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trical current through the dual anti-wound inductor. The current control subsystem may be configured to minimize a magnitude of a
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CURRENT CONTROL FOR A BOOST CONVERTER WITH DUAL ANTI-
WOUND INDUCTOR

FIELD OF DISCLOSURE

The present disclosure relates in general to circuits for audio devices, piezoelectric
devices, haptic-feedback devices, and/or other devices, including without limitation
personal audio devices such as wireless telephones and media players, and more

specifically, to an augmented multi-stage boost converter that may be used in such devices.

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, one or more speakers, a piezoelectric transducer, a haptic feedback transducer,
and/or other transducer. Such circuitry often includes a driver including a power amplifier
for driving a transducer output signal to the transducer. 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, piezoelectric transducers, haptic feedback transducers, 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.

Battery-powered systems may use a boost converter to generate a power supply for
an audio amplifier that is greater than a voltage of the battery. For example, a motivation
for using a boost converter in a battery-powered transducer is to generate a greater signal
swing at the output of a transducer amplifier than could be achieved by powering the

amplifier directly from the battery.
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Traditionally, while a boost converter and an amplifier powered from the boost
converter are often manufactured on the same integrated circuit, boost converters often
require a boost inductor external to the integrated circuit, which requires significant space.
However, recent advances in manufacturing have enabled the integration of inductors with
a magnetic core into an integrated circuit die. Advantages of an integrated inductor may
include smaller total circuit area, significant reduction in height in a direction perpendicular
to a surface of the integrated circuit, lower electromagnetic interference emissions, and less
variation of inductor physical properties.

Despite the advances in inductor manufacturing, designing a boost converter with
an integrated inductor may be challenging. External boost converter inductors for audio
applications generally have inductances between 1 pH and 2 pH and saturate at between
2.5A and 4A of current. However, a typical integrated inductor may have an inductance in
the range of tens to hundreds of nanohenries with a current saturation limit at or less than
1 A. A typical boost converter for audio may supply 12V into a 10W load from a 4V battery
supply. Thus, even assuming 100% efficiency, a standard boost converter design may draw
2.5A input current, which is well beyond the saturation point of the integrated inductor. A
multi-phase converter could be used to distribute the current to multiple inductors, but the
small inductance causes a large current ripple that may still exceed the saturation constraint.

To use an integrated inductor, the design of a power converter must overcome the
limitations of its low inductance and low saturation current. One solution to this problem
is to use a multi-wound inductor with a modified boost converter architecture.

A multi-wound inductor may be used to weaken the magnetic field in the core and
prevent early saturation. FIGURE 1A depicts a multi-wound inductor 100 with two coils
102a and 102b wrapped around a common magnetic core 104. FIGURE 1B depicts a cross-
sectional side view of inductor 100 depicting current flow in each of coils 102a and 102b,
with “-” depicting a current I; flowing out of the page in a direction perpendicular to the
plane of the page and with “X” depicting a current I> flowing into the page in a direction
perpendicular to the plane of the page. Coils 102a and 102b may be wound in opposite
directions such that positive current generates opposite fields in each coil. Therefore, a total
magnetic flux ¢wm through magnetic core 104 may equal the difference between the

magnetic flux ¢mi1 from coil 102a and the magnetic flux ¢m2 from coil 102b. Magnetic
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fluxes dmi, Pmz, in coil 102a, 102b may be proportional to currents I; and I», respectively,
in such coil 102a, 102b.

Inductor 100 may saturate when the magnetic field in magnetic core 104 exceeds a
threshold, Bsx. The magnetic field may be proportional to the total magnetic flux ¢wm in
magnetic core 104, which may therefore be proportional to the difference in currents (e.g.,
Ii-I). As aresult, a saturation constraint for inductor 100 may be given as:

Iiifr 2 = L ()

where [ ;?]Ef is a difference between current I; and current I that saturates inductor 100 and
may typically be around 0.5 A — 1.0 A for an integrated inductor. Equation (1) above may
only be valid for low to moderate levels of current. FIGURE 1C illustrates a saturation
profile of current I versus current I;. Dashed lines depict saturation boundaries 108 from
equation (1) whereas the hatched region depicts the true saturation region 110 defined by
the boundary ABCDE. For low currents, the unsaturated region 112 is a strip along the
main diagonal as described by equation (1). However, at larger currents the unsaturated
region 112 shrinks in width until, at very large currents, inductor 100 is always saturated.
This effect may occur because the field cancellation between coils 102a and 102b may not
be perfect, especially at their respective ends. Also, some inductor designs may use extra
turns of one of coils 102a, 102b to control a coupling coefficient which may further reduce
the field cancellation. As a result, inductor 100 may saturate even though the current
difference II; — >l is within its limits. Thus, the condition of equation (1) may represent a
necessary (but not a sufficient) condition for saturation. Instead, a sufficient condition for
inductor 100 to be unsaturated is that currents I; and I> must lie in unsaturated region 112
defined by points ABCDE.

A multi-wound inductor may extend the range of winding currents that may be used
before the device is saturated. For example, if current I is zero, current I; may only extend
to point E in FIGURE 1C and remain unsaturated. However, with a properly chosen value
for current I, the range of current I can be extended to point D or even point C and remain
unsaturated due to the field cancellation of currents I and I.. This range extension can be
used to help with the saturation problem of integrated boost inductors. However, the boost
architecture must also be designed to take advantage of the benefits of a multi-wound

inductor.
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FIGURE 2 depicts one example of a single-stage boost converter 200 that may be
used with a multi-wound inductor 100 and having a load 202. Single-stage boost converter
200 may use capacitor 204 to stabilize its output voltage Vou. A battery 206 may supply
single-stage boost converter 200 with an input voltage Vi,. Single-stage boost converter
200 may comprise a plurality of switches 210, 212, 214, and 216, each switch having a gate
G to receive a control signal to control the conductivity of such switch (e.g., to selectively
open and close such switch). Such control signals may comprise pulse-width modulation

control signals labeled P; and P, in FIGURE 2, along with their respectively logical
complements, signals labeled P, and P, in FIGURE 2. Switches 210 and 212 may toggle

top coil 102a of inductor 100 between a charging state in which coil 102a is coupled
between battery 206 and ground and a transfer state wherein coil 102a is coupled between
power supply 206 and load 202. Likewise, switches 214 and 216 may toggle bottom coil
102b of inductor 100 between a charging state in which coil 102b is coupled between
battery 206 and ground and a transfer state wherein coil 102b is coupled between power
supply 206 and load 202. The boost voltage ratio, Veu/Vin, may be related to the pulse-
width modulation duty cycle D of control signals P, and P, with an equation that is very
similar to that of a standard boost converter:

Vou 1
Tt @

Vin  1-D
assuming no inductor or switching losses.

Single-stage boost converter 200 depicted in FIGURE 2 may not prevent the multi-
wound inductor from saturating at realistic boost voltages and output powers. For example,
FIGURE 3A depicts a circuit simulation of currents I; and I> for single-stage boost
converter 200 over one pulse-width modulation cycle, with an output voltage Voy of 12V,
an output power of 10 W, and an input voltage Vi, of 4 V, which may represent standard
nominal operation conditions for a boost converter in an audio application. The simulation
results as depicted in FIGURE 3A also model resistive losses in switches 210, 212, 214,
and 216 and inductor 100. FIGURE 3B depicts current difference 11 — I» and saturation

sat

level 147 for inductor 100. FIGURE 3C depicts currents I versus 11 on a plot along with

the saturation boundary I°** also plotted in FIGURE 3C, showing that although current

difference I — I remained below saturation level I;?ff in FIGURE 3B, their individual
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amplitudes exceeded saturation boundary I°** in FIGURE 3C. Accordingly, single-stage
boost converter 200 may not be useful for a desired application.

FIGURE 4 depicts one example of a two-stage boost converter 400 that may be
used with multi-wound inductor 100 and having a load 202. Each stage 401a, 401b of two-
stage boost converter 400 may be identical to single-stage boost converter 200 shown in
FIGURE 2, and stages 401a, 401b may be coupled in series. One disadvantage to two-
stage boost converter 400 is that it requires two capacitors, 204 and 203, to stabilize the
output of each stage 401 compared to the single capacitor 204 required for single-stage
converter 200. Both capacitors 204 and 205 may be large and may contribute significantly
to the total circuit area.

