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EFFICIENT USE OF ENERGY IN A SWITCHING POWER CONVERTER

FIELD OF DISCLOSURE

The present disclosure relates in general to circuits for electronic devices, including
without limitation personal audio devices such as wireless telephones and media players,

and more specifically, to limited average current in a peak-controlled boost converter.

BACKGROUND

Personal audio devices, including wireless telephones, such as mobile/cellular
telephones, cordless telephones, mp3 players, and other consumer audio devices, are in
widespread use. Such personal audio devices may include circuitry for driving a pair of
headphones or one or more speakers. Such circuitry often includes a speaker driver
including a power amplifier for driving an audio output signal to headphones or speakers.
Oftentimes, a power converter may be used to provide a supply voltage to a power amplifier
in order to amplify a signal driven to speakers, headphones, or other transducers. A
switching power converter is a type of electronic circuit that converts a source of power
from one direct current (DC) voltage level to another DC voltage level. Examples of such
switching DC-DC converters include but are not limited to a boost converter, a buck
converter, a buck-boost converter, an inverting buck-boost converter, and other types of
switching DC-DC converters. Thus, using a power converter, a DC voltage such as that
provided by a battery may be converted to another DC voltage used to power the power
amplifier.

Often, boost converters operate as peak current-controlled boost converters,
wherein a main control loop of a control system is used to determine a peak current
requirement on each switching phase of the boost converter in order to generate a desired
boosted output voltage of the boost converter. For boost duty cycles where a duty cycle
(e.g., which may be determined by subtracting an arithmetic ratio from the number one,
wherein the arithmetic ratio equals the input voltage supplied to the boost converter divided
by the boost output voltage of the boost converter), slope compensation circuitry may be
required to avoid sub-harmonic behavior of the boost converter. Also present in many
boost converter control systems is protection circuitry to ensure that the current of a boost

converter is maintained below a maximum value. The detection of the peak current in
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accordance with the main control loop and detection of the maximum allowable current is
often performed by two separate circuits: a first comparator comparing a measured current
(e.g., measured current of a power inductor of the boost converter) with a slope-
compensated target peak current signal and a second comparator comparing the measured
current to the maximum current limit. The main control loop, which may also be known
as a compensator, may generate a target peak current signal which may be modified by
slope compensation circuitry, and such slope-compensated target peak current signal may
be compared by the first comparator to the measured current in order to perform peak-
current control of a boost converter. However, because slope compensation may occur in
analog circuitry, an unknown amount of correction may exist at the point the first
comparator toggles. Such error may be removed by the main control loop in regulating the
boosted voltage output by the power converter.

However, the presence of this unknown error may result in the inability to directly
control the maximum current during any specific switching cycle of the boost converter.
This lack of control occurs because the second comparator allows for a measurement
without slope compensation of the inductor current above a threshold. If the second
comparator is used to control the current in the inductor directly, the lack of slope
compensation on this measurement may result in sub-harmonic behavior. To avoid such
sub-harmonic behavior while limiting the current as detected by the second comparator, the
output of the second comparator may be fed back to allow control circuity to apply desired
limit behavior to the slope-compensated target peak current signal. For example, an
additional control loop may be present such that when operating under the current-limited
condition, the slope-compensated target peak current signal is modified to obtain the
desired limited current behavior.

As a result, a control system may be created that results in limiting and controlling
the peak current of a power inductor of a boost converter below a maximum threshold.
However, in many systems, an error between the peak inductor current and the average
inductor current can be quite large and inductor variation can lead to significant challenges

in determining a proper peak current limitation.
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SUMMARY

In accordance with the teachings of the present disclosure, one or more
disadvantages and problems associated with existing approaches to operating a power
converter may be reduced or eliminated.

In accordance with embodiments of the present disclosure, a system may include a
power converter having a maximum allowable input power drawn from a power source, an
energy storage element coupled to an output of the power converter at a top plate of the
energy storage element, wherein the energy storage element is configured to store excess
energy, and control circuity configured to, when an input power of the power converter
exceeds the maximum allowable input power, cause excess energy stored in the energy
storage element to be consumed by circuitry coupled to the output of the power converter,
and in order to maintain positive voltage headroom for the circuitry coupled to the output
of the power converter, selectively couple a bottom plate of the energy storage element to
the power source such that excess energy stored by the circuitry coupled to the output of
the power converter is consumed from the energy storage device when the input power of
the power converter exceeds the maximum allowable input power.

In accordance with these and other embodiments of the present disclosure, a system
may include a power converter configured to generate a first supply voltage at a first supply
output and a second supply output configured to generate a second supply voltage lower
than the first supply voltage, wherein the second supply voltage tracks an envelope of an
output signal generated by an amplifier coupled to the power supply.

In accordance with these and other embodiments of the present disclosure, a system
may include a power supply comprising a power converter configured to generate a first
supply voltage at a first supply output of the power supply and a second supply output
configured to generate a second supply voltage lower than the first supply voltage. The
system may also include an amplifier coupled to the power supply and configured to select
between the first supply voltage and the second supply voltage as a supply voltage to the
amplifier.

In accordance with these and other embodiments of the present disclosure, a system
may include a power converter configured to generate a first supply voltage at a first supply
output of the power supply, the power converter having a maximum allowable input power

drawn from a power source, an energy storage element coupled to an output of the power
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converter at a top plate of the energy storage element, wherein the energy storage element
is configured to store excess energy, and a second supply output configured to generate a
second supply voltage lower than the first supply voltage. The second supply voltage may
track an envelope of an output signal generated by an amplifier coupled to the power supply
when the amplifier consumes power from the second supply output and the second supply
voltage may regulate a voltage at a bottom plate of the energy storage element when the
amplifier consumes power from the first supply output.

In accordance with these and other embodiments of the present disclosure, a method
may include, in a system having a power converter having a maximum allowable input
power drawn from a power source and an energy storage element coupled to an output of
the power converter at a top plate of the energy storage element, wherein the energy storage
element is configured to store excess energy: when an input power of the power converter
exceeds the maximum allowable input power, causing excess energy stored in the energy
storage element to be consumed by circuitry coupled to the output of the power converter,
and in order to maintain positive voltage headroom for the circuitry coupled to the output
of the power converter, selectively coupling a bottom plate of the energy storage element
to the power source such that excess energy stored by the circuitry coupled to the output of
the power converter is consumed from the energy storage device when the input power of
the power converter exceeds the maximum allowable input power.

