w0 2022/015519 A1 |0 00000 KOO 0 0

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
20 January 2022 (20.01.2022)

(10) International Publication Number

WO 2022/015519 Al

WIPO I PCT

(51) International Patent Classification:

B60OL 53/20 (2019.01) H02J 7/02 (2016.01)
HO02M 1/084 (2006.01) H02J 3/32 (2006.01)
H02J 5/00 (2016.01) B60L 55/00 (2019.01)

(21) International Application Number:
PCT/US2021/040114

(22) International Filing Date:
01 July 2021 (01.07.2021)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/051,422 14 July 2020 (14.07.2020) UsS

(71) Applicant: CUMMINS INC. [US/US]; 500 Jackson
Street, Columbus, Indiana 47201 (US).

(72) Inventors: WILSON, Oliver D.; 11931 191 1/2 Ave NW,
Apt. 200, Fridley, Minnesota 55330 (US). ARAFAT, Akm,;
12450 Flanders Ct NE, Unit C, Blaine, Minnesota 55449
(US).

Agent: YIE, Zi; FAEGRE DRINKER BIDDLE & REATH
LLP, 300 N. Meridian Street, Suite 2500, Indianapolis, In-
diana 46204 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,

(54) Title: BIDIRECTIONAL ELECTRIC VEHICLE CHARGING WITH MULTI-PHASE MACHINES

104~
100
AN 3-Phase
Distribution
120~ 3-Phase Grid
Qutlet
102
a

112~ Controller

1104

‘¥
118 3-Phase
; Inverter

Battery _T_ _L _T_ DC
Bank T T T Bus

3-Phase
Inverter

\ \ \

116 114 108 112 124
FIG. 1

(57) Abstract: A method and system for bidirectional charging in an electric vehicle include controlling a multi-phase machine in the
electric vehicle. In response to determining that a direction of energy flow is from an electric grid to the electric vehicle, the method
and system include operating a first set of phases in the multi-phase machine at a grid frequency of the electric grid and connecting the
first set of phases in the multi-phase machine to the electric grid. In response to connecting the first set of phases in the multi-phase
machine to the electric grid, the method and system include operating a second set of phases in the multi-phase machine, where the
second set of phases in the multi -phase machine generates energy via electrical coupling to the first set of phases in the multi-phase
machine. The method and system also include providing the energy generated by the second set of phases in the multi-phase machine

to charge an energy source of the electric vehicle.
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BIDIRECTIONAL ELECTRIC VEHICLE CHARGING WITH MULTI-PHASE
MACHINES

FIELD OF THE DISCLOSURE

[0001] The present disclosure generally relates to multi-phase electric machines,
and more particularly to techniques for bidirectional charging of electric vehicles using

multi-phase electric machines.

BACKGROUND OF THE DISCLOSURE

[0002] Multi-phase electric machines are utilized in various applications including
electric vehicles. For example, a drive system of an electric vehicle typically includes an
alternating current (AC) electric motor driven by a direct current (DC) power source (e.g.,
a main battery). The AC electric motor is coupled to the DC power source via an inverter
which performs switching functions to convert the DC power to AC power. The DC
power source is a rechargeable energy storage device that needs to be replenished
periodically. Typically, the DC power source is charged by connecting to a power grid
using additional hardware (e.g., rectifiers, converters, protection circuits, etc.), which often
results in increased cost and weight to the electric vehicle. Accordingly, there remains a
need to develop other techniques for charging electric vehicles such as by utilizing multi-

phase electric machines.
SUMMARY

[0003] According to some embodiments, the present disclosure provides a system
for bidirectional charging in an electric vehicle. The system includes a multi-phase
machine, and a controller coupled to the multi-phase machine. The controller is
configured to receive a first request for energy flow from an electric grid to the electric
vehicle. The controller is also configured to operate a first set of phases in the multi-phase
machine through a first inverter. In response to the first set of phases in the multi-phase
machine being operated at a grid frequency of the electric grid, the controller is configured

to switch the first set of phases in the multi-phase machine to the electric grid. In response
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to switching the first set of phases in the multi-phase machine to the electric grid, the
controller is configured to operate a second set of phases in the multi-phase machine
through a second inverter, where the second set of phases in the multi-phase machine
generates energy via electrical coupling to the first set of phases in the multi-phase
machine. The controller is also configured to provide the energy generated by the second

set of phases in the multi-phase machine to charge an energy source of the electric vehicle.

[0004] According to certain embodiments, the present disclosure provides a
controller for bidirectional charging in an electric vehicle. The controller includes a
processor and a memory. The memory includes instructions that, when executed by the
processor, cause the controller to receive a first request for energy flow from an electric
grid to the electric vehicle. The electric vehicle includes a multi-phase machine. The
processor also causes the controller to operate a first set of phases in the multi-phase
machine through a first inverter. In response to the first set of phases in the multi-phase
machine being operated at a grid frequency of the electric grid, the processor causes the
controller to switch the first set of phases in the multi-phase machine to the electric grid.
In response to switching the first set of phases in the multi-phase machine to the electric
grid, the processor causes the controller to operate a second set of phases in the multi-
phase machine through a second inverter, where the second set of phases in the multi-
phase machine generates energy via electrical coupling to the first set of phases in the
multi-phase machine. The processor also causes the controller to provide the energy
generated by the second set of phases in the multi-phase machine to charge an energy

source of the electric vehicle.

