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Abstract—This paper describes the topology, fundamental
operations, and key characteristics of a Dual-Phase Multi-
Inductor Hybrid (DP-MIH) Converter for Point of Load (POL)
telecommunication and data center applications. The circuit
topology employs a unique configuration of switched inductor
and capacitor pairs to achieve complete soft charging and native
voltage balancing of flying capacitors regardless of mismatches
and variations in capacitor and inductor values. The converter
topology and its operation are verified by a five-level DP-MIH
converter prototype capable of delivering maximum load of 100A
at 1V-5V regulated output voltages from a 48V input supply. It
achieves 90.9% peak efficiency and 440 w/in® power density for
48V-to-1V conversion and 95.3% and 2200W/in> for a 48V-to-5V
conversion.

Index Terms—Hybrid converter,
switched capacitor network.

complete soft-charging,

I. INTRODUCTION

Monthly global mobile data traffic is expected to surpass
100 ExaBytes (EB) in 2023 from around 20 EB today, and
merely ~2 EB in 2013[1]. This exponential growth has put
a critical pressure on the telecommunication infrastructure,
particularly on the architecture of power supply and distribu-
tion for this massive need. The most challenging components
in the power distribution for telecom power delivery include
the point-of-load (POL) converters connected to the 48V
intermediate bus as shown in Fig. 1[2]. In designing 48-
V PoL converters, transformer-based topologies have been a
popular choice with ones that have achieved a good range of
efficiencies around ~90%[3] and up to 93.4% [4]. However,
to maintain this efficiency range these converters either use
a complicated control scheme or have a limited conversion
ratio range[5]. In addition, bulky transformers are not desir-
able for converters that require both high power density and
large conversion ratios in applications where isolation is not
necessary.

Considering stringent space and load constraints, non-
isolated hybrid DC-DC converter topologies have shown
promising results. Notable examples include the 48V-to-1V
converter reported in [6] aiming at high efficiency and high
power density and the 120V-to-0.9V converter in [7] demon-
strating extremely large direct conversion ratios. Employing
a dual-inductor hybrid (DIH) converter architecture, both
converters demonstrated high efficiencies in a moderate load
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Fig. 1. Telecom power distribution system with 48V POL converters
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Fig. 2. Dual-Phase Multi-Inductor Hybrid (DP-MIH) Converter

range up to 20A. However, the need for a precise capaci-
tor sizing strategy in [7] or a split phase operation in [6]
creates undesirable design complexities that would in turn
limit performance at heavier loads. Related works preceding
these implementations include the Flying Capacitor Multi
Level (FCML) converter reported in [8], the Hybrid Dickson
converter in [9], [10], and the multiphase series capacitor
Buck converter in [11], [12]. These interesting approaches for
non-isolated POL converters still have various short-comings.
Particularly, the FCML converter needs a capacitor voltage
balancing circuit, the Hybrid Dickson converter requires a
split-phase control and published implementations of the series
capacitor Buck converter exhibits efficiency limited to ~90%
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Fig. 3. Operating states of the DP-MIH converter

for a conventional 12V-to-1V conversion. The need for higher
efficiency is perhaps self-evident, but larger conversion ratio,
low output voltage, and extremely high output current are also
critical since they are directly related to the space overhead,
thermal managementand hence cost of the input bus distribu-
tion, and to enabling technology scaling of the load process.
In order to explore the boundaries of hybrid converter capa-
bilities, in this paper we introduce, analyze and demonstrate
a Dual-Phase Multi-Inductor Hybrid (DP-MIH) converter),
shown in Fig. 2. The DP-MIH converter is derived as a
continuation of work from the Dual Inductor Hybrid (DIH)
converters [7], [6], and leverages similarities to the series
capacitor Buck converter. Section II describes the converter
operation and key characteristics, including complete soft-
charging operations of all flying capacitors without any spe-
cific capacitor sizing or split phase control, inherent capability
of providing less voltage stress across switches and inductors,
and the benefits of natively balanced inductor currents. Section
IV presents experimental results that validate advantageous
characteristics in enabling a DP-MIH converter converter
prototype to support large conversation ratios from a 48V
input to 1V-5V output at a maximum current of 100 A, and a
maximum load of 500W. Section V concludes the paper.