In the architecture of two-stage boost converter 400, the boosted output of first stage
401a supplies the input voltage to second stage 401b. Therefore, the total boost ratio of
both stages 401 is the product of the boost ratio of each stage 401a, 401b. Because both
stages 401a, 401b may operate with identical duty cycles, the total boost ratio of two-stage

boost converter 400 may be given as:

Your _ 1 2
v o ) (3)

assuming no inductor or switching losses. Comparing equation (3) with equation (2), two-
stage boost converter 400 may require a lower duty cycle than single-stage boost converter
200 to achieve the same boost voltage ratio. For example, to boost from 4V to 12V, single-
stage boost converter 200 may require a duty cycle of 0.67 versus 0.42 for the two-stage
boost converter 400. A lower duty cycle may decrease the magnitude of the current ripple,
which should help prevent saturation.

FIGURE 5A depicts a circuit simulation of currents I1-stacet, I2stacel, lisTacez,
and I>-stage2 for two-stage boost converter 400 over one pulse-width modulation cycle. A
comparison of FIGURE 5A with FIGURE 3 A shows that coil current ripple amplitude may
be significantly reduced. FIGURE 5B depicts current difference Iistacer — l2-stacer,
current difference Iistacez — Iostage2, and saturation level [ g?;f for inductors 100.
FIGURE 5C depicts currents I>stace: versus Iistage: and currents I>stagez versus I
sTAGE2 on a plot along with the saturation boundary I°** also plotted in FIGURE 5C. In
comparing FIGURES 5B and 5C to FIGURES 3A and 3B, respectively, the over-saturation
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issues of single-stage boost converter 200 are shown to be greatly improved. The currents
of inductor 100 of first stage 401a may now be within saturation limits. However, the
currents of inductor 100 of second stage 401b may still exceed saturation limits. The
problem with two-stage boost converter 400 may be that even though the duty cycle is
smaller, second stage 401b is sourced from the output of first stage 401a, which is at a
higher voltage than voltage Vi, of battery 206. Therefore, inductor 100 of second stage
401b may experience a larger voltage drop when control signal P; is asserted, and that may
cause the large current difference I1-stace2 — I>stace2 shown in Figure 5B.

Thus, neither single-stage boost converter 200 nor two-stage boost converter 400
may satisfy the saturation constraints of inductor 100 for desired applications.

By including discussion in this Background section, Applicant is making no
admission that any of the content of this Background section is prior art that may be used

to support a prior-art based rejection of the recited claims.

SUMMARY

In accordance with the teachings of the present disclosure, one or more
disadvantages and problems associated with existing inductor-based power converters may
be reduced or eliminated.

In accordance with embodiments of the present disclosure, a system may include a
power converter comprising at least one stage having a dual anti-wound inductor
constructed such that its windings generate opposing magnetic fields in its magnetic core
and a current control subsystem for controlling an electrical current through the dual anti-
wound inductor. The current control subsystem may be configured to minimize a
magnitude of a magnetizing electrical current of the dual anti-wound inductor to prevent
core saturation of the dual anti-wound inductor and regulate an amount of output electrical
current delivered by the power converter to the load in accordance with a reference input
signal.

In accordance with these and other embodiments of the present disclosure, a method
may be provided for controlling an electrical current through a dual anti-wound inductor
integral to a power converter, wherein the dual anti-wound inductor is constructed such that

its windings generate opposing magnetic fields in its magnetic core. The method may
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include minimizing a magnitude of a magnetizing electrical current of the dual anti-wound
inductor to prevent core saturation of the dual anti-wound inductor and regulating an
amount of output electrical current delivered by the power converter to the load in
accordance with a reference input signal.

In accordance with these and other embodiments of the present disclosure, a system
for controlling an electrical current through a dual anti-wound inductor integral to a power
converter, wherein the dual anti-wound inductor is constructed such that its windings
generate opposing magnetic fields in its magnetic core, may include an input for receiving
a reference input signal and a current control subsystem configured to minimize a
magnitude of a magnetizing electrical current of the dual anti-wound inductor to prevent
core saturation of the dual anti-wound inductor and regulate an amount of output electrical
current delivered by the power converter to the load in accordance with the reference input
signal.

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:

FIGURES 1A and 1B depict a multi-wound integrated inductor, in accordance with
embodiments of the present disclosure;

FIGURE 1C illustrates a saturation profile of currents within the multi-wound
integrated inductor shown in FIGURES 1A and 1B, in accordance with embodiments of

the present disclosure;
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FIGURE 2 illustrates a single-stage boost converter using a multi-wound integrated
inductor, in accordance with embodiments of the present disclosure;

FIGURE 3A depicts a circuit simulation of currents for the multi-wound integrated
inductor of the single-stage boost converter shown in FIGURE 2 over one pulse-width
modulation cycle, in accordance with embodiments of the present disclosure;

FIGURE 3B depicts a circuit simulation of a current difference and a current
saturation level for the multi-wound integrated inductor of the single-stage boost converter
shown in FIGURE 2, in accordance with embodiments of the present disclosure;

FIGURE 3C illustrates a saturation profile of currents within the multi-wound
integrated inductor of the single-stage boost converter shown in FIGURE 2, in accordance
with embodiments of the present disclosure;

FIGURE 4 illustrates a two-stage boost converter with each stage using a multi-
wound integrated inductor, in accordance with embodiments of the present disclosure;

FIGURE 5A depicts a circuit simulation of currents for the multi-wound integrated
inductors of the two-stage boost converter shown in FIGURE 4 over one pulse-width
modulation cycle, in accordance with embodiments of the present disclosure;

FIGURE 5B depicts a circuit simulation of a current difference and a current
saturation level for the multi-wound integrated inductors of the two-stage boost converter
shown in FIGURE 4, in accordance with embodiments of the present disclosure;

FIGURE 5C illustrates a saturation profile of currents within the multi-wound
integrated inductors of the two-stage boost converter shown in FIGURE 4, in accordance
with embodiments of the present disclosure;

FIGURE 6 illustrates selected components of an example personal mobile device,
in accordance with embodiments of the present disclosure;

FIGURE 7 illustrates a block diagram of selected components of an example
integrated circuit of a personal mobile device for driving a transducer, in accordance with
embodiments of the present disclosure;

FIGURE 8 illustrates a block and circuit diagram of selected components of an
example switched mode amplifier, in accordance with embodiments of the present

disclosure;
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FIGURE 9 illustrates selected components of an augmented two-stage boost
converter with each stage using a multi-wound integrated inductor, in accordance with
embodiments of the present disclosure;

FIGURES 10A and 10B depict equivalent circuit diagrams showing connectivity of
selected components of the augmented two-stage boost converter of FIGURE 9 based on
the values of switch control signals for the augmented two-stage boost converter, in
accordance with embodiments of the present disclosure;

FIGURES 11A-11C depict a circuit simulation of currents for the multi-wound
integrated inductors of the augmented two-stage boost converter shown in FIGURE 9 over
one pulse-width modulation cycle, in accordance with embodiments of the present
disclosure;

FIGURE 12A depicts an example model for modeling effects of disturbance in
generation of pulse-width modulation control signals, in accordance with embodiments of
the present disclosure;

FIGURE 12B depicts an ideal pulse-width modulated control signal and the ideal
pulse-width modulated control signal affected by a disturbance, in accordance with
embodiments of the present disclosure;

FIGURES 13A and 13B depict a simulation of an example step disturbance in the
generation of pulse-width modulated control signals using the disturbance model of
FIGURE 12A, in accordance with embodiments of the present disclosure;

FIGURE 14A depicts magnetizing currents of inductors resulting from the response
of the augmented two-stage boost converter shown in FIGURE 9 to the step disturbance
depicted in FIGURES 13A and 13B along with a magnetizing current saturation limit, in
accordance with embodiments of the present disclosure;

FIGURE 14B illustrates a saturation profile of currents within the multi-wound
integrated inductors of the augmented two-stage boost converter shown in FIGURE 9
during a cycle of operation prior to a disturbance in generation of a pulse-width modulated
control signal, in accordance with embodiments of the present disclosure;

