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ABSTRACT Hybrid switched-capacitor converters (HSCCs) have gained attention due to their promising
efficiency and power density compared to traditional inductor- or capacitor-based converters. However, with
the recent development of various HSCC topologies, it has become increasingly challenging to choose the
most suitable one for a particular application. To address this challenge, this paper proposes a benchmarking
framework that enables direct comparison of direct HSCC topologies based on various performance metrics
such as passives volume and bandwidth. The proposed approach, which compares all topologies at the same
efficiency and output voltage ripple, provides guidelines for topology selection and optimization, ultimately
contributing to wider industrial adoption and exploration of new topologies. Downloadable open-access code
is also provided to recreate presented results and expand to other topologies not discussed in the paper.

INDEX TERMS DC-DC converter, hybrid converter topology, switching converters.

I. INTRODUCTION

Many non-isolated step-down DC-DC converter applications,
such as microprocessor power delivery, USB charging, and
automotive systems, require large voltage conversion ratios
(VCRs). In such cases, the passive components, typically
capacitors and inductors, often dominate the size of the
converter. To reduce the volume of these passive compo-
nents, recent efforts have focused on increasing the switching
frequency [1], using resonant topologies [2], introducing
inductorless piezoelectric structures [3], [4], [S], using alter-
native flying components [6], [7], and high density Silicon
capacitor components [8], [9]. Among all of these solutions,
hybrid switched-capacitor converters (HSCCs) are considered
amongst the most promising [10], [11] and have received
significant attention over the last decade. Initially, these efforts
were driven by a few research groups [12], [13], [14].

The root reasons for HSCC supremacy are mostly due to
technological limitations on: i) passive components, specif-
ically the relative low inductor energy density compared
to capacitors [8], [15], and ii) on active devices, namely
the negative impact of the blocking voltage on switch per-
formance [16], [17], [18], [19]. HSCCs utilize a switched-
capacitor network to block a portion of the input voltage
across capacitors, and then an inductor-based stage completes
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FIGURE 1. Overview of the general scheme employed by hybrid
switched-capacitor converters (HSCCs).

the conversion, as illustrated in Fig. 1. Since HSCCs do not
usually suffer from inherent charge-sharing losses that appear
in pure switched-capacitor converters (SCCs) due to inductors
soft-charging the flying capacitor networks, performance can
be significantly higher than the baseline SCC [20]. For exam-
ple when operating in a soft-charged mode, the ripple across
the flying capacitors can be significantly increased without
experiencing the impedance issues typically associated with
the slow-switching limit (SSL) observed in pure SCC [19].
Additionally, HSCCs offer a lossless voltage control capabil-
ity not possible in baseline SCCs [17].

The topological zoology of HSCCs is mainly derived
from SCCs, influenced by formalization in the 2000s [19]:
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TABLE 1. Table of Comparison of Previously Published Non-Resonant Hybrid Converters
Unit TPEL’22 TPEL’23 TPS54A20 1SscC’'19 TCAS’22 JSSC*20 CICC20 JSSCC’22 1SscC’17 JSSC21
[47] [48] TI Product [49] [50] [23] [51] [52] [53] [54]
Topology name 3L buck 3L buck DSD 4L buck Dual-branch SP SMML 5L buck Cascaded SC | 4:1 Dickson | Tri-State DSD
Nominal voltage ratio - 2 2 2 3 3 3 4 4 4 4
# phase - 1 1 2 1 1 1 1 1 1 2
Input voltage v 3.5-45 2.7-4.5 12 3.7-5 3.6 3-5.0 4-55 4-6.0 3-45 12-24.0
Output voltage v 1-3.3 0.6-1.3 12 0.8-1.8 0.55-1 0.3-1.2 04-1.2 0.4-1.2 0.3-1 1
Peak output current A 0.9 1.6 10 10 0.5 0.43 1.4 1 1.5 3
Technology nm 55 65 22 3 180 180 180 65 180
Die area mm? 0.8 2.07 6.9 65 55 7.8 4.1 6.3
Area (die, passive) mm? 13.3 75.6 1.01 7 11
Inductor uH 0.33 0.47 2x0.22 10 0.1 0.22 0.24 0.24 0.18 2x0.56
Flying capacitor uF 1x2.2 1x1 1x2.2 2x13.2 4x0.47 4x1 3x4.7 2x4.7 + 1x10 3x22 2x1
Output capacitor uF 22 10 2x4.7 18 0.94 1 10 14.4 22 10
Switching frequency MHz 3-3.5 2.5 4.4-11.8 5 4 1.4-1.6 1 0.2-2
Max power density W/mm? 0.15 0.95 0.52 0.11 0.1
Peak power density W/mm? 0.061@3.5 0.198 0.52@4.2 0.18@4.5 0.24@4.4 0.06@12
Peak Efficiency % @- [CR] 95@1.3 88.6@3.5 93.8@2.77 82@4 89.5@4.2 92.4@4.6 96.9@4.2 942@4.4 91.2@12
Max VCR -@% [Eff.] 10@85 6.25@85.8 16.7@74.0 | 8.8@86.5 12.5@85.5

Dickson [20], [21], series-parallel [13], Fibonacci [22], lad-
der [23], multi-level [24] and others [25], [26]. The concept
of HSCCs can be expanded to multiple inductors [27], [28]
placed at the input [29], [30], output [25], or in the middle [31]
of capacitor networks. Moreover, certain proposed topologies
such as those in [32], [33], [34], [35], [36], [37] incorpo-
rate the concept of dual-current paths, where simultaneous
soft-charging and hard-charging operations are implemented
primarily to minimize the current flowing into the induc-
tor. Finally, HSCCs topologies can be combined with other
well-known topologies such as dual active bridge to create
high-performance DC-DC converters [38].

There are two main HSCC subsets divided by the energy
transfer mode: resonant [2] or non-resonant [13]. Although
resonant operation enables zero current switching, it is worth
noting that operating a HSCC above resonance has the ad-
vantage of significantly reducing the circulating current. This
reduction leads to a decrease in the RMS current through the
switches, effectively mitigating switching losses and resulting
in improved efficiency [39], [40]. Additionally, non-resonant
operation is preferred for its advantages in regulating the out-
put voltage and in less susceptibility to component and timing
mismatch [41], [42], [43].

To further diminish the size of the inductor, prior studies
have suggested the utilization of coupled inductors, which
yield notable enhancements in transient response compared
to uncoupled counterparts [44]. The advantages of coupling
multiple inductors become particularly pronounced with an
increase in the number of phases. However, designing a mul-
tiphase coupled inductor configuration that achieves simulta-
neously small current ripples, rapid transient response, and a
compact inductor size poses significant challenges [45]. Due
to the distinct inductor sizing procedure [46], our paper con-
centrates solely on structures utilizing non-coupled inductors.

This paper focuses only on non-resonant “direct” (as de-
fined in [40]) HSCC topologies where the inductors are
located at the output. In this configuration, the inductors act
as current sources to soft-charge the capacitors located in the
first conversion stage, which helps to reduce the capacitors’
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values compared to their baseline SCC counterparts. Thanks
to the first stage introducing a natural N:1 voltage conver-
sion ratio, the second stage can be seen as a traditional buck
converter powered by a reduced intermediate power supply,
Vin /N, to achive the desired VCR, named M here. Moreover,
by interleaving the pulse train, it can have a higher rate than
the switching frequency [24], reducing further the inductor
voltage-second balance, which is an attractive benefit.

Choosing the right HSCC topology for a given application
is crucial, as the topological choice distributes the constraints
over the three main converter components (switches, capac-
itors, and inductors). Table 1 provides experimental data
obtained by different research groups who have experimented
with non-resonant HSCC using integrated Silicon power
stages and inductors at the output with full soft-charging
operations [23], [47], [48], [49], [50], [51], [52], [53], [54].
The data suggests that for most cases with MHz switching
frequency, the inductor and flying capacitor are in the 100 s of
nH and pF range, respectively. However, due to the different
input voltage levels and IC choices used in various Silicon
technologies, it is difficult to isolate the benefits of the HSCC
topology itself, making inference of which topology is best
suited for which application difficult. This is the main motiva-
tion for this work.

Previous studies have introduced various methods to pre-
dict the achievable output resistance [18], [39], [55], largely
relying on models developed for SCCs [19], [56]. However,
the proposed approach sets itself apart by establishing a di-
rect link between the inherent performance of both passive
and active components, leveraging parameters such as switch
area and switching frequency across diverse topologies. This
methodology allows for a comprehensive comparison of all
topologies while ensuring consistent conduction and switch-
ing losses, including those from inductor. Additionally, it
guarantees uniform inductor current and output voltage rip-
ples, enhancing the fairness and accuracy of the evaluation
process.

