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

(19) World Intellectual Property
Organization

International Bureau (10) International Publication Number

(43) International Publication Date WO 2018/227307 Al
2 0 December 2018 (20.12.2018) W ! P O P C T

(51) International Patent Classification: 770 Bay St., Toronto, Ontario M5G 0A6 (CA). SOONG,
H02J 7/00 (2006.01) H02J 15/00 (2006.01) Theodore; 2204 - 770 Bay St., Toronto, Ontario M5G 0A6
B60L 11/18 (2006.01) H02M 1/08 (2006.01) (CA).
B60S 5/00 (2006 .0 1) H02M 7/44 (2006 .0 1)

(74) Agent: NORTON ROSE FULBRIGHT CANADA LLP;
H02H 7/18 (2006.01) H02P 27/06 (2006.01)

1Place Ville Marie, Suite 2500, Montreal, Quebec H3B 1R1
(21) International Application Number: (CA).

PCT/CA20 18/05073 1
(81) Designated States (unless otherwise indicated, for every

(22) International Filing Date: kind of national protection available): AE, AG, AL, AM,
15 June 2018 (15.06.2018) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
(25) Filing Language: English

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(26) Publication Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

62/5 19,946 15 June 2017 (15.06.2017) US OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
2983328 23 October 2017 (23.10.2017) CA SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
62/607,549 19 December 2017 (19.12.2017) US TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(71) Applicant: THE GOVERNING COUNCIL OF THE
(84) Designated States (unless otherwise indicated, for every

UNIVERSITY OF TORONTO [CA/CA]; 27 King's Col kind of regional protection available): ARIPO (BW, GH,
lege Circle, Toronto, Ontario M5S 1A1 (CA). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

(72) Inventors: LEHN, Peter Waldemar; 155 Hillhurst Blvd., UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
Toronto, Ontario M5N 1N7 (CA). SHI, Ruoyun; 808 - TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(54) Title: CONSTANT CURRENT FAST CHARGING OF ELECTRIC VEHICLES VIA DC GRID USING DUAL INVERTER
DRIVE

iouta Inverter 2

o FIG. 2

(57) Abstract: A switching circuit for controlling charging input from a DC source to at least one inverter circuit, each inverter circuit

∞ corresponding to at least one respective battery, the switching circuit is provided with a switching device which when positioned in
series with the inverter circuit and the DC source, the switching device configured to control the charging input provided to the at least

o one respective battery, the switching device controllable in conjunction with switches in the at least one inverter circuit based on at
least one voltage of the at least one respective battery.

o

[Continued on nextpage]



WO 2018/227307 Al llll I I I I 11III II I I I I I llll II II III II I II

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

KM, ML, MR, NE, SN, TD, TG).

Published:
— with international search report (Art. 21(3))
— in black and white; the international application as filed

contained color or greyscale and is availablefor download
from PATENTSCOPE



CONSTANT CURRENT FAST CHARGING OF ELECTRIC VEHICLES

VIA DC GRID USING DUAL INVERTER DRIVE

CROSS REFERENCE

[0001] This application is a non-provisional of, and claims all benefit, including

priority of US Application No. 62/519946, filed 15-Jun-2017, US Application

No. 62/607549, filed 19-Dec-2017, Canadian Application No. 2983328 filed

23-Oct-2017, all entitled "CONSTANT CURRENT FAST CHARGING OF

ELECTRIC VEHICLES VIA DC GRID USING DUAL INVERTER DRIVE", all

incorporated herein by reference.

FIELD

[0002] Embodiments of the present disclosure relate generally to the field of

electronic charging, and some embodiments particularly relate to the field of

electronic charging of vehicles.

BACKGROUND

[0003] Electric vehicles have the potential to reduce energy consumption in

the transportation sector which covers 27% of the total global consumption

[1]. With their rapid deployment in the near future, consumers will expect

greater drive range and fast charging rates. AC level 1 & 2, and DC charging

are the presently available charging methods. DC charging is an attractive

option over AC level 1 or 2 charging due to its potential t o fully charge the

electric vehicle in less than an hour [2]. The International Electrotechnical

Commission (IEC) has established standardized connector protocols

(CHAdeMO, Combined Charging System, etc.) that can be interfaced with

charging systems fed by AC or DC mains [3].

[0004] Existing fast chargers require the electric vehicle supply equipment

(EVSE) to be installed off-board due to physical size and mass limitations of

the vehicle. The EVSE typically consists of a rectifier, LC filter, and high-

power dc/dc converter. Unlike AC level charging units ($200-$300/ kW), DC



fast ($400/kW) are more costly in comparison due to increasing power level

and system complexity [4]. Components rated for higher amperage

contribute to the cost increase. Thus, lower component count and charger

complexity are preferred.

SUMMARY

[0005] Existing integrated chargers are configured to charge from single or

three-phase AC networks. With the rapid emergence of DC grids, there is

growing interest in the development of high-efficiency, low-cost integrated

chargers interfaced with DC power outlets. This application describes a new

integrated charger which in some embodiments may offer electric vehicle fast

charging from emerging DC distribution networks. In absence of a DC grid,

the charger can alternatively be fed from a simple uncontrolled rectifier. The

proposed charger leverages the dual inverter topology previously developed

for high-speed drive applications. By connecting the charger inlet to the

differential ends of the traction inverters, charging is enabled for a wide

battery voltage range previously unattainable using an integrated charger

based on the single traction drive. An 11 kW experimental setup

demonstrates rapid charging using constant current control and energy

balancing of dual storage media. To minimize the harmonic impact of the

charger on the DC distribution network, a combination of complementary and

interleaved switching methods is demonstrated.

[0006] I n accordance with one aspect, there is provided a DC charging circuit

including: a first inverter module corresponding to a first battery; a second

inverter module corresponding to second battery; and DC terminals tapping

off a high-side of the first inverter module and a low-side of the second

inverter module.

[0007] I n accordance with another aspect, there is provided an optional front-

end switching circuit for controlling charging input from a DC source to at

least one inverter circuit, each inverter circuit corresponding to at least one



respective battery. The optional front-end switching circuit is an add-on for

interfacing to high voltage DC inputs.

[0008] I n particular, the front-end switching circuit can be used for connecting

the DC charging circuit to a high voltage DC network. The front-end

switching circuit includes: a switching device which when positioned in series

with the at least one inverter circuit and the DC source, the switching device

controls the charging input provided to the at least one respective battery,

the switching device controllable in conjunction with switches in the at least

one inverter circuit based on at least one voltage of the at least one

respective battery.

[0009] I n an aspect, there is provided a DC charging circuit comprising a first

inverter module corresponding to a first battery; a second inverter module

corresponding to second battery; and DC terminals tapping off a high-side of

the first inverter module and a low-side of the second inverter module.

[0010] I n another aspect, the first inverter module and the second inverter

module each comprise a set of three half-bridge switch networks connected

in a cascaded manner with the DC terminals and the first and second

batteries.

[001 1] I n another aspect, the method includes controlling the switch networks

with complementary switching of switches between the first inverter module

and the second inverter module.

[0012] I n another aspect, the method includes controlling the switch networks

with interleaved switching between parallel phases.

[0013] I n another aspect, the method includes controlling power distribution

between the first inverter module and second inverter module to balance

energy between battery modules.

