusting length of the mover. Therefore, the mover
assembly is formed by a phirality of mover assembly units, where the plurality
of the mover assembly units is stacked together to form the mover assembly
using guide teeth and grooves on the ferromagnetic laminated structures of each
mover assembly unit of the plurality of the mover assembly units.

[0018] = Insome embodiments, the stator comprises at least two inner walls,
each wall comprising an array of magnets, and where the mover is arranged in
the stator such that the at least two ferromagnetic laminated structures and the
winding around the at least two ferromagneﬁc laminated structures are in
contact with the at least two inner walls of the stator. Further, the magnet in the
array of magnet in the stator comprises at least one of: a Halbach permanent
magnet or Vernier permanent magnet.

[0019] Accordingly, one embodiment discloses a system including a
motor comprising the motor assembiy, further comprising: a digital controller
configured to generate control signals specifying values of one or combination
of multi-phase voltages and multi-phase currents of the motor for tracking a
reference trajectory of torques of the motor, and an inverter configured to

supply the multi-phase voltages and currents generated according to the control
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signals to multi-phase windings of the motor to reduce an error between the
reference trajectory and meaéured torque of the motor. |

[0020] Accordingly, another embodiment discloses motor assembly
including a mover assembly configured to slide during an operation of the
motor assembly along outer walls of the stator. The mover assembly comprises
magnets on inner walls of the mover assembly. The stator comprises a non-

ferromagnetic core with a profile of an outer surface having at least two flat

sections lying on intersecting planes; at least two ferromagnetic laminated
structures arranged on the at least two flat sections of the non-ferromagnetic
core, each of the at least two ferromagnetic laminated structures includes a
stack of ferromagnetic plates. Each ferromagnetic plate in the stack is covered
with a non-conductive coating, where each of the at least two ferromagnetic
laminated structures is arranged on a corresponding flat section of the at least
two flat sections of the non-ferromagnetic core such that side of each
ferromagnetic plate is adjacent to the non—ferromagnetic core thereby making
the ferromagnetic plates of the at least two ferromagnetic laminated structures
lie on intersecting planes perpendicular to the intersecting planes of the at least
two flat sections of the non-ferromagnetic core. The stator further corhprises
windings of wire wrapped around the at least two ferromagnetic laminated

structures and the non-ferromagnetic core.

[Brief Description of Drawings]

Brief Description of the Drawings

[0021] The presently disclosed embodiments will be further explained
i with reference tb the attached drawings. The drawings shown are not

necessarily to scale, with emphasis instead generally being placed upon

illustrating the principles of the presently disclosed embodiments.
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[0022]

[Fig. 1]

FIG. 1 illustrates a top perspective view of a motor assembly, in accordance

with an example embodiment.

[Fig. 2]

FI1G-2-illustrates-a- U=shaped-stator;-in-accordance-with-an-example-
embodiment.

[Fig. 3]

~ FIG. 3 illustrates an exploded view of a mover assembly, in accordance with

an example embodiment.

[Fig. 4]

FIG. 4 illustrates an arrangement of the mover assembly units and a mover
assembly end unit to form the mover assembly, in accordance with an

example embodiment.

[Fig. 5]

FIG. 5 illustrates the mover assembly unit of the mover assembly, in

accordance with an example embodiment.

[Fig. 6]

FIG. 6 illustrates the ferromagnetic laminated structures arranged on the non-
ferromagnetic core of the mover assembly unit of the mover assembly, in

accordance with an example embodiment.

[Fig. 7]
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FIG. 7 illustrates assembling of the mover assembly unit, in accordance with

an example embodiment.

[Fig. 8]

FIG. 8 illustrates arrangement of a first ferromagnetic laminated structure and
a second ferromagnetic laminated structure on a section of the non-
ferromagnetic core of the mover assembly unit of the mover assembly, in
accordance-with-an-example-embodiment.

[Fig. 9]

FIG. 9 illustrates U-shaped non-ferromagnetic core of the mover assembly

unit, in accordance with an example embodiment.

[Fig. 10]

FIG. 10 illustrates a shape of a ferromagnetic plate used to form the
ferromagnetic laminated structures, in accordance with an example

embodiment.

[Fig. 11]

FIG. 11 illustrates the third ferromagnetic laminated structure arranged on the

non-ferromagnetic core, in accordance with an example embodiment.

[Fig. 12]

FIG. 12 illustrates a rectangular rod-shaped section of the non-ferromagnetic

core, in accordance with an example embodiment.

[Fig. 13]

FIG. 13 illustrates a fully assembled mover assembly end unit of the mover

assembly, in accordance with an example embodiment.
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[Fig. 14]

FIG. 14 illustrates a shape of a ferromagnetic plate of the mover assembly end

unit of the mover assembly, in accordance with an example embodiment.

[Fig. 15]

FIG. 15 illustrates shapes of the mover assembly with at least two intersecting

surfaces, in accordance with an example embodiment.

[Fig. 16]

FIG. 16 illustrates a block diagram of an alternate motor assembly, in

accordance with an example embodiment.

[Fig. 17]

FIG. 17 illustrates a block diagram of a control system for a motor comprising

the motor assembly, in accordance with an example embodiment.

[Fig. 18]

FIG. 18 illustrates a block diagram of a control system comprising the linear

motor in accordance with an example embodiment.

[Fig. 19]

FIG. 19 illustrates a block diagram of an alternative control system

comprising the linear motor in accordance with an example embodiment. -

[Description of Embodiments]

Detailed Description
[0023] In the following description, for purposes of explanation,

numerous specific details are set forth in order to provide a thorough
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understanding of the present disclosure. It will be apparent, however, to one
skilled in the art that the present disclbsure may be practiced without these
specific details. In other instances, apparatuses and methods are shown in block
diagram form only in order to avoid obscuring the present disclosure.

[0024] As used in this specification and claims, the terms “for example,”
“for instance,” and “such as,” and the verbs “comprising,” “having,”
“including,” and their other verb forms, when used in conjunction with a listing
of one or more components or other items, are each to be construed as open
ended, meaning that that the listing is not to be considered as excluding other,
additional cdmponents or items. The term “based on” means at least partially
- based on. Further, it is to be understood that the phraseology and terminology
employed herein are for the purpose of the description and should not be
regarded as limiting. Any heading utilized within this description is for
convenience only and has no legal or limiting effect.

