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Abstract— This paper introduces a new design approach for
multiphase nonisolated DC-DC topology. The design approach
is based on a new generic hybrid cell that consists of both
capacitor and inductor. Using a stand-alone cell, the approach
contributes to a high modularity of the resulting converters and
enables high conversion ratios at higher efficiencies. The unique
interaction between the capacitor and the inductor result in a
soft charging operation, which curbs the losses of the converter,
and contributes to higher efficiency. The method was used to
create a multiphase voltage regulator module VRM. The new
converter significantly extends the effective duty ratio and
lowers the voltage stress of the transistors, while delivering high
current to the output and has inherent current sharing to
balance the load between the phases. Experimental results of a
modular interleaved three phase prototype demonstrate an
excellent proof of design methodology concept and agree well
with the simulations and theoretical analyses developed in this
study. Typical applications are point-of-load (PoL) and voltage
regulator modules (VRM).

Keywords—Data center, DC-DC power converters, high
conversion ratio, point-of-load converter, series capacitor buck
converter, voltage regulator module.

I. INTRODUCTION

With the development of cloud computing and data
centers, the demand for efficient, high-power consumption
has grown significantly [1]-[5]. In recent years, DC
distribution systems have been used widely to replace
traditional AC systems in data centers due to their high levels
of efficiency. The increased popularity of using 48 V DC
power distribution networks in today’s computing industry,
where multiple CPUs and DRAMSs are part from the main
consumers, has reinforced the need for 48 V-to-1.x V PoL
systems. The majority of modern supply methods consist of
using either a two-stage conversion in series (48 V-to-12 V
and 12-to-1.x V) or a direct-conversion approach (48V-to-1.x
V) that are either magnetically isolated or nonisolated [6]-
[19].

Recently, many step-down conversion solutions were
introduced based on switched-capacitor converters (SCC) or
constructed by inductors i.e., derivatives of buck converters.
The two-stage approach is commonly applied by multiphase
interleaved buck converters for the second stage, aiming to
achieve a fast dynamic response and deliver a high current to
consumers while reducing the output-volume filter and obtain
high efficiency over wide load range, where the objective of
the first-stage converter is to maintain high efficiency [6]-[ 12].
However, although both stages are highly efficient, the overall
48 V-to-1.x V conversion efficiency is the multiplication
between efficiencies of each stage and is relatively low.

The development of GaN-based FETs enables the use of
high-density single-stage conventional buck converters for the
direct-conversion approach; however, multilevel buck

converters remain impractical due to narrow “on” time (a duty
cycle of 1/48) compounded by high switching frequencies.
Other solutions consist of combinations of the buck topology
with flying capacitors, offering many advantages [20]-[40].
The capabilities of an extended effective conversion ratio,
multilevel multiphases, and a wider dynamic range reduce the
inductor voltage swing and lower the switching loss. One of
many derivations of the multiphase buck converters with
extended-duty cycles—known as the series-capacitor buck
converter—performs better than a buck converter and stands
out as an attractive solution [21], [26]. This type of converter
can produce fast dynamic responses to load changes along
with the symmetrical operation and provides natural current
sharing between phases while reducing the transistors’ voltage
stress. However, the existing topologies with extended-duty
ratios may be limited for regulation in high-power
applications with very high conversion ratios and high
currents.

The objective of this study is to introduce a regulated
modular multiphase, nonisolated topology for very high
conversion ratios and high-power applications with high
efficiency. The main concept is to develop the desired
topology based on generic hybrid cells with optimal design
guidelines that can easily meet the industry requirements for a
wide use of cases and applications, where cloud computing
and data centers are typical examples. This paper expands the
study published in [13].

The development of hybrid generic cell as a basic building
block is shown in Fig. 1. The cell includes single inductor, one
capacitor and two switches that are driven in a complementary
method. Multiple cells can be connected for current sharing
and energy processing. This unique approach of designing
with a generic cell, allow the capability of extension of any
desired number of phases, with the benefits of higher duty
ratio resolution, can lower the voltage stress on the transistors,
and inherent current balancing, making the multi-phase
topology an ideal candidate for high output current with high
conversion ratio applications. The combination between cells
for implement DC-DC converter with high conversion ratio
will be described and analyzed in the next sections.

Hybrid Cell
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Fig. 1. Generic LC cell for hybrid modular multi-phase converter.



