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MULTI-BRIDGE TOPOLOGY

BACKGROUND OF THE INVENTION

[0001] Some power supplies operate by applying AC power across an inverter bridge.
A half bridge topology and afull bridge topology are two exemplary bridge topologies.

[0002] A half bridge topology is illustrated as part of an inductive power supply
system in Fig. 1. The half bridge topology includes a controller 102, atank circuit 104, and
an inverter 106. The inverter 106 is implemented as a pair of switches, i.e. field effect
transistors (FETs). The controller 102 is electrically connected to both switches in order to
selectively couple a DC voltage source (V+) or a reference voltage (ground) to the tank
circuit 104. In operation, the timing of the switches dictates the various characteristics of the
AC signal that is generated.

[0003] A full bridge topology is illustrated as part of an inductive power supply
system in Fig. 2. The full bridge topology includes a controller 202, atank circuit 204, and
two inverters 206, 207. Each inverter isimplemented with apair of switches, i.e. FETs. The
controller is electrically connected to all of the switches in order to selectively couple a DC
voltage source (V+) or areference voltage (ground) to the tank circuit. In operation, the
timing of the switches dictates the various characteristics of the AC signal generated.

SUMMARY OF THE INVENTION

[0004] A power supply with a multi-bridge topology can be configured to provide
multiple different bridge topologies during operation. The power supply includes a
controller, a first half-bridge circuit electrically connected to the controller, and a second
half-bridge circuit electrically connected to the controller. The controller can selectively

configure the power supply between a plurality of different bridge topologies during
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operation by controlling the switches in the first half-bridge circuit and the switches in the
second half-bridge circuit.

[0005] The topologies that can be configured during operation by the controller
depend on how the half-bridge circuits are electrically connected. In one embodiment, the
first half-bridge circuit is electrically connected to afirst terminal of aprimary coil through a
first capacitor and the second half-bridge circuit is electrically connected to the first terminal
of the primary inductor through a second capacitor. In this embodiment, the controller of the
power supply can operate the multi-bridge topology as a half bridge or a half bridge with a
capacitive divider by changing how the switches are driven.

[0006] In another embodiment, the first half-bridge circuit is electrically connected to
a first terminal of a primary inductor through a first capacitor and the second half-bridge
circuit is electrically connected to a second termina of the primary inductor. In this
embodiment, the controller of the power supply can operate the multi-bridge topology as a
full bridge or ahalf bridge.

[0007] The controller can control the first half-bridge circuit and the second half-
bridge circuit by driving each either as a switching circuit, a DC source, areference voltage,
or an open circuit. How the switches of each half-bridge circuit are driven determines the
bridge topology. Therefore, by changing how the controller drives the switches during
operation, the bridge topology can be changed during operation.

[0008] With additional half-bridge circuits, additional bridge topologies are available
to switch between. In one embodiment, the power supply includes a third half-bridge circuit
electrically connected to the controller. The controller can selectively configure the power
supply between a plurality of different bridge topologies during operation by controlling the

first half-bridge circuit, the second half-bridge circuit, and the third half-bridge circuit.
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[0009] In one embodiment, the controller can selectively configure the half-bridge
circuits to adjust the resonant frequency. Depending on the capacitance of the capacitors and
how the half-bridge circuit is driven, the capacitor can have a different effect on the power
supply. Where two half-bridge circuits are both electrically connected to a primary inductor
terminal through a capacitor, if the two half-bridge circuits are driven as switching circuits in
phase with each other, then the capacitors will essentially be in paralel. If one of the half-
bridge circuits is driven as areference voltage and the other is driven as a switching circuit,
then the capacitor electrically connected to the half -bridge being driven as areference voltage
will act as avoltage divider. The various bridge topologies available also vary depending on
whether or not the capacitors are balanced or unbalanced. Balanced capacitors provide
additional bridge topologies that have a common resonant frequency. Unbalanced capacitors
provide additional bridge topologies that have different resonant frequencies. Other circuit
components may be used as well to adjust the resonant frequency of the configured tank
circuit. For example, these components may include capacitors, inductors, non-linear
semiconducting components, or resistors. These components may be included in series or in
parallel with the bridge configurations.

[0010] In one embodiment, the power supply includes a fourth half-bridge circuit
electrically connected to the controller. The controller can selectively configure the power
supply between a plurality of different bridge topologies during operation by controlling the
first half-bridge circuit, the second half-bridge circuit, the third half-bridge circuit, and the
fourth half-bridge circuit. Where the first half-bridge and the second half-bridge circuits are
each eectrically connected to one terminal of aprimary inductor through a separate capacitor
and the third half-bridge and the fourth half-bridge circuits are electrically connected to the

other terminal of the primary inductor through a separate capacitor then the plurality of
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different bridge topologies includes a symmetrical full bridge and a symmetrical full bridge
with capacitive divider.

[0011] The power supply can be implemented within a wireless power supply for
supplying power wirelessly to aremote device. The controller can selectively configure the
power supply between a plurality of different bridge topologies in response to a new remote
device being placed near the wireless power supply, a remote device desiring more or less
power, or achange in input power.

[0012] In one embodiment, the multi-bridge topology includes a primary inductor, a
first inverter, a second inverter, and a controller. The first inverter includes afirst switch for
selectively coupling afirst node to afirst voltage source and a second switch for selectively
coupling the first node to afirst reference voltage. The first node is electrically connected to
the first terminal of the primary inductor through a first capacitor. The second inverter
includes afirst switch for selectively coupling a second node to a second voltage source and a
second switch for selectively coupling the second node to a second reference voltage. The
second node is electrically connected to the first terminal of the primary inductor through a
second capacitor. The controller can configure the multi-bridge topology between multiple
different bridge topologies by controlling the first switch and the second switch of the first
inverter and by controlling the first switch and the second switch of the second inverter.