[0025] FIG. 1 illustrates a top perspective view of a motor assembly 100,
in accordance with an example embodiment. The motor assembly 100
comprises a mover assembly 101 and a stator 103. The mover assembly 101 is
smaller in size compared to the stator 103, where the mover assembly 101 is
configured to slide during an operation of the motor assembly 100 along inner
walls of the stator 103. The inner walls of the stator 103 forms a track (also
referred to as “rail”) for the mover assembly 101,.where the track comprises at
least two arrays of magnet — a first array of magnets 103a and a second array
of magnet 103b along the inner walls of the stator 103. Further, a magnified
view of the mover assembly is reproduced in FIG. 1. The mover assembly 101

in the magnified view is shown inverted for ease of description.
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[0026] The mover assembly 101 (in the magnified view) is made up of a
plurality of mover assembly units (mover assembly unit 1, mover assembly unit
2, ..., mover assembly unit n), where each mover assembly unit (for example,
mover assembly unit 1) comprises a non-ferromagnetic core 107 on which at
least two ferromagnetic lamiﬁated structures, for example, a first ferromagnetic
laminated structure 109a, a second ferromagnetic laminated structure 109b, and
a third ferromagnetic laminated structure 109c are arranged. Further, each
mover assembly unit comprises winding 105 of wire wound around the non-
ferromagnetic core 107 and the at least two ferromagnetic laminated structures
(for example, 109a, 109b, and 109c), where the wire is made from any
electrically conductive material such as copper.

[0027] The motor assembly 100 is configured such that when the mover
assembly 101 moves along the stator 103, at least two sides of each mover
assembly unit (mover assembly units 1- mover assembly units n) of the mover
assembly 101 interacts with the at least two arrays of magnet 103a and 103b of
the stator 103. The interaction between the mover assembly 101 and the arrays
of magnet 103a and 103b of the stator 103 generates a thrust force in a direction
shown in the FIG. 1, where the thrust force is'used to drive a load for example,
a linear direct drive motor.

[0028] FIG. 2 illustrates a U-shaped stator 200, in accordance with an
example embodiment. The U-Shaped stator 200 corresponds to the stator 103
(FIG. 1). The U-shaped stator 200 comprises a U-shaped supporting frame 201.
On three inner walls of the U-shaped supporting‘ frame 201, three iron coresi.e.,
a first iron core 205a, a second iron core 205b, and a third iron core 205c are
installed. Each iron core (205a-205¢) comprises a projection i.e., a first

projection 207a, a second projection 207b, and a third projection 207c
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fespectively, where to install each iron core 205a-205c, the respective
projections 207a-207¢ are slid through corresponding grooves oﬁ the U-shaped
supporting frame 201. |

[0029] Further, each iron core 205a-205c comprises an array of
permanent magnets (also referred to as “magnet arrays”), for example, a first
magnet array 203a on the first iron core 205a, a second magnet array 203b on
the second iron core 205b, and a third magnet array 203c¢ on the third iron core
205c.

[0030] In some embodiments, the thrust force density generated by the

motor assembly 100 shown in FIG. 1 is improved by using a Vernier permanent

magnet. To this end, the Vernier permanent magnet produces a higher torque

density at low-speed range by using a magnetic gearing effect. A Vernier

permanent magnet motor can be realized when the phase winding pole pair

number p, the permanent magnet array pole pair number Z,,,, and slot/teeth -
number Z; satisfies the following relation Z,,,, = Z; + p.

[0031] Consering only fundamental hénnOnic term, the magnetomotive

force (MMF) generated by the permanent magnet array is expressed as:

2m
Fom(x) = Fpmy €08 (Zpm ‘f“") | M
[0032] Where x is the position along the air gap in the moving direction,
L is the active length of the mover, Fpns is the ampltude given by the remanent
flux of the magnet B,, the magnet height 4, and the free-space permeability uo. -

—. 4 Brhm
Fpm, T o )
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[0033] The air gap permeance Pg(x, t) considering the fundamental
harmonic term of the slotting effect due to the teeth in the mover, is expressed
as

Py(z,t) = Py + Pj cos [ngg(zn — x4)]

| 3)

[0034] Where P, is the DC component of the permeance, P; is the
amplitude for the first harmonic term, Z is the slot number in the mover, x; is
the position of the mover at time .
[0035] Then the air gap magnetic flux density generated by the permanent

magnet array is calculated as:

Bom(@, ) = Fpm(2) Py(2, 1)

2 Fppm,. COS (me—zfﬂa:) (Py + Py cos [qug(x —z1)])

= Bpmo cos(gﬁme:c) + Bpm, cos(gE(me + Zs)x — Zyxe)
L L (4)
with Brmo = Fpm 1o, Bym, = fﬂ%l_&

[0036] The first term of the air gap flux density has harmonic order Z,n,
and the second term has harmonic order Z,,=Z;.

[0037] To generate thrust force, the air gap flux needs to interate with the
MMF generated by the winding currents of the same harmonic order. The
fundamental order of the MMF due to winding current is p, which is the pole
pair number of the windings. Considering slotting effect, the MMF will include
harmonic orders Zstp. |

[0038] Theréfore, when the condition Z,, = Z; £ p holds, both terms in
the air gap flux density match with the winding MMF, and can be used to

generate thrust force. The first term utilizes the slotting harmonic such that Z,»,
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= Z; + p ot Zyn = Z;— p, and the second term utilizes the fundamental harmonic
order which is (Zn - Zy) = £ p.
[0039] In this case, both a fundamental harmonic air gap flux and a teeth
" harmonic air gap flux participate in the thrust force generation, effectively
increasing the thrust force density.
[0040] In another embodiment, the motor assembly 100 may utilize a
Halbach array of magnets. The Halbach array is an arrangement of the
permanent magnets that augments magnetic field on one side of the array while
canceling the magnetic field to near zero on the other side.
[0041] Some embodiments are based on a realization that the magnetic
field augmentation is achieved by arranging horizontally magnetized magnets
in between alternating polarity. The Halbach array reduces magnitude of high-
order magnetic field harmonics. Thus, the Halbach array aids in >smooth
operation of the motor. In addition, the Halbach array does not require a thick
secondary back iron as the permanent magnet arrays, thus saving the material
cost. |
[0042] Further, more details regarding the mover assembly 101 is
described below with reference to FIG. 3 to FIG. 14 below.