Our previous work [57] proposed a normalized benchmark-
ing framework for fully soft-charging non-resonant direct
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HSCC topologies, comparing various topologies to a baseline
2-level buck converter operating at the same power effi-
ciency and output voltage ripple. This paper expands on [57]
by presenting a comprehensive analytical framework with
tractable equations and offering a broad overview of HSCC
performance in various expanded design contexts, includ-
ing regulated HSCCs where voltage regulation is achieved
through duty cycle adjustment. The comparison is dimension-
less, which ensures that any conclusions drawn are broadly
applicable to various input/output voltage and current levels,
as long as current and voltage ripples remain negligible in the
calculation of RMS values and not impact the switch voltage
rating. Recently, [43] introduces a comprehensive analysis
that considers the impact of voltage ripple and introduces
metrics to assess switch stress and passive volume for hybrid
converters both at and above resonance.

The paper is structured as follows: we begin by pre-
senting the modeling framework, including the assumptions
made and the method for determining converter parameters
from a small set of topological parameters. Next, we com-
pare our benchmark to previous works. Then, we provide
analytical expressions for converter parameters, such as sil-
icon area, switching frequency, and total volume using the
aforementioned method. Based on this framework, we offer
recommendations for selecting the best topology for various
design contexts, such as for a given voltage conversion ratio,
and discuss the effect of switch and inductor scaling laws.

Il. MODELING FRAMEWORK

A. INITIAL ASSUMPTIONS AND NOTATIONS

The proposed approach has certain limitations and assump-
tions. It is only valid in continuous mode, in periodic steady-
state operation, without core saturation or hysteresis effects,
and assumes equally-valued inductors, L, at the outputs for
perfect output current sharing between phases [58]. The en-
ergy transfer through flying capacitance is considered to be
in a fully soft-charging mode, with no charge-sharing loss in
any state, and the frequency operation, F', is far above the
self-resonance formed by L, Cr as in [14], [59], [60]. The
resonant-based HSCC is not addressed in this paper due to
its distinct loss mechanism, which significantly differs from
non-resonant approaches [39], [40].

The methodology also assumes that the inductor series re-
sistance (DCR) remains relatively constant within the studied
switching frequency range, which is less than ten times in
the following. Moreover, for the sake of simplicity, all flying
capacitors are assigned an identical value, denoted as Cr.

The framework remains applicable under the condition of
small voltage ripple across capacitors, as it does not consider
the impact of voltage ripple on the voltage stress experienced
by the switches, as also presumed in [19], [55], [61]. We
have also assumed that the RMS current conveyed through all
switches is solely due to the DC current. In other words, the
contribution of current ripple in the switches conduction loss
is neglected in this analysis. However, the effect of current
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ripple is included to calculate the conduction loss in the in-
ductor. It’s important to note that all these assumptions are
uniformly applied to all topologies, potentially mitigating the
impact of these assumptions in the later normalized bench-
mark results.

To enhance clarity, further assumptions, including passive
component sizing, are introduced later in the paper. A sum-
mary of assumptions introduced later in the paper can be
found in Appendix A.

Practical converter designs involve several considerations
beyond just sizing of power transistors and passive compo-
nents. These include factors such as VCR (DC gain) range,
number of switches, gate driving, level shifters, capacitor
charge balancing [33], [50], [62], voltage stress during the
starting phase [52], feedback control [47], [48], [63], PCB
routing, input capacitor [64] and EMI. While these consid-
erations may make the low N topology an appealing choice, a
final decision must take into account all relevant factors with
appropriate weighting depending on the application.

To distinguish between dimensionless (x) and dimensional
(%) values, the paper uses tilde notation (¥). We also define
three main variable types: i) the “input” variables defining
the design context (e.g., desired VCR, switch performance),
ii) the “topological” variables describing the HSCC, and
iii) the “design” variables resulting of the framework (e.g.,
switching frequency, inductor volumes). Regarding the nota-
tion for voltage and volume, this paper names them V and U,
respectively.

B. METHOD FOR SIZING A CONVERTER WITH CONSTANT
LOSS AND CONSTANT RIPPLES

The core of the proposed framework involves comparing a
HSCC referenced by a topology index, k, to a 2-level single-
phase buck converter (1B) at the same power dissipation level
and at same inductor current and output voltage ripples. The
losses considered are the switch conduction loss, P..,s, the
gate driving (i.e., switching) loss, Py, iyve, the inductor loss,
P;q, from the inductor’s DCR, and the loss induced by the
current ripple, Aly. The total HSCC loss is expressed as:

Pross.k = Peond k + Parivek + Pind k
#ind >

_—~ — ~ &
= RoxI2 + Eqyy Fi + ZRLé (1+5) O
i

where k is the topology index, ﬁo is_the equivalent output
impedance, I, is the output current, Fj is the switching fre-
quency, E;r_; is the total energy consumed by all switches
during one cycle to commute, ¢ is the relative inductor current
ripple (with respect to INL), I, is the number of inductors, and
Ry is the series resistance of each inductor (DCR).
For a given set of input parameters (voltage conversion ra-
tio, switch scaling law, etc.), the method involves three steps:
1) Finding the total switch area, A}(, to achieve the same
output impedance as the basedline 1B buck converter

P e

(Ro,k = R(),lB)a meaﬂing Pcond,k = Pcond,lB;
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2) From 1&7{, deducing the total energy, E;r, to commute
durlng one cycle and adjusting the switching frequency

Fk7 to obtain Pdrlve k= Pdrlve lB»

3) Adapting the inductor value, Lk,/t\(z/ equalize inductor

ripple, and thus losses: 171,,;/;{ = Pina.1B.

The output capacitor, C,, is then adjusted such that the
HSCC and the 1B buck converter produce the same amount
of output voltage ripple. By ensuring that the inductor current
and output voltage ripples are the same for both topologies,
the comparison becomes more meaningful, since any differ-
ences in performance can be attributed to the topology itself.

The value of the flying capacitors, 6; k> 18 then chosen
such that the operating frequency of the HSCC is significantly
above the resonance frequencies formed by {Lk, Cr, k} and
Ll,‘k’ 0. k} tanks compared to the chosen switching frequency,
Fj.. This ensures that the flying capacitors operate in a fully
soft-charging mode and ensures that each current is a constant
value during each state. Hence, the RMS value is close to the
DC value, restricting the framework to small-signal analysis,
as in most existing benchmarks [19], [55].

To ensure consistent conduction loss in the inductor (Igi:d;)
across various topologies, the DC resistance (DCR) of each
inductor is chosen to be proportional to the number of in-
ductors, as indicated by the topological parameter / defined
later in Section II-E. For instance, single-inductor topologies
like the baseline or Dickson share the same DCR for their
inductor. In the case of topologies with two inductors, such
as the double step-down (DSD) [12], the DCR is doubled
compared to single-inductor topologies.

The method provides dimensionless design parameters,
which are relative to those of the 1B converter. The output pa-
rameters include the switch area Ay, the switching frequency
F., and passive component values (L, Cok, and Cry) relative
to those of the 1B converter (e.g., Fk FixFy B)

From these parameters, the method can determine the rel-
ative gain in switch area, passive component size (inductor
and capacitor) and maximal cutoff frequency of the output
LC filter BW compared to the 1B converter. This allows for a
more direct comparison between the HSCC and 1B converter
in terms of power density at the same power efficiency and
inductor current and output voltage ripples.

C. COMPARISON TO PREVIOUS BENCHMARKS

The proposed methodology stands apart from prior studies by
fully normalizing the design to a reference case and optimiz-
ing the triptych parameters Ay, Fy, Ly to achieve consistent
overall losses, as shown in (1). Additionally, the optimiza-
tion process encompasses adjustments to C, , Cr x to ensure
equivalent output ripple and maintain non-resonant opera-
tion. In contrast to [19], [65], our approach involves the
comprehensive optimization of switch sizing. Each switch is
tailored to minimize conduction loss at the targeted voltage
conversion ratio, M. Furthermore, M does not necessarily
correspond to the inherent Voltage Conversion Ratio (VCR) of
the SCC network preceding the inductor (referred to as 1/N).
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Consequently, our analysis focuses on comparing HSCCs
with regulation capability. Our method distinguishes it-
self from previous approaches by establishing a connection
between the intrinsic performance of passive and active
components through switch area and switching frequency
across different topologies. This facilitates a comparison of
all topologies while maintaining consistent conduction and
switching losses, including inductor losses. Moreover, it en-
sures uniform inductor current and output voltage ripples for
a fair evaluation.

D. SELECTED TOPOLOGIES

In this paper, we have constrained our analysis to three fly-
ing capacitors to maintain a reasonable number of passive
devices. Most of the referenced papers for 12-to-1 V in the
IC context use three or fewer flying capacitors. If a higher
VCR is targeted, the framework and the open-access code [66]
can be easily extended to accommodate a greater number
of flying capacitors. As mentioned earlier when discussing
assumptions, we only consider HSCC topologies where the
inductors are placed at the output, and exclude topologies
from [29], [30], [31], as they require more nuanced analy-
sis. Furthermore, we only consider HSCCs that exhibit fully
soft-charging operation, which limits the selection of com-
mon SCC topologies, as not all of them are compatible with
soft-charging. This excludes some topologies from our bench-
marking scope, such as those in [32], [33], [34], [35], [36],
[37]. While coupled-inductor topologies demonstrate note-
worthy enhancements in certain use cases, we have excluded
them from our comparison due to differences in the inductor
sizing procedure.

