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(57) ABSTRACT

A system (500) for controlling a linear alternating current
(AC) electrodynamic machine (400) includes a linear AC
electrodynamic machine (400) with a stationary part (410)
with a plurality of discrete stationary sections (412, 414,
416), each stationary section (412, 414, 416) having a
poly-phase circuit; a variable frequency drive (VFD) (510)
configured to be coupled to a utility power source and to
provide output currents, wherein the VFD (510) is operable
coupled to the stationary part (410) of the linear AC elec-
trodynamic machine (400) for powering and controlling the
stationary sections (412, 414, 416) of the stationary part
(410); and a plurality of switches (512, 514, 516) coupled
between the VFD (510) and the stationary part (410),
wherein the plurality of switches (512, 514, 516) allow
connecting or disconnecting the VFD (510) to or from the
stationary sections (412, 414, 416).
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SYSTEM AND METHOD FOR
CONTROLLING A LINEAR MOTOR HAVING
MULTIPLE SECTIONS WITH A SINGLE
VARIABLE FREQUENCY DRIVE

BACKGROUND

1. Field

[0001] Aspects of the present invention generally relate to
electrodynamic machines, which include for example elec-
tric motors, such as alternating current (AC) motors, and
more particularly to a system and method for controlling a
linear motor having multiple sections with a variable fre-
quency drive (VFD).

2. Description of the Related Art

[0002] Linear electrodynamic machines comprise a sta-
tionary part and a moving part, wherein a linear force is
produced along a length of the motor such that the moving
part is moving in a linear direction along the stationary part.
In a poly-phase linear motor, the stationary part consists of
multiple coils arranged longitudinally in a poly-phase cir-
cuit. The moving part can include magnets, such as perma-
nent magnets, arrayed side by side, with alternating N and S
poles along its traveling direction.

[0003] Linear motors may be started and/or controlled
using a variable frequency drive (VFD) which is operably
coupled to the linear motor, in particular to the part that
comprises the coil units. A VFD may controllably increase
the magnitude and frequency of voltage applied to the motor
during start-up. The voltage magnitude and frequency may
start at very low values and may then increase to the rated
voltage of the motor and/or to the frequency of the utility
power source. Further, the VFD may comprise a control
system including a control circuit in order to provide a
precision speed control of the linear motor.

[0004] In a linear motor, the moving part is typically
shorter than the stationary part since the moving part moves
along the stationary part. When the stationary part comprises
the coils, and the linear motor is powered and controlled by
a VFD, the length of the stationary part should not be made
too long, because most of the coils are not coupled to the
moving part, and the uncoupled coils create a leakage flux
which the VFD has to contend with by applying more
voltage than would be necessary to drive only the coils
coupled to the moving part of the motor. This phenomenon
results in a poor utilization of the VFD as it must be rated
for more voltage, which provides no contribution to the
power delivered to the moving part.

SUMMARY

[0005] Briefly described, aspects of the present invention
generally relate to electrodynamic machines, which include
for example electric motors, such as alternating current (AC)
motors, and more particularly to a system and method for
controlling a linear motor having multiple sections with a
variable frequency drive (VFD).

[0006] A first aspect of the present invention provides a
system for controlling a linear alternating current (AC)
electrodynamic machine comprising a linear AC electrody-
namic machine comprising a stationary part with a plurality
of discrete stationary sections, each stationary section com-
prising a poly-phase circuit; a variable frequency drive
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(VFD) configured to be coupled at an input to a utility power
source and to provide output currents, wherein an output of
the VFD is operable coupled to the stationary part of the
linear AC electrodynamic machine for powering and con-
trolling the stationary sections of the stationary part; and a
plurality of switches coupled between the VFD and the
stationary part, wherein the plurality of switches allow
connecting or disconnecting the VFD to or from the station-
ary sections.

[0007] A second aspect of the present invention provides
a method for controlling a linear alternating current (AC)
electrodynamic machine comprising sequentially powering
a plurality of discrete stationary sections of a linear AC
electrodynamic machine via a plurality of switches using a
single variable frequency drive (VFD).

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 illustrates a 3-dimensional schematic dia-
gram of a known linear alternating current (AC) motor in
accordance with embodiments disclosed herein.

[0009] FIG. 2 illustrates a 3-dimensional schematic dia-
gram of a portion of a stationary section of a stationary part
of a linear AC motor in accordance with an exemplary
embodiment of the present invention.

