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Abstract—Achieving high-efficiency power conversion with high
power density for a large conversion ratio is crucially needed
yet challenging in point-of-load applications because of increasing
demands of loads. This article presents a new hybrid converter to
address this need. The converter uses two interleaved inductors
for complete soft charging of flying capacitors to provide high
output currents with no capacitor hard-charge loss. This dual
inductor hybrid (DIH) converter features a smaller number of
switches and more effective switch utilization than a recently re-
ported hybrid Dickson converter, yielding substantially less switch
losses represented by smaller volt–ampere products and smaller
equivalent output resistance. Converter operation principle is an-
alyzed in detail to confirm the feasibility and benefits, and design
considerations are provided to identify a practical design process.
Experimental results verify the converter’s operation principles
and advantages with a 300-kHz 20-W prototype achieving 95.02%
peak efficiency and 225-W/in3 power density. The converter’s ad-
vantages and performance make the point-of-load converter ar-
chitecture a good candidate for demanding applications, such as
in data centers, telecommunications, and high-performance digital
systems.

Index Terms—GaN devices, hybrid converter, inductor current
sharing, point-of-load, power density, soft charging, switched-
capacitor converter.

I. INTRODUCTION

W ITH drastically increasing demands for cloud comput-
ing and big data processing, the electric energy con-

sumption of data centers in the U.S. is expected to reach 73
billion kWh by 2020 [1], accounting for about 2% of U.S
electricity consumption. A large portion of this consumption
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is caused by losses in inefficient power delivery architectures
that require a lot of attention and improvement [2]–[4]. As
the required distribution currents keep increasing for more de-
manding digital loads, the conventional 12 V bus architecture
exposes increased losses, complexity, and cost for interconnec-
tion and power delivery. To address these issues, the 48-V bus
architecture has emerged as a new industry standard, employed
by Google, HP, and other prominent data center designers and
users [5]. However, the large conversion ratio from a four times
higher input voltage, i.e., nominally 48 V, to core voltages,
i.e., approximately 1–1.8 V, poses significant challenges in
the design of point-of-load voltage regulator modules (VRMs)
[6]–[9], pressing for high efficiency and high power density for
installations in the vicinity of CPUs.

To deal with the challenges in the 48-V VRM, new ideas
and improvements have been proposed and implemented. The
Center for Power Electronics Systems (CPES) proposed a two-
stage 48-V VRM architecture using a 48 to 12 V LLC converter,
which uses a matrix transformer to achieve 850 W/in3 power
density, cascaded by 12 to 1.8 V multiphase buck converters
[4]; however, the two-stage structure appears to be the main
cause for its efficiency limit of 91%. The switched tank converter
(STC) reported in [10] is another potential solution for a 48-V
VRM with two-stage approach. The STC replaces some of the
flying capacitors of the Dickson switched-capacitor converter
with resonant tanks to achieve soft charging of capacitors and
zero-current switching of switches, which leads to high effi-
ciency and high power density. Although the STC 48 to 12 V
reportedly achieves 97.18% and 750 W/in3 [11], the subsequent
regulation stage needed for 12 to 1 V would limit the overall
performance, or its unregulated output can be addressed by the
partial power architecture at the cost of complexity [12].

To overcome the limited efficiency of the two-stage structure,
hybrid converters bridge the large conversion ratio by efficient
utilization of passive components [13], [14]. The seven-level
flying capacitor multilevel (FCML) converter presented in [13]
converts 48 to 2 V using 12+ 1 switches, 5 flying capacitors, and
1 output inductor. In N-level multilevel converters, the inductor
can be significantly reduced compared to a conventional buck
converter counterpart, but it requires 2(N − 1) switches, half
of which experience the output current in operations, leading
to large conduction losses in low-voltage, high-current applica-
tions, such as in data centers. Another hybrid converter based
on a Dickson switched-capacitor converter can be a potentially
better candidate for the 48 V-VRM, thanks to reduced stresses
on the switch voltage and switch current as well as efficient
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Fig. 1. 6-to-1 hybrid Dickson converter.