For a single inductor at the output, previous work in [65]
has already formally revealed configurations that satisfy this
requirement without infinite flying capacitor values, namely
the series-parallel (SP) and Fibonacci (FB) topologies. Direct
deployment of the Dickson SCC topology in a HSCC does
not provide soft-charging operation, but it can be modified
to be compatible by introducing a splitting state [60], which
we refer to as DS. The ladder [23] and doubler topologies
are not included in our benchmark, as they are generally not
amenable to soft-charging without major modifications. Based
on our modeling assumptions, we compare the SP, FB, and
DS topologies in the following. Additionally, flying capacitor
multilevel converters (ML) are also added to the benchmark
as they satisfy the soft-charging constraint [41], [49], [51],
[67], [68]. These topologies align with the direct-conversion
distinction proposed in [40].

For two inductors at the output, we have considered the
well-known two-phase 2-L buck (1B2), the double step-down
(2DSD) [12], and the tri-state DSD (2DSD3) [54] topologies,
all of which offer full soft-charging operation.

The N prefix is used in this paper to indicate the N:1 natural
SCC voltage conversion ratio for the topology name. The
number of flying capacitors is N-1, except for SFB (which
follows the Fibonacci series) and 2DSD3. For instance,
3DS refers to the Dickson topology with unregulated 3:1
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FIGURE 2. Selected topologies: Schematic diagrams and V,, waveforms, (a) Dickson, (b) series-parallel, (c) multi-level, (d) Fibanocci, (e) buck (the
baseline), (f) 2-phase buck, (g) double-step-down, and (h) tri-state double-step-down.

TABLE 2. Terminology for Topologies in This Article

Topology Terminologies found in literature References

1B 1-phase 2-level Buck [69]

1B2 2-phase 2-level Buck [69]
NML N:1 Flying-Capacitor Multi-Level [24], [47], [49], [51]
NSP N:1 Series-Parallel [13], [25], [65]
NFB N:1 Fibonacci Hybrid Converters [22], [65]

NDS N:1 Hybrid Dickson Switched-Cap. | [20], [21], [25], [60], [65]
2DSD Double Step Down [12], [70], [71]
4DSD Tri-State Double Step Down [54]

conversion capability. Table 2 aims to provide clarity on the
naming conventions.

As we investigate the HSCC for achieving a targeted volt-
age ratio M that differs from the natural N:1 given by the
flying capacitors network, we introduce the ground state (G),
where the inductor is demagnetized. The duration of the G
state is modulated according to the targeted VCR. Fig. 2
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shows the schematics of all the screened topologies in this
paper. Table 3 describes the states by giving the normalized
current flowing into each switch in each state (Isy, i/l,).

E. TOPOLOGY DESCRIPTION

First, topologically defining vectors for each HSCC structure
under consideration need to be derived through analysis and
deduction. The framework utilizes only nine “topological”
parameters (C, S, Vs, V., m, d, [, p, s) obtained from circuit
inspection as inputs:

e The current multiplication vector, C, represents the RMS
current flowing through each switch during the entire
switching period T and is referenced to /p. This concept
is akin to the charge multiplier utilized in [19].

e The switching rate activity is given by the vector S,
where each entry in the vector represents the number of
times each switch in a given topology commutes during
time T'.
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TABLE 3. Normalized Current Flowing in Each Switch for All States in 13 Selected Topologies
0po B ML 3ML ML 35P aSP 3FB SFB DS 4DS 1B2 2DSD 4DSD.
late 1 G 1 2 C 1 2 3 G 1 2 3 4 G 1 2 C 1 2 G 1 2 G 1 2 G 1 1Is 2 2s G 1 Is 2 2s G 1 2 C 1 2 G 1 3 G
T D I-D | D | D 1-2D | D D 13D | D|D|D|D 1-4D | D | 2D 1-3D | D | 3D 1-4D | D | 2D 1-3D | D 4D 1-5D | 23D 13D | 2/3D 13D 1-2D | %D 1/4D | %D 1/4D 12D | D | D 1-2D | D D 1-2D | D 2D D 1-4D
0 1 1 1 1 1 1 1 1 12 1 23 1 1/ 12
Ob 1 1 1 1 1 1 1 1 1 1 112
1 1 1 1 1 1 1/ 1 1 1 13 1 1 172
1b 1 1 1 1 1 1 1 112 173 1 12 1 12 1 1 12 1 1 12
le 172 1 13 1 1 1 1 1 1 1/ 1 1 1/:
2a 1 1 1 1 1/ 12 1 113 1 12 112
2b 1 1 1 1 1 1 1 172 13 1 1 1 12 13 1 12 1 12 1 12
2c 112 13 12 12 1 12 113 1 12 12 12 12 112 12
3 1 1 1/ 23
D i i i
3¢ 113 12
da 1/
TABLE 4. Topological Parameters of Selected Hybrid Switched-Capacitor Converter Topologies
#ind. | #eap. | #switch m d P 1 s c? [ S [ Vs (DSV) [ V, (TV) Ve
Topo Vie/Vin | D/M | Vi, pulses | #ind. current multiplication vector | Switch activity | DS Blocking volt. | Term. Blocking volt Cap. volt.
505 S1a; 5163 S1c5 S2a; S2b; S2¢; S3a; S3b; S3e C1:02:C3
1B 1 0 2 1 1 1 1 - M,1-M 1:1 1:1 -
2ML 1 4 172 1 2 1 1 M;1-M:M;1-M 1/2:1/251/2;172 1:1/2:1:172 172
3ML 2 6 1/3 1 3 1 2 M:1-M:M;1-M;M; 1-M 3 ; 1/3:2/3
3Sp 7 173 1 3 1 2 1-2M:M:M/2;1-5/2M;M:M/2;:M/2 1/3:1/3
3FB 7 173 1 3 1 2 1-5/2M;2M;1-2M:M:M:M/2:M/2 1/3:2/3
3DS 7 173 3/2 2 1 2 3/4M:M;1/4;1/4+M/4;3/4M;1/4+M/4;1/4 1/3:2/3;1/3;1/3:1/3:1/3;1/3 1/3:2/3
4ML 3 8 1/4 1 4 1 2 M:1-M:M:1-M:M:1-M:M:1-M 1/4:1/4:1/4:1/4:1/4:1/4:1/4:1/4 1/2:1/4:3/4:1/4:1:1/4:1:1/4 1/4:1/2:3/4
4SpP 10 1/4 1 4 1 3 1-3M:M:M/3;1-11/3M: 1/4:1/4;1/4:1/4:1/4; 1/4:1/4:1/2;1/4:1/4:3/4; 1/4:1/4;1/4
M:M/3:M/3;:M/3:M:M/3 1/2:1/2;3/4:3/4:3/4 1/2:1:1:3/4
5FB 10 1/5 1 5 1 2/3 1-14/3M:3M:1-3M:M/2; 2:3:3:2:2:3:3:3:2;2 1/5:1/5;1/5;1/5:2/5; 1/5:2/5:1/5:1/5:3/5:2/5; 1/5:2/3;3/5
2M;M/3;M/3;M/3;M/2:M/2 2/5;215:3/5:3/5:2/5 5:1:3/5;
4DS 8 1/4 2 2 1 2 2/3M;2/3M; 1/44M;1/4+M; 2/3M IHEEHHB B! 1/4;1/2;1/4;1/4;1/2; 1/2;3/4;1/4;1/4;1;1/4;1/4:1 1/4;1/2;3/4
1/4-M/3:1/4-M/3:2/3M 1/4;1/4;1/4
1B2 2 0 4 1 1 2 2 M/4:(1-M)/4:M/4:(1-M)/4 1:1:1:1 ;15151 -
2DSD 1 4 12 2 2 2 1 M/2;1/4+M;M/2;1/4-M/2 1/2:1/2;1;1/2 B 12
4DSD 2 7 1/4 2 4 2 2 M/2:M/2:M/2:M/2:M:1/4+2M:1/4-M 1:1:1:1:2:2:2 1/2:1/2:1/251/2:1/2:1/4;1/4 1:1/2:1:1/2:1/2:1/4:1/4 1/2:1/4

e The vector V; illustrates the maximal voltage experi-
enced by each switch during all states. The voltage can
be defined by referencing drain and source voltages to
the bulk (TV), or alternatively the drain-to-source volt-
age (DSV). All components are normalized with respect
to Viy.

® The voltage handled by each flying capacitor is described
in the vector V., where each element is the normalized
voltage referenced to Vin. A unity value means the DC
voltage across the capacitor is Vin.

® The scalar my represents the normalized Vi, voltage
(Fig. 1) by dividing the maximal V, by V;,. my is equal
to 1/N.

® The relationship between the desired VCR M and the
duty cycle D is illustrated by the normalized duty-cycle
dy = %. DT represents the duration of each pulse where
Vix is not equal to zero, as illustrated in Fig. 1.