[0010] FIG. 3 illustrates a plan view of the portion of the
stationary section 200 as illustrated in FIG. 2 in accordance
with an exemplary embodiment of the present invention.
[0011] FIG. 4 illustrates a schematic diagram of a system
comprising a linear alternating current (AC) motor and a
variable frequency drive (VFD) in accordance with an
exemplary embodiment of the present invention.

DETAILED DESCRIPTION

[0012] Reference will now be made in detail to the
example embodiments of this disclosure, which are illus-
trated in the accompanying drawings. Wherever possible,
the same reference numbers will be used throughout the
drawings to refer to the same or like parts.

[0013] The components and materials described hereinat-
ter as making up the various embodiments are intended to be
illustrative and not restrictive. Many suitable components
and materials that would perform the same or a similar
function as the materials described herein are intended to be
embraced within the scope of embodiments of the present
invention.

[0014] FIG. 1 illustrates a 3-dimensional schematic dia-
gram of a known linear alternating current (AC) motor 100
in accordance with embodiments disclosed herein. The
linear AC motor, herein also referred to as simply linear
motor 100, comprises a stationary part 110 and a moving
part 120, separated by an air gap 130, wherein a linear force
is produced along a length of the linear motor 100, which is
the traveling direction A of the moving part 120.

[0015] The linear motor 100 can be configured as a
poly-phase linear motor, wherein the stationary part 110
consists of multiple coils arranged longitudinally in a poly-
phase circuit (see also FIG. 2). The moving part 120 can
include magnets, such as permanent magnets, arrayed side
by side, with alternating N and S poles along its traveling
direction A. Alternatively, the moving part 120 can be
configured as a reaction rail, for example as a simple bar of
copper or aluminum without magnets, or a set of coils which
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are excited by direct current (DC) and create a N-S alter-
nating magnetomotive force (MMF).

[0016] As illustrated in FIG. 1, the stationary part 110
comprises a plurality of stationary sections 112, 114, 116
arranged in a longitudinal direction, i.e. the traveling direc-
tion A, which form the stationary part 110. The stationary
part 110 can comprise as many sections 112, 114, 116 as
needed for a particular application of the linear motor 100.
Each section 112, 114, 116 can be configured in its dimen-
sions as needed. Typically, the sections 112, 114, 116 may
comprise identical or similar dimensions, for example width
and length. In an example for an application, the linear
motor 100 may be used to propel vehicles or the like,
wherein the stationary part 110 spans the length of a path or
track that the vehicle travels. In such applications, the
moving part 120 is typically mounted on the vehicle. The
stationary part 110 interacts with the moving part 120
mounted on the vehicle to propel the vehicle along the track.
FIG. 1 further illustrates gaps or spaces 140 between the
individual stationary sections 112, 114, 116, that may be
necessary for example for installing the stationary part 100
in a specific environment. Thus, depending on the applica-
tion and environment, the stationary sections 112, 114, 116
can be arranged adjacent to each other without spaces or
gaps.

[0017] FIG. 2 illustrates a 3-dimensional schematic dia-
gram of a portion of a stationary section 200 of a stationary
part of a linear AC motor in accordance with an exemplary
embodiment of the present invention. As described with
reference to FIG. 1, the stationary part 110 of the linear
motor 100 can comprise multiple stationary sections 112,
114, 116, wherein FIG. 2 illustrates a portion of an example
for a stationary section 200.

[0018] The illustrated portion of the stationary section 200
comprises a plurality of stator blocks 210, which form the
stationary section 200. Typically, the stationary section 200
comprises a plurality of stator blocks 210, for example
between 10 and 100 stator blocks 210.

[0019] Each stator block 210 comprises multiple coils
220, 230, 240, arranged in a poly-phase circuit, in particular
a 3-phase circuit. Coils 220 represent phase A, coils 230
represent phase B and coils 240 represent phase C of the
poly-phase system.

[0020] All coils 220, 230, 240 of one phase A, B or C of
each stator block 210 are wired in series. Further, all coils
220, 230, 240 of one phase A, B or C of all stator blocks 210
and thus of one stationary section 200 are wired in series.
This means that all coils 220 of phase A are wired in series,
all coils 230 of phase B are wired in series, and all coils 240
of phase C are wired in series. Since the stationary sections
200 form the stationary part 110 of the linear motor 100 (see
FIG. 1), all coils 220, 230, 240 of one phase A, B or C of the
stationary part 110 are wired in series.

