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Abstract—In this paper, a new isolated DC-DC converter is
proposed and demonstrated for Point-Of-Load (POL) applica-
tions in data centers. The converter includes a novel architecture
where a stacked switched-capacitor (SC) stage provides an
efficient course step-down and reduces the voltage swing for the
transformer and inductive stage. Compared with a conventional
Dickson SC converter, the new SC stage features an advantageous
2X reduction in maximum operating voltage for flying capacitors,
enabling capacitor size reduction. Through the transformer, two
inductors at the output stage provide soft-charge and soft-
discharge operations for the primary side flying capacitors and
ensure a lossless capacitive power transfer operation. To support
higher input voltages and larger conversion ratios, multiple
modules of the proposed converter can be stacked in a series-
input/parallel-output configuration. This modular architecture
provides advantages of differential power processing with re-
duced input voltage and processed power for each converter
module. A prototype of the modular architecture has been
demonstrated for a 100V-to-3V point-of-load conversion with a
maximum load of 60A. The peak efficiency of 91% is achieved
at S7TW/20A output.

Index Terms—Hybrid Converter, Switched Capacitor, Multi
Inductor Converter, Isolated, Modular, Capacitor Sizing.

I. INTRODUCTION

DC-DC converters with large conversion ratios are required
in many applications, such as automotive, data centers, solar
plants, etc. Recently, the demand for high voltage buses has
been much more severe because of the increased current from
or to the bus for high demand on the user’s end, leading to
significant relevant efforts from the industry and academia.

In data centers, last-centimeter conversion capable of sup-
plying a moderate conversion ratio of 48V to 1-3.3V is desir-
able in recent emerging power delivery architecture. Recent
demonstrations of different non-isolated DC-DC converter
topologies for this application include a two-stage architecture
with a 12V intermediate bus in [1] or a single-stage direct-
conversion solution from 48V to core voltages in [2], [3].
In the non-isolated category, these solutions are switched-
capacitor-based hybrid converters with or without regulation
[1], [2]. In the isolated category, LLC and ICN-based converter
have been also demonstrated [3]-[6]. In this work, we are
proposing a new architecture with a combination of switched-
capacitor and transformer stages. The switched capacitor (SC)
stage tolerates the high input voltage while the transformer

stage provides isolation capability. In this design, to improve
the output current capability a current doubler rectifier is
employed at the secondary side of the transformer. The con-
verter architecture is called Isolated Vertically Symmetric Dual
Inductor Hybrid (IVS-DIH) converter as it has two output in-
ductors and symmetric configuration across its vertical center.
The switched capacitor portion tolerates symmetrical voltages
at the two terminals of the transformer’s primary.

Section II discusses the converter topology, operation, and
steady-state analysis. Multiple modules of the converter can
also be stacked to get the benefits of differential power
processing. This stacked input/parallel output modular ar-
chitecture is presented in section IIl. Section IV lists the
experimental results obtained. The paper is summarized and
concluded in section V.

II. TOPOLOGY
A. Derivation

Multi-level Dual Inductor Hybrid (DIH) converters were
first demonstrated for 48V-to-1V POL applications [7]-[9].
These converters provide seamless control of the output
voltage with normal Buck-like pulse width modulated (PWM)
duty cycle control. Fig. la shows a 4-level DIHC converter
with a conversion ratio of DPVin/4. These converters can be
utilized in applications that require large conversion ratios.
However, the drawback of this converter family is that it
requires a large bias voltage for the top capacitors, leading
to capacitance degradation due to high DC voltage bias and
larger capacitor sizes, which in turn, lead to limits in efficiency
and/or power density [9].

To reduce the voltage stress and completely remove hard-
charging on flying capacitors. Fig. 1b shows the configur-
ation where, output, inductors, and free-wheeling switches
are placed midway between the positive and negative rails
of the input. These components are functionally isolated
from the main switched capacitor architecture with the flying
capacitors. If these capacitors can be chosen as safety rated,
this converter can be used as an isolated converter. However,
safety-rated capacitors typically have small values while high
current applications require much larger capacitance for proper
voltage operations in multi-level hybrid converters. Fig. 1b
shows a dual inductor hybrid converter where the output

978-1-7281-5135-9/21/$31.00 ©2021 IEEE 2439

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on July 13,2022 at 22:32:07 UTC from IEEE Xplore. Restrictions apply.



(a) 4-level Dual Inductor Hybrid (DIH)
converter

(b) 4-level Vertically Symmetric Dual In-
ductor Hybrid (VS-DIH) converter
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(c) 4-level Vertically Symmet-
ric Multi Inductor Hybrid (VS-
MIH) converter

Figure 1: Derivation of the Vertically Symmetric Dual Inductor Hybrid (IVS-DIH) and Multi Inductor Hybrid (IVS-MIH)

converter

and voltage distribution on the flying capacitors is vertically
symmetric. Following the same derivation of Multi Inductor
Hybrid (MIH) topologies in [8]—-[12], multiple inductors can
also be arranged at the output to support large output currents.
The configuration is shown in Fig. lc.