® The scalar [ is equal to the number of inductors.

e The switch rate of Vy, is given by the scalar p. Here, a
value of n means V., switches n times during time 7.

® The scalar s is utilized to ascertain the ratio of the effec-
tive capacitor value seen by Ly. It is used to calculate the
out-of-resonance condition and is derived by determin-
ing the minimum value of the equivalent flying capacitor
network at the V7, node throughout all states.

The vector size of C, S and Vj is equal to the number
of switches. The length of V. is determined by the number
of flying capacitors. The term “‘state” pertains to the various
switch configurations within one switching period, whereas
the term “phase” is employed to signify the interconnection
between different power stages that converge at the output
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node V,, through inductors. The topological parameters of all
screened topologies are given in Table 4.

F. INPUTS DETERMINATION USING DSD AS AN EXAMPLE
This section describes how to find the topological parameters
for a 2:1 HSCC in the DSD configuration (2DSD) using the
schematic and state sequence shown in Fig. 2 and Table 3,
respectively.

In the 2DSD configuration, featuring two inductors, under
steady-state operation with ideal charge balancing, the capac-
itor network produces a Vpy pulse train oscillating between 0
and V;,,/2 with a duty cycle of D, consequently resulting in
m = 1/2. The connection between VCR and the duty cycle is
expressed as D =2 M, setting d to 2. The total count of pulses
observed by the output from both V7, is 2, yielding p = 2.

Table 3 gives the normalized current flowing in each state
with respect to the output current, which allows us to de-
termine the dimensionless current multiplication vector, C
(Table 4). The RMS current flowing can be deduced in each
switch during the period using Table 3, and then C; can be

calculated as:
#state 2
2., GDi=r0n

Here, D; is the duty cycle of the jth state, and C; ; is the
normalized DC current passing through the ith switch.

In 2DSD [12], three switches see half of the input
voltage, and the third one sees the entire voltage (Vi ;=
1/2, je{l,2,4} and Vs 3 = 1). In some contexts, the voltage
referenced to the bulk is the limiting factor, and this is given in
the Vg vector in Table 4 (terminal voltage column). For 2DSD,

¢ 2
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two switches see the entire voltage, and the others see half of
the input voltage. In this case, Vs is equal to [1,1/2,1,1/2].

As the topology has one flying capacitor biased at half of
the input voltage, V, is a scalar vector equal to 1/2.

The switching activity of all switches is equal unity as every
switch commutes once during one period. Thus, S is equal to
the unity vector [1,1,1,1].

The parameters of all screened topologies are given in
Table 4, and Fig. 2 shows the labeling of all screened HSCCs.
The reader can also be referred to the 4ML topology ex-
ample given in [57]. For charge balancing and soft-charging
operation, the operation of the 13 topologies may require
some small modifications compared to their baseline SCC
counterparts. For example, the Dickson NDS includes the
splitting state (called 1 s, 2 s) as introduced in [60], and the
series-parallel NSP topology has one charging state and N-1
discharging states for charge balancing purpose [18]. Other
state sequence could be considered to have a charge balanced
process, but we try to keep the most favorable sequence for
each topology.

G. LINK BETWEEN EXISTING PROXIES AND THE
PROPOSED TOPOLOGICAL PARAMETERS

In the proposed topological parameters used in this paper,
we can draw some parallels with a conventional figure of
merit commonly found in the literature. For example, [43]
has previously introduced a method for comparing topologies
based on the product of the maximum voltage stress (Vipax)
and the root mean square (RMS) current (/,,,5) experienced
by each switch. The sum of these products, considering each
element in the vector of V5 x C, forms the basis of this figure
of merit (FoM).

IIl. BENCHMARKING FRAMEWORK PROCEDURE
DESCRIPTION

A. ACTIVE-DEVICES SCALING MODELS

Before explaining each step in detail, it is worth noting the
general trade-off in switch performance versus voltage rating.
Common cost-scaling models have already been introduced
to create a relationship between the size, on-state resistance,
switching energy, and voltage rating in prior work [16], [17],
[18], [19]. Applicable to both integrated and discrete transis-
tors using a planar structure, this constraint can be expressed
as:

A,‘ X G,’V;j[i (3)

Where G; and Vj ; are the conductance and the rated voltage of
the switch, labelled 7, respectively. « is a coefficient represent-
ing the cost depending on the scenario (cascade arrangement,
constant field, high-voltage, etc.), varying from 0 to 2.

We also introduce an additional relationship to link the en-
ergy consumed E,.; to commute the ith switch to the blocking
voltage V; ; using B:

Edr,i X Aiv_f,;i (4)
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TABLE 5. Coefficient for Switch Scaling Law

Scenario | G-V G-V? Constant field Cascode GaN
name [18] | [18], [19] [17] arrang. [17] | [17]
a 1 2 2 1
B 0 0 1 1 -
a+p 1 2 3 2 1.3

The Table 5 summarizes some values for different scenarios
found in previous works. To maintain the generality of the
model, the framework keeps o and § as input variables, given
the various options available.

B. TOTAL SWITCH AREA

The first step of the benchmarking framework looks to min-
imize the total switch area, A, to obtain a given output
impedance, R,,. Following the switch scaling law given in Sec-
tion III-A, the denormalized switch area A;( can be expressed
as:

~ —~
A oY GiaVsix )
i

where éTk is the on-state conductance of each switch of the
topology k, and the sum is over the switches included in the
topology k.

The output impedance of the converter is defined as
follows:

—~

Ro,k =

i

#‘v
- i (©)
Gik

where C; is the portion of RMS current referenced to Ip
through the i'" switch, as defined previously and formally
defined in (2).

Similarly to [19], but without presuming the G-V switch
scaling law, a Lagrange optimization function £ is formed
to find the minimal output impedance while satisfying the
constraint in (5):

#sw C'2k #sw o
L=N Zik G Vi~ — A 7
Yt n(rame-a) o

The minimization is performed by taking the partial deriva-
tive of (7) and setting it to zero:

L C?
—= ==k 1AV, = (8)
8Gi,k G,"k

Equation (8) defines the optimal conductance of the i'"
switch with a coefficient g:

€))
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Combining with (5), the optimal partition of switch con-
ductance for a given switch area A;, can be found:

— Ax
Gik = —— —
DGk sk

The output impedance is obtained by combining (6) and
(10):

Cix

—~ «/2

Viik

(10)

a/2‘

2

1 #sw )
Ro o = | S CiaVieis™! (11)
A \ 5

This analytical expression allows for the comparison of var-
ious HSSC topologies without any assumptions on the active
device scaling law described in Section III-A.

From the topological parameters given in Table 4, the
switch area of the baseline 1B can be deduced:

— 1 4+2yMO=M)
Ajp x ——

(12)
Ro,lB

In our framework, each topology is compared to the base-
line two-level buck converter topology (1B). From (11) and
(12) the switch area Ak of a k- 1ndexed topology is compared

to A13 with the same R (Ro r =Ry, 13)
i _(Za kv:“”)
Al 14+ 2/M(1 —

Now, the normalized switch area A is independent of \7:1
and R,, in contrast to (11).

C. SWITCHING FREQUENCY

The gate driving power loss of each switch is proportional to
its switching rate activity S, switch area A; i, the switching
frequency Fy, and the scaling law coefficient S from (4). The
total gate driving power for the topology is given by:

#sw #sw

Farivek = Fi Z SikAikVsik = Fi Z SikGikVs,ik
i i

(14)

In order to obtain the same driving loss as the baseline buck

topology (1B), we introduce an dimensionless power loss

variable, Py,,., which represents the switching loss overhead
of the k" topology relative to 1B (for the same A):

- #sw 2+'3
Farivek SikCikVsi

Parive k(A = 1) = =2 = k§: #m TG (15)
Pdrtve 1B Z

As defined in Section I1I-B, the total switch area is different
between the topology k and the baseline 1B by a factor Ay to
keep the same output impedance.

To equalize the switching loss at the same output

impedance, the relationship needs to be satisfied:
Parive k(A = 1) x A =1 (16)
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Using this expression, the normalized frequency determi-
nation can be given by:

1+ 2JM{ = M)

#Hsw B —#sw 5
2 SikCikVyy T 2T GV

s,1

F =

a7

D. INDUCTOR VALUE
Only four topological parameters {m, d, [, p} are required to
analytically express the inductor current ripple in any HSCC
studied in this paper. As shown in Fig. 1, any HSCC generates
a pulse train Vz, with a reduced amplitude compared to a two-
level buck thanks to the input capacitive network (i.e., the N:1
SCC). The normalized output amplitude of the SCC is defined
by m = Vi, /Vi,. Depending on the topology, the output filter
is formed by [ inductors connected at the [ SC outputs. To
regulate the desired voltage ratio M = V(, / Vm, the duty cycle
of the pulse train D is adjusted. For normalization, the duty
cycle d is defined as d = D/M. During the switching period
T, the pulse train of all V7, combined consists of p pulses,
each having a duration of D.