FIGURE 14C illustrates a saturation profile of currents within the multi-wound

integrated inductors of the augmented two-stage boost converter shown in FIGURE 9
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during a cycle of operation after a disturbance in generation of a pulse-width modulated
control signal, in accordance with embodiments of the present disclosure;

FIGURE 15 illustrates an example voltage control loop that may be used in
connection with a boost converter, in accordance with embodiments of the present
disclosure;

FIGURE 16A illustrates selected components of an example current control scheme
that may be used in connection with a boost converter, in accordance with embodiments of
the present disclosure;

FIGURE 16B illustrates selected components of an example control subsystem that
may be used in connection with a boost converter and the current control scheme depicted
in FIGURE 16A, in accordance with embodiments of the present disclosure;

FIGURE 17A illustrates selected components, including a cycle average calculator,
for performing calculation of cycle averages of inductor coil currents, in accordance with
embodiments of the present disclosure;

FIGURE 17B illustrates selected components of a system for using a triangle carrier
signal of a triangle modulator to generate pulse-width modulated control signals and using
such triangle carrier signal to trigger a midpoint sampler configured to sample current
values of the midpoint of the “ON” time of a pulse-width modulated control signals, in
accordance with embodiments of the present disclosure;

FIGURE 17C illustrates a selected portion of a boost converter and selected
components of a midpoint sampler, in accordance with embodiments of the present
disclosure;

FIGURES 18A and 18B depict a simulation of an example step disturbance in the
generation of pulse-width modulated control signals, in accordance with embodiments of
the present disclosure;

FIGURE 18C depicts example waveforms for cycle average currents of inductor
currents in response to the step disturbance of FIGURE 18A, in accordance with
embodiments of the present disclosure;

FIGURES 19A-19C depict various waveforms for a three-cycle simulation of
coordination of a midpoint sampler with a triangle modulator and the sampling process of

FIGURE 17C, in accordance with embodiments of the present disclosure;
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FIGURES 20A and 20B depict waveforms showing an effect of offset caused by
resistive losses and imbalance between boost converter stages, in accordance with
embodiments of the present disclosure;

FIGURES 21A and 21B illustrate selected components, including a forward
transform block and a reverse transform block, for coordinate transformation, in accordance
with embodiments of the present disclosure;

FIGURE 21C illustrates a saturation profile of currents within a multi-wound
integrated inductor depicting transformed coordinate axes, in accordance with
embodiments of the present disclosure;

FIGURES 22A-22D depict a simulation of an example step disturbance in the
generation of pulse-width modulated control signals and an application of a forward
transform to inductor coil currents, in accordance with embodiments of the present
disclosure;

FIGURES 23A-23C depict selected components of an observer for use in a control
subsystem for a boost converter, in accordance with embodiments of the present disclosure;

FIGURES 24A-24D depict simulated actual values of pulse-width modulated
control signal disturbances and coil currents and estimated versions of such parameters as
estimated by the Kalman filter shown in FIGURE 23B, in accordance with embodiments
of the present disclosure;

FIGURE 25A illustrates selected components of a control subsystem for a boost
converter implementing two independent control loops for magnetizing and battery modes
of the control subsystem, in accordance with embodiments of the present disclosure; and

FIGURE 25B depicts an example implementation of a state-space model for a
control block of the control subsystem shown in FIGURE 25A, in accordance with

embodiments of the present disclosure.

DETAILED DESCRIPTION

FIGURE 6 illustrates an example personal mobile device 1, in accordance with
embodiments of the present disclosure. FIGURE 6 depicts personal mobile device 1 having
a speaker 7. Speaker 7 is merely an example, and it is understood that personal mobile

device 1 may be used in connection with a variety of transducers including magnetic coil
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loudspeakers, piezo speakers, haptic feedback transducers, and others. In addition or
alternatively, personal mobile device 1 may be coupled to a headset 3 in the form of a pair
of earbud speakers 8A and 8B. Headset 3 depicted in FIGURE 6 is merely an example,
and it is understood that personal mobile device 1 may be used in connection with a variety
of audio transducers, including without limitation, headphones, earbuds, in-ear earphones,
and external speakers. A plug 4 may provide for connection of headset 3 to an electrical
terminal of personal mobile device 1. Personal mobile 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 mobile device 1. As also shown in FIGURE 6, personal
mobile device 1 may include an integrated circuit (IC) 9 for generating an analog signal for
transmission to speaker 7, headset 3, and/or another transducer.

FIGURE 7 illustrates a block diagram of selected components of an example IC 9
of a personal mobile device for driving a transducer, in accordance with embodiments of
the present disclosure. As shown in FIGURE 7, 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 input signal Viv. DAC 14 may supply analog signal Vi
to an amplifier 16 which may amplify or attenuate analog input signal Vi to provide a
differential audio output signal Vo, which may operate a speaker, a headphone transducer,
a piezoelectric transducer, a haptic feedback 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 10 may provide the power supply rail inputs of amplifier 16.
In some embodiments, power supply 10 may comprise a switched-mode power converter,
as described in greater detail below. Although FIGURES 6 and 7 contemplate that IC 9
resides in a personal mobile device, systems and methods described herein may also be
applied to electrical and electronic systems and devices other than a personal mobile device,
including transducer systems for use in a computing device larger than a personal mobile
device, an automobile, a building, or other structure.

FIGURE 8 illustrates a block and circuit diagram of selected components of an
example switched mode amplifier 20, in accordance with embodiments of the present

disclosure. In some embodiments, switched mode amplifier 20 may implement all or a
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portion of amplifier 16 described with respect to FIGURE 7. As shown in FIGURE 8,
switched mode amplifier 20 may comprise a loop filter 22, a controller 24, and a power
converter 26.

Loop filter 22 may comprise any system, device, or apparatus configured to receive
an input signal (e.g., audio input signal Vv or a derivative thereof) and a feedback signal
(e.g., audio output signal Vo, a derivative thereof, or other signal indicative of audio output
signal Vo) and based on such input signal and feedback signal, generate a controller input
signal to be communicated to controller 24. In some embodiments, such controller input
signal may comprise a signal indicative of an integrated error between the input signal and
the feedback signal. In other embodiments, such controller input signal may comprise a
signal indicative of a target current signal to be driven as an output current Ioyr or a target
voltage signal to be driven as an output voltage Vo to a load coupled to the output terminals
of second control loop 28.

Controller 24 may comprise any system, device, or apparatus configured to, based
on an input signal (e.g., input signal INPUT), output signal Vo, and/or other characteristics
of switched mode amplifier 20, control switching of switches integral to power converter
26 in order to transfer electrical energy from a power supply VsuepLy to the load of
switched-mode amplifier 20 in accordance with the input signal.

Power converter 26 may comprise any system, device, or apparatus configured to
receive at its input a voltage VsuppLy (e.g., provided by power supply 10), and generate at
its output output voltage Vo. In some embodiments, voltage VsuppLy may be received via
input terminals of power converter 26 including a positive input terminal and a negative
input terminal which may be coupled to a ground voltage. As described in greater detail in
this disclosure (including, without limitation, in reference to FIGURES 9-14, below),
power converter 26 may comprise a power inductor and a plurality of switches that are
controlled by control signals received from controller 24 in order to convert voltage
VsuppLy to voltage Vo, such that audio output signal Vo is a function of the input signal to
loop filter 22.