[0013] The multi-bridge topology can include athird inverter having afirst switch for
selectively coupling athird node to athird voltage source and a second switch for selectively
coupling the third node to a third reference voltage. The third node can be electricaly

connected to the second terminal of the primary inductor.
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[0014] The first voltage source, the second voltage source, and the third voltage
source can be the same voltage source and the first reference voltage, the second reference
voltage, and the third reference voltage can be the same reference voltage, such as ground.

[0015] The controller can control the first switch of the first inverter, the second
switch of the first inverter, the first switch of the second inverter, the second switch of the
second inverter, the first switch of the third inverter, and the second switch of the third
inverter to configure the multi-bridge topology to at least one of an equivalent full bridge
topology, equivalent half bridge topology, full bridge topology with capacitive divider, and
half bridge topology with capacitive divider.

[0016] The controller can control the first switch of the first inverter, the second
switch of the first inverter, the first switch of the second inverter, the second switch of the
second inverter, the first switch of the third inverter, and the second switch of the third
inverter to configure the multi-bridge topology between a plurality of different bridge
topologies, where each of the plurality of different bridge topologies have the same resonant
frequency.

[0017] The controller can configure the multi-bridge topology to an equivaent full
bridge by driving the first inverter as a switching circuit by operating the first switch of the
first inverter and the second switch of the first inverter alternately, the controller driving the
second inverter as a switching circuit by operating the first switch of the second inverter and
the second switch of the second inverter alternately in phase with the first inverter, and the
controller driving the third inverter as a switching circuit by operating the first switch of the
third inverter and the second switch of the third inverter aternately, out of phase with the first

and second inverters.
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[0018] The controller can configure the multi-bridge topology to equivalent half
bridge by driving the first inverter as a switching circuit by operating the first switch of the
first inverter and the second switch of the first inverter alternately, the controller driving the
second inverter as a switching circuit by operating the first switch of the second inverter and
the second switch of the second inverter alternately in phase with the first inverter, and the
controller driving the third inverter as a reference voltage by driving the first switch of the
third inverter open and driving the second switch of the third inverter closed to provide aDC
reference voltage. Alternatively, the controller may drive the first switch of the third inverter
closed and the second switch of the third inverter open to provide a different DC reference
voltage.

[0019] The controller can configures the multi-bridge topology to a full bridge with
capacitive divider by the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately, the controller operating the second inverter as a DC reference by driving the first
switch of the second inverter open and driving the second switch of the second inverter
closed, or by driving the first switch of the second inverter closed and the second switch of
the second inverter open. The controller drives the third inverter as a switching circuit by
operating the first switch of the third inverter and the second switch of the third inverter
alternately, out of phase with the first inverter.

[0020] The controller can configure the multi-bridge topology to a half bridge with
capacitive divider by the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately, the controller operating the second inverter as a DC reference by driving the first

switch of the second inverter open and driving the second switch of the second inverter
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closed, and the controller driving the third inverter as a DC reference by driving the first
switch of the third inverter open and driving the second switch of the third inverter closed.
Alternatively, the first switch of both the second and third inverters may be driven closed,
and the second switch of both the second and third inverters may be driven open.

[0021] In one embodiment, a multi-bridge topology for a wireless power supply
includes a primary inductor, a first inverter, a second inverter, and a controller. The first
inverter includes afirst switch for selectively coupling afirst node to a voltage source and a
second switch for selectively coupling the first node to areference voltage, the first node is
electrically connected to the first terminal of the primary inductor through a first capacitor.
The second inverter includes afirst switch for selectively coupling a second node to a voltage
source and a second switch for selectively coupling the second node to areference voltage,
the second node is electrically connected to the second terminal of the primary inductor. The
controller can configure the multi-bridge topology between a plurality of different bridge
topologies by controlling the first switch and the second switch of the first inverter and
controlling the first switch and the second switch of the second inverter.

[0022] By utilizing a multi-bridge topology, a transmitter can provide a variety of
different bridge topologies. For example, some embodiments can switch between a full
bridge topology and a half bridge topology. Some embodiments can switch between a
topology that includes a capacitive voltage divider and atopology that does not. The ability to
switch between multiple bridge topologies allows a power supply to be configured, during
operation, to quickly provide power at different levels. That is, the power supply can provide
a certain range of power in afull bridge topology, and a different range of power in a half

bridge topology, or a full bridge topology with capacitive divider. Additionally, in certain
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configurations, the power supply can provide these different power ranges while maintaining
aconstant resonant frequency for the power supply.

[0023] These and other objects, advantages, and features of the invention will be
more fully understood and appreciated by reference to the description of the current
embodiment and the drawings.

[0024] Before the embodiments of the invention are explained in detail, it isto be
understood that the invention is not limited to the details of operation or to the details of
construction and the arrangement of the components set forth in the following description or
illustrated in the drawings. The invention may be implemented in various other embodiments
and of being practiced or being carried out in aternative ways not expressly disclosed herein.
Also, it is to be understood that the phraseology and terminology used herein are for the
purpose of description and should not be regarded as limiting. The use of "including" and
"comprising" and variations thereof is meant to encompass the items listed thereafter and
equivalents thereof as well as additional items and equivalents thereof. Further, enumeration
may be used in the description of various embodiments. Unless otherwise expressly stated,
the use of enumeration should not be construed as limiting the invention to any specific order
or number of components. Nor should the use of enumeration be construed as excluding
from the scope of the invention any additional steps or components that might be combined
with or into the enumerated steps or components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Fig. 1 illustrates a wireless power supply utilizing half bridge circuit
topology.
[0026] Fig. 2 illustrates a wireless power supply utilizing full bridge circuit

topology.
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[0027] Fig 3 illustrates one embodiment of a wireless power supply with a multi-
bridge circuit topology.

[0028] Fig. 4 illustrates an equivalent full bridge topology configuration of the
multi-bridge circuit topology.

[0029] Fig. 5 illustrates an equivalent half bridge topology configuration of the
multi-bridge circuit topology.