In accordance with these and other embodiments of the present disclosure, a method
may include generating a first supply voltage at a first supply output with a power converter
and generating a second supply voltage lower than the first supply voltage with a second
supply output, wherein the second supply voltage tracks an envelope of an output signal
generated by an amplifier coupled to the power supply.

In accordance with these and other embodiments of the present disclosure, a method
may include generating a first supply voltage of a power supply at a first supply output with
a power converter, generating a second supply voltage of the power supply lower than the
first supply voltage with a second supply output, and selecting, by an amplifier coupled to
the power supply, between the first supply voltage and the second supply voltage as a
supply voltage to the amplifier.

In accordance with these and other embodiments of the present disclosure, a method

may be provided for use in a system having a power converter configured to generate a first
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supply voltage at a first supply output of the power supply, the power converter having a
maximum allowable input power drawn from a power source, an energy storage element
coupled to an output of the power converter at a top plate of the energy storage element,
wherein the energy storage element is configured to store excess energy, and a second
supply output configured to generate a second supply voltage lower than the first supply
voltage. The method may include tracking, with the second supply voltage, an envelope of
an output signal generated by an amplifier coupled to the power supply when the amplifier
consumes power from the second supply output and regulating, with the second supply
voltage, a voltage at a bottom plate of the energy storage element when the amplifier
consumes power from the first supply output.

Technical advantages of the present disclosure may be readily apparent to one
skilled in the art from the figures, description and claims included herein. The objects and
advantages of the embodiments will be realized and achieved at least by the elements,
features, and combinations particularly pointed out in the claims.

It is to be understood that both the foregoing general description and the following
detailed description are examples and explanatory and are not restrictive of the claims set

forth in this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present embodiments and advantages thereof
may be acquired by referring to the following description taken in conjunction with the
accompanying drawings, in which like reference numbers indicate like features, and
wherein:

FIGURE 1 illustrates an example personal audio device, in accordance with
embodiments of the present disclosure;

FIGURE 2 illustrates a block diagram of selected components of an example
integrated circuit of a personal audio device, in accordance with embodiments of the present
disclosure;

FIGURE 3 illustrates a block diagram of selected components of an example hybrid
peak-current control boost converter with average current limit control which may be used
to implement the power supply shown in FIGURE 2, in accordance with embodiments of

the present disclosure;
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FIGURE 4 illustrates graphs depicting example waveforms for actual inductor
current and target average inductor current versus time and for a mathematical integral of
a difference of the quantity of the target average inductor current and the actual inductor
current target, in accordance with embodiments of the present disclosure;

FIGURE 35 illustrates graphs depicting example waveforms for selected voltages
within the example hybrid peak-current control boost converter shown in FIGURE 3, in
accordance with embodiments of the present disclosure;

FIGURE 6 illustrates a block diagram of selected components of another example
integrated circuit of a personal audio device, in accordance with embodiments of the present
disclosure;

FIGURE 7A illustrates a block diagram of selected components of an example
power converter which may be used to implement the power supply shown in FIGURE 6,
in accordance with embodiments of the present disclosure;

FIGURE 7B illustrates a block diagram of selected components of another example
power converter which may be used to implement the power supply shown in FIGURE 6,
in accordance with embodiments of the present disclosure;

FIGURE 7C illustrates a block diagram of selected components of yet another
example power converter which may be used to implement the power supply shown in
FIGURE 6, in accordance with embodiments of the present disclosure;

FIGURE 8 illustrates a block diagram of selected components of another example
hybrid power converter which may be used to implement the power supply shown in
FIGURE 6, in accordance with embodiments of the present disclosure;

FIGURE 9 illustrates graphs depicting example waveforms for selected voltages
within the example hybrid power converter shown in FIGURE 8, in accordance with

embodiments of the present disclosure.

DETAILED DESCRIPTION

FIGURE 1 illustrates an example personal audio device 1, in accordance with
embodiments of the present disclosure. FIGURE 1 depicts personal audio device 1 coupled
to a headset 3 in the form of a pair of earbud speakers 8A and 8B. Headset 3 depicted in
FIGURE 1 is merely an example, and it is understood that personal audio device 1 may be

used in connection with a variety of audio transducers, including without limitation,
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headphones, earbuds, in-ear earphones, and external speakers. A plug 4 may provide for
connection of headset 3 to an electrical terminal of personal audio device 1. Personal audio
device 1 may provide a display to a user and receive user input using a touch screen 2, or
alternatively, a standard liquid crystal display (LCD) may be combined with various
buttons, sliders, and/or dials disposed on the face and/or sides of personal audio device 1.
As also shown in FIGURE 1, personal audio device 1 may include an audio integrated
circuit (IC) 9 for generating an analog audio signal for transmission to headset 3 and/or
another audio transducer.

FIGURE 2 illustrates a block diagram of selected components of an example IC 9A
of a personal audio device, in accordance with embodiments of the present disclosure. In
some embodiments, example IC 9A shown in FIGURE 2 may be used to implement IC 9
of FIGURE 1. As shown in FIGURE 2, a microcontroller core 18 may supply a digital
input signal DIG_IN to a digital-to-analog converter (DAC) 14, which may convert the
digital input signal to an analog signal Viv. DAC 14 may supply analog signal Vix to an
amplifier 16 which may amplify or attenuate input signal Vv to provide a differential
output signal Vour, which may operate a speaker, a headphone transducer, a line level
signal output, and/or other suitable output. In some embodiments, DAC 14 may be an
integral component of amplifier 16. A power supply 10A may provide the power supply
rail inputs of amplifier 16. In some embodiments, power supply 10A may comprise a
switched-mode power converter, as described in greater detail below. Although FIGURES
1 and 2 contemplate that IC 9A resides in a personal audio device, systems and methods
described herein may also be applied to electrical and electronic systems and devices other
than a personal audio device, including systems for use in a computing device larger than
a personal audio device, such as an automobile, a building, or other structure. Further,
systems and methods described herein may also be applied to electrical and electronic
systems and devices other than audio devices and audio transducers, such as vibro-haptic
transducers, piezeoelectric transducers, or other transducers.