Construction of the mover assembly:

[0043] FIG. 3 illustrates an exploded view of the mover assémbly 101, in
accordance with an example embodiment. FIG. 3 is described below in
conjunction with FIG. 1. The mover assembly 101 comprises a plurality of
mover assembly units 301a, 301b, 301c, 301d, 301e, 301f, 301g, 301h, 301i,
301j, 301k, 3011 and a mover assembly end unit 303. For the ease of describing,
only 7 mover assembly units (301a -3011) are illustrated in FIG. 3. However,

the number of mover assembly units may be further increased or decreased
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based on an intended application of the mover assembly 101, without deviating
from the scope of the present disclosure. Thus, the mover assembly 101 is
modular and size of the mover assembly 101 is adjustable depending on the
type of application intended for use.

[0044] Each of the mover assembly units 301a-3011 is composed of three
small sections comprising: the non-ferromagnetic core 107, the ferromagnetic

laminated structures (109a-109c), and the winding 105 of the wire. The

plurality of mover assembly units 301a-3011 is stacked together with the help
of guiding teeth and grooves on the ferromagnetic laminated structures 109 of
each mover assembly unit of the plurality of assembly units to form the mover
assembly 101. The mover assembly 101 further comprises the mover assembly
end unit 303, where the mover assembly end unit 303 is attached to the last
mover assembly unit 3011. Details of the arrangemeflt of the plurality of mover
assembly units 301a-3011 and the mover assembly end unit 503 is provided
below with reference to FIG. 4.

[0045] FIG. 4 illustrates arrangement of the mover assembly units 301k,
3011 and the mover assembly end unit 303 to form the mover assembly 101, in
accordance with an example embodiment. FIG. 4 is described below in
conjunction with FIG. 3. The mover assembly end unit 303 is fitted into the
final mover assembly unit 3011. To that end, a projection 405 1 of the mover
assembly unit 3011 corresponding to the first ferromagnetic laminated structure
109a is used as guiding teeth, where the projection 405 1 slides into a groove
303a corresponding to a ferromagnetic laminated structure 407 of the mover
assembly end unit 303. Similarly, projections corresponding to other

ferromagnetic laminated structures 109b and 109¢ of the mover assembly unit
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301 1 slide into grooves corresponding to ferromagnetic laminated structures

409 and 411 of the mover assembly end unit 303.

[0046] Similarly, a projection 401k corresponding to the ‘ﬁrst
| ferromagnetic structure 109a of the mover assembly unit 301k is slid into a

groove 4031 corfesponding to the first ferromagnetic structure 109a of the

mover assembly unit 3011. Further, projections corresponding to other

ferromagnetic laminated structures 109b and 109¢ of the mover assembly unit

301k slide into grooves corresponding to ferromagnetic laminated structures
109b and 109¢ of the mover assembly unit 3011. In this way, the plurality of
mover assembly units 301a-3011 and the mover assembly end unit 303 are
connected to form the mover assembly 101. - |

[0047] Further, a detailed description of construction of each mover
assembly unit of the mover assembly 101 is provided belbw with reference to
FIG. 5 to FIG. 12.

Construction of a mover assembiy unit of the mbver assembly:

[0048] FIG. § illustrates the mover assembly unit 30la of the mover
assembly 101, in accordance with an example embodiment. Construction of -
each mover assembly unit 301a-3011 is identical to construction of the mover
assembly unit 301a described below. The mover assembly unit 301a mainly |
consists of three components: the non-ferromagnetic core ‘107a, the
ferromagnetic laminated structures 109 (i.e., the first ferromagnetic laminated
structures 109a, the second ferromagnetic laminated structures 109b, and the
third ferromagnetic laminated structures 109¢), and the windings 105a. The
ferromagnetic laminated structures 109a-109¢ are arranged in at least three

 different directions to support a rectangular shaped winding 103a.
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[0049] Each piece of the ferromagnetic laminated structures 109a-109c is
made up of a plurality of ferromagnetic plates. For example, the ferromagnetic
laminated structure 109a is made up of ai plurality of ferromagnetic plates 501a,
501b, ..., 501n, where each‘ferror'nagnetic plate 501a-501n is laminated by non-
conductive materials such as electric lamination sheets that are arranged in
different directions to minimize the eddy current loss. Other ferromagnetic

laminated structures 109b and 109c¢ are formed in the identical manner. The

lamination sheets are made up of at least one of the following materials: Cobalt,
Nickel alloy, or Silicon steel.

[0050] The ferromagnetic laminated structures 109a-109c¢ are attached to
a supporting frame, the non-ferromagnetic core 107a, that is manufactured
using non-ferromagnetic fnaterials such as Aluminum. The structure of the non-
ferromagnetic core 107a and an arrangement of the ferromagnetic laminated
structures 109a-109¢ on the non-ferromagnetic core 107a are described later.
[0051] Further, the windings 105a are arranged in a space formed by the
arrangement of the ferromagnetic laminated strﬁctures 109a-109c on the non-
ferfomagnetic core 107a. The windings 105a are formed by winding a wire
around the three ferromagnetic laminated structures 109a-109c, where the wire
is made from an electrically conductive material.

[0052] ~ Some embodiments of the present disclosure are based on the
realiéation that by constructing the mover assembly 101 with the mover
assembly units like the mover assembly unit 301a that comprises at least two
ferromagnetic laminated structures (109a-109c or 109b-109c¢) on intersecting
planes, a flexibility to manufacture the mover assembly unit 301a of any shape
is achieved, and consequently a flexibility to design any shape of the mover

assembly 101 is achieved. Thus, the motor assembly 100 comprising different
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size and shape configurations of the mover assembly 101 can be achieved for
" use in numerous applications to generate the thrust force.

[0053] Further, the proposed design of the motor assembly 100 not only
reduces the eddy current losses but also adjusts directions of the currents
generated by the motion of the mover assembly 101 in fhe stator 103 such that
higher density of thrust force is generated.

