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BIDIRECTIONAL INVERTING BUCK-BOOST CONVERTER
CONVERTING DISSIPATION CURRENT INTO RECYCLING CURRENT

BACKGROUND

[0001] This relates generally to electronic circuitry, and more particularly to buck-boost
converters.

SUMMARY

[0002] In accordance with one example, a device comprises: a capacitor; a bidirectional
inverting buck-boost converter coupled to the capacitor and configured to couple to multiple loads
and to a voltage source, wherein the bidirectional inverting buck-boost converter is configured to:
compare a voltage across the capacitor with a reference voltage; and based on the comparison,
facilitate converting a dissipation current flowing from one of the multiple loads into a recycling
current.

[0003] In accordance with another example, a system comprises a controller; a first switch
coupled to the controller; a load coupled to the switch; a bidirectional inverting buck-boost
converter coupled to the switch, the load, and a voltage supply, wherein the bidirectional inverting
buck-boost converter comprises: a digital circuit, a pulse width modulation (PWM) signal
generator coupled to the digital circuit; a plurality of switches coupled to the PWM signal
generator; and an inductor coupled to the plurality of switches; a first capacitor coupled to the
switch and the load, wherein the first capacitor is coupled to the bidirectional inverter buck-boost
converter at a first node; and a second capacitor coupled to the bidirectional inverting buck-boost
converter and the switch.

[0004] In accordance with yet another example, a method comprises obtaining a bidirectional
inverting buck-boost converter coupled to a capacitor and configured to couple to multiple loads
and to a voltage source; charging the capacitor to a reference voltage; comparing, by the
bidirectional inverting buck-boost converter, a voltage at a node coupled to the capacitor with the
reference voltage; and in response to the comparison, adapting the bidirectional inverting buck-

boost converter to keep the voltage at the node substantially equal to the reference voltage.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 depicts a schematic diagram of an illustrative electrical system, in accordance with
various examples.

[0006] FIG. 2 depicts illustrative graphs depicting timing diagrams of a load from the electrical
system, in accordance with various examples.

[0007] FIG. 3 depicts a schematic diagram of an illustrative power converter of the electrical
system, in accordance with various examples.

[0008] FIG. 4 depicts a schematic diagram of an illustrative electrical system adapted to function
in a low-side configuration, in accordance with various examples.

[0009] FIG. 5(a) depicts an illustrative oscilloscope diagram depicting voltage and current
curves of an electrical system that excludes a recycling circuit, in accordance with various
examples.

[0010] FIG. 5(b) depicts an illustrative oscilloscope diagram depicting voltage and current
curves of an electrical system that includes a recycling circuit, in accordance with various
examples.

[0011] FIG. 6(a) depicts an illustrative thermal image of the electrical system of FIG. 5(a), in
accordance with various examples.

[0012] FIG. 6(b) depicts an illustrative thermal image of the electrical system of FIG. 5(b), in
accordance with various examples.

[0013] FIG. 7 depicts an illustrative method that describes the functioning of the electrical
system of FIG. 1, in accordance with various examples.

[0014] FIG. 8 depicts an illustrative logic circuit and pulse width modulation (PWM) generator,
in accordance with various examples.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0015] A load is a component of a circuit that consumes electric power, as opposed to a power
source, e.g., a battery or generator, which produces electric power. In some cases, loads include
one or more energy storage elements, such as inductors and/or capacitors. An inductive load resists
changes in the current flowing through it. When the current flowing through the inductive load
changes, it produces a time-varying magnetic field, which induces an electromotive force (EMF)
voltage with a polarity (or direction) that opposes the change in the current that created it.

[0016] In some cases, the inductive load (e.g., an actuator or a relay) is implemented in an
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electrical system that converts a current flowing in the inductive load into a mechanical action.
Following the mechanical action, the current that resulted in the mechanical action is reduced
significantly, which generates an EMF voltage across the inductive load. This EMF voltage needs
to be dissipated using a dissipation circuit for the inductive load to return to its rest state and for the
electrical system to switch between inductive loads.

[0017] During dissipation, the discharge current (also called the dissipation current) flows
through the dissipation circuit. Many existing dissipation circuits include a freewheeling diode or a
combination of a resistive load (e.g., resistors), a freewheeling diode, and/or a Zener diode. The
discharge current flowing through the dissipation circuit peaks at a value equal to the EMF voltage
divided by the resistance (Rps7y) of the path of the discharge current. The Rp47y generates a
substantial amount of heat during discharge and induces thermal stress in the electrical system.
Therefore, systems and methods are needed to mitigate the thermal stress that is generated while
discharging the inductive load.

[0018] Accordingly, at least some aspects of this description relate to an electrical system that
reduces thermal stress by recycling discharge current. Because discharge current generated due to a
stored EMF voltage is recycled instead of being dissipated through the conventionally used
dissipation circuit, heat generation and the resulting thermal stress are mitigated, and the electrical
system can switch between the loads (e.g., inductive loads) while inducing less thermal stress on
the switches.

[0019] Referring to FIG. 1, a schematic diagram of an illustrative electrical system 100 is shown.
In an example, the electrical system 100 is an automobile, although other applications are
contemplated and included in the scope of this description. In at least one example, the electrical
system 100 includes a controller 102 and switches 104, 106, 108, and 110, which are coupled to
the controller 102 via the connecting wires 103, 105, 107, and 109, respectively. The controller 102
is configured to control the switches 104, 106, 108, and 110, e.g., by providing a gate drive signal
to the respective gate terminals of the switches 104, 106, 108, and 110. For example, the controller
102 provides the gate drive signal to gate terminals 104g, 106g, 108g, and110g via connecting
wires 103, 105, 107, and 109 respectively. In an example, a gate driver (not expressly shown),
which is present in the controller 102, generates the gate drive signals that control the switches
104, 106, 108, and 110.

[0020] In at least one example, the controller 102 is also configured to select the switches 104,
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106, 108, and 110 to be turned on and off. For example, the controller 102 controls one of the
switches, e.g., switch 104, to turn (or remain) on while controlling the remainder of the switches
106, 108, and 110 to remain (or turn) off. This selection (or control) process can be managed by a
logic circuit (not expressly shown), which can be implemented using any combination of digital or
analog technology components, a processor, a micro-processor, a field-programmable gate array
(FPGA), or any other suitable circuitry, the scope of which is not limited herein. In FIG. 1, the
switches 104, 106, 108, and 110 are implemented by n-channel metal-oxide-semiconductor field-
effect transistors (n-MOSFETs). However, in other examples, other suitable solid-state transistor
devices (e.g., bipolar junction transistors (BJTs)) can be employed.

