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Abstract

High-Performance Hybrid Switched-Capacitor Power Converters: Circuit Topologies,
Control Techniques, and Analytical Models

by
Yicheng Zhu
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Robert Pilawa-Podgurski, Chair

Hybrid switched-capacitor (SC) converters have attracted increased attention due to their
potential to provide improved solutions with higher efficiency and higher power density
compared to conventional designs. As an emerging class of power converters, hybrid SC con-
verters can leverage the greatly superior energy density of capacitors compared to inductors,
while simultaneously benefiting from the improved figure-of-merit of low-voltage switching
devices over their high-voltage counterparts. This dissertation explores the circuit topolo-
gies, control techniques, and analytical models for hybrid SC converters to enable higher
performance.

First, this dissertation models and analyzes the effect of finite terminal capacitances on the
performance of pure and resonant SC converters. By establishing a general output impedance
model for each type of converter, the first part of this dissertation reveals that insufficient
terminal capacitances can lead to a dramatic increase in output impedance and cause a
considerable efficiency drop. Based on this analysis, a multi-resonant control technique is
proposed to reduce terminal capacitances without sacrificing efficiency.

Second, this dissertation explores high-performance hybrid SC converters for direct 48 V to
point-of-load (PoL) power conversion in data centers. High-performance processors (e.g.,
graphics processing units [GPUs], central processing units [CPUs|, application-specific inte-
grated circuits [ASICs], etc.) serve as the engine of data center computing platforms and the
foundation for technical progress in areas such as artificial intelligence and autonomous ve-
hicles. Due to the fast-growing demand for greater computational power, the electric power
consumption of processors has increased dramatically in recent years and is approaching 1000
W, with core logic voltages below 1 V and peak current demand beyond 1000 A. At such
high current levels, the large power distribution network (PDN) of the existing two-stage
lateral power delivery architecture can lead to a dramatic voltage drop and unacceptable



conduction losses, which significantly limits processor performance, reduces system energy
efficiency, and hinders data center decarbonization and densification.

In pursuit of a more efficient and compact alternative to the existing solution, the second part
of this dissertation introduces a family of high-performance 48-V-to-PoL hybrid SC voltage
regulators, named the switching bus converter. Based on a single-stage vertical power deliv-
ery (VPD) architecture, the switching bus converter significantly reduces the PDN size and
power conversion losses. Moreover, the proposed switching bus converter family strategically
merges two or multiple conversion stages through switching buses, a type of intermediate bus
with a switching voltage. Compared to the existing dc-bus-based architecture, the proposed
switching-bus-based architecture does not require dc bus capacitors, reduces the number of
switches, and ensures complete soft-charging operation. In addition, this dissertation con-
ducts a comparative performance analysis of different regulated hybrid SC topologies, which
reveals that a larger SC conversion ratio is advantageous for achieving higher performance.
Through the two-phase operation of the series-capacitor buck modules, the proposed switch-
ing bus converter extends the maximum duty ratio and enables a larger SC conversion ratio.
Various circuit topologies from the switching bus converter family and their hardware pro-
totypes are presented in this dissertation, including a 1500-A high-efficiency prototype and
a high-density prototype with a practical form factor for VPD, which push the performance
boundary for 48-V-to-Pol. power conversion.
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11.1 General representation of a regulated hybrid switched-capacitor (SC) topology
consisting of a fixed-ratio SC stage and a regulated buck-type stage. The input
voltage (Vi,) is first stepped down to Vi, by the SC stage. The buck-type stage
then performs the remaining voltage conversion from Vj, to the output voltage
(Vous) with regulation. The total conversion ratio Ko : 1 is allocated between
the SC stage and the buck-type stage. . . . . . . . .. ... ... ... ...

11.2 Four-branch SCB converter for direct 48-V-to-1-V conversion as an example of the
general representation depicted in Fig. 11.1. The high-side switches (Sig 44) and
flying capacitors (Cgy1-ny3) constitute the 4 : 1 SC stage; the low-side switches
(Sir-4r) and inductors (L;4) form the buck-type stage which performs the re-
maining 12-V-to-1-V voltage conversion with regulation. In this example, the
voltage stress on the buck-type stage is Viyae =12V, . . . . .o ..o

11.3 Current (top, red) and voltage (bottom, blue) waveforms of inductor j. Ij,; and
Ay, ;pp are the average inductor current and peak-to-peak inductor current ripple,
respectively. The voltage applied across the inductor jumps between Vi — Vout

11.4 Voltage (top, blue) and current (bottom, red) waveforms of capacitor k (Cy).
Ve, and Avc g pp are the mid-range capacitor voltage and peak-to-peak capacitor
voltage ripple, respectively. g¢cy is the total charge contained in the positive
portion of the capacitor current waveform per switching cycle and is illustrated
as the shaded area. If a capacitor is charged multiple times before discharged, all
charges flowing into the capacitor should be added up when calculating gc .

11.5 Load step-down transient waveforms of branch j. From top to bottom: the output
voltage waveform (v, ), the waveforms of the current flowing through inductor
J (in;) and the load current flowing through branch j (iou;), the zoomed-in
waveform of the inductor current over three switching cycles, and the switch-
node voltage waveform seen by inductor j (vsy ;). The fastest way of recovering
Uout tO the reference value (V) is by grounding all switch nodes and allowing
the inductor currents to fall at the maximum rate. . . . . . . . .. .. ... ...
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Normalized switch stress (Msg) of state-of-the-art regulated hybrid SC topolo-
gies for 48-V-to-1-V conversion. Solid dots represent topologies with hardware
demonstrations in previous literature, while hollow circles represent theoretically-
existent topologies that have not been implemented previously. A lower normal-
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Four-branch SCB converter. (a) Schematic drawing. (b) Multi-phase operation.
(c) Two-phase operation. . . . . . . . ... ... L
Normalized passive component volume (Mp) of state-of-the-art regulated hybrid
SC topologies for 48-V-to-1-V conversion (ag = 15%, ay = 5%). (a) 5 = 500. (b)
B = 100. Solid dots represent topologies with hardware demonstrations in previ-
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11.10Normalized total inductor current slew rate. (a) Normalized total inductor cur-
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Chapter 1

Introduction

1.1 Background and Motivation

From the chip edge in data centers to the grid edge in solar farms, and from small smartphone
chargers to the large superchargers of electric vehicles, power electronics serve as the enabling
technology for electrical energy conversion and the driving force behind technical innovations
in numerous applications.

A typical power electronic system consists of active switching devices and passive energy
storage components, including capacitors and magnetics, and can be conceptually depicted
in the block diagram shown in Fig. 1.1. In each switching cycle, the power electronic system
first momentarily stores electrical energy from the source in the passive components and then
releases it to the load. By repeating this process cyclically, the system converts electricity
from one form at the input to another form at the output, as required by the load. The
objectives of designing a high-performance power electronic system include high efficiency,
small volume, light weight, fast response, low cost, high reliability, etc.

Since the field’s inception, active semiconductor devices have played a key role in im-
proving the performance of power electronics. From the development of the power bipolar
junction transistor (BJT) through the power metal-oxide-semiconductor field-effect transis-
tor (MOSFET) to silicon carbide (SiC) and gallium nitride (GaN) switching devices, ad-
vances in switching frequency and reductions in on-state resistance have enabled consistent
efficiency and power density improvements. However, the selection of passive components in
power converter design is often overlooked. To create the most compact power converter, it
is essential to use the most energy-dense passive components available.

Traditional designs of power converters primarily utilize inductors and transformers for
energy storage and transfer. However, as will be introduced in Section 1.2.1, recent studies
have shown that capacitors generally have significantly higher energy densities compared
to inductors. In addition, through a device loss analysis, Section 1.2.2 will show that low-
voltage switching devices typically have better figures-of-merit (FOM) than high-voltage
switching devices. Based on these two observations, this dissertation explores a hybrid
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Figure 1.1: Conceptual representation of a power electronic system.

switched-capacitor (SC) approach to power electronic system design, which leverages the
superior energy storage capabilities of capacitors compared to inductors while simultaneously
benefiting from the improved FOM of low-voltage switching devices over their high-voltage
counterparts.

1.2 Hybrid Switched-Capacitor Approach

1.2.1 Energy Storage Capabilities of Passive Components

Fig. 1.2 shows a comprehensive survey [1] of over 606,000 commercial capacitors and 88,000
commercial inductors from Digikey Electronics, a large electronic component distributor.
As can be observed, the highest volumetric energy density (7,) of commercial capacitors
is nearly 1,000x greater than that of the densest commercial inductors, meaning that the
best capacitor component available on the market can store nearly 1,000 more energy than
the best inductor component for a given volume. This marked difference in energy storage
capabilities suggests that a topology designed to utilize capacitors more effectively as energy
transfer elements has the potential to achieve higher power density.
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Figure 1.2: Commercial capacitor versus inductor volumetric energy densities (7,) across
rated dc voltage (V;) or current (I;). From the highlighted Pareto fronts, commercial
capacitors have a roughly 1,000x better maximum volumetric energy density capability
compared to commercial inductors. [1]

1.2.2 Scaling Trends of Power Semiconductor Devices

When assuming negligible V-1 overlap loss and gate drive loss, the theoretical minimum
power loss of a semiconductor switching device in a half-bridge is given by

1
Psemi(min) = V;icld(rms) \/Efszds,onCoss,Q X v/ Rds,onooss,Q7 (11)

where Vq. is the dc-link voltage; Iq(rms) is the RMS value of the current flowing through the
device; fg is the switching frequency; Rgson is the on-state resistance of the device; and
Coss,q 1s the charge-equivalent output capacitance [2, 3] of the device. Since the theoretical
minimum power 10ss (Pisemi(min)) 1S proportional to y/RasonCoss,q, @ device figure-of-merit
(FOM) can be defined as follows to investigate the scaling law of power semiconductor

devices:
Switching device FOM = / Ras onCoss,Q (1.2)

A lower device FOM implies lower conduction and switching losses, and is thereby more
desirable. A detailed derivation for the theoretical minimum power loss (Psemi(min)) and the
device FOM is provided in Appendix A.



CHAPTER 1. INTRODUCTION 4

4 .
B
- 3l L4 -]
& . -
Al ! -
B—i> [ ] /z/t
2| g 54, o
£l I St |
8 g - °
% L~ @
oo
>
1 i i i HE A | i i i F I T
10! 102 10°

Device Voltage Rating, Vys (V)
Figure 1.3: Device FOM (y/R4sonCoss) across rated voltage (Vys) of EPC GaN transistors.

Figure 1.3 shows a survey of EPC GaN transistors. Each dot represents the FOM and
voltage rating of each device. The dashed curve shows the fitted trend line predicted by
semiconductor physics that is in the form of

\/ Rds,onCOSS,Q = kv:jza (13)

where k and « are voltage-scaling factors. The « factor values for Si, SiC, and GaN devices
are typically 0.5, 0.3, and 0.2, respectively, according to [4]. In general, lower voltage switch-
ing devices have better FOM compared to higher voltage devices. This means that it is
advantageous to replace a single large, high-voltage switch with multiple small, low-voltage
switches that have improved device FOM.

1.2.3 Hybrid Switched-Capacitor Approach

Based on the above two observations regarding passive components and active switches,
this thesis explores a new approach to power electronic circuit design: the hybrid switched-
capacitor (SC) approach, which is built on the following two key motivations.

e Given that capacitors have much higher energy densities than inductors, energy transfer
should be primarily based on capacitive energy storage instead of inductive energy
storage to reduce overall passive component volume.

e To leverage the improved FOM of low-voltage devices compared to their high-voltage
counterparts, multiple low-voltage switches should be used in place of a lumped high-
voltage switch for device loss reduction.
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Figure 1.4: The past decade has witnessed rapid growth in the thermal design power (TDP)
of NVIDIA data center GPUs [5]. The picture of NVIDIA H100 tensor core GPU [6] shows
the existing two-stage lateral power delivery (LPD) architecture where the current flowing
out of the voltage regulation modules (VRMs) needs to travel a long distance to the
processor pins, leading to a large power distribution network (PDN) and high PDN losses.

1.3 Background and Challenges of 48 V to
Point-of-Load Power Delivery in Data Centers

High-performance processors (e.g., GPUs, CPUs, ASICs, etc.) serve as the engine of data
center computing platforms and the foundation for technical progress in areas such as arti-
ficial intelligence, deep learning, autonomous vehicles, and numerous other applications. In
recent years, the electric power consumption of processors has increased dramatically and
is approaching 1000 W due to the fast-growing demand for greater computational power.
For example, as shown in Fig. 1.4, the thermal design power (TDP) of NVIDIA data center
GPUs has grown by 10 times in the past decade, from 106 W to 1000 W. And just in the
past three years alone, the TDP has more than doubled.

As power levels increase, the 48-V bus architecture is gradually replacing the legacy 12-
V dc bus in modern data centers since the power distribution losses (iR losses) decrease
by sixteen-fold with the quadrupling of the bus voltage. This makes the design of the
voltage regulation modules (VRMs) responsible for the 48 V to point-of-load (Pol.) power
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conversion more challenging with a quadrupled voltage conversion burden. In addition to a
large conversion ratio of 48-to-1 or higher, the VRMs for next-generation ultra-high power
processors should be capable of sourcing ultra-high current (> 1000 A) at low supply voltage
(< 1.0 V) and achieving high power density, high efficiency, and fast dynamic response.

The picture of the NVIDIA H100 tensor core GPU [6] in Fig. 1.4 shows the existing two-
stage lateral power delivery (LPD) architecture where the current flowing out of the VRMs
needs to travel a long distance to the processor pins, leading to a large power distribution
network (PDN). With a load current beyond 1000 A, the high PDN resistance can lead to a
dramatic voltage drop and unacceptable conduction losses, which significantly limits proces-
sor performance, reduces system energy efficiency, and hinders data center decarbonization.
Moreover, the resulting low efficiency necessitates a larger size of the thermal management
solution, which is presently a bottleneck of system densification.

In addition, in this two-stage architecture, as illustrated in Fig. 1.5(a), the 48-V input
voltage needs to be first stepped down to the intermediate dc bus voltage (12/8/6 V) and
then regulated down to the 1 V (or even lower voltage) at the PoL. This thesis explores the
single-stage architecture shown in Fig. 1.5(b) for direct 48-V-to-PoLi power conversion. By
combining the two conversion stages into one single stage, this architecture can effectively
reduce the power conversion losses and the PDN losses on the intermediate dc bus, thereby
promising to achieve higher efficiency.

1.4 Organization of Dissertation

Part I: Modeling, Analysis, and Control of Pure and Resonant
Switched-Capacitor Converters With Finite Terminal
Capacitances

In pre-existing analytical models of pure switched-capacitor (SC) converters and resonant
switched-capacitor (ReSC) converters, the input and output capacitances (Cj, and Cyy)
have long been assumed to be infinitely large so that the input and output can be modeled
as ideal voltage sources. However, in practice, the terminal capacitances can be insufficient
to ensure ideal input and output behaviors due to space and cost constraints. This part
models and analyzes the effect of finite terminal capacitances on the performance of pure
SC and ReSC converters. By establishing the general output impedance models for pure SC
and ReSC converters, Chapters 2 and 3 reveal that finite terminal capacitances can have
considerable effects on the output impedance (R,,;) and the overall efficiency of SC and
ReSC converters. In addition, in ReSC converters with the conventional two-phase control,
input and output capacitors need to be sufficiently large to ensure ideal input and output
behaviors. However, the bulky terminal capacitors dramatically increase the overall converter
volume and significantly limit the potential of ReSC converters for achieving higher power
density. Chapter 4 proposes a control technique for ReSC converters to achieve terminal
capacitance reduction without harming the overall efficiency.
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Figure 1.5: 48-V-to-PoL power delivery architectures. (a) Existing two-stage power delivery
architecture. (b) Single-stage power delivery architecture for direct 48-V-to-PoL. conversion.

Chapter 2: Modeling and Analysis of Pure Switched-Capacitor Converters
with Finite Terminal Capacitances

This chapter proposes a general modeling and analysis methodology for SC converters to
characterize the effects of finite terminal capacitances quantitatively. It is revealed that the
insufficiency in Cj, can lead to a considerably higher R, and harm the overall efficiency.
On the contrary, decreasing C,; can counter-intuitively help reduce R, which contributes
to both higher efficiency and higher power density, although this benefit comes at the cost
of a larger output voltage ripple. In addition, C,,; has a stronger effect on R,y in the
slow switching region, while C}, is more influential in the fast switching region, especially
around the knee of the output impedance curve, which is the typical operating point of
SC converters. Several design guidelines are provided based on these findings. Further
discussions are provided to explain how to apply the proposed general output impedance
model to arbitrary SC topologies.
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Chapter 3: Modeling and Analysis of Resonant SC Converters with Finite
Terminal Capacitances

This chapter proposes a general modeling and analysis methodology that can characterize
the effects of finite terminal capacitances on the output impedance of ReSC converters. The
proposed model is verified by circuit simulations and experimental measurements from a 2-
to-1 ReSC converter prototype. It is revealed that the insufficiency in terminal capacitances
can result in higher critical switching frequency, and Cj, has a stronger influence on the
critical switching frequency than C,;. Several design guidelines are provided based on these
findings. Further explanations are also given for the applicability of this work to more
complex ReSC topologies.

Chapter 4: Multi-Resonant Compensation Control for Terminal Capacitance
Reduction in Resonant SC Converters

This chapter proposes a multi-resonant compensation control (MRCC) technique for ReSC
converters that can adaptively compensate for the negative effects of finite terminal capac-
itances by ensuring multi-resonant and full zero current switching (ZCS) operation with
adjusted duty ratio and switching frequency. The proposed technique is verified experimen-
tally in a 2-to-1 ReSC converter prototype, demonstrating a more than 5 times terminal
capacitance reduction without harming the overall efficiency compared to the conventional
control technique.

Part II: Circuit Topologies, Comparative Analysis, and
High-Performance Hardware Implementation For Direct 48 V to
Point-of-Load Power Delivery in Data Centers

In pursuit of a more efficient and compact alternative to the existing two-stage LDP solution
shown in Fig. 1.4, this part presents a family of high-performance regulated hybrid SC con-
verters for 48-V-to-PoLL power conversion in data centers. In the proposed family of topolo-
gies, two or multiple SC stages are merged through switching buses, a type of intermediate
bus that allows switching voltages. Compared to the existing dc-bus-based architecture, the
proposed switching-bus-based architecture does not require dc bus capacitors, reduces the
number of switches, and ensures complete soft-charging operation. Based on this switching
bus concept, Chapters 5-9 present several different switching-bus-based topologies and their
high-performance implementation for direct 48-V-to-PoL applications. These topologies are
synthesized in Chapter 10 as a generalized switching-bus-based architecture, which yields a
family of switching-bus-based converters. In addition, Chapter 11 introduces an analytical
framework for characterizing and comparing regulated hybrid SC topologies for direct 48-
V-to-PoLL conversion, which reveals the theoretical benefits of a larger SC stage conversion
ratio.
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Chapter 5: Multi-Phase Cascaded Series-Parallel Hybrid Converter

This chapter proposes a multi-phase hybrid switched-capacitor (SC) converter that can be
viewed as a 6-to-1 cascaded series-parallel (CaSP) converter merged with a three-phase inter-
leaved buck converter with automatic current balancing. Due to multi-phase operation, the
CaSP stage is able to achieve a higher conversion ratio compared to two-phase SC converters
with the same number of components as well as lower turn-on voltage for switching devices.
Moreover, the proposed CaSP-PoL topology benefits from the frequency multiplication effect
similar to that in flying capacitor multilevel converters, which allows for lower frequency op-
eration of higher voltage rated switches and doubled frequency operation of buck inductors,
contributing to a further reduction in switching loss and inductor size.

Chapter 6: Dickson-Squared Hybrid Switched-Capacitor Converter

This chapter proposes a Dickson-squared hybrid switched-capacitor (SC) converter that com-
prises a 9-to-1 SC stage that can be viewed as two 3-to-1 Dickson SC converters combined
together and a nine-phase interleaved buck stage. The proposed topology can achieve com-
plete soft-charging operation with a simple control scheme, ensure naturally balanced inter-
leaved inductor currents, enable reduced conversion burden on the buck stage, and eliminate
the need for large bus capacitors with a switching bus architecture.

Chapter 7: The Switching Bus Converter: A High-Performance 48-V-to-1-V
Architecture with Increased SC Conversion Ratio

This chapter proposes a switching bus converter that merges a 2-to-1 SC front-end with
two 8-branch series-capacitor-buck (SCB) modules through two switching buses. Through
the two-phase operation of the SCB modules, the proposed topology extends the maximum
duty ratio and enables a larger SC conversion ratio. A hardware prototype was designed and
built with custom two-phase coupled inductors and synchronous bootstrap daughterboards
to validate the theoretical potential of the proposed topology. The theoretical benefits of
a larger SC conversion ratio were experimentally verified with measured performance at
different SC conversion ratios.

Chapter 8: A 1500-A/48-V-to-1-V Switching Bus Converter for
Next-Generation Ultra-High-Power Processors

This chapter proposes an ultra-high-current 48-V-to-1-V hybrid switched-capacitor (SC)
voltage regulator consisting of two 2-to-1 SC front-ends and four 10-branch series-capacitor-
buck modules, merged through four switching buses. A hardware prototype was designed and
built with custom four-phase coupled inductors and gate drive daughterboards to validate
the functionality and performance of the proposed converter. It was tested up to 1500-A
output current and pushes the performance limit of the state-of-the-art 48-V-to-1-V solutions
towards higher efficiency and higher power density.
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Chapter 9: A Compact 48-V-to-Sub-1-V Switching Bus Converter with 4.7-mm
Height for Processor Vertical Power Delivery

To deliver high current at low processor core voltages with low power distribution network
losses, this chapter proposes a compact 48-V-to-sub-1-V switching bus converter; a hybrid
switched-capacitor (SC) voltage regulator for single-stage vertical power delivery (VPD).
In the proposed switching bus converter, a 2-to-1 SC front-end and two 10-branch series-
capacitor-buck modules are merged through two switching buses. A hardware prototype
was designed and built with two-phase coupled inductors customized for VPD, meeting a
stringent maximum height limit of less than 5 mm. It was tested up to 600-A output current
and achieved excellent performance compared to the state-of-the-art 48-V-to-1-V academic
works.

Chapter 10: Generalized Switching-Bus-Based Architecture for Regulated
Hybrid Switched-Capacitor Converters

This chapter synthesizes the topologies proposed in Chapters 5-9 and extends the switching
bus concept proposed in Chapter 7 as a generalized switching-bus-based architecture for
regulated hybrid switched-capacitor converters. Based on this generalized architecture, a
family of regulated switching-bus-based topologies can be constructed, including two-stage
topologies and multi-stage topologies. Several concrete examples are provided.

Chapter 11: Comparative Performance Analysis of Regulated Hybrid SC
Topologies for Direct 48-V-to-PoL Conversion

This chapter introduces an analytical framework for characterizing and comparing regulated
hybrid SC topologies for direct 48-V-to-PoL. conversion. In the proposed framework, a reg-
ulated hybrid SC topology is generally represented as a fixed-ratio SC stage merged with
a subsequent regulated buck-type stage, with the total conversion ratio allocated between
them. Three metrics are used for performance comparison: a) normalized switch stress as
an indicator of efficiency, b) normalized passive component volume as an indicator of power
density, and ¢) normalized total inductor current slew rate as an indicator of transient perfor-
mance. This framework reveals that increasing the SC stage conversion ratio reduces switch
stress and passive component volume while accelerating the downward slew rate of inductor
current, thereby improving efficiency, power density, and load step-down transient perfor-
mance concurrently. Although a larger SC step-down ratio typically decreases the upward
slew rate of inductor current, potentially impairing the load step-up transient performance,
proper designs can achieve balanced load step-up and step-down transient performance.
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Chapter 2

Modeling and Analysis of Pure
Switched-Capacitor Converters with
Finite Terminal Capacitances

2.1 Background and Motivation

Compared with traditional magnetic-based power converters, switched-capacitor (SC) con-
verters have been demonstrated to have great potential of achieving higher power density and
more effective switch utilization [7, 8]. Therefore, they are widely used in various applica-
tions, including CMOS integrated power conversion [9-12], consumer electronics [13], power
amplifier [14], data center power delivery [15], and automotive systems [16-18], ranging from
de-de [19] to de/ac-ac [20-23] conversions.

Although pre-existing models [24-29], analyses [30-36], and control [37, 38] of SC con-
verters assume input and/or output to be ideal voltage sources, as illustrated in Fig. 2.1(a),
practical implementations of SC converters involve input and output capacitors (Cj, and
Cout) to stabilize the terminal voltages, as shown in Fig. 2.1(b). Theoretically, if C}, and
Cout are much larger than the flying capacitor (Cqy) (i.e. Cin, Couw = 10Chy) the input and
output can be regarded as ideal voltage sources. However, in practical applications, the sizes
of Cy, and Cyy are usually constrained by space and cost and thus can be insufficient to en-
sure ideal input and output behaviors. Fig. 2.2 illustrates the schematic drawing of a 2-to-1
SC converter with finite terminal capacitances, with the simulated output impedance curves
with different terminal capacitances presented in Fig. 2.2(b). As shown in Fig. 2.2(b), the
output impedance curve can significantly deviate from the ideal scenario when the terminal
capacitances are insufficient.

Although terminal capacitances can have considerable effects on the output impedance,
there is currently no analytical tool that is able to characterize their effects quantitatively.
The selection of C}, and Cy in the design of SC converters is mainly based on engineering
experiences and trial and error. However, since the die area is typically limited and valu-
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Figure 2.1: General steady-state model of an SC converter. (a) Idealized input and output.
(b) Practical input and output. (Lpyan: the parasitic source inductance)

able in integrated circuits such as CMOS converters, quantitative optimizations should be
performed to find out the best combination of flying capacitances and terminal capacitances
to achieve the lowest output impedance within the limited area. This indicates a need for a
general analytical tool to characterize the effects of terminal capacitances in SC converters,
which can help practicing engineers and researchers achieve the optimum converter size and
performance.

In this chapter, a general modeling and analysis methodology for SC converters is pro-
posed to characterize the effects of finite Cj, and Cyy. Section 2.2 explains the derivation
of the proposed general output impedance model in detail. In Section 2.3, a 2-to-1 SC con-
verter prototype is specially designed for model verification, and the modeling results agree
well with experimental measurements with less than 8% relative error. To facilitate analysis,
the proposed model is approximated by using Taylor expansion in Section 2.4.1 to obtain
a simpler mathematical form. Based on the proposed model, it is revealed in Section 2.4.2
that the insufficiency of C}, can lead to a significant increase in output impedance, while
smaller C,y; can counter-intuitively help reduce the output impedance and achieve higher
efficiency, although this benefit comes at the cost of a larger output voltage ripple. It is
also revealed in Section 2.4.3 that the parasitic source inductance and the deadtime can
have a nontrivial impact on the output impedance in the slow and fast switching regions,
respectively. Based on the above findings, Section 2.4.4 provides several design guidelines.
Further explanations for the applicability of the proposed model to arbitrary SC topologies
are given in Section 2.5.
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Figure 2.2: Output impedance of a 2-to-1 SC converter with different terminal capacitances.
(a) Schematic drawing of the 2-to-1 SC converter. (b) Output impedance curves with dif-
ferent Cy, and Coy. (Cay = 10 pF, Ry, =10 m©)

2.2 General Output Impedance Model of
Switched-Capacitor Converters With Finite
Terminal Capacitances

2.2.1 Circuit Model

In a general circuit state (or phase) k, an SC topology can be viewed as an RC' network and
represented as the circuit model shown in Fig. 2.3. It consists of an equivalent resistance Ry
and an equivalent capacitance C}, connected in series. With suitable (topology-dependent)
Ry and C} parameters, this general expression can capture any arbitrary SC topologies. The



CHAPTER 2. MODELING AND ANALYSIS OF PURE SWITCHED-CAPACITOR
CONVERTERS WITH FINITE TERMINAL CAPACITANCES 15

L p(in) C|3k ‘\F\;\t Ck R«
| Al J_
Vin lCin I C

(a) (b)

| _‘Vl J_
out Rload ik —-I__Cout I:\)Ioald

Figure 2.3: Complete circuit model of an SC converter with finite Cj, and Cyy. (a) Case 1:
the input terminal is connected to the source. (b) Case 2: the input terminal is grounded.

(@) (b)

Figure 2.4: Simplified circuit model of an SC converter with finite Cj, and Coy. (a) Case 1:
the input terminal is connected to the source. (b) Case 2: the input terminal is grounded.

method of calculating the model parameters Ry and C} for arbitrary SC topologies will be
provided in Section 2.5.1.

As illustrated in Fig. 2.3, two cases should be considered due to the finite input ca-
pacitance. The SC converter can be represented as Fig. 2.3(a) when the input terminal is
connected to the source and as Fig. 2.3(b) when the input terminal is grounded. As conven-
tionally done in topology analysis, the second-order circuit model shown in Fig. 2.3 can be
further simplified as the first-order model illustrated in Fig. 2.4. First, due to the existence of
the parasitic source inductance Ly, and the high-frequency operation of SC converters (SC
converters typically operate above the critical switching frequency to reach the fast switching
limit (FSL) [24]), it can be assumed that the input current ripple is sufficiently small so that
Vin and Lyan) together can be regarded as a constant current source Ii,. Second, since the
output voltage ripple is typically designed to be small compared to the average dc output
voltage, the ripple on the output current through the resistive load can also be ignored. In
addition, some loads are inherently inductive and behave like current sources. Thus, the
load can be modeled as a constant current source I,.
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2.2.2 Calculation of Output Impedance

By definition, the resistive output impedance R, accounts for all conduction losses and
charge-sharing losses in an SC converter. Therefore, R, can be calculated with the average

conduction loss P,s as
R o P]OSS
out — 12 :

out

(2.1)

Note that P, is the power loss averaged in one switching cycle and thus can be expressed
with the summation of the energy losses over all phases as

Ploss = fsw Z Ek (22)
k

where fg, is the switching frequency. Fj represents the energy loss in phase k£ and can be
calculated as

T (et)
Ey, = / Ryiz (t) dt (2.3)
0

in which i is the current through R in phase k and Ty is the effective duration of
the phase k. Since there is no forced freewheeling operation in SC converters during the
deadtime, the effective duration of phase k is

Tiery = T — ta (2.4)

where T}, is the duration of phase k£ and t4 is the deadtime.

2.2.3 Model Derivation

As indicated by (2.1)-(2.3), to calculate the output impedance, we need to find the explicit
expression of 45 in all phases based on the first-order simplified model shown in Fig. 2.4 as

ir (t) = (lor — Irx) e ™ + Iy, (2.5)

where Iy and Iy, are the initial value and forced component of ¢, in phase k, and 7 represents
the time constant of the equivalent circuit. 7, and Iy, can be expressed as

(2.6)

Tk = RiCl(em)
[fk = pklout
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in which Ceq) is the effective capacitance and py is a dimensionless ratio. In the two cases
illustrated in Fig. 2.4, for an m-to-n SC converter, Cy(qr) and p; can be given as

( 1 1 1
Criemy = 1 —
Hlefd) / (Ck ot C)
Case 1 :¢ o
k(eff n
\pk - C- (Cy ) (Oin + Eoout>
( in“out 1 1 (27)
a1/ (&)
Case 2 : k out
DE = Ck(eﬁ)
\ g CVout
Substituting (2.2)-(2.7) into (2.1) yields
Rout - Rout + Z Rkpk (2ak - pkfszk(eff)) (28)
k
where ) Az T
A a k(eff)
Royt = —— k coth( )
TR Cheer) 27 (2.9)

a = ar — PrfowTh(em)
in which ay, is the ratio of the transferred charged in phase k to the total delivered charge in
a switching cycle. A detailed derivation of (2.8) is provided in Appendix B.1. The definition
and calculation of a; can be found in [24].
With ideal input and output, C ey and py become Ciery = C) and p;, = 0, so that

. 1 a2 Th(efr)
Rout = Rout = —£ coth [ =2 2.10
e e (O -

which is the same as has been derived in [28].

2.3 Model Verification

In this section, a 2-to-1 SC converter prototype is designed to investigate the influence of
terminal capacitances on the output impedance quantitatively. The accuracy of the proposed
general model is verified by comparing the modeling results with circuit simulations and
experimental measurements from 2-to-1 SC converter prototype.

2.3.1 Experimental Setup

Figures 2.5 and 2.6 present the schematic drawing and photograph of the 2-to-1 SC converter
prototype for model verification, with the main components listed in Table 2.1. The test
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Figure 2.5: Schematic drawing of the 2-to-1 SC converter prototype.

Current sense resistor GaN HEMT
(b)

Figure 2.6: Photograph of the 2-to-1 SC converter prototype. (a) Overall view. (b) Top
view with key components annotated.

condition is Vi, = 24 V and I, = 1 A. The input and output voltages are measured with
digital multimeters Keysight 34405A and 34401A, respectively, and the output current I,
is measured by the E-load Rigol DL3031.

For the 2-to-1 SC converter shown in Fig. 2.6, the topology-dependent parameters in
the output impedance model are Cj, = Chy, Ry = 2 (Ron + Rcs) + ESRcy), ar = %, and
T, = 2,% (k =1, 2), where Cjy is the flying capacitance, R,, is the on-state resistance of



Table 2.1: Component list of the 2-to-1 SC converter prototype

Component Part number Parameters

GaN HEMT Q;-Qq GaN Systems GS61004B 100 V, 16 mQ) (@ 25 °C)
Current sense resistor Rosi-Rosq KOA Speer SLNSTTEDR200D 200 m€2, 7 W, 75 PPM/°C
Flying capacitor Caqy KEMET C2220C474J5GACTU CO0G, 50 V, 0.47 puF x8
Input and output capacitors Cj, and Coyy KEMET C2220C474J5GACTU CO0G, 50 V, 0.47 uF x2-x40"
Gate driver Analog Devices LTC4440 80 V, high-side

LDO voltage regulator Texas Instruments LP2985AIM5-6.1/NOPB  2.5-16 V input, 6.1 V output
Bootstrap diode Infineon BAT6402VH6327XTSA1 40 V, Schottky diode

* . . . .
Measurements are performed with various terminal capacitances.

SHONVLIOVAVO TVNIWNHHAL HALINIA HLIM SHALHAANOO

HOLIOVAVO-AAHOLIMS HHd A0 SISATVNV ANV ONI'THAOWN ¢ H4.LdVHO

61
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the GaN HEMT Q;-Qq4, Rcs is the value of current sense resistors Rcgi-Fcogs, and ESRgqy)
is the ESR of Cp,. The reason why Rcsi-Rcss are added in series with the GaN switches
will be explained in the following section.

2.3.2 Experiment Design Considerations

There are two key considerations to achieve effective model verification:

1) Ensure accurate parameter acquisition. Since the precision of the predicted results
is dependent on not only the correctness of the model itself but also the accuracy of the
circuit parameters, we should ensure that the circuit parameters will not deviate from the
nominal values provided in the manufacturers’ datasheets during the measurement due to
temperature variation, voltage bias, etc. There are two categories of variation-prone circuit
parameters in the model: a) capacitances: Chy, Ciy, and Coye, and b) resistance: R,, and
ESRC(ﬂy).

KEMET C2220C474J5GACTU is a Class 1 capacitor with COG dielectric that can main-
tain high capacitance stability over a wide range of operating temperature and voltage bias
and has extremely low ESR and ESL. Therefore, we select it for Chy, Cin, and Coy, so
that the variation in the capacitances can be minimized and ESR¢y) can be ignored (i.e.
ESRC(ﬂy) ~ 0)

The on-state resistance of switching devices can vary significantly due to the changes
in operating conditions (e.g. junction temperature, drain-to-source current, gate-to-source
voltage, etc.). The on-state resistance of GaN HEMTSs is particularly hard to accurately
capture due to the dynamic on-state resistance phenomenon [39, 40].

To tackle this challenge, we add a high-precision current sense resistor (KOA Speer
SLN5STTEDR200D) in series with each GaN switch to dominate the branch resistance. The
current sense resistor can maintain high thermal stability (75 PPM/°C) and has a much
higher resistance (Rcs = 200 mf2) than the GaN switch (R,, = 16 m2 @ 25 °C). As
a result, the branch resistance can be stabilized by the current sense resistor against the
variation in R,,. In addition, the cascaded bootstrap circuit with LDOs [41] is selected to
drive the GaN switches since it can ensure stable gate drive voltage Vg,ive and minimize the
variation in R, resulting from the change in Vgve.

2) Minimize the proportion of switching loss. The proposed output impedance model can
only capture the conduction losses and charge sharing losses in the SC converter. Therefore,
to achieve effective model verification, we need to ensure that the converter operates in the
conduction-loss-dominant condition, and the switching loss takes up only a small proportion
of the total loss. Meanwhile, the converter needs to operate above 1 MHz to reach FSL.
Therefore, we use GaN switches with small output capacitance and low gate charge and set
the external gate resistance as 0 {2 to minimize the overlap loss.
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2.3.3 Experimental Results

Figs. 2.7 and 2.8 show the comparison between the output impedances predicted by the
proposed model (Model), simulated by PLECS (Sim.), and measured from the converter
prototype (Expt.). Figs. 2.7(c) and 2.8(c) present the relative error of the modeling results
with respect to the experimental measurements that is calculated by

Rout(Model) - Rout(Expt.)

Relative error = x 100% (2.11)

Rout(Expt.)

where Roug(Model) @and Roy(Expt.) are the output impedance predicted by the model and mea-
sured from the prototype, respectively.

As can be seen in Figs. 2.7 and 2.8, the modeling results are in excellent agreement
with the circuit simulations and the experimental measurements. The relative error of the
modeling results with respect to the experimental measurements is less than 8% for various
Cin and Cyyy within 100 kHz-2 MHz switching frequency range, covering the slow switching
limit (SSL) and FSL. This indicates the excellent accuracy of the proposed general output
impedance model and its applicability in a wide range of switching frequencies.

It should be noted that the relative error grows higher when the switching frequency
increases. This is mainly due to the increase in the switching loss resulting from higher
switching frequency. In addition, the relative error rises dramatically as the switching fre-
quency decreases when C}, is small. This results from the undesired oscillation between
Ly and Cjy,, which will be further explored in Section 2.4.3.

2.4 Effect Analysis of Terminal Capacitances

With the general model derived and verified in Sections 2.2 and 2.3, we will use it to explore
the effect of finite terminal capacitances on the output impedance of SC converters in this
section.

2.4.1 Model Approximation by Taylor Expansion

Although the general output impedance model is accurate within a wide range of switching
frequency, it can be too complex to provide intuitive engineering insight. The existence of the
hyperbolic function coth () makes it hard to handle mathematically. Therefore, to facilitate
analysis, we approximate (2.8) with Taylor expansion to obtain a simplified mathematical
form. Inspired by the concepts of SSL and FSL [24], we perform model approximation in the
slow and fast switching regions separately, and name the obtained models as slow switching
model (SSM) and fast switching model (FSM), respectively.

For simplicity, here we perform the approximation to the model of the 2-to-1 SC converter
prototype presented in Section 2.3 as an example. Note that this approximation technique
is applicable to arbitrary SC topologies. To simplify calculation, we set Rcg = 0 Q and
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Figure 2.7: Output impedance of the SC converter with various Ci,. (Coux = 5Chy) ()
Comparison between the output impedances predicted by the proposed model (Model) and
simulated by PLECS (Sim.). (b) Comparison between the output impedances predicted by
the proposed model (Model) and measured from the prototype (Expt.). (c) Relative error
of modeling results with respect to experimental measurements calculated with (2.11).
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Figure 2.8: Output impedance of the SC converter with various Coy. (Cin = 5Chy) (a)
Comparison between the output impedances predicted by the proposed model (Model) and
simulated by PLECS (Sim.). (b) Comparison between the output impedances predicted by
the proposed model (Model) and measured from the prototype (Expt.). (c) Relative error
of modeling results with respect to experimental measurements calculated with (2.11).
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Table 2.2: Maximum relative errors of the approximated SSM and FSM in (2.12) with various
Cin and CYout

ki tor ko 10 7 5 4 3 2 1 0.5 0.25
et
Cin =k Covs 7400 7.21% 7.25% 7.18% 6.91% 7.32% 7.44% 10.6% 15.1%
C'outzloc(ﬁy
_1.—1
C"Cz‘t_klogtccﬂw 7.40% 6.89% 6.51% 6.06% 5.84% 4.95% 3.00% 1.52% 0.58%
in — fly

assume negligible capacitor ESR and deadtime ¢4. In the following examples in this section,
Cay = 10 pF, Ry = 10 m2.

