Original Paper

<., Eletrénica de Poténcia
~ Open Journal of Power Electronics

.,‘ / Received November 04, 2024; accepted February 28, 2025; Date of publication March 12, 2025.

Check for
updates

The review of this paper was arranged by Associate Editor Edivan L. C. da Silva®™ and Editor-in-Chief Heverton A. Pereira’®.

Digital Object Identifier http://doi.org/10.18618/REP.e202525

48 Vto 1V DC-DC Converter Based on
Cascade/Ladder Connected Switched
Capacitor Cells

Neilor C. Dal Pont®!, Jessika M. de Andrade®?*, Chokkalingam Bharatiraja®?,
Brad Lehman®*, Telles B. Lazzarin®?

1 Federal University of Santa Catarina, Electrical Engineering Department, Florianopolis — SC, Brazil.
2Federal University of Santa Catarina, Mobility Engineering Department, Joinville — SC, Brazil.
3SRM Institute of Science and Technology, Department of Electrical and Electronics Engineering, Chennai — TN, India.
“Northeastern University, Department of Electrical and Computer Engineering, Boston — MA, USA.

e-mail: neilorcolombodalpont@gmail.com; melo.jessika@ufsc.br*; bharatic@srmist.edu.in; lehman@ece.northeastern.edu; telles.bl@ufsc.br.
*Corresponding Author.

ABSTRACT This paper proposes a cascade/ladder switched capacitor converter integrated with an
interleaved synchronous buck converter to provide a 48 V to 1 V conversion for data center applications.
The switched capacitor stage decreases the input voltage from 48 V to 3 V (a reduction of 16 times),
with low voltage stress on the input switches and intermediate voltage levels that can be used as voltage
sources. The interleaved buck stage provides voltage and current control and is connected in cascade
with the switched capacitor stage to reduce the voltage from 3 V to 1 V (a reduction of 3 times).
Furthermore, a switching frequency optimization is proposed for the switched-capacitor converter to
maximize efficiency. The proposed solution was experimentally validated in a two-stage 30 W
prototype: the first stage is the proposed cascade/ladder switched capacitor topology (48 V to 3 V) with
unregulated conversion, which provides a maximum efficiency of 91,6%, and the second stage is the
buck converters (3 V to 1 V) with regulated conversion.

KEYWORDS Non-Isolated DC-DC Converters, Step-down converter, Switched-capacitor cell.

I.  INTRODUCAO

In recent years, there has been an increase in the use of high-
gain DC-DC step-up and step-down converters. These
converters are essential for applications such as data centers
[1]-[2], renewable energy sources [3], electrical vehicles [4],
and storage systems [5]. Achieving high efficiency in these
converters poses a challenge due to the high input voltage and
output current in step-down converters and the high input
current and output voltage in step-up converters [6].

Data center systems often require conversion ratios as high
as 400 V to 0.8 V [2], [7], making it difficult to achieve good
efficiency. To enhance efficiency, recent solutions propose
multiple conversion stages, with one stage converting from
400 V to 48 V, and another stage converting from 48 V to
3.3V — 0.8 V. Solutions for the first case typically involve
isolated converters such as the dual active bridge (DAB) or
resonant LLC converters [8]. For the second stage (48 V to
3.3 V~0.8 V), named Point of Load (POL) converters or
Voltage Regulator Modules (VRM), different solutions are
found in the literature, including LLC [9 — 10], half-bridge
[10 — 11], buck converter variations [10], and converters with
gain cells like the switched capacitor (SC) converters [10, 12-
15]. The power levels range from units to hundreds of watts
[10]. One of the biggest challenges is the higher output
current values, which lead to low efficiencies and the use of
converters or devices in parallel.

Solutions using transformers or inductors often suffer from
low efficiency due to core losses, leakage inductance, and
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larger physical size [13]. On the other hand, switched
capacitor solutions offer better efficiency when compared to
transformer/inductor-based solutions, but they present
challenges in voltage control [16]-[17]. Furthermore,
switched capacitor cells are versatile and can be connected
in a ladder, cascaded configuration, or a combination of both,
to increase gain [18].

This paper proposes a two-stage solution for converting 48
V to 1 V for data center applications. The first stage consists
of a mixed switched capacitor converter (MSSC) operating
in an open-loop configuration, connected in cascade with the
second stage, which is an interleaved synchronous buck
converter (ISBC) [19]-[21] operating in a closed-loop
configuration.

The first stage is responsible for the majority of the output
voltage reduction (48 V to 3 V) and is the main contribution
of this paper. It provides a high step-down gain and a low
voltage value for a second stage to operate with an adequate
duty cycle. The MSCC structure was proposed in [18] but
was not validated experimentally. This study aims to verify
experimentally and proposes a frequency optimization
approach to maximize the efficiency of MSCC converter.
The second stage (buck) is well-known in the literature, and
further decreases the voltage (3 V to 1 V) and controls the
output voltage. This control is particularly challenging in
solutions based on switched capacitors. Additionally, the
interleaving technique [20]-[23] allows the current division
among components, increasing the efficiency of converters
with high currents and low voltages. These converters
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exhibit reduced input current and output voltage ripple,
significantly reducing the size of the input and output filter
capacitors [22].

This paper's main contribution lies in the introduction,
analysis, and verification of the MSCC, briefly proposed in
[18]. The study approaches a detailed analysis of the proposed
mixed-switched capacitor converter (MSCC), the cascaded
connection between an MSCC topology and a three-phase
interleaved synchronous buck converter to reach a gain from
48 to 1V, an optimization method to determine the switching
frequency that maximizes the efficiency of converters, a
closed-loop operation to provide a 1 V regulated output
voltage, design and build of prototypes, and experimental
validation.

In addition to this introduction section, Section Il presents
the derivation of the proposed converter, Section Il presents
the static analysis and optimization of the MSSC to increase
efficiency, and Section IV discusses the ISBC topology. The
experimental results are presented in Section V, and finally,
Section VI summarizes the conclusions.