[0021] At least one example of the electrical system 100 includes at least some aspects of the
controller 102 and the switches 104, 106, 108, and 110 on the same semiconductor die and/or in
the same component package. In other examples the controller 102 and the switches 104, 106, 108,
and 110 are fabricated separately and configured to couple together. While described as including
gate drivers, in at least one example, the controller 102 does not include the gate drivers and
instead is configured to couple to the gate drivers.

[0022] FIG. 1 further depict loads 112, 114, 116, and 118 that couple to the switches 104, 106,
108, and 110 via their respective source terminals. For example, loads 112, 114, 116, and 118
couple to source terminals 104s, 106s, 108s, and 110s, respectively. The example of FIG. 1 depicts
four loads 112, 114, 116, and 118. However, in other examples, the number of loads varies. In an
example, the loads 112, 114, 116, and 118 include at least one energy storage element, such as an
inductor or transformer. In other examples, the loads 112, 114, 116, and 118 include a combination
of one of the energy storage elements and any other suitable circuitry, the scope of which is not
limited herein. In one example, the loads 112, 114, 116, and 118 are configured to produce a
mechanical action, e.g., trigger a switch contact based on an electrical signal (e.g., voltage) present
across them. Examples of such loads include actuators and relays. In the example depicted in FIG.
1, the loads 112, 114, 116, and 118 include inductors 111, 115, 119, and 123, respectively. The
loads 112, 114, 116, and 118 also include resistors 113, 117, 121, and 125, respectively.

[0023] In the example of FIG. 1, the load 112 includes the inductor 111 and the resistor 113. A
terminal of the inductor 111 couples to the source terminal 104s and another terminal of the
inductor 111 couples to the resistor 113, which further couples to a ground node 138. The terminal

of the inductor 111 that couples to the source terminal 104s also couples to a freewheeling diode
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120 at its n-junction. A p-junction of the freewheeling diode 120 further couples to a node 137.
Similarly, the load 114 includes the inductor 115 and the resistor 117. A terminal of the inductor
115 couples to the source terminal 106s and another terminal of the inductor 115 couples to the
resistor 117, which further couples to the ground node 138. The terminal of the inductor 115 that
couples to the source terminal 106s also couples to a freewheeling diode 122 at its n-junction. A p-
junction of the freewheeling diode 122 further couples to a node 137.

[0024] Similar to the loads 112, 114, the load 116 includes the inductor 119 and the resistor 121.
A terminal of the inductor 119 couples to the source terminal 108s and another terminal of the
inductor 119 couples to the resistor 121, which further couples to the ground node 138. The
terminal of the inductor 119 that couples to the source terminal 108s also couples to a freewheeling
diode 124 at its n-junction. A p-junction of the freewheeling diode 124 further couples to a node
137. Yet again, similar to the load 112 described above, the load 118 includes the inductor 123 and
the resistor 125. A terminal of the inductor 123 couples to the source terminal 110s and another
terminal of the inductor 123 couples to the resistor 125, which further couples to the ground node
138. The terminal of the inductor 123 that couples to the source terminal 108s also couples to a
freewheeling diode 126 at its n-junction. A p-junction of the freewheeling diode 126 further
couples to a node 137. In an example, the node 137 couples to the ground node 138 via the
capacitor 128. The freewheeling diodes 120, 122, 124, and 126 are depicted to be disposed external
to the loads 112, 114, 116, and 118, respectively. However, in an example, the loads 112, 114, 116,
and 118 include the freewheeling diodes 120, 122, 124, and 126, respectively.

[0025] In at least one example, the electrical system 100 includes a recycling circuit 140 that is
configured to recycle at least some of the EMF voltage (and, in turn, recycle the discharge current)
stored in the loads 112, 114, 116, and 118. In at least one example, the recycling circuit 140
includes a power converter 130 that couples to the nodes 136, 137 at the terminals 133, 135,
respectively. In an example, the power converter 130 couples to the ground node 138 via a
terminal 139. In one example, the power converter 130 is a bidirectional inverting buck-boost
power converter, meaning that the terminals 133, 135 can assume the role of both input and output
terminals interchangeably. In one scenario, the power converter 130 is configured to assume that
the terminal 133 receives an input signal and the terminal 135 generates an output signal of an
opposite polarity than that of the input signal received by the terminal 133. In another scenario, the

power converter 130 is configured to assume that the terminal 135 receives an input signal and the
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terminal 133 generates an output signal of an opposite polarity than that of the input signal
received by the terminal 135. In an example, the power converter 130 is configured to generate an
output signal with a magnitude that is either greater than, equal to, or less than a magnitude of an
input signal provided to the power converter 130.

[0026] In an example, the bidirectional behavior of the power converter 130 is achieved by using
two separate converters. In such an example, one converter is configured to receive an input signal
from the node 136 and generate an inverted output signal at the node 137, and the other converter
is configured to receive an input signal from the node 137 and generate an inverted output at the
node 136.

[0027] 1In at least one example, the power converter 130 includes multiple switches (not
expressly depicted in FIG. 1), which are configured to couple to a pulse width modulation (PWM)
signal generator (not expressly shown in FIG. 1) and a logic circuit (not expressly shown in FIG.
1). In an example, the logic circuit of the power converter 130 is implemented using any
combination of digital or analog technology components, a processor, a micro-processor, a field-
programmable gate array (FPGA), or any other suitable circuitry, the scope of which is not limited
herein.

[0028] The recycling circuit 140 further includes a capacitor 128. In an example, the capacitor
128 is employed as a clamping element for the loads 112, 114, 116, and 118, as described below.
The capacitor 128 couples to the node 137 and the ground node 138.

[0029] The capacitor 128 is depicted as separate from the power converter 130. However, in an
example, the capacitor 128 is a part of the power converter 130. At least one example of the
recycling circuit 140 includes the power converter 130 and the capacitor 128 on the same
semiconductor die and/or in the same component package. In an example, the power converter 130
and the capacitor 128 are fabricated separately and configured to couple together.

