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(124), to the first energy storage device (102), and to the bi-directional DC-to-DC voltage converter (106, 158, 160, 162). The
coupling system (116) has a first configuration configured to transfer electrical energy to the first energy storage device (102) via
the bi- directional DC-to-DC voltage converter (106, 158, 160, 162), and has a second configuration configured to transfer
electrical energy from the first energy storage device (102) to the voltage inverter (134) via the bi-directional DC-to-DC voltage

converter (106, 158, 160, 162).
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APPARATUS FOR ENERGY TRANSFER USING CONVERTER AND METHOD
OF MANUFACTURING SAME

ABSTRACT

According to an aspect of the invention, a motor drive circuit (100, 142, 148, 156,
200, 212, 232, 238) includes a first energy storage device (102) configured to supply
clectrical energy, a bi-directional DC-to-DC voltage converter (106, 158, 160, 162)
coupled to the first energy storage device (102), a voltage inverter (134) coupled to
the bi-directional DC-to-DC voltage converter (106, 158, 160, 162), and an input
device (124) configured to receive electrical energy from an external energy source
(132). The motor drive circuit (100, 142, 148, 156, 200, 212, 232, 238) further
includes a coupling system (116) coupled to the input device (124), to the first energy
storage device (102), and to the bi-directional DC-to-DC voltage converter (106, 158,
160, 162). The coupling system (116) has a first configuration configured to transfer
electrical energy to the first energy storage device (102) via the bi-directional DC-to-
DC voltage converter (106, 158, 160, 162), and has a second configuration configured
to transfer electrical energy from the first energy storage device (102) to the voltage

inverter (134) via the bi-directional DC-to-DC voltage converter (106, 158, 160, 162).
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APPARATUS FOR ENERGY TRANSFKFER USING CONVERTER AND METHOD
OF MANUFACTURING SAME

BACKGROUND OF THE INVENTION

The invention relates generally to hybrid and electric vehicles, and more specifically

to systems for charging the energy storage devices used for powering hybrid and

electric vehicles.

Hybrid electric vehicles combine an internal combustion engine and an electric motor
that is typically powered by an energy storage device, such as a traction battery. Such
a combination may increase overall fuel efficiency by enabling the combustion engine
and the electric motor to each operate in respective ranges of increased efficiency.
Electric motors, for example, may be efficient at accelerating from a standing start,
while combustion engines may be efficient during sustained periods of constant
engine operation, such as in highway driving. Having an electric motor to boost
initial acceleration allows combustion engines in hybrid vehicles to be smaller and

more fuel efficient.

Purely electric vehicles typically use stored electrical energy to power an electric
motor, which propels the vehicle. Purely electric vehicles may use one or more
sources of stored electrical energy. For example, a first source of stored electrical
energy may be used to provide longer-lasting energy while a second source of stored

electrical energy may be used to provide higher-power energy for, for example,

acceleration.

Plug-in hybrid electric vehicles are configured to use electrical energy from an
external source to recharge the traction battery. This saves fuel by reducing the
amount of time the internal combustion engine must operate to recharge the traction
battery. Such vehicles, which may include on-road and off-road vehicles, golf carts,

forklifts and utility trucks may use either off-board stationary battery chargers or on-
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board battery chargers to transfer electrical energy from an external energy source,
such as the utility grid, to the vehicle’s on-board traction battery. Plug-in hybrid
passenger vehicles typically include circuitry and connections to facilitate the
recharging of the traction battery from an external energy source, such as the utility
orid, for example. Typically, the battery charging circuitry includes boost converters,
high-frequency filters, choppers, inductors and other electrical components. These
additional components which are not generally used during vehicle operation add cost

and weight to the vehicle.

It would therefore be desirable to provide an apparatus to facilitate the transfer of
electrical energy from an external source to the on-board electrical storage device of a
plug-in vehicle that reduces the number of components dedicated only to transferring

energy between the on-board electrical storage device and the external source.
BRIEF DESCRIPTION OF THE INVENTION

According to an aspect of the invention, a motor drive circuit includes a first energy
storage device configured to supply electrical energy, a bi-directional DC-to-DC
voltage converter coupled to the first energy storage device,a voltage inverter coupled
to the bi-directional DC-to-DC voltage converter, and an input device configured to
receive electrical energy from an external energy source. The motor drive circuit
further includes a coupling system coupled to the input device, to the first energy
storage device, and to the bi-directional DC-to-DC voltage converter. The coupling
system has a first configuration configured to transfer electrical energy to the first
energy storage device via the bi-directional DC-to-DC voltage converter, and has a
second configuration configured to transfer electrical energy from the first energy
storage device to the voltage inverter via the bi-directional DC-to-DC voltage

converter.

In accordance with another aspect of the invention, a method of manufacturing that
includes providing a first energy storage device, coupling a first bi-directional
buck/boost converter to the first energy storage device, and coupling an input device
to the first bi-directional buck/boost converter. The input device is configured to

receive electrical energy from an external energy source. The method further includes
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coupling one or more coupling devices to the first bi-directional buck/boost converter,
to the first energy storage device, and to the input device, the one or more coupling
devices configured to cause electrical energy to charge the first energy storage device
via the first bi-directional buck/boost converter, and configured to cause electrical

energy from the first energy storage device to transfer to the voltage inverter via the

first bi-directional buck/boost converter.

