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Transformerless stacked active bridge (TSAB) direct current
(DC)-to-DC power converters designed based on parent
switched capacitor (SC) converter topologies. The TSAB
DC-t0-DC power converter includes the SC converter. The
SC converter includes a plurality of switches and a plurality
of capacitors. Each capacitor of the plurality of capacitors is
electrically coupled to at least one of the plurality of
switches. The plurality of capacitors includes tree capaci-
tors, and link capacitors forming a loop with at least one of
the tree capacitors. The TSAB DC-to-DC power converter
includes at least one inductor electrically coupled in series to
at least one of the link capacitors. The TSAB DC-to-DC
power converters provide high efficiency bi-directional
operation without requiring isolation transformers. The
TSAB DC-to-DC power converters enable high power den-
sity in a wide variety of practical applications involving low,
medium, or high power requirements, with comparably
lower package sizes/weights and inductor component val-
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TRANSFORMERLESS STACKED ACTIVE
BRIDGE POWER CONVERTERS AND
METHODS FOR OPERATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 62/990,237 filed Mar. 16, 2020, which is incor-
porated herein by reference in its entirety for all purposes.

TECHNICAL FIELD

Various embodiments of the present technology generally
relate to power converter devices and methods. More spe-
cifically, some embodiments relate to transformerless
stacked active bridge converter devices, systems, and meth-
ods for direct current (DC)-to-DC power conversion appli-
cations.

BACKGROUND

At least some known switched DC-to-DC power convert-
ers require transformers to provide galvanic isolation and
operate at a conversion ratio close to the transformer turns
ratio. Dual active bridge (DAB) converters, for example,
may require transformer components, which places limits on
miniaturization and presents other practical challenges. For
reasons such as these, DAB converters may be most often
used for medium to high power applications. Other known
switched DC-to-DC converters dispense with transformers
to achieve non-galvanically isolated power conversion.
Switched-capacitor (SC) converters, for example, may expe-
rience losses due to “hard” switching and “hard” capacitor
charging and discharging during operation. As a result, SC
converters may be limited to being used in low power
applications.

Accordingly, a need exists for technology that overcomes
the problem demonstrated above, as well as one that pro-
vides additional benefits. The examples provided herein of
some prior or related systems and their associated limita-
tions are intended to be illustrative and not exclusive. Other
limitations of existing or prior systems will become apparent
to those of skill in the art upon reading the following
Detailed Description.

SUMMARY

The present technology provides transformerless stacked
active bridge (TSAB) direct current (DC)-to-DC power
converters designed based on parent switched capacitor (SC)
converter topologies. The TSAB DC-to-DC power converter
may include the SC converter, or a variant thereof. The SC
converter includes a plurality of switches and a plurality of
capacitors. Each capacitor of the plurality of capacitors is
electrically coupled to at least one of the plurality of
switches. The plurality of capacitors includes tree capaci-
tors, and link capacitors forming a loop with at least one of
the tree capacitors. The TSAB DC-to-DC power converter
includes at least one inductor electrically coupled in series to
at least one of the link capacitors. The TSAB DC-to-DC
power converters provide high efficiency bi-directional
operation without requiring isolation transformers. The
TSAB DC-to-DC power converters enable high power den-
sity in a wide variety of practical applications involving low,
medium, or high power requirements, with lower package
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sizes/weights and inductor component values as compared
to at least some known transformerless DC-to-DC power
converters.

DRAWINGS

Embodiments of the present technology will be described
and explained through the use of the accompanying draw-
ings.

FIGS. 1A-1E depict schematic diagrams of conventional
switched capacitor (SC) direct current (DC)-to-DC convert-
ers.

FIG. 2 depicts a schematic diagram of a modified version
of the Dickson SC converter of FIG. 1B.

FIG. 3A depicts a schematic diagram of a conventional
3-to-1 ladder SC converter.

FIGS. 3B and 3C depict schematic diagrams of two “on”
switched states of the power converter of FIG. 3A.

FIG. 4A depicts a schematic diagram of a 3-to-1 ladder
TSAB converter, according to some embodiments of the
present technology.

FIGS. 4B and 4C depict schematic diagrams of two
additional polarity reversal states of the 3-to-1 TSAB con-
verter of FIG. 4A, according to some embodiments of the
present technology.

FIG. 5 depicts a graph of operating waveforms in the
3-to-1 ladder TSAB converter shown in FIGS. 4A-4C,
according to some embodiments of the present technology.

FIG. 6 depicts a flow chart for an algorithm to synthesize
TSAB converters from a given two-phase SC converter,
according to some embodiments of the present technology.

FIG. 7A depicts a schematic diagram of a conventional
5-to-1 Fibonacci SC converter.

FIGS. 7B and 7C depict schematic diagrams of two
variations of 5-to-1 Fibonacci TSAB converters correspond-
ing to two different definitions of link capacitors, according
to some embodiments of the present technology.

FIG. 8A depicts a schematic diagram of a conventional
4-to-1 Dickson SC converter.

FIG. 8B depicts a schematic diagram of a 4-to-1 Dickson
TSAB converter corresponding to the converter of FIG. 8A,
according to some embodiments of the present technology.

FIG. 9 depicts a plot of measured efficiency for the 3-to-1
ladder TSAB converter prototype of FIGS. 4A-4C, accord-
ing to some embodiments of the present technology.

FIGS. 10A and 10B depict graphs of operating waveforms
for inductor current and switching voltage waveforms in the
3-to-1 ladder TSAB converter of FIGS. 4A-4C, according to
some embodiments of the present technology.

FIG. 11 depicts a schematic diagram of a 3-to-1 TSAB
converter derived from a Dickson converter, according to
some embodiments of the present technology.

FIG. 12 depicts a schematic diagram of a 4-to-1 TSAB
converter derived from a Dickson converter, according to
some embodiments of the present technology.

FIG. 13 depicts a graph of operating waveforms for the
4-to-1 TSAB converter of FIG. 12, according to some
embodiments of the present technology.

FIGS. 14A-14D depict schematic diagrams of the four
main switch states of the 4-to-1 TSAB converter of FIG. 12,
according to some embodiments of the present technology.

FIGS. 15A and 15B depict schematic diagrams of com-
mutation states during dead times of the 4-to-1 TSAB
converter of FIG. 12, according to some embodiments of the
present technology.
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FIG. 16 depicts a photograph of a prototype 120 W 4-to-1
TSAB converter designed for 48 V input and 12 V output,
according to some embodiments of the present technology.

FIGS. 17 and 18 depict graphs of operational waveforms
of the prototype 4-to-1 TSAB converter shown in FIG. 16,
according to some embodiments of the present technology.

FIG. 19 depicts plots of measured efficiency results for the
prototype 4-to-1 TSAB converter of FIG. 16 compared with
efficiency based on the loss model, according to some
embodiments of the present technology.

FIG. 20 depicts plots of measured loss for the prototype
4-to-1 TSAB converter of FIG. 16 compared with model-
based loss breakdown, according to some embodiments of
the present technology.

FIG. 21 depicts plots of efficiency variation over +5%
conversion ratio deviation from the nominal M=V_, /
V,,,=0.25 for the prototype 4-to-1 TSAB converter of FIG.
16 at 45 W and 65 W, according to some embodiments of the
present technology.

FIG. 22 A depicts a schematic diagram of a 3-to-1 nominal
conversion ratio Ladder TSAB converter, according to some
embodiments of the present technology.

FIG. 22B depicts a schematic diagram of a 4-to-1 nominal
conversion ratio Ladder TSAB converter, according to some
embodiments of the present technology.

FIG. 23 depicts graphs of operating waveforms of the
3-to-1 Ladder TSAB converter of FIG. 22A, according to
some embodiments of the present technology.

FIGS. 24A-24F depict schematic diagrams switched net-
work states in the 3-to-1 Ladder TSAB converter of FIG.
22A, according to some embodiments of the present tech-
nology.

FIG. 25 depicts graphs of operating waveforms for induc-
tor current and output current of the 3-to-1 Ladder TSAB
converter of FIG. 22A, with the labeled time intervals
corresponding to the switched network states in FIGS.
24A-24F, according to some embodiments of the present
technology.

FIG. 26 depicts a photograph of a prototype 3-to-1 Ladder
TSAB converter, according to some embodiments of the
present technology.

FIGS. 27A and 27B depict graphs of operating waveforms
of the 3-to-1 Ladder TSAB converter prototype shown in
FIG. 26, according to some embodiments of the present
technology.

FIGS. 28A and 28B depict plots of measured efficiency
for the 3-to-1 Ladder TSAB converter prototype of FIG. 26,
according to some embodiments of the present technology.

FIG. 29 depicts a thermal image of the 3-to-1 Ladder
TSAB prototype of FIG. 26, according to some embodi-
ments of the present technology.

FIG. 30 depicts a schematic diagram of a 1-to-2 TSAB
converter in a DC transformer (DCX) configuration, accord-
ing to some embodiments of the present technology.

FIG. 31 depicts a schematic diagram of ladder 1-to-3
TSAB converter in a DCX configuration, according to some
embodiments of the present technology.

FIG. 32 depicts a schematic diagram of a Dickson-based
1-to-4 TSAB converter in a DCX configuration, according to
some embodiments of the present technology.

FIG. 33 depicts a 3-to-1 stacked ladder TSAB converter,
according to a known embodiment.

FIG. 34 depicts graphs of operating waveforms for the
3-to-1 stacked ladder TSAB converter of FIG. 33.

FIG. 35 depicts a schematic diagram of a step-up DCX
version of the stacked ladder TSAB converter of FIG. 33,
according to some embodiments of the present technology.
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FIG. 36A depicts the schematic diagram of a 4-to-1
doubler TSAB, according to some embodiments of the
present technology.

FIG. 36B depicts a 48V-12V prototype of the 4-to-1
doubler TSAB of FIG. 36A, according to some embodi-
ments of the present technology.

FIG. 36C depicts graphs of operating waveforms of the
prototype 4-to-1 doubler TSAB of FIG. 36B, according to
some embodiments of the present technology.

FIGS. 37A and 37B depict a schematic diagrams of 6-to-1
Dickson TSAB converters with output capacitors, according
to some embodiments of the present technology.

FIGS. 38A-38F depict a schematic diagrams of variations
of TSAB DC-to-DC power converters with an output
capacitor as a link capacitor, according to some embodi-
ments of the present technology.

FIG. 39 depicts a graph of operating waveforms in the
6-to-1 Dickson TSAB converter shown in FIG. 37B, accord-
ing to some embodiments of the present technology.

FIG. 40 depict schematic diagrams of four different
switched states for the TSAB converter shown in FIG. 37B
operated according to the control scheme demonstrated by
the graph of FIG. 39B.

FIG. 41A depicts a schematic diagrams of a classic scalar
feedback controller architecture.

FIG. 41B depicts a schematic diagram of a vectorized
feedback controller architecture, according to some embodi-
ments of the present technology.

FIG. 42 depicts a flow chart of a method of manufacturing
a DC-to-DC power converter, according to an embodiment
of the present technology.

The drawings have not necessarily been drawn to scale.
Similarly, some components and/or operations may be sepa-
rated into different blocks or combined into a single block
for the purposes of discussion of some of the embodiments
of'the present technology. Moreover, while the technology is
amenable to various modifications and alternative forms,
specific embodiments have been shown by way of example
in the drawings and are described in detail below. The
intention, however, is not to limit the technology to the
particular embodiments described. On the contrary, the
technology is intended to cover all modifications, equiva-
lents, and alternatives falling within the scope of the tech-
nology as defined by the appended claims.

DETAILED DESCRIPTION

Various embodiments of the present technology generally
relate to power converter devices and methods. More spe-
cifically, some embodiments relate to transformerless
stacked active bridge converter devices, systems, and meth-
ods for direct current (DC)-to-DC power conversion appli-
cations.

The present disclosure describes a family of Transformer-
less Stacked Active Bridge (TSAB) DC-DC switching
power converters capable of high step-down or step-up
conversion ratio without the need for an isolation trans-
former. TSAB power converters consist of power semicon-
ductor switches, DC blocking capacitors, and small induc-
tors that carry AC currents. In TSAB power converters,
device current stresses and therefore conduction losses are
low, while the majority of switching devices operate under
soft, zero-voltage-switching conditions so that switching
losses are low. Consequently, high step-down or step-up
DC-DC conversion can be achieved with very high effi-
ciency and very high power density in DC power distribu-
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tion systems, data centers, servers, information technology
systems, automotive systems, renewable energy systems,
and other applications.

Dual Active Bridge (DAB) converters are transformer
isolated DC-DC converters which can achieve very high
efficiency when operated at conversion ratios close to their
respective transformer turns ratios. If unregulated, a DAB
converter can be viewed as a “DC-transformer” (DCX), e.g.,
as a converter with essentially fixed conversion ratio. At the
expense of some loss in efficiency, the DAB converter also
offers voltage regulation capabilities using phase shift con-
trol. Because of these features, DAB converters have found
applications as ultra-high-efficiency step-up/down convert-
ers. However, in low-to-medium power applications where
space is limited and isolation is not required, a bulky and
lossy transformer is a disadvantage, and transformerless
converters having “DAB-like” features are of interest.

