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Abstract: This paper gives a review of emerging dc-dc
converter topologies for low power applications that are
attractive alternatives to predominantly used buck and
boost based converters. Compared to the conventional
solutions, in all of the reviewed topologies requirements
for the output filer, a main contributor to the overall
converter volume, are drastically reduced and, at the
same time, power processing efficiency significantly
increased. These improvements are obtained through
reductions of voltage swings across the active and
passive components of the converters.
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1. INTRODUCTION

Power management (PM) systems of modern battery-
powered mobile applications, such as mobile phones and
tablet computers, usually have tens of switch-mode
power supplies (SMPS) and low drop out (LDO) voltage
regulators. As shown in Fig.1, a typical PM system has a
number of dedicated point-of-load (PoL) SMPS and
LDOs providing well-requlated voltages/currents for
various electronics loads, such as processors, memories,
analog electronics, and various light-emitted diode
(LED) based loads. Also, dedicated SMPS-s are used as
part of an on-board charger that control power flow from
an off-board adapter to the battery pack. Often, a buck-
boost based SMPS is also used to provide well-regulated
voltage to the PoLs and LDOs, preventing dependence of
the operating conditions on the battery-state of charge.

In the targeted space-constrained battery-powered
applications small volume, high power processing
efficiency, and cost-effective implementation are the key
requirements for each power supply.

The SMPS-s of PM systems for mobile applications
are usually based on buck or boost converter topologies
and occupy between 12% and 80% of the overall device
volume [1]. As such, they are among the largest
contributors to the overall device cost and volume [1]
preventing incorporation of novel blocks that could
further increase functionality of modern mobile devices.

The requirement for a high power processing

efficiency is directly related to the battery-operating time
and, equally important, to the limits exposed on the heat
dissipation of the converter, i.e. maximum allowable rise
of the device temperature, which is strictly controlled. In
the targeted applications, the peak power processing
efficiency of the SMPS rarely exceeds low ninety
percent and is significantly lower than that of the
converters seen in higher power applications.
The main goal of this paper is to review emerging and
highly attractive alternative to conventional buck and
boost based solutions in mobile applications. All the
topologies discussed here have both drastically smaller
volume and significantly higher power processing
efficiency, i.e. higher power density. These advantages
are achieved through a reduction of the voltage swings
across filer inductors and switching components, which
result in drastic reductions of both the inductor volume
and semiconductor losses.
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Fig.1: Power management system for mobile applications.




2. REDUCED VOLTAGE SWING CONVERTERS:
FUNDAMENTAL PRINCIPLES

Figure 2 shows block diagrams of typical
implementations of low-power (LP) SMPS for mobile
applications. Usually, all semiconductor components,
including switches, gate drives, controller, and protection
are placed on a single integrated circuit, here referred as
a converter module IC and only the passive components
(input and output filter) are placed outside the IC. In
some cases multiple converter modules are integrated on
a single chip, named power management IC (PMIC),
providing multiple output voltages. In some cases PMIC
share the hardware and include additional functionality.
As it can be seen from the figure the reactive
components, i.e. inductors and capacitors are usually
placed around the power ICs, as discrete components.

In the targeted applications most of the volume is
taken by the inductors, which have about two orders of
magnitude lower power density than the capacitors. The
size of the inductors is usually defined by the inductor
ripple requirement:
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where, as shown in Fig.2, Vyigy is the high amplitude of
the inductor voltage, Vi is its low amplitude, T is the
switching frequency of the converter, L is the inductance
value and D is the duty ratio. Solutions for reducing the
size of inductor by increasing the switching frequency
fs=1/T; and using semiconductor materials that can
operate at higher frequencies and tolerate higher
operating temperature cannot directly applied here. This
is mostly due to overly large cost of advanced materials.
Also, such a solution without improving power
processing efficiency would increase larger heat
dissipation per unit volume, resulting in hot spots with
overly large temperatures, which, due to safety reasons,
are not allowed in the targeted applications. Therefore a
conventional solution for reducing the inductor based on
increasing the switching frequency of predominantly
used buck or boost based converter topologies can only
result in limited improvements.

The prevalence of simple buck and boost based
converter solutions, which, compared to some other
topologies have much lower power density, is mostly due
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to the traditionally used analog controllers for regulation
of the operation of the low power SMPS. The analog
controllers provide low-power cost-effective
implementation and operation at high switching
frequencies. However, the analog controllers lack
processing power, and therefore, limit a possibility of
developing advanced converter topologies, requiring
more complex control. Recent emergence of digital and
mixed-signal control on-chip integrated solutions for
high frequency LP SMPS has open a possibility of
developing more advanced converter topologies for the
applications of interest.