According to yet another aspect of the invention, a traction system includes an electric
motor configured to propel a vehicle and a voltage inverter configured to supply an
AC power signal to the electric motor. The system also includes a motor drive circuit
configured to supply a DC power signal to the voltage inverter. The motor drive
circuit has a first battery and a first bi-directional buck/boost converter coupled to the
first battery, the first bi-directional buck/boost converter having a first inductor and a
first transistor. The motor drive circuit also has an input device configured to receive
electrical energy from an external energy source and has a coupling system having a
first configuration in which the external energy source is coupled to the first battery
via the input device and the first bi-directional buck/boost converter. The coupling
system also has a second configuration in which the first battery is coupled to the

voltage inverter via the first bi-directional buck/boost converter.

Various other features and advantages will be made apparent from the following

detailed description and the drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate embodiments presently contemplated for carrying out the

invention.
In the drawings:

FIG. 1 1s a schematic diagram illustrating a traction system according to an

embodiment of the invention.

FIG. 2 1s a schematic diagram 1illustrating a traction system according to another

embodiment of the invention.
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FIG. 3 is a schematic diagram illustrating a traction system according to another

embodiment of the invention.

FIG. 4 is a schematic diagram illustrating a traction system according to another

embodiment of the invention.

FIG. 5 is a schematic diagram 1illustrating a traction system according to another

embodiment of the invention.

FIG. 6 is an alternate embodiment of the traction system illustrated in FIG. 5

according to another embodiment of the invention.

FIG. 7 is a schematic diagram illustrating a traction system according to another

embodiment of the invention.

FIG. 8 is a schematic diagram illustrating a traction system according to another

embodiment of the invention.

FIG. 9 is a schematic diagram illustrating a traction system according to an

embodiment of the invention.
DETAILED DESCRIPTION

In an embodiment of the invention illustrated in FIG. 1, a traction system 100 usable
in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or stationary electric
drive system is shown. Traction system 100 includes a first energy storage device
102, which may be a battery, a fuel cell, an ultracapacitor, or the like, coupled to an
inductor 104 of a bi-directional DC-to-DC voltage converter 106. Inductor 104 is
coupled to a first transistor 108 and a second transistor 110 connected in series. Each
of the transistors 108, 110 1s coupled in anti-parallel with a first and second diode 112,
114, respectively. A coupling system 116 includes a switch 118, which may be, for
example, a contactor, a relay, a semiconductor switch, or the like. Switch 118 has a
first position 120 and a second position 122 that 1s coupled to first transistor 108.
When switch 118 1s in first position 120, bi-directional DC-to-DC voltage converter

106 is coupled to an input device 124, which includes a diode rectifier 126 and a
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receptacle 128, 129 configured to connect to an electrical plug 130, 131 of an external

energy source 132 for transfer of DC or AC electrical energy. In an embodiment of
the invention, an electrical cord 133 incorporating plug 130, 131 may be coupled to an
outlet (not shown) coupled to external energy source 132 to electrically connect
external energy source 132 to input device 124 for transfer of DC or AC electrical
energy. External energy source 132 may be, for example, a utility grid. When switch
118 is in second position 122, bi-directional DC-to-DC voltage converter 106 is
coupled to a three-phase DC-to-AC voltage inverter 134, which inverts DC power into
AC power for driving an electric motor 136. Embodiments of the invention are not
limited to three-phase voltage inverters and may include voltage inverters with a

greater or lesser number of phases.

In an embodiment of the invention, a second energy storage device 138 (shown in
phantom), which may be a battery, a fuel cell, an ultracapacitor, or the like, is coupled
to voltage inverter 134. Bi-directional DC-to-DC voltage converter 106 may be a bi-
directional buck/boost converter. As such, bi-directional buck/boost converter 106
may include a capacitor 140 (shown in phantom) coupled across the two transistors
108, 110. When charging energy storage devices 102, 138 using voltage from an
external energy source 132, bi-directional DC-to-DC voltage converter 106 permits
modulation or buck conversion of the voltage to control the energy transfer between
external energy source 132 and energy storage devices 102, 138. An increase in the
power factor compared to conventional battery chargers results in a more efficient

transfer of energy to the storage devices 102, 138.

The power factor of an AC electric power system is defined as the ratio of the real
power to the apparent power and may be expressed as a number between 0 and 1 or as
a percentage between 0 and 100. Real power is the capacity of the circuit for
performing work 1n a particular time. Apparent power is the product of the current
and voltage of the circuit. Due to energy stored 1n the load and returned to the source,
or due to a non-linear load that distorts the wave shape of the current drawn from the
source, the apparent power can be greater than the real power. A circuit with a lower

power factor performs less work than a circuit with a higher power factor. Therefore,
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to perform the same amount of work, a higher voltage or current is input into the

circuit with the lower power factor.