[0021] FIG. 2 further illustrates that the stator blocks 210
comprising the coils 220, 230, 240 are spatially located
overlapping so that a magnetically continuous stationary
section 200 is provided. Similarly, the stationary sections
200 (see 112, 114, 116 of FIG. 1) of the stationary part 110
can be spatially located overlapping so that a magnetically
continuous stationary part 110 is provided. That is, if a
poly-phase current of a same magnitude, frequency and
phase is applied to two contiguous sections 200 (112, 114,
116), the moving magnetomotive force (MMF) generated is
continuous at section interfaces 250.
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[0022] With reference to FIG. 1 and FIG. 2, one or more
spaces or gaps 140 between the stationary sections 112, 114,
116, may be provided in a longitudinal direction, i.e. the
traveling direction A. Such spaces 140 allow for example
space for wiring of the stationary sections 200 (112, 114,
116). In other configurations, the stationary sections 200,
112, 114, 116 may be arranged adjacent to each other
without spaces between them.

[0023] FIG. 3 illustrates a plan view of the portion of the
stationary section 200 as illustrated in FIG. 2 in accordance
with an exemplary embodiment of the present invention. As
noted before, the stationary section 200 comprises the mul-
tiple blocks 210 with multiple coils 220, 230, 240 of phases
A, B and C. Further, a moving part 300 is shown. The
moving part 300 comprises a plurality of magnets 310, 320,
such as for example permanent magnets, arrayed side by
side, with alternating N and S poles along the traveling
direction A. The moving part 300 with the magnets 310, 320
is arranged opposite the stationary section 200, separated by
air gap 350. The moving part 300 with magnets 310, 320 can
be arranged on either side of the stationary section 200 or on
both sides of the stationary part 110, according to specific
applications of the linear motor.

[0024] FIG. 4 illustrates a schematic diagram of a system
500 comprising a linear alternating current (AC) motor 400
and a variable frequency drive (VFD) 510 in accordance
with an exemplary embodiment of the present invention.
[0025] In an exemplary embodiment, the linear AC motor
400, herein also referred to as simply linear motor 400 can
be configured as poly-phase linear motor as described before
with reference to FIG. 1, F1G. 2 and FIG. 3. The linear motor
400 comprises a stationary part 410 and a moving part 420,
separated by an air gap 430, wherein a linear force is
produced along a length of the linear motor 400, which is the
traveling direction A of the moving part 420. As described
before, the stationary part 410 can comprise multiple sec-
tions 412, 414, 416, each section 412, 414, 416 comprising
a plurality of stationary blocks, as described for example
with reference to FIG. 2, including coils for a 3-phase
system.

[0026] One way of powering and controlling the coils of
the stationary part 410 is by variable frequency drives
(VFD). In the linear motor 400, the moving part 420 is
typically shorter than the stationary part 410 since the
moving part 420 moves along the stationary part 410. When
the stationary part 410 comprises the coils, and the linear
motor 400 is powered and controlled by VFD(s), the length
of the stationary part 410 should not be made too long,
because most of the coils are not coupled to the moving part
420, and the uncoupled coils create a leakage flux which the
VFD has to contend with by applying more voltage than
would be necessary to drive only the coils coupled to the
moving part 420 of the motor 400. This phenomenon results
in a poor utilization of the VFD as it must be rated for more
voltage, which provides no contribution to the power deliv-
ered to the moving part 420. Thus, the stationary part 410 is
divided into discrete stationary sections 412, 414, 416 which
are individually powered and controlled, for example by one
or more VFDs. But as the stationary part 410 becomes
shorter, the more switches may be required to connect the
one or more VFD(s) to the subsequent stationary sections
412, 414, 416, which may become uneconomic. In any case,
a need for switching between stationary sections 412, 414,
416 arises.
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[0027] One approach to maintaining excitation to the
stationary part 410 over multiple sections 412, 414, 416 is to
use multiple, at least two, VFDs and switch them onto the
stationary sections 412, 414, 416 alternately. For example, a
first VFD begins by feeding alternating current (AC) to
section 412, and then as the moving part 420 passes onto
section 414, a second VFD takes up by supplying AC to
section 414. After section 414 is traversed, the first VFD is
switched onto section 416 and provides propulsive power.
But this approach requires exquisite coordination between
the first and second VFDs so that the second VFD is already
supplying current at the proper frequency and phase as the
moving part 420 approaches a section boundary (section
interfaces). The first VFD would not stop delivering current
until the moving part 420 was entirely in section 414, and no
loss of propulsive force across the section boundary may be
achieved.