. PROPOSED CONVERTER DERIVATION

The proposed converter consists of a mixed (cascade and
ladder) switched capacitor converter (MSCC) and a three-
phase interleaved synchronous buck converter (ISBC),
connected in a cascaded configuration, as shown in Fig. 1.

The MSCC is derived from a step-down version of the
switched capacitor cell [24], as presented in Fig. 2. When all
the switches are appropriately controlled, the converter
operates bidirectionally.

A comparison is presented in [18] among the ladder,
cascade, and mixed connections for high step-down
applications. With the same number of switches, the mixed
connection exhibits a higher voltage gain than the ladder
connection while subjecting the switches to less voltage stress
than the cascade connection. However, the MSCC was not
validated experimentally, and its performance was
unavailable.

Mixed Switched Capacitor Converter

The comparison demonstrates that, for the same number
of switches, the cascade connection provides higher voltage
gain and requires fewer capacitors than the ladder
connection. However, it incurs more voltage stress on the
components. The mixed connection offers the same voltage
gain as the cascade connection but with reduced voltage
stress and higher efficiency. Therefore, it is a suitable choice
for high-gain applications, and this is the connection
proposed in this paper. It is important to highlight that each
stage of the switched capacitor cell operates independently
and can have different components and switching
frequencies.

The ISBC topology is derived from the traditional buck
converter. This topology has been proposed in other papers
[19]-[23] with the objective of increasing efficiency. The
interleaving technique [20] employed in these converters
allows the current division among the components, resulting
in improved efficiency for converters with high currents and
low voltages.

Furthermore, these converters effectively cancel input
current and output voltage ripples, significantly reducing the
size of the input and output filter capacitor [22]. In this paper,
the ISBC is responsible for decreasing and controlling the
output voltage with high efficiency.

. MIXED SWITCHED CAPACITOR CONVERTER
A. STATIC GAIN

Considering the continuous conduction mode (CCM) and the
complementary nature of the command pulse vg t0 Vg
(see Fig. 1), the three ladder-connected cells at the input
provide a ¥4 voltage gain while distributing the voltage stress
among the components. The remaining stages are cascade-
connected, resulting in an exponential increase in gain with
a relation 2N, Thus, the generalized gain of MSCC converter
(Gmscce) is given by (1), where N is the number of cascades
connected stages.

(MSCC)
\
Three-Phase Interleaved Synclronous Buck
Converter (ISBC)
L Veia Sy i ME;} Sw 7 ™
Ciur w L e L,
Vor xS, BolagS, |, 10T T +
CiVa S| S T K ? Y,
1@ Saa \{gﬂ Sa o2 -
Cra— TS | Ly
Vo9 5 8., @;”} S X
’ ) S| Sul
T;'I’l L,
. AN S

FIGURE 1. Proposed converter: cascaded connection between a mixed switched capacitor and a three-phase interleaved

synchronous buck converter.
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FIGURE 2. The step-down version of the ladder-switched
capacitor cell [20].
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The proposal topology has N = 2, thus the static gain is
given by (2).
vV, 11 1
= == — 2
Gusce V, 4227 16 @
More cascaded cells can be added in the topology and the
resulting converter is exposed in Fig. 3.

B. SWITCHED CAPACITOR DESIGN

There are various approaches to designing switched capacitor
converters, and the one utilized in this paper is presented in
[25]. It is based on analyzing current capacitor peaks during
charge and discharge cycles in steady-state, which can
assume three different operation modes.

The first mode is the complete charge mode (CC), where
the capacitor discharges completely within one operational
stage, causing the current to reach zero, as illustrated in
Fig. 4 (a).

I
1
0
=

The second mode is the partial charge mode (PC), where
the capacitor only partially discharges within one operational
stage, as shown in Fig. 4 (b). In this mode, the current varies
but does not reach zero.

Lastly, the third mode is the no-charge mode (NC), where
the charge in the capacitor remains virtually unchanged,
resulting in a constant current within one operational stage,
as depicted in Fig. 4 (c).

The CC mode leads to high peak currents and conduction
losses, while the NC mode requires high capacitances and
frequencies, making it expensive and leading to high
switching losses. Therefore, the converter is typically
designed to operate in the PC mode.

To design the converter, the analysis considers a 0.5 duty
cycle, all capacitors with the same capacitance, and all
switches with the same resistance. Opting for the same
switches and capacitors simplifies the design process, as it
ensures a consistent time constant across the entire circuit.

The time constant (t) of the circuit is given by (3):

7= CR, ®)
where C is the capacitance, and Rs is the equivalent series
resistance, which can be calculated by (4).
1
2R,, 1—e 7
1 D D
fst 1+e 57— (e_E + e_ﬁ)
where Ron is the switch resistance, D is the duty cycle, and fs
is the switching frequency.

(4)
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FIGURE 3. Generalized MSCC.
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FIGURE 4. Switched capacitor modes: (a) complete charge, (b) partial charge, and (c) no charge.
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Normalizing (4) in function of fsz is obtained (5), which is
graphically presented in Fig. 5.
Rs(fsT) 5
Ry(f,1) = T ®)
Upon observing Figure 5, it can be noted that the CC mode
occurs until fsz = 0.1, with high resistance in this situation.
Between fsz = 0.1 and fiz = 0.5 lies the PC mode, while for
fsc > 0.5, the NC mode is prevalent. This relationship can be
utilized to design the switched capacitor converter to operate
in the PC mode, as follows (6).

2R
C> onfs (6)
fsT
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FIGURE 5. Normalized Rs in function of fs |

C. VOLTAGE AND CURRENT STRESSES

The voltage and current stresses on the switches of the MSCC
are shown in Table 1, where |, is the output current, and P, is
the output power.

TABLE 1. Voltage and Current Stresses on the MSCC Switches.

. Average RMS
Switch Voltage Current Current
v, P, 2P,
S123678 4 7[ \/EVL-
V; 3P, 6P,
S M
e 4 v, Vv,
v, 1, I,
Siazasasa 3 Z_N 2014/
Vi I, Lo
S1b,2b,30,4b 16 2 (N=1) 20-2)1/7
Vi 10 Io
S, __ 2 o
1IN,2N,3N,4N 2(N+2) 2 \/E
D. EFFICIENCY ANALYSIS AND FREQUENCY
OPTIMIZATION

The conduction losses of the switches are given by (7).