[0014] I n another aspect, the first inverter module and the second inverter

modules are coupled to an electric motor is mounted in a vehicle and the



electric motor is configured for dual-mode operation comprising a first mode

wherein the electric motor provides the drive functionality to impart forces to

move the vehicle, and a second mode wherein the electric motor provides

the charging functionality when electrically coupled to the power source.

[0015] I n another aspect, the circuit includes a gating signal controller

configured for providing fault blocking capability at the DC source, protecting

the on-board batteries in the event of a DC-side fault.

[0016] I n another aspect, the DC terminals connect at a differential

connection of a traction system comprising the first inverter module and the

second inverter module.

[0017] I n another aspect, the DC charging circuit is configured for rapid

charging of the first battery and the second battery free of a standalone

charger.

[0018] I n another aspect, the DC charging circuit is configured for charging of

the first battery and the second battery when at least one of the first battery

and the second battery are at a low state of charge.

[0019] I n another aspect, the first battery and the second battery are EV

battery packs consisting of n-strings.

[0020] I n another aspect, the first battery and the second battery include

evenly split pairs of 2-level voltage source inverters.

[0021] I n another aspect, the first battery and the second battery include

battery strings having a same number of cells per string, maintaining a same

nominal voltage as a combination of the first battery and the second battery.

[0022] I n another aspect, AC terminals of each of the first inverter module

and the second inverter module are coupled to open-ended windings of an

electric motor such that machine leakage inductance is shared between the

first inverter module and the second inverter module.



[0023] I n another aspect, each of the first inverter module and the second

inverter module includes at least a set of half-bridge switch networks.

[0024] I n another aspect, each of the first inverter module and the second

inverter module includes a set of 3 half-bridge switch networks.

[0025] I n another aspect, each set of 3 half-bridge switch networks is coupled

in a cascaded topology with a DC input and the first battery and the second

battery to account for any voltage mismatch.

[0026] I n another aspect, the first inverter module and the second inverter

module include a corresponding upper set of half-bridge switch networks and

a corresponding lower set of half-bridge switch networks.

[0027] I n another aspect, the upper set of half-bridge switch networks and

the lower set of half-bridge switch networks have a phase shift of 180

degrees.

[0028] I n another aspect, parallel phases of signals of the upper set of half-

bridge switch networks and the lower set of half-bridge switch networks have

a phase shift of 120 degrees.

[0029] I n another aspect, the upper set of half-bridge switch networks and

the lower set of half-bridge switch networks have a phase shift of 180

degrees; and parallel phases of signals of the upper set of half-bridge switch

networks and the lower set of half-bridge switch networks have a phase shift

of 120 degrees.

[0030] I n another aspect, there is provided front-end switching circuit for

controlling charging input from a DC source to at least one inverter circuit,

each inverter circuit corresponding to at least one respective battery, the

front-end switching circuit comprising: a switching device which when

positioned in series with the at least one inverter circuit and the DC source,

the switching device configured to control the charging input provided to the

at least one respective battery, the switching device controllable in



conjunction with switches in the at least one inverter circuit based on at least

one voltage of the at least one respective battery.

[0031] I n another aspect, the circuit is configured to control charging input

from the DC source to a first inverter circuit corresponding to a first battery

and a second inverter circuit corresponding to a second battery; wherein

when a sum of the voltages of the first battery and the second battery are

less than an input voltage of the DC source, the switching device is

configured to control the charging input by operating in a first mode; and

when the sum of the voltages of the first battery and the second battery are

greater than the input voltage of the DC source, the switching device is

configured to control the charging input by operating in a second mode.

[0032] I n another aspect, in the first mode, the switching device is modulated

while switches in the first and second inverter circuits enabling charging of

the first and second battery are on.

[0033] I n another aspect, in the first mode, the switching device is on while

switches in the first and second inverter circuits enabling charging of the first

and second battery are modulated.

[0034] I n another aspect, in the first mode, the switching device is modulated

with a duty cycle equal to or less than the sum of the voltages of the first

battery and the second battery divided by the input voltage of the DC source.

[0035] I n another aspect, in the second mode, the switching device is on

while switches in the first and second inverter circuits enabling charging of

the first and second battery are modulated.

[0036] I n another aspect, the switching device has bi-directional current

conduction and uni-polar voltage blocking capability.

[0037] I n another aspect, the front end circuit includes comprising an input

filter, and a device like a diode that has uni-directional current conducting



and uni-polar voltage blocking capability in parallel with the at least one

inverter circuit.

[0038] I n another aspect, a controller configured to generate signals for

controlling the switching device in conjunction with switches in the at least

one inverter circuit.

[0039] I n another aspect, the circuit includes fault blocking capability at the

DC source, thereby protecting the on-board batteries in the event of a DC-

side fault.

[0040] I n another aspect, a method is provided for controlling charging input

from a DC source to at least one inverter circuit, each inverter circuit

corresponding to at least one respective battery, the method comprising:

controlling a switching device, positioned in series with the at least one

inverter circuit and the DC source, in conjunction with switches in the at least

one inverter circuit based on at least one voltage of the at least one

respective battery.

[0041] I n another aspect, the switching device is positioned to control a

charging input from the DC source to a first inverter circuit corresponding to

a first battery and a second inverter circuit corresponding to a second

battery, the method comprising: when a sum of the voltages of the first

battery and the second battery are less than an input voltage of the DC

source, controlling the switching device to operate in a first mode; and when

the sum of the voltages of the first battery and the second battery are

greater than the input voltage of the DC source, controlling the switching

device to operate in a second mode.

[0042] I n another aspect, controlling the switching device to operate in the

first mode comprises modulating the switching device while switches in the

first and second inverter circuits enabling charging of the first and second

battery are on.



[0043] I n another aspect, controlling the switching device to operate in the

first mode comprises turning on the switching device while switches in the

first and second inverter circuits enabling charging of the first and second

battery are modulated.

[0044] I n another aspect, comprising in the first mode, modulating the

switching device with a duty cycle equal to or less than the sum of the

voltages of the first battery and the second battery divided by the input

voltage of the DC source.

[0045] I n another aspect, the first energy storage device is a battery and the

second energy storage device is a battery.

[0046] I n another aspect, the first energy storage device is a battery and the

second energy storage device is of a different type of energy storage device

[0047] I n another aspect, the second energy storage device is a

supercapacitor.

DESCRIPTION OF THE FIGURES

[0048] Reference will now be made to the drawings, which show by way of

example embodiments of the present disclosure.

[0049] FIG. 1 shows five different examples of charger topologies (a)-(e).

[0050] FIG. 2 shows an example dual inverter charger.

[0051] FIG. 3 shows an example circuit model of an upper module (a) and

and an average model of a dual inverter integrating identical DC sources. In

some embodiments, switch averaging can model each of the six half-bridges

as an ideal voltage source.

[0052] FIG. 4 shows Phase "a" voltage and current waveforms for d = 0.53.



[0053] FIG. 5 shows a chart illustrating a normalized inductor current ripple.

In some embodiments, inductor current ripple size varies with conversion

ratio, where V0 = i = V2. When each battery pack has nominal voltage near

the input DC voltage, the operating region near 1:1 voltage ratio may

achieve optimal ripple reduction.

[0054] FIG. 6 shows an example complementary and interleaved switching

sequence for inner switches operated at d = 0.53. di, and d2i are mapped to

inner switches Si, and S2i, respectively. The most significant harmonic

frequencies are shown.