[0028] In an exemplary embodiment of the present inven-
tion and with reference to FIG. 4, the system 500 comprises
a single drive, specifically a variable frequency drive (VFD)
510, to feed all the stationary sections 412, 414, 416.
Specifically, the VFD 510 feeds current (AC) to one section
412, 414 or 416 at a time by switching the VFD 510 onto
each section 412, 414, 416 as the moving part 420 passes
(travels) between the sections 412, 414, 416. Thus, only one
VFD 510 is needed, and a need to precisely synchronize
more than one drive for a hand-off between sections is
eliminated.

[0029] The system 500 further comprises a plurality of
switches 512, 514, 516 coupled between the VFD 510 and
the stationary part 410, specifically the stationary sections
412, 414, 416, wherein the plurality of switches 512, 514,
516 allow connecting or disconnecting of the VFD 510 to or
from the stationary sections 412, 414, 416 as needed. Each
stationary section 412, 414, 416 is individually powered and
controlled by the VFD 510, wherein one switch 512, 514,
516 is coupled between each stationary section 412, 414,
416 and the VFD 510. That is, switch 512 is coupled
between section 412 and VFD 510, switch 514 is coupled
between section 414 and VFD 510 and switch 516 is coupled
between section 416 and VFD 510.

[0030] The VFD 510 feeds alternating current to those
section(s) 412, 414, 416 that are operably coupled and
connected to the VFD 510 via the switches 512, 514, 516.
The VFD 510 is configured to activate, i.e. trigger, and/or
deactivate the plurality of switches 512, 514, 516, and
comprises for example a controller 520 comprising a control
system, configured as for example software and/or hard-
ware, that allows switching between the sections 412, 414,
416 according to predefined or predetermined sequences or
applications. The controller 520 can comprise further con-
trol functions for controlling operation of the VFD 510. As
noted before, in an example, the VFD 510 sequentially
powers and feeds AC to one section 412, 414 or 416 at a time
by switching the VFD 510 onto each section 412, 414, 416
as the moving part 420 passes (travels) between the sections
412, 414, 416. In an example, the switches 512, 514, 516 are
operated as the moving part 420 is about midway between
sections 412, 414, 416. The switching and/or controlling of
the linear motor 400 with the VFD 510 are without feedback
control. The VFD 510 may be operating in an open-loop
operation with a pre-programmed variable frequency (i.e.
df/dt), for example chosen to reach the linear motor rated
speed at a desired point of time or distance of the moving
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part 420, or it may be controlled closed-loop based on
position pulses from a trackside encoder, or closed-loop
from an internally calculated position of the stator flux based
on stator voltage.

[0031] VFD 510 may be configured as described for
example in U.S. Pat. No. 5,625,545 to Hammond which is
incorporated herein in its entirety. For example, the control-
ler 520 may control operation of a power circuit of the VFD
510 and may be coupled to motor voltage/current feedback
lines coupled to the linear motor 400. In some embodiments,
controller 520 may include a microprocessor or other suit-
able CPU (central processing unit) and a memory for storing
software routines to determine for example motor speed and
the criteria for varying the output voltage magnitude and
frequency of the VFD 510. Alternatively, controller 520 may
transmit feedback information to another component (not
shown) and receive commands from that component regard-
ing adjustments to the output voltage magnitude and fre-
quency.

[0032] With further reference to FIG. 4, the plurality of
switches 512, 514, 516 comprise thyristor switches. A
thyristor switch is a semiconductor device that is much
faster in switching than electromechanical contactors. Fur-
ther, the VFD 510 is equipped with a current regulator which
controls the output current of the VFD 510 during the
switching. The current regulator can be incorporated for
example into the controller 520 of the VFD 510. The
plurality of switches 512, 514, 516 can be incorporated into
the VFD 510 and can be for example located within an
enclosure of the VFD 510. Alternatively, as indicated in FIG.
4, the switches 512, 514, 516 can be physically located
between the VFD 510 and the sections 412, 414, 416. In this
case, the switches 512, 514, 516 can be positioned in
housing(s) or cabinet(s) with individual electrical connec-
tions, i.e. cables, to the VFD 510 and the sections 412, 414,
416. Multiple switches 512, 514, 516 can be arranged in one
cabinet or each switch 512, 514, 516 may comprise its own
cabinet.

