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ABSTRACT Minimizing the size of passive components in DC/DC converters often leads to higher
switching frequencies and losses. Resonant Switched Capacitor Converters (ReSCCs) mitigate losses by
incorporating a flying LC tank and zero-current switching, but their efficiency is sensitive to component
variations. To address this limitation, Multi-Resonant Switched Capacitor Converters (MuReSCCs) introduce
a second resonance loop to preserve energy during switching. This paper presents the design and validation
of a 48 V-to-lower-voltage MuReSCC, with a particular focus on robustness against variations in component
parameters. A complete implementation of the power converter is proposed, supported by analytical models
and design guidelines. Moreover, on-off control for output voltage regulation is implemented, and its impact
on efficiency is investigated. Unlike previous works, this study targets operation at switching frequencies
above 1 MHz through Gallium Nitride (GaN) devices and a planar printed circuit board (PCB) inductor.
Experimental results, supported by theoretical models, demonstrate a peak efficiency above 98.9% at 45 W
and a maximum observed output power of 200 W, with an efficiency of 94%. The immunity to variations in
component parameters is experimentally verified. The efficiency of the MuReSCC decreases by less than 1%
for deviations of up to £ 30% in resonant component values.

INDEX TERMS DC-DC power converters, resonant converters, voltage regulators, wide-bandgap semicon-
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ductors.

I. INTRODUCTION

Electronic power conversion aims to reduce the physical size
of power converters and to improve their performance and en-
ergy efficiency. High efficiency is crucial, since it extends the
operating life of battery-powered devices. Moreover, reliabil-
ity is a critical factor to consider in power converter design [1].
In this context, a key metric is power density, defined as
the amount of power converted per unit volume. Maximiz-
ing power density is essential to reduce operational costs,
minimize converter dimensions, and meet today’s and future
integration challenges. Frequently, a significant portion of the
volume in power converters is occupied by passive compo-
nents, particularly inductors. One common strategy to reduce
inductor size is to increase the operating frequency. However,
this results in higher material costs for inductors and, more
importantly, increased switching losses in power transis-
tors [2]. These losses can be addressed primarily through

technology advancements (e.g., by adopting wide-bandgap
semiconductor devices) or through innovation in circuit
topologies. In this sense, Series Inductor Converters (SICs)
are among the most widely adopted topologies [3]. However,
they typically require high inductance values and conse-
quently larger volumes. Recent trends in SICs aim to increase
the switching frequency [4], [5] to reduce the size of mag-
netic components. Yet, despite these efforts, inductor size still
remains a limitation. In contrast, Switched-Capacitor Con-
verters (SCCs) [6], [7] entirely eliminate inductors. Switched-
capacitor converters (SCCs) can achieve higher energy storage
density in their passive components than inductor-based con-
verters, as capacitors typically store more energy per unit
volume. However, SCCs face two main efficiency challenges.
First, inherent charge redistribution between capacitors dur-
ing normal switching operation results in energy losses,
which limit overall efficiency [7]. To compensate, SCCs
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TABLE 1. Summary Comparison of Related Converter Topologies

Topology Peak Efficiency fsw Max reported P, Vout Passives volume | Power Density | Reference
ReSCC/MuReSCC 2:1 98.9% 1.25 MHz 200 W 24-48 V 380mm? 0.53 W/mm?3 | This work
Double mode SCC 92% 200 kHz 350 W 50-100 V n.a. n.a. [11]
Multi-resonant Cascaded SCC 98.6% 50 kHz 400 W 6-48 V 3076mm3 0.13 W/mm3 [15]
4x Serial-Parallel ReSCC n.a. 100 kHz 100 W n.a. n.a. n.a. [13] [14]
MuReSCC 4:1 98.6% 200 kHz 500 W 20-30 V 720mm? 0.69 W/mm3 [17]
4:1 Multilevel STC 98.92% 320 kHz 650 W 9-15V 830mm? 0.78 W/mm3 [16]
MuReSCC + Buck 97.9% 500 kHz 1.5 kW 12V n.a. n.a. [18]
Synchronous High-frequency GaN Buck 97.5% 400 kHz 400 W 40V 1400mm?3 0.29 W/mm? [4]
High-frequency Bidirectional GaN Buck-Boost 94.4% 10 MHz 100 W 30-60 V 1800mm3 0.06 W/mm3 [5]
Cascaded Buck-Boost with auxiliary capacitor 98% 45 kHz 16-160 W 80-300 V n.a. n.a. [19]
ReSCC with output inductance 98.7% 74 kHz 480 W 24V 2110mm? 0.23 W/mm? [20]
Dickson 4:1 SCC 98.5% 100 kHz 420 W 12V n.a. n.a. [21]

are often operated at higher switching frequencies, but this
approach increases switching losses and can affect effi-
ciency gains. Second, when the converter is controlled to
achieve an output-to-input voltage ratio different from that
inherently provided by its topology, additional energy is
dissipated due to partial charge transfers, further reducing
efficiency.