[0055] FIG. 7 shows a comparison of i l with and without interleaved

switching, at d = 0.53. Phase currents in the top plot overlap when

interleaving is not applied. Interleaved switching increases the ripple

frequency and reduce peak-to-peak ripple.

[0056] FIG. 8 shows an example control diagram for controlling current.

[0057] FIG. 9 shows example simulation results of constant current control

with isref step from 22 A to 44 A . Difference between i
ou

ti and i
ou

t2 is due to

voltage balancing controller acting on voltage mismatch.

[0058] FIG. 10 shows example simulation results of voltage balancing control.

VI and V2 have a 7V deviation at t = 0 .

[0059] FIG. 11 shows example simulation results of switching ripple in is ,a bc,

idc, ii, and i2, showing cancellation of most significant harmonic(s).

[0060] FIGS. 12A and 12B show an example laboratory prototype of 11 kW

dual inverter charger with a salient-pole rotor mimicking a permanent-

magnet rotor. FIG. 12A shows a circuit diagram and FIG. 23B shows an

experimental setup.

[006 1] FIGS. 13A and 13B show example experimental results of constant

current control at operating points (a) i = V2 = 175V , Vdc = 230V and (b)



i = V2 = 245V , Vdc = 230V . The input current is initially stepped up to its

rated value (45 A), and then stepped down by 50% at t = Is.

[0062] FIGS. 14A and 14B show example experimental results of switching

ripple for idc, is,abc, r and i2 using the described example switching method.

FIG 14A is a current waveform, and FIG. 14B is a Fourier spectrum of current

ripple.

[0063] FIG. 15 shows example experimental result of voltage balancing

control. Supercapacitor banks are pre-charged with 7V deviation, and

controller regulate Ad to achieve voltage balance.

[0064] FIG. 16 shows a drivetrain connected directly to a DC charger.

[0065] FIG. 17 shows a drivetrain including a DC/DC converter.

[0066] FIG. 18 shows aspects of an example circuit including a DC front-end.

[0067] FIG. 19 shows aspects of an example circuit having dual inverters and

showing example components of a DC front-end.

[0068] FIG. 20 shows aspects of an example circuit having a single inverter.

[0069] FIG. 21 is shows example switch states and resulting currents and

voltages when operating in a first mode.

[0070] FIG. 22 is shows example switch states and resulting currents and

voltages when operating in a second mode.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0071] To address charger complexity, combined traction and charging

systems have been studied extensively in the past decade. The concept is to

configure on-board traction components for charging, thus eliminating or

greatly reducing the complexity of battery chargers. Subotic et al. proposed

an integrated charger based on a 9-phase traction system [5]. As shown in



Fig. 1(a), the machine's neutral points can be directly connected to a three-

phase AC input, thus requiring no additional hardware between the AC grid

and traction system. This topology also produces no net torque for vehicle

propulsion in the charging process. Other multiphase machines for integrated

charging are summarized in [6]. I n terms of integrated charging via single-

phase AC systems, Fig. 1(b) shows the topology proposed by Pellegrino et al.

It employs the traction system as a PFC boost converter, which is interfaced

to a single-phase AC source via rectifier [7]. I n Fig. 1(c), Tang et al. used a

set of parallel-connected traction inverters and two motors to charge from a

single-phase AC source and thereby eliminates the need for the rectifier [8].

I n either topology, the charger requires no additional dc/dc converters, thus

addressing weight, volume, and cost considerations of the EVSE. However, in

both cases the minimum allowable battery voltage must always exceed the

peak voltage of the AC mains.

[0072] The integrated chargers previously discussed are specifically for single-

phase or three-phase AC systems. Due to the rapid penetration of

renewables, grid-connected storage and DC-supplied loads, there is already

significant effort in integrating DC micro grids within existing AC networks

[9]. Ideally future EV chargers would accommodate charging from both

existing DC fast chargers as well as from DC microgrid networks.

[0073] I n some embodiments described herein, an integrated charger can

offer, in some situations, electric vehicle fast charging from emerging DC

distribution networks. It leverages the existing dual inverter drive to operate

as aforementioned integrated chargers, with the added benefits of improved

voltage range and harmonic performance. The dual inverter traction system

may, in some situations, provide increased speed range and battery

integration without use of dc/dc power converters or additional magnetic

materials, thus may offer an efficient and light-weight solution attractive for

electric vehicles. Although two inverters are required, there is marginal

increase in cost because each inverter stage is rated for half the total

processing power. The dual inverter can, in some situations, facilitate power



transfer between two isolated DC sources and the open-ended windings of

the motor via differential connection of two voltage source converters. From

previously proposed applications of the dual inverter for all-electric vehicles,

the energy source is either a split-battery pack or a battery and floating

capacitor bridge [11], [12]. The dual inverter configuration may, in some

situations, offer voltage boost from the secondary inverter to enable high

speed operation, improved efficiency at high speed, modular battery

installation, and hybrid energy storage integration [10]-[15].

[0074] A challenge associated with the dual inverter drive is the need to

charge two independent batteries. Hong et. al demonstrated that a single

charger could be utilized for charging both batteries [16]. Shown in Fig. 1(d),

the primary battery is charged using a standalone charger, while the

secondary battery is charged from the first via the traction system.

[0075] I n some embodiments, the present application describes a means

which may, in some instances, eliminate the standalone charger in cases

where DC power network access is available. The topology can be backwards

compatible to conventional DC fast charging infrastructure. The proposed

charger in this work is shown in Fig. 1(e). Contrary to other integrated

chargers discussed earlier, placing the DC input at the differential connection

of the traction system may enable rapid charging of dual storage media

without a standalone charger. The topology may address the limited voltage

range in the single inverter charging systems by using the series connection

of two traction inverters, thus providing charging functionality even when the

battery is at low state-of-charge. While the embodiments described below

focus on vehicle charging, in some embodiments, the topology can be

capable of bi-directional energy exchange with an external DC power

network.

[0076] I n some situations, embodiments of the present application may

provide: an integrated charger suited for emerging DC networks, where fast

charging is enabled by direct connection to a DC source; improved input



voltage range using differential connection of dual inverter topology,

requiring no external hardware; and/or a switching method utilizing

complementary and interleaved phase shift to improve harmonic

performance compared to single inverter systems.

[0077] The new architecture may offer rapid EV charging from the emerging

DC grid with the potential to reduce charger cost, weight, and complexity by

integrating charging functionality into the traction system.

TOPOLOGY

[0078] An example DC charging configuration is shown in Fig. 2 . For the purpose of this paper,

switches, voltage and current quantities for the upper and lower modules are labeled "1" and "2",

respectively. The modules are shown as examples in the figures, and may

include more, less, or alternative electronic components. Aspects of the

modules and components thereof may be coupled, attached, directly

connected, or indirectly connected (e.g., with one or more intermediary

components). Aspects of the modules and components may also be

operatively connected. The EV battery pack, consisting of n-strings, is split

evenly between a pair of 2-level voltage source inverters. Each battery string

has the same number of cells per string, thus maintaining the same nominal

voltage as the combined battery pack. The AC side is connected to the open-

ended windings of the electric motor such that the machine leakage

inductance is shared between the two switch networks.