In order to provide a proper safety-rated isolation and
additional voltage conversion, a transformer can be inserted
between the switched capacitor architecture and the output in-
ductive stage, which results in the circuit shown in Fig. 2. The
input switched capacitor stage of this converter consists of four
switches, Swi_4 and four capacitors, C;_4. In the secondary
side, there are two switches Sws_g and two inductors Lq_o
forming a current doubler rectifier. Following this converter
architecture, the transformer and secondary inductive stage
can be other well-known isolated converters such as LLC,
Impedance Control Network (ICN), etc. [3].

B. Operation

The converter is operated with two 180°phase-shifted sig-
nals, A and B, in the primary side and their inverted signals, A
and B, in the secondary side. It is possible to control, regulate
and change the output voltage by changing the duty cycles
of A and B phases up to the maximum value of ~50%. In
this demonstration, we target to operate the converter at near

SC Module

Figure 2: 4-level Isolated Vertically Sym-

(a) State 1

50% duty cycle, yielding two operating states shown in Figs.
3a and 3b. In these operating states, red color indicates com-
ponents being charged and blue color for components being
discharged. The operation of the converter can be explained
using these two figures along with the timing diagram shown
in Fig. 4.

During state 1, the on-time of phase A, switches Swy 3
in the SC architecture and Swg in the secondary side are
ON, while other switches Sws 45 are kept OFF. In the SC
architecture, current starts flowing through the capacitors by
charging capacitors C; and Cy and discharging capacitors
Cs,3. The charging current of C; and discharging current
of C'3 combines and flows through the primary side of the
transformer and split into two parts to discharge Cy and
charge Cy. The voltage and current of the primary side of the
transformer are induced to the secondary side to charge the
inductor L. Sws provides a path for the secondary current
of the transformer as well the free-wheeling current of L.
As the charging and discharging currents of the capacitors are
reflected to the secondary side and eventually flow through
L1, this operation makes sure the capacitors are being softly
charged and discharged.

State 2 is complementary of state 1. Swy 45 are ON and

(b) State 2

metric Dual Inductor Hybrid (IVS-DIH) Figure 3: Operation of the converter (Red color for charging and Blue color for

converter

discharging components)
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Ts Ts

Figure 4: Ideal timing diagram of the operation

the other switches are OFF. This configuration allows the
charged capacitors of state 1, C'y 4, to discharge and discharged
capacitors of state 1, C 4, to charge. The combined current
flow in the reverse direction of the transformer’s primary side
compared to state 1. The reflected current in the secondary
flows through the inductor Lo. Lo ensures the soft-charging
of C5 3 and soft-discharging of C 4. During this state, Sws
carries the transformer current and the free-wheeling current
of Ll.

C. Steady-State Analysis

Considering the duty-cycle D of phases A and B and
transformer turn ratio N:1, we can get the following equations
by applying volt-second balance on the inductors Lq_o:

SC Module-1

SC Module-2 B J

Figure 5: Modular architecture for differential power pro-
cessing

(Ve = Ve + Vel -

Vout] D - Vout (1 - D) =
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|:[(Vcl - VCQ)] % - Vout:| D — Viout (1 — D) =
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Using equation 1 and 2, the conversion ratio and the
capacitor voltages can be derived as,

DV, 3Vin
Vout = AN ’V01+VC4:

and Vg, + ch =

3

Sk

m

4

The individual voltages on the capacitors can be calculated
as,

v Ci BV o Cy Vi
01_01+C4 4’ CZ_CQ-f—Cg 4 4)

Voy = =2 Yin gy, = G 3V

@ T Oyt O 4 G40, 4

As an equitable voltage bias on the capacitors are wanted,
capacitors can be chosen so that, C; = C4 and Cy = Cj.
This choice will ensure a balanced operation in the switched
capacitor architecture with,

3Vin Vin
Ve, = g Ve, = g )
Vin 3Vin
Ve, = 3 and Vg, = 3

Based on the derived capacitor voltages and considering
small ripples, the maximum voltage stress on the switches,
Swy_y are Vin/2. Secondary-side switches, Sws_g experience
a voltage stress of Vin/4N.

The division by 4 in the conversion ratio in Eqn. 3 comes
from the number of switched-capacitor levels. In this particular
demonstration, we have restricted the operation of the con-
verter to D=50% with the transformer’s turn ratio of 4:2, the
conversion ratio becomes in total, 16. If a higher conversion
ratio is required, either the transformer turn ratio or the levels
in the SC architecture can be increased.