[0005] According to some embodiments, the present disclosure provides a method
for bidirectional charging in an electric vehicle. The method includes determining a
direction of energy flow between the electric vehicle and an electric grid. The electric
vehicle includes a multi-phase machine. In response to determining that the direction of
energy flow is from the electric grid to the electric vehicle, the method includes operating a
first set of phases in the multi-phase machine through a first inverter. In response to the
first set of phases in the multi-phase machine being operated at a grid frequency of the

electric grid, the method includes switching the first set of phases in the multi-phase
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machine to the electric grid. In response to switching the first set of phases in the multi-
phase machine to the electric grid, the method includes operating a second set of phases in
the multi-phase machine through a second inverter, where the second set of phases in the
multi-phase machine generates energy via electrical coupling to the first set of phases in
the multi-phase machine. The method also includes providing the energy generated by the
second set of phases in the multi-phase machine to charge an energy source of the electric

vehicle.

[0006] In some embodiments, in response to determining that the direction of
energy flow is from the electric vehicle to the electric grid, the controller operates the
second set of phases in the multi-phase machine through the second inverter. In certain
embodiments, in response to the second set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, the controller switches the first set of
phases in the multi-phase machine to the electric grid, where the first set of phases in the
multi-phase machine generates energy via electrical coupling to the second set of phases in
the multi-phase machine and the energy generated by the first set of phases in the multi-

phase machine is provided to the electric grid.

[0007] In certain embodiments, operating the first set of phases in the multi-phase
machine through the first inverter includes closing a first set of switches to connect the first
set of phases in the multi-phase machine to the first inverter. In some embodiments, in
response to the first set of phases in the multi-phase machine being operated at the grid
frequency of the electric grid, the first set of phases in the multi-phase machine is isolated
from the first inverter by opening the first set of switches to disconnect the first set of
phases in the multi-phase machine from the first inverter. In certain embodiments,
connecting the first set of phases in the multi-phase machine to the electric grid includes
closing a second set of switches to connect the first set of phases in the multi-phase
machine to the electric grid. In some examples, the multi-phase machine is a six-phase
machine with each of the first set of phases and the second set of phases being a three-

phase system.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram illustrating a system for bidirectional charging of

an electric vehicle;

[0009] FIGS. 2 and 3 are block diagrams illustrating operations to provide energy

from an electric grid to the electric vehicle of FIG. 1;

[0010] FIGS. 4 and 5 are block diagrams illustrating operations to provide energy

from the electric vehicle of FIG. 1 to an electric grid; and

[0011] FIG. 6 is a flow chart illustrating a method for operating the electric vehicle
of FIG. 1 for bidirectional charging.

DETAILED DESCRIPTION

[0012] For the purposes of promoting an understanding of the principles of the
present disclosure, reference is now made to the embodiments illustrated in the drawings,
which are described below. The embodiments disclosed herein are not intended to be
exhaustive or to limit the disclosure to the precise form disclosed in the following detailed
description. Rather, these embodiments were chosen and described so that others skilled in

the art may utilize their teachings.

[0013] The terms “couples,” “coupled,” and variations thereof are used to include
both arrangements wherein two or more components are in direct physical contact and
arrangements wherein the two or more components are not in direct contact with each
other (e.g., the components are “coupled” via at least a third component), but yet still

cooperate or interact with each other.

[0014] Throughout the present disclosure and in the claims, numeric terminology,
such as first and second, is used in reference to various components or features. Such use
is not intended to denote an ordering of the components or features. Rather, numeric
terminology is used to assist the reader in identifying the component or features being
referenced and should not be narrowly interpreted as providing a specific order of

components or features.
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[0015] One of ordinary skill in the art will realize that the embodiments provided
can be implemented in hardware, software, firmware, and/or a combination thereof.
Programming code according to the embodiments can be implemented in any viable
programming language such as C, C++, HTML, XTML, JAVA or any other viable high-
level programming language, or a combination of a high-level programming language and

a lower level programming language.

[0016] An electric vehicle needs external power to recharge its energy storage
system (e.g., vehicle-to-grid (V2G) charging). According to various embodiments, a six-
phase motor system is provided to accomplish this by synchronizing a six-phase motor to a
three-phase power grid. The six-phase motor is configured in two three-phase stages. One
of the three-phase stages is isolated from the system and connected to the power grid. The
other of the three-phase stages is placed into a regeneration mode to draw power from the
motor. This interfacing scheme eliminates the need for additional hardware to interface
with the power grid when charging the electric vehicle. The six-phase motor system
operates over a range of grid frequencies and voltages, which adds versatility to the electric

vehicle.

[0017] Additionally, the six-phase motor system provides isolation between the
electric vehicle’s DC system and the AC power grid, which reduces electrical emissions
and enhances safety. The six-phase motor system is bidirectional allowing the electric
vehicle to temporarily connect to and supply energy to the power grid. In some
embodiments, at the end of the electric vehicle’s life, the electric vehicle can be converted
for stationary energy storage and power conditioning applications with minimal
modifications. The six-phase motor system provides advantages by eliminating additional
hardware to thereby provide cost savings and weight reductions in the electric vehicle,

while enhancing the electric vehicle’s performance and safety.