Py = Ronlgms @)
where Ron is the conduction resistance, and Iims is the RMS
current of the switch.

The switching losses are given by (8), whereas Vs is the off-
state voltage, Is is the on-state current, t, is the rise time, and
tr is the fall time.

ﬁ) ®)

P = ilsf (2

The losses caused by the intrinsic capacitance charge and
discharge are described in (9).

PSW = f;‘COSSVSZ

where Coss is the switch output intrinsic capacitance.

It should be noted that the operating frequency
significantly impacts the converter losses, as it determines
the mode of operation for the switched capacitor and
influences the behavior of the current in the cell. Therefore,
this paper proposes a frequency optimization approach to
maximize efficiency.

To achieve this, it is necessary to express the losses as
functions of the switching frequency. The conduction losses
in each switch, concerning the frequency, are described by
(10), where the normalized series resistance is used as a
multiplying factor. Consequently, the total losses as a
function of the frequency can be defined in (11), while the
efficiency as a function of the frequency is expressed in (12).

Using (12) and the values provided in Table 3, a graph can
be plotted to identify the frequency at which maximum
efficiency is achieved. In this case, the optimum frequency
lies between 70 and 130 kHz, as illustrated in Fig. 6.

©)

Peq(fs) = Rs(fsT)Ronerms (10)
Ptot(fs) = Pcd (fs’) + Psw (fs) + Pcap (fs) (11)
P (12)
n(fy) ==————
N ()
IV. INTERLEAVEAD SYNCHRONOUS BUCK
CONVERTER

A. STATIC GAIN

Each phase of the interleaved buck converter operates
independently, maintaining a 120° phase difference between
the gate signals. This configuration demonstrates analogous
behavior to a conventional buck converter, and its static gain
can be expressed as shown in (13).

%
Gispc = —=D (13)
Vo1
B. PASSIVE COMPONENTS DESIGN
The inductance can be obtained by (14).
V,.D(1—D)
Logpe =L = 0271 (14)
IL%'o
=3 )

where Vo1 is the output voltage of MSCC, Ay is
a percentage of the output current ripple of ISBC.

The output capacitor in the ISBC is reduced compared to
that of a traditional buck converter due to the cancellation of

the current ripple achieved through the interleaving
technique. It can be designed by (15).
Vo1
- 15
C02 96LfszAVco%Vo ( )

whereas Avcoy IS a percentage of the output voltage ripple of
ISBC.

The factors of 3 in (14) and 96 in (15) stem from the ripple
cancellation attributes enabled by the three-phase
interleaving. This approach minimizes the dimensions of
inductors and capacitors when contrasted with those in a
conventional buck converter. Furthermore, it reduces the
conduction losses resulting from current distribution, with
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the trade-off of an increased component count.
C. VOLTAGE AND CURRENT STRESSES

The voltage and current stresses of the ISBC switches are
approached in Table 2, where I, is the inductor current.

TABLE 2. Voltage and Current Stresses on the ISBC Switches.

Parameter Siabe Soapc
Peak voltage Vo1 Vo1
Average voltage V,;(1-D) V,.D
Average current LD ,(1-D)
RMS current IND IN1-D
97
96
95
= 94
< 03
&
92
91
90 _
20 100 200 300 400 500
J, (klz)

FIGURE 6. Efficiency in function of the switching frequency for
30 W.

D. CONTROL SCHEME

The control strategy employed in the converter is based on
the classical two-loop averaged control approach used in
buck converters. This involves a fast inner loop that regulates
the current flowing through the inductors and a slower outer
loop that controls the output voltage. Each converter phase
has its own current loop and duty cycle, with a 120° phase
shift between them.

The output of the voltage controller generates the current
reference in correlation with the output current. Notably, the
current for each interleaved buck converter constitutes one-
third of the load current. Consequently, to accurately generate
the current reference, a 1/3 gain is employed at the voltage
controller output. A proportional-integral (PI) controller
achieves voltage and current regulation. The control diagram
is depicted in Fig. 7, and the transfer functions are provided
as follows (16)-(19).

PI,(s) = Kpp S (16)
s+ w,
PI;(s) = Kpyi l (17)
G.(s) = I _ Vo1 (18)
¢ D(s) sL+R,
1
o(s) (19)
GV(S) - Io (S) 1
sC + R—

The controllers were discretized using the Tustin method,
given by (20), where Ts is the sampling period.
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FIGURE 7. Three-phase interleaved synchronous buck

converter control scheme.

V. EXPERIMENTAL RESULTS

Two prototypes were developed to validate the proposed
topology: one prototype for MSCC providing a48 V to 3 V
conversion, which validated the topology and frequency
optimization; a second prototype for the BKSI, to obtain the
3V to 1 V conversion and the voltage control. The
schematics of prototypes are exhibited in Fig. 8, the
prototype of the MSCC is shown in Fig. 9 (a), and the
prototype of the ISBC in Fig. 9 (b). The vertical boards in the
prototypes are the isolated gate drivers. Based on the
available devices, the power level utilized in the tests is 30
W to validate the converter theory (1V @ 30A in output
voltage and output current). However, it can operate at
higher power levels using other devices.

The primary emphasis was on validating the MSCC
topology and the frequency optimization. Moreover, an
additional objective encompassed achieving a regulated
output voltage for the 48 VV to 1 V conversion.

The design specifications and components used in the
MSCC prototype are detailed in Table 3, and the
specifications and components of the BKSI prototype in
Table 4. A switching frequency of 80 kHz was employed,
being within the frequency range determined by the
frequency optimization analysis. Silicon switches with low
series resistance (maximum 1.6 mQ) were chosen,
attributable to the substantial current and conduction losses
inherent to this specific application.

TABLE 3. Design specifications and prototype components of
MSCC.