In circuits having sinusoidal currents and voltages, the power factor may be decreased
due to differences in phase between the current and voltage. Switch-mode power
supplies may be configured to control the amount of power drawn by a load to
increase the energy transfer power factor. In some applications, a switch-mode power
supply, such as one including a buck/boost converter for example, controls the current
output therefrom so that the current waveform 1s proportional to the voltage waveform
output therefrom. For example, the buck/boost converter may shape the current
waveform into a sine wave that is in phase with a sine wave of the voltage waveform.
The boost converter can be controlled to maintain a constant DC bus output line
voltage while drawing a current that 1s in phase with, and at the same frequency as,

the output line voltage.

In operation, switch 118 is placed in second position 122 during normal vehicle
operation (i.e., motoring). First energy storage device 102 supplies a DC voltage to
bi-directional DC-to-DC voltage converter 106, which steps up, or boosts, the DC
voltage. The boosted DC voltage is converted into an AC voltage by voltage inverter
134 to drive electric motor 136. Likewise, during normal vehicle operation (i.e.
deceleration or while braking, often referred to as regenerative braking), electric drive
motor 136 acts as an electrical generator and an AC voltage 1s converted to a DC
voltage in the voltage inverter 134 and supplies a DC voltage to bi-directional DC-to-
DC voltage converter 106, which steps down, or bucks, the DC voltage and supplies
the DC voltage to partially recharge the first energy storage device 102.

Switch 118 is placed in first position 120 during recharging of first energy storage
device 102 from the external source 132. Plug 130, 131 transfers power from external
energy source 132, such as the utility grid, through receptacle 128, 129 to diode
rectifier 126. In an embodiment of the invention, diode rectifier 126 converts an AC
voltage into a DC voltage, which generates an electric current that charges first energy
storage device 102 through first transistor 108, second diode 114, and inductor 104.

By toggling switch 118 to second position 122, first energy storage device 102

-6 -
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supplies a DC voltage to bi-directional DC-to-DC voltage converter 106, which
boosts the DC voltage and supplies the boosted DC voltage to charge second energy
storage device 138 through switch 118.

An embodiment of the invention illustrated in FIG. 2 shows a traction system 142
usable in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or stationary
electric drive system. Elements and components common to traction systems 100 and
142 will be discussed relative to the same reference numbers as appropriate. FIGS. 3-
8 will also discuss common components relative to the same reference numbers.
Switch 118, rather than being directly coupled to first transistor 108 as shown in FIG.
1, is directly coupled to inductor 104 of bi-directional DC-to-DC voltage converter
106. In a first position 144, switch 118 couples bi-directional DC-to-DC converter
106 to first energy storage device 102. In a second position 146, switch 118 couples

bi-directional converter 106 to input device 124.

In operation, switch 118 1is placed in first position 144 during normal vehicle
operation (i.e., motoring or regenerative braking). As in the embodiment described
with respect to FIG. 1, during motoring, first energy storage device 102 supplhies a DC
voltage to bi-directional DC-to-DC voltage converter 106, which steps up, or boosts,
the DC voltage that is then output to second energy storage device 136 and converted
into an AC voltage by voltage inverter 134 to drive the electric motor 136. Similar to
FIG. 1, during regenerative braking, motor 136 acts as a generator and electrical
energy and power are transferred through inverter 134, to partially recharge second
energy storage device 138, if present, plus transfer of electrical energy and power
through bi-directional DC-DC converter 106, (acting in buck mode) to partially

recharge first energy storage device 102.

Placing switch 118 in second position 146 couples inductor 104 to input device 124.
Diode rectifier 126 provides a DC charging signal to bi-directional DC-to-DC voltage
converter 106, which outputs a boosted charging DC signal to charge second energy
storage device 138. By toggling switch 118 to first position 144, electrical energy can
be transferred from second energy storage device 138 through first transistor 108,

diode 114 and inductor 104 to charge first energy storage device 102.

-7 -



CA 02682843 2009-10-15
235150

An embodiment of the invention illustrated in FIG. 3 includes a traction system 148
usable in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or other
stationary electric drive system. In this embodiment, coupling system 116 includes a
first, second, and third contactor 150, 152, and 154, respectively. First energy storage
device 102 1s directly coupleable to inductor 104 through first contactor 150 and
directly coupleable to first transistor 108 through a second contactor 152. First

transistor 108 1s directly coupleable to second energy storage device 138 through a

third contactor 154.

In operation, first energy storage device 102 is charged when second contactor 152 is

closed and the other two contactors 150, 154 are open. Electrical energy from
external energy source 132 flows through inductor 104, first contactor 152, and the
bidirectional converter 106, which acts as a boost converter to charge first energy
storage device 102. When in this boost mode, transistor 110 switches at a high
frequency and inverse diode 112 acts as a “freewheeling” diode. Second energy
storage device 138, if present, is charged when third contactor 154 1s closed and the
other two contactors 150, 152 are open. In one example, electrical energy from the
utility grid, converted to a DC signal by diode rectifier 126, flows through inductor
104, third contactor 154 and the bidirectional DC-to-DC voltage converter 106 acts as
a boost converter to charge second energy storage device 138. It is contemplated that
first and second energy storage devices 102, 138 may be simultaneously charged by

closing second and third contactors 152, 154 and opening second contactor 150.

