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(57) Abstract: A powertrain for electric and plug-in hybrid vehicle applications with integrated three-phase AC charging featuring
buck-boost operation and optional vehicle-to-grid (V2G) capability, along with corresponding methods and machine instruction sets for
switch control. The powertrain can include of a three-phase current source converter (CSC) front-end with an associated input filter, a
polarity inversion module, and in an embodiment, a dual-inverter motor drive. The dual-inverter drive is the source of both the back emf
and requisite DC inductance for the CSC. A compact design is thus provided as no additional magnetics are required and the on-board
cooling system required for traction mode can be re-deployed for charging and V2G mode. The powertrain is mode shifted between
charging and V2G mode through an optional polarity inversion module.
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AN INTEGRATED THREE-PHASE AC CHARGER FOR VEHICLE APPLICATIONS WITH
DUAL-INVERTER DRIVE

CROSS REFERENCE

[0001] This application is a non-provisional of, and claims all benefit, including priority to,
United States Application No. 62/725711, filed on 2018-08-30, entitled “INTEGRATED
BIDIRECTIONAL THREE-PHASE AC CHARGER FOR VEHICLE APPLICATIONS”. This

application is incorporated by reference in its entirety.
FIELD

[0002] Embodiments disclosed herein generally relate to power electronics for electric and
plug-in hybrid electric vehicle applications. More specifically, the embodiments relate to

electric powertrains with integrated charging capability.
BACKGROUND

[0003] One of the bottlenecks to widespread adoption of electric vehicles is the time
required to charge the on-board batteries. Generally, the power to charge the vehicle
batteries is supplied from either a low-voltage single-phase alternating current (AC) grid,

three-phase AC grid or direct current (DC) grid connection.

[0004] Unlike three-phase AC grids, low-voltage DC grids are not currently widely available;
and compared to single-phase AC grids, three-phase AC grids generally have higher
availability of power. Three-phase grid connections can be found where higher availability of
power is required such as commercial buildings, office buildings and industrial facilities, for
instance. Additionally, new three-phase ac grid connections can be made from existing
three-phase distribution lines, for instance. Chargers for enabling three-phase AC charging

can be either off-board or on-board the vehicle.

[0005] On-board integrated charger solutions are advantageous in that they have the
potential to significantly reduce external infrastructure costs by integrating all power

electronics onto the vehicles and levering existing on-board cooling systems.

[0006] The main disadvantages of integrated on-board chargers are the additional weight,

volume, and cost to the vehicle, which are addressed by the presented solution.
-1-
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SUMMARY

[0007] Electrical grid charging from DC sources is a simpler approach relative to charging by

AC grid infrastructure, but not always available.

[0008] AC grid infrastructure is more readily available but conversion approaches have
typically required expensive or cumbersome infrastructure elements for AC/DC conversion
prior to use with an electric vehicle or a hybrid-electric vehicle. For example, a AC/DC
conversion stage can be conducted by an additional rectifier circuit, which, in certain

situations, utilize magnetic components to improve efficiency of power flow / energy transfer.

[0009] This type of AC/DC conversion stage adds infrastructure complexity (e.g., if required
at every AC grid interface at electric car charging stations), and the magnetic components
(e.g., inductors, capacitors) are both cumbersome (e.g., these components take up limited
space at charging stations and are heavy) and expensive (e.g., additional inductors can be

especially expensive).

[0010] Electric or hybrid-electric vehicles are desirable relative to conventional combustion
engine vehicles due to reductions in harmful emissions. Combustion engines that utilize
petrol or diesel can emit tons of carbon dioxide among other harmful emissions, such as
methane, nitrous oxide that potentially contribute to climate change. Electric hybrid engines

can be adapted to use potentially both gasoline / diesel and electric power stored therein.

[0011] Presently, electric vehicle adoption is limited by sparse availability of electric vehicle
charging stations, as the cost and space requirements (e.g., limiting the number of stalls) for
current electric car charging stations are high. Large distances between electric car
charging stations or queuing due to less stalls than a number of vehicles to be charged can

severely impact the viability of electric cars as electric vehicles only have limited range.

[0012] Accordingly, an improved approach for charging from an AC grid (e.g., a multi-phase
AC grid) is desirable. The proposed approach is an improved circuit topology (and
corresponding circuits, methods, and machine instruction sets stored on non-transitory
machine readable media) that is directed to an environmental (green) technology that could
help to resolve or mitigate environmental impacts by improving the viability of electric or

hybrid vehicles. As the viability of electric or hybrid vehicles is improved, reliance on
2.
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combustion engines can be reduced to help conserve natural environment and oil / gas

resources.

[0013] The magnetic components of the electric motor, when not in use, can be leveraged
for AC/DC conversion. A proposed approach described herein is directed to a electric
powertrain circuit topology that includes a current source converter circuit that operates as
an AC/DC conversion stage and couples to a dual inverter drive system that has two
charging stages (e.g., an upper charging stage and a lower charging stage, which also can
be referred to as a first charging stage and a second charging stage) that is connected
across the motor (e.g., across motor windings). Because the dual inverter drive system
connects through the motor itself, the magnetic components of the motor are used for the
AC/DC conversion, providing a potentially less cumbersome and less expensive approach to
AC/DC conversion. A stage is a circuit portion and includes physical electrical circuit

components.

[0014] The electric powertrain circuit, in some embodiments, is provided as a component of
the electric or hybrid vehicle and can, for example, reside on or within the electric or hybrid
vehicle (e.g., as a circuit that is directly coupled to the motor and energy storage devices)
such that the electric or hybrid vehicle can connect directly to three phase AC grid interfaces,
even if the AC grid interface does not have an available AC/DC conversion stage, for
example, when the electric or hybrid vehicle’s motor is not being used for locomotion. An
additional controller circuit can be provided that is configured to toggle operation of the open

wound motor between a locomotion state and a energy flow state.

[0015] Further embodiments are described herein for polarity inversion such that the electric
or hybrid vehicle is also able provide vehicle to grid (V2G) charging capabilities in different
variant embodiments. Not all embodiments include vehicle to grid (V2G) charging
capabilities — uni-directional charging from the AC grid to the electric or hybrid vehicle is
contemplated in some embodiments. Alternatively, uni-directional charging to the AC grid
from the electric or hybrid vehicle is also contemplated in other embodiments. V2G charging
is useful, for example, in emergency situations, or situations where the grid is isolated and
remote (e.g., arural grid). Depending on grid electricity prices, it may also be economically

advantageous to provide energy to the grid.
-3-
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[0016] The dual inverter drive system includes a upper charging stage and a lower charging
stage. Each of these stages has an energy storage and voltage source converter. For
example, the upper charging stage has a first energy storage and a first voltage source
converter (VSC1). The lower charging stage has a second energy storage and a second
voltage source converter (VSC2). The dual inverter drive can be configured to provide
voltage boosting capability, enabling power to be exchanged between the AC grid and the
first or second energy storages when a sum of the energy storage voltages is greater than

the maximum average rectified voltage across the CSC DC terminals.

[0017] An open wound motor (e.g., the motor that can be used for locomotion) is coupled
between the first voltage source converter and the second voltage source converter, and the
open wound motor has three or more motor windings. Each of these windings are coupled
to a corresponding AC terminal of each of the first voltage source converter and the second

voltage source converter.

[0018] The current source converter (CSC) includes three CSC AC phase terminals for
coupling with the AC grid, a positive CSC DC terminal coupled to the upper charging stage
at a positive VSC1 DC terminal, and a negative CSC terminal coupled to the lower charging

stage at a negative VSC2 DC terminal.

[0019] The CSC includes a first circuit leg, a second circuit leg, and a third circuit leg. Each
circuit leg corresponds to a corresponding CSC AC phase terminal of the three CSC AC
phase terminals, and has at least one upper switch and one lower switch. The upper
switches are each coupled to a corresponding CSC AC phase terminal and the positive CSC
DC terminal. The lower switches are each coupled to a corresponding CSC AC phase

terminal and the negative CSC DC terminal.

[0020] Each of the upper and lower switches are controlled by gate control signals, which
when only one upper switch is in an on-state, that switch will conduct a current equal to the
sum of the three winding currents, and when only one lower switch is operated, that switch
will conduct a current equal to the sum of the three winding currents. These gate control
signals control the energy flow between the AC grid and the electric vehicle / hybrid electric

vehicle, exploiting the inductance of the motor to enable operation.

-4-
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[0021] The CSC is a three-phase current source converter (CSC) front-end that can operate
optionally, in another embodiment, together with an input filter which exploits the inductance
of the motor to enable operation. The powertrain components provide a variable back emf
and a series inductance to the CSC. The upper and the lower switches of the CSC can be
configured in some embodiments such that both the real power and reactive power
exchanged with the AC grid are separately controlled. The CSC can provide voltage
bucking capability, enabling power to be exchanged between the AC grid and the first or
second energy storages when a sum of the energy storages is less than the maximum

average rectified voltage across the CSC DC terminals.

[0022] This re-use of the powertrain magnetics for the implementation of the integrated
charger has three benefits: 1) no additional magnetic components are required which would
otherwise add significant weight and volume to the charger; 2) motor cooling system is
leveraged for cooling of the magnetics; and 3) the motor cooling system can be shared with

the CSC front-end for cooling of the power electronic devices.

[0023] The energy storage elements are not restricted to being of a certain type nor are the
energy storage elements required to be of identical type. Some examples of energy storage
elements, include: batteries, fuel cells and super-capacitors. In an embodiment, one energy
storage element can be of battery type and the other of super-capacitor type. Due to the
particular arrangement of elements in an embodiment, the converter operates as a three-
port converter during both charging and V2G modes. The emfs for each of the three ports
are: 1) energy storage element 1; 2) energy storage element 2; and 3) the rectified AC grid

voltage.

[0024] In an embodiment, the two independent energy storage elements connected on
either side of the motor via inverters are electrically in series for charging and vehicle-to-grid
mode. The ability to series connect the emfs is highly advantageous as the powertrain can
realize higher dc-link voltages resulting in improved overall efficiency and increased charging

power capability.

[0025] Another advantage to the use of a CSC for the front-end is that due to the inherent

bi-directional blocking capability of the switches of the CSC, the charging currents for the

-5-
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energy storage elements are controllable irrespective of state of charge and nominal energy
storage element voltages. The CSC can also feature fault-blocking capability, which ensures
the energy storage elements are protected in the event of an AC grid fault (e.g., AC short
circuit). The AC grid can be optionally coupled to the CSC through an input filter, the input
filter configured to filter out harmonic currents generated by the electric powertrain from

entering into the AC grid.

[0026] The structure of a CSC front-end together with a variable back emf provided by the
differentially connected dual-inverter drive allows for buck-boost operation for charging which
is also highly advantageous. In buck-mode, the CSC front-end steps down the grid voltage;

and in boost-mode, the dual-inverter drive steps-up the grid voltage.

[0027] The charger is switched between charging and vehicle-to-grid mode through use of a
polarity inversion circuit between the CSC and the dual-inverter drive. The role of the polarity
inversion circuit is to invert the polarity of the DC-side back emf generated by the dual-
inverter drive. Note, the polarity inversion circuit is optional, and included only in some
embodiments. For example, the polarity inversion circuit is not needed if V2G operation is
not required. The polarity inversion circuit can be coupled between the CSC and the upper
charging stage and the lower charging stage such that the the polarity inversion circuit is
coupled to the CSC at the positive CSC DC terminal and the negative CSC DC terminal, and
the polarity inversion circuit is coupled to the upper charging stage at the positive VSC1 DC
terminal, and coupled to the lower charging stage at a negative VSC2 DC terminal. The
polarity inversion circuit inverts a polarity of a back emf provided by the dual inverter drive
such that the electric vehicle or the hybrid-electric vehicle is able to provide power to the AC

grid.

[0028] In a first variant, the polarity inversion circuit is coupled to the upper charging stage
at the negative VSC1 DC terminal and to the lower charging stage at a positive VSC2 DC
terminal, and includes at least one switch and that interfaces the CSC with the dual inverter
drive, with the polarity inversion circuit having a first state and a second state; the first state
coupling the positive CSC DC terminal and the positive VSC1 DC terminal, and coupling the
negative CSC DC terminal and the negative VSC2 DC terminal; and a second state coupling

the positive CSC DC terminal and the negative VSC1 DC terminal, and coupling the
-6-
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negative CSC DC terminal and the positive VSC2 DC terminal; wherein the in the first state,
power is directed to the electrical vehicle or the hybrid electric vehicle and the in the second

state, power is directed to the AC grid.

[0029] In a second variant, the polarity inversion circuit includes at least one switch and
interfaces the CSC with the dual inverter drive, with the polarity inversion circuit having a first
state and a second state; the first state coupling the positive CSC DC terminal and the
positive VSC1 DC terminal, and coupling the negative CSC DC terminal and the negative
VSC2 DC terminal; and a second state coupling the positive CSC DC terminal and the
negative VSC2 DC terminal, and coupling the negative CSC DC terminal and the positive
VSC1 DC terminal; wherein the in the first state, power is directed to the vehicle and the in

the second state, power is directed to the grid.

