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Abstract—The cascaded resonant switched-capacitor converter
is an energy-efficient and power-dense solution to unregulated
48-to-12-V power conversion. This work explores approaches
to achieve output voltage regulation with this topology while
maintaining high efficiency and high power density. The two
switch nodes at the second stage are merged into one for the
automatic balancing of capacitor voltages. A hybrid resonant-
PWM control method is presented to realize soft charging of
the middle capacitor and flying capacitors. At 12-V fixed output
voltage, it achieves a power density of 3115 W/in®, a peak
efficiency of 99.0% with 48-V input and 98.6% with 54-V input
(including gate drive loss), both of which are among the best in
the state-of-the-art regulated 48-to-12-V solutions.

Keywords—hybrid switched-capacitor converter, cascaded con-
verter, soft charging, zero-voltage switching

I. INTRODUCTION

Intermediate bus converters (IBC) are widely used in 48-V
power distribution systems such as data centers, communica-
tion base stations, and electric vehicles. To power low-voltage
devices in the system (e.g., CPU, GPU, and memory), a two-
stage architecture is usually adopted, including an unregulated
48-to-12-V IBC as the first stage and a multi-phase buck
converter as the second stage [1]. Note that there are also 12-V
loads in the system (e.g., CPU fan, hard disk drive, automotive
battery, etc.), which require the IBC to provide a regulated
12 V voltage. In this paper, a cascaded hybrid switched-
capacitor (SC) converter is presented for regulated 48-to-12-V
conversion with improved power density and efficiency.

The proposed regulated converter topology originates from a
fixed-ratio resonant SC converter, called the cascaded resonant
converter [2], [3], which features a good balance between
switch stress and passive component utilization, and has
achieved outstanding performance for unregulated 48-to-12-V
conversion. As shown in Fig. 1(a), two 2-to-1 resonant SC
converters using small inductors are cascaded to achieve an
overall 4-to-1 fixed conversion ratio. An important feature of
this converter is that it only requires a small middle capacitor
Chid» since the second stage has interleaving operation and
Cinia sees a reduced current ripple.

When the inductance of the cascaded resonant converter in
Fig. 1(a) is increased, PWM control can be used to meet the
regulation requirement. Since the flying capacitor takes on the
majority of the voltage step-down burden (4-to-1), the output

inductor sees smaller volt-second and the inductor size can be
reduced significantly, compared to more traditional topologies.
Compared with the conventional buck converter with a large
output inductor, this converter can achieve almost zero current
ripple of the output inductor at 48-to-12-V conversion and 7 x
smaller volt-second at 54-to-12-V conversion. Compared with
the three-level buck converter [4] and series-capacitor buck
converter [5], this converter achieves 5x smaller volt-second
of the output inductor.

Although the original topology Fig. 1(a) has regulation
capability, some practical problems need to be addressed.
The first challenge is to balance the capacitor voltage at the
scenario of small duty ratio (< 0.5) and small C),;4. The
switch-node voltages in Fig. 1(a) are not naturally balanced
at heavy load due to the voltage ripple on vcy,q. An active
voltage-balancing control can be adopted to eliminate voltage
imbalance but it comes at a cost of increased circuit com-
plexity [4], [6]-[9]. A contribution of this work is to develop
a naturally-voltage-balanced variant of the cascaded resonant
converter, without adding an active voltage-balancing control.
The switch nodes swl and sw2 are shorted together as one
switch node sw in Fig. 1(b) to balance the flying-capacitor
voltages as well as the switch-node voltage over the entire load
range, using a small C,;4. The detailed operation principle is
presented in Section II-A. After merging the switch nodes, the
next challenge is how to realize soft charging for all capacitors.
A hybrid resonant-PWM operation mode is then proposed to
address the hard-charging issue in Section II-B.