The rest of the paper is organized as follows. Section II
presents the operation principle of three phase of series
capacitor buck converter and provides typical key waveforms
of the new converter. In Section III, a full steady-state analysis
of the converter is delineated. Experimental results are
provided in Section IV and Section V concludes the paper.

II. MULTI-PHASE SERIES CAPACITOR BUCK CONVERTER

Throughout the paper, the concept will be presented and
analyzed on a three-phase topology, named as a triple series
capacitor buck converter (TSCBC), as illustrated in Fig. 2(a).
The connection between cells is by connecting all inductors
output to the load stage, and by connecting the high side
(voltage level) of the flying capacitor from one cell to the
high side switch (Sxu), of the next cell. Additional switch is
used to connect between high side point of the flying
capacitor from the latest cell to the low side switch (Sxr) of
the previous cell. To simplify the explanation of the circuit
operation of the multi-phase topology described in Fig. 2(a),
assume that the output capacitor C, and flying capacitors Ci,
C; and Cs are large and the voltage ripple across them is
negligible comparing to their DC voltages.

Description of the TSCBC operation is aided by the
idealized timing diagram in Fig. 2(b) and the sub-circuits with
their currents paths highlighted in Fig. 3. The switching
period is divided into six-time intervals with six states (I-VI),
where states II, IV, VI are identical and function as a
“balance” state. During state I, switches Sin, Sor and S3i are
ON, [i.e., phase 1 is ON, phases 2 and 3 are OFF, see Fig.
3(a)], capacitor C; and inductor L are charging from the input
source through the load. Throughout this state, inductors L
and L are discharged to the load, where in this stage these
inductors are being connected between GND to the output
capacitor C,. In states II, IV and VI [see Fig. 3(b)], switches
SiL, S and S3p are ON, where all inductors are been
connected to GND in one node and to the output capacitor C,
in the second node. As a result, all phases are OFF, and all
inductors’ currents are discharged through the load, i.e., the
stored energy in the inductors delivered to the output. In state
I, switches Sit, San, S»3 and S3. are ON [phase 2 is ON,
phases 1 and 3 are OFF, see Fig. 3(c)], inductor L, is sourced
by series connection of Ci and C», and by C3, where C; and
C; are discharged while C; is charged by C;. During this state,
inductors L; and L3 are discharged to load. In state V,
switches Sir, Sz1, and S3u are ON [phase 3 is ON, phases 1
and 2 are OFF, see Fig. 3(d)], results in discharged of
inductors L; and L, through the load, while inductor Ls is
sourced by series connection of C, and Cs. In this state
capacitor C3 has been charge by C, through inductor L3 and
the load. Note that the charging and discharging of the
capacitors are so-called soft-charged [41] or no-charged [42]
and can significantly reduce the energy loss.

III. STEADY STATE ANALYSIS

The steady-state analysis of the TSCBC topology
presented in this section is assisted by a steady-state
simulation of a 40 W, 48 V-to-1 V converter, operating at 500
kHz switching frequency per-phase, and is depicted in Fig.
2(b). and Fig.4. The simulation shows the key waveforms of
the TSCBC topology include inductors currents and timing
diagrams for all switches.

(b)

Fig. 2. (a) Circuit diagram of triple (3ph) series capacitor buck converter. (b)
Timing diagram and idealized waveforms of TSCBC topology.

A. Conversion Ratio

The analysis of the TSCBC is based on the inductor-
voltage second balance of each phase, i.e., inductors Li, L,
and L3 and on the current-second balance of the output
capacitor C,. Following are the inductors equations from each
of switching states. Due to inductor voltage second balance
in the steady-state, the absolute slew rates of the inductors
currents during the ON time (DT5) is equal to the absolute
slew rate during the OFF time ([1-D]-Ts). Hence, Aizi can be
expressed as:

) (1)

on
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Fig. 3. Operation states I-VI1. (a) State I: phase 1 is ON, and phases 2 and 3 are OFF. (b) States II, IV and V: all phases are OFF. (c) States III: phase 2
is ON, phases 1 and 3 are OFF. (d) State V: phase 3 is ON, phases 1 and 2 are OFF.

where L, is discharging during states II, III, IV, V and VI, and
been charge at state 1.

In similar manner, Aiz> can be expressed as:
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where L, is discharging during states I, II, IV, V and VI, and
been charge at state II1.