[0054] To that end, laminations are used to reduce eddy current losses in

the motor assembly 100. Specific lamination directions are chosen according
to magnetic field pattern, which in turn is produced by current flowing through
the w‘indings 105a. The motor assembly 100 comprises muliple active planes,
producing thrust force, that are in different directions, where the active planes

correspond to interfaces between the mover assembly 101 and the stator 103 of
the motor assembly 100. The magnetic fields are generated in different

directions in the ferromagnetic structures coming in contact with the stator 103
during the operation of the mover assembly 101. Therefore, the ferromagnetic

structures are laminated to generate multiple laminated structures (109a-109c),

in each mover assembly unit 30la-30ln, where the multiple laminated

structures (109a-109¢) in different directions according to the magnetic field

direction are used in the motor assembly 101 to reduce eddy current losses in

all direction. . .

[0055] FIG. 6 illustrates the ferromagnetic laminated structures (109a-

109c) arranged on the non-ferromagnetic core 107a of the mover assembly unit

301a of the mover assembly101, in accordance with an example embodiment.

The mover assembly unit 301a comprises the non-ferromagnetic core 107a with

at least two flat sections, for example, a first flat section 607 and a second flat

section 609 lying on intersecting planes. Over the at least two flat sections 607
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and 609 lying on intersecting planes of the non-.ferromagnetic core 107a, at
least two ferromagnetic laminated structures 109b and 109c are arranged,
respectively. Each of the at least two ferromagnetic laminated structures 109b
and 109¢ includes a stack of ferromagnetic plates, for example, the
ferromagnetic laminated structure 109b is formed by stacking plates 611a,
611b, ..., 611n. Similéu’ly, the ferromagnetic laminated structure 109c¢ is formed

(FIG. 5). Each ferromagnetic plate (611a-611n) in the stack is covered with a

non-conductive coating. The non-conductive coating electrically isolates each
ferromagnetic plate from other ferromagrietic plates in the stack.
[0056] Further, each of the at least two ferromagnetic laminated
structures 109b and 109c¢ is arranged on a corresponding flat section 607 and
609 of the at least two flat sections of the non-ferromagnetic core 107a such
that side of each ferromagnetic plate is adjacent to the non-ferromagnetic core
107a thereby making the ferromagnetic plates of the at least two ferromagnetic
laminated structures 109b and 109c lie on intersecting planes perpendicular to
the intersecting planes of the at least two flat sections 607 and 609 of the non-
- ferromagnetic core 107a. Further, the windings 105a of wire (not shown in FIG.
6) are wrapped around the at least two ferromagnetic laminated structures 109b
and 109¢ and the non-ferromagnetic core 107a.
[0057] Further, in FIG. 6, each of the three ferromagnetic laminated
structures 1092-109¢ are, roughly, of an L-shape. For example, in the first
ferromagnetic laminated structure 109a, a section 601a and a section 601b form
the L shape, in the second ferromagnetic laminated structure 109b, a section
603a and a section 603b form the L shape, and likewise in the third
ferromagnetic laminated structure 109c¢, a section 605a and a 605b form the L

| shape. As can be observed from the FIG. 6, a space is formed between two legs
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of the L shaped structure. For example, a space (indicated by a dotted line) is
formed between sections 60la and 601b of the first ferrdm‘agnétic laminated
structure 109a. Similarly, a space is formed between sections 603a and 603b of
the second ferromagnetic laminated structure 109b, and a space is formed
between sections 605a and 605b of the third ferromagnetic laminated structure
109c. On combining or arranging the three L-shaped structures (109a-109c¢), a
space 613 is formed in the mover assembly unit 301a, where the winding 105a

is wound (FIG. 5).

[0058] Further, each mover assembly unit of the plurality of mover
assembly units 301a-3011 are modular in nature i.e., size and length of each
mover assembly unit is adjustable. Details of the modular arrangement of each
mover assembly unit is provided below with reference to FIG. 7.

[0059] FIG. 7 illustrates assembling of the mover assembly unit 301a, in
accordance with an example embodiment. FIG. 7 is described below in
conjunction with FIG. 6. The non-ferromagnetic core 107a is made up of two
sections 70la and 701b, Where the sectibn 701a is a U-shaped non-
ferromagnetic core and the section 701b is a rectangular rod-shaped non-
ferromagnetic core, where the two sections 701a and 701b are detachably
attached to each other to form the non-ferromagnetic core 107a. The
rectangular rod-shaped non-ferromagnetic core 701b corresponds to the second
flat section 609 (FIG. 6). The size of each section 701a and 701b can be
modified (increased or decreased) based on design requirement of the motor
assémbly 101. The section 701b comprises projections 707a and 707b that slide
into grooves on the inner walls of the section 701a, for example, the projection
707a slides into a groove 703a, similarly, the projection 707b slides into

corresponding groove (not visible in FIG. 7) on the inner wall of the section
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701a, to form the non-ferromagnetic structure 107a of the mover assembly unit
301a. The arrangement of the mover assembly unit 301a ensures that the
ferrofnagnetic laminated structures lying on intersecting planes of the non-
ferromagnetic core 107a are electrically isolated, i.e., the third ferromagnetic
laminated structure 109c¢ is electrically isolated from the first ferromagnetic
laminated structure 109a and the second ferromagnetic laminated structure
109b.