II. OPERATION PRINCIPLE
A. Merged Switch Node for Automatic Voltage Balancing

As discussed above, the inductors Li, Loy, and Ly in
Fig. 1(a) need to be increased to realize regulation capability.
The switch-node voltages vs,1 and vg,o are not naturally
balanced as shown in Fig. 2, which can be seen by the inequal
pulse heights in circuit states 1 and 2. This causes higher
voltage stress on the switches and larger inductor current ripple
than the ideal balanced condition. The main reason behind the
voltage imbalance is the voltage ripple on the second-stage
input veomig, and it is a common issue for flying-capacitor
multilevel converters, with relevant discussion provided in [8],
[10]-[13]. When the middle capacitor C,,;q is sufficiently
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Fig. 1: (a) Conventional cascaded resonant converter and
(b) proposed cascaded hybrid converter with voltage self-
balancing, soft charging, and regulation capability.

large with a stiff vey,iq, the voltages across Co; and Cao
are balanced and equal to —<=i-2vs  However, in practice,
a small C,,;4 is usually preferred for higher power density,
resulting in a high voltage ripple on vcy,q. The capacitors
C5; and Csy then are overcharged during states 1 and 2,
and their average voltages deviate from the nominal value,
% As the capacitor C,;q becomes smaller and load
current increases, the voltage ripple of vo.,;¢ increases, and
the voltage imbalance gets worse as shown in Fig. 3. The first
stage of this converter has no such balancing issue since the
input capacitor is typically sufficiently large.

Fig. 1(b) shows the modified topology with the switch
nodes swl and sw2 merged to one node. The inductors Loq
and Lo are combined into one single inductor Ls. The new
topology has two advantages: 1) fewer inductors and reduced
size and cost; 2) lower voltage stress and current stress on
the switches thanks to the automatic voltage balancing of the
second stage. The equivalent circuits are presented in Fig. 4 to
explain the voltage balancing mechanism. The main difference
between the original topology and the new topology is that
the capacitor voltages vca1 and veoe are now constrained by
the SC network. Specifically, the capacitors Cy; and Coy are
stacked and charged by C),;q in states 1 and 2, leading to
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Fig. 2: Key waveform of the topology in Fig. 1(a) when both
stages are operating in PWM mode.
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Fig. 3: Simulated average voltage of vgo; for the topologies
with separated switch node (Fig. 1(a)) or merged switch node
(Fig. 1(b)) at V;,, =54 V, C1 = 40 uF, Cy = 100 uF, and
fsw = 110 kHz.

Vool + Vooa = Vomid- Since the two phases are symmetric,
veoe1 and veoge have the same constrained average voltage,
%, with the waveform plotted in Fig. 5. The voltage
Vg 18 then balanced and independent of load current and
capacitance C),;4. As seen from Fig. 3, even with only 1/10
of the C,,;q of the original topology, the merged-switch-
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Fig. 4: Equivalent circuits of the converter in Fig. 1(b). Only
the second stage is highlighted. @ @ ®
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Fig. 6: The first stage operates in ZVS mode, and the second
stage operates in PWM mode. The capacitor C,,;q4 is soft
charged because of zero net charge in state 3.
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Fig. 5: Both stages operate in PWM mode. The voltage vy,
is balanced thanks to the merged switch node. The capacitor
Ciniq is hard charged because of an undesired charge ()3 in
state 3.

node case can achieve excellent voltage balancing over an
entire load range. Since the output inductor sees a balanced
switch-node voltage, the inductor current ripple is also reduced
significantly compared with the unbalanced case in Fig. 2.

B. Hybrid Resonant-PWM Soft-Charging Control

A key desirable feature of hybrid SC converters is the
concept of soft-charging of the capacitors, first introduced in
[14], [15] to eliminate the undesirable charge sharing loss of
pure switched-capacitor converters. In the proposed topology,
although the voltage is balanced by merging the switch nodes,
the capacitor C,,;q may suffer from hard charging. This is

25 : ‘ ‘
\ T, @D =0.3
\ Tpe @ D = 0.35
20 N T,,@D =04 1
\ Tps @ D = 0.45
|4 \\ - '1-;7,3
/;3{ 1.5 \\ - .:://;Tzvs @D=03
= /\ - - Turlvs @ p = 0.35
N 1= _ _. r > T(://;Tzvs Q@D =04
/ Sl - - Jurlvs @ p =045
0.5k LT O ]
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
[aul, (A)

Fig. 7: Demanded phase shift T}, versus I, for the proposed
converter operating at V;,, = 48 V, C1 = 50 uF, L; = 50 nH,
fsw = fr =100 kHz, Tzyg = 60 ns, and D = 0.3 - 0.45.

because C,,;q is charged by current iy in state 3 in Fig. 4,
corresponding to the undesired charge (5 as highlighted in
Fig. 5. However, the capacitors C5; and Chy are floating
during state 3 and thus vcoe1 + vees 1s constant. The voltage
difference between wvcy,iq and veos1 + vVeoo causes hard
charging at the end of state 3. Using a large C,,;4 can help
reduce the hard-charging loss, but a small C,,;q is often
desired since it is important for improving power density.