According to these coefficients, the relative inductor current
ripple of a k-indexed HSCC can be expressed as:

Vin
= (mk - M)dklkM ~
iFiclo

Al

ARl ) =
< IL,k >

(18)

By comparing the ripple to the baseline 1B, the normalized
inductor current ripple is given by:

Al = DRl =MD 1
' ARl 1B 1-M) Ly Fy,

As described in the framework development procedure, we
compare the topology at the same inductor ripple, meaning
ARl = 1. Equation (19) gives L; when Fj is found in Sec-
tion II-C:

L — dilp(my — M) (20)
(1 —M)F

Combined with (17), the inductor value can be found
only from the topological parameters, independently of in-
put/output current/voltage values:

2_;'_ o
L dilg(my — M) 3 SikCik Vi ¢ P CiiVy;
k= (1 — M)(1 + 2JM( — M)

E. OUTPUT CAPACITOR VALUE
Following the same notations as in the inductor current ripple
determination, the output voltage ripple can be expressed as:

ey

MV
= (mye — [M)—— ————
Pk 8L;Cy i Fi

~ AV,
ARVa =

(22)

<V, >

The normalized output voltage ripple can be expressed as
follows by using the previously defined coefficients:

ArVor  dilmg — M) 1
ARVok = === 0w Le 2 )
RVo,1B Pk ) LiCoFy
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To obtain the same output voltage ripple as the baseline
topology, the normalized output voltage ripple has to be equal
to unity. Combining this constraint in (23) with (17) and (21),
we get:

my — lkM Z#Yw Sz kC V 2+/5 Z?Avw Ci,kVS’zl'
Pl (my — M) 1 +2«/M(1 —M) ”
(

The previous expression does not depend on any denormal-
ized value such as Vm, 1, O F. C} should be understood as the
ratio of the output capacitor value of the topology k to that of
1B to obtain the same output voltage ripple. If Cy is less than
one, the value required in the topology k is lower than in 1B.

Co,k =

F. FLYING CAPACITOR VALUE

In most cases, the flying capacitors volume is lower than the
inductors volume [72], [73]. Thus, the flying capacitor value
can be directly derived from the inductor value L;. As the
flying capacitor value cannot be referenced to the non-existent
flying capacitor in the 1B topology, we choose to refer the
value to the well-known 3-level buck converter, namely 2ML
here.

In contrast to [65], where the voltage ripples across each
Cr are maintained constant, in this study, the flying capacitor
values are determined by ensuring that the operation remains
out-of-resonance with the same ratio K. It is worth noting
that voltage ripple does not impact power loss in the analyzed
topologies, as they are fully soft-charged. The equation below
links the flying value to switching frequency and inductor
values to maintain F far above the self-resonance F,.; formed
by L and the series or parallel combination of Cr k.

F F, wl = CF = Sk ]3 (25)
>> X = =
k res LkC f k kaZ

Where s; is the minimum ratio value of the flying capaci-
tor observed from the capacitance network at the Vi, node
throughout all states, the normalized value Cr  is referenced
to the 2ML topology, serving as a reference (as 1B has no
flying capacitor).

The ratio Kr between F and F,.; does not play a role
in determining the normalized value of the flying capacitor.
However, this ratio will influence the determination of the
total passive volume, as described later in Section III-1.

Once the values of L; and F; are determined for a given
topology from (17) and (21), the values of Cr can be directly
calculated:

sl (1= M) Y5 5, v P b e vt 6
Le(my — M) +2/M (1 — M))

Again, the value of the flying capacitors can be determined
without the need for any specific input or output voltage or
current values, which makes the design process more general-
izable.

In certain scenarios, particularly when the number of fly-
ing capacitors increases, the contribution of capacitors to the

F.k =
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FIGURE 3. Analysis of inductor volume trends.

overall volume of the converter cannot be overlooked. To
ascertain whether we are in such a situation, it is imperative to
first express the total volume Ur. Section III-I will delve into
these cases where capacitors cannot be deemed negligible in
determining the total volume.

G. INDUCTOR VOLUME

Fig. 3 presents a survey of compact commercial inductors
extracted from datasheets of a major supplier (TDK, Murata).
The inductor volume scales linearly with the square root of
the saturation current. Sometimes, in the right part of Fig 3,
for high-current application, the series resistor of the inductor
(DCR) has to be very low and the inductor size is more
ditacted by DCR than by the saturation current [74]. In this
case, a clear linear relationship between the inductor volume
and DCR, R;, can be observed for the same inductor value.
For these two cases, where the inductor volume is limited by
its saturation current (i) or by the DCR value (ii), the total
inductor volume Uy, can be expressed as follows, respectively:

I ~ o~ .~ Ly ~2
() Up ke o< beLylp 5 (1) Up g o< I RTIO (27

Under the assumption of ideal components, equal inductor
values and small inductor ripple current, the inductors con-
nected in parallel exhibit identical current flow. Therefore,
the current through each inductor in a topology with / output
inductors is simply the output current divided by the number
of inductors:

—~ 1, 1
Li=—=Ir=—
Iy

I (28)

If we assume the same DCR for each inductor, the normal-
ized power dissipated in all inductors can be calculated:

#inductor R
2 L
Puax= Y RLjI} ;== (29)
i k
J

To compare all topology, the same conduction loss f’,\n:, in
the inductor has to be obtained, meaning P;,; = 1. Combining
(27) and (29) with the previous constraint, the total inductor
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volume is proportional to the inductor value Ly:

[jZk Ly
Up=—== 77 (30)
UL s

where y is equal to unity or zero when the inductor volume
is dictated by the saturation current (case i) or DCR value
(case ii), respectively.

To explore the implications of these two hypotheses, we
have focused on the 1B2 topology. If we choose case (i), the
combined volume of the two inductors in 1B2 is equivalent
to that of 1B (i.e., UL 132 = 1). Conversely, if we choose case
(ii), the volume of 1B2 will be twice that of 1B (UL 152 =
2), since the inductor cannot benefit from the reduction in the
saturation current in each of the two inductors, as they will be
constrained by the DCR.

H. CAPACITOR VOLUME

When calculating the volume of capacitors, we assume it is
dictated by the energy stored in the capacitor, not by ESR
requirements. Here, the normalized volume of the output de-
coupling capacitor (referred to the two-level buck converter
1B) is given by:

Uco k
Uc,h = === = CoilVor = Cou 31
Uco,1B
where V,, ;. is the normalized output voltage (V,, y = ‘Z,;/V;,TB)’

which is equal to unity by definition (i.e., all topologies are
compared at the same output voltage).

The same consideration is done to determine the volume
of the total flying capacitors. The total volume of the flying
capacitors referred to 2ML is determined by:

—~—

#cap
UCF,k

ZCFJC szjk
J

(32)

UCF,k =

CromL

I. TOTAL PASSIVE VOLUME
Based on previous experimental works on HSCC [72], we
make the initial assumption that the volume of the output
capacitor (Uc,) can be considered negligible compared to the
volumes of the flying capacitors (Uc,) and inductors (Upr).
However, it is important to note that the total passive volume
cannot be obtained simply by summing the normalized vol-
umes of the inductors (Uy;) and flying capacitors (Uc;.) since
they are normalized with respect to different baselines. There-
fore, a process of denormalization becomes necessary using
pr and pc the volumetric energy density factors of inductors
and capacitors, respectively. ~

The denormalized flying capacitor volume Ug; is given by:

#cap

—_— 2
UCFk - UCFAUCFZML = UCFk 2CF 2ML Z VC Jj.2ML
J

CF kCF 2MLVm Zcup c,ik
8pc

(33)

VOLUME 5, 2024

The out-resonance ratio Kr is defined as:

fmj _ 2ndM, (LiCru/si)

Kr = ==
g Tt i Fi
where T is the maximal duration of the states (DM/F),
excluding the ground state, and 7. is the minimal resonant
period of the electrical oscillator formed by L and the combi-
nation of Cr network in any state (277 «/LCF /s¢).
The flying capacitor volume for the 2ML topology is ex-
pressed as:

(34)

M*K? )
CromL = —— 5 SomLdog, (35)
42 Loy Pomr
where Ly, is defined as LZMLZT;;, with Loy = %—,ﬂ%ﬁ
1Blo

and 172;12 is defined as FQMLI%. Additionally, dopsr and sops1
are set to 1 by the definition of the topological parameters for
2ML.

The overall volume of the flying capacitor is reciprocally
related to Ly:

—

5K1% M dzsk anp c,ik 10‘7;! 1
Ucr, = Ly

16m2p.(1 — M) F2F}, Lo Fig Lk

(36)

The denormalized total inductor volume (l};) varies in di-
rect proportion to Ly:

_ — M1 -M1LV,
U, =U,U,, = —————1L; (37)
¢ e pLdll  Fip
where the baseline inductor is defined as I:;g = %ﬁ
AlL

incorporating the current ripple constraint § = - and the
expression for voltage-second balance.