Using Taylor expansion, we can approximate the output impedance model given in (2.8)
for a 2-to-1 SC converter as

RSSM = (b + E) Ron: s <S¢
S

J (2.12)
RFSM = (2 + _2> R0n7 S 2 Sc
S
where 14 k/2 + K
( + Kin + Kout
5=28 szonC y Se¢ =
f fly \/g
Cﬂ C’ﬂ
kin == kou =X
Ci 7 ’ C’out
1+ ki /2)? 1
b=2— (L+Fin/2) 5 — 5 (2.13)
(1 —|— kin + kout) (1 + kout)
(L4 kw/2) 1
a 1 + kin + kout 1 + kout
g (Lt K2 ) +1

\ 3

in which s is a dimensionless product of the switching frequency fs, and the time constant
R,y Cay and is defined as the normalized switching frequency. Parameter s is the critical
normalized frequency that marks the boundary between SSM and FSM, and ki, and kg are
the ratios of Cpy to Ci, and Cyy, respectively. A detailed derivation of (2.12) is provided in
Appendix B.1.1.

Fig. 2.9 shows the comparison between the precise model given in (2.8) and the approxi-
mated models (SSM and FSM) shown in (2.12). Table 2.2 lists the maximum relative errors
of the approximated model with various Cj, and Cyy. From Fig. 2.9, we can see that the
maximum relative error always appears at the critical frequency s.. Table 2.2 shows that
SSM and FSM can approximate the precise model within 8% relative error except for the
cases with extremely small C},.
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Figure 2.9: Comparison between the precise model in (2.8) and the approximated SSM and
FSM in (2.12). (Ciy = Cour = 10Chy)

In the slow switching region that ensures complete charge transfer, we have s < 1 which
yields the SSL in (2.14). When the switching frequency is sufficiently high so that the current
through Cjy is almost constant in each phase, s > 1 and therefore yields the FSL in (2.14).

(2.14)

c
{RSSM ~ Rggr, = gRona sk 1
Rpsm ~ Rpst, = 2Ron, s>1

When the terminal capacitances are sufficiently large so that the input and output can
be regarded as constant voltage sources, ki, and ko, are approximately zero so that we get
Rssr, = ﬁ and Rpsp, = 2R, which is expected and well-known.

vy sw

2.4.2 Effect of Finite Terminal Capacitances

In this section, we first evaluate (2.12) to analyze the effect of terminal capacitances quali-
tatively, then perform quantitative analysis with numerical calculations, and finally explore
the physical origins for these effects with circuit simulations.

1) Qualitative analysis. In the SSM of (2.12), when Cj, becomes smaller, k;, increases
so that ¢ becomes greater, resulting in higher Rggy. Conversely, with smaller Cyyu, kout
increases so that ¢ becomes smaller, contributing to lower Rggy. It is favorable, although
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counter-intuitive, that decreasing C,¢ can help reduce the output impedance since this will
contribute to both higher power density and higher efficiency. But note that this benefit
comes at the cost of a larger output voltage ripple. Cyy should still be sufficiently large to
satisfy any ripple constraint.

In the FSM of (2.12), the coefficient d is only dependent on k;, while it is independent of
kouwt- This indicates that Cy has little effect on Rpgy. By inspection, we can predict that
reducing C}, will lead to higher Rpgy.

2) Quantitative analysis. Figs. 2.10 and 2.11 show quantitative comparisons of the out-
put impedance of 2-to-1 SC converters with different terminal capacitances. To generalize
the analysis, Figs. 2.10 and 2.11 are plotted with the normalized switching frequency s in
(2.13) (s = 8fswRonChy), with the output impedance normalized to the FSL impedance
as Rout/Rrst (Rrs, = 2Ron). It can be observed that smaller Cf, leads to higher output
impedance, while the output impedance becomes lower when C,; is smaller.

As has been predicted in the qualitative analysis, C, has no influence on the output
impedance in the fast switching region. Instead, Cj, exhibits a greater effect in this region,
especially around the knee of the output impedance curve. Since SC converters typically
operate around the knee point, C}, should be carefully designed to avoid the undesired
increase in the output impedance due to insufficient C},. These findings are consistent with
those from the qualitative analysis and the experimental results presented in Figs. 2.7 and
2.8.

In addition, it can be observed in Fig. 2.7 that Cj, = 3Cjy is sufficient to approximate an
ideal input. However, further reduction in C}, can cause a significant increase in the output
impedance, which harms efficiency. On the contrary, smaller C,; can always help reduce the
output impedance. Moreover, in the slow switching region, C,,; exhibits a stronger influence
on the output impedance than Cj,. For example, Fig. 2.10(b) shows that reducing Cj, to
0.25Chy can increase Ry by a factor of 1.5, while it is presented in Fig. 2.11(b) that reducing
Cout to 0.25CH, can decrease Roy by a factor of 0.3.

3) Physical origins. Fig. 2.12 compares the simulated waveforms of the 2-to-1 SC con-
verter with large and small input capacitances, assuming ideal output. Fig. 2.12 shows that
with smaller Ci,, the voltage difference seen by Chy (Ve(in) — Vo(out) — Voray)) becomes much
larger. This results in a higher peak value of iy in the case 1 shown in Fig. 2.4. Conse-
quently, as listed in Table 2.3, the RMS value of ic(qy) becomes higher when Cj, is smaller,
which leads to greater loss and higher output impedance.

Fig. 2.13 presents a similar comparison of output impedance between the 2-to-1 SC con-
verter with large and small output capacitances, assuming ideal input. As listed in Table 2.4,
the RMS value of ic(ay) becomes lower with smaller Cyy. This is because the output volt-
age (Vo(our)) is able to follow Viyayy more rapidly when Coy is smaller. Consequently, icay)
drops faster and thus has a lower RMS value, which contributes to less loss and lower output
impedance.

In summary, reducing Cj, exacerbates the imbalance of capacitor voltages between the
two cases of Fig. 2.4, which increases the RMS value of icy). On the contrary, decreas-
ing Cy, accelerates the charge sharing processes, thus resulting in a lower RMS value of
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Figure 2.10: Effect of Cj, on output impedance. (Assuming ideal output) (a) Normalized
output impedance R,y /Rpsr, with various Ci,. (b) Ratio of Ry to the output impedance
with ideal input and output Rout(idear)-
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with ideal input and output Rout(idear)-
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Figure 2.12: Comparison of simulated waveforms between large and small C}, cases. (As-
suming ideal output, Cgy = 10 puF, fo =1 MHz, I, =5 A)

Table 2.3: Comparison between the RMS and peak-to-peak values of the simulated icay)
waveforms between large and small Cj, cases (Assuming ideal output, Cpy = 10 uF, fo =1
MHz, Iy =5 A)

. Cin 100 uF 10 uF 5 uF
'C(fly)
RMS value 6.18 A 6.49A 6.84 A
Peak-to-peak value 28.6 A 34.0A 40.6 A

ic(fy)- This accounts for the opposite effects of Cj, and Cyy¢ on the output impedance of
SC converters. Experimental corroboration of the above simulation analyses and theoretical
findings is provided below.

2.4.2.1 Experimental Corroboration for the Effect Analysis of Finite Terminal
Capacitances

To corroborate the theoretical findings in Section 2.4.2, this Section presents and compares
three sets of simulated and experimental waveforms shown in Figs. 2.14-2.16 with different
Cin and Cyy values. The experimental waveforms were measured from the hardware pro-
totype presented in Figs. 2.5 and 2.6. Current sense resistor voltages vrcss and vrcsy were
measured to obtain the current through the flying capacitor iy as

—URCS3 + URCS4
Rcs

io(y) =

(2.15)
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Figure 2.13: Comparison of simulated waveforms between large and small C,,; cases. (As-
suming ideal input, Cyy = 10 pF, fo =1 MHz, I, =5 A)

Table 2.4: Comparison between the RMS and peak-to-peak values of the simulated icay)

waveforms between large and small Cy, cases (Assuming ideal input, Cpy = 10 pF, fo =1
MHz, I, =5 A)

. Cous 100 uF 10 uF 5 pF
LC(fly)
RMS value 6.07A 595A 581A
Peak-to-peak value 282 A 30.7A 327A

As can be seen in Figs. 2.14-2.16, the simulated and experimental waveforms are in
excellent agreement. In addition, the waveforms presented in Figs. 2.14-2.16 qualitatively
match those in Figs. 2.12 and 2.13. The comparison between Fig. 2.14 and Fig. 2.15 shows
that a smaller Cj, leads to a larger voltage difference seen by Chay (Vein) — Veour) — Voay)),
which results in higher RMS and peak-to-peak values of ic(gy) as listed in Table 2.5 and thus
higher output impedance. Similarly, the comparison between Fig. 2.14 and Fig. 2.16 shows
that the output voltage (Vo(out)) is able to follow Viayy when Coye is smaller. As a results,
ic(my) drops faster and thus has a lower RMS value as listed in Table 2.5, which contributes
to less power loss and lower output impedance.
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Figure 2.14: Comparison between simulated and experimental waveforms when C},, = Cyyy =

5Chy. (a) Simulated capacitor voltage waveforms. (b) Experimental capacitor voltage wave-
forms. (c) Simulated voltage waveforms across current sense resistors. (d) Experimental
voltage waveforms across current sense resistors.
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Figure 2.15: Comparison between simulated and experimental waveforms when Cj, = 0.5C4y,
Cout = 5Chy. (a) Simulated capacitor voltage waveforms. (b) Experimental capacitor voltage
waveforms. (c) Simulated voltage waveforms across current sense resistors. (d) Experimental
voltage waveforms across current sense resistors.
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Figure 2.16: Comparison between simulated and experimental waveforms when Cj, = 5Cly,
Cout = 0.5Cqy. (a) Simulated capacitor voltage waveforms. (b) Experimental capacitor
voltage waveforms. (c) Simulated voltage waveforms across current sense resistors. (d)
Experimental voltage waveforms across current sense resistors.
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Table 2.5: Comparison between the RMS and peak-to-peak values of the simulated (Sim.)
and experimental (Expt.) ic(y) waveforms with different Cy, and Cyy, values

Cin/Cﬂy 5 0.5 5
Cout/Cay 5 5 0.5
(Fig. 2.14) (Fig. 2.15) (Fig. 2.16)
RMS value Sim. 4.40 A 4.73 A 4.33 A
ofic@y) ~ Expt. 448 A 4.82 A 439 A
Peak-to-peak  Sim. 16.5 A 22.1 A 184 A
value of icgy) Expt. 19.1 A 23.8 A 20.7 A
E T
~— o Model ——Small L)
§ L2g % O Sim.: small Ly |] Large Ly (i)
_Cg 1l O Sim.: large Ly | | 2
g x  Expt.: small L) /\ /\
é 0.81 % Expt.: large Ly | g .
= s \
7,06 Ko
+~
= D-R-R-&
O 04 = . 92
10 10 0 10 20
Switching Frequency (Hz) Time (us)
(a) (b)

Figure 2.17: Effect of L;s,) on the output impedance of the 2-to-1 SC converter prototype.
(Cin = 0.5Cy, Couy = 5Chy) (a) Output impedance with small and large Li,. (b) Simulated
waveforms of I, with small and large Ly,. (fsw = 100 kHz)

2.4.3 Other Practical Considerations

1) Resonance between Lyiny and Ci,. As shown in Fig. 2.17(a), it is observed both in
simulation (Sim.) and experiment (Expt.) that, with low Cji,, there will be an undesired
increase in the output impedance in the slow switching region when Ly, is small. This
phenomenon is due to the resonance between L,y and Ci,, and can be explained as follows.

As Cy, becomes smaller and smaller, the resonant frequency of Ly, and Cj,, which
can be given as fiin) = W, gradually increases. When the switching frequency

approaches fi(n), the input current [;, will start to oscillate largely between positive and
negative values, as illustrated in Fig. 2.17(b). Such oscillation can dramatically increase the
input voltage ripple and therefore augment the voltage difference seen by Cjy, thus leading
to higher RMS value of iggy) and higher output impedance.
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Figure 2.18: Effect of deadtime on the output impedance of the 2-to-1 SC converter proto-
type. (Cin = Cout = 5Chy) (a) Output impedance with and without deadtime. (b) Simulated
waveforms of icayy with and without deadtime. (fs = 10 MHz)

It is worth noting that the above analysis is only an example of how the Lin)-Ci, reso-
nance can affect the input voltage ripple and output impedance of SC converters. Realistic
input impedance networks can be more complex and can affect not only the performance
but also the stability of power converters. Detailed effect analysis of the resonance between
the source impedance and Cj, is out of the scope of this chapter and can be a good research
topic for future works.

2) Effect of deadtime. As shown in Fig. 2.18(a), at very high switching frequency (i.e.
beyond several MHz), a practical deadtime ¢4 of several ns can lead to an unexpected increase
in output impedance. This effect can be accurately captured by the proposed model by
introducing the effective duration of conduction given in (2.7).

As illustrated in Fig. 2.18(b), the average value of ic(ay) in each phase should be the
same no matter how long the deadtime is. However, with longer deadtime, the conduction
duration of ic(y) will become shorter, which leads to a higher RMS value and thus higher
conduction loss. This indicates that deadtime is also a factor that impedes increasing fs, in
practice, apart from higher switching loss.

3) Multiphase interleaving. As discussed in [27, 33|, for integrated SC converters, there
is usually no penalty for multiphase interleaving. In multiphase interleaved SC converters,
the flying capacitor(s) of one SC converter unit can serve as the terminal capacitor(s) for
other units. Therefore, with sufficient interleaved phases, no explicit terminal capacitors are
needed so that the majority of die area can be used to implement the flying capacitance.

The application of the proposed output impedance model to multiphase interleaved SC
converters is out of the scope of this chapter and can be a worthwhile topic for future studies.
Discussions on how to capture the effect of interleaving can be found in [27].
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2.4.4 Design Guidelines

e Size of the input capacitance: Since an insufficient input capacitance can increase the
output impedance and harm overall efficiency, Cj, should be sufficiently large to ensure
an approximately ideal input behavior. In particular, when Class 2 capacitors are used
as the input capacitor, special attention should be paid to ensure that Cj, is sufficient,
since Class 2 capacitors suffer from dc derating with applied input voltage.

e Size of the output capacitance: The output capacitance can be appropriately reduced
to achieve both smaller physical size and lower output impedance (i.e. both higher
power density and higher efficiency). However, Cy,; should still be sufficiently large to
satisfy the ripple constraint on the output voltage.

e Other practical considerations: 1) In the slow switching region, the resonance between
Lyny and Cj, can cause an undesired increase in the output impedance. This can be
avoided by ensuring sufficient Cj, or operating at a higher switching frequency. 2) At
very high switching frequency (i.e. beyond several MHz), a practical deadtime tq of
several nano-seconds can lead to a considerable increase in the output impedance and
therefore can no longer be neglected in the analysis and design of SC converters.

Further quantitative optimizations can be performed to find the best combination of Chy,
Cin, and Cyy to achieve the lowest output impedance within the given physical space limits
and voltage ripple constraints.

2.5 Application to Arbitrary Switched-Capacitor
Topologies

In this section, we apply the proposed modeling and analysis methodology to four commonly-
used SC topologies: series—parallel, Fibonacci, doubler, and Dickson topologies, as shown in
Fig. 2.19. These four examples are provided here to demonstrate the applicability of this
model to arbitrary SC topologies. The set of converters considered in this section is limited
to two-phase SC converters operating at 50% duty cycle. In the following examples, for
simplicity, all flying capacitors have the same capacitance Cgy, = 10 pF, and all switching
devices have the same on-state resistance R,, = 10 mf).

2.5.1 Model Application to Arbitrary SC Topologies

As has been mentioned in Section 2.2.1, the circuit model shown in Fig. 2.4 can capture
arbitrary SC topologies with suitable topology-dependent parameters. Therefore, the key
step of applying the proposed model to an arbitrary SC topology is to obtain the equivalent
capacitance Cy and equivalent resistance Ry in each phase.
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There are two cases: a) the simple case where C} and Ry can be directly acquired by
inspection, and b) the general case where the model parameters have to be carefully derived.

1) Simple case. Apart from the 2-to-1 SC topology, the series—parallel topology is also an
example of the simple case. Take the 4-to-1 series—parallel topology illustrated in Fig. 2.19(a)
as an example—the model parameters of the series phase (i.e. phase 1) are C] = %Cﬂy and
Ry = 4R,,, and those of the parallel phase (i.e. phase 2) are Cy = 3Ch, and Ry = %Ron,
which can be obtained from the equivalent circuits shown in Fig. 2.19(a) by inspection.

2) General case. In more general cases, Cy and Ry cannot be directly obtained by
inspection from the equivalent circuits but have to be carefully derived according to the
invariance of the SSL and FSL output impedance.

On the one hand, with ideal input and output, the asymptotic SSL and FSL output
impedances of two-phase SC converters have been given in [24] as

1 ((Icyi)z
2 A
fsw 1Ecaps fly,i (216)

RFSL =2 E Ron,i(ar,i)2

i€switches

Rssr, =

in which Cjy ; is the value of flying capacitor i, Ry, is the on-state resistance of switch ¢,
and a.; and a,; are the charge multipliers of capacitor ¢ and switch ¢, respectively.

On the other hand, according to the proposed model, the output impedance of a SC
converter with ideal input and output is given by (2.10). By performing the model approx-
imation introduced in Section 2.4.1, the asymptotic SSL and FSL output impedances of

(2.10) can be obtained as

1 > a2

2fsw k Ck

RFSL =2 Z Rka%
k

Rssr1, =
(2.17)

The SSL and FSL output impedances in (2.16) and (2.17) should be the same, and
therefore we get
Z a’i _ 2 Z (a’Cﬂ;)2
k Ck iEcaps C(ﬂy,i . (218)
Z Rkai = Z Ron,i<ar,z‘)2
k

i€switches

Splitting (2.18) into each phase yields

2
ac,i
C’f:“z/<,z <c ).>
i€caps “ly,i (219)

1
Rk = -5 Z 5i,kRon,i(ar,i)2

2
ak i€switches

where 9; ;, equals 1 when switch 7 is ON in phase k and equals 0 when it is OFF in phase k.
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Here, take the 5-to-1 Fibonacci converter illustrated in Fig. 2.19(b) as an example—we
can obtain the model parameters as C; = %Cﬂy, Cy = %Cﬂy, R, = %Ron, and Ry = %Ron.
With the C) and R, values, we can calculate the output impedance of SC converters with
ideal input and output by substituting (2.19) into (2.10).

To take the effect of finite C}, into consideration, we need to make further modification
to C} (i.e. the Cy value in case 1 of Fig. 2.4). Denote the charge multiplier of Ci, as ac i,
which is defined as the ratio of the charge transferred in C}, in one phase to the total charge
delivered to the output during a full switching period. For two-phase SC converters operating
at 50% duty cycle, the charge transferred in Cj, in one phase is

Gc,in = glin - g (%]out) - %QOub (220)
Thus, a.;, can be obtained by inspection as
n

(2.21)

Qcin = %

Similar to the flying capacitors, the contribution of the input capacitor to the SSL output
impedance is proportional to aain /Cin which has the same mathematical form of Rggp, in
(2.16). Therefore, compared to the situation with ideal input, due to the existence of finite
Cin, the contribution of phase 1 (case 1 in Fig. 2.4) to Rsgp, is increased by

() (5 5)

iecaps

This means that we can incorporate the effect of C}, in the model by modifying the C}
in (2.19) with the factor f; as
fi

while still mathematically assuming ideal input in the calculation. Note that here we do
not assume Cj, to be physically infinite but only introduce a mathematical simplification.
Additionally, note that since Cj, is hard-charged in phase 1 and soft-charged by Ly n) in
phase 2, it only leads to a greater contribution of phase 1 to Rgs;, but has no influence on
the contribution of phase 2 to Rssr,, which means only C; needs to be modified while C5
does not.

To sum up, there are four steps to apply the proposed model to arbitrary SC topologies:

i) calculate the model parameters Cy and Ry with (2.19),

ii) modify C; with the factor fi given in (2.22) as (2.23),

iii) substitute C] and C; into the case 2 of (2.3) to calculate Cy.s) and pj, for each phase,

iv) substitute Cyes), pr and Ry, into (2.8), and calculate Roys.

Fig. 2.20 presents the output impedance of the four SC topologies shown in Fig. 2.19 with
various terminal capacitances. The comparison between modeling and simulation results in

! (2.23)
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Fig. 2.20 demonstrates the accuracy of the proposed output impedance model in different
SC topologies with various terminal capacitances. Note that the proposed output impedance
model is widely applicable to arbitrary SC topologies with practical C}, and Cy,; values but
can be inaccurate in extreme scenarios that are not usual in practical applications, such as
when Cyy is less than Cyy.

2.5.2 Effect of Terminal Capacitances

As can be observed in Fig. 2.20, qualitatively speaking, the terminal capacitances exhibit
the same effects on output impedance in these common SC topologies as in the 2-to-1 SC
converter analyzed in Section 2.4—the insufficiency of C}, leads to higher output impedance
while smaller Cy,; helps reduce output impedance. Quantitatively speaking, we can notice
that Cyy is more influential in the slow switching region while Cj, has a stronger effect at
higher frequency around the knee of the output impedance curve.

It can also be observed that the effect of C}, is weaker in these four SC topologies in
comparison with the 2-to-1 SC converter. In the four SC topologies shown in Fig. 2.20, the
output impedance with Ci, = Cyy is very close to that with Cj, = 10C%,. SC topologies with
higher conversion ratio generally have smaller equivalent capacitance (C}) in the phase where
the input terminal is connected to the source (i.e. case 1 in Fig. 2.4). Given that the output
impedance is dependent on the series capacitance of C}, and Cy, Ci, needs to be smaller
to make the same impact on the output impedance of SC topologies with higher conversion
ratio. This is a favorable feature, which means smaller C}, can be sufficient to ensure an
approximately ideal input behavior in SC converters with a higher conversion ratio.

2.6 Chapter Summary

This chapter proposes a general modeling and analysis methodology that is able to charac-
terize the effect of finite terminal capacitances on the output impedance of SC converters.
A general output impedance model is derived and verified by circuit simulations and ex-
perimental measurements from a 2-to-1 SC converter prototype with less than 8% relative
error. It is revealed that larger C}, is favorable for efficiency improvement. On the contrary,
smaller Cyy; can help reduce output impedance, which contributes to both higher efficiency
and higher power density, although C,,; should still be sufficiently large to satisfy the ripple
constraint on the output voltage. In addition, C,,; is quantitatively more influential in the
slow switching region while Cj, has a stronger effect on output impedance in the fast switch-
ing region, especially around the knee of the output impedance curve where SC converters
typically operate. Finally, we demonstrate the applicability of the proposed modeling and
analysis methodology to arbitrary SC topologies with four examples of commonly-used SC
converters.

This chapter provides an analytical tool for future investigations, such as design opti-
mizations of SC converters with physical space limits and voltage ripple constraints.
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Chapter 3

Modeling and Analysis of Resonant
SC Converters with Finite Terminal
Capacitances

3.1 Background and Motivation

Originating from the conventional pure switched-capacitor (SC) converters [7, 24], resonant
switched-capacitor (ReSC) converters can not only leverage the greatly superior energy den-
sities of capacitors compared to inductors and transformers but also significantly reduce the
inherent capacitor charge sharing loss with soft-charging operation enabled by the augment-
ing inductor(s) [42-44]. Therefore, ReSC converters open up new opportunities for achieving
record-breaking high efficiency and high power density, and have recently received increasing
attention in various applications [45-52].

Although pre-existing models [53-55] and analyses [43, 56, 57] of ReSC converters as-
sume input and/or output to be ideal voltage sources as illustrated in Fig. 3.1(a), practical
implementations of ReSC converters involve input and output capacitors (Ci, and Coy) to
stabilize the terminal voltages, as illustrated in Fig. 3.1(b). If the terminal capacitances are
much larger than the flying capacitance (i.e. Ci,, Cou = 10Chy), the input and output can
be regarded as ideal voltage sources. However, in practical applications, the sizes of C, and
Cout are constrained by space and cost, and thus usually not large enough to ensure ideal
input and output behaviors. Fig. 3.2 illustrates the simulated output impedance of a 2-to-1
ReSC converter with different C;, and C,y;, which shows that the actual output impedance
curve can significantly deviate from the ideal scenario when the terminal capacitances are
insufficient.

Despite the significant effects of finite terminal capacitances, currently there exists no
model that can quantitatively characterize their effects on the performance of ReSC convert-
ers. In practice, the sizes of C}, and C,; are selected mainly based on engineering experiences
and through trial and error, indicating the great need for a general method to model and
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Figure 3.1: Schematic of a 2-to-1 resonant switched-capacitor (ReSC) converter. (a) With
idealized input and output. (b) With practical input and output. (Lpgan: the parasitic
source inductance)

analyze the effects of terminal capacitances.

This chapter proposes a general modeling and analysis methodology that can capture the
effects of finite terminal capacitances on the output impedance of ReSC converters. With the
proposed model derived and verified in Sections 3.2 and 3.3, respectively, Section 3.4 reveals
the effects of Ci, and C, based on simulation and experimental results. It is revealed that
the insufficiency in terminal capacitances will result in higher critical switching frequency,
and CY, has stronger influence on critical switching frequency than C,;. The set of converters
discussed in this chapter is limited to two-phase ReSC converters with a single augmenting
inductor at the output that can achieve full soft-charging operation.

3.2 General Output Impedance Model of ReSC
Converters With Finite Terminal Capacitances

3.2.1 Circuit Model

In a general circuit state (or phase) k, a two-phase ReSC converter can be modeled as the
equivalent circuit shown in Fig. 3.3 consisting of an equivalent resistance Ry, an equiva-
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Figure 3.2: Output impedance of a 2-to-1 ReSC converter with different Cj, and Coyy. (Cay =
10 pF, L =0.1 uH, R,, =10 m<)

lent capacitance C} and an augmenting inductor L at the output. Note that this general
expression is able to capture any arbitrary ReSC topologies with a single inductor at the
output that can achieve full soft-charging operation with (topology-dependent) equivalent
Ry and Cy values. With nonideal input, two cases should be considered. Figs. 3.3(a) and
(b) illustrate the equivalent circuits for the cases when the input terminal is connected to
the source and when it is grounded, respectively.

Since the complete model shown in Fig. 3.3 is a third-order circuit that is difficult to
handle, it has to be simplified to be practically useful. Due to the existence of the parasitic
source inductance Lyay) (e.g. the parasitic inductance on the source cable) and the high
switching frequency of ReSC converters, the input current ripple is typically sufficiently small
so that we can regard the the source as an ideal constant current source Ii,. Similarly, since
the output voltage ripple of ReSC converters are typically designed to be small compared
to the average dc output voltage, the current through the resistive load can also be viewed
as an ideal constant current source I,,. In fact, some loads are intrinsically inductive and
behave like a constant current source. Therefore, for simplicity (and as conventionally done in
topology analysis), the third-order complete circuit model shown in Fig. 3.3 can be simplified
as the second-order model illustrated in Fig. 3.4.

3.2.2 Calculation of Output Impedance

Since the resistive output impedance R, accounts for all conduction losses in the ReSC
converter, it can be calculated with the average conduction power loss Pss as

(3.1)
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Figure 3.3: Complete circuit model of a two-phase ReSC converter with finite terminal
capacitances. (a) In phase 1, the input terminal is connected to the source. (b) In phase 2,
the input terminal is grounded.

Figure 3.4: Simplified circuit model of a two-phase ReSC converter with finite terminal
capacitances. (a) In phase 1, the input terminal is connected to the source. (b) In phase 2,
the input terminal is grounded.

Note that P, is the power loss averaged in one switching cycle and thus can be expressed
as the summation of the energy losses over all phases:

Poss = fsw Z Ey, (32)

k=1,2

where f, is the switching frequency and Ej represents the conduction energy loss in phase
k which can be expressed as

DT
E), = / Ryiy (t) dt. (3.3)
0

3.2.3 Model Derivation

As explained in [43], ReSC converters are typically designed to be highly underdamped
(g\/% < 1, i.e. with high quality factor @) so that they can reach the fast switching limit

(FSL) impedance at much lower switching frequency compared to pure SC converters with
the same R and C' parameters. Therefore, in the following analysis, we assume that the
ReSC converter is underdamped in both phases. Thus, in phase k of the simplified circuit
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model shown in Fig. 3.4, the inductor current ¢, can be expressed as
ik (t) = Ake_akt COS (wkt + on) + ]fk (34)

where A; is the amplitude, «y is the decay rate, wy is the angular frequency, ¢y is the initial
phase angle, and Iy is the forced dc component of i; in phase k, which can be expressed as

Ry, 1

Qp =57 Wk =~
wr = /Wi, — T = prdont

in which Cyeq) is the effective capacitance and py is a dimensionless ratio. In the two cases
illustrated in Fig. 3.4, for an m-to-n ReSC converter, Cy () and p; can be given as

( 1 1 1
Ch(etty = 1/ (— + =+ )
Phase 1 : o Cr G Cout
_ k(eff) <C EC )
\pk’ CinCOut in + m out (3 6)
1 1 ’
Ck(eff)zl/ <6+C )
Phase 2 : k out
D= Chefr)
\ g Cout

To find out the unknowns Ay and ¢y, in (3.4), we need two additional conditions. First,
since the inductor current ¢;, must be continuous at every switching instant, the following
condition should be satisfied:

ix (0) = i (DiT) (3.7)

where T is switching period, Dy, is the duty ratio of phase k, and the label k is defined as

(1, k=2
k=47 . (3.8)
2, k=1

Second, according to the charge balance of the flying capacitor(s) in the periodic steady
state, the charge delivered to the output in phase k£ can be expressed as

gk = AkYout (39)
where

DT
G = / () qow = LowT (3.10)
0

in which ay, is the ratio of the transferred charged in phase k to the total delivered charge in
a switching cycle. The definition and calculation of a; can be found in [24].
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By substituting (3.4) into (3.7) and (3.9), we can find the unknowns A and ¢, and thus
the explicit expression of i;. Then, substituting i into (3.1)-(3.3) yields

Rows = Y [Rk + Ripr (201, — kak)] (3.11)
k1,2

where )
[(ar — Drpr) wok] ‘
4 fow
(Gr — Hio) T? + 2Hy 1 Ty + (Gi, + Hy o)
(My 1Ty + My5)?

R, =Ry, -
(3.12)

and

Dyay, Dywy, w%k 9
= = Gr = 20k (28 _ 1
6k fSW : fsw g 673 (e )
Mj1 = wy [cos () — €] + aysin ()
Mj,2 = wysin () — ay, [cos () — €]

Hyp1 = wg [cos (2vk) — eQﬂk} + g sin (2;)
Hpo = wysin (2y;) — oy [cos (27k) — ewk}

"
Py — e+ [—lf sin () — cos wk)}

Wi (3.13)

Qg .
Pa = % = | % sin 3g) + cos ()
k

P, — 2P = i) fow [cosh () = cos ()]
’ (ar — Drpr) Wiy,
(ag — Depi) wgy  sin (1)
(ar, — Dypr) Wiy Wi

\

T — Py 1 cos () + €% Py o+ Py s My o
K Pp1sin (v) — PrsMya .

A detailed derivation of (3.11) is provided in Appendix B.2.

Due to the simplicity of the 2-to-1 ReSC converter, its output impedance model can be
further simplified. Assume all switches have the same on-state resistance R,,. Then with
ideal input and output, its output impedance can be given as

- o n a w
A ) sin . - sin .
Rouwt = ol 5 - (3.14)
SW y .
cosh (2fsw) cos (2fsw>
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Figure 3.5: Schematic drawing of the 2-to-1 ReSC converter prototype.

where @ = Ron/L, wyg = 1/4/LChy and w = y/wi — a2, which is the same as the model
derived in [58].

In addition, the output impedance model of the 2-to-1 ReSC converter with ideal input
but finite output capacitance can be given as

1 \’r.
Rout — (l{?out + 1> [Rout + kout (2 + kout) Ron] (315>

where Koyt = Chy/Cout and Ryu is the output impedance when assuming ideal input and
output which has been given in (3.14).

3.3 Model Verification

To verify the accuracy of the proposed output impedance model, we compare the modeling
results with circuit simulations and experimental measurements from a 2-to-1 ReSC converter
prototype.

3.3.1 Experimental Setup

Figures 3.5 and 3.6 present the schematic drawing and photograph of the 2-to-1 ReSC con-
verter prototype for model verification, with the main components listed in Table 3.1. The
key circuit parameters of the prototype include the flying capacitance Cqy = 3.76 pF, effec-
tive output inductance L = 388.9 nH (including parasitic inductance), GaN HEMT on-state
resistance R,, = 16 m{2, and current sense resistance Rcg = 50 mf).

As can be seen in 3.9, the parameters «a; and wy, are required to calculate the optimum
duty ratio and switching frequency, meaning that the equivalent parameters R; and C} in
Fig. 3.4 need to be accurately obtained. However, the R,, of GaN HEMTSs is prone to
large variation under different operating conditions (e.g. junction temperature, drain-to-
source current, gate-to-source voltage, etc.) and can be hard to capture due to the dynamic
Ro, phenomenon [59]. Therefore, to ensure that we can accurately obtain the equivalent
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(©)

Figure 3.6: Photograph of the 2-to-1 ReSC converter prototype. (a) Overall view. (b) Top
view with key components annotated.

resistance Ry, we add a high-precision current sense resistor KOA Speer SLNSTTEDS0LOF
with high thermal stability (75 PPM/°C) in series with each GaN switch to dominate Ry
and stabilize it against the variation in R,,. In addition, to minimize the variation in
capacitances, we choose the Class 1 capacitor KEMET C2220C474J5GACTU which features
high capacitance stability over wide range of operating temperature and voltage bias, and
extremely low ESR and ESL.

In the experiment, the output impedance is calculated as

VC (in) [in - VC(out) [load
Il%)ad ,

Rout - (316)

in which the input voltage V(i) and input current [;, are measured with digital multimeters
Keysight 34405A and 34401A, respectively, and the output voltage Vi(ou) and load current



Table 3.1: Component List of the 2-to-1 ReSC converter prototype

Component Part number Parameters

GaN HEMT Q;-Q4 GaN Systems GS61004B 100 V, 16 mQ (@ 25 °C)
Current sense resistor Rcgi-Resa KOA Speer SLN5TTEDS0LOF 50 mQ, 7 W, 75 PPM/°C
Flying capacitor Cgy KEMET C2220C474J5GACTU CO0G, 50 V, 0.47 uF x8

Input and output capacitors Cj, and Coyy KEMET C2220C474J5GACTU CO0G, 50 V, 0.47 uF x8, x40 -
Resonant inductor L Coilcraft XAL6030-331MEC 330 nH, 2.3 mf2, 30 A

Gate driver Analog Devices LTC4440-5 80 V, high-side

LDO voltage regulator Texas Instruments LP2985AIM5-6.1/NOPB  2.5-16 V input, 6.1 V output
Bootstrap diode Infineon BAT6402VH6327XTSA1 40 V, Schottky diode

* . . . .
Measurements are performed with various terminal capacitances.
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Loaq are measured by the electronic load Rigol DL3031.

3.3.2 Experimental Results

Figs. 3.7 and 3.8 present the comparison between the output impedances predicted by the
proposed model (Model), simulated with PLECS (Sim.), and measured from the prototype
(Expt.) with various C}, and Cyy. As can be seen in Figs. 3.7 and 3.8, the modeling results
match well with the simulated and experimental results within a wide range of switching
frequency, including the oscillating R, curves at low switching frequency. This demon-
strates that the proposed model is able to accurately capture the effects of finite terminal
capacitances. As the switching frequency increases, the switching loss in the prototype be-
comes higher and higher. Since the proposed model can capture only conduction loss but
no switching loss in the converter, the modeling results will deviate from the experimental
results in the high frequency region.

3.4 Effect Analysis of Finite Terminal Capacitances

With the general output impedance model derived and verified in Sections 3.2 and 3.3, we
can now use it to explore the effects of finite terminal capacitances on the output impedance
of ReSC converters. In this section, the 2-to-1 ReSC converter mentioned in Section 3.3 is
used as an example to investigate the effects of C}, and Coy.

Figs. 3.9 and 3.10 show the effects of Cy, and C,; on the output impedance of the 2-to-1
ReSC converter, where Figs. 3.9(a) and 3.10(a) present the output impedance curves with
various Cj, and Cyy, and Figs. 3.9(b) and 3.10(b) show how much R, is changed with
respect to the output impedance with ideal input and output Roug(ideal)-

1) Effect of Ci,. As can be seen in Fig. 3.9(a), with smaller Cy,, the knee of the output
impedance curve will shift to the right, meaning that the critical switching frequency be-
comes higher. This indicates that higher switching frequency is required to reach the FSL
impedance due to the insufficiency of Cj,. Since higher switching frequency typically leads
to higher switching loss and lower overall efficiency, this effect is undesired and should be
avoided in converter design by using sufficient C}, to ensure nearly ideal input behavior.

Additionally, we can see that Cj, has stronger influence on the critical switching frequency
than Cy. Table 3.2 presents a quantitative comparison of the output impedance at the
intrinsic critical frequency with different terminal capacitances. Here, we define the intrinsic
critical frequency of the 2-to-1 ReSC converter as feit(int) = \/+T = 132 kHz. It is called

2 A
intrinsic because it is not related to the terminal capacitances andydetermined only by the
primary passive components (i.e. L and Cfy). As can be seen in Table 3.2, R, will increase
by roughly a factor of 3 when Cj, is reduced from 5Cf%y, to Cyy, while R, will increase by
only a factor of 1.5 when Cyy is reduced from 5Cfy to Chy.
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Figure 3.7: Output impedance of the converter with var-
ious Ciy. (Cout = 5Chy) (a) Comparison between the out-
put impedances predicted by the proposed model (Model)
and simulated with PLECS (Sim.). (b) Comparison be-
tween the output impedances predicted by the proposed
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put impedances predicted by the proposed model (Model)
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Table 3.2: Comparison of the output impedance at the intrinsic critical
frequency (feoritine) = 132 kHz) with different terminal capacitances

No. Ci, / Cay  Cout / Cay Calculated Roye (m2) Measured Ry (mS2)

1) 5 5 201.3 209.5
2) 1 5 326.3 300.3
3) 0.5 5 732.9 621.5
4) 5 1 235.9 238.7
5) 5 0.5 358.9 316.0

2) Effect of Cyyy. As we can see in Fig. 3.10(a), in contrast to Cj,, Coy shows a greater
influence on the output impedance in the low-frequency region, where smaller Cy,; helps
reduce output impedance. This should be a favorable feature since decreasing Cgy; will
contribute to both higher efficiency and higher power density. However, since the ReSC
converters typically operate above resonance, this phenomenon is hard to utilize in practice
for performance improvement.

It can also be seen that smaller C,, will lead to higher critical switching frequency,
meaning that higher switching frequency will be required to reach the FSL impedance if Cyy¢
becomes smaller, although C,’s effect on the critical switching frequency is quantitatively
weaker than that of C},.

To reduce the sizes of terminal capacitors without sacrificing the efficiency of ReSC
converters, we can adjust the duty ratio and switching frequency to compensate for the
negative effects of finite terminal capacitances, as will be presented in Chapter 4.

3.5 Application to Arbitrary ReSC Topologies

In this section, the proposed modeling and analysis methodology is applied to other two
commonly-used ReSC topologies: series—parallel and Fibonacci topologies, with their schematic
drawings shown in Fig. 3.11. These examples are provided here to demonstrate the applica-
bility of this model to more complex ReSC topologies. The set of converters considered in
this section is limited to two-phase ReSC converters with the augmenting inductor placed
at the output that is able to achieve full soft-charging operation. For simplicity, it is as-
sumed in the following examples that all flying capacitors have the same value Cg, = 10 uF,
all switches have the same on-state resistance R,, = 10 mf), and the value of the output
inductor is L = 0.1 uH.