[0030] At least one example of the electrical system 100 includes the recycling circuit 140, the
controller 102, and the switches 104, 106, 108, and 110 on the same semiconductor die and/or in
the same component package. In other examples, the recycling circuit 140, the controller 102, and
the switches 104, 106, 108, and 110 are fabricated separately and configured to couple together.
[0031] In at least one example, the electrical system 100 includes a voltage supply 134, which is
configured to provide a voltage to the electrical system 100. The voltage supply 134, in the
example of FIG. 1, is depicted with a battery symbol. In other examples, the voltage supply 134
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may include a controlled voltage source or an array of battery cells. In an example, the voltage
supply 134 is a rechargeable battery. The example of the electrical system 100 depicted in FIG. 1
also includes a capacitor 132. In the example of FIG. 1, the drain terminals 104d, 106d, 108d, and
110d couple to each other at a node 136, and the node 136 further couples to the voltage supply
134 and to the capacitor 132. In examples where the voltage supply 134 is a rechargeable battery,
in such examples, the capacitor 132 may be omitted from the electrical system 100. In other
examples, the capacitor 132 may be employed to store some of the recycled charge received from
the recycling circuit 140. In examples where the voltage supply 134 is not a rechargeable battery,
the capacitor 132 may be employed to store the charge received from the recycling circuit 140.
[0032] In the example of FIG. 1, the drain terminals 104d, 106d, 108d, and 110d couple to the
positive terminal of the voltage supply 134, causing the electrical system 100 to be in a high-side
configuration. The description herein is not limited to the high-side configuration, and the electrical
system 100 can be adapted to perform in other configurations, such as a low-side configuration
(illustrated below in FIG. 4) in which the switches 104, 106, 108, and 110 are coupled to the
negative terminal of the voltage supply 134. In an example, the capacitor 132 and/or the voltage
supply 134 are configured to store the recycled energy received from the loads 112, 114, 116, and
118, as described below.

[0033] In an example, the recycling circuit 140 and the capacitor 132 may be fabricated
separately and configured to couple together. In other examples, the recycling circuit 140 may
include the capacitor 132 and, in such examples, the capacitor 132 is fabricated on the same die as
the recycling circuit 140.

[0034] In operation, the recycling circuit 140 is configured to dissipate and recycle the EMF
voltage of one or more loads 112, 114, 116, and 118. The EMF voltage generates a discharge
current, which is recycled into a recycling current using the recycling circuit 140. When the
electrical system 100 is turned on for the first time, the recycling circuit 140 is enabled by charging
the capacitor 128 to a clamping voltage. In the case of the high-side configuration shown in FIG. 1,
this clamping voltage is negative and in the case of the low-side configuration shown in FIG. 4,
this clamping voltage is positive. The example shown in FIG. 1 is described below. When the
electrical system 100 is turned on for the first time, the power converter 130 detects an uncharged
capacitor 128, as further described below in FIG. 3. The power converter 130, following this

detection, charges the capacitor 128 to any suitable clamping voltage, for example, - 20V.
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Information (e.g., magnitude) related to the clamping voltage—as also described below—is stored
in the power converter 130. After charging the capacitor 128 to the clamping voltage, the clamping
voltage is kept substantially constant throughout the subsequent operation of the electrical system
100.

[0035] The controller 102 may now turn on one or more switches 104, 106, 108, and 110 to
energize their respective loads. The subsequent operation of the electrical system 100 is now
described in tandem with FIG. 2, which depicts illustrative graphs 210, 220, 230, 240, and 250. For
the sake of illustration, assume the switch 104 is turned on by the controller 102 at a time instant
tl. The voltage at the source terminal 104s increases to the magnitude (e.g., Vcc) of the supply
voltage 134 (see graph 210 between time instants t1 —t2). The voltage at the source terminal 104s
does not increases instantaneously. Therefore, in graph 210, the voltage at the source terminal 104s
is shown to increase linearly. As the voltage potential at the source terminal 104s increases to Vcc,
a load current beings flowing in the load 112 (see graph 240 between time instants t1 — t2). An
increasing load current induces a magnetic field in the load 112 to a level dictated by a steady state
current I(load, peak), which is given by the ratio of the magnitude of the voltage supply 134 and
the resistance of the resistor 113. Due to presence of the inductor 111, the steady state current
I(load, peak) is achieved over a finite time (see graph 240 between time instants t1 and t3).
Between the time instants t1 — t3, the inductor 111 stores energy in the form of magnetic field (see
the graph 250). At steady state (time instant t3), the change of the magnetic field as well as the
back EMF are substantially zero and, thus, the inductor 111 acts like a short circuit.

[0036] Assume that the load 112 has finished its desired mechanical action, e.g., activating
another switch (not shown) mechanically at the time instant t3 (the switch 104 is turned on
between the time instants t1 and t3 (ton time)). Following the mechanical action, the load 112
needs to restore back in its rest (equilibrium) state. This is done by substantially reducing the
current flowing in the load 112 to zero by turning off the switch 104. The controller 102 at time
instant t3 turns the switch 104 off. The inductor 111, due to the stored energy, induces an EMF
voltage opposite in polarity to the voltage that stored the energy in order to let the current flow
continue in the same direction as before turning the switch 104 off. Therefore, as the switch 104 is
turned off, the induced EMF voltage forces the freewheeling diode 120 to function in a forward
bias mode, meaning that the voltage at an n-junction of the freewheeling diode 120 coupled to the

inductor 111 is more negative than the p-junction of the freewheeling diode 120 coupled to the
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node 137 (whose voltage potential is at the clamping voltage). As the freewheeling diode 120
functions in the forward bias mode, the potential at the source terminal 104s is forced to be at the
clamping voltage (see time instant t4 of the graph 210). The forward biased freewheeling diode
120 allows the inductor 111 to discharge the EMF voltage via a discharging current, which is the
load current between time instants t4 and t5 (see graph 240).

[0037] The discharging current then begins to charge the capacitor 128 and begins to transfer
energy from the inductor 111 (see graph 250 between time instants t4, t5) to the capacitor 128.
However, as described above, it is desired for the clamping voltage to remain substantially
constant. Therefore, the power converter 130 converts the discharging current into a recycle
current Iggcycie (see graph 230 between time instants t4 — t5). The mechanism of this conversion is
further described below in FIG. 3.

[0038] The recycle current Irecycie is transported into either the voltage supply 134, in
examples where it is rechargeable or the capacitor 132, in examples where the voltage supply 134
is not configured to receive the recycled current. In other examples, the recycle current Iggcycre
can charge both the capacitor 132 and a rechargeable supply voltage 134. The capacitor 132 and/or
the supply voltage 134, once charged by the recycled current IxgcycLe, makes the additional energy
available to the electrical system 100 in the next switching cycle. This energy transfer from the
inductor 111 to the capacitor 132 and/or the supply voltage 134 substantially eliminates the thermal
stress exerted on the electrical system 100.

[0039] After the EMF voltage of the inductor 111 is discharged, the discharge current
substantially subsides to zero (see time instant t5 in the graphs 240), which subsides the recycling
current as well (see time instant t5 in the graph 250). At the time instant t5, the potential at the
source terminal 104s increases to the ground potential (or zero volts) (see graph 210 at time instant
t5) as the freewheeling diode 120 is now reverse biased. At time instant t6, the next turn on cycle
may be initiated.

[0040] Referring to FIG. 3, a schematic diagram of an illustrative power converter 130 is shown.
As described above, in at least one example, the power converter 130 is implemented by a
bidirectional inverting buck-boost converter. In one example, the power converter 130 includes a
pair of metal oxide semiconductor field effect transistors (MOSFETs) 212 and 214, and at least
one energy storage element (illustrated in this example as inductor 202). In another example, the

power converter 130 further includes a second inductor (not shown) and/or a fly-capacitor (not
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shown). In one example, the MOSFET 212 is implemented as a p-type MOSFET (PMOS) and the
MOSFET 214 is implemented as an n-type MOSFET (NMOS).