FIGS. 1A-1E depict schematic diagrams of conventional
switched capacitor (SC) direct current (DC)-DC converters.
FIG. 2 depicts a schematic diagram of a modified version of
the conventional SC converter of FIG. 1B. Switched-capaci-
tor (SC) converters, such as the conventional converter
topologies shown in FIGS. 1A-1E and 2, can be viewed as
ways to achieve non-isolated DCX-like conversion with
nearly fixed conversion ratio determined by the converter
topology. Unfortunately, SC converters have significant
losses associated with “hard” capacitor charging/discharg-
ing, as well as significant losses associated with “hard”
switching of power semiconductor switches. For these rea-
sons, SC converters are usually limited to relatively low
power applications.

Various approaches have been previously explored to
achieve soft charging as well as soft switching by incorpo-
rating inductive elements in SC topologies. The operation of
these hybrid SC-based converters can be categorized by the
switching frequency {,,, to resonant frequency f, ratio f, /f,.
In particular, resonant switched-capacitor (RESC) convert-
ers, and switched tank converters are designed to operate
close to resonance (f,,/f=~1), which results in DCX-like
behavior with essentially constant DC conversion ratio.
These converters have no or very limited abilities to control
or regulate DC voltage or current. Close-to-resonance opera-
tion also results in higher device root-mean-square (RMS)
and peak current stresses. Furthermore, operation can be
adversely affected by inductive and capacitive component
tolerances, and significant capacitance voltage bias depen-
dences, as is the case with many types of ceramic capacitors.
Operation of hybrid converters above resonance has been
discussed, but those previous works have been limited to
specific converter configurations.

There is a general need for converters that can achieve
large step-down or step-up conversion ratios without isola-
tion transformer, while exposing components to low current
and voltage stresses, operating switching devices under soft
zero-voltage switching conditions, allowing for practical
component tolerances, and having capabilities of controlling
output dc voltage or current without the need for additional
converter stages. This disclosure describes Transformerless
Stacked Active Bridge switching power converters that
overcome deficiencies identified the art, and achieve the
desired characteristics leading to high efficiency, high power
density solutions in DC power distribution systems, data
centers, servers, information technology systems, automo-
tive systems, renewable energy systems, and other applica-
tions, and across a wide range of applications involving low,
medium, or high power, with enhanced capabilities for
component miniaturization.
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Transformerless stacked active bridge (TSAB) converters
are hybrid DC-to-DC converters that combine features of
switched capacitor (SC) and dual-active-bridge (DAB) con-
verters, and can achieve very high efficiency near their
nominal conversion ratio, together with regulation capability
using simple phase-shift control. Following a network-
theoretic approach, this present disclosure describes a sys-
tematic procedure for synthesis of TSAB converters starting
from two-phase SC converters such as ladder, Dickson,
Fibonacci, and other SC topologies. Furthermore, the same
approach yields general topology-dependent properties of
TSAB converters, including steady-state characteristics and
component stresses.

The TSAB converters according to the present technology
include at least one, or a plurality of, AC inductors, a
plurality of DC blocking capacitors and a plurality of
semiconductor switches. In some embodiments of the pres-
ent technology, each of the plurality of switches of the TSAB
converters is an active switching device including, for
example and without limitation, a MOSFET. In other
embodiments of the present technology, the plurality of
switches of the TSAB converters include at least two active
switching devices and at least two passive switching devices
including, for example and without limitation, at least two
diodes. The arrangement of the circuit components and the
disclosed control schemes and associated methods for the
switches enable a variety of advantageous technical effects
and practical benefits, including:

Step-down or step-up conversion ratio, nominally equal to

N-to-1 or 1-to-N, where N is a positive integer.

Unidirectional or bidirectional power flow.

All capacitors can be DC blocking capacitors, which
means that the capacitor voltages are substantially DC,
with relatively small AC ripples. The DC blocking
capacitors can be arbitrarily large, and capacitance
tolerances do not affect the converter circuit operation
substantially.

The majority of inductors can be AC inductors, which
means that in steady-state operation the DC component
of the inductor current obtained by averaging the
inductor current over a switching period is zero.

When a TSAB converter is operated with conversion ratio
close to the nominal value, the AC inductor current are
essentially trapezoidal with RMS currents approaching
the minimum possible values.

Component current and voltage stresses are minimized

The majority of power switching devices operate under
soft, zero voltage switching conditions over wide
ranges of operating points.

Output voltage or current can be controlled and regulated
using simple phase shift control.

TSAB converters do not require an isolation transformer.

Even though the topologies of the TSAB family of
converters as disclosed herein are derived from known SC
topologies, their operation, design and control are funda-
mentally different. While at least some of the TSAB circuit
topologies of the present disclosure are similar to previously
described switched tank DCX converters, the TSAB con-
verter operation, characteristics, control, and design prin-
ciples according to the present technology are substantially
different.

Performance wise, the example embodiments of the dis-
closed TSAB converter family retain multiple benefits of SC
converters over conventional pulse-width modulated
(PWM) converters, which include reduced voltage stresses,
no inductive energy storage, better switch utilization, and
automatic capacitor voltage balancing. Compared to SC
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converters, converters in the TSAB family can achieve much
improved efficiency through soft charging of all or a major-
ity of the flying capacitors (e.g., capacitors that are not
referenced to ground potential), low RMS, trapezoidal
inductor current waveforms, and zero-voltage-switching
over wide operating ranges. Moreover, continuously con-
trollable conversion ratios and regulation capability can also
be achieved through simple phase shift control or other
control approaches. Finally, converters in the disclosed
TSAB converter family are bidirectional, with power flow in
the step-down or step-up direction.

Switched-capacitor (SC) converters require no magnetic
components, but incur losses due to capacitor “hard” charg-
ing and discharging. This issue can be addressed by “hybrid-
izing” SC converters, e.g., by adding inductive components
to the converter topology. One approach consists of incor-
porating small AC inductors in series with some of the
switched capacitors, in order to eliminate capacitor-only
loops responsible for hard charging and discharging. Opera-
tion of such hybrid SC-based converters can be categorized
by the switching frequency to resonant frequency ratio
k=t./f,. For example, resonant switched-capacitor converters
and switched tank converters operate close to resonance
(k=~1). Similar to the parent SC converters, these hybrid
converters tend to have limited regulation capability, and are
typically operated as fixed-ratio “DC transformers” (DCX).

Other types of hybrid converters operate above resonance
(k>1). In particular, Dickson-based transformerless stacked
active bridge (TSAB) converters follow the k>1 approach,
and feature operating waveforms and characteristics similar
to the transformer-isolated dual active-bridge converters,
including low RMS currents, zero-voltage switching (ZVS),
and regulation capability using simple phase shift control.

A phase-shift control scheme for TSAB converters is
described herein, which enables control to be utilized to
achieve closed-loop output voltage regulation. According to
some embodiments, the control approach of the present
technology may be similar to the approach applied to DAB
converters, which require transformer isolation. For
example, simple low frequency models have been provided.
To account for high frequency behavior, especially the
inherent sampling effect in the phase-shift PWM modula-
tion, the converter small signal transfer function can be
modeled in the Z-domain (e.g., a 2-to-1 TSAB converter
small signal model). Based on this model, a controller may
be designed and implemented according to the present
disclosure either in analog or digital form to achieve the
unique technical benefits and practical benefits with the
disclosed family of TSAB converters. In addition to phase
shift control, variable frequency control can also be used to
regulate output power. Duty cycle can also be used to
balance the flying capacitor voltage if needed.

As an example, consider the 3-to-1 ladder SC converter
shown in FIG. 3A. This two-phase SC converter has two
switched states, which form a pair of linear networks
(graphs) comprising k=3 tree capacitor branches V, V,,,,
C; (301) and k=2 capacitor links C, (303) and C, (305). In
general, the tree versus link branch assignment leads to a
systematic DC solution and general properties of SC con-
verters in terms of achievable conversion ratios, component
counts, and output resistance.

FIG. 3A depicts a schematic diagram of a 3-to-1 ladder
SC converter 300, and FIGS. 3B and 3C depict the two “on”
switched states of the SC converter 300 of FIG. 3A. In FIG.
3B, switches S,, S, and S; are on, and in FIG. 3C, S|, S, and
S, are on. In FIGS. 3A-3C, the network link capacitors are
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denoted as C, (303) and C, (305) and the tree branches are
denoted as V., V., and C; (301).

Starting from the ladder SC converter 300 in FIGS.
3A-3C, a TSAB converter topology may be obtained by
inserting AC inductors (e.g., L., and L) in series with the
link capacitors (e.g., C, (303) and C, (305)). FIG. 4A depicts
a schematic diagram of a 3-to-1 ladder TSAB converter 400
according to an embodiment of the present technology. The
3-to-1 TSAB converter 400 of FIG. 4A includes two addi-
tional polarity reversal states (402 and 404): S,, S,, S, and
S, on (j=1), as shown in FIG. 4B, and S, S,, S; and S, on
(3=3), as shown in FIG. 4C. FIG. 4A also illustrates how, in
accordance with some embodiments of the present technol-
ogy, from in put node 407 to ground 409, switches may be
connected both in series (e.g., S; and S,) and in parallel (e.g.,
S,, S, and S, S,), with respect to one another (or pairs of
switches), or as between circuit branches, of converter 400,
for instance (see FIGS. 7B, 7C, 8B, 11, 22A, 22B and 36A
for other non-limiting examples).

The TSAB converter (e.g., 400) according to the present
disclosure may have four switching states: two circuit states
inherited from the parent SC converter, referred to as direct-
power delivering states (302 and 304) in FIGS. 3B and 3C,
and the two additional polarity reversal states shown (402
and 404) in FIGS. 4B and 4C. The purpose of the polarity-
reversal states 402 and 404 is to facilitate volt-seconds and
charge balance in the TSAB converter 400 by allowing
reversal of the inductor current polarity. The polarity-rever-
sal states 402 and 404 ideally do not deliver charge to the
output.

FIG. 5 shows idealized operating waveforms in the 3-to-1
ladder TSAB converter 400 shown in FIGS. 4A-4C. The
converter 400 of FIGS. 4A-4C may have four switched
states: j=1 positive polarity-reversal state 402 with on-
switches S,S,S,S, as shown in FIG. 4B; j=2 positive direct-
power-delivering state with on-switches S,;S,S;S, and the
network that follows the parent SC converter network 302
shown in FIG. 3B; j=3 negative polarity reversal state 404
with on-switches S,S,S;S, as shown in FIG. 4C; and j=4
negative direct-power-delivering state with on-switches S,
S,S;S, and the network that follows the parent SC converter
network 304 shown in FIG. 3C. In some embodiments, it
may be advantageous to keep the length of these states short
(e.g., as denoted by phase shift t,, (“t sub phi”)=¢T /2 in FIG.
5), in order to minimize the RMS current stresses and
inductances required. Similar operational waveforms may
be operationally applicable and observed across the TSAB
converter family.

Using an approach based on network-theoretic concepts,
the present disclosure generalizes the TSAB approach and
shows how these converters can be systematically synthe-
sized starting from a given two-phase SC converter such as
ladder, Dickson, Fibonacci, doubler, and other SC topolo-
gies. The approach also yields general, topology-dependent
properties of TSAB converters, including DC characteristics
and component stresses.

General Properties of Transformerless Stacked Active
Bridge Converters

The present disclosure derives general characteristics of
TSAB converters, along with a description of a systematic
synthesis procedure. Examples of TSAB converters
obtained by the synthesis procedure are provided along with
experimental results for a prototypical 3-to-1 ladder TSAB
converter.

Connectivity and setup circuit equations may be described
systematically based on viewing a circuit topology as a
graph with tree branches and links. In each switched state j
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of an SC converter, the resulting network has an algebraic
representation using the fundamental loop matrix F(j), and a
fundamental cut-set matrix C(j),

FRH=UGBHLR] ey
CO-B. HUM] @
where U(j) is an identity matrix, B,(j) is a k,xk, matrix
describing the tree capacitor connections, vector b(j) repre-
sents the connection of the source V,, and j is the switched
state index.

In a TSAB converter (e.g., converter 400) where inductors
(e.g., L, and L,) are inserted in series with link capacitors
(e.g., 403 and 405), the general dynamic network equations
become:

F()=[vcV | T+Li,=0 3

C()lizi)™=0 *
where L is a diagonal inductance matrix, v~V V¢,
v,,.l" is a vector of the link (e.g., 403 and 405) and tree (e.g.,
401) capacitor voltages and output voltage v,_,,, and i=[i,
i, ig]T is a vector of the tree capacitor (e.g., 401) currents, as
well as output and input current.

Since there is no net charge in any of the branches during
the polarity-reversal states (j=1, 3), these switched states do
not affect the capacitor DC voltages, which remain the same
as in the parent SC converters. Assuming k=f/f >>1 and
v~V *, where V_* are the nominal capacitor DC voltages
in the parent SC converter, the inductor current waveforms
are flat-top trapezoidal with amplitudes I, as illustrated in
FIG. 5 for the 3-to-1 ladder TSAB converter 400 example of
FIGS. 4A-4C.