Fig. 2. DIH converter (case of 6-to-1 division in the drawing). It has inter-
leaved dual inductors that are self-balanced and enable soft charging of flying
capacitors.

charge delivery performance [14]. The hybrid Dickson converter
shown in Fig. 1 (6-to-1 division) reported in [14] uses a single
inductor at the output to achieve complete soft charging for the
flying capacitors. A shortcoming of this converter is exposed
in low-voltage, high-current applications that require large con-
version ratios and thus small duty cycle. Although the upper
switches, S1-6, need to conduct only input current, the bottom
switch pairs, S7,9 and S8,10, need undesirable series connections
when carrying the output current in the inductor’s freewheel-
ing mode, leading to high conduction losses (more details in
Section III).

In this article, a dual inductor hybrid (DIH) converter, orig-
inally reported in [15], also based on a Dickson switched-
capacitor converter, is analyzed to effectively address the draw-
backs of the conventional approaches. The DIH converter is
also referred as DIHC in [15]. The DIH converter, shown in
Fig. 2, employs two interleaved inductors at the output and
eliminates two large synchronous switches, S9 and S10, that are

required in the configuration of the hybrid Dickson converter
shown in Fig. 1. These modifications enable the DIH converter
to have nearly two times lower dc output resistance contribu-
tion from the conduction of switches and flying capacitors and
thus approximately two times smaller conduction losses than
the hybrid Dickson converter. In addition, the two interleaved
inductors with naturally self-balanced currents provide the DIH
converter with the same benefits of multiphase converters suit-
able for high-current applications [16] without additional current
balancing complexity. Split-phase operation, having sub-modes
during a phase, proposed in [14] is employed in the DIH
converter to achieve complete soft charging for all the flying
capacitors. The efficient hybrid operation of DIH converters,
merging switched-capacitor and switched-inductor converters,
provides an effective way to achieve high power density by
increased capacitor utilization with soft charging to allow for
a large flying capacitor voltage ripple and by favorable inductor
design with reduced inductor voltage stress, without increasing
switching frequency (more details in the following sections).
To validate the claim of the new converter’s key benefits, a
300-kHz prototype converter with 225-W/in3 power density is
demonstrated.

The rest of this article is structured as follows. Section II
describes the proposed DIH converter’s circuit operation.
Section III provides its steady-state characteristics to identify
its key features and advantages. Design considerations for the
converter realization are presented in Section IV. Experimental
results of the converter prototype are presented in Section V,
and this article concludes in Section VI.

II. CIRCUIT OPERATION OF DIH CONVERTER

This section provides an analysis of the converter operation
to reveal its operation principle.

A. Operation Principle of DIH Converter

This section investigates a 6-to-1 DIH converter shown in
Fig. 2, and the following analysis can be extended to its varia-
tions using different divisions, i.e., N-to-1 DIH converter, e.g.,
10-to-1 using 12 switches and nine capacitors, for different
operating conditions and optimization strategies. Because an
odd-numbered division DIH converter, e.g., 7-to-1, obtains sig-
nificantly different original features, including inherent capaci-
tor soft charging by capacitor sizing and inductor current offset,
the majority of the discussion in this article applies only to
even-numbered division DIH converters (see [17] for further
details). The 6-to-1 DIH converter employs five capacitors, C1-5,
with equal capacitance and two identical inductors, L1,2. In
steady state, the capacitor voltages, vC1, vC2, vC3, vC4, and
vC5, are assumed to have the same small voltage ripple, ΔvC ;
and the average voltages, VC1, VC2, VC3, VC4, and VC5, prove
to be 5

6Vg,
4
6Vg,

3
6Vg,

2
6Vg, and 1

6Vg , respectively. The identical
average currents and capacitor voltages are proved in Section
II-B. The converter can be modeled as shown in Fig. 3 where
the flying capacitor network operates as an N-to-1 dc transformer
(dcX) followed by an interleaved buck converter. Detailed circuit
operations and analyses are presented in the following sections.
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Fig. 3. Equivalent circuit of DIH converter in steady-state operation with ideal
flying capacitor network operation assumed. The capacitor network serves as an
N-to-1 dc transformer, and the rest of the converter operates as an interleaved
buck converter.