[0041] In one example of the power converter 130, a source terminal of the MOSFET 212 is
coupled to the node 133, a drain terminal of the MOSFET 212 is coupled to a node 235, and a gate
terminal of the MOSFET 212 is coupled to an output terminal of a buffer 204. In such example, a
source terminal of the MOSFET 214 is coupled to the node 135, a drain terminal of the MOSFET
214 is coupled to the node 235, and a gate terminal of the MOSFET 214 is coupled to an output
terminal of an inverter 206. In another example, the power converter 130 further includes a logic
circuit 210 that couples to a pulse width modulation (PWM) generator 220, which further provides
input signal to the buffer 204 and inverter 206. The logic circuit 210 may be implemented using
any combination of digital or analog technology components, a processor, micro-processor, field-
programmable gate array (FPGA), or any other suitable circuitry, the scope of which is not limited
herein. The logic circuit 210 is configured to store the clamping voltage of the capacitor 128 and
receive, through feedback loops 207, 209, the voltage potential at the nodes 133, 135, respectively.
Since the node 135 couples the node 137, the voltage at the node 135 substantially equals the
voltage across the capacitor 128 and because the node 133 is coupled to the node 136, the voltage
at the node 133 substantially equals to the voltage across the capacitor 132. In an example, this
clamping voltage acts as a reference voltage and, at least partially, control (as further described
below) one or more voltages of the power converter 130.

[0042] In one example, the MOSFETs 212 and 214 are controlled to turn on (e.g., conduct
current between their respective drain terminals and source terminals) and/or turn off (e.g., cease
conducting current between their respective drain terminals and source terminals) based on a signal
received at their respective gate terminals via the buffer 204 and inverter 206, respectively. For
example, based on a signal received from the PWM generator 220, either of the MOSFETSs 212 or
214 are controlled to turn on or turn off. When the PWM signal is a logic high signal (i.e., 1), the
MOSFET 214 receives a gate signal and turns the MOSFET 212 on and at the same time, due to
the presence of the inverter 206, the MOSFET 214 doesn’t receive a gate signal and remains turned
off. On the other hand, when the PWM signal is a logic low signal (i.e., 0), the MOSFET 214
receives a gate signal via the inverter 206 and that turns the MOSFET 214 on, whereas at the same
time, due to the presence of the buffer 204, the MOSFET 212 remains turned off. As further
described below, the MOSFETs 212, 214 may turn on (or off) based on a value, or relationship

10
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between values, present at the nodes 133 and 135. When the PWM generator 220 generates the
logic high signal, MOSFET 212 is turned on while MOSFET 214 is turned off. At this time, a path
from the node 133 to the ground node 138 is formed through the MOSFET 212 and inductor 202,
thereby enabling the inductor 202 to charge from the voltage signal received through the node 133.
When the PWM generate 220 generate the logic low signal, MOSFET 212 is turned off while the
MOSFET is turned on. At this time, a path from the ground node 138 to the node 135 is formed
through the inductor 202 and the MOSFET 214, thereby enabling the inductor 202 to discharge.
Due to the charging and discharging of the inductor 202, ratio of the magnitudes of the voltages V1
and V2 equal ratio of the turn on time (or duty cycle) of the MOSFETs 214 and 212. Assume that
the voltage at the node 133 is Vcc and the voltage the node 135 is Vclamp, where the Vclamp is
desired to be a constant value. In an example where Vclamp is zero, the duty cycle of the
MOSFETs 214 and 212 may be controlled to increase the voltage of the node 135 to a desired
Vclamp voltage. In examples where the magnitude of Vclamp changes, the duty cycle of the
MOSFETs 214 and 212 may be controlled such that restore the previous value Vclamp. Therefore,
in at least an example, in order to dynamically control the duty cycle of the MOSFTEs 214, 212,
the duty cycle of the PWM generator 220 may be dynamically controlled by the logic circuit 210 to
further regulate the Vclamp voltage.

[0043] The PWM generator 220 performs dynamic control of the duty cycle, in at least one
example, by comparing the voltage at the node 135 with the clamping voltage stored in the power
converter 130. Based on this comparison, the duty cycle of the PWM generator 220 is adapted such
as to keep the voltage at the node 135 substantially constant. For example, if determined by the
logic circuit 210 that the magnitude of Vclamp is larger than the reference voltage (or the clamping
voltage) stored in it, the logic circuit 210 adapts the duty cycle of the PWM generator 220 and
transfers the excess voltage to the voltage supply 134 (in an example where the voltage supply 134
is rechargeable). In examples where voltage supply 134 is not rechargeable, the excess voltage
may be stored in a bulk capacitor, such as the capacitor 132 of FIG. 1.

[0044] Refer briefly to FIG. 8 that depicts an illustrative logic circuit 210 and PWM generator
220, in accordance with various examples. In one example, the logic circuit 210 includes a
differential amplifier 805 and an error amplifier 810. A positive terminal of the differential
amplifier 805 is coupled to the node 139 that further couples to the ground node 138. A negative
terminal of the differential amplifier 805 is coupled to the node 135 via the feedback loop 209. An
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output terminal of the differential terminal is coupled to a positive terminal of the error amplifier
810; a negative terminal of the error amplifier is coupled to a reference voltage source 807. In one
example, the PWM modulator 220 includes a comparator 815 whose positive terminal is coupled
to the output terminal of the error amplifier. A negative terminal of the comparator 815 is coupled
to a sawtooth oscillator 817. An output terminal of the comparator 815 provides signal to the buffer
204 and inverter 206.

[0045] The adaptation of the duty cycle of the PWM modulator 220 is now described with
respect to FIG. 8. The output of the differential amplifier 805 (V3) has a voltage corresponding to
the difference of its two inputs (V1 — V2). The voltage V3 is compared by the error amplifier to a
reference voltage received by the reference voltage source 807. If V3 is larger than the constant
reference voltage, the error amplifier 810 outputs a voltage that is an amplified version of the
voltage on the positive terminal of the differential amplifier 805. If V3 is smaller than the reference
voltage, the error amplifier 810 outputs an amplified version of the voltage at the negative terminal
of the differential amplifier 805. For simplicity’s sake, the output voltage of the error amplifier 810
is referred to as a control voltage (Vctrl). The control voltage Vctrl is provided to the comparator
815 and is compared against a sawtooth voltage received from the sawtooth oscillator. If Vctrl is
larger than the sawtooth voltage, the output of the comparator 220 is a logical high signal; if Vctrl
is smaller than the sawtooth voltage, the output of the comparator 220 is a logical low signal. This
creates a pulse width modulated rectangular signal with the same frequency as the frequency of the
sawtooth oscillator 817. If Vctrl is in the middle of the maximum and minimum voltage of the
sawtooth voltage, then the duty cycle of the PWM signal (output of the comparator 815) is about
50%. However, if Vctrl is substantially similar to the minimum voltage of the sawtooth oscillator
815, the duty cycle is about 0%; if Vctrl is substantially similar to the maximum voltage of the
sawtooth oscillator 817, then the duty cycle is almost 100%. The rest of the circuit of FIG. 3
responds to the duty cycle, which depends on the voltages between the nodes 139 and 135. Per
description above, when the voltage difference between the nodes 139 and 135 is larger than the
reference voltage 807, then the duty cycle adapts so that the voltage gets smaller until it matches
the reference voltage.