The volt-seconds applied to each inductor during polarity
reversal states (j=1, 3) determine the inductor current ampli-
tudes I;:

I= %”L*Fu)[ Ve Vel ®

Average currents in the tree branches I, can then be found
using (6):

= Wg; 25 - BT POV Vel ©

where [=[1, I, Ig]T . For proper operation, the average
output current I, and the average input current Ig are the only
non-zero elements in I,.

Assuming all inductances are equal, a general expression
for the DC output current I, can be found from (7):

_pel-9 ™

I
g L

Ve = Glo)V,

where p and q are integers that depend only on the circuit
topology, and how the polarity-reversal states (e.g., 402 and
404) are defined. From (7) it follows that a TSAB converter
(e.g., 400) can be viewed as a gyrator with G(¢) being the
gyrator conductance.

One may note how, for at least some of the disclosed
embodiments of the present technology, the TSAB DC
characteristic (7) may be similar to the DC characteristic of
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transformer-isolated DAB converters. Just as in DAB con-
verters, phase shift ¢ can be used as a control variable to
regulate output current (i,) or output voltage (V,,,) in a
TSAB converter (e.g., 400) according to the present tech-
nology.

A network-theoretic procedure for synthesis of TSAB
converters starting from a two-phase SC converter topology
is based on network topology concepts. The procedure is
general and may be completely automated. The synthesis
steps are described and illustrated by way of example only
for application to the 3-to-1 ladder TSAB converter 400
example of FIGS. 3A-3C and 4A-4C.

FIG. 6 depicts a flow chart for an algorithm 600 to
synthesize TSAB converters from a given two-phase SC
converter, according to some embodiments of the present
technology.

Step 1: Insertion of AC Inductors

In an SC converter, “hard” charging and discharging of
capacitors is a consequence of capacitor-only loops formed
in alternating switched network states. To ensure soft charg-
ing independent of capacitance values or operating condi-
tions, no such capacitor-only loops should be allowed in any
of'the switched network states. This requirement may be met
by inserting an inductor (e.g., L, and L.,) in series with each
link capacitor (e.g., 403 and 405), assuming that the tree
branches and the links (or link branches) are the same in
each switched network state of the parent SC converter.

In a TSAB converter (e.g., 400) constructed from a
two-phase SC converter (e.g., 300) by insertion of small AC
inductors (e.g., L, and L, ) in series with link capacitors (e.g.,
403 and 405), each fundamental loop is guaranteed to
contain an inductor, and each fundamental cut-set is guar-
anteed to contain a tree capacitor (e.g., 401). Consequently,
no capacitor-only loops are formed, which means that
“hard” charging and discharging may be eliminated or least
practically mitigated.

When defining tree and link branches in an SC converter,
it may be assumed that the input voltage V, and the output
voltage V_,, behave as ideal voltage sources, and are there-
fore always designated as tree branches. It should also be
noted that the definition of tree (e.g., 401) and link (e.g., 403
and 405) capacitors may vary across various topologies of
the TSAB converters according to the present technology.

As an example, consider the 3-to-1 ladder SC converter
300 of FIG. 3A. The nominal capacitor voltages in this
two-phase SC converter are all equal to V,/3. As shown in
FIG. 3A, C,, C, are defined as the link capacitors (303 and
305) in both phases, e.g., in both direct-power-delivering
states. Two AC inductors, L, and L,, are added in series with
the link capacitors, C,; (303) and C, (305), respectively, to
obtain the 3-to-1 ladder TSAB 400 shown in FIG. 4A. In the
resulting TSAB converter 400, all capacitors exhibit full soft
charging, independent of capacitance values.

It is important to note that it may not always be possible
to meet the requirement that the link and the tree capacitors
remain the same in both states of a two-phase SC converter.
For example, a series-parallel SC converter cannot be
directly transformed into a TSAB converter because one or
more of the tree capacitors in one state must become link
capacitors in the other state. Among the known two-phase
SC converters, for example, TSAB converters can be con-
structed from ladder, Dickson (with even conversion ratios),
Fibonacci, doubler, and other SC topologies.

Step 2: Polarity-Reversal States

Polarity-reversal states may be inserted between the main
power delivering states for proper TSAB converter (e.g.,
400) operation with balanced capacitor voltages. In general,
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the lengths of the polarity-reversal states may be used to
control the output current (e.g., W. Consider first the most
favorable case when no additional switches are needed to
implement the polarity-reversal states. In this case, the
switches in the parent SC converter (e.g., 300) may be
divided into N_,/2 complementary pairs, S,, and S, so that
there is a total of 2%/2 switched network states to be
considered.

Referring to FIG. 6, an incidence matrix H, with columns
describing connectivity of v, ., v5, V, 'V, V¢, V,, respec-
tively, can be used to represent the complete circuit topol-
ogy, including the switches. The fundamental-loop matrix
for the network with switches F, may be found from sub-
matrices of the incidence matrix where the first row is
ignored:

(8)
H =

;1]
E; T

Flr
Fi

)

F
n:gﬁ*:[ w

Fos

where F, is defined as:

[yl =Flva ]t 10)

v=[ Vg VouV il r

1)

For a given switch position, the fundamental-loop matrix
F, and the L-C link branch voltages V,.* may be found
from:

F,=F~F-F,'F, (12)

Vic* =V Ve *=F,V.*

13)
Where F,, F.,, F, are the respective sub-matrices in F,
with row or column corresponding to switch S, or S, deleted
when switch S, or S is on, e.g., when v, =0 or v5,=0. It is
necessary to check invertibility of the matrix F, to eliminate
illegal switching states.

To ensure that inductor volt-second balance conditions
can be satisfied, assuming all the link-capacitor currents are
in-phase in SC states before inductors (e.g., L, and L,) are
inserted, the solution must include a “positive” reversal
state, where all inductor voltages are positive, and a comple-
mentary “negative” reversal state, where all inductor volt-
ages are negative. If some link-capacitor currents are not
in-phase (e.g., are of opposite phase) before inductors (e.g.,
L, and L,) are inserted, the phase relationship between
inductor voltages during the polarity-reversal states needs to
be preserved. For example, if link-capacitor C, and C, are of
opposite phase in the parent SC converter (e.g., 300) opera-
tion, the voltages across inductor L., and L, inserted in series
with C, and C, respectively also need to be opposite during
the polarity-reversal states. In the cases when such positive
or negative reversal states cannot be found for any of the
2¥W2 qwitched network states available using existing
switches, additional switches may be included in the TSAB
converter (e.g., 400) to enable polarity reversals of the
inductor currents, e.g., i;; and i,,, to ensure that inductor
volt-second balance and capacitor charge-balance condi-
tions can be met.

In the 3-to-1 ladder TSAB 400 topology example of
FIGS. 4A-4C, in the state when the on-switches are S,S,S;,
the fundamental-loop matrix in (12), (13) becomes:

15

20

25

35

40

45

12

_ 1 -1 0 (14)
Fn(515253)=(0 0 0]

The resulting vector of inductor voltages

VL*(51§2SS):[%’_%]TVg (15)

implies that this is not a valid polarity-reversal state, as
not all of the inductor voltages are of the same polarity. The
same conclusion holds for all 2°=8 possible combinations of
on/off states of the three sets of complementary switches
inherited from the parent SC converter (e.g., 300). Conse-
quently, it may not be possible to implement polarity-
reversal states using the existing switches, and additional
switches may be required to realize the 3-to-1 ladder TSAB
converter (e.g., 400) according to the present technology.

One possible approach is illustrated in FIG. 4A, where the
additional switches S,, S, allow for two valid polarity
reversal states (e.g., 402 and 404), as shown in FIGS. 4B and
4C, which correspond to the following switch states and the
inductor voltages:

VL*(SpSst: Sy)=[Y545] TVg

VL*(§11521531§4):[_ Ya=Y3] TVg (16)

Notably, both inductor voltages may be of the same
polarity in the two valid polarity-reversal states (e.g., 402
and 404).

Step 3: Switching Sequence and Phase-Shift Control

In this step, because all link-capacitor currents (e.g., i,
and i;,) are in phase in the 3-to-1 ladder TSAB converter
(e.g., 400), a valid switching sequence may be formulated
according to the following pattern, which is illustrated by the
idealized operating waveforms in FIG. 5:

1) positive polarity-reversal state, j=1, where all inductor
voltages are positive,

2) positive direct-power-delivering state, j=2, where all
inductor currents are positive,

3) negative polarity-reversal state, j=3, where all inductor
voltages are negative, and each inductor voltage polarity is
reversed compared with 2), above, and

4) negative direct-power-delivering state, j=4, where all
inductor currents are negative, and each inductor current
polarity is reversed compared with 1), above.

Additional practical considerations in formulating the
switching sequence include ensuring that capacitor voltages
remain balanced, e.g., that charge balance is satisfied for all
capacitors, and that volt-seconds balance for the inductors
can preferably be achieved using equal-length polarity-
reversal states. These practical requirements, which may
limit allowable combinations of polarity-reversal states, can
be expressed as follows:

The requirement that the polarity-reversal states are of
equal length allows for simple phase shift control. This strict
condition can be expressed in terms of the inductor volt-
second balance:

FEAD+F,CNV =2V cr* a7

where V,*, C, * are the nominal tree voltage vector and link
capacitor voltage vector, respectively.

To ensure that the capacitor voltages may be balanced in
steady state, and equal to the nominal values V=V * the
inductance values in [ may be chosen so that the average
tree-capacitor currents in (6) are all zero:

1-~0 (18)
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In the 3-to-1 ladder TSAB converter 400 example, the
standard switching sequence leads to phase shifting of the
control signals for S,/S, and S;/S;, as described below with
reference to FIGS. 10A and 10B. It can also be verified that
the two polarity-reversal states (e.g., 402 and 404) found in
Step 2 satisfy (17), and that the capacitor voltages may be
ideally balanced using equal-length polarity-reversal states
(e.g., 402 and 404) if the inductances are sized as follows:

L=2L, 19)

Step 4: DC Solution and Component Stresses

A network-specific expression for the TSAB gyrator
conductance G(¢) may be obtained from (5)-(7). The inci-
dence matrix H and the fundamental loop matrix F in (10)
may then be used to determine the component stresses, such
as the switch blocking voltages:

Vs ptock™ F. TV (20)

where Vi ;.. 1 a vector of voltages across the off-state
switches S;, S,, .. . S,.

In the 3-to-1 ladder TSAB converter (e.g., 400), assuming
L,=2L,=21, the steady state solution (5), (6) yields:

1L=iv[1/6} @1
arf ¢ 1/3
Ies 1o 0 22)
e(l-p
1,:\10 :fovg 1/2]
Iy -1/6

which corresponds to p=1, ¢=8 in (7). From (20), it
follows that the switch voltage stresses are equal to V,/3.

Following the synthesis procedure described above, many
TSAB converters may be constructed starting from various
two phase SC topologies, including according to Examples
1 and 2, below. For instance, with two AC inductors, TSAB
converters may be constructed using the same numbers of
flying capacitors and AC inductors.

Example 1

FIGS. 7A-7C show a 5-to-1 Fibonacci SC converter, and
two different 5-to-1 Fibonacci TSAB converters obtained by
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tively may come from two different definitions of tree and
link capacitors in Step 1 of the above-described synthesis
procedure. In the Fibonacci SC converter 500 of FIG. 7A,
one possible definition is that C, is considered a tree capaci-
tor, while C, and C; are the link capacitors. The resulting
5-to-1 TSAB converter 501 is shown in FIG. 7B. In this
case, the synthesis procedure shows that the polarity-rever-
sal states can be implemented using the existing switches.

In another embodiment, C, may be defined as a tree
capacitor, while C, and C, are the link capacitors, leading to
an alternative 5-to-1 Fibonacci TSAB converter 502 shown
in FIG. 7C. In this case, however, additional switches (not
shown) are needed to implement polarity-reversal states.

Example 2

FIG. 8A depicts a schematic diagram of a 4-to-1 Dickson
SC converter 800, and FIG. 8B depicts a schematic diagram
of a 4-to-1 Dickson TSAB converter 801 corresponding to
the parent SC converter 800 of FIG. 8A. In this case, C; may
be a tree capacitor, and C,, C, may be the link capacitors, so
the TSAB topology of FIG. 8B is unique. No additional
switches may be needed to implement the polarity reversal
states.

Example 3

TSAB converters according to the present technology
provide high efficiency around their nominal conversion
ratio because of the characteristics similar to the DAB
converter: RMS current stresses are low and, in most cases,
switches exhibit zero-voltage switching (ZVS). Small AC
inductors are exposed to low volt-seconds, enabling com-
pact designs with low losses. Furthermore, similar to the
parent SC converters, switch voltage stresses are reduced,
allowing for application of reduced voltage rated devices.

To verify the aforementioned benefits, this Example 3
summarizes experimental results for a prototype 3-to-1
ladder TSAB and 4-to-1 Dickson TSAB. The 3-to-1 ladder
TSAB converter 400 of FIG. 4A was built and tested for
36-10-12 V application. The prototype parameters are sum-
marized in Table I.