[0030] Fig. 6 illustrates an equivalent full bridge topology with capacitive divider
configuration of the multi-bridge circuit topology.

[0031] Fig. 7 illustrates an equivalent half bridge topology with capacitive divider
configuration of the multi-bridge circuit topology.

[0032] Fig. 8illustrates four configurations for the multi-bridge topology.

[0033] Fig. 9 illustrates the received power and coil current of each respective
configuration illustrated in Fig. 8.

[0034] Fig. 10 illustrates an embodiment of a wireless power supply with a
symmetrical drive multi-bridge circuit topology.

[0035] Fig. 11 illustrates an embodiment of a wireless power supply with a
symmetrical drive multi-bridge circuit topology with capacitive dividers.

[0036] Fig. 12 illustrates three full bridge configurations where the capacitors for
each inverter are unbalanced.

[0037] Fig. 13 illustrates the received power and coil current of each respective
configuration illustrated in Fig. 12. Each configuration has a different resonant point because
each configuration has adifferent effective capacitance.

[0038] Fig. 14 illustrates back to back FETs for each inverting "switch" location.

[0039] Fig. 15 illustrates back to back FETs for only low side switching locations.

9.
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DESCRIPTION OF THE CURRENT EMBODIMENT

[0040] The present disclosure relates to a power supply with a multi-bridge topology
that can be configured to provide multiple different bridge topologies during operation. One
embodiment of a power supply 300 with a multi-bridge topology and secondary 301 is
illustrated in Fig. 3. The power supply 300 includes a controller 302, three half-bridge
circuits 306, 307, 308 or inverters, and a primary inductor 304. All three half-bridge circuits
are in electrical communication with the controller 302. The controller 302 can selectively
configure the power supply between a plurality of different bridge topologies during
operation by controlling the switches in each half-bridge circuit 306, 307, 308.

[0041] By swapping between multiple bridge topologies, the power supply can
provide different ranges of power. For example, depending on how the power supply is
configured, the power supply of Fig. 3 can provide four different levels of power. Four
different equivalent circuits 802, 804, 806, 808 are illustrated in Fig. 8 that show four
different bridge topologies that are capable of being configured using the power supply of
Fig. 3. The depicted bridge topologies include: full bridge 802, full bridge with capacitive
divider 804, half bridge 806, and half bridge with capacitive divider 808. A full description
of each bridge topology isdescribed in connection with Figs. 4-7 below.

[0042] Fig. 4 will now be described in detail. Fig. 4 shows the effective circuit 400
created by the Fig. 3 power supply when the first inverter 306 (QI, Q2) and the second
inverter 307 (Q3, Q4) are driven in phase and third inverter 308 (Q5, Q6) isdriven 180° out
of phase. This effectively creates afull bridge topology.

[0043] In order to configure this bridge topology, the controller 302 drives the first

inverter 306 (Ql, Q2) as a switching circuit by operating the first switch (QI) of the first
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inverter and the second switch (Q2) of the first inverter aternately. The controller 302 also
drives the second inverter 307 (Q3, Q4) as a switching circuit by operating the first switch
(Q3) of the second inverter and the second switch (Q4) of the second inverter alternately in
phase with the first inverter. Finally, the controller drives the third inverter 308 (Q5, Q6) as a
switching circuit by operating the first switch (Q5) of the third inverter and the second switch
(Q6) of the third inverter alternately, out of phase with the first and second inverters. For
clarity, the second inverter is not depicted in Fig. 4, but rather the equivalent circuit 400 in
this configuration is shown.

[0044] Fig. 5 will now be described in detail. Fig. 5 shows the effective circuit 500
created by the Fig. 3 power supply when the first inverter 306 (Ql, Q2) and the second
inverter 307 (Q3, Q4) are driven in phase and the third inverter 308 (Q5, Q6) is tied to a
reference voltage. This effectively creates a half bridge topology. In order to configure this
bridge topology, the controller drives the first inverter 306 (QI, Q2) as a switching circuit by
operating the first switch (QI) of the first inverter and the second switch (Q2) of the first
inverter alternately. The controller aso drives the second inverter 307 (Q3, Q4) as a
switching circuit by operating the first switch (Q3) of the second inverter and the second
switch (Q4) of the second inverter alternately in phase with the first inverter. Finaly, the
controller 302 drives the third inverter 308 (Q5, Q6) as areference voltage by driving the first
switch (Q5) of the third inverter open and driving the second switch (Q6) of the third inverter
closed to provide a DC reference voltage. Alternatively, the controller may drive the first
switch (Q5) of the third inverter closed and drive the second switch (Q6) of the third inverter
open to provide a DC reference voltage. For clarity, the second and third inverters are not

shown in Fig. 5, but rather the equivalent circuit 500 in this configuration is shown.
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[0045] The term driving is utilized to indicate how the controller istelling the switch
to act. In some circumstances a switch may be driven by the absence of a signal rather than
the presence of one. For example, where aQV signal is applied to a switch that may "drive"
the switch open. Different switches or transistors may react differently to different control
signals.

[0046] Fig. 6 will now be described in detail. Fig. 6 shows the effective circuit
created by the Fig. 3 power supply when the first inverter 306 (Ql, Q2) and the third inverter
308 (Q5, Q6) are both driven 180 degrees out of phase with one another, and the second
inverter 307 is driven to the reference voltage. This creates a full bridge drive system with a
capacitive voltage divider being used on the high side. In order to configure this bridge
topology, the controller 302 drives the first inverter 306 (Ql, Q2) and the third inverter 308
(Q5, Q6) as switching circuits by operating the first switch (Ql) of the first inverter 306 and
the second switch (Q2) of the first inverter 306 aternately and by operating the first switch
(Q5) of the third inverter 308 and the second switch (Q6) of the third inverter 308 alternately,
but 180 degrees out of phase with the first inverter 306. Finally, the controller 302 drives the
second inverter 307 (Q3, Q4) as a reference voltage by driving the first switch (Q3) of the
second inverter 307 open and the second switch (Q4) of the second inverter 308 closed.
Alternatively, the controller 302 may drive the first switch (Q3) of the second inverter 307
closed and the second switch (Q4) of the second inverter 307 open to provide a reference
voltage. For clarity, the second inverter 307 isnot shown in Fig. 6, but rather the equivalent
circuit 600 in this configuration is shown.