[0079] A feature of the example dual inverter drive not previously exploited is

its ability to leverage differential connections for EV charging. The DC

terminals tap off the high-side of module 1 and low-side of module 2 . Power

can be fed directly from a DC microgrid without a dc/dc intermediate stage.

Each set of 3 half-bridge switch networks is connected in a cascaded manner

with the DC input and batteries to account for any voltage mismatch. In

addition, the dual battery pack enables doubling of the motor voltage. Unlike

the single traction-based integrated charger in Fig. 1(b), this permits

charging even when the voltage in each battery pack is less than the DC



input voltage. This may be crucial for future trends in bulk power transfer,

where fast charging stations are expected to support up to 1000 V at the

vehicle inlet [3], [17].

[0080] Another potential benefit of utilizing two traction inverters is current

ripple reduction. Since the motor leakage inductance, Ls, is limited by the

magnetics of the EV motor, it is beneficial to minimize potentially high ripple

component via controls. Thus, two types of switching methods are deployed.

The combination of 180° phase shift between upper/lower cells, and 120°.

interleaving between parallel phases both reduce switching ripple in idc, is, abc,

ii, and i2. Complementary switching is not feasible for the integrated charger

in Fig. 1(b).

[0081] Power transfer between the DC input and each battery unit is achieved

by regulating the inductor currents. Its principle of operation is akin to the

single string multi-port dc/dc converter developed in [18], however, the

developed converter is reconfigured for 3-phase motor drives in this work.

OPERATION

[0082] I n some embodiments, the dual inverter is configured to operate as a

set of dc/dc converters in charging mode, as opposed to performing dc/ac

conversion in traction mode. Its principle of operation is analyzed via the

average model depicted in Fig. 3 . This section also highlights the impact of

complementary and interleaved switching on harmonic performance.

A . Average Model

[0083] The average model of the dual inverter is developed for identical

energy storage integration, as in the case of the split-battery pack. Battery

pack balancing will be addressed in Section IV. A dynamic model of the half-

bridge network for a multilevel converter was developed in [19], but can also

be used to represent the average switch model. Each of the six half-bridge

converters is modeled as an ideal, controlled voltage source. The voltage

depends on the duration in which the storage unit is inserted. The battery



currents, i l and i2, are derived from power balance. Although power flow can

be bidirectional, this work identifies Vdc as the input and VI & V2 as outputs.

[0084] I n Fig. 3(a), each half-bridge is modeled as:

( I )

where i = {a, b, c} for 3 interleaved dc/dc stages.

[0085] Only the switch network in the upper module is shown because the

two inverters are identical, except V2i is the average voltage measured across

the bottom set of switches instead of the top. As shown in (1) and (2), the

duty cycle regulates the duration in which each battery voltage, i and V2, is

inserted. Thus, the average voltage across each set of switches is a fraction

of the associated battery voltage. Switch averaging for a single half-bridge

was also discussed in [20].

[0086] Note that the following relation

(3)

(4)

is valid for this analysis assuming identical half-bridge switch networks top
and bottom.

[0087] Applying KVL to any arbitrary phase (neglecting losses), the voltage

conversion ratio is

(5 )

Assuming di, = d2i = d for an idealized symmetric system yields:



TABLE I . Switching States

¾ Upper module Lower module
on on insert insert
on off insert bypass
off on bypass insert
off off bypass bypass

V 1 + V2
(6b)

d

[0088] Notice the conversion ratio is similar to that of the boost converter,

suggesting o enable boost operation. This is not a limiting

factor for EV charging because the charging station's DC output voltage is 60

V to 500 V [3], and each string of EV battery cells spans from 300V to 500V

[21]. By assigning one battery string to each module, the minimum output

voltage always exceeds the input voltage. Furthermore, the battery

management system shall not permit the battery to discharge below the

minimum voltage specified by the manufacturer.

[0089] Figure 3 also shows that the DC input current is the sum of the

inductor currents:

(7)

Output currents /Ί and /2 can be derived from power balance:

\ = \ ' \ \ / , + /' . / , + i r (8a)

' = < l (8b)

(8c)



where il and i2 are fractions of the DC input current set by the duty cycle in

each module.

[0090] Using (8), the average power supplied to each battery pack is

(9a)

P - — - (9b)

The average current into the battery is thus a function of the combined stator

currents and duty cycle. Through proper switching action of the half-bridge

switch networks, the proposed charger can effectively control the individual

battery pack currents.

B. Switching Sequence

[0091] For the remainder of this paper, di, and d2i are mapped to inner

switches Si, and S2i, respectively. For instance,

[0092] 1) Complementary switching: A complementary strategy is applied to

switches between the upper and lower modules. Thus, the following analysis

examines the impact of complementary switching on phase "a". Gating

signals for the inner switches, ' s ' i ar shown in Fig. 4 . Under

balanced load conditions, each pair of "inner" and "outer" switches have the

same percentage on-time in one switching period. However, the gating

pulses between the two modules can be phase-shifted by 180 as

demonstrated in [18]. This strategic overlap of gating pulse reduces the

energy variation in the inductor, resulting in half the ripple current at twice

the switching frequency.



[0093] The peak-to-peak inductor current ripple for i = V2 = V0 (idealized

symmetric system) is

( ,. - V„)d'T
( a)

L,

where the second expression is derived by combining (6b) and (11a).

Plotting (lib) in Fig. 5, this expression highlights one of the key features of

this topology: the inductor energy variation, or current ripple, depends on

the voltage difference Vdc - V0. Notice for the case where the battery packs

are balanced, and i = V2 = V
dc

, this yields zero inductor current ripple. The

= 1
ideal operating range is centered around d to minimize distortion in

the supply lines.

[0094] The branch current of and i2 from any arbitrary phase, denoted by

in, pulsates due to the discontinuous conduction of the switch network:

Notice that the inductor ripple also propagates into the battery. Since the

inductor ripple is negligible relative to the pulsating current generated by

summing the branch currents, complementary switching has minimal effect

on the battery currents. Thus, to minimize current harmonics in the

batteries, interleaved switching between parallel phases is used. The

proposed switching method also reduces the switching ripple at the DC input.

[0095] 2) Interleaved switching: This switching strategy has not been

previously studied in an integrated charger based on the dual inverter. As

shown in Fig. 6, the gating pulses between phase a, b, and c are phase

shifted by 120° . This further reduces the peak ripple observed in idc. Due to



the phase-shift of stator currents, the peak-to-peak idc is approximately 1/3

of the ripple generated using in-phase switching, and the most significant

switching component is shifted to the 6th harmonic.

[0096] Figure 7 shows the impact of phase interleaving on output currents

and i2. As discussed previously, the currents in all switches are "chopped"

regardless of the switching pattern. The unfiltered battery currents are the

sum of the pulsating currents in the inner switches:

[0097] To minimize the switching ripple due to discontinuous conduction,

interleaved switching enables continuous conduction of

i nd i 2 for < d < l j|-,e battery currents conduct through at least one

of the 3 phases. The third plot in Fig. 7 shows that at d = 0.53, interleaving

results in approximately of the ripple component, and the most significant

harmonic is shifted to 3fsw . The contribution of the inductor current ripple to

the total harmonic distortion in ii and i2 is negligible at this operating point.

[0098] I n summary, the proposed switching sequence produces

A , A , nd l t , , nd 3 respective|y T h is effective | |eads

to reduced THD and semiconductor losses. Reduction in peak-to-peak output

current ripple also helps to prevent battery capacity fade and impedance

degradation [22].