The DIH converter operation can be explained using five
equivalent circuits of five operation modes shown in Fig. 4
together with the operating waveforms of capacitor voltages
vC1−5 and inductor currents iL1−2 in Fig. 5. To facilitate mode
analysis and to provide the insights of the converter operation,
the capacitor ripple voltages and inductor ripple currents are
assumed to be small [18]. Having the two sub-modes, called
split-phases, modes 1a and 3a, allows the converter to achieve
complete soft charging in the same mechanism of the hybrid
Dickson converter in [14]. Theoretically, assuming small in-
ductor current ripple, modes 1b and 3b are equally timed and
twice longer than modes 1a and 3a or Ds = 1/3D in case of a
6-to-1 DIH converter. In practice, the ratio would be optimally
engineered considering the inductor ripple to achieve complete
capacitor soft charging (see more details in Sections IV-C). The
ratio of mode 1 (1a + 1b) or mode 3 (3a + 3b) to the rest of
a period determines the converter duty cycle D as illustrated in
Fig. 5, and it is used to regulate the converter output, similar to
conventional pulsewidth modulated (PWM) power converters.
With these considerations, the converter operates as follows.

Mode 1a starts with S2, S4, and S8 turned ON, forming two
parallel branches of two series-connected capacitors, C1-C2 and
C3-C4, sharing the current IL1, while C5 is open-circuited and
conducts no current. Switching node vx1 receives 1

6Vg from
the capacitors, charging L1. S8 conducts iL1 + iL2 with L2

discharging, as displayed in Fig. 4(a). Compared with mode
1a, mode 1b, illustrated in Fig. 4(b), has S6 turned on to add an
additional branch of single capacitor C5 to the capacitor network
sharing IL1. With half equivalent capacitance compared with
the C5 branch, C1-C2 and C3-C4 branches conduct only IL1

4 ,
whereas C5 conducts IL1

2 , leading to two times lower charg-
ing/discharging slopes for C1-4, as illustrated in Figs. 4(b) and 5.
Since all capacitor branches equate same voltages, switching
node voltage remains at 1

6Vg and continues charging L1 as

vx1 ≈ VC1 − VC2 = VC3 − VC4 = VC5 =
1
6
Vg. (1)

In Mode 2, similar to synchronous buck converters, the
freewheeling switches S7 and S8 conduct discharging inductor
currents, iL1 and iL2, respectively, whereas high-side switches
S1-6 stay turned off, opening the capacitors and leaving their
voltages unchanged, as illustrated in Figs. 4(c) and 5.

Mode 3a begins with S3, S5, and S7 turned on, initiating
the same charging/discharging currents, IL2

2 , on two capacitor
branches, C2-C3 and C4-C5, in the opposite direction compared

Fig. 4. Equivalent circuits of DIH converter in different modes: (a) Mode 1a.
(b) Mode 1b. (c) Mode 2. (d) Mode 3a. (e) Mode 3b.
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Fig. 5. Circuit operation of 6-to-1 DIH converter.

with modes 1a and 1b. S7 conducts the sum of two inductor
currents, similar to S8 in mode 1a, as noted in Fig. 4(d). In mode
3b, C1 connected toVg by S1 conducts IL1

2 , changing the currents
through the other capacitors to IL2

4 and, as a result, reducing the
current on S7 by half of IL2, as stated in Fig. 4(e). It is the
same with mode 1: switching node voltage vx2 is defined by the
capacitor branch voltages, expressed as

vx2 ≈ Vg − VC1 = VC2 − VC3 = VC4 − VC5 =
1
6
Vg. (2)

Mode 2 again follows mode 3 and completes one switching
period.

By recognizing the voltages applied to the inductor L1, the
inductor current iL1 can be expressed as

iL1 (t) = IL,min +

(
1
6Vg − Vo

)

L1
(t− To) (3)

in modes 1a and 1b and

iL1 (t) = IL,max − Vo

L1
(t− T1b) (4)

in the rest of the modes or when T1b ≤ t ≤ T0 + Ts. The equa-
tion for L2 can be similarly derived, and the two inductors are
operated in interleaved manner, just like the interleaved buck
converter [19]. This original feature is desirable for high-current
applications since the interleaved inductor operation implies
favorable inductor sizing and thus a better loss factor compared
to a single-inductor hybrid Dickson converter [20], which is
discussed in more details in Section II-B. Due to the integrated
interleaved operation, duty cycle D is limited to 50%.

With the discussed converter operations, all flying capacitors
are soft charged/discharged with inductor currents and thus
without hard charging loss, which is 0.5C(ΔvC)

2 in conven-
tional switched-capacitor converter modeled as slow-switching
limit [21]. This is a key advantage of the proposed converter,
especially for high-power and high-current applications. As
the flying capacitors achieve complete soft charging, the DIH
converter can reduce capacitor size while operating at a lower
switching frequency, avoiding the fundamental tradeoff between
capacitor size and switching frequency requirements in regular
switched-capacitor converters [22]–[24].