[0047] Fig. 7 will now be described in detail. Fig. 7 shows the effective circuit 700
created by the Fig. 3 power supply when the first inverter 306 (QI, Q2) is driven as a

switching circuit while the second inverter 307 and third inverter 308 are driven to a
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reference voltage. This creates a half bridge circuit with a capacitive voltage divider being
used on the high side. In order to configure this bridge topology, the controller 302 drives the
first inverter 306 (QI, Q2) as a switching circuit by operating the first switch (Ql) of the first
inverter and the second switch (Q2) of the first inverter aternately. The controller 302 also
drives the second inverter 307 (Q3, Q4) and third inverter 308 (Q5, Q6) as a reference
voltage by driving the first switches (Q3, Q5) of the second inverter 307 and third inverter
308 open and driving the second switches (Q4, Q6) of the second inverter 307 and third
inverter 308 closed so that a connection to the reference voltage is made. Alternatively, the
controller 302 may drive the first switches (Q3, Q5) of the second inverter 307 and third
inverter 308 closed and the second switches (Q4, Q6) of the second inverter 307 and third
inverter 308 open so that a connection to areference voltage is made. For clarity, the second
inverter 307 and third inverter 308 are not shown in Fig. 7, but rather the equivalent circuit
700 in this configuration is shown.

[0048] Fig. 9 illustrates the current through the primary inductor and the power
delivered to the load in aremote device for each of these bridge topologies. The graph of the
full bridge 902 illustrates that that power supply can supply power at about the 200 watt
range with about 10 amps of current through the primary coil. The graph of the full bridge
with capacitive divider 904 shows that the power supply can supply power at about the 100
watt range with about 7 amps of current through the primary inductor. The graph of the half
bridge 906 shows that the power supply can deliver about 50 watts of power to the load with
about 5 amps of current through the primary inductor. The graph of the half bridge with
voltage divider 908 shows that the power supply can deliver about 10 watts of power to the

load with about 3 amps of current through the primary inductor.
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[0049] Fig. 9 also shows that the resonant frequency of the power supply isthe same
in each of these four configurations, about IOOKHz. When this type of multi-bridge topology
is being implemented into a wireless power supply it can be useful to have multiple
topologies that provide different ranges of power at the same resonant point.

[0050] Switching between different bridge topologies allows the power supply to
provide power at different levels. The power can be further tuned at those levels. That is, the
bridge topology can be a macro adjustment that enables the power supply to provide arange
of power and an additional adjustment can be utilized as a fine tune, or micro adjustment.
Each bridge topology has a maximum amount of power that can be delivered to the load for a
given input signal (i.e. given operating frequency, duty cycle, and rail voltage). That amount
can be adjusted downward in avariety of different ways. Some examples of characteristics
that can be used to make a fine tune adjustment after the bridge topology is selected include
the operating frequency, rail voltage, duty cycle, or phase of the half bridge. For example, in
Fig.9if the appropriate inverters are driven at about 90KHz, then less power will be delivered
to the load.

[0051] The step size of the adjustment (i.e. the change in output power per change in
characteristic) may not be the same for each characteristic and for each bridge topology. For
example, adjusting the operating frequency by afew hertz in afull bridge configuration may
result in alarger adjustment to the output power than if that same few hertz adjustment were
made in ahalf bridge topology.

[0052] The ability to provide different bridge topologies on the fly during operation
can be an aternative to costly reconfiguration of primary inductors by changing turns or taps.
Further, it can also be an aternative to expensive addition of banks of inductors and/or

capacitors that are used in some power supplies to adjust the range of output power.
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[0053] The ability to use capacitive dividers enables the power supply to provide
additional power ranges. For example, when switching between afull bridge topology and a
half bridge topology for a given operating frequency, rail voltage, duty cycle, the power is cut
by about a factor of four. However, by utilizing a capacitive divider in conjunction with a
full bridge, the power is cut by about afactor two. Additionally, utilizing a capacitive divider
in conjunction with ahalf bridge, enables the power (when compared to the full bridge) to be
cut by about a factor of 10. Utilizing additional half-bridge circuits can give the power
supply the ability to provide additional ranges of power. For example, if there were three
half-bridge circuits each electrically connected to the terminal of a primary inductor through
a separate capacitor then the maximum power output can be cut by 1/3 or 2/3 depending on
whether one or two of the half-bridge circuits are driven as areference voltage, respectively.

[0054] Referring back to Fig. 3, the current embodiment is a multi-bridge inverting
topology where three half bridge circuits are used to drive awireless power system. The first
inverter 306 (Ql, Q2) and the third inverter 308 (Q5, Q6) can together form a full bridge
system. The second inverter 307 (Q3, Q4) provides the power supply the option of being
configured in afull bridge topology, a half bridge topology, and also provides the ability to
include a capacitive divider to reduce the power being transmitted.

[0055] The terms half-bridge circuit and inverter are used throughout the disclosure
interchangeably to refer to apair of switches that share a common node, where each switch is
driven by a control signal. The switches can be field effect transistors, such as MOSFETS,
BJTs, or other types of transistors or switches.