Note that the extra charge Q)3 in Fig. 5 is the root of
hard charging, so an intuitive way to realize soft charging
is to ensure zero net charge of C,;q during state 3. The
new control scheme is provided in Fig. 6, showing that the
first stage operates at Zero-Voltage-Switching (ZVS) mode and
the second stage operates at PWM mode. When the inductor
current 77, is designed to have an zero net charge during
state 3, namely @), = @, soft charging is achieved. The
relevant ZVS control of a 2-to-1 resonant SC converter is
discussed in [3], [16]. Compared with the conventional split-
phase soft-charging control [17], the proposed soft-charging
method does not need to sacrifice duty ratio, RMS current,
or control complexity. Meanwhile, the ZVS operation of the
first stage can greatly reduce switching loss and inductor size,
improving system efficiency and power density.

The phase shift T),; between two stages depends on the load
current [,,,; and the second-stage duty ratio D. As can be seen
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Fig. 8: Annotated photograph of the converter with the dimensions of 1.276 x 0.878 x 0.272 in (32.4 x 22.3 x 6.9 mm).

from Fig 7, the demanded 7),s increases as D decreases and
I, increases. At light load, the slope of iy; during ¢; —
to is similar to that during t3 — t4. It can also be proven
that I,rp1 = —Iopf2 at fsy = fr [18]. Therefore, the areas
Qp and @), in Fig. 6 are symmetric at light load, leading to
Tps = LelIZT2VS yhere T,y is defined by Thpp = (0.5 —
D)T. Note that the maximum negative charge ,, is limited
by the time duration 7,3 in Fig. 6. When the converter is
operating with D and [,,; on the right side of T},3 curve in
Fig 7, soft-charging is not achievable. Since the time 7,3 is a
decreasing function of I, and T}, is an increasing function
of D, the effective load range with soft-charging decreases as
D decreases. In this design, the duty ratio D is in the range
of 0.4 < D < 0.5, corresponding to relatively flat 7,5 curves
in Fig 7. A simple phase-shift control with a load-independent

T, is then used to realize soft-charging for a wide load range.

Bottom side

TABLE I: Main component listing of the proposed cascaded hybrid converter

Component

Manufacture and Part number

Parameters

Ist-stage MOSFET

Infineon, IQEO013N04LM6

40V, 1.1 mQ x 4

2nd-stage MOSFET

Infineon, IQEOO6NE2LMS

25V, 0.65 m§2 x 8

Ist-stage flying capacitor C

TDK, C3216X5R1H106K160AB
Murata, GRM188R6YA106MA73D

10 uF! 50 V, X5R, 1206 x 18
10 uF; 35 V, X5R, 0603 x 11

Middle capacitor C,,,;q

TDK, C2012X5R1V226M125AC
Murata, GRM188R6YA106MA73D

22 pF; 35V, X5R, 0805 x 24
10 uF; 35 V, X5R, 0603 x 18

2nd-stage flying capacitor Cs

Murata, GRT21BR61E226ME13L
TDK, C1608X5R1E106M080AC

22 uF,; 25V, X5R, 0805 x 18
10 uF; 25 V, X5R, 0603 x 7

Ist-stage resonant inductor L

Custom powder-iron inductor

55 nH, one-turn

2nd-stage inductor Lo

Custom powder-iron inductor

180 nH, two-turn

Gate driver

TI, UCC27284DRCT

120 V, half bridge

Bootstrap diode

Onsemi, NSR0340V2T1G

40 V, Schottky

* The capacitance listed here is the nominal value before dc derating.