[0046] Now refer briefly to the operation of the electrical system 100. For illustration’s sake,
assume that the electrical system 100 employs a 24V voltage supply 134 and the desired clamping
voltage of the capacitor 128 is - 20V. When the electrical system 100 is turned on for the first time,
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the logic circuit 210 (FIG. 2) compares the voltage potential at the node 135 (or node 137) with the
desired clamping voltage of — 20V. Since the electrical system 100 is freshly turned on, the
potential at the node 135 is substantially zero. Therefore, the logic circuit 210 adapts the duty cycle
of the PWM generator 220 such that a charging current flows from the voltage supply 134 to the
capacitor 128 to charge it to the clamping voltage. When the system requires a regulated and
defined charging current then the adaptation of the duty cycle must happen gradually. Once the
capacitor 128 is charged, the recycling circuit 140 is said to be functional. Now following the
mechanical action, the one or more loads 104, 106, 108, and 110 releases a discharging current
then begins to charge the capacitor 128 and tries to transfers energy from the inductor 111 to the
capacitor 128. As described above, the power converter 130 is configured to maintain a constant
clamping voltage across the capacitor 128. At this point, the power converter 130 detects a slight
(few mV) increase of the magnitude of the clamping voltage by comparing the voltage at the node
135 with the reference (or clamping) voltage stored in the power converter 130 and converts the
discharging current into a recycle current IggcycLe by adapting the duty cycle of the PWM
generator 220.

[0047] Referring to FIG. 4, a schematic diagram of an illustrative electrical system 400 adapted
to function in the low-side configuration is shown. The description of FIG. 1 applies to FIG. 4
except that the source terminals 104s, 106s, 108s, and 110s of the switches 104, 106, 108, and 110
now couple to the low-side (or the negative terminal) of the voltage supply 134. Additionally, the
p-junctions of the freewheeling diodes 120, 122, 124, and 126 now couple to the drain terminals
104d, 106d, 108d, and 110d, respectively, and the n-junctions of the freewheeling diodes 120, 122,
124, and 126 now couple to each other at the node 137. The example depicted in FIG. 4, one
terminal of the loads 112, 114, 116, and 118 couple with each other at a node 141, which is further
coupled to the positive terminal of the voltage source 134, and the other terminal of the loads 112,
114, 116, and 118 couple to the drain terminals 104d, 106d, 108d, and 110d, respectively. In at
least an example of the low side configuration, one terminal of the capacitor 128 couples to the
node 137 and the other terminal of the capacitor 128 couples to the terminal 139 and the node 141.
The electrical system 400 functions similar to the electrical system 100 and the general description
of the operation of the electrical system 100 applies to the operation of the electrical system 400.
For example, when the electrical system 400 is turned on for the first time, the recycling circuit 140

needs to be enabled in order for it to be functional. Recycling circuit 140 is enabled by charging the
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capacitor 128 to a clamping voltage, and in the case of the low-side configuration this clamping
voltage is positive. The power converter 130 then charges the capacitor 128 to the clamping
voltage, for example, + 20V above the positive battery terminal. As described above, it is then
desired to keep the clamping voltage substantially constant throughout the subsequent operation of
the electrical system 100. The controller 102, as desired by the application, may now turn on one or
more switches 104, 106, 108, and 110 to energize one or more loads.

[0048] For the sake of illustration, again assume the switch 104 is turned on by the controller
102. The voltage at the drain terminal 104d increases to the magnitude (e.g., Vcc) of the supply
voltage 134. As the voltage potential at the source terminal 104s increases to Vcc, a load current
beings flowing in the load 112. An increasing load current induces a magnetic field in the load 112
to a level dictated by a steady state current that is given by the ratio of the magnitude of the voltage
supply 134 and the resistance of the resistor 113. Due to presence of the inductor 111, the steady
state current is achieved over a finite time.

[0049] Assume that the load 112 has finished its desired mechanical action, e.g., activating
another switch (not shown) mechanically. Following the mechanical action, the load 112 needs to
restore back in its rest (equilibrium) state. This is done by substantially reducing the current
flowing in the load 112 to zero by turning off the switch 104. The inductor 111, due to the stored
energy, induces an EMF voltage opposite to the polarity of the voltage that stored the energy in
order to let the current flow continue in the same direction as before turning the switch 104 off.
Therefore, as the switch 104 is turned off, the induced EMF voltage forces the freewheeling diode
120 to function in a forward bias mode. As the freewheeling diode 120 functions in the forward
bias mode, the potential at the drain terminal 104d is forced to be at the clamping voltage. The
forward biased freewheeling diode 120 allows the inductor 111 to discharge the EMF voltage via a
discharging current. The discharging current then begins to charge the capacitor 128 and begins to
transfer energy from the inductor 111 to the capacitor 128. However, as described above, it is
desired for the clamping voltage to remain substantially constant. Therefore, the power converter
130 converts the discharging current into a recycle current IxgcycLe and further charge the capacitor
132 and/or the voltage supply 134.

[0050] Referring to FIG. 5(a), an illustrative oscilloscope graph 500 depicting a voltage curve
501 and a current curve 502 of an electrical system that excludes the recycling circuit of FIG. 1 is

shown. In order to produce the curves 501, 502, an electromagnetic valve is used as the inductive
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load. When the load is supplied with current (meaning that when the load is energized), it opens
and allows a liquid to flow through. When it is de-energized, meaning when the current flow stops,
the load closes and the liquid flow stops. This energizing and de-energizing is controlled by a
switch, which is coupled to a control unit. The voltage curve 501 is the voltage at a terminal (e.g., a
source terminal) of the switch and the current curve 502 depicts the current flowing in the
inductive load.