[0056] The half-bridge circuit can selectively couple a voltage source or a reference
voltage to the common node. Asshown in Fig. 3, the high side switches (Ql, Q3, Q5) are al

associated with a voltage source, V+ in the depicted embodiment, and the low side switches
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(Q2, Q4, Q6) are all associated with areference voltage, ground in the depicted embodiment.
Each half-bridge circuit can be configured in at least four ways: as a switching circuit, as a
DC reference voltage, as a DC voltage source, or as an open circuit. To operate ahalf-bridge
as a switching circuit, the low-side FET and the high-side FET are driven aternately. To
operate ahalf-bridge as aDC voltage source, the low-side FET is driven off to create an open
circuit between the common node and the reference voltage and the high-side FET is driven
on to create a connection to the DC rail voltage, V+. To operate a half-bridge as areference
voltage, the low-side FET is driven on to create a connection to the reference voltage and the
high-side FET isdriven off to create an open circuit between the node and the voltage source.
To operate ahalf-bridge circuit as an open circuit, both FETs are driven off to create an open
circuit between the common node and both the voltage source and the reference voltage. By
configuring the half-bridge circuits, a variety of different bridge topologies can be
implemented, including a full bridge topology (see Fig. 4), a full bridge topology with
capacitive divider (Fig. 6), a half bridge topology (Fig. 5), and a half bridge topology with
capacitive divider (Fig. 7). Additional half-bridge circuits can enable additional bridge
topologies, such as symmetric full bridge and symmetric full bridge with capacitive divider.

[0057] Figs. 4-7 illustrate the equivalent circuit in a particular configuration. For
clarity, the extra inverter components have been removed from these diagrams where
appropriate. For example, in Fig. 7, the capacitive divider created by C2 is created because
the inverter (not shown) has one FET driven to create a connection to the reference voltage
and the other FET driven to create an open circuit between the inverter node and the voltage
source.

[0058] In each configuration, the resonant frequency (F) of the power supply is

generaly defined as:
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1
F~ J2z(C\+ C2)Lcoil

[0059] In embodiments where the capacitors are balanced, CI and C2 are
approximately equal. In embodiments where the capacitors are unbalanced, Cl and C2 are
unequal.

[0060] In one embodiment, the capacitors Cl, C2 are balanced. Accordingly, when
switching between the following bridge topologies: full bridge, full bridge with capacitive
divider, half bridge, and half bridge with capacitive divider, the power supply maintains its
resonant frequency.

[0061] In another embodiment that uses the same multi-bridge topology shown in Fig.
3, the system can change its resonant frequency by configuring one of the half-bridge circuits
in an open circuit configuration. In this embodiment, the power supply circuit would look
essentialy like Fig. 2, where C2 is not included in the circuit. That is, the second inverter is
configured to an open circuit so both switches of the second inverter (Q3, Q4) are driven off
and neither the voltage source nor the reference voltage are connected to the common node
next to the capacitor C2. By doing so, C2 is no longer in circuit, and the resonant frequency
of the system isdefined by solely by CI and Lcoil instead of (CI + C2) and Lcail.

[0062] In embodiments where the power supply configures a half bridge circuit to an
open circuit configuration an additional FET to prevent body diode conduction can be
implemented. Fig. 14 shows back to back FETs for the high and low side switches. Fig. 15
shows an alternative construction where back to back FETs are included only for the low side
switch. These constructions help to prevent body diode conduction.

[0063] Some embodiments can include additional half bridge circuits.  One
embodiment includes four half bridge circuits, two on each side of the primary inductor. This

effectively makes the coil drive symmetrical, which can reduce electromagnetic interference,
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reduce electromagnetic compatibility concerns, and have benefits for communications signal
strength. To claim the benefits of symmetrical drive, the primary inductor can be driven full
bridge or full bridge with capacitive divider. That is, one power level can be achieved by
driving al four half bridge circuits 1002, 1004, 1006, 1008, as shown in Fig. 10.
Alternatively, a second power level can be achieved by grounding one set of FETs 1104,
1108 on each side of the primary inductor and driving the other FETs 1002, 1006, as shown
inFig. 11. This configuration also maintains a constant resonant frequency.

[0064] More than four half bridge circuits can be utilized in other aternative
embodiments. Each of the illustrated embodiments show one or two half-bridge circuits
connected to a primary inductor terminal, however, essentially any number of half-bridge
circuits can be connected through separate capacitors to the primary inductor terminal. The
capacitor values can be adjusted to maintain a desired resonant frequency. The capacitor
values can also be unbalanced or non-matching to alow specific power steps other than
doubling or halving, such aswhat is shown in Figs. 12 and 13.

[0065] Fig. 12 shows three full bridge configurations 1220, 1222, 1224 where the
capacitors for each inverter are not balanced. In these configurations, the transmitter or power
supply can select both capacitors by driving both inverters 1202, 1204, (1220) or can select
either one by driving the first inverter 1202 (1222) or the second inverter 1204 (1224), and
keeping both FETSs of the non-driven inverter off (rather than leaving one on and one off).

[0066] Fig. 13 shows how there are three different resonant points because three
different effective capacitance values can be selected. Full bridge configuration 1220
corresponds to graph 1320, full bridge configuration 1222 corresponds to graph 1322, and
full bridge configuration 1224 corresponds to graph 1324. The effective power transfer is

reduced as the resonant frequency of the transmitter moves farther away from the resonant
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frequency of the receiver (100kHz in this case). In some embodiments, the resonant
frequency of the receiver may vary or different receivers may have different resonant
frequencies.

[0067] Pertaining to EMC, EMI concerns, operating closer to resonance and with
both high and low side switches running at 50% duty cycle tends to reduce interference. This
can lead to issues reducing power by adevice that is done charging or in a standby state. By
switching drive topology, output power can be reduced while staying near resonance and
operating at ahigher duty cycle, thus improving interference characteristics..

[0068] Directiona terms, such as "vertical,” "horizontal," "top," "bottom," "upper,"

nner,

inwardly,

"lower, outer" and "outwardly,” are used to assist in describing the
invention based on the orientation of the embodiments shown in the illustrations. The use of
directional terms should not be interpreted to limit the invention to any specific orientation(s).