[0030] In either the first variant or the second variant, the polarity inversion circuit can
include a mechanical switch of double pole single throw type or a switch of double pole
double throw type. In either the first variant or the second variant, the polarity inversion
circuit could alternatively consist of at least four semiconductor switches with each switch of
the at least four semiconductor switches coupling one CSC DC terminal to one VSC DC

terminal.

[0031] In a third variant, each phase of the CSC is associated with two switches, an upper
switch corresponding to the phase and a lower switch corresponding to the phase, each of
the upper switch and the lower switch corresponding to the phase comprising a first and a
second series connected sub-switches with an accessible mid-point, the first sub-switch
providing positive voltage blocking capability and the second sub-switch providing negative
voltage blocking capability; and the polarity inversion circuit includes a first three phase
switch network and a second three phase switch network, with each three phase switch
network including at least four switches, three switches for each phase and one master
switch that is to controllable; the positive CSC DC terminal and the positive VSC1 DC
terminal are electrically bonded, and the negative CSC DC terminal and the negative VSC2
DC terminal are electrically bonded; and wherein the first three phase switch network
couples the mid-point of the three upper sub-switches to the dual inverter drive; wherein the

second three phase switch network couples the mid-point of the three lower sub-switches to
-7-
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the dual inverter drive; the polarity inversion circuit has a first state and a second state: in the
first state, the first and second master control switches are controlled to be off and the first
and second phase switch network are not active; in the second state, the first and second
master control switches are controlled to be on and the first and second phase switch

network are active.

[0032] In this variant, in the first state, power is directed to the vehicle; and in the second
state, power is directed to the AC grid. The first three phase switch network can be coupled
to the negative VSC1 DC terminal, and the second three phase switch network can be
coupled to the positive VSC2 DC terminal. In a further variation, the first three phase switch
network is coupled to the negative VSC2 DC terminal, and the second three phase switch

network is coupled to the positive VSC1 DC terminal.

[0033] In another embodiment, a controller is provided that is configured to interleave the
gating signals to the switches of the three or more phases of the first voltage source
converter and to interleave the gating signals to the switches of the three or more phases of
the second voltage source converter which can reduce the peak current ripple into the first or

the second energy storages.

[0034] In another embodiment, a controller is configured to interleave the gating signals of
the first and second voltage source converter switches which are coupled to the same motor

winding; resulting in reduced peak current ripple in winding currents.

[0035] In another embodiment, a controller is configured to ensure the motor winding
currents are DC and each of the motor winding currents are of equal DC value; resulting in

no torque production in the open wound motor.

[0036] In another embodiment, a controller is configured to deliver different power to the first
energy storage and the second energy storage such as when the two energy storage
devices are at different voltages, the controller configured to provide the different power by
adjusting a relative duty cycle of the upper switches of the first VSC with respect to a duty

cycle of the lower switches of the second VSC.

[0037] Corresponding methods, processes, controller circuits (e.g., gate control circuits) and

non-transitory machine readable media (storing instruction sets, which when executed by a
-8-
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processor, cause the processor to perform steps of a method) are contemplated. The non-
transitory machine readable media can also store gate control sequences, which when

transmitted to the switches, causes corresponding operation of the switches.

[0038] An electric or hybrid electric vehicle is contemplated which incorporates the
powertrain descried in various embodiments. Similarly, a stand-alone CSC configured to
couple to the other powertrain components is also contemplated, as well as a standalone
power inversion circuit that is configured to couple to the other powertrain components (such
as a CSC).

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] FIG. 1 presents a conventional current source converter in which the DC-link consists

of an inductor and back emf source.

[0040] FIG. 2 is a high-level block diagram of some embodiments. The topology includes
the following elements (from left to right): an optional interface power transformer, an input
AC filter, a current source converter front-end, an optional polarity inversion module for
reversing the power direction, two independent energy storage elements and a dual-inverter

drive in which motor is in open-winding configuration.

[0041] FIG. 3 is a more detailed representation of FIG. 2; where the current source
converter, polarity inversion module, open-winding motor and drive inverters have been

presented in more detail.

[0042] FIG. 4 presents an embodiment of the polarity inversion module.

[0043] FIG. 5 presents a second embodiment of the polarity inversion module.

[0044] FIG. 6 presents a third embodiment of the polarity inversion module.

[0045] FIG. 7 presents a fourth and preferred embodiment of the polarity inversion module.
[0046] FIG. 8 presents a more specific embodiment of the embodiment presented in FIG. 3.
[0047] FIG. 9 is an example polarity inversion module, according to some embodiments.

[0048] FIG. 10 is another example polarity inversion module, according to some

embodiments.
-9-
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[0049] FIG. 11 is an example embodiment of the polarity inversion module, FIG. 9,

according to some embodiments.

[0050] FIG. 12 presents a high-level diagram of the electrical inputs, control inputs and
outputs of the three-port electric powertrain for charging and vehicle-to-grid mode. Describes

at a high level, here are the control inputs, here are the outputs.

[0051] FIG. 13 presents an embodiment which details one possible implementation of the

preferred embodiment.

[0052] FIG. 14 presents a model of the DC-side of the integrated charger during charging

mode.

[0053] FIG. 15 presents simulation results for Case 1. In Case 1, the vehicle is charged at
60 kW at unity power factor from a 600 V three-phase AC grid, according to some

embodiments. The energy storage elements have a terminal voltage of 300 V, respectively.

[0054] FIG. 16 presents simulation results for Case 2, according to some embodiments. In
Case 2, the vehicle is charged at 60 kW at unity power factor from a 600 V three-phase grid.
The energy storage elements are at 325 V and 300 V, respectively. During steady-state,
energy storage element 2 is at a lower state of charge and is kept in the circuit, by setting
the duty ratio at 1. Energy storage element 1 is at the higher state of charge and is

modulated such that equal power is delivered to energy storage elements 1 and 2.

[0055] FIG. 17 presents simulation results for Case 3, according to some embodiments. In
Case 3, the vehicle is charged at 70 kW at a power factor of 0.95 lagging from a 600 V

three-phase AC grid. The energy storage elements are each at 450 V.

[0056] FIG. 18 presents simulation results for Case 4, according to some embodiments. In
Case 4, the vehicle is charged at 70 kW at a power factor of 0.95 leading from a 600 V

three-phase AC grid. The energy storage elements are each at 450 V.

[0057] FIG. 19 presents simulation results for Case 5, according to some embodiments. In
Case 5, the vehicle is charged at 70 kW at unity power factor from a 600 V three-phase grid.

The energy storage elements are each at 450 V.

-10 -



10

15

20

25

WO 2020/041904 PCT/CA2019/051225

[0058] FIG. 20 presents simulation results for Case 6, according to some embodiments. In
Case 6, the vehicle is delivering 70 kW of power to the 600 V three-phase grid at unity power

factor. The energy storage elements are at 450 V.

[0059] FIG. 21 presents simulation results for Case 7, according to some embodiments. In
Case 7 the vehicle is delivering 70 kW of power to the 600 V three-phase grid at unity power

factor. The energy storage elements are at 300 V.

[0060] FIG. 22 presents a variation for single-phase AC grid charging applications,

according to some embodiments.

[0061] FIG. 23 presents a variation without bi-directional power capability, according to

some embodiments.

[0062] FIG. 24 is a method diagram of a method for operating an integrated three-phase ac

charger for vehicle applications with dual-inverter drive, according to some embodiments.

[0063] FIG. 25 is a computing device diagram of an example computing device that can be
used for controlling gating to implement a method for operating an integrated three-phase ac

charger for vehicle applications with dual-inverter drive, according to some embodiments.
DETAILED DESCRIPTION

[0064] Electric or hybrid-electric vehicles are desirable relative to conventional combustion
engine vehicles due to reductions in harmful emissions. Combustion engines that utilize
petrol or diesel can emit tons of carbon dioxide among other harmful emissions, such as
methane, nitrous oxide that potentially contribute to climate change. Electric hybrid engines

can be adapted to use potentially both gasoline / diesel and electric power stored therein.

[0065] Electrical grid charging from DC sources is a simpler approach relative to charging by
AC grid infrastructure, but not always available. AC grid infrastructure is more readily
available but conversion approaches have typically required expensive or cumbersome
infrastructure elements for AC/DC conversion prior to use with an electric vehicle or a hybrid
electric vehicle. For example, a AC/DC conversion stage can be conducted by an additional
rectifier circuit, which, in certain situations, utilize magnetic components to improve efficiency

of power flow / energy transfer.

-11 -
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[0066] An example of AC grid infrastructure for charging can include supercharger stations,
where a number of stalls are available for electric or hybrid electric vehicles to park, and to
plug in a cable to charge. These supercharger stations are not as well distributed as
conventional gasoline pumps for combustion engine vehicles, and can severely limit viability
of electric or hybrid electric vehicles as the operating range of the electric or hybrid electric
vehicles is typically less than that of a combustion engine vehicle having a full tank of

gasoline or diesel.

[0067] An AC/DC conversion stage adds infrastructure complexity (e.g., if required at every
AC grid interface at electric car charging stations), and the magnetic components (e.g.,
inductors, capacitors) are both cumbersome (e.g., these components take up limited space
at charging stations and are heavy) and expensive (e.g., additional inductors can be
especially expensive). Electric vehicle adoption is limited by sparse availability of electric
vehicle charging stations, as the cost and space requirements (e.g., limiting the number of
stalls) for current electric car charging stations are high. Large distances between electric
car charging stations or queuing due to less stalls than a number of vehicles to be charged

can severely impact the viability of electric cars as electric vehicles only have limited range.

[0068] FIG. 1 presents a conventional current source converter 100 in which the DC link
consists of an inductor and a back emf source. With this topology it is possible to charge an

energy storage element, such as a battery, from a three-phase AC-grid.

[0069] A drawback to this solution when considering for electric vehicle (EV) applications, is
that an external power inductor, L,. 102, is required adding significant cost, volume and
weight to the charger. In addition, this topology does not address how to reverse the polarity
of the emf source which is required for reversing the direction of power as required for V2G

operating mode.

[0070] InY. Han, M. Ranjram, and P. W. Lehn, “A bidirectional multi-port dc-dc converter
with reduced filter requirements,” in 2015 IEEE 16th workshop on control and modeling for
power electronics (compel), 2015, pp. 1-6 [Han], a three-port DC/DC converter structure is

described which allows for power exchange between three independent DC ports. For EV
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applications, this structure could be employed for managing power between a DC-link and

two independent energy storage sources.

[0071] In R. Shi, S. Semsar, and P. W. Lehn, “Constant current fast charging of electric
vehicles via a dc grid using a dual-inverter drive,” IEEE Transactions on Industrial
Electronics, vol. 64, no. 9, pp. 6940-6949, Sept 2017, an electric powertrain with integrated
charging is described. This topology employs the structure in Han but with the integration of
the powertrain components of the EV. The topology allows for fast on-board charging without
additional magnetics. However, the charger is limited to DC grid charging applications and
does not feature buck-boost charging capability. Therefore, a gap exists for integrated
powertrain solutions for three-phase AC grid charging with buck-boost capability that re-

utilize existing powertrain components to reduce weight, volume, and cost to the vehicle.

[0072] Accordingly, an improved approach for charging from an AC grid (e.g., a multi-phase
AC grid) is desirable. The proposed approach is an improved circuit topology (and
corresponding circuits, methods, and machine instruction sets stored on non-transitory
machine readable media) that is directed to an environmental (green) technology that could
help to resolve or mitigate environmental impacts by improving the viability of electric or
hybrid vehicles. As the viability of electric or hybrid vehicles is improved, reliance on
combustion engines can be reduced to help conserve natural environment and oil / gas

resources.

[0073] The main elements of a preferred embodiment are presented in FIG. 2. The
magnetic components of the electric motor, when not in use, can be leveraged for AC/DC

conversion. Other embodiments are also contemplated.

[0074] The term module may be utilized in this description, and can include, in various
embodiments, physical electrical circuits that include physical components, such as interface
terminals, electrical pathways (e.g., wires), electrical nodes, resistors, semiconductors,

switches, energy storage elements, reactive power elements, among others.

[0075] As shown in FIG. 2 at block schematic 200, an AC grid 202 and an optional

transformer 204 connect to an on-board powertrain through input filter 206. The on-board

powertrain includes a current source converter 208, and an optional polarity inversion
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module 210, which connects to two energy storage elements 212A, 212B that connectto a

motor 216 through one voltage source converter each 214A, 214B.

[0076] The current source converter 208 is a circuit that operates as an AC/DC conversion
stage and couples to a dual inverter drive system that has two charging stages (e.g., an
upper charging stage and a lower charging stage) that is connected across the motor 216
(e.g., across motor windings). Because the dual inverter drive system connects through the
motor 216 itself, the magnetics components of the motor are used for the AC/DC conversion,
providing a potentially less cumbersome and less expensive approach to AC/DC conversion.

Each of these stages has an energy storage and voltage source converter.

[0077] For example, the upper charging stage has a first energy storage and a first voltage
source converter (VSC1). The lower charging stage has a second energy storage and a
second voltage source converter (VSC2). The dual inverter drive can be configured to
provide voltage boosting capability, enabling power to be exchanged between the AC grid
and the first or second energy storage elements (equivalently termed energy storages) when
a sum of the energy storage voltages is greater than the maximum average rectified voltage

across the CSC DC terminals.