[0060] Further, the first ferromagnetic laminated structure 109a
comprises a projection 709a (on front side of the mover assembly unit 301a)
and a groove 705a (on back side of the mover assembly unit 301a’), where the
projection 709a of one mover assembly unit (for example, 301a) acts as guiding
teeth that fit into the slot 705a of another mover assembly unit (for example,
301b). The other ferromagnetic laminated structures 109b and 109c also
comprise identical projections and slots. |

[0061] FIG. 8 illustrates arrangement of the first ferromagnetié laminated
structure 109a and the second ferromagnetic laminated structure 109b on the
section 701a of the non—ferfomagnetic core 107a of the mover assembly unit
301a of the mover assembly 101, in accordance with an example embodiment.
FIG. 8 is described below in conjunction with FIG. 7. The two ferromagnetic
laminated structures 109a and 109b are made from a plurality of ferromagnetic
plates, where shape of each ferromagnetic plate is illustrated later in FIG. 10.
The first ferromagnetic laminated structure 109a comprises projections 801a,
803a, and a slot 805a, where the projection 801a slides into a groove on ‘outér
profile of the section 701a of the non-ferromagnetic core 107a. Further, the
projection 803a corresponds to the projection 709a (FIG. 7) and the slot 805a
correspond to the slot 705a (FIG. 7). Similarly, the second ferromagnetic
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laminated structure 109b comprises projections 807a, 809a, and a slot 811a,
~ where the projection 807a slides into a groove on outer profile of the section -
701a of the non-ferromagnetic core 107a. Further, the section 701a comprises
grooves 809a and 811a on its inner walls, where the groove 809a correspond to
the groove 703a (FIG. 7).
[0062] FIG. 9 illustrates the U-shaped non-ferromagnetic core 701a of the
mover assembly unit 301a, in accordance with an example embodiment. The
section 701a of the non-ferromagnetic core 107a has a U-shaped profile of the
outer surface with three flat sections, a first flat section 901a, a second flat
section 901b, and a third flat section 901¢c, where the first flat séctibn 901a and
the second flat section 90v1b are parallel to each other, and where the third flat
section 901c lies on a plane that intersects with a plane on which the first flat
section 901a lies and a plane on which the second flat section 901b lies. The
second flat section 901b corresponds to the first flat section 607 in FIG. 6.
[0063] The non-ferromagnetic core 701a comprises a first groove 903a
on an outer surface of the first flat section 901a and a second groove 903b on
an outer surface of the second flat section 901b. The groove 903a is configured
to accommodate the projection 80la (FIG. 8) of the first ferromagnetic
laminated structure 109a, and the groove 903b is configured to accommodate
the projection 807a of the second ferromagnetic laminated structure 109b.
[0064] The projections such as 8015, 803a, 807a, and 809a and the slots
sﬁch as 805a and 811a on each of the ferromagnetic laminated structures (109a
and 109b) are formed by stacking of the plurality of ferromagnetic plates, where
each ferromagnetic plate is of a specific shape.
[0065] FIG. 10 illustrates a shape of a ferromagnetic plate 1000 used to

form the ferromagnetic laminated structures 109a-109c¢, in accordance with an
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example embodiment. The ferromagnetic laminated structures 109a-109¢ are
manufactured by stacking a plurality of ferromagnetic plates, where each
ferromagnetic plate 1000 of the plurality of ferromagnetic plates is laminated
using a lamination sheet. EéCh ferromagnetic plate 1000 is, roughly, of an L
shape and comprises two projections 100la and 1001b, and a slot 1003.
Stacking of the plurality of ferromagnetic plates such that the projections 1001b,
1001a, and the slot 1003 of each ferromagnetic plate 1000 fall on another

ferromagnetic plate 1000 in the stack of the plurality of ferromagnetic plates
results into the projections 80la, 803a and the slot 805a of the first
ferromagnétic laminated structure 109a, respectively. The second
ferromagnetic laminated structure 109b and the third ferromagnetic laminated
structure 109c¢ are also stacked in the identical manner.

[0066] | In this way,' the first ferromagnetic laminated structure 109a and
the second ferrdmagnetic laminated structure 109b are arranged on the section
701a of the non-ferromagnetic core 107a. Further, arrangement of the third
ferromagnetic laminated structure 109c¢c on the section 701b of the non-
- ferromagnetic core is provided below with references to FIG. 11 and FIG. 12.
[0067] FIG. 11 ,illustrates’ the third ferromagnetic laminated structure
109c arranged on the section 701b of the non—ferromagne-tic core 107a, in
accordance with an example embodiment. The third ferromagnetic laminated
structure 109c is like the first ferromagnetic laminated structure 109a and the
second ferromagnetic laminated structure 109b. However, the length of the
third ferromagnetic laminated structure 109c is less than the ferromagnetic
laminated structures 109a and 109b. Accordingly, the third ferromagnetic
laminated structure 109c is formed in the manner identical to the first

ferromagnetic laminated structure 109a. Thus, third ferromagnetic laminated
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structure 109c¢ is formed by stacking together a plurality of ferromagnetic plates
1101a, 1101b, ..., 110In. Each ferromagnetic plate of the plurality of
ferromagnetic platés 1101a-1101n is laminated with non-conductive coating
su(;h as laminating sheets. Further, shape of each ferromagnetic plate of the
plurality of ferromagnetic plates 1101a-110ln is like the shape of the
ferromagnetic plate 1000 illustrated in FIG. 10. Thus, stacking of the plurality
of ferromagnetic plates 1101a-1101n results into the third ferromagnetic
laminated structure 109¢ with projections 1103a, 1103b and slot 1105 is formed.
The projection 1103a slides into a groove on the non-ferromagnetic core 701b
such that the third ferromagnetic laminated structure 109c¢ is supported by the
non-ferromagnetic core 701b.

[0068] FIG. 12 illustrates the rectangular rod-shaped section 701b of the
non;ferromagnetic core 107a, in accordance with an example embodiment. FIG.
12 is described below in conjunction with FIG. 9 and FIG. 11. The section 701b
comprises a groove 1201, where the projection 1103a of the third ferromagnetic
laminated structure 109c¢ slides into the groove 1201. The section 701b further
comprises the projections 707a and 707b on sides, where the projections 707a
and 707b allow the non-ferromagnetic core 707b to slide into the grooves (811a
and 809a (FIG. 9)) of the non-ferromagnetic core 701a (i.e., in a gap opposite
to the third flat section 901c of the non-ferromagnetic core 107) such that the
two ferromagnetic laminated structures lying on the interesting planes are
electrically isolated from each other.

[0069] In this way, each mover assembly unit of the mover 101 is
constructed. Furthér, the mover assembly 101 comprises the mover assembly

end unit 503 that is attached to the last mover assembly unit 3011. Construction
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of the mover assembly end unit 503 is described below with references to FIG.
13 and FIG. 14. |

II. Construction of a mover assembly end unit:

[0070] FIG. 13 illustrates a fully assembled mover assembly end unit 503
of the mover assembly 101, in accordance with an example embodiment.
Construction ofvthe‘ mover assembly end unit 503 is identical to the construction
of the mover assembly unit 301a. However, a shape of the ferromagnetic plate
used for constructing ferromagnetic laminated structures of the mover
assembly end unit is different.