By adding the two previous denormalized expressions the
total normalized volume (Ur) is expressed as follows:

MI,V ~ b
Ur = —<2Ur = aly + — (38)

pckip Ly

where:
_ pcl=M)
pL8L

5K2 1 dlgsk anp ch,i,k (39)

167'[2(1 - M) 2MLL2ML sz

By introducing only two dimensionless design parameters,
4 and K, an expression of total volume removing most of the
design-level dimensional parameters such as Vj,, Lip or I~0

The expression for Ur in (38) is dimensionless and has a

minimum at Ly o = g. If the inductor value L; found in
(21) equals Ly 4, the volume of flying capacitors will be the
same as that of inductors. If Ly < Ly ,,, meaning the capac-
itor volume can no longer be negligible as in some practical
implementations [41], the framework will select the optimal
value Ly 4 for the inductor to minimize the overall passive
volume.
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Moreover, the normalized coefficient in (38) reaffirms the
scaling characteristics of the converter volume. For instance,
the total volume exhibits a linear scaling with output power
and an inverse proportionality with the switching frequency.
This observation emphasizes the advantageous volume reduc-
tion achieved by hybrid converters, especially as the voltage
conversion ratio (VCR) decreases, corresponding to lower
values of M.

J. POWER DENSITY

Power density is a key metric in DC-DC converter compar-
isons. In this framework, the power density gain is analogous
to 1/Ur since all topologies are compared at the same output
power.

K. CUTOFF FREQUENCY DETERMINATION

From the expressions for the passive components in (21) and
(24), and similarly to [75], we can deduce the normalized
3 dB bandwidth of the converter, BWy, which is dictated by
the cutoff frequency of the small-signal model of the output
filter:

1

\V cho,k

| pele(1 = M) 1 4+2J/M{—=M)
V dilme = M) s g, o,y 35 sty

(40)

BW;, =

IV. BENCHMARK RESULTS

A. INPUT VARIABLES

The framework requires certain input variables to be chosen
before starting the topological benchmark. These variables
include:

e the voltage conversion ratio (M);

e the active device scaling law (« and B);

e the definition of the blocking voltage vector (Vy): the
maximal drain-source voltage (DSV), or the voltage re-
ferred to the bulk (TV);

e the relative energy density ratio between inductors (o)
and capacitor (pc), as expressed in (39), namely p;

e the inductor sizing case (y): 0 if DCR is the limiting
factor, 1 otherwise.

In this study, we set Kr = 10 to be out-of-resonance and §
= 0.3 to have 30% relative inductor ripple. By default, when
these variables do not vary, the VCR is fixed to 0.1, the switch
follows the G-V? scaling law, the energy density ratio is 100,
DCR is considered as the limited factor (y = 0), and the drain-
source voltage is considered to be the blocking voltage.

Exploring the impact of varying input variables while
holding others constant, we conducted a sensitivity analysis
to determine how different combinations of these variables
might affect optimal topologies. Table 6 provides a sum-
mary of the benchmarks across multiple dimensions for quick
reference.
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TABLE 6. Benchmarks Across Multiple Dimensions

Section M B8 Vs p ¥
B 0.1 2 0 DSV 100 0
D [0.1:0.5] 2 0 DSV 100 0
E [0.1:0.5] [0;2] 0 DSV 100 0
F [0.05;0.15] | [1.5:2] | O | {DSV;TV} 100 0
G 0.1 [0;2] 0 DSV [5;100] 0
H [0.05:0.15] | [1.5:2] | O DSV 100 {0;1}

B. DEFAULT INPUT VARIABLES

Fig. 4 presents the results of the benchmarking framework
with default values for all input variables. In the 1B topology,
the bottom switch (S§,) accounts for 75% of the overall switch
area (Fig 4(a)) due to the majority of current flowing through
it. Fig 4(b) displays the values of each design variable (A, F,
L, C,, Cr) necessary to achieve the same power efficiency and
ripples as the baseline 1B.As an example, the 4DS topology
only requires half of the switch area compared to 1B (A4ps =
0.54), allowing for a substantial increase in the switching
frequency (Fips = 1.8) while maintaining the same driving
loss. Using (21), the inductor value for 4DS is 0.17 times that
of 1B. By using all the design variables, we calculate the total
volume Ur from (38) and the maximal cutoff frequency of
the output LC filter from (40) and plot them in Fig 4(c). For
this particular input variables case, 4ML and 4DS have the
smallest volume, with a 5x reduction compared to 1B. As Ur
and power density (PD) link explained earlier Section III-J,
the power density is also boosted by 5x. The 4DSD topology
is superior to the others in maximizing bandwidth.

C. VALIDATION THROUGH SPICE-LEVEL SIMULATIONS

To validate the accuracy of the analytical equations, we
conducted SPICE-level simulations, implementing all HSCC
topologies using switches from analogLib in Cadence (with
finite Rpy) and inductors including DCR. For a fixed set
of input variables (default values), we documented on-state
resistances R, ; r, switching frequencies Fy, inductor Ly, and
capacitor Crgy, C, values, as provided by the framework
(mainly from (17), (21), (24)). Subsequently, we verified that
the output impedances R, x, inductor current ripples Aly y,
and output voltage ripples AV, ; of each topology were con-
sistent with each other, as illustrated in Fig. 5(a).

For instance, the output resistance of each topology was
indeed equal to the baseline two-level buck, 1B, within a 5%
error. The inductance current oscillation and output voltage
ripple were also similar for all topologies, demonstrating that
the topologies can be compared at the same efficiency and
ripple levels. We verified that each converter was operating
well above the resonance frequency with the Cr values given
by the framework (26), indicating that the current is mostly
constant in each state. By introducing switching loss linked
to the on-state of each switch, the overall efficiencies are
also checked to ensure the validity of your assumptions and
derivations.
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(c) Comparison of the output impedances of 1B and 2DSD in respect to VCR (M).

To confirm the validity of the analytical equation in finding
the lowest output impedance for a given switch area, we con-
ducted SPICE transient simulations. In each simulation, we
slightly varied the R, distribution over the switches from the
optimal one given by the framework (10). Fig. 5(b) illustrates
the normalized output impedance of the topology 3FB against
how far it deviates from the optimal point. We defined a
quadratic error to measure the distance from the optimal point:
€Ron = Z (Ron,i — Ron,opt,i)z’ where Ron,opt,i is the optimal
on-state value of switch i for a given area, and Roy ; is a value
deviating from the optimal point where the summation of each
switch area gives the same total switches area.

We also verified that the output impedances are always
equal when the input variables vary. Fig. 5(c) illustrates the
case where M varies from 0.05 to 0.45 for three selected
topologies. For each M, the framework provides new design
variables, which are then used in the SPICE schematic (Roy ;,
L, etc.). Transient simulations are performed to compare the
output impedance to the baseline (Rp). We observed less than
a 5% error, confirming once again the validity of the analytical
equations presented in this paper.

As the considered topologies have previously undergone
practical validation, we find it unnecessary to furnish addi-
tional demonstrations. The primary aim of this article is to
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introduce an idealized comparison framework, facilitating the
juxtaposition of various topologies to showcase their potential
within specified assumptions. As outlined in Section II-A,
it is crucial to recognize that additional implementation
constraints should be considered, thereby augmenting the dif-
ficulty of a practical validation at this comparative level.

D. EFFECT OF VOLTAGE CONVERSION RATIO

It is important to highlight that the choice of the optimal topol-
ogy is significantly influenced by the voltage conversion ratio
(VCR), M, as it plays a crucial role in all analytical expres-
sions. Fig. 6 demonstrates the performance of each topology
when each data point is optimized for different values of M.
As each topology has a limited VCR range, the curves are not
defined everywhere. The results highlight the importance of
selecting the appropriate topology based on the VCR range of
the application. Additionally, the curves show that there is no
one-size-fits-all solution for HSCCs.

Regarding switch area (Fig. 6(a)), SP topologies are the
worst in terms of switch utilization (Aysp > 1 in most cases),
as already known in SCC literature [19], though this analysis
confirms this remains the case for HSCCs.

To analyze the fundamental factors influencing the per-
formance of each topology, readers should delve into the
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FIGURE 6. Topological benchmark when M varies (a) the total switch area A, (b) volume gain (1/Ur), and (c) the maximal cutoff frequency of the LC filter.

analytical equations governing key performance metrics such
as A, Ur, and BW. For instance, the expression for to-
tal volume in (38) relies on a relatively small set of input
and topological parameters. Assuming the flying capacitor
is negligible, Ur is primarily proportional to L. In (21),
Ly is directly proportional to the topological parameters dy
and [;. This implies that topologies with the lowest d; are
better positioned for volume reduction. By scrutinizing the
analytical equations, readers can infer trends simply by ex-
amining the topological variables. However, some topological
variables are physically interconnected, making it challenging
to achieve the lowest dj simultaneously with other parame-
ters. Nonetheless, a careful examination of the equations can
inspire the creation of new HSCC topologies.