[0078] Note, in this disclosure traction inverter 1 is used interchangeably with voltage source
converter 1 or VSCA1.

[0079] Note, in this disclosure traction inverter 2 is used interchangeably with the terms

voltage source converter 2 or VSC2.

[0080] The motor 216 can be an open wound motor (e.g., the motor that can be used for
locomotion) that is coupled between the first voltage source converter and the second
voltage source converter, and the open wound motor has three or more motor windings.
Each of these windings are coupled to a corresponding AC terminal of each of the first

voltage source converter and the second voltage source converter.

[0081] An embodiment is detailed in FIG. 3, shown as circuit diagram 300. Four distinct
embodiments of the polarity inversion module are presented in FIG. 4, FIG. 5, FIG. 6 and
FIG. 7, shown in partial circuit diagrams 400, 500, 600, and 700, respectively. FIG. 23

shows an embodiment where there is no polarity inversion module present.
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[0082] The electric powertrain elements located on-board the vehicle are shown in FIG. 3.
The electric powertrain circuit, in some embodiments, is provided as a component of the
electric or hybrid vehicle and can, for example, reside on or within the electric or hybrid
vehicle (e.g., as a circuit that is directly coupled to the motor and energy storage devices)
such that the electric or hybrid vehicle can connect directly to three phase AC grid interfaces,
even if the AC grid interface does not have an available AC/DC conversion stage, for
example, when the electric or hybrid vehicle’s motor is not being used for locomotion. An
additional controller circuit can be provided that is configured to toggle operation of the open
wound motor between a locomotion state and a energy flow state. For example, the chassis
of the electric or hybrid vehicle can be used as a housing for the The electric powertrain

circuit.

[0083] The on-board elements consist of a three-phase AC input filter 302, a three-phase
CSC 304, a polarity inversion module 306, two energy storage elements 308, 310, and a
dual-inverter drive 312. The dual inverter drive features two voltage source converters and

an open wound motor.

[0084] First, the main elements of an embodiment are described. This is followed by a
description of a means of operating various embodiments. Finally, simulation cases are
presented which demonstrate the operation of the electric powertrain for a range of

representative operating points.
[0085] Interface to Three Phase or Single Phase AC Grid

[0086] The electric powertrain can be charged and provide V2G services to both three-
phase AC and single-phase AC grids, in accordance with various embodiments (not all
embodiments necessarily provide V2G services). Uni-directional charging from the AC grid
to the electric or hybrid vehicle is contemplated in some embodiments. Alternatively, uni-
directional charging to the AC grid from the electric or hybrid vehicle is also contemplated in

other embodiments.

[0087] A transformer between the vehicle and the AC grid may be required depending on
local regulations regarding isolation and/or whether step-down or step-up of the AC grid
connection voltage is required.
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[0088] In this document, the term “AC grid” is used to refer to some general AC network.
Therefore, in this context AC grid is not restricted to being just an electrical grid but also
encompasses other types of AC network connections. V2G charging is useful, for example,
in emergency situations, or situations where the grid is isolated and remote (e.g., a rural
grid). Depending on grid energy prices, it may also be economically advantageous to

provide energy to the grid.
[0089] Three Phase Input Filter

[0090] The three-phase AC input filter 302 is located between the AC-grid and the current
source converter 304. The role of the input filter 302 is to attenuate the current harmonics
generated by the current source converter front-end from entering into the AC grid. This
attenuation is generally required in order to comply with local harmonic standards while
operating the device in either charging or V2G mode. The input filter 302 can be realized in
multiple ways including being either of passive or active type. Additionally, the input filter 302
can be located off the vehicle and/or it can be located between the AC-grid and the
transformer rather than being between the transformer and the vehicle as is presented in
FIG. 3.

[0091] Current Source Converter Front-End

[0092] The current source converter (CSC) 304 has a positive and negative DC terminal;
wherein the positive and negative DC terminal are interfaced to the positive DC terminal of
the first VSC 314 and the negative DC terminal of the second VSC 316.

[0093] The three AC terminals of the CSC are interfaced to the AC network through an

optional input filter which provides filtering of harmonics.

[0094] The current source converter front-end (CSC) 304 functions by converting the line-
side voltages across the low-pass AC filter into a voltage with a DC-component on the DC-

side of the CSC. This conversion is realized through gating of the switches of the CSC 304.

[0095] This DC-side voltage drives a uni-directional current with a DC-component on the
DC-side of the CSC 304. The gating of the switches, which generates the DC-side voltage,

converts the three-phase AC-side currents into a DC-side current. The control of the gating
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signals allows the CSC 304 to control for quantities such as the real power and reactive

power exchanged with the AC-grid when in charging mode or V2G mode, for instance.

[0096] The CSC 304 is also inherently fault tolerant ensuring the energy storage elements

are protected in the event of an AC grid fault.

[0097] The CSC 304 includes a first circuit leg, a second circuit leg, and a third circuit leg.
Each circuit leg corresponds to a corresponding CSC AC phase terminal of the three CSC
AC phase terminals, and has at least one upper switch and one lower switch. The upper
switches are each coupled to a corresponding CSC AC phase terminal and the positive CSC
DC terminal. The lower switches are each coupled to a corresponding CSC AC phase

terminal and the negative CSC DC terminal.

[0098] Each of the upper and lower switches are controlled by gate control signals, which
when only one upper switch is in an on-state, that switch will conduct a current equal to the
sum of the three winding currents, and when only one lower switch is operated, that switch
will conduct a current equal to the sum of the three winding currents. These gate control
signals control the energy flow between the AC grid and the electric vehicle / hybrid electric

vehicle, exploiting the inductance of the motor to enable operation.

[0099] The powertrain components provide a variable back emf and a series inductance to
the CSC. The upper and the lower switches of the CSC can be configured in some
embodiments such that both the real power and reactive power exchanged with the AC grid
are separately controlled. The CSC can provide voltage bucking capability, enabling power
to be exchanged between the AC grid and the first or second energy storages when the sum
of the energy storage voltages is less than the maximum average rectified voltage across
the CSC DC terminals.

[00100] The two independent energy storage elements connected on either side of the

motor via inverters can be electrically in series for charging and vehicle-to-grid mode. The

ability to series connect the emfs is highly advantageous as the powertrain can realize

higher dc-link voltages resulting in improved overall efficiency and increased charging power

capability. Another advantage to the use of a CSC for the front-end is that due to the

inherent bi-directional blocking capability of the switches of the CSC, the charging currents
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for the energy storage elements are controllable irrespective of state of charge and nominal
energy storage element voltages. The CSC can also feature fault-blocking capability, which
ensures the energy storage elements are protected in the event of an AC grid fault (e.g., AC
short circuit). The AC grid can be optionally coupled to the CSC through an input filter, the
input filter configured to filter out harmonic currents generated by the electric powertrain from

entering into the AC grid.

[00101] The structure of a CSC 304 front-end together with a variable back emf provided
by the differentially connected dual-inverter drive allows for buck-boost operation for
charging which is also highly advantageous. In buck-mode, the CSC front-end steps down

the grid voltage; and in boost-mode, the dual-inverter drive steps-up the grid voltage.

[00102] In an example embodiment, the CSC 304 consists of 6 switches labeled in FIG. 3

as 541,542:51:5p2:5¢01 and Seo.

[00103] Each leg of the CSC 304 contains two switches - one in the upper arm and one in
the lower arm of the leg. An arm is defined as the path between a DC terminal and an AC
phase terminal. A leg or CSC phase is defined as the path between the two DC-terminals of
the CSC (i.e. between CSCp and CSCn).

[00104] In an example embodiment, each switch can require bi-polar voltage blocking
capability and uni-directional current conduction capability. A combination of both active and
passive semiconductor switches can be used to realize the CSC 304 in the preferred

embodiment.

[00105] When the switches of the CSC feature bipolar voltage blocking capability
enabling both the real power and reactive power exchanged with the AC grid to be

separately controlled.

[00106] The CSC provides voltage bucking capability. This enables power to be
exchanged between the grid and the energy storage elements when the sum of the energy
storage element voltages is less than the maximum average rectified voltage across the
CSC DC terminals.
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[00107] The DC link current of the CSC is unidirectional in both charging and V2G mode
in some embodiments. In an embodiment of the device with the polarity inversion module of
FIG. 7, the DC link current during charging mode is the current that flows from the CSCp

terminal to the CSCn terminal.

[00108] In an embodiment embodiment of the device with the polarity inversion module
700 of FIG. 7, the DC link current during V2G mode is the current that flows from the ES1n
terminal to the ES2p terminal. In the polarity inversion module 400, 500, 600 of FIG. 4, FIG.
§ and FIG. 6, the DC link current during charging mode and discharge mode is the current

that flows from CSCp terminal to the CSCn terminal.

[00109] If only one upper and one lower CSC switch are active then the current flowing
into the upper switch will be equal to the DC link current and the current flowing into the
lower switch will be equal to the DC link current. The DC link current is equal to the sum of

the motor winding currents. This can be mathematically expressed as follows,
[00110] g = iwHiv*iy
[00111] Itis through controlling the states of the upper and lower switches of the CSC that

the desired operation of the CSC is obtained.

[00112] In some embodiments of the current source converter there are 9 states in which
only one upper and one lower switch are active. These states are summarized in the
following Table along with the resulting phase currents i, it and iic at the input of the CSC
for each of the 9 CSC states.

State Number Active Switches lta ltb lic

1 Sia1 and S, are | 0 0 0
active

2 Spr and Sy are | 0 0 0
active

3 S¢1 and S, are |0 0 0
active
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4 Sa1 and sz are idc -idc 0
active

5 S.1 and S are | ige 0 - lde
active

6 S and Sy are | -ige ide 0
active

7 S and S are | 0 ide - ide
active

8 Se1 and Si; are | -ige 0 idc
active

9 Se1 and Sp; are | 0 - ige ide
active

[00113] As can be observed in the above Table, under ideal conditions the phase
currents at the input of the CSC have the possibility of three values, 0, igc or — iac (Where, igc

is the dc link current) depending on the states of the switches.

[00114] One approach for controlling the CSC is to use a space vector pulse with
modulation technique or SVPWM. This is only one such technique of many that could be
employed to control the CSC of some embodiments. With the SVPWM technique, in each
switching period the CSC will undergo 3 of the 9 states, each for a specified duration. In the
following paragraphs, the SVPWM as applied to some embodiments are described. This is
however only one such control method and one such approach for implementing the
SVPWM.

[00115] Inthis approach, it is the positive sequence component of the grid current that is
controlled. The positive sequence current reference is a sinusoidal term which can be

expressed as follows,

Ip= |Ip|cos(6)
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[00116] Where Ip is the grid reference current where |lp| is the magnitude of the reference
and 8 is the phase angle of the grid reference current. There are many ways to determine
the reference current depending on the control objectives. For example, if it is desired to

draw a certain real and reactive power from the grid, Ip can be approximated as follows,
Ip = (P+jQ)*/sqrt(3)/Vg+*

Where, “” denotes a complex conjugate and Vg+ is the positive sequence grid voltage
component.

[00117] Itis however convenient to re-express the reference current in terms of a

modulation index and a phase angle. The result is as follows,
mi = ||p|/|dc
6= 6, + Brer

[00118] Note, in some embodiments m; ranges from approximately 0 to 1 and 8 ranges

from approximately -180 to + 180 degrees or equivalently O to 360 degrees.

[00119] There are different approaches to measure the positive sequence grid voltage

phase angle, 6,. An example of one such approach is to use a phase lock loop (PLL).

[00120] The CSC undergoes three states per switching period. The set of three states
that the CSC undergoes depends on the current reference angle, 6. There are a total of 6
different sets of the three states. The range of 8 values in which the CSC features the same

three states over a switching period are termed zones in this disclosure.

[00121] The zones and the corresponding CSC states are summarized in the below table,

Zone (z) 6 (degrees) State i State ii State iii
0 -30to +30 4 5 1
1 30to +90 5 7 3
2 90 to 150 7 6 2
3 150 to 210 6 8 1
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4 210to 270 8 9 3

5 270 to -30 9 4 2

[00122] Where, state i, ii and iii denote the three states of the CSC for that particular
zone. The states being defined in a previous Table. For instance, the 3 states corresponding
to zone 4 are states 8, 9 and 3. The dwell times for states i, ii and iii (Ti, Tii and Tiii,

respectively) can be approximated by the following formulae,
Ti = mi*sin(30deg-(6-z*60))
Tii = mi*sin(30deg+(6-z*60))
Tii = 1-Ti-Tii
Where, z denotes a particular zone.

[00123] To cause three different converter states per switching period, 5 unique gating
signals are employed in some embodiments which are distributed to the 6 switches of the
CSC.

[00124] The 5 unique gating signals are described in the following table:

Low State Interval High State Interval
G1 t=TitoTs t=0toT;
G2 t=0toTiand t= Ti+T; t=Tito Ti+ Ti
G3 t=0to Ti+Ti t=T+Tito Ts
G4 t=0toTs -
G5 - t=0toTs

Note, t = 0 denotes the start of a switching period; and t = Ts denotes the end of a switching

period.
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[00125] Where, for instance, G1 corresponds to a low value (or equivalently off state)
from t =T to Ts; and G1 corresponds to a high value (or equivalently on state) fromt= 0 to

Ti. Note, Ts denotes a switching period.