[0071] Thus, mover assembly ehd unit 503 comprises the non-
ferromagnetic core 107a on which a first ferromagnetic laminated structure
1303a is arranged on a first flat section 1301a of the non-ferromagnetic core
107a, a second ferrémagnetic laminated structure 1303b is arranged on a
second flat section 1301b of the rion-ferromagnetic core 107a, and a third
ferromagnetic laminated structure 1303c is arfanged on a third flat section
1301c of the non-ferromagnetic core 107a. Each of the three ferromagnetic
laminated structures 1303a-1303c is made up of a plurality of ferromagnetic
plates in a manner identical to the mover assembly unit 301a. Shape of each
ferromagnetic plate is illustrated later in FIG. 14. Further, each ferromagnetic
plate is laminated with lamination sheets. ,

[0072] The stacking of the plui‘ality of ferromagnetic plates results into a
slot 1305a of the first ferromagnetic laminated structure 1303a, a slot 1305b of
the secohd ferromagnetic laminated structure 1303b, and a slot 1305¢ of the
third ferromagnetic laminated structure 1303c. Through each slot 1305a-1305c¢
guiding teeth of the last mover assembly unit 3011 are fitted to form the mover

assembly unit 101.
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[0073] FIG. 14 illustrates a shape of a ferromagnetic plate 1400 of the
mover assembly end unit 503 of the mover assembly 101, in accordance with
an example embodiment. The ferromagnetic plate 1400 comprises two slots
1401a and 1401b on two opposite sides of the ferromagnetic plate 1400. Further,
the ferromagnetic plate 1400 comprises a projection 1403. A plurality of
ferromagnetic plates, each ferromagnetic plate 1400 with the shape as shown
in FIG. 14, are stacked to form each of the three ferromagnetic laminated
structures 1303a-1303¢ (FIG. 13).

Exemplar Embodiments:

[0074] FIG. 15 illustrates shapes of the mover assembly 101 with at least
two intersecting surfaces, in accordance with an example embodiment. A shape
of the mover assembly 101, comprising the non-ferromagnetic core with at least
two sections lying on intersecting planes and at least two ferromagnetic
laminated structures (for example, 109a-109c or 109b-109¢) arranged on the at
least two flat sections of the non-ferromagnetic core, corresponds to a
polyhedron. FIG. 15 illustrates shapes of polyhedron from front view (or in 2D).
For example, some shapes of the mover assembly 101 may correspond to a
trapezium (shape 1501), a diamond shape (shape 1505), a hexagon (shape
1509), and a triangle (shape 1513), and other polygons of shape 1503, shape
1507, and the likes. The different shapes of the mover assembly 101 shown in
FIG. 15 are illustrated for exemplar purpose only. However, it may be
understood by one of ordinary skill in the art that any other equivalent shape of
the mover assembly 101 may also be used to achieve the same objective as
described in various embodiments above, without deviating from the scope of
the present disclosure. Further, a stator of a specific shape corrésponding toa

specific shape of amover of shapes 1501-1511 is designed such that the specific
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stator allows the specific mover to move along the speciﬁc stator to generate
the thrust force.

[0075] ‘Some embodiments are based on the realization that the motor
assembly 100 with different combinations of stator and mover can be used to
generate the thrust force. For example, a functionality of the mover and the
stator may be interchanged i.e., the mover may be configured with arrays of |
magnets and a stator may be configured with coils (FIG. 16).

[0076] FIG. 16 illustrates a block diagram of an alternate motor assembly
1600, in accordance with an example embodiment. FIG. 16 is described below
in conjunction with FIGs. 1-3. The motor assembly 1600 comprises a mover
. assembly 1601 and a stator 1603. The mover assembly 1601 is smaller in size
compared to the stator 1603, where the mover assembly 1601 is configured to
slide during an operation of the motor assembly 1600 along outer walls of the
stator 1603, and where inner walls of the mover assembly 1601 comprises a
track (also referred to as “rail”). The track on the inner walls of the mover
assembly 1601 comprises at least two arrays of magnet along the inner walls of
the mover assembly1603. |
[0077] Further, the stator 1603 comprises a non-ferromagnetic core 107
with a profile of an outer surface having at least two flat sections lying on
intersecting planes. The profile of the stator 1603 is similar to the profile of the
mover assembly 101 (as shown in FIG. 1 and FIG. 6). On the at least two flat
sections. of the non-ferromagnetic core 107 at least two ferromagnetic
laminated structures, for example, a first ferromagnetic laminated structure
109a, a second ferromagnetic laminated structure 109b, and | a thifd
ferromagnetic laminated structure 109¢ are arranged. Each of the at least two

ferromagnetic laminated structures (for example 109a, 109b, and 109c)
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includes a stack of ferromagnetic plates. For example, the stack of -
ferromagnetic plates 501a-501n shown in FIG. 5 for mover assembly 101 may
be similarly used for constfucting the stator 1603 having the stack of
ferromagnetic plates. Each ferromagnetic plate in the stack is covered with a
non-conductive coating, wherein each of the at least two ferromagnetic
laminated structures is arranged on a corresponding flat section of vthe at least
two flat sections of the non-ferromagnetic core 107. In this manner, a side of
each ferromagnetic plate is adjacent to the non-ferromagnetic core 107 thereby
making the ferromagnetic plates of the at least two ferromagnetic laminated
- structures lie on intersecting planes perpendicular to the intersecting planes of
the at least two flat sections of the non-ferromagnetic core 107.
[0078] Further, the stator 1603 comprises winding 105 of wire (also
referred to s “coils”) wound around the non-ferromagnetic core 107 and the at
least two ferromagnetic larhinated structures (for example, 109a, 109b, and
109c¢), where the wire is made from any electrically conductive material such
as copper. | |
[0079] In some embodiments, the stator is made up of a plurality of stator
units (similar to the pluarality of mover assembly units 301a-301n), where each
stator unit has a structure as outlined above.
[0080] The motor assembly 100 is configured such that when the mover
assembly 1601 moves along the outer walls of the stator 1603, at least two sides
of the stator 1603 interact with the at least two arrays of magnet of the mover
assembly 1601. The interaction between the stator 1601 and the arrays of
magnets on the inner walls of mover assembly 1601 generates a thrust force in
a direction shown in the FIG. 1, where the thrust force is used to drive a load

for example, a linear direct drive motor.
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[0081] In this way, functionality of elements of the motor assembly 100

