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Review of Power Conversion and Energy
Management for Low-power, Low-Voltage
Energy Harvesting Powered Wireless Sensors

David Newell, Student Member, IEEE, and Maeve Duffy, Senior Member, IEEE

Abstract—In this paper, state-of-art power electronics and
energy management solutions utilised in low-power (less than
5mW), low-voltage (less than 3 V) energy harvesting powered
wireless sensors for Internet of Things (10T) related applications
are detailed. All aspects of an energy harvesting powered sensor
system are examined including the challenges of low-power
energy harvesting sources, energy management circuits including
power converters and energy storage elements, as well as the
impact of wireless sensor pulsed power profiles. In particular the
paper focuses on existing voltage step-up energy management
techniques, including the issues of cold-start and maximum power
point tracking (MPPT), as well as energy storage which is
necessary for wireless sensor operation. Both academic and
commercially available energy harvesting powered systems are
examined to provide a comprehensive analysis of existing
solutions. Issues limiting current system performance are
identified to help define future developments needed to enable
efficient and effective energy harvesting powered wireless sensor
operation.

Index Terms— Energy harvesting, DC-DC power conversion,
Energy management, Energy storage

I. INTRODUCTION

IRELESS sensors play an essential role in the

development of automated buildings and homes towards
creating fully autonomous smart structures. For the case of
smart homes, wireless sensors can be utilised for a wide range
of applications aimed at improving occupant comfort such as
remotely or autonomously operated temperature control,
household appliances, security systems, etc., while also
facilitating increased building energy efficiency [1]. Similarly,
wireless sensors can be used in industrial building settings to
enable autonomous control of important operating conditions
such as temperature, CO2 and humidity, or to optimise overall
building efficiency [2]. However, the main issue with wireless
sensors for any application is the need for a separate and
reliable power source for each of the individual sensors, where
for example, a machine diagnostic application may require up
to 300 sensor nodes over an industrial production area of 25
m? [2]. Future predictions for wireless sensors to enable the
Internet of Things show an increase of two-fold between 2018
and 2023

This work was supported by NUIG under the College of Engineering &
Informatics postgraduate scholarship.

D. Newell and M. Duffy are with the Electrical and Electronic Engineering
Department, National University of Ireland, Galway, Ireland (e-mail:
david.newell6@gmail.com; maeve.duffy@nuigalway.ie).

which will result in a significantly higher demand for power
sources for an estimated 50 billion wireless sensors [3].

The Energy harvesters can be utilised as autonomous power
sources for wireless sensor nodes for a wide range of
applications in different environments, with the benefits of
energy harvesting being well recognised for both commercial
and residential settings [1]. In particular small form factor
sources provide a suitable solution due to their comparable
size with existing battery powered solutions as well as being
suitably sized for smart homes and wearable sensors, the most
commonly discussed/searched 10T applications [4]. They
reduce the maintenance and disposal costs associated with
battery powered systems and the infrastructural cost of
implementing AC mains powered sensors. However by opting
for an energy harvesting (EH) source, additional circuitry and
energy management techniques are required when compared
with AC and battery powered solutions. This is due to the low-
power, low-voltage nature of small form factor EH sources and
the significant power profile mismatch between the source and
sensor. For this reason a DC-DC converter, energy
management (EM) circuitry and energy storage are required
between the EH source and a wireless sensor load, as shown in
Figure 1.
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Fig. 1. System overview of energy harvesting powered wireless sensor.

Suitable small form factor DC EHs gather energy from
ambient sunlight and indoor light sources by utilising
photovoltaic (PV) [5], and dye-sensitised solar cells (DSSCs)
[6], [7]. For a cell size of 22 cm?, the voltage produced is as
low as 0.4 V, with 0.24 mW power generation for 700 lux [8].
Thermoelectricity [9], also provides a viable energy source for
wireless sensors, whether it be from human [10], or industrial
sources [11], but again voltage and power levels are often
limited to less than 1 V and as low as 0.15 mW, respectively
for a small sized generator of 1.8 cm® [12]. Based on these
sources EH powered sensors can be fitted to a wide range of
locations; however due to the low voltage and power levels
generated, the energy must be carefully managed. The issues
may be better appreciated when it is considered that generated
voltages are lower than the threshold voltage of a typical
semiconductor switch, while power levels are of the same
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order of magnitude of the quiescent power in standard power
electronics circuits.