When the vehicle 1s 1in motoring mode, contactors 150 and 154 are closed and the
other contactor 152, 1s open. During motoring, first energy storage device 102
supplies a DC voltage through the contactor 150 to bi-directional DC-to-DC voltage
converter 106 which boosts the DC signal. The DC power signal from converter 106
flows through the third contactor 154. DC power from converter 106 and second
energy storage device 138 1s converted into an AC signal by voltage inverter 134 to
drive electric motor 136. Operation during regenerative braking is similar as described
above, where bi-directional DC-to-DC voltage converter 106 bucks the higher voltage
from the DC side of the DC-to-AC voltage inverter 134 to the lower voltage to
partially charge the first energy storage device 102.

_Q .
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An embodiment of the invention illustrated in FIG. 4 shows a traction system 156
usable in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or stationary
electric drive system. Traction system 156 includes a first, second, and third bi-
directional DC-to-DC voltage converter 158, 160, 162 coupled in parallel. Converters
158-162 respectively include a first, second, and third inductor 164, 166, 168 of
traction system 156. Converter 158 includes a first and second transistor 170, 172
and a first and second diode 174, 176 of traction system 156. Converter 160 includes
a third and fourth transistor 178, 180 and a third and fourth diode 182, 184 of traction
system 156. Converter 162 includes a fifth and sixth transistor 186, 188 and a fifth
and sixth diode 190, 192 of traction system 156. Each transistor 170, 172, 178, 180,
186, 188 1s coupled in anti-parallel with a respective diode 174, 176, 182, 184, 190,
192. Each of the bi-directional DC-to-DC voltage converters 158-162 may be a bi-

directional buck/boost converter.

Coupling system 116 includes a first, second, and third contactor 194, 196, and 198,
respectively. First energy storage device 102 is directly coupleable to second inductor
166, to third inductor 168, and to first inductor 164 through first contactor 194.
Second contactor 196 is coupled between first transistor 170 and first energy storage
device 102. Third contactor 198 is coupled between first transistor 170 and three-

phase voltage inverter 134, which 1s coupled to electric motor 136.

In operation, first energy storage device 102 is charged when second contactor 196 is
closed and the other two contactors 194, 198 are open. External energy source 132
provides a DC power signal or an AC power signal, for example from the utility grid,
which 1s converted into a DC signal by diode rectifier 126. The DC signal flows
through inductor 164, first contactor 196 and bidirectional DC-to-DC voltage

converter 158 to first energy storage device 102.

Second energy storage device 138, if present is charged when third contactor 198 is
closed and the other two contactors 194, 196 are open. In this case, an AC power
signal, as might be provided by the utility grid, 1s converted to a DC signal by diode
rectifier 126. The DC signal flows through bi-directional DC-to-DC voltage
converter 158 (first inductor 164, second transistor 172, first diode 174) and through

_Q.
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third contactor 198 to second energy storage device 138. When the vehicle 1s
motoring, second contactor 196 1s open and the other two contactors 194, 198 are
closed. In this mode, first energy storage device 102 supplies a DC signal to each of
the inductors 166, 168, 164 of the respective bi-directional DC-to-DC voltage
converters 158, 160, 162. Each of the three voltage converters 158, 160, 162 boosts
the DC signal from first energy storage device 102 and outputs the boosted voltage to
voltage inverter 134, where the resulting DC signal 1s converted into an AC signal
suitable for driving electric motor 136. One or all of the boost converters may be used
depending on the power needed. If low power 1s needed, only one of the converters
can be used to increase overall part load efficiency. When more than one converter is
used, their switching may be interleaved to increase the effective switching frequency
and thereby reduce ripple current and voltage on first energy storage device 102 and
any other DC bus filters (not shown). Operation during regenerative braking is
similar as described above, where bi-directional DC-to-DC voltage converters 158,
160, 162 are operated in a buck mode to reduce the voltage generated by motor 136

after passing through voltage inverter 134.

An embodiment of the invention illustrated in FIG. 5 shows an embodiment of a
traction system 200 usable in a vehicle, such as a plug-in electric or plug-in hybrid
vehicle, or other stationary electric drive system. Coupling system 116 includes a
first, second, third, and fourth contactor 202, 204, 206, 208. First energy storage
device 102 is directly coupleable to first inductor 164 through first contactor 202 and
to second inductor 166 through second contactor 204. First energy storage device 102
is directly coupled to third inductor 168. Outputs of the three bi-directional DC-to-
DC voltage converters 158, 160, 162 are coupled to voltage inverter 134, which 1s, 1n
turn, coupled to electric motor 136. Input device 124 having receptacle 128, 129 for a
plug 130, 131 1s configured to receive electrical power from external energy source
132, which may be an external AC power source, such as the utility grid. One
terminal of input device 124 1s directly coupleable to second inductor 166 through
fourth contactor 208, and the second terminal of mput device 124 1s directly

coupleable to first inductor 164 through third contactor 206.