Accordingly, Aiz3 can be expressed as:
%
| L4

where L3 is discharging during states I, II, III, IV, and VI, and
been charge at state V.
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The expressions Airi, Aiz, and Aizs are represent also the
inductors’ ripple. Note that at the ON state of phase 2,
capacitor C3 is connected in parallel to series capacitors C; and
(>, hence the (Vei - Vo) in equation (2) can be replaced by
Ves. From equations (1)-(3) and by replacing Vei - Ve with
V3 and some manipulation, a system of three linear equations
and three unknowns can be written as:

V, = (ch —Ves )D3

v —v.D, , 4)
v, =(V _VCI)DI

in

where D1, D», D3 are the ON time for each phase respectively.
Solving the system will yield to the average capacitors’

voltages:
2 1
Voo = |:_ + :| v,

Lo, D]
1 1
Vo =7t Ve )
DZ D3
1
Vey=—V,,
C3 D2 o

The voltage conversion ratio can be derived from (4) and (5),
and can be expressed as:

v = L+i+L . 6)
Vin D3 DZ Dl

Therefore, in the private case, where setting equal duty ratios,
i.e., Di=D,=D3=D, for the three phases, results in average
capacitors voltages of Vei1 =3Vin /4, Voo = 2Vin /4, and Vs =
Vin /4. Moreover, the expression for voltage conversion ratio
is reduced to:

o

D 7
. ™

Vi

n

which is four times higher compared to the duty ratio of a
typical buck converter.
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Fig. 4. Simulation results of TSCBC single module. (a) output voltage and inductors and output currents where all duty cycles are equals, (b) The voltages across

all switches: Sy, Sin, Sar, Son, S2.3, Ss1, and Sz,

B. Inductors’ Currents and Balancing

For simplification assume very low load at the output of
the converter. The converter’s output current analysis can be
calculated by the output capacitor, where i, = Co(dVo/dt) and
by the fact that at steady state, the average capacitor current
is equal to zero. Due to the current second balance of the
capacitor, and by the taking the absolute slew rate of the
output capacitor current during charging and discharging, the
following equation can be written as:

(L + L+ 1) ®)

The average value of each of the inductor’s currents at steady
state can be calculated using the fact that the charge balance
is achieved for each of the capacitors [41]. For example, the
charge delivered to C, during state III must equal the charge
consumed from C; (by C3) during state V. This yield to:

~ "out |discharge *

1 D D
Qc 1° El L, —2 A -1 >
f; charge fY discharge
1 D D
Qes EILZ_Z = IL3_3 >
f;" charge f“ discharge
D 1. D
Qc37 1L3_3 :EILZ_Z (9)
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Solving the system using equation (8) yields the average
inductors currents:
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Therefore, in the private case, setting equal duty ratios

D\=D,=Ds=D, for the three phases, results in average
inductor currents of I;; = Low/ 4, 112 = Iow/ 2, and 113 = Loy / 4.

Ll

L2

(10)

1L3

From the equations can be seen that phase 2 is with double
current compared to phases 1 and 3 caused by discharge of
both capacitors C) and C;s at state II1, through inductor L,. The
inductors’ current balance between phases can be achieved
by setting the duty cycle of phase 2 to be half of the duty cycle
of phases 1 and 3, where the duty ratios between phases can
be written as:

D, =2D, =2D, .

1

an

IV. SIMULATION AND EXPERIENTIAL RESULTS

The verification and proof-of-concept demonstration of
the design methodology is carried out by a simulation and
experimental of three-phase series capacitor buck converter.

Fig. 4 shows the steady-state simulation of a 40 W, 48 V-
to-1 V converter waveforms for output current of 40 A with
equal duty ratios of 1/12. Fig. 4(a) demonstrate the output
voltage and inductors and the sum of the inductor currents.
Note that due to the three-phase interleaved operation of the
converter, the effective switching frequency at the output of
the converter triples, from 500 kHz to 1.5 MHz. From the
results, natural current sharing between phases and with a
ratio of 2:1 between /1, to I;1 and /;3. The simulation includes
the Rps (on) given in Table I, so that the output voltage and
current are slightly lower than expected. Fig. 4(b) shows the
voltages of the switches, where the maximum stress is 2 Vi, /4
and can be observed on Syy, S>3 and Ssg.