III. HARDWARE IMPLEMENTATION AND EXPERIMENTAL
RESULTS

A prototype is constructed to verify the above analysis. The
first-stage flying capacitor and resonant inductor are selected
carefully to achieve soft charging and soft switching. The
resonant inductor L is a 55 nH customized one-turn inductor.
The output inductor Lo is a 180 nH customized two-turn
inductor. A full component list is provided in Table I. An
annotated photograph of the hardware prototype is shown in
Fig. 8. All switches and inductors as well as the majority of
the flying capacitors are placed on the top side of the board.
The gate-drive circuits are on the bottom side of the board.
The gate drive power is provided by the cascaded bootstrap
method as introduced in [16]. To reduce the trace resistance,
a 6-layer PCB with 2 oz. copper for each layer is used in the
design.

The measured switch-node voltage is balanced as shown in
Fig. 9, which verifies the analysis in Section II-A. The duty
ratio of the second stage is 0.45 for 54-to-12-V conversion,
and the phase shift 7,,, = 0.25 us is selected according to
Fig. 7. The voltage vcy,iq has a small ripple (< 0.3 V) at 20 A
output thanks to the soft-charging operation. The prototype is
tested up to 80 A output current for V;,, =48 V - 60 V with a
regulated 12 V output, corresponding to 3115 W/in® power
density. Compared with the unregulated cascaded resonant
converter in [3], the proposed regulated converter has 23%
reduced power density due to a larger output inductor.

Very high efficiency is achieved across the entire load
range as shown in Fig. 10. At 48-to-12-V conversion, the
peak system efficiency is 99.0%, and full-load efficiency is
97.3%. As Vi, increases, the duty ratio of the second stage
decreases, and the inductor loss (winding loss + core loss)
of Ly increases, leading to lower efficiency. This high-density
converter also has a good thermal performance. As shown in
Fig. 11, the maximum temperature is 82.1°C at full load with
fan cooling only.

The efficiency and power density of this work and the state-
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Fig. 9: Measured waveform of vcyyiq ripple, ir1, and vy, at
Vin =54V, Voue = 12V, fs, = 100 kHz, and I,,; = 20 A.

of-the-art regulated 48-to-12-V IBC are listed in TABLE II.
Compared with the highly integrated and highly optimized
Vicor design in [19], this converter achieves 19% higher power
density and 33% lower conversion loss at 60 A output. The
power density is 4.6 times of that of the GaN-based LLC
converter in [20]. Moreover, this converter can be fabricated
using inexpensive and common components, e.g., Silicon
MOSFETs and 6-layer PCB. The bottom side of the PCB in
Fig. 8 has not been fully occupied by components so far. A
controller circuit as well as copper pillars for power/ground
terminals can be added in the spare space to construct a
complete IBC module.
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Fig. 10: Measured efficiencies at 48 — 60 V input and 12 V
output with and without gate drive loss.

Fig. 11: Thermal performance at V;,, = 54 V, V,,, = 12V,
and I,,; = 80 A with fan cooling only.

IV. CONCLUSIONS

This work proposes a novel cascaded hybrid switched-
capacitor converter for regulated 48-to-12-V applications. The



TABLE II: Comparison of this work with the state-of-the-art regulated 48-to-12-V intermediate bus converters

Reference Max. I, Power density System Efficiency Conversion ratio
Full load: 97.3%
Cascaded hybrid converter Peak: 99.0% 48-to-12 V
(this work) 80 A 3115 W/in®
Full load: 97.4% 54-10-12 V
Peak: 98.6%
. . Full load: 96.7%
3 - -
Vicor DCM3717 [19] 625 A 2613 W/in Peak: 96 8% 54-to-12 V
GaN-based LLC with matrix . 3 Full load: 97.7%
transformer [20] 833 A 677 Wiin Peak: 97.8% 48-t0-12V
. Full load: 97.1%
3 _to-
ABB QBDS128A0B [21] 1283 A 810 W/in Peak: 97.6% 54-to-12 V
. Full load: 95.8%
3 - -
EPC9130 Buck [22] 60 A 1000 W/in Peak: 96 2% 48-to-12 V

second-stage three-level converters have a merged switch node
to achieve natural voltage balancing with a small C,,,;4. The
first stage operates at a ZVS mode to realize soft charging
for all capacitors. The effective load range with soft-charging
capability decreases as duty ratio decreases. A hardware
prototype is built and tested with input voltage ranging from
48 — 60 V and output current up to 80 A. The 3115 W/in®
power density, 98.6% peak efficiency, and 97.4% full-load
efficiency at the 54-to-12-V conversion reflect a dramatic
improvement over the state-of-the-art converters from industry
and academia.
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