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Abstract—To fully leverage the potential of the hybrid struc-
ture in buck-boost system, this work presents a dual 3-level bridge
hybrid buck-boost converter (D3B-HBBC), achieving complete
soft-charging to significantly enhance the power rating capability.
A responsive loop-free balancing (RLB) scheme is developed to
swiftly stabilize the flying capacitors (Cy) without any additional
regulation loops. Moreover, a phase-shifted control is realized to
enable seamless mode transition while effectively reducing the
inductor current ripple. Fabricated in a 180nm BCD process,
the 2MHz GaN-based D3B-HBBC with a 48V output delivers a
maximum power of 480W, attaining a peak efficiency of 97.1%
with 6x0.47pF Cy. This design improves the power rating by 3.3
times while reducing Cr by over 28.4 times.

Index Terms—hybrid buck-boost converter, complete soft-
charging, responsive loop-free Vcr balancing.

[. INTRODUCTION

To efficiently meet the high-power demands, data center
racks commonly use the 48V power delivery architecture.
As shown in Fig. 1 (top), a battery backup unit provides
continuous current when the main power supply fails. This
makes the buck-boost converter (BBC) essential for handling
the battery pack’s voltage range of 36V to 60V. The widely
used non-inverting BBC (NIBBC) [1, 2] suffers from low
efficiency, requires dedicated mode control and needs a large
inductor for high power delivery. In contrast, hybrid BBC
(HBBC), which incorporates the favorable utilization of active
device of switch-capacitor (SC) network and high energy
density of the flying capacitor (Cg), can improve efficiency
and ensure smooth mode transition while reducing the sizes
of the passive components. However, the foundation of these
advantages is soft-charging [3], which is still challenging in
HBBC. As shown in Fig. 1 (bottom), the existing HBBCs
generally employ a hard-charging phase (®yc) after a soft-
charging one (Pgc) for power delivery [4-8]. In Pyc, Cp
is connected in parallel with a fixed voltage (e.g. the input
Vin, output Vo, or Vo—Vin). Such an operation inevitably
incurs charge sharing loss (Pcs), which increases with the
load current Iy following a square-law. As a result, in order
to sustain a high efficiency for high-power delivery, Cr must
be sufficiently large [4]. Such a strong correlation between
Cr and Ip significantly constrains the power delivery capacity
of the conventional HBBCs. In addition, Cg imbalance in a
hybrid structure remains a persistent issue when performing
complete soft-charging. Closed-loop control can balance Vcr
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Fig. 1. Main challenges on designing hybrid buck-boost converter (HBBC)
for high power delivery.

actively, suitable for the hybrid topology with a single Cg
[9]. However, due to the increased design complexity and
power consumption, it becomes impractical in HBBCs, which
generally incorporate multiple Cgs to implement both the step-
up and step-down functionalities.

II. PROPOSED DUAL 3-LEVEL BRIDGE HBBC

This work proposes a dual 3-level bridge HBBC (D3B-
HBBC) to fully utilize the potential of the hybrid architecture
in buck-boost conversion. As shown in Fig. 2, compared to
the bilaterally-symmetrical HBBC using step-up SC networks
[5], the D3B-HBBC cascades two identical 3-level bridges
with a central inductor (L). By charging and discharging the
flying capacitors (Cg, and Cgr) always through the inductor
current (I ), D3B-HBBC eliminates the hard-charging phases,
successfully achieving complete soft-charging. As the benefit,
D3B-HBBC significantly reduces the total sizes of Cg and
Cpr for the same power rating, or equivalently improves the
load capability with the same Cg, and Cggr. Furthermore, the
voltage fluctuations at the switching nodes, Vsw; and Vg,
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Fig. 3. Proposed responsive loop-free balancing (RLB) scheme and the phases
to stabilize the flying capacitors in 3-level bridge.

are halved thanks to the step-down operations of the 3-level
bridges. Thus, the inductance is suppressed considerably to
maintain the same I, ripple. Meanwhile, the voltage stresses
(Vps) of the power devices are compressed sufficiently, im-
proving the conversion efficiency. It has been observed that
D3B-HBBC exhibits all the aforementioned features with the
same voltage conversion ratio M=(1+-D)/(2—D) as that in [5],
while maintaining a symmetrical structure.

However, it is not straightforward to implement the D3B-
HBBC in practice, given the persistent Vcr imbalance issue
in 3-level stage. To avoid introducing any additional Vcp
regulation loops as in multi-level NIBBC [10], a responsive
loop-free balancing (RLB) scheme is devised in this work.
As depicted in Fig. 3, based on the buck-side bridge, the

Fig. 5. System diagram of the designed dual 3-level bridge hybrid buck-boost
converter (D3B-HBBC).