This paper reviews existing DC-DC converters and energy
management systems designed for low-power, low-voltage
energy harvesting powered wireless sensors. It includes an
introduction to the power/energy requirements of different
sensor applications with particular focus on the energy
management required to enable the wireless sensor to operate
reliably, efficiently and autonomously. Other authors have
performed a qualitative review of step-up DC-DC converters
for low-power energy harvesting sources, including charge
pumps, inductive based topologies and hybrid (capacitive and
inductive) solutions, where the main focus is on the
converters’ principles of operation [13]. This paper provides a
quantitative review of a wider range of solutions, comparing
the circuits based on their performance of efficiency versus
input voltage and voltage step-up ratio, etc., and detailing the
additional components required to create a complete energy
harvesting powered system; i.e. energy storage, MPPT and
cold-start. Limitations of existing systems are identified to
provide direction for future research to address them, thereby
enabling the forecasted increase in wireless sensor
deployments.

The structure of the paper is as follows: Section 2 introduces
low-power wireless sensor loads whereby the operation and
power requirements are detailed for a range of sensors, as well
as the challenges to be overcome when using an energy
harvester as the sole power source. Section 3 reviews existing
suitable step-up converter circuits used for low-power, energy
harvesting powered wireless sensors, including inductor,
switched capacitor and transformer based converters. The
performance of the converters is compared based on power
delivery, input voltage and voltage step-up ratio, enabling
identification of solutions that are suitable for different
application conditions. Section 4 reviews the additional
components required to work with the power conversion stage
to create a completely autonomous energy harvesting powered
wireless sensor. These include maximum power point tracking
(MPPT), energy storage and cold-start circuitry. A range of
different existing MPPT techniques suitable for low-power
energy harvesting sources are detailed based on technique and
power consumption. Storage elements are compared based on
energy and power density, lifetime issues including leakage, as
well as charge/discharge efficiency. Finally Section 5 presents
and compares complete demonstrator system configurations
that have been developed for different application
environments. These illustrate the range of suitable solutions
for various combinations of energy harvesting sources and
wireless sensor load conditions. A discussion of methods to
increase demonstrator performance is detailed and applied to
identify future research opportunities.

Il. WIRELESS SENSOR REQUIREMENTS

Prior to reviewing existing energy management solutions,
the load requirements of wireless sensors are detailed to
determine the requirements of the step-up converters in terms
of voltage and power levels. As shown in Figure 1, the
different components required for a wireless sensor system are
a microcontroller unit (MCU), the sensor itself (e.g.
temperature, humidity) and a wireless data transmitter.

Depending on the overall system parameters, a range of
different wireless sensor solutions can be utilised, with many
documented in [14]. This literature review is focused on
wireless sensors using ultra-low/low-power components (< 5
mW) for a typical loT application (e.g. smart building or
wearable sensor).

Figure 2 (a) shows the pulsed power required by a wireless
sensor versus the continuous power being generated by a
typical low-power, low-voltage EH source over several sense
operations. Due to the power mismatch between source (less
than 5 mW) and sensor (up to 100 mW, see Figure 2 (b)) there
are limitations on the range of functionalities and data transfer
rates that can be provided by an EH powered wireless sensor
[15]. However low-power sensors operate in a pulsed manner
thereby enabling EH systems to storage sufficient energy to
ensure sensor operation while maintaining sufficiently accurate
sensor readings.
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Fig. 2. Wireless sensor operation, (a) long-term and (b) typical low-power
wireless sensor peak current versus active power requirements.

Figure 2 (b) shows the peak power of a range of different
wireless sensors versus active power, where active power is
the average power required by a sensor to perform a sensor
reading and a wireless transmission when active. Taking the TI
eZ430-RF2500 temperature sensor [16] as an example, Figure
3 shows the detailed profile of the sensor power consumption
during a sense and transmission operation, which shows
instantaneous power consumption levels of up to 80 mW.
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Fig. 3. Measured power profile of a low-power wireless temperature sensor.

This profile translates into an active power of 40 mW over
~3 ms. As well as the power, the sensor’s energy demand is
important; however due to energy requirements being
dependent on the exact sensor timing and implementation
method, which are often not reported, it is difficult to compare
sensors in terms of energy consumption. For illustration, Table
1 shows the energy, power and timing values for three of the
sensors featured in Figure 2 (b).

Comparing these wireless sensor requirements with the
continuous low power profile produced by energy harvesting
sources, the step-up converter, energy management circuitry
and energy storage must be carefully selected to ensure correct
wireless sensor operation. For these reasons a thorough review
of existing converters and energy management techniques is
merited.
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voltage DC energy harvesting sources which produce power
levels less than 5 mW at less than 3 V. The DC-DC converters
ensure power is supplied at the correct voltage to power the
sensor, therefore overcoming the voltage mismatch between
source and load. The three step-up topologies commonly
utilised for low-voltage energy harvesting powered
applications include inductor based converters (boost
converters in particular), switched capacitors (including charge
pump) and transformer based converters.