One approach to overcome these limitations involves the
class of Hybrid Converters (HCs), which combine the benefits
of SCCs with the reintroduction of an inductor [8], albeit
with significantly lower inductance and size compared to
traditional SICs. The inductor [9] reduces or completely elim-
inates losses caused by direct charge redistribution between
capacitors at different voltages, as occurs in SCCs. In HCs,
the employed inductance has a much smaller value than in
SICs [10], thereby combining the advantages of SICs (i.e.,
current limitation and absence of voltage discontinuities) with
those of SCCs. Furthermore, by exploiting LC-tank circuits,
the capacitors can be fully utilized, increasing energy density
compared to both SICs and SCCs. Among HCs, Resonant
Switched-Capacitor Converters (ReSCCs) [11], [12] [13],
[14] [15] adopt an LC resonance loop to achieve soft charg-
ing. Zero-Current Switching (ZCS) is achieved by operat-
ing the converter at the same resonance frequency as the
inductor-capacitance series. However, losses still increase
when the switching frequency deviates from the actual res-
onance, which can occur due to component tolerances and
aging. To address this issue, [16] proposes a Switched-Tank
Converter (STC) that employs Class-1 capacitors with min-
imal tolerance (<5%) in series with the inductor, enabling
both soft charging and soft switching. In [17], an innovative
approach proposes Multi-Resonant Switched-Capacitor Con-
verters (MuReSCCs), which add a second resonance loop to
the ReSCC by placing a capacitance in parallel with the in-
ductor to achieve Zero-Voltage Switching (ZVS). The second
resonance loop acts as an energy buffer, preserving energy
in the presence of residual inductor current and automati-
cally releasing it to the output. As a result, a precise match
between the resonant and switching frequencies is not strictly
required.
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In ReSCCs, the resonant inductor shapes the current wave-
form into a quasi-sinusoidal form, which reduces the RMS
current through the switches while maintaining the same av-
erage current in the slow-switching limit (SSL) region [9].
Compared to a conventional SC converter, an ReSCC can
achieve the same power delivery at a lower operating fre-
quency. Many resonant converter variants exist, as shown in
Table 1, with at least one for each class of switched capacitor
topology [21]. These include converters with output induc-
tance [20], internal inductance [17], and resonant topologies
merged with classic SICs [18] to overcome the complexity of
the control system in resonant converters.

This work builds upon the initial proposal of
MuReSCC [17], extending the study to address system-level
design considerations. In particular, compared to [17],
this work investigates the benefits of operating at higher,
above-megahertz switching frequencies and integrating
wide-bandgap power switches, with the goal of further
reducing the volume of passive components and minimizing
losses. Furthermore, this work introduces a fully autonomous
system architecture that incorporates an on-off closed-loop
control scheme, along with an investigation of its impact on
power conversion efficiency. As an additional contribution,
the robustness of MuReSCC is extensively evaluated under
parameter and frequency variations and compared against
ReSCC, with the support of experimental measurements.
In a previous conference paper [22], only the main power
stage was introduced in an open-loop configuration with
fixed-output power measurements. Compared with [22],
this paper introduces and evaluates closed-loop control and
presents high-power and variable-load measurements in both
open- and closed-loop configurations.

This paper is structured as follows: Section II intro-
duces hybrid switched-capacitor converters and compares
ReSCC and MuReSCC, focusing on the 2:1 open-loop
topology and basic operating principles. Section III dis-
cusses the design process, followed by Section IV, which
presents the MuReSCC prototype. Section V discusses
the experimental results. Finally, Section VI concludes the

paper.
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FIGURE 1. Schematic of a 2:1 Resonant Switched-Capacitor Converter
(ReSCC).

Il. ANALYSIS OF RESCCS AND MURESCCS
A. RESONANT SWITCHED-CAPACITOR CONVERTERS
(RESCC)
The ReSCC topology was introduced by Shoyama et al.
in [12] and is designed to reduce conduction losses aris-
ing from charge redistribution by inserting a series induc-
tor into a 2:1 series—parallel switched-capacitor converter.
A schematic of a ReSCC employing enhancement-mode
GaN high-electron-mobility transistors (HEMTs) is shown in
Fig. 1, where it is assumed that C; < C,,. In this converter,
C1 and L, replace the flying capacitor used in conventional
SCCs, thereby forming a flying LC tank. In open-loop oper-
ation, two non-overlapping switching phases are applied, as
illustrated in Fig. 2:

® Phase ®1: Q1 and Q3 are turned on, charging the LC

tank to the output.
® Phase ®,: Q> and Q4 are turned on, discharging the LC
tank back to the output.

Each phase starts and ends with a zero inductor current, and
a dead-time 74, = t; — fy is applied between phases to prevent
cross-conduction.

Due to the natural resonance of the tank, the inductor
current exhibits a weakly damped sinusoidal waveform with
oscillation period

Sy - ()

where R is the resistance associated with the involved current
loops. This approximation is valid when % > +/L,Cy, which
is a reasonable assumption for component sizing to minimize
losses. To achieve ZCS, the switching frequency f;,, must

~ 21 /L, Cy, (1)

T =
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FIGURE 2. ReSCC control scheme, with phases and current loops
highlighted.

match the resonance frequency f,.s = 1/7, thus
1
2m+/L,Ci

In case of mismatch between resonant frequency and switch-
ing frequency, two scenarios arise:

e Switching occurs too early (fr.s < fsw): the current in

the LC tank has not yet reached zero.

e Switching occurs too late (fi.s > fsw): the current in the

LC tank has already reversed its direction.

Besides production-related parameter variations, compo-
nent values may also drift over time due to temperature
fluctuations or aging. Hence, zero-current detectors may be
used to control phase transitions and maintain a continuous
alignment with the actual resonant frequency [23]. However,
this strategy either increases the component count or, in the
case of integrated converters, the required silicon area. More-
over, at high operating frequencies, the power consumption
of the active detection circuitry becomes non-negligible, and
comparator delays may compromise ZCS. This limitation is
instead addressed at the topology level by the MuReSCC,
which is described in the following paragraph.

fvw = fres = (2)

B. MULTI-RESONANT SWITCHED CAPACITOR CONVERTERS
(MURESCC)

Unlike the ReSCC, the MuReSCC (Fig. 3) is designed to
operate at a switching frequency f, slightly higher than the
resonance frequency fres, which mainly depends on L, and Cj.
However, no precise or fine control of the switching frequency
is necessary, since the MuReSCC inherently maintains immu-
nity to parameter variations.

Let us assume in particular

fow = k fres, 3)
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FIGURE 3. Schematic of a 2:1 Multi-Resonant Switched-Capacitor
Converter (MuReSCC).

where k > 1 is the immunity factor, which ensures a margin in
case the actual resonance frequency drifts above the expected
value. The secondary resonance frequency f;, of L, and C; is
chosen such that f/., >> fres so that the two resonance loops
operate independently.