Arguably, among the most interesting ones are the
classes of topologies that we name here reduced-voltage
swing converters. In this class of converters the voltage
variations across the inductor, i.e. (Vhign-View) in the
diagram of Fig.1, is reduced compared to that of the
conventional buck and boost. In this way the volt-second
product of the inductor, defining its size is reduced,
without increasing the switching frequency of the
converter. In this way the inductance value is reduced
without paying efficiency related penalties.

Furthermore, in the class of converters reviewed here
the voltage swing of the switching node voltage, labeled
as Vg, (t) in Fig.3, is often reduced as well. As a result the
efficiency improvements are achieved as well. The
power savings can be achieved both through the
reduction of switching losses, which are proportional to
Vi*Casw product (Fig.3) and through a possible reduction
of conduction losses. The reduction of the conduction
losses comes from the fact that the reduced blocking
voltage of the switches Vg allows for the design with
lower voltage rating transistors having lower conduction
losses.
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Fig.2: Integrated power supplies for mobile applications: (a) integrated single output smps and (left) and (b)
integrated multi output power management integrated circuit (PMIC) (right).
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In the following sections several types of converters
that utilize the reduced voltage swing principle will be
reviewed. Those include novel topologies as well as
topologies that have been utilized in high power
applications, but, due to various implementation
problems have not found their use in low power SMPS.

3. HYBRID SERIES SC-INDUCTIVE
CONVERTERS

In hybrid series capacitive-inductive topologies the
advantages of higher energy storage capability of the
capacitors, compared to that of inductors, are utilized to
create converters with a lower volume. Since in the
targeted applications the capacitors have up to one
thousand times higher power density per unit volume [2],
switched capacitor (SC) converters are utilized. In the
hybrid converters structures they are combined with the
conventional inductive based topologies, which,
compared to all-capacitive solutions provide better
voltage regulation and flatter efficiency curves over a
wide range of conversion ratios [1].

A block diagram of typical hybrid series capacitive-
inductive converter [3], [4] is shown in Fig.4. It usually
consists of a capacitive energy processing stage,
operating at a fixed 1/n conversion ratio at the peak
efficiency point, followed by an inductive based
converter (most commonly a buck) that provides tight
voltage regulation. In this way, the voltage swings across
the inductor and the power switches, which are equal to
the input voltage, are reduced n times allowing for
drastic reduction of the inductor.

In [5] the fundamental concept of hybrid series
conversion is utilized to create a PMIC replacing both
buck-boost front end stage and multiple point-of-load
converters (Fig.1) with a single multi-output structure.
The architecture of the converter used in that power
management solution is shown in Fig.4. The architecture
is based on a dual output SC stage followed by a set of
differential-input connected buck converters. Compared
to the previously presented solution the architecture of
Fig. 5 reduces the inductors even more and also exhibits
drastic improvements in the power processing efficiency.
The advantage of this application-specific solution
compared to other series structures, where a single
converter is replaced with a two stage structure, is that
set of two stage processing converters are replaced with
another two stage solution where previously mentioned
improvements are achieved in both stages and no
additional power losses are introduced.

Fig. 4: General block diagram of a hybrid series SC-buck
converter topology.
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Fig. 5: Triple output MSC-based power management module.

4. MULTI-LEVEL AND FLYING CAPACITOR
MULTI-LEVEL CONVERTERS

In multi-level structures the reduction of the voltage
swing is achieved through utilization of active capacitive
divider structures. Fig. 6, shows an active capacitor
divider based 3-level buck converter [6] that can be
derived through a source-load inversion of the 3-level
boost converter [7]. In this topology conventional SC
stage is eliminated and, to balance the capacitive divider,
the inductor of the buck converter is utilized. In this way,
practically a single stage conversion is obtained and all
switching components are shared between the divider
and the buck stage.

In the topology the capacitive divider guarantees

reduced voltage stress of switches and lower inductor
voltage swing, which in this case are reduced by half,
compared to the conventional buck. Another interesting
feature of this topology is that it replacement of the input
filter capacitor (Fig. 1) with a capacitive divider,
theoretically, resulting in the same input filter capacitive
energy storage requirement as the conventional buck
stage.
In the topology the capacitive divider guarantees reduced
voltage stress of switches and lower inductor voltage
swing, which in this case are reduced by half, compared
to the conventional buck. Another interesting feature of
this topology is that it replacement of the input filter
capacitor (Fig. 1) with a capacitive divider, theoretically,
resulting in the same input filter capacitive energy
storage requirement as the conventional buck.
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Fig. 6: Active capacitor divider based buck converter.