TABLE 1

Components in the 3-to-1 ladder TSAB converter prototype

Switches

Ly Lo Cr-Gs

Vishay SISA40DN 70 nH (ferrite)

36 nH (ferrite) C,, C5: 10 x 10 pF
Coilcraft Coilcraft C;3: 20 x 10 pF
SLC7649S-700KL SLC7649S-360KL Murata GRM21BC71E106KE11

the above described synthesis procedure. FIG. 7A depicts a
schematic diagram of a 5-to-1 Fibonacci SC converter 500,
and FIGS. 7B and 7C depict schematic diagrams of two
variations (501 and 502) of Fibonacci TSAB converters
corresponding to two different definitions of link capacitors.
In the Fibonacci TSAB converter 502 of FIG. 7C, where C,
and C; are the link capacitors, additional switches (not
shown) may be needed to implement polarity reversal states.
The Fibonacci TSAB converter 501 of FIG. 7B, where C,
and C; may be defined as the link capacitors, requires no
additional switches.

The two different topology variations of the Fibonacci
TSAB converters 501 and 502 of FIGS. 7B and 7C, respec-
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FIG. 9 depicts a graph of measured efficiency for the
3-to-1 ladder TSAB converter (e.g., 400) prototype of
Example 3, with V, =36 V, V_, =12V and £ =200 kHz. Peak
efficiency for the prototype converter of Example 3 is above
98.7%, and a relatively flat efficiency curve over a wide
range of output current is also apparent in the graph of FIG.
9.

FIGS. 10A and 10B depict operating waveforms for
inductor current and switching voltage waveforms in the
3-to-1 ladder TSAB converter 400 of FIGS. 4A-4C at
V, =36V, V,_, =12V and I =8 A for two different switching

frequencies: £=200 kHz (FIG. 10A), and £=400 kHz (FIG.
10B). The corresponding switching voltage waveforms v,
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and v are shown and described above with reference to
FIG. 5. As can be seen, soft switching may be achieved and
low-RMS flat-top inductor currents imply relatively low
conduction losses. Design details and experimental results
for a prototype 4-to-1 Dickson TSAB converter 801 dem-
onstrated a similar 98.6% peak efficiency in a 48-t0-12 V
application.

From the foregoing description and Examples 1-3, a
generalization of the concept of transformerless stacked
active bridge (TSAB) converters is provided herein. Using
the above described network theoretic approach (e.g., FIG.
6), a systematic TSAB converter synthesis procedure start-
ing from a given two-phase switched-capacitor (SC) con-
verter may be realized. The foregoing description and
Examples 1-3 further demonstrate how a TSAB converter
may be constructed from any two-phase SC converter where
tree branches and links may be defined to be the same in
each of the two switched networks. Viable SC converters
applicable to the TSAB family approaches of the present
technology include Dickson (with even conversion ratios),
ladder, Fibonacci, doubler, and other SC topologies. Fur-
thermore, from the foregoing description, general topology-
dependent results were derived for DC characteristics and
component stresses in TSAB converters. The general prop-
erties and the synthesis procedure were exemplified on a
3-to-1 ladder TSAB converter (e.g., 400). Examples of
5-to-1 Fibonacci TSAB converters (e.g., 501 and 502) and
4-to-1 Dickson TSAB converter 801 were also provided, and
experimental results were summarized for a 36-to-12 V, 15
A ladder TSAB converter prototype.

The present disclosure further describes a family of
transformerless stacked active bridge (TSAB) converters
with N-to-1 nominal conversion ratios and continuous volt-
age regulation capabilities. An N-to-1 TSAB converter is a
hybrid converter derived from the N-to-1 Dickson switched-
capacitor (SC) converter (e.g., 800), with small AC induc-
tors inserted in the link capacitor branches to achieve
lossless (“soft”) capacitor charging and discharging. In
operation, a TSAB converter may resemble the isolated Dual
Active Bridge (DAB) converter but without the need for an
isolation transformer. The TSAB family of converters has
several favorable characteristics, which lead to very high
efficiency around nominal conversion ratio, including small
AC inductors with near-trapezoidal low RMS currents, low
voltage stresses, and zero-voltage-switching (ZVS) over
wide load range. Moreover, the operation is robust with
respect to component tolerances, and continuous voltage
regulation can be achieved through simple phase shift con-
trol. Experimental results are presented for a 120 W, 48V-
10-12V TSAB prototype, demonstrating a flat efficiency
characteristic with 98.6% peak efficiency, and 98.0% full-
load efficiency.

Dual Active Bridge (DAB) converters are transformer
isolated converters, which can achieve very high efficiency
when operated at respective conversion ratios close to the
transformer turns ratio. If unregulated, and operated close to
the nominal conversion ratio determined by the transformer
turns ratio, a DAB converter can be viewed as an unregu-
lated DC transformer (DCX). At the expense of some loss in
efficiency, the DAB converter also offers voltage regulation
capabilities using phase shift control. Because of these
features, DAB converters have found applications as ultra-
high-efficiency step-up or step-down converters, for
example. However, in low-to-medium power applications
where space is limited and isolation is not required, a bulky
and lossy transformer is a disadvantage, and transformerless
DAB-like converters are of interest.
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Switched-capacitor (SC) converters can be viewed as an
approach to non-isolated DCX conversion. However, SC
converters have losses associated with hard capacitor charg-
ing/discharging. Various approaches have been explored to
achieve soft charging as well as soft switching by incorpo-
rating inductive elements in SC topologies. Operation of
hybrid SC-based converters can be categorized by the
switching frequency to resonant frequency ratio k=f_ /f,. In
particular, resonant switched-capacitor (ReSC) converters,
and switched tank converters operate close to resonance
(k=~1), which results in unregulated DCX-like behavior.
Other types of hybrid converters operate above resonance
(k>1), which leads to near-trapezoidal inductor current
waveforms and DAB-like regulation capability.

The present disclosure further provides a family of trans-
formerless stacked active bridge (TSAB) converters derived
from the Dickson SC converters, with small AC inserted
(e.g., as illustrated in FIGS. 11 and 12) to achieve efficient
N-to-1 conversion similar to a DAB converter with a trans-
former ratio of N-to-1, but without the need for the isolation
transformer.

Topologically, similar to the switched tank converters, the
Dickson-based TSAB family of converters can be derived
from the Dickson SC family, but its operating characteristics
may be similar to the DAB converter, and closely related to
previously reported transformerless DAB-like converters.
As a result, TSAB converters may retain advantages of both
SC and DAB approaches, including reduced voltage stresses
and better switch utilization inherited from the SC parent
converters, as well as natural zero-voltage-switching (ZVS),
simple phase shift control, and near-trapezoidal low RMS
inductor currents similar to the DAB converter. TSAB
converter operating principles are provided below, and loss
modeling and design considerations are presented and
applied to a 4-to-1 TSAB converter prototype designed for
48 V-to-12 V, 10 A application. The aforementioned char-
acteristics are verified by experimental results provided
below, where it is shown how the 120 W, 48 V-to-12 V
TSAB prototype achieves a flat efficiency curve with 98.6%
peak efficiency, and 98.0% efficiency at full load.
Operating Principals of N-to-1 TSAB Converters

FIG. 11 depicts a schematic diagram of a 3-to-1 TSAB
converter 1100 derived from a Dickson converter, according
to some embodiments of the present technology. FIG. 12
depicts a schematic diagram of a 4-to-1 TSAB converter
1200 derived from a Dickson converter, according to some
embodiments of the present technology.

An N-to-1 TSAB converter can be derived from the
corresponding Dickson SC converter by inserting small ac
inductors in series with every link capacitor, as shown in
FIG. 11 for the 3-to-1 TSAB converter 1100, and in FIG. 12
for the 4-to-1 TSAB converter 1200. In the two examples of
FIGS. 11 and 12, the link capacitors may also be considered
flying capacitors. The approach to arbitrary N is readily
extendible, and Table 2 shows how the circuit complexity
increases with N.

TABLE 2
Components in N-to-1 Dickson-based TSAB converters
N Number of C  Number of L.~ Number of Switches
2 1 1 4
3 2 1 7
4 3 2 8
nmn>2) n-1 n-2 n+4
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For N=2, the TSAB converter and its operating charac-
teristics may be similar to a previously described 2-to-1
converter. For N>2, the TSAB converter circuits may be
similar to switched-tank converter circuits, but the TSAB
operating characteristics and control are very different.
While the present disclosure focuses on operating principles
of the 4-to-1 converter, the same analysis approach may be
applied to other converters in the Dickson-based TSAB
family of converters. It may be noted that odd-N TSAB
converters may not be able to achieve full “soft” capacitor
charging/discharging.

Idealized operating waveforms for the 4-to-1 TSAB con-
verter with power flow in the step-down direction are shown
in FIG. 13, with the four main switch states shown in FIGS.
14A-14D. FIG. 13 depicts a graph of operating waveforms
for the 4-to-1 TSAB converter 1200 of FIG. 12, according
to some embodiments of the present technology. FIGS.
14A-14D depict schematic diagrams of the four main switch
states of the 4-to-1 TSAB converter 1200 of FIG. 12,
according to some embodiments of the present technology.
In FIGS. 14A-14D, on-switch states are denoted by switches
Q in solid lines, and off-switch states are denoted by
switches Q in dashed lines. Two sets of switch control
signals may be required to achieve converter control and
regulation. Each set of signals contains two complementary
signals having a nominal 50% duty cycle, with dead times
inserted to prevent simultaneous conduction. The second set
(e.g., second pair) of control signals (¢, and ¢,,) is phase
shifted with respect to the first set (e.g., first pair) of signals
(¢, and ¢,) by t, (t-phi). This phase shift may be used to
control the output current, the output power, or the output
voltage of TSAB converter 1200. A positive phase shift may
result in positive power flow in the step-down (buck)
direction, whereas a negative phase shift may result in
negative power flow (boost operation).

To ensure circuit operation is unaffected by capacitance
tolerances, the TSAB converter components may be selected
so that the LC resonances are well below the switching
frequency (k>1). This may also simplify the modeling
process and aid the design-oriented-analysis of the con-
verter. Utilizing charge balance and volt-second balance for
the capacitors and inductors, and assuming matching tank
inductors (L,=[.;=L), the average output current can be
expressed as

21— ) ¢

Iour,avg =

8Lf

where ¢=2t,/T,, is the normalized phase shift. Equation
23 shows how the output current may depend on the inductor
impedance and the phase shift t,, independent of capacitance
values or the conversion ratio M=V, /V, . This is an
important feature of the TSAB converters because it shows
that the converter operation may be unaffected by capaci-
tance tolerances or variations with DC bias. One may note
that the characteristic (1) may resemble the simplified model
of the DAB converter. Similar to the DAB, a linearized
first-order dynamic model may be used to control the output
current, power or voltage, as shown in (24) (assuming small
phase shift), while more detailed small signal models con-
sidering sampling effects may be developed as previously
reported for the 2-to-1 case.

vi 24
8Lf,,

iout,avg = K@, where K, =
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One may note that (23) and (24) are approximate expres-
sions that apply to the case when the converter operates well
above resonance (k>>1). In general, numerical methods can
be used to accurately solve the periodic steady state. When
operating close to resonance, with k=1, the steady state
solutions, for example the inductor RMS currents, become
much more sensitive to input/output voltage variations, as
well as capacitance and inductance tolerances. With k=1,
TSAB converters may also exhibit multiple undamped reso-
nances and more complicated dynamic responses, as previ-
ously suggested. The present disclosure thus focuses on
relatively high-k TSAB designs using relatively small induc-
tances and relatively large capacitances.

Approaches to loss modeling and design issues for the
4-to-1 TSAB may be extended to the N-to-1 case.

A. Loss Modeling

1) Conduction loss: The conduction loss can be calculated
using:

P ni~1.5R (I, l,rm52+IL3,rm52)+Ron(IL 1,rms+IL3,rms)2 (25)

The RMS current of each inductor depends on the con-
version ratio M and the switching frequency to resonant
frequency ratio k. Assuming operation at the nominal con-
version ratio M=1/N=0.25 with relatively small phase shift
and k>2, each AC inductor (L,, ;) carries approximately
one half of the load current, 1, .=, .~ /2, which
results in minimum conduction losses.

2) Switching loss: Since the tanks are inductive at the
switching frequency, lagging switch pairs in, e.g., the TSAB
converter 1200 of FIG. 12, naturally exhibit ZVS commu-
tation in transition states illustrated in FIGS. 15A and 15B.
As shown in FIG. 15A, S2a is a ZVS transition state, which
follows the main conduction state S1 where the inductor
current may ramp up from a negative to a positive value.
ZVS may be achieved as long as the energy in the inductor
is sufficiently large to charge/discharge the device output
capacitances.

Assuming M=0.25, similar to the DAB converter, if the
total capacitance C, at the switch node of the half bridge
Q,/Q, is considered linear, following the state plane analysis
for C, voltage and L current, the ZVS condition for the
switches Q;-Q, can be found in terms of the load current:

[ 26)

Vin
2 L

low =

However, during the partial hard switching transition state
S4c¢ shown in FIG. 15B, which follows the main conduction
state S4b, inductor currents may continue to soft charge/
discharge Q-Qg, while the current in C, may forward bias
the body diode of Q,. The Q, diode may remain forward
biased until Q, turns on, which may result in hard switching
for the half bridge Q,/Q,, and may impact upstream
switches Qs-Qj leading to partial hard-switching transitions
of these switches. Due to symmetry, the same transition
analysis may apply to the other half of the switching period.
In conclusion, the lagging leg (e.g., first portion) Q;/Q, may
always ZVS transitions assisted by the load current, while
leading leg (e.g., second portion) devices Q,-Qg may exhibit
partial hard switching, and the bottom leading leg Q,/Q,
may be always hard switching.