Parameter Value
Input voltage (Vi) 48V
Output voltage (Vo) 3V
Gain (GMSCC) 1/16
Output power (Po) 30w
Switching frequency (fs) 80 kHz
fet 0.3
. BSCO16NO6NST
Switches (Sx) 60V /234 A
KG57NX7S1C107M500JH
Capacitors (Cy) 100 yF/ 16V
(six in parallel)
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Components
s ™ gx’ S,: BSCOI6NOGNST (60 V /234 A) A
iC: KGS7TNX7S1C107MS00TH (100 uF / 16 V), six in parallel
. E Cyy: KGSTNX7S1C107M500TH (100 uF/ 16 V)
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FIGURE 8. Schematics of the prototypes.

The experimental results were obtained by connecting the
MSCC and ISBC prototypes in a cascaded configuration,
enabling the conversion from48 Vto 1V.

Figure 10 (a) illustrates the voltage levels across the
switches of the MSCC. The ladder stage (vs1) experiences the
highest voltage stress at 12 V, which reduces by half in each
cascade stage, resulting in 6 V in the cascade stage 1 (Vsia)
and 3 V in the cascade stage 2 (vsib). The phase difference
between each stage voltage is also evident due to the 90°
phase shift.

Figure 10 (b) displays the output voltages of the ladder
stage (Voa), cascade 1 stage (Vob), cascade 2 stage (Vo1), and the
output current (io1). These measurements were taken with a
48 V input voltage and a 30 W output power in the MSCC.
The output voltage of the ladder stage is one-quarter of the
input voltage (12 V), while the output voltage of each cascade
stage is half the value of the previous stage (6 V and 3 V).

TABLE 4. Design specifications and prototype components of
IBSC.

Parameter Value
Input voltage (Vo1) 3V
Output voltage (Vo) 1V
Gain (GMSCC) 1/3
Output power (P,) 30W
Switching frequency (fs) 80 kHz
Inductor current ripple 10%
(Aiw)
Output voltage ripple 1%
(AVCO%)
Current loop phase margin 75°
Current loop crossover frequency 1kHz
Current PI zero frequency (o) 2.8 krad/s
Gain PI current (Kpii) 0.02
Voltage loop phase margin 90°
Voltage loop crossover frequency 50 Hz
Voltage PI zero frequency (o) 1.8 krad/s
Gain Pl voltaget (Kpw) 5.2
. BSCO16NO6NST
Switches (Sy) 60V /234 A
. KG57NX7S1C107M500JH
Capacitor (Cya) 100 F /16 V
HCMA1707-100-R
Inductors (L) 10 uH /R, = 10 mQ
Digital signal processor (DSP) F28069m
Current sensors ACS731

FIGURE 9. Developed prototypes: (a) MSCC and (b) ISBC.

Figure 11 (a) and (b) present the experimental results of
the input voltage (Vi), MSCC output voltage (vo1), ISBC
output voltage (vo), and ISBC output current (vo) at half
power (15 W) and rated power (30 W), respectively. It is
observed that the voltage ve1 changes from 2.82 V to 2.58 V
due to the lack of regulation in the MSCC stage. However,
the ISBC maintains an output voltage of around 1 V with
proper control.

The current control in the ISBC serves two functions:
limiting the current in short-circuit situations and
maintaining the current balance in the inductors. To validate
the latter, experimental results were obtained with the
converter in open-loop (Fig. 12 (a)) and closed-loop (Fig. 12
(b)) operations.
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FIGURE 10. Experimental results of MCSS: (a) voltage in the
switches of the ladder (vsi1), the cascade 1 (vsia) and the
cascade 2 (vsip) stages; (b) voltage in the output of the ladder
(Voa), the cascade 1 (Vo) and the cascade 2 (vo1) stages and the
output current (io1).
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FIGURE 11. Experimental results of entire topology

(MSCC +ISBC) - Input voltage (Vi), MSCC output voltage (vo1),
ISBC output voltage (v,), and ISBC output current (i,): (a) half
power and (b) rated power.
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In the open-loop scenario, the currents in the inductors are
unbalanced. However, in the closed-loop case, the current
control ensures that the three inductor currents remain
balanced.

Figure 13 (a) shows the input voltage (Vi), MSCC output
voltage (vo1), ISBC output voltage (vo), and ISBC output
current (i) under a 66% positive load step. In contrast,
Figure 13 (b) presents the measurements under a negative
load step. In both cases, the output voltage follows the 1 V
reference after a transient period.

2 |
" I |
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T00A & @ @ 100/ 00 @ To0h Li[T0.0m ® 7 0aA
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FIGURE 12. Experimental results — ISBC inductor currents (i,
iL,, and i 3) and output current (i,) in: (a) open-loop and (b)
closed-loop operation.

A. EFFICIENCY ANALYSIS OF THE MSCC

To validate the proposed frequency optimization outlined
in this paper, the MSCC converter underwent testing using
the Yokogawa WT500 power analyzer at two distinct
switching frequencies. One switching frequency was chosen
from the frequency range acquired through analysis (80
kHz), while the other was deliberately set beyond this range
(160 kHz), as illustrated in Fig. 14 (a). The efficiency peak
for the MSCC stage was notably observed at 91.6% when
operating at 80 kHz. Conversely, the efficiency peak at a
switching frequency of 160 kHz was recorded as 87.22%,
aligning with the anticipated outcomes from the frequency
analysis.

Theoretical analysis was performed to evaluate loss
distribution in the point delineated in Fig. 14 (a), and the
results are depicted in Fig. 14 (b). The capacitor losses are
primarily due to conduction losses caused by the equivalent
series resistance (ESR). These losses are analyzed using
parallel capacitors based on the RMS current obtained from
simulations.
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FIGURE 13. Experimental results — Input voltage (Vi), MSCC
output voltage (vo1), ISBC output voltage (v,), and ISBC output
current (io): (a) 66% positive load step and (b) 66% negative load
step.
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FIGURE 14. (a) The curve of the experimental efficiency of MSCC
and (b) theoretical distribution of losses of MSCC.