FIGURE 9 depicts selected components of an example augmented two-stage boost
converter 900 that may be used with multi-wound inductors 100 and having a load 202, in

accordance with embodiments of the present disclosure. In some embodiments, augmented
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two-stage boost converter 900 may be used to implement all or a portion of power supply
10 depicted in FIGURE 7. In these and other embodiments, augmented two-stage boost
converter 900 may be used to implement all or a portion of power converter 26 depicted in
FIGURE 8. Augmented two-stage boost converter 900 shown in FIGURE 9 may be similar
in many respects to two-stage boost converter 400 depicted in FIGURE 4, and thus, only
differences between augmented two-stage boost converter 900 and two-stage boost
converter 400 may be discussed below. In particular, while first stage 901a of augmented
two-stage boost converter 900 may be similar to first stage 401a of two-stage boost
converter 400, augmented second stage 901b of augmented two-stage boost converter 900,
as compared to second stage 401b of two-stage boost converter 400, may include additional
switches 910, 912, 914, and 916 and capacitor 905 (in lieu of capacitor 405) arranged as
shown in FIGURE 9 and controlled by control signals P;, P,, P_l, and P_z as shown in
FIGURE 9. As in two-stage boost converter 400, inductors 100a, 100b of each of stages
901a and 901b are dual, anti-wound inductors comprising a plurality of coils including coils
102a and 102b and wound in such a manner that a magnetic field in a core 104 produced
by coils 102a and 102b cancels when currents through coils 102a and 102b are positive.

FIGURES 10A and 10B depict equivalent circuit diagrams showing connectivity of
selected components of augmented two-stage boost converter 900 based on the values of
switch control signals for augmented two-stage boost converter 900, in accordance with
embodiments of the present disclosure. In particular, FIGURE 10A depicts connectivity of
top coils 102a of each of inductors 100a and 100b when control signal P, is asserted (and
control signal P, is deasserted) and FIGURE 10B depicts connectivity of top coils 102a of
each of inductors 100a and 100b when control signal P; is deasserted (and control signal
P_l is asserted). For purposes of clarity of exposition, FIGURES 10A and 10B neglect all
resistive switch losses.

As seen in FIGURE 10A, when control signal P; is asserted (and control signal P_l
is deasserted), top coils 102a of inductors 100a and 100b are in parallel to the power supply
of battery 206 and ground. The configuration shown in FIGURE 10A is a charging phase
of augmented two-stage boost converter 900 in which energy is stored in top coils 102a.
As seen in FIGURE 10B, when control signal P; is deasserted (and control signal P_1 is

asserted), top coils 102a of inductors 100a and 100b are in series to the power supply of
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battery 206 and ground. The configuration shown in FIGURE 10B is a transfer phase of
augmented two-stage boost converter 900 in which energy is transferred from top coils
102a to capacitor 204 and load 202.

Thus, the unique behavior of charging coils 102a from the two stages in parallel and
transferring stored energy from coils 102a in series may be an advantage of this
architecture. The bottom coils 102b of inductors 100a and 100b may be controlled in a
similar manner.

Because first stage 901a and augmented second stage 901b charge in parallel and
transfer in series, the total boost voltage ratio is the sum of the contribution of each stage,
as given by:

Vout 2
Vin 1-D

C)

assuming no resistive losses. Equation 4 shows that the boost action of each stage 901a,
901b combines additively, in contrast to two-stage boost converter 400 in which the boost
action of each stage 401a, 401b combines multiplicatively. As a result, augmented two-
stage boost converter 900 may require a smaller duty cycle than single-stage boost
converter 200 in order to achieve the same boost ratio (though to a lesser extent than two-
stage converter 400) which may minimize current ripple.

When control signal P; of augmented two-stage boost converter 900 transitions

from asserted to deasserted (and control signal P_1 transitions from deasserted to asserted),
it is possible that currents I1stace1 and listage2 in coils 102a may not be exactly equal.
This unequal current may occur because when control signal P; is asserted, the conduction
path resistance for coils 102a of inductors 100a and 100b may be different (e.g., inductor
100b may have an extra switch in its conduction path when control signal P; is asserted
that can add switch resistance). When two inductors with different currents are connected
in series, the current in one (or both) of the inductors must change rapidly to satisfy
continuity. However, rapid changes of current in inductors may generate large, potentially
damaging voltages in the circuit. To solve this problem, switch 912 may couple capacitor
905 between the common electrical node of coils 102a (when control signal P; is
deasserted) and ground, providing an alternative path to any such excess current. For
bottom coils 102b of inductors 100a and 100b, switch 916 may be used for a similar purpose

for which switch 912 is used.
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In contrast with capacitor 405 of two-stage boost converter 400, capacitor 905 may
be much smaller with minimal impact to total circuit area. In fact, in some instances such
capacitor could have a sufficiently small capacitance that capacitor 905 may be formed
within the integrated circuit of augmented two-stage power converter 900. A natural
consequence of the architecture of augmented two-stage power converter 900 is that
capacitor 905 may balance current between first stage 901a and augmented second stage
901b.

FIGURES 11A-11C depict a circuit simulation of currents for the multi-wound
integrated inductors of the augmented two-stage boost converter 900 shown in FIGURE 9
over one pulse-width modulation cycle, in accordance with embodiments of the present
disclosure. FIGURE 11A depicts example control signals P; and P, and FIGURE 11B
depicts currents of coils 102a and 102b of inductors 100a and 100b. During the states when
either control signal P, is asserted and control signal P, is deasserted or control signal P;
is deasserted and control signal P, is asserted, at least of a pair of coils 102 is coupled in
series to load 202 as shown in FIGURE 10B. In these states, energy may be transferred
from the magnetic fields of inductors 100A and 100B at the same time energy may be
simultaneously stored in the magnetic field. In effect, in such states, energy may be
transferred from one coil 102 of an inductor 100 to the other coil 102 of the inductor. Such
transformer action may keep excessive energy from building up in magnetic core 104,
thereby potentially preventing early saturation.

Augmented two-stage power converter 900 may prevent current saturation because
it may minimize the total magnetic field in magnetic core 104, thereby minimizing the
amount of magnetic energy stored in magnetic core 104. The total magnetic field in
magnetic core 104 may be proportional to magnetization current, I, which (for each

inductor 100) may be defined as:

Imag =L -1, (5
When magnetization current Inag is greater than or equal to magnetization current saturation
sat

limit Ig;7;, magnetic core 104 may saturate.

FIGURE 11C depicts magnetizing currents Imag1 and Imag> for inductors 100a and

100D, respectively. When control signals P; and P, are both asserted, currents in coils 102
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are both increasing because both are coupled in parallel between power supply and ground,
as previously shown in FIGURE 10A. However, during this state, the magnetizing currents
Imag1 and Imag stay relatively flat because the flux generated by each coil 102 is changing
at equal rates, and thus the difference remains constant. This flatness of currents may, in
effect, create a “flat-top” to the magnetizing current waveforms as shown in FIGURE 11C
that prevents the magnetizing currents Imagi and Inag2 from saturating.

The advantage of the two-stage, augmented boost architecture depicted in FIGURE
9 is that it may reduce peak currents compared to the single-stage architecture depicted in
FIGURE 2 and the two-stage architecture depicted in FIGURE 4 and may minimize energy
stored in the core of inductors 100, thus minimizing a likelihood of core saturation.
Because of these advantages, the current control methodology described below
contemplates use of the two-stage, augmented boost architecture depicted in FIGURE 9.
However, the concepts, methods, and systems discussed below could be extended to the
single-stage architecture depicted in FIGURE 2, the two-stage architecture depicted in
FIGURE 4, or any other boost architectures, including without limitation those disclosed
in U.S. Pat. App. Ser. No. 16/692,072 filed November 22, 2019, which is incorporated by
reference herein in its entirety.

As discussed above, the output of augmented two-stage boost converter 900 may
be controlled by the duty cycles of control signals P; and P,. These duty cycles may be
time-varying signals that must be carefully chosen to prevent core saturation due to
disturbances and regulate the amount of output current.

FIGURES 11A-11C discussed above depict idealized pulse-width modulation and
current waveforms during steady-state operation. However, in reality, augmented two-
stage boost converter 900 may experience some deviations from these idealized
waveforms. If the pulse-width modulated control signals P; and P, are generated by a
digital process, then clock jitter, quantization effects, and mismatch in the digital
components may cause the actual pulse-width modulated control signals P; and P, to vary
from what is commanded. In addition, non-idealities in analog circuitry of augmented two-
stage boost converter 900, such as switching time of transistor switches, gate drive effects
(e.g., switch non-overlap time), and thermal effects, may cause additional deviations in the

response of augmented two-stage boost converter 900.
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For example, FIGURE 12A depicts an example model for modeling effects of
disturbance in generation of pulse-width modulated control signals P; and P,, and FIGURE
12B depicts an ideal pulse-width modulated control signal (e.g., control signal P;) and the
ideal pulse-width modulated control signal affected by a disturbance, in accordance with
embodiments of the present disclosure. As shown in FIGURE 12A, two separate pulse-

width modulation (PWM) generators 1202 may use two independent duty cycles D; and

D, to generate control signals P;, P,, P_l, and P_z for augmented two-stage boost converter
900. Each PWM generator 1202 may have an independent disturbance source that causes
a perturbation in its generated PWM waveform, as shown in FIGURE 12B. This
disturbance may move one or more edges of the PWM waveform, effectively changing its
duty cycle.