In addition, the inductors can be favorably sized small by
the hybrid operation without increasing switching frequency for
high power density and large conversion ratios because of the
reduced switching node voltage, i.e., vx1,2 only switch between
1
6Vg and 0, similar to the three-level or multilevel topologies
[25], [26].

B. DC Characteristic and Inherent Inductor Current Balance

According to the volt-second balance of the inductor, DIH
converter’s ideal voltage conversion ratio is defined as

Vo

Vg
=

D

N
(5)

where N is the number of division (N = 6 for the DIH converter
in Fig. 2), compared to Vo

Vg
= 2D

N in the hybrid Dickson converter
[14]. With two times larger duty cycle, the DIH converter design
can have more relaxed timings of high-side switches for the
same conversion ratio, or support a two times larger conversion
ratio with the same duty-cycle timing constraints. Since the
switching-node voltage swing, vx1,2, is reduced by N times
compared to the buck converter counterpart, and the output
capacitor receives interleaved inductor currents, its output filter
inductors and capacitor can be significantly reduced for the same
output ripple [19].

While balancing inductor currents is a real design challenge
in conventional interleaved buck converters, the two inductor
currents of the DIH converter are guaranteed to be balanced,
i.e., IL1 = IL2, by nature of the flying capacitors’ operation.
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The periodic charges delivered to L1 and L2 are guaranteed to
be identical by charge balance of flying capacitors in steady
state. Therefore, with the same charge time,DTs, average values
of the two inductor currents remain same even with different
inductances and/or different resistive components. In detail, to
satisfy the charge balance of capacitor C1, the net charge for the
capacitor over a cycle should be zero, that is

∫ T0+Ts

T0

iC1dt = 0. (6)

With the analysis in Section II-A and small ripple approxi-
mation

∫ T0+Ts

T0

iC1dt = − IL1

2

(
DA

3
Ts

)
− IL1

4

(
2DA

3
Ts

)

+
IL2

2

(
2DB

3
Ts

)
. (7)

As a result, the two inductor current averages are guaranteed to
be equal, i.e., IL1 = IL2, as long as the capacitor charge balance
is satisfied and DA = DB , where DA (DB) is the duty cycle of
PWM A (PWM B) shown in Fig. 5. Note also that the sensitivity
of inductor current mismatch, i.e., IL1 �= IL2, caused by varia-
tions in duty cycles, DA �= DB , is unity. Therefore, balanced
inductor currents are indeed achievable with high-resolution
duty cycle controls in today’s digital controllers.

Similar to the charge balance used to prove the identical
inductor average currents, the volt-second balance of the two
inductors can be used to find the average values of the capacitor
voltages. To satisfy the volt-second balance of the two inductor
currents in steady-state operation
∫ T0+Ts

T0

vL1dt = (Vx1 − Vo)DTs − Vo (1 −D)Ts = 0 (8)

for L1, and
∫ T0+Ts

T0

vL2dt = (Vx2 − Vo)DTs − Vo (1 −D)Ts = 0 (9)

for L2, which yieldsVx1 = Vx2. Combining this equality, (1), and
(2) to solve the average capacitor voltages yields VC1 = 5

6Vg ,
VC2 = 4

6Vg , VC3 = 3
6Vg , VC4 = 2

6Vg , and VC5 = 1
6Vg.

III. STEADY-STATE ANALYSIS OF DIHC

As expressed in the ideal voltage conversion ratio (5), the
DIH converter has an approximately two times longer charge
time than a hybrid Dickson, implying better switch and capacitor
utilization or reduced conduction loss with the same switch and
capacitor. To quantitatively evaluate this statement, this article
provides two analyses: analysis on the total switch volt–ampere
(V–A) product and average model to compare the DIH converter
with different topologies for the same input–output operating
condition.

A. Total Switch Volt–Ampere Product Analysis

The total switch V–A products, i.e., the sum of the products
of the switch voltage and current stress, can be used to evaluate

Fig. 6. V–A metric comparison. DIH converter improves the V–A metric
compared to hybrid Dickson by having less current stress.

the switch utilization of the power conversion circuits [21]. The
V–A metric, together with its dual the G–V2 product, where G
is the switch conductance, allows comparing the fundamental
performance of different converters given a total switch size
constraint in practical semiconductor implementation.