[00126] The 5 gating signals are distributed to the CSC switches depending on the zone
of operation. The distribution of the gating signals with respect to the zone of operation is

summarized by the following Table,

Zone Gating Signal
G1 G2 G3 G4 G5
0 Sk2 Sc2 Saz Sar Sb1,Se1
1 Sar Sb1 Sei Se2 Sa2,Sm2
2 Sc2 Saz Stz Sbi Sat, Se
3 Sh1 Sei Sar Saz Sc2, Sv2
4 Sa2 Sh2 Sc2 Sei Sat, Sbi
5 Sei Sai Shi Stz Sec2, Saz

[00127] Note the above is only one such example of an implementation of the control for

the CSC and so other types of control would also be applicable.

[00128] Itis the CSC that performs the bucking for this converter. Bucking is required in
some embodiments, particularly in cases where the maximum average rectified voltage
across the CSC DC terminals is greater than the total sum of the energy storage element 1
and energy storage element 2 voltages. Bucking in some embodiments is performed through

adjusting the modulation index, mi.

[00129] By adjusting the modulation index, mi, the power delivered to the energy storage
elements can be controlled in this case. By reducing the modulation index the power to the

energy storage elements is reduced and by increasing the modulation index the power to the
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energy storage elements is increased in this case. The following is an approximate

expression for the dc link current,
Idc = ( 3/2V9,rmsmicos(6) - Vd)/R

where, R is an equivalent resistance of the dc circuit and Vd is the back emf voltage

provided by the dual-inverter drive.

[00130] Therefore, by reducing mi the dc link current, I,., will decrease. In buck mode, by
maximizing Vd the dc link current is minimized for a fixed amount of power to be delivered to

the vehicle, for instance.

[00131] Therefore in some embodiments, it is desired to maximize the back emf voltage
of the dual inverter drive during buck mode charging. Therefore if V, is relatively fixed during
buck mode, it is by adjusting the modulation index mi that the power to be exchanged can be
controlled. Note, the 0 term also impacts the dc link current but its effect is, in some

embodiments, is less than the modulation index term.

[00132] It should be noted, that in V2G mode, for a given reactive power, Q, delivered to
the AC grid, the phase of the string currents will be phase shifted by 180 degrees in some
embodiments. This phase shifting by 180 degrees can be performed in some embodiments

by adjusting the theta term, Orr.

[00133] Also as noted before, the positive sequence grid current reference, Ip= |Ip|cos(6;),
has a phase angle term, 6. By adjusting 0 it is possible to adjust the reactive power delivered

into the grid, Q. Note, Ip is related to related to Q by the following expression,
Ip = (P+jQ)*/sqrt(3)/Vg+*

[00134] By adjusting 6 it is possible to adjust the value of Q.

[00135] Dual-Inverter Drive and Polarity Inversion Module

[00136] The charger is switched between charging and vehicle-to-grid mode through use
of a polarity inversion circuit (e.g., polarity inversion module 306) between the CSC and the

dual-inverter drive.
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[00137] The role of the polarity inversion module 306 is to invert the polarity of the DC-
side back emf generated by the dual-inverter drive. Note, the polarity inversion module 306

is optional, and included only in some embodiments.

[00138] The polarity inversion module 306 can be coupled between the CSC and the
upper charging stage and the lower charging stage such that the the polarity inversion
module 306 is coupled to the CSC at the positive CSC DC terminal and the negative CSC
DC terminal, and the polarity inversion module 306 is coupled to the upper charging stage at
the positive VSC1 DC terminal, and coupled to the lower charging stage at a negative VSC2

DC terminal.

[00139] The CSC requires a back emf and a series inductance. The polarity inversion
module 306 is configured to invert a polarity of a back emf provided by the dual inverter drive
such that the electric vehicle or the hybrid-electric vehicle is able to provide power to the AC

grid.

[00140] The back emfin conjunction with the rectified voltage of the CSC, sets the DC-
side current. The series inductance attenuates the DC-side current ripple. The dual-inverter
drive already on the vehicle provides this back emf and series inductance. The dual-inverter
drive as seen in FIG. 3 consists of an open-winding motor 312 and two voltage source
converters or inverters (voltage source converters are used in this document
interchangeably with the term inverters) where each motor winding is differentially connected
to the two inverters. Connected across the DC terminals of each inverter is an energy

storage element 308 310.

[00141] The two voltage source converters (VSCs) have three or more phases; wherein
each phase has an associated AC terminal; and each VSC has a positive and negative DC
terminal which couple the VSC to one or more energy storage elements, i.e. traction inverter
1 to ES1 308 and traction inverter 2 to ES2 310.

[00142] The open-wound motor has three or more motor windings; wherein each of the

motor winding has two terminals; wherein one motor winding terminal is interfaced to an AC

terminal of a first VSC 314 and the second motor winding terminal is interfaced to an AC

terminal of a second VSC 316. In this configuration, each of the motor windings is connected
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to one phase of the two inverters. The motor windings can each be modelled as inductors in
this configuration. The inductance value is due to the leakage inductance of each of the
motor windings in some embodiments. Therefore, there is a leakage inductance between the
AC terminal of the first VSC and the AC terminal of the second VSC which are coupled to
the same motor winding. For charging and V2G, this leakage inductance is a sufficient
inductance in some embodiments such that no additional external inductance is required to

be added to the powertrain.

[00143] The dual inverter drive provides voltage boosting capability. This enables power
to be exchanged between the AC network and the energy storage elements when the sum
of the energy storage element voltages is greater than the maximum average rectified

voltage across the CSC DC terminals.

[00144] The polarity inversion module 306 interfaces the DC-terminals of the inverter to
the DC-terminals of the CSC 304. The polarity inversion module 306 is configured such that
the back emf provided by the two inverters 314 316 are of the same polarity for charging and
V2G mode.

[00145] The polarity inversion module 306 enables a mode change between charging
mode and V2G mode by inverting the polarity of the back emf provided by the dual-inverter

drive, in an embodiment.

[00146] Therefore the CSC is coupled to the VSCs through a polarity inversion module
enabling V2G operation. Note, if V2G operation is not required then the polarity inversion

module can be omitted.

Description of Upper and Lower Charging Stage Elements

[00147] In an embodiment, the two inverters 314 316 of the charging stages each consist
of 6 switches, 3 upper switches and 3 lower switches. Note that, the motor can have three
phases, in some examples. Each of the switches requires bi-directional current conduction
capability and uni-polar voltage blocking capability. An example implementation is IGBTs

with anti-parallel diodes.
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[00148] As can be observed in FIG. 3, both the energy storage elements as well as the
polarity inversion module are connected in parallel to the DC capacitors of the inverters 314
316. The energy storage elements are independent and can be of different type and state-of-

charge (or of the same).

[00149] Forinstance, energy storage element 1 308 can be of a battery type and energy
storage element 2 310 can be of super-capacitor type. This flexibility allows for incorporation
of higher power density elements for use in traction mode without an additional power

electronic stage, for instance.

[00150] The gating of the upper and lower switches of the traction inverters are

complementary in some embodiments. For example, when the upper switch for phase “w” is

on in traction inverter 1 the lower switch for phase “w” is off in traction inverter 1.

[00151] Due to the differential connection of the dual inverter drive, the three phases of
the traction inverter can be modelled as three separate branches as illustrated in diagram
1400 of FIG. 14. Each branch corresponds to one of the three phases of the dual-inverter

drive in some embodiments, i.e., phase w, v and u.

[00152] In an embodiment, in charging mode, when the upper switch of the upper
charging stage for phase “w” is on (or equivalently conducting or active), the ES1 is by-
passed in that branch. Conversely, when the lower switch of the upper charging stage for

phase “w” is on, the ES1 is inserted in that branch.

[00153] The principle applies to the other phases “v” and “u”. Conversely, in charging
mode when the upper switch of the lower charging stage for phase “w” is on (or equivalently
conducting or active), the ES2 is inserted in that branch. And when the lower switch of the
lower charging stage for phase “w” is , the ES2 is by-passed in that branch. The principle

applies to the other phases “v” and “u”.

[00154] In V2G mode, in an example embodiment of the polarity inversion module 1100
of FIG. 11, when the upper switch of the upper charging stage for phase “w” is on (or
equivalently conducting or active), the ES1 is inserted in that branch. And when lower switch
of the upper charging stage for phase “w” is , the ES1 is by-passed in that branch. The

principle applies to the other phases “v” and “u”. Conversely, in V2G mode, in an example
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embodiment of the polarity inversion module of FIG. 11, when the upper switch of the lower
charging stage for phase “w” is on (or equivalently conducting or active), the ES2 is by-

passed in that branch. And\ when lower switch of the lower charging stage for phase “w” is

on, the ES2 is inserted in that branch. The principle applies to the other phases “v” and “u”

[00155] By decreasing the duration or duty cycle in a given switching period that ES1 or
ES2 are inserted into a branch the average back emf of that branch will decrease. This

ability to reduce the back emf voltage enables the dual inverter drive to perform a boosting
function such that power can be exchanged when the sum of the ES1 and ES2 voltages is

greater than the maximum average rectified voltage across the CSC DC terminals.

[00156] When the energy storage element is inserted into the branch in some
embodiments, that energy storage element will be charged during charging mode and
discharged during discharge mode by that branch current. That branch current is the current

of the motor winding for that branch.

[00157] Conversely, when the energy storage element is by-passed for a particular
branch, in some embodiments, that energy storage element will not be charged or
discharged by that branch current. Therefore, as an example if ES1 was inserted in all three
branches it would be charged in charge mode or discharged in discharge mode by all three

motor winding currents.

[00158] Conversely, if ES1 was bypassed in all three branches it would not be charged or
discharged by the branch current. Note, that the power delivered to or delivered by the
energy storage element is dictated by the voltage of the energy storage element and the

current flowing through that energy storage element.

[00159] Therefore, when it is mentioned that the energy storage element would be
charged or discharged by a particular current it means that the power delivered to or
removed from the energy storage element is equal to the voltage of the energy storage
element multiplied by the current flowing through that energy storage element. If losses are
not considered, the sum of the power to energy storage element 1 and energy storage

element 2 is the power exchanged with the AC grid in some embodiments.
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[00160] Given the structure of the dual-inverter drive, it is possible to deliver a different
power to ES1 and ES2. If in a particular branch, ES1 is inserted for a greater duration in a
given switching period then ES2, the motor winding current for that branch will flow into ES1
for more duration than ES2. If ES1 and ES2 have approximately the same voltage value,
then the power into ES1 will be greater than the power into ES2. The power into ES1 and

into ES2 for a particular phase, can be approximated by the following equation,

Pestw = dwi*Est
PEsz,w = dw*Es2

[00161] Therefore, by adjusting the duty cycle d.1 with respect to dw2 it is possible to
deliver differential power to ES1 with respect to ES2. The same principle applies for the

other traction inverter phases.

Description of Polarity Inversion Module Elements

[00162] The role of the polarity inversion module 306 is to invert the polarity of the back
emf provided by the dual-inverter drive. Polarity inversion is required for enabling V2G

capability.

[00163] Three variations of the polarity inversion module 306 are outlined in FIG. 4, FIG.
5, and FIG. 6. These variations are applicable to the CSC front-end topology 304 depicted in
FIG. 3. The fourth variation of the polarity inversion module is presented in FIG. 7. This
fourth variation is applicable to the subset of CSC topologies which share the structure of
that presented in diagram 800 of FIG. 8. In this CSC structure, the mid-point of each switch

pair for each arm is accessible to the polarity inversion module 306.

Polarity Inversion Module Variant 1

[00164] The first embodiment of the polarity inversion module is outlined in FIG. 4.

[00165] In this variant, the polarity inversion circulit is coupled to the upper charging stage
at the negative VSC1 DC terminal and to the lower charging stage at a positive VSC2 DC

terminal, and includes at least one switch and that interfaces the CSC with the dual inverter
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drive, with the polarity inversion circuit having a first state and a second state; the first state
coupling the positive CSC DC terminal and the positive VSC1 DC terminal, and coupling the
negative CSC DC terminal and the negative VSC2 DC terminal; and a second state coupling
the positive CSC DC terminal and the negative VSC1 DC terminal, and coupling the
negative CSC DC terminal and the positive VSC2 DC terminal; wherein the in the first state,
power is directed to the electrical vehicle or the hybrid electric vehicle and the in the second

state, power is directed to the AC grid.

[00166] An example mechanical switch solution is shown at 400. In this embodiment,
there is a double-pole double-throw switch (DPDT) interfacing the CSC with the dual-inverter

drive. There are two switch states for the DPDT switch.

[00167] The can be adapted to first state and a second state; the first state coupling the
positive CSC DC terminal and the positive VSC1 DC terminal, and coupling the negative
CSC DC terminal and the negative VSC2 DC terminal; and a second state coupling the
positive CSC DC terminal and the negative VSC2 DC terminal, and coupling the negative
CSC DC terminal and the positive VSC1 DC terminal; wherein the in the first state, power is

directed to the vehicle and the in the second state, power is directed to the grid.