Such disturbances may be problematic as they may lead to inductor saturation.
FIGURES 13A and 13B depict a simulation of an example step disturbance using the
disturbance model of FIGURE 12A. In the example of FIGURES 13A and 13B, a 1% step
disturbance is introduced in duty cycle D, at a time t = 0.2us, while duty cycle D, remains
undisturbed as shown in FIGURE 13A. FIGURE 13B shows a simulation of currents
through coils 102a and 102b of inductors 100 responsive to the step disturbance.

FIGURE 14A depicts magnetizing currents Imag1 and Imag> for inductors 100a and
100b, respectively, resulting from the response of augmented two-stage boost converter
900 to the step disturbance depicted in FIGURES 13A and 13B, along with saturation level

1 ;;-’L;f, in accordance with embodiments of the present disclosure. FIGURE 14B illustrates

a saturation profile of currents within the multi-wound integrated inductors of augmented
two-stage boost converter 900 during a cycle of operation prior to a disturbance in
generation of a pulse-width modulated control signal, in accordance with embodiments of
the present disclosure. Similarly, FIGURE 14C illustrates a saturation profile of currents
within the multi-wound integrated inductors of augmented two-stage boost converter 900
during a cycle of operation after a disturbance in generation of a pulse-width modulated
control signal, in accordance with embodiments of the present disclosure.

Before the disturbance of FIGURE 13A is applied, as shown in FIGURE 14B,

Isat

currents of inductors 100 may remain within the saturation boundary . However, as
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shown in FIGURE 14C, after a number of cycles after the disturbance, one or more currents

of inductors 100 may exceed the saturation boundary 1°%.
Accordingly, as shown above, a 1% disturbance in control signals P, P,, P_l, and

P_z may be sufficient to cause a failure of augmented two-stage boost converter 900 due to
inductor core saturation. Larger disturbances in either or both of control signals P;, P, may
cause augmented two-stage boost converter 900 to exceed its limits by an even greater

extent. Thus, augmented two-stage boost converter 900 may be very sensitive to

disturbance generation of control signals Py, P,, Py, and P,. Such sensitivity may be largely

due to the small inductance values of integrated inductors 100. To ensure proper operation,

control signals P;, P,, P_l, and P_z may be controlled to regulate currents and prevent
inductor saturation from disturbances.

In addition to the disturbance rejection problem discussed above, control signals P;,

P,,P;,and P, may be controlled to deliver power to load 202 of augmented two-stage boost
converter 900 and maintain a regulated output boost voltage V. In a boost converter for
audio applications, output boost voltage V,,,,; may vary by three times or more to meet the
requirements of a class H or class G/H amplifier. Loading on the output of augmented two-
stage boost converter 900 may vary over a wide range as well. Audio content may have a
high crest factor and may vary rapidly from silence (0 Watts) to full scale (~10 Watts) in
tens of microseconds. Additionally, where load 202 is a speaker, impedance of load 202
may vary by two times or more across operating frequencies and temperatures. Thus, it
may be desirable that augmented two-stage boost converter 900 be capable of responding
to rapidly changing output voltage commands and loading conditions.

A voltage control loop may be commonly used to meet the requirements of time
varying output voltages and loads. FIGURE 15 illustrates selected components of an
example voltage control loop 1500 that may be used in connection with a boost converter
1506 (e.g., which may be implemented with augmented two-stage boost converter 900 or
any other suitable boost converter), in accordance with embodiments of the present
disclosure.

As shown in FIGURE 15, a compensator 1502 may receive a reference voltage V..

which may represent the desired regulated output boost voltage V,,,,;, and which may be
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time-varying. Compensator 1502 may compare reference voltage V;..; and sensed output
boost voltage V,,; and generate a control signal CTRL based on the comparison and a
control algorithm. In many architectures, control signal CTRL may drive an inner current
control loop implemented by a current controller 1504. Such current control loop may
regulate an amount of average current delivered to capacitor 204 and load 202, thereby
regulating output boost voltage V,,,;. However, for proper operation, current controller
1504 may need to simultaneously prevent inductor saturation.

Thus, it may be desirable that a boost converter (e.g., augmented two-stage boost
converter 900 or other boost converter 1506) using a multi-wound inductor 100 have a
current controller 1504 that meets two requirements: (a) current controller 1504 regulates
currents in inductors 100 to prevent saturation from disturbances; and (b) current controller
1504 regulates an output current driven to the load of boost converter 1506 to meet the
requirements of audio systems with time varying boost voltages and loading.

FIGURE 16A illustrates selected components of an example current control scheme
that may be used in connection with boost converter 1506, in accordance with embodiments
of the present disclosure. As shown in FIGURE 16A, current controller 1504 may include
a measurement block 1602 configured to receive a sensed inductor current / (e.g., a current
I; or I, of an inductor 100) and perform a calculation on sensed inductor current / to
generate a signal that is indicative of inductor coil currents /; or I,. Current controller 1504
may have two external signals: (a) saturation control signal SATCTRL which may regulate
current saturation; and (b) a current control signal [CTRL which controls a target output
current delivered to load 202. A control block 1604 may receive an output of measurement
block 1602, saturation control signal SATCTRL, and current control signal ICTRL to
generate control signals for switches of boost converter 1506.

FIGURE 16B illustrates selected components of an example control subsystem
1600 that may be used in connection with boost converter 1506 and the current control
scheme depicted in FIGURE 16A, in accordance with embodiments of the present
disclosure. As shown in FIGURE 16B, compensator 1502 may be used to generate current
control signal ICTRL based on a comparison of reference voltage V,.r and sensed output
boost voltage V,,,;, which may allow compensator 1502 to regulate an amount of current

delivered from boost converter 1506 and thus regulate output boost voltage V,,;. As shown
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in FIGURE 16B, saturation control signal SATCTRL may be permanently set to zero to
minimize energy stored in the cores of inductors 100 and prevent saturation due to
disturbances. Control block 1604 may receive an output of measurement block 1602
(indicative of measured current inductor coil currents I; or [,), saturation control signal
SATCTRL, and current control signal ICTRL to generate control signals P;, Py, P_l, and P_z
for switches of boost converter 1506.

The discussion below outlines several example embodiments, grouped into four
sections related to either control or measurement of circuit parameters, for implementing

control subsystem 1600.

1. Generating PWM Control Signals and Calculating Cycle Averages

The measurement process of measurement block 1602 may comprise calculating
the cycle averages of inductor coil currents I; and I, of coils 102a and 102b of inductors
100 in a manner that is coordinated or linked to the PWM generation process. FIGURE
17A illustrates selected components, including a cycle average calculator 1704, for
performing calculation of cycle averages of inductor coil currents /; and [, in accordance
with embodiments of the present disclosure.

To further illustrate, such functionality, FIGURES 18A and 18B depict a simulation
of an example 1% step disturbance introduced in duty cycle D, at a time t = 0.2us, while
duty cycle D, remains undisturbed as shown in FIGURE 18A. FIGURE 18B shows a
simulation of currents through coils 102a and 102b of a dual-wound inductor 100
responsive to the step disturbance. FIGURE 18C depicts a plot of the average winding
currents I; and I, of coils 102a and 102b. Calculating an average of currents /; and I, may
remove the effect of the current ripple within a PWM cycle and may be a much clearer
indicator of the current dynamic behavior. The use of average currents may therefore
simplify current control by current controller 1504.