- 10 -
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In an alternate embodiment of the invention, input device 124 further includes a
transformer 210 (shown in phantom) to isolate system 200 from external energy
source 132. Typically, electrical outlets provide 120 volts AC or 240 volts AC.
Transformer 210 could be configured to step up the utility grid voltage at input device
124 from 120 Vac or 240 Vac to 480 Vac or higher. The higher voltage allows for
faster charging of energy storage devices 102, 132,

In operation, both first energy storage device 102 and second energy storage device
138 are charged when the third and fourth contactors 206, 208 are closed and the first
and second contactors 202, 204 are open. External energy source 132 provides a
voltage to system 200 at input device 124. With no rectifier, the first and second bi-
directional voltage converters 158, 160 are used to convert an AC input voltage into a
DC voltage via an AC source coupled between to full bridge phase legs, comprised of
transistors 178, 180 in one phase leg and 170 and 172 in the second phase leg. Note,
the operation of two phase legs in the two bi-directional DC-DC converters 158, 160
is similar to operation of two of the three phase legs of DC-to-AC voltage inverter 134
during regenerative braking mode when electric motor 136 generates an AC voltage

and voltage inverter 134 produces a DC voltage.

When the vehicle 1s motoring, the first and second contactors 202, 204 are closed and
the third and fourth contactors 206, 208 are open. In this case, closing the first and
second contactors 202, 204 results in coupling first energy storage device 102 to the
first, second and third inductors 164, 166, 168 of the respective bi-directional DC-to-
DC voltage converters 158, 160, 162. Converters 158, 160, 162 boost the DC voltage
from first energy storage device 102 and output the boosted DC voltage to voltage
inverter 134 and to second energy storage device 138, if present. Voltage inverter

134 converts the DC voltage into an AC voltage suitable for driving electric motor
136.

FIG. 6 shows an alternate embodiment of traction system 200 illustrated in FIG. 5. In

this embodiment, external energy source 132 is a DC power source and utilizes either

a single bi-directional DC-DC converter, for example either 160 or 158, or for higher

power charging applications, utilizes two bi-directional DC-to-DC voltage converters

~-11 -
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160, 158 in a parallel mode using asynchronous and staggered switching to
advantageously minimize ripple current to further increase charger efficiency. A first
positive terminal 205 of DC power source 132 is directly connected, through plug
130, 131 and receptacle 128, 129, to a contactor such as contactor 208 as shown for
single DC-to-DC boost converter operation. Positive terminal 205, however, may
instead be connected to contactor 206 (as shown in phantom) for single DC-to-DC
boost converter operation. For higher power operation, positive terminal 205 may be
connected, through plug 130, 131 and receptacle 128, 129, to both contactors 208 and
206. A negative terminal 209 of DC power source 132 1s directly connected, through

plug 131 and receptacle 129, to a common line 211 of traction system 200.

For charging of first energy storage device 102 and, 1f present, second energy storage
device 138, first positive terminal 205 supplies DC power through contactor 208 to
second bi-directional DC-to-DC voltage converter 160. If contactor 206 1s also
connected to first positive terminal 205, DC power is supplied to first bi-directional
DC-to-DC voltage converter 158. DC power flows directly to second energy storage

device 138, and through transistor 186 and inductor 168 to first energy storage device
102.

When the vehicle is motoring, contactor 204 and contactor 202, if present, are closed
and contactor 208 and contactor 206, if present, are open. In this case, closing
contactors 202, 204 results in coupling first energy storage device 102 to the first,
second and third inductors 164, 166, 168 of the respective bi-directional DC-to-DC
voltage converters 158, 160, 162. Converters 158, 160, 162 boost the DC voltage
from first energy storage device 102 and output the boosted DC voltage to voltage
inverter 134 and to second energy storage device 138, if present. Voltage mverter

134 converts the DC voltage into an AC voltage suitable for driving electric motor

136.

An embodiment of the invention illustrated in FIG. 7 shows a traction system 212
usable in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or stationary
electric drive system. Coupling system 116 includes a first, second, third, and fourth

contactor 214, 216, 218, 220. First energy storage device 102 is directly coupleable to

_12 -
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first inductor 164 through first contactor 214 and to second inductor 166 through
second contactor 216. First energy storage device 102 is directly coupled to third
inductor 168. Outputs of the three bi-directional DC-to-DC voltage converters 158,
160, 162 are coupled to voltage inverter 134 which is, in turn, coupled to electric
motor 136. Input device 124 has an isolation transformer 222, rather than diode
rectifier 126, coupled to receptacle 128, 129. Isolation transformer 222 includes a
first inductor winding 224 and a second inductor winding 226. Second inductor
winding 226 is directly coupleable, through third contactor 218, to a node 228
between first and second transistors 170, 172 of first bi-directional DC-to-DC voltage
converter 158. Second inductor winding 226 is also directly coupleable, through a
fourth contactor 220, to a node 230 between third and fourth transistors 178, 180 of
second bi-directional DC-to-DC voltage converter 160. In this embodiment,
transformer winding inductance is used instead of bidirectional DC-DC converter
inductors 164, 166 as shown i Fig. 5, during charging operation of first energy
storage device 102 and second energy storage device 138, if present, with connection

to external] AC power source 132.