Noting peak voltage and current stress on each switch for
N-to-1 DIH converter yields

V ADIH =
2VgIo

N
(
N
2 + 1

) +
(N − 2)VgIo

N
(
N
2 − 1

) +
2VgIo
N

. (10)

In (10), the first term on the right-hand side represents the
contribution of S1 and SN considering Vg

N voltage stress and
the peak current stress of Io

(N
2 +1)

during modes 3b and 1b; the

second term for (N − 2) switches, from S2 to S(N−1), having

peak stresses of 2Vg

N and Io
2(N

2 −1)
; and the third term for the two

bottom switches, SN+1 and SN+2, with peak stresses of Vg

N and
Io. On the other hand, the V–A metric for the hybrid Dickson
converter is derived as

V AHD =
4VgIo

N
(
N
2 + 1

) +
2 (N − 2)VgIo

N
(
N
2 − 1

) +
2VgIo
N

. (11)

Compared with the DIH converter, the hybrid Dickson con-
verter has two times the peak current on the top switches, S1−N ,
and half the current stress on each of the four bottom switches,
S(N+1)−(N+4), while having the same voltage stresses. Fig. 6
illustrates the two V–A metrics. Compared with a buck converter
counterpart, the metrics are normalized by 2VgIo. As shown
in Fig. 6, the improvement in the V–A metric by the hybrid
converters from the buck converter increases as the division N
increases, implying they would be more favorable in applications
that require a large conversion ratio. In addition, with a lower
V–A metric, the DIH converter can achieve a higher conversion
with a simpler structure compared with a hybrid Dickson, e.g.,
an 8-to-1 DIH converter has the same V–A metric with a 12-to-1
hybrid Dickson but requires six switches less.

B. Average Model

As an additional measure for topology merit comparison,
the average models of the DIH converter and hybrid Dickson
converter are derived. The converter average model, shown in
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TABLE I
AVERAGE MODEL PARAMETER COMPARISON OF THE DIH CONVERTER AND HYBRID DICKSON

Fig. 7. Analysis of equivalent output resistance using average model.
(a) Average model of a converter with an ideal 1:M dc transformer for conversion
ratio modulation and a lumped output resistance Rout to represent loss factors.
(b) Output resistance comparison of DIH converter to hybrid Dickson.

Fig. 7(a), can capture key dc characteristics, such as input-
to-output voltage conversion ratio incorporating the effect of
power processing losses. It can also be used to compare different
topologies at different conditions [18], [21]. In this modeling
approach, it is necessary to derive key loss factors and the
equivalent output resistance Rout for the two converters.

Since the two converters have similar switching operations,
i.e., two effective turn ON and turn OFF times in a period,
and thus similar switching losses, this article focuses only on
the conduction loss of switches that is the key factor to drive
the difference in the converters’ losses. Identifying the current
conduction of individual switches, as illustrated in Fig. 4, and
deriving loss equations as a function of output current leads
to different coefficients of loss contributions. Table I presents
average-model parameters of the conversion ratio and dc output
resistance considering switch rms currents for the two N-to-1
division converters, where Rs,i is the on-resistance of Si. In
both converter average models, power switches are assumed to
conduct constant current (fraction of inductor current) during
DTs, i.e., assuming small inductor current ripples.

Fig. 7(b) illustrates a representative set of output resistances
calculated using practical GaN switches: EPC2014C (40 V,
16 mΩ) for top switches S1-6 and EPC2023 (30 V, 1.45 mΩ) for
bottom switches S7-10 in two 6-to-1 converter implementations.
The analysis shows that the DIH converter achieves approxi-
mately two times smaller Rout as a result of a combination of two
times longer on-time for the top switches (1/2 rms2 → 1/2 loss)
and half the number of bottom switches. This advantage of two
times lower switch conduction loss indicates the DIH converter
is a more favorable option for applications that require high
output currents while still supporting large conversion ratios.

IV. DESIGN CONSIDERATIONS

Since the DIH converter circuit has the unique features, it
is necessary to acquire design insights through discussions on
design considerations for practical converter implementation. In
addition, in this section, effects of nonidealities, such as finite
inductance (nonzero inductor current ripple), dead-time control,
and body diode forward voltage drop will also be discussed.