FIGURE 3 illustrates a block diagram of selected components of an example hybrid
peak-current control boost converter 20A with average current limit control which may be
used to implement power supply 10A shown in FIGURE 2, in accordance with
embodiments of the present disclosure. As shown in FIGURE 3, boost converter 20A may

include a battery 22, a power inductor 30, a switch 28 implemented as an n-type metal-
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oxide-semiconductor field-effect transistor (NFET), a switch 29 implemented as a p-type
metal-oxide-semiconductor field-effect transistor (PFET), and a control circuit 32.
FIGURE 4 illustrates graphs depicting example waveforms for actual inductor current IL
and target average inductor current [avc_Liv versus time and for a mathematical integral of
a difference of the quantity of target average inductor current [avc_1m and actual inductor
current Iy, in accordance with embodiments of the present disclosure.

In a first phase (labeled as “Phase A” in FIGURE 4) of a switching cycle of boost
converter 20A, control circuit 32 may cause switch 28 to be activated (e.g., closed, turned
on, enabled) and switch 29 to be deactivated (e.g., opened, turned off, disabled). Thus,
during the first phase, a switch node (labeled as “SW” in FIGURE 3) may be effectively
shorted to a ground potential, such that battery 22 applies its voltage Vgat across terminals
of power inductor 30. As a result, an inductor current Ir. flowing in power inductor 30 may
increase during the first phase. As described in greater detail below, control circuit 32 may
cause inductor current I to increase until such point that inductor current I reaches a slope-
compensated peak current limit Ipk’, at which the first phase may end.

In a second phase (labeled as “Phase B” in FIGURE 4) of the switching cycle of
boost converter 20A, control circuit 32 may cause switch 28 to be deactivated and switch
29 to be activated. As a result, inductor current I may decrease during the second phase
as power inductor 30 discharges into boost capacitor 26, boosting the supply voltage
VsuppLy to a voltage higher than battery voltage Vear. In continuous conduction mode
(CCM), the second phase (Phase B) may continue until the end of the switching cycle, after
which the first phase (Phase A) again occurs, as shown in FIGURE 4. In discontinuous
conduction mode (DCM), the second phase (Phase B) may continue until inductor current
I reaches zero, at which point a third phase (not shown in FIGURE 4) of the switching
cycle may begin. In the third phase, if it exists, control circuit 32 may cause both of
switches 28 and 29 to be deactivated, and inductor current 1. may remain at zero until the
beginning of the next switching cycle, in which the first phase (Phase A) again occurs. In
some embodiments, control circuit 32 may deactivate switch 29 during the second phase
(Phase B), such that a body diode of the PFET implementing switch 29 conducts inductor
current I until it reaches zero.

As its name suggests, hybrid peak-current control boost converter 20A may operate

in one of at least two modes. In a first mode, switch 62B may be activated (e.g., on, closed,
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enabled) and switch 62A may be deactivated (e.g., off, open, disabled) such that a bottom
plate of boost capacitor 26 corresponding to the negative terminal of supply voltage
VsupeLy is coupled to ground voltage. In a second mode, switch 62A may be activated and
switch 62B may be deactivated such that a bottom plate of boost capacitor 26 (e.g., opposite
of the top plate of boost capacitor 26 at which supply voltage VsuppLy is present) is coupled
to battery voltage Vpar. Switching between the first mode and the second mode may be
controlled by a hybrid mode switch controller 60. Hybrid mode switch controller 60 may
be configured to transition from operation in the first mode to operation in the second mode
when voltage AV across boost capacitor 26 drops below a predetermined threshold voltage
V. In addition, hybrid mode switch controller 60 may be configured to transition from
operation in the second mode to operation in the first mode when voltage AV across boost
capacitor 26 rises above a predetermined threshold voltage Vtu. The calculation of voltage
AV may be either a direct measurement or may be calculated from supply voltage Vsuppry,
the knowledge of switch states of switches 62A and 62B, the variable voltage provided by
low-dropout regulator 58, and/or battery voltage Vpar.

In some embodiments, control circuit 32 may be configured to selectively enable
and disable coupling of the bottom plate of capacitor 26 to battery 22 at a first switching
frequency significantly less than a second switching frequency at which switches 28 and
29 of hybrid peak-current control boost converter 20A are switched.

In these and other embodiments, control circuit 32 may be configured to selectively
enable and disable coupling of the bottom plate of capacitor 26 to battery 22 at a switching
frequency related to another frequency of a signal driven to a load an amplifier (e.g.,
amplifier 16) powered from hybrid peak-current control boost converter 20A. In these and
other embodiments, control circuit 32 may be configured to selectively enable and disable
coupling of the bottom plate of capacitor 26 to battery 22 at a switching frequency related
to another frequency of a signal driven to a load by an amplifier (e.g., amplifier 16) powered
from hybrid peak-current control boost converter 20A.

Although not shown in FIGURE 3, in some embodiments, hybrid mode switch
controller 60 may operate with hysteresis, such that a threshold voltage Vi for switching
from the first mode to the second mode may be lower than a threshold voltage Vtu for

switching from the second mode to the first mode.
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To further illustrate hybrid operation between the first mode and the second mode,
FIGURE 5 illustrates graphs depicting example waveforms for selected voltages of
example hybrid peak-current control boost converter 20A when switched between the first
mode and the second mode and between the second mode and the first mode, in accordance
with embodiments of the present disclosure.

As shown in FIGURE 5, as a magnitude of output signal Vour generated by
amplifier 16 increases, a droop in supply voltage VsuppLy supplying amplifier 16 may
occur. Such droop may occur because the current drawn by the hybrid peak-current control
boost converter 20A from battery 22 may be limited by the circuitry shown in FIGURE 3.
This limited current may be required to protect battery 22 and/or to avoid brownout on
other devices using battery 22 as a source of energy. Such droop in supply voltage VsuppLy
may be due to the load connected to the output of hybrid peak-current control boost
converter 20A demanding more power than the limited operation of hybrid peak-current
control boost converter 20A is able provide. As such, when such droop occurs, the stored
energy on capacitor 26 may be used to provide the necessary power to the load.