[00168] Referring to FIG. 4, in switch state 1, the CSCp and ES1p terminals are
connected; and the CSCn and the ES2n terminals are connected. In switch state 2, the
CSCp and ES1n terminals are connected; and the CSCn and ES2p terminals are connected.
Please note that there are alternate switch state possibilities that will allow for inverting the

back emf voltage. The presented case was only one such example.

[00169] Note in the first switch position, the positive dc terminal of the CSC is connected
to the positive dc terminal of the first VSC and the negative dc terminal of the CSC is
connected to the negative terminal of the second VSC; and the second switch position, the
positive dc terminal of the CSC is connected to the negative dc terminal of the first VSC and

the negative dc terminal of the CSC is connected to the positive terminal of the second VSC.

[00170] Notitis also possible for the second position to be such that the positive dc

terminal of the CSC is connected to the negative terminal of the second VSC and the

negative dc terminal of the CSC is connected to the positive dc terminal of the first VSC.
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[00171]  Additionally, while the mechanical switch solution shown at 400 is of a DPDT

switch it would also be possible to implement this with a DPST switch.

[00172] As described in an earlier section, depending on the states of the upper traction
inverter switches either ES1 will be inserted or by-passed in the traction inverter phase and
depending on the states of the lower traction inverter switches either ES2 will be inserted or

by-passed in the traction inverter phase (or equivalently termed branch).

[00173] For each of the polarity inversion module variants, the polarity inversion module
has a first state and a second state. The current flowing into ES1 and ES2 will be positive in

the first state and in a second state, the current flowing into ES1 and ES2 will be negative.

[00174] This ability to to reverse the direction of the current flowing into ES1 and ES2
gives the polarity inversion module the ability to in effect reverse the polarity of ES1 and
ES2.

[00175] Therefore, in the first state the back emf of the dual-inverter can be modelled as a
positive voltage value and in the second state the back emf of the dual-inverter can be
modelled as a negative voltage value. In some embodiments of the polarity inversion module
variant 1, when ES1p is coupled to CSCp and ES2n is coupled to CSCn, the currents into
ES1 and ES2 are positive and conversely when CSCp is coupled to ES1n and CSCN is
coupled to ES2p the currents into ES1 and ES2 are negative.

[00176] Note, there may be other ways to connect this polarity inversion module variant to
the VSC DC terminals.

[00177] An advantage of this variant of the polarity inversion module is that it is a
mechanical solution that may be easier than a semiconductor switch based solution and cost

effective to implement.

[00178] A limitation of this variant is that due to being a mechanical solution, the speed of
switching between charge and discharge module is slower in some embodiments to a

polarity inversion module in which semiconductor switches are employed.

Polarity Inversion Module Variant 2
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[00179] FIG. 5 presents an alternate embodiment of the polarity inversion module. The
polarity inversion circuit could alternatively consist of at least four semiconductor switches
with each switch of the at least four semiconductor switches coupling one CSC DC terminal
to one VSC DC terminal.

[00180] The switches can each be realized either via mechanical switches and/or
electronic switches. A summary of the blocking voltage and current conduction constraints

are as follows:

Switch Sprt: Vpyq > OV, Iy <0 A
Switch Spe: Vyyz > OV, Iy, > 0 A
Switch Spa: Vyys > OV, Iy > 0 A
SWitch Spra: Vs > OV, Ly <O A

[00181] One switch couples the positive dc terminal of the CSC to the positive terminal of
the first VSC; one switch couples the positive dc terminal of the CSC to the negative terminal
of the second VSC,; one switch couples the negative dc terminal of the CSC to the positive
terminal of the first VSC; one switch couples the negative dc terminal of the CSC to the

negative terminal of the second VSC.

[00182] Each switch must block a uni-polar voltage of positive polarity and conduct uni-
directional current. The direction of current is opposite for the upper and lower switch of a
phase. An example implementation of this embodiment of the polarity inversion module is

presented in the partial circuit diagram 900 of FIG. 9.

[00183] As described in an earlier section, depending on the states of the upper traction
inverter switches either ES1 will be inserted or by-passed in the traction inverter phase and
depending on the states of the lower traction inverter switches either ES2 will be inserted or
by-passed in the traction inverter phase (or equivalently termed branch). For each of the
polarity inversion module variants, the polarity inversion module has a first state and a

second state.
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[00184] The current flowing into ES1 and ES2 will be positive in the first state and in a
second state, the current flowing into ES1 and ES2 will be negative. This ability to to reverse
the direction of the current flowing into ES1 and ES2 gives the polarity inversion module the

ability to in effect reverse the polarity of ES1 and ES2.

[00185] Therefore, in the first state the back emf of the dual-inverter can be modelled as a
positive voltage value and in the second state the back emf of the dual-inverter can be
modelled as a negative voltage value. In some embodiments of the polarity inversion module
variant 2, when ES1p is coupled to CSCp and ES2n is coupled to CSCn, the currents into
ES1 and ES2 are positive and conversely when CSCp is coupled to ES2n and CSCn is
coupled to ES1p the currents into ES1 and ES2 are negative.

[00186] Note, there may be other ways to connect this polarity inversion module variant to
the VSC DC terminals.

[00187] An advantage of this variant of the polarity inversion module is that it is a power
electronic solution and therefore switching between charge and discharge mode could be
made quickly. Additionally, electrical connections between the polarity inversion module and
the upper and lower charge stage are only required in some embodiments on the ES1p and
ES2n terminals. A limitation of this variant is that the blocking voltage for the polarity

inversion module switches is the sum of the ES1 and ES2 voltages.
Polarity Inversion Module Variant 3

[00188] FIG. 6 presents an alternate embodiment of the polarity inversion module. The
switches can each be realized either by mechanical switches and/or electronic switches. A

summary of the blocking voltage and current conduction constraints are as follows:

Switch Sprt: Vpyq <OV, Iy > 0 A
Switch Spe2: Vpyz > OV, Iy, > 0 A
Switch Spra: Vs > OV, Iz > 0 A

SWltCh Spr4: Vpr4— < 0 V, Ipr4- > 0 A
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[00189] One switch couples the positive dc terminal of the CSC to the positive terminal of
the first VSC; one switch couples the positive dc terminal of the CSC to the negative terminal
of the first VSC; one switch couples the negative dc terminal of the CSC to the positive
terminal of the second VSC; one switch couples the negative dc terminal of the CSC to the

negative terminal of the second VSC.

[00190] Each switch must block uni-polar voltages and conduct current of positive
direction. An example implementation of this embodiment of the polarity inversion module is
presented in diagram 1000 of FIG. 10.

[00191] As described in an earlier section, depending on the states of the upper traction
inverter switches either ES1 will be inserted or by-passed in the traction inverter phase and
depending on the states of the lower traction inverter switches either ES2 will be inserted or
by-passed in the traction inverter phase (or equivalently termed branch). For each of the
polarity inversion module variants, the polarity inversion module has a first state and a

second state.

[00192] The current flowing into ES1 and ES2 will be positive in the first state and in a
second state, the current flowing into ES1 and ES2 will be negative. This ability to to reverse
the direction of the current flowing into ES1 and ES2 gives the polarity inversion module the

ability to in effect reverse the polarity of ES1 and ES2.

[00193] Therefore, in the first state the back emf of the dual-inverter can be modelled as a
positive voltage value and in the second state the back emf of the dual-inverter can be
modelled as a negative voltage value. In some embodiments of the polarity inversion module
variant 3, when ES1p is coupled to CSCp and ES2n is coupled to CSCn, the currents into
ES1 and ES2 are positive and conversely when CSCp is coupled to ES1n and CSCn is
coupled to ES2p the currents into ES1 and ES2 are negative.

[00194] An advantage of this variant of the polarity inversion module is that it is a power
electronic solution and therefore switching between charge and discharge mode could be
made quickly. Additionally, the blocking voltage for the polarity inversion module switches is
equal to either ES1 or ES2 voltages, respectively. A disadvantage of this variant is that the
polarity inversion module connects to ES1p, ES1n, ES2p and ES2n.
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[00195] Note, there may be other ways to connect this polarity inversion module variant to
the VSC DC terminals.

Polarity Inversion Module Variant 4

[00196] FIG. 7 presents an alternate embodiment of the polarity inversion module.

[00197] Each phase of the CSC is associated with two switches, an upper switch
corresponding to the phase and a lower switch corresponding to the phase, each of the
upper switch and the lower switch corresponding to the phase comprising a first and a

second series connected sub-switches with an accessible mid-point.

[00198] The first sub-switch provides positive voltage blocking capability and the second

sub-switch provides negative voltage blocking capability.

[00199] The polarity inversion module includes a first three phase switch network and a
second three phase switch network, with each three phase switch network including at least

four switches, three switches for each phase and one master switch that is to controllable.

[00200] The positive CSC DC terminal and the positive VSC1 DC terminal are electrically
bonded, and the negative CSC DC terminal and the negative VSC2 DC terminal are

electrically bonded in this example.

[00201] The first three phase switch network couples the mid-point of the three upper

sub-switches to the dual inverter drive.

[00202] The second three phase switch network couples the mid-point of the three lower
sub-switches to the dual inverter drive; the polarity inversion circuit has a first state and a
second state: in the first state, the first and second master control switches are controlled to
be off and the first and second phase switch network are not active; in the second state, the
first and second master control switches are controlled to be on and the first and second

phase switch network are active.

[00203] Inthe first state, power is directed to the vehicle; and in the second state, power

is directed to the AC grid. The first three phase switch network can be coupled to the
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negative VSC1 DC terminal, and the second three phase switch network can be coupled to
the positive VSC2 DC terminal.

[00204] In a further variation, the first three phase switch network is coupled to the
negative VSC2 DC terminal, and the second three phase switch network is coupled to the
positive VSC1 DC terminal.

[00205] As an example implementation using a number of switches, the polarity inversion
module can include 8 switches, denoted as Spn, Sprz, ..., Spis. Switch Spr1 must have the
capability of blocking voltages and conducting currents of the same polarity and direction,
respectively, as that required of the corresponding phase switch, S;1. Switch S5 must have
the capability of blocking voltages and conducting currents of the same polarity and direction
as that required of the corresponding phase switch, S.4. Similar requirements apply to the

phase b switches (Syr2 and S;s) and phase ¢ switches (Sys and Spr7).

[00206] If Spr1, Sprz @nd S,z are implemented with switches with reverse voltage blocking
capability (such as IGBTSs), Sy is not required and can instead be replaced by a conductive
element. Similarly, if Syis, Sps and S,z are implemented with switches with reverse voltage
blocking capability, Sys is not required and can instead be replaced by a conductive
element. This polarity inversion module variant is configured such that either Sa1, Sp1 and S+

are conducting or Spr1, Spr2, ..., Sprs @re conducting.

[00207] The same principle applies to the lower arm switches. In an embodiment, in
charging mode, the polarity inversion elements Spi1, Sprz,... Spis @re non-conducting. In this
mode, the positive terminal of the CSC is connected to the positive terminal of energy
storage element 1; and the negative terminal of the CSC is connected to the negative

terminal of energy storage element 2.

[00208] In an example embodiment, in V2G mode, the polarity inversion elements Sy,
Spr2, ..., Sps @re conducting. In this mode, the CSC mid-points, CSCp_a, CSCp_b and
CSCp_c, are connected to the negative terminal of energy storage element 1; and the CSC
mid-points, CSCn_a, CSCn_b and CSCn_c, are connected to the positive terminal of energy

storage element 2.
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[00209] Note, the switches Sys and S,ie can be implemented with either a mechanical

type-switch or semi-conductor type-switch.

[00210] An example implementation of this embodiment of the polarity inversion module

is presented in diagram 1100 of FIG. 11.

[00211] Note, in this mode, each phase of the CSC features two switches, a first switch
termed the upper switch and a second switch termed the lower switch. Each of the CSC
switches is composed of two sub-switches, a first sub-switch provides positive voltage

blocking capability and a second sub-switch provides negative voltage blocking capability.

[00212] A first, second and third switch interface the mid-point of the three upper sub-
switches of the CSC to a fourth switch. The fourth switch is interfaced to the negative DC
terminal of the first VSC.

[00213] A fifth, sixth and seventh switch interface the mid-point of the three upper sub-
switches of the CSC to an eighth switch. The eighth switch is interfaced to the positive DC

terminal of the second VSC.

[00214] As described in an earlier section, depending on the states of the upper traction
inverter switches either ES1 will be inserted or by-passed in the traction inverter phase and
depending on the states of the lower traction inverter switches either ES2 will be inserted or

by-passed in the traction inverter phase (or equivalently termed branch).

[00215] For each of the polarity inversion module variants, the polarity inversion module
has a first state and a second state. The current flowing into ES1 and ES2 will be positive in
the first state and in a second state, the current flowing into ES1 and ES2 will be negative.
This ability to to reverse the direction of the current flowing into ES1 and ES2 gives the

polarity inversion module the ability to in effect reverse the polarity of ES1 and ES2.