The hard switching loss in each non-ZVS transition can
be approximated by:

P, sw,harfoj Vs Qoss(Vas)fow
where V=V, /4.

@7
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3) Inductor loss: TSAB converters may require small AC
inductors having near-trapezoidal current waveforms. In the
prototype described by way of example only herein, the
inductors may be realized using planar magnetics, thereby
facilitating converter miniaturization and heat transfer. Odd
harmonics at relatively large phase shift in the inductor
currents may contribute to additional AC losses. 2D finite
element method (FEM) simulation may be used to account
for proximity losses and air-gap related fringing losses. Core
losses may be modeled using, e.g., a method applying the
improved generalized Steinmetz equation (iGSE), as previ-
ously reported.

B. Design Consideration

In the TSAB design process, the key design parameters
are the switching frequency inductance (L), and ratio k=t /
f,. In the example analysis that follows, it is assumed that
capacitance values are relatively large, so that k>1 and
equation (23) applies.

The inductance range may be constrained by the follow-
ing practical considerations. Given the switching frequency
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standard PWM converters, increasing the switching fre-
quency may lead to reduced size of the passive components
because it is possible to use smaller-valued inductances and
capacitances at the same k. On the other hand, increasing
switching frequency may result in higher switching losses
and higher inductor AC losses, which may present a limi-
tation to the achievable efficiency versus power density
trade-off.

C. Comparison to Related Converter Topologies

At least some of the TSAB converters described herein
have similar circuit topologies as previously reported
switched-tank converters (STC) because they are both
derived from the Dickson SC converters. On the other hand,
due to the fact that TSAB converters may be operated well
above resonance, with the switching frequency to resonant
frequency ratio k>1, the TSAB operating characteristics and
control differ significantly from switched-tank converters.
Table 3 compares qualitatively TSAB converters with
related and prior-reported converter topologies.

TABLE 3

Comparison of TSAB converters with related previously reported converter topologies

Soft Soft Inductor Robustness to
Converter k =f,/f, charging switching Regulation RMS current L or C variation
ReSC [5]-[8] k~1 Yes ZCS Limited High Poor
STC [9]-[12] kel Yes ZCS No High Poor
MMSRC [15] k>1 Yes ZNVS Yes Low Poor
Transformerless-DAB (16) k>1 Partial ~ Partial ZVS Yes High Good
TSAB (this work) k>1 Yes Partial ZVS Yes Low Good
f,.. a minimum inductance may be determined by the Operation close to resonance in resonant switched capaci-
minimum achievable phase shift command ¢,,, and an 35 tor (ReSC) converters and switched tank converters (STC)
upper bound for the minimum load current in regulation complicates control and regulation, and results in increased
¢, In a digital controller implementation, ¢, ,, may be current stresses and conduction losses. These converters are
practically limited by the digital PWM resolution. Similarly, also more sensitive to parameter variations. Multi-level
a maximum inductance may be determined by maximum modular switched capacitor converters (MMCCC) and
allowable phase shift ¢, and a lower bound for the 40 transformerless DAB converters, for example, operate with
maximum load current in regulation I,,,"*". Operating at  k>1, and have circuit topologies and operating characteris-
larger ¢,,,, may increase the RMS currents and conduction  icq closely related to the TSAB converters. Transformer-
losses in the converter. These. considerations may result in less-DAB converters employ fewer inductors, at the expense
the following constraints for inductance L: of partial hard charging/discharging of capacitors and higher
4 inductor current stresses.
L> V—i‘pmin(l — @min) e
8L, o Example 4
L<V—is0 (1 = Prax) 9 50 i ;
8Lf,, I T e A 120 W 4-to-1 TSAB converter implementing the topol-
ogy of converter 1200 of FIG. 12 was designed for 48 V
Baseq on the loss model thgt includes switching losses, glllgt’lildarlli Zszlsng}:ﬁg};giﬁ:fge;i;o;gt%pZé}sailol\\zggf
condugtlon lgsses, and losses n the magn etlcsiworst-cas.e FETs. A U.S. quarter coin at left in FIG. 16 provides a 2D
operating points may be considered where M=V _,/V,, is 55 . .
farthest away from the nominal conversion ratio 1/N. In the dlmen510nal reference.. The. prototype  components and
present 4-to-1 TSAB converter (e.g., 1200) prototype design parameters are listed in Table 4.
example, +5% variation away from the nominal may be
expected, e.g., 1/4.2<M<1/3.8. Observing the constraints TABLE 4
(28) and (29), inductance may be selected based on the 60
available core sizes, switching frequency, as well as the 120 W, 48-t0-12 V TSAB converter parameters
worst case conversion ratio. While low inductance is often
desired, a higher inductance may be able to suppress the Switches
peak currents and result in a flat efficiency characteristic
with respect to conversion ratio M variations. Capacitances 65 Qi-Qq EPC2023
may be selected to keep k relatively high (in the range of Q5-Qs EPC2024

2-5). In terms of power density performance, similar to
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TABLE 4-continued

120 W, 48-to-12 V TSAB converter parameters

Passive components

Cy, Cy 10 pF
C, 20 pF
L, L, 800 nH
.. 150 kHz
k 2.7
Inductor design
Number of turns 3
Core TDK ELT11 x 4 (1.3 g)
Copper thickness 4 oz

Notably, relatively very small sub-uH inductances are
required in spite of the fact that the switching frequency is
relatively low, f,, =150 kHz.

FIG. 17 depicts a graph of operational waveforms of the
prototype 4-to-1 TSAB converter (e.g., 1200) shown in FIG.
16. Experimental waveforms in FIG. 17 illustrate trapezoi-
dal AC inductor currents and phase shift operation between
the lead and the lag half-bridges. It can be seen that each
inductor (L, L;) has current stress close to one half of the
output current. ZVS transitions of the lagging switches (Q1
and Q2) are illustrated in FIG. 18.

FIG. 19 is a plot of measured efficiency results for the
prototype 4-to-1 TSAB converter (e.g., 1200) of FIG. 16
compared with efficiency based on the loss model. Effi-
ciency and losses are measured across full load range, and
compared to the modeled efficiency curve in FIG. 19. The
efficiency curve is relatively flat, with peak efficiency of
98.6% measured at about 40% load, and 98.0% efficiency
measured at full load. FIG. 20 is a plot of measured loss for
the prototype 4-to-1 TSAB converter (e.g., 1200) of FIG. 16
compared with model-based loss breakdown. In FIG. 20, the
modeled losses are compared to the measured loss. At light
load, the dominant loss is the switching losses as the
inductor does not have enough energy to discharge/charge
the device output capacitors. At heavy load, the inductor AC
copper loss dominates. This is because the RMS current is
relatively larger when phase shift is higher, and because the
amplitudes of odd current harmonics increase as the load
increases. FIG. 21 is a plot of efficiency variation over 5%
conversion ratio deviation from the nominal M=V_,/
V,,=0.25 for the prototype 4-to-1 TSAB converter (e.g.,
1200) of FIG. 16 at P=45 W and P=65 W. Efficiency
variation with respect to conversion ratio is shown in FIG.
21, illustrating how it is possible to maintain high efficiency
across all intended conversion ratios in the neighborhood of
the nominal conversion ratio M=0.25.

The present disclosure further provides a family of trans-
formerless stacked active bridge (TSAB) converters having
nominal N-to-1 conversion ratio. From the foregoing
description and Example 4, the TSAB converters (e.g.,
1200) disclosed herein may be derived by inserting small
AC inductors into the Dickson switched-capacitor (SC)
converters. In contrast to other SC-derived converters such
as Resonant Switched-Capacitor converter (ReSC), or
switched tank converters, which share equivalent circuit
topologies, the TSAB converter operation may resemble
operation of the isolated dual active bridge (DAB) converter,
while dispensing with the need for an isolation transformer.
The TSAB converter family according to the present tech-
nology combines the benefits of SC and DAB converters:
reduced switch voltage stresses (2V,,/N), favorable switch
utilization as in the parent SC converter, and small AC
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inductors with near-trapezoidal low RMS currents, zero
voltage switching, robustness to component tolerances, and
continuous voltage regulation capability using simple phase-
shift control similar to the DAB converter. The results were
verified on a 120 W 48 V-1t0-12 V TSAB prototype (e.g.,
converter 1200), which achieved a flat efficiency curve with
98.6% peak efficiency and 98.0% full load efficiency.

The present disclosure further provides transformerless
stacked active bridge (TSAB) converters derived from
N-to-1 ladder switched capacitor (SC) converters by addi-
tion of small AC inductors. The ladder-TSAB (Ladder
TSAB) converters (e.g., 400) may feature soft charging of
all capacitors and zero-voltage switching of all switches.
The use of small AC inductors and low voltage devices is
enabled by low volt-seconds applied to inductors and low
device voltage stresses equal to 1/N of the supply voltage.
Output regulation and flying capacitor voltage balancing
may be achieved through phase-shift control. Experimental
results are presented for a 3-to-1 Ladder TSAB converter
(e.g., 400) in two application scenarios: 12-to-4 V, 10 A, and
36-10-12 V, 15 A. In the 12-to-4 V prototype, the peak
measured efficiency is 98.7%, while the full load efficiency
is 92.4%. In the 36-to-12 V case, the peak efficiency is
98.7% and the full-load efficiency is 96.3%.

Switched-capacitor (SC) converters are attractive because
they offer non-isolated “DC-transformer” (DCX) conversion
without magnetic components. However, SC converters
have losses associated with “hard” capacitor charging/dis-
charging, hard switching losses and limited output voltage
regulation. Various hybrid converters have been proposed to
address these limitations of SC converters by addition of
inductors to mitigate hard capacitor charging/discharging as
well as achieve soft switching. For example, resonant
switched capacitor converters and switched tank converters
insert small AC inductors and operate close to resonance
(k=1), which results in near-sinusoidal switch currents and
zero-current-switching (ZCS). Operation above resonance
(k>1), leads to zero-voltage switching (ZVS), low-RMS
near-trapezoidal inductor current waveforms, and reduced
sensitivity to component tolerances. In particular, transfor-
merless stacked active bridge (TSAB) hybrid converters
feature soft charging, low current and voltage stresses, and
very high efficiency when operating around nominal N-to-1
conversion ratios. It has further been noted that TSAB
converter characteristics and regulation capabilities using
simple phase shift control resemble operating characteristics
and advantages of the transformer-isolated dual active-
bridge (DAB) converters, but without the need for an
isolation transformer. However, in Dickson-based hybrid
converters, it is not possible to achieve full soft charging for
odd conversion ratios, and some of the switches exhibit
partial ZVS.

The present disclosure enables ladder-TSAB (Ladder
TSAB) converters, examples of which are shown in FIGS.
22A and 22B for the 3-to-1 (2200) and the 4-to-1 (2201)
cases, where small AC inductors are connected in series with
every other link capacitor (e.g., C, and C; in FIG. 22A, and
C,, C; and Cs in FIG. 22B) to achieve full soft charging and
discharging operation independent of capacitance values.
Ladder TSAB converters such as 2200 and 2201 are derived
from ladder SC converters following the general synthesis
approach, e.g., described above with reference to FIG. 6.
Given active current-bidirectional switches, these converters
are power-bidirectional. By swapping source and load ports,
the same converter topologies can serve in 1-to-N step-up
applications.
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FIG. 22 A depicts a schematic diagram of a 3-to-1 nominal
conversion ratio Ladder TSAB converter 2200. FIG. 22B
depicts a schematic diagram of a 4-to-1 nominal conversion
ratio Ladder TSAB converter 2201. Table 5 summarizes
how the numbers of required passive elements, active ele-
ments (switches), as well as ideal switch stresses depend on
N, where N corresponds to the nominal conversion ratio
M=V, /V,=1/N.

TABLE 5

Number of capacitors N, inductors N;,; and switches N,
as well as the switch voltage stresses in an Ladder TSAB
converter with N-to-1 nominal conversion ratio

Voltage
N Neap N N, stress
2 2 1 4 V,/2
3 4 2 8 V.,/3
4 6 3 12 V,/4
n 2n -2 n-1 4n - 4 V,/n

Similar to other TSAB converters, the Ladder TSAB
converters according to the present technology combine
advantageous features of both SC and DAB converters,
including low current and voltage stresses, low volt-seconds
applied to AC inductors, natural ZVS, simple phase shift
control, and near-minimum inductor RMS currents. Further-
more, Ladder TSAB converters described herein achieve
soft charging and discharging for all charge transfer capaci-
tors, and soft switching of all switches, for both odd and
even nominal conversion ratios.

The present disclosure provides operating principles and
steady-state characteristics of Ladder TSAB converters.
Experimental results of 3-to-1 Ladder TSAB prototypes
(e.g., implementations of converter 2200) are provided for
two scenarios: 12-to-4 V conversion, e.g., for USB-C charg-
ing applications, and 36-to-12 V conversion, e.g., for data-
center power applications. In both cases, the experimental
prototypes achieve 98.7% peak efficiency.