3-level stage is split into three identical branches, with the
same total capacitor and power switch sizes. The resultant
capacitors, Cg;, Cg, and Cps, are reconfigured in four phases,
Dri, Pro, Pr3z and Pr4, with a floating phase, Pr, between
each pair, during which Sa;3 and Sgi.3 are turned on. The
RLB principle is detailed in Fig. 4. Ideally, ®r;, ®ro, Pr3
and ®gy4 all have the same period (tg) at steady state. At the
start of ®g; (t;), Cp is in series with the parallel combination
of Cg, and Cp3, connected between Viy and ground. In ®g;
from t; to t,, Cp; charges while Cg, and Cp3 discharge, causing
a voltage variation AV¢r from Vn/2. At t3, the tri-Crg network
flips to initiate ®g,, discharging Cg; and charging Cg; and Cg3
until t4. Then all three capacitors reach equilibrium again. At
ts after a ®p, Cp; is reconfigured in parallel with Cg, and no
charge redistribution occurs because Vcpi=Vcps. Similar pro-
cess repeats in $gr3 and Pgy4 from ts to tg, maintaining balance
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Fig. 7. Die photoes: (a) monolithic chip integrating LDMOS transistors as
power switches and (b) controller chip to drive external GaN power devices.

on Cgy, Cpy and Cps. At tg, a new RLB cycle begins. As can
be seen from the above, the RLB scheme eliminates charge-
sharing loss. This is a fundamental difference from the series-
parallel operation, which involves paralleling two capacitors
with different voltages and thus incurs hard-charging [11]. In
practice, phase mismatch may cause a time variance, e.g. At
between ®g; and Pr,. Thus, Vg differs from Vg when Crs
shifts in parallel with Cg at ts. However, charge redistribution
between Cg; and Cpz help balance their voltages quickly, while
the voltage difference between Viy and the tri-Cg network is
corrected by charge injection or absorption from Viy. Thus,
the slight imbalance due to phase mismatch is removed with
negligible power loss, avoiding long-term V¢ drifting. When
Vi rises from Vin; to Ving at tyg, higher Vi instantly injects
charge into the network, raising Vcrr, Vep and Veps towards
the new balance state of Vino/2. As Cgs shifts to parallel with
Cp; at ty1, it redistributes charge again, driving Cg; 3 towards
new balance within a few RLB cycles.

Fig. 5 shows the D3B-HBBC system with all N-type power
switches Sa.pji:s) and six flying capacitors Crj.¢, driven by
cascaded bootstrap gate drivers. The output (Vo) feedback
loop uses a type-IIl compensator and a dual-ramp generator
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Fig. 8. Measured switching waveforms of D3B-HBBC with (a) integrated
LDMOS power transistors and (b) external GaN power transistors.

to regulate Vo, and an RLB state dispatcher with two Moore
finite state machines (FSMs) to balance Cgi¢. As shown
in Fig. 6, with continuous M, D3B-HBBC can switch in a
single mode, but this causes large I, ripple (Aly). To reduce
AL, phase-shifted control is designed to respectively split
the energizing and deenergizing phases of L into two sub-
intervals with lower voltages across L. This is implemented
by comparing the out-of-phase ramp signals (Vrampi, 2) to the
output of the error amplifier Vga, achieving seamless mode
transition. The periods of Vgwi=Vn/2 and Vgwy=Vo/2 are
implemented in turn by the four RLB phases.

III. MEASUREMENT RESULTS

As shown in Fig. 7, two prototype chips were fabricated in
a 180nm BCD process. The first chip is a monolithic D3B-
HBBC integrating LDMOS transistors as the power switches,
occupying an area of 5.9mmx5.9mm. The second one is
a D3B-HBBC controller with an area of 2.8mmx3.8mm to
drive external GaN power devices. Fig. 8 shows the measured
switching waveforms of the two systems under buck, buck-
boost and boost modes. With an input range from 36V to
60V, both the systems can operate at 2MHz. As demonstrated
in Fig. 9, the GaN-based D3B-HBBC is able to deliver a
maximum power of 480W using the total flying capacitances
of 6x0.47uF, improving the power rating by 3.3 times and
reducing the required Cg by over 28.4 times compared to the
previous works. Based on the measurements in Fig. 10, the
monolithic D3B-HBBC achieves a peak efficiency of 93.5%
with >85% efficiency over 88.8% of Ip range from 0.1A to
1A. The GaN-based D3B-HBBC attains a peak efficiency of
97.1% with >84% efficiency over the entire power range from
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48W to 480W. Fig. 11 shows the seamless mode transitions
as Viy changes between 40V and 56V at 1V/ms, maintaining
stable V and balanced Vcg. In start-up test, Viy rises from 0
to 48V in Sms, showing well-built Vo and balanced V. Table
I compares the proposed D3B-HBBC with the state-of-the-art
buck-boost converters. Compared to the GaN-based NIBBC in
[2], the GaN-based D3B-HBBC improves the power delivery
by 16.8 times with superior power efficiencies. Compared to
the fully-integrated counterparts in [5, 6], the monolithic D3B-
HBBC enhances the power rating by more than 5 times, while
reducing Cr by nearly 10 times. Although the work in [11] can
output 3 times higher power, it requires 6.6 times (Co+Cp)
with generally lower efficiencies, particular in the boost mode.

IV. CONCLUSION

This work constructs a dual 3-level bridge hybrid buck-
boost converter, achieving complete soft-charging and hence
significantly enhancing the power delivery capability. A loop-
free flying capacitor (Cg) balancing strategy is devised to re-
sponsively stabilize Cg, without increasing chip area. Further, a
phase-shifted control accomplishes seamless mode transition.
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