[0099] Recall that an ideal, symmetrical system having balanced energy

sources was studied in previous sections. This allows the controller to set

equal duty cycles to both the upper and lower modules. To address the

scenario where the isolated battery packs have a different state-of-charge

during the charging process, the duty cycles are decomposed into sum and

difference terms, defined as:



[00100] I n some instances, the objective of the DC charger may be to 1)

regulate the DC inductor current using the sum component 2) equalize the

stored energy in the split energy source using the difference component.

Note that coupling between the two terms may be present.

A . Inductor current control

[00101] I n Fig. 8, three PI controllers are implemented for constant

current control of parallel phases. Since the EVSE typically regulates the DC

current at the vehicle inlet, each inductor current will track one-third of the

DC bus current reference.

[00102] An expression for the dynamics of the system is developed by

applying KVL to the average model :

( 17 a )

where di, and d2i have been replaced by ∑d and Ad as per (16). Ideally, if the

battery voltages are balanced, then only the sum term drives the DC current.

However, the difference term is coupled to the current controller. To avoid

stability issues, voltage balancing controller can be designed to have

significantly slower response to voltage dynamics. Thus, (Vi- V2) Ad, can be

regarded as a DC offset in the time scale of the current controller.

[00103] The example controller discussed in this work is developed for

constant current charging. The control scheme for constant voltage charging

may be investigated in future works.

B. Energy balancing



[00104] I n Fig. 8, the voltage balancing controller takes the voltage

difference and outputs Ad, which is then subtracted from di, and added t o d2i .

Therefore, if the DC source in the upper module is overcharged relative t o

the lower, then the lower one will be inserted more frequently. Both sources

are charged simultaneously but with an offset t o shift the power distribution.

To ensure this offset does not exceed the operating limits of the converter, a

limiter is implemented at the output of the voltage balancing controller. Note

that the balancing controller uses voltage t o extrapolate the total stored

energy in the DC source. Other parameters may be used for energy

management, such as comparing state-of charge (Coulomb count) of a split-

battery pack.

SIMULATION RESULTS

[00105] A full-switch model of the proposed integrated charger is

implemented in MATLAB/SIMULINK with a PLECS toolbox. The circuit diagram

is shown in Fig. 12(a), and simulation parameters are listed in Table II.

TABLE II. Simulation Parameters

Parameter Svmbol Value
I ut power 50A

Power/module P . P-> 2 " /.·1

D C bus voltase v 380 V
Initial SC voltage . V i i ·-:-!(!. ,\

DC bus current hi,, \ -V2 \
Stator current ' . 4 4 A

Capacitance/SC bank ' , \ ',. - 2

Output capacitors ( -
Stator inductance , . m
Stator resistance R, 0.3Ω

Switching frequency 7.5 H

[00106] I n place of EV batteries, two supercapacitor banks are used in

this simulation study t o mirror the experimental system. The faster

charge/discharge rates of the supercapacitor vs. a battery facilitates a less

time consuming study of storage energy balancing algorithms. All current



quantities are positive in the direction indicated by the arrow, which shows

power transfer from the DC input to supercapacitors. This simulation study

demonstrates

Current control and voltage balancing functionality

DC charging at operating point V I < Vdc, V2 < Vdc, which

limitation of previously proposed integrated chargers

Current ripple reduction using proposed switching method

TABLE III. Exp n a] Parameters

General Parameters S m l Value
Input power Pdc l ().; /,

Power/ od - i . P 17 -

DC bus voltage Vdc 2
Case # 1: \ < . < f

Initial SC voltage 175

Case #2: \ > \ ' . \ ~2 > d

Initial SC voltage V . r 2
2 15

DC h s rent >dc 15.4
Stalor current 1s .a bc 15.4

Capaeitance/SC bank sc 1 sc 2 . F

O tp l capacitors ' . C-2

S chi g r |u ncy 7 .5A'H .

Machine Parameters Symbol Value
Pow r Pra d

Line-to-litie voltage r a t d 22( » "

Line current ' rated i >. .
Statoi inductance

s
0.5 H

Stator resistance P s .:i 2
Rotor excitation current 5,1

[00107] 1) Constant current control: Fig. 9 shows the system response

when a current step is applied at t = 0 .1s. The inductor reference current,

is ef , is stepped from 22 A to 44 A . This allows the total input power, DC bus

current, and current into the supercapacitors to double accordingly. ∑d

initially drops, as derived in (17b), to act on the increase in current demand

and settles to its new value in 10 ms. After the transient, the charger

operates at rated conditions (50 kW), which is the typical system rating for

the CHAdeMO EVSE [23].



[00108] 2) Voltage balancing: Fig. 10 demonstrates the effect of voltage

balancing control on energy distribution. The super-capacitor banks have a 7

V difference at t = 0, and achieves energy balance when VI = V2. The delta

term, Ad, regulates the rate of convergence. The voltage balancing response

can also be observed in Fig. 9, where ioutl and iout2 are regulated such that

PI = 18kW and P2 = 32kW. If supercapacitors are balanced, then Ad = 0 to

deliver 25 kW to each module.

[00109] 3) Harmonic analysis: Fig. 11 verifies the harmonic

decomposition of is,abc, idc, ii, and i2 for the balanced voltage operating

scenario. The most significant harmonic frequencies in the inductors, DC bus,

and supercapacitor prior to filtering are 2fsw, 6fs , and 3fsw, respectively.

Observe that for i l and i2, the 6th harmonic from idc propagates to the

output. However, it has negligible impact on output peak-to-peak ripple

because the DC current is significantly larger than the inductor ripple.

EXPERIMENTAL RESULTS

[001 10] This section discusses experimental testing of an 11 kW

laboratory prototype based on the proposed charger topology. One of the

most commonly adopted DC fast chargers (CHAdeMO) is rated at 50 kW. I n

this work, the system rating is scaled-down to verify basic charging

functionality using a dual inverter powertrain. Experimental results show

constant current control, voltage balancing, and switching ripple reduction in

a wide operating region. Charging at two operating points will be validated:

1) VI < Vdc, V2 < Vdc, and 2) VI > Vdc, V2 > Vdc. I n either case, the

system is operating at 94% of the rated power of the motor.

[001 11] The laboratory setup is shown in Fig. 12, and system

parameters in Table III. A Regatron power supply provides 230 V at the DC

input, where the terminals represent the charging inlet of the vehicle. A 0.5

kWh supercapacitor bank is connected to each 2-level VSC. Each

supercapacitor bank consists of 180 series-connected cells with 3000 F per

cell. Thus, each string has total capacitance of 16.6 F. Permanent magnet



synchronous motors (PMSM) and induction motors are the most commonly

used electric motors in EVs. Thus, the wound rotor SM in the prototype is

operated with constant field, similar to a PMSM. This is achieved by exciting

the rotor windings to ensure rotor flux is present. The impact of rotor

saliency on phase current ripple discussed below.

[001 12] The control strategy in Fig. 8 can be implemented on a real-time

linux PC controller with integrated FPGA.