TSCBC prototype that operates at 333 kHz switching
frequency per phase was built and tested. Table I lists the
components values and nominal parameters of the
experimental prototype. Each phase in the converter have
been designed to be symmetrical, as can be seen in Fig. 5. each
hybrid cell consists of one dual switch, inductor and flying
capacitor. Microchip dsPIC33 controller used to generate the
complementary switches Sy and Syu respectively. The
experiments were performed with output voltage range of 1-
1.5V and maximum load of 50 A. Fig. 6, shows the three-
phase inductors currents and the output current which is the
sum of all three-inductors currents, (interleaved mode). The
measured average capacitors voltages are as expected from the



theoretical analysis, i.e., Vo1~ 36 V, Ve, &= 24 Vand Vs =
12 V, as can be observed from Fig. 7. The efficiency from
simulation compared to experimental measurement is shown
in Fig. 8 with 48 V input and various output voltages.
Obviously, the differences are due to other parasitic that were
not included in the simulation.

TABLE L.
EXPERIMENTAL PROTOTYPE PARAMETERS

Power Stage

Component P/N Value/Type
Input Voltage - Vin 48V
Output voltage range - Vour 1-15V
Switching frequency - faw 333 kHz per phase
Input capacitor - Ci, EEE-FK2A221AV 220 uF, 100 V
Output capacitor - Cour EEF-GXO0D561R 560 uF, 2V
Inductors - L1, La, L3 XAL1580_40IMEB 0.4 uH, 60 A
Capacitors - C1, Ca, Cs CNAGPIX7R2A475K250AE 4.7 uF, 100 V
MOSFETS (Rps on) Vishay 2Ch, SIRB40DP 3.25 mQ, 40 A, Dual
Load resistance - Rioad 20-100mQ

Floating Driver

Driver 2EDF7275F
Isolated DC/DC TDR 3-1212SM

Digital Section
dsPIC33FJ16GS502 ‘
MC74VHC244DWR2G ‘

Microcontroller
Buffers & Line Drivers

16 bit, 40 MIPS

V. CONCLUSIONS

A modular hybrid topology has been demonstrated. It is
based on the developments described in this paper. It
comprises multiple phases for high current delivery and uses
series capacitors operated in a soft charging mode. The
introduction of series capacitors and their operation in a soft
charging mode, significantly lowers the voltage stress of the
transistors, highly extends the duty ratio, and provides an
inherent current sharing between the phases.

 Tlated DE/DC
@ (b)

Fig. 5. Prototype PCB (a) top view of the power stage that include
microcontroller, one dual MOSFETs per cell, power inductors and flying
capacitors. (b) bottom view that include buffer, drivers, and isolated DC/DC
supplies.
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Fig. 6. Inductors’ current waveforms: yellow - 1, green - /;,, blue - /;3, and
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Fig. 7. Capacitors DC level measurements, yellow - V¢, red - Ve, blue - Ves,
all channels are 22 V/div.
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Fig. 8. Efficiency measured by simulation vs experiment for different output
voltages. Simulation include the ESR of all components in the power stage.

These properties reduce the VRM’s volume and potentially
can increase the efficiency in direct-conversion of 48 V-to-
1.x V, that is common and highly desired in data centers and
other cutting-edge applications. Initial experimental study of
an interleaved three-phase modular prototype demonstrates
the behavior, which is in an excellent agreement with
simulation and theoretical analysis.

The new design methodology where identical hybrid cells,
comprised of both inductor and capacitor, are used to
construct an n-stage converter, which can be used effectively
for variety of applications, is demonstrated. This technique
significantly reduces the complexity of design and
implementation of switched-mode power converters for
multiple use cases. Any conversion ratio can be achieved
seamlessly and efficiently, using only identical cells, or
modules and with well-defined design guidelines. This
ultimately establishes the enabling technology for reliable,
fast and power-oriented design of high conversion ratio
power-converters, as a new baseline in the field.

REFERENCES

[11  R. Moller, “Ericsson Mobility Report, June 2021,” Ericsson, Tech.
Rep. [online]. Available: https://www.ericsson.com/en/mobility-
report/reports.

[2]  P. Delforge and J. Whitney, “Data center efficiency assessment,”
Natural Resour. Defense Council, New York, NY, USA, IP:14-08-A,
2014.[Online].Available:https://www.nrdc.org/sites/default/files/data
-centerefficiency-assessment-IP.pdf.

[3] M. Dayarathna, Y. Wen and R. Fan, “Data center energy consumption
modeling: a survey,” in /[EEE Commun. Survey & Tutorials, vol. 18,
no. 1, pp. 732 - 794, Sep. 2015.