[0051] The region marked by numeral 505 is a portion of the curve 501 that depicts the voltage
state of the switch that is controlling the inductive load. As the control unit turns the switch on, the
impedance of the switch drops, and it begins conducting current and energizes the inductive load in
order to initiate an electromechanical action. The region marked by numeral 510 is a portion of the
curve 501 that depicts the voltage state of the switch when the current through the inductive load
increases (see the curve 502 corresponding to the portion 510) to its steady state value. The region
marked by numeral 515 is a portion of the curve 501 that depicts the voltage state of the switch
when the switch is turned off by the controller controlling the switch. At this point, the switch
introduces high impedance; the energizing period ends; the de-energizing period begins; and the
electromechanical action performed by the inductive load ends. Further, the voltage at the switch
drops to a negative voltage due to the presence of a stored EMF voltage in the inductive load. This
negative voltage is clamped using some clamping elements.

[0052] Still referring to FIG. 5(a), The region marked by numeral 525 is a portion of the curve
501 that depicts the voltage state of the switch when the switch, using some clamping elements
such as a diode/zener diode, clamps the voltage to a negative voltage and current decreases to zero
while the stored energy is released by the inductive load. This negative voltage can be
approximated by summing the voltage drop of the clamping element (e.g., diode) and the gate to
source voltage of the switch and subtracting the sum from the power supply voltage. This negative
voltage should be dissipated. The electrical system used to produce the curves shown in FIG. 5(a)
thermally dissipates this negative voltage.

[0053] FIG. 6(a) depicts illustrative thermal images 600, 605 of an illustrative electrical system
611, which is similar to the electrical system of FIG. 5(a). The thermal images 600, 605 depict the
heat signature near the electrical system 611 when the electrical system 611 dissipates the stored
EMF and switches between the inductive loads at a certain fixed frequency. In other words, the

thermal images 600, 605 show the heat released during dissipation of the EMF voltage and the
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thermal stress experienced by the switches controlling the inductive loads inducing the EMF
voltages. The electrical system 611 includes an electrical board (not expressly marked in FIG. 6(a))
used to turn on/off the inductive load coupled to the electrical board. The electrical board also
includes a dissipation circuit to dissipate the stored EMF. The thermal image 600 has a scale from
25°C to 45°C. Region 601 is a region surrounding the electrical system 611 and has a temperature
above 45°C; region 602 is another region radially-away from the region 601 and has a temperature
between the range of 40°C and 45°C; region 603 is radially-away from the region 602 and has a
temperature between the range of 30°C and 40°C; and region 604 is radially-away from the regions
601 — 603 and has a temperature that is less than 30°C. The thermal image 605 shows thermal
images of the same electrical system 611 but has a scale from 20°C to 150°C. Due to the
temperature range of the new scale, the electrical system 611 is not readily visible in the thermal
image 605. From the new scale’s perspective, region 606 that is near the electrical system 611 and
has a temperature above 150°C; region 607 is radially-away from the region 606 and has a
temperature between the range of 120°C and 150°C; region 608 is radially-away from the region
607 and has a temperature between the range of 95°C and 110°C; region 609 is radially-away from
the region 608 and has a temperature between the range of 75°C and 95°C; and region 610 is
radially-away from the region 609 and has a temperature less than 75°C. It is apparent from the
thermal image 605 that the thermal stress experienced by the switches controlling the inductive
loads inducing the EMF voltages is over 150°C without the presence of a recycling circuit.
Referring back to FIG. 5(a), numeral 520 denotes a portion of the curve 501 that depicts the
voltage state of the switch when the electrical circuit is resting and the switch is turned off.

[0054] The curves 501, 502 are similar to the curves shown in the graphs 210, 240, except that
the curves of the graphs 210, 240 show the electrical state of the electrical system of FIG. 1 that
includes the recycling circuit 140, whereas the curves 501, 502 depict the electrical state of the
electrical system that excludes the recycling circuit.

[0055] Now referring to FIG. 5(b), an illustrative oscilloscope graph 550 depicting a voltage
curve 551 and a current curve 552 of an electrical system similar to the electrical system 100 that
includes the recycling circuit 140 is shown. The curves 551, 552 are similar to the curves 501, 502,
respectively, except for the absence of the negative voltage in curve 551. As described in detail
ahead, the negative voltage is recycled (rather than thermally dissipated) using the recycling

circuit, such as the recycling circuit 140.
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[0056] Similar to the curves of FIG. 5(a), in order to produce the curves 551, 552, the same
electromagnetic valve as the inductive load is employed (e.g., similar to the loads 112, 114, 116,
and 118). When the load is supplied with current (meaning that when the load is energized), it
opens and allows a liquid to flow through. When it is de-energized, meaning when the current flow
stops, the load closes and the liquid flow stops. This energizing and de-energizing is controlled by
a switch (similar to the switches 104, 106, 108, and 110), which is connected to a control unit
(similar to the control unit 102). The voltage curve 551 is the voltage at a terminal (e.g., a source
terminal) of the switch and the current curve 552 shows the current flowing in the inductive load.
[0057] The region marked by numeral 555 is a portion of the curve 551 that depicts the voltage
state of the switch that is controlling the inductive load when it is turned on and begins energizing
the inductive load in order to initiate an electromechanical action. The region marked by numeral
560 is a portion of the curve 551 that depicts the voltage state of the switch when the current
through the load increases (see the curve 552 corresponding to the portion 560) to its steady state
value. The region marked by numeral 565 is a portion of the curve 551 that depicts the voltage
state of the switch when the switch is turned off (by the controller controlling the switch). At this
point, the switch introduces high impedance; the energizing period ends; the de-energizing period
begins; and the electromechanical action performed by the inductive load ends. The region marked
by numeral 570 is a portion of the curve 551 that depicts the voltage state of the switch when the
switch, using clamping elements such as a capacitor, clamps the voltage to a fixed voltage and
current decreases to zero while the stored energy is recycled by the recycling circuit. This recycling
avoids thermal dissipation of the stored energy.

[0058] FIG. 6(b) depicts illustrative thermal images 650, 660 of an illustrative electrical system
655, which is similar to the electrical system of FIG. 5(b). The thermal images 650, 660 depict the
heat signature near the electrical system 655 when the electrical system 655 dissipates the stored
EMF and switches between the inductive loads at a certain fixed frequency. The electrical system
655 is similar to the electrical system 100 and includes an electrical board (not expressly marked in
FIG. 6(b)) used to turn on/off the inductive load coupled to the electrical board. The electrical
board also includes a recycling circuit to recycle the stored EMF. The thermal image 650 has a
scale from 25°C to 45°C. Region 651 is a region surrounding the electrical system 655 and has a
temperature between 35°C and 40°C; region 652 is radially-away from the region 651 and has a

temperature between the range of 36°C and 40°C; region 653 is radially-away from the region 652
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and has a temperature between the range of 34°C and 36°C; and region 654 is radially-away from
the region 653 and has a temperature that is less than 34°C. The thermal image 660, on the other
hand, has a scale from 20°C to 150°C. Due to the temperature range of the new scale, the electrical
system 655 is not readily visible in the thermal image 660. The thermal image 660 depicts a region
661 that shows a temperature below 40°C. Thus, it is clear from the thermal images 650, 660 that
the thermal stress experienced by the switches controlling the inductive loads inducing the EMF
voltages is less than 40°C with the presence of a recycling circuit, such as the recycling circuit 140.
Thus, the thermal stress experienced by the electrical system 655 (such as the electrical system 100
of FIG. 1) used to generate the curves of FIG. 5(b) is substantially less than the thermal stress
experienced by the electrical system used to generate the curves of FIG. 5(a). Refer back to FIG.
5(b), 575 is a portion of the curve 551 that depicts the voltage state of the switch when the
electrical circuit is resting and the switch is turned off.