The key step of applying the proposed model to an arbitrary SC topology is to obtain
the equivalent capacitance C} and equivalent resistance Ry in each phase as illustrated in
Fig. 3.4. In simple cases, C and Ry can be directly acquired by inspection, while they have
to be carefully calculated in other more general cases. The method of calculating Cy, and Ry
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Figure 3.11: Commonly-used ReSC topologies and their equivalent circuits. (a) 4-to-1 se-

ries—parallel topology. (b) 5-to-1 Fibonacci topology.

can be found in Section 2.5.1.

%)

Fig. 3.12 presents the output impedance of the two commonly-used ReSC topologies
shown in Fig. 3.11 with various terminal capacitances. The comparison between model-
ing and simulation results in Fig. 3.12 demonstrates the accuracy of the proposed output

impedance model in different ReSC topologies with various terminal capacitances.
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Figure 3.12: Output impedance of commonly-used ReSC topologies with various terminal
capacitances and comparison between modeling (Model) and simulation (Sim.) results. (a)
4-to-1 series—parallel topology. (b) 5-to-1 Fibonacci topology.

3.6 Chapter Summary

This chapter proposes a general modeling and analysis methodology to capture the effect
of finite terminal capacitances on the output impedance of ReSC converters. A general
output impedance model is derived and verified by circuit simulations and experimental
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measurements from a 2-to-1 ReSC converter prototype. It is revealed that the insufficiency
in terminal capacitances will result in higher critical switching frequency, and C}, is quanti-
tatively more influential on the critical switching frequency than C,.

This work provides an analytical tool for future investigations such as design optimiza-
tions of ReSC converters with voltage ripple and physical volume constraints.
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Chapter 4

Multi-Resonant Compensation
Control for Terminal Capacitance
Reduction in Resonant SC Converters

4.1 Background and Motivation

Stemming from the conventional pure switched-capacitor (SC) converters [7, 24|, resonant
switched-capacitor (ReSC) converters utilize high-energy-density capacitors to perform volt-
age conversion and can achieve both soft-charging and soft-switching operation by the aug-
menting inductor(s), enabling higher power density and higher efficiency compared to con-
ventional pure SC and magnetics-based converters [42-44].

As illustrated in Fig. 4.1, practical ReSC converters require sufficiently large input and
output capacitors (typically Ci,, Cou, = 10Cyy) to stabilize the terminal voltages and ensure
ideal input and output behaviors. In practice, such bulky terminal capacitors can be even
physically larger than the primary passive components in ReSC converters, which signifi-
cantly limits the potential of the ReSC topology for higher power density and becomes the
bottleneck for converter miniaturization in practice.

Although it is desirable to reduce the size of terminal capacitors in ReSC converters,
insufficient terminal capacitances will incur dc bias and asymmetry in the inductor current
(71,) if the conventional two-phase control with a fixed duty ratio is used, which not only
leads to higher output impedance but also prohibits zero current switching (ZCS), resulting
in both higher conduction loss and higher switching loss. Since pre-existing models [53-55]
and analyses [43, 56, 57] of ReSC converters all assume ideal input and/or output behaviors
and thus cannot be used to characterize the effects of finite terminal capacitances, Chapter 3
proposed a general method for modeling and analyzing ReSC converters with finite terminal
capacitances.

To adaptively compensate for the negative effects of insufficient terminal capacitances on
the performance of ReSC converters, this chapter proposes a multi-resonant compensation
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Figure 4.1: Schematic of a 2-to-1 ReSC converter with practical input and output. (Lpar(in):
parasitic source inductance)
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control (MRCC) technique that can maintain low output impedance and full ZCS capability
even when the terminal capacitors are extremely small. In the proposed MRCC technique,
the duty ratio and switching frequency are adjusted to ensure multi-resonant operation.
With the effects of finite terminal capacitances analyzed in Section 4.2, Section 4.3 explains
the basic ideas and operating principles of the proposed MRCC technique. In Section 4.4, the
proposed control technique is verified experimentally in a 2-to-1 ReSC converter prototype,
demonstrating a more than 5 times terminal capacitance reduction without harming the
overall efficiency compared to the conventional control technique.

4.2 Effect of Finite Terminal Capacitances

According to Section 2.2, in a general circuit state (or phase) k, a ReSC converter with finite
terminal capacitances can be modeled as the second-order circuit illustrated in Fig. 4.2.
Note that this general expression is applicable to any arbitrary ReSC topologies with a
single inductor at output that can achieve full soft-charging operation as long as suitable
(topology-dependent) Ry and Cj, values are used. For example, for the 2-to-1 ReSC converter
shown in Fig. 4.1, R = 2R44on) and C}, = Cgy. As illustrated in Fig. 4.2, with nonideal
input, two cases should be considered according to whether the input terminal is connected
to the source or ground.

Based on the second-order circuit model provided in Fig. 4.2, the inductor current in
phase k can be expressed as

i (t) = Ape™ " cos (wit + o) + Ik (4.1)

where Io and Iy are the initial value and forced component of i, in phase k, and 7 represents
the time constant of the equivalent circuit. 7, and Iy can be expressed as

Ry, 1
o = -+ Wok = —F—=—
2L A/ LCk(eﬂ') (42)

_ 2 2 _
W = /Wi, — o Ity = prlo
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Figure 4.2: Second-order circuit model of a two-phase ReSC converter with finite terminal
capacitances proposed in Section 2.2. (a) Case 1 (Phase 1): the input terminal is connected
to the source. (b) Case 2 (Phase 2): the input terminal is grounded.

in which a4, wor and wy, are the decay rate, natural angular frequency and angular frequency
of the inductor current in phase k, respectively. Cys) is the effective capacitance and py, is
a dimensionless ratio. In the two cases illustrated in Fig. 4.2, for an m-to-n ReSC converter,
Ch(emr) and pj, can be given as

(e =1/ (2 + 2+ 1
Case 1 : Rleff) = Cr. G Cout

(Phase 1) Chle n
Pk = C k(c,ﬂ) <Cin + _Oout>
inCout m (43)
( 1 1
Case 2 : Ch(et) = 1/ (Ek + Cout>
(Phase 2) Ck(eff)
Pk = ——
\ C’out

With the above circuit model derived, we can now analyze the effects of finite terminal
capacitances. First, from (4.1)-(4.3), we can see that insufficient C, and Coy will incur de
bias in the inductor current, since Iy, will be nonzero when Ci, and C,, are comparable
to Ck. Second, (4.3) indicates that the effective capacitance Cjq) will be different in the
two phases if Cy, is not sufficiently large. This means that the angular frequency wy of the
inductor current in the two phases will no long be the same, resulting in asymmetric inductor
current waveform. In summary, both insufficient Cj, and Cyy can incur dc bias in the
inductor current while low C}, will further induce an asymmetric inductor current waveform,
which will lead to higher RMS inductor current and thus higher output impedance.

Fig. 4.3 shows the simulated output impedance curves and inductor current waveforms
in a 2-to-1 ReSC converter with various terminal capacitances (Cgy, = 10 pF, L = 0.1
pH, Ragony =10 mS2). Here, we define the intrinsic critical frequency of the 2-to-1 ReSC

converter as ferit(int) = 5 1LC = 159 kHz. It can be seen in Fig. 4.3(a) that if we reduce
T Ay

Cin or Coy to Chy and still operate the converter at feit(int), the output impedance will
significantly rise due to the insufficiency in terminal capacitances. Meanwhile, the influence
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Figure 4.3: Effect of terminal capacitances on output impedance and inductor current wave-
form in the 2-to-1 ReSC converter at the intrinsic critical frequency feri(int) = —L __ =159

2my/ LCqy
kHz and D = 0.5. (Cay = 10 pF, L = 0.1 pH, Rason)y =10 m2) (a) Comparison of output

impedance. (b) Comparison of inductor current waveform.

of Y, is quantitatively much stronger than Cyy, since C}, will incur not only dc bias but
also asymmetry in the inductor current which can be clearly seen in Fig. 4.3(b).

To facilitate analysis, we define the critical frequency f.i as the switching frequency
at which the minimal value of the inductor current ip, is 0 A. The parameter f.; is typi-
cally around the knee of the output impedance curve near the fast switching limit (FSL)
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impedance and thus usually chosen as the operating point of the converter. Note that f..
differs from fei¢(int) since the former can reflect the influence of Cj, and Cyy; while the latter
is independent of the terminal capacitances and determined by only the primary passive
components.

Under conventional control, the output impedance of the 2-to-1 ReSC converter can be
reduced by increasing the switching frequency. As shown in Fig. 4.4(a), we can maintain low
output impedance when Cy, = Cyy by increasing the switching frequency from fei¢(iny) = 159
kHz to feir = 390 kHz. However, as can be seen in the time-domain plot of Fig. 4.4(b), the
inductor current waveform at D = 0.5 and f.;; = 390 kHz is no longer half-wave resonant but
nearly triangular, prohibiting ZCS at the transition from phase 2 to phase 1. This will result
in greatly higher switching loss, especially since the converter now operates at even higher
switching frequency, indicating that the terminal capacitances cannot be reduced without
harming the overall efficiency when the conventional 0.5-duty-ratio control is used.

4.3 Multi-Resonant Compensation Control

To reduce the terminal capacitances without sacrificing efficiency, this section proposes a
multi-resonant compensation control (MRCC) technique. As explained in Section 4.2, insuf-
ficient terminal capacitances will incur dc bias and asymmetry in the inductor current when
the conventional control is used. To maintain low output impedance and full ZCS capability
when the terminal capacitors are small, the duty ratio should be adjusted to ensure a multi-
resonant inductor current waveform as shown in Fig. 4.4(c). Since the effective capacitance
in phase 1 is lower than that in phase 2 (i.e. Cies) < Coer)), the angular frequency of the
inductor current is higher in phase 1 (i.e. w; > wq). Since ReSC converters are typically

designed to be highly underdamped (g\/% < 1) [43], the decay rate oy in (4.2) is usually

much smaller than wg, which implies w, =~ wgr. This means that if we let the inductor
current start to oscillate from zero at the beginning of a phase, it will take longer time in
phase 2 than in phase 1 for the inductor current to oscillate back to zero again. Therefore,
the duty ratio of phase 1 D; should be decreased from 0.5 and the duty ratio of phase 2
Dy should be increased from 0.5 (i.e. Dy 4+ Dy = 1 and D; < D). At the optimum duty
ratio and switching frequency, we will be able to achieve the multi-resonant inductor current
waveform as illustrated in Fig. 4.4(c).

Next, we need to calculate this optimum duty ratio and switching frequency that ensures
multi-resonant operation. First, to achieve full ZCS, the inductor current 7; should be zero
at the starting and ending points of each phase:

i (0)=ip (DT) =0 (k=1, 2) (4.4)

in which Dy, is the duty ratio of phase k and T is the switching period. Moreover, we know
that Dy + Dy = 1. Second, the charge balance in the flying capacitor(s) should be satisfied,
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which implies

/0 ) = ahnT (=1, 2) (4.5)

in which I, is the output current and a; is the ratio of the transferred charge in phase &
to the total delivered charge in a switching cycle. The definition and calculation of a; can
be found in [24].

Based on (4.2)-(4.5), we find that the optimum duty ratio and switching frequency for
MRCC is the solution to the following set of equations:

cosh (apDyT) — cos (wp DpT) w3, T
sin (wx DiT) 2wy,

(4.6)

Since Dy + Dy = 1, there are two unknowns in (4.6): the duty ratio Dy (which is defined
as the duty ratio of the converter D) and the switching period T' (the reciprocal of the
switching frequency fs). Although (4.6) is a set of transcendental equations that does
not have a closed-form analytical solution, it can be conveniently solved with the nonlinear
system solver fsolve in MATLAB.

4.4 Experimental Verification

In this section, a 2-to-1 ReSC converter prototype is specially designed to verify the proposed
MRCC technique.

4.4.1 Experimental Setup

Figures 3.5 and 3.6 present the schematic drawing and photograph of the 2-to-1 ReSC con-
verter prototype for model verification, with the main components listed in Table 3.1. The
key circuit parameters of the prototype include the flying capacitance Cgy = 3.76 pF, effec-
tive output inductance L = 388.9 nH (including parasitic inductance), GaN HEMT on-state
resistance R,, = 16 m{2, and current sense resistance Rcg = 50 m{2.

In the experiment, the output impedance is calculated as

Vgn ]in - V:)ut Iload
D) )
Iload

Rout — (47)

in which the input voltage Vi, and input current [, are measured with digital multimeters
Keysight 34405A and 34401A, respectively, and the output voltage V,, and load current
I1oaq are measured by the electronic load Rigol DL3031.
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Figure 4.5: Measured waveforms of MRCC at the optimum duty ratio and switching fre-
quency. (¢q: control signal of @ and @4, 71, inductor current) (a) Ciy = Chy, Cou, = 5Chy,
D = 0.4322, foir = 146 kHz. (b) Ciy = 5Chy, Cour = Chy, D = 0.4795, fou = 142 kHz.

4.4.2 Experimental Results

Fig. 4.5 shows the measured waveforms of MRCC at the optimum D and f;; calculated from
(4.6), in which we can see that MRCC achieves excellent multi-resonant inductor current
waveforms and full ZCS even when the input and output capacitors are small. Fig. 4.6
presents the measured output impedance curves of the 2-to-1 ReSC converter with various
Ci, and Cyy under the conventional control and MRCC, with the key performance at the
critical frequency summarized in Table 4.1.
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Figure 4.6: Measured output impedance curves with the conventional control and MRCC.

(a) Output impedances with various Ci,. (Cout = 5Chy) (b) Output impedances with various
C’out- (Oin - 5Cﬁy)

In Table 4.1, we can see that under the conventional control, the reduction in Cj, and
Cout Will result in a dramatic increase in output impedance at the critical frequency, meaning
that it is impossible to shrink the size of terminal capacitors without harming the overall
efficiency. By contrast, MRCC is able to maintain low output impedance even when the ter-
minal capacitors are small, which verifies its capability of reducing the terminal capacitances
without harming the overall efficiency.
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Table 4.1: Comparison between the conventional control and MRCC at the critical
frequency

Ci Cout N Calculated  Measured

No. Cos  Cay Control method D ferit™ (kHz) Rowt (mQ) R (mQ)
1) ) ) Conventional control 0.5 132 201.3 209.5
2) 1 5 Conventional control 0.5 132 326.3 300.3
3) 1 ) MRCC 0.4322 146 198.1 212.8
4) 5 1 Conventional control 0.5 132 235.9 238.7
5) 5 1 MRCC 0.4795 142 201.0 205.1

* The critical frequency of the conventional control is defined as its intrinsic critical frequency

ferit(int) = %\#T = 132 kHz, while the D and fe of MRCC is calculated with (4.6).

4.5 Chapter Summary

In ReSC converters with the conventional two-phase control, the terminal capacitors need to
be sufficiently large to ensure ideal input and output behaviors, which dramatically increases
the overall physical volume of the converter and significantly limits the potential of ReSC
topologies for achieving higher power density. This chapter proposes a multi-resonant com-
pensation control (MRCC) technique for ReSC converters that can adaptively compensate
for the negative effects of insufficient terminal capacitances. At the optimum duty ratio
and switching frequency, MRCC can ensure multi-resonant inductor current and full ZCS
capability even with extremely small terminal capacitors. The proposed control technique is
implemented in a 2-to-1 ReSC converter prototype for experimental verification. It is shown
that the proposed MRCC technique is able to reduce the terminal capacitances by at least
a factor of 5 without harming the overall efficiency.
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Chapter 5

Multi-Phase Cascaded Series-Parallel
Hybrid Converter

This chapter proposes a multi-phase hybrid SC converter that can achieve direct 48 V-to-PoLL
conversion with high efficiency and high power density. The proposed topology comprises a
6-to-1 cascaded series-parallel (CaSP) stage and a three-phase interleaved buck stage with
automatic current balancing. Due to multi-phase operation, the CaSP stage is able to achieve
a higher conversion ratio compared to two-phase SC converters with the same number of
capacitors and switches and enable lower turn-on voltage for the switching devices. The
proposed CaSP topology also benefits from the frequency multiplication effect similar to that
in flying capacitor multilevel (FCML) converters, which allows for lower frequency operation
of higher voltage rated switches and doubled frequency operation of the buck inductors,
further contributing to a reduction in switching loss and inductor size. A 48 V-to-PoL
hardware prototype was built in vertical assembly structure to achieve compact packaging
and tested up to 90 A output current. At 48-to-2.0 V conversion, the prototype achieved
94.1% peak efficiency (93.2% including gate drive loss) and 702 W/in® power density (by
box volume).

5.1 Proposed Topology and Operating Principles

Fig. 5.1 shows the schematic of the proposed CaSP converter, with the voltage rating and
operating frequency of the main active and passive components listed in Table 5.1. Fig. 5.2
illustrates the key current waveforms and control signals, with the equivalent circuit model
for each phase shown on the right. The proposed topology can be viewed as a 6-to-1 CaSP
converter merged with a three-phase interleaved buck converter. The CaSP structure, on the
one hand, can be regarded as a 2-to-1 front-end stage followed by a 3-to-1 series-parallel stage.
On the other hand, it can also be derived from the classic 4-to-1 series-parallel topology, by
moving the source terminals of )5, ()5 and Q) from the left-side of L3 to the positive-side
of U5 and the left-sides of L; and Lo, respectively, and removing the switch between the
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Table 5.1: Voltage rating
Ph25) Ly and operating frequency of
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Figure 5.1: Schematic of the proposed CaSP converter with — C2-Cs 5 2fo
device ratings labeled in blue and control signals labeled in Vin
red. L1-L3 e Vour  2fo

negative-side of C5 and the left-side of Ls.

As illustrated in Fig. 5.2, each switching cycle of the proposed converter is divided into
multiple phases. The charge and discharge of C5 and C'3 each takes two phases. (] is charged
in phase 1 and discharged in phase 4, whereas C'; and Cj are charged in phases 1 and 4.
(5 is discharged in phases 2 and 5, and (5 is discharged in phases 3 and 6. Due to the
high conversion ratio of the CaSP stage, the conversion burden on the buck stage is reduced.
Another advantage of multi-phase operation is lower turn-on voltage of switching devices.
As can be seen in Fig. 5.2, although @Q);’s peak blocking voltage is V?, its drain-to-source
voltage Vjsq7 naturally drops to a lower level before it turns on, contributing to reduced
switching loss.

In the proposed CaSP topology, the CaSP stage and the three-phase buck stage are
merged together without additional switches or flying capacitors. This helps not only mini-
mize the number of components but also reduce the conduction loss compared to a two-stage
approach, contributing to both higher power density and higher efficiency. The operation
of the CaSP and buck stages is merged seamlessly to ensure interleaved inductor currents.
Each inductor is energized twice in a switching cycle in two different phases by the source
or flying capacitors and de-energized twice in the freewheeling phase 7.

The three-phase buck stage has an automatic current balancing capability that is similar
to that of the series capacitor buck converter [60, 61]. There is a negative feedback mechanism

that keeps the average currents through L, and L the same as that through L3, so that the
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Figure 5.2: Key current waveforms and control signals of the proposed hybrid SC converter.

The equivalent circuit model for each phase is shown on the right.
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three inductor currents are naturally balanced. For example, if the average current through
L, is higher than that through Ls (i.e. (ir1) > (ip3)), then the net charge flowing into C5 in
phases 1, 2, 4 and 5 will be negative, meaning C5 will be discharged. Therefore, the voltage
across Ly in phases 2 and 5 in which L, is energized will decrease while the voltage across Ls
in phases 1 and 4 will increase, so that iy, will decrease and 7,3 will increase correspondingly
until (ip1) = (iL3). A similar analysis can be applied to ips and ips. If (ir2) < (ipL3), then
the net charge flowing into C'3 in phases 1, 2, 3 and 6 will be positive, meaning C3 will be
charged. Therefore, the voltage across Lo in phases 3 and 6 in which L, is energized will
increase while the voltage across Lz in phases 1 and 4 will decrease, so that i1, will increase
and ip3 will decrease until (irs) = (ip3). In summary, such a negative feedback mechanism
naturally ensures (ip1) = (ip3) and (ir2) = (ir3) so that the three-phase interleaved inductor
currents can be naturally balanced.

In addition, the abovementioned automatic current balancing capability can also be ex-
plained with a more quantitative analysis. Due to the triangular shape of the inductor
currents, the average inductor current in the rising and falling stages will be the same as
the average current over one switching cycle in the periodic steady state (PSS). Therefore,
in PSS, the average currents through the flying capacitors can be given as

(ic1) = £ (ivs) — 2 (iLs)
(ic2) = 2 (is) — 2 (iL1) - (5.1)
(ics) = 2 (irs) — 2 (i12)

In PSS, the average currents through the flying capacitors should be zero, i.e.
(ic1) = (ic2) = (ics) = 0. (5.2)

Substituting (5.2) into (5.1) yields (ir1) = (ir3) and (ir2) = (ir3), which means well-balanced
inductor currents can be automatically achieved in PSS.

Moreover, the proposed CaSP converter benefits from the frequency multiplication effect
similar to that in FCML converters. If C and (Q1-Q)4 operate at a frequency fy, then the
other main components operate at a frequency 2fy. As listed in Table 5.1, the switches with
higher voltage ratings (Q1-Q)4) operate at lower switching frequency than those with lower
voltage ratings, which is favorable to switching loss reduction. Since the operating frequency
of the inductors is doubled due to multi-phase operation, lower inductance can be chosen
while maintaining the same inductor current ripple. Also, due to the reduced switch voltage
stress in the CaSP stage, low-voltage MOSFETSs with lower Rgqon) and lower switching loss
can be used. In addition, Q9-Q1; operate with zero-voltage switching (ZVS) turn-on.

The conversion ratio of the proposed converter can be derived based on the volt-second
balance of the buck inductors:

Vi DT T DT D
(F — Vout) - r + (—Vour) - (5 - 7) =0 = Vo= 1—8‘/1 (5.3)
T

where D is the duty ratio of phases 1 — 6 with respect to ¢, as illustrated in Fig. 5.2.

Therefore, the output voltage can be regulated by adjusting the duty cycle.
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Figure 5.3: Photograph of the hardware prototype. Dimensions: PCB 1: 0.71 x 0.63 x 0.24
inch (18.1 x 16.0 x 6.2 mm); PCB 2: 0.71 x 0.63 x 0.33 inch (18.1 x 16.0 x 8.3 mm).

Power connector Power connector PCB 2 Power connector Power connector
(Vout) (VS\VZ) (V sw}) (v‘i\V 1)

(a) (b)

Figure 5.4: Vertical assembly of the prototype. (a) 3D assembly drawing. Dimensions:
0.71 x 0.63 x 0.57 inch (18.1 x 16.0 x 14.5 mm). (b) Photograph of the power connectors in
the prototype.

5.2 Hardware Implementation and Experimental
Results

Figures 5.3 and 5.4 show the annotated photograph and 3D assembly drawing of the converter
prototype, with the key parameters and component list tabulated in Tables 5.2 and 5.3,
respectively.
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Table 5.2: Key parameters of the prototype

Parameter Value
Input voltage 48 V
Output voltage 1.2-20 V"
Output current 90 A
Switching frequency fo 160 kHz
Inductor operating frequency 2 fj 320 kHz
Prototype box volume 0.256 in3
Power component volume™ 0.136 in3
Current density 351 A/in3

* The converter prototype is able to operate at 1.0 V and
lower output voltages but was only tested to 1.2 V due
to the limited capability of the electronic load.

* The power components included in the volume calcu-
lation are switching devices, capacitors, and inductors.

Table 5.3: Component list of the prototype

Component Part number Parameters

MOSFET Q:-Qs Infineon IQE013N04LM6 40V, 1.35 mQ

MOSFET Qg-Qs Infineon BSZ010NE2LS5 25V, 1.0 mQ2

MOSFET Q9-Q10 Infineon IQE006NE2LM5CG 25V, 0.65 mS)

MOSFET Q11 Infineon IQE006NE2LM5CG 25V, 0.65 mQ x2 (in parallel)
Flying capacitor C; TDK C3216X5R1V226M160AC  X5R, 35 V, 22 uF*x6 (in parallel)
Flying capacitor Co-C5 TDK C2012X6S1C226M125AC  X6S, 16 V, 22 uF*x 10 (in parallel)
Inductors Lq-Ls TDK VLBU805080T-R18L 180 nH, 0.2 m© x2 (in series)
Input capacitor Cj, TDK C3216X7S2A335K160AB X7S, 100 V, 3.3 uF*x6 (in parallel)
Output capacitor Cpyy  TDK C2012X5R1A476M125AC X5R, 10 V, 47 uF*x3 (in parallel)
Gate driver Analog Devices LTC4440-5 80 V, high-side

Bootstrap diode Infineon BAT6402VH6327XTSA1 40 V, Schottky diode

* The capacitance listed in this table is the nominal value before de derating.

As illustrated in Fig. 5.4, the prototype consists of two vertically stacked PCBs connected
via nodes Vgy1, Usw2, Usws and voy (labeled in Fig. 5.1) with thick copper sheets (0.5 mm
thick for vsy1, Vsw2 and vgys, and 1.0 mm thick for vy, ). PCB 1 contains the switches, flying
capacitors and gate drive circuitry while the inductors are placed on PCB 2.

This vertical structure can not only ease the layout design since it offers an addition
dimension for component placement but also facilitate full utilization of the box volume of
the converter. Commercial inductors with the desired parameters and the small footprint
required in this design are typically high-profile with a height of more than 7 mm and are
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significantly taller than the other components (e.g. MOSFETSs and capacitors) that are lower
than 2 mm. If the inductors are placed on the same board with the other components, it
would be difficult to achieve the smallest possible box volume since the large space above the
low-profile components could not be utilized. Instead, by stacking the high-profile inductors
and the other low-profile components in the way illustrated in Fig. 5.4, all main components
are tightly packaged within a 0.71 x 0.63 x 0.57 inch box with most space inside the box
effectively utilized.

In this prototype, efficiency is slightly traded for higher power density. Therefore, the
selection of inductor is first based on the suitable footprint size that can be packaged with
the other components in a rectangular box. Additionally, to achieve high efficiency, inductors
with high inductance and low DCR should be selected. Finally, the TDK VLBUS805080T-
R18L with 5 x 8 mm footprint, 180 nH inductance and 0.2 m{2 DCR was selected. For each
inductor (L;-Ls in Fig. 5.1), two TDK VLBU805080T-R18Ls are connected in series. As
for the selection of flying capacitors, the capacitance design in this regulated converter is
largely relaxed compared to the resonant converters [62] in which the L and C' values have
to be precisely tuned. Relatively small flying capacitors can be employed as long as they can
ensure sufficiently small capacitor voltage ripples that will not cause overvoltage breakdown
of switching devices and imbalanced inductor currents. Choosing larger flying capacitors can
help reduce total capacitor ESR and hysteresis loss [63] and ensure well-balanced inductor
currents.

As listed in Table 5.1, due to the reduced switch voltage stress in the CaSP stage,
low-voltage MOSFETs with lower Rggon) and lower switching loss can be used (40 V for
Q1-Qs and 25 V for Q-Q11). An additional switch is added in parallel to 11 to reduce the
conduction loss since it carries two-times higher peak current than Q)9 and ()1yp. The floating
switches are driven by high-side gate drivers with internal level-shifters that are powered by
a cascaded bootstrap circuit [41]. The gate drive voltage is 7.0 V in this prototype. The
output voltage is regulated with a hysteretic control on the duty cycle D in which D will be
increased by a step AD if the measured output voltage is lower than the reference value and
will be reduced by AD if the measured output voltage is higher than the reference value.
More advanced control techniques can be employed for desired transient response and control
bandwidth, but are not the focus of this work (CaSP). PCB 1 has 6 layers and is fabricated
with 3 oz copper on the outer layers and 2 oz in the inner layers. PCB 2 has 2 layers and
is fabricated with 3 oz copper. Thicker outer copper can be used to help further reduce the
PCB trace loss.

Figs. 5.5(a) and (b) show the measured waveforms of the inductor currents and switch
node voltages, respectively. As can be seen in Fig. 5.5(a), the three-phase interleaved inductor
currents are naturally well-balanced which verifies the automatic current balancing capability
explained in Section 5.1. Fig. 5.6 presents the measured ZVS turn-oN waveforms of ()1;.
These waveforms are also representative of Q9 and Q1.

Figs. 5.7(a) and (b) show the measured power stage efficiency and system efficiency
(including gate drive loss) of the prototype at various output voltages, with the peak and full-
load efficiency and power density (by box volume) summarized in Table 5.4. The efficiency
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Figure 5.5: Experimental waveforms of the proposed CaSP converter (Vou, = 2.0 V, Iouy =
40 A). (a) Balanced interleaved inductor currents. (b) Switch-node voltages. (vswi, Vsw2,
and vgy3 are labeled in Fig. 5.1.)

Uctr Vgs Vds

0 50 100 150 200
Time (ns)

Figure 5.6: ZVS turn-oN of Q1. ver: PWM control signal, ve: gate-to-source voltage,
vgs: drain-to-source voltage.
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Figure 5.7: Measured efficiency of the prototype at various output voltages. (a) Power stage
efficiency. (b) System efficiency (including gate drive loss).

of the prototype was measured with the following equipment: the input voltage and current
were measured with digital multimeters Keysight 34401A and 34405A, respectively, and the
output voltage and current were measured with electronic loads Rigol DL3021 and DL3031.
Note that although Table 5.4 only lists the measured efficiency at 1.2-2.0 V output voltages,
the converter prototype is able to operate at 1.0 V and lower output voltages but was only
tested to 1.2 V due to the limited capability of the electronic load Rigol DL3031 whose
minimum operating voltage is 1.3 V at 60 A. The prototype was tested up to 90 A output
current and achieved a current density of 351 A/in®. At 48-t0-2.0 V conversion and fy = 160
kHz switching frequency (320 kHz seem by the inductors), the prototype achieved 94.1%
peak efficiency (93.2% including gate drive loss) and 90.2% full load (89.9% including gate
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Table 5.4: Measured efficiency and power density of the
prototype at various output voltages

System efficiency

Output Power stage . . Power
voltage efficienc (including gate density”

8 Y drive loss) ensity
90V Peak: 94.1% Peak: 93.2% 702 W /in?
' Full load: 90.2%  Full load: 89.9% 401 W /in?
18V Peak: 93.8% Peak: 92.8% 632 W /in?
' Full load: 89.8%  Full load: 89.5% 361 W/in?
15V Peak: 93.3% Peak: 92.1% 527 W /in3
' Full load: 88.8%  Full load: 88.5% 301 W/in?
12V Peak: 92.5% Peak: 91.1% 421 W/in?

Full load: 87.6%  Full load: 87.2% 241 W/in?

* The volumetric power density listed here is calculated based
on the prototype box volume in Table 5.2. The areal power
density listed here is calculated based on the prototype box
area 0.71 x 0.63 inch (18.1 x 16.0 mm) shown in Fig. 5.3.

drive loss), and 702 W/in® power density (by box volume).

Fig. 5.8 shows the thermal image of the prototype at equilibrium with fan cooling only
at Vo = 1.2V, Iy = 90 A, and 27.8 °C ambient temperature. As shown in Fig. 5.8, the
maximum temperature on the board is 91.8 °C. Note that better thermal performance can
be achieved by adding heat sinks on the MOSFETSs without increasing the box volume since
there is still room above the MOSFETsS as illustrated in Fig. 5.4(a).

Table 5.5 compares the performance of this work (CaSP), with that of several hybrid SC
works published before 2021, when the CaSP converter was first proposed. It can be seen
that the proposed CaSP converter achieves a very high power density, while maintaining
excellent peak and full-load efficiency. Note that some power density numbers in Table 5.5
are calculated by box volume, while others are by power component volume which can be
much smaller than the real box volume of the converter. For reference, the power density
by power component volume of our design is also provided in Table 5.5. As explained
above, the vertical assembly structure is adopted in this prototype to help package all main
components in a rectangular box, which necessitates the use of power connectors to join the
two PCBs. Since the power connectors at switch nodes vgy1, Vswo and vg,3 conduct inductor
currents irq, iro and i3 that ripple at 320 kHz, the addition of the power connectors incurs
not only additional dc conduction loss but also ac conduction loss that cannot be easily
reduced by increasing the thickness of the copper sheets due to the skin effect. Therefore,
this prototype is designed to trade efficiency for relatively better power density. This can
be seen in Table 5.5 as this prototype achieved 1.8 times higher power density at the cost
of around 1% lower efficiency compared to the MLB converter proposed in [65]. For further
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Figure 5.8: Thermal image at equilibrium with fan cooling only (Viu = 1.2 V, Loy = 90 A,
ambient temperature: 27.8 °C).

optimization, low-profile customized inductors and board cutouts for recessing inductors can
be used so that the inductors in this converter can be placed on the same board with the
rest of the components without increasing the overall height of the converter, which could
remove the need for power connectors and help achieve higher efficiency.

5.3 Chapter Summary

This chapter presents a multi-phase hybrid SC converter for direct 48 V-to-Pol. conversion
with high efficiency and high power density. The proposed topology comprises a 6-to-1 cas-
caded series-parallel (CaSP) stage and a three-phase interleaved buck stage with automatic
current balancing. It benefits from the multi-phase operation and frequency multiplication
effect which help decrease the number of components, reduce the switching loss, and shrink
the inductor size. A 48 V to 2.0-1.2 V hardware prototype was built and assembled vertically
to facilitate compact packaging and achieve high power density. The prototype was tested
up to 90 A output current, achieving 94.1% peak efficiency (93.2% including gate drive loss)
and 702 W/in® power density (by box volume) at 2.0 V output voltage.



Table 5.5: Comparison between this work (CaSP) and previous hybrid SC works

Reference Conversion Ratio  Output Current Power Density Power Stage Efficiency
702 W /in®
184020 V 90 A (by box volume) Peak efficiency: 94.1%
o (30 A/phase) 1328 W /in? Full load efficiency: 90.2%
This work (by power component volume™)
(CaSP [64]) 527 W /in?
ASto15 V 90 A (by box volume) Peak efficiency: 93.3%
ok (30 A/phase) 996 W /in? Full load efficiency: 88.8%
(by power component volume™)
18.40.2.0 V 65 A 395 W/in? Peak efficiency: 95.1%
65 o= (32.5 A/phase) (by box volume) Full load efficiency: 91.3%
MLB [65
AStol5 V 65 A 296 W /in3 Peak efficiency: 94.4%
ok (32.5 A/phase) (by box volume) Full load efficiency: 89.9%
Peak efficiency: 94.6%"
40 A 426 W /in®" Full load efficiency: 87.2%"
MIH {66} A8-t0-2.0'V (13.3 A/phase)  (by power component volume™) (including calculated
gate charge loss)
. Peak efficiency: 93.6%
3
DP-MIH [67] 48-t0-2.0 V 25 f;) ﬁase> b estirigiezvé;n volume) Tl load efficiency: 87.1%
P Y x (including gate drive loss)
10 A Peak efficiency: 85.0%
7-level FCML [68] 48-t0-2.0'V (10 A /phase) N/A Full load efficiency: 81.5%
300 A 171 W/in®" Peak efficiency: 96.0%"
LEGO [69] A8-to-1.5V (25 A/phase) (by box volume) Full load efficiency: 87.7%"
Crossed-coupled A8to-15 V 40 A 150 W/in3 Peak efficiency: 95.1%"

QSD buck [70]

(20 A/phase)

(by power component volume™)

Full load efficiency: 92.7%"

* According to direct correspondence with the author.
* The power components included in the volume calculation are switching devices, capacitors, and inductors.
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Chapter 6

Dickson-Squared Hybrid
Switched-Capacitor Converter

This chapter proposes a Dickson? hybrid SC converter that can achieve direct 48 V-to-PoL
conversion with high efficiency and high power density. The proposed topology comprises
a 9-to-1 SC stage and a nine-phase interleaved buck stage, in which the SC stage can be
viewed as two 3-to-1 Dickson converters directly combined together without an intermediate
dc bus. The proposed topology can achieve complete soft-charging operation with a sim-
ple control and ensures naturally balanced interleaved inductor currents. Compared with
the existing 48 V-to-PoL. hybrid SC converters, the proposed topology achieves the highest
conversion ratio at the SC stage, thus reducing the conversion burden on the buck stage.
Moreover, the proposed topology requires no large bus capacitors by using a switching bus
architecture. A 48 V-to-PoL hardware prototype is built to verify the performance of the
proposed converter. At 1.0 V output voltage, the prototype achieves 93.8% peak efficiency,
88.4% full-load efficiency, and 360 W/in® power density (by box volume).

6.1 Proposed Topology and Operating Principles

Fig. 6.1 shows the schematic drawing of the proposed Dickson? converter, with the key wave-
forms and control signals illustrated in Fig. 6.2. As illustrated in Fig. 6.1(a), the proposed
topology consists of two stages. The first stage is a 3-to-1 Dickson SC topology with three
separated output terminals. The second stage is composed of three modules with the same
circuit structure and cyclic control signals as shown in Fig. 6.1(b). Inside each module is
a three-phase series-capacitor buck converter, which can also be viewed as a 3-to-1 Dickson
converter with the top switch moving to the bottom and the three output branches replaced
by three inductors. Since this SC topology can be viewed as two Dickson converters merged
together with redundant components removed, it is given the name Dickson?.
The proposed Dickson? converter has the following features.
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Figure 6.2: Key waveforms and control signals of the proposed Dickson? converter.

6.1.0.1 Complete Soft-Charging Operation With Simple Control

As explained in [71], to achieve complete soft-charging operation in resonant Dickson SC
converters, a more complex control technique such as the split-phase control [72] has to be
employed. However, despite the simple three-phase control of the proposed topology shown
in Fig. 6.2, the capacitor charge-sharing loss can be completely eliminated with the three
modules in the second stage inserted into the 3-to-1 Dickson SC topology in the first stage
at the three output terminals. This can help improve efficiency without compromising on
control complexity.
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Table 6.1: Comparison of the conversion ratio division over
the SC and buck stages among different 48 V-to-PoL hybrid
SC works (assuming 48 V to 1.0 V conversion)

Topology SC stage ratio  buck stage ratio
Crossed-coupled QSD buck [70] 4:1 12:1
CaSP [64] 6:1 8:1
LEGO [73] 6:1 8:1
VIB [74] 8:1 6:1
MLB [65] 8:1 6:1
This work (Dickson?) 9:1 5.33:1

6.1.0.2 Naturally Balanced Interleaved Inductor Currents

With the cyclic control shown in Figs. 6.1(b) and 6.2, the operation of the SC and buck stages
is merged seamlessly so that the three-phase inductor currents in each model are interleaved
with each other, which can reduce the net output current ripple. Moreover, the interleaved
inductor currents are naturally balanced due to an inherent negative feedback mechanism
between the inductor currents and flying capacitor voltages as explained in [64]. In addition,
the bottom switches in the buck stage Q3_5(m1)—(m3) can operate with zero-voltage switching

(ZVS).

6.1.0.3 Reduced Conversion Burden on the Buck Stage

As listed in Table 6.1, compared to the existing 48 V-to-PoL hybrid SC works, the proposed
topology achieves the highest conversion ratio at the SC stage, resulting in less conversion
burden on the following buck stage. Since the efficiency and power density of the buck stage
will increase with a lower conversion ratio, the overall performance can be improved with
the SC stage carrying more conversion burden without much extra loss or many additional
components.

6.1.0.4 Switching Bus Architecture Without Large Bus Capacitors

In most two-stage conversion architectures, an intermediate dc bus is needed to connect the
two stages, which requires large bus capacitors to stabilize the dc bus voltage that hinders
converter miniaturization. By contrast, in the proposed Dickson? topology, the two Dickson
stages are merged directly and seamlessly without an intermediate dc bus. As illustrated in
Fig. 6.2, the middle points between the two stages see switching voltages vmiq1_miaz- This
switching bus architecture not only eliminates the need for large bus capacitors but also
enables further topology simplification by removing the redundant switches.
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Table 6.2: Key parameters of the hardware prototype

Parameter Value
Input voltage 48 V
Tested output voltage 1.0-15V
Maximum output current 270 A
Switching frequency 280 kHz
Gate drive voltage 6.5V
Prototype box volume” 0.750 in3
Power component volume™ 0.381 in3
Current density 360 A/in3

* The box volume is measured as the smallest rectangular box
that can contain the converter, including the gate drive cir-
cuitry.