(i.e., the mover assembly 101 and the stator 103) can be interchangéd.
[0082] FIG. 17 illustrates a block diagram of a control system for a motor
1701 comprising the motor assembly 100 (or alternately motor assembly 1600),
in accordance with an example embodiment. FIG. 17 is described below in
conjunction with FIG. 1. The motor 1701 is a linear direct drive motor
comprising the motér assembly 100 to generate a thrust force. The motor 1701
is connected to a load 1703 through a connection 1705. A position of the mover
assembly 101 of the motor assembly 100 may be measured by a position sensor,
such as encoder and hall-effect sensor, and the measured position signal is fed
back 1707 into an analog/digital converter of a digital controller 1709.
Additionally, torque of the motor 1701 is also measured. The digital controller
1709 is configured to generate control signals 1711 specifying values of one or
combination of a multi-phase voltage and a current of the motor 1701. In
particular, the digital controller 1709 includes a reference trajectory generator
1713 and a motion controller 1715. The reference trajectory generator 1713
generates a reference trajectory 1717 of torques of the motor. Both the motor’s
measured position 1707 and the reference trajectory 1717 are fed into a motion
controller 1715, which generates the control signals 1711 in a form of digital
pulse width modulation (PWM) signals. The PWM signal 1711 controls gateé ‘
in an inverter 1719. A DCvpower supply 1721 generates a high-voltage DC
power 1723 for the inverter 1719. The inverter 1719 is configured to supply
multi-phase voltage and current 1725 according to the control signals to the
multi-phase windings of the motor to reduce an error between the reference
| trajectory 1713 and the measured torque of the motor 1701. With such control

system, the motor’s position can be controlled to follow the reference trajectory.
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[0083] FIG. 18 illustrates a block diagram of a control system 1800
comprising the linear motor in accordance with an example embodiment. The
control system 1800 .comprises a mover assembly 1801 which has coils, in
accordance with an example embodiment, and a stator assembly 1802 which
has magnets, in accordance with an embodiment. The length of a stator
assembly 1802 along the moving direction of the motor is larger than the length
of a mover assembly 1802. Controller 1805 generates the control signal for the
movement of mover assembly 1901 and send it through power cables which
are protected by the cable guide 1803, in order to prevent the cables from being
tangled and damaged. One may place or mount objects on mover assembly
1801 to be transported from one location to another.

[0084] FIG. 19 illustrates a block diagram of an alternative control system
1900 comprising the linear motor in accordance with an example embodiment.
The control system .1 900 comprises a stator assembly 1901 which has coils, in
accordance with an example embodiment, and a stator assembly 1902 which
has magnets, in accordance with an embodiment. The length of a stator
assembly 1901 along the moving direction of the motor is larger than the length
of a mover assembly 1902. One may place or mount objects on each mover
assembly 1902 to be transported from one location to another. Controller 1905
generates the control signal for the movement of mover assembly 1902 and
send it through pdwer cables. In this system the cable guide is not necessary
because the stator assembly dose not move and cables can Be fixed to the stator
‘assembly. This system may comprise two or more mover assemblies 1902 on
the same stator assembly because the length of each mover assembly is smaller
than the stator assembly 1901, and there is no cable accompanying with the

mover assemblies. Each individual mover assembly 1902 can be moved along
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the stator assembly 1901 independently by switching the locations of coils to
be excited in stator assembly 1901 using the control signals generated by
controller 1905.

[0085] The following description provides exemplary embodiments only,
and is not intended to limit the scope, applicability, or configuration of the
disclosure. Rather, the following description of the exemplary embodiments
will provide those skilled in the art with an enabling description for
implementing one or more exemplary embodiments. Contemplated are various
changes that may be made in the function and arrangement of elements without
departing from the spirit and scope of the subject matter disclosed as set forth
in the appended claims.

[0086] Specific details are given in the following description to provide a
thorough understandiﬁg of the émbodiments. However, understood by’ one of
ordinary skill in the art can be that the embodiments may be practiced without
these specific details. For example, systems, processes, and other elements in
the subject matter disclosed may be shown as components in block diagram
form in order not to obscure the embodiments in unnecessary detail. In other
instances, well-known processes, structures, and techniques may be shown
without unnecessary detail in order to avoid obscuring the embodiments.
Further, like reference numbers and .designations in the various drawings
indicated like elements.

[0087] Also, individual embodiments may be described as a process
which is depicted as a flowchart, a flow diagram, a déta flow diagram, a
structure diagram, or a block diagram. Although a flowchart may describe the
operations as a sequential process, many of the operations can be performed in

parallel or concurrently. In addition, the order of the operations may be re-
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arranged. A process may be terminated when its operations are completed but
may have additional steps not discussed or included in a ﬁgui'e. Furthermore,
not all operations in any particularly described process may occur in all
embodiments. A process may correspond to a method, a function, a procedure,
a subroutine, a subprogram, etc. When a process corresponds to a function, the
function’s termination can correspond to a return of the function to the calling
function or the main function.
[0088] Furthermore, embodiments of the subject matter disclosed may be
implemented, at least in part, either manually or automatically. Manual or
automatic implementations may be executed, or at least assisted, through the
use of machines, hardware, software, firmware, middleware, microcode,
hardware description languages, or any combination thereof. When
implemented in software, firmware, middleware or microcode, the program
“code or code segments‘to perform the necessary tasks may be stored in ’a
- machine readable medium. A processor(s) may perform the necessary tasks.
[0089] Various methods or processes outlined herein may be coded as
software that is executable on one or more processors that employ any one of a
variety of operating systems or platforms. Additionally, such software maylbe
written using any of a number of suitable programming languages and/or
programming or scripting tools, and also may be compiled as executable
machine language code or intermediate code that is executed on a framework
or virtual machine. Typically, the functionality of the program modules may be
combined or distributed as desired in various embodiments. |
[0090] Embodiments of the present disclosure may be embodied as a
method, of which an example has been provided. The acts performed as part of

the method may be ordered in any suitable way. Accordingly, embodiments
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may be constructed in which acts are performed in an order different than
illustrated, which may include performing some acts concurrently, even though
shown as sequential acts in illustrative embodiments. Although the present
disclosure has been described with reference to certain preferred embodiments, -
it is to be understood that various other adaptations and modifications can be
made within the spirit and scope of the present disclosure. Therefore, it is the

aspect of the append claims to cover all such variations and modifications as

come within the true spirit and scope of the present disclosure.
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[CLAIMS]
[Claim 1]