II. OPERATION OF THE DP-MIH CONVERTER

The paper focuses on a four-level version of the DP-MIH
converter, ignoring the zero level. It is called a 4-to-1 DP-
MIH converter where four is the number of voltage divisions
created by the switched capacitor network. The converter
circuit is shown in Fig. 2. The converter employs three flying
capacitors, four output inductors, and eight switches. As shown
in Figs. 3 and 4, the converter is operated with 4 switching
states within a switching cycle Ts where States 1 and 3
are also named energizing phases A and B, respectively. In
Fig. 3, red color represents the capacitors getting charged
while blue implies discharging. The charged inductors in Fig.
3 have the correspondingly matching color in the inductor

current waveforms of Fig. 4. The first three inductors and
flying capacitors form three inductor-capacitor pairs where
each capacitor C; is directly connected to and soft-charged
by inductor L; in a charging phase, A or B. The last inductor
L4 only handles soft discharging for the capacitor C's. The
capacitors are open-circuited and inactive during States 2 and
4. Every inductor is charged in one energizing phase, A or B,
and discharges to the output during the other energizing phase
and in States 2 and 4. The converter operation converges to
a steady state as each capacitor gets equivalent charge and
discharge once in every cycle, leading to native capacitor
voltage balance and inductor current balance. Charge for each
capacitor comes from either input voltage source for Cy or
from a capacitor at an immediate higher level in case of
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Fig. 4. Operational waveforms of the DP-MIH converter
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TABLE I
SWITCHING NODE VOLTAGES IN ENERGIZING STATES

L State 1 (Phase A) N State 3 (Phase B)

Switching node voltages Start End Switching node voltages Start Fod
Va1 (Ap) e s Vs (Bp1) Vo ¥ AVe | B — AV
V3(Ap2) e+ AV - AVe Vz4(Bgs) 5 ;i

C5 and Cjs. In other words, flying capacitors discharge to
their immediate lower-level capacitors and inductors except for
Cs, which discharges directly to L. Assuming small voltage
ripples in the capacitors and inductor volt-second balance, the
steady-state Voltages for Cy, Cs, and Cs are found as 3‘{%,
QV%, and m, respectively.As the result, the four inductors
Li_4 are sw1tched by the same voltage swing of % at
switching nodes Vxi_ x4. Each inductor has a charging duty
cycle D, i.e. in Phase A or B, making the output voltage
Vour = D ‘f". This intuitive conversion ratio result implies
a straightforward duty cycle control, allowing for a simple
and efficient output voltage regulation. General expressions
for steady-state voltages at the output and across the flying
capacitors for an N-to-1 DP-MIH converter are given as:

in _ (N=K)Vin
—Dx and Vg, = (N=k)Vin N)
N -1

Vout =

where, k =1,2, ..., M

For the intended operation of the converter, while Phases A
and B need to stay non-overlapped, they are not required to
be evenly distributed in the switching cycle. In general, a
uniform distribution of interleaving phases is preferred since it
minimizes the output current and voltage ripples and enables
load transient improvements as similarly found in multi-phase
Buck converters.

III. NATIVE SOFT-CHARGING AND ANALYSIS OF
SWITCHING NODE VOLTAGES

Native Soft-charging Feature
The key reason why this DP-MIH converter converter can
achieve complete soft charging for all flying capacitors is

evident in its operation in which every capacitor is charged
or discharged by an inductor in series. No capacitor is shorted

— 3 495"

00060000600000 7%
eou:aoeouoﬁe

DSP Cc;nection \

0500600600
odl B’oeeeanoaoon 5
oo

249

Gat Driving
Circuits

Remaining circuit components are at the bottom S|de
Fig. 5. A five-level 100-W DP-MIH converter prototype

in parallel with another capacitor or a low impedance source,
and thus no capacitor hard charging. This beneficial soft
charging is achieved natively without any complicated split-
phase control [13], [6] or capacitor sizing strategy [7]. Native
soft charging is also achieved regardless of variations and
mismatches in flying capacitor values that are oftentimes un-
avoidable because of different bias voltages and manufacturing
tolerance.