+ The power component volume is calculated as the total vol-
ume of all switching devices, capacitors and inductors in the
power stage, excluding the gate drive circuitry.

The output voltage of the proposed converter can be derived by multiplying the conver-
sion ratios of the fixed-ratio SC stage and the regulated buck stage as

Vi D D
Vour = Rati Ratiopyey = — X — = —=W; 6.1
t allogc X MatlOyyck 9 X 3 o7 ( )
where D is the duty ratio with respect to L, as illustrated in Fig. 6.2. Thus, Vo can be

37
regulated by adjusting D.

6.2 Hardware Implementation

A 48 V-to-PoL. hardware prototype is designed and tested up to 270 A load current to verify
the functionality and performance of the proposed topology. The key parameters of the
hardware prototype are listed in Table 6.2. Fig. 6.3 shows the annotated photograph of the
hardware prototype, with the 3D view of its assembly drawing and the side view presented
in Fig. 6.4. As shown in Figs. 6.3 and 6.4, the modular structure of the proposed topology
eases the PCB layout design. The inductors are recessed in the board cut-out to reduce the
overall height. As can be seen in Fig. 6.4, S-shape copper sheets are placed between the
inductors for ground connection with tight packaging.

Table 6.3 tabulates the components used in the hardware prototype. Two paralleled
MOSFETS are used for the bottom switches in the buck stage Q3_5(m1)—(m3) to reduce the
ON-resistance and achieve higher heavy-load efficiency. Low-profile capacitors (thickness:
0.85 mm) are selected for the bottom side so that the overall component height on the
bottom side (i.e., hpottom i Fig. 6.4(b)) will not be increased. The shielded power inductor
Coilcraft SLR1065-301KEC with low DCR is chosen for higher heavy-load efficiency. The
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Table 6.3: Component list of the hardware prototype

Component Part number Parameters

MOSFET Q1,456 Infineon IQEO006NE2LM5 25V, 0.65 m{2
MOSFET Q23 Infineon IQE013N04LM6CG 40 V, 1.35 mQ2
MOSFET Qs5,7, Q1,2(m1)—(m3) Infineon IQE006NE2LM5CG 25V, 0.65 mQ2

MOSFET Q3_5(m1) —(m3)

Infineon IQEO006NE2LM5CG, IQEO006NE2LM5

25V, 0.65 mQ (in parallel)

Flying capacitor C;
Flying capacitor Cy

Flying capacitor C(m1)—(m3)
Flying capacitor Ca(m1)—(m3)

Inductors Ly (m1)-La(ms)

TDK CGA5L3X5R1H106M160AB (top side)
TDK C3216X5R1H475K085AB (bottom side)
TDK C3216X5R1E476M160AC (top side)
TDK C3216X5R1E106MO085AC (bottom side)

TDK C2012X5R1C226M125AC

TDK C3216X5R1A686M160AC (top side)
TDK C2012X5R1A226M085AC (bottom side)

Coilcraft SLR1065-301KEC

X5R, 50 V, 10 uF*x24 (in parallel)
X5R, 50 V, 4.7 uF*x12 (in parallel)
X5R, 25 V, 47 uF*x24 (in parallel)
X5R, 25 V, 10 uF*x12 (in parallel)
X5R, 16 V, 22 uF %24 (in parallel)
X5R, 10 V, 22 uF*x8 (in parallel)
X5R, 25 V, 10 uF %2 (in parallel)
300 nH, 0.48 m, 32 A

Input capacitor Cj,

Output capacitor Coyuy

TDK CGA5L3X7S2A335M160AB (top side)
Kyocera AVX 12061C225KAT2A (bottom side)

Murata GRM219R60J476ME44D

X7S, 100 V, 3.3 uF*x18 (in parallel)
X7R, 100 V, 2.2 uF"x9 (in parallel)
X5R, 6.3 V, 47 uF*x108 (in parallel)

Gate driver

Bootstrap diode

Analog Devices LTC4440-5
Texas Instruments UCC27511ADBVT
Infineon BAT6402VH6327XTSA1

High-side gate driver, 80 V
Low-side gate driver
Schottky diode, 40 V

* The capacitance listed in this table is the nominal value before dc derating.
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Figure 6.5: Measured waveforms at Vi, = 1.0 V, I,y = 200 A. (a) Switch node voltages in
Module 1. (b) Flying capacitor voltages.

cascaded bootstrap and gate-driven charge pump circuits introduced in [41] are adopted to
power the floating switches.

6.3 Experimental Results and Performance
Comparison

Fig. 6.5 shows the measured waveforms of the switch node voltages in Module 1 (i.e.,
Uswi—3(m1) 10 Fig. 6.1(b)) and the flying capacitor voltages, which verifies the functional-
ity of the hardware prototype. The output voltage is regulated with a hysteretic control on
the duty ratio D. Figs. 6.6(a) and (b) show the measured power stage efficiency and overall
system efficiency (including gate drive loss) of the hardware prototype at various output
voltages, with the measured efficiency and power density summarized in Table 6.4. The in-
put voltage, input current, and output voltage are measured with a high-precision Yokogawa
WT3000E power meter, and the load current is measured with an electronic load Chroma
63203. The prototype is tested up to 270 A. At 1.0 V output voltage, the prototype achieves
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Figure 6.6: Measured efficiency of the hardware prototype at various output voltages. (a)
Power stage efficiency. (b) Overall system efficiency (including gate drive loss).

93.8% peak efficiency (91.6% including gate drive loss) and 88.4% full-load efficiency (87.7%
including gate drive loss), and 360 W /in® power density (by box volume).

Fig. 6.7 shows the thermal image of the hardware prototype at equilibrium with fan
cooling only at Vo, = 1.0 V and I,,; = 270 A. As can be seen in Fig. 6.7, the hot spots
are the floating switches in the middle of the converter. This is because they are neither
connected to large pieces of copper in the PCB nor close to the ground plane that can serve
as a good heat extractor. Since there is still space left above the MOSFETS, as illustrated
in Fig. 6.4(b), heat sinks can be added to the top of the switches for more effective cooling
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Table 6.4: Measured efficiency and power density of the
prototype at various output voltages

System efficiency

Output Power stage . . Power
. (including gate r

voltage efficiency drive loss) density
15V Peak: 94.9% Peak: 93.5% 540 W /in3
' Full load: 90.4%  Full load: 89.9% 137 W/in?
12V Peak: 94.3% Peak: 92.5% 432 W /in?
' Full load: 89.5%  Full load: 88.9% 110 W/in?
10V Peak: 93.8% Peak: 91.6% 360 W /in?

Full load: 88.4%  Full load: 87.7% 91 W/in?

* The volumetric power density listed here is calculated based
on the prototype box volume in Table 6.2. The areal power
density listed here is calculated based on the prototype area
2.94 x 1.00 inch (74.7 x 25.5 mm) shown in Fig. 6.3.

Figure 6.7: Thermal image of the hardware prototype at equilibrium with fan cooling only.
(Vous = 1.0V, Iy = 270 A)

if better thermal performance is desired.

Table 6.5 compares the performance of this work (Dickson?), with that of several hybrid
SC works published before 2022, when the Dickson? converter was first proposed. It can
be seen that the proposed Dickson? converter not only achieves a high power density but
also maintains excellent peak and full-load efficiency, demonstrating great potential for both
high efficiency and high power density. Further optimization can be achieved with advanced



Table 6.5: Comparison between this work (Dickson?) and previous 48 V-to-PoL hybrid SC works

Output i .
Year Reference Voltage Output Current Power Density Power Stage Efficiency
540 W /in®
15V 270 A (by box volume) Peak efficiency: 94.9%
' (30 A /phase) 1062 W /in? Full load efficiency: 90.4%
9022 This work (by power component volume)
(Dickson? [75]) 360 W/in®
10V 270 A (by box volume) Peak efficiency: 93.8%
' (30 A /phase) 708 W /in3 Full load efficiency: 88.4%
(by power component volume)
60 A 263 W/in3 Peak efficiency: 92.7%
2022 MLB [76] LoV (30 A/phase) (by box volume) Full load efficiency: 88.6%
90 A 527 W /in® Peak efficiency: 93.3%
2021 CaSP [64] L5V (30 A/phase) (by box volume) Full load efficiency: 88.8%
450 A 232 W /in? Peak efficiency: 95.2%
2021 VIB [77] LoV (28.1 A/phase) (by box volume) Full load efficiency: 89.1%
9091 On-chip series 10V 8 A 198 W/in3 Peak efficiency: 90.2%
capacitor buck [78] ' (4 A/phase) (by box volume) Full load efficiency: ~76%
300 A 171 W/in®" Peak efficiency: 96.0%"
2020 LEGO [69] 15V (25 A/phase) (by box volume) Full load efficiency: 87.7%"
cod_ .3 . . *
9020 Crossed-coupled 15V 40 A 150 W/in Peak efficiency: 95.1%

QSD buck [70]

(20 A/phase)

(by power component volume)

Full load efficiency: 92.7%"

* The box volume is measured as the smallest rectangular box that can contain the converter, including the gate drive
circuitry. The power component volume is calculated as the total volume of all switching devices, capacitors, and

inductors in the power stage, excluding the gate drive circuitry.
* According to direct correspondence with the author.
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magnetic components (e.g., customized coupled inductors [76]) and better thermal design
(e.g., 3D printed heat sink and immersion cooling).

6.4 Chapter Summary

This chapter presents a Dickson? hybrid SC converter for direct 48 V-to-PoL conversion with
high efficiency and high power density. The SC stage in the proposed topology can be viewed
as two 3-to-1 Dickson SC converters directly merged together without an intermediate dc
bus, and thus given the name Dickson?. The proposed converter achieves complete soft-
charging operation with a simple control, ensures naturally balanced interleaved inductor
currents, has a high SC stage conversion ratio and reduced conversion burden on the buck
stage, and requires no large bus capacitors due to the switching bus architecture. A 48
V-to-PoLl hardware prototype is built and tested up to 270 A load current (30 A/phase),
achieving 93.8% peak efficiency, 88.4% full-load efficiency, and 360 W /in® power density (by
box volume) at 1.0 V output voltage.
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Chapter 7

The Switching Bus Converter: A
High-Performance 48-V-to-1-V
Architecture with Increased SC
Conversion Ratio

This chapter proposes a high-performance hybrid SC converter based on a switching bus
architecture for direct 48-to-1-V power conversion in data centers. The proposed topology
merges a 2-to-1 SC front-end and two 8-branch series-capacitor-buck (SCB) modules through
two switching buses. In order to theoretically compare the performance of different regulated
hybrid SC topologies, this chapter conducts a comparative analysis that reveals that a larger
SC stage conversion ratio is favorable for achieving both higher efficiency and higher power
density. Through the two-phase operation of the SCB modules, the proposed topology ex-
tends the limit on duty ratio and enables a very large SC stage conversion ratio of 16-to-1. A
500-A hardware prototype was designed and built with custom two-phase coupled inductors
and synchronous bootstrap daughterboards to validate the functionality and performance of
the proposed topology, achieving 93.4% peak system efficiency, 86.1% full-load system effi-
ciency (including gate drive loss), and 464-W /in® power density (by box volume). Moreover,
the theoretical benefits of a larger SC stage conversion ratio were experimentally verified
with measured performance at different SC stage conversion ratios.

The remainder of this chapter is organized as follows. First, Section 7.1 details the
topology and operating principles of the proposed switching bus converter, discusses the
advantages of the switching-bus-based architecture, reveals the benefits of a larger SC stage
conversion ratio for regulated hybrid SC topologies, and explains how this works achieves a
large SC stage conversion ratio through the two-phase operation of the SCB modules. Then,
Section 7.2 presents a hardware prototype with custom two-phase coupled inductors and
synchronous bootstrap daughterboards and discusses its design considerations and practical
implementation challenges. Finally, Section 7.3 shows the experimental waveforms, mea-
sured performance at different SC stage conversion ratios, loss analysis, and performance
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comparison with state-of-the-art academic works and commercial products.

7.1 Proposed Topology and Operating Principles

7.1.1 Proposed Topology

Fig. 7.1 shows the schematic drawing of the proposed switching bus converter. In the pro-
posed topology, a 2-to-1 SC front-end (i.e., Stage 1) is merged with two 8-branch series-
capacitor-buck (SCB) modules (i.e., Modules A and B in Stage 2) through two switching
buses (i.e., Switching buses A and B). As the key waveforms in Fig. 7.2 shows, the bus
voltages vswa and vg,p always switch between two different levels, rather than being dc.
Therefore, this type of intermediate bus between conversion stages is referred to as a switch-
ing bus. The concept of a switching bus was first introduced in [75]. The advantages of the
proposed switching-bus-based architecture over the existing dc-bus-based architecture will
be explained in Section 7.1.4.

7.1.2 Operating Principles

Fig. 7.2 illustrates the key waveforms, control signals, and equivalent circuits of the proposed
switching bus converter. Each SCB module operates in a two-phase fashion, with a 180°
phase shift between neighboring branches. Each SCB module consists of four submodules,
within which each pair of inductors is negatively coupled. The analysis and design of the
two-phase coupled inductor will be detailed in Section 7.2.1. The control signals in the two
modules are staggered to achieve inter-module interleaving at the output.

In periodic steady state, the average voltage across flying capacitor C; is %Vm and the
average voltages across flying capacitors Cya/p are %Vin (k =1,2,---,7). Cy is softly
charged by L through Switching bus A in operating modes (I) and (2), and softly discharged
by Lig through Switching bus B in operating modes (5) and (6. All other flying capacitors
in Stage 2 Cpa/ (B =1,2,---,7) operate with complete soft-charging as well. All inductor
currents and capacitor voltages are naturally balanced as a result of the negative feedback
mechanism of the series-capacitor-buck converter, as explained in [79] and [64]. A detailed
explanation about the automatic current sharing and natural voltage balancing mechanisms
of the proposed topology is provided in Section 7.1.3. The low-side switches Sij,a/B_sra/B can
operate with zero-voltage switching (ZVS) turn-oN, provided continuous forward inductor
current and sufficient deadtime. The output voltage V,, can be regulated by duty cycle
control:

D
=2V 1
Vout 16Vm, (7.1)

where V;, is the input voltage and D is the buck stage duty ratio as annotated in the clocking
scheme in Fig. 7.2.
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Stage 2

Figure 7.1: Schematic drawing of the proposed switching bus converter.

L
. IF1

Vewa —

3
| switching bus A |

Submodule 1A

Sana Submodule 2A

IL3A Lsa

Submodule 2B

Lsg IL3B

Submodule 3B

Submodule 4B

Switching bus B \,

Submodule 1B

Lig LB

C

Saup g
38
i

|_.

C

ILsg

LSB

L iL78

Module B

-
~ Vout

Module A
lout Cout =

Ssip ZE
58
2

—

95



CHAPTER 7. THE SWITCHING BUS CONVERTER: A HIGH-PERFORMANCE
48-V-TO-1-V ARCHITECTURE WITH INCREASED SC CONVERSION RATIO 96

IL1As IL3As TLsa, IL7a

|
|
| | | |
T T |
| | |
/ \ \ \
; | | |
lswa
SW \ \ L,
| \ \ \
| \ | |
Vswa ‘ | | | P
| | | | 2
| | | | s
‘ T T T ™
g I
| | | e
| “—DT——» |
| ‘ ‘ —
Il Il |
¢; fe—DT | | |
T T |
i |
| —D0T— |
T \ ——
of ©® | @ | ® 3 ® | & ®T1
iLZBv iL4Bv iLGBv iLBB ; iLlBy iL3By iLSBy iL?B }
| N |
iLs ‘ I ‘ |
| |
\ [ [ [
T | T o
| | |
| | | Lea Vou Les
e | | Yo,
‘ > 2
‘ \ ‘ \ c Lia Le ¢
[ | '—‘ A v A v il A
Vsws | | % 16 [ 16
\ \ E
\ | =
T

'

[ ':DT ‘ 5V
> 6 [

\ [
[ \ \ DT

f f >
_ —t
¢ DT | |

T r Wiy
_ f T 16
s | | I-—DT—-I .
T ;
0 2 T ® Lea Vou Les =

Figure 7.2: Key waveforms and control signals of the proposed switching bus converter.
The equivalent circuits for the six operating modes are shown on the right-hand side. The
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7.1.3 Automatic Current Sharing and Natural Voltage Balancing

Mechanisms

This Section explains the automatic current sharing and natural voltage balancing mecha-
nisms of the proposed switching bus converter. First, a quantitative analysis is performed to
show that the balanced state is the natural equilibrium of the converter in periodic steady
state (PSS). Second, a qualitative analysis is provided to intuitively explain how the con-

verter counteracts any temporary imbalance in inductor currents and capacitor voltages and
restores them to their balanced states after disturbance.

7.1.3.1 Quantitative Analysis

e Automatic Current Sharing Mechanism

Denote the average currents of the inductors and capacitors in the switching bus converter

as (ijam) (= 1,2,--+,8), (ic1), (ickap) (K =1,2,--+,7), and (icow). According to
Kirchhoff’s current law (KCL), the average current flowing through the capacitors in Fig. 7.1
can be expressed as

(ic1) = D ((iv1a) — (iL1B))
(ickass) = D ((ieass) — (ingrnasm))  (k=1,2,---.7)

ZCout

Moo

8
/LLjA +Z ZL]B out (74)
7=1

J=1

where D is the duty ratio, and I, is the output current.
In PSS, the average capacitor currents must be zero, i.e.,

(ic1) =0 (7.5
(ickap) =0 (k=1,2,---,7) (7.6
<iC0ut> =0
Substituting (7.5)—(7.7) into (7.2)—(7.4) yields
(iL1a) = (in2a) = -+ = (iLsa) = (iLiB) = (iL2) = - = (i1sB) = %Iout (7.8)

This implies the output current can be evenly shared among all inductors in the natural
equilibrium.

e Natural Voltage Balancing Mechanism

Denote the average voltages of the inductors and capacitors in the switching bus converter
as <vLjA/B> (j=1,2,---,8), (vc1), <kaA/B> (k=1,2,---,7), and (vcout). According to
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Kirchhoff’s voltage law (KVL), the average voltage applied across the inductors in Fig. 7.1
can be expressed as

(vL1a) = D (Via — (var) — (vaia)) — (vcout) (7.9)
(vLis) = D ({vcr) — (vei)) — (Voout) (7.10)
(vijass) = D ((vegi—nass) — (vojass)) — (Vcow) (7 =2,3,--+,7) (7.11)
(vLsa/B) = D (verass) — (Vcout) (7.12)

where Vi, is the input voltage.
In PSS, the average inductor voltages must be zero, i.e.,

<UL1A> = 0 (713)
<UL1B =0 (714)
(vigam) =0 (G =2,3,---,7) (7.15)
(vLsa/B) =0 (7.16)
Substituting (7.13)—(7.16) into (7.9)—(7.12) yields
1 D 8§—k
<UC1> = 5‘/in7 <UCout> = E‘/;na <UCkA/B> = 1—6‘/; (k = 1727 e 77) (717)

which means the capacitor voltages can naturally balance themselves in the equilibrium.

Equations (7.8) and (7.17) show that the balanced state is the natural equilibrium of
the switching bus converter in PSS. It is worth noting that this quantitative analysis is
independent of the values of inductors and capacitors. Therefore, the automatic current
sharing and natural voltage balancing mechanisms do not rely on component accuracy and
can tolerate passive component tolerance, variations, and derating.

7.1.3.2 Qualitative Analysis

Due to a negative feedback mechanism, the switching bus converter can counteract any
temporary imbalance in inductor currents and capacitor voltages and restore them to their
balanced states. This subsection qualitatively explains the automatic current sharing of
inductor L;, and the natural voltage balancing of capacitor Cys as examples.

e Automatic Current Sharing Mechanism

Consider the case where (if15) > %[Out (the average current through L, in the balanced
state) and all other inductor currents and capacitor voltages are in their balanced states.

Due to this deviation of (ip;a) from the equilibrium, the average current flowing into
C; and Cj, in operating modes (1) and 2) in Fig. 7.2 will be higher than that flowing out
of them in operating modes 4)-(6). As a result, the net charge flowing into C; and Ciu
in each switching cycle is positive, leading to an increase in (vcq) and (vcia), which makes
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(ver) > %Vin and (vcp) > 1—76\/111. Consequently, the switch-node voltage applied to the left-
hand side of L, in operating modes (1) and 2) will be lower than %Vin (the voltage applied
to the left-hand side of Ly in the balanced state). This means that (ip;4) will then start to
decrease until (ir1a) = 15 Lout-

Similarly, if (ip1a) < TIESIOUt’ the net charge flowing into C; and C;, in each switching
cycle will be negative, forcing (vc1) and (veia) to decrease, which makes (vci) < 3Vi, and
(ver) < %Vm As a result, (ip14) will increase until (i14) = 1—16.Iout.

This negative feedback mechanism applies to other inductor currents as well. In addition,
the inductor currents can be evenly shared between the two SCB modules due to this current-
voltage interaction through capacitor C;.

e Natural Voltage Balancing Mechanism

Consider the case where (vcya) > 1_76Vin (the average voltage across Cyp in the balanced
state) and all other inductor currents and capacitor voltages are in their balanced states.

Due to this deviation of (vcia) from the equilibrium, the switch-node voltage applied
to the left-hand side of Ly in operating modes @ and ) is lower than 7=Vi, (the voltage
applied to the left-hand side of L; in the balanced state). As a result, (i;4) will decrease
below %]Out. Therefore, the average current flowing into Cia in operating modes (1) and
@ will be higher than that flowing out of it in operating modes @—6). Consequently, the
net charge flowing into Cy, in each switching cycle will be positive, which forces (veia) to
increase until (voia) = %Vin.

Similarly, if (voia) < %V{n, (i11a) will increase beyond %Iout, causing the net charge
flowing into Cja in each switching cycle to be negative. As a result, (vga) will increase
until (veia) = %Vin. This negative feedback mechanism applies to other capacitor voltages
as well.

In summary, the quantitative analysis proves that the balanced state is the natural equi-
librium of the converter in PSS, while the qualitative analysis shows that the converter can
counteract any temporary imbalance in inductor currents and capacitor voltages due to the
negative feedback mechanism explained above, thereby restoring them to their balanced
states. This means that the balanced state is naturally a stable equilibrium of the converter
in PSS. Therefore, the inductor currents and capacitor voltages can be naturally balanced
in PSS without any active balancing control.

It is worth noting that the above analyses are based on the assumption that the converter
operates in the continuous capacitor voltage mode (CCVM). With very large voltage ripples
on the flying capacitors, capacitor voltage clamping can occur through the reverse conduc-
tion of the switching devices, driving the converter into a discontinuous capacitor voltage
mode (DCVM) [80]. In DCVM, inductor currents can no longer be automatically balanced.
Instead, a modified duty cycle scheme can be used to recover the inductor current balancing.
The discussion of the DCVM operation of the switching bus converter is beyond the scope
of this chapter.
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7.1.4 Advantages of the Switching-Bus-Based Architecture

The most straightforward approach to combining two (or multiple) conversion stages is to
link them with an intermediate dc bus, as illustrated in Fig. 7.3(a). This dc-bus-based
architecture typically requires a large and bulky bus capacitor (Cyp,s) to maintain a stiff de
bus voltage (Vpc), which hinders converter miniaturization.

Compared to the existing dc-bus-based architecture, the proposed switching-bus-based
architecture shown in Fig. 7.3(b) has three advantages that promise higher performance:

e [t does not require bus capacitors to maintain a stiff dc bus voltage.

e One redundant switch can be removed on each switching bus while two stages are
merged.

e [t ensures complete soft-charging operation.

Fig. 7.4 illustrates the two-stage merging process of a 2-to-1 SC front-end followed by
two SCB modules, resulting in a switching bus architecture. First, open the output node
of the 2-to-1 SC converter in Stage 1 as shown in Fig. 7.4(a), leaving two floating nodes
Uswa and vgyp. Second, as illustrated in Fig. 7.4(b), connect a series-capacitor buck (SCB)
module to each of these floating nodes through a switching bus. After this combination,
we can see that the highest high-side switch S;gs in Module A is connected in series with
S3 and Sygp in Module B is in series with S;. Since none of the switching buses need to
support bidirectional voltage blocking, only one switch is needed on each bus, and the other
redundant one can be removed. Therefore, compared to the dc-bus-based architecture, the
switching-bus-based architecture enables a reduction in the number of switches.

In addition, the switching-bus-based architecture ensures complete soft-charging opera-
tion for all flying capacitors with a simple clocking scheme, whereas complete soft-charging
operation is only achievable with split-phase control [72] in some topologies [81, 82] or even
unachievable in other topologies [77, 83|, leading to higher power loss and greater controller
complexity.

Fig. 7.5 shows the general representation of a dc bus and a switching bus. The switching
bus concept can be generalized to construct a family of regulated hybrid SC topologies
through the combination of different SC topologies. For example, the concept of a switching
bus was first introduced in [75], where a Dickson? topology was constructed by merging a
3-to-1 Dickson front-end and three 3-branch SCB modules through three switching buses.
Other switching-bus-based regulated hybrid SC topologies include the MLB converter [65]
and the CaSP converter [64], with all benefiting from a similar reduction in switch count
due to the strategic merging of adjacent stages. In addition, the switching bus concept can
also be employed to construct fixed-ratio multi-resonant SC topologies [84] for intermediate
bus converters (IBCs) in data center applications.
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Figure 7.3: Comparison between the existing dc-bus-based architecture and the proposed
switching-bus-based architecture. (a) dc-bus-based architecture. (b) Switching-bus-based
architecture. Compared to the dc-bus-based architecture, the switching-bus-based architec-
ture does not require bus capacitors, reduces the number of switches, and ensures complete
soft-charging operation.



CHAPTER 7. THE SWITCHING BUS CONVERTER: A HIGH-PERFORMANCE
48-V-TO-1-V ARCHITECTURE WITH INCREASED SC CONVERSION RATIO 102

CIB
g . R 2 ,&VB-\
9 18T )
-
s | L Sl Suus|
g Vin (" o == Cout =Ryoaq
L5 Cia L
L kil 12 U Lo
= Cout = Rjguq M 1
= Cout =Rjgua
T L
g g g S————
Lsp
[ g g g S————
Module B
Module A
= Cout =R

Sglﬂ% %
L Module B

Module A

Figure 7.4: Illustration of the two-stage merging process of a 2-to-1 SC front-end followed
by two SCB modules, resulting in a switching bus architecture. (a) First, open the output
node of the 2-to-1 SC converter in Stage 1, leaving two floating nodes vsywa and vsyp. (b)
Second, connect a series-capacitor buck (SCB) module to each of the floating nodes through
a switching bus.
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Figure 7.4 (continued): Ilustration of the two-stage merging process of a 2-to-1 SC front-end
followed by two SCB modules, resulting in a switching bus architecture. (c) Third, since
none of the switching buses need to support bidirectional voltage blocking, only one switch
is needed on each bus, and the other redundant one can be removed. Therefore, switches
S1ga and Siygp are removed. (d) Finally, obtain the topology of one switching bus converter.
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Figure 7.5: General representation of (a) a dc bus and (b) a switching bus.

7.1.5 Theoretical Analysis and Topological Comparison

To compare the theoretical potential of the proposed topology to that of existing 48-V-to-1-V
hybrid SC topologies, this chapter uses two metrics for topological comparison [85].

The first metric is the normalized switch stress Mg, defined as the total switch volt-
ampere (VA) stress normalized to the output power

Z ‘/ds,ijd(rms) )

Me — switches 718
i %utlout ’ ( )

where Vg, is the peak blocking voltage across switch ¢ when assuming no capacitor voltage
ripple, and I4(ms),; is the RMS value of the current through switch ¢ when assuming no
inductor current ripple. The normalized switch stress Mg indicates how much VA stress the
switches in a topology experience when transferring one per-unit watt of power from the
input to the output. A lower Mg is desirable, as it indicates lower switching losses and lower
conduction losses and thus higher efficiency. A lower Mg also indicates a smaller switch size,
which is favorable for higher power density. Fig. 7.6 shows the normalized switch stress Mg
of state-of-the-art regulated hybrid SC topologies for 48-V-to-1-V conversion.

The second metric is the normalized passive component volume Mp, which can be as-
sessed with an energy-based approach by analyzing the peak energy stored in each passive
component [86, 87]. The normalized passive component volume Mp indicates the total pas-
sive component volume needed to meet given ripple requirements on the inductor currents
and flying capacitor voltages when transferring one per-unit watt of power from the input
to the output. A smaller normalized passive component volume is desirable, as it indicates
higher power density. More details of the definition of the normalized passive component
volume Mp can be found in [85]. Fig. 7.7 shows the normalized passive component volume
Mp of state-of-the-art regulated hybrid SC topologies for 48-V-to-1-V conversion.
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Figure 7.6: Normalized switch stress Mg of state-of-the-art regulated hybrid SC topologies
for 48-V-to-1-V conversion. In the analysis of normalized switch stress, capacitor voltage
ripples and inductor current ripples are assumed to be negligible. A lower normalized
switch stress Mg is more desirable. With a larger SC stage conversion ratio Kgc, the buck
stage duty ratio D can be extended.

In general, a regulated hybrid SC topology consists of two stages: 1) a fixed-ratio SC
stage for efficient and compact voltage conversion, and 2) a multi-phase buck-type stage for
the remainder of the voltage conversion task, output voltage regulation, and soft-charging
operation. With a larger SC stage conversion ratio, the conversion burden on the following
buck-type stage can be alleviated, enabling buck-type stage efficiency improvement and in-
ductor size reduction. Given that magnetic components are much less energy dense compared
to capacitors [88] and typically dominate the volume of power converters, it is favorable to
design the SC stage to take on more voltage conversion burden so that the inductor volume
of the buck-type stage can be reduced.

In the proposed switching bus converter, the SC stage conversion ratio can be changed by
varying the number of submodules in Stage 2. The more submodules, the larger the SC stage
conversion ratio. As shown in Figs. 7.6 and 7.7, as the SC stage conversion ratio increases,
both the normalized switch stress Mg and the normalized passive component volume Mp
decrease, meaning that a larger SC stage conversion ratio is advantageous to both higher
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Figure 7.7: Normalized passive component volume Mp of state-of-the-art regulated hybrid
SC topologies for 48-V-to-1-V conversion (assuming 30% peak-to-peak inductor current
ripple and 10% peak-to-peak capacitor voltage ripple at full load, and the volumetric
energy density of capacitors is 100 times higher than inductors). A smaller normalized
passive component volume Mp is more desirable.

efficiency and higher power density. This conclusion will be experimentally verified with the
measured performance at different SC stage conversion ratios in Section 7.3.3. Compared
with existing 48-V-to-1-V hybrid SC demonstrations, this work achieves a lower normalized
switch stress and a smaller normalized passive component volume with a much larger SC
stage conversion ratio, showing great potential for both higher efficiency and higher power
density than prior solutions.

7.1.6 Two-Phase Operation of SCB Modules: Enabling A Larger
SC Stage Conversion Ratio and Higher Performance

Figs. 7.6 and 7.7 show that a larger SC stage conversion ratio is desirable to achieve higher
performance. In order to achieve a larger SC stage conversion ratio, this work modifies the
control scheme of the SCB modules in Stage 2, from multi-phase operation to two-phase
operation.
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The series-capacitor-buck (SCB) topology was first proposed in [60] with multi-phase
operation and then extended in [89] with two-phase operation. Fig. 7.8 shows a four-phase
SCB converter as an example. In the multi-phase operation illustrated in Fig. 7.8(b), each
inductor operates in an individual phase, whereas in the two-phase operation illustrated in
Fig. 7.8(c), the inductors are grouped together into two phases with a 180° phase shift.

Compared to the two-phase operation, the multi-phase operation can achieve a smaller
net output current ripple through multi-phase interleaving. However, the two-phase opera-
tion can extend the maximum duty ratio from % to %, where N is the number of branches
in a SCB converter. As a result, the upper limit on the number of branches (Ny_pn and
Ns_pn) can be increased:

Vin(scB)

Multi-phase operation: Ny, _pn < (7.19)
Vout(scB)
Vin
Two-phase operation: No_,, < ﬂ, (7.20)
2Vout(scB)

where Viyscp) and Viuysen) are the input and output voltages of the SCB converter, respec-
tively. For the proposed switching bus converter, the input and output voltages of the SCB
modules in Stage 2 are Viysen) = 24 V and Vo scs) = 1V, respectively. Therefore, the
maximum allowable numbers of branches in the SCB modules for multi-phase operation and
two-phase operation are Ny _ph(max) = 4 and No_pnmax) = 10, respectively. Compared to
the multi-phase operation, the two-phase operation can extend the upper limit on the num-
ber of branches and thus better leverage the benefit of a larger SC stage conversion ratio.
In addition, the two-phase operation enables a faster transient response with an extended
maximum duty ratio.

One possible concern about the two-phase operation is that it sacrifices the net output
current ripple reduction compared to the multi-phase operation. However, this does not
generally mean that the two-phase operation necessitates the need for a larger output ca-
pacitor. In Pol. applications, the size of the output capacitor is typically determined by
the requirements for transient performance (i.e., maximum overshoot and undershoot on
output voltage). With a sufficiently large output capacitor to satisfy the transient perfor-
mance requirements, the steady-state output voltage ripple is typically much smaller than
the maximum tolerable value allowed by microprocessors. In other words, the output capaci-
tor is usually oversized in terms of steady-state output voltage ripple suppression. Therefore,
the output capacitance does not need to be increased when using the two-phase operation.
In fact, since the two-phase operation enables a faster transient response compared to the
multi-phase operation, the output capacitance can be reduced.

A major contribution of this work is to reveal that a larger SC stage conversion ratio
enables higher performance of regulated hybrid SC topologies, which can be achieved through
the two-phase operation of SCB modules.
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Figure 7.8: Four-branch series-capacitor-buck (SCB) converter. (a) Schematic drawing. (b)
Multi-phase operation. (c¢) Two-phase operation.
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7.2 Hardware Prototype and Practical
Implementation Challenges

A 48-V-to-1-V hardware prototype was designed and built to verify the functionality and
performance of the proposed switching bus converter. Fig. 7.9 shows an annotated pho-
tograph of the prototype, with the main circuit components listed in Table 7.1. Fig. 7.10
presents the side view of the hardware prototype and a zoomed-in photograph of the gate
drive circuitry, including the custom synchronous bootstrap daughterboards used to power
the high-side switches.

All flying capacitors are stacked up to 3 layers to match the height of the coupled inductors
so that the box volume of the prototype can be fully utilized. The stacked flying capacitors
serve as natural heat sinks due to their connection with power MOSFETSs through thermally
conductive PCB traces. In addition, the distributed switch and capacitor network provides
an inherent heat spreading. The switching frequency of this prototype is 150 kHz. The
1.3-mm thick PCB has 8 layers, with 2 oz copper on each layer.

7.2.1 Analysis and Design of the Two-Phase Coupled Inductor

As demonstrated in [76], compared with discrete inductors, two-phase coupled inductors can
reduce the core volume by approximately half while preserving the same equivalent per-phase
steady-state inductance. To improve power density, the two-phase coupled inductor shown
in Fig. 7.11 was customized and assembled for this prototype. The two phases are negatively
coupled through the magnetic core combined from an E core and an I core. The magnetic
cores were fabricated with DMEGC DMR96A Mn-Zn ferrite material. Each winding has
two turns, and each turn is made from a piece of 0.5 mm thick and 2 mm wide copper. To
reduce the total height of the coupled inductor, the two turns are connected with a PCB
trace beneath the E core.

The key parameters and operating conditions of this two-phase coupled inductor are
listed in Table 7.2. Operating at a duty ratio of 0.333, the equivalent per-phase steady-state
inductance of this coupled inductor is 606.5 nH, leading to a peak-to-peak inductor current
ripple of 7.33 A at 150-kHz switching frequency and 1.0-V output voltage. More details
about the analysis and design of the two-phase coupled inductor are provided below.

As a rule of thumb, the peak-to-peak inductor current ripple (Air, ) of a buck converter
is typically designed to be 20% to 40% of the full-load output current [90]. For the hardware
prototype presented in this chapter, the inductor current ripple ratio was selected as 25%.
Given a per-phase full-load current of 31.3 A, the maximum allowable peak-to-peak inductor
current ripple is Air, ppmax) = 25% x 31.3 = 7.8 A. In order to meet this current ripple
requirement, the per-phase steady-state inductance should not be lower than

(1 - D)‘/;)ut

Lss min) — T, (721)
( ) fswAZL,pp(max)
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Figure 7.9: Photograph of the hardware prototype. Dimensions: 3.22 x 1.17 x 0.29 in?
(81.7 x 29.6 x 7.3 mm?).



Table 7.1: Component list of the hardware prototype

Component Part number Parameters

MOSFET S;_4 Infineon IQE013N04LM6CG 40 V, 1.35 mQ2

MOSFET Sypa/5_sHa/s Infineon IQE006NE2LM5CG 25 V, 0.65 mQ

MOSFET Sipa/B-s8La/B Infineon IQEO06NE2LM5CG, IQEO06NE2LMS5 25 V, 0.65 mf2 (in parallel)

Flying capacitor Cy TDK C3216X7R1H106K160AE XT7R, 50 V, 10 uF*x30 (in parallel)

Flying capacitor Cia/B_54/8 TDK C3216X6S1E226M160AC
Flying capacitor Cga /B, 7A/B TDK C3216X5R1A107M160AC

X68S, 25 V, 22 uF*x9 (in parallel)
X5R, 10 V, 100 pF*x9 (in parallel)

Coupled inductor Lis/B_ga/B Custom two-phase coupled inductor See Table 7.2 for details

Input capacitor Cj, KEMET C1206C224K1RECAUTO X7R, 100 V, 0.22 uF*x8 (in parallel)
Output capacitor Coys Murata GRM219R60J476ME44D X5R, 6.3 V, 47 uF*x108 (in parallel)
Low-side gate driver Texas Instruments UCC27512 4-A peak source, 8-A peak sink

High-side gate driver in Stage 1  Texas Instruments UCC27212
High-side gate driver in Stage 2 Texas Instruments LMG1020

4-A peak source, 4-A peak sink
7-A peak source, 5-A peak sink

* The capacitance listed in this table is the nominal value before dc derating.

-
Vertically=stacked}flying{capacitors;

1T

Custom synchronous boots_tr;}p, daughterboard -

(b)

Figure 7.10: (a) Side view of the hardware prototype. (b) Photograph of the gate drive circuitry, including the custom
synchronous bootstrap daughterboards (dimensions: 5.8 x 3.5 x 1.0 mm?) used to power the high-side switches.
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Figure 7.11: Custom two-phase coupled inductor. The two phases are negatively coupled.
Each winding has two turns that are connected with a PCB trace beneath the E core. (a)
Photograph with dimensions annotated. (b) 3D rendering with current paths annotated.

Table 7.2: Key parameters and operating con-
ditions of the two-phase coupled inductor

Parameter Value
Coupling coefficient -0.8
Per-Phase steady-state inductance 606.5 nH
Per-Phase transient inductance 200 nH
Overall transient inductance 12.5 nH
Per-Phase dc resistance 0.48 mf2
Per-Phase saturation current 40 A
Output voltage 1.0V
Switching frequency 150 kHz
Nominal duty ratio 0.333
Per-Phase current ripple 733 A

where D is the duty ratio, V, is the output voltage, and f,, is the switching frequency. In
this design, the nominal duty ratio is D = %, Vour = 1.0V, fow = 150 kHz, and Aip, yp(max) =
7.8 A. Therefore, Lemin)y = 570 nH. In addition, the height of the coupled inductor was
constrained to 5 mm to align with the thickness of the three-layer stacked flying capacitors.

Considering the ripple requirement and height constraint, the two-phase coupled inductor
presented in Fig. 7.11 was designed. It consists of an E core, an I core, and two windings.
Each winding has two turns. The selection of the number of turns can be approached as an
integer programming problem. The objective is to minimize the core volume while satisfying
the requirements on steady-state inductance, dc resistance of the windings, and saturation
current. A lower number of turns contributes to a reduction in the dc resistance and an
increase in saturation current. However, it diminishes the steady-state inductance at the

same time. Conversely, increasing the number of turns can facilitate achieving the target
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Figure 7.12: Core geometry of the two-phase coupled inductor. lo and lg. are the lengths
of the air gap in the side legs and the center leg, respectively. Ay and A, are the cross-
sectional areas of the side legs and the center leg, respectively. The currents in the two
windings are ¢; and s, respectively. Fach winding has N turns. In this design, N = 2.

saturation current but at the cost of increased dc resistance and reduced saturation current.
Two turns per winding provided the optimal solution for this prototype, as it achieved a
good trade-off among the steady-state inductance, the dc resistance of the windings, and the
saturation current.