The converter control scheme is depicted in Fig. 4, while
Fig. 5 reports relevant circuit voltages and currents. The con-
trol sequence can be divided in two phases, separated by dead
times. In the first phase (Phase @1, fo <t < f1), as in the
single-resonant converter, Q1 and Q3 are activated, charging
the L,.C; tank and the output capacitor C,,. Phase @ is
followed by a first dead time 4, (t; <t < 1), during which all
switches are turned off. However, since fsw > fres, a residual
current remains in the inductor L, at the beginning of 7.
Due to the insertion of capacitance C,, the residual current
irr in the inductor starts flowing into the capacitor, and the
secondary loop L,-C, starts resonating. After the first dead
time, the second phase (Phase ®,) starts, and transistor Q>
is turned on at = f,. At this point, no new current path is
created; however, the drain voltage of Q> is now equal to Voy.
The secondary loop continues resonating (Phase ®,, in Fig. 5,
) <t < t3), and at some point in time the drain voltage Vpg,
of Q4 will become negative. At t =13, Vpgs, becomes sulffi-
ciently negative to trigger reverse conduction in Qu, which
occurs through the channel in enhancement GaN transistors.
The energy stored in the L,-C, tank begins to discharge to the
output during Phase ®,;, (13 <t < t4). After the additional
dead-time #,4;,, Q4 is turned on to finally enable full con-
duction during Phase ®;. (14 <t < 15), thereby completing
the energy transfer to the output with lower losses. The time
interval [f7, t4] is called additional dead time (z,4). At the
end of Phase ®», a second dead time #4;, occurs (t5 <t < fg),
during which the secondary loop resonates again, preserving

2532
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FIGURE 4. MuReSCC control scheme, with phases and current loops
highlighted.

the residual energy for the next phase. After this, the cycle
restarts with Phase ®.

In the control waveforms shown in Fig. 5, the resonance
frequency of the primary loop is lower than the switching
frequency, and the residual energy in L, is preserved in the
secondary resonant loop, until the reverse conduction of Q4
restores the primary resonant loop, and the control signals
enable full conduction. This scenario is always guaranteed
by design, as the switching frequency is incremented by the
parameter k in relation to the targeted immunity margin (3).
As aresult, immunity is ensured by sacrificing ZCS; however,
the expected quality factor of the secondary loop minimizes
losses during dead-times. Moreover, due to reverse conduc-
tion, partial ZVS is still achieved. Depending on the duration
of the additional dead time ,4,, conduction losses occur due to
the voltage drop on Q4 during its reverse conduction in Phase
@y, until Vg, fully turns on Q4 in Phase ®;.. Therefore, the
power conversion efficiency, which is modeled and analyzed
in the next paragraph, also depends on the parasitic capaci-
tance of the power switches and the reverse voltage.

While this study primarily focuses on the 2:1 architecture,
the fundamental operating principles of the MuReSCC can

VOLUME 7, 2026
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FIGURE 5. Waveforms of MuReSCC control scheme (not to scale).

be extended to higher conversion ratios, such as a 4:1 Dick-
son MuReSCC. In a 4:1 implementation, multiple resonant
branches are present, each with its own natural frequency
designed around a common nominal value. Operating with
a certain ratio k between the switching frequency and the
nominal primary resonance preserves the topology’s intrin-
sic tolerance to small component mismatches among the
branches. This ensures that the qualitative operation remains
unchanged and the RMS current is kept close to its theoretical
minimum, despite slight differences in cell-to-cell resonant
frequencies.

C. THEORETICAL POWER CONVERSION EFFICIENCY

The converter efficiency, denoted by 1, can be estimated under
the assumption that losses are solely due to the overall series
resistance R in the current loops. By employing a hysteretic
on-off control technique for voltage regulation, as in [24], the
power conversion efficiency can be expressed as:

iy P()Llf _ P(}uf

Pin Py + RIFYS® (D)’

n 4

where (D) represents the average duty cycle of power con-
version activation, and /' RMS s the Root-Mean-Square (RMS)
value of the current ﬂowmg through the inductor in the open-
loop case in the considered conditions. The resistance R is
assumed to be identical in both conduction phases. To accu-
rately model 7, the time-domain expression of the inductor
current iz, (¢) is required. Moreover, the output voltage ripple
is considered negligible, allowing the output capacitor to be
modeled as an ideal voltage source for simplicity.

The equivalent circuit for the two phases can be modeled
as a series RLC circuit, as depicted in Fig. 6. In this represen-
tation, the output current i,,; coincides with the current iz, (¢)
flowing through the inductor during the first half resonance
period and with —iz, (f) during the second half.

VOLUME 7, 2026
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FIGURE 6. Simplified equivalent RLC circuit used for power conversion
efficiency modeling of both ReSCC and MuReSCC circuits, in the on-off
control case.

The circuit operation in both phases can be described by the
equation of a conventional series RLC circuit:

dlL,( )

Vo=L + Rig, (1) + v (1), &)

where v.(¢) is the Voltage across the capacitor C, given by:

L[,
UC(t) = = / lLr (t )dt + UC()? (6)
Ci Jo

with v, = v.(0) representing the initial voltage on C; at the
beginning of each considered phase. The value of Vj in (5)
varies in relation to the considered phase:

for &4
for ®,

VO = Vin - V()M[a
VO = Vout'
In both phases, due to ZCS, the initial condition iz, (0) =
must be considered. By solving (5) in underdamped regime,

the inductor current iz, (t) during each phase can be expressed
as:

)

V —
i (1) = ~2 20 = Gin(wor), @)
woL,
where wg = /#C. — 2. Due to ZCS, the duration of each
phase is:
T
=—, )
wo

and the voltage v (™) across capacitor C; at the end of each
phase is given by:

Ve(t*) = Vo + ¢ (Vo — ), (10)

where V) assumes a different expression in relation to the
control phase, as previously stated in (7).