[0069] The above description is that of current embodiments of the invention.
Various aterations and changes can be made without departing from the spirit and broader
aspects of the invention as defined in the appended claims, which are to be interpreted in
accordance with the principles of patent law including the doctrine of equivalents. This
disclosure is presented for illustrative purposes and should not be interpreted as an exhaustive
description of al embodiments of the invention or to limit the scope of the claims to the
specific elements illustrated or described in connection with these embodiments. For
example, and without limitation, any individual element(s) of the described invention may be
replaced by alternative elements that provide substantially similar functionality or otherwise
provide adequate operation. This includes, for example, presently known alternative

elements, such as those that might be currently known to one skilled in the art, and alternative

elements that may be developed in the future, such as those that one skilled in the art might,

-19-



WO 2013/081995 PCT/US2012/066589

upon development, recognize as an alternative. Further, the disclosed embodiments include a
plurality of features that are described in concert and that might cooperatively provide a
collection of benefits. The present invention is not limited to only those embodiments that
include all of these features or that provide al of the stated benefits, except to the extent
otherwise expressly set forth in the issued claims. Any reference to claim elements in the
singular, for example, using the articles "a," "an,” "the" or "said,"” is not to be construed as

limiting the element to the singular.
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CLAIMS
The embodiments of the invention in which an exclusive property or privilege
isclaimed are defined as follows:
1. A power supply comprising:
acontroller;
afirst half-bridge circuit electrically connected to the controller;
a second half-bridge circuit electrically connected to the controller;
wherein the controller selectively configures the power supply between a
pluraity of different bridge topologies during operation by controlling the first half-bridge
circuit and the second half-bridge circuit.
2. The power supply of claim 1wherein
the controller controls the first half-bridge circuit by at least one of driving the
first half bridge circuit as a switching circuit, driving the first half bridge circuit as a DC
source, driving the first half bridge circuit as a reference voltage, and driving the first half
bridge circuit as an open circuit, and
the controller controls the second half-bridge circuit by at least one of driving
the second half bridge circuit as a switching circuit, driving the second half bridge circuit as a
DC source, driving the second half bridge circuit as areference voltage, and driving the first
half bridge circuit as an open circuit.
3. The power supply of claim 1wherein the different bridge topologies include a half
bridge and a half bridge with capacitive divider.
4. The power supply of claim 1 wherein the different bridge topologies include afull

bridge and ahalf bridge.
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5. The power supply of clam 1 including a third half-bridge circuit electrically
connected to the controller, wherein the controller selectively configures the power supply
between a plurality of different bridge topologies during operation by controlling the first
half-bridge circuit, the second half-bridge circuit, and the third half-bridge circuit.

6. The power supply of claim 1 wherein the first half-bridge circuit is electrically
connected to afirst terminal of a primary coil through afirst capacitor and the second half-
bridge circuit is electrically connected to the first terminal of the primary inductor through a
second capacitor.

7. The power supply of claim 6 wherein the capacitance of the first capacitor and the
capacitance of the second capacitor are balanced.

8. The power supply of claim 6 wherein the capacitance of the first capacitor and the
second capacitor are unbalanced.

9. The power supply of claim 6 wherein the controller selectively configures the
power supply to use at least one of the first capacitor and the second capacitor as a voltage
divider.

10. The power supply of claim 6 wherein the controller selectively configures the
first half-bridge circuit and the second half bridge circuit of the power supply to adjust the
resonant frequency.

11. The power supply of claim 1 wherein the first half-bridge circuit is electrically
connected to afirst terminal of a primary inductor through a first capacitor and the second
half-bridge circuit is electrically connected to a second terminal of the primary inductor.

12. The power supply of claim 1 including a third half-bridge circuit electrically
connected to the controller and a fourth half-bridge circuit electrically connected to the

controller, wherein the controller selectively configures the power supply between aplurality
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of different bridge topologies during operation by controlling the first half-bridge circuit, the
second half-bridge circuit, the third half-bridge circuit, and the fourth half-bridge circuit,
wherein the plurality of different bridge topologies includes a symmetrical full bridge and a
symmetrical full bridge with capacitive divider.

13. The power supply of claim 1wherein the power supply isimplemented within
a wireless power supply for supplying power wirelessly to a remote device, wherein the
controller selectively configures the power supply between a plurality of different bridge
topologies in response to at least one of a new remote device being placed near the power
supply and desiring power, the remote device desiring more or less power, and a change in
input power.

14. A multi-bridge topology for a wireless power supply that supplies power
wirelessly to aremote device, the multi-bridge topology comprising:

aprimary inductor having afirst terminal and a second terminal;

afirst inverter including afirst switch for selectively coupling afirst node to a
first voltage source and a second switch for selectively coupling the first node to a first
reference voltage, the first node is electrically connected to the first termina of the primary
inductor through afirst capacitor;

a second inverter including a first switch for selectively coupling a second
node to a second voltage source and a second switch for selectively coupling the second node
to a second reference voltage, the second node is electrically connected to the first terminal of
the primary inductor through a second capacitor; and

a controller for configuring the multi-bridge topology between a plurality of
different bridge topologies by controlling the first switch and the second switch of the first

inverter and for controlling the first switch and the second switch of the second inverter.
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15. The multi-bridge topology of claim 14 including a third inverter including a
first switch for selectively coupling athird node to athird voltage source and a second switch
for selectively coupling the third node to a third reference voltage, the third node is
electrically connected to the second terminal of the primary inductor.

16. The multi-bridge topology of claim 15 wherein the first voltage source, the
second voltage source, and the third voltage source are the same voltage source and wherein
the first reference voltage, the second reference voltage, and the third reference voltage are
the same reference voltage.

17. The multi-bridge topology of claim 15 wherein the controller controls the first
switch of the first inverter, the second switch of the first inverter, the first switch of the
second inverter, the second switch of the second inverter, the first switch of the third inverter,
and the second switch of the third inverter to configure the multi-bridge topology to at least
one of an equivalent full bridge topology, equivalent haf bridge topology, full bridge
topology with capacitive divider, and half bridge topology with capacitive divider.