The expected theoretical efficiency at rated power was
94.04% (as seen in Fig. 14 (b)), and the experimental
efficiency obtained was 90.39% (as seen in Fig. 14 (a)). The
leading cause of variance between theoretical and
experimental efficiencies is the resistance stemming from the
PCB trace, which holds significant values in applications
characterized by low voltage and high current. This prototype
serves as evidence showcasing the potential of this converter

to achieve higher efficiency through an optimized prototype.
It also shows how important it is to reach an optimized layout
for this step-down converter.

B. COMPARISON WITH OTHER SOLUTIONS

A comparison of the proposed converter with other
structures proposed in the literature is presented in Table 5,
in which all of them underwent tests with a conversion from
48 V to 1 V. In the table, T represents the number of
transformers, L the number of inductors, C the number of
capacitors, S the number of controlled switches, V. the
maximum voltage stress on the capacitors, Vs the maximum
voltage stress on the switches, G the gain ratio, P the
maximum output power, and n the maximum efficiency. A
first highlight is that none of these converters use diodes,
which shows that these components perform worse than
controlled switches for these applications.

In [26], a two-stage non-isolated solution is proposed. The
first stage uses a hybrid SCC for the conversion from 48 V
to 24 V, and the second stage uses a four-level buck
converter with a series capacitor and coupled inductors for
the conversion from 24 V to 1 V. In [27], a structure named
Dual-Phase Multi-Inductor Hybrid Converter is proposed.
This converter was tested for converting upto 48 Vto 1V
and a rated power of 100 W. In [28], a three-level isolated
half-bridge converter with synchronous current doubled at
the output is proposed. The structure was tested for the
conversion from 48 V to 1 V with a maximum power of 60
W. In [29], a forward converter with active clamping is
presented. It was tested with input voltages of 48 V and 12
V, and output voltage between 0.7 V and 1.1 V.

A comparison with on-chip solutions was also made. In
[14], a two-stage converter using a three-level buck with a
hybrid Dickson switched capacitor converter is proposed,
achieving a 48 V to 1 V conversion with a maximum output
power of 12 W. In [30], a dual-phase buck converter is
proposed to achieve a single-stage conversion from 48 V to
1V with a maximum power of 1.5 W. In [31], a 12-level
series capacitor converter is proposed, achievinga 48 Vto 1
V conversion with a maximum output power of 8 W.

Compared to the structures in [26-29] in Table 5, the
proposed converter presented the highest number of
capacitors and switches, was tested at a lower power, and had
slightly lower efficiency than the others. However, it has the
lowest voltage stress on the components regarding HB-FC-
CD. Since efficiency is the most crucial figure of merit, the
theoretical distribution of losses of MSCC is shown in Fig.
14 (b), and it presents a maximum efficiency of 94.2%,
higher than the other converters in the table. Thus, with a
new design minimizing losses in the tracks and with
experimental efficiency approaching the theoretical one, the
proposed converter has the potential to reach a higher
efficiency value and be more competitive in this merit as
well.

Compared to the converters' on-chip solutions [14, 30-31],
the proposed solution presents the highest conversion ratio
and output power. However, it uses the highest component
count. It should be highlighted that the proposed converter
was not built on-chip, but it is suitable for it due to the low
voltage stress on the components. It presents lower values
than proposed solutions [14] and [31].
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The theoretical efficiency curve as a function of output 100
power is depicted in Fig. 15. The curve was plotted up to the
maximum experimental output power, which is 60 W, for g5 | 94.18%
comparison with the converters proposed by [28] and [29].
The proposed converter achieves a maximum theoretical %0
efficiency of 94.18%, surpassing the other converters, and &
maintains an efficiency above 75.5% across the entire power ~ z.
range. The experimental results did not reach the theoretical § 8
efficiency due to issues with the PCB design, which increased g
the trace resistance. This application has a high output current 80
value, challenging active high-efficiency values due to the
conduction losses in PCB and components. 75 2D,
70

0 6 12 18 24 30 36 42 48 354 60
Output Power (W)

FIGURE 15. Efficiency curve concerning the output power of the
proposed converter.
TABLE 5. Comparison with other converters.

Topology T L C S Ve Vs G P n
Proposed 0 3 12 22 Vil4 Vil4 D/16 30w 87.22 %
HSCC [26] 0 10 9 16 Vi/2 Vi/2 D/8 150 W 90.6 %
DP-MIH [27] 0 4 4 8 3Vil4 3Vil4 DIN 100 W 90.9 %
HB-FC-CD [28] 0 2 4 6 Vi/2 Vil4 D/4n 60 W 92.8%
ACFC [29] 1 1 3 4 Vi Vi(l+1/n) | Dn 60 W 89.9 %
HDSCC [14] 0 3 6 11 Vi/2 Vi/2 D/10 12w 90.4 %
DFBC [30] 0 2 1 4 Vi/2 Vi/2 D/4 15W 85.4 %
SCBC [31] 0 2 11 13 Vi(12-i)/12 Vi/12 D/12 8W 90.2 %
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FIGURE 16. Comparison with other converters: (a) voltage gain in relation to the duty cycle, (b) voltage on the switches and (c)
voltage on the capacitors.

To emphasize the comparison between the converters, Fig.  duty cycle for the converters listed in Table 5. Additionally,
16 (a) depicts the graph of voltage gain as a function of the Fig. 16 (b) shows the voltage on the switches, and Fig. 16 (c)
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illustrates the voltage on the capacitors. The proposed
converter exhibits the second-lowest voltage gain, just behind
the converter proposed by [28] (this solution utilizes a
transformer). It also has the second-lowest voltage on the
switches and capacitors, only surpassed by the converter
proposed by [30] (tested at a lower output power than the
proposed converter).

CONCLUSIONS

This paper approached a new configuration of a switched
capacitor cell, which integrates a cascade and ladder structure
(named as mixed switched capacitor converter —- MSCC). The
structure provided a higher gain than the ladder SC cell using
a smaller number of components and was verified to be
adequate for high step-down DC-DC converters.

This study approached the MSCC connected with an
interleaved synchronous buck converter to obtain a 48 V to
1V conversion, specifically targeting applications in data
centers. The first stage utilizes the MSCC to convert 48 V to
3V, while the second stage employs the interleaved
synchronous buck converter (ISBC) to convert 3 Vto 1 V
further.