The final value of v. also serves as the initial condition
for the subsequent phase. Since the final state of each phase
matches the initial state of the next, the capacitor voltage
evolution during the A-th switching period can be described
as follows:

h * h
U£|) Vin = Vour) + e (Vin — Your — U£0)>

ngl) = Vou + e (Vout U?P) (1T)
(h+]) (h)
- UCZ bl
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FIGURE 7. Power conversion efficiency of MuReSCC topology as a function
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resonance frequency, at V;,, = 48 V. The employed immunity factor k is 1.25.

where vg)’), vg’), and vg') are respectively the voltages across

C at the beginning of &, at the end of @ (or, equivalently, at
the beginning of ®,), and at the end of ®, of the A-th switch-
ing period. For the first cycle, it can be assumed that vgg) =0.
It is then possible to use (11) to compute iteratively the values
of v, at the beginning and end of each phase, enabling an anal-
ysis of their evolution over time. These computed values allow
to determine the waveform of current iz, (¢) during each phase
of every switching cycle. At steady-state, for sufficiently large
values of &, the waveforms become periodic, and it is possible
to compute /M5, which in turn allows to evaluate efficiency
using (4).

The above calculations can also be performed analytically
under steady-state conditions (i.e., assuming 7 — 00). Since
waveforms are periodic under this condition, it follows that
v = v{°, meaning the voltage across C at the beginning
of ®; necessarily equals that at the end of ®», as illustrated in
Fig. 2. By combining the above equation with the expressions
reported in the first two equations in (11), it is possible to
determine analytically that:

(00) _ Vour (1 + a) — aVi
Yoo = l—a

, (12)
where a = ¢~ . Then, substituting this result in (8) yields
the steady-state waveform of inductor current iy, which takes,
in first approximation, a sinusoidal form with amplitude:

(00)
~ Vin — Vour — Ve,

ip ~ (13)

woL,
From this expression, the RMS value
enabling to evaluate 7 via (4).
Fig. 7 shows the output efficiency, modeled with the previ-
ously described iterative analysis, as a function of the output
voltage. The different curves correspond to various values of

1 5M S can be computed,
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inductance L,, yet at constant switching frequency fj,,, so that
the value of C; is changed accordingly (see (2)).

Results show that, for a fixed resonance frequency, increas-
ing L, leads to higher efficiency when an on-off control is used
for regulating the output voltage. This insight can be leveraged
when selecting the value of L, in relation to C;, while main-
taining the desired resonance frequency. The design trade-off
lies between accepting losses of efficiency with on-off control
and minimizing the inductor volume. This model is validated
against experimental results for both ReSCC and MuReSCC
topologies in Section V-F.

1ll. MURESCC DESIGN

A. SYSTEM ARCHITECTURE

As a specific contribution of this work, a complete architec-
ture for the power converter was devised and implemented
to demonstrate a fully independent operation of MuReSCC
converters, along with ease of configuration, and support for
automated measurement protocols (Fig. 8). The system im-
plements a MuReSCC converter designed with GaN HEMTs
operated at high frequencies above 1 MHz. The core of the
system is a microcontroller unit (MCU), which generates
precisely four independent phases by exploiting its internal
high-resolution timers, and implements a closed-loop on-off
control to regulate the output voltage. The local power supply
block steps down an input voltage up to 60 V to an internal
5 V rail, which is then used to generate an additional 3.3 V
rail for the MCU and the digital components, and four isolated
5 V supplies for each of the GaN HEMTs. Signal isolators
separate the MCU from the gate drivers. This structure was
necessary due to the unavailability of isolated drivers operat-
ing at the required frequencies.

B. DESIGN CONSIDERATIONS

Although different application constraints can lead to differ-
ent design procedures, this work presents a practical design
methodology, represented by the flowchart in Fig. 9, assuming
that the main constraint is the achievable physical volume
of the resonant inductor. The design process starts from the
converter specifications, namely the input voltage (V;,), output
voltage (V,,,), maximum output power (P, ), and the maxi-
mum switching frequency allowed by device technology and
control circuits. Firstly, these parameters define the required
voltage and current ratings of the active devices. At startup,
the maximum voltage stress across the switches is approxi-
mately equal to the input voltage (Vj,). The current rating can
be estimated through a first-harmonic approximation, under
the assumption that it dominates the transferred power. Under
this approximation, the RMS circulating current is approxi-
mately equal to the output current, and the peak current to
withstand is approximately Iyjax ~ 2P, /Vout -

Once the device ratings are established, the resonant induc-
tor is selected according to the imposed volume constraints
and the available magnetic technology. Among the feasible
solutions, the preferred choice is the one that provides the

VOLUME 7, 2026
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highest achievable inductance within the available volume
while maintaining a low equivalent series resistance (ESR).
This choice sets the achievable inductance (L,) and its ESR.
The total equivalent series resistance (R) of the resonant
path can then be estimated as the sum of the switch on-
resistances, inductor ESR, and capacitor ESRs. To guarantee
under-damped operation, the critical resistance Ry of the res-
onant loop, which is defined as

L,
Ry =2 [,
Cy

must be greater than the actual loop resistance R, i.e. Ry > R.
Therefore, a target value of Ry exceeding R by a sufficient
margin must be selected. By combining (2) and (14), values
for f,.s and C| can be determined as:

Ro

(14)

= —, 15
Jres anL, (15)
4L, 1
Cl=—=—-+—. (16)
R(2) TR fres

According to (3), 1.e. fsw = k fres, the switching frequency can
then be determined by selecting a suitable value of k > 1,
thereby providing robustness against variations of the reso-
nance frequency caused by tolerances, temperature drifts, and
aging effects. Such variations are particularly significant when
Class-2 ceramic capacitors are employed in ReSCC convert-
ers [25]. In practice, values between 1.2 and 1.3 generally
provide a good trade-off between efficiency and robustness.
The auxiliary capacitor C, is finally sized from the desired
dead-time interval. Assuming that the current reversal of the
secondary resonant loop approximately completes within the
dead-time, the auxiliary capacitor can be estimated as

1 (t2\?
Cr L (i> 7
L, \m

A7)
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where 7; represents the total interval allocated for the sec-
ondary resonance. After the passive components are selected,
the complete converter must be validated through circuit-level
simulations. In particular, simulations should verify that the
selected devices can sustain the actual peak and RMS cur-
rents when higher-order harmonics are considered, that the
operating frequency remains compatible with the switching
technology, and that the equivalent high-frequency resistances
match the initial assumptions used during the design stage. It
is worth emphasizing that this represents only one possible de-
sign methodology. Depending on the application, the designer
may alternatively start from switching-frequency limitations,
efficiency targets, or thermal constraints, and derive the pas-
sive components accordingly. This flexibility is one of the key
advantages of the proposed topology.