Flying capacitor based multi-level converters, introduced
by Meynard [7-9], have been widely adopted in high
power applications. In these converters, the voltage
swing reduction is obtained with a flying capacitor (FC)
that behaves as a constant voltage source simultaneously
reducing the voltage swing across the inductor and
voltage stress of the semiconductor components. For
example, in the 3-level buck version of this converter
shown in Fig.7, the flying capacitor voltage is kept at
Vin/2 and, by shuffling it between the ground and Vj, the
previously mentioned advantages are obtained.
Compared to the previously presented 3-level buck the 3-
level FC buck converter of Fig.7 provides advantage of
having common ground between the battery and the load
at the expense of an extra capacitor, i.e. flying capacitor,
which in the targeted applications can be of a small size
and often results in favorable tradeoff.

A 4-switch implementation of a 2-phase 3-level FC
double buck converter, introduced by Nishijima and Sato
[10] is shown in Fig.8. This topology utilizes two
inductors to balance the flying capacitor to provide a
high step down conversion ratio. In order to reduce the
number of switching components, in this topology,
tradeoffs in terms of the conversion range and blocking
voltage of a one transistor are made. This topology can
only work for the input to output conversion ratios up to
Y4 and requires switch Q4 (Fig.8) to be rated for the full
input voltage
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Fig. 7: 3-level flying capacitor buck converter.
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Fig. 8: 2-phase FC based double buck converter

In low power applications the FC multi-level converters
still have not found a wider adoption. This is mostly due to
more complex converter dynamics and related challenges
related to implementation of cost-effective control. In recent
publications [11], [12] several of those challenges, such as
adjustment of non-overlapping time for switches at zero
inductor ripple operating point and flying capacitor balancing
in the presence of non-negligible ripple have been addressed
and hardware efficient solutions proposed.

5. ASSISTING CONVERTERS AND STACKED
HYBRID TOPOLOGIES

The assisting and stacked hybrid converters in addition
to providing advantages of operation with reduced
voltage swing also provide a benefit of reducing the total
amount of power that the inductive stage of the converter
needs to process.

The operation of an assisting converter providing a step
up function can be described with the help of the
diagram shown in Fig.9. In this case rather than
providing a full step-up voltage function the converter
only provides the difference between the desired output
voltage and the input voltage. In this way not only the
voltage swing across the components is reduced but also
the power processing requirements for the converter. As
a result drastic reduction of the converter dimensions and
improvement in power processing efficiency are
obtained. An example of flyback-based assisting
converter that also provides cell balancing from a two-
cell battery pack is shown in Fig.10 [13].

Hybrid-stacked  step-up  converters share  some
similarities with the assisting converters as well as with
the previously described hybrid structures. In these
topologies the largest portion of the step up function is
provided by a switched-capacitor stage operating at fixed
conversion ratio and the regulation is performed by an
inductive converter, which output is placed on top of the
SC stage. As an example a hybrid stacked converter for
LED strings is shown in Fig.11 [14]. In this
implementation, a flyback converter is placed on top of a
switched capacitor stage.

In this case the step up conversion ratio of the
converter is significantly increased at the expense of an
additional SC stage. Still, compared to the conventional
boost, drastic improvements in the power density and
efficiency are obtained.
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Fig. 9: Block diagram of an assisting converter.



+ +
Cm__vm ‘
- Load
’ Vou
i [} 2
Lo i 2 le:_. ! Lyo \
Veerr == Co= Re2 FCo 0’ -
- L?zz Ds,
Dol ot Q
: X 3
Lu g o1 l,n“ Lia i
— = 9= 4]
+ o
Vean =7 Chn== L?R51$:::—n:}
- 12
Dy
[ LT
Qu Qs SOC R if_out H Vou
Rsi n
noll] roc ADC,
HVou[n

d[n
Dual- output A Power Sharing] 9N PID e[n] x. Velnl
DPWM 2 Logic Compensator

Digital Controller

Fig. 10: Flyback based assisting step up converter for LED
applications.
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applications.

5. CONCLUSIONS

Reduced voltage swing converters present a very
attractive alternative to predominantly used buck and
boost topologies currently dominating low-power
portable applications. Emerging topologies show that
through the reduction of the voltage swing the size of the
inductor, which is a main contributors to the overall
volume of modern mobile devices, can be drastically
reduced. Furthermore, the reduced voltage swing also
minimizes semiconductor losses, improving power
processing efficiency.
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