The paper developed the mathematical analysis and design
methodology for MSCC, including an optimization technique
to determine the optimal switching frequency for enhanced
efficiency in switched capacitor converters.

Two prototypes with an output power of 30 W were
constructed to verify the proposed solution, one for MSCC
and another for the ISBC stage. Both are connected in a
cascaded configuration to provide 48V to 1V. The MSCC
prototype achieved a voltage gain of 1/16, effectively
converting the input voltage from 48 V to 3 V, while also
generating intermediate voltage levels of 12 V and 6 V that
can be utilized as additional voltage sources. Operating at the
optimized frequency, the peak efficiency achieved was
91.16% for the MSCC stage, which provides 48V to 3V. This
proposed configuration can be applied in intermediate stages
for high-gain DC-DC converters operating in open-loop. The
ISBC prototype successfully converted 3 V to 1 V,
maintaining balanced currents in the inductors and regulated
output voltage during load variations.

In conclusion, the proposed study offers a solution based
on the SC for the conversion from 48 V to 1 V in data center
applications. Topology and experimental approach were the
main contributions of the paper.

AUTHOR’S CONTRIBUTIONS

N. C. D. PONT: Conceptualization, Formal Analysis,
Investigation, Methodology, Validation, Writing — Original
Draft, Writing — Review & Editing. J. M. ANDRADE:
Supervision, Writing — Original Draft, Writing — Review &
Editing. C.BHARATIRAJA: Conceptualization,
Investigation. B. LEHMAN: Conceptualization,
Investigation. T. B. LAZZARIN: Conceptualization,
Investigation, Supervision, Writing — Review & Editing.

PLAGIARISM POLICY

This article was submitted to the similarity system provided
by Crossref and powered by iThenticate — Similarity Check.

10

REFERENCES

[1] X Lyu, Y. Li, N. Ren, S. Jiang and D. Cao, "A Comparative
Study of Switched-Tank Converter and Cascaded Voltage
Divider for 48-V Data Center Application," in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 8, no. 2,
pp. 1547-1559, June 2020, doi: 10.1109/JESTPE.2019.2928209.

[2] D. Rothmund, T. Guillod, D. Bortis and J. W. Kolar, "99%
Efficient 10 kV SiC-Based 7 kV/400 V DC Transformer for
Future Data Centers," in IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 7, no. 2, pp. 753-767, June
2019, doi: 10.1109/JESTPE.2018.2886139.

[3] M. Das and V. Agarwal, "Novel High-Performance Stand-Alone
Solar PV System With High-Gain High-Efficiency DC-DC
Converter Power Stages,”" in IEEE Transactions on Industry
Applications, vol. 51, no. 6, pp. 4718-4728, Nov.-Dec. 2015, doi:
10.1109/T1A.2015.2454488.

[4] K. Jyotheeswara Reddy and N. Sudhakar, "High Voltage Gain
Interleaved Boost Converter With Neural Network Based MPPT
Controller for Fuel Cell Based Electric Vehicle Applications,"
in [IEEE Access, vol. 6, pp. 3899-3908, 2018, doi:
10.1109/ACCESS.2017.2785832.

[5] S. M. P., M. Das and V. Agarwal, "Design and Development of a
Novel High Voltage Gain, High-Efficiency Bidirectional DC-DC
Converter for Storage Interface,” in IEEE Transactions on
Industrial Electronics, vol. 66, no. 6, pp. 4490-4501, June 2019,
doi: 10.1109/TIE.2018.2860539.

[6] 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,"” in IEEE Transactions
on Power Electronics, vol. 35, no. 5, pp. 4946-4958, May 2020,
doi: 10.1109/TPEL.2019.2947218.

[7] Y. Hayashi, H. Toyoda, T. Ise and A. Matsumoto, "Contactless
DC Connector Based on GaN LLC Converter for Next-
Generation Data Centers,” in IEEE Transactions on Industry
Applications, vol. 51, no. 4, pp. 3244-3253, July-Aug. 2015, doi:
10.1109/T1A.2014.2387481.

[8]  B. Majmunovi¢ and D. Maksimovi¢, "400-48-V Stacked Active
Bridge Converter," in IEEE Transactions on Power Electronics,
vol. 37, no. 10, pp. 12017-12029, Oct. 2022, doi:
10.1109/TPEL.2022.3160413.

[9] 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,” inl|EEE Transactions on Industrial
Electronics, vol. 64, no. 12, pp. 9302-9310, Dec. 2017, doi:
10.1109/TIE.2017.2711519.

[10] J. Liang, L. Wang, M. Fu, J. Liang and H. Wang, "Overview of
Voltage Regulator Modules in 48 VV Bus-Based Data Center
Power Systems," in CPSS Transactions on Power Electronics and
Applications, vol. 7, no. 3, pp. 283-299, September 2022, doi:
10.24295/CPSSTPEA.2022.00026.

[11] M. Choi and D. -K. Jeong, "Design of High Step-Down Ratio
Isolated Three-Level Half-Bridge DC-DC Converter With
Balanced Voltage on Flying Capacitor,” in IEEE Transactions on
Power Electronics, vol. 37, no. 9, pp. 10213-10225, Sept. 2022,
doi: 10.1109/TPEL.2022.3162245.

[12] M. D. Seeman and S. R. Sanders, "Analysis and Optimization of
Switched-Capacitor DC-DC Converters," in IEEE Transactions
on Power Electronics, vol. 23, no. 2, pp. 841-851, March 2008,
doi: 10.1109/TPEL.2007.915182.

[13] C.Wang, Y. Lu, N. Sun and R. P. Martins, "A 3-Phase Resonant
Switched-Capacitor Converter for Data Center 48-V Rack Power
Distribution," in IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 68, no. 6, pp. 2714-2724, June 2021, doi:
10.1109/TCS1.2021.3068564.

[14] M. Gong, H. Chen, X. Zhang, R. Jain and A. Raychowdhury, "A
90.4% Peak Efficiency 48-to-1-V GaN/Si Hybrid Converter With
Three-Level Hybrid Dickson Topology and Gradient Descent
Run-Time Optimizer," in IEEE Journal of Solid-State Circuits,
vol. 58, no. 4, pp. 1002-1014, April 2023, doi:
10.1109/JSSC.2022.3228233.