If such droop were to cause supply voltage VsuppLy to drop below the magnitude of
output signal Vour, clipping or other distortion may occur in output signal Vour.
Accordingly, when supply voltage VsuppLy drops below threshold voltage Vra, at a time
labeled t1 in FIGURE 5, hybrid mode switch controller 60 may cause transition between
the first mode (in which the bottom plate of boost capacitor 26 is coupled to ground) to the
second mode (in which the bottom plate of boost capacitor 26 is coupled to battery voltage
VeaT). As aresult, a bottom plate voltage Vsor at the bottom plate of boost capacitor 26
may rise from zero to battery voltage Vear. Furthermore, because a voltage AV across
boost capacitor 26 cannot instantaneously change, the increase in bottom plate voltage Vsor
may cause a similar increase in supply voltage VsupprLy (€.g., VsuppLy = Veor + AV),
ensuring supply voltage VsuppLy remains above output signal Vour by allowing hybrid
peak-current control boost converter 20A to transfer more energy from boost capacitor 26
to amplifier 16 than would be possible if peak-current control boost converter 20A only
operated in the first mode with the bottom plate of boost capacitor 26 coupled to ground.
In fact, in particular implementations, hybrid operation between the two modes described
herein may allow hybrid peak-current control boost converter 20A to utilize 1.8 times more

energy (or would allow utilization of the same amount of energy with a boost capacitor 1.8
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times smaller) than if peak-current control boost converter 20A only operated in the first
mode with the bottom plate of boost capacitor 26 coupled to ground.

As shown in FIGURE 3, hybrid peak-current control boost converter 20A may
include a low-dropout regulator 58 coupled between battery 22 and switch 62A. In
operation, hybrid mode switch controller 60 may, when switching hybrid operation from
the first mode to the second mode and vice versa, control a voltage across low-dropout
regulator 58 to allow for a controlled ramping of bottom plate voltage Vpot between zero
and battery voltage Vpar and vice versa, in order to eliminate high-frequency switching
artifacts that may occur in output signal Vour due to sudden changes in supply voltage
VsuppLy.

Also as depicted in FIGURE 3, hybrid peak-current control boost converter 20A
may include a current sensor circuit 56 to sense current Igor flowing through boost
capacitor 26. Current sensor circuit 56 may measure current Igor using a sense resistor
with resistance Rgor. In some embodiments, Rgor may have a resistance of approximately
10 mQ. As described in greater detail below, measured current [sor may be used by control
circuit 32.

Turning back to FIGURE 3, control circuit 32 may include a compensator 34,
current average limit control block 35, a multiplexer 37, a current sensor circuit 36, a
digital-to-analog converter (DAC) 38, a DAC 40, a slope generator 42, a peak current
comparator 44, a clock (CLK) generator 46, a latch 48, switch block control 50, integrator
52, integrator comparator 54, and latch 56.

In operation in both CCM and DCM, the duty cycle of switch 28 (e.g., the duration
of the first phase (Phase A)) may determine the magnitude of supply voltage VsuppLy
relative to battery voltage Vear. For example, in CCM, the duty cycle D needed to provide
a desired supply voltage VsuppLy may be given by D=1 - Vga1/VsuppLy. Thus, for a desired
level of supply voltage VsuppLy (€.g., which may be based on an envelope of an output
signal of an amplifier), control circuit 32 may implement a feedback control loop, which
may be internal to compensator 34, based on measured supply voltage VsuppLy and
measured inductor current I, which may be measured by current sensor circuit 36 (e.g.,
using a sense resistor with resistance Rspnsg; in some embodiments, Rsensg may have a
resistance of approximately 10 mQ). Thus, control circuit 32 may monitor actual supply

voltage VsuppLy, compare it against a desired supply voltage VsuppLy, and increase or
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decrease actual supply voltage VsuppLy by increasing or decreasing the peak of inductor
current I1.. In that vein, compensator 34 may generate a digital signal indicative of a desired
peak current, and DAC 38 may, when multiplexer 37 is selected to output the output of
compensator 34, convert such digital signal into an analog equivalent peak current signal
Ipk. Further, as shown in FIGURE 3, measured current Isor through boost capacitor 26
may be subtracted from peak current signal Ipx to compensate for current from battery 22
that charges boost capacitor 26, as opposed to inductor current I charging boost capacitor
26.

Slope generator 42 may generate a slope compensation signal. In some
embodiments, slope generator 42 may generate the slope compensation signal as a triangle
or sawtooth waveform. The slope compensation signal may be combined with peak current
signal Ipk to generate slope-compensated peak current signal Ipk’. Peak current comparator
44 may, during the first phase (Phase A), compare a measured inductor current Ip. (e.g.,
measured by a current sensor circuit 36), generating a control signal responsive to the
comparison. Together, the output of comparator 44, clock generator 46, and latch 48 may
be arranged as shown, or arranged in another suitable manner, to generate a control signal
to switch control block 50. For example, clock generator 46 may generate a clock signal
indicating the beginning of a switching cycle (e.g., beginning of the first phase/Phase A)
and comparator 44 may, based on a point in which measured inductor current Ir. reaches
peak current Ipk, generate a signal indicating the end of the first phase (Phase A). Based
on such signals indicating timing of switch cycles and switch phases of boost converter
20A, latch 48 may generate appropriate control signal(s) to switch control block 50, which
may in turn generate appropriate control signals to switches 28 and 29 to accordingly
selectively activate and deactivate switches 28 and 29.

In addition, current average limit control block 35 may generate a digital signal
indicative of a target average current limit, which DAC 40 may convert into an equivalent
analog target average current signal [avg_rm representative of a maximum average current
to flow through power inductor 30. Such target average current signal Iavg_rLiv may be set
based on a maximum current limit of power inductor 30, which may be among the
parameters received by average limit control block 35. Other parameters received by
average limit control block 35 may include battery voltage Vpar and/or a parameter

programmed to be indicative of maximum current as a function of battery voltage Vgar.
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Additional or alternative parameters may include supply voltage Vsuppry, digital audio
input signal DIG_IN, and/or analog signal V.