[001 13] A. Case # 1: Charging at VI < Vdc, V2 < Vdc

[001 14] Figure 13(a) shows experimental results of constant current

control when each supercapacitor voltage is less than the input voltage. This

is analogous to charging a high-energy, low-voltage EV battery pack, or

batteries at low state-of charge. The results demonstrate functionality of the

controller when isref is stepped up from 0 to 15 A, and then stepped down to

50% of its rated current. The input current is shown to be the sum of the

phase currents. The combined energy storage system, with 175 V per

supercapacitor bank, charges from a 230 V DC supply at 10.35 kW rated

power, hence charging batteries with power comparable to rated machine

power. Similar to the case presented in simulation, idc and is,abc tracks the

new current reference.

[001 15] B. Case #2: Charging at VI > Vdc, V2 > Vdc

[001 16] Figure 13(b) shows experimental results of constant current

control when each supercapacitor voltage exceeds the input voltage. This

operating scenario applies to charging EV batteries designed for high-voltage,

high-speed operation. The input voltage is fixed at 230 V and each

supercapacitor bank charges at 245 V, and the total charging power is also

10.35 kW. The same current steps are applied to this operating point. As

shown in Fig. 14(a), the peak-to-peak ripple between phase currents are not

identical. Use of a salient-pole rotor leads to asymmetry in flux linkage



between stator and rotor, which marginally affects the total inductance per

phase.

[001 17] C. Voltage Balancing

[001 18] Fig. 15 demonstrates the functionality of voltage balancing

control. The supercapacitor voltages prior to charging are 154 V and 147 V.

When the controller is enabled, the DC bus current steps from 0 t o 10A,

drawing 2.3 kW from the DC supply. Due to the applied offset between dl

and d2, the "undercharged" supercapacitor bank has a faster rate of charge

compared t o the "overcharged" supercapacitor bank. The supercapacitor

voltages converge at approximately 178 V. The results verify operation of the

balancing controller in response to the initial voltage deviation.

[001 19] D. Discussion of Switching Ripple and Rotor Saliency

[00120] Fig. 14(a) shows the switching ripple of idc, is,abc, , and i2 for

case #1, but at lower current reference. This is to show that the magnitude

of the peak-to-peak ripple is independent of the average charging current.

Neglecting switching noise in the current reference step from Fig. 13(a), the

switching ripple between charging at idc = 15A and idc = 45A is identical.

Comparing the Fourier spectrum of the simulation and experimental study,

the switching ripple at the switching frequency (7.5 kHz) is eliminated in both

systems. Any discrepancy between simulation and experimental results is

due to differences in operating point, and rotor saliency. For example, output

currents and i2 from laboratory results have higher 6th harmonic than 3rd

in comparison with simulation results, where the 3rd harmonic is dominant.

This is due to the fact that the simulation model is operated at rated

conditions. I n the experimental work, charging at low currents introduces

higher 6th harmonic ripple.

[00121] Also note that is ripple components in Fig. 14 are noticeably

smaller than the other two phases. This results from using a salient-pole

rotor, where the phase inductance depends on the rotor's electrical position



[7]. I n the experimental results, the rotor was arbitrarily oriented to produce

the asymmetric phase current ripple in Fig. 14(a). I n Fig. 14, difference in

phase current ripple increases the 2nd harmonic component in idc . However,

the 6th harmonic is shown to be the dominant switching component in the

input current.

[00122] Some embodiments of the present application present a new

integrated charger topology that may offer direct charging from the DC grid

without any off-board hardware. The concept is to connect the vehicle

charging input to the differential ends of the dual traction system. Although a

second converter is required, higher motor voltages and lower currents may

be utilized, and the net switch VA rating remains unchanged.

[00123] I n some instances, the proposed integrated charger based on

the dual inverter has been demonstrated to enable charging over a wide

voltage range. An 11 kW laboratory prototype verifies DC charging for

supercapacitor voltages VI and V2 above and below the DC input voltage.

Furthermore, results show effective current control and energy balancing

amongst the two supercapacitor banks, which are used in place of batteries

to reduce experimental run-time. The proposed switching method may, in

some instances, attenuate significant switching harmonics, which is essential

for addressing the use of limited motor inductance as interface inductors. The

control method for constant voltage charging will be studied in future works.

In practice, the proposed topology's charging rate is limited by thermal

constraints of the motor and traction power electronics, thus highlighting its

ability to charge at the rated power of the traction system ideal for electric

vehicle fast charging.

[00124] FIG. 16 shows a drivetrain being charged by a DC charger. The

DC source is represented by a voltage source with some output impedance.

In this architecture, the DC charger is directly connected to the battery of the

electric vehicle.



[00125] FIG. 17 shows another example drivetrain that could be

connected to a DC charger. The charger output voltage is not restricted to

the battery voltage, but a separate converter is inserted between the battery

and DC charger. This does not utilize the drivetrain to charge.

[00126] OPTIONAL DC FRONT-END OF SOME EMBODIMENTS

[00127] The DC front-end circuit provided below is a component in

accordance with a preferred embodiment.

[00128] FIG. 18 shows an example system including a front-end circuit

connected between the DC source and the traction converters. I n some

embodiments, the front-end circuit is part of an on-board DC charging

circuit/device. I n other embodiments, one or more of the front-end circuit

components can be part of a DC source circuit. I n some embodiments, one or

more the front-end circuit components can be split between an on-board

charging circuit and a DC charging circuit device which can be connected to

the DC charging circuit.

[00129] I n some embodiments, the system includes a DC front-end

stages, and an inverter drive (in the illustrated embodiment, there are two

traction converters connected to an open stator motor).

[00130] I n some embodiments, and front-end circuit and/or the on

board charging circuit is configured to connect to one or more DC sources

(e.g. DC microgrids, or DC chargers) to charge an electric vehicle. I n the

example embodiment shown in Fig 19, an on-board DC charger includes a

dual inverter drive and a DC front-end circuit. I n some instances, the DC

front-end is configured to interface the dual inverter drive to a DC source or

network to enable charging of the electric vehicle (EV). I n some

embodiments, the DC front-end and dual inverter drive work in conjunction

to achieve DC charging that is above and below the voltage of both batteries

in the system combined.



[00131] The DC front-end is composed of one or more switching devices

and/or passive components to facilitate the up and/or down conversion of

input voltage to the batteries in conjunction with the dual inverter.

[00132] I n some embodiments, the DC front-end circuit includes a

switching device controllable in conjunction with switches in one or more

inverter circuits based on voltages of one or more batteries corresponding to

the inverter circuits.

[00133] I n some embodiments, such as the example circuit in FIG. 19,

the front-end switching circuit is configured to control the charging input

from the DC source to two inverter circuits (e.g. Traction Converter 1 and

Traction Converter 2, which correspond to Battery 1 and Battery 2

respectively). I n FIG. 19, the dual inverter drive includes two multi-phase

voltage source converters connected to an open-ended motor.

[00134] I n some embodiments, the front-end circuit includes a capacitor

and a diode in parallel with one or more inverter(s) in the charging circuit.

[00135] I n some embodiments, the system (whether part of the front-

end circuit, an inverter circuit, or elsewhere) can include one or more

controllers configured to control the switching device in the front-end circuit

in conjunction with the switches in the inverter circuit(s).

[00136] I n some embodiments, the DC front-end includes a switching

device. I n some embodiments, the switching device is an active switch. I n

some embodiments, the switching device can be a MOSFET (metal oxide

semiconductor field-effect transistor) or IGBT (insulated-gate bipolar

transistor). Other suitable switching devices can also be used.