The proper selection of the auxiliary capacitor C, through
(17) is critical for converter efficiency, as it directly dictates
the shape of the current reversal during the dead-time. If C; is
selected too large, the auxiliary resonant frequency decreases
and the capacitor acts nearly as a constant voltage source. This
forces a constant current derivative, leading to a triangular
current waveform that fails to fully reverse within a standard
dead-time, thereby increasing RMS losses. Conversely, if C,
is too small, the high-frequency auxiliary loop completes mul-
tiple oscillation cycles within the dead-time interval, leading
to unnecessary losses.

While the choice of 74 and t,4, is mainly constrained by
the properties of the switches, the values of C, C, and L,
must be selected considering their effects on power conversion
efficiency. In particular, ¢4, is imposed by the selected device
technology (and 7,4, is derived from it), whereas C, is chosen
so that its associated resonant frequency is at least one decade
higher than the main resonance. This design constraint pre-
vents interaction between the two resonant tanks and makes
the voltage gain essentially insensitive to C,, so that C;., t4; and
t,q; mainly act on device stress and soft-switching behavior,
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1. Define initial specifications
Vin, Vout, Pout,maz
(device voltage rating)

2. Current rating (FHA)

Inax = v
Vout

'

3. Select inductor (volume constraint)
Set L, and ESRy, at fest

'

4. Estimate total series resistance
Ro = 2Rps(n) + ESRL + ESRc

'

5. Determine resonance frequency
fres =

'

6. Calculate main resonant capacitor
1
(&)

Ro
4w Ly

Ro7 fres

7. Choose F for robustness
1.2 < k < 1.3
(or compute from tolerances)

8. Determine optimal dead-time (1)
(from datasheet / app. note / SPICE /
measurements)

!

9. Size multi-resonant capacitor (C.)

(using k and dead-time)

e Switching frequency within device capability

o HF resistance matches estimates

e Devices handle actual peak & RMS currents
(all harmonics)

Requirements met?

FIGURE 9. Flowchart of a possible design methodology.

10. Verify in simulation

Revise inductor choice
(or other constraints)

trading off reverse-conduction robustness against additional
conduction and switching losses.

The resonant capacitor C, has a negligible direct influ-
ence on voltage gain and semiconductor stress, provided that
the resonant frequency remains significantly higher than the
switching frequency; however, its correct sizing is essential
for energy recovery, reverse conduction, and quasi-zero-
voltage switching, making it a key parameter for overall
converter efficiency. The dead time (f;,) has limited impact on
voltage gain when the converter operates within its intended
resonant regime, but excessive or insufficient values can in-
crease current stress, compromise soft-switching conditions,
and ultimately reduce efficiency. The additional dead time
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(t4qr) has a negligible effect on voltage gain, yet it strongly
affects reverse-conduction operation: values that are too short
may prevent the desired soft-switching mechanism, whereas
excessively long values increase reverse-conduction losses
and reduce efficiency.

From a theoretical perspective, increasing the resonant in-
ductance L, increases the critical resistance Ry of the tank,
effectively limiting the circulating charge and reducing both
peak and RMS currents. However, in practical PCB induc-
tor implementations, achieving higher inductance within the
same physical footprint requires narrower tracks and more
turns, such that its ESR scales with L.

When extending the design to multi-branch architectures
(e.g., 4:1), the selection criteria for dead-time and passives
do not fundamentally change. A common dead-time (#4) is
selected such that, for nominal component values, the auxil-
iary resonance in each branch nearly completes the current
reversal during this interval. The auxiliary capacitor C, in
each branch is sized according to this common dead-time
requirement. If component mismatches cause slight variations
in L, or C, across cells, some branches will reverse the current
slightly faster or slower. However, the intrinsic tolerance of
the multi-resonant structure successfully absorbs these minor
frequency shifts, preventing incomplete current reversals and
avoiding higher RMS currents without the need for indepen-
dent dead-time controls.

IV. PROTOTYPE IMPLEMENTATION

A. RESONANT CIRCUIT DESIGN

The proposed design targets a 2:1 48 V-to-24 V open-loop
conversion and is conceived to implement both ReSCC and
MuReSCC schemes. A resonant frequency of fr.s = 1 MHz
was chosen, which is significantly higher than the one em-
ployed in [17], allowing the values of the passive components
to be reduced. The coefficient k in (3) was set to 1.25, so that
the switching frequency fi,, is equal to 1.25 MHz.

To minimize switching losses, enhancement-mode GaN
HEMTs from Infineon (GS61004B) were selected, as they
offer lower parasitic capacitances compared to silicon and
silicon-carbide devices. The considerations expressed in
the previous paragraph were followed by: (i) using the
manufacturer-provided models in circuit simulators; (ii)
using a linear series resistance model for the inductor
(0.28 m2/nH); (iii) considering the parasitic series resistance
of the capacitor provided by the manufacturer. As a result,
the closest match to the required specifications (i.e., ESR, and
RMS current supported) was found in the C1812 series of
Kemet multi-layer ceramic capacitors (MLCCs). Performing
a sweep of Ry yielded an optimal value of 2.5 €2, which max-
imizes the efficiency of the targeted open-loop conversion.

The sizing equations provides L, = 200 nH, C; = 127 nF,
and f5, = 1.25 MHz. After rounding those values to com-
mercially available devices and considering a dead time 74, of
40 ns, the component values are summarized in the following
Table 2.
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TABLE 2. Component Values and Design Parameters

Component/Parameter Value
k= 1.25

C1 = Jorpe 120 nF

Ly = g 220 nH

Cr =4 () 820 pF
Cout 1 pF

B. PLANAR INDUCTOR

In order to explore viable alternatives to well-known suit-
able off-the-shelf air-core inductors, such as the Coilcraft
22225Q-221, which meets the required size and performance
specifications, this work investigates the effectiveness of cus-
tom air-core inductor designs directly implemented on printed
circuit boards (PCBs). This approach is generally feasible
due to the low inductance value required by the MuReSCC
topology. This approach would not be applicable to buck con-
verters, even when operated at significantly higher frequencies
as in [4], which would require inductance values incompatible
with this method.