7.2.1.1 Magnetic Circuit Model

Fig. 7.12 illustrates the core geometry of the two-phase coupled inductor, with its magnetic
circuit model shown in Fig. 7.13. Since the initial relative permeability of the core material
(DMRO96A [91]) is p, = 3300 which is much greater than 1, it is assumed that the magnetic
reluctances of the air gap are much higher than those of the cores. Therefore, the reluctances
of the side legs and the center leg are dominated by the air-gap reluctances and can be
approximated as

l

g = —— 7.22

IUOAS ( )
lge

¢ = ——— 7.23

:U’OAC ( )

where ) is the permeability of vacuum, ls and [y are the lengths of the air gap in the side
legs and the center leg, respectively, and Ag and A, are the cross-sectional areas of the side
legs and the center leg, respectively. In this design, l;s = 0.0254 mm (1 mil), l,. = 0.3054
mm, A; = 10 mm?, and A, = 20 mm?. Therefore, the side-leg and center-leg reluctances are
Rs =2.02 x 10° H™! and R, = 1.22 x 107 H™!, respectively.

Based on this magnetic circuit model, the self and mutual inductances of the coupled
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Figure 7.13: Magnetic circuit model of the two-phase coupled inductor. Ry and R. are
the magnetic reluctances of the side legs and the center leg, respectively. Ni; and Niy are
the magnetomotive forces (MMF's) applied by the two windings around the cores. ®;, @,
and @, are the magnetic fluxes in the side legs and the center leg.

inductor can be obtained as

N2 (Rs+ R.)
[ 7.24
Re (RS + Q'RC) ( )
NQRC
M= — 2
R (Rt 2R.) (7.25)

which yields L = 1066 nH and M = —914 nH.

7.2.1.2 Simulation Results

Fig. 7.14 shows the self and mutual inductances of the two-phase coupled inductor obtained
from Ansys FEM simulation. It can be seen that the self and mutual inductances at 0-A
per-phase average current are L = 1040 nH and M = —840 nH, which align well with the
values calculated from the magnetic circuit model. It is reasonable that the calculated values
are slightly higher than the simulated values since the core reluctances are ignored in the
model. The steady-state inductance can be calculated as

L? — M?

Lss:—
L+2M

(7.26)

which yields Ly, = 606 nH. Since Ly > Lggmin) = 570 nH, this design can satisfy the
current ripple requirement. In addition, it can also be observed from Fig. 7.14 that the
inductances drop sharply when the per-phase average current is above 40 A which is the
designed saturation current of this coupled inductor.

Fig. 7.15 illustrates the current waveforms of the coupled inductor at a per-phase average
current of 40 A (the designed saturation current). The magnetic cores are most prone to
saturation when the current in one phase reaches its peak value. At this moment, the sum
of and the difference between the two currents simultaneously reach their peaks, thereby
maximizing the magnitude of flux density in the cores. Fig. 7.16 shows the magnitude of
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Figure 7.14: Self and mutual inductances of the two-phase coupled inductor obtained from
Ansys FEM simulation.
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Figure 7.15: Current waveforms of the coupled inductor at a per-phase average current
of 40 A (the designed saturation current). The waveforms were obtained from circuit
simulation with L = 1040 nH and M = —840 nH. The magnetic cores are most prone to
saturation when the current in one phase reaches its peak value, as annotated with the
dashed line. The corresponding winding currents are 7; px = 43.5 A and 49, = 41.6 A.
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Figure 7.16: Magnitude of flux density on the cross-section of the cores at a per-phase
average current of 40 A (the designed saturation current). In this FEM simulation, the
current in the left-hand side winding is 43.5 A and the current in the right-hand side
winding is 41.6 A.

flux density on the cross-section of the cores at this moment, where i, = 43.5 A and
iopk = 41.6 A. The saturation magnetic flux density of the core material (DMR96A) at 100
°C is 430 mT. As can be observed in Fig. 7.16, only a small portion of the magnetic cores
saturate. This demonstrates that the coupled inductor is able to handle the target saturation
current of 40 A.

7.2.2 Gate Drive Circuitry Design for High-Side Switches

One practical challenge of the hardware implementation is the gate drive circuitry for the
high-side switches in Stage 2 (i.e., SQHA/B_gHA/B). Due to the large number of high-side
switches, conventional cascaded bootstrapping [41] illustrated in Fig. 7.17(a) suffers from
accumulative voltage drops across bootstrap diodes, leading to considerable gate drive loss.

To address this challenge, this work adopts the synchronous bootstrap technique [92]
illustrated in Fig. 7.17(b), with a synchronous bootstrap daughterboard customized for this
demonstration, as shown in Fig. 7.10(b). By replacing bootstrap diodes with active FETSs,
the voltage drops in the bootstrap circuit can be greatly reduced, thus improving the gate
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Figure 7.17: Comparison between two gate drive techniques for the high-side switches in
Modules A and B. (a) Conventional cascaded bootstrapping that suffers from accumula-
tive voltage drops across bootstrap diodes. (b) Synchronous bootstrapping that replaces
bootstrap diodes with active FETs [92].

drive efficiency. Experimental results in Fig. 7.18 show that the total voltage drop in the
bootstrap circuit across seven daughterboards is only 0.7 V., which is typically the voltage
drop across one bootstrap diode in the conventional cascaded bootstrap circuit.

In Stage 1, the gate-driven charge pump circuit [41] is used to power high-side switches
S1 and Ss. S3 is powered by cascaded bootstrapping through a single diode.

7.2.3 Commutation Loop Optimization

Another implementation challenge is the commutation loop optimization. Large commu-
tation loop inductance can be detrimental in multiple ways, including large voltage spikes
during switching transitions that can cause device over-voltage, increased overlap loss if the
switching transition has to be slowed (e.g., with larger the gate resistance) to mitigate the
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Figure 7.18: Measured local gate drive voltages of Modules A and B in the hardware
prototype. The high-side gate drive supply voltage (Vgwu in Fig. 7.17(b)) is 5.4 V. The
voltage drop across the bootstrap diode (Dpoot in Fig. 7.17(b)) is roughly 0.3 V. The total
voltage drop across the seven daughterboards is only 0.7 V.
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Figure 7.19: Illustration of the commutation loops in (a) the dc-bus-based architecture
and (b) the switching-bus-based architecture.

voltage spike, increased parasitic inductance loss, and high-frequency ringing which leads to
electromagnetic interference (EMI) [93-95].

As illustrated in Fig. 7.19(a), in the dc-bus-based architecture, the commutation loops in
the two stages can be decoupled through the bus capacitor Cy,s. However, in the switching-
bus-based architecture, the two small commutation loops in Fig. 7.19(a) merge into one large
loop through the switching bus, as illustrated in Fig. 7.19(b).

Fig. 7.20(a) shows the original PCB layout of Stage 1 and Submodules 1A and 1B that
directly follows the schematic drawing in Fig. 7.1, which leads to a large commutation loop
(highlighted in blue) with a parasitic inductance of 2.75 nH (obtained through Ansys FEM
simulation). To reduce the size of the commutation loop, we swapped the positions of
Submodule 1A plus S3 and Submodule 1B plus S, split the flying capacitor bank C; into
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Figure 7.20: (a) Original PCB layout of Stage 1 and Submodules 1A and 1B that directly follows the schematic
drawing in Fig. 7.1, leading to a large commutation loop (highlighted in blue) with a parasitic inductance of 2.75 nH
(obtained through Ansys FEM simulation). (b) Improved PCB layout with Submodule 1A plus S3 and Submodule
1B plus S, swapped, the flying capacitor bank C; split, and two small decoupling capacitors Ciqg and Cigqa added
that dramatically reduces the size of the commutation loop (highlighted in blue) with a parasitic inductance of 1.76
nH (obtained through Ansys FEM simulation), demonstrating a reduction in parasitic inductance approximately
by half. (c) Schematic drawing of the original PCB layout with the commutation loop highlighted in blue. (d)
Schematic drawing of the improved PCB layout with the commutation loop highlighted in blue.
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Table 7.3: Key parameters and test conditions

Parameter Value
Nominal input voltage 48V

Nominal output voltage 1.0V
Full-load output current 500 A

120

Per-phase average inductor current at full load  31.25 A

Switching frequency 150 kHz
Gate drive voltage of Stage 1 8.0V
High-side gate drive voltage of Stage 2 54V
Low-side gate drive voltage of Stage 2 5.0V
Prototype box volume* 1.08 in?
Power component volume! 0.331 in3

* The box volume is defined as the volume of the best-fit
cuboid encompassing the entire solution, including the gate
drive circuitry.

t The power components included in the volume calculation
are switching devices, flying capacitors, and buck inductors.

Cia and Cyp, and added two small decoupling capacitors Ciga and Cigp, as demonstrated
in Fig. 7.20(b). It can be seen that this improvement dramatically shrinks the commutation
loop, reducing its parasitic inductance by one-third from 2.75 nH to 1.76 nH. The schematic
drawings of the original and improved PCB layout are shown in Figs. 7.20(c) and (d), with
the commutation loop highlighted in blue.

7.3 Experimental Results and Analysis

Table 7.3 lists the key parameters and test conditions of the hardware prototype presented in
Section 7.2. A TDK-Lambda GEN 60-85-3P480 60-V dc power supply was used to provide
the 48-V input voltage, and a Chroma 63203 600-A dc electronic load was used to sink the
output current. A Yokogawa WT3000E precision power analyzer was used to measure the
input voltage, input current, and output voltage, and the dc electronic load measured the
output current.

7.3.1 Experimental Waveforms

Fig. 7.21 shows the simulation and experimental waveforms of the switching bus voltages
Uswa and vgep. As shown in Figs. 7.21(a) and (b), at no load, the bus voltages switch between
two different levels (21 V and 24 V), as has been explained in Section 7.1 and illustrated in
Fig. 7.2. At full load, the flying capacitor voltage ripples are superimposed on the switching
bus voltage waveforms. As shown in Figs. 7.21(c) and (d), the experimental waveforms
are in good agreement with the simulation waveforms. Fig. 7.22 presents the simulation



CHAPTER 7. THE SWITCHING BUS CONVERTER: A HIGH-PERFORMANCE

48-V-TO-1-V ARCHITECTURE WITH INCREASED SC CONVERSION RATIO 121
2 P Vyur (5 Vidiv)
24 ]
2201 1 Vewp (5 V/div)
i T H H Al H
=1
5 22t I o
ool
wn 5.00
El ¢ b
.20
&
AR [ 1] [ ]
0 10 15 D e
Time (us) Time (2 ps/div)
(a) (b)

Switching Bus Voltage (V)
[\~ no ﬁ . 8 Do [\

UswA

UswB ‘

N
T T T
L L L

SN
T T T
L L

PWM signal

o

o s
I . [ ] [ ]
1‘0 1‘5
Time (us)
()

20

Vewa (5 V/div)

Ve (5 V/div)

000000

uuuuuu

Time (2 ps/div)
(d)

Figure 7.21: Waveforms of switching bus voltages vgya and vgyp. (a) Simulation waveforms
at no load. (b) Experimental waveforms at no load. (c) Simulation waveforms at full load.

(d) Experimental waveforms at full load.

and experimental waveforms of flying capacitor voltages C; and C;p-C7g. As can be seen,
the measured flying capacitor voltages are naturally balanced and in excellent agreement

with the simulation waveforms.

waveforms confirm the complete soft-charging operation of all flying capacitors.

Moreover, the smooth and continuous capacitor voltage
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Figure 7.22: Waveforms of flying capacitor voltages ve; and veip_crp. (a) Simulation wave-
forms at full load. (b) Experimental waveforms at full load.

7.3.2 Measured Performance and Loss Analysis

The proposed converter was tested up to 500-A output current at 1.0-V output voltage,
achieving a power density of 464 W/in® by box volume (the volume of the best-fit cuboid
encompassing the entire solution, including the gate drive circuitry). Fig. 7.23 shows the
thermal image of the prototype running continuously at full load with fan cooling only.
As can be observed in the thermal image, the distributed switch and capacitor network
inherently facilitates heat dissipation, and the vertically-stacked flying capacitors function
as natural heat sinks, which mitigates the hot-spot cooling challenges and enables easier
thermal management. It should be noted that custom heat sinks can be added to the
MOSFETS for better thermal performance without increasing the box volume since there is
currently 4 mm of unused space above the MOSFETsS.

Fig. 7.24 presents the measured efficiency of the hardware prototype. It achieved 94.7%
peak power stage efficiency at 104-A output current and 86.4% full-load power stage efficiency
at 500-A output current. With the gate drive loss included, it achieved 93.4% peak system
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Figure 7.23: Full-load thermal image at thermal equilibrium with fan cooling only (V;, = 48
V, Vour = 1.0V, Iy = 500 A). The blue arrow on the right-hand side indicates the direction
of airflow.
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Figure 7.24: Measured 48-to-1-V efficiency. Peak efficiency: 94.7% at I, = 104 A (93.4%
at Iy, = 132 A including gate drive loss). Full-load efficiency: 86.4% (86.1% including
gate drive loss) at I,,; = 500 A.

efficiency at 132-A output current and 86.1% full-load system efficiency at 500-A output
current.

In order to gain deeper insights into the origins of power loss in the prototype and to
identify potential avenues for performance improvement, a comprehensive loss breakdown
was conducted at both the peak system efficiency point and full-load point, as shown in
Fig. 7.25. The frequency-dependent losses (i.e., MOSFET switching loss, body-diode con-
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Figure 7.25: Loss breakdown of the hardware prototype. (a) Loss breakdown at the peak
system efficiency point. (b) Loss breakdown at the full-load point.
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duction loss, MOSFET gate drive loss, coupled inductor core loss, and parasitic inductance
loss) represent a large portion of the total loss at the peak system efficiency point, while
the conduction losses (i.e., MOSFET conduction loss, flying capacitor ESR conduction loss,
coupled inductor winding loss, and PCB trace conduction loss) are dominant at the full-load
point. The PCB trace conduction loss accounts for roughly a quarter of the total loss at the
peak system efficiency point and nearly half of the total loss at the full-load point. In future
work, the PCB trace conduction loss can be reduced with thicker copper layers or a more
compact PCB layout enabled by higher switching frequency.

7.3.3 Comparison of Measured Performance at Different SC
Stage Conversion Ratios

As revealed in the comparative analysis in Section 7.1.5, for regulated hybrid SC topologies,
a larger SC stage conversion ratio is favorable for achieving higher performance. To exper-
imentally verify this conclusion, this subsection compares and analyzes the performance of
the hardware prototype measured at different SC stage conversion ratios.

Due to the good modularity of the hardware prototype presented in Section 7.2, the
converter can be easily reconfigured for different SC stage conversion ratios. The SC stage
conversion ratio of the configuration shown in Figs. 7.1 and 7.9 is 16-to-1, which comes from
the multiplication of the 2-to-1 SC conversion ratio of Stage 1 and the 8-to-1 SC conversion
ratio of Stage 2. By removing Submodules 4A and 4B and short-circuiting flying capacitors
Cga and Cgp, Stage 2 can be reconfigured to have a 6-to-1 SC conversion ratio, making the
SC stage conversion ratio of the prototype 12-to-1. Similarly, an 8-to-1 SC stage conversion
ratio can be achieved with Submodules 3A, 3B, 4A and 4B removed and flying capacitors
Cya and Cyp short-circuited. The gate drive circuitry is designed to be reconfigurable as
well.

Fig. 7.26 shows the measured efficiency at different SC stage conversion ratios (Kgc),
with the operating conditions and key performance listed in Table 7.4. In all configurations,
the switching frequency was adjusted to maintain the same per-phase inductor current ripple
ratio, defined as the ratio of the peak ripple amplitude to the average value of the inductor
current. To facilitate a fair full-load efficiency comparison, all three configurations were
designed to achieve the same power density.

As can be observed in Fig. 7.26 and Table 7.4, with a larger SC stage conversion ratio,
the hardware prototype achieved both higher peak efficiency and higher full-load efficiency,
which experimentally verifies the theoretical benefits revealed in the comparative analysis
in Section 7.1.5. In theory, as shown in Figs. 7.6 and 7.7, the performance of the converter
can be improved by further increasing the SC stage conversion ratio from 16-to-1 to 20-to-1
(maximum allowable SC stage conversion ratio for 48-V-to-1-V conversion as explained in
Section 7.1.6), with one additional submodule added to each of the SCB modules. One
major benefit of a larger SC stage conversion ratio is the switch voltage stress reduction. In
practice, however, although the peak blocking voltages of the high-side switches Siya/B—sHa/B
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Figure 7.26: Measured 48-to-1-V efficiency at different SC stage conversion ratios (Ksc).

and the low-side switches Sia/B—sLa/p are 6 V and 3 V, respectively, with a 16-to-1 SC stage
conversion ratio and 48-V input voltage, the best-performance switching devices (Infineon
IQEO006NE2LM5CG and IQEO006NE2LM5) available on the market for this application are
rated at 25 V. Given that the switching devices are overrated, the theoretical potential
of the 20-to-1 configuration cannot be fully realized. This is why the hardware prototype
presented in this chapter adopts a SC stage conversion ratio of 16-to-1. To fully realized
the theoretical potential of the proposed switching bus topology, lower voltage devices with
better figure-of-merit are needed.

7.3.4 Performance Comparison with the State of the Art

Table 7.5 compares the performance of this work (16-to-1 SBC) to that of the state-of-the-
art 48-V-to-1-V academic works in previous literature, demonstrating the high efficiency and
high power density of this work. It is worth noting that the 20-to-1 switching bus converter
(SBC) is an extension of this work with a larger SC stage conversion ratio that achieves
excellent performance.

Table 7.6 shows a performance comparison between this work (16-to-1 SBC) and existing
48-V-to-1-V commercial products. It can be seen that this preliminary laboratory prototype
achieves outstanding efficiency and power density, even when compared to highly optimized
commercial power modules with advanced packaging.

In the switching bus converter, the conversion burden on the buck stage can be alleviated
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Table 7.4: Comparison of measured performance at different SC stage conversion ratios
(Ksc)

Ksc 16 12 8
Nominal duty ratio 0.333 0.25 0.167
Switching frequency™* 150 kHz 200 kHz 250 kHz
Per-phase inductor current ripple ratio* 12% 12% 12%
Overall output current at full load 500 A 380 A 260 A
Power density' 464 W /in3 464 W /in3 464 W /in3
Peak power stage efficiency 94.7% (at 104 A)  93.7% (at 82 A)  92.3% (at 64 A)
Full-load power stage efficiency 86.3% 86.1% 85.4%
Peak system efficiency 93.4% (at 132 A) 92.2% (at 112 A)  90.7% (at 80 A)
Full-load system efficiency 86.1% 85.7% 85.0%

* In all configurations, the switching frequency was adjusted to maintain the same per-phase induc-
tor current ripple ratio, defined as the ratio of the peak ripple amplitude to the average value of
the inductor current.

t To facilitate a fair full-load efficiency comparison, all three configurations were designed to achieve
the same power density.

by increasing the SC stage conversion ratio, which enables inductor volume reduction. This
means that the target power density can be achieved with a lower switching frequency,
contributing to lower switching losses and higher efficiency.

7.4 Chapter Summary

This chapter presents a switching bus converter for direct 48-V-to-Pol. power conversion in
data centers. In the proposed topology, a 2-to-1 SC front-end is merged with two 8-branch
SCB modules through two switching buses, achieving a SC stage conversion ratio of 16-to-
1. Compared to the existing dc-bus-based architecture, the proposed switching-bus-based
architecture does not require dc bus capacitors, reduces the number of switches, and ensures
complete soft-charging operation.

Through a comparative analysis based on the normalized switch stress and the normalized
passive component volume, this chapter reveals that a regulated hybrid SC topology with a
larger SC stage conversion ratio has the potential to achieve both higher efficiency and higher
power density, which is experimentally verified with measured performance at different SC
stage conversion ratios. In order to achieve a larger SC stage conversion ratio, this work (16-
to-1 SBC) modifies the control scheme of the SCB modules from multi-phase to two-phase
operation, which extends the maximum duty ratio and allows for more SCB branches.



Table 7.5: Performance comparison between this work (16-to-1 SBC) and the state-of-the-art 48-V-to-1-V academic

works

Year Reference Output Current ]S“)rizlﬁet;rcli* Power Density™** Power Stage Efficiency System Efficiency’

9023 This work 500 A 150 KT 464 W /in? Peak efficiency: 94.7% 93.4%

-to- . phase y box volume ull-load efficiency: 86.4% 1%

16-to-1 SBC 31.3 A/ph z by b 1 Full-load effici 86.4% 86.1%

9023 20-to-1 SBC [96] 1200 A 900 Kz 607 W /in3 Peak efficiency: 93.8% 92.4%

(extension of this work) (30 A/phase) (by box volume) Full-load efficiency: 87.9% 87.5%

450 A 621 W /in? Peak efficiency: 93.1% 91.7%

: phase y box volume ull-load efficiency: 86.2% 8%

2023 MSC [97] 28.1 A/ph 40KHZ 1y box vol Full-load efficiency: 86.2% 85.8%

. 240 A 1390 W /in? Peak efficiency: 87.1% 84.1%

2023 Mini-LEGO [9§] (20 Ajphase) P MHZqhox volume)  Full-load efficiency: 84.1% 82.3%

105 A 598 W /in? Peak efficiency: 83.5% 81.4%

. phase y box volume -load efficiency: 71.5% 9%

2022 SDIH [82] 52.5 A/ph 750 kHz by b 1 Full-load effici 71.5% 70.9%

. 270 A 360 W /in? Peak efficiency: 93.8% 91.6%

2

2022 Dickson® [75] (30 A/phase) 2SO RHZ 0 hox volume)  Full-load efficiency: 88.4% 87.7%

450 A 232 W/in? Peak efficiency: 95.2% 93.3%

2022 VIB [77] (28.1 A/phase) AT Kz (by box volume) Full-load efficiency: 89.1% 88.1%

60 A 263 W /in3 Peak efficiency: 92.7% 91.5%

2022 MLB [76] (30 A/phase) 250 ki (by box volume) Full-load efficiency: 88.6% 88.4%

450 A 294 W /in3 Peak efficiency: 91.1% 88.4%

2022 LEGO [83] (37.5 A/phase) L Mitz (by box volume) Full-load efficiency: 85.7% 84.8%

;3
Crossed-coupled 40 A 150 W/in Peak efficiency: 95.1%* N/A
2020 125 kHz (by power

QSD buck [70] (20 A/phase) component volume) Full-load efficiency: 92.7%* N/A

: 420 W /in? Peak efficiency: 94.0% N/A

2020 Sigma [99] 80 A 1 MHz (by box volume) Full-load efficiency: 92.5% N/A

* Switching frequency of the voltage regulation stage.
** The box volume is measured as the smallest rectangular box that can contain the converter, including the gate drive circuitry.

t Gate drive loss is included in the calculation of system efficiency.

fAccording to direct correspondence with the author.
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Table 7.6: Performance comparison between this work (16-to-1 SBC) and existing 48-V-to-1-V commercial products

Release Year Reference (?E:gi gng;t;g%* Power Density™** System Efficiency'
2023 This work (16-to-1 SBC) 500 A 150 kHz 464 W /in3 Peak: 93.4%, Full-load: 86.1%
2021 ADI LTM4664 [100] 50 A 350 kHz 415 W /in3 Peak: 90.8%, Full-load: 88.0%
2018 Bel Power Solutions ST4-1VOMO7G [101] 70 A 450 kHz 167 W /in3 Peak: 91.5%, Full-load: 90.5%
2016 TI LMG5200POLEVM-10 [102] 50 A 600 kHz N/A Peak: 90.7%, Full-load: 87.6%
R A

* Switching frequency of the voltage regulation stage. **Power density calculated by the box volume.

t Gate drive loss is included in the calculation of system efficiency. fRecommended and provided by Vicor’s online Power

System Designer.
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In order to validate the theoretical potential of the proposed topology, we designed and
built a modular hardware prototype with custom two-phase coupled inductors. The syn-
chronous bootstrap technique, implemented on custom daughterboards, was used to over-
come the accumulative voltage drops seen when using conventional cascaded bootstrapping
diodes. Additionally, the PCB layout was optimized for smaller commutation loops along
the switching buses.

The hardware prototype was tested up to 500-A output current at 1-V output voltage,
achieving 93.4% peak system efficiency, 86.1% full-load system efficiency (including gate
drive loss), and 464-W/in® power density (by box volume). Compared to state-of-the-art
48-V-to-1-V academic works and commercial products, this switching bus converter proto-
type achieved both excellent efficiency and power density. The performance of this hardware
prototype demonstrates the great potential of the switching-bus-based architecture and un-
derscores the benefits of a larger SC stage conversion ratio.
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Chapter 8

A 1500-A /48-V-to-1-V Switching Bus
Converter for Next-Generation
Ultra-High-Power Processors

8.1 Motivation for Vertical Power Delivery

To address the challenges of 48 V to point-of-load (PoL) power conversion mentioned in
Section 1.3, multiple solutions have been proposed in previous literature for 48-V-to-PoL
power conversion in data centers, including transformer-based solutions [99, 105-109] and
hybrid switched-capacitor (SC) solutions [64, 65, 70, 75-77, 81-83, 97, 110-115]. Relying
on highly optimized LLC converters [116], transformer-based solutions can achieve high
performance with integrated magnetics and planar matrix transformers which leverages flux
cancellation [117]. Although galvanic isolation is achievable in transformer-based topologies,
it is typically not necessary for 48-V-to-PoL applications [118]. As an emerging family of
topologies, hybrid SC converters can leverage both the greatly superior energy density of
capacitors compared to magnetic components [86, 88| and the better figure-of-merit (FOM)
of low-voltage switching devices compared to high-voltage devices [4].

Both transformer-based and hybrid SC solutions can be developed with either a two-
stage architecture [77, 83, 106, 107, 111, 112, 114] or a single-stage architecture[64, 65, 70,
75, 76, 81, 82, 97, 99, 108-110, 113, 115, 119]. In the two-stage architecture, the 48-V bus
voltage needs to be first stepped down to a lower dc bus voltage (e.g., 12/8/6 V) with a
fixed-ratio intermediate bus converter (IBC) such as LLC converters [106, 107, 117] and
resonant SC converters [62, 120-122], and then regulated down to 1 V at the point-of-load
(PoL)) with multi-phase VRMs. In the single-stage architecture, as its name suggests, the
48-V bus voltage is directly regulated down to 1 V within one conversion stage without an
intermediate dc bus.

In pursuit of a more efficient and compact alternative to the existing two-stage lateral
power delivery (LPD) solution shown in Fig. 1.4, this chapter proposes an ultra-high-current
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Figure 8.1: Single-stage vertical power delivery (VPD) architecture for next-generation
ultra-high-power processors with the proposed 48-V-to-1-V switching bus converter (SBC).
In this VPD solution, the SBC on the bottom side of the motherboard can vertically deliver
an ultra-high current to the processor on the top side through vias, which can greatly reduce
the PDN size and PDN losses.

48-V-to-1-V hybrid SC voltage regulator, named the switching bus converter (SBC), to
address the aforementioned challenges through single-stage vertical power delivery (VPD),
as illustrated in Fig. 8.1. In this single-stage VPD solution, the proposed SBC is placed
on the bottom side of the motherboard directly underneath the processor so that it can
deliver the ultra-high current vertically to the top side through vias, which greatly reduces
the PDN size and PDN losses and saves the valuable topside area on the motherboard for
high-speed communication and memories. Moreover, merging two conversion stages into one
single stage reduces power conversion losses and eliminates the need for dc bus capacitors,
which effectively improves overall system efficiency and power density.

More specifically, the proposed topology merges two 2-to-1 SC front-ends and four 10-
branch series-capacitor-buck (SCB) modules through four switching buses. Revealed by a
topological comparison, the proposed topology exhibits the theoretical potential of achiev-
ing both higher efficiency and higher power density than existing 48-V-to-1-V hybrid SC
demonstrations. To validate its theoretical potential, a hardware prototype was built with
custom four-phase coupled inductors and gate drive daughterboards and tested up to 1500
A of output current. The prototype achieved a peak system efficiency of 92.7%, a full-load
system efficiency of 85.7%, and a power density of 759 W /in® at 1500-A output current and
1-V output voltage. This article expands upon our earlier conference publications [96, 123]
with additional explanations for the design and optimization of the four-phase coupled in-
ductor, an in-depth loss analysis of the hardware prototype, as well as a more comprehensive
performance comparison with the state-of-the-art academic and industry solutions.

The remainder of this chapter is organized as follows: First, Section 8.2 introduces the
topology and operating principles of the proposed switching bus converter, explains the ad-
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vantages of the proposed switching-bus-based architecture over the existing dc-bus-based
architecture, and demonstrates the theoretical potential of the proposed topology through a
topological comparison. Section 8.3 presents the 1500-A hardware prototype and discusses
the key design considerations for the four-phase coupled inductor and the gate drive circuitry.
Section 8.4 demonstrates measured performance, loss analysis, and performance comparison
with state-of-the-art academic works and commercial products. Finally, Section 8.5 summa-
rizes the contribution of this chapter.

8.2 Switching Bus Converter

8.2.1 Proposed Topology and Operating Principles

Fig. 8.2 shows the schematic drawing of the proposed switching bus converter, which merges
two 2-to-1 SC front-ends (i.e., Stage 1) with four 10-branch series-capacitor-buck (SCB)
modules (i.e., Modules A-D in Stage 2) through four intermediate buses (i.e., Switching buses
A-D). As illustrated in the key waveforms and control signals in Fig. 8.3, the intermediate bus
voltages vswa-Uswp always switch between two voltage levels rather than being dc. Therefore,
this type of intermediate bus interfacing two conversion stages is referred to as a switching
bus, the concept of which was first introduced in [75]. It should be noted that although the
SC front-ends and SCB modules are referred to as Stage 1 and Stage 2 in the schematic
drawing to facilitate understanding, the proposed topology is still considered a single-stage
architecture since there is no intermediate dc bus.

Each SCB module consists of five submodules and operates in a two-phase fashion with
a 180° phase shift between neighboring branches. The control signals of Modules C and D
are 90° phase shifted with respect to those of Modules A and B to ensure the four-phase
symmetric interleaving of ¢1a, @10, P2a, and ¢oc, and of @15, ¢1p, Pop, and ¢op, which
enables the use of four-phase coupled inductors illustrated with the grey boxes. All flying
capacitor voltages and inductor currents in the proposed topology are naturally balanced
because of the negative feedback mechanism of the series-capacitor-buck (SCB) converter,
as explained in [79] and [124]. The low-side switches Sipx—10Lx (X = A, B, C, D) can operate
with zero-voltage switching (ZVS) turn-oN, provided continuous forward inductor current
and sufficient deadtime.

In existing de-bus-based two-stage architectures [106, 107, 111, 112], a large dc bus
capacitor is typically required to maintain a stiff dc bus voltage, which hinders converter
miniaturization. In [77], the intermediate bus capacitance was reduced by allowing a sig-
nificant ripple on the bus voltage. However, this led to the hard charging between the
intermediate bus capacitor and flying capacitors, which induced additional charge-sharing
losses. Similarly, in[83, 114], filter capacitors were required on the intermediate buses to
filter the high-frequency pulsating current from the buck stage, which led to undesired hard-
charging operation and additional charge-sharing losses. In contrast, the proposed switching-
bus-based architecture allows the intermediate buses to switch between two voltage levels,
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thus eliminating the need for intermediate bus capacitors, while guaranteeing complete soft-
charging operation for all flying capacitors as well. In addition, the switching-bus-based
architecture enables a reduction in the number of switches, since one redundant switch is
removed on each switching bus while the two stages are merged.

It is worth noting that the switching bus concept can be generalized to enable the combi-
nation of different SC topologies. As a result, a family of regulated hybrid SC topologies can
be generated. For example, the Dickson? converter [75], where the concept of a switching
bus was first introduced, merges a 3-to-1 Dickson front-end and three 3-branch SCB mod-
ules through three switching buses. Other examples include the MLB converter [65] and the
CaSP converter [64]. In addition to regulated hybrid SC topologies, the switching bus con-
cept has also been adopted in fixed-ratio multi-resonant SC converters [84] for 48-V-to-12-V
data center applications.

8.2.2 Topological Comparison

In this section, a topological comparison is performed to show the theoretical potential of
the proposed topology compared to existing 48-V-to-1-V hybrid SC demonstrations. The
topological comparison is based on two metrics: a) normalized switch stress as an indicator
of efficiency and b) normalized passive component volume as an indicator of power density.

The normalized switch stress, denoted as Mg, is defined as the total switch volt-ampere
(VA) stress normalized to the output power, expressed by the following equation:

Z ‘/ds,i[d(rms) K

Me — switches 7 8.1
i ‘/out I out ( )

where Vg, ; represents the peak blocking voltage across switch ¢ assuming no capacitor voltage
ripple, and I4(ms),; is the RMS value of the current through switch ¢ assuming no inductor
current ripple. The Mg value serves as an indicator of the VA stress experienced by the
switches in a given topology when transferring one per-unit watt of power from input to
output. A lower normalized switch stress is preferable because it indicates lower switching
losses, lower conduction losses, and smaller switch sizes, which contribute to higher efficiency
and higher power density.

The normalized passive component volume, denoted as Mp, can be assessed with an
energy-based approach by analyzing the peak energy stored in each passive component [86,
87]. The Mp value reflects the overall volume of passive components required to meet given
ripple requirements on inductor currents and flying capacitor voltages while transferring
one per-unit watt of power from input to output. A smaller normalized passive component
volume is preferred, as it indicates higher power density. Detailed derivations and analyses
of the normalized passive component volume can be found in [85].

A topological comparison between this work and existing 48-V-to-1-V hybrid SC demon-
strations is presented in Table 8.1 and visualized in Fig. 8.4. A regulated hybrid SC topology
typically consists of a SC stage for fixed-ratio voltage step-down and a multi-phase buck-type
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stage for the remainder of the voltage conversion task, output voltage regulation, and soft-
charging operation [85]. A larger SC stage conversion ratio (Kg¢) alleviates the conversion
burden on the following buck-type stage and enables buck-type stage efficiency improvement
and inductor size reduction. Due to the fact that inductors are much less energy dense
compared to capacitors [1] and typically dominate the volume of power converters, it is fa-
vorable to design the SC stage to take on more voltage conversion burden, which contributes
to overall converter volume reduction and efficiency improvement. The proposed switching
bus converter topology can be extended to different SC stage conversion ratios by changing
the number of submodules in Stage 2. For 48-V-to-1-V conversion, the allowed SC stage
conversion ratios are Kgc = 4,8,12,16,20. Given that a larger SC stage conversion ratio
enables higher performance, this work adopts the maximum allowable SC stage conversion
ratio Ksc(max) = 20. It is worth noting that such a large SC stage conversion ratio is enabled
by the two-phase operation of the SCB modules and is not achievable with the conventional
multi-phase operation [85].

As shown in Table 8.1 and Fig. 8.4, the proposed topology stands out as it achieves the
lowest normalized switch stress and the smallest normalized passive component volume with
the largest SC stage conversion ratio, indicating its great potential for both higher efficiency
and higher power density compared to prior hybrid SC solutions.

8.3 Hardware Implementation and Design
Considerations

This section introduces a 48-V-to-1-V hardware prototype designed and constructed to val-
idate the functionality and performance of the proposed topology. Fig. 8.5 presents the
photograph of the prototype, with the top view showing the power stage and the bottom
view showing the gate drive circuitry. Fig. 8.6 annotates the submodules and main circuit
components of the prototype, which shows its good modularity and extendibility. Table 8.2
lists the main circuit components.

To optimize the use of the prototype’s box volume, all flying capacitors are stacked in two
layers, aligning with the height of the coupled inductors. The stacked flying capacitors also
function as effective natural heat sinks, as they are connected to power MOSFETSs through
thermally conductive PCB traces. Moreover, the distributed switch and capacitor network
contribute to an inherent heat-spreading mechanism. The 2-mm thick PCB has 6 layers,
with 6-oz copper on the two outer layers and 2-oz copper on the four inner layers.

8.3.1 Four-Phase Coupled Inductor

As introduced in Section 8.2.1, each group of the four inductors highlighted with grey boxes in
Fig. 8.2 can be implemented as a four-phase coupled inductor. Compared to discrete induc-
tors, coupled inductors can achieve faster transient response without sacrificing steady-state
current ripple [125] and can achieve core volume reduction through dc flux cancellation [76].



Table 8.1: Topological comparison between this work and existing 48-V-to-1-V hybrid SC demonstra-

tions

SC Stage Buck Stage Buck Stage  Normalized  Normalized Passive

Year Reference Conversion Ratio Conversion Ratio Duty Ratio Switch Stress Component Volume
(Ksc) (Kbuck) (D) (Ms) (Mp)
2020 Cégsgeg;ﬁ“ﬁl&d 4:1 12:1 0.083 24.2 2.08
2020 DIH [81] 6:1 8:1 0.125 14.7 2.40
2021 CaSP [64] 6:1 8:1 0.125 23.5 2.02
ggg; Mirﬁi%%([f?ﬁm] 6:1 8:1 0.125 17.6 2.41
2023 SDIH [82] 6:1 8:1 0.125 14.7 2.40
2022 MLB [76] 8:1 6:1 0.167 23.7 2.03
2022 VIB [77] 8:1 6:1 0.167 14.3 2.07
2023 MSC [97] 8:1 6:1 0.167 15.1 1.95
2022 Dickson? [75] 9:1 5.33:1 0.188 14.8 1.90
2023  16-to-1 SBC [115] 16:1 3:1 0.333 10.2 1.69
2023 This work 20:1 2.4:1 0.417 8.99 1.56
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Figure 8.4: Normalized switch stress (Ms), normalized passive component volume (Mp)
and SC stage conversion ratio (Kgsc) of state-of-the-art regulated hybrid SC topologies for
48-V-to-1-V conversion. A lower normalized switch stress is more desirable since it indi-
cates lower losses and higher efficiency. A smaller normalized passive component volume
is preferable, as it implies a smaller converter volume and higher power density. The pro-
posed switching bus converter topology can be extended to different SC stage conversion
ratios by changing the number of submodules in Stage 2, as illustrated with the dashed
curve. Each dot on the dashed curve represents an implementation of the switching bus
converter at a SC stage conversion ratio corresponding to its color.

In pursuit of high performance, a four-phase coupled inductor presented in Fig. 8.7 com-
prising two pieces of magnetic cores and four pieces of one-turn copper windings was cus-
tomized for this hardware prototype. The magnetic cores were fabricated with DMEGC
DMR96A Mn-Zn ferrite material [91]. To minimize conduction losses on the vertical output
current path, each winding is connected to the output bus bar on the back of the PCB
through plated through holes.

The subsequent part of this subsection details the key design considerations and optimiza-
tions of the four-phase coupled inductor. The per-phase steady-state inductance (Lg) and
transient inductance (Ly,) [126, 127] of a symmetric four-phase coupled inductor operating
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Figure 8.5: Photograph of the hardware prototype. Converter dimensions: 7.97 x 1.02 x0.244
3(202.5 x 25.8 x 6.2 mm?). (a) Complete view. (b) Top view showing the power stage.