18. The multi-bridge topology of claim 15 wherein the controller controls the first
switch of the first inverter, the second switch of the first inverter, the first switch of the
second inverter, the second switch of the second inverter, the first switch of the third inverter,
and the second switch of the third inverter to configure the multi-bridge topology between a
pluraity of different bridge topologies, wherein each of the plurality of different bridge
topol ogies have the same resonant frequency.

19. The multi-bridge topology of claim 15 wherein the controller configures the

multi-bridge topology to an equivalent full bridge by
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the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately;

the controller driving the second inverter as a switching circuit by
operating the first switch of the second inverter and the second switch of the second inverter
alternately in phase with the first inverter; and

the controller driving the third inverter as a switching circuit by
operating the first switch of the third inverter and the second switch of the third inverter
aternately, out of phase with the first and second inverters.

20. The multi-bridge topology of claim 15 wherein the controller configures the

multi-bridge topology to an equivaent half bridge by

the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately;

the controller driving the second inverter as a switching circuit by
operating the first switch of the second inverter and the second switch of the second inverter
alternately in phase with the first inverter; and

the controller driving the third inverter as a reference voltage by
driving the first switch of the third inverter open and driving the second switch of the third
inverter closed to provide a DC reference voltage.

21. The multi-bridge topology of claim 15 wherein the controller configures the

multi-bridge topology to afull bridge with capacitive divider by
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the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately;

the controller operating the second inverter as a DC reference by
driving the first switch of the second inverter open and driving the second switch of the
second inverter closed; and

the controller driving the third inverter as a switching circuit by
operating the first switch of the third inverter and the second switch of the third inverter
aternately, out of phase with the first inverter.

22. The multi-bridge topology of claim 15 wherein the controller configures the

multi-bridge topology to ahalf bridge with capacitive divider by

the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately;

the controller operating the second inverter as a DC reference by
driving the first switch of the second inverter open and driving the second switch of the
second inverter closed; and

the controller driving the third inverter as a DC reference by driving
the first switch of the third inverter open and driving the second switch of the third inverter
closed.

23. The multi-bridge topology of claim 15 wherein the controller controls the first

switch of the first inverter, the second switch of the first inverter, the first switch of the
second inverter, the second switch of the second inverter, the first switch of the third inverter,

and the second switch of the third inverter to configure the multi-bridge topology between a
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pluraity of different bridge topologies, wherein a subset of the plurality of different bridge
topologies have different resonant frequencies.

24. The multi-bridge topology of claim 15 including a fourth inverter including a
first switch for selectively coupling a third node to a fourth voltage source and a second
switch for selectively coupling the fourth node to afourth reference voltage, the fourth node
iselectricaly connected to the second terminal of the primary inductor.

25. The multi-bridge topology of claim 24 wherein the first inverter, second
inverter, third inverter, and the fourth inverter are operated as at least one of a symmetrical
full bridge and a symmetrical full bridge with capacitive divider.

26. The multi-bridge topology of claim 14 wherein the capacitance of the first
capacitor and the capacitance of the second capacitor are balanced.

27. The multi-bridge topology of claim 14 wherein the capacitance of the first
capacitor and the second capacitor are unbalanced.

28. A multi-bridge topology for a wireless power supply, the multi-bridge
topology comprising:

aprimary inductor having afirst terminal and a second terminal;
afirst inverter including afirst switch for selectively coupling afirst node to a
voltage source and a second switch for selectively coupling the first node to a reference
voltage, the first node is electrically connected to the first terminal of the primary
inductor through afirst capacitor;
a second inverter including a first switch for selectively coupling a second
node to a voltage source and a second switch for selectively coupling the second node to a
reference voltage, the second node is electricaly connected to the second termina of the

primary inductor; and
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a controller for configuring the multi-bridge topology between a plurality of
different bridge topologies by controlling the first switch and the second switch of the first
inverter and for controlling the first switch and the second switch of the second inverter.

29. The multi-bridge topology of claim 28 wherein the controller configures the
multi-bridge topology as afull bridge by
the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately; and
the controller driving the second inverter as a switching circuit by
operating the first switch of the second inverter and the second switch of the second inverter
aternately in phase with the first inverter.
30. The multi-bridge topology of claim 28 wherein the controller configures the
multi-bridge topology as ahalf bridge by
the controller driving the first inverter as a switching circuit by
operating the first switch of the first inverter and the second switch of the first inverter
aternately; and
the controller driving the second inverter as reference voltage by
driving the first switch of the second inverter open and driving the second switch of the

second inverter closed.

8-



PCT/US2012/066589
1/15

WO 2013/081995

(MY Jolud) L b

0.
dIWHO4SNVHL Y= H3IAIYA / YITTOYINOD 134
340D HIV tﬁ
S z
avoTy 0=
dlle Z01
m>x<ozouM__mu c )
1 0 4
LD
||
ol |
0L

901



PCT/US2012/066589

WO 2013/081995

2/18

d3IWHO4SNVHL
JHOD HIV

(MY Jold) T "B

0

90 W_I

= \ £0T

g
avony

%

mom_Lo

¥ AHVANODAS D ¢

70¢

L

+A D
, " eA

d3AIA / 43TTOHLINOD 134

SN\

1O M._E

TA

90¢




PCT/US2012/066589
3/15

WO 2013/081995

0€ SO W_E

Ow
vO m_ +A
YIWHOASNVYL |N__u|
340D HIV L YIAIYA / 4ITIOYLNOD 134
Pl €0 ]
avoy 0
AYVANODIS O . ) D¢ Z0€
! 0 4
1D
I}
LD W_E
LOS
A
90€
00€



PCT/US2012/066589
4/15

WO 2013/081995

0

oy ¥

YIWHOASNVYL
240D HIV L YIAINA / HITTOHINOD 134
$2|¢z SO o]
avoTy 0
b AYVANODIS O o 1 -~
] e ! o N mf
]
1>
LD W_E
A
00
90¢€