[0018] Referring now to FIG. 1, a block diagram of a system 100 for bidirectional
charging is shown including an electric vehicle 102 and an electric grid 104 (e.g., a 3-phase
distribution grid, a microgrid, etc.). Electric vehicle 102 includes, among other things, a

multi-phase AC machine 106, inverters 108, 110, a controller 112, a DC bus 114, and a
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battery bank 116. For ease of illustration, other components of electric vehicle 102 (e.g.,
transmission, brakes, wheels, etc.) are not shown, the operations of which are known to
those skilled in the art. As used herein, the term “electric vehicle” refers to any vehicle
that is partly or entirely operated based on stored electric power such as a pure electric
vehicle, a hybrid electric vehicle, or the like. Such vehicles can include road vehicles (e.g.,
cars, trucks, buses, etc.), rail vehicles, underwater vessels, aircrafts, and other suitable

vehicles.

[0019] According to various embodiments, multi-phase AC machine 106 is a motor
used to provide torque in electric vehicle 102. For example, motor 106 is a six-phase
asymmetric permanent magnet synchronous AC motor. As used herein, the term “AC
machine” refers to an AC powered device that converts electrical energy to mechanical

energy or vice versa.

[0020] As shown in FIG. 1, motor 106 has six windings 107A-107F, with each
being associated with a respective phase of motor 106. Motor 106 is set up like two three-
phase systems electrically coupled to each other. For example, a first set of phases include
windings 107A-107C, while a second set of phases include windings 107D-107F. The two
sets of phases or windings are shifted from one another by a phase value (e.g., 30 degrees,
60 degrees, etc.). As an example, if the phase value is 30 degrees, then the first and second
sets of phases are asymmetric in nature. In certain embodiments, two individual three-

phase motors may be used as motor 106.

[0021] Windings 107A-107F represent a stator of motor 106. For ease of
illustration, the stator and other components (e.g., rotor, shaft, etc.) of motor 106 are not
shown. Generally, the rotor is mounted to the shaft and the rotor is separated from the
stator by an air gap. When utilized as a motor, the stator causes the rotor to rotate utilizing
electrical energy thereby rotating the shaft to provide mechanical energy. On the other
hand, when utilized as a generator, the shaft is rotated by an external mechanical force that

causes the rotor to rotate thereby causing the stator to generate electrical energy.

[0022] Controller 112 operates motor 106 via respective inverters 108, 110. For

example, controller 112 receives operating signals from motor 106 and generates control
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signals to control the switching operations of inverters 108, 110 respectively to thereby

control the outputs (e.g., currents) provided to windings 107A-107F,

[0023] Inverters 108, 110 include, among other things, switching devices (e.g.,
transistors, diodes, etc.) to appropriately switch DC voltages and provide energization to
windings 107A-107F as known to those skilled in the art. As an example, inverters 108,
110 may be pulse width modulated inverters. While FIG. 1 shows inverters 108, 110 as
being separate three-phase inverters that each control a respective winding group, in some
embodiments, windings 107A-107F may be controlled by using a single six-phase inverter.

In certain embodiments, controller 112 may be part of inverter 108 and/or inverter 110.

[0024] Inverters 108, 110 are connected to battery bank 116 (e.g., lithium-ion
battery packs) via DC bus 114, which includes one or more DC bus capacitors 118.
Battery bank 116 acts as an energy source of electric vehicle 102 which needs to be
replenished periodically. To do so, electric vehicle 102 is plugged into an outlet 120 of
electric grid 104 to allow energy (e.g., electricity) to flow between electric vehicle 102 and
electric grid 104. By using a first set of switches 122 and a second set of switches 124,
energy can flow from electric grid 104 to electric vehicle 102 via motor 106, and from

electric vehicle 102 to electric grid 104 via motor 106.

[0025] According to some embodiments, controller 112 includes a non-transitory
memory having instructions that, in response to execution by a processor, cause the
processor to perform the functions of controller 112 as described herein. The processor,
non-transitory memory and controller 112 are not particularly limited and can, for

example, be physically separate.

[0026] In certain embodiments, controller 112 forms a portion of a processing
subsystem including one or more computing devices having memory, processing, and
communication hardware. For example, controller 112 can be a single device or a
distributed device, and functions of controller 112 can be performed by hardware and/or as
computer instructions on a non-transient computer readable storage medium, such as the

non-transitory memory.
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[0027] In some embodiments, controller 112 includes one or more interpreters,
determiners, evaluators, regulators, and/or processors that functionally execute the
operations of controller 112. Interpreters, determiners, evaluators, regulators, and
processors can be implemented in hardware and/or as computer instructions on a non-
transient computer readable storage medium and can be distributed across various

hardware or computer-based components.

[0028] FIGS. 2 and 3 are block diagrams illustrating the transfer of energy from
electric grid 104 to electric vehicle 102. This represents charging/recharging schemes for
electric vehicle 102. To do so, controller 112 determines that the direction of energy flow
is from electric grid 104 to electric vehicle 102. For example, controller 112 may receive
an input from a user (e.g., an operator of electric vehicle 102) indicating that battery bank
116 needs to be charged. As an example, a monitoring device in electric vehicle 102 (e.g.,
a battery management system (BMS)) may signal to controller 112 that battery bank 116

has been depleted and thus needs recharging.

[0029] To begin transferring energy from electric grid 104 to electric vehicle 102,
controller 112 initiates operation of the first set of phases (e.g., 107A-107C) in motor 106
through inverter 108. As shown in FIG. 2, controller 112 sends a control signal 202 to
close first set of switches 122 but open second set of switches 124. This connects the first
set of phases (e.g., 107A-107C) in motor 106 to inverter 108. Controller 112 operates the
first set of phases (e.g., 107A-107C) in motor 106 up to a grid frequency (e.g., 60 Hz) of
electric grid 104. In some embodiments, controller 112 operates the first set of phases
(e.g., 107A-107C) in motor 106 according to other properties of electric grid 104 (e.g.,

voltage, phase angle, etc.).