In operation, both first energy storage device 102 and second energy storage device
138, if present, are charged when the third and fourth contactors 218, 220 are closed
and the first and second contactors 214, 216 are open. Depending on the
configuration of isolation transformer 222 and inductor windings 224, 226, the
voltage from external energy source 132 through input device 124 may be 120 Vac,
240 Vac, 480 Vac, or some higher voltage. Operation of the two full phase legs from
bi-directional DC-to-DC voltage converters 160, 158 convert the AC voltage applied
to the mid-point of the full phase transistor bridge circuits using the transformer
winding inductance i1s similar to operation of DC-to-AC voltage inverter 134 during
regenerative braking operation when the AC voltage from motor 136 is converted to
a DC voltage at inverter 134. That same DC voltage is also supplied to fifth transistor
186 and third inductor 168 of third bi-directional DC-to-DC voltage converter 162 to
charge first energy storage device 102 using the bi-directional DC-to-DC voltage

converter 162 in a buck mode of operation.
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When the vehicle or stationary electric drive system i1s motoring, the first and second
contactors 214, 216 are closed and the third and fourth contactors 218, 220 are open.
First energy storage device 102 supplies a DC voltage to first inductor 164 through
first contactor 220, and to second inductor 166 through second contactor 216, and to
third inductor 168 directly. The three bi-directional DC-to-DC voltage converters
158, 160, 162 boost the DC voltage and supply the boosted voltage to voltage inverter
134 which converts the DC voltage into an AC voltage suitable for dnving electric

motor 136.

An embodiment of the invention illustrated in FIG. 8 shows a traction system 232
usable in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or stationary
electric drive system. Coupling system 116 includes a contactor 234. First energy
storage device 102 is directly coupleable to first inductor 164 through contactor 234
and is directly coupled to second and third inductors 166, 168. Input device 124
includes a power bus 236 coupling receptacle 128, 129 to first bi-directional DC-to-
DC voltage converter 158. In an embodiment of the invention, input device 124
includes diode rectifier 126 and optional transformer 222 (shown in phantom) which

is coupled to receptacie 128, 129.

In operation, first energy storage device 102 is charged by opening contactor 234 to
remove a direct parallel connection between first energy storage device 102 and input
device 124. Second energy storage device 138 1s charged by bidirectional DC-to-DC
voltage converter 158 operating in boost mode. Storage device 102 can be charged
simultaneously by either or both of bidirectional DC-to-DC voltage converters 160
and 162 operating in buck mode. In one embodiment, external power source 132
provides an AC voltage to input device 124, where the signal 1s converted into a DC
voltage by diode rectifier 126. In an alternate embodiment of the invention, external
energy source 132 is a DC power source and supplies a DC voltage to input device
124. The DC signal from diode rectifier 126 flows through first inductor 164, first
transistor 170 and first diode 174 to second energy storage device 138. First energy
storage device 102 can be charged through either, second inductor 166 and third
transistor 178, or through third inductor 168 and fifth transistors 186.
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When the vehicle 1s motoring, or the stationary electric drive 1s not connected to the
external source 132, contactor 234 1s closed, and receptacle 128, 129 1s disengaged
from plug 130, 131. First energy storage 102 device supplies a DC voltage to the
first, second and third inductors 164, 166, 168 of the first, second and third bi-
directional DC-to-DC voltage converters 158, 160, 162 to boost the DC voltage. The
boosted DC voltage is output to voltage inverter 134, which converts the DC voltage

into an AC voltage suitable for driving electric motor 136.

An alternate embodiment of system 232 includes 1solation transformer 222 (shown in
phantom) coupled to diode rectifier 126 of input device 124. Depending on its
configuration, transformer 222 can step up the voltage supplied by external energy

source 132. Increasing the input voltage into system 232 may reduce the time needed

to charge energy storage devices 102, 138.

An embodiment of the invention illustrated in FIG. 9 shows a traction system 238
usable in a vehicle, such as a plug-in electric or plug-in hybrid vehicle, or a stationary
electric drive system. First and fifth transistors 170, 186 are directly coupled to
second energy storage device 138. Coupling system 116 includes a first and second
contactor 240, 242. Third transistor 178 1s directly coupleable to second energy
storage device 138 through first contactor 240. First storage device 102 1s directly
coupleable to first and second inductors 164, 166 through second contactor 242 and 1s
coupled to third inductor 168 directly. Input device 124 includes diode rectifier 126
and receptacle 128, 129 for electric plug 130, 131 and 1s configured to receive

electrical energy from external energy source 132.

In operation, second energy storage device 138, 1f present, 1s charged by opening first
and second contactors 240, 242. If second energy storage device 138 1s not present, a
large DC link filter capacitor (not shown) associated with the DC-to-AC voltage
inverter 134 that performs a DC link filtering or smoothing function allows the DC
input voltage at inverter 134 to be filtered, and the value of the voltage is regulated in
part by the power used to charge first energy storage device 102 through bi-directional
DC-to-DC voltage converter 162. External energy source 132 supplies an input