[15] J. Baek et al., "Vertical Stacked LEGO-PoL CPU Voltage
Regulator," in IEEE Transactions on Power Electronics, vol. 37,
no. 6, pp. 6305-6322, June 2022, doi:
10.1109/TPEL.2021.3135386.

[16] S.-C. Tan, S. Kiratipongvoot, S. Bronstein, A. loinovici, Y. M.
Lai and C. K. Tse, "Adaptive Mixed On-Time and Switching
Frequency Control of a System of Interleaved Switched-
Capacitor Converters," in IEEE Transactions on Power

Eletrénica de Poténcia, Rio de Janeiro, v.30, e202525, 2025.


https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.1109/JESTPE.2019.2928209
http://doi.org/10.1109/JESTPE.2018.2886139
http://doi.org/10.1109/TIA.2015.2454488
http://doi.org/10.1109/ACCESS.2017.2785832
http://doi.org/10.1109/TIE.2018.2860539
http://doi.org/10.1109/TPEL.2019.2947218
http://doi.org/10.1109/TIA.2014.2387481
http://doi.org/10.1109/TPEL.2022.3160413
http://doi.org/10.1109/TIE.2017.2711519
http://doi.org/10.24295/CPSSTPEA.2022.00026
http://doi.org/10.1109/TPEL.2022.3162245
http://doi.org/10.1109/TPEL.2007.915182
http://doi.org/10.1109/TCSI.2021.3068564
http://doi.org/10.1109/JSSC.2022.3228233
http://doi.org/10.1109/TPEL.2021.3135386

Original Paper

Electronics, vol. 26, no. 2, pp. 364-380, Feb. 2011, doi:
10.1109/TPEL.2010.2060497.

[17] M. D. Vecchia, T. B. Lazzarin and I. Barbi, "A Three-Phase AC—
AC Converter in Open-Delta Connection Based on Switched
Capacitor Principle,” in IEEE Transactions on Industrial
Electronics, vol. 62, no. 10, pp. 6035-6041, Oct. 2015, doi:
10.1109/TIE.2015.2426673.

[18] N. C. Dal Pont, T. B. Lazzarin and B. Lehman, "Different
Methods to Connect Switched Capacitor Ladder Cells to Provide
High-Step-Down Converters," 2021 Brazilian Power Electronics
Conference (COBEP), Jodo Pessoa, Brazil, 2021, pp. 1-6, doi:
10.1109/COBEP53665.2021.9684136.

[19] S. Abedinpour, B. Bakkaloglu and S. Kiaei, "A Multistage
Interleaved Synchronous Buck Converter With Integrated Output
Filter in 0.18 pum SiGe Process," in IEEE Transactions on Power
Electronics, vol. 22, no. 6, pp. 2164-2175, Nov. 2007, doi:
10.1109/TPEL.2007.909288.

[20] P. Azerand A. Emadi, "Generalized State Space Average Model
for Multi-Phase Interleaved Buck, Boost and Buck-Boost DC-DC
Converters: Transient, Steady-State and Switching Dynamics,"
in IEEE Access, vol. 8, pp. 77735-77745, 2020, doi:
10.1109/ACCESS.2020.2987277.

[21] D. Sha, Y. Zhao and D. Zhang, "ZVS-Interleaved Synchronous
Buck DC-DC Converter With a Coupled Inductor by Varying
Switching Frequency and Deadtime," in IEEE Transactions on
Power Electronics, vol. 37, no. 7, pp. 8190-8198, July 2022, doi:
10.1109/TPEL.2022.3141253.

[22] R. Giral, L. Martinez-Salamero, and S. Singer, “Interleaved
converters operation based on cmc,” IEEE Transactions on Power
Electronics, vol. 14, no. 4, pp. 643-652, 1999.

[23] P. Nandankar and J. P. Rothe, "Design and implementation of
efficient three-phase interleaved DC-DC converter,” 2016
International Conference on Electrical, Electronics, and
Optimization Techniques (ICEEOT), Chennai, India, 2016, pp.
1632-1637

[24] F.Zhang, L. Du, F. Z. Peng and Z. Qian, "A New Design Method
for High-Power High-Efficiency Switched-Capacitor DC-DC
Converters," in IEEE Transactions on Power Electronics, vol. 23,
no. 2, . 832-840, March 2008, doi:
10.1109/TPEL.2007.915043.

[25] S. Ben-Yaakov, "Behavioral Average Modeling and Equivalent
Circuit Simulation of Switched Capacitors Converters," in IEEE
Transactions on Power Electronics, vol. 27, no. 2, pp. 632-636,
Feb. 2012, doi: 10.1109/TPEL.2011.2171996.

[26] Y. Chen, D. M. Giuliano, and M. Chen, “Two-stage 48v-1lv
hybrid switched-capacitor point-of-load converter with 24v
intermediate bus,” in 2020 IEEE 21st Workshop on Control and
Modeling for Power Electronics (COMPEL), pp. 1-8, 2020.

[27] R.Dasand H.-P. Le, “A regulated 48v-to-1v/100a 90.9% efficient
hybrid converter for pol applications in data centers and
telecommunication systems,” in 2019 IEEE Applied Power
Electronics Conference and Exposition (APEC), pp. 1997-2001,
2019

[28] M. Choiand D.-K. Jeong, “A 92.8% peak- efficiency 60A 48V to
1V 3-Level half-bridge dc-dc converter with balanced voltage on
a flying capacitor,” in 2020 IEEE International Solid- State
Circuits Conference - (ISSCC), pp. 296-298, 2020.

[29] X. Zhang, B. Nguyen, A. Ferencz, T. Takken, R. Senger, and P.
Coteus, “A 12- or 48-v input, 0.9-v output active-clamp forward
converter power block for servers and datacenters,” IEEE
Transactions on Power Electronics, vol. 35, no. 2, pp. 1721-1731,
2020.