(4]

(5]
(6]

(7]

(8]

9]

[10]

(1]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

C. Dumitrescu and A. Plesca, “Overview on energy efficiency
parameters in data centers,” in Proc. IEEE Elect. and Power Eng. Int.
Conf. Expo., lasi, Romania, 2016, pp. 153-156.

E. Frachtenberg, “Holistic datacenter design in the open compute
project,” IEEE Comput. Society, Mag. Article, 2012, vol. 45, issue: 7.
M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “48-v voltage regulator
module with pcb winding matrix transformer for future data centers,”
IEEE Trans. Ind. Electron., vol. 64, no. 12, pp. 9302-9310, Dec 2017.
Z.Ye,Y. Lei, and R. C. N. Pilawa-Podgurski, “The cascaded resonant
converter: A hybrid switched-capacitor topology with high power
density and efficiency,” IEEE Trans. Power Electron., vol. 35, no. 5,
pp. 49464958, 2020.

Z.Ye, R. A. Abramson, and R. C. N. Pilawa-Podgurski, “A 48-to-6V
multi-resonant-doubler switched-capacitor converter for data center
applications,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
2020, pp. 475-481.

W. C. Liu, Z. Ye, and R. C. N. Pilawa-Podgurski, “A 97% peak
efficiency and 308 a/in3 current density 48-to-4 V two-stage resonant
switched capacitor converter for data center applications,” in Proc.
IEEE Appl. Power Electron. Conf. Expo, 2020, pp. 468-474.

W. C. Liu and R. C. N. Pilawa-Podgurski, “Bi-lateral energy resonant
converter (berc) with merged two-stage inductor for 48-to-12V
applications,” in Proc. IEEE Workshop Control Model. Power
Electron., 2020, pp. 1-8.

R. A. Abramson, Z. Ye, and R. C. N. Pilawa-Podgurski, “A high
performance 48-to-8 v multi-resonant switched-capacitor converter
for data center applications,” in Proc. Eur. Power Electron. and Appl.
Conf., 2020, pp. P.1-P.10.

M. Halamicek, T. McRae, and A. Prodic, “Cross-coupled series-
capacitor quadruple step-down buck converter,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2020, pp. 1-6.

O. Kirshenboim and M. M. Peretz, “High-efficiency nonisolated
converter with very high step-down conversion ratio,” [EEE Trans. on
Power Electron., vol. 32, pp. 3683 - 3690, May. 2017.

M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “Single-stage high-
efficiency 48/1 V sigma converter with integrated magnetics,” [EEE
Trans. Ind. Electron., vol. 67, no. 1, pp. 192-202, 2020.

R. Das, G. Seo, D. Maksimovic, and H. Le, “An 80-w 94.6%-efficient
multi-phase multi-inductor hybrid converter,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2019, pp. 25-29.

J. Baek, P. Wang, Y. Elasser, Y. Chen, S. Jiang, and M. Chen,
“Legopol: A 48v-1.5V 300A merged-two-stage hybrid converter for
ultrahigh-current microprocessors,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 2020, pp. 490-497.

R. Das and H.P. Le, “A Regulated 48V-to-1V/100A 90.9%-Efficient
Hybrid Converter for POL Applications in Data Centers and
Telecommunication Systems,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., Mar. 2019, pp. 1997-2001.

M. Ursino, S. Saggini; S. Jiang and C. Nan, “High density 48V-to-
PoL VRM with hybrid pre-regulator and fixed-ratio buck,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., Jun. 2020, pp. 498-505.

Z. Ye, R. A. Abramson, Y. L. Syu and R. C. N. Pilawa-Podgurski,
“MLB-PoL: A high-performance hybrid converter for direct 48 V to
point-of-load applications,” in Proc. IEEE Workshop Control Model.
Power Electron., Nov. 2020.

M. Batarseh, X. Wang, and 1. Batarseh, “Nonisolated half bridge
buck-based converter for VRM application,” in Proc. IEEE Power
Electron. Spec. Conf., Jun. 2007, pp. 2393-2398.

Y. Jang, M. M. Jovanovic, and Y. Panov, “Multi-phase buck
converters with extended duty cycle,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., Mar. 2006, pp. 38—44.

M. Z. Youssef and P. K. Jain, “Analysis and design of a novel LLC
48V resonant self-oscillating voltage regulator module,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., Mar. 2007, pp. 252-258.
M. Z. Youssef and P. K. Jain, “A 48V resonant voltage regulator
module with a new current mode controller,” in Proc. IEEE Power
Electron. Spec. Conf., Jun. 2006, pp. 1-7.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Y. Jang, M. M. Jovanovic, and Y. Panov, “Nonisolated power
conversion system having multiple switching power converters,” U.S.
Patent 7 230 405, Jun. 12, 2007.