[0030] When the first set of phases (e.g., 107A-107C) in motor 106 is operating at
the grid frequency, controller 112 enables a connection between the first set of phases (e.g.,
107A-107C) in motor 106 and electric grid 104 via outlet 120. As shown in FIG. 3,
controller 112 sends control signal 202 to disconnect the first set of phases (e.g., 107A-
107C) in motor 106 from inverter 108 by opening first set of switches 122. At the same



WO 2022/015519 PCT/US2021/040114

time, controller 112 uses control signal 202 to connect the first set of phases (e.g., 107A-

107C) in motor 106 to outlet 120 by closing second set of switches 124.

[0031] Once connected, electric grid 104 provides energy to the first set of phases
(e.g., 107A-107C) in motor 106, which in turn causes energy to be generated in the second
set of phases (e.g., 107D-107F) in motor 106 via electrical coupling to the first set of
phases (e.g., 107A-107C) in motor 106. In particular, controller 112 operates the second
set of phases (e.g., 107D-107F) in motor 106 through inverter 110 in a regeneration mode
to draw power or energy from the first set of phases (e.g., 107A-107C) in motor 106.
Controller 112 then provides the energy generated by the second set of phases (e.g., 107D-
107F) in motor 106 to battery bank 116 via DC bus 114 to recharge battery bank 116.

[0032] FIGS. 4 and 5 are block diagrams illustrating the transfer of energy from
electric vehicle 102 to electric grid 104. This represents grid assist and/or grid forming
schemes for electric grid 104. To do so, controller 112 determines that the direction of
energy flow is from electric vehicle 102 to electric grid 104. For example, controller 112
may receive an input from a user or operator of electric vehicle 102 indicating that electric

vehicle 102 has capacity to share or contribute energy to electric grid 104.

[0033] To begin transferring energy from electric vehicle 102 to electric grid 104,
controller 112 initiates operation of the second set of phases (e.g., 107D-107F) in motor
106 through inverter 110. As shown in FIG. 4, controller 112 sends control signal 202 to
open first and second sets of switches 122, 124, while operating the second set of phases
(e.g., 107D-107F) in motor 106 up to the grid frequency of electric grid 104. In some
embodiments, controller 112 operates the second set of phases (e.g., 107D-107F) in motor

106 in accordance with other properties of electric grid 104.

[0034] When the second set of phases (e.g., 107D-107F) in motor 106 is operating
at the grid frequency, controller 112 enables a connection between the first set of phases
(e.g., 107A-107C) in motor 106 and electric grid 104 via outlet 120. As shown in FIG. 5,
controller 112 sends control signal 202 to connect the first set of phases (e.g., 107A-107C)
in motor 106 to outlet 120 by closing second set of switches 124. The first set of phases

(e.g., 107A-107C) in motor 106 generates energy via electrical coupling to the second set
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of phases (e.g., 107D-107F) in motor 106. In particular, the first set of phases (e.g., 107A-
107C) in motor 106 draws power or energy from the second set of phases (e.g., 107D-
107F) in motor 106 in a regeneration mode. In this manner, the energy generated by the
first set of phases (e.g., 107A-107C) in motor 106 is provided or supplied to electric grid
104.

[0035] Referring now to FIG. 6, a method 600 for operating an electric vehicle
(e.g., 102) for bidirectional charging is shown. For example, method 600 is performed by
a controller (e.g., 112). At block 602, the controller determines a direction of energy flow
between the electric vehicle and an electric grid. The electric vehicle includes a multi-
phase machine (e.g., 106). In some examples, the multi-phase machine is a six-phase
machine with a first set of phases (e.g., 107A-107C) and a second set of phases (e.g.,
107D-107F) each being a three-phase system.

[0036] At block 604, in response to the controller determining that the direction of
energy flow is from the electric grid to the electric vehicle (e.g., the controller receives a
first request for energy flow from the electric grid to the electric vehicle), the controller
operates the first set of phases in the multi-phase machine through a first inverter (e.g.,
108), where the first set of phases in the multi-phase machine is operated at a grid
frequency of the electric grid. In some embodiments, operating the first set of phases in
the multi-phase machine through the first inverter includes closing a first set of switches

(e.g., 122) to connect the first set of phases in the multi-phase machine to the first inverter.

[0037] At block 606, in response to the first set of phases in the multi-phase
machine being operated at the grid frequency of the electric grid, the controller switches
the first set of phases in the multi-phase machine to the electric grid. In some
embodiments, when the first set of phases in the multi-phase machine is operated at the
grid frequency of the electric grid, the controller isolates the first set of phases in the multi-
phase machine from the first inverter by opening the first set of switches to disconnect the
first set of phases in the multi-phase machine from the first inverter. In certain

embodiments, connecting the first set of phases in the multi-phase machine to the electric

10
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grid includes closing a second set of switches (e.g., 124) to connect the first set of phases

in the multi-phase machine to the electric grid.

[0038] At block 608, in response to switching the first set of phases in the multi-
phase machine to the electric grid, the controller operates the second set of phases in the
multi-phase machine through a second inverter (e.g., 110), where the second set of phases
in the multi-phase machine generates energy via electrical coupling to the first set of
phases in the multi-phase machine. At block 610, the controller provides the energy
generated by the second set of phases in the multi-phase machine to charge an energy

source (e.g., 116) of the electric vehicle.