[30] D. Yan, X. Ke and D. B. Ma, "Direct 48-/1-V GaN-Based DC—
DC Power Converter With Double Step-Down Architecture and
Master-Slave AO2T Control," in IEEE Journal of Solid-State
Circuits, vol. 55, no. 4, pp. 988-998, April 2020, doi:
10.1109/JSSC.2019.2957237.

[31] X. Yangetal., "33.4 An 8A 998A/inche 90.2% Peak Efficiency
48V-to-1V DC-DC Converter Adopting On-Chip Switch and
GaN Hybrid Power Conversion," 2021 IEEE International Solid-
State Circuits Conference (ISSCC), San Francisco, CA, USA,
2021, pp. 466-468, doi: 10.1109/1ISSCC42613.2021.9366005.

BIOGRAPHIES

Neilor C. Dal Pont was born in Criciima, Santa Catarina, Brazil, in 1989.
He received his B.Sc., M.Sc., and Ph.D. degrees in Electrical Engineering in

Eletrdnica de Poténcia, Rio de Janeiro, v.30, 202525 2025.

2015, 2017, and 2022, respectively, from the Federal University of Santa
Catarina (UFSC), Floriandpolis, where he was affiliated with the
Department of Electrical and Electronic Engineering and the Power
Electronics Institute. He is currently an electrical engineer at UFSC. His
research interests focus on switched-capacitor converters, inverters, high-
gain step-up and step-down DC-DC converters, resonant converters, and
grid-connected systems.

Jessika M. de Andrade was born in Florianopolis, Brazil, in July 1994,
graduated in Electronic Systems at the Federal Institute of Santa Catarina
(IFSC), Florianopolis, in 2015. She received a M.Sc and Ph.D degrees in
Electrical Engineering from the Federal University of Santa Catarina
(UFSC), Florianopolis, in 2018 and 2022, respectively. She is currently a
Professor with the Department of Mobility Engineering (EMB) at the UFSC
and a member of Brazilian society of power electronics (SOBRAEP). Her
interests include high gain dc-dc converters, modeling and control applied
to power electronics, converters/inverters with gain cells, renewable energy
and related areas.

Bharatiraja Chokkalingam (Senior Member, IEEE) received the
bachelor’s degree in electrical and electronics engineering from the
Kumarguru College of Technology, Bharathiyar University, India, in 2002,
the M.Eng. degree in power electronics and drives from the Government
College of Technology (Anna University Coimbatore), India, in 2006, and
the Ph.D. degree in electrical engineering from the SRM Institute of Science
and Technology, Chennai, India, in 2015. He completed the post Centre for
Energy and Electric Power, Faculty of Engineering and the Built
Environment, Tshwane University of Technology, South Africa. He is
currently a Postdoctoral Fellow/Visiting Research Scientist with
Northeastern University, Boston, MA, USA. He is also currently working
as an Associate Professor with the Department of Electrical and Electronics
Engineering, SRM Institute of Science and Technology. He has authored
more than 300 scientific articles. He is a member in of the IEEE Industrial
Electronics, the IEEE Power Electronics, and the IEEE Power and Energy
Societies. He serves as a Reviewer for more than 50 refereed journals, in
particular, the IEEE.

Brad Lehman (Fellow, IEEE) is currently a Professor of electrical
engineering with Northeastern University, Boston, MA, USA. He has been
listed in the inaugural edition of the book The 300 Best Professors
(Princeton Review, 2012). He performs research in power electronics and
renewable energy. Dr. Lehman was a recipient of the 2015 IEEE (PELS)
Modeling and Control Technical Achievement Award, the 2016 IEEE
Standards Medallion, the 2018 IEEE Award for Achievement in Power
Electronics Standards, and the 2019 IEEE PELS Harry A. Owen, Jr.
Distinguished Service Award. He was the Editor-in-Chief of the IEEE
Transactions on Power Electronics from 2013 to 2018. He was the President
of the IEEE Power Electronics Society (PELS) from 2022 to 2023.

Telles B. Lazzarin (S’09-M’12-SM’18) was born in Cricitima, Santa
Catarina State, Brazil, in 1979. He received his B.Sc., M.Sc., and Ph.D. in
Electrical Engineering from the Federal University of Santa Catarina
(UFSC), Floriandpolis, Brazil, in 2004, 2006, and 2010, respectively. He is
currently a Professor at the Department of Electrical and Electronic
Engineering (EEL) at the UFSC. In 2006, he worked with industry,
including R&D activities at WEG Motor Drives & Controls, Brazil. He was
a Postdoctoral Fellow at the UFSC, Florianopolis, Brazil, in 2011 and a
Visiting Researcher at the Northeastern University, Boston, USA, from
20017 to 2018. He was the Associate Editor of the Brazilian Journal of
Power Electronics Power from 2022 to 2023. He is the president of the
Power Electronics Association (SOBRAEP), term 2023-2025, and the
Electrical Engineering Postgraduate Course Coordinator at the UFSC since
2020 (terms 2020-2022 and 2023-2025). He has been an Associate Editor
for the IEEE Open Journal of Power Electronics (OJ-PEL) since 2020. Dr.
Lazzarin is a member of the Brazilian Power Electronics Association
(SOBRAEP), Power Electronics Society (PELS), Industry Applications
Society (IAS), and Industrial Electronics Society (IES). His research areas
include DC-DC converters, single-phase rectifiers, on-grid and off-grid
inverters, power supplies, power converters for renewable energies, electric
vehicles, and battery energy storage Systems (BESS).

11


https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.1109/TPEL.2010.2060497
http://doi.org/10.1109/TIE.2015.2426673
http://doi.org/10.1109/COBEP53665.2021.9684136
http://doi.org/10.1109/TPEL.2007.909288
http://doi.org/10.1109/ACCESS.2020.2987277
http://doi.org/10.1109/TPEL.2022.3141253
http://doi.org/10.1109/TPEL.2007.915043
http://doi.org/10.1109/TPEL.2011.2171996
http://doi.org/10.1109/JSSC.2019.2957237
http://doi.org/10.1109/ISSCC42613.2021.9366005