Notably, FIGURES 18B and 18C depict only currents /; and I, of coils 102a and
102b of first-stage inductor 100a of augmented two-stage power converter 900 and omit
currents for second-stage inductor 100b. However, because of the augmented two-stage

architecture, currents I; and I, for inductor 100a may be similar to that of 100b, and current
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controller 1504 may take advantage of this similarity by only measuring currents of one of
inductors 100 and controlling all currents based on such measurement.

Cycle average calculator 1704 may calculate average cycle values for currents I,
and /, in any suitable manner, including directly by sampling multiple points and summing,
implementing a circuit that automatically integrates currents I; and I, over a cycle, or using

a triangle carrier signal of a triangle modulator 1702 to generate pulse-width modulated

control signals P;, P,, P_l, and P_Z, as is known in the art, and use such triangle carrier signal
to trigger a midpoint sampler 1706 configured to sample values of currents /; and I, at the
midpoint of the “ON” time of a pulse-width modulated control signals P;, P,, as depicted
in FIGURE 17B. Midpoint sampler 1706 may provide an approximation of cycle average
of currents I; and I,, as described in greater detail below.

Midpoint sampler 1706 may sample both currents I; and I, simultaneously or
perform an alternate sampling of currents /; and I, as shown in Figure 17C. Figure 17C
shows a portion of augmented two-stage boost converter 900 in which switches 210 and
214 are controlled by control signals P; and P,, respectively. In the embodiments
represented by FIGURE 17C, midpoint sampler 1706 may be implemented by sense
resistor 1708 and analog-to-digital converter (ADC) 1710. Sense resistor 1708 may be
coupled between a ground voltage and a common node of switches 210 and 214. ADC
1710 may sample a voltage across sense resistor 1708 which may be indicative of a current
flowing to ground. Analog-to-digital converter 1710 may be triggered by the trigger signal
from triangle modulator 1702 to sample a midpoint current value. Using a single ADC
1710 and sense resistor 1708 may be advantageous because they make up a smaller circuit
and the smaller circuit may avoid possible mismatch if two ADCs and sense resistors were
to be used.

FIGURES 19A-19C depict various waveforms for a three-cycle simulation of
coordination of midpoint sampler 1706 with triangle modulator 1702 and the sampling
process of FIGURE 17C, in accordance with embodiments of the present disclosure.
FIGURES 19A and 19B depict generation of pulse-width modulated control signals P; and
P, from a triangle carrier wave. FIGURE 19A depicts a triangle carrier wave CARRIER

with a minimum of -1 and a maximum of +1 and a period equal to a pulse-width modulation
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period of pulse-width modulated control signals P, and P,. Reference signals refl and ref2
may be related to the desired duty cycles D, and D, as follows:
refl=2D,—-1 (35)
ref2=1- 2D, (6)
FIGURE 19B depicts pulse-width modulated control signals P; and P, which may

be derived from reference signals refl and ref2 and triangle carrier wave CARRIER as

follows:
_ (1, ref1 > CARRIER
b= { 0, otherwise 7
(1, ref2 < CARRIER
Py = { 0, otherwise ®)

Control signals P_1 and P_z may be the logical complements of control signals P; and P,,
respectively.

The alternate sampling of currents I; and [, as shown in Figure 17C may be
achieved when triangle carrier wave CARRIER equals -1 and +1, respectively. The times
of alternate sampling of currents /; and [, are depicted in FIGURES 19A-19C by points
labeled I, samp and I,samp, respectively. By sampling at the maximum and minimum of
triangle carrier wave CARRIER, sampling is configured to occur at the midpoint of the
“ON” time of control signals P; and P,. Such midpoint sampling may be advantageous as
it is maximally far away in tome from the edges of control signals P, and P, where
switching transients may distort measurement. In addition, midpoint sampling may ensure
that current [ is sensed when control signal P; is asserted and control signal P, is deasserted
and that current I, is sensed when control signal P, is asserted and control signal P; is
deasserted, regardless of the desired duty cycles D, and D,.

Sampling at the midpoint of the PWM waveform has the additional benefit that it
may approximate the cycle-average of the inductor currents [; and I,. FIGURE 19C depicts
simulated winding currents I; and I, assuming lossless inductors and switches, along with
the sampled current values. Due to the symmetry of the switching states and the
accompanying anti-symmetry of the currents about the midpoint of the control signal “ON”
time, the sampled values may represent cycle averages of inductor currents I, and /.

During real operation, resistive losses along with imbalance between two stages

901a and 901b of augmented two-stage boost converter 900 may distort current waveforms
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such that they are no longer piecewise-linear waveforms that are antisymmetric about the
midpoint of the “ON” times of control signals P; and P,. This distortion may cause an
offset between the actual cycle-averages of inductor currents I; and I, and the values
obtained from mid-point sampling. FIGURES 20A and 20B show an example of this offset
from a simulation with resistive losses and imbalance between stages 901a and 901b.
Despite these offset errors, the midpoint-sampled values of inductor currents I; and
I, may still be used in the current control loop described above. First, the errors are
generally small relative to the value being measured. Second, the outer voltage regulation
loop may use an integrator to zero out any error in the commanded output current. Third,
as the winding current difference approaches zero, the estimated winding current difference
from midpoint sampling also approaches zero. Therefore, if estimated coil current
difference |I; — I,| is controlled to zero, the actual winding current difference |/; — I, | may

also approach zero which may prevent saturation.

2. Applving A Transformation to Current Measurement and Duty Cycle

In some embodiments, the control subsystem of boost converter 1506 may
implement a coordinate transformation to decouple signals in order to simplify control of
boost converter 1506. FIGURES 21A and 21B illustrate selected components, including a
forward transform block 2102 and an inverse transform block 2104, for coordinate
transformation, in accordance with embodiments of the present disclosure. As shown in
FIGURES 21A and 21B, forward transform block 2102 may be applied to measurements
for inductor currents I; and I, and control block 1604 may operate on transformed
measurements I,,, and I, for inductor currents I; and I, to generate duty cycle control
signals D,, and D, which may in turn be inverse transformed by inverse transform block
2104 to generate duty cycle control signals D; and D, used to drive PWM generator 1202.

Forward transform block 2102 may apply the following transform to generate
transformed current measurements I,,, and /I:

B
wherein [,,, may be referred to as a magnetizing current and [, may be referred to as a

battery current. Magnetizing current I,,, may be equal to the difference between inductor
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currents I; and I, and may therefore be proportional to the net magnetic field in the core of
multi-wound inductor 100. The term “battery current” as used herein is not in any way
limited to a current sourced from a battery but may be sourced from a battery or any suitable
power supply or may be a mathematical equivalent/transformative value representative of
a battery current or power supply current. For example, battery current I, may be the sum
of coil currents I; and [, and for a single stage converter, battery current I, may be exactly
equal to an actual current flowing from the battery or power supply. For a two-stage
converter, battery current I, may no longer be equal to an actual battery or power source
current, but may be so termed because it is the same mathematical transformation. Because
coil currents I; and I, may be the cycle average values of the winding currents, magnetizing
current I,, and battery current I, may also represent the cycle averages of the magnetizing
and battery currents.

The inverse transform of transform block 2102 may be applied by inverse transform
block 2104 to generate duty cycle control signals:

Rl ] o
FIGURE 21B depicts how both transformations are implemented. In this case, the

saturation control signal SATCTRL and the current control signal ICTRL received by
control block 1604 may be replaced by a magnetizing current reference I, / and a battery

current reference I;ef , respectively. Because of this transformation, control block 1604
may operate in magnetizing/battery coordinate space rather than a coil 101a/coil 102b
coordinate space.

FIGURE 21C illustrates a saturation profile of currents within a multi-wound
integrated inductor 100 depicting transformed coordinate axes, in accordance with
embodiments of the present disclosure. The plot of FIGURE 21C depicts a saturation
region 110 similar to that of FIGURE 1C on a coordinate axis in which current I is on the
horizontal axis and current I, is on the vertical axis. The transformation of equation (9)
may be interpreted as a rotation transformation that rotates the (11, I;) axes by 45° to a new
set of axes (I,;;, Ip) as shown in FIGURE 21C. This rotation transformation may be useful
because for most of the unsaturated region 112, the magnetizing current I,,, coordinate may

be a direct measurement of how far away boost converter 1506 is from exceeding the
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magnetizing saturation limit I5%,. On the other hand, the orthogonal battery current [
4 4 dif f b4 y b

coordinate is free from this constraint and may be representative of a current flowing
through the boost converter 1506 to its output. At large current values, battery current [,
may have a maximum current constraint, but the approximation in the transformed
coordinate space may be useful for control over most of the operating space. This example
embodiment depicts how the transformation may decouple the saturation protection from
output current requirements, allowing each quantity to be controlled independently.