[0039] Turning to block 612, in response to the controller determining that the
direction of energy flow is from the electric vehicle to the electric grid (e.g., the controller
receives a second request for energy flow from the electric vehicle to the electric grid), the
controller operates the second set of phases in the multi-phase machine through a second
inverter (e.g., 110), where the second set of phases in the multi-phase machine is operated

at the grid frequency of the electric grid.

[0040] At block 614, in response to the second set of phases in the multi-phase
machine being operated at the grid frequency of the electric grid, the controller switches
the first set of phases in the multi-phase machine to the electric grid, where the first set of
phases in the multi-phase machine generates energy via electrical coupling to the second
set of phases in the multi-phase machine and the energy generated by the first set of phases
in the multi-phase machine is then provided to the electric grid. In some embodiments,
switching the first set of phases in the multi-phase machine to the electric grid includes
opening a first set of switches (e.g., 122) to disconnect the first set of phases in the multi-
phase machine from a first inverter (e.g., 108) and closing a second set of switches (e.g.,

124) to connect the first set of phases in the multi-phase machine to the electric grid.

[0041] This application is intended to cover any variations, uses, or adaptations of
the present disclosure using its general principles. Further, this application is intended to

cover such departures from the present disclosure as come within known or customary

11
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practice in the art to which the present disclosure pertains and which fall within the limits

of the appended claims.

[0042] Furthermore, the connecting lines shown in the various figures contained
herein are intended to represent functional relationships and/or physical couplings between
the various elements. It should be noted that many alternative or additional functional
relationships or physical connections may be present in a practical system. However, the
benefits, advantages, solutions to problems, and any elements that may cause any benefit,
advantage, or solution to occur or become more pronounced are not to be construed as
critical, required, or essential features or elements. The scope is accordingly to be limited
by nothing other than the appended claims, in which reference to an element in the singular
is not intended to mean “one and only one” unless explicitly so stated, but rather “one or

more.”

[0043] Moreover, where a phrase similar to “at least one of A, B, or C” is used in
the claims, it is intended that the phrase be interpreted to mean that A alone may be present
in an embodiment, B alone may be present in an embodiment, C alone may be present in
an embodiment, or that any combination of the elements A, B or C may be present in a

single embodiment; for example, A and B, A and C, B and C, or A and B and C.

[0044] Systems, methods and apparatus are provided herein. In the detailed

29 CC 29 CC

description herein, references to “one embodiment,” “an embodiment,” “an example
embodiment,” etc., indicate that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment may not necessarily include the
particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with an embodiment, it is submitted that it is
within the knowledge of one skilled in the art to affect such feature, structure, or
characteristic with the benefit of this disclosure in connection with other embodiments
whether or not explicitly described. After reading the description, it will be apparent to
one skilled in the relevant art(s) how to implement the disclosure in alternative

embodiments.

12
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[0045] Furthermore, no element, component, or method step in the present
disclosure is intended to be dedicated to the public regardless of whether the element,
component, or method step is explicitly recited in the claims. As used herein, the terms
“comprises”, “comprising”, or any other variation thereof, are intended to cover a non-
exclusive inclusion, such that a process, method, article, or apparatus that comprises a list
of elements does not include only those elements but may include other elements not

expressly listed or inherent to such process, method, article, or apparatus.

13
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CLAIMS

What is claimed is:

1. A system, comprising:
a multi-phase machine; and
a controller coupled to the multi-phase machine, the controller configured to:

receive a first request for energy flow from an electric grid to an electric
vehicle;

operate a first set of phases in the multi-phase machine through a first
inverter, the first set of phases in the multi-phase machine being operated at a grid
frequency of the electric grid,

in response to the first set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, switch the first set of phases in
the multi-phase machine to the electric grid,

in response to switching the first set of phases in the multi-phase machine to
the electric grid, operate a second set of phases in the multi-phase machine through
a second inverter, the second set of phases in the multi-phase machine generating
energy via electrical coupling to the first set of phases in the multi-phase machine;
and

provide the energy generated by the second set of phases in the multi-phase

machine to charge an energy source of the electric vehicle.

2. The system of claim 1, further comprising a first set of switches and a
second set of switches and the controller is further configured to:

operate the first set of phases in the multi-phase machine through the first
inverter by closing the first set of switches to connect the first set of phases in the
multi-phase machine to the first inverter;

in response to the first set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, open the first set of switches to
disconnect the first set of phases in the multi-phase machine from the first inverter;

and
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connect the first set of phases in the multi-phase machine to the electric grid
by closing the second set of switches to connect the first set of phases in the multi-

phase machine to the electric grid.

3. The system of claim 1, wherein the controller is further configured to:

receive a second request for energy flow from the electric vehicle to the
electric grid;

operate the second set of phases in the multi-phase machine through the
second inverter, the second set of phases in the multi-phase machine being operated
at the grid frequency of the electric grid; and

in response to the second set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, switch the first set of phases in
the multi-phase machine to the electric grid, the first set of phases in the multi-
phase machine generating energy via electrical coupling to the second set of phases
in the multi-phase machine, wherein the energy generated by the first set of phases

in the multi-phase machine is supplied to the electric grid.