While air-core inductors are particularly suitable for opera-
tion at frequencies above 1 MHz [26], PCB-based inductors
offer several advantages. Firstly, an extremely low profile
makes them suitable for space-constrained applications such
as racks or LCD panels. Furthermore, as they leverage the
existing PCB substrate, no additional solder joints and com-
ponent assembly are required [27], [28]. PCB-based inductors
simplify assembly and reduce overall manufacturing costs,
compared to discrete inductors. However, there are some po-
tential drawbacks to consider, including increased PCB area
and potentially higher electromagnetic interferences (EMI)
and inductive crosstalk.

To evaluate the feasibility of this approach, a PCB inductor
was modeled and simulated by using electromagnetic anal-
ysis. The design aimed to balance overall size with series
resistance. As shown in Fig. 10, the inductor consists of three
parallel, mutually coupled, rectangular spiral traces, each with
three turns. It is implemented on a 4-layer PCB with 2 oz
(70 pm) copper thickness. The traces are 1 mm wide and
spaced 0.25 mm apart. The mutual coupling among the spi-
rals helps maintain the target inductance while reducing the
overall series resistance. The resulting inductor achieves an
inductance of 214 nH with an ESR of 63 m2 at 1.25 MHz.

Although a detailed optimization of the PCB inductor is
beyond the primary scope of this paper, its design followed
a two-step procedure [27], [28]. Initially, the geometry of
a single square planar spiral was analytically sized using
Wheeler’s empirical formulas [27] to target approximately
220 nH within a constrained 2 x 2 cm? footprint.

To reduce the ESR while maintaining the target inductance,
the final design implements three identical planar windings
distributed across different PCB layers, connected in parallel,
and precisely aligned to ensure high mutual coupling. In the
second step, the three-winding structure was imported into
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FIGURE 10. Sketch of the PCB inductor.

a planar electromagnetic simulator. Starting from the initial
sizing based on Wheeler’s equation, a parametric optimization
was performed to extract the frequency-dependent parameters
(L(f), R(f), O(f)), ensuring that the target inductance was
met at the operating frequency, the quality factor was maxi-
mized, and the self-resonant frequency remained safely above
the operating range.

C. SYSTEM PROTOTYPE

The block diagram of the system prototype of the proposed
hybrid ReSCC 2:1 and MuReSCC 2:1 is sketched in Fig. 8.
The assembled circuit is shown in Fig. 11, and measures 96.7
x 40 mm, including the PCB inductor.

A first section handles control, phase generation, and feed-
back management, implemented using an STM32G474RE
microcontroller from STMicroelectronics. The custom
firmware is available at [29]. The second section is dedicated
to driving operations. For proper functionality of this
prototype, no suitable commercially available isolated drivers
were identified. Therefore, four low-side high-frequency
drivers (LMG1020 from Texas Instruments), operating at
up to 60 MHz with 400 ps fall/rise times, were employed.
Each driver was isolated at the signal level using a signal
isolator (ISO7720 from Texas Instruments). On the back side
of the board, four isolated power islands were implemented
using UCCI12040DVE also from Texas Instruments. This
configuration compromises the overall compactness of the
converter; however, we are confident that future developments
in driver technology will help overcome these limitations.
The ultimate goal is to minimize the total volume occupied
by the components. Furthermore, since the driver does not
provide a negative gate-source voltage (Vis) during turn-off, a
degradation in the dynamic on-resistance (Rpgs,,,) is observed
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FIGURE 11. Picture of the experimental setup (left) and of the hybrid ReSCC-MuReSCC PCB prototype (right).

at these frequencies, due to the interaction between surface
traps and buffer traps [30]. The last section implements power
conversion and includes GS61004B enhancement-mode GaN
HEMTSs from Infineon, rated for 100 V and 38 A, a main
resonance capacitor C; (Kemet C1812C124J1GACTU), and a
multi-resonance capacitor C, (Kemet C1206C821J1GACTU).
The circuit topology can be switched between ReSCC and
MuReSCC by simply connecting or disconnecting the
secondary-resonance capacitor C;.

The applied timing parameters were f;; = 40 ns for the
dead-time, and t,4, = 20 ns for the additional dead time (see
Fig. 5). The above values were chosen in accordance with the
switches characteristics provided by the manufacturers, and
also to prevent shoot-through events due to potential phase
misalignments caused by the gate control signal chain (micro-
controller, signal isolator and drivers).

V. EXPERIMENTAL RESULTS
A. MEASUREMENT SETUP
The experimental setup consisted of the following:
e apersonal computer (PC), used to automate the measure-
ment setup.
e a Tektronix MSO56 oscilloscope, employed to monitor
the input and output voltages.
e two Itech IT6000 C programmable bidirectional power
supplies, one used as a power supply and the other as
a load, also utilized for measuring input power P;, and
output power Py .
¢ athermal camera, used to monitor temperature.
Measurements were performed on both MuReSCC and
ReSCC topologies. Measurements for the single-resonant
converter ReSCC were performed on the same board, by re-
moving the multi-resonance capacitance C,, and by adapting
the control scheme to operate accordingly. Each measurement
is carried out under the most appropriate conditions or at
maximum power to properly isolate the phenomenon under
observation, while carefully remaining within the thermal
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FIGURE 12. The four waveforms corresponding to the four phases (V¢s,)
are displayed, with the final figure representing the inductor current for a
35 W load and an open-loop conversion ratio of 48-24 V.

limits of the devices. Fig. 12 shows the four control phases
and the inductor current, which can be compared with the
theoretical waveforms reported in Fig. 5.

B. VALIDATION OF CONTROL TIMING PARAMETERS IN
MURESCC

The first set of measurements was conducted on the
MuReSCC to verify that the timing parameters discussed in
the previous section resulted in an optimal operating point.
To perform this validation, efficiency measurements were
conducted in open-loop operation targeting 48 V to 24 V
conversion with a 35 W load. This power level was chosen to
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FIGURE 13. Thermal camera image in open-loop operation at maximum
output power for MuReSCC mode, with an ambient temperature of 20 °C.

ensure safe operation even under significant deviations from
optimal efficiency and to avoid overheating of active devices.
During these measurements the dead time, additional dead
time, and operating frequency were varied.