[0059] Referring to FIG. 7, an illustrative method 700 describing the functioning of the electrical
system 100 is shown. The method 700 is described in tandem with FIG. 1. The method 700 begins
with a step 710 that includes obtaining an electrical system, such as the electrical system 100,
including a bidirectional inverting buck-boost converter (such as the bidirectional inverting buck-
boost converter 130), which is coupled to a capacitor (such as the capacitor 128) and configured to
couple to multiple loads (such as the loads 104, 106, 108, and 110) and to a voltage source (such as
the voltage supply 134). The method 700 proceeds with step 720, which includes charging the
capacitor (e.g., the capacitor 128) to a reference voltage (or a clamping voltage). For example,
when the electrical system 100 is turned on for the first time, the bidirectional inverting buck-boost
converter 130 compares the voltage potential at the node 135 (or node 137) with a desired
clamping voltage stored in the bidirectional inverting buck-boost converter 130. Since the
electrical system 100 is turned on for the first time, the potential at the node 135 is substantially
zero. Therefore, the bidirectional inverting buck-boost converter 130 is adapted such that a
charging current flows from the voltage supply 134 to the capacitor 128 to charge it to the
clamping voltage.

[0060] Following the step 720, the method 700 proceeds to a step 730 that includes comparing a
voltage at a node, such as the node 137, with the desired clamping voltage stored in the
bidirectional inverting buck-boost converter. The step 730 is similar to the step performed by the

bidirectional inverting buck-boost converter when the electrical system 100 is turned on for the
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first time, where the bidirectional inverting buck-boost converter 130 compares the voltage at the
node 137 with the stored voltage value in the bidirectional inverting buck-boost converter 130. The
step 730 is regularly (e.g., at a fixed interval) performed by the electrical system 100. In an
example, the step 730 is performed continuously by the bidirectional inverting buck-boost
converter 130. After the step 730, the method 700 moves to a step 740 that includes adapting the
bidirectional inverting buck-boost converter 130 to keep the voltage at the node substantially equal
to the reference voltage in response to the comparison performed in the step 730.

[0061] In this description, an element or feature that is “configured to” perform a task or
function may be configured (e.g., programmed or structurally designed) at a time of manufacturing
by a manufacturer to perform the function and/or may be configurable (or reconfigurable) by a user
after manufacturing to perform the function and/or other additional or alternative functions. The
configuring may be through firmware and/or software programming of the device, through a
construction and/or layout of hardware components and interconnections of the device, or a
combination thereof. Also, in this description, the phrases “ground” or similar include a chassis
ground, an Earth ground, a floating ground, a virtual ground, a digital ground, a common ground,
and/or any other form of ground connection applicable to, or suitable for, the teachings of this
description.  Unless otherwise stated, in this description, “about,” “approximately,” or
“substantially” preceding a value means +/- 10 percent of the stated value.

[0062] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A device, comprising;

a capacitor; and

a bidirectional inverting buck-boost converter coupled to the capacitor and configured to:
couple to multiple loads and to a voltage source; compare a voltage across the capacitor with a
reference voltage; and based on the comparison, facilitate converting a dissipation current flowing
from one of the multiple loads into a recycling current.
2. The device of claim 1, further comprising a second capacitor coupled to the bidirectional
inverting buck-boost converter.
3. The device of claim 2, wherein the bidirectional inverting buck-boost converter is
configured to charge the second capacitor using the recycling current.
4. The device of claim 1, wherein at least one of the multiple loads include an inductor.
5. The device of claim 1, wherein the bidirectional inverting buck-boost converter is further
configured to: compare the voltage across the capacitor with the reference voltage; and based on
the comparison, facilitate charging the capacitor to the reference voltage.
6. The device of claim 1, wherein the bidirectional inverting buck-boost converter comprises:

a digital circuit;

a pulse width modulation (PWM) signal generator coupled to the digital circuit;

a plurality of switches coupled to the PWM signal generator; and

an inductor coupled to the plurality of switches.
7. The device of claim 6, wherein the PWM signal generator is configured to adapt a duty
cycle of a signal controlling the plurality of switches to charge the capacitor to the reference
voltage.
8. The device of claim 6, wherein the PWM signal generator is configured to adapt the duty
cycle of a signal controlling the plurality of switches to convert the dissipation current into the
recycling current, wherein the recycling current is provided to a second capacitor.
9. The device of claim 6, wherein the PWM signal generator is configured to adapt the duty
cycle of a signal controlling the plurality of switches to convert the dissipation current into the

recycling current, wherein the recycling current is provided to the voltage source.
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10. The device of claim 1, wherein the bidirectional inverting buck-boost converter is
configured to maintain a substantially constant voltage across the first capacitor.
11. A system, comprising:

a controller;

a first switch coupled to the controller;

a load coupled to the switch,;

a bidirectional inverting buck-boost converter coupled to the switch, the load, and a voltage
supply, wherein the bidirectional inverting buck-boost converter comprises: a digital circuit; a
pulse width modulation (PWM) signal generator coupled to the digital circuit, a plurality of
switches coupled to the PWM signal generator; and an inductor coupled to the plurality of
switches;

a first capacitor coupled to the switch and the load, wherein the first capacitor is coupled to
the bidirectional inverter buck-boost converter at a first node; and

a second capacitor coupled to the bidirectional inverting buck-boost converter and the
switch.
12. The system of claim 11, wherein the bidirectional inverter buck-boost converter is
configured to charge the first capacitor to a first voltage level when the system is turned on for the
first time.
13. The system of claim 11, wherein the bidirectional inverting buck-boost converter is
configured to compare a voltage level at the first node with a pre-defined voltage level stored in the
bidirectional inverting buck-boost converter.
14. The system of claim 11, wherein the bidirectional inverting buck-boost converter is
configured to convert a discharge current received from the load to a recycling current by adapting
a duty cycle of the PWM signal generator.
15. The system of claim 11, wherein the bidirectional inverting buck-boost converter is
configured to maintain a substantially constant voltage across the first capacitor.
16. A method, comprising:

obtaining a bidirectional inverting buck-boost converter coupled to a capacitor and
configured to couple to multiple loads and to a voltage source;

charging the capacitor to a reference voltage;

comparing, by the bidirectional inverting buck-boost converter, a voltage at a node coupled
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to the capacitor with the reference voltage; and

in response to the comparison, adapting the bidirectional inverting buck-boost converter to
keep the voltage at the node substantially equal to the reference voltage.
17. The method of claim 16, wherein adapting the bidirectional inverting buck-boost converter
to keep the voltage at the node substantially equal to the reference voltage converts a discharge
current received from the load to a recycling current.
18. The method of claim 17, wherein charging a second capacitor that is coupled to the
bidirectional inverting buck-boost converter by the recycling current.
19. The method of claim 17, wherein charging the voltage source by the recycling current.
20. The method of claim 17, wherein the bidirectional inverting buck-boost converter is

coupled to a second capacitor.

22



WO 2019/173271

1/9

PCT/US2019/020657

i
——=-= =
104d
| |
104y 1049 0 |
| f— |
/I 7“'I
103 | 104s
r——==- =
106d
1 I I
003 1089 ] |
| f— |
a 71
105 | _ _ 106s —
B PR
108~ | I
o 108g— > |
| f— |
& an
107 __108s
----- .
110d
|
MOy 1109 S |
f— |
|
1& ng'
___Ms T

136
, et
e __ _ L/mz /l
1 111 113:‘/1121 134 I
: ! L 138 g
______ 1 138
1= ~ =138
e 114
120
w_|
| )
o -1
_ﬁ_ﬂ 116'\138
122 _z/ T I(RECYCLE)
r = === =
| J
H___ -1
= \-138
Py 118
124
TR
| 1251
| |
| _M_M/A, :
“:%;:“JT\ma
120 | B
| 1137 35| 33| | |
i N
| L 1% |
T 128
al 7T 140
| - 138 130 =138 |
L e e e e e e — J



PCT/US2019/020657

WO 2019/173271

2/9

-~ — =

™ v ©

[4>] 4] [}

L o o

o a a o =

S 1S Ee] g o] ©

o 0 < < S < 3
= =

> O © © 4 o = =

——————-GND
v

———————+0

ts

{3 ty

FIG. 2



WO 2019/173271 PCT/US2019/020657

3/9

133

r-r—-r—"—"—>—=—>"=—=—="=—=—=—=—=—=—=—"™=—"=—"+= 1
T T T T T T ¢ n

207~ |

| I

204 |

' 212~ = |

—Jao] S5— |

202 |

N
NS
{




WO 2019/173271

4/9

PCT/US2019/020657

N
136
_____ - | ~
i Jﬁ/’132 P
L 111 134

P VN 93P4n1/m8

103 | L
L M-
vy 7 e 114
106s
| T 120
190 1069~ | 1B £
- | 1|1 10 1171
| ] |
105 | e
L ¥
T g |
108~ |
108 | === £
i - i M 1211 \recvae !
' | I_F*’Y\ -
107 | AR -
L ¥ - -
" 705 0 72?*'1m
I I
M0 1109~ | -2
—ONP L T 128[ 2s
( ' | IM -
1991 110d - 1
L__10d I H-—— ==
;5 S -
126
| (137 138] 133
D 1? T
128
140" P
I 130
e e e e e e e e — =




PCT/US2019/020657

WO 2019/173271

5/9

00S

0LS

N S——

<

G0S

10G

Jdss1 002 S/SA0'G SWOOL N O Vo'l ¢HO NO'0C IHO
] | ] ] _ | | ]
_
_
_ u
_
_
_
\\3\/»5.%)(%/\3/ s\(/ .\ NAr I....\J/ “ ) \\s)il&)l E/l/ B
» /
\ Y \
\ J " ,\,T__/ » \
\ ! 73\ V \
\ N s
e M
A <.7\/\l. ./n .)\(.)“ | sls..\l?rt VA \.l/..s.l)\s
L JAIVINVY NI AY Iw A a2,
__té._f W\ // <\ y A

(®)$ "DIA



PCT/US2019/020657

WO 2019/173271

6/9

0SS

Jdss1 00Z S/SA0'G SWOOL N O Vo'l ¢HO NO'0C L[HO
] | ] ] “ | | ] ]
_
_
_
_ |
_
_
| B
,?/) \..??\(\\ A \Cs_rsrx _ \\{,.\/ , </>?s<f()/</
/Jx / W, _ / .)f
s/ 11\ /f _ \s // Nmm
\
r/ \>\ \\ _ /\ -
/h _17\ \ _ \
/ \<>\\ / _ ...\.\\. /
\ _ \ 17 \ a s/
/};‘,\G\ e~ 417 \.\(l\\ /\_‘/}. o NV
|||||||||||||||||||| 4 - ____ 1
_
lllll N
4 A \'4 — —
Ill.l\\\\ \//
_ | \ \\/ —
rolo /
| | ! \
| | | \
! " 1o
| |
_ I
G9G -1 | | N 165~ -
L N B ¢
AR T4 L
S / R L)
m_N |||||||||||| ,ﬂ \ |

(@)s ‘O1d



WO 2019/173271 PCT/US2019/020657

7/9

45.0

42
40
38
36
34
32
30
28

25.0

140
130
120
110
100
90
80
70
60
50
40
30
20.0

°C

150.0

°C



WO 2019/173271

8/9

PCT/US2019/020657

45.0

42
40
38
36
34
32
30
28

25.0

140
130
120
110
100
90
80
70
60
50
40
30

FIG. 6(b)

20.0

°C

150.0

°C



WO 2019/173271

PCT/US2019/020657

9/9

700

\‘

710~

OBTAINING AN ELECTRICAL SYSTEM INCLUDING A
BIDIRECTIONAL INVERTING BUCK-BOOST CONVERTER
COUPLED TO A CAPACITOR AND CONFIGURED TO COUPLE
TO MULTIPLE LOADS AND TO A VOLTAGE SOURCE
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CHARGING THE CAPACITOR TO A REFERENCE VOLTAGE
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COMPARING, BY THE BIDIRECTIONAL INVERTING BUCK-BOOST
CONVERTER, A VOLTAGE AT A NODE COUPLED TO THE
CAPACITOR WITH THE REFERENCE VOLTAGE

Y
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IN RESPONSE TO THE COMPARISON, ADAPTING
THE BIDIRECTIONAL INVERTING BUCK-BOOST
CONVERTER TO KEEP THE VOLTAGE AT THE NODE
SUBSTANTIALLY EQUAL TO THE REFERENCE VOLTAGE

FIG. 7
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