4. The system of claim 3, further comprising a first set of switches and a
second set of switches and the controller is further configured to:
connect the first set of phases in the multi-phase machine to the electric grid
by opening the first set of switches to disconnect the first set of phases in the multi-
phase machine from the first inverter and closing the second set of switches to

connect the first set of phases in the multi-phase machine to the electric grid.
5. The system of claim 1, wherein the multi-phase machine is a six-phase

machine with each of the first set of phases and the second set of phases being a three-

phase system.
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6. A controller, comprising:
a processor; and
a memory including instructions that, when executed by the processor, cause the
controller to:

receive a first request for energy flow from an electric grid to an electric
vehicle, the electric vehicle having a multi-phase machine;

operate a first set of phases in the multi-phase machine through a first
inverter, the first set of phases in the multi-phase machine being operated at a grid
frequency of the electric grid,

in response to the first set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, switch the first set of phases in
the multi-phase machine to the electric grid,

in response to switching the first set of phases in the multi-phase machine to
the electric grid, operate a second set of phases in the multi-phase machine through
a second inverter, the second set of phases in the multi-phase machine generating
energy via electrical coupling to the first set of phases in the multi-phase machine;
and

provide the energy generated by the second set of phases in the multi-phase

machine to charge an energy source of the electric vehicle.

7. The controller of claim 6, wherein the instructions, when executed by the
processor, further cause the controller to:
in response to the first set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, isolate the first set of phases in

the multi-phase machine from the first inverter.

8. The controller of claim 7, wherein the instructions, when executed by the
processor, to cause the controller to operate the first set of phases in the multi-phase
machine through the first inverter further cause the controller to close a first set of switches

to connect the first set of phases in the multi-phase machine to the first inverter.
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9. The controller of claim 8, wherein the instructions, when executed by the
processor, to cause the controller to isolate the first set of phases in the multi-phase
machine from the first inverter further cause the controller to open the first set of switches

to disconnect the first set of phases in the multi-phase machine from the first inverter.

10. The controller of claim 9, wherein the instructions, when executed by the
processor, to cause the controller to connect the first set of phases in the multi-phase
machine to the electric grid further cause the controller to close a second set of switches to

connect the first set of phases in the multi-phase machine to the electric grid.

11. The controller of claim 6, wherein the instructions, when executed by the
processor, further cause the controller to:

receive a second request for energy flow from the electric vehicle to the
electric grid;

operate the second set of phases in the multi-phase machine through the
second inverter, the second set of phases in the multi-phase machine being operated
at the grid frequency of the electric grid; and

in response to the second set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, switch the first set of phases in
the multi-phase machine to the electric grid, the first set of phases in the multi-
phase machine generating energy via electrical coupling to the second set of phases
in the multi-phase machine, wherein the energy generated by the first set of phases

in the multi-phase machine is supplied to the electric grid.

12. The controller of claim 11, wherein the instructions, when executed by the
processor, to cause the controller to switch the first set of phases in the multi-phase
machine to the electric grid further cause the controller to open a first set of switches to
disconnect the first set of phases in the multi-phase machine from the first inverter and
close a second set of switches to connect the first set of phases in the multi-phase machine

to the electric grid.
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13. A method, comprising:

determining, by a controller, a direction of energy flow between an electric vehicle
and an electric grid, the electric vehicle having a multi-phase machine;

in response to determining that the direction of energy flow is from the electric grid
to the electric vehicle, operating, by the controller, a first set of phases in the multi-phase
machine through a first inverter, the first set of phases in the multi-phase machine being
operated at a grid frequency of the electric grid,

in response to the first set of phases in the multi-phase machine being operated at
the grid frequency of the electric grid, switching, by the controller, the first set of phases in
the multi-phase machine to the electric grid,

in response to switching the first set of phases in the multi-phase machine to the
electric grid, operating, by the controller, a second set of phases in the multi-phase
machine through a second inverter, the second set of phases in the multi-phase machine
generating energy via electrical coupling to the first set of phases in the multi-phase
machine; and

providing, by the controller, the energy generated by the second set of phases in the

multi-phase machine to charge an energy source of the electric vehicle.

14. The method of claim 13, further comprising:
in response to the first set of phases in the multi-phase machine being operated at
the grid frequency of the electric grid, isolating, by the controller, the first set of phases in

the multi-phase machine from the first inverter.
15. The method of claim 14, wherein operating the first set of phases in the

multi-phase machine through the first inverter includes closing a first set of switches to

connect the first set of phases in the multi-phase machine to the first inverter.
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16. The method of claim 15, wherein isolating the first set of phases in the
multi-phase machine from the first inverter includes opening the first set of switches to

disconnect the first set of phases in the multi-phase machine from the first inverter.

17. The method of claim 16, wherein connecting the first set of phases in the
multi-phase machine to the electric grid includes closing a second set of switches to

connect the first set of phases in the multi-phase machine to the electric grid.

18. The method of claim 13, further comprising:

in response to determining that the direction of energy flow is from the electric
vehicle to the electric grid, operating, by the controller, the second set of phases in the
multi-phase machine through the second inverter, the second set of phases in the multi-
phase machine being operated at the grid frequency of the electric grid; and

in response to the second set of phases in the multi-phase machine being operated
at the grid frequency of the electric grid, switching, by the controller, the first set of phases
in the first multi-phase machine to the electric grid, the first set of phases in the multi-
phase machine generating energy via electrical coupling to the second set of phases in the
multi-phase machine, wherein the energy generated by the first set of phases in the multi-

phase machine is provided to the electric grid.