Average limit control block 35 may also generate its own version of peak current
Ipx (which may be different than that generated by compensator 34) based on target average
current signal Iave_rLm such that inductor current It does not exceed the maximum current
limit based on a control loop including integrator 52, integrator comparator 54, and latch
56. As shown in FIGURE 3, a multiplexer 37 may select one of the peak current signals
generated by compensator 34 and average limit control block 35 based on a control signal
communicated from multiplexer select block 39.

Multiplexer select block 39 may be configured such that, if the peak current
determined by compensator 34 is less than the peak current determined by average limit
control block 35, multiplexer select block 39 may cause multiplexer 37 to select the peak
current determined by compensator 34. On the other hand, if the peak current determined
by compensator 34 is greater than the peak current determined by average limit control
block 35, then multiplexer select block 39 may cause multiplexer 37 to select the peak
current determined by average limit control block 35.

In some embodiments, the maximum current limit of power inductor 30 may be
determined by analyzing timing information of the output of latch 48 and the output of latch
56. Because the output of compensator 34 may have a slope compensation value added to
it, the actual value of the peak current of inductor current Ip may be different than that
represented by the output of compensator 34. As such, when the current limiting behavior
is applied (e.g., by multiplexer select block 39 causing multiplexer 37 to select the peak
current determined by average limit control block 35), the value of compensator 34 at that
point in time may be registered by average limit control block 35 and used as a reference
to determine if compensator 34 has decreased its value below that of the controlled limited
current as represented by target average current signal lavg_rm.

Accordingly, average limit control block 35 may operate to maintain the inductor
current I;. as measured over multiple switching cycles of boost converter 20A to operate at
the average current limit as set by average limit control block 35 on the input to DAC 40.
Accordingly, boost converter 20A may increase the value for peak current delivered to the
input of DAC 38 until the average of inductor current I is larger than the value for peak

current delivered to the input of DAC 40. Once this occurs, average limit control block 35
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may operate to decrease the value for peak current delivered to the input of DAC 38 until
the average of inductor current Iy is smaller than that of the value for peak current delivered
to the input of DAC 40. Such operation may over time maintain the average inductor
current at the current [avg_Lmv value as represented by the output of DAC 40.

To further illustrate, consider the waveforms for measured current It and target
average current signal Iavg_Lm shown in FIGURE 4. Because boost converter 20A must
operate with volt-second balancing, the average current during the second phase in CCM
(Phase B) must be equal to average current during the first phase (Phase A) when in steady
state. A simple analysis may show that during the first phase (Phase A), if the average
current of power inductor 30 is equal to a desired average current Live desired, the
mathematical integral of the actual inductor current I during the first phase (Phase A) will
be equal to the mathematical integral of the desired average current during the first phase.

Therefore, if the first phase has a duration of time T1, it is known that:

T1 T1
fo IL fo Iavg_desired

T1 T1
Thus:
T1 T1
.f IL =.f Iavg_desired
0 0
and
T1 T1
.f IL - .f Iavg_desired =0
0 0
Therefore:

T1
(IL - Iavg_desired) =0
0

As the equations above show, if a difference between measured inductor current I
and desired average current lavg_desired 18 integrated over the first phase (Phase A), the result
of the integration will be zero (0). The equations above show that if the value over the T1
period is integrated, then the value will be zero. Likewise, if the difference is integrated,
the T1 value can be found when the result of the integral is zero (0). FIGURE 4 also shows

the value of the integration of a difference between measured inductor current Iy and the
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desired average current layg desiea. The order of the subtraction is not critical as the critical
detection point is when the integral is equal to zero.

To take advantage of the above analysis, integrator 52 may calculate a mathematical
integral of the difference between actual inductor current IL and target average current
signal Iave_Liv, and integrator comparator 54 may compare the result to zero, such that
latch 56 may generate an output indicative of when the integration performed by integrator
52iszero. As aresult of such output, digital compensation and current average limit control
block 34 may appropriately modify target average current signal Iave_riv and peak current
Ipk for subsequent switching cycles of boost converter 20A.

Accordingly, to alleviate the concerns with respect to inductor variation and to
completely remove the errors associated in determining the average current while
controlling the peak current, an integrator circuit may be provided prior to a current
averaging comparator to allow for a determination of when the average input current of the
boost converter crosses a threshold circuit. Blanking circuitry (not shown) may be provided
to allow the current averaging comparator to not indicate that the threshold is crossed at the
initiation of the first phase (Phase A), as the integrator may be set to zero at the beginning
of the first phase.

FIGURE 6 illustrates a block diagram of selected components of an example IC 9B
of a personal audio device, in accordance with embodiments of the present disclosure. In
some embodiments, example IC 9B shown in FIGURE 6 may be used to implement IC 9
of FIGURE 1. As shown in FIGURE 6, a microcontroller core 18 may supply a digital
input signal DIG_IN to a digital-to-analog converter (DAC) 14, which may convert the
digital input signal to an analog signal Viv. DAC 14 may supply analog signal Vv to an
amplifier 16 which may amplify or attenuate input signal Vv to provide a differential
output signal Vour, which may operate a speaker, a headphone transducer, a line level
signal output, and/or other suitable output. In some embodiments, DAC 14 may be an
integral component of amplifier 16. A power supply 10B may provide a plurality of power
supplies (e.g., supply voltage VsuppLy_m1 and VsuppLy rLo) to amplifier 16. In some
embodiments, power supply 10B may comprise a switched-mode power converter, as
described in greater detail below. Although FIGURE 6 contemplates that IC 9B resides in
a personal audio device, systems and methods described herein may also be applied to

electrical and electronic systems and devices other than a personal audio device, including
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systems for use in a computing device larger than a personal audio device, such as an
automobile, a building, or other structure. Further, systems and methods described herein
may also be applied to electrical and electronic systems and devices other than audio
devices and audio transducers, such as vibro-haptic transducers, piezeoelectric transducers,
or other transducers.