Operating Principals of Ladder TSAB Converters

Described below are steady state analysis, flying capacitor
voltage balancing, as well as soft switching conditions are
addressed for the 3-to-1 Ladder TSAB converter 2200
shown in FIG. 22A.

A. Steady State Operation and Control

The six switches in the example 3-to-1 Ladder TSAB
converter 2200 may be controlled by three pairs of comple-
mentary 50% duty-cycle PWM signals: a reference pair (¢,
and ¢,) and two phase-shifted pairs (¢,"/¢,' and ¢,%/¢,*)
with ¢, and ¢, being the normalized phase shifts with respect
to the reference, respectively. FIG. 23 depicts graphs of
operating waveforms of the 3-to-1 Ladder TSAB converter
of FIG. 22A. Idealized inductor L, L, current waveforms
are illustrated in FIG. 23, with phase shifts ¢, and ¢,
exaggerated for clarity. FIGS. 24A-24F depict schematic
diagrams switched network states in the 3-to-1 Ladder
TSAB converter 2200 of FIG. 22A assuming ¢,>¢,. The
converter 2200 has six switched network states, as shown in
FIG. 24A-24F: two direct power-delivering states 2400 and
2402 (respectively shown FIGS. 24C and 24F) where the
output current is strictly positive, and four short polarity-
reversal states 2404, 2406, 2408 and 2410 (respectively
shown in FIGS. 24A, 24B, 24D and 24E) where one or more
inductor currents change polarity).

To approach minimum-RMS trapezoidal-wave inductor
currents in Ladder TSAB converter 2200, for example, it
may be advantageous to select L., C, and L,, C; resonances
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well below the switching frequency (k=>1) and keep the
polarity-reversal states 2404, 2406, 2408 and 2410 short,
e.g., operate with small phase shifts ¢,, ¢,.

FIG. 25 depicts graphs of operating waveforms for induc-
tor current and output current of the 3-to-1 Ladder TSAB
converter 2200 of FIG. 22A, with the labeled time intervals
corresponding to the switched network states in FIGS.
24A-24F. Idealized inductor and output current waveforms
are shown in FIG. 25, with phase shifts again exaggerated
for clarity. The inductor current amplitudes can be found
from:

I =me,T /4 (30)

where i=1, 2 and m, is the slope of the inductor L, current
in polarity-reversal states 2404, 2406, 2408 and 2410.
Assuming a balanced voltage state, e.g., assuming that the
capacitor DC voltages remain equal to the nominal capacitor
voltages in the parent SC converter,

Ve, Ve, =Vey=Vour=Vinl3, Gy

the slope m, is:

m;=V;,/(3L;) (32)

This results in the flat-top trapezoidal inductor current
waveforms, as shown in FIG. 25, assuming ¢,>¢,.

The balanced voltage state implies that the charge transfer
process, as captured by the charge multiplier in SC convert-
ers, should be identical: charge is only transferred during
direct-power-delivering states 2400 and 2402, respectively

shown in FIGS. 24C and 24F. For C,; and C;, the charge
transferred is:
0= (1-9) T2 (33)
and the charge-balance requirement is:
0,=20, (34)
Combining (30), (33) and (34) yields:
m Ly 1ed-¢) (35

m L 2el-en

It can be observed that by selecting 21.,=[.,=L results in
¢,=0,=¢, which means that just two pairs of phase shifted
PWM signals are sufficient to control all eight switches. This
condition also yields a simple expression for the average
output current:

(36)

Vin

SLszo(l -

Iour,ror =

This is an important yet common characteristic of all
TSAB converters according to the present technology,
which implies that simple phase shift control may be used to
achieve output current or output voltage regulation. One
may note that (36) resembles the DAB converter character-
istic. Similar to the DAB converter, the regulation capability
comes at the expense of increased losses when the converter
operates away from the nominal conversion ratio.

B. Flying Capacitor Voltage Balancing

A balanced capacitor voltage state (31) refers to the steady
state operation where the TSAB capacitor DC voltages are
the same as the nominal capacitor voltages in the parent SC
converter. In the 3-to-1 Ladder TSAB converter 2200, for
example, the balanced state (31) yields the same minimum



US 11,621,633 B2

25

current and voltage stresses for all switches. Based on
volt-second balance for the inductors L; and L,, it follows
that the capacitor voltages are interdependent:

Var=(1-M)V;,/2 G7

V=MVt V)2 (3%)

Therefore, when operating around the nominal conversion
ratio M=V _,,/V,,=V4, the balanced state is achieved simply
by ensuring that C, voltage is balanced at the nominal value
Veo=V,,/3.

In practice, operation with identical phase-shift com-
mands ¢, =¢,=¢, may still result in C, voltage imbalance due
to timing mismatches so that actual ¢,=¢,, or inductance
tolerances so that [;=21.,. As can be seen in (33), either
L, =21, or ¢,=¢, results in Q,/Q,=2, which may cause a net
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compared to standard PWM converters operating at com-
parable switching frequency and conversion ratio.

Example 5

FIG. 26 is a photograph of a 3-to-1 Ladder TSAB
prototype implementation of converter 2200 built and tested
in two conversion scenarios: V,=12 V, V_ =4V, P=40 W,
e.g., for USB-C charging applications, and V, =36 V,
V,..~12 V, P=180 W, e.g., for data-center, telecom, or other
intermediate bus voltage applications. A U.S. quarter coin at
right in FIG. 26 provides a 2D dimensional reference. The
prototype components are listed in Table 6, including low-
voltage (20 V) silicon MOSFETs, 25V X7S ceramic capaci-
tors, and two types of off-the-shelf surface-mount inductors

(ferrite-core and air-core).

TABLE 6

Components in the experimental 3-to-1 Ladder TSAB prototype

Switches

Ll L2 CI_CS

Vishay SISA40DN 70 nH (ferrite)
20V, 1.1 mQ

36 nH (ferrite) C;: 27 pF @ 12 V (10 x 10 pF)

Coilcraft Coilcraft Cy: 27 uF @ 12 V (10 x 10 pF)
1212VS-70NME SLC7649S-360KL Cj: 54 pF @ 12 V (20 x 10 pF)
66 nH (aircore) 33 nH (aircore) Murata

Coilcraft 2 x Coilcraft GRM21BC71E106KE11
1212VS-66NME  1212VS-66NME 10 pF, 25V

non-zero charge transfer during the polarity-reversal states
2404, 2406, 2408 and 2410. In response, C, voltage drifts
from the balanced state and non-zero slopes are observed in
inductor current waveshapes during the direct-power-deliv-
ering states 2400 and 2402. In a practical realization, the
capacitor voltage imbalance may be mainly due to toler-
ances in inductance values. The two phase shifts ¢, and ¢,
may be independently adjusted in a control scheme accord-
ing to the disclosed methodology to counteract the effects of
inductance mismatch, and actively control V,. This may
introduce two additional switched network states 2406 and
2410, respectively shown in FIGS. 24B and 24E.

C. Zero-Voltage Switching

Since the TSAB converter may be operated above reso-
nance for each L-C branch (k=f/f >1), the L-C branches are
inductive at the switching frequency, which may result in
natural zero-voltage switching (ZVS) for all switches as
long as appropriate switch dead-times are provided, and
inductors store enough energy to achieve soft voltage tran-
sitions. The ZVS condition can be expressed approximately
as:

30

40

(39
55

where C, is the total switch-node capacitance comprising
switch output capacitances and other parasitics. The ZVS
condition (39) may present a practical limit on how small
inductances can be. Another practical limitation may arise
from the available timing resolution of the control signals,
which may determine dead times and phase shifts. Never-
theless, given the low volt-seconds applied, low energy
storage requirements, and low-RMS current stresses, the
TSAB converters according to the present technology may
allow for inductors with substantially smaller inductances

Phase-shift control loops to regulate the output voltage
and the capacitor C, voltage were implemented on a micro-
controller (TEXAS INSTRUMENTS (TT)
TMS320F28379D) with high resolution (150 ps) digital
PWM modules, so that very small inductances (tens of nH)
are applicable, although the switching frequency is rela-
tively low (200 kHz). As a result, small phase shifts are
required for full power operation, as can be observed from
the inductor currents and switch node waveforms. This is
demonstrated in FIGS. 27A and 27B, which depict graphs of
operating waveforms of the 3-to-1 Ladder TSAB prototype
(e.g., 2200) shown in FIG. 26 taken at V,,=36 V| V_ =12V

out

and I, =8 A, and for two switching frequencies: £ =200 kHz
(k==f/£=1.7) in FIG. 27A, and f =400 kHz (k=3.4) in FIG.
27B. For example, with 36 V input voltage, a maximum
output current of 15 A requires a phase shift of around 3%
of the switching period at £=200 kHz.

When the present prototype converter was operated at
higher switching frequency, the inductor current waveforms
are closer to minimum-RMS trapezoidal waveshapes, as
illustrated in FIG. 27B. However, operation at higher fre-
quency resulted in higher losses predominantly due to
increased ac resistances of the inductors (L, L.,) and PCB
traces. In the experimental prototype, a lower switching
frequency (f=200 kHz) yielded higher efficiency results.
However, as shown in FIG. 27A, for a lower k=f/f, the
inductor current waveforms deviated from the ideal trap-
ezoidal waveshapes and appeared somewhat asymmetrical.
This is because flying capacitor voltage ripples increased as
k got closer 1. Furthermore, the effect of capacitor C,
voltage became more visible, which introduced the slight
asymmetry in the waveforms within a switching period.

FIGS. 28A and 28B are plots of measured efficiency for
the 3-to-1 Ladder TSAB prototype (e.g., 2200) of FIG. 26.
Measured efficiency results are shown in FIGS. 28A and
28B for £=200 kHz in the two considered application
scenarios and for two different inductor realizations (ferrite-
core and air core, as shown in Table 6). Specifically, FIG.
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28A provides results for the V,,=36 V, V_, =12 V case, and
FIG. 28B provides results for the V, =12 V, V__ =4V case.
Gate driver losses are not included. Voltage and current
measurements were recorded using a 62 digit benchtop
multimeter. Given that the required inductance values are in
the tens of nH, both air-core inductors and ferrite-core
inductors present viable options in practice of the present
technology. The results of FIGS. 28A and 28B show that
higher efficiency may be obtained using the ferrite-core
inductors. This is because the switching frequency as well as
inductance is relatively low (f.=200 kHz and L is in the tens
of nH), so the core losses are relatively insignificant com-
pared to AC copper losses, which may dominate the inductor
losses in both the ferrite-core and air-core cases. In the
considered prototype, the air-core inductors are also larger in
size.

As can be seen in FIGS. 28A and 28B, for the 12-to-4 V
case, the peak efficiency is 98.7% at 1.5 A (6 W), dropping
10 92.4% at 10 A (40 W). For the 36-to-12 V case, the peak
efficiency is 98.7% at around 4.5 A (54 W), and the effi-
ciency curve is relatively flat, with 96.3% at the maximum-
load operating point 15 A (180 W). High peak efficiency may
be attributed to ZVS operation at relatively light loads.
Based on (39), the converter may be expected to maintain
ZVS for load currents greater than [ ,,=1.7 A (17% load) in
the 12 V-to-4 V case. For the 36 V-to-12 V case, the
converter may operate with ZVS for loads greater than
around [, =5.1 A (34% load). FIG. 29 is a thermal image of
the 3-to-1 Ladder TSAB prototype of FIG. 26 obtained using
a FLIR thermal imager. The thermal image of FIG. 29 was
obtained from the prototype converter operating at full load
withV, =36 V,V_ =12VandI =15A, and shows a modest
temperature rise with natural air cooling.

The present disclosure also describes ladder transformer-
less stacked active bridge (Ladder TSAB) converters. From
the foregoing description and Example 5, the Ladder TSAB
converters are derived from two-phase N-to-1 ladder
switched-capacitor (SC) converters by addition of small ac
inductors, following the general synthesis approach of FIG.
6. As members of the TSAB hybrid converter family, the
Ladder TSAB converters offer full soft charging and dis-
charging of flying capacitors independent of capacitance
values. By operating at a switching frequency above the
resonance, Ladder TSAB characteristics include low switch
voltage stresses, zero-voltage switching for all switches and
near-minimum-RMS inductor currents. As a result, effi-
ciency may be very high when the converter is operated
around the nominal N-to-1 conversion ratio. Furthermore,
simple phase shift control may be used to achieve voltage
balancing and output voltage or current regulation. Experi-
mental results were presented for a 3-to-1 Ladder TSAB
prototype in two application scenarios: 12-to-4 V, 10 A and
36-10-12 V, 15 A. Operating at hundreds of kHz using
low-voltage rating silicon MOSFETs, the prototype Ladder
TSAB converter employed ferrite or air-core AC inductors
having inductances in the tens of nH. In the 12-to-4 V
application, the peak efficiency was 98.7%, while the full-
load (40 W) efficiency dropped to 92.4%, dominated by
conduction losses. In the 36-t0-12 V case, the peak effi-
ciency was 98.7%, and the full-load (180 W) efficiency was
96.3%.