In Fig. 6(b), all the 1/Ur curves exhibit a maximum volume
gain. HSCC topologies in general show a significant improve-
ment in volume, with up to an 8x reduction, making them
an attractive choice for applications where space is a critical
factor. However, their performance varies depending on the
value of M. For M values between 0.1 and 0.5, ML topologies
are the best option, while for M values below 0.1, 4DS is
the best option. Each volume reduction gain has a maximum
point, just before their natural VCR (N). Beyond this point,
the flying capacitor volume becomes dominant (to maintain
out-resonance condition), and the inductor is reduced accord-
ingly to minimize the overall volume (see Section III-I).

If the bandwidth is taken into consideration (Fig. 6(c)),
4DSD is dominant in the achievable VCR range. The four
flying capacitor topologies (4ML, SFB, and 4DS, excluding
4SP), provide advantageous bandwidth. Once again, signifi-
cant bandwidth improvement can be achieved using HSCCs.
The bandwidth curves exhibit an asymptotic behavior near
their natural VCR (N) because, theoretically, no inductor is
required at this ratio, as shown in (20) where M = my.

E. EFFECTS OF COMBINING VOLTAGE CONVERSION
RATIOS AND SWITCH SCALING LAW

The input parameters « and , which define the switch scaling
law, also have a significant impact on the analytical equations.
Since B behaves similarly to o, we have opted to focus on
varying « in this study.
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In Fig. 7, we present the best topology over the 2D input
space {M, o} regarding silicon area (A), volume gain (1/Ur),
and the required cutoff frequency of the output LC filter (BW).
At a glance, there is no clear winner in all categories. For low
a, i.e., low area penalty vs. blocking voltage, the baseline 1B
or its sister, the two-phase 1B (1B2), are always the best topol-
ogy. The result makes sense as one of the main arguments for
introducing HSCCs is to reduce the blocking voltage across
the switches to boost their performance. Above o = 1 and
for low M, 1B disappears in favor of various HSCC topolo-
gies. Concerning A, the DSD family is the best solution to
reduce the silicon area occupied by the switches. To minimize
the total volume Ur, 4DS is the best topology for extreme
VCRs (e.g., M <0.15). For moderate VCRs, less flying capac-
itor topologies, such as 2ML or 3ML, are more suitable to
minimize the overall volume. To maximize BW, reducing the
constraint of the output capacitor value, 2-inductors architec-
tures (1B2, 2DSD, 4DSD) are more suitable.

It is important to note that while the best topology is
selected in this analysis, there may be cases where other
topologies perform similarly. To illustrate this, Fig. 8(a) (blue
case) shows the relative volume reduction of each topology
compared to the best one selected over the range of o and
M values, given in Table 6. For instance, 4DS achieves, in
average, 90% of the volume reduction 1/Ur 4ps achieved by
the best topology 1/Ur pr, and no lower than 80% in the
worst case (blue case). Once again, 4ML and 4DS are the most
effective topologies among the selected HSCCs for reducing
the converter volume in average.

F. EFFECT OF BLOCKING VOLTAGE

In Section II-E, we have described two main choices to de-
fine the blocking voltage vector Vi, by considering i) the
drain-source voltage experienced by each switch, or ii) the
voltage across drain or source (DSV) referenced to the bulk
voltage, namely the terminal voltage (TV) here. In Fig. 8(a),
it is interesting to note that the choice of the blocking voltage
vector can have a significant impact on the volume reduction
achieved by the different topologies. Using the drain-source
voltage (DSV) as a reference results in a higher volume re-
duction compared to using the terminal voltage (TV) as a
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reference. The best topology achieves an 8x volume reduction
with DSV and only 2x with TV (Ur,15/U7y, ). The 4DS topol-
ogy maintains a significantly better volume reduction than
4ML when using the TV, but the 4SP and 5FB topologies
outperform both of them. It is important to carefully con-
sider the choice of the blocking voltage, which depends on
the technology choice (discrete component, integrated circuit,
transistor type), when designing HSCCs.

G. EFFECTS OF SWITCH SCALING AND RELATIVE
VOLUMETRIC DENSITY

The primary reasons for the superiority of HSCCs lie in the
limitations of passive components, namely the relatively low
energy density of inductors compared to capacitors (referred
to as p) and active devices, which are negatively impacted
by blocking voltage, as evidenced by high « and § values in
this context [15], [18]. However, with recent advancements in
inductor [76], [77], [78] and switch integration [71], [79], it is
uncertain whether HSCCs will remain relevant, especially in
light of progress in high-voltage switches using, for example,
III-V materials. Fig. 8(b) illustrates that the HSCC topology’s
advantages are most pronounced in the upper-right corner of
the plot, where the relative volumetric density and voltage
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penalty in the switch size are high. In this region, 4ML and
4DS are the most effective topologies, but as p decreases,
the number of flying capacitors required also decreases, and
topologies with fewer flying capacitors, such as 2ML, become
more desirable. Conversely, in the lower-left corner of the
plot, where the voltage penalty is low and the inductor density
is high, the HSCC topology is no longer advantageous, and
1B becomes the optimal choice.

H. INDUCTOR SCALING EFFECTS

The performance of topologies with two inductors is heavily
influenced by the value of the y parameter, which takes on a
value of 1 when the inductor volume is dependent on stored
energy and 0 when the inductor volume is also determined by
the DCR, as is the case for high-current applications. Fig. 8(c)
depicts the reduction in volume, as represented by 1/Ur, for
these two assumptions across reasonable ranges of o and M,
given in Table 6. When y = 0, the 2-phase 1B topology
(1B2) does not add to the volume cost but does increase the
bandwidth. Topologies like 2DSD and 4DSD have a much
greater capability to reduce volume if the inductor volume is
limited only by stored energy, but this reduction is still less
than that of topologies like 4DS and 4ML.
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V. DENORMALIZATION PROCEDURE

To validate the benchmark HSCC topologies under denor-
malized conditions, we introduce here the denormalization
procedure. The normalized input variables remain consistent
with those described earlier in Section IV-B, except for &,
which is set to 0.15.

A. DENORMALIZATION INPUT VARIABLES
Some dimensional input variables have to be defined:

¢ the input voltage Vi~ (10V),

e the output current 7, (1 A),

¢ the switching frequency of the baseline topology 1B (I:i;
= 1 MHz),

e the relative output voltage ripple, targeted to be lower
than 1%,

® the power efficiency (95%),

e a Silicon technology, with a 1.2 x4 m length transis-
tor supporting 10 V with a sheet resistance of Agr =
3.3k - um, sheet gate charge Ag = 12fC/um and a
voltage drive swing of 5V, with lower-voltage transistors
scaling as defined by the normalized inputs (¢ =2, § =
0).

B. DIMENSIONAL VALUES FOR THE BASELINE
TOPOLOGIES
By combining dimensionless and dimensional input values,
the key design parameters of 1B can be expressed as:
® The output voltage V,, = V =1V
¢ The inductor current ripple Al =81, =0.15 A.
® The closed standard inductor value to maintain the cur-
rent ripple at the VCR:
[ M1 —-M)

B— — 7/~~~

~ 6.8H (41)

Fipdl,

e The equivalent output resistance 1?0 = 26.3 m<2 by es-
timating the converter efficiency n by its conduction
efficiency and splitting equally the loss contribution be-
tween the DCR and the converter impedance DCR = R,:

—~

Po1p _ Ry,

n= — S— (42)

P;:B + P[()SX,]B RAZ + ﬁo + DCR

e Considering the distribution of on-state resistance to
obtain the minimal Silicon area from the (9), the on-

state resistances of the transistors are R, s,, = 2.5R~0 =

65.7 mS and Ryy.5, = 0.83R, = 21.8 mQ.

e Using the sheet resistance of 10 V transistors Ag and
their length (1.2 wm), the Silicon area is deduced:
/G;; = 1.2 mm?.

¢ From (4) and the sheet gate charge A, the total driving
loss is found: 3 Egrs, = 3 AgWiVe, = 21nl.

® By introducing the driving loss, neglected in the first ap-
proximation earlier, in the efficiency calculation, 1 could
be found 92.7% is close to the targeted efficiency.

678

¢ The closed standard output capacitor value C/';;; can be
deduced from:

1-M
2
8LlBC0 18Fip

—~—

Co1 = ~ 1L.5SuF (43)

As no flying capacitor is present in 1B, the denormalization
procedure to find Cr ;. is based on the flying capacitor of 2ML.
Hence, the 2 M topology can also be considered as a baseline
topology. As the modelization is valid far above the resonance,

we can define the value considering the resonant frequency if
the LC network formed by Cr 2371 and Lyyz and the switching
frequency Fopr:

K2
—Lr = 0.84uF

(44)
472 Loy Fomr,

CromL =

where l/,;M/L = LZMLI:;; and f;ﬁ,]/L = FZMLI:"E; by definition.
To maintain the small-signal assumption for the flying ca-

/—\_/

pacitor voltage, the flying capacitor is augmented to C F ML =
4.7TuF, ensuring that the flying capacitor ripple remains below

0.2 V. Noticed that Cr 2ps; remains the value for denormaliz-

—_~—

ing other topologies: é; t = CriCromL.