For a converter with L number of SC levels with L stack
switches and L capacitors, and N:1 transformer, the conversion
ratio and the capacitor voltages can be calculated as:

LN and Vck = VCL—kJrl = o 5

‘/out =

L
where, k =1,2,3, ..., 3 ©)
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Figure 6: DC-stack modular configuration with two modules
Table I: List of Components

Components | Parts
Si-6 40V MOSFET (Infineon)
Ci-4 2x1.4uF COG (KEMET)
Transformer | 4:2 turn ratio with planar N97 ER32 core
(EPCOS TDK)
Ly 560 nH (Coilcraft)
Gate driver | UCC5350MC

D. Capacitor Sizing

While conventional Dickson SC converter requires equal
capacitor sizing for low loss operation [13], in Dickson-based
hybrid converter, a new capacitor sizing method was proposed
to ensure full soft-charging and soft-discharging of all flying
capacitors [9]. This method bases on circuit branch impedance
in the hybrid converter operation and requires significantly
different capacitance values, which can lead to complications
in selecting flying capacitors. In the converter presented in this
paper, the transformer sees two capacitor branches comprised
of series connected C; and Cy in parallel with series connected
C5 and C3 during State 1 in Fig. 3a). During the state 2 in Fig.
3b, the converter sees again two branches of capacitors, series
connected Cy and Cj in parallel with series connected C'3 and
Cjy. To ensure same capacitance in each branch connected in
any state, all the capacitance can be selected with the same
value. This simplifies capacitor selection back to the simple
equal capacitors in Dickson SC converter and eliminates the
requirement of different capacitors in [9] or the complex split-
phase operation in [14].

III. MODULAR ARCHITECTURE FOR DIFFERENTIAL
POWER PROCESSING

As modern electrical power delivery requires higher voltage
buses to reduce the distribution copper loss, converters are
being exposed to higher and higher voltages. Although the
input SC stage can increase the capacitor stages to support a
higher input voltage, this also means there are more capacitors
exposed to higher operating voltages. To mitigate this problem,
a modular structure as shown in Fig. 5 can be used. In this
structure, two converters of Fig. 2 can be connected in a
stacked input/parallel output configuration. Each converter ef-
fectively only receives an input voltage of Vin/2 and processes

half of the total output power. While the conversion ratio
becomes V,,; = %‘J/\i,", DC bias voltages of each module’s
capacitors are reduced to 3Vin/16 and Vin/16. For M number of
modules of L SC levels with N:1 transformers, Eqn. 6 can be
rewritten as,

DV,
Vout = VLN and
L—(2k—1)|V;y,
Vck == VCL_k+1 = [ (2ML )] ) (7)
where, k =1,2,3, ..., %

IV. EXPERIMENTAL RESULTS

A proof-of-concept prototype of the converter in Fig. 2 is
built using the components in Table I. Two modules of the
converter are stacked as in Fig. 6 to demonstrate the modular
architecture. Figure 7 shows the operation of the converter at
100V to 2.85V/20A with an operating frequency of 300kHz.

Figures 7b and 7c show the capacitor voltages of the
converter. As most of the flying capacitors are floating, meas-
urement probes are required to be placed across the capacitors
rather than referencing to ground. Interestingly, capacitor
voltages drift very slowly if measured with any single-ended
or even differential probe. The leakage in the voltage probes
introduces some extra charge loss in the converter which is
responsible for this drifting. To overcome this problem, two
similar differential probes have been used to measure the
similar type of capacitor voltages so that the leakage from both
the probes nullifies the resulted drifting each other. During
the measurements, the voltages of the first module’s flying
capacitors C; and C4, and C, and C; have been measured
together. The same procedure was applied to measure the
voltages of the second module’s C; and Cy4, and C, and C;.
Figures 7b and 7c show the capacitor voltages are balanced in
the steady-state operation.

The measured performance of the converter is provided in
Fig. 8a with its efficiency. Figure 8b shows its measured output
voltage versus output current to illustrate its output resistance
and conduction loss. The converter reached a peak efficiency
of 91% for a 100V-to-2.85V/20A conversion. The converter’s
maximum output current was measured at 60A while the
converter obtains 2.41V output voltage and achieves 82.1%
efficiency. The regulation capability of the converter is also
shown in Fig. 9 with regulated outputs of 2V and 1V with 87%
and 83.15% peak efficiencies at 30A and 25A respectively.

V. CONCLUSION

In summary, this paper presents a new isolated hybrid
converter architecture in which a new input SC stage that
can be combined with traditional isolated solutions, e.g.,
current doubler rectifier, to exploit full benefits of both large
courses step-down by the SC stage and fine output regulation
and isolation by the transformer and inductive stage. This
SC circuit is more advantageous compared with the tradi-
tional Dickson-based solution because the maximum capacitor
voltage stress can be significantly reduced. To further reduce
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(a) Switching node voltage of the converter

(b) Capacitor voltages of the first module

(c) Capacitor voltages of the second module

Figure 7: Multi-module DC-stack operation at a 100V-to-2.85V/20A operation
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Figure 8: Measured performance of the modular converter prototype with

two DC-stack modules at 100V input voltage

the capacitor voltage stress, the modular architecture of the
converter module can be utilized. The modular operation
also provides the benefits of differential power processing to
reduce the power stress for each converter module. A proof-of-
concept converter prototype was implemented and measured
for modular operation to support POL applications from 100V
input. The modular operation reached a peak efficiency of 91%
for 100V to 2.85V operation.
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