The transformations of equations (9) and (10) may also have the added benefit of
decoupling the system modes of the converter. Augmented two-stage boost converter 900
may be modeled using the example state-space averaging technique described in Erickson,
Robert W. and Dragan Maksimociv, “Fundamentals of Power Electronics: Second
Edition,” Springer Science+Business Media, 2001, which is incorporated herein by
reference. Such model may also be linearized about a nominal operating point using a
small-signal approximation. Assuming the current dynamics are much faster than the
output voltage dynamics, the system including boost converter 1506 and its control

subsystem may be modeled as a second-order ordinary differential equation as follows:
G 2l ST o
[—M L] acli] 1o —R i2+0 vl ld, (h

where lower case variables i,, i,, d;, and d, represent the small signal deviations of
currents I; and I, and duty cycles D, and D, from steady-state, L is the self-inductance of
inductor 100, M is the mutual inductance of inductor 100, R is a resistance which is a
function of a switch resistance, inductor resistance, and steady-state duty cycle, and Visa
voltage that is a function of the power supply voltage, output boost voltage V,,;, switch
resistance, inductor resistance, and steady-state current. If the transformations of equations
of (9) and (10) are applied to equation (11), the result may be:
LR - B i B 1 A PR P

where lower case variables i, i, d,,, and d, represent the small signal deviations of

currents I, and I, and duty cycles D,, and D, from steady-state, and k is a coupling

coefficient defined by M/L. In this case, the matrices are diagonalized, such that the
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magnetizing and battery modes are orthogonal. Thus, the system of boost converter 1506
and its control subsystem may be decoupled into two, independent first-order modes.
FIGURES 22A-22D depict the results when the foregoing transformation is applied
to the previous example of a 1% step disturbance in duty cycle D;. FIGURE 22A depicts
duty cycle D; with a disturbance occurring at 0.2 psec, and FIGURE 22B depicts the
simulated cycle-average of coil currents I; and I, for inductor 100a. Even though the
disturbance occurs only on duty cycle D;, both currents I; and I, may be affected due to
the coupled dynamics of equation (11). Transformation equation (9) may be applied to
these currents I; and I, to yield magnetizing current I,,, in FIGURE 22C and battery current
I, in FIGURE 22D. Currents I; and [, may exhibit a second-order response whereas
magnetizing current I, and battery current I, may exhibit a simple first-order response.
These first-order, decoupled dynamics of the magnetizing current I,,, and battery current I,

may be easier to control within a control subsystem.

3. Using an Observer for Current Measurement

The cycle-average measurements of currents /; and I, may be noisy. Additionally,
if the sampling method from FIGURE 17C is implemented, information from one of the
coils 101 may be missing at each sampling period. These shortcomings may degrade the
performance of the control subsystem. Accordingly, the control subsystem may implement
an observer 2300, as shown in FIGURE 23A. In operation, observer 2300 may receive
measured current data [,,,,, and generate an improved estimate of currents /; and I,.
Observer 2300 may use a model of the control subsystem to filter out noise and fill in any
missing information. The system model may require knowledge of or information related
to the desired duty cycles D, and D,, as well as an indicator of which current value I; and
I, is currently being measured. The latter indicator signal is labeled I,.,; mode in
FIGURE 23A. Observer 2300 may be implemented using one of several methodologies
including, without limitation: a Luenberger filter, a Kalman filter, and a slide mode
observer. FIGURE 23B shows an implementation based on a Kalman filter. The Kalman
filter architecture of FIGURE 23B may be used if measured current data [,,,.,; comes from
the current sampling scheme shown in FIGURE 17C. The Kalman filter implementation

of FIGURE 23B may operate by using a model 2302 and the known model inputs of desired
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duty cycles D; and D, to form an estimate of currents I; and /,. These estimates may be
compared by a subtractor 2304 with measured current data [,,,,s to form error signal e.
Error signal e may be multiplied by Kalman gains, K, and then used to adjust the model
estimates such that the error is minimized. The signal I, mode may indicate whether
measured current data /., 1S measuring current I, or current /.

The system model may be derived by discretizing the continuous-time model
equation (11) using any standard method (e.g., forward Euler, bilinear transform, Zero

Order Hold (ZOH), etc.) and re-writing it in standard form:

[E;Ll =4 [:] +B: [leﬂi (13)

Where A and B are 2x2 matrices and [/ is the sample time index. This model may be
extended to include the effects of noise and disturbances on generation of control signals
P, and P,:
Xiy1 = wxi + [ﬁ] u; +wy (14)
F G
yi=Hix; +1; (15)
wherex; = [i; i, distl dist2]7 is the state vector and dist1 and dist2 are disturbance
estimates; u; = [dy dp 0 0]? is the model input vector; F is a 4x4 block matrix
comprising the 2x2 matrix A from equation (13), the 2x2 matrix B from equation (13), the
2x2 zero matrix, and the 2x2 identity matrix; G is a 4x2 block matrix comprising 2x2
matrix B and the 2x2 zero matrix, w is a 4x1 vector of the process noise, y is the output I,
or I,; and r is the scalar measurement noise. Matrix H; may change with time depending
on the value of signal I,,,.,; mode: if current [, is being measured, H; =[1 0 0 0] and if
current /, is being measured, H; = [0 1 0 0]. The dependency of model 2302 on signal
Lneas mode is represented in FIGURE 23B with a dashed line.
The Kalman filter implemented by model 2302 may be implemented in any suitable
number of ways using equations (14) and (15) (e.g., in accordance with Simon, Dan,
“Optimal State Estimation,” Wiley 2006, which is incorporated by reference herein in its

entirety). In one possible implementation, the Kalman recursion may be given by:

z; =Fx{ |+ Gu;_4 (16)
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xi_y =z + K+ (v; — Hyz) (17
where xf , = [if i§ dist1® dist2¢]7 is the estimated state vector that contains
estimated coil currents and disturbances and z; is an internal state vector (e.g., an a priori
state estimate).

The Kalman gain, K;, may be derived using any of the standard techniques (e.g.,
techniques disclosed in the Simon reference cited above). However, the gain computation
must account for the H; matrix that changes with time based on measured current data
Lneqs- In one implementation, the Kalman gains may be calculated ahead of time over
several samples. At steady state, the Kalman gains will alternate between two sets of values
depending on signal [, mode. These steady-state values may be stored and applied
depending on the state of signal I,,,.,; mode, as indicated by the dashed lines in FIGURE
23B.

FIGURES 24A-24D depict simulation results of augmented two-stage power
converter 900 in response to the 1% step disturbance earlier described. The Kalman filter
of FIGURE 23B may be used to estimate the currents [; and I, as well as the disturbances
on control signals P; and P,. The simulation shown may use the current sampling technique
disclosed in FIGURE 17C. FIGURES 24A and 24B depict actual and estimated
disturbances on control signals P; and P, while FIGURES 24C and 24D depict actual and
estimated currents I; and I,. The currents plotted may be the deviations from steady state.
The Kalman filter of FIGURE 23B may rapidly converge on an estimate of both the
disturbances of control signals P; and P, and currents I; and I, even though the measured
value of measured current data [,,,.,s only includes one of currents I; and I, on each sample.

FIGURE 23C depicts an alternative embodiment for observer 2300. In the
embodiment of FIGURE 23C, two independent observers each with a difference model
2302a and 2302b and gain K; and K> may be used. First observer 2300a may form an
estimate of current I; when current I, is being measured. Its input may be the instant
measurement of current [; and the previous measurement of current /. Likewise, second
observer 2300b may form an estimate of current I, when current /; is being measured. Its
input may be the instant measurement of current I, and the previous measurement of current

I;. Unlike the example of FIGURE 23B, models 2302a, 2302b and gains K, K> may be
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fixed. Estimates for current /;, I, may be taken from either the output of first model 2302a
or second model 2302b depending on the state of signal I,;,.4; mode which may control a

multiplexed output 2306.