If only uni-directional power flow is needed and regula-
tion is not required, some of the switches of the disclosed
TSAB converter embodiments may be implemented with
passive diodes while remaining active switches may all
driven by PWM control signals. In this case, the operation
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characteristic is similar to an unregulated, fixed-conversion
ratio DC-DC converter also known as “DC transformer”
(DCX).

FIGS. 30-32 depict schematic diagrams of 1-to-2 TSAB,
ladder 1-to-3 TSAB, and Dickson 1-to-4 TSAB, converters,
respectively, designed and intended for operation as “DCX”
in step-up (boost) configurations. A general 1-to-N case may
easily be found following the same pattern as described
above. For the step-down (buck) configuration (N-to-1),
simply replacing the phase-shifted switches in a TSAB
converter with diodes is sufficient. In the case of the ladder
1-to-3 TSAB converter operated as DCX, an additional
output (labeled “V 5.7, in FIG. 31) that is approximately
(e.g., within £10-20%) equal to 2V, may be added, as
shown by components and lines drawn in dashed lines.

Another example is a stacked-ladder TSAB, which may
be originated from a variant of the ladder SC/ReSC con-
verter. FIG. 33 depicts an example 3-to-1 stacked ladder
TSAB converter. FIG. 34 depicts graphs of operating wave-
forms for the 3-to-1 stacked ladder TSAB converter of FIG.
33. In the example shown in FIG. 34, control signals are
provided for phase-shifted operation, where signals c,/c,
and ¢, /c, are complementary PWM signals (not limited to
50% duty cycle), and where small dead times should be
added (not shown in FIG. 34) in like manner as shown and
described above with reference to FIGS. 5 and 13 according
to the present technology. FIG. 35 depicts a step-up DCX
version 3500 of the stacked ladder TSAB converter of FIG.
33. As compared to the converter of FIG. 33, which has six
active switches coupled together in series, converter 3500
replaces the four of the six series connected switches of the
3-to-1 stacked ladder TSAB converter that are most proxi-
mal to the output port 3502 (V,,,) of converter 3500 with
passive diodes 3504 in the orientation shown which then can
function as passive switches, rather than active (e.g., MOS-
FET) switches 3506. In operation of converter 3500 with,
for example, the implementation of the control scheme for
link branch (3508, 3510) currents according to the present
technology in a boost mode, the four passive diodes 3504
carry a small current to facilitate high step up with high
efficiency. Also, as compared to the converter of FIG. 33,
converter 3500 is a much simpler, cheaper to make circuit
configuration, and less complex to control (e.g., only two
active switches 3506 in a half bridge configuration proximal
to an input port 3507) and may find particularly advanta-
geous uses in, for instance, unregulated, low power appli-
cations. FIG. 36A depicts a schematic diagram of a 4-to-1
doubler TSAB converter, according to the present technol-
ogy. FIG. 36B depicts a 48V-12V prototype of the 4-to-1
doubler TSAB converter of FIG. 36A, and FIG. 36C depicts
operating waveforms of the prototype 4-to-1 doubler TSAB
converter of FIG. 36B.

FIGS. 37A and 37B depict a schematic diagrams of 6-to-1
Dickson TSAB converters with output capacitors, according
to some embodiments of the present technology. The 6-to-1
Dickson TSAB converter 3700 of FIG. 37A includes an
output capacitor 3702 electrically coupled in parallel with an
output port 3704 of TSAB converter 3700, the output port
3704 being opposed across the circuit from an input port
3706. TSAB converter 3700 includes three link capacitors
3710, with each having an AC inductor 3712 electrically
coupled in series therewith. TSAB converter 3700 includes
two tree capacitors 3708, with the output capacitor 3702 as
another tree capacitor 3708.

By comparison, the 6-to-1 Dickson TSAB converter 3701
of FIG. 37B includes a DC inductor 3716 in the output port
3704 portion of the circuit. TSAB converter 3701 also



US 11,621,633 B2

29

includes output capacitor 3702 electrically coupled in par-
allel with an output port 3704 downstream of DC inductor
3716. TSAB converter 3701 includes three tree capacitors
3708. TSAB converter 3701 includes two link capacitors
3710, with each having AC inductor 3712 electrically
coupled in series therewith, with the output capacitor 3702
as another link capacitor 3708.

FIGS. 38A-38F depict a schematic diagrams of variations
of TSAB DC-to-DC power converters with link capacitors
3804, inductors 3806, and an output capacitor 3802 as
another link capacitor 3804, according to some embodi-
ments of the present technology: The illustrated variations
include Dickson 3800 (FIG. 38A), ladder 3801 (FIG. 38B),
stacked ladder 3803 (FIG. 38C), doubler 3805 (FIG. 38D),
Fibonacci 3807 (FIG. 38E), and Fibonacci II 3809 (FIG.
38F), TSAB DC-to-DC power converters.

In the TSAB family of converters, including for example
and without limitation, the above-described embodiments
illustrated in FIGS. 37A, 37B and 38A-38F, an output
capacitor may be treated as either a tree capacitor or as a link
capacitor. In the later case, location(s) of link capacitor(s)
will change, and the location of the inductor(s) will change
accordingly, resulting in a different converter topology.
However, the principals of the control scheme methodolo-
gies described herein for TSAB converters according to the
present technology will remain the same.

FIG. 39 depicts a graph of operating waveforms in the
6-to-1 Dickson TSAB converter 3701 shown in FIG. 37B,
according to some embodiments of the present technology.
Of note is the similarity with FIG. 5, including Ts and the
control scheme including Ty, (t-phi), and with the charac-
teristics of the trapezoidal waveform for currents of induc-
tors 3712 (L, and L,). The graph of FIG. 39 also shows DC
current in the DC inductor 3716 during operation of the
TSAB converter 3701. This control scheme demonstrated in
FIG. 39 provides four switched states (j) over each T,
interval: 2', 2, 1' and 1. Each of these four switched states for
the circuit of TSAB converter 3701 are illustrated in FIG.
40.

Generalized Control Architecture

A classic feedback controller is represented in FIG. 41A,
with output voltage being the only control objective. As
such, the control scheme of FIG. 41A utilizes a proportional
integral (PI) controller, for example, with scalar inputs and
scalar outputs. To account for non-idealities such as timing
mismatch and/or inductance/capacitance mismatch, it may
be advantageous, in practice, for one or more of the dis-
closed TSAB converter embodiments to employ a vector-
ized controller architecture, as shown in FIG. 41B. The
diagonal component of matrix K may be proportional gain
and the off-diagonal component of matrix K may be
designed to decouple the impact between individual feed-
back loops. As such, the control scheme of FIG. 41B may
enable multiple control objectives with vector inputs and
vector outputs. The controller 4101 block (denoted “K” in
FIG. 41B) is a matrix, and V, v .and @ (phi) are vectors.

Controller 4101 may be implemented using any of a
variety of devices or components known to persons having
ordinary skill in the art. Controller 4101 (which may be
referred to herein as “controller means”) may be a digital
component, and analog component, or a combination of
those. Microcontrollers, programmable logic controllers,
computers (personal computers, special purpose computers,
supercomputers, etc.), application specific integrated cir-
cuits, field programmable gate arrays, and the like, are all
among the possible devices or components that may be
suitable for implementing control schemes for the present
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technology. In some embodiments, controller 4101 may
include processor(s) that are capable of executing program
instructions (e.g., software and/or firmware) stored on one or
more processor-readable memory storage media. As an
example, such media may be non-transitory computer-read-
able media.

FIG. 42 depicts a flow chart of a method 4200 of
manufacturing a TSAB DC-to-DC power converter, accord-
ing to some embodiments of the present technology. Method
4200 may be applicable to any or all of the above described
embodiments of TSAB converters according to the present
technology. In an example embodiment, method 4200
includes the step of providing 4210 a parent SC converter
topology. A topology of the SC power converter may be a
two-phase switched capacitor converter, and may include at
least a portion of one or more of: a Dickson, a ladder, a
Fibonacci, and a doubler, topology. Method 4200 includes
the step of electrically coupling 4220 at least one inductor to
at least one link capacitor of the SC converter. In one
embodiment, the providing 4210 step of method 4200 may
include providing 4230 a parent SC converter topology with
at least two passive switching devices (e.g., diodes) and at
least two active switching devices (e.g., MOSFETs) as the
plurality of switches of the SC converter. By comparison,
the known power converter illustrated in FIG. 33 contains
six active switching devices connected exclusively in series.
Examples of TSAB power converters resulting from the
providing step 4230 include FIGS. 30, 31, 32 and 35. In
another embodiment, the providing 4210 step of method
4200 may include providing 4240 a parent SC converter
topology with active switching devices (e.g., MOSFETs)
connected both in series and in parallel (e.g., full and/or
half-bridge configurations) in the parent SC converter.
Examples of TSAB power converters resulting from the
providing step 4230 include FIGS. 4A, 7B, 7C, 8B, 22A,
22B and 36A. In yet another embodiment, method 2400 may
include the step of electrically coupling 4250 an output
capacitor to an output port of the TSAB DC-to-DC power
converter to thereby provide a link capacitor as an output
filter for the TSAB converter. In an example, method 2400
may include the step of electrically coupling 4260 an
inductor to the output capacitor to thereby provide an L.C
low pass filter for the output filter. The output capacitor and
the inductor coupled 4260 to the output capacitor may
thereby provide link capacitor functionality to the output
capacitor in some embodiments. Examples of TSAB power
converters resulting from the coupling step 4260 include
FIGS. 37B and 38A-38F.

Some portions of the detailed description may be pre-
sented in terms of algorithms and symbolic representations
of operations on data bits within a computer memory. These
algorithmic descriptions and representations are the means
used by those skilled in the data processing arts to most
effectively convey the substance of their work to others
skilled in the art. An algorithm is here, and generally,
conceived to be a self-consistent sequence of operations
leading to a desired result. The operations are those requir-
ing physical manipulations of physical quantities. Usually,
though not necessarily, these quantities take the form of
electrical or magnetic signals capable of being stored, trans-
ferred, combined, compared, and otherwise manipulated. It
has proven convenient at times, principally for reasons of
common usage, to refer to these signals as bits, values,
elements, symbols, characters, terms, numbers, or the like.

It should be borne in mind, however, that all of these and
similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied
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to these quantities. Unless specifically stated otherwise, as
apparent from the following discussion, it is appreciated that
throughout the description, discussions utilizing terms such
as “processing” or “computing” or “calculating” or “deter-
mining” or “displaying” or the like, refer to the action and
processes of a computer system, or similar electronic com-
puting device, that manipulates and transforms data repre-
sented as physical (electronic) quantities within the com-
puter system’s registers and memories into other data
similarly represented as physical quantities within the com-
puter system memories or registers or other such informa-
tion storage, transmission or display devices.

The algorithms and displays presented herein are not
inherently related to any particular computer or other appa-
ratus. Various general purpose systems may be used with
programs in accordance with the teachings herein, or it may
prove convenient to construct more specialized apparatus to
perform the methods of some embodiments. The required
structure for a variety of these systems will appear from the
description below. In addition, the techniques are not
described with reference to any particular programming
language, and various embodiments may thus be imple-
mented using a variety of programming languages.

In alternative embodiments, the machine operates as a
standalone device or may be connected (e.g., networked) to
other machines. In a networked deployment, the machine
may operate in the capacity of a server or a client machine
in a client-server network environment or as a peer machine
in a peer-to-peer (or distributed) network environment.

The machine may be a server computer, a client computer,
a personal computer (PC), a tablet PC, a laptop computer, a
set-top box (STB), a personal digital assistant (PDA), a
cellular telephone, an iPhone, a Blackberry, a processor, a
controller (e.g., microcontroller), a telephone, a web appli-
ance, a network router, switch or bridge, or any machine
capable of executing a set of instructions (sequential or
otherwise) that specify actions to be taken by that machine.

While the machine-readable medium or machine-readable
storage medium is shown in an exemplary embodiment to be
a single medium, the term “machine-readable medium” and
“machine-readable storage medium” should be taken to
include a single medium or multiple media (e.g., a central-
ized or distributed database, and/or associated caches and
servers) that store the one or more sets of instructions. The
term “machine-readable medium” and “machine-readable
storage medium” shall also be taken to include any medium
that is capable of storing, encoding or carrying a set of
instructions for execution by the machine and that cause the
machine to perform any one or more of the methodologies
of the presently disclosed technique and innovation.

In general, the routines executed to implement the
embodiments of the disclosure, may be implemented as part
of an operating system or a specific application, component,
program, object, module or sequence of instructions referred
to as “computer programs.” The computer programs typi-
cally comprise one or more instructions set at various times
in various memory and storage devices in a computer, and
that, when read and executed by one or more processing
units or processors in a computer, cause the computer to
perform operations to execute elements involving the vari-
ous aspects of the disclosure.

Moreover, while embodiments have been described in the
context of fully functioning computers and computer sys-
tems, those skilled in the art will appreciate that the various
embodiments are capable of being distributed as a program
product in a variety of forms, and that the disclosure applies
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equally regardless of the particular type of machine or
computer-readable media used to actually effect the distri-
bution.