voltage to system 238 through input device 124. If necessary (i.e., 1f external energy
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source 132 1s an AC energy source), diode rectifier 126 converts an AC input voltage
into a DC signal. In buck mode (i.e., instantaneous input voltage is higher than the
voltage of second energy storage device 138), electrical energy from input device 124
is supplied through third switching transistor 178, first and second inductors 164, 166
first and fourth diodes 174, 184 (the freewheel diode), to second energy storage
device 138. In boost mode (i.e., instantaneous input voltage 1s below the voltage of
energy storage device 138), transistor 178 continuously conducts and second
transistor 172 1s switched to regulate the output of first bi-directional DC-to-DC
voltage converter, 158. Electrical energy from input device 124 is supplied through
third transistor 178, first and second inductors 164, 166, first diode 174, to second
energy storage device 138. Generally, the output voltage from first and second bi-
directional DC-to-DC voltage converters 158, 160 1s controlled and set at a leve] that
maximizes an energy transfer power factor between external energy source 132 and
second energy storage device 138. Energy 1s transterred from second energy storage
device 138 to charge first energy storage device 102 through third bi-directional DC-
to-DC voltage converter 162. Electrical energy flows through switching fifth
transistor 186, freewheeling sixth diode 192 and third inductor 168 to charge first
energy storage device 102. It 1s noted that this arrangement allows for both bucking
and boosting of the input source and therefore allows near sinusoidal current to be
drawn from the input AC line (thus achieving high power factor) independent of the
AC input voltage level. In addition, any practical DC source voltage can be
accommodated since the converters 158, 160 can either buck or boost resulting 1n an

extremely tlexible charging system.

During motoring, first and second contactors 240, 242 are closed. First energy
storage device 102 supplies a DC voltage to first and second bi-directional DC-to-DC
voltage converters 158, 160 through second contactor 242, and to third bi-directional
DC-to-DC voltage converter 162 directly. Each of the bi-directional DC-to-DC
voltage converters 158, 160, 162 boosts the DC voltage from first energy storage
device 102 and outputs the boosted voltage to voltage inverter 134, which converts
the DC voltage into an AC voltage suitable for driving electric motor 136. One or all

of the boost converters may be used depending on the power needed. If low power is
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needed, only one of the converters can be used to increase overall part load efficiency.
When more than one converter is used, their switching may be interleaved to increase
the effective switching frequency and thereby reduce ripple current and voltage on

first energy storage device 102 and any other DC bus filters (not shown).

According to one embodiment of the invention, a motor drive circuit includes a first
energy storage device configured to supply electrical energy, a bi-directional DC-to-
DC voltage converter coupled to the first energy storage device, a voltage inverter
coupled to the bi-directional DC-to-DC voltage converter, and an input device
configured to receive electrical energy from an external energy source. The motor
drive circuit further includes a coupling system coupled to the input device, to the first
energy storage device, and to the bi-directional DC-to-DC voltage converter. The
coupling system has a first configuration configured to transfer electrical energy to the
first energy storage device via the bi-directional DC-to-DC voltage converter, and has
a second configuration configured to transfer electrical energy from the first energy
storage device to the voltage inverter via the bi-directional DC-to-DC voltage

converter.

In accordance with another embodiment of the invention, a method of manufacturing
that includes providing a first energy storage device, coupling a first bi-directional
buck/boost converter to the first energy storage device, and coupling an input device
to the first bi-directional buck/boost converter. The mput device 1s configured to
receive electrical energy from an external energy source. The method further includes
coupling one or more coupling devices to the first bi-directional buck/boost converter,
to the first energy storage device, and to the input device, the one or more coupling
devices configured to cause electrical energy to charge the first energy storage device
via the first bi-directional buck/boost converter, and configured to cause electrical
energy from the first energy storage device to transfer to the voitage inverter via the

first bi-directional buck/boost converter.

In accordance with yet another embodiment of the invention, a traction system
includes an electric motor configured to propel a vehicle and a voltage inverter

configured to supply an AC power signal to the electric motor. The system also
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includes a motor drive circuit configured to supply a DC power signal to the voltage
inverter. The motor drive circuit has a first battery and a first bi-directional
buck/boost converter coupled to the first battery, the first bi-directional buck/boost
converter having a first inductor and a first transistor. The motor drive circuit also has
an input device configured to receive electrical energy from an external energy source
and has a coupling system having a first configuration in which the external energy
source is coupled to the first battery via the input device and the first bi-directional
buck/boost converter. The coupling system also has a second configuration in which
the first battery is coupled to the voltage inverter via the first bi-directional buck/boost

converter.

While there have been described herein what are considered to be preferred and
exemplary embodiments of the present invention, other modifications of these
embodiments falling within the scope of the invention described herein shall be

apparent to those skilled in the art.
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WHAT IS CLAIMED I&:

1. A motor drive circuit comprising:

a first energy storage device configured to supply electrical energy;

a bi-directional DC-to-DC voltage converter coupled to the first energy
storage device, wherein the bi-directional DC-to-DC voltage converter comprises a first
bi-directional buck/boost converter;

a voltage inverter coupled to the bi-directional DC-to-DC voltage converter;

a second energy storage device configured to supply electrical energy to the
voltage inverter;

a second bi-directional buck/boost converter coupled to the first bi-
directional buck/boost converter, wherein the first and second bi-directional buck/boost
converters are configured to modulate a voltage for charging the second energy storage
device;

an input device configured to receive electrical energy from an external
encrgy source; and

a coupling system coupled to the input device, to the tirst energy storage
device, and to the bi-directional DC-to-DC voltage converter, the coupling system
having a f{irst configuration configured to transfer electrical energy to the first energy
storage device via the bi-directional DC-to-DC voltage converter, and having a second
configuration configured to transfer electrical energy from the first energy storage

device to the voltage inverter via the bi-directional DC-to-DC voltage converter.