4. Applving Independent Control on Decoupled Current Signals

As shown in FIGURE 25A, in some embodiments, currents I; and I, may be
controlled using two independent control loops with control blocks 1604a and 1604b that
separately control the magnetizing and battery modes. Control blocks 1604a and 1604b
may be implemented using any standard control algorithm including without limitation
proportional, proportional-integral, proportional-integral-derivative, or state-space.
FIGURE 25B depicts an example of a state-space control 2500 that may be used for either
or both of control blocks 1604a and 1604b. State-space control 2500 may implement a
servo control architecture that includes an added integrator 2502 to remove steady-state
error (e.g., as disclosed in Ogata, Katsuhiko, Discrete-Time Control Systems, Prentice Hall,
1995). Such control may be based on a decoupled state-space model of the system. The
decoupled model may be derived by applying the magnetizing/battery transform equations
(9) and (10) to the discretized model of equation (13):

bl e R A L
Where a,,, a, b,,, and b, are scalar coefficients. Applying the magnetizing/battery
transforms may diagonalize the matrices and decouple the magnetizing/battery modes as
discussed earlier. As a result, independent state-space models may be written for each
mode. In a real implementation, there may be a non-zero computational delay time for all
the blocks of the algorithm. However, in this case, it is assumed there is a one-sample delay
between receiving measured current data I,,,.,sand calculating the next PWM command.

This one-sample delay may also be included in the model for each mode as follows:

el B S 19
[?f]i+1 - [(1) C?b] . [ﬁ)]l + [%b] dp, (20)

where up is an internal state that represents the input during the previous sample. The

models given by equations (18) and (19) may each be used to construct a servo control
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using a method similar to the Ogata reference cited above. The result may be the
architecture in FIGURE 25B. The block 2504 labeled “b” may calculate a gain using either
the b, or by, coefficient from equation (19) or (20) depending on whether the control is for
the magnetizing or battery mode. The gains Ki, K>, and K3 may be calculated using any
standard state-space method (e.g., pole placement, quadratic optimal control, etc.).

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.

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



10

15

20

WO 2020/132109 PCT/US2019/067241

32

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 comprising at least one stage having a dual anti-wound inductor
constructed such that its windings generate opposing magnetic fields in its magnetic core;
and

a current control subsystem for controlling an electrical current through the dual
anti-wound inductor, the current control subsystem configured to:

minimize a magnitude of a magnetizing electrical current of the dual anti-
wound inductor to prevent core saturation of the dual anti-wound inductor; and
regulate an amount of output electrical current delivered by the power

converter to the load in accordance with a reference input signal.
2. The system of Claim 1, wherein the power converter is a boost converter.

3. The system of Claim 1, wherein the reference input signal is a reference

voltage indicating a desired voltage level to be driven to the load.

4. The system of Claim 1, wherein the current control subsystem is further
configured to control the magnetizing electrical current and the output electrical current

independently from one another.

5. The system of Claim 1, wherein the current control subsystem is further
configured to, in order to minimize the magnitude of the magnetizing electrical current to
prevent core saturation of the dual anti-wound inductor and regulate the amount of output
electrical current, transform electrical current parameters from a first coordinate space
defined by a first electrical current through a first winding of the dual anti-wound inductor
and a second electrical current through a second winding of the dual anti-wound inductor
to a second coordinate space defined by the magnetizing electrical current and the output

electrical current.

6. The system of Claim 1, wherein the current control subsystem comprises an
observer configured to improve accuracy of a measurement of a first electrical current
through a first winding of the dual anti-wound inductor and a second electrical current
through a second winding of the dual anti-wound inductor by estimating the first electrical

current when the first electrical current is out of phase for measurement and by estimating
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the second electrical current when the second electrical current is out of phase for

measurement.

7. The system of Claim 1, wherein the current control subsystem comprises a
current control loop for control of the power converter, and is further configured to
5  measure, as feedback parameters to the current control loop:
a first average current of a first winding of the dual anti-wound inductor over the
duration of a pulse-width modulation period of the first winding; and
a second average current of a second winding of the dual anti-wound inductor over

the duration of a pulse-width modulation period of the second winding.

10 8. A method for controlling an electrical current through a dual anti-wound
inductor integral to a power converter, the dual anti-wound inductor constructed such that
its windings generate opposing magnetic fields in its magnetic core, the method
comprising:

minimizing a magnitude of a magnetizing electrical current of the dual anti-wound
15 inductor to prevent core saturation of the dual anti-wound inductor; and
regulating an amount of output electrical current delivered by the power converter

to the load in accordance with a reference input signal.
9. The method of Claim 8, wherein the power converter is a boost converter.

10. The method of Claim 8, wherein the reference input signal is a reference

20  voltage indicating a desired voltage level to be driven to the load.

11. The method of Claim 8, further comprising controlling the magnetizing

electrical current and the output electrical current independently from one another.

12. The method of Claim 8, further comprising, in order to minimize the
magnitude of the magnetizing electrical current to prevent core saturation of the dual anti-
25  wound inductor and regulate the amount of output electrical current, transforming electrical
current parameters from a first coordinate space defined by a first electrical current through
a first winding of the dual anti-wound inductor and a second electrical current through a
second winding of the dual anti-wound inductor to a second coordinate space defined by

the magnetizing electrical current and the output electrical current.

30
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13. The method of Claim 8, further comprising implementing an observer
configured to improve accuracy of a measurement of a first electrical current through a first
winding of the dual anti-wound inductor and a second electrical current through a second
winding of the dual anti-wound inductor by estimating the first electrical current when the
first electrical current is out of phase for measurement and by estimating the second

electrical current when the second electrical current is out of phase for measurement.

14. The method of Claim 8, further comprising implementing a current control
loop for control of the power converter, and is further configured to measure, as feedback
parameters to the current control loop:

a first average current of a first winding of the dual anti-wound inductor over the
duration of a pulse-width modulation period of the first winding; and

a second average current of a second winding of the dual anti-wound inductor over

the duration of a pulse-width modulation period of the second winding.

15. A system for controlling an electrical current through a dual anti-wound
inductor integral to a power converter, the dual anti-wound inductor constructed such that
its windings generate opposing magnetic fields in its magnetic core, the system comprising:

an input for receiving a reference input signal; and

a current control subsystem configured to:

minimize a magnitude of a magnetizing electrical current of the dual anti-
wound inductor to prevent core saturation of the dual anti-wound inductor; and
regulate an amount of output electrical current delivered by the power

converter to the load in accordance with the reference input signal.
16. The system of Claim 15, wherein the power converter is a boost converter.

17. The system of Claim 15, wherein the reference input signal is a reference

voltage indicating a desired voltage level to be driven to the load.

18. The system of Claim 15, wherein the current control subsystem is further
configured to control the magnetizing electrical current and the output electrical current

independently from one another.

19. The system of Claim 15, wherein the current control subsystem is further

configured to, in order to minimize the magnitude of the magnetizing electrical current to
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prevent core saturation of the dual anti-wound inductor and regulate the amount of output
electrical current, transform electrical current parameters from a first coordinate space
defined by a first electrical current through a first winding of the dual anti-wound inductor
and a second electrical current through a second winding of the dual anti-wound inductor
to a second coordinate space defined by the magnetizing electrical current and the output

electrical current.

20. The system of Claim 15, wherein the current control subsystem comprises
an observer configured to improve accuracy of a measurement of a first electrical current
through a first winding of the dual anti-wound inductor and a second electrical current
through a second winding of the dual anti-wound inductor by estimating the first electrical
current when the first electrical current is out of phase for measurement and by estimating
the second electrical current when the second electrical current is out of phase for

measurement.

21. The system of Claim 15, wherein the current control subsystem comprises
a current control loop for control of the power converter, and is further configured to
measure, as feedback parameters to the current control loop:

a first average current of a first winding of the dual anti-wound inductor over the
duration of a pulse-width modulation period of the first winding; and

a second average current of a second winding of the dual anti-wound inductor over

the duration of a pulse-width modulation period of the second winding.
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