[00216] Therefore, in the first state the back emf of the dual-inverter can be modelled as a
positive voltage value and in the second state the back emf of the dual-inverter can be
modelled as a negative voltage value. In some embodiments of the polarity inversion module
variant 4, when Spr4 and Sp8 are off (i.e. phase switch networks are not conducting

current), the currents into ES1 and ES2 are positive and conversely when Spr4 and Sp8 are
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on (i.e. the phase switch networks are conducting current), the currents into ES1 and ES2

are negative.

[00217] Note, there may be other ways to connect this polarity inversion module variant to
the VSC DC terminals.

[00218] An advantage of this variant over the other polarity inversion module variants is
that the losses in charging mode should be comparable to the losses in charging mode in
electric power trains that do not feature any polarity inversion module. This is because there
are no additional switches inserted in the circuit during charge mode. Note, CSCp is
electrically bonded to ES1p and CSCn is electrically bonded to ES2n in this variant. A

limitation of this variant is that more switches are required.

[00219] Note, there may be other ways to connect this polarity inversion module variant to
the VSC DC terminals.

Operating Mechanism
Overview of Operating Mechanism

[00220] An overview of the operating mechanism during charging and V2G modes of
operation is presented in FIG. 12 as shown in diagram 1200. As can be seen the inputs to
the converter are: 1) three-phase AC grid voltage; 2) energy storage element 1 emf; and 3)
energy storage element 2 emf. The controlled quantities are the three-phase AC input
current and the charging currents to energy storage element 1 and 2. Therefore, this
converter operates as a three-port converter unlike a conventional current source converter
which operates as a two-port converter. A converter is a machine that can be used to

implement the operating mechanism and variants thereof.

Control of Integrated Powertrain for Charging

[00221] Tolillustrate the operation of the converter in charging mode it is best to refer to

an example implementation such as that presented in FIG. 13 at circuit diagram 1300.
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[00222]  With the control one or more states of the one or more switches within the VSCs
and the CSC are controlled to regulate the active power being exchanged between the

energy storage elements and the AC network.

[00223] Incharging mode, the two active switches of the polarity inversion module 306
will not be conducting. In this configuration, the positive terminal of energy storage element
1, ES1p, will be connected to the positive rail of the current source converter, CSCp; and the
negative terminal of the energy storage element 2, ES2n, will be connected to the negative
rail of the current source converter, CSCn. Therefore, in this mode a back emf of positive
polarity is applied to the current source converter. If V2G operation is not required then the

polarity inversion module may be entirely omitted.

[00224] During charging (and V2G) mode, the dual-inverter drive effectively consists of
three parallel branches; where, each branch consists of two emf sources and a series

inductance. The series inductance is the leakage inductance of the motor winding.

[00225] By alternatively gating the upper and lower switches of the upper charging stage
of a branch, energy storage element 1 is alternatively by-passed and inserted into the
branch, respectively in charging mode; and by gating the upper and lower switch of the lower
charging stage, energy storage element 2 is alternatively inserted and by-passed in the
branch, respectively, in charging mode. Conversely in V2G mode, by alternatively gating the
upper and lower switches of the upper charging stage, energy storage element 1 is
alternatively inserted and by-passed in the branch, respectively; and by gating the upper and
lower switch of the lower charging stage, energy storage element 2 is alternatively by-

passed and inserted into the branch, respectively.

[00226] Therefore, by modulating the gating signals, each branch has two variable emf

sources - ranging from the full emf of the energy storage element to 0 volts in the ideal case.

[00227] The above is illustrated in the circuit diagram 1400 of FIG. 14. Please note, that
the voltage sources of the circuit diagram in FIG. 14 are drawn such that the polarity

corresponds to charging mode.
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[00228] For V2G mode, each voltage source in the circuit diagram of FIG. 14 will have the

opposite polarity. The variable emfs shown in FIG. 14 can be mathematically expressed as

follows,
Vu1 = Vgs1 - dua ¢y
5 Vp1 = Vgs1 - i (2)
Vw1 = VEs1* A1 (3)
Vyz = Vgsz - dyz 4)
Vy2 = Vgsz * dyp ()
Vw2 = Vgs2 * Guwa 6)

10  where, d,;, ..., d,, denote duty ratios ranging from 0 to a maximum value of 1; vesy is the
emf of energy storage element 1; and ves: is the emf of energy storage element 2. To avoid
torque generation during charging, the DC currents for the three-phase windings are
controlled to be equal. Correspondingly, the DC current component of the three-winding

currents is expressed as follows,

Idc
15 Iv,dc = Iw,dc = Iu,dc = ? (7)

[00229] Therefore, the average power to the two energy storage elements can be

calculated as follows,

Ig
PESl = ?C : (VE51 : dul + VESl : dvl + VESl : dwl) (8)

Iy
Pgg, = ?C (Vesz - dyz + Visa - dyp + Visy - dy2) €©)
20 If dul = dlil = dWl = dl’ and duz = dVZ = dWZ = dz, then,

Pps1 = lgc  Vis1 - dy (10)
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Pesa = lgc - Visz - d2 (11)
[00230] Therefore, the charging currents for the two energy sources can be expressed as,
Igs1 = Igc - dy (12)
Igsz = Igc - d2 (13)
[00231] The three-phase AC power from the grid can be expressed as follows,

Pac = \/§Vs‘,rms . Is,rms . COS(H) (14)

[00232] Whnere, V; .5 is the line-to-line grid voltage; I ,.,,s is the grid line current; and 0 is

the angle between the positive-sequence component of the grid voltage and line current.

[00233] The power factor of the converter is controlled by adjusting 8. There are multiple
modulation schemes that can be used for controlling the CSC 306 - one approach being to
use a space-vector PWM (SVPWM) technique. For SVPWM control, the magnitude of the

ac-side line current can be expressed as follows,

1
Hs,rms = ﬁldc -my (15)

[00234] where, m; is the modulation index for the CSC which can range from a minimum

of 0 to a maximum of 1.

[00235] Substituting eq. 15 into eq. 14, yields,
3
P = EVs‘,rms Age-my - COS(H) (16)

[00236] Iflosses are neglected, the expression B,. =V, - I;. can be substituted into eq.

16 yielding the following expression for the dc component of the dc-link voltage,

3
Vg = \/;Vs‘,rms m; - COS(H) (17)
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where, V, is the DC voltage component of the dc-link voltage.

[00237] Assuming negligible resistance on the DC-side of the converter, as well as

negligible losses, the AC and DC powers can be related by the following expression,

Pyc = Pgsq + Pgso (18)

[00238] Eg. 10 and 11 can be substituted into eq. 18. The result is equated with the
expression, P,. =V, - I;.. This expression is then re-arranged yielding an alternate

expression for V,,

Va=1dq Vgs1 +dy - Vgs, (19)

[00239] The above equations provide an overview of the basic relations governing the
operation of the electric powertrain during charging and V2G operation. The developed

equations are referred to in the following sections.

Boost-Mode Charging

[00240] In boost-mode charging, the sum of the emfs of energy storage elements 1 and 2
is greater than the DC-component of the emf generated by the CSC at the maximum

modulation index for the design,

Ves1 + Vesz > Va(my = my o) (21)

[00241]  where, V, is defined in eq. 17 and m; ,,,,, is typically near 1.

[00242] Inthis operating case, the modulation index can be held constant at the
maximum value. The charging currents for energy storage element 1 and element 2 are

controlled by adjusting duty ratio d; and d,.

[00243] Simulation cases 3, 4, 5 and 6 correspond to this operating case. For simulation
results, please refer to diagrams 1700, 1800, 1900, and 2000 of FIG. 17, FIG. 18, FIG. 19,

FIG. 20. For a high-level description of the simulation cases refer to Table 1.

[00244] In Cases 3, 4 and 5 the vehicle is charged at 70 kW with power factors of 0.95
lagging, 0.95 leading and unity power factor, respectively. The energy storage elements are
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each at 450 V. These cases exhibit similar behaviour on the dc-side of the converter which
can be observed when comparing plots c) to g) between FIG. 17, FIG. 18 and FIG. 19.
These cases differ with respect to the ac-side of the CSC, however. As can be observed in
plots a) and b) of FIG. 17 and FIG. 18, the phase currents are displaced with respect to the
phase voltages. The phase displacement between voltage and current corresponds to a

lagging and leading power factor, respectively.

[00245] For Case 5, the phase currents and phase voltages are in-phase (FIG. 19). In
addition, the phase currents are of greater magnitude for the 0.95 power factor cases (FIG.
17 and FIG. 18) compared with the unity power factor case (FIG. 19) due to the addition of a
reactive power ac component. In Case 6, power is delivered from the vehicle to the grid at
unity power factor for energy storage elements voltages of 450 V each. Case 5 and Case 6
are different in that Case 6 is a V2G operating mode case whereas Case 5 is a charging

operating mode case.

[00246] Therefore, comparing FIG. 19 and FIG. 20, the phase currents are 180 degrees
displaced from the corresponding phase voltages in Case 6 and conversely the phase
currents are in-phase with the corresponding phase voltages in Case 5. In addition, the dc-

link voltage is of negative polarity in plot d) for the V2G case, Case 6.

Buck-Mode Charging

[00247] In buck-mode charging, the sum of the emfs of energy storage elements 1 and 2
is less than the DC-component of the emf generated across the DC-terminals of the CSC at

the maximum modulation index of the design, m; = m; ;44

Ves1 + Vesa < Vg(m; = mi,max) (20)
where, V, is defined in eq. 19 and m; ..., is typically near 1.

[00248] In this operating case, the duty ratios (d, and d,) can be held constant at a
maximum value. The power is then controlled by adjusting the modulation index of the CSC.

Simulation cases 1, 2 and 7 correspond to this operating case. For simulation results, please
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refer to diagrams 1500, 1600, and 2100 of FIG. 15, FIG. 16 and FIG. 21. For a description of

the simulation cases refer to Table 1.

[00249] In Cases 1 and 2 the vehicle is charged at 60 kW at unity power factor. In both
cases, the energy storage element 2 is at a voltage of 300 V. In Case 1, energy storage
element 1 is at a voltage of 300 V and in Case 2 energy storage element 1 is at a voltage of
325 V. In Case 1, energy storage element 1 is maintained in the circuit by setting the
modulation index to a maximum value of 1 as observed in plot g) of FIG. 17. In Case 2, as
shown in FIG. 16, a form of voltage balance control is implemented such that equal power is

delivered to energy storage element 1 and element 2.

[00250] By way of this voltage balance control, energy storage element 1 is switched in
and out of the circuit (i.e. the modulation index is < 1) generating an equivalent voltage of
300 V for the upper charging stage. This switching of energy storage element 1 can be
observed in plot g) of FIG. 16 and its impact to the motor winding voltage can be observed
by comparing plot f) in FIG. 15 and FIG. 16. Case 7 is similar to Case 1 with the exception
that Case 7 involves V2G operation and 70 kW of power exchange (compared with the 60

kW of power being exchanged in Case 1).

[00251] As can be observed, the magnitude of the ac line side currents (plot b) as well as
dc-side currents (plot ¢ and plot €) are greater for Case 7 compared to Case 1. In addition,

the ac line currents are 180 degrees out of phase with respect to the corresponding line side
voltages for Case 7. Additionally, the dc-side voltages (plot d) is of opposite polarity for Case

7 compared with Case 1.

Energy Balance Control

[00252] In order to operate with two independent energy storage elements a form of
energy balance control is required.

[00253] Some possible implementations include, voltage balance control and circulating

current control.

[00254] A possible implementation of the voltage balance control is detailed in the

following section for illustrative purposes.
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Example of a Voltage Balance Control Solution

[00255] In a preceding section, eq. 10 and 11 were derived which can be used to
calculate the power delivered to energy storage element 1 and 2. The equations are

repeated here for readability reasons,

Pes1 = lac - Vis1 - dq

Pesy = lgc - Vesz - d3
[00256] If Pgg; = Pgs, are equal then, eq. 10 and 11 can be equated which results in the
following,

Vesy - dy = Vigsz - d (22)

[00257] If energy storage element 1 has a greater emf then energy storage element 2,
then the duty ratios can be set such that,

d; = Vesz - d, (23)
VESl
[00258] By reducing d; by the ratio of the emf voltages equal power is delivered to the
two energy storage elements. Note, this is just one possible approach for ensuring equal
energy is delivered to the two energy storage elements. It should be noted that another
approach would be to deliver unequal power to the two energy storage elements. This could

be used to equalize the energy storage element voltages, for instance.

Interleaving

[00259] Due to the structure of the dual-inverter drive it is possible to interleave the gating

signals of:

e The switches of VSC 1 with respect to those of VSC 2 which interface the same motor

windings
e The switches of the phases of the traction inverter 1 (or equivalently VSC 1)
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e The switches of the phases of the traction inverter 2 (or equivalently VSC2)

[00260] Interleaving the gating signals to the switches of VSC 1 with respect to those of
VSC 2 which interface the same motor windings is advantageous as it reduces the peak
ripple current in the winding currents. Interleaving the gating signals to the switches of the
VSC phases with respect to each other is advantageous as it reduces the peak ripple current

into the energy storage elements.

[00261] Additionally, the result of both types of interleaving is a reduction in the peak

ripple dc link current.