[00137] I n different embodiments, the front-end circuit can include other

suitable combinations and/or arrangements of capacitors and/or inductors

placed in series with active switching devices.



[00138] I n some embodiments, the front-end circuit can include multiple

active switching devices.

[00139] For some embodiments of Fig 18, the dual inverter and DC

front-end may be realized with an IGBT, diode, and capacitor as shown in Fig

19.

[00140] The following description is one method of operating the

embodiment as shown in Fig 19. Operation can be divided into two cases,

which are

Case 1: Vb a + Vbatt2 ≤ Vd c

Case 2: Vb a + Vbatt2 > Vd c

[00141] I n Case 1, in some embodiments, the dual inverter drive is

switched such that Sul, Svl, Swl, Su2, Sv2, and Sw2 are on. This inserts

both battery 1 and battery 2 into the circuit path. The DC front-end is used

to regulate the current of the motor by modulating switch Sin. By doing this,

the charger may charge from dc voltage sources which are greater than the

sum of both battery voltages.

[00142] I n some embodiments, Case 1 and /or Case 2 may require a

margin voltage to be overcome before the circuit can charge effect ively e.g.

Case 1: Vb a + Vbatt2 + Vmargin ≤ V c

Case 2: V a t t l + V a t t 2 + Vmargin > V c

[00143] I n Case 2, the dual inverter drive is used t o regulate the current

of the motor by modulating its switches and the DC front-end turns switch

Sin on. By doing this, the charger may charge from dc voltage sources, which

are less than the sum of both battery voltages.

[00144] I n other embodiments, an alternative or additional mode of

operation could have traction converter 1 and 2 regulating the current,



evenly in each phase, of the motor while S
in

is switched on some percentage

of the time (i.e. operated at an appropriate duty cycle. The duty cycle must

be equal to or below (V atti + att2)/ dc in the case of the embodiment shown

in Fig 19.).

[00145] For example, in case 1, S
in

is on, while the rest of the switches

are switched or modulated. In case 2, S
in

is off, while the rest of the switches

are not modulated.

[00146] I n other embodiments, any combination of switching or

modulations schemes can be applied to enable charging based on different

battery voltages relative to the input voltage.

[00147] I n some embodiments, one traction inverter can always be

switched in or out, and the other transaction invertor can switch with S
in

being on or modulated.

[00148] I n another embodiment, bidirectional operation (i.e. power

transfer from the EV to the DC source or network is possible if the diode of

Fig 19 is replaced with an active switch (e.g. MOSFTET / IGBT).

[00149] I n some situation, this system may offer flexibility in charging

from DC sources or networks to enable charging at the fastest rate available

to the vehicle. For comparison, other DC chargers connect directly to the EV

battery. The EV is then able to draw the charger's maximum output current,

but the output voltage of charger is fixed by the battery.

[00150] I n some situations, the circuits utilizing a front-end circuit can

make the output voltage of the charger independent of the battery, which

may allow the EV to charge at the maximum output power of the DC charger.

[00151] Current standards allow for charging up to 1000V whereas most

systems today charge at approximately 400V. As the embodiment can

accommodate charging above and below its battery voltages, it is compatible

with both.



[00152] The major benefits of the embodiment are as follows:

[00153] I n some situations, some example systems described herein

may enable re-deployment of drivetrain components for the purposes of DC

fast charging when the vehicle is stationary.

[00154] I n some situations, some example systems described herein

may enable charging at highest available charging rate by decoupling the

charger from the battery. The EV can be connected to chargers that output

voltages above or below the sum voltages of the batteries.

[00155] I n some situations, some example on-board DC fast chargers

described herein can be directly connected to a DC network (i.e. DC

microgrid) for charging, but can be also compatible with EV DC fast chargers.

[00156] I n some situations, charging rates enabled by the on-board

charger scales with the drivetrain, which typically have higher power ratings.

[00157] I n some situations, bidirectional operation may be achievable

for DC network support. Thus, the EV can work as a back-up power source,

or temporary storage for solar power.

[00158] I n some situations, The DC charging circuit features fault

blocking capability at the DC source, thereby protecting the first battery and

second battery in the event of a DC-side fault. This is achieved by turning off

gating signals to the first inverter module and second inverter module during

a fault. This is an important feature of a preferred embodiment. An

improved gating signal controller, in some embodiments, provides the control

signals for turning off the gating signals to the first inverter module.

[00159] As illustrated in FIG. 20 and described herein or otherwise, in

some embodiments, the front-end circuit can be applied to a single traction

inverter. Once again, the system can be divided into the drivetrain with a DC

front-end. The depicted motor is an open-ended stator just as in Fig 19, but

a motor with an accessible neutral point may be used as well.



[00160] FIG. 21 shows the switch state of switch Sin for the

operational mode for when Vdc > Vbattl + Vbatt2 (e.g. case 1). I n this

example, operational mode, switch Sin is modulated to control the drivetrain

current.

[00161] The first graph shows the switch state of switch Sin. Switch Sin

is modulated to control the drivetrain current.

[00162] The second graph shows that switches Sul, Svl, and Swl are

all gated on to fully insert batteryl into the system. This is also true for

switches Su2, Sv2, and Sw2.

[00163] The third graph shows the drivetrain current idr as indicated in

Fig 19. It is regulated by using Sin. I n this case, 300A is regulated. As the

motor is designed to be symmetric, the current in the motor is split

substantially equally between all three phases of the motor.

[00164] The fourth graph shows the dc source / network voltage and

current. Power is being transferred into the EV.

[00165] The fifth graph shows battery 1 voltage and current, showing

that power is being transferred into battery 1.

[00166] The sixth graph shows battery 2 voltage and current, showing

that power is being transferred into battery 2 .

[00167] FIG. 22 shows the switch state of switch Sin for the operational

mode for when Vdc < = Vbattl + Vbatt2 (e.g. case 2). I n this example,

operational mode, switch Sin is gated on while the traction converters are

modulated to control the drivetrain current.

[00168] The first graph shows the switch state of switch Sin. Switch Sin

is always gated on.

[00169] The second graph shows that switches Sul, Svl, and Swl are

all gated to control the current in each phase of the motor. This is also true



for switches Su2, Sv2, and Sw2. I n this diagram, all phases are switched at

approximately the same time. Additional interleaved modulation techniques

can be used to shift the switching times to reduce ripple current on idr, but

still regulate the current of each phase. The third graph shows the drivetrain

current idr as indicated in Fig 2 . It is regulated by using traction converter 1

and 2 by gating Sul, Svl, Swl, Su2, Sv2, Sw2. I n this case, 300A is

regulated.

[00170] The fourth graph shows the dc source / network voltage and

current. Power is being transferred into the EV.

[00171] The fifth graph shows battery 1 voltage and current, showing

that power is being transferred into battery 1.

[00172] The sixth graph shows battery 2 voltage and current, showing

that power is being transferred into battery 2 .
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Claims

What is claimed is:

1 . A DC charging circuit comprising:

a first inverter module corresponding to a first battery;

a second inverter module corresponding to second battery; and

DC terminals tapping off a high-side of the first inverter module and a

low-side of the second inverter module.

2 . The DC charging circuit of claim 1 wherein the first inverter module

and the second inverter module each comprise a set of three half-bridge

switch networks connected in a cascaded manner with the DC terminals and

the first and second batteries.