PCT/US2012/066589

WO 2013/081995

5/18

d3IWHOASNVYYHL
F40D HIV

g
avolnd

S AYYANODIS D c
1l

00¢s

d3AIA / 43TTOYLNOD 134

o P,
c0¢

90¢



PCT/US2012/066589

WO 2013/081995

6/15

avon

dIWHO4SNVHL
FHOD HIV

80¢

€ AHVANOD3IS D

3

%

€

L

009

d3AIA / 43TTOYLNOD 134

SO W_L . \

90¢



PCT/US2012/066589

WO 2013/081995

7/15

avony

dIWHO4SNVHL
JHOD HIV

S AHVANODIS D
|l
11

d3AIA / 43TTOYLNOD 134

o P,
c0¢

00£

90¢



PCT/US2012/066589

WO 2013/081995

8/15

8C1=1C1
L= 11

DY=5NITdNoD>
dVANIT M

L[]

vl1=171
eLT=11

DI}=5NINdN0D
dVANIT M

ot ]

oL1=1¢1
61=11

DY=5NITdNoD>
dVANIT M

w3 [ ]

49
L1

4
L1

DY=5NITdNoD>
dVANIT M

S []

{d <>O>._Mm

0ey

{d <>O>._MM

Lld

M
MD<O._MWM
64

{d <>O>._MWM

Lld

Bawgl o o
AN |
rd T4 -
I:m_w Hnsz H
u
wogL ! N\ 5 iy
0€D oc
0 0 €O
bawg, = =
AN
rd (4% . um\\/mw ow
et P o
uogL L _ ups umb>mw
I )
02D oc
Bowol T T 5pA0
MWy A}
7| ol LA )
. =
HRsL HNgZ H
o N ) TOPAQ
u
o Y [HE Ty
€1 oc
ou 0 [4®)
A
7l oL A oprg 0
HOSL HNnsz €IND o
(48 LL] I WU>O
uoglL L _ uog A
LB oy
uos

g ‘b4

44— 808

—— 108

44— 708



PCT/US2012/066589

WO 2013/081995

9/15

6 ‘bI4

ANINDTYA (LTI » @M a [
Zibiooe N4 ZHOZT ZHNOOT 20008,
<< 1aC o R — =]
L R ﬁ/ \ Jm——
R\ i
Vo'Z
306 /\v
Ton T
VoRY MOZ
(ET1)T o [QETHMa [] "o
Vo= ® ® D — =]
VST I N i
SN\ et
'S — AN MOS
VS /L 906
Tua- T
V0" 0T MOOT
vo (6DI o [J(6YIMo [T o
M C R — ] <<
v BN v
~ O 10T
06
VOT
Z T
MOOT
0 (TTNI » QITHM e [ o
— > > > — T _— ——=
. e
NN Yl
o) ~ N\_L AL~ MOOT
706
C vor MOy T




PCT/US2012/066589

WO 2013/081995

10/15

i

oL 'bI
= upor SW
[
v U|E>_mo
LN
_|_
61+
uoo| oW
|
€
O TILITLN sW
1no v001 )
rigy 11774 m
- 17 AW — #IAINA
+1N0
PN
upoL
1
s ULEME
€W
_|_
61+ N
upoL
|
11
1D

)]
—

—+

—IAIld

—#3IAIdd

Y

9001

—#3IAIdd

—3AIRd

00l



PCT/US2012/066589

WO 2013/081995

11/15

RNE

O CILTCLA

-INO——
rigy

W

Cl

+1N0O

174

W

L1

SN M
upoL
[l _IA%
11
o U
LN
_|_
61+
uoo| oW
]
)
S
voLL 6
RW&i
upoL ¢_>__|A
]
T
€W
_|_
6L+ N
upoL
|
11
1D

=

141 1

)]
—

i

+ 1yl 1

—+

8011

o \

—3AIlHd

—#3IAIdA

N\

9001

—#3IAIdd

—3AIMd

ool



PCT/US2012/066589

WO 2013/081995

12/15

or1=1¢1
6e1=11

DY=5NITdNoD>
dVANIT M

€1 ]

8e1=1C1
LET=11

DI}=5NINdN0D
dVANIT M

it ]

0e1=1¢1
6C1=11

DY=5NITdNoD>
dVANIT M

o [ ]

7| egy LEA
4
I:m_m Hnsg 0
8<onmﬁw 81 1€ % 300
a i
S0 Y
D)
Yd)
0 .
BawQ| |n_. T.OpA0 Y0zl
My A}
o Ley 8TA 5on0 &
HNg _‘M I:mNN AMO_‘_W/\N 0
[avotns o€l 625 @v .
43 upgl L uog NQ
i 0% LAY
g _ —l LTA

ug/
L¥D

cocl

.

0zl



PCT/US2012/066589

WO 2013/081995

13/15

¢1 b4

AONANDTYS (6EMDT o tfocIMa [T]
ZHNOOS ZHYOOT ZHYe8
< = _SO
e \\L\\\m\l\]m
- I\ll‘l.l\l\ll||0]|
Ve g - — —— MOS
<X YA bl
N4
AL
Lun !
<®< (TEDIe [YredM o HUM%H
EETS z A ]
<X i
v ~ <X 4 oot
447! N4
N
. )
/@H (6711 [7(z€dMo Hm%m
< = ° - & il
</m_/ VA
Vo /fﬁ\ 1007
ocel
¢ ypa 100 T




WO 2013/081995 PCT/US2012/066589
14/15

Fig. 14

e L <o R g
T T
/VW\_[>
— LD

%E}
{4



PCT/US2012/066589

D

Ly |

15/15

r'<1‘||7'f17||">"|

D

WO 2013/081995

nnlmsmilinen

Gl b4

nn

nn

e

ln

e

ln




	abstract
	description
	claims
	drawings

