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Abstract—In this work, we combine two popular
power conversion topologies, the flying capacitor multilevel
(FCML) converter and the LLC converter, to arrive at
the proposed flying capacitor LLC (FCLLC) solution
with advantages of each. The FCLLC comprises a step-
down resonant switched-capacitor (ReSC) stage followed
by a resonant transformer-based stage which provides
soft charging of the flying capacitors, galvanic isolation,
and an additional step-down through the transformer.
These conversion ratios are multiplied, making the FCLLC
especially suited for extreme conversion ratios. An FCLLC
prototype capable of direct 400 V to 1 V conversion is
fabricated, which demonstrates the potential this topology
has for future datacenter applications.

I. INTRODUCTION

Datacenter energy consumption is growing rapidly and
projections indicate that it may exceed 10% of world-
wide electricity usage by the year 2030 [1]. A significant
portion of this energy is lost to heat during power
conversion and distribution, leading to intensive cooling
challenges and costs. Moreover, any volume taken up
by the power electronics is space that would otherwise
be used for computing or storage, so the efficiency and
power density of these converters is paramount. The
modern datacenter power supply architecture is complex,
with many cascaded stages to step from the ac grid
voltage down to the low operating voltages of CPUs,
GPUs and ASICs. Typically, there is an ac to 400 V dc
conversion, then a conversion to a distribution voltage
of 48 V, another conversion to a 12 V bus, and then
a final conversion to point-of-load (PoL) [2]. Fig. 1a
demonstrates this approach, which will be referred to
as a three-stage design because of its three separate
dc-dc conversion stages. Fig. 1b highlights a two-stage
design, which is currently gaining popularity, wherein
a direct 48 V to PoL conversion occurs [3]–[5]. Fig.
1c illustrates the proposed single-stage approach [6],
with direct 400 V to PoL conversion. Multi-stage designs
suffer from increased complexity, and also require the
use of bus capacitors (CB) between each stage to ensure
that the voltages are held steady. These bus capacitances
can be even larger than the converters [7], so eliminating

them by performing direct conversion from HVDC to
PoL has many benefits for overall system performance.

In this work, we combine two popular power con-
version topologies — the flying capacitor multilevel
(FCML) converter [8], [9] and LLC converter [10],
[11] — to arrive at the proposed flying capacitor LLC
(FCLLC) topology, having advantages of each. The
FCLLC comprises a step-down switched-capacitor net-
work which resonates with a subsequent transformer-
based stage, resulting in complete soft-charging of the
flying capacitors [12], [13], galvanic isolation, and an
additional step-down through the transformer. As a re-
sult of the two inherent cascaded voltage conversions,
the FCLLC is especially suited for extreme conversion
ratios. An FCLLC prototype capable of direct 400 V
to 1 V conversion is fabricated, which demonstrates the
potential this topology has for future datacenter applica-
tions. Section II introduces the FCLLC and describes its
resonant operation. Then, Section III presents the hard-
ware design and experimental results. Finally, Section
IV concludes the paper.

II. FCLLC OPERATION

A. Topology

The FCLLC converter is a merged hybridization of
a resonantly operated FCML [14], [15] and a resonant
LLC converter, leveraging benefits from both circuit
topologies. The FCML converter (Fig. 2a) has demon-
strated impressive performance in a variety of appli-
cations [9], [16]–[18]. By relying on capacitors for
energy storage, with their inherently superior energy
density compared to inductors [19], and generating a
frequency multiplication effect to shrink the output filter
size, it achieves very high power density. Moreover, its
multilevel structure allows for the use of lower voltage
switches with improved figures of merit (FOM) [20],
so it also achieves very high efficiency. Comparatively,
the LLC converter (Fig. 2b) and related variants have
seen widespread use in both 48 V to PoL and 400 V to
12 V applications [4], [21], [22]). The high-frequency
transformer enables a high conversion ratio and provides
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Fig. 1: Simplified illustration of datacenter power delivery architecture from high-voltage ac on the grid to very
low voltage dc at the point-of-load. (a) Standard three-stage design, (b) Newer two-stage design with direct 48 V
to PoL conversion, (c) Proposed single-stage design with direct 400 V to PoL conversion.
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Fig. 2: Labeled schematic for (a) an FCML converter, (b) an LLC converter, and (c) an example 8-level flying
capacitor LLC (FCLLC) converter (this work), constructed through the merging of both FCML and LLC structures.
Redundant elements of the individual topologies are highlighted in purple.