3 . A method for the DC charging circuit of claim 2, the method

comprising : controlling the switch networks with complementary switching of

switches between the first inverter module and the second inverter module.

4 . A method for the DC charging circuit of claim 2, the method

comprising : controlling the switch networks with interleaved switching

between parallel phases.

5 . A method for the DC charging circuit of claim 2, the method

comprising : controlling power distribution between the first inverter module

and second inverter module to balance energy between battery modules.

6 . The DC charging circuit of claim 1, wherein the first inverter module

and the second inverter modules are coupled to an electric motor is mounted

in a vehicle and the electric motor is configured for dual-mode operation

comprising a first mode wherein the electric motor provides the drive

functionality to impart forces to move the vehicle, and a second mode



wherein the electric motor provides the charging functionality when

electrically coupled to the power source.

7 . The DC charging circuit of claim 1, further comprising a gating signal

controller configured for providing fault blocking capability at the DC source,

protecting the on-board batteries in the event of a DC-side fault.

8 . The DC charging circuit of claim 1, wherein the DC terminals connect

at a differential connection of a traction system comprising the first inverter

module and the second inverter module.

9 . The DC charging circuit of claim 1, wherein the DC charging circuit is

configured for rapid charging of the first battery and the second battery free

of a standalone charger.

10. The DC charging circuit of claim 1, wherein the DC charging circuit is

configured for charging of the first battery and the second battery when at

least one of the first battery and the second battery are at a low state of

charge.

11. The DC charging circuit of claim 1, wherein the first battery and the

second battery are EV battery packs consisting of n-strings.

12. The DC charging circuit of claim 11, wherein the first battery and the

second battery include evenly split pairs of 2-level voltage source inverters.

13. The DC charging circuit of claim 12, wherein the first battery and the

second battery include battery strings having a same number of cells per

string, maintaining a same nominal voltage as a combination of the first

battery and the second battery.



14. The DC charging circuit of claim 1, wherein AC terminals of each of the

first inverter module and the second inverter module are coupled to open-

ended windings of an electric motor such that machine leakage inductance is

shared between the first inverter module and the second inverter module.

15. The DC charging circuit of claim 1, wherein each of the first inverter

module and the second inverter module includes at least a set of half-bridge

switch networks.

16. The DC charging circuit of claim 1, wherein each of the first inverter

module and the second inverter module includes a set of 3 half-bridge switch

networks.

17. The DC charging circuit of claim 16, wherein each set of 3 half-bridge

switch networks is coupled in a cascaded topology with a DC input and the

first battery and the second battery to account for any voltage mismatch.

18. The DC charging circuit of claim 1, wherein the first inverter module

and the second inverter module include a corresponding upper set of half-

bridge switch networks and a corresponding lower set of half-bridge switch

networks.

19. The DC charging circuit of claim 18, wherein the upper set of half-

bridge switch networks and the lower set of half-bridge switch networks have

a phase shift of 180 degrees.

20. The DC charging circuit of claim 18, wherein parallel phases of signals

of the upper set of half-bridge switch networks and the lower set of half-

bridge switch networks have a phase shift of 120 degrees.



21. The DC charging circuit of claim 18, wherein the upper set of half-

bridge switch networks and the lower set of half-bridge switch networks have

a phase shift of 180 degrees; and

wherein parallel phases of signals of the upper set of half-bridge switch

networks and the lower set of half-bridge switch networks have a phase shift

of 120 degrees.

22. A front-end switching circuit for controlling charging input from a DC

source to at least one inverter circuit, each inverter circuit corresponding to

at least one respective battery, the front-end switching circuit comprising:

a switching device which when positioned in series with the at least

one inverter circuit and the DC source, the switching device configured to

control the charging input provided to the at least one respective battery, the

switching device controllable in conjunction with switches in the at least one

inverter circuit based on at least one voltage of the at least one respective

battery.

23. The front-end switching circuit of claim 22 configured to control

charging input from the DC source to a first inverter circuit corresponding to

a first battery and a second inverter circuit corresponding to a second

battery;

wherein when a sum of the voltages of the first battery and the second

battery are less than an input voltage of the DC source, the switching device

is configured to control the charging input by operating in a first mode; and

when the sum of the voltages of the first battery and the second

battery are greater than the input voltage of the DC source, the switching

device is configured to control the charging input by operating in a second

mode.

24. The front-end switching circuit of claim 23, wherein in the first mode,

the switching device is modulated while switches in the first and second

inverter circuits enabling charging of the first and second battery are on.



25. The front-end switching circuit of claim 23, wherein in the first mode,

the switching device is on while switches in the first and second inverter

circuits enabling charging of the first and second battery are modulated.

26. The front-end switching circuit of claim 24, wherein in the first mode,

the switching device is modulated with a duty cycle equal to or less than the

sum of the voltages of the first battery and the second battery divided by the

input voltage of the DC source.

27. The front-end switching circuit of claim 23, wherein in the second

mode, the switching device is on while switches in the first and second

inverter circuits enabling charging of the first and second battery are

modulated.

28. The front-end switching circuit of claim 22, wherein the switching

device has bi-directional current conduction and uni-polar voltage blocking

capability.

29. The front-end switching circuit of claim 22, comprising an input filter,

and a device like a diode that has uni-directional current conducting and uni

polar voltage blocking capability in parallel with the at least one inverter

circuit.

30. The front-end switching circuit of claim 22, comprising a controller

configured to generate signals for controlling the switching device in

conjunction with switches in the at least one inverter circuit.

31. The front-end switching circuit of claim 22, the front-end switching

circuit including a fault blocking circuit at the DC source, thereby protecting

the on-board batteries in an event of a DC-side fault.



32. A method for controlling charging input from a DC source to at least

one inverter circuit, each inverter circuit corresponding to at least one

respective battery, the method comprising :

controlling a switching device, positioned in series with the at least one

inverter circuit and the DC source, in conjunction with switches in the at least

one inverter circuit based on at least one voltage of the at least one

respective battery.

33. The method of claim 32 wherein the switching device is positioned to

control a charging input from the DC source to a first inverter circuit

corresponding to a first battery and a second inverter circuit corresponding to

a second battery, the method comprising:

when a sum of the voltages of the first battery and the second battery

are less than an input voltage of the DC source, controlling the switching

device to operate in a first mode; and

when the sum of the voltages of the first battery and the second

battery are greater than the input voltage of the DC source, controlling the

switching device to operate in a second mode.

34. The method of claim 33, wherein controlling the switching device to

operate in the first mode comprises modulating the switching device while

switches in the first and second inverter circuits enabling charging of the first

and second battery are on.

35. The method of claim 33, wherein controlling the switching device to

operate in the first mode comprises turning on the switching device while

switches in the first and second inverter circuits enabling charging of the first

and second battery are modulated.

36. The method of claim 34 comprising: in the first mode, modulating the

switching device with a duty cycle equal to or less than the sum of the



voltages of the first battery and the second battery divided by the input

voltage of the DC source.

37. The DC charging circuit of claim 1, wherein the first energy storage

device is a battery and the second energy storage device is a battery.

38. The DC charging circuit of claim 1, wherein the first energy storage

device is a battery and the second energy storage device is of a different

type.

39. The DC charging circuit of claim 38, wherein the second energy

storage device is a supercapacitor.
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