As described above and shown in FIGURE 6, power supply 10B may provide a
higher supply voltage VsuppLy_mr and a lower supply voltage VsuppLy_ro. Accordingly,
amplifier 16 may be configured as a Class-G amplifier that may select between higher
supply voltage VsupprLy m1 and lower supply voltage Vsuppiy_ro depending upon a
magnitude of output signal Vour. In these and other embodiments, a system may include
a plurality of devices (e.g., amplifiers 16 or other devices) each of which may operate at a
specific supply voltage, in which case some of such devices may use higher supply voltage
VsuppLy_ni1 supplied from power supply 10B and other device may use lower supply voltage
VsuppLy_Lo supplied from power supply 10B.

FIGURE 7A illustrates a block diagram of selected components of an example
power converter 20B which may be used to implement power supply 10B shown in
FIGURE 6, in accordance with embodiments of the present disclosure. In many respects,
power converter 20B may be similar in structure and function to boost converter 20A
depicted in FIGURE 3 (including, e.g., similar components of control circuit 32, details of
which are omitted from FIGURE 7A). As shown in FIGURE 7A, power converter 20B
may include a boost converter comprising a power inductor 30 and switches 28 and 29
under the control of control circuit 32 in order to generate a supply voltage VsuppLy HI
across a boost capacitor 26, wherein supply voltage VsuppLy_mi is higher than a battery
voltage Vgar of battery 22. In some embodiments, battery 22 may comprise a multi-cell
battery.

In order to operate with greater power efficiency (e.g., as compared to power
converter 20B supplying only supply voltage VsuppLy_n1), power converter 20B may also
supply a supply voltage VsuppLy_1.0 lower than supply voltage VsuppLy m. Thus, to reduce
power consumption, including idle power consumption of an amplifier 16 or other circuit
supplied from power converter 20B, such amplifier 16 or other circuit (or control circuitry
for such amplifier or other circuity) may select between supply voltage VsuppLy_ 10 and

supply voltage VsuppLy_m1 based on actual power supply needs of such amplifier 16 or other
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circuit (e.g., a magnitude of an output signal Vour driven by amplifier 16). Thus, as shown
in FIGURE 7A, power converter 20B may provide battery voltage Vpat of battery 22 as
lower supply voltage VsuppLY_LoO.

However, for higher values of battery voltage Vpar, as may be the case when battery
22 comprises a multi-cell battery, the use of battery voltage Vgar as lower supply voltage
VsuppLy_Lo may provide minimal power savings, particularly for low levels of output signal
Vour driven by amplifier 16.

To overcome such limitation, FIGURE 7B illustrates a block diagram of selected
components of another example power converter 20C which may be used to implement
power supply 10B shown in FIGURE 6, in accordance with embodiments of the present
disclosure. A main difference between power converter 20C of FIGURE 7B as compared
to power converter 20B of FIGURE 7A is that instead of battery voltage Vpat of battery
22 being supplied as lower supply voltage VsuppLy_Lo, power converter 20C may provide
a voltage supply lower than battery voltage Vpat external to power converter 20C as lower
supply voltage VsuppLy_Lo. However, the use of a voltage supply lower than battery voltage
VeaT may provide minimal power savings for medium levels of output signal Vour driven
by amplifier 16.

To overcome both the limitations of power converter 20B and power converter 20C,
FIGURE 7C illustrates a block diagram of selected components of yet another example
power converter 20D which may be used to implement power supply 10B shown in
FIGURE 6, in accordance with embodiments of the present disclosure. As shown in
FIGURE 7C, power converter 20D may implement a boost converter comprising a power
inductor 30 and switches 28 and 29 under the control of control circuit 32 in order to
generate a supply voltage VsuppLy_n1 across a boost capacitor 26, wherein supply voltage
VsuppLy_nris higher than a battery voltage Vgar of battery 22. In addition, power converter
20D may implement a Class-H envelope tracking buck converter comprising a power
inductor 70, buck capacitor 76, and switches 78 and 79 under the control of a Class-H buck
control circuit 72 in order to generate a supply voltage VsuppLy_Lo across a boost capacitor
26, wherein supply voltage VsuppLy_Lo is lower than a battery voltage Vpar of battery 22
and tracks a signal envelope of output signal Vour. Advantageously, the topology of power
converter 20D may be capable of using the same amount of stored energy of boost capacitor

26 as power converter 20B, but the presence of the Class-H tracking buck converter in
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power converter 20D and the ability to provide higher supply voltage VsuppLy_n1and lower
supply voltage VsuppLy_ 10 may result in significantly lower idle power consumption and
greater power efficiency of power converter 20D compared to that of power converter 20B.

To leverage the advantages of both power converters 20A and 20D, FIGURE 8
illustrates a block diagram of selected components of an example hybrid power converter
20E which may be used to implement power supply 10B shown in FIGURE 6, in
accordance with embodiments of the present disclosure. As shown in FIGURE 8, hybrid
power converter 20E may implement a boost converter comprising a power inductor 30
and switches 28 and 29 under the control of control circuit 32 in order to generate a supply
voltage VsuppLy_n1across a boost capacitor 26, wherein supply voltage VsuppLy_n1is higher
than a battery voltage Vpat of battery 22. In addition, hybrid power converter 20E may
implement a Class-H envelope tracking buck converter comprising a power inductor 70,
buck capacitor 76, and switches 78 and 79 under the control of a Class-H buck control
circuit 72 in order to generate a supply voltage VsuppLy Lo across boost capacitor 26,
wherein supply voltage VsuppLy Lo is lower than a battery voltage Vpar of battery 22 and
tracks a signal envelope of output signal Vour. In addition, hybrid power converter 20E
may operate in one of at least two modes. In a first mode, switch 62B may be activated
(e.g., on, closed, enabled) and switch 62A may be deactivated (e.g., off, open, disabled)
such that a bottom plate of boost capacitor 26 corresponding to the negative terminal of
supply voltage VsuppLy is coupled to ground voltage. In a second mode, switch 62A may
be activated and switch 62B may be deactivated such that a bottom plate of boost capacitor
26 (e.g., opposite of the top plate of boost capacitor 26 at which supply voltage VsuppLy is
present) is coupled to supply voltage VsuppLy Lo. Switching between the first mode and
the second mode may be controlled by a hybrid mode switch controller 60. Hybrid mode
switch controller 60 may be configured to transition from operation in the first mode to
operation in the second mode when supply voltage VsuppLy_nr drops below a predetermined
threshold voltage Vru. In addition, hybrid mode switch controller 60 may be configured
to transition from operation in the second mode to operation in the first mode when supply
voltage VsuppLy_uirises above a predetermined threshold voltage Vru. Although not shown
in FIGURE 8§, in some embodiments, hybrid mode switch controller 60 may operate with

hysteresis, such that a threshold voltage Vtu for switching from the first mode to the second
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mode may be lower than a threshold voltage Vi for switching from the second mode to
the first mode.