galvanic isolation to comply with safety considerations,
while the resonant operation allows for high switching
frequency, and thus small size, while maintaining low
losses. The schematic for an FCML is given in Fig.
2a, while the LLC is shown in Fig. 2b. Conventionally,
an LLC consists of a primary-side half-bridge (or full-
bridge) which generates a square wave voltage driving a
resonant capacitor in series with the primary-side leakage
inductance of a transformer. Additionally, a switching
stage on the secondary side rectifies and filters the high

frequency waveform to dc.
For the FCLLC (Fig. 2c), the LLC’s primary-side half-

bridge and series resonant capacitor are replaced by an
N -level FCML stage. This allows for the removal of sev-
eral components when compared with two independent
cascaded FCML and LLC stages (redundant components
highlighted in purple in Fig. 2). The output filter of
the FCML stage can be completely removed, and the
front-end half-bridge and resonant capacitor CR of the
LLC can also be removed. This extends recent work
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Fig. 3: Equivalent circuits for each state of a 4-level
FCLLC. The set of states with resonant conversion
ratios of 2/3 and 1/3 are highlighted in green and red
respectively.

[23], which retains the separate resonant capacitor. In
that design, the flying capacitance must be much larger
than CR so that the flying capacitors act as stiff dc
voltage sources and do not participate in the resonance.
In the proposed work, the flying capacitors themselves
are used to resonate with the leakage inductance of the
transformer, allowing them to be orders of magnitude
smaller than if they have to provide a stiff voltage.
Certain states have one capacitor connected in series,
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Fig. 4: Key waveforms of proposed topology demon-
strating interleaved states and the resultant frequency
multiplication effect.

while others have two — thus this is a multi-resonant
topology with differing resonant frequencies per phase
and an associated increase in control complexity. The
FCML and LLC stages are fully merged and so is the
operation of this new topology.

B. Modulation

For this subsection only, a 4-level FCLLC is discussed
to simplify the diagrams and discussion: operation with
any other level count can be extended from this descrip-
tion. Prior work has discussed the modulation and multi-
ratio capabilities for a resonant FCML (rFCML) con-
verter [14], [15], [24], [25]. Fig. 3 shows the equivalent
circuit for all 6 states of the switched-capacitor network
in a 4-level FCLLC. For the 4-level rFCML, switching
states 1, 3, and 5 are all necessary for a 2/3 conversion
ratio; and states 2, 4, and 6 are all those necessary for a
1/3 conversion ratio. During FCLLC operation, these six
switching states are interleaved, to provide an ac voltage
and current for the transformer primary.

In states 1, 2, 4, and 5, there is a single flying
capacitor, CF , connected in series with the transformer.
The duration of these states is t1 = π

√
LRCF , where

LR is the leakage inductance of the transformer. In states
3 and 6, there are two flying capacitors connected in
series, so these have duration t2 = t1/

√
2. The total



Fig. 5: Hardware photograph of proposed 8-level 400 V to 1 V FCLLC converter with matrix transformer inset to
PCB. Key components are annotated, with the power path shown in red. (a) Top view, (b) Side view, (c) Primary
windings of transformer, (d) Secondary windings and output rectification.

Fig. 6: Cascaded bootstrap gate drive architecture for 8-level FCLLC design. (a) Detailed schematic for unit cell
highlighted in Fig. 2c, (b) Layout of unit cell with annotated components. (N − 1) of these cells are connected in
series to form the primary side of the converter.

number of states is NS = 4 + 2(N − 3), with an
overall period T = 4t1+2(N −3)t2. Each primary-side
switch commutes only once per period with a duty cycle
of 50%. Frequency multiplication occurs, such that the
resonant frequency seen by the transformer and output
rectification is (N−1)/T . Relevant modulation, voltage,
and current waveforms are illustrated in Fig. 4, with
every flying capacitor successfully achieving net zero
charge balance in a full switching cycle. The conversion
ratio of this stage is MFCML = 1/(2(N − 1)).

In the LLC stage, the voltage conversion ratio is
MLLC = λ/K, where K is the turns ratio between the
primary and secondary windings, and λ is the frequency-
dependent gain of the LLC network. The overall voltage

conversion ratio of the FCLLC converter is therefore

MFCLLC =MFCML ·MLLC = λ/(2K(N − 1)) (1)

The FCLLC provides a new degree of freedom and en-
ables the designer to choose how to split the conversion
ratio between the level-count of the resonant switched
capacitor network and the turn ratio of the transformer.