2. The motor drive circuit of claim 1 wherein the first energy storage

device comprises one of a battery and a fuel cell, and wherein the second energy storage

device comprises one of a batiery and an ultracapacitor.

3. The motor drive circuit of claim 1 wherein the first energy storage
device is configured to maximize energy output, and wherein the second energy storage

device 1s configured to maximize power outpul.

4. The motor drive circuit of claim 1 wherein the coupling system has a

third configuration configured to transfer electrical energy to the second energy storage

device via the bi-directional DC-to-DC voltage converter.
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d. The motor drive circuit of claim 1 wherein the coupling system
comprises one or more coupling devices selected from the group consisting ot a

contactor and a semiconductor switch.

0. The motor drive circuit of claim 1 wherein the input device
COMPprises:
a receptacle configured to receive an electric plug; and

a voltage rectifier coupled to the receptacle.

7. The motor drive circuit of claim 6 wherein the voltage rectifier

comprises a diode rectitier.

8. The motor drive circuit of claim 6 wherein the input device turther

comprises a transformer coupled between the voltage rectifier and the receptacle.

9. A method of manufacturing comprising;:

providing a first energy storage device;

coupling a first bi-directional buck/boost converter to the first energy storage
device;

coupling a plurality of bi-directional buck/boost converters to the first bi-
directional buck/boost converter;

coupling an input device to the first bi-directional buck/boost convertcr, the
input device configured to receive electrical energy from an external energy source;

coupling one or more coupling devices to the first bi-directional buck/boost

converter, to the first energy storage device, and to the input device, wherein the one or
more coupling devices is configured to cause electrical energy to charge the first energy
storage device via the first bi-directional buck/boost converter and configured to cause
clectrical energy from the first energy storage device to transfer to the voltage inverter
via the first bi-directional buck/boost converter; and

configuring the first bi-directional buck/boost converter and one of the
plurality of bi-directional buck/boost converters to modulate a voltage from the external
energy source to the first energy storage device such that an energy transter power

factor 1s maximized.
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10.  The method of claim 9 further comprising incorporating a voltage

rectifier into the input device.

11.  The method of claim 9 wherein coupling one or more coupling
devices comprises coupling a switch to an inductor of the first bi-directional buck/boost
converter and configuring the switch to toggle a coupling of the inductor between the

input device and the first energy storage device.

12.  The method of claim 9 further comprising coupling a second energy

storage device in parallel with the first bi-directional buck/boost converter.

13. The method of claim 12 wherein coupling one or more coupling
devices comprises coupling a switch to a transistor of the first bi-directional buck/boost
converter and configuring the switch to toggle a coupling of the transistor between the

input device and the second energy storage device.

14.  The method of claim 9 wherein coupling one or more coupling
devices comprises coupling a contactor between the first energy storage device and an

inductor of the first bi-directional buck/boost converter.

15. A traction system comprising:

an electric motor configured to propel a vehicle;

a voltage inverter configured to supply an AC power signal to the electric
motor; and

a motor drive circuit configured to supply a DC power signal to the voltage

inverter, the motor drive circult comprising:

a first battery;

a first bi-directional buck/boost converter coupled to the first battery,
the first bi-directional buck/boost converter having a tirst inductor and a tirst transistor;

a second bi-directional buck/boost converter having a second inductor
and a second transistor, wherein the second bi-directional buck/boost converter 1S
coupled to the first bi-directional buck/boost converter and configured to boost a
voltage output from the first battery and supply the boosted voltage to the voliage

inverter;
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external energy source; and

a coupling system having a first configuration configured to couple
the first battery to the input device via the {irst bi-directional buck/boost converter, and
having a second configuration configured to couple the first battery to the voltage

inverter via the first bi-directional buck/boost converter.

16.  The system of claim 15 further comprising a second battery coupled

to the tirst and second bi-directional buck/boost converters and configured to supply

electrical energy to the voltage inverter.

17.  The system of claim 16 wherein the first and second bi-directional
buck/boost converters are configured to modulate a voltage supplied to the second
battery by the external energy source supply such that the energy transfer power factor

1s maximized.

18.  The system of claim 15 further comprising a third bi-directional
buck/boost converter coupled to the first and second bi-directional buck/boost
converters and configured to boost a voltage output from the first battery and supply

the boosted voltage to the voltage inverter.

19.  The system of claim 18 wherein the coupling system comprises:
a first contactor coupled between the input device and the first battery;
a second contactor coupled between the input device and the second

inductor;

a third contactor coupled between the first inductor and the first battery; and

a fourth contactor coupled between the second inductor and the first battery.

20.  The system of claim 18 wherein the coupling system comprises:

a f1rst contactor coupled between the first battery and the inductor;

a second contactor coupled between the first battery and the first transistor;
and

a third contactor coupled between the first transistor and the voltage inverter.

_27
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21.  'T'he system of claim 18 wherein the coupling system comprises:
a first contactor coupled between the input device and the first transistor;
a second contactor coupled between the input device and the second

{ransis{or;

a fourth contactor coupled between the second inductor and the first battery.

22.  The system of claim 18 wherein the coupling system comprises:
a first contactor coupled between the first transistor and the second transistor:;

a second contactor coupled between the second inductor and the first battery.

223 .
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