[00262] This reduction in ripple current has several advantages, including reduced peak
currents, reduced high-frequency current into the energy storage elements and reduced
harmonic current injected into the ac grid. By reducing the harmonic current injected into the
ac grid, it is possible to reduce the size of the ac filter, for instance. Also, since the switching
frequency choice is influenced in some embodiments by the peak ripple current it is possible

through this interleaving to reduce the switching frequencies, for instance.

[00263] One method of generating the gating signals is to compare the duty cycles
corresponding to the switches against a carrier such as a sawtooth carrier. The output of this
comparison is then delivered to the switches. With a method such as this, the interleaving of

the gating signals can be achieved by phase-shifting the sawtooth carriers.

[00264] Forinstance, to interleave the three gating signals of the phases of the traction
inverter 1 with respect to each other the carriers can be phase-shifted by 120 degrees each
with respect to each other. Similarly, to interleave the three gating signals of the phases of
the traction inverter 2 with respect to each other the carriers can be phase-shifted by 120
degrees each with respect to each other To interleave the gating signals of the switches of
VSC1 with respect to those of VSC 2 which interface the same motor winding, the carriers
can be phase shifted by 180 degrees in some embodiments. Note this is only one such way

to perform the interleaving of the gating signals.

[00265] In summary, the controller can interleave the switching of the three or more

phases of the first VSC and of the second VSC to reduce current harmonics.

-46 -



10

15

20

25

WO 2020/041904 PCT/CA2019/051225

[00266] The controller can interleave the switching of the first and second VSC (314 and

316) switches to reduce current harmonics.

[00267] The controller can also ensure no torque production in the motor drive during

charging by ensuring the motor winding currents are dc and equal.

[00268] The controller is able to deliver different power to the energy storage element or
elements of the first VSC 314 and the energy storage element or energy storage elements of
the second VSC 316.

SIMULATION RESULTS
[00269] To demonstrate the operating principles, simulation results are provided. The
simulated converter is presented in FIG. 13.

[00270] The input filter has been represented as a delta-connected capacitor bank. Each
switch of the CSC includes or consists of an insulated-gate bipolar transistor (IGBT) and a
series diode which together provides both bi-polar blocking capability and uni-directional
current conduction capability. The energy storage elements are considered as batteries with

nominal voltages of 500 V.

[00271] The motor inverters are represented as three-phase voltage source converters.
Each switch of the voltage source converters is an IGBT with an anti-parallel diode providing
both bi-directional current conduction capability and uni-polar voltage blocking capability.
The motor is represented as a three-phase motor in open-winding configuration. A summary

of the main circuit parameters considered for the simulation are as follows:

AC Grid Voltage, Viqine-to-1iney= 600 V
AC Grid Reactance, L,. = 750 uH
Rated Power of Charger, P.,,, = 70kW
Filter Capacitance, C; = 300 uF

Switching frequency of the CSC, f;,, = 25.5 kHz
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Switching frequency of the Dual-inverter Drive, f;,, = 9.05 kHz
Nominal Voltage of Battery = 500 V

[00272] A summary of the cases is provided below in Table 1. The results of the

simulation cases are presented in FIG. 15 to 21.

Table 1 — Description of Simulation Cases

Case Mode Grid Voltage | Battery 1 | Battery 2 | Charging Power

(Vrms) EMF EMF Power Factor*
V) V) (kW)

1 Charging | 600 300 300 60 1

2 Charging | 600 325 300 60 1

3 Charging | 600 450 450 70 0.95

4 Charging | 600 450 450 70 -0.95

5 Charging | 600 450 450 70 1

6 V2G 600 450 450 70 1

7 V2G 600 300 300 70 1

[00273] *Note, a +ve sign denotes a lagging power factor and a —ve sign denotes a

leading power factor.

[00274] FIG. 15 or Case 1, illustrates the buck mode operating case, charging mode and
equal power being delivered to ES1 and to ES2. The charging power is approximately 60 kW
and the power factor is equal to 1. The charging power and power factor can be determined

from the plots by comparing the system voltages with the ac line currents.

[00275] FIG. 16 or Case 2, illustrates the buck mode operating case, charging mode, and
a differential power being delivered to ES1 and to ES2. The charging power is approximately
60 kW and the power factor is equal to 1. The charging power and power factor can be
determined by comparing the system voltages with the ac line currents. Comparing FIG. 15

and FIG. 16 it can be observed that the same average power is being delivered to the
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vehicle, however the distribution of this power to the two energy storages, ES1 and ES2, is
different. In FIG. 15 the same power is being delivered to the energy storage elements. In
FIG. 16, more power is being delivered to ES2 and less power is delivered to ES1 compared
to that in FIG. 15.

[00276] FIG. 17 or Case 3, illustrates the boost mode operating case, charging mode, and
equal power being delivered to ES1 and to ES2. The charging power is approximately 70 kW
and the power factor is equal to 0.95. The charging power and power factor can be

determined by comparing the system voltages with the ac line currents.

[00277] FIG. 18 or Case 4, illustrates the boost mode operating case, charging mode, and
equal power being delivered to ES1 and to ES2. The charging power is approximately 70 kW
and the power factor is equal to -0.95. The charging power and power factor can be

determined by comparing the system voltages with the ac line currents.

[00278] FIG. 19 or Case 5, illustrates the boost mode operating case, charging mode, and
equal power being delivered to ES1 and to ES2. The charging power is approximately 70 kW
and the power factor is equal to 1. The charging power and power factor can be determined
by comparing the system voltages with the ac line currents. The cases of FIG. 17, FIG. 18
and FIG. 19 are similar except that for the change in the power factor. In FIG. 17, reactive
power is being absorbed from the grid, in FIG. 18 reactive power being delivered to the grid
and in FIG. 19 no reactive power is being exchanged with the grid. This can be observed in
comparing the phase angle of the phase currents with respect to the phase voltages. When
the phase angle of the phase currents is leading, reactive power is being delivered to the
grid. When the phase angle is lagging, reactive power is being absorbed from the grid. When
the phase angles are in-phase, no reactive power is being exchanged. Therefore these
cases illustrate the ability to control the power factor independently of the power being

exchanged between the vehicle and the grid.

[00279] FIG. 20 or Case 6, illustrates the boost mode operating case, V2G mode (or
equivalently discharge mode), and equal power being delivered to ES1 and to ES2. The

charging power is approximately 70 kW and the power factor is equal to 1. The charging
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power and power factor can be determined by comparing the system voltages with the ac

line currents.

[00280] FIG. 21 or Case 7, illustrates the buck mode operating case, V2G mode (or
equivalently discharge mode), and equal power being delivered to ES1 and to ES2. The
charging power is approximately 70 kW and the power factor is equal to 1. The charging
power and power factor can be determined by comparing the system voltages with the ac

line currents.

[00281] In all simulation cases, interleaving of the gating of the switches of VSC 1 with
respect to those of VSC 2 which interface the same motor windings is performed.
Additionally, the interleaving of the gating of the switches of the phases of VSC1 is
performed. Additionally, the interleaving of the gating of the switches of the phases of VSC2

is performed.

ALTERNATE EMBODIMENTS
Single-Phase AC Topology Variant

[00282] An alternate more restricted embodiment allowing only for bidirectional charging
from a single phase ac grid is provided in FIG. 22. The CSC only has two phases and 4

switches in this alternate embodiment.

Uni-Directional Topology Variant

[00283] An alternate embodiment that is more restrictive, allowing only for uni-directional
power flow from the grid to the electric vehicle (i.e. no V2G capability) is presented in FIG.
23. This alternate embodiment is similar to the embodiment of FIG. 3, however, the polarity

inversion module has been omitted. Possible implementations of the CSC switches may be

involve a combination of IGBT and series diode or alternatively IGCTs, for example.

Bi-Directional Topology Variant with SCR Front-End

-50-



10

15

20

25

WO 2020/041904 PCT/CA2019/051225

[00284] The current source converter front-end can also be realized by a silicon controlled
rectifier (SCR). This realization would restrict the operating range and would impact the

design of the three-phase AC low-pass filter.

[00285] An alternate embodiment that is more restrictive, allowing only for uni-directional
power flow from the grid to the electric vehicle (i.e. no V2G capability) is presented in FIG.

16. This alternate embodiment is similar to the embodiment of FIG. 3, however, the polarity
inversion module has been omitted. Possible implementations of the CSC switches may be

involve a combination of IGBT and series diode or alternatively IGCTs, for example.

[00286] FIG. 24 is a method diagram of a method 2400 for operating an integrated three-
phase ac charger for vehicle applications with dual-inverter drive, according to some
embodiments, having steps 2402, 2404, and 2406.

[00287] FIG. 25 is a computing device diagram of an example computing device 2500
that can be used for controlling gating to implement a method for operating an integrated
three-phase ac charger for vehicle applications with dual-inverter drive, according to some

embodiments.

[00288] The computing device 2500 can include a gating signal controller device that
includes a computer processor 2502, a computer memory 2504, an input/output interface
2506, and a network interface 2508. The computing device 2500 can be coupled to the
switches described herein to control one or more gating aspects of the switches to control

the operation of the switches.

[00289] Machine-interpretable instructions may be stored in memory 2504, including
switch control sequences, and these may be updated or modified from time to time based on

updates received at interfaces 2506 or 2508.

[00290] The term “connected” or "coupled to" may include both direct coupling (in which
two elements that are coupled to each other contact each other) and indirect coupling (in

which at least one additional element is located between the two elements).

[00291] Although the embodiments have been described in detail, it should be

understood that various changes, substitutions and alterations can be made herein without
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departing from the scope. Moreover, the scope of the present application is not intended to
be limited to the particular embodiments of the process, machine, manufacture, composition

of matter, means, methods and steps described in the specification.

[00292] As one of ordinary skill in the art will readily appreciate from the disclosure,
processes, machines, manufacture, compositions of matter, means, methods, or steps,
presently existing or later to be developed, that perform substantially the same function or
achieve substantially the same result as the corresponding embodiments described herein
may be utilized. Accordingly, the appended claims are intended to include within their scope

such processes, machines, manufacture, compositions of matter, means, methods, or steps.

[00293] As can be understood, the examples described above and illustrated are

intended to be exemplary only.
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What is claimed is:

1. A powertrain for an electric vehicle or a hybrid-electric vehicle providing integrated

three-phase AC charging when coupled to an AC grid, the powertrain comprising:

a dual inverter drive system including a upper charging stage including a first energy
storage and a first voltage source converter (VSC1), a lower charging stage including a
second energy storage and a second voltage source converter (VSC2), coupled to an
open wound motor coupled between the first voltage source converter and the second
voltage source converter, the open wound motor having three or more motor windings
each coupled to a corresponding AC terminal of each of the first voltage source converter

and the second voltage source converter;

a current source converter (CSC) including three CSC AC phase terminals for coupling
with the AC grid, a positive CSC DC terminal coupled to the upper charging stage at a
positive VSC1 DC terminal, and a negative CSC terminal coupled to the lower charging

stage at a negative VSC2 DC terminal; and

the CSC including a first circuit leg, a second circuit leg, and a third circuit leg, each circuit
leg corresponding to a corresponding CSC AC phase terminal of the three CSC AC phase
terminals, each circuit leg including at least one upper switch coupled to a corresponding
CSC AC phase terminal and the positive CSC DC terminal, and at least one lower switch
coupled to a corresponding CSC AC phase terminal and the negative CSC DC terminal,
wherein each of the upper and lower switches are controlled by gate control signals, which
when only one upper switch is in an on-state, that switch will conduct a current equal to a
sum of winding currents of the three or more motor windings, and when only one lower
switch is operated, that switch will conduct a current equal to the sum of the winding

currents;

wherein the gate control signals are used to control energy flow between the AC grid and

the electric vehicle or the hybrid-electric vehicle.
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2. The powertrain of claim 1, wherein the powertrain resides within the electric vehicle or
the hybrid-electric vehicle and the open wound motor is operable to provide both
locomotion and to facilitate the energy flow between the AC grid and the electric vehicle
or the hybrid-electric vehicle free of a separate AC/DC conversion circuit when the open
wound motor is not being used to provide locomotion, the open wound motor including
magnetic components which are utilized both for providing locomotion and facilitating the

energy flow.

3. The powertrain of claim 2, wherein a controller circuit is configured to toggle operation

of the open wound motor between a locomotion state and an energy flow state.
4. The powertrain of claim 1, further comprising:

a polarity inversion circuit coupled between the CSC and the upper charging stage and
the lower charging stage, the polarity inversion circuit coupled to the CSC at the positive
CSC DC terminal and the negative CSC DC terminal, and the polarity inversion circuit is
coupled to the upper charging stage at the positive VSC1 DC terminal, and coupled to the

lower charging stage at a negative VSC2 DC terminal,

wherein the polarity inversion circuit is configured to invert a polarity of a back emf provided
by the dual inverter drive such that the electric vehicle or the hybrid-electric vehicle is able

to provide power to the AC grid.