(c) Bottom view showing the gate drive circuitry.

at a duty ratio between 0.25 and 0.5 can be expressed as

P Gk 7 [ e
1+(D+ﬁ_2>8
Lu=(1+a)l, (8.3)

where D is the duty ratio, D’ =1— D, L and M are the self and mutual inductances of the

coupled inductor, and « is the coupling coefficient defined as
3M
(8.4)



&
=
w
=)

Submodule 5A Submodule 4A Submodule 3A bmodule 2A bmodule 1A Stage 1 bmodule 1B bmodule 2B Submodule 3B

a8y
* diog
P dHolg =
v ll

.
° ansg | =
Ps ﬂb:)

s : vo 2F Q2 £ P
o A B O s A S e e e T b b
g £ ¢ ¢ 6 F
s. i @
: -l | ¢ & SOONCIRE
: £9 oga ogo ofo g0 ofo golM 3  o#= o o (ol
. SR > (B I [ BB 21 OBk : & BRA: & BN & | 2 gia EZ:I
T g I e b A BTy AR S e P Tk R e
Submodule 5C Submodule 4C Submodule 3C Submodule 2C " Submodule 1C ’ Stage 1 Submodule 1D Submodule 2D Submodule 3D S dule 4D Submodule 5D
‘ 7.97 in (202.5 mm) ‘
‘ 5C 4C Submodule 3C bmodule 2C bmodule 1C Stage 1 Submodule 1D bmodule 2D Submodule 3D bmodule 4D 5D
w P i v i T T T T U E Ty b T e - b fbabsh | Polag NN SRR RENEEEENEEERERNRRANCE I
S T T e 7 A S gy = - B e T b
S rgn 13 b ¥ 5 e, Oﬁt‘g:ﬁ:usﬂérﬁ : s 1 :SE Output bus bar. L7 R, < Enlj B
5§ F | e S 2 . I8 ; i R
= I N NN NNEER P T P b L Rt s et et e | 5
dule 5A Submodule 4A Submodule 3A t d 2A bmodule 1A Stage 1 bmodule 1B - dule 2B Submodule 3B bmodule 4B bmodule 5B N
Figure 8.6: Submodules and key circuit components of the hardware prototype.
Table 8.2: Component list of the hardware prototype
Component (X = A,B,C,D) Part number Parameters
MOSFET S;_g Infineon IQE013NO4LM6CGSC 40 V, 1.35 mS2, dual-side cooling
MOSFET Sopx—10HX Infineon IQEO06NE2LM5CGSC 25 V, 0.58 mf2, dual-side cooling
MOSFET Sir.x—10nx Infineon IQEO06NE2LM5CGSC 25V, 0.58 mf2, dual-side cooling
Infineon IQE004NE1LM6 15V, 0.45 m{2
Flying capacitor Ci 2 TDK C3216X7R1H106K160AE XT7R, 50 V, 10 pF*x20 (in parallel)
Flying capacitor C1x_gx TDK C3216X6S1E226 M160AC X68S, 25 V, 22 uF*x6 (in parallel)
Flying capacitor C7x_gx TDK C3216X5R1A107M160AC X5R, 10 V, 100 uF*x6 (in parallel)
Input capacitor Cj, KEMET C1206C224K1RECAUTO X7R, 100 V, 0.22 uF*x14 (in parallel)
Output capacitor Coyt Murata GRM219R60J476 ME44D X5R, 6.3 V, 47 uF*x248 (in parallel)
Gate driver in Stage 1 Texas Instruments UCC27212 4-A peak source, 4-A peak sink
Low-side gate driver in Stage 2  Texas Instruments LMG1020 7-A peak source, 5-A peak sink
High-side gate driver in Stage 2 Texas Instruments LM27222 3-A peak source, 4.5-A peak sink

* The capacitance listed in this table is the nominal value before dc derating.
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Figure 8.7: Custom four-phase coupled inductor. Dimensions: 18.5 x 10.5 x 3.2 mm?3.
(a) 3D rendering of the coupled inductor with current paths annotated. Each winding is
connected to the output bus bar on the back of the PCB through plated through holes
in order to minimize conduction losses on the output current path for VPD. (b) Coupled
inductor assembly with two pieces of Mn-Zn ferrite cores and four pieces of one-turn copper

windings: @D— @— @— @ .

In this design, the four phases of the coupled inductor are negatively coupled to achieve
dc flux cancellation, meaning that the mutual inductance (M) is negative, resulting in a
negative coupling coefficient. In (8.4), the coupling coefficient («)) has been normalized and
is a design variable that can vary between 0 and -1. A coupling coefficient closer to -1
indicates stronger magnetic coupling.
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Figure 8.8: Ratios of the self and transient inductances to the steady-state inductance

( LLSS and f—t) as functions of the coupling coefficient (o) when the duty ratio (D) is 0.417.

Magnetic coupling becomes stronger as « varies from 0 towards -1.

In practical design problems, the per-phase steady-state inductance (Lg) of a coupled
inductor needs to be greater than or equal to a minimum value (Lg(min)) in order to meet
given current ripple requirements, i.e., to ensure the per-phase peak-to-peak current ripple
does not exceed the specified upper limit Ay, pmax). This minimum steady-state inductance
value can be calculated as

DI%ut
Lss(min) -

= 8.5
fswAZL,pp(max) ( )

where fg, is the switching frequency and V4 is the output voltage. Since Lgy(min) is a design
target that needs to be satisfied, it is fixed in the following optimization procedure.

Fig. 8.8 shows the ratios of the self and transient inductances to the minimum steady-
state inductance (—%— and —2—) when D = 0.417, which can be obtained from (8.2) and

Lss(min) Lss(min)
(8.3) as

1 3 a

1+ (—+— —2) —

L D D 6
= (8.6)

Lss(min) (1 — %) (1+a)
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Lgs(min) B (1 _ 2) (8.7)

As can be seen, the transient inductance (L, ) always decreases with stronger coupling (i.e.,
with a coupling coefficient « closer to -1), which contributes to a faster transient response.
However, with a coupling coefficient beyond -0.8, the self-inductance (L) required to main-
tain the minimum steady-state inductance (Lss(min)) increases dramatically. For a coupled
inductor with a fixed length of air gap, a higher self-inductance typically requires a larger
core volume. This implies that the self-inductance can serve as a proxy for the core volume
in the optimization of gapped coupled inductors. Given Lgymin), & coupled inductor design
that requires a smaller self-inductance (L) is preferable, as it indicates a smaller core volume.

For a smaller core volume and a faster transient response, the self-inductance (L) and
the transient inductance (L) both need to be minimized. To strike a trade-off between
these two conflicting objectives, a cost function is defined for this optimization problem as
the geometric mean of L and Ly,:

f(a,D) =+/LLy, (8.8)

which needs to be minimized. With (8.5)-(8.7) inserted, equation (8.8) can be rearranged as

D’ «
D’ — —2D") =
+(D 3 )6 o

(1 - %) 1+a JowNiL pp(max)

fla, D) =

(8.9)

Since Vout, few and Adp ppmax) are fixed in each design, f(o, D) can be normalized by
Vout as
fSWAZL,pp(HlaX>

D’ o)
D+ |—=+3-2D")~=
' fa, D <D ) 6
f(a, D) = (v ) _ _ . (8.10)
Vot (1-5)vita
fSWAZL,pp(maX) 3

~

It is worth noting that this normalized cost function (f(«, D)) is dimensionless and design-
independent, which makes it widely applicable for the optimization of gapped coupled in-
ductors. Apparently, minimizing f(«, D) is equivalent to minimizing f (o, D).

The nominal duty ratio of the proposed topology for 48-V-to-1-V conversion is 0.417,
and the maximum allowable duty ratio during transients is 0.5. To minimize the normalized

~

cost function (f (a, D)) while ensuring that the peak-to-peak current ripple never exceeds
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Air, pp(max) When the duty ratio (D) varies between 0.417 and 0.5, the optimum coupling
coeflicient (a,pt) can be obtained as

Qopt = argmin( max f(a, D) ) (8.11)

a€[-1,0) \  DE[0417,0.5]

—
worst-case scenario for each «

Fig. 8.9 illustrates this optimization process by sweeping o and D within the range of interest,
with the color and contour lines showing the value of f (a, D). According to Fig. 8.9, the
optimum coupling coefficient () for this design is —0.92, which minimizes f (o, D) and
thus minimizes f(a, D).

The four-phase coupled inductor illustrated in Fig. 8.7 was designed around this optimum
coupling coefficient agp, = —0.92, with manufacturing tolerances taken into consideration.
Table 8.3 summarizes key parameters and operating conditions of this four-phase coupled
inductor.

The current handling capability of the designed four-phase coupled inductor is verified by
circuit and finite element method (FEM) simulations using PLECS and Ansys, respectively.
Fig. 8.10 shows the simulation waveforms of the four-phase interleaved winding currents at
the full-load conditions listed in Table 8.3, with the directions of the winding currents il-
lustrated in Fig. 8.7(a). As annotated in Fig. 8.10, the magnetic cores are most prone to
saturation at Moments I-IV when the current in one phase reaches its peak value. Fig. 8.11
shows the Ansys FEM simulation results of the magnetic flux density distributions in the
bottom core. Figs. 8.11(a) and (b) depict the surface and cross-sectional magnetic flux
density distributions in the bottom core at Moment 1. Since current ¢; reaches its peak at
Moment I and is the highest among the four winding currents, the magnitude of the magnetic
flux density around Winding 1, as annotated in Fig. 8.7(a), is the highest. The saturation
magnetic flux density of the core material (DMRI6A [91]) is 540 mT at 25 °C and 430 mT
at 100 °C. As Figs. 8.11(a) and (b) show, only a small portion of the bottom core around
Winding 1 saturates at Moment I. Similarly, Figs. 8.11(c) and (d) depict the magnetic flux
density distributions at Moment II when i reaches its peak, showing marginal saturation
around Winding 2. Because of the symmetry of the core geometry, the magnetic flux den-
sity distributions at Moments III and IV, after being rotated by 180° around the center of
the bottom core, are identical to those at Moments I and II. Therefore, the magnetic flux
density distributions at Moments III and IV are omitted in Fig. 8.11. In summary, the FEM
simulation results presented in Fig. 8.11 demonstrate that the four-phase coupled inductor
is capable of handling the 37.5-A per-phase average current at the full-load conditions listed
in Table 8.3.

8.3.2 Gate Drive Circuitry

One practical implementation challenge of the proposed topology is the gate drive circuitry
for the high-side switches in the SCB modules in Stage 2 (i.e., Sepx_10nx, X = A, B, C, D).
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Figure 8.9: Optimization of the coupling coefficient (o) with a duty ratio (D) varying
between 0.417 and 0.5. The color and contour lines of this figure show the value of the
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normalized cost function (f(«, D)) defined in (8.8).
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Figure 8.10: Simulation waveforms of winding currents for the four-phase coupled inductor
at full load, with a per-phase average current of 37.5 A and other operating conditions
listed in Table 8.3. The directions of the winding currents are illustrated in Fig. 8.7(a).
The magnetic cores are most prone to saturation at Moments [-IV when the current in
one phase reaches its peak value, as annotated with the dashed line. The magnetic flux
density distributions in the bottom core at Moments I and II are shown in Fig. 8.11.
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Figure 8.11: Magnetic flux density distributions in the bottom core at Moments I and II, as annotated in Fig. 8.10,
when the magnetic cores are most prone to saturation. The magnetic flux density distributions at Moments I1I and
IV are omitted since they are identical to those at Moments I and II after being rotated by 180° around the center of
the bottom core. (a) Surface flux density distribution at Moment I. (b) Cross-sectional flux density distribution at
Moment I. (¢) Surface flux density distribution at Moment II. (d) Cross-sectional flux density distribution at Moment
II.
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Table 8.3: Key parameters and operating con-
ditions of the four-phase coupled inductor

Parameter Value
Coupling coefficient -0.91
Per-phase steady-state inductance® 260 nH
Per-phase transient inductance 31.8 nH
Overall transient inductance (40 phases) 0.80 nH
Per-phase dc resistance 0.16 mQ2
Output voltage 1.0V
Switching frequency 220 kHz
Nominal duty ratio 0.417

Per-phase peak-to-peak current ripple* 10.2 A
Per-phase average current at full load 375 A
Height 3.2 mm

* Four-phase average value at D = 0.417.

Due to a large number of high-side switches in the SCB modules, conventional cascaded boot-
strapping suffers from accumulative voltage drops across bootstrap diodes, leading to higher
gate drive losses and gate drive voltage mismatch along the cascaded bootstrap chain [41].
To ensure that all high-side switches can be fully enhanced, the ground-referenced power
supply Vanwu needs to be higher than the required gate drive voltage for full enhancement,
such that there remains sufficient voltage at each switch after the diode voltage drop. For
switching devices that only allow a narrow range of gate drive voltage, such as GaN tran-
sistors, low-dropout (LDO) regulators are typically required to tightly regulate the local
gate drive voltage at the required level, which further increases gate drive losses and circuit
complexity.

To address this challenge, this chapter customized a new gate drive circuit for the pro-
posed topology by hybridizing gate-driven charge pumps [41] and cascaded bootstrapping, as
shown in Fig. 8.12(a). In this hybrid gate drive circuit, switches Sopx 4nx.... 10mx are powered
with gate-driven charge pump circuits, and switches Ssux sux... gux are powered with cas-
caded bootstrap circuits. Fig. 8.12(b) illustrates the control signals of the hybrid gate drive
circuit. Charge-pump capacitors Cpump2X pump4X,- pumpiox are charged by flying capacitors
Cax 4x, 10x When ¢pepx = 0, and local decoupling capacitors Copx 4nx ... 10ux are charged by
the additional gate driver GDcpx when ¢pcpx = 1. To ensure proper operation, ¢cpx must
be high when ¢ox = 1. Otherwise, charge-pump capacitors Cpump2x pumpdX, - pumpiox Will
be overcharged by flying capacitors Cix sx .. gx through high-side switches Sopx 4mx ... 10m%
when ¢ox = 1. Therefore, as can be seen in Fig. 8.12(b), the pulse width of ¢pcpx is greater
than that of ¢ox to ensure pcpx always encompasses dox. This hybrid gate drive circuit was
implemented as the green daughterboard presented in Fig. 8.13 with good modularity. In
the hardware prototype presented in Figs. 8.5 and 8.6, the gate drive daughterboards were
mounted on the bottom side of the red power board underneath the power MOSFETSs.
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Figure 8.12: Hybrid gate drive circuit customized for the high-side switches in Module
X (X =A,B,C,D), where switches Sonx 4nx.... 10ux are powered with gate-driven charge
pump circuits, and switches Ssux sux.... gux are powered with cascaded bootstrap circuits.
(a) Schematic drawing. (b) Control signals.
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Figure 8.13: Photograph of the custom gate drive daughterboard for powering the switches
in Module X (X = A,B,C,D), including high-side and low-side switches. Dimensions:

18.5 x 5.5 x 1.0 mm?.
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Figure 8.14: Gate drive circuitry for switches S;_4 in Stage 1. S; and Sy are powered with
gate-driven charge pump circuits. Sz is powered with cascaded bootstrapping through a
low voltage-drop diode D3. Control signals ¢4, &1 and ¢sop are illustrated in Fig. 8.3.

The gate drive circuitry for switches S5_g is the same.
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Table 8.4: Key parameters and test conditions of the hard-
ware prototype

Parameter Value

Nominal input voltage 48V

Nominal output voltage 1.0V

Maximum tested output current 1500 A (37.5 A/phase)
Switching frequency 220 kHz

Gate drive voltage of Stage 1 8.0V

High-side gate drive voltage of Stage 2 6.5V
Low-side gate drive voltage of Stage 2 5.3V
Prototype box volume* 1.98 in®
Power density by box volume 759 W /in3

* The box volume is defined as the volume of the best-fit cuboid en-
compassing the entire solution, including the gate drive circuitry.

Another solution to powering the high-side switches in the SCB modules is the syn-
chronous bootstrap technique [92], which was adopted in an earlier version of the proposed
topology [115]. The idea of synchronous bootstrapping is to reduce the voltage drops in
the bootstrap circuit by replacing bootstrap diodes with active FETs. Though effective
and widely applicable, the synchronous bootstrap circuit has a high component count when
implemented with discrete components, which complicates hardware implementation and
reduces overall reliability. In contrast, the proposed hybrid gate drive circuit is simpler and
more robust.

Fig. 8.14 illustrates the gate drive circuitry for Stage 1. The high-side switches Sy, So,
S5 and Sg are powered with the gate-driven charge pump circuit proposed in [41]. S3 and S;
are powered with cascaded bootstrapping through a low voltage-drop diode.

8.4 Experimental Results and Performance
Comparison

To validate the functionality and performance of the proposed switching bus converter,
the hardware prototype was tested with an output current of up to 1500 A for 48-V-to-
1-V conversion. Table 8.4 lists the key parameters and test conditions of the hardware
prototype, with the experimental setup for automated efficiency measurement shown in
Fig. 8.15. A 1000-A Chroma 63206A-60-1000 dc electronic load and two 600-A Chroma
63203 dc electronic loads were used to sink the ultra-high output current of the converter.
The input voltage, input current, and output voltage were measured with a high-precision
Yokogawa WT3000E power analyzer. The output current was measured by the dc electronic
loads. A FLIR thermal camera was used to monitor the surface temperature of the prototype.
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Output bus bar

Converter prototype

FPGA controller

SN N

Figure 8.15: Experimental setup for automated efficiency measurement with remote control
of equipment. (a) Bench setup. (b) Prototype under test. List of equipment: (1) Monitor
for displaying measurement results. (2) Keysight RP7962A regenerative power system (500
V/£40 A). @) Chroma 63206A-60-1000 dc electronic load (60 V/1000 A). () Chroma 63203
dc electronic load (80 V/600 A) x2. (5) Keysight E36312A triple output programmable dc
power supply used to power the control and gate drive circuitry. (6) Yokogawa WT3000E
precision power analyzer used to measure the input voltage, input current, and output volt-
age. (7) Keysight oscilloscope. FLIR thermal camera. (9) Air inlet of the air cooling
system.
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Figure 8.16: Measured 48-V-to-1-V efficiency. Peak efficiency: 94.1% at I, = 320 A
(92.7% at Ioy = 395 A including gate drive loss). Heavy-load efficiency: 87.7% (87.3%
including gate drive loss) at I,y = 1300 A. Full-load efficiency: 86.0% (85.7% including
gate drive loss) at I, = 1500 A.

8.4.1 Measured Performance

Fig. 8.16 presents the measured efficiency from the hardware prototype for 48-V-to-1-V
conversion. It achieved a peak power stage efficiency of 94.1% at 320-A output current, a
heavy-load power stage efficiency of 87.7% at 1300-A output current, and a full-load power
stage efficiency of 86.0% at 1500-A output current. With gate drive loss included, it achieved
92.7% peak system efficiency at 395-A output current, 87.3% heavy-load system efficiency
at 1300-A output current, and 85.7% full-load system efficiency. At 1500-A output current,
the hardware prototype achieved a power density of 759 W/in® by box volume (the volume
of the best-fit cuboid encompassing the entire solution, including the gate drive circuitry).

Fig. 8.17 shows the thermal image of the prototype running continuously at an output
current of 1300 A with air cooling only. It should be noted that the current hardware
prototype does not incorporate any heat sink, heat spreader, or any other type of thermal
management system. For continuous operation above 1300 A and converter temperature
below 85 °C, either improved heat-sinking in air-cooled systems, or incorporation of liquid-
cooling technology is needed. For example, a custom cold plate can be designed for the
prototype utilizing the space above the switches between the flying capacitors and coupled
inductors and leveraging the dual-side cooling package of the power MOSFETs.

It is worth noting that the theoretical high-performance potential of the proposed topol-
ogy illustrated in Fig. 8.4 hasn’t been fully realized in this hardware prototype. Although the
voltage stresses on the high-side switches (i.e., Sogx — S1oux [X = A, B, C,D]) and low-side
switches (i.e., Sipx —Siorx [X = A, B, C, D]) in Stage 2 are only 4.8 V and 2.4 V, respectively,
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Figure 8.17: Thermal image at equilibrium with air cooling only (Vi, =48 V, Vi, = 1.0
V, It = 1300 A). The air blew from the top-right corner of this thermal image to the
bottom-left corner.

the best switching devices available on the market for this application when the prototype
was built are rated at 25 V (Infineon IQE006NE2LM5 and IQE006NE2LM5CG). If imple-
mented with lower voltage devices with lower Rygon) and smaller Cog, this prototype would
be able to achieve better performance. Currently, there are already 15-V MOSFETSs in
dual-side cooling packages (Infineon IQE004NEILM7SC and IQE004NE1LM7CGSC) with
both better electrical characteristics and higher thermal performance. With the advance-
ment of device technologies, the theoretical potential of the proposed topology can be further
unleashed in the future.

8.4.2 Loss Analysis

Fig. 8.18 presents a comprehensive loss breakdown of the hardware prototype at both the
peak system efficiency point and full-load point. This loss analysis was conducted to offer a
deeper understanding of the sources of power losses in the prototype and to identify potential
avenues for performance improvement. The MOSFET conduction loss was simulated with
the measured duty ratio at the corresponding output current and with the ON-resistance
(Ras(ony) provided by the datasheets. The MOSFET switching loss incorporates the Cog
loss and the overlap loss, estimated with the datasheet parameters. The coupled inductor
core loss was simulated with an electric-thermal co-simulation in ANSYS. The PCB trace
resistance and parasitic commutation loop inductance were estimated with finite element
analysis (FEA) using ANSYS.

At the peak system efficiency point, frequency-dependent losses—including MOSFET
switching loss, body-diode conduction loss, MOSFET gate drive loss, coupled inductor core
loss, and parasitic inductance loss—predominate the total loss. Conversely, conduction losses
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Figure 8.18: Loss breakdown of the hardware prototype. (a) Loss breakdown at the peak
system efficiency point. (b) Loss breakdown at the full-load point.
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such as MOSFET conduction loss, body-diode conduction loss, flying capacitor ESR con-
duction loss, coupled inductor winding loss, and PCB trace conduction loss become more
dominant at the full-load point.

8.4.3 Performance Comparison with the State of the Art

Tables 8.5 and 8.6 compare the performance of this work to that of the state-of-the-art
48-V-to-1-V academic works and commercial products, respectively. Compared to existing
solutions, this laboratory prototype achieved the highest output current with outstanding
efficiency and power density, even when benchmarked against highly optimized commercial
power modules with advanced packaging.

Fig. 8.19 visually illustrates the system performance of the state-of-the-art 48-V-to-1-V
academic hybrid SC works and commercial products that report their measured system effi-
ciencies (including gate drive loss). The performance of each solution is visually represented
by two dots: the bottom-right dot denotes the performance at the peak system efficiency
point, and the top-left dot denotes the performance at the full-load point. Solid dots repre-
sent the performance of academic works, while hollow dots correspond to the performance
of commercial products. As can be seen in Fig. 8.19, this prototype pushes the performance
limit toward the upper right corner, which represents higher efficiency and higher power
density.

8.5 Chapter Summary

This chapter introduces an ultra-high-current 48-V-to-1-V switching bus converter with a
single-stage VPD architecture for next-generation processors. The proposed topology merges
two 2-to-1 SC front-ends with four 10-branch SCB modules through four switching buses,
achieving a very large SC stage conversion ratio of 20-to-1. In contrast to the existing dc-bus-
based architecture, the proposed switching-bus-based architecture eliminates the need for dc
bus capacitors, reduces the switch count, and guarantees complete soft-charging operation.
Furthermore, a topological comparison reveals that the proposed topology, when compared
to existing 48-V-to-1-V hybrid SC demonstrations, achieves the lowest normalized switch
stress and the smallest normalized passive component volume with the largest SC stage
conversion ratio compared to existing 48-V-to-1-V hybrid SC demonstrations. This suggests
that the proposed topology holds great promise for simultaneously achieving higher efficiency
and power density than prior hybrid SC solutions.

To validate the theoretical potential of the proposed topology, a hardware prototype with
good modularity and extendability was designed and constructed with customized coupled
magnetics and gate drive circuitry. A four-phase coupled inductor was optimized for a
good trade-off between size and transient performance, with the range of duty ratio taken
into consideration. In addition, an efficient, simple, and robust hybrid gate drive circuit
was designed to overcome the accumulative diode voltage drops of conventional cascaded



Table 8.5: Performance comparison between this work (20-to-1 SBC) and the state-of-the-art 48-V-to-1-V aca-

demic works

Year Reference Output Current gigﬁii* Power Density™** Power Stage Efficiency System Efficiency’
9024 This work 1500 A 990 KH 759 W /in3 Peak efficiency: 94.1% 92.7%
(20-to-1 SBC) (37.5 A/phase) z (by box volume) Full-load efficiency: 86.0% 85.7%
500 A 464 W /in? Peak efficiency: 94.7% 93.4%
2023 16-to-1 SBC [115] (31.3 A/phase) 150 ki (by box volume) Full-load efficiency: 86.4% 86.1%
450 A 621 W /in3 Peak efficiency: 93.1% 91.7%
2023 MSC [97] (28.1 A /phase) 400 kHz (by box volume) Full-load efficiency: 86.2% 85.8%
. 240 A 1390 W /in? Peak efficiency: 87.1% 84.1%
2023 Mini-LEGO [L] 90 s ppagey MO MHZ 0 o volume)  Full-load efficiency: 84.1% 82.3%
105 A 598 W /in? Peak efficiency: 83.5% 81.4%
2022 SDIH [82] (52.5 A /phase) 750 kHz (by box volume) Full-load efficiency: 71.5% 70.9%
. 270 A 360 W /in3 Peak efficiency: 93.8% 91.6%

2
2022 Dickson® [T5] a0 ) ohase)  280KHZ g ok volume)  Full-load efficiency: 88.4% 87.7%
450 A 232 W/in? Peak efficiency: 95.2% 93.3%
2022 VIB [77] (28.1 A/phase) AT kHz (by box volume) Full-load efficiency: 89.1% 88.1%
60 A 263 W /in3 Peak efficiency: 92.7% 91.5%
2022 MLB [76] (30 A/phase) 250 ki (by box volume) Full-load efficiency: 88.6% 88.4%
450 A 294 W /in3 Peak efficiency: 91.1% 88.4%
2022 LEGO [83] (37.5 A/phase) L Mitz (by box volume) Full-load efficiency: 85.7% 84.8%
.3
9020 Crossed-coupled 40 A 125 KH 1<E};0 “Z){)\llgr Peak efficiency: 95.1%* N/A
uc phase ull-load efficiency: 92.7%

QSD buck [70 20 A /ph g Compozegt volume) Full-load effici 92.7%% N/A
. 420 W /in? Peak efficiency: 94.0% N/A
2020 Sigma [99] 80 A 1 MHz (by box volume) Full-load efficiency: 92.5% N/A

* Switching frequency of the voltage regulation stage.

** The box volume is measured as the smallest rectangular box that can contain the converter, including the gate drive circuitry.
T Gate drive loss is included in the calculation of system efficiency.

tAccording to direct correspondence with the author.
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Table 8.6: Performance comparison between this work (20-to-1 SBC) and existing 48-V-to-1-V commercial

products
Release Year Reference 83:52;; (f?fz(jfgi?yg* Power Density** System Efficiency’
2024 This work (20-to-1 SBC) 1500 A 220 kHz 759 W /in3 Peak: 92.7%, Full-load: 85.7%
2021 Analog Devices LTM4664 [100] 50 A 350 kHz 415 W/in? Peak: 90.8%, Full-load: 88.0%
2019 Bl\iﬁgzog;e%‘t’guﬁzg] 110 A 600 kHz 306 W/in3  Peak: 92.1%, Full-load: 87.4%
2018 gﬁﬁ%ﬁ&gﬁgtﬁoﬁ 70A 450 kHz 167 W/in®  Peak: 91.5%, Full-load: 90.5%
2016 LMGE;’SS;%E%{%‘?%S 0] 50 A 600 kHz N/A Peak: 90.7%, Full-load: 87.6%
2012 Vicor PRM48AF480T400A00 [103] 1.03 MHz - o ;
2015 42X VIMASEF012T130C01 [104]F 2004 oo mm, 230 W/in Total efficiency: 89.7%

* Switching frequency of the voltage regulation stage.
t Gate drive loss is included in the calculation of system efficiency.

System Designer.

**Power density calculated by the box volume.
fRecommended and provided by Vicor’s online Power
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Figure 8.19: Performance comparison between this work (20-to-1 SBC) and the state-of-the-
art 48-V-to-1-V academic hybrid SC works and commercial products. The performance of
each solution is visually represented by two dots, with the bottom-right dot denoting the
performance at the peak system efficiency point and the top-left dot denoting the perfor-
mance at the full-load point. The system performances of academic works and commercial
products are illustrated with solid and hollow dots, respectively.

bootstrapping. This hybrid gate drive circuit powered the high-side switches in the SCB
modules and was implemented as modular gate drive daughterboards.

The hardware prototype was tested up to 1500-A output current for 48-V-to-1-V conver-
sion and achieved 92.7% peak system efficiency, 85.7% full-load system efficiency (including
gate drive loss), and 759 W/in® power density (by box volume) without any heat sink and
with air cooling only. The outstanding performance of this laboratory prototype pushes the
performance limit of the state-of-the-art 48-V-to-1-V solutions, including academic works
and commercial products, towards higher efficiency and higher power density.
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Chapter 9

A Compact 48-V-to-Sub-1-V
Switching Bus Converter with 4.7-mm
Height for Processor Vertical Power
Delivery

9.1 Background and Motivation

High-performance processors (e.g., GPUs, CPUs, ASICs, etc.) serve as the engine of data
center computing platforms and the foundation for technical progress in areas such as ar-
tificial intelligence, machine learning, and autonomous vehicles. In recent years, processor
power consumption has increased dramatically due to the fast-growing demand for greater
computational power and is approaching 1000 W, with core logic voltages below 1 V and
peak current demand beyond 1000 A.

With operating currents beyond 1000 A, the high power distribution network (PDN)
resistance of existing two-stage lateral power delivery (LPD) solutions can lead to a dramatic
voltage drop and unacceptable PDN losses, which significantly limits processor performance,
reduces system energy efficiency, and hinders data center decarbonization. Moreover, the
resulting low efficiency necessitates a larger thermal management size, which is presently a
bottleneck of system densification.

This chapter presents a compact switching bus converter (SBC) to address the above
challenges with single-stage vertical power delivery (VPD) as illustrated in Fig. 9.1. In this
single-stage VPD solution, the proposed SBC is placed on the bottom side of the moth-
erboard directly underneath the processor so that it can deliver high current vertically to
the top side through vias, which greatly reduces the PDN size and PDN losses and saves
the valuable topside area on the motherboard for high bandwidth memory (HBM) and
high-speed communication. In addition to an overall small converter size, stringent height
limitations (e.g., < 5 mm) are required of the solution in this application, owing to connec-
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Figure 9.1: Single-stage vertical power delivery (VPD) with the proposed switching bus
converter (SBC). (a) Side view. (b) 3D rendering.

tor heights. Moreover, merging two conversion stages into one single stage reduces power
conversion losses and eliminates the need for dc bus capacitors, which effectively improves
overall system efficiency and power density.

9.2 Proposed Topology and Operating Principles

Fig. 9.2 shows the schematic drawing of the proposed switching bus converter, with the
control signals illustrated in Chapter 7. In the proposed topology, a 2-to-1 SC front-end (i.e.,
Stage 1) is merged with two 10-to-1 series-capacitor-buck (SCB) modules (i.e., Modules A
and B in Stage 2) through two switching buses (i.e., Switching buses A and B). Each SCB
module consists of five submodules and operates in a two-phase fashion with a phase shift of
180° between neighboring branches. As explained in Chapter 7, two-phase operation greatly
increases the effective conversion ratio of the SC stage compared to conventional multi-
phase control, which enables higher efficiency and higher power density. The two inductors
in each submodule are coupled and implemented as a two-phase coupled inductor. Since



CHAPTER 9. A COMPACT 48-V-TO-SUB-1-V SWITCHING BUS CONVERTER

WITH 4.7-MM HEIGHT FOR PROCESSOR VERTICAL POWER DELIVERY

Stage 1

Stage 2
A

Figure 9.2: Schematic of the proposed switching

bus converter.
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Module A

Module B

Figure 9.3: Control signals of the pro-

posed switching bus converter.
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the bus voltages vswa and vg,p always switch between two voltage levels rather than being
dc, this type of intermediate bus is referred to as a switching bus [75, 115]. Compared to
the existing dc-bus-based architecture, the switching-bus-based architecture does not require
intermediate dc bus capacitors, reduces the number of switches, and ensures complete soft-
charging operation, as explained in Chapter 7.

9.3 Hardware Implementation and Experimental
Results

A 48-V-to-sub-1-V hardware prototype was designed and built to verify the functionality
and performance of the proposed converter. Fig. 9.4 shows the annotated photograph of the
prototype, with an overview of the prototype mounted on a white motherboard provided in
Fig. 9.5. The two inductors in each submodule illustrated in Fig. 9.2 were implemented as a
custom two-phase coupled inductor. As shown in Figs. 9.1 and 9.5, the coupled inductors and
output capacitors were packaged between the red converter board and the white motherboard
for VPD. The coupled inductors serve as the connection between the two boards and deliver
the high output current (I,y) vertically, which can help reduce the resistance on the output
current path.

The hardware prototype was tested in two configurations. Figs. 9.2 and 9.4 show the
10-branch configuration where each SCB modules consist of 10 inductor branches. To in-
vestigate the impact of the number of branches on the converter performance, the hardware
prototype was reconfigured into an 8-branch configuration by removing all switches and fly-
ing capacitors in Submodules 5A and 5B in Fig. 9.2 and short-circuiting flying capacitors
Cga and Cgg in Submodules 4A and 4B. Fig. 9.6 shows the steady-state thermal image of
the prototype in the 8-branch configuration running continuously at 300-A output current
with fan cooling only. Figs. 9.7 and 9.8 present the measured efficiency of the hardware
prototype in the 10-branch and 8-branch configurations, respectively, at 48-V input voltage
and sub-1-V output voltages. It was tested up to an output current of 600 A and 400 A in
the 10-branch and 8-branch configurations, respectively. The switching frequency was 600
kHz in all cases.

Table 9.1 compares the performance of this work with that of the state-of-the-art 48-V-
to-1-V academic works presented in previous literature, with the performance of each work
at the peak system efficiency point and the full-load point plotted in Fig. 9.9. As can be
seen in Table 9.1 and Fig. 9.9, this work achieved excellent power density while maintaining
high efficiency, pushing the performance limit in Fig. 9.9 toward the top-right corner.

9.4 Chapter Summary

This chapter presents a compact switching bus converter with 4.7-mm height for single-stage
VPD. In the proposed topology, a 2-to-1 SC front-end is merged with two 10-branch SCB
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Converter board

Converter board

' 8 4__ { ; I 4.7 mm

Iﬁ EDERETIE S o e 2
Motherboard . Coupled inductor . '

Output capacitor
(b)

Figure 9.5: (a) Overview of the prototype mounted on a white motherboard. (b) Coupled
inductors and output capacitors were packaged between the red converter board and the
white motherboard.
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Max 844 °C

Figure 9.6: Steady-state thermal image of the prototype in the 8-branch configuration
cooled by a 44.2 CFM fan only. (Vi, =48 V, Vo = 1.0 V, I,y = 300 A).

90 T T T T T

851

-
~oa

Efficiency (%)
g

Power stage System
5l ; efficiency efficiency
" 08V 08V
I —0.65V||-=--:065V
I
70 1 1 1 1 1 1
0 100 200 300 400 500 600

Output Current (A)

Figure 9.7: Measured power stage efficiency (excluding the gate drive loss) and system
efficiency (including the gate drive loss) of the hardware prototype in the 10-branch con-
figuration at 48-V input voltage and sub-1-V output voltages.

modules through two switching buses. Compared to the existing dc-bus-based architecture,
the switching-bus-based architecture does not require dc bus capacitors, reduces the number
of switches, and ensures complete soft-charging operation. A 48-V-to-sub-1-V hardware
prototype was designed and built with custom two-phase coupled inductors for VPD. It
was tested up to 600-A output current and achieved excellent performance compared to the
state-of-the-art 48-V-to-1-V academic works presented in previous literature.



CHAPTER 9. A COMPACT 48-V-TO-SUB-1-V SWITCHING BUS CONVERTER

WITH 4.7-MM HEIGHT FOR PROCESSOR VERTICAL POWER DELIVERY 166
90
85} . RN

-----
- ~ -

Efficiency (%)
Qo
e}

Power stage
, efficiency efficiency
75k ,' 1.0V -==:10V
' 08V 08V
’: —0.65 V| |- = =:0.65V
70 : ' :
0 100 200 300 400

Output Current (A)

Figure 9.8: Measured power stage efficiency (excluding the gate drive loss) and system
efficiency (including the gate drive loss) of the hardware prototype in the 8-branch config-
uration at 48-V input voltage and sub-1-V output voltages.
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Figure 9.9: Performance comparison between this work (SBC-VPD) and the state-of-the-
art 48-V-to-1-V hybrid SC works.



Table 9.1: Performance comparison between this work (SBC-VPD) and the state-of-the-art 48-V-to-

1-V academic works

Year Reference Output Current Power Density' Power Stage Efficiency System Efficiency?
9024 This work 300 A 1310 W/in? Peak efficiency: 89.3% 87.2%
(SBC-VPD) (18.8 A /phase) (by box volume) Full-load efficiency: 86.5% 85.5%
1300 A 658 W /in3 Peak efficiency: 94.1% 92.7%
2024 20-to-1 SBC [123] (32.5 A/phase) (by box volume) Full-load efficiency: 87.7% 87.3%
500 A 464 W /in? Peak efficiency: 94.7% 93.4%

_ _ =
2023 16-to-1 SBC [115] (31.3 A/phase) (by box volume) Full-load efficiency: 86.4% 86.1%
220 A 607 W /in3 Peak efficiency: 92.9% 91.1%
2023 MSC [97] (27.5 A /phase) (by box volume) Full-load efficiency: 86.3% 85.8%
. 240 A 1390 W /in? Peak efficiency: 87.1% 84.1%
2023 Mini-LEGO [98] (20 A/phase) (by box volume) Full-load efficiency: 84.1% 82.3%
105 A 598 W /in3 Peak efficiency: 83.5% 81.4%
2023 SDIH [82] (52.5 A /phase) (by box volume) Full-load efficiency: 71.5% 70.9%
: 270 A 360 W /in3 Peak efficiency: 93.8% 91.6%
2
2022 Dickson® [75] (30 A/phase) (by box volume) Full-load efficiency: 88.4% 87.7%
9022 VIB [77] 450 A 232 W /in3 Peak efficiency: 95.2% 93.3%
(28.1 A /phase) (by box volume) Full-load efficiency: 89.1% 88.1%
60 A 263 W /in3 Peak efficiency: 92.7% 91.5%
2022 MLB [76] (30 A/phase)  (by box volume)  Full-load efficiency: 88.6% 88.4%
450 A 294 W /in? Peak efficiency: 91.1% 88.4%
2022 LEGO [83] (37.5 A /phase) (by box volume) Full-load efficiency: 85.7% 84.8%
.03

9020 Crossed-coupled 40 A 1(23 \IX)@ Zr Peak efficiency: 95.1%* N/A
QSD buck [70] (20 A/phase) component volume) Full-load efficiency: 92.7% N/A
. 420 W /in3 Peak efficiency: 94.0% N/A
2020 Sigma [99] 80 A (by box volume) Full-load efficiency: 92.5% N/A

t The box volume is measured as the smallest rectangular box that can contain the converter, including the gate drive

circuitry.

¥ Gate drive loss is included in the calculation of system efficiency.

the author.

*According to direct correspondence with
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Chapter 10

Generalized Switching-Bus-Based
Architecture for Regulated Hybrid
Switched-Capacitor Converters

10.1 Generalized Switching-Bus-Based Architecture

This chapter presents a switching-bus-based architecture for regulated hybrid switched-
capacitor (SC) converters composed of multiple pure SC units and regulated hybrid SC
units, as illustrated in Fig. 10.1. Each stage can have one or multiple SC units. The con-
version ratio of Unit j in Stage ¢ is denoted as NV;j;. The last stage consists of multiple
regulated hybrid SC units. As shown in Figure 1, the intermediate bus voltages always
switch between two different levels. Therefore, this type of intermediate bus is referred to as
a switching bus. Power electronics converters constructed with switching buses are referred
to as switching-bus-based converters.

Section 7.1.4 details the advantages of the proposed switching-bus-based architecture over
the existing dc-bus-based architecture. Compared to the existing dc-bus-based architecture
illustrated in Fig. 7.3(a), the proposed switching-bus-based architecture shown in Fig. 7.3(b)
has three advantages that promise higher performance:

e [t does not require bus capacitors to maintain a stiff dc bus voltage.

e One redundant switch can be removed on each switching bus while two stages are
merged.

e [t ensures complete soft-charging operation.
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Figure 10.1: Generalized switching-bus-based architecture for regulated hybrid switched-
capacitor converters.
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Figure 10.2: Generalized switching-bus-based architecture for regulated hybrid switched-
capacitor converters.