Fig. 14(a) shows a heatmap of the power conversion effi-
ciency 1 at 35W load as a function of the dead time 7, (y-axis)
and additional dead time 7,4 (X-axis), averaged across the
target switching frequency (1.25 MHz), and two additional
ones (1 MHz and 1.5 MHz). The region of optimum effi-
ciency is clearly identifiable, with an efficiency peak of 98.5%
occurring around a 40-ns dead time and a 20-ns additional
dead time, confirming the design specifications experimen-
tally. Additional measurements were performed at 5 W and
120 W (see Fig. 14(b) and (c)). The latter were conducted
within a narrower variation range of dead-time and additional
dead-time values to prevent excessive thermal stress on the
converter. In all cases, the same trends were observed.

Unlike conventional hard-switched converters where the
optimal dead-time varies with the load [31], the proposed
MuReSCC exhibits an inherently load-independent timing
behavior. Because the current and voltage waveforms are
strongly shaped by the resonant network, the timing of the cur-
rent zero-crossings is predominantly dictated by the passive
LC tank parameters rather than the output power magnitude.
Consequently, the quasi-ZVS and ZCS boundaries do not
shift significantly, making load-dependent adaptive dead-time
tracking unnecessary.

This intrinsic stability is validated by the extended power-
sweep measurements. As demonstrated by the broad effi-
ciency maximum in Fig. 14, small deviations from the optimal
timing incur only marginal penalties. Therefore, the dead-
times (74, and #,4;) optimized at the nominal 35 W load were
kept fixed for all subsequent tests, successfully maintaining
peak efficiency up to the maximum rated power. Finally,
while applying a negative gate-source voltage during the off-
state could theoretically allow for further dead-time reduction,
standard gate drivers were utilized in this prototype due to
commercial availability constraints at the time of develop-
ment.
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C. EVALUATION OF MURESCC IMMUNITY TO VARIATIONS
OF CIRCUIT PARAMETERS

To assess the effectiveness of the MuReSCC converter in
maintaining immunity to variations in circuit parameters, the
power conversion efficiency 1 was measured at a fixed output
power of 35W for both MuReSCC and ReSCC configurations.
The normalized switching frequency was varied by applying
different values of the immunity coefficient k, as defined in
3).

In particular, since the main resonance frequency is deter-
mined by the values of C; and L,, the coefficient k was varied
by changing the switching frequency of the GaN devices via
the microcontroller. The efficiency measurements were con-
ducted in the same configuration of Section V-B.

The results are reported in Fig. 15. The efficiency of
MuReSCC decreases by less than 1% within a range of
4300 kHz from the nominal 1.25MHz operating frequency
(corresponding to k = 1.25). Conversely, if we consider the
same frequency range for the ReSCC (whose nominal op-
erating frequency corresponds to k = 1), the efficiency loss
exceeds 15%. This demonstrates that the MuReSCC topology
offers a significant improvement over ReSCC converters in
terms of immunity to parameter variations affecting the reso-
nance frequency.

It must be noted that all measurements in this parametric
sweep were recorded under steady-state conditions, allowing
the system to settle at each specific operating frequency. In a
real-world application, dynamic deviations of the parameter k
are primarily driven by thermal drifts or component aging—
phenomena that occur on time scales drastically slower than
the converter’s electrical dynamics. Cycle-by-cycle frequency
variations, such as the clock jitter of the digital controller,
are typically well below 1% and are entirely absorbed by
the intrinsic robustness of the MuReSCC without inducing
measurable transient disturbances

D. OPEN-LOOP PERFORMANCE

The open-loop efficiency was also measured as a function
of the output power with an input voltage V;, = 48V. Fur-
thermore, measurements were performed with the nominal
operating frequency configurations, i.e., k = 1 and k = 1.25
for the ReSCC and MuReSCC converters, respectively. To
characterize the tolerance of the two schemes with respect
to component variations, the same measurements were first
repeated for values of k corresponding to £30% variations in
C; or L,. This results in an approximate variation of £15%
in k with respect to its nominal value. Additionally, the same
measurements were performed while varying the value of C;
by approximately +25%.

The experimental results, reported in Fig. 16, show that
the peak efficiency is nearly identical for both converters,
with the MuReSCC achieving 98.9% and the ReSCC reaching
98.4%. Efficiency is measured as the ratio of output power
to input power, evaluated across a sweep of output power
levels. It can be observed that for output powers below 72 W,
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FIGURE 14. Heatmaps of measured power conversion efficiency 5 as a function of dead time #;; and additional dead time t,4; during open-loop power
conversion from 48 V to 24 V under the following conditions: (a) averaged over operating frequencies of 1, 1.25, and 1.5 MHz with 35 W load, (b) 5 W

load at 1.25 MHz, (c) 120 W load at 1.25 MHz.
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FIGURE 15. Experimentally measured open-loop efficiency of the
MuReSCC and ReSCC converters, with V;, = 48 V and V,,; = 24 V at 35W, as
a function of the normalized switching frequency coefficient k.

the MuReSCC provides better performance than the ReSCC.
For higher output power (corresponding to higher output cur-
rents), the ReSCC performs better and delivers higher power
while maintaining slightly lower device temperatures (all
measurements were halted upon reaching a case temperature
of 120 °C to avoid device damage). This behavior is likely
due to the smaller conduction angle of the fourth switch in
the MuReSCC, which tends to increase its temperature more
significantly than in the ReSCC due to less efficient reverse
conduction. However, in the multi-resonant converter, the
sensitivity of efficiency to parameter variations is practically
negligible, whereas, depending on the parameter deviations,
the single-resonant configuration exhibits a substantial spread
in the reported efficiencies (gray area in Fig. 16).