Further examples of machine-readable storage media,
machine-readable media, or computer-readable (storage)
media include but are not limited to recordable type media
such as volatile and non-volatile memory devices, floppy
and other removable disks, hard disk drives, optical disks
(e.g., Compact Disk Read-Only Memory (CD ROMS),
Digital Versatile Disks, (DVDs), etc.), among others, and
transmission type media such as digital and analog commu-
nication links.

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise,” “com-
prising,” and the like are to be construed in an inclusive
sense, as opposed to an exclusive or exhaustive sense; that
is to say, in the sense of “including, but not limited to.” As
used herein, the terms “connected,” “coupled,” or any vari-
ant thereof, means any connection or coupling, either direct
or indirect, between two or more elements; the coupling of
connection between the elements can be physical, logical, or
a combination thereof. Additionally, the words “herein,”
“above,” “below,” and words of similar import, when used
in this application, shall refer to this application as a whole
and not to any particular portions of this application. Where
the context permits, words in the above Detailed Description
using the singular or plural number may also include the
plural or singular number respectively. The word “or,” in
reference to a list of two or more items, covers all of the
following interpretations of the word: any of the items in the
list, all of the items in the list, and any combination of the
items in the list.

The above detailed description of embodiments of the
disclosure is not intended to be exhaustive or to limit the
teachings to the precise form disclosed above. While specific
embodiments of, and examples for, the disclosure are
described above for illustrative purposes, various equivalent
modifications are possible within the scope of the disclosure,
as those skilled in the relevant art will recognize. For
example, while processes or blocks are presented in a given
order, alternative embodiments may perform routines hav-
ing steps, or employ systems having blocks, in a different
order, and some processes or blocks may be deleted, moved,
added, subdivided, combined, and/or modified to provide
alternative or subcombinations. Each of these processes or
blocks may be implemented in a variety of different ways.
Also, while processes or blocks are, at times, shown as being
performed in a series, these processes or blocks may instead
be performed in parallel, or may be performed at different
times. Further, any specific numbers noted herein are only
examples: alternative implementations may employ differ-
ing values or ranges.

The teachings of the disclosure provided herein can be
applied to other systems, not necessarily the system
described above. The elements and acts of the various
embodiments described above can be combined to provide
further embodiments.

Any patents and applications and other references noted
herein, including any that may be listed in accompanying
filing papers, are incorporated herein by reference. As to
aspects of the disclosure can be modified, if necessary, to
employ the systems, functions, and concepts of the various
references described above to provide yet further embodi-
ments of the disclosure.

These and other changes can be made to the disclosure in
light of the above Detailed Description. While the above
description describes certain embodiments of the disclosure,
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and describes the best mode contemplated, no matter how
detailed the above appears in text, the teachings can be
practiced in many ways. Details of the system may vary
considerably in its implementation details, while still being
encompassed by the subject matter disclosed herein. As
noted above, particular terminology used when describing
certain features or aspects of the disclosure should not be
taken to imply that the terminology is being redefined herein
to be restricted to any specific characteristics, features, or
aspects of the disclosure with which that terminology is
associated. In general, the terms used in the following claims
should not be construed to limit the disclosure to the specific
embodiments disclosed in the specification, unless the above
Detailed Description section explicitly defines such terms.
Accordingly, the actual scope of the disclosure encompasses
not only the disclosed embodiments, but also all equivalent
ways of practicing or implementing the disclosure under the
claims. The appended claims thus form a part of the disclo-
sure as if they were presented elsewhere in the instant
application and, as such, any and all combination of features
and elements presented in the claims are expressly incorpo-
rated by reference herein as if they were equivalently,
analogously or similarly described above.

While certain aspects of the disclosure are presented
below in certain claim forms, the inventors contemplate the
various aspects of the disclosure in any number of claim
forms. For example, while only one aspect of the disclosure
is recited as a means-plus-function claim under 35 U.S.C. §
112(f), other aspects may likewise be embodied as a means-
plus-function claim, or in other forms, such as being embod-
ied in a computer-readable medium. (Any claims intended to
be treated under 35 U.S.C. § 112(f) will begin with the
words “means for”). Accordingly, the applicant reserves the
right to add additional claims after filing the application to
pursue such additional claim forms for other aspects of the
disclosure.

The detailed description provided herein may be applied
to other systems, not necessarily only the system described
above. The elements and acts of the various examples
described above can be combined to provide further imple-
mentations of the invention. Some alternative implementa-
tions of the invention may include not only additional
elements to those implementations noted above, but also
may include fewer elements. These and other changes can be
made to the invention in light of the above Detailed Descrip-
tion. While the above description defines certain examples
of the invention, and describes the best mode contemplated,
no matter how detailed the above appears in text, the
invention can be practiced in many ways. Details of the
system may vary considerably in its specific implementa-
tion, while still being encompassed by the invention dis-
closed herein. As noted above, particular terminology used
when describing certain features or aspects of the invention
should not be taken to imply that the terminology is being
redefined herein to be restricted to any specific characteris-
tics, features, or aspects of the invention with which that
terminology is associated. In general, the terms used in the
following claims should not be construed to limit the inven-
tion to the specific examples disclosed in the specification,
unless the above Detailed Description section explicitly
defines such terms. Accordingly, the actual scope of the
invention encompasses not only the disclosed examples, but
also all equivalent ways of practicing or implementing the
invention.
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We claim:
1. A direct current (DC)-to-DC power converter compris-
ing:

a plurality of switches including a first pair of switches

and at least a second pair of switches;

a plurality of capacitors, wherein:

at least one capacitor of the plurality of capacitors is
electrically coupled to at least one of the plurality of
switches, and
the plurality of capacitors comprises:
at least one tree capacitor, and
at least one link capacitor forming a loop with the at
least one tree capacitor;

at least one inductor electrically coupled to at least one of

the link capacitors;

an L.C output filter including an output capacitor electri-

cally coupled to another inductor; and

controller means operatively coupled to the first, and the

at least a second, pair of switches, and configured to

transmit, with phase shift modulation:

a first pair of control signals to the first pair of switches;
and

at least a second pair of control signals to the at least a
second pair of switches.

2. The DC-to-DC power converter according to claim 1,
wherein:

the at least one link capacitor comprises a plurality of link

capacitors;

the at least one inductor comprises a plurality of induc-

tors; and

each inductor of the plurality of inductors is electrically

coupled to one link capacitor of the plurality of link
capacitors.

3. The DC-to-DC power converter according to claim 1
further comprising equal numbers of: link capacitors, and
inductors electrically coupled in series to each of the link
capacitors.

4. The DC-to-DC power converter according to claim 1,
wherein the controller means is further configured to trans-
mit the first, and the at least a second, pair of control signals
to the first, and the at least a second, pair of switches in a
control scheme sufficient to:

regulate at least one of: an output voltage, an output

current, and an output power; and

control a direction of flow of electric power, transmitted

out of the DC-to-DC power converter in response to an
input power flow during operation of the DC-to-DC
power converter.
5. The DC-to-DC power converter according to claim 1,
wherein the first, and the at least a second, pair of controls
signals each comprise two complementary signals with a
dead time inserted, the dead time having a value sufficient to
prevent simultaneous conduction as between respective
pairs of switches during operation of the DC-to-DC power
converter.
6. The DC-t0-DC power converter according to claim 1,
wherein the controller means is further configured to trans-
mit the first, and the at least a second, pair of control signals
to the first, and the at least a second, pair of switches in a
control scheme sufficient to at least one of:
provide polarity-reversal states during operation of the
DC-to-DC power converter;

provide a current flow in the at least one inductor having
a trapezoidal waveform having at least four regions
including: fast rising, positive flat, fast falling, and
negative flat, regions;
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prevent capacitor-only loops in any switched network

state; and

provide a switching frequency to resonant frequency ratio

(k) of greater than 1 for each of one or more resonant
frequencies during operation of the DC-to-DC power
converter.

7. The DC-to-DC power converter according to claim 1,
wherein an inductance value of the at least one inductor is
sufficient to provide an average current of zero in the at least
one tree capacitor during operation of the DC-to-DC power
converter.

8. The DC-to-DC power converter according to claim 1,
wherein:

the at least one inductor comprises a plurality of induc-

tors; and

a ratio of an input voltage to an output voltage during

operation of the DC-to-DC power converter depends, at
least in part, on a number of the plurality of inductors.

9. A direct current (DC)-to-DC power converter compris-
ing:

a plurality of active switching devices including at least

one pair of active switching devices;

at least two passive switching devices electrically coupled

in series with at least two of the plurality of active
switching devices;

a plurality of capacitors, wherein:

at least one capacitor of the plurality of capacitors is
electrically coupled to at least one of the plurality of
switches, and
the plurality of capacitors comprises:
at least one tree capacitor, and
at least one link capacitor forming a loop with the at
least one tree capacitor;

at least one inductor electrically coupled to at least one of

the link capacitors; and

controller means operatively coupled to the plurality of

active switching devices, and configured to transmit at
least one pair of control signals to the at least one pair
of active switching devices with phase shift modula-
tion.

10. The DC-to-DC power converter according to claim 9,
wherein:

the at least one link capacitor comprises a plurality of link

capacitors;

the at least one inductor comprises a plurality of induc-

tors; and

each inductor of the plurality of inductors is electrically

coupled to one of the plurality of link capacitors.

11. The DC-to-DC power converter according to claim 9,
wherein the at least one pair of control signals has a dead
time inserted, the dead time having a value sufficient to
prevent simultaneous conduction as between each active
switching device of the at least one pair of active switching
devices during operation of the DC-to-DC power converter.

12. The DC-to-DC power converter according to claim 9,
wherein the controller means is further configured to trans-
mit the at least one pair of control signals to the at least one
pair of active switching devices in a control scheme suffi-
cient to provide a switching frequency of the at least one pair
of active switching devices greater than one or more reso-
nant frequencies during operation of the DC-to-DC power
converter.

13. The DC-to-DC power converter according to claim 9,
wherein the at least two passive switching devices are
electrically coupled in series with the at least two active
switching devices downstream of the at least two of the
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plurality of active switching devices with respect to a power
flow direction during operation of the DC-to-DC power
converter.

14. A direct current (DC)-to-DC power converter com-
prising:

a plurality of active switches including a first pair of
active switches and at least a second pair of active
switches;

a plurality of capacitors, wherein:
at least one capacitor of the plurality of capacitors is

electrically coupled to at least one of the plurality of
active switches, and
the plurality of capacitors comprises:
at least one tree capacitor, and
at least one link capacitor forming a loop with the at
least one tree capacitor;

at least one inductor electrically coupled to at least one of
the link capacitors,
wherein the plurality of active switches are connected

both in series, and in parallel, with respect to one
another, or as between circuit branches of the DC-to-
DC converter; and

controller means operatively coupled to the plurality of
active switches, and configured to transmit, with phase
shift modulation:

a first pair of control signals to the first pair of active
switches; and

at least a second pair of control signals to the at least a
second pair of active switches.

15. The DC-to-DC power converter according to claim
14, wherein:

the at least one link capacitor comprises a plurality of link
capacitors;

the at least one inductor comprises a plurality of induc-
tors; and

each inductor of the plurality of inductors is electrically
coupled to one of the plurality of link capacitors.

16. The DC-to-DC power converter according to claim
14, wherein the controller means is further configured to
transmit the first, and the at least a second, pair of control
signals to the first, and the at least a second, pair of active
switches in a control scheme sufficient to:

regulate at least one of: an output voltage, an output
current, and an output power; and

control a direction of flow of electric power, transmitted
out of the DC-to-DC power converter in response to an
input power flow during operation of the DC-to-DC
power converter.

17. The DC-to-DC power converter according to claim
14, wherein the first, and the at least a second, pair of
controls signals each comprise two complementary signals
with a dead time inserted, the dead time having a value
sufficient to prevent simultaneous conduction as between
respective pairs of active switches during operation of the
DC-to-DC power converter.

18. The DC-to-DC power converter according to claim
14, wherein the controller means is further configured to
transmit the first, and the at least a second, pair of control
signals to the first, and the at least a second, pair of active
switches in a control scheme sufficient to at least one of:

provide one or more polarity-reversal states during opera-
tion of the DC-to-DC power converter;

provide a current flow in the at least one inductor having
a trapezoidal waveform having at least four regions
including: fast rising, positive flat, fast falling, and
negative flat, regions;



US 11,621,633 B2
37

prevent capacitor-only loops in any switched network

state; and

provide a switching frequency to resonant frequency ratio

(k) of greater than 1 for each of one or more resonant
frequencies during operation of the DC-to-DC power 5
converter.

19. The DC-t0-DC power converter according to claim
14, wherein the controller means is further configured to
transmit the first, and the at least a second, pair of control
signals to the first, and the at least a second, pair of active 10
switches via one or more of:

a pulse width modulation,

a variable frequency, and

a duty cycle,
based control scheme. 15

20. The DC-to-DC power converter according to claim
14, wherein the controller means is further configured to
transmit the first, and the at least a second, pair of control
signals to the first, and the at least a second, pair of active
switches in a control scheme sufficient to provide a switch- 20
ing frequency of the plurality of switches greater than one or
more resonant frequencies during operation of the DC-to-
DC power converter.