10.2 Two-Stage Switching-Bus-Based Architecture

Fig. 10.2 illustrates the block diagram of a two-stage switching-bus-based architecture. It
consists of two conversion stages: 1) a fixed-ratio SC stage, Stage 1, with a SC conversion
ratio of N : 1, and 2) a regulated stage, Stage 2, with a SC conversion ratio of M : 1. The two
conversion stages are merged through K switching buses. A two-stage switching-bus-based
topology can be characterized by the above three parameters: Stage 1 SC conversion ratio
(N : 1), the number of switching buses (K), and Stage 2 SC conversion ratio (M : 1). This
section provides several concrete examples of topologies based on this architecture.

10.2.1 Switching Bus Converters

The 16-to-1 switching bus converter (N = 2, K = 2, and M = 8) presented in Chapter 7 and
the 20-to-1 switching bus converter (N = 2, K = 2, and M = 10) presented in Chapter 8 are
constructed based on the above two-stage switching-bus-based architecture. In the switching
bus converters, the two stages are merged through two switching buses. The conversion ratio
of the first stage is 2 : 1, while the SC step-down ratio of the second stage can be 2: 1,4 : 1,
-+, 10 : 1 for 48-V-to-1-V voltage conversion. The total SC stage conversion ratio is equal
to the product of the two stages’” SC step-down ratios. Therefore, the topology shown in
Fig. 7.1 achieves a total SC stage conversion ratio of (2: 1) x (8 : 1) = 16 : 1; the topologies
shown in Fig. 8.2 achieve a total SC stage conversion ratio of (2:1) x (10:1) =20: 1.
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10.2.2 Dickson-Squared (Dickson?) Converters

Another example is the Dickson-Squared (Dickson?) converter presented in Chapter 6. Fig. 10.
shows the schematic drawing of a 9-to-1 Dickson? converter (N = 3, K = 3, and M = 3).
Since the SC network in this converter can be viewed as two Dickson converters merged
together with redundant components removed, it is given the name Dickson?. In this con-
verter, the two stages are merged through three switching buses vyiq1—vmiaz- The total SC
stage conversion ratiois (3:1) x (3:1)=9:1.

It is worth noting that the Dickson? topology allows multiple choices for the two stages.
For example, a 4-to-1 Dickson converter can be merged with four 2-to-1 series-capacitor
buck modules (which can also be viewed as 2-to-1 Dickson converters), which yields the
converter topology illustrated in Fig. 10.4 (N = 4, K = 4, and M = 2). The two stages
are merged through four switching buses v;q1—vmias. The total SC stage conversion ratio is
(4:1)x(2:1)=8:1,

10.2.3 Series-Parallel-Dickson (SPD) Converter

Fig. 10.5 shows the schematic drawing of a series-parallel-Dickson (SPD) converter (N = 3,
K = 3, and M = 3). As illustrated in Fig. 10.5(a), the proposed topology consists of
two stages. The first stage is a 3-to-1 series-parallel topology with three separate output
terminals. The second stage is composed of three modules with the same circuit structure
and cyclic control signals, as shown in Fig. 10.5(b). Inside each module is a three-phase
series-capacitor buck converter, which can also be viewed as a 3-to-1 Dickson converter
with the top switch moving to the bottom and the three output branches replaced by three
inductors. The two stages are merged through three switching buses viq1—vmiaz- The total
SC stage conversion ratiois (3:1) x (3:1)=9: 1.

10.2.4 Cascaded Series-Parallel (CaSP) Converter

Fig. 10.6 shows the schematic drawing of the cascaded series-parallel (CaSP) converter pre-
sented in Chapter 5 (N = 2, K = 1, and M = 3). Its schematic drawing is the same as
Fig. 5.1 but rearranged in the form of a two-stage switching-bus-based converter. It consists
of two conversion stages. The first stage is a 2-to-1 SC front-end. The second stage is a
3-to-1 series-parallel converter. The two stages are merged through one switching bus vyiq1-
The total SC stage conversion ratio is (2:1) x (3:1) =6: 1.

10.2.5 Multi-Level-Binary (MLB) Converter

Fig. 10.7 shows the schematic drawing of the multi-level-binary (MLB) converter (N = 4,
K =1, and M = 2) proposed in [65]. It consists of two conversion stages. The first stage is a
4-to-1 series-parallel converter. The second stage is a 2-to-1 series-capacitor buck converter.
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Figure 10.3: A Dickson? converter with N =3, K = 3, and M = 3. (a) Overall schematic
drawing. (b) Structure of Regulated Module i in Stage 2. The components labeled with
the subscript (mi) are in Regulated Module . The values of the label indexes (i, 7, and

k) for circuit components and control signals (¢;, ¢;, and ¢;) in each module are listed in
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The two stages are merged through one switching bus vy;41. The total SC stage conversion
ratiois (4:1) x (2:1)=8:1.

10.3 Multi-Stage Switching-Bus-Based Architecture

An example of this architecture is the switched-capacitor binary tree (SCBT) converter.
Multiple different combinations of the SCBT converter can be implemented to achieve the
same SC stage conversion ratio. For example, a 16-to-1 total SC stage conversion ratio can
be factorized as

e Case 1: 16:1=(2:1) x (8:1)
e Case2: 16:1=(2:1)x(2:1)x(4:1)
e Case3: 16:1=(2:1)x (2:1) x (2:1) x (2:1)

Based on the switching bus concept, there are three different implementations of the SCBT
converter to achieve a total SC stage conversion ratio of 16-to-1.

e Case 1: Fig. 10.8 illustrates a two-stage switched-capacitor binary tree (SCBT) con-
verter. Stage 1 is a 2-to-1 SC converter. Stage 2 consists of two 8-to-1 series-capacitor
buck (SCB) converters, as shown in Fig. 10.8(b). Stage 1 and Stage 2 are connected
through two switching buses.

e Case 2: Fig. 10.9 illustrates a three-stage switched-capacitor binary tree (SCBT) con-
verter. Stage 1 and Stage 2 consist of 2-to-1 SC converters. Stage 3 consists of four
4-to-1 series-capacitor buck (SCB) converters, as shown in Fig. 10.9. Stage 1 and
Stage 2 are connected through two switching buses. Stage 2 and Stage 3 are connected
through four switching buses.

e Case 3: Fig. 10.10 illustrates a four-stage switched-capacitor binary tree (SCBT) con-
verter. Stage 1, Stage 2, and Stage 3 consist of 2-to-1 SC converters. Stage 4 consists
of eight 2-to-1 series-capacitor buck (SCB) converters, as shown in Fig. 10.10. Stage
1 and Stage 2 are connected through two switching buses. Stage 2 and Stage 3 are
connected through four switching buses. Stage 3 and Stage 4 are connected through
eight switching buses.

10.4 Chapter Summary

This chapter synthesizes and extends the topologies and the switching bus concept proposed
in previous chapters into a generalized switching-bus-based architecture for regulated hybrid
switched-capacitor converters. Based on this generalized architecture, a family of regulated
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Figure 10.8: Example of a two-stage switched-capacitor binary tree (SCBT) converter. (a)
Overall schematic drawing. (b) Structure of an 8-to-1 series-capacitor buck (SCB) module.

switching-bus-based topologies can be constructed by strategically merging two or multiple
SC conversion stages.
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(a) Overall schematic drawing. (b) Structure of a 4-to-1 series-capacitor buck (SCB)
module.
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Chapter 11

Comparative Performance Analysis of
Regulated Hybrid SC Topologies for
Direct 48-V-to-PoL Conversion

11.1 Background and Motivation

Hybrid switched-capacitor (SC) converters have attracted increased attention for 48-V step-
down conversion in data center [60, 62, 64-66, 70, 73-77, 81-84, 89, 96-98, 110-115, 119,
120, 123, 129-135] and automotive [136, 137] applications, due to their potential to pro-
vide improved solutions with higher efficiency and power density compared to conventional
designs. As an emerging class of power converters, hybrid SC converters can leverage the
greatly superior energy densities of capacitors compared to inductors [1], while simultane-
ously benefiting from the improved figures-of-merit (FOM) of low-voltage switching devices
over high-voltage counterparts [4]. For unregulated, fixed-ratio voltage step-down applica-
tions (e.g., 48-V-t0-12-V intermediate bus converters), various resonant switched-capacitor
(ReSC) [62, 120, 132-134] and multi-resonant switched-capacitor (MRSC) [84, 135] convert-
ers operating at or above resonance have been proposed, demonstrating their advantages
over existing de-dc solutions, such as multi-phase buck converters [138] and LLC convert-
ers [139]. Previous studies [86, 140-142] have shown how to analyze and compare different
ReSC topologies and strategically size the passive components in each topology to achieve
optimal performance. Additionally, multiple regulated hybrid SC topologies [60, 64-66, 70,
73-77, 81-83, 89, 96-98, 110-115, 119, 123, 129-131] have been proposed for direct 48 V to
point-of-load (PoL) conversion, particularly for 48-V voltage regulation modules (VRMs),
where output voltage regulation is typically required. However, there is a lack of a method
to theoretically compare the performance of regulated hybrid SC topologies, which could be
useful for informing topology selection and converter design.

To fill this gap, this chapter aims to establish an analytical framework for the topo-
logical characterization and performance comparison of regulated hybrid SC topologies in
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direct 48-V-to-PoL applications. In the proposed framework, each topology is captured with
topology-dependent characteristic vectors, which are then utilized to calculate three metrics
for performance comparison: a) normalized switch stress as an indicator of efficiency, b)
normalized passive component volume as an indicator of power density, and ¢) normalized
total inductor current slew rate as an indicator of transient performance. Building on our
previous conference paper [85], this chapter provides an additional comparative analysis of
transient performance, as well as in-depth discussions on the comparison results. Based
on this analytical framework, a comprehensive comparative analysis reveals that increasing
the SC stage conversion ratio can reduce switch stress and passive component volume while
speeding up the falling slew rate of the total inductor current, thereby improving efficiency,
power density, and load step-down transient performance at the same time. Although a
larger SC conversion ratio typically slows down the rising slew rate of the total inductor
current, potentially impairing the load step-up transient performance, a converter with a
larger SC conversion ratio can be properly designed to achieve balanced load step-up and
step-down transient performance.

The remainder of this chapter is organized as follows: Section 11.2 provides a general
representation of regulated hybrid SC topologies consisting of a fixed-ratio SC stage and
a regulated buck-type stage. Section 11.3 introduces the analytical framework with the
three metrics for performance comparison, including a formalized analysis procedure using
topology-dependent characteristic vectors. Based on the proposed framework, Section 11.4
conducts a comparative analysis of the state-of-the-art 48-V-to-Pol. regulated hybrid SC
topologies and demonstrates the benefits of a larger SC stage conversion ratio. Finally,
Section 11.5 concludes this chapter.

11.2 General Representation of Regulated Hybrid SC
Topologies

A regulated hybrid SC topology can be captured by the general representation depicted in
Fig. 11.1. It consists of two stages: 1) a fixed-ratio SC stage for efficient and compact voltage
conversion and 2) a regulated buck-type stage for the remainder of the voltage conversion task
and output voltage regulation. Moreover, when designed properly, the buck-type stage serves
as an inductive load to the preceding SC stage, ensuring complete soft-charging operation.
It should be noted that a distinctive feature of high-performance hybrid SC topologies is
that the two stages are not independent; instead, their operations are merged to achieve
improved performance [143]. Additionally, although the buck-type stage can regulate the
output voltage with duty cycle control and achieve multi-phase interleaving similar to a
buck converter, it does not necessarily require dedicated pull-up switches due to its strategic
merging with the preceding SC stage.

As is consistent with all previously cited works, this analysis considers only topologies
where all switch-node voltages in Fig. 11.1 (vUsw.1, Usw.2,- " , Usw.nL, Where Np, denotes the
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Figure 11.1: General representation of a regulated hybrid switched-capacitor (SC) topology
consisting of a fixed-ratio SC stage and a regulated buck-type stage. The input voltage
(Vin) is first stepped down to Vi, by the SC stage. The buck-type stage then performs
the remaining voltage conversion from Vi, to the output voltage (Vi) with regulation.
The total conversion ratio K. : 1 is allocated between the SC stage and the buck-type
stage.

total number of inductors) switch between the same two voltage levels: Vi and 0. Vi 18
the highest voltage that the buck-type stage experiences (ignoring flying capacitor voltage
ripples), thereby defined as the voltage stress on the buck-type stage. The input voltage
(Vin) is first stepped down to Vi, by the SC stage, where Vi, can be calculated as

Vi
Ksc’

Vouck = (11.1)

and Kgc is the SC stage conversion ratio, also interchangeably referred to as the SC step-
down ratio. The buck-type stage then performs the remaining voltage conversion from
Viuek to the output voltage (Vo) with regulation. Fig. 11.2 illustrates a four-branch series-
capacitor buck (SCB) converter as an example of the general representation depicted in
Fig. 11.1, where Vi, = 48 V and V,,; = 1 V. The high-side switches (Sig 4n) and flying
capacitors (Cpgy1ay3) constitute the SC stage with a step-down ratio of 4:1 (Kg¢ = 4).
According to (11.1), the voltage stress on the buck-type stage can be obtained as Vi = 12
V. The buck-type stage, consisting of the low-side switches (Sir, 41,) and inductors (L 4),
completes the remaining 12-V-to-1-V voltage conversion (K, = 12) with regulation.
Since the total conversion ratio (Ky), defined as Koy = Vin/Vouw, is allocated between
the SC stage and the buck-type stage, if the SC stage achieves a larger step-down ratio
(Ksc), the voltage conversion burden on the buck-type stage (Kpye) can be reduced. At the
same output voltage, buck converters with lower step-down ratios typically require smaller
inductors and achieve higher efficiency. Given that magnetic components typically dominate
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Figure 11.2: Four-branch SCB converter for direct 48-V-to-1-V conversion as an example
of the general representation depicted in Fig. 11.1. The high-side switches (Sig 4n) and
flying capacitors (Cpy1-ay3) constitute the 4 : 1 SC stage; the low-side switches (Sir, 4r)
and inductors (L;_4) form the buck-type stage which performs the remaining 12-V-to-1-V
voltage conversion with regulation. In this example, the voltage stress on the buck-type

stage is Vpuek = 12 V.
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the volume of power converters, it is favorable to design the SC stage to take on more voltage
conversion burden so that the inductor volume of the buck-type stage can be reduced.

Although it is clear that a larger SC stage conversion ratio (Kg¢) benefits the buck-type
stage, there is still a concern that increasing Kg¢ can impair overall efficiency. This is because
achieving a larger SC step-down ratio generally requires more switching devices, which can
lead to higher conduction and switching losses. Moreover, higher-order SC networks typically
require more flying capacitors, potentially offsetting the inductor volume reduction seen in
the buck-type stage. These concerns are addressed in the following sections.

11.3 Analytical Framework for Topological
Characterization and Performance Comparison

The proposed analytical framework focuses on three metrics for performance comparison: a)
normalized switch stress (Mg) as an indicator of efficiency, b) normalized passive component
volume (Mp) as an indicator of power density, and c¢) normalized falling and rising slew

—~

rates (SRy and S/P\{R) of the total inductor current as indicators of transient performance.
This section first discusses the key assumptions of the proposed framework, then provides the
definitions and derivations of the three metrics, and finally introduces a formalized analytical
procedure using topology-dependent characteristic vectors.

11.3.1 Key Assumptions

The proposed analytical framework is based on the following assumptions:

o Small-ripple approximation: It is selectively assumed that the magnitude of the switch-
ing ripple is much smaller than the dc component of capacitor voltages and inductor
currents, which enables three subsequent assumptions:

— In the analysis of normalized switch stress, inductor current ripples and capacitor
voltage ripples are assumed to be negligible.

— In the analysis of normalized passive component volume (where ripple cannot
meaningfully be ignored), inductor current ripples and capacitor voltage ripples
are assumed to be piecewise linear. In other words, capacitor voltage ripples are
assumed to be negligible in inductor volume analysis, and inductor current ripples
are assumed to be negligible in capacitor volume analysis.

— In the analysis of normalized total inductor current slew rate, all capacitor voltage
ripples (including the output voltage ripple) are again assumed to be negligible.

e Uniform ripple ratios: Ripple ratios of all inductor currents (o) are assumed to be the
same. Ripple ratios of all capacitor voltages (ay) are assumed to be the same.
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e Lossless energy transfer: Duty ratio is calculated based on the assumption that the
converter is lossless with no requirement for output voltage droop compensation.

e Uniform energy density: All inductors are assumed to have the same volumetric energy
density (pg1). All capacitors are assumed to have the same volumetric energy density

(PE.C)-

The symbols used in this framework are defined in Table 11.1. Later symbols with the
hat notation () are normalized values with respect to their base values listed in Table 11.2.

11.3.2 Normalized Switch Stress

The normalized switch stress (Ms) is defined as the total switch stress normalized to the
output power

Z Vds,i[d(rrns),i

Ns
switches Vin Vvds,i ]d(rms),i
MS = pr— . —_—

Ns
= Ktot Z Vds,i[d(rms),ia (112>

‘/out Iout ‘/out . VI Iout .
~— Tl —— =1
Kot Vds,i Id(rms),i

where Vg ; is the peak blocking voltage across switch ¢ when assuming no capacitor voltage
ripple, and Iqms),; is the root mean square (RMS) value of the current flowing through
switch ¢ when assuming no inductor current ripple.

The normalized switch stress Mg indicates how much volt-ampere (VA) stress the switches
in a topology experience when transferring one per-unit watt of power from the input to the
output. It commonly serves as a proxy for switching device losses or semiconductor areas in
a topology [86, 140, 142, 144]. A lower Mg is desirable, as it indicates lower switching and
conduction losses, thus contributing to higher efficiency. In addition, a lower Mg indicates
smaller switching device areas, which is favorable to higher power density.

11.3.3 Normalized Passive Component Volume

The normalized passive component volume (Mp) is defined as the total passive component
volume normalized to the base volume and is the sum of the normalized inductor volume
and the normalized capacitor volume

Z VOIL,]' -+ Z VOIQk N,

N¢
VOltot inductors capacitors Z T Z o
P VOlbase VOlbase j=1 ? b * k=1 0 ok ( )

where the base value for volume is

‘/out ] out T

114
PE,L ( )

VOIbase =
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Table 11.1: Symbol definitions

Symbol

Definition

Ng
Ny
N¢

Total number of switching devices
Total number of inductors
Total number of flying capacitors

Vin
Vbuck
‘/out

Iout

Input voltage (base value for voltage)

Buck-type stage input voltage (illustrated in Fig. 11.1)
Output voltage

Total output current (base value for current)

Ktot
Ksc
Kbuck

Total conversion ratio (Kiot = Vin/Vout)
SC stage conversion ratio (Ksc = Vin/Vbuck)
Buck-type stage conversion ratio (Kpuck = Vbuck/Vout)

Vds,i
Id(rms),i

Peak blocking voltage across switch i
RMS value of the current through switch @

Volgot
VOILJ
VOICJC

Total passive component volume
Volume of inductor j
Volume of capacitor k

Dmax
Ev, jpeak

Value of inductor j

Average current of inductor j

Peak-to-peak current ripple of inductor j
Switching period of the buck-type stage
Duty ratio of the buck-type stage
Maximum duty ratio of the buck-type stage
Peak energy stored in inductor j

Ck

Vo k
Avc,kvpp
qc,k

EC,k:,peak

Value of capacitor k

Mid-range voltage of capacitor k

Peak-to-peak voltage ripple of capacitor k

Total charge contained in the positive portion of capacitor
k’s current waveform in one switching cycle

Peak energy stored in capacitor k

Qg
Qy
PE,L
PE,C

Inductor current ripple ratio (ar = Ay, jap/IL,;)
Capacitor voltage ripple ratio (ay = Avc g ap/Vo,k)
Volumetric energy density of inductors

Volumetric energy density of flying capacitors
Energy density ratio of capacitors to inductors

(5 = PE,C/PE,L)

SRF j
SRy
SRRJ'
SRgr

Maximum current falling rating of inductor j
Maximum total inductor current falling rate

Maximum current rising rating of inductor j

Maximum total inductor rising rate

186
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Table 11.2: Base values for normalization

i Current
Quantity  Voltage Current Charge  Volume Slew Rate
VoutloutT — 2a1loy
Base value Vin Tout LT outdout arlout
PE,L T

Parameter pg, is the volumetric energy density of inductors, and 7" is the converter switch-
ing period. The normalized passive component volume (Mp) indicates the total passive
component volume needed to meet the given ripple requirements on the inductor currents
and flying capacitor voltages when transferring one per-unit watt of power from the input
to the output. A smaller normalized passive component volume is desirable, as it indicates
higher power density.

This work adopts an energy-based approach to passive component volume assessment
by analyzing the peak energy stored in each passive component [86, 142]. To determine the
total passive component volume that a topology requires, this section first finds the minimum
inductor and capacitor values that can meet chosen current and voltage ripple requirements
and then calculates the peak energy stored in the passive components.

11.3.3.1 Normalized Inductor Volume

Define the current ripple ratio (ag) for inductor j as the ratio of the peak current ripple
amplitude to the average inductor current:

1 .

3 Qi jipp

=2 =7 11.5
Qg ILJ‘ ’ ( )

where I1,; and Ay, are the average inductor current and peak-to-peak inductor current
ripple, respectively, as annotated in Fig. 11.3. In this analysis, ripple ratios of all inductor
currents are assumed to be the same.

By integrating the inductor’s current-voltage relation over ¢t € [DT, T], we can obtain the
peak-to-peak inductor current ripple as

Vou
Al jpp = L.t (1-D)T, (11.6)
j

where D is the duty ratio of the buck-type stage. Based on the assumption of lossless energy

transfer, D can be calculated as

1 Ksc
K buck K tot .

D (11.7)
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0 DT T

Figure 11.3: Current (top, red) and voltage (bottom, blue) waveforms of inductor j. I, ;
and Air, j,p, are the average inductor current and peak-to-peak inductor current ripple,
respectively. The voltage applied across the inductor jumps between Viua — Vous and
_V:)ut-

We can obtain the minimum inductor value required to meet the chosen current ripple
requirement (ag) by substituting (11.5) and (11.7) into (11.6), which yields

VouT' Ksc
= 1— ) 11.8
! QOCIIL,j ( Ktot) ( )

Therefore, the peak energy stored in the inductor is

1 1 2
Er jpeak = §Lj (ILJ + §AiL,j,pp)

1
=50+ on)’ LIy ;2 (11.9)

Substituting (11.8) into (11.9) yields the required inductor volume

(11.10)

Erjpeax (1 Vour I ;T K.
Vol ; — PLlav K (T4 ar) Vouly (1_ SC)'

- pEL dogpg,L, Kot

Using the base value for volume in (11.4), we can obtain the normalized inductor volume
as