To further illustrate hybrid operation between the first mode and the second mode,
FIGURE 9 illustrates graphs depicting example waveforms for selected voltages of
example hybrid power converter 20E when switched between the first mode and the second
mode and between the second mode and the first mode, in accordance with embodiments
of the present disclosure. As shown in FIGURE 9, at a time to, hybrid mode switch control
60 may set the operating mode of hybrid power converter 20E to the first mode, and a
Class-G control of an amplifier 16 may select supply voltage VsuppLy Lo as its supply
voltage. As output signal Vour increases, Class-H buck control circuit 72 may cause supply
voltage VsuppLy Lo to track output signal Vour. At a time t;, output signal Vour may
increase to a level at which Class-H buck control circuit 72 can no longer track output
signal Vour, and thus, at such time t; a Class-G control of an amplifier 16 may select supply
voltage VsuppLy_mi as its supply voltage and supply voltage Vsuppry_nr may begin supplying
current to such amplifier 16.

At a time t2, due to further increase in output signal Vout, a boost current limit for
the boost converter of hybrid power converter 20E may be reached, and a voltage AV across
boost capacitor 26 may begin to decrease. At time t3, at which voltage AV across capacitor
26 drops below a threshold voltage Vi, Class-H buck control circuit 72 may set a target
for supply voltage VsuppLy Lo to the difference between supply voltage VsuppLy_m and
threshold voltage Vi, and hybrid mode switch control 60 may set the operating mode of
hybrid power converter 20E to the second mode, thus coupling the bottom plate of boost
capacitor 26 to supply voltage VsuppLY_LO-

Accordingly, once supply voltage VsuppLy_Lo across buck capacitor 76 discharges
to the maximum of supply voltage VsuppLy_ni1 (€.2., 20V) minus threshold voltage Vi at
time t4, Class-H buck controller 72 and the buck converter of hybrid power converter 20E
may regulate the voltage Vpor at the bottom plate of boost capacitor 26. As the amplifier
16 loading hybrid power converter 20E continues to draw current, Class-H buck controller
72 and the buck converter of hybrid power converter 20E may attempt to regulate supply
voltage VsuppLy_mi to its maximum voltage (e.g., 20V) by increasing voltage Vgor, allowing
boost capacitor 26 to discharge and use its stored energy to supply current to the amplifier

16 loading hybrid power converter 20E.
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As output signal Vour decreases, supply voltage VsuppLy_mr may increase back to
its maximum voltage (e.g., 20V) at time ts, and may be held at such maximum voltage by
Class-H buck controller 72 and the buck converter of hybrid power converter 20E
decreasing voltage Vpor. Attime ts, when voltage Vot has decreased to zero, hybrid mode
switch control 60 may set the operating mode of hybrid power converter 20E to the first
mode, thus coupling the bottom plate of boost capacitor 26 to ground. At such point, Class-
H buck controller 72 and the buck converter of hybrid power converter 20E may increase
supply voltage VsuppLy_Lo to its maximum voltage (e.g., 9 V), so that it is ready to be
selected as the supply voltage for amplifier 16 when output signal Vour decreases below
such maximum voltage of supply voltage VsuppLy_L0.

As used herein, when two or more elements are referred to as “coupled” to one
another, such term indicates that such two or more elements are in electronic
communication or mechanical communication, as applicable, whether connected indirectly
or directly, with or without intervening elements.

This disclosure encompasses all changes, substitutions, variations, alterations, and
modifications to the example embodiments herein that a person having ordinary skill in the
art would comprehend. Similarly, where appropriate, the appended claims encompass all
changes, substitutions, variations, alterations, and modifications to the example
embodiments herein that a person having ordinary skill in the art would comprehend.
Moreover, reference in the appended claims to an apparatus or system or a component of
an apparatus or system being adapted to, arranged to, capable of, configured to, enabled to,
operable to, or operative to perform a particular function encompasses that apparatus,
system, or component, whether or not it or that particular function is activated, turned on,
or unlocked, as long as that apparatus, system, or component is so adapted, arranged,
capable, configured, enabled, operable, or operative. Accordingly, modifications,
additions, or omissions may be made to the systems, apparatuses, and methods described
herein without departing from the scope of the disclosure. For example, the components of
the systems and apparatuses may be integrated or separated. Moreover, the operations of
the systems and apparatuses disclosed herein may be performed by more, fewer, or other
components and the methods described may include more, fewer, or other steps.
Additionally, steps may be performed in any suitable order. As used in this document,

“each” refers to each member of a set or each member of a subset of a set.
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Although exemplary embodiments are illustrated in the figures and described
below, the principles of the present disclosure may be implemented using any number of
techniques, whether currently known or not. The present disclosure should in no way be
limited to the exemplary implementations and techniques illustrated in the drawings and
described above.

Unless otherwise specifically noted, articles depicted in the drawings are not
necessarily drawn to scale.

All examples and conditional language recited herein are intended for pedagogical
objects to aid the reader in understanding the disclosure and the concepts contributed by
the inventor to furthering the art, and are construed as being without limitation to such
specifically recited examples and conditions. Although embodiments of the present
disclosure have been described in detail, it should be understood that various changes,
substitutions, and alterations could be made hereto without departing from the spirit and
scope of the disclosure.

Although specific advantages have been enumerated above, various embodiments
may include some, none, or all of the enumerated advantages. Additionally, other technical
advantages may become readily apparent to one of ordinary skill in the art after review of
the foregoing figures and description.