E. ON-OFF CONTROL PERFORMANCE
For regulation purposes, an on-off control system was imple-
mented, primarily managed by the internal comparator of the
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FIGURE 16. Experimentally measured open-loop power conversion
efficiency of the MuReSCC and ReSCC converters as a function of Py, with
V;, = 48 V and a target Vs = 24 V. For each converter, the plot illustrates
the curves for: the nominal values of k and C;, deviations of k yielding the
worst efficiency condition (equivalent to —30% component deviation) with
the nominal C;, variations of C; of respectively +-25% with the nominal k.
All other curves fall within the shaded area.

MCU. The converter output voltage is scaled down using a
resistive ladder and fed into the comparator to enable feedback
control.

The output ripple is set to 100 mV, determined by the
minimum hysteresis of the internal comparator multiplied by
the gain of the resistive feedback network. Due to the com-
parator’s sensitivity to voltage levels, an additional output
capacitor would not effectively reduce the ripple. Instead,
ripple reduction may be achieved by selecting a more precise
comparator or by decreasing the feedback gain.

The measured efficiency performance at various output
voltages is shown in Fig. 17 as a function of the output current
for both the ReSCC and MuReSCC. The output power sweep
was performed for target output voltages set at 18 V, 15V, and
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FIGURE 17. Measured open-loop efficiency of ReSCC and MuReSCC for
V;, = 48 V, and output voltages V,,; = 18 V, 15V and 12V, as a function of
load current with an on-off control system regulating the target output
voltage.

12 V. Also in this case, all measurements were halted when
any switch reached a case temperature of 120 °C.

Experimental results clearly show that the MuReSCC
achieves slightly higher performance compared to the ReSCC
for the same voltage conversion ratio. As the output voltage
deviates from the open-loop value, i.e. half the input voltage as
set by the 2:1 topology, the converter performance decreases,
consistently with the theoretical analysis introduced in Sec-
tion II-II-C. This decline is primarily due to the increase in
RMS current through the inductor relative to the same average
output current, as previously discussed.

This behavior is primarily due to the asynchronous on-off
control method. Specifically, since the converter experiences
a greater voltage difference across the LC tank compared to
the open-loop condition, the peak current becomes higher.
Additionally, operating with a smaller conduction angle (as
the converter must be turned off at certain times with the
on-off control) results in the converter handling higher instan-
taneous power for the same output power. The extent of this
increase depends on both the load and the desired conversion
ratio, with a shorter allowed on-time requiring the converter to
manage proportionally higher instantaneous power. As shown
in 7, increasing L, is beneficial to power conversion efficiency.
Nonetheless, further studies on alternative control methods
could be of particular interest, especially by maintaining
ZCS [32], [33], adopting multi-resonant compensation strate-
gies [34], or cascading with other topologies [35]. However,
this behavior is inherent to the considered resonant topologies,
due to their fixed open-loop conversion ratio. As stated in the
objectives of this work, the concept focuses on identifying
circuit topologies alternative to conventional SICs, character-
ized by lower inductance and better performance than linear
regulation or standard SCCs.

Furthermore, a dedicated set of measurements has been
performed to characterize the converter’s dynamic response
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to load transients. The transient was generated by connect-
ing and disconnecting a resistive load through an externally
controlled MOSFET switch placed at the converter output,
producing a repeatable and abrupt load step between 0 A
and 1.3 A. The converter operated from a 48 V input and
regulated a 12 V output. The output voltage and output current
were simultaneously acquired using a digital oscilloscope to
capture the converter response before, during, and after the
load transition. Figs. 18 and 19 show the corresponding oscil-
loscope waveforms. These results complement the previously
presented steady-state data and confirm that the converter
maintains correct regulation and exhibits appropriate transient
behavior under sudden load variations.

F. THEORETICAL MODEL VALIDATION

The power conversion efficiency model presented in Sec-
tion II-C is now assessed against previous experimental
results. Fig. 20 reports the theoretical efficiencies of ReSCC
and MuReSCC as a function of the target output voltage. Data
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FIGURE 20. Theoretical and measured power conversion efficiency of
ReSCC and MuReSCC topologies as a function of the target output voltage.
A normalized switching frequency with k of 1 and 1.25 is used for ReSCC
and MuReSCC, respectively.

were obtained by solving the theoretical model equations, pre-
viously presented in Section II-C, with the design parameters
reported in Table 2.

Model validation is achieved with the results shown in
Fig. 17 by reporting the measured peak efficiencies of ReSCC
and MuReSCC. The results are consistent with the proposed
efficiency model for both converters, so that it may be em-
ployed for further analyses in the design of such power
converters.

VI. CONCLUSION

This paper presented the design of a hybrid MuReSCC.
The current prototype was used to compare ReSCC and
MuReSCC topologies. The developed system can operate
completely standalone, without the support of any external
signal generator or instrumentation, and implements output
voltage regulation, which was characterized in terms of ef-
ficiency. The prototype operates at a switching frequency of
1.25 MHz, utilizes GaN HEMTs, and features a coreless PCB
inductor. The prototype achieves a peak efficiency of 98.9%
and a maximum output power of 200 W, ensuring a mini-
mum efficiency of 98% under 30% variations in oscillation
frequency, compared with the ReSCC’s minimum efficiency
of 88%.

The design choices are additionally supported by a nu-
merical model developed to evaluate the power conversion
efficiency of the resonant converter. For fixed voltage con-
version ratios or operating points near them, the MuReSCC
proves to be an efficient alternative to SICs even when using
on-off control. Operation for conversion ratios different from
the nominal open-loop value, despite the lower associated
efficiency, still represents a reasonable compromise compared
to SICs, SCCs and linear regulators, both in terms of ef-
ficiency and passive component size. This study may also
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find applications in the field of integrated DC/DC converters,
where compact size, small inductances, and high efficiency
are among the primary design drivers.

The experimental comparison between single-resonant and
multi-resonant converters confirms the effectiveness of the
multi-resonant approach in providing immunity to variations
in component parameters. Additionally, the multi-resonant
converter demonstrated higher efficiency when using the on-
off control method than the mono-resonant case, and the
results are consistent with the numerical model of power con-
version efficiency.
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