VOIL’]' (1 + 041)2 - KSC ‘ [L,j . (1 + a1)2 1 KSC
[out 4041
~~~

Vol ; = - _
© b VOlbase 4OéI Ktot Ktot

)fm. (11.11)

I ;
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Vek A

Figure 11.4: Voltage (top, blue) and current (bottom, red) waveforms of capacitor k (Cy).
Ve and Ave g pp are the mid-range capacitor voltage and peak-to-peak capacitor voltage
ripple, respectively. qc x is the total charge contained in the positive portion of the capacitor
current waveform per switching cycle and is illustrated as the shaded area. If a capacitor
is charged multiple times before discharged, all charges flowing into the capacitor should
be added up when calculating gc .

11.3.3.2 Normalized Capacitor Volume

Define the voltage ripple ratio (ay) for capacitor k as the ratio of the peak voltage ripple
amplitude to the mid-range capacitor voltage:
1
oy = 22VCkR (11.12)
Vo

where Vi, and Avgppp are the mid-range capacitor voltage and peak-to-peak capacitor
voltage ripple, respectively, as annotated in Fig. 11.4. The mid-range voltage is the average
of the maximum and minimum values of the capacitor voltage waveform and is distinct from
the time-averaged or dc voltage of a capacitor whose voltage waveform does not have a 50%
duty cycle [145]. In this analysis, ripple ratios of all capacitor voltages are assumed to be
the same.

Hlustrated as the shaded area on the capacitor current waveform in Fig. 11.4, qcy rep-
resents the total charge contained in the positive portion of the capacitor current waveform
per switching cycle. The peak-to-peak capacitor voltage ripple can be obtained as

AV pp = %’“. (11.13)

We can obtain the minimum capacitor value required to meet the chosen voltage ripple
requirement (ay ) by substituting (11.12) into (11.13), which yields

qc.k
Cp,=—">—. 11.14
k 20&\/‘/0716 ( )
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Thus, the peak energy stored in the capacitor is
1 1 | ) )
Eqk,peak - 50}6 VC,k; + §AUC,k,pp = 5(1 + OZ\/) CkVQk . (1115)
Substituting (11.14) into (11.15) yields the capacitor volume

Ec kven 1 Ve
Volo = C,k,peak :( + ay) C,kQC,k’ (11.16)

PE,C 4oy pe ¢

where pg ¢ is the volumetric energy density of capacitors.
Using the base value for volume in (11.4), we can obtain the normalized capacitor volume
as

Volgr  (1+ ozv)2 rer Vi Vor  qok (14 ay)

VOlbase 4O‘V PE,C ‘/out ‘/1 IoutT 405\/6
1/5 Kot ‘70’]6 ZI\C,k

2
VOIC,k = KmtVQkac’k,(ll.l'?)

where [ is the ratio of the energy density of capacitors to that of inductors

g ="EC (11.18)
PE,L

11.3.3.3 Normalized Passive Component Volume

Summing the normalized volumes over all inductors and capacitors by substituting (11.11)
and (11.17) into (11.3) yields

Ny, 2 N¢ 2
(14 o) Ksc\ ~ (14 ay) ~
Mp = g -2 (1- It 5 E —— Kio: V& . 11.19
P . dor Koo, Lj T - don B tot VC,k4Ck ( )

Applying Kirchhoff’s current law (KCL), we can obtain

N LM
d Iy= i d hy=1, (11.20)
j=1 out j=1
which can be used to simplify (11.19) as
1+ao) K 1+ ay)’ e
Mp = % (1 - KSC) . - g) Kot Y Verdc. (11.21)
1 tot \% 1

Note that the derivation of Mp does not rely on balanced inductor currents (i.e., I,; = I, =
-+~ = I, n1). Instead, the final expression for Mp, as shown in (11.21), applies to topologies
where inductor currents are not equal, since the KCL relationship in (11.20) always holds.
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11.3.4 Normalized Total Inductor Current Slew Rate

Fast dynamic response to load transients is typically required for PoL. power converters.
When a step change in the load current occurs, the maximum inductor current slew rate
determines the fastest response a converter can achieve to recover the output voltage, re-
gardless of the control scheme. Therefore, it represents the physical limit of a converter’s
transient performance. In the proposed framework, the falling and rising slew rates of the
total inductor current are chosen as indicators of transient performance for comparative
analysis.

11.3.4.1 Normalized Total Inductor Current Falling Rate

Fig. 11.5 illustrates the key waveforms of a regulated hybrid SC converter, as shown in
Fig. 11.1, during a load step-down transient. The load transient begins at t; when the
load current (ioy) suddenly drops. The output voltage (vey) reaches its peak at t; when the
inductor current (i, ;) crosses the load current flowing through branch j (iey,;); it recovers to
the reference value (V,u) at to. Note that although the output voltage overshoot (Vout(max) —
Vout) 1s exaggerated in Fig. 11.5 for clear illustration, it is assumed to be much smaller than
‘/out-

The fastest way of recovering v,,; during the load step-down transient is by grounding all
switch nodes and allowing the inductor currents to fall at the maximum rate. The maximum
total inductor current falling rate (SRp) represents the physical limit of a topology’s perfor-
mance during load step-down transients. Therefore, SRF is chosen as a metric to compare
the transient performance of different topologies. To derive SRg, we first need to obtain
the maximum inductor current falling rate for each branch (SRr ;) and then sum them up.
Assuming the output voltage overshoot is much smaller than the nominal output voltage
(Vout) due to the existence of the large output capacitor (Coyt), the maximum current falling
rate of inductor j (SRr ;) can be approximated as

‘/out

L;’

SRg,; = (11.22)

which can be rewritten as % o]
o a j
SRFJ‘ o tot . I4L,j

Kiot — Ks¢ T
with the expression for L; in (11.8) substituted into (11.22). It can be normalized to the
base value of current slew rates listed in Table 11.2 (i.e., SRpase = 201 ou/T) as
SRrp;  SRp; Kot
SRbase B 2OéIIout/T1 B Ktot - KSC b

Therefore, the normalized total inductor current falling rate can be obtained using the
KCL relationship in (11.20) as

(11.23)

SRy, = (11.24)

3D al 3D Ko

Jj=1
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Figure 11.5: Load step-down transient waveforms of branch j. From top to bottom: the
output voltage waveform (voy), the waveforms of the current flowing through inductor j
(i1,;) and the load current flowing through branch j (ioy;), the zoomed-in waveform of
the inductor current over three switching cycles, and the switch-node voltage waveform
seen by inductor j (vgy ;). The fastest way of recovering voy to the reference value (Vo) is
by grounding all switch nodes and allowing the inductor currents to fall at the maximum
rate.
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Since Ko is a constant determined by the application, S/l\%p is a function of the SC stage
conversion ratio (Kgc) only.

11.3.4.2 Normalized Total Inductor Current Rising Rate

Fig. 11.6 depicts the load step-up transient waveforms of a regulated hybrid SC converter.
Similar to the load step-down transient illustrated in Fig. 11.5, this load step-up transient
begins at ty when the load current (ioy) suddenly increases. The output voltage reaches
its valley (Vout(min)) at t; when the inductor current crosses the per-branch load current
(tout/N1); it recovers to the reference value (Vi) at t2. The output voltage undershoot
(Vout — Vout(min)) is assumed to be much smaller than V., although it is exaggerated in
Fig. 11.6 for clear illustration.

The fastest way of recovering vy is by operating all branches at the maximum duty ratio
(Dmax) and forcing the inductor currents to rise at the maximum rate. Unlike the conven-
tional multi-phase buck converter, many regulated hybrid SC topologies have an upper limit
on the achievable duty ratio. For, example, the SCB converter with multi-phase operation
shown in Fig. 11.2 has a maximum duty ratio of 1/Ny. A discussion of how this upper
limit on the duty ratio affects the load step-up transient performance of regulated hybrid SC
topologies will be provided in Section 11.4.

The maximum total inductor current rising rate (SRg) represents the physical limit of
a topology’s performance during load step-up transients. Therefore, SRg is chosen as a
metric for the performance comparison of load step-up transients. Based on the small-ripple
approximation, the maximum current rising rate of inductor j (SRg ;) can be obtained as

<Usw,j> - ‘/out

SRR,]’ = L. )
J

(11.26)
where (vgy ;) denotes the average value of the switch-node voltage, vy, ;, over a switching
period:

<Usw,j> - Dmavauck- (1127)

Substituting (11.27) and the expression for L; in (11.8) into (11.26) and rearranging it with
(11.23) yields

V uc K O
SRi; = ( Dmax—% — 1) SRp; =  Dinax —= — 1) SRy ;. (11.28)
’ Vout ’ Ksc ’
Similar to (11.24), SRy ; can be normalized as
55 SRR Kot 55
SRy i = L = | Dypax—— — 1) SRy 11.29
I SRbase ( KSC 1 ( )
Therefore, the normalized total inductor current rising rate can be obtained as
NL

= S Ktot ) ) ( Ktot ) Ktot
SRR = SRR = | Dmax—=— — 1) SRr = | Dpax—— — 1 | ———. 11.30
R Z R.j < Kyo F Kso Kot — Ksc ( )

J=1
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Figure 11.6: Load step-up transient waveforms of branch j. From top to bottom: the
output voltage waveform (voy), the waveforms of the current flowing through inductor j
(i1,;) and the load current flowing through branch j (ioy.;), the zoomed-in waveform of
the inductor current over three switching cycles, and the switch-node voltage waveform
seen by inductor j (vsy,;). The fastest way of recovering voy to the reference value (Vo)
is by operating all branches at the maximum duty ratio (Dyax) and forcing the inductor
currents to rise at the maximum rate.
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This means that gﬁR is a function of the SC stage conversion ratio (Kg¢) and the maximum
duty ratio (Dpax)-

11.3.5 Formalized Analysis Procedure

According to (11.2) and (11.21), the following topology-dependent characteristic parameters
are needed to calculate the normalized metrics Mg and Mp: Vag;, Lagms),i, Vo, and geg. To
formalize the analytical procedure, we define four topology-dependent characteristic vectors:

e Switch voltage stress vector {/ds = (Vdsﬂ-)

1<i<Ng

e Switch current stress vector fd(rms) = (fd(rms) z)

)

1<i<Ng
e Capacitor voltage vector i\/c = (\A/c>
1<i<Ng
e Capacitor charge vector qc = (§c7k)1<i<NC
with which we can rearrange (11.2) and (11.21) as
MS = Ktotv(—irs/l\d(rms)y (1131)
and
Mp = Mp 1, + Mp ¢, (11.32)
where Mpy, is the normalized inductor volume
(1 + 041)2 KSC
Mpp,=—"(1- , 11.33
i day Kot ( )
and Mp ¢ is the normalized capacitor volume
1+ ay)? ST~
Mpg = uKtotvgqc, (11.34)

in which " denotes the transpose of a vector. The characteristic vectors of state-of-the-art
48-V-to-PoL regulated hybrid SC topologies are listed in Appendix C.

Equations (11.31) and (11.32) provide a formalized analytical procedure of Mg and Mp
that can be automated. Equations (11.33) and (11.34) reveal two properties of Mp, and
Mpycl

e As the SC stage conversion ratio (Kgsc) increases, the normalized inductor volume
(Mp1,) decreases and the normalized capacitor volume (Mp ) increases. This is in-
tuitive because increasing the SC stage conversion ratio means shifting more voltage
conversion burden from the buck-type stage to the SC stage, reducing the inductor
volume but necessitating a higher-order SC network, which requires more and larger
flying capacitors.
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e Topologies with the same SC stage conversion ratio (Ksc) have the same normalized
inductor volume (Mpy,) because the only topology-independent parameter in (11.33)
is Kgc, while Ko, a1, ay and 3 are all constants. Therefore, the difference in the nor-
malized passive component volume among different topologies with the same SC stage
conversion ratio only comes from the difference in the normalized capacitor volume

(ijc).

These two properties will be used in the comparative analysis of the normalized passive
component volume in Section 11.4.3.

11.4 Comparative Performance Analysis of
48-V-to-PoL Regulated Hybrid SC Topologies

Based on the analytical framework established in Section 11.4, this section performs a com-
parative analysis of state-of-the-art 48-V-to-1-V hybrid SC topologies and demonstrates the
benefits of a larger SC stage conversion ratio.

11.4.1 Performance Comparison

Table 11.3 summarizes the key characteristics and the three normalized metrics of state-of-
the-art regulated hybrid SC topologies for 48-V-to-1-V conversion. The year listed for each
topology is when it was first proposed. If a topology has yielded more than one publication,
the two most representative references are provided in the citation: 1) the earliest publication
where the topology was first proposed, and 2) the latest publication that provides the most
thorough explanation of the topology and/or includes experimental results from the best-
performing hardware prototype.

The normalized passive component volume (Mp) of each topology is calculated using
the following ripple ratios: a; = 15% and ay = 5%. The reasons for selecting these ripple
ratios are explained below. As a rule of thumb, the peak-to-peak inductor current ripple
(A pp) of a buck converter is typically designed to be between 20% and 40% of the full-load
output current [90]. In this analysis, it is assumed that Ay, is 30% (average of 20% and
40%) of the per-branch averaged current at full load, resulting in oy = 15%. In addition,
the peak-to-peak capacitor voltage ripple (Avc ) is assumed to be 10% of the mid-range
capacitor voltage, following the rule of thumb for the small-ripple approximation to be valid,
which yields oy = 5%.

The normalized switch stress (Ms) of each topology is calculated under the assumption
of negligible inductor current ripples and capacitor voltage ripples, as mentioned in Sec-
tion 11.3.1. Inductor current ripples can be ignored in the analysis of the normalized switch
stress because their influence on switch RMS current stress is typically very small. For exam-
ple, the RMS value of the current flowing through the high-side switch in a buck converter,



Table 11.3: Topological comparison of state-of-the-art regulated hybrid SC topologies for 48-V-to-1-V con-

version
SC Stage Buck-Type Stage Buck-Type Stage Duty Ratio
. . . ; Complete
Year Topology Conversion Ratio  Conversion Ratio  Nominal Maxi .
omina, aximum Soft-Charging?
(Ksc: 1) (Kbuek : 1) (D) (Dinax)
2005 Series-capacitor buck with 2:1 24:1 0.042 0.5 Ves
multi-phase operation [60] 3:1 16:1 0.063 0.333
gp1p  Series-capacitor buck with 4:1 12:1 0.083 0.5 Yes
two-phase operation [89]
Crossed-coupled ) ) ]
2020 QSD buck [70] 4:1 12:1 0.083 0.5 Yes
2018 DIH [81, 129] 6:1 8:1 0.125 05 Yes, with split-
phase control
2019 LEGO [73, 83] . .
2023 Mini-LEGO [98, 114] 0:1 8:1 0-125 1.0 No
2021 CaSP [64] 6:1 8:1 0.125 0.333 Yes
2022 SDIH [82, 130] 6:1 8:1 0.125 0.5 Yes, with split-
phase control
2020 MLB [65, 76] 8:1 6:1 0.167 0.5 Yes
2020 VIB [74, 77] 8:1 6:1 0.167 0.25 No
2022 MSC [97, 131] 8:1 6:1 0.167 0.25 Yes
2022 Dickson? [75] 9:1 5.33:1 0.188 0.333 Yes
16-to-1 switching bus ) .
2023 converter (SBC) [115, 119] 16:1 3:1 0.333 0.5 Yes
o023~ 20-to-lswitching bus 20:1 2.4:1 0.417 0.5 Yes

converter (SBC) [96, 123]
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TABLE 11.3 (continued): Topological comparison of state-of-the-art regulated hybrid SC topologies for 48-V-to-1-V
conversion

N lized Normalized Passive Normalized Total Inductor Current
ormalize Component Volume (M, Slew Rate
Year Topology Switch Stress (Msg) P (Me) — —
£=500 g=100 S =50 Falling Rate (SRy) Rising Rate (SRR)

2005 Series-capacitor buck with 31.6 2.12 2.14 2.17 1.04 11.5

multi-phase operation [60] 23.1 2.08 2.12 2.18 1.07 4.62
911 Deries-capacitor buck with 18.7 2.04 210 2.19 1.09 5.45

two-phase operation [89]

Crossed-coupled
2020 QSD buck [70] 24.2 2.03 2.08 2.13 1.09 5.45
2018 DIH* [817 129] 14.7 2.02 2.40 2.87 1.14 3.43
2019 LEGOT [73, 83]
2023 Mini-LEGO (98, 114] 17.6 2.03 2.41 2.89 1.14 8.00
2021 CaSP [64] 23.5 1.95 2.02 2.11 1.14 1.90
2022 SDIH* [82, 130] 14.7 2.02 2.40 2.84 1.14 3.43
2020 MLB [65, 76] 23.7 1.88 2.03 2.22 1.20 2.40
2020 VIB? [74, 77] 14.3 1.88 2.07 2.3 1.20 0.60
2022 MSC [97, 131] 15.1 1.86 1.95 2.06 1.20 0.60
2022 Dickson? [75] 14.8 1.81 1.90 2.01 1.23 0.96
16-to-1 switching bus

2023 converter (SBC) [115, 119] 10.2 1.51 1.69 1.91 1.50 0.75
9023~ 20-to-l switching bus 8.99 1.34 156 1.84 1.71 0.34

converter (SBC) [96, 123]

*In [81, 82, 129, 130], all flying capacitor voltage ripples are designed to be the same, which enables simple split-phase control timing.
Since the mid-range voltages across different flying capacitors are different, the voltage ripple ratios of different flying capacitors in
these two works are not uniform. Nevertheless, the normalized passive component volume (Mp) listed in this table assumes uniform
voltage ripple ratios for all flying capacitors, which requires more complex split-phase control timing.

T Small filter capacitors (Ctiter) are not taken into account in the capacitor volume analysis, although they are used in the hardware
prototype in [73, 83, 98, 114] to filter the high-frequency pulsating current from the buck-type stage. Additionally, the charge-sharing
loss between the filter capacitors and the flying capacitors is not captured in this analysis.

 In addition to flying capacitors, an intermediate bus capacitor (Cig) is included in the capacitor volume calculation as well. As
mentioned in [74, 77], its value is chosen to be Cig = Cr/2.34, where CF is the charge pump capacitance. The normalized voltage
stress on Crp is 1/2. The charge-sharing loss between the intermediate bus capacitor and the flying capacitors is not captured in this
analysis.
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which exhibits a pulsating current waveform with linear ripple, can be given as

1
Ligms) = I VDy [ 1 + St (11.35)

where [, is the average inductor current, D is the duty ratio, and «; is the inductor current
ripple ratio as defined in (11.5). Even if ay = 20% (i.e., Aippp, = 0.411,), the RMS current

(Zagrms)) changes by only 0.7% (1/1+ 3 x 0.22 = 1.007). Therefore, inductor current ripples

are typically negligible in the calculation of switch RMS current stress. Similarly, capaci-
tor voltage ripples are ignored in the calculation of switch voltage stress because they are
assumed to be small compared to the mid-range voltages (ay = 5%).

11.4.2 Analysis of Normalized Switch Stress

To better visualize the influence of the SC stage conversion ratio (Ksc), Fig. 11.7 plots
the normalized switch stress (Ms) of different topologies against their SC stage conversion
ratio (Kgsc). Solid dots represent topologies with hardware demonstrations in previous lit-
erature, while hollow circles represent theoretically-existent topologies that have not been
implemented previously. Some extendable topologies are plotted with dashed curves con-
necting different possible implementations at different SC stage conversion ratios. As shown
in Fig. 11.7, with a larger SC stage conversion ratio, the buck-type stage duty ratio (D) can
be extended.

The series-capacitor-buck (SCB) topology was first proposed in [60] with multi-phase
operation and then extended in [89] with two-phase operation. Fig. 11.8(a) shows a four-
phase SCB converter as an example. In the multi-phase operation illustrated in Fig. 11.8(b),
each inductor operates in an individual phase; in the two-phase operation illustrated in
Fig. 11.8(c), the inductors are divided into two groups: the odd-numbered group and the
even-numbered group, each operating in an individual phase with a 180° phase shift. Com-
pared to multi-phase operation, the two-phase operation can extend the maximum duty ratio
from % to %, where NN is the number of branches. As a result, the upper limit on the number
of branches can be increased from Ny,_pn t0 No_pp:

Vin(scn)

Multi-phase operation: Ny,_pn < (11.36)
Vout(scB)
Vin
Two-phase operation: No_pp, < __n(5CB) (11.37)
2Vout(scB)

where Viysc) and Vouysen) are the input and output voltages of the SCB converter, re-
spectively. For 48-V-to-1-V conversion (Viyscr) = 48 V and Vouyscr) = 1.0 V), the max-
imum allowable numbers of branches for multi-phase operation and two-phase operation
are Ny _ph(max) = 6 and Na_phmax) = 20, respectively. Since the SC stage conversion ratio
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Figure 11.7: Normalized switch stress (Mg) of state-of-the-art regulated hybrid SC topolo-
gies for 48-V-to-1-V conversion. Solid dots represent topologies with hardware demonstra-
tions in previous literature, while hollow circles represent theoretically-existent topologies
that have not been implemented previously. A lower normalized switch stress (Mg) is more
desirable.

(Ksc) of a SCB converter is equal to its number of branches (/V), the maximum SC stage
conversion ratio for multi-phase operation and two-phase operation are Kgsc m—ph(max) = 6
and Ksca—phmax) = 20, respectively. As Kgc increases, the voltage stress on all switches
decreases while the current stress on most switches increases. Nevertheless, the increase in
switch current stress does not offset the voltage stress reduction. Therefore, as shown in
Fig. 11.7, the net result is that the normalized switch stress of a SCB converter decreases as
Kgc increases. This means that a SCB converter with a larger SC stage conversion ratio has
the theoretical potential of achieving higher efficiency. Compared to multi-phase operation,
two-phase operation can better leverage the benefits of a larger SC stage conversion ratio
since it extends the upper limit on the number of branches.

Although two-phase operation does result in a larger net output current ripple than
multi-phase operation, this does not necessarily require a larger output capacitor in PoL
applications. The size of the output capacitor in these applications is mainly dictated by
transient performance requirements, such as limiting the maximum output voltage overshoot
and undershoot. Typically, an output capacitor that is sufficiently large to meet these
transient requirements also ensures that the steady-state output voltage ripple stays well
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Figure 11.8: Four-branch SCB converter. (a) Schematic drawing. (b) Multi-phase opera-
tion. (c¢) Two-phase operation.
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below the maximum acceptable levels. Therefore, there is no need to increase the output
capacitance when changing from multi-phase operation to two-phase operation. In fact,
as will be explained in Section 11.4.4, since two-phase operation enables a faster transient
response than multi-phase operation, the output capacitance can potentially be reduced.

The DIH [81, 129] and SDIH [82, 130] topologies can be viewed as SCB topologies
under two-phase operation, but with the inductors operating in the same phase merged
into one large inductor by short-circuiting the odd-numbered and even-numbered switch
nodes, respectively. Given that the scaling law of magnetics favors larger components [146],
combining multiple small inductors into one large inductor can typically improve the overall
performance of magnetic components. However, short-circuiting the switch nodes brings
about the hard-charging of flying capacitors, which can only be overcome by the split-phase
control [72]. The additional secondary phases introduced by the split-phase control reduce
the effective duty ratio, resulting in slightly higher normalized switch stress for the DIH
and SDIH topologies compared to a SCB topology under two-phase operation, as shown in
Fig. 11.7. Due to the sensitivity of split-phase control timing to component sizing, either
capacitors with high stability, such as Class I multilayer ceramic capacitors (MLCCs) that
have lower energy densities, or active split-phase control [147, 148] must be used to ensure
complete soft-charging.

The switching bus converter (SBC) [96, 115, 119, 123] merges a 2-to-1 SC front-end with
two SCB modules through two switching buses with intermediate bus capacitors and redun-
dant switches removed. The advantages of the switching-bus-based architecture over the
existing dc-bus-based architecture are explained in Chapter 7. Each SCB module operates
in the two-phase fashion illustrated in Fig. 11.8(c). Therefore, the switching bus converter
extends the maximum duty ratio to 50% and enables a larger SC stage duty ratio. As
can be seen in Fig. 11.7, the normalized switch stress (Mg) of the switching bus converter
decreases as the SC stage conversion ratio (Kgsc) increases, which shows the benefits of a
larger SC stage conversion ratio. As discussed in [119], the switching-bus-based architecture
ensures complete soft-charging operation, thus avoiding the need for the split-phase control.
The switching bus concept was first introduced in [75] with the Dickson? topology. Other
switching-bus-based topologies include MLB [65, 76] and CaSP [64] topologies.

Fig. 11.7 shows that, in general, increasing the SC stage conversion ratio of a regulated
hybrid SC topology reduces its normalized switch stress, thereby improving efficiency. One
possible concern about using the normalized switch stress as an indicator of efficiency is that
it only captures the power losses in semiconductor switches but excludes the losses in flying
capacitors and inductors. Flying capacitor equivalent series resistance (ESR) conduction loss
is typically lower than 5% of total loss and is thereby negligible. However, inductor core loss
and winding loss cannot be neglected. As the SC stage conversion ratio increases, the voltage
stress (Vipuek) On the subsequent buck-type stage is reduced, and therefore, the inductor
size is decreased, resulting in a smaller core volume and lower dc resistance (DCR). This
means that the inductor losses are reduced when the SC stage conversion ratio is increased.
Consequently, the conclusion that increasing the SC stage conversion ratio is favorable for
efficiency improvement holds, even with the inductor losses taken into consideration.
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11.4.3 Analysis of Normalized Passive Component Volume

Fig. 11.9 shows the normalized passive component volume (Mp) of different topologies
against their SC stage conversion ratio (Kgc), assuming an inductor current ripple ratio of
ar = 15%, a capacitor voltage ripple ratio of ayy = 5%, and three different energy density ra-
tios of capacitors to inductors: g = 500, 100, 50. Table 11.4 lists three practical examples for
calculating the energy density ratio () between capacitors and inductors. The commercial
capacitor component TDK C3216X7R1H106K160AE [149] is rated at 50 V and is assumed to
withstand a peak voltage of 25 V. Under a dc bias of 25 V| its capacitance derates to 3.5 uF.
Therefore, the volumetric energy density of this capacitor component, when biased at a dc
voltage of 25 V, is calculated as $CV?2 divided by its volume, which is equal to 134 p.J/mm?®.
Similarly, the volumetric energy density of a commercial discrete inductor component, Coil-
craft SLR1065-301KEC [150], at its saturation current (32 A) is calculated as LI? divided
by its volume, yielding 0.256 wJ/mm3. Therefore, in this example, the energy density ratio
between these two commercial components is Spy, = % = 523, which is representative of
the energy density ratios between commercial Class IT MLCCs and discrete inductors. Note
that this example assumes 50% voltage utilization of the capacitor component, meaning that
it is assumed to operate at 50% of its rated voltage. When fully utilized, commercial Class
IT MLCCs can achieve an approximately 1000 times higher energy density compared to com-
mercial discrete inductors [1]. Due to DC flux cancellation, coupled inductors can achieve
the same per-phase steady-state inductance with a smaller core volume compared to discrete
inductors [125]. As listed in Table 11.4, the customized four-phase coupled inductor pre-
sented in [96] achieves a volumetric energy of 1.69 uJ/mm? at its saturation current, which
is 6.6 times higher than the commercial discrete inductor component. The energy density
ratio between the commercial capacitor component (TDK C3216X7R1H106K160AE) and
this customized four-phase coupled inductor is f¢p, = % = T79. These practical examples
demonstrate that 8 = 500 can be used in topological comparisons involving commercial dis-
crete inductors, while 8 may decrease to 100 or even 50 when customized coupled inductors
are used.

As can be seen in Fig. 11.9(a), when = 500 (for example, when discrete inductors are
used ), the normalized passive component volume (Mp) of the regulated hybrid SC topologies
decreases as their SC stage conversion ratio (Kgc) increases. The normalized passive com-
ponent volume is the sum of the normalized inductor volume and the normalized capacitor
volume (i.e., Mp = Mpy, + Mp ). Recall the first property of Mp;, and Mp ¢ mentioned
at the end of Section 11.3.5: as Kgc increases, Mp, decreases and Mp ¢ increases. How-
ever, since capacitors have much higher volumetric energy densities compared to discrete
inductors, as demonstrated in Table 11.4, the increase in capacitor volume does not offset
the inductor volume reduction. As a result, the total passive component volume goes down
as the SC stage conversion ratio increases. This shows that when discrete inductors are
used, increasing the SC stage conversion ratio of a regulated hybrid SC topology reduces its
normalized passive component volume, thereby improving power density.

As [ decreases (for example, when coupled inductors with higher energy densities are
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Figure 11.9: Normalized passive component volume (Mp) of state-of-the-art regulated

hybrid SC topologies for 48-V-to-1-V conversion (g = 15%, ay = 5%).

(a) B = 500.

(b) = 100. Solid dots represent topologies with hardware demonstrations in previous
literature, while hollow circles represent theoretically-existent topologies that have not
been implemented previously. A smaller normalized passive component volume (Mp) is

more desirable.
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TABLE 11.9 (continued): Normalized passive component volume (Mp) of state-of-the-
art regulated hybrid SC topologies for 48-V-to-1-V conversion (o = 15%, ayv = 5%).
(c) B = 50. Solid dots represent topologies with hardware demonstrations in previous
literature, while hollow circles represent theoretically-existent topologies that have not
been implemented previously. A smaller normalized passive component volume (Mp) is
more desirable.

used), the inductor volume reduction rate with respect to the SC stage conversion ratio
(Ksc) drops and gradually approaches the capacitor volume increase rate. As a result, the
slope of the Mp lines becomes less negative when [ decreases from 500 to 100, as can be
observed in Figs. 11.9(a) and (b). This means that the increase in the capacitor volume
plays a more important role in the total volume change as Kg¢ increases when inductors
are more energy-dense (i.e., when § decreases). It can be anticipated that when [ decreases
to a certain extent, the inductor volume reduction rate with respect to Kg¢ will be smaller
than the capacitor volume increase rate. As a result, the increase in the capacitor volume
will dominate the total volume change, meaning that Mp will rise as Kg¢ increases. This
is indeed what happens when (3 decreases from 100 to 50. As shown in Fig. 11.9(c), when
B = 50, the normalized passive component volume of the SCB [60, 89], DIH [81, 129], and
SDIH [82, 130] topologies rises as the SC stage conversion ratio increases, resulting from the
increase in the capacitor volume. Therefore, these topologies cannot leverage the benefits of
a larger SC stage conversion ratio when high-density coupled inductors are used.



Table 11.4: Practical examples for calculating the energy density ratio (3) between capacitors and inductors

Component Part Number

Parameters Dimensions

Volumetric Energy Density

TDK C3216X7R1-

Capacitor H106K160AE [149)]

Rated voltage: 50 V

3
Capacitance: 3.5 uF (@ 25 V) 3:2>1.6> 1.6 mm

134 wJ/mm? (@ 25 V)

Coilcraft SLR1065-

Discrete Inductor 301KEC [150]

Saturation current: 32 A
Inductance: 275 nH (Q 32 A)
DCR: 0.48 mf2

10.4 x 8.0 X 6.6 mm?

0.256 uJ/mm?’ (@32 A)
(6DL = Og’gﬁ = 523)

Customized four-phase
coupled inductor
presented in [96]

Coupled Inductor

Saturation current: 45 A
Inductance: 260 nH* (@ 45 A)
DCR: 0.16 mf

18.5 x 10.5 x 3.2 mm?

1.69 wJ/mm? (@ 45 A)
(Bor = 165 = 79)

* Per-phase steady-state inductance (four-phase average value at D = 0.417).
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Nevertheless, even when 5 = 50, the switching bus converter (SBC) [96, 115, 119, 123]
maintains a decreasing normalized passive component volume as the SC stage conversion
ratio increases. This demonstrates its capability of leveraging the benefits of a larger SC
stage conversion ratio and the high energy densities of coupled inductors simultaneously.
Moreover, it requires a smaller normalized passive component volume compared to the SCB,
DIH, and SDIH topologies at the same SC stage conversion ratio, showing its potential to
achieve higher power density. Recall the second property of Mp;, and Mp ¢ mentioned at
the end of Section 11.3.5: topologies with the same SC stage conversion ratio have the same
normalized inductor volume. Therefore, at the same SC stage conversion ratio, the difference
in the normalized passive component volume among different topologies only comes from the
difference in the normalized capacitor volume. In the SCB, DIH, and SDIH topologies, the
mid-range flying capacitor voltages are KLchin (k = 1,2,--+ , Kgc — 1), with half of the
capacitor voltages beyond %Vin. In contrast, the flying capacitor voltages in the switching
bus converter are %Vin and KLSCVin (k=1,2,--- , Ksc/2—1), with all capacitor voltages lower
than or equal to %Vin. Consequently, by halving the input voltage with an additional 2-to-
1 SC front-end, the switching bus converter reduces the requirement for capacitive energy
storage, thereby reducing the flying capacitor volume and total passive component volume.

11.4.4 Analysis of Normalized Total Inductor Current Slew Rate

Fig. 11.10 presents the normalized falling and rising rates (S/f\{p and gl\%R) of the total inductor
current for different topologies against their SC stage conversion ratio (Ksc).

As can be seen in Fig. 11.10(a), the normalized current falling rate (S/P\{F) increases
with the SC stage conversion ratio, which implies that a larger SC stage conversion ratio is
favorable for better load step-down transient performance. As the SC stage conversion ratio
increases, the voltage conversion burden on the buck-type stage is alleviated, resulting in
reduced inductor values. Since the optimal control strategy during a load step-down transient
is to ground all switch nodes, the voltage applied across the inductors remains constant at
the output voltage (Voyu), regardless of the circuit topology. Consequently, benefiting from
the smaller inductors, a regulated hybrid SC topology with a larger SC stage conversion
ratio can achieve faster load step-down transient response. In addition, it is not surprising
that the normalized current falling rates of all topologies fall on the same trend line, since
the only topology-dependent parameter in (11.25) is Kgc.

Fig. 11.10(b) depicts how the normalized current rising rate (STI\%R) of different topologies
change with their SC stage conversion ratios (Ksc). In general, the normalized current rising
rate of these regulated hybrid SC topologies decreases with a larger SC stage conversion
ratio, meaning slower dynamic response. This is mainly because an increased Kgc¢ leads to
a decrease in Vju, which is applied to the inductors during the load step-up transient to
ramp up the inductor current. Although the inductor value in the buck-type stage reduces
as K¢ increases, which helps improve the load step-up transient performance, the inductor
size reduction does not offset the impact of a lower Vj,,q voltage.
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Figure 11.10: Normalized total inductor current slew rate. (a) Normalized total inductor

current falling rate (S/P\{p) (b) Normalized total inductor current rising rate (SRg). Larger
current slew rates are more desirable since they indicate faster dynamic response and better

transient performance.
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Moreover, many of these regulated hybrid SC topologies have an upper limit on the duty
ratio of the buck-type stage that is lower than 100%. This limits the maximum average
voltage applied to the inductors during a load step-up transient, which reduces the current
rising rate. For example, as mentioned earlier in Section 11.4.2, the maximum duty ratio
of a SCB converter with multi-phase operation is %, where N is the number of branches,
and that of a SCB converter with two-phase operation is % Benefiting from the extended
duty ratio enabled by the two-phase operation, the SCB with two-phase operation achieves
a faster current rising rate and improved load step-up performance compared to the SCB
with multi-phase operation, as demonstrated in Fig. 11.10(b) with the light-green curve and
the gray curve, respectively. Additionally, the switching bus converter (SBC) also achieves
improved load step-up transient performance through two-phase operation due to the same
reason.

One noticeable difference between Fig. 11.10(a) and Fig. 11.10(b) is that the normalized
current rising rate (S/f\{R) is typically larger than the normalized current falling rate (gl\%p)
This is mainly because the average voltage applied to the inductors during a load step-up
transient (Dpax Viuck, as shown in (11.27)) is typically higher than that during a load step-
down transient (V). For a 12-V-to-1-V buck converter, the inductor current rising rate is
11 times faster than its falling rate, meaning that the step-down transient is typically much
worse than the step-up transient. Therefore, in the design of existing multi-phase-buck-based
VRMs, the step-down transient is usually the primary concern [151]. In contrast, regulated
hybrid SC topologies offer the opportunity to achieve similar rising and falling rates of the
inductor current, which balances the load step-up and step-down transient performance.
For example, a SC stage conversion ratio of Ksc = 12 enables the SCB with two-phase

operation [89], the switching bus converter (SBC) [96, 115, 119, 123], and the DIH [81, 129]

and SDIH [82, 130] topologies to equalize the normalized falling and rising rates (S/P\{F and
SRR) of the total inductor current and achieve balanced step-up and step-down transient
performance.

11.4.5 Summary of Comparative Performance Analysis

The conclusions from this comparative performance analysis can be summarized as follows:

e Increasing the SC stage conversion ratio decreases the normalized switch stress, which
is beneficial for lowering power losses and achieving higher efficiency.

e Increasing the SC stage conversion ratio reduces the normalized passive component
volume, which is favorable for converter miniaturization and achieving higher power
density.

e A larger SC stage conversion ratio speeds up the falling slew rate of the total inductor
current, which improves load step-down transient performance. However, it slows down
the rising rate of the total inductor current, leading to slower load step-up dynamic
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responses. However, regulated hybrid SC topologies offer the opportunity to achieve
balanced load step-up and step-down transient performance with proper designs.

11.5 Chapter Summary

This chapter proposed an analytical framework for comparing the performance of 48-V-
to-PoL regulated hybrid SC topologies. In this framework, three metrics are defined and
calculated for performance comparison: a) normalized switch stress as an indicator of ef-
ficiency, b) normalized passive component volume as an indicator of power density, and
¢) normalized total inductor current slew rate as an indicator of transient performance.
Through comprehensive comparative analysis, this framework reveals the benefits of a larger
SC stage conversion ratio: increasing the SC stage conversion ratio reduces switch stress and
passive component volume while accelerating the falling rate of inductor current, thereby im-
proving efficiency, power density, and load step-down transient performance simultaneously.
Although a larger SC step-down ratio typically slows down the rising rate of inductor cur-
rent, which can potentially impair the load step-up transient performance, properly designed
regulated hybrid SC topologies can achieve balanced load step-up and step-down transient
performance with similar rising and falling rates of the total inductor current.
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Chapter 12

Conclusion

This dissertation explores the circuit topologies, control techniques, and analytical models
for hybrid SC converters and demonstrates their great potential to achieve improved perfor-
mance in data center applications, including 48-V-to-12-V and direct 48 V to point-of-load
(PoL) power conversions.

The first part of this dissertation proposes a general modeling and analysis methodology
for fixed-ratio pure and resonant SC converters to quantitatively characterize the effects of
finite terminal capacitances. For pure SC converters, it is revealed that insufficient input
capacitance can lead to a dramatic increase in output impedance and cause a considerable
efficiency drop. Conversely, decreasing the output capacitance can counter-intuitively reduce
the output impedance, which contributes to both higher efficiency and higher power density.
Additionally, the output capacitance has a stronger effect on the output impedance in the
slow switching region, while the input capacitance is more influential in the fast switch-
ing region, especially around the knee of the output impedance curve, which is the typical
operating point of pure SC converters. For resonant SC converters, insufficient terminal ca-
pacitances can result in higher critical switching frequencies and higher output impedance,
and the input capacitance has a stronger influence on the critical switching frequency than
the output capacitance. To reduce terminal capacitances without sacrificing efficiency, this
dissertation proposes a multi-resonant compensation control technique for resonant SC con-
verters that can adaptively compensate for the negative effects of finite terminal capacitances
by ensuring multi-resonant and full zero-current switching operation with adjusted duty ratio
and switching frequency. The proposed control technique is implemented in a 2-to-1 ReSC
converter prototype for experimental verification. It is shown that the proposed control
technique can reduce the terminal capacitances by at least a factor of 5 without harming
overall efficiency.

The second part of this dissertation explores high-performance hybrid SC converters for
direct 48 V to Pol. power conversion in data centers. In pursuit of a more efficient and
compact alternative to the existing dc-bus-based architecture, where two conversion stages
are merged through an intermediate dc bus, this dissertation introduces a new method of
merging two or more SC stages through intermediate switching buses. Compared to the



CHAPTER 12. CONCLUSION 212

existing dc-bus-based architecture, the proposed switching-bus-based architecture has three
advantages that promise higher performance: 1) It eliminates the need for bus capacitors to
maintain a stiff dc bus voltage. 2) One redundant switch can be removed on each switching
bus while merging two stages. 3) It ensures complete soft-charging operation. Based on the
switching bus concept, this dissertation proposes a family of high-performance hybrid SC
voltage regulators, named the switching bus converter.

To theoretically compare the performance of the proposed topology to the existing reg-
ulated hybrid SC topologies for direct 48-V-to-Pol. conversion, this dissertation establishes
an analytical framework and conducts a comparative performance analysis. In the proposed
framework, a regulated hybrid SC topology is depicted as a fixed-ratio SC stage merged
with a subsequent regulated buck-type stage. The total conversion ratio is allocated be-
tween these two conversion stages. Three metrics are defined and calculated for performance
comparison: a) normalized switch stress as an indicator of efficiency, b) normalized passive
component volume as an indicator of power density, and ¢) normalized total inductor current
slew rate as an indicator of transient performance. Through the comprehensive comparative
analysis, this framework reveals the benefits of a larger SC stage conversion ratio: increasing
the SC stage conversion ratio reduces switch stress and passive component volume while
accelerating the falling rate of inductor current, thereby improving efficiency, power density,
and load step-down transient performance simultaneously. Although a larger SC step-down
ratio typically slows down the rising rate of inductor current, which can potentially impair
the load step-up transient performance, properly designed regulated hybrid SC topologies
can achieve balanced load step-up and step-down transient performance with similar rising
and falling rates of the total inductor current. Through a two-phase operation of the series-
capacitor buck modules, the proposed switching bus converter extends the maximum duty
ratio and enables a larger SC conversion ratio, showing great potential to achieve higher ef-
ficiency and higher power density concurrently when compared to existing regulated hybrid
SC topologies.

To verify the theoretical benefits of the proposed switching-bus-based architecture, vari-
ous circuit topologies from the switching bus converter family and their hardware prototypes
are presented, including a high-efficiency prototype and a high-density prototype. The high-
efficiency prototype was designed and built with customized four-phase coupled inductors
and hybrid gate drive daughterboards. It is capable of sourcing an output current of 1500-A
at 48-V-to-1-V conversion and achieved 92.7% peak system efficiency, 85.7% full-load system
efficiency (including gate drive loss), and 759 W /in® power density (by box volume) with-
out any heat sink and with air cooling only. Additionally, compared to the state-of-the-art,
the high-density prototype doubled the power density while maintaining the same full-load
efficiency, with a height of 4.7 mm. Due to its high current density and low profile, this
high-density prototype can be placed on the bottom side of the motherboard directly under-
neath the processor, which allows it to deliver high current vertically to the top side through
vias, enabling vertical power delivery. This not only significantly reduces the size of the
power distribution network (PDN) and associated conduction losses but also saves the valu-
able topside area on the motherboard for high bandwidth memory (HBM) and high-speed
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communication. Together, these two switching bus converter prototypes create an improved
performance boundary for 48-V-to-PolL power conversion in data center applications.
Finally, the proposed topologies and switching bus concept are synthesized and extended
as a generalized switching-bus-based architecture for regulated hybrid switched-capacitor
converters. Based on this generalized architecture, a family of regulated switching-bus-based
topologies can be constructed by strategically merging two or more SC conversion stages.
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Appendix A

Derivation of Switching Device
Figure-of-Merit

A.1 Power Semiconductor Device Loss Analysis

The total loss of a power semiconductor device can be obtained as
Psemi = Pcond + PSW? (A1>

where P,.,,q and Py, represent the conduction and switching losses, respectively. The con-
duction loss is given by
Pcond = Rds,onjg( (A2)

where Rgson is the on-state resistance of the device, and Iqms) is the RMS value of the
current following through the device. The switching loss generally consists of the capacitive
Coss loss, the V—I overlap loss, and the gate drive loss. In this analysis, the gate drive
loss is neglected since it is typically much smaller than the other two types of switching
losses at heavy-load conditions. According to [4], the VI overlap loss can be assumed to be
negligible to obtain the minimum hard-switching energy dissipated per cycle in a half-bridge
(HB) consisting of two identical devices:

Esw,HB - C1oss,Q‘/dQca (AS)

where Cogs.q represents the charge-equivalent output capacitance [2, 3] of the devices, and
Vic denote the dc-link voltage. Assuming the two devices are identical and thus generate
the same switching loss, the minimum switching loss in one semiconductor device operating
at a switching frequency of f, is

rms)>’

1
Psw = §fswcoss,QVd2c- (A4)

Substituting (A.2) and (A.4) into (A.1) yields the minimum total loss of a hard-switched
semiconductor device as

1
Psemi = Rds,on[(?(rms) + §fSWCOSS,QVd2(;' (A5>
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A.2 Derivation of Switching Device Figure-of-Merit

To derive the switching device FOM, we rewrite the on-state resistance (Rgson) and charge-
equivalent output capacitance (Coss q) as the area-specific forms:

R},
Rison = —22 A6
o Agie (8.6)
COSS Q= Céss QAdiea (A7)

where Agie is the device die area; R}, and Cl o are the area-specific on-state resistance
and the area-specific charge—equlvalent output capacitance, respectively.
Therefore, the semiconductor device loss given in (A.5) can be rewritten as a function of

the die area as ,

R s,on 1
Psemi(-Adie) = ] d(rms) 2 + §fSWC(/)SS’QVd2cAdie' (A8>

This loss function can be minimized with the optimal die area that balances the conduction
and switching losses (i.e, Peong = Psw), and the minimized semiconductor device loss is

Pseml (min) — Vdcjd (rms) \/ fsw ds,on oss Q" (Ag)

For a device operating at given dc-link voltage (Vg.), RMS current (Iqms)), and switching

frequency (fsw), this minimized semiconductor device loss is proportional to /Rl C!

ds,on ~0ss,Q"
Note that
Rds ,on~0ss,Q — Rds,oncoss,Qa (A 10)

according to (A.6) and (A.7). This means

1
Psemi(min) = Vdc[d(rms) \/gfszds,onCoss,Q X/ Rds,oncoss,Q- (All)

Therefore, the switching device FOM can be defined as

Switching device FOM £ /Rs onCoss.q- (A.12)

A.3 Derivation of Extended Normalized Switch Stress

To incorporate the semiconductor performance scaling, the voltage dependence of the area-

specific on-state resistance (R) On) and the area-specific charge-equivalent output capaci-

tance (Cly q) has to be considered. With technology-specific constants (kr and k¢) and

voltage-scaling factors (ar and ac), R, and C{_ o can be expressed as the following

exponential functions of the device’s voltage rating (Viated):

R’ = kp VR (A.13)

ds,on rated

0ss,Q T kc‘/gted? (A14)
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where kg, kc, Ry, o, and Cf o can be obtained through curve-fitting for each device tech-
nology (e.g., Si, SiC, and GaN) with empirical data [4]. In this analysis, we assume that
there are devices available at any voltage rating. Under this assumption, we can rate each
device exactly at its peak blocking voltage:

‘/rated = V;is- <A15)

Also, note that the peak blocking voltage (Vys) across a device in a half-bridge is equal to
the de-link voltage (Vy.):
Vas = Vie. (A.16)

With (A.13)-(A.16), equation (A.9) can be extended as

« «@ 1
Psemi min) — Ve ler R;r © I rms 5 swk k
(rmin) = ¥d dtms) || 5 fowkihic (A.17)

1+0‘R+aC
X V;is 2 Id(rms)'

aR+ao
Therefore, Vg™ e Iqams) can be defined as an extended switch VA stress. By replacing

the VA product in (11.2) with this extended VA stress and keeping it dimensionless through
normalization, we obtain the extended normalized switch stress

14 2RTeC
> Vasi 7 lagme
switches
M (ex) = — _ (A.18)

v

2
out I out
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Derivation of General Output
Impedance Model for Pure and
Resonant Switched-Capacitor
Converters

B.1 Detailed Model Derivation for Pure
Switched-Capacitor Converters

Denote R .

ik (t) = [()]ge_a

Tor. = Tor — Itk
and

Th(er) .  Th(eft)
Cjk :/ Zk (t)dt:IOka (1—6 Tk ) .
0
Then

ty = 1 + Igp,

so that the transferred charge in phase k can be calculated as

T (et . R
Qe = / i (t) dt = G + IrThem).-
0

On the other hand, ¢, and I,,; can be expressed as

dr = AkYout
Iout = fSWQOut

where o, is the total transferred charge to the output in a switching cycle.
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(B.2)

(B.3)

(B.4)

(B.5)
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Substituting (2.6) and (B.5) into (B.4) yields the relationship between ¢ and gou; as

dk = &kQOut (B6)

in which the coefficient a5 has been given in (2.9).
Substituting (B.1) and (B.6) into (B.2) yields

GrfGout

jOk = Th(eft) \ (B7)
Th <1 —e Tk )
Denote R T (o) A Rkj2 T 2o
Ey, = / Ryiz (t) dt = TOk (1 L > : (B.8)
0

Then substituting (B.5) and (B.7) into (B.8) yields the expression of Ruy that has been
given in (2.9) as

fsw Z Ek ~
~ 1 a: Th(efr)
R = —b— = E_ coth < . B.9
' Igut 2fsw Zk: Ok(eff) 27y, ( )

Substituting (B.3) and (B.8) into (2.3) yields
By = By + Rilo (241 + InTier)) - (B.10)

Additively combing (B.10) over all phases and substituting the summation into (2.1) and
(2.2) yields the final expression of R, that has been given in (2.8) as

fsw Z Ej,
Rou = .
! Igut
Fuo D Be fow X Ridi (21 + InTigern)) (B.11)
—_ k k '
= 12 + [2

out out

= Rout + Z Ripr (2ax — Prfow Do)
k

B.1.1 Model Approximation by Taylor Expansion

By Taylor expansion, the hyperbolic function coth(x) (z > 0) can be approximated as

+2, 0<z<V3

r>3

w8

1
coth (z) ~ { = (B.12)
1,
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For simplicity, here we consider a two-phase SC converter with 50% duty ratio and

negligible deadtime (i.e. Ti(esr) = To(er) = Qf%) Substituting (B.12) into (2.8) yields the
contribution of phase k (k =1, 2) to Rou as
2R{ ( pk>+ i }0<4f < !
A — —~ > swT] —F
T T g, BVE
@ | (B.13)
Ry a2+ = — k| Afoury > —
* |: g 3 (4fsw7—k)2:| f : \/§

Substituting the topology-dependent parameters mentioned in Section 2.3.1 and addi-
tively combing the components in all phases yields the SSM and FSM for the 2-to-1 SC
converter that has been given in (2.12) and (2.13).

B.2 Detailed Model Derivation for Resonant
Switched-Capacitor Converters

As explained in Section 3.2, to derive the general output impedance model shown in (3.11),
we need to first obtain the unknowns Ay and ¢y, in (3.4) which give the analytical expression
of iy and then calculate the output impedance with i, through (3.1)-(3.3).

B.2.1 Calculation of A; and ¢,

To calculate Ay and @, two additional conditions are needed: a) the continuity of inductor
current that is mathematically described in (3.7), and b) the charge balance in the flying
capacitor(s) as as been described in (3.9).

First, with the continuity of inductor current, we can substitute (3.4) into (3.7) and
obtain (B.14).

Ay cos (p2) + Iy = Are P cos (m+e1)+ In (B.14Db)

where [ and 7, (k = 1,2) have been defined in (3.13).

Second, with the charge balance in the flying capacitor(s), we can substitute (3.4) into
(3.9)-(3.10) and obtain (B.15).

To solve for ¢1, we need to 1) express A; in terms of ¢, and 2) substitute A; into (B.15a)
for tan(¢1).

{Al cos (1) + In = Ase™ cos (72 + v2) + Ipp (B.14a)



A ) . _

w_21 wi [e7P sin (v1 + ¢1) — sin (1)] — a1 [e77 cos (11 + 1) — cos (¢1)] } + InDiT = ay Lo T (B.15a)
01

A . . _

w—; Wy [6732 sin (2 + ¢2) — sin ((pQ)} — iy [e B2 cos (72 + @2) — cos (QOQ)] } + Iy DoT = aoly T (B.15b)
02

Wy [6_/62A2 sin (72 + ¢2) — Agsin (apg)] — [e_ﬁQAQ cos (Y2 + 2) — As cos (902)} = Wiy (aglyns — Dolpy) T (B.16)

Ay sin (79 + g) = sin (72) [Ag cos (¢2)] + cos (72) [Ag sin (¢2)] (B.17a)
Ay cos (pg) = Are ™ cos (71 + ¢1) + I — I (B.17b)
e %2 A, cos (72 + p2) = Arcos (1) + In — I (B.17¢)
e P2 {cos (72) [A2 cos (pa)] — sin (72) [Agsin (pa)]} = Ay cos (1) + In — Ip (B.18)
) cos (72) [Are™P1 cos (11 + 1) + I — Ip| — €2 [A; cos (¢1) + It — Iy
Ay sin (pg) = A - S0 (72) } ! ! 2 (B.19)
ALy T (02— D)y 202 — 9 (py = o) fo feosh (B) — cos (1) o

cos (1) Py cos(y1)+ €51 Py — Pyysin () tan (¢1)

SUHLHAANOD HOLIOVAVO-AAHDLIMS INVNOSHY ANV HY1d

HOA THAONW HONVUAJNI LOAdLAO TVHANAD A0 NOLLVAIHAA “d XIANHddV

0¢e
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1) Express Ay in terms of p1. Rearrange (B.15b) as (B.16). To express A; in terms of ¢,
we need to substitute As and s for A; and ¢ in (B.16), meaning Aj sin (72 + ¢2), As sin (¢2),
Ay cos (79 + p2), and Ascos (g) should be expressed in terms of A; and ¢;. According
to the trigonometric angle sum identity and (B.15), Assin (72 + ¢2), Ascos (72 + ¢2), and
Ay cos (p2) can be expressed as (B.17). To solve for Assin (g2), first expand (B.17¢) as
(B.18) and then substitute (B.17b) into it, yielding (B.19). Substituting (B.17) and (B.19)
into (B.16) gives the expression of A; in terms of ¢y as (B.20), in which P, ; and P » follow
the same definition in (3.13).

2) Solve for tan(yq). Substituting (B.20) into (B.15a) yields an equation in terms of
tan(¢q), with which we can solve for tan(p;) as

Py cos (1) + € P o+ P sM o
Pysin(y) — PraMig

tan (1) = (B.21)

where Py, P o, P13, M1, and M 5 follow the same definition in (3.13).
Similarly, we can obtain tan(ys) in the same way as how we solve for tan(y;) above.

Denote
T, = tan(pg) (k=1,2). (B.22)

which is actually the same as the T} defined in (3.13).

With 77 and T3 calculated in (3.13), A; and Ay can be determined by substituting 7}
and T5 into (B.20). However, to calculate the output impedance, the explicit expressions of
A; and A, do not need to be obtained. Instead, they can be substituted with 7} and 73 in
the calculation, which will be explained in the next subsection.

B.2.2 Calculation of the output impedance

Denote A
ix (t) = Ape” " cos (wit + ©r) (B.23)
and
A~ DkT ~
E), = / Rz () dt. (B.24)
0
Then
1 = 1 + Lgp. (B.25)

Therefore, the conduction energy loss in phase k can be calculated as
DyT
E), = / Rz () dt. (B.26)
0

Substituting (3.5), (3.9) and (B.25) into (B.26) gives

Ek = Ek + Rkpk (2(lk - kak) Tlgut' (B27)
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To calculate Ej,, we can substitute (B.23) into (B.24) and obtain

R B\ 2
Ek_&.(Ake ) .

4 Wok
(G + Hp18in (2¢x) + Hy 2 cos (2¢)]

(B.28)

where Gy, Hy. 1, and Hy, 5 follow the same definition in (3.13). According to (B.15), AZe=25 /w2,
can be expressed as (B.29).

Age P (ar, — Dipr) worLou T
= — . (B.29)
Wok Wi, [sin (Y 4 @r) — ePr sin (or)] — au [cos (Ve + r) — €Px cos (pr)]
Note that 5 )
. tan (@
2pp) = ——— L Pk)
sm( Spk) 1+ tan2 (Sok)
, (B.30)
1 — tan® (¢x)
cos (2¢1) = ———5—=
1 + tan® (¢y)
According to (3.1) and (3.2), we can calculate the output impedance as
fsw Z Ek:
k=1,2
Rout = 12 <B31)

out

Substituting (B.27)-(B.30) into (B.31) yields the final expression of R, that has been
given as (3.11).
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Appendix C

Characteristic Vectors of

State-of-the-Art 48-V-to-PoL
Regulated Hybrid SC Topologies

Table C.1 lists the characteristic vectors of state-of-the-art 48-V-to-PoL regulated hybrid SC
topologies presented in previous literature, including switch voltage stress vector Vg, switch
current stress vector Iq(ms), capacitor voltage vector V¢ and capacitor charge vector dc.



Table C.1: Characteristic vectors of state-of-the-art 48-V-to-PoL regulated hybrid SC topologies presented in

previous literature

K d ~ ~
Topology [Ns S]CVLan Nc] Vs € RVs*1 Li(ems) € RVsx1 Ve € RVex! Gc € RVex!
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Co(fé‘gg)er 1 , 1 |VIiv2D 1 2 D
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