19. The method of claim 18, wherein switching the first set of phases in the
multi-phase machine to the electric grid includes opening a first set of switches to
disconnect the first set of phases in the multi-phase machine from the first inverter and
closing a second set of switches to connect the first set of phases in the multi-phase

machine to the electric grid.
20. The method of claim 13, wherein the multi-phase machine is a six-phase

machine with each of the first set of phases and the second set of phases being a three-

phase system.
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received by the International Bureau on 05 November 2021 (05.11.2021)

1. A system, comprising;
a multi-phase machine having a first set of phases connected to a firstinverter and a
second set of phases connected to a second inverter; and

a controller coupled to the multi-phase machine, the controller configured to:

receive a firstrequest for energy flow from an electric grid to an electric
vehicle;

operate the first set of phases in the multi-phase machine through the first
inverter, the first set of phases in the multi-phase machine being operated at a grid
frequency of the electric grid;

in response to the first set of phases in the multi-phase machine being operated
at the grid frequency of the electric grid, switch the first set of phases in the multi-
phase machine to the electric grid;

in response to switching the first set of phases in the multi-phase machine to
the electric grid, operate the second set of phases in the multi-phase machine through
the second inverter, the second set of phases in the multi-phase machine generating
energy via electrical coupling to the first set of phases in the multi-phase machine;
and

provide the energy generated by the second set of phases in the multi-phase

machine to charge an energy source of the electric vehicle.

2. The system of claim 1, further comprising a first set of switches and a second
set of switches and the controller is further configured to:

operate the first set of phases in the multi-phase machine through the first
inverter by closing the first set of switches to connect the first set of phases in the
multi-phase machine to the first inverter;

in response to the first set of phases in the multi-phase machinebeing operated
at the grid frequency of the electric grid, open the first set of switchesto disconnect
the first set of phases in the multi-phase machine from the first inverter; and

connect the first set of phases in the multi-phase machine to the electric grid
by closing the second set of switches to connect the first set of phases in the multi-

phase machine to the electric grid.
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3. The system of claim 1, wherein the controller is further configured to:

receive a second request for energy flow from the electric vehicle to the
electric grid;

operate the second set of phases in the multi-phase machine through the
second inverter, the second set of phases in the multi-phase machinebeing operated at
the grid frequency of the electric grid; and

in response to the second set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, switch the first set of phases in the
multi-phase machine to the electric grid, the first set of phases in the multi-phase
machine generating energy via electrical couplingto the second set of phases in the
multi-phase machine, wherein the energy generated by the first set of phases in the

multi-phase machineis supplied to the electric grid.

4, The system of claim 3, further comprising a first set of switches and a second
set of switches and the controller is further configured to:
connect the first set of phases in the multi-phase machine to the electric grid
by opening the first set of switches to disconnect the first set of phases in the multi-
phase machine from the first inverter and closing the second set of switches to

connect the first set of phases in the multi-phase machine to the electric grid.

5. The system of claim 1, wherein the multi-phase machineis a six-phase
machine with each of the first set of phases and the second set of phasesbeinga three-phase

system.

6. A controller, comprising;
a processor; and
a memory including instructions that, when executed by the processor, cause the
controller to:
receive a firstrequest for energy flow from an electric grid to an electric
vehicle, the electric vehicle having a multi-phase machine with a first set of phases

connected to a first inverter and a second set of phases connected to a second inverter;
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operate the first set of phases in the multi-phase machine through the first
inverter, the first set of phases in the multi-phase machine being operated at a grid
frequency of the electric grid;

in response to the first set of phases in the multi-phase machine being operated
at the grid frequency of the electric grid, switch the first set of phases in the multi-
phase machine to the electric grid;

in response to switching the first set of phases in the multi-phase machineto
the electric grid, operate the second set of phases in the multi-phase machine through
the second inverter, the second set of phases in the multi-phase machine generating
energy via electrical coupling to the first set of phases in the multi-phase machine;
and

provide the energy generated by the second set of phases in the multi-phase

machine to charge an energy source of the electric vehicle.

7. The controller of claim 6, wherein the instructions, when executed by the
processor, further cause the controller to:
in response to the first set of phases in the multi-phase machine being operated
at the grid frequency of the electric grid, isolate the first set of phases in the multi-

phase machine from the first inverter.

8. The controller of claim 7, wherein the instructions, when executed by the
processor, to cause the controller to operate the first set of phases in the multi-phase machine
through the first inverter further cause the controller to close a first set of switches to connect

the first set of phases in the multi-phase machineto the first inverter.

9. The controller of claim 8, wherein the instructions, when executed by the
processor, to cause the controller to isolate the first set of phases in the multi-phase machine
from the first inverter further cause the controller to open the first set of switches to

disconnect the first set of phases in the multi-phase machine from the first inverter.

10.  The controller of claim 9, wherein the instructions, when executed by the

processor, to cause the controller to connect the first set of phases in the multi-phase machine
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to the electric grid further cause the controller to close a second set of switches to connect the

first set of phases in the multi-phase machine to the electric grid.

11.  The controller of claim 6, wherein the instructions, when executed by the
processor, further cause the controller to:

receive a second request for energy flow from the electric vehicle to the
electric grid;

operate the second set of phases in the multi-phase machine through the
second inverter, the second set of phases in the multi-phase machine being operated at
the grid frequency of the electric grid; and

in response to the second set of phases in the multi-phase machine being
operated at the grid frequency of the electric grid, switch the first set of phases in the
multi-phase machine to the electric grid, the first set of phases in the multi-phase
machine generating energy via electrical couplingto the second set of phases in the
multi-phase machine, wherein the energy generated by the first set of phases in the

multi-phase machineis supplied to the electric grid.