Analysis of Switching Node Voltages

As described in the operation of the DP-MIH converter
in Section II, all inductors experience an average voltage
swing of VT and carries an equal average current of %.
When charging and discharging the flying capacitors, this
inductor current generates a voltage ripple of AV across each
flying capacitor. In other words, the voltage across each flying
capacitor has the same swing of A;/ < in addition to its steady-
state average voltage. However, in the operation of converter
shown in Fig. 3, the charging branches, Ag;, Ag, Bgi, and Bg)
in the two phases A and B have different number of capacitors,
i.e. one or two capacitors. Therefore, the voltage swings at the
switching nodes Vxj.x4 have different values, as detailed in
Table 1. Specifically, during the charging phase Vx, and Vx3
experience twice the voltage ripple of Vx; and Vx4, leading
to larger variations in the current slope L, and L3 compared
with L; and L, during energizing phase. However, note that
if this AV¢ is small compared with le", the difference in the
inductor currents is insignificant. In addition, regardless of this
small inductor current mismatch 1) each inductor still maintain
a steady periodic waveforms every cycle, and 2) the feature
of native soft-charging for all the flying capacitor described
above is preserved.

IV. EXPERIMENTAL RESULTS
In order to validate the converter operations and advanta-

geous characteristics, a DP-MIH converter prototype depicted

TABLE 11
MAJOR COMPONENTS

Components Part information
S1,2,3,4 2xEPC2015¢
S5,6,7,3 2xEPC2023

Ch 5.8uF 100V TDK
Cy SuF 100V TDK
Cs 4.3uF 100V TDK
Li_4 1uH Vishay
Isolators Si8423
Gate Drivers LM5114, LMG1205
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TABLE III

COMPARISON CHART

Characteristics DIHC Series Capacitor DP-MIH converter
[6] Buck[11] (This work)
Input voltage 40-54 V 12V 48 V
Output voltage 12V 0.6-1V -5V
Maximum load current 10 A 60 A 100 A
Maximum power 20 W 60 W 500 W
Number of levels 7 5 5

Capacitor sizing and split
phase control

Required

Not required

Not required

Peak efficiency

93% @ 1V/4A

90.3% @ 1V/15A 90.9% @ 1V/30A
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Fig. 6. Measured waveforms of the DP-MIH converter in a 48V-to-2V/I15A
conversion

in Fig. 5 was implemented. The key components used in the
design are listed in Table II. Steady-state waveforms of the
four inductor currents, three flying capacitor voltages, and the
output voltage are shown in Fig. 6, verifying the converter
operation as described in Section II. In these experimental
waveforms, the converter was operated at 167-kHz switching
frequency, converting a 48V input to a 2V output and 15A
load. This switching frequency was specifically chosen to cre-
ate large ripples on the flying capacitor voltages and inductor
currents for convenient measurements. The flying capacitor
voltage waveforms in Figure 6 prove that soft charging is
achieved for all flying capacitors while the inductor current
waveforms demonstrates uniform current distribution for all
inductors. To obtain the efficiency in in Fig. 7, the converter
was operated at an optimal switching frequency of 333 kHz
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Fig. 7. Measured efficiency of the DP-MIH converter operated at 333 kHz.

for voltage conversions from a 48V input supply to an output
regulated at 1V to 5V with a load current up to 100 A. The
converter achieves peak efficiencies of 90.9% for a 1V/30A
output, 93.6% for 2V/35A and 95.3% for 5V/40A. The ef-
ficiency measurements take into account all the powertrain
components as well as gate driving losses. Considering key
power conversion components, the converter achieves a power
density of 440 W/in® at 1V and 2200 W/in® at 5V and a current
density of 440 Afin’.

The DP-MIH converter converter prototype is compared
against previous works in Table III. Compared with the series
capacitor Buck converter [11], this DP-MIH converter con-
verter achieves a similar peak efficienciy for 1-V output while
supporting 4X conversion ratios, i.e. from 48V input instead of
12V, 1.6X maximum current capability, and 2X current at peak
efficiency. Compared with the DIH converter in [6],it achieves
10X maximum output current and 25X output power.

V. CONCLUSION

In this paper, a Dual-Phase Multi-Inductor Hybrid (DP-
MIH) converter was presented with operation analysis and
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experimental results. The converter exhibits a superior con-
figuration and performance at higher loads compared with the
state-of-the-art designs because of its unique hybrid topology
configuration and operation that enables complete native soft
charging in all flying capacitors without requiring any complex
control or capacitor sizing method. A 500-W experimental
prototype successfully demonstrates the intended operation
and characteristics, achieving 90.9% peak efficiency for a 48V-
to-1V conversion and regulating an output up to 5 V with loads
up to 100A.
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