C. DENORMALIZATION PROCEDURE FOR OTHER
TOPOLOGIES

The dimensional values of topology k are derived from the
dimensional values of 1B (and 2ML for Cr) provided in
Section V-B and the dimensionless values resulting from the
framework, as exemplified in Section IV-B. For instance, the
inductor value is calculated as follows: Lk Ly x L13

D. PASSIVE SELECTION

We have chosen real passive components for Lk, CF k, and
C(, r from an industrial passive database (TDK). For Lk, we
selected the smallest volume for a given inductor value while
respecting the targeted DCR (here 26 mS2, for single-inductor
case) and the saturation current Is47 (at least 1,/1). \’26 also
check the DCR value at the switching frequency (F;) are
similar in all topology, and the self-resonance frequency of
the selected inductors is higher than the operating frequency.
Notably, we observed that the primary constraint dictating the
volume is the DCR value, not Isa7, affirming our hypothesis
(y = 0) by default (Section III-G). Concerning the capacitors,
we also checked their self-resonant frequency to ensure all
operate in the capacitive behaviour.

E. COMPARISON OF DENORMALIZED APPROACH AND
NORMALIZED APPROACH

Table 7 provides all denormalized values for four topologies
where the efficiency, voltage output ripple and inductor ripple
are equal. By opting for real passive components, we confirm
the volume scaling-down benefit 1/Ur of 4DS by a factor of
5. 2ML and 4DSD also exhibit a good ability to reduce the
volume of the converter by a factor of 2. Some differences are
observed between the results given by the framework and the
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TABLE 7. Denormalized Volumes of Some Screened Topologies

Unit 1B OML 4DS 4DSD
A mm? 12 12 0.62 0.56
Faw MHz 1 13 1.9 1.4
L uH 6.8 3 12 2x3.3
Ref. | Coilcraft | XGL5030 | XGL4025 | XGL3515 | XGL3520
U mm3 89.7 40 163 32.6
Cr WF - 47 3x4.7 2x4.7
Ref. TDK C1005

Ucp | mm?® 0 0.25 0.75 05
C, uF 15 0.68 0.47 0.047
Ref. TDK C1608 0510

Ue, mm3 1.02 1.02 0.16 0.16
Ur mm3 90.7 413 17.2 333

1/Up | (denorm.) 1 22 5.1 2.7

1/Ur | (model) 1 22 53 2.1

denormalized procedure. This is primarily explained by TDK
offering inductor families with a discrete choice of L/DCR
couples that do not precisely match the desired values. For
4DSD, the denormalization procedure leads to a significant
disparity between the required inductor of 3.1 uH and the
closest available value in the TDK portfolio. In all cases, the
desired DCR does not always fit perfectly, and the closest
available value is selected, introducing additional constraints
on the inductor. Again, the objective of the framework is not
to provide exact values but to offer a useful tool to draw trends
encompassing all constraints together.

VI. DISCUSSION

This paper introduces a comparative framework that evaluates
different soft-charging hybrid switched-capacitor (HSCC)
topologies by considering various constraints, including equal
power loss and equal ripples. Building upon our previous
work [57], this framework specifically focuses on non-
resonant direct HSCC topologies due to their distinct loss
mechanisms, excluding resonant HSCC configurations. The
framework establishes correlations among intrinsic switch
stress, passive volume, and topological parameters to de-
rive an optimal set of design parameters, such as switching
frequency and Silicon area. For instance, higher switch penal-
ties (higher o) necessitate adjustments in the optimal design
parameters, such as reducing the switching frequency to ac-
commodate switch losses and increasing the inductor value
to maintain consistent inductor ripple. This example eluci-
dates how switches impact passive size in the overall design.
While previous works have argued that the Dickson topol-
ogy is superior due to its better active utilization, this study
shows that when considering additional constraints and in-
cluding splitting states in the sizing process, the Dickson
topology’s advantage is reduced, particularly when compared
to multi-level topologies. The two-inductors topologies are
also valuable for improving the bandwidth, and in certain
conditions, for reducing the converter volume significantly.
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To enable readers to investigate additional aspects or ex-
pand the benchmarking to new topologies, we offer the
MATLAB-based source code for exploration [66].

It should be noted that the analysis assumes an ideal sizing
process with access to the best specific resistance for each
voltage rating, which may not be available in practice. The off-
the-shelf components or Silicon integrated technology may
not offer such vast voltage-rating options, limiting the poten-
tial of topologies with various values in the voltage vector.
Furthermore, the switch scaling law coefficients significantly
influence the conclusions, giving more space for low count
flying capacitor topologies when the penality is reduced.

While the comparison framework formalizes various design
aspects, it’s essential to acknowledge that practical converter
designs require consideration of additional factors. These fac-
tors encompass a broad range of elements, including but
not limited to, the voltage conversion ratio (VCR) range,
startup procedures, gate driving techniques [80], level shift-
ing methodologies, capacitor charge balancing strategies [33],
[50], [51], feedback control mechanisms [47], [63], PCB
routing, methods for inductor current balancing [58], spec-
ifications of input capacitors [64], [81], and considerations
for electromagnetic interference (EMI) [29]. Although the
losses associated with drain and source capacitances are not
explicitly addressed in the paper, they can be factored into
the overall switching losses. As such, designers must evaluate
all relevant factors with weighted coefficients tailored to their
specific application when selecting a final topology. Addition-
ally, it’s worth noting that coupling inductors in multi-phase
topologies can further improve power density with a specific
inductor sizing procedure [82].

VII. CONCLUSION

This paper presents a comprehensive framework for the com-
parison of non-resonant hybrid switched-capacitor converters.
By enabling the adjustment of design parameters such as
switch area and frequency, the framework establishes a con-
nection between the active and passive performance of each
topology. This allows for the determination of the potential
reduction in total volume and the increase in bandwidth while
maintaining the same efficiency and ripples as a conventional
2-level buck converter. The framework is accompanied by
practical guidelines for its utilization and provides access to
available code [66]. It serves as a valuable tool for designers,
assisting them in their decision-making process and facili-
tating the evaluation of the performance of newly proposed
topologies.

APPENDIX A

LIST OF ASSUMPTIONS

In addition to the assumptions detailed in Section II-A, sev-
eral assumptions are introduced throughout the paper for the
sake of clarity. The following list provides a comprehensive
summary of these additional assumptions:
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1) The input decoupling capacitor is assumed to be suffi-
ciently large, allowing the input to be considered ideal
voltage source, as commonly done in existing models.

2) The switching frequency F is far above the self reso-
nant formed by the output filter {L, C,} and the flying
capacitors networks {L, Cr}.

3) In line with prior research, for instance, [19], [55], [61],
we make the assumption that the voltage ripple across
the flying capacitors is relatively small. This assumption
is made to minimize the impact of voltage ripple on
the stress experienced by the switches. The framework,
designed primarily for small-signal analysis, has the
potential for extension to large-signal analysis, a path
outlined in [43]. The voltage ripple is indirectly fixed
by the “far above resonant” condition, rather than aim-
ing for equal voltage ripple across all capacitors in any
topology. While this choice results in similar outcomes,
it is justified for obtaining a total volume that can be
normalized. It’s crucial to note that this assumption may
lead to undersizing of switches compared to scenarios
with high ripple.

4) While (1) considers non-zero inductor current ripple
when determining loss, the derivations of all equations
assume that the inductor current ripple is small enough
to be approximated as DC in the inductor current. How-
ever, this assumption does not apply to the inductor
current ripple, which is considered non-negligible for
calculating the inductor loss, as indicated by the param-
eters §.

5) The overall volume of the converter is calculated by
summing the volumes of flying capacitors and induc-
tors. While the volume of the switches of the power
stage is excluded, the volume of the flying capacitors is
considered a significant factor in optimizing the overall
volume of the converter, as described in Section I1I-H.

6) For conciseness, the inductor volume is assessed using
two different scaling laws based on observed per-
formance trends in commercially available inductors
(Section III-G). Our evaluation does not consider effects
such as saturation, hysteresis, or core losses concern-
ing frequency. Additionally, the switching frequency for
each topology is kept within the same order of magni-
tude (F varies up to 2x), minimizing the need to account
for frequency dependence of DCR.

7) We solely focus on planar switches, where the switch ar-
eas scale proportionally with their on-state resistances.
Vertical structures are beyond the scope of this study, as
accounting for Silicon volume is necessary to calculate
the on-state value.

These assumptions are applied uniformly to all topologies.
Since the benchmark aims to compare topologies by normal-
izing them to a common baseline, certain assumptions have
limited effects, affecting all topologies to a similar extent.

All these assumptions have been established to derive
manageable analytical equations, avoiding the necessity
for numerical solving, and relying solely on the inherent
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characteristics of the topology, including the number of states
and phases, current flow vectors, and voltage stress in each
switch.
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