A. Converter Circuit Configuration

Since the flying capacitor network operates as a dcX to reduce
the voltage swing at the inductors’ terminals, the converter has
a higher duty cycle for the same conversion ratio and thus lower
rms currents and less conduction loss. On the other hand, the
presence of the flying capacitor network fundamentally limits
the converter conversion ratio range. While the conversion ratio
of a buck converter ranges from 0 to 1, the DIH converter has
its range limited to Dmax

N , as expressed in (5). In other words,
given an N division from the flying capacitors, the worst-case
maximum output voltage is determined by

Vo,max = Dmax
Vg,min

N
, and N < Dmax

Vg,min

Vo,max
(12)

where Vg,min is the minimum input voltage, and vo,max is the
maximum output voltage. This relationship in (12) indicates a
limit on the value of N. For example, for a power conversion
from an input of 40–54 V to an output of 1–2 V, the theoretical
maximum number of divisions, N, is 10 (8, if the dead time and
engineering margin are considered), considering the worst-case
input and output voltages, Vg,min and Vo,max, are 40 V input and
2 V output, respectively.

In addition to considering the maximum division number, the
converter design should account for the device availability with
certain voltage and current ratings available. Since the switch
voltage ratings available in the market are discontinuous—e.g.,
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15, 30, 40, or 60 V—this discontinuity should be considered for
optimal switch selection to maximize converter performance.

Although the switched-capacitor network brings the multiple
benefits in the DIH converter, this comes at a cost of increased
complexity in switch drivers and control. As the converter
controls more switches, managing the PWM signals would
require more attentions, e.g., matching the propagation delays
of multiple gate drivers.

B. Switching Interval and Dead-Time Control

The switching behavior of the DIH converter is similar to
the conventional synchronous buck converter: upper switches,
S1−N , are hard switching (like the high-side switch of the buck),
and the bottom switches are zero-voltage switching (ZVS) turn
ON (like the low-side switch of the buck) with sufficient dead
time. In the DIH converter, four dead time intervals exist: the first
two are hard switching, and the latter two are ZVS—between
modes 2 and 1a, modes 2 and 3a, modes 1b and 2, and modes
3b and 2. Transitions from the split-phase operation to the rest
of a phase causes negligible switching loss (see Section IV-D).

Since the converter switching loss mechanism is similar to the
synchronous buck converter, dead-time control can be designed
by considering the switch turn ON and OFF characteristics and
body diode commutation depending on the inductor current
(load condition). To optimize the switching loss during the soft
transitions (ZVS), the effect of different load conditions and
body diode commutation should be taken into account [27].

Especially when the GaN switch is used, dead-time control
should be carefully designed because of its higher forward
voltage drop, i.e., about 2 V, though it does not have diode reverse
recovery. Use of the Schottky diode in parallel with the bottom
switches alleviates the adversary effect of a fixed dead time and
parameter variations.

C. Split-Phase Operation in Practical Designs

The small-ripple inductor current assumption (zero ripple)
used in Section II and Section III facilitates the analyses that pro-
vide insights into the converter operation and hold their validity
in reasonable operating conditions, i.e., when the inductors’ dc
currents are significantly larger than their ripples. However, with
the demand for higher power density under which inductors’
sizes and values are forced smaller or at relatively lighter loads
when inductor current ripples become significant compared with
dc currents, the assumption and split-phase timing calculation
described in Section II incurs errors, leading to partial hard
charging and thus reduced converter efficiency. Therefore, it
is necessary to develop a more rigorous method to calculate
split-phase timings that consider inductor current ripples to
achieve complete capacitor soft charging. To this point, a general
expression for the split-phase operation is derived for both ideal
and nonideal conditions, i.e., finite inductance and switching
frequency.

To derive a general expression for the split-phase for the ideal
condition, the charge balance of flying capacitor C1 for N-to-1

Fig. 8. Split-phase factor comparison to analyze effects of inductance,
switching frequency, and load conditions on the actual split-phase factor.

Fig. 9. Graphical explanation of the need for split-phase interval increase.