K. Abe et al., “A novel three-phase buck converter with bootstrap
driver circuit,” in Proc. IEEE Power Electron. Spec. Conf., Jun. 2007,
pp. 1864-1871.

K. Nishijima, K. Harada, T. Nakano, T. Nabeshima, and T. Sato,
“Analysis of double step-down two-phase buck converter for VRM,”
in Proc. IEEE Telecommun. Energy Conf., 2005, pp. 497-502.

X. Du, L. Zhou, and H.-M. Tai, “Double-frequency buck converter,”
IEEE Trans. Ind. Electron., vol. 56, no. 5, pp. 1690-1698, May 2009.
K. Matsumoto, K. Nishijima, T. Sato, and T. Nabeshima, “A two-
phase high step down coupled-inductor converter for next generation
low voltage CPU,” in Proc. IEEE Int. Conf. Power Electron., 2011,
pp. 2813-2818.

B. S. Oraw and R. Ayyanar, “Voltage regulator optimization using
multi winding coupled inductors and extended duty ratio
mechanisms,” [EEE Trans. Power Electron., vol. 24, no. 6, pp. 1494—
1505, Jun. 2009.

B. Oraw and R. Ayyanar, “Small signal modeling and control design
for new extended duty ratio, interleaved multiphase synchronous buck
converter,” in Proc. IEEE Telecommun. Energy Conf., Sep. 2006, pp.
1-8.

C. F. Chuang, C. T. Pan, and H. C. Cheng, “A novel transformer-less
interleaved four-phase step-down DC converter with low switch
voltage stress and automatic uniform current-sharing characteristics,”
IEEE Trans. Power Electron., vol. 31, no. 1, pp. 406417, Jan. 2016.
P. S. Shanoy, M. Amaro, J. Morroni, and D. Freeman, “Comparison
of a buck converter and a series capacitor buck converter for high
frequency, high conversion ratio voltage regulators,” IEEE Trans.
Power Electron., vol. 31, no. 10, pp. 70067015, Oct. 2016.

I. O. Lee, S. Y. Cho, and G. W. Moon, “Interleaved buck converter
having low switching losses and improved step-down conversion
ratio,” IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3664-3675,
Aug. 2012.

V. Yousefzadeh, E. Alarcon, and D. Maksimovic, “Three-level buck
converter for envelope tracking applications,” IEEE Trans. Power
Electron., vol. 21, no. 2, pp. 549-552, Mar. 2006.

M. Xu, J. Sun, and F. C. Lee, “Voltage divider and its application in
the two-stage power architecture,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., Mar. 2006, pp. 499-505.

A. Radic and A. Prodi ’ ¢, “Buck converter with merged active charge-
controlled capacitive attenuation,” IEEE Power Electron. Lett., vol.
27, no. 3, pp. 1049-1054, Mar. 2012.

T. A. Meynard and H. Foch, “Multilevel converters and derived
topologies for high power conversion,” in Proc. IEEE Ind. Electron.,
Annu. Conf., Nov. 1995, pp. 21-26.

S. M. Ahsanuzzaman, Y. Ma, A. A. Pathan, and A. Prodic, “A low-
volume hybrid step-down DC-DC converter based on the dual use of
flying capacitor,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
Mar. 2016, pp. 2497-2503.

P. Jain, A. Prodic, and A. Gerfer, “Wide-input high power density
flexible converter topology for DC-DC applications,” in Proc. IEEE
Appl. Power Electron. Conf. Expo., Mar. 2016, pp. 2553-2560.

R. D. Middlebrook, “Transformerless DC-to-DC converters with
large conversion ratios,” /[EEE Trans. Power Electron., vol. 3, no. 4,
pp. 484488, Oct. 1988.

Y. Lei and R. C. N. Pilawa-Podgurski, “A general method for
analyzing resonant and soft-charging operation of switched-capacitor
converters,” IEEE Trans. Power Electron., vol. 30, no. 10, pp. 5650—
5664, Oct 2015.

M. Evzelman and S. Ben-Yaakov, “Average-current-based
conduction losses model of switched capacitor converters,” IEEE
Trans. Power Electron., vol. 28, no. 7, pp. 3341-3352, 2013.