A motor assembly including a mover assembly configured to slide
during an operation of the motor assembly along magnets forming inner walls
of a stator, the }mover assembly comprising;: |

a non-ferromagnetic core with a profile of an outer surface
having at least two flat sections lying on intersecting planes;

at least two ferromagnetic laminated structures arranged on the at
least two flat sections of the non-ferromagnetic core, each of the at -
least two ferromagnetic laminated structures includes a stack of
ferromagnetic plates, wherein each ferromagnetic plate in the stack is
covered with a non-conductive coating, wherein each of the at least
two ferromagnetic laminated structures is arranged on a corresponding
flat section of the at least two flat sections of the non-ferromagnetic
core such that side of each ferromagnetic plate is adjacent to the non-
ferromagnetic core thereby making the ferromagnetic plates of the at
least two ferromagnetic laminated structures lie on ihtersecting planes
perpendicular to the intersecting planes of the at least two flat sections
of the non-ferromagnetic core; and |

windings of wire wrapped around the at least two ferromagnetic

laminated structures and the non-ferromagnetic core.

[Claim 2]
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The motor assembly of claim 1, wherein the mover assembly is formed

by connecting a plurality of mover assembly units.

[Claim 3]

The motor assembly of claim 2, wherein the plurality of the mover
assembly units is stacked together to form the mover assembly using guide
teeth and grooves on the ferromagnetic laminated structures of each mover
assembly_unit.o.f_the_plur.ality_of.the_mo_v.ef_assembly_units._

[Claim 4]

The motor assembly of claim 1, wherein the mover assembly
comprises:

the non-ferromagnetic core with a U-shaped profile of the outer
surface with three flat sections;

a first ferromagnetic laminated structure and a second ferromagnetic |
laminated structure are arranged on a first flat section and a second flat
section of the non-ferromagnetic core respectively, wherein the first flat
section and the second flat section are parallel to each other and perpendicular
to the third flat section of the non-ferromagnetic core; and

a third ferromagnetic laminated structure is arranged in a gap opposite
to the third flat section of the non-ferromagnetic core, wherein the third
ferromagnetic laminated structure is arranged using another non-
ferromagnetic core that comprises a first projection and a second projection
that slide into a corresponding first groove and a second groove of the non-
ferromagnetic core such that the third ferromagnétic laminated structure is

isolated from the first ferromagnetic laminated structure and the second
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ferromagnetic laminated structure lying on planes intersecting a plane on

which the third ferromagnetic laminated structure lies.

[Claim 5]

The motor assembly of claim 1, wherein each flat section, of the at least
two flat sections, comprises a gfoove to accommodate a ferromagnetic
laminated struéture, and

_wherein the_ferromagnetic_laminated structure slides into the groove.

on each flat section of the at least two flat sections.

[Claim 6]

The motor assembly of claim 1, wherein the stator comprises at least
two inner walls, each wall comprising an array of magnets, and
wherein the mover assembly is arranged in the stator such that the at
least two ferromagnetic laminated structures and the winding around the at
least two ferromagnetic laminated structures are in contact with the at least

two inner walls of the stator.

[Claim 7]

The motor asserribly of claim 1, wherein a magnet in the array of
magnet in the stator comprises at least one of: a Halbach permanent magnet or

Vernier permanent magnet.

[Claim 8]

The motor assembly of claim 1, wherein a shape of the mover assembly

corresponds to a polyhedron.

[Claim 9]
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A system including a motor comprising the motor assembly of claim 1,
further comprising:

a digital controller configured to generate control signals specifying
values of one or combination of multi-phase voltages and multi-phase
currents of the motor for tracking a reference trajectory of torques of the
- motor; and

an inverter configured to supply the multi-phase Vbltages and currents
generated according to the control signals to multi-phase windings of the
motor to reduc‘e an error between the reference trajectory and measured

torque of the motor.

[Claim 10]

The system of claim 9, further comprising a load positioned by the

motor.

[Claim 11]

A control system including a motor comprising the motor assembly of
claim 1, the controlv system comprising:
a éonveyor belt operated by the motor, the conveyor belt configured to
transport one or more objects from one location to another location; énd
a controller configured to control the motor to adjust speed of the

conveyor belt.

[Claim 12]

A motor assembly including a mover assembly configured to slide

during an operation of the motor assembly along outer walls of the stator,
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wherein the mover assembly comprises magnets on inner walls of the mover
assembly, and wherein the stator comprising: |
a non-ferromagnetic core with a profile of an outer surface.
having at least two flat sections lying on intersecting planes;
at least two ferromégnetic laminated structures arranged on the at
least two flat sections of the non-ferromagnetic core, each of the at
least two ferromagnetic laminated structures includes a stack of
ferromagnetic plates, wherein each ferromagnetic plate in the stack is
covered with a non-conductive coating, wherein each of the at least
two ferromagnetic laminated structures is érranged on a corresponding
flat section of the at least two flat sections of the non-ferronﬁagnetic
core such that side of each ferromagnetic plate is adjacent to the non-
ferromagnetic core thereby making the ferromagnetic plates of the at
least two ferromagnetic laminated structures lie on intersecting planes
perpendicﬁlar to the intersecting planes of the at least two flat sections
of the non-ferromagnetic core; and
windings of wire wrapped around the at least two ferromagnetic |

laminated structures and the non-ferromagnetic core.
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