5. The powertrain of claim 4, wherein the polarity inversion circuit is coupled to the upper
charging stage at the negative VSC1 DC terminal and to the lower charging stage at a
positive VSC2 DC terminal, and includes at least one switch that interfaces the CSC with
the dual inverter drive, with the polarity inversion circuit having a first state and a second
state; the first state coupling the positive CSC DC terminal and the positive VSC1 DC
terminal, and coupling the negative CSC DC terminal and the negative VSC2 DC terminal,
and a second state coupling the positive CSC DC terminal and the negative VSC1 DC
terminal, and coupling the negative CSC DC terminal and the positive VSC2 DC terminal,
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wherein the in the first state, power is directed to the electrical vehicle or the hybrid electric

vehicle and the in the second state, power is directed to the AC grid.

6. The powertrain of claim 4, wherein the polarity inversion circuit includes at least one
switch and interfaces the CSC with the dual inverter drive, with the polarity inversion circuit
having a first state and a second state; the first state coupling the positive CSC DC terminal
and the positive VSC1 DC terminal, and coupling the negative CSC DC terminal and the
negative VSC2 DC terminal; and a second state coupling the positive CSC DC terminal
and the negative VSC2 DC terminal, and coupling the negative CSC DC terminal and the
positive VSC1 DC terminal; wherein the in the first state, power is directed to the vehicle

and the in the second state, power is directed to the grid.

7. The powertrain of any one of claims 5 or 6, where the polarity inversion circuit includes
a mechanical switch of double pole single throw type or a switch of double pole double

throw type.

8. The powertrain of any one of claims 5 or 6, wherein the polarity inversion circuit
consists of at least four semiconductor switches with each switch of the at least four

semiconductor switches coupling one CSC DC terminal to one VSC DC terminal.

9. The powertrain of claim 4, wherein each phase of the CSC is associated with two
switches, an upper switch corresponding to the phase and a lower switch corresponding
to the phase, each of the upper switch and the lower switch corresponding to the phase
comprising a first and a second series connected sub-switches with an accessible mid-
point, the first sub-switch providing positive voltage blocking capability and the second
sub-switch providing negative voltage blocking capability; wherein, the polarity inversion
circuit includes a first three phase switch network and a second three phase switch
network, with each three phase switch network including at least four switches, three
switches for each phase and one master switch that is to controllable; wherein the positive
CSC DC terminal and the positive VSC1 DC terminal are electrically bonded, and the

negative CSC DC terminal and the negative VSC2 DC terminal are electrically bonded;
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and wherein the first three phase switch network couples the mid-point of the three upper

sub-switches to the dual inverter drive;

wherein the second three phase switch network couples the mid-point of the three lower

sub-switches to the dual inverter drive;

wherein the polarity inversion circuit has a first state and a second state: in the first state,
the first and second master control switches are controlled to be off and the first and
second phase switch network are not active; in the second state, the first and second
master control switches are controlled to be on and the first and second phase switch

network are active;
wherein in the first state, power is directed to the vehicle; and
wherein in the second state, power is directed to the AC grid.

10. The powertrain of claim 9, wherein the first three phase switch network is coupled to
the negative VSC1 DC terminal, and the second three phase switch network is coupled to
the positive VSC2 DC terminal.

11. The powertrain of claim 9, wherein the first three phase switch network is coupled to
the negative VSC2 DC terminal, and the second three phase switch network is coupled to
the positive VSC1 DC terminal.

12. The powertrain of claim 1, wherein the AC grid is coupled to the CSC through an input
filter, the input filter configured to filter out harmonic currents generated by the powertrain

from entering into the AC grid.

13. The powertrain of claim 1, wherein the upper and the lower switches of the CSC are
configured such that both the real power and reactive power exchanged with the AC grid

are separately controlled.

14. The powertrain of claim 1, wherein the dual inverter drive provides voltage boosting
capability, enabling power to be exchanged between the AC grid and the first or second
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energy storages when a sum of the energy storage voltages is greater than the maximum

average rectified voltage across the CSC DC terminals.

15. The powertrain of claim 1, wherein the CSC provides voltage bucking capability,
enabling power to be exchanged between the AC grid and the first or second energy
storages when a sum of the energy storages is less than the maximum average rectified

voltage across the CSC DC terminals.

16. The powertrain of claim 1, wherein the first energy storage of the first voltage source
converter are either of the same or of different type than the second energy storage of the

second voltage source converter.

17. The powertrain of claim 1, wherein a controller is configured to interleave the gating
signals to the switches of the three or more phases of the first voltage source converter
and to interleave the gating signals to the switches of the three or more phases of the
second voltage source converter which can reduce the peak current ripple into the first or

the second energy storages.

18. The powertrain of claim 1, wherein a controller is configured to interleave the gating
signals of the first and second voltage source converter switches which are coupled to the

same motor winding; resulting in reduced peak current ripple in winding currents.

19. The powertrain of claim 1, wherein a controller is configured to ensure the motor
winding currents are DC and each of the motor winding currents are of equal DC value;

resulting in no torque production in the open wound motor.

20. The powertrain of claim 1, wherein a controller is configured to deliver different power
to the first energy storage and the second energy storage such as when the two energy
storage devices are at different voltages, the controller configured to provide the different
power by adjusting a relative duty cycle of the upper switches of the first VSC with respect

to a duty cycle of the lower switches of the second VSC.
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21. A method for integrated three-phase AC charging on an electric vehicle or a hybrid-

electric vehicle coupled to an AC grid, the method comprising:

providing a dual inverter drive system including a upper charging stage including a first
energy storage and a first voltage source converter (VSC1), a lower charging stage
including a second energy storage and a second voltage source converter (VSC2),
coupled to an open wound motor coupled between the first voltage source converter and
the second voltage source converter, the open wound motor having three or more motor
windings each coupled to a corresponding AC terminal of each of the first voltage source

converter and the second voltage source converter;

providing a current source converter (CSC) including three CSC AC phase terminals for
coupling with the AC grid, a positive CSC DC terminal coupled to the upper charging stage
at a positive VSC1 DC terminal, and a negative CSC terminal coupled to the lower
charging stage at a negative VSC2 DC terminal the CSC including a first circuit leg, a
second circuit leg, and a third circuit leg, each circuit leg corresponding to a corresponding
CSC AC phase terminal of the three CSC AC phase terminals, each circuit leg including
at least one upper switch coupled to a corresponding CSC AC phase terminal and the
positive CSC DC terminal, and at least one lower switch coupled to a corresponding CSC

AC phase terminal and the negative CSC DC terminal; and

controlling, through gate control signals, energy flow between the AC grid and the electric
vehicle or the hybrid-electric vehicle by operating the upper and lower switches which
when only one upper switch is in an on-state, that switch will conduct a current equal to a
sum of winding currents of the three or more motor windings, and when only one lower
switch is operated, that switch will conduct a current equal to the sum of the winding

currents.

22. The method of claim 21, wherein the dual inverter drive system and the current source
converter are components of a powertrain that resides within the electric vehicle or the
hybrid-electric vehicle and the open wound motor is operable to provide both locomotion

and to facilitate the energy flow between the AC grid and the electric vehicle or the hybrid-
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electric vehicle free of a separate AC/DC conversion circuit when the open wound motor
is not being used to provide locomotion, the open wound motor including magnetic
components which are utilized both for providing locomotion and facilitating the energy

flow.

23. The method of claim 22, wherein a controller circuit is configured to toggle operation

of the open wound motor between a locomotion state and an energy flow state.
24. The method of claim 21, further comprising:

providing a polarity inversion circuit coupled between the CSC and the upper charging
stage and the lower charging stage, the polarity inversion circuit coupled to the CSC at the
positive CSC DC terminal and the negative CSC DC terminal, and the polarity inversion
circuit is coupled to the upper charging stage at the positive VSC1 DC terminal, and

coupled to the lower charging stage at a negative VSC2 DC terminal; and

inverting, by the polarity inversion circuit, a polarity of a back emf provided by the dual
inverter drive such that the electric vehicle or the hybrid-electric vehicle is able to provide

power to the AC grid.

25. The method of claim 24, wherein the polarity inversion circuit is coupled to the upper
charging stage at the negative VSC1 DC terminal and to the lower charging stage at a
positive VSC2 DC terminal, and includes at least one switch that interfaces the CSC with
the dual inverter drive, with the polarity inversion circuit having a first state and a second
state; the first state coupling the positive CSC DC terminal and the positive VSC1 DC
terminal, and coupling the negative CSC DC terminal and the negative VSC2 DC terminal,
and a second state coupling the positive CSC DC terminal and the negative VSC1 DC
terminal, and coupling the negative CSC DC terminal and the positive VSC2 DC terminal,
wherein the in the first state, power is directed to the electrical vehicle or the hybrid electric

vehicle and the in the second state, power is directed to the AC grid.

26. The method of claim 24, wherein the polarity inversion circuit includes at least one

switch and interfaces the CSC with the dual inverter drive, with the polarity inversion circuit
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having a first state and a second state; the first state coupling the positive CSC DC terminal
and the positive VSC1 DC terminal, and coupling the negative CSC DC terminal and the
negative VSC2 DC terminal; and a second state coupling the positive CSC DC terminal
and the negative VSC2 DC terminal, and coupling the negative CSC DC terminal and the
positive VSC1 DC terminal; wherein the in the first state, power is directed to the vehicle

and the in the second state, power is directed to the grid.

27. The method of any one of claims 25 or 26, where the polarity inversion circuit includes
a mechanical switch of double pole single throw type or a switch of double pole double

throw type.

28. The method of any one of claims 25 or 26, wherein the polarity inversion circuit consists
of at least four semiconductor switches with each switch of the at least four semiconductor

switches coupling one CSC DC terminal to one VSC DC terminal.

29. The method of claim 24, wherein each phase of the CSC is associated with two
switches, an upper switch corresponding to the phase and a lower switch corresponding
to the phase, each of the upper switch and the lower switch corresponding to the phase
comprising a first and a second series connected sub-switches with an accessible mid-
point, the first sub-switch providing positive voltage blocking capability and the second
sub-switch providing negative voltage blocking capability; wherein, the polarity inversion
circuit includes a first three phase switch network and a second three phase switch
network, with each three phase switch network including at least four switches, three
switches for each phase and one master switch that is to controllable; wherein the positive
CSC DC terminal and the positive VSC1 DC terminal are electrically bonded, and the
negative CSC DC terminal and the negative VSC2 DC terminal are electrically bonded;
and wherein the first three phase switch network couples the mid-point of the three upper

sub-switches to the dual inverter drive;

wherein the second three phase switch network couples the mid-point of the three lower

sub-switches to the dual inverter drive;
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wherein the polarity inversion circuit has a first state and a second state: in the first state,
the first and second master control switches are controlled to be off and the first and
second phase switch network are not active; in the second state, the first and second
master control switches are controlled to be on and the first and second phase switch

network are active;
wherein in the first state, power is directed to the vehicle; and
wherein in the second state, power is directed to the AC grid.

30. The method of claim 29, wherein the first three phase switch network is coupled to the
negative VSC1 DC terminal, and the second three phase switch network is coupled to the
positive VSC2 DC terminal.

31. The method of claim 29, wherein the first three phase switch network is coupled to the
negative VSC2 DC terminal, and the second three phase switch network is coupled to the
positive VSC1 DC terminal.

32. The method of claim 21, wherein the AC grid is coupled to the CSC through an input
filter, the input filter configured to filter out harmonic currents generated by the method

from entering into the AC grid.

33. The method of claim 21, wherein the upper and the lower switches of the CSC are
configured such that both the real power and reactive power exchanged with the AC grid

are separately controlled.

34. The method of claim 21, wherein the dual inverter drive provides voltage boosting
capability, enabling power to be exchanged between the AC grid and the first or second
energy storages when a sum of the energy storage voltages is greater than the maximum

average rectified voltage across the CSC DC terminals.

35. The method of claim 21, wherein the CSC provides voltage bucking capability,

enabling power to be exchanged between the AC grid and the first or second energy
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storages when a sum of the energy storages is less than the maximum average rectified

voltage across the CSC DC terminals.

36. The method of claim 21, wherein the first energy storage of the first voltage source
converter are either of the same or of different type than the second energy storage of the

second voltage source converter.

37. The method of claim 21, wherein a controller is configured to interleave the gating
signals to the switches of the three or more phases of the first voltage source converter
and to interleave the gating signals to the switches of the three or more phases of the
second voltage source converter which can reduce the peak current ripple into the first or

the second energy storages.

38. The method of claim 21, wherein a controller is configured to interleave the gating
signals of the first and second voltage source converter switches which are coupled to the

same motor winding; resulting in reduced peak current ripple in winding currents.

39. The method of claim 21, wherein a controller is configured to ensure the motor winding
currents are DC and each of the motor winding currents are of equal DC value; resulting

in no torque production in the open wound motor.

40. The method of claim 21, wherein a controller is configured to deliver different power to
the first energy storage and the second energy storage such as when the two energy
storage devices are at different voltages, the controller configured to provide the different
power by adjusting a relative duty cycle of the upper switches of the first VSC with respect

to a duty cycle of the lower switches of the second VSC.

41. A non-transitory machine readable medium storing machine-interpretable instruction
sets, which when executed, cause a processor to perform a method for integrated three-
phase AC charging on an electric vehicle or a hybrid-electric vehicle coupled to an AC grid

according to any one of claims 21-40.
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