DIH converter is used
∫ T0+Ts

T0

iC1dt =
2IL (D −Ds)Ts(

N
2 + 1

) − IL(D −Ds)Ts(
N
2 + 1

)

− ILDsTs(
N
2 − 1

) = 0. (13)

Rearranging (13) for the split-phase duty cycle, Ds, yields

Ds =

(
N − 2

2N

)
D = kidealD. (14)

Fig. 8 provides a graphical presentation of the ideal-case split-
phase factor kideal. As the division number increases, the portion
of the split-phase to the total on-time approaches to 0.5 due to the
reduced current difference between the split-phase and normal
mode.

In a practical design where the inductor current ripple is
significant, note that the split-phase starts at the valley of the
inductor current waveforms, indicating that the value of actual
DsTs needs to be larger, i.e., kactual > kideal, as illustrated in
Fig. 9. The actual split-phase factor kactual required for complete
soft charging can be derived by noting the time interval to obtain
an extra charge matched with the deficient charge in Fig. 9,
that is

(N − 2)
2N

ILDTs =

∫ T0+ts

T0

(
IL,min +

Vx − Vo

L
τ

)
dτ. (15)
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Fig. 10. Equivalent circuits during. (a) Mode 1a. (b) Mode 3a.

Solving (15), a second-order polynomial, yields

ts=
−IL,min+

√
I2
L,min− (Vx−Vo)(N−2)

L·N ILDTs

(Vx − V0) /L
=kactualDTs.

(16)
Therefore, kactual =

ts
DTs

. Impacts of inductance, switching
frequency fs, and load condition on the actual split-phase timing
can be evaluated by a graphical approach. The condition of the
baseline case is 48 to 1.6 V, L = 1.5 μH, fs = 300 kHz, and
Io = 10 A. Compared to the ideal condition, a longer split-phase
interval is required for soft charging. Inductance increase re-
duces the additional time needed resulting from the decrease of
deficient charge. The switching frequency change has the same
effect with that of the inductance since it scales the inductor
current ripple in the same way; i.e., two times the frequency has
the same effect of two times the inductance.

On the other hand, the load condition heavily affects the
split-phase factor since it exponentially changes the proportion
of the inductor current ripple (deficient charge) to the average
dc current (total charge). In addition, this implies that a fixed
split-phase factor can cause partial capacitor hard charging off
the design point and that it can be challenging to achieve com-
plete soft charging across all operating conditions. On the other
hand, the loss from partial hard charging may not be significant
since it is proportional to IL2, showing a drastic decrease at light
loads. Alternatively, an adaptive split-phase control for this loss
minimization can be programmed on the controller based on this
analysis.

D. Capacitor Sizing Considering Switch Limitation

Provided that the split-phase operation is accurate to obtain
complete soft charging, i.e., switched-capacitor loss is elimi-
nated, the DIH converter can theoretically allow large voltage
ripple on the flying capacitors and thus allow smaller capacitors
for higher power density. In practice, however, the maximum
capacitor voltage ripples should be limited considering switch
voltage stresses. Fig. 10 illustrates the equivalent circuit dur-
ing the split-phase to demonstrate the switch voltage stresses.
This representation identifies that the split-phase operation is
available because of the switch body diode blocking the voltage
difference between the branches. Specifically, the following
conditions:

(vC1 (T0)− vC2 (T0))− vC5 (T0) = vf6 (T0) < vf,th (17)

Fig. 11. 6-to-1 DIH converter prototype for 40–54 V to 1–2 V/10 A.

for the beginning of mode 1a and

(vC2 (T2)− vC3 (T2))− (Vg − vC1 (T2)) = vf1 (T2) < vf,th
(18)

for the beginning of mode 3a should be satisfied to obtain
complete soft charging. vf,th is the threshold voltage to turn
on the switch body diode. Deriving the voltage compensation
during the split-phase operation yields

vf6 (T0) = vf1 (T2) =
2ILDsTs(
N
2 − 1

)
C

(19)

and, as a result, the minimum capacitance to achieve complete
soft charging without turning on the switch parasitic body diodes
is found as

Cmin =
2ILDsTs(

N
2 − 1

)
vf,th

. (20)

The Efficient Power Conversion Corporation (EPC) GaN
devices used in this article have a 1.5–2.0 V source-to-drain
forward threshold voltage that should be taken account in the
converter design process.

Another design consideration on the capacitor sizing is the
switching loss. Since the capacitor voltage swing reflects on the
switching nodes and thus its associated switches, the excessive
voltage swing aggravates the switching loss, a function of V 2

x

during mode transitions, especially the switching loss of the
bottom switches.