To aid the Patent Office and any readers of any patent issued on this application in
interpreting the claims appended hereto, applicants wish to note that they do not intend any
of the appended claims or claim elements to invoke 35 U.S.C. § 112(f) unless the words

“means for” or “step for” are explicitly used in the particular claim.
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WHAT IS CLAIMED IS:

1. A system comprising:

a power converter having a maximum allowable input power drawn from a power
source;

an energy storage element coupled to an output of the power converter at a top plate
of the energy storage element, wherein the energy storage element is configured to store
excess energy; and

control circuity configured to:

when an input power of the power converter exceeds the maximum
allowable input power, cause excess energy stored in the energy storage element to
be consumed by circuitry coupled to the output of the power converter; and

in order to maintain positive voltage headroom for the circuitry coupled to
the output of the power converter, selectively couple a bottom plate of the energy
storage element to the power source such that excess energy stored by the circuitry
coupled to the output of the power converter is consumed from the energy storage
device when the input power of the power converter exceeds the maximum
allowable input power.

2. The system of Claim 1, wherein the maximum allowable input power is
defined by an input current limit of the power converter.

3. The system of Claim 1, wherein the power source is a battery.

4. The system of Claim 1, wherein the control circuitry is configured to
selectively enable and disable coupling of the bottom plate of the energy storage element
to the power source at a first switching frequency significantly less than a second switching
frequency at which switches of the power converter are switched.

5. The system of Claim 1, wherein the control circuitry is configured to
selectively enable and disable coupling of the bottom plate of the energy storage element
to the power source at a first switching frequency related to a second switching frequency

of a signal driven to a load of an amplifier powered from the power converter.
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6. A system comprising:

a power converter configured to generate a first supply voltage at a first supply
output; and

a second supply output configured to generate a second supply voltage lower than
the first supply voltage, wherein the second supply voltage tracks an envelope of an output
signal generated by an amplifier coupled to the power supply.

7. The system of Claim 6, wherein the amplifier is configured to select between
the first supply voltage and the second supply voltage as a supply voltage to the amplifier.

8. A system comprising:

a power supply comprising:

a power converter configured to generate a first supply voltage at a first
supply output of the power supply; and

a second supply output configured to generate a second supply voltage lower
than the first supply voltage; and

an amplifier coupled to the power supply and configured to select between the first
supply voltage and the second supply voltage as a supply voltage to the amplifier.

9. The system of Claim 8, wherein the second supply voltage tracks an
envelope of an output signal generated by the amplifier.

10. The method of Claim 8, wherein the second supply voltage is provided by a
fixed voltage supply external to a switched mode power converter.

11. The method of Claim 8, wherein the second supply voltage is provided by a
power source coupled to an input of a power supply.

12. The method of Claim 11, wherein the power source is a battery.

13. A system comprising:

a power converter configured to generate a first supply voltage at a first supply
output of the power supply, the power converter having a maximum allowable input power
drawn from a power source;

an energy storage element coupled to an output of the power converter at a top plate
of the energy storage element, wherein the energy storage element is configured to store
excess energy; and

a second supply output configured to generate a second supply voltage lower than

the first supply voltage, wherein:
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the second supply voltage tracks an envelope of an output signal generated
by an amplifier coupled to the power supply when the amplifier consumes power
from the second supply output; and

the second supply voltage regulates a voltage at a bottom plate of the energy
storage element when the amplifier consumes power from the first supply output.

14. A method comprising, in a system having a power converter having a
maximum allowable input power drawn from a power source and an energy storage element
coupled to an output of the power converter at a top plate of the energy storage element,
wherein the energy storage element is configured to store excess energy:

when an input power of the power converter exceeds the maximum allowable input
power, causing excess energy stored in the energy storage element to be consumed by
circuitry coupled to the output of the power converter; and

in order to maintain positive voltage headroom for the circuitry coupled to the
output of the power converter, selectively coupling a bottom plate of the energy storage
element to the power source such that excess energy stored by the circuitry coupled to the
output of the power converter is consumed from the energy storage device when the input
power of the power converter exceeds the maximum allowable input power.

15. The method of Claim 14, wherein the maximum allowable input power is
defined by an input current limit of the power converter.

16. The method of Claim 14, wherein the power source is a battery.

17. The method of Claim 14, wherein the control circuitry is configured to
selectively enable and disable coupling of the bottom plate of the energy storage element
to the power source at a first switching frequency significantly less than a second switching
frequency at which switches of the power converter are switched.

18. The method of Claim 14, wherein the control circuitry is configured to
selectively enable and disable coupling of the bottom plate of the energy storage element
to the power source at a first switching frequency related to a second switching frequency
of a signal driven to a load of an amplifier powered from the power converter.

19. A method comprising:

generating a first supply voltage at a first supply output with a power converter; and
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generating a second supply voltage lower than the first supply voltage with a second
supply output, wherein the second supply voltage tracks an envelope of an output signal
generated by an amplifier coupled to the power supply.

20. The method of Claim 19, further comprising selecting, by the amplifier,
between the first supply voltage and the second supply voltage as a supply voltage to the
amplifier.

21. A method comprising:

generating a first supply voltage of a power supply at a first supply output with a
power converter;

generating a second supply voltage of the power supply lower than the first supply
voltage with a second supply output; and

selecting, by an amplifier coupled to the power supply, between the first supply
voltage and the second supply voltage as a supply voltage to the amplifier.

22. The method of Claim 21, further comprising tracking, by the second supply
voltage, an envelope of an output signal generated by the amplifier.

23. The method of Claim 21, comprising supplying the second supply voltage
from a fixed voltage supply external to the switched mode power converter.

24. The method of Claim 21, comprising supplying the second supply voltage
from a power source coupled to an input of a power supply.

25. The method of Claim 24, wherein the power source is a battery.

26. A method in a system having a power converter configured to generate a
first supply voltage at a first supply output of a power supply, the power converter having
a maximum allowable input power drawn from a power source, an energy storage element
coupled to an output of the power converter at a top plate of the energy storage element,
wherein the energy storage element is configured to store excess energy, and a second
supply output configured to generate a second supply voltage lower than the first supply
voltage, the method comprising:

tracking, with the second supply voltage, an envelope of an output signal generated
by an amplifier coupled to the power supply when the amplifier consumes power from the
second supply output; and

regulating, with the second supply voltage, a voltage at a bottom plate of the energy

storage element when the amplifier consumes power from the first supply output.
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