Initially the operation of the three converter topologies is
described to provide an understanding of the commonly used
techniques for low-power, low-voltage DC-DC converters.
From here the converters’ performance in an energy harvesting
system is compared based on efficiency versus output power,
voltage conversion ratio and input voltage.

A. Boost Converters

Inductor based boost converters provide voltage step-up
functionality. However, due to the low-power nature of
suitable energy harvesting sources for 10T applications, power
saving techniques are required to ensure sufficient power
delivery to a sensor, with many documented in [8]. These
include pulsed frequency modulation (PFM) [17], [18] (in
place of pulsed width modulation (PWM)), burst mode
operation and discontinuous conduction mode (DCM)
operation. PFM operates by varying the frequency to reduce
the switching related losses of the boost converter as the power
reduces, while burst mode operates the converter in pulses
rather than continuously which further reduces losses.

Burst mode operation is implemented by applying the EH
source to store energy in the input capacitor (C;,) during
Teharges When the boost converter is disabled. Power continues
to be supplied to the output through an output capacitor (see
Figure 4(a)). Once a predetermined voltage on C,, has been
reached, the boost converter is enabled and the capacitor
discharges periodically through the inductor to the output
during Tgest- The cycle repeats once the input capacitor
voltage reduces below a certain threshold. Maximum source
power may be extracted by ensuring that this capacitor voltage
(Vin) is centred on the MPPT voltage.

During the boost operating time (Tyo0st), the circuit operates
in DCM rather than continuous conduction mode (CCM) by
ensuring the inductor current is zero during switching to
further reduce the circuit losses. However the inductor current
ripple and output voltage ripple are increased and this can have
a detrimental effect on circuit components (i.e. MOSFETS,
inductor and storage components) if not managed correctly.
Figure 4 (a) shows the circuit schematic and (b) key operating

Fig. 4. (a) Boost converter and (b) circuit operating waveforms taken from [20].

B. Switched Capacitor Circuits

The next examined step-up converter is the switched
capacitor (SC) circuit which, for the case of this work includes
charge pumps. Switched capacitor circuits are an established
technology [20], where the Dickson charge pump [21] was the
precursor to many of the modern SC circuits. The operation of
a switched capacitor circuit is to increase voltage by
connecting capacitors in a series/parallel manner or by creating
a clock signal to increment the voltage on successive
capacitors. A major benefit of this circuit is the ability to start
at lower input voltages when compared with other DC-DC
converters, particularly inductor based converters. This
advantage is exploited particularly during cold-start which is
detailed in Section 4.3.

A significant disadvantage of the Dickson charge pump for
energy harvesting sources is the voltage drop across the diodes
required for voltage step-up. A commonly used method to
negate this issue is to use MOSFETSs instead of diodes as
illustrated in Figure 5 (a). However, this requires that the
MOSFETs are driven from sufficiently high voltage levels
which are provided from an oscillator circuit [22], and this
consumes additional energy.
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Fig. 5(a) Switched capacitor and (b) cwcun operatmg waveforms from [23]

The operating waveforms of an example 3-stage switched
capacitor circuit taken from [23] are shown in Figure 5 (b).
The voltage per capacitor can be seen increasing by the
magnitude of the input voltage with the output voltage
connected to the 3" stage. Other possible switched capacitor
solutions, e.g. series/parallel, provide similar functionality with
operating waveforms varying depending on topology.

It is worth noting that many of the existing switched
capacitor circuits, [23], [24], [25], [26], are very focused on
size. This is a key factor when selecting this type of converter
as due to the lack of an inductor or coupled inductors the
implementation can be very small, and easily integrated onto a
system level PCB board or indeed on silicon at low cost. For
example [25] focusses on an extremely small footprint, 1.0
mm?, which is beneficial for wearable sensors as well as other
biomedical related applications. However, the output power
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level is limited as a result and there is a corresponding trade-
off in efficiency which is detailed in Section 3.4

C. Transformer Based Converters

Transformer based converters include coupled inductors
with a high primary: secondary turns ratio which allows a low
input DC voltage to be increased at the secondary winding,
with turns ratios of up to 1 : 100 reported [27]. Figure 6
illustrates (a) the circuit topology and (b) the key steady-state
waveforms of a transformer circuit taken from [28].
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Fig. 6. (a) Transformer circuit and (b) circuit operating waveforms from [28].