[0033] Rather than using two or more VFDs and handing
off control from one to the other, the proposed solution just
uses one single VFD 510 in combination with fast switches
512, 514, 516 to connect the VFD 510 to the stationary
sections 412, 414, 416 in sequence as the moving part 420
traverses the track. The VFD 510 comprises fast and accu-
rate current regulators. Since the stator sections 412, 414,
416 are highly inductive, control of the current can be
maintained. In particular, the switches 512, 514, 516 are
operated as the moving part 420 is about midway between
sections 412, 414, 416. The proposed solution requires only
one single VFD 510, thereby reducing cost, and greatly
simplifies the control by avoiding the hand-off between
multiple VFDs. The single VFD 510 has a short decrease of
propulsive force, for example during switching from one
section to another, which does not significantly affect speed
trajectory of the system 500. Although the propulsive force
may decrease during transition between the sections 412,
414, 416, because the moving part 420, specifically the
magnets of the moving part 420, pass out of a section 412,
414, 416 while the moving part 420 is connected and
carrying current, and the magnets are not fully into a next
section 412, 414, 416 when the current from the VFD 510
appears in that next section 412, 414, 416, but the interval
of reduced propulsive force is very short.
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[0034] While embodiments of the present invention have
been disclosed in exemplary forms, it will be apparent to
those skilled in the art that many modifications, additions,
and deletions can be made therein without departing from
the spirit and scope of the invention and its equivalents, as
set forth in the following claims.

1.-14. (canceled)

15. A system for controlling a linear alternating current
(AC) electrodynamic machine comprising:

a linear AC electrodynamic machine comprising a sta-
tionary part with a plurality of discrete stationary
sections, each stationary section comprising a poly-
phase circuit;

a variable frequency drive (VFD) configured to be
coupled at an input to a utility power source and to
provide output currents, wherein an output of the VFD
is operable coupled to the stationary part of the linear
AC electrodynamic machine for powering and control-
ling the stationary sections of the stationary part; and

a plurality of switches coupled between the VFD and the
stationary part, wherein the plurality of switches allows
connecting or disconnecting the VFD to or from the
stationary sections.

16. The system of claim 15, wherein the plurality of
switches is arranged to connect or disconnect the VFD to or
from each discrete stationary section.

17. The system of claim 15, wherein at least one switch
of' the plurality of switches is arranged between the VFD and
each discrete stationary section.

18. The system of claim 15, wherein the VFD provides
output alternating currents to the stationary section that is
connected to the VFD.

19. The system of claim 15, the linear AC electrodynamic
machine further comprising a moving part, wherein the
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plurality of discrete stationary sections is sequentially pow-
ered by the VFD via the plurality of switches in order to
move the moving part along the stationary part.

20. The system of claim 15, wherein the VFD is adapted
to trigger the plurality of switches using a controller.

21. The system of claim 15, wherein the plurality of
switches comprises thyristors.

22. A method for controlling a linear alternating current
(AC) electrodynamic machine comprising:

sequentially powering a plurality of discrete stationary

sections of a linear AC electrodynamic machine via a
plurality of switches using a single variable frequency
drive (VFD).

23. The method of claim 22, further comprising:

connecting the single VFD to a first stationary section via

a first switch while disconnecting the single VFD from
a second stationary section via a second switch.

24. The method of claim 22, wherein each discrete
stationary section comprises multiple coils arranged in a
poly-phases circuit.

25. The method of claim 22, wherein the plurality of
switches comprises thyristors.

26. The method of claim 22, the linear AC electrodynamic
machine further comprising a moving part, wherein the
plurality of discrete stationary sections is sequentially pow-
ered by the VFD via the plurality of switches in order to
move the moving part along the stationary part.

27. The method of claim 26, wherein the plurality of
switches is operated as the moving part is about midway
between adjacent discrete stationary sections.

28. The method of claim 27, wherein the VFD is adapted
to operate and trigger the plurality of switches using a
controller.