V. EXPERIMENTAL VERIFICATIONS

To verify the feasibility of the new converter topology, a 20 W
48-V VRM prototype is implemented. The printed circuit board
implementation is shown in Fig. 11. The 6-to-1 DIH converter
prototype is designed based on the discussions in Section III
and Section IV. The design of the converter can differ with
different objectives, taking into consideration the representative
trade-off between complexity/cost and benefits from reduced
voltage stress and favorable inductor design. Low-voltage EPC
GaN devices are used for switches. Switch on-resistances can
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TABLE II
CIRCUIT COMPONENTS AND PARAMETERS

Fig. 12. Prototype operation waveforms at 48 to 1.8 V under 10 A.
(a) Output regulation waveforms including inductor currents and switching
nodes. (b) Flying capacitor voltage waveforms.

be determined based on the average model to identify desirable
loss contributions and availability. Since the tradeoff between
the on-resistance (conduction loss) and drain-to-source capac-
itance (switching loss) is similar to that of the conventional
converters, the design can be finalized with a traditional design
methodology [28].

The flying capacitors are designed according to the dis-
cussions in Section IV, eventually using (20), to avoid hard
charging with selected switch devices. Considering the con-
verter input and output conditions, the minimum capacitance of
1 μF, identified by (20), is used for flying capacitors. Capacitor
parts are strategically selected to achieve the same effective

Fig. 13. Measured efficiency of prototype. (a) Efficiency at 48 V input with
different output voltages. (b) Efficiency at 1.8 V output with different input
voltages.

capacitance considering the capacitance degradation with higher
bias voltages.

The split-phase operation is achieved by programming a
constant split-phase interval, k = 0.4, to achieve complete
soft charging at the full load condition from (16). Cascaded
bootstrap-driven and gate-driven switch gate drive circuits are
employed to drive multiple floating switches from a grounded
voltage supply [29]. The component selections and specifica-
tions are given in Table II.

The key operation waveforms of the prototype at the 48–
1.8 V/10 A condition are shown in Fig. 12. Comparable to
the operation described in Section II and depicted in Figs. 4
and 5, the experimental waveforms of the prototype confirm
the desirable operation and characteristics. In Fig. 12(a), the
two interleaved inductor currents are naturally balanced by the
inherent capacitor charge balance with no need for an additional
current balancing method. Fig. 12(b) captures the flying capac-
itor voltages in steady-state operation. As expected from the
analysis, all capacitors are soft charged by the inductor currents
and split-phase operation. No significant voltage jump, indicat-
ing hard charging, is visible in the capacitor voltage waveforms.

Fig. 13 displays the measured efficiency of the prototype
converter with different output voltages, 1–2 V, from a 48 V
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TABLE III
COMPARISON OF THE DIH CONVERTER TO DIFFERENT SOLUTIONS FOR DATA CENTERS

input and different input voltages, 40–54 V, for 1.8 V output,
respectively. Owing to the superior output resistance by reason-
able on-time and excellent switch utilization, soft charging for
all capacitors, and interleaving benefits, the converter achieves
95.02% peak efficiency, and 225 W/in3 power density consider-
ing the power conversion components. It is also beneficial that
the converter efficiency is kept higher than 90% down to 20%
load in data center applications where light load efficiency is
also important for energy savings.

Table III compares the state-of-the art technologies for the
48 V core application highlighting the DIH converter in superior
efficiency, and relatively simple structure (number of active com-
ponents). Simple operations and increased duty cycle promise
high potential to further increase the converter power density
with optimized and/or integrated design, e.g., integrated circuit
implementation to incorporate switch, control, and drive circuits
into a chip.

VI. CONCLUSION

This article presented a new hybrid converter using a
switched-capacitor network and two interleaved inductors for
high efficiency and high power density. By streamlining the
power conversion structure and, as a result, eliminating two
freewheeling switches, the converter achieves an approximate
two times improved output resistance in conduction losses
compared with the recently proposed hybrid Dickson converter
counterpart. Interleaved dual output inductors bring the bene-
fits of the multiphase interleaving architecture for high-current
applications with inductor currents naturally balanced by the
flying capacitors’ charge balance. Based on the detailed analyses
of the converter operation and design considerations for con-
verter realization, a 20 W proof-of-concept prototype verified the
converter’s desirable operations and characteristics, achieving
95.02% peak efficiency and 225 W/in3 power density.
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