12.  The controller of claim 11, wherein the instructions, when executed by the
processor, to cause the controller to switch the first set of phases in the multi-phase machine
to the electric grid further cause the controller to open a first set of switches to disconnect the
first set of phases in the multi-phase machine from the first inverter and close a second set of

switches to connect the first set of phases in the multi-phase machineto the electric grid.

13. A method, comprising;

determining, by a controller, a direction of energy flow between an electric vehicle
and an electric grid, the electric vehicle having a multi-phase machine with a first set of
phases connected to a first inverter and a second set of phases connected to a second inverter;

in response to determining that the direction of energy flow is from the electric grid to
the electric vehicle, operating, by the controller, the first set of phases in the multi-phase
machine through the first inverter, the first set of phases in the multi-phase machine being

operated at a grid frequency of the electric grid;

23

AMENDED SHEET (ARTICLE 19)



WO 2022/015519 PCT/US2021/040114

in response to the first set of phases in the multi-phase machinebeing operated at the
grid frequency of the electric grid, switching, by the controller, the first set of phases in the
multi-phase machine to the electric grid;

in response to switching the first set of phases in the multi-phase machineto the
electric grid, operating, by the controller, the second set of phasesin the multi-phase machine
through the second inverter, the second set of phases in the multi-phase machine generating
energy via electrical coupling to the first set of phases in the multi-phase machine; and

providing, by the controller, the energy generated by the second set of phases in the

multi-phase machine to charge an energy source of the electric vehicle.

14. The method of claim 13, further comprising:
in response to the first set of phases in the multi-phase machinebeing operated at the
grid frequency of the electric grid, isolating, by the controller, the first set of phases in the

multi-phase machine from the first inverter.

15.  The method of claim 14, wherein operating the first set of phases in the multi-
phase machine through the firstinverter includes closing a first set of switches to connect the

first set of phases in the multi-phase machine to the first inverter.

16.  The method of claim 15, wherein isolating the first set of phases in the multi-
phase machine from the first inverter includes opening the first set of switches to disconnect

the first set of phases in the multi-phase machine from the first inverter.

17.  The method of claim 16, wherein connecting the first set of phases in the
multi-phase machine to the electric grid includes closing a second set of switchesto connect

the first set of phases in the multi-phase machineto the electric grid.

18. The method of claim 13, further comprising:

in response to determining that the direction of energy flow is from the electric
vehicle to the electric grid, operating, by the controller, the second set of phases in the multi-
phase machine through the second inverter, the second set of phases in the multi-phase

machine being operated at the grid frequency of the electric grid; and
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in response to the second set of phases in the multi-phase machine being operated at
the grid frequency of the electric grid, switching, by the controller, the first set of phases in
the first multi-phase machine to the electric grid, the first set of phases in the multi-phase
machine generating energy via electrical coupling to the second set of phases in the multi-
phase machine, wherein the energy generated by the first set of phases in the multi-phase

machine is provided to the electric grid.

19.  The method of claim 18, wherein switching the first set of phasesin the multi-
phase machine to the electric grid includes opening a first set of switches to disconnect the
first set of phases in the multi-phase machine from the first inverter and closing a second set

of switches to connect the first set of phases in the multi-phase machine to the electric grid.

20.  The method of claim 13, wherein the multi-phase machine is a six-phase
machine with each of the first set of phases and the second set of phasesbeing a three-phase

system.
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Determine A Direction Of Energy Flow Between An Electric Vehicle

602~  And An Electric Grid, The Electric Vehicle Having A Multi-Phase
Machine With A First Set Of Phases And A Second Set Of Phases

!

In Response To Determining That The Direction Of Energy Flow Is
From The Electric Grid To The Electric Vehicle, Operate A First Set Of
604~ Phases In The Multi-Phase Machine Through A First Inverter, The
First Set Of Phases In The Multi-Phase Machine Being Operated To A

Frequency Of The Electric Grid

!

In Response To The First Set Of Phases In The Multi-Phase Machine
606~ Being Operated At The Frequency Of The Electric Grid, Connect The
First Set Of Phases In The Multi-Phase Machine To The Electric Grid

!

In Response To Connecting The First Set Of Phases In The
Multi-Phase Machine To The Electric Grid, Operate A Second Set Of
608~ Phases In The Multi-Phase Machine Through A Second Inverter, The

Second Set Of Phases In The Multi-Phase Machine Generating
Energy Via Electrical Coupling To The First Set Of Phases In The
Multi-Phase Machine

!

Provide The Energy Generated By The Second Set Of Phases In
610~ The Multi-Phase Machine To Charge An Energy Source Of The
Electric Vehicle

In Response To Determining That The Direction Of Energy Flow Is
From The Electric Vehicle To The Electric Grid, Operate The
612~  Second Set Of Phases In The Multi-Phase Machine Through A je—
Second Inverter, The Second Set Of Phases In The Multi-Phase
Machine Being Operated To A Frequency Of The Electric Grid

!

In Response To The Second Set Of Phases In The Multi-Phase
Machine Being Operated At The Frequency Of The Electric Grid,
Connect The First Set Of Phases In The Multi-Phase Machine To The
614~] Electric Grid, The First Set Of Phases In The Multi-Phase Machine
Generating Energy Via Electrical Coupling To The Second Set Of
Phases In The Multi-Phase Machine, Wherein The Energy Generated
By The First Set Of Phases In The Multi-Phase Machine Is Provided
To The Electric Grid
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