III. HARDWARE VALIDATION

A. Hardware Design

To validate the proposed topology and application,
a 400 V to 1 V, 8-level FCLLC converter is fabricated
(MFCML = 1/14). An annotated hardware photograph
is given in Fig. 5. Chip-scale packaged gallium-nitride



high-electron mobility transistors (GaN HEMTs) are
used due to their superior figure-of-merit (FOM) versus
silicon transistors at this voltage level [26]. A cascaded
bootstrap power supply architecture is used to power all
of the floating gate drivers with low dropout regulators
(LDOs) ensuring a reliable 5 V supply for the GaN
switches [27]. Digital signal isolators provide the level-
shifted gate signals. Fig. 6 illustrates the gate drive
architecture and details all of the components for each
unit cell; the 8-level converter contains (N − 1) = 7 of
these cells connected in series.

A planar matrix transformer is utilized to maximize
power density and reduce manufacturing complexity,
with detailed design guidelines of one such implementa-
tion provided in [22]. The transformer is inset to the PCB
such that its height is level to rest of the components.
A 24-to-1 turns ratio is selected, so MLLC = λ/24. The
parameter λ is selected such that the overall conversion
ratio is MFCLLC = 1/400, i.e. this design choice is suit-
able for direct 400 V to 1 V conversion when operated
slightly above resonance. The power path wraps around
the board, beginning at CIN next to the transformer,
continuing to the left before going through vias and
returning along the bottom of the PCB (illustrated by
red arrow in Fig. 5). Relevant components are provided
in Table 1, while operating parameters are given in Table
2. The converter box dimensions are 20 mm by 50 mm by
4.8 mm, including all passive components, devices, and
gate drive circuitry; the total box volume is 4800mm3.

Fig. 7: Measured waveforms for 8-level FCLLC proto-
type performing 400 V to 1 V conversion at full load.

Power Stage Efficiency
Overall Efficiency

(%
)

Fig. 8: Efficiency measurements under 400 V to 1 V
conversion across load. Power stage efficiency (exclud-
ing gate drive loss) and overall efficiency provided.

B. Experimental Results

To demonstrate the converter operation, measurements
at 400 V input and 1 V output have been collected,
with relevant waveforms shown in Fig. 7. Efficiency
measurements were taken with forced air cooling and
without heatsinking, as shown in Fig. 8. Peak efficiency
is recorded at 85.5% for the power stage and 81.5%
including gate drive losses. The full load efficiencies are
74.8% and 72.5%, respectively. The maximum output
power of 65.4 W, yields a power density of 223 W/in3. A
comparison to state of the art designs in high conversion
ratio datacenter applications is given in Table 3.

IV. CONCLUSION

This paper has presented a flying capacitor LLC
(FCLLC) topology for extreme conversion ratio design.



A hardware validation is performed, with measured
waveforms and efficiency both demonstrating the poten-
tial this topology has for direct 400 V to PoL conversion.
A peak overall efficiency of 81.5% was achieved along
with a power density of 223 W/in3.
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and J. W. Kolar, “Three levels are not enough: Scaling laws for
multilevel converters in ac/dc applications,” IEEE Transactions
on Power Electronics, vol. 36, no. 4, pp. 3967–3986, 2021.

[27] Z. Ye, Y. Lei, W.-C. Liu, P. S. Shenoy, and R. C. Pilawa-
Podgurski, “Improved bootstrap methods for powering floating
gate drivers of flying capacitor multilevel converters and hybrid
switched-capacitor converters,” IEEE Transactions on Power
Electronics, vol. 35, no. 6, pp. 5965–5977, 2019.

[28] (2023) Vicor bcm datasheet. [Online]. Avail-
able: https://www.vicorpower.com/documents/datasheets/ds
BCM384x480y325Bzz.pdf

[29] (2023) Vicor prm datasheet. [Online]. Available:
https://www.vicorpower.com/documents/datasheets/
PRM48JF480T500A00-ds.pdf

[30] (2023) Vicor vtm datasheet. [Online]. Available:
https://www.vicorpower.com/documents/datasheets/
ds-VTM48EF012T130C01-VICOR.pdf

[31] (2023) Flex bmr467 datasheet. [Online]. Available: https:
//flexpowermodules.com/resources/fpm-techspec-bmr467

[32] (2023) Vicor mini datasheet. [Online]. Avail-
able: https://www.vicorpower.com/documents/datasheets/ds
375vin-mini-family.pdf