The circuit operates using positive feedback oscillation by
resonating between the transformer winding inductance (L)
and a capacitor (C;) which in turn operates the switch between
Lo and ground [29]. A disadvantage of the circuit is that its
efficiency reduces when input voltage increases, 40% @ V;, =
0.06 V and 15% @ V;, = 0.5V for a V; of 4.5 V [27]. This is
caused by the secondary coil suffering from high voltage stress
for higher input voltage due to the circuit operation depending
only on positive feedback oscillation [29]. The transformers
proposed in [29], [30] address this issue by altering the circuit
configuration to operate it as a boost converter at higher input
voltages (e.g. > 0.1 V). This is achieved by disabling the
switch at L, which results in the secondary winding (L,)
operating as an inductor in a boost converter configuration.
The increase in efficiency of [28], [31] is due to a change in
the operation modes with a Meat Grinder [32] and flyback
utilised respectively.

D. Converter Comparison

In this section, the converters are compared based on their
steady-state circuit performance under typical conditions
encountered in energy harvesting applications. For the
following graphs the step-up converters are divided into
topologies: inductor based boost converters (blue), switched
capacitors (green) and transformer based converters (red).
Switched capacitors feature both charge pump and switched
capacitor based circuits. For the case of transformer based
converters, circuits which operate in a boost configuration

during steady-state are shown in hollow red squares with the
remaining transformer-only solution highlighted in a solid red
square. The efficiencies of the circuits are taken as the
maximum reported efficiency, and the associated output
power, voltage step-up ratio and input voltage are recorded at
this point. The efficiencies include the losses associated with
energy management (which is detailed in Section 4) in
particular controller and MPPT losses. Solutions that are
applied only during cold start are not included in this analysis.

Initially all the converter topologies are compared based on
efficiency versus output power as shown in Figure 7. Most of
the existing circuits for 10T related applications are focused
between 0.1 and 1 mW, the typical power levels of small form
factor low-power energy harvesting sources. Many of the
switched capacitor circuits are at the lower output power level
with many delivering less than 0.1 mW. This is due to the
main focus of SCs being on small form factor which results in
a reduced power capacity of the circuit.

The efficiency varies significantly depending on output
power and topology. For example the switched capacitor
efficiency increases with an increase in output power, however
this is the opposite for transformer based converters, while for
the case of inductor based converters, the efficiency shows no
obvious trend with power level. The inductor circuits are
limited to relatively high power levels due to the
implementation of discrete inductors, however some work has
been focused on lower power (544 pW — 4 nW), by featuring a
boost converter combined with a voltage doubler [33].
Inductors on silicon [34] also provide an opportunity to reduce
the power level of inductor and transformer based solutions, as
well as the overall form factor.

Based on the output power a future research possibility
would be to examine the performance of SC circuits for power
levels between 1 and 5 mW. The next circuit parameter to
consider is the voltage step-up ratio (output voltage versus
input voltage) versus the converter efficiency as shown in
Figure 7 (b).

Initially examining the switched capacitor circuits, many
have been focused at lower voltage step-up ratios, between a
ratio of 1.5 and 4. Again this is in part due to the focus on
small circuit form factor, whereby increasing the step-up ratio
requires additional components and results in a larger circuit
footprint. Inductor based converters have a wide range of
voltage step-up ratios ranging from 1.5 to 50, with the majority
centred on a conversion ratio of 10. This wide range is
achievable because the duty cycle of the circuit varies the step-

TABLE Il
CHARACTERISTICS OF A RANGE OF SUITABLE SUPERCAPACITORS FOR PULSED POWER DELIVERY FOR WIRELESS SENSORS

Topology Advantages Disadvantages Limitations

Induct - High efficiency across a range of input and

nauctor load conditions - Additional cold-start circuitry - Existing solutions are limited

Based M . - . . . .
Converter - Wide input range - Relatively large footprint due to inductor relatively high output power (see Figure 7)

- Wide range of output power capabilities
- Targeted at lower conversion ratio due to additional -

. - Small footprint - . . - Output voltage limited due to
Switched h . . components required for larger conversion ratio . . - -,
Capacitor - Operates with low input voltage without Relatively low output power capability, based on implementation of circuit requiring an

additional cold-start circuitry L . ' integer number of stages
existing solutions
- Operates with low input voltages without . . . - Same limitation as inductor based
Transformer  additional cold-start circuitry - Relatively large footprint due to coupled inductors Converters
Based - High efficiency when operating in boost - Efficiency for existing solutions is relatively low, Efficiency can be limited due to couled
Converter mode during steady-state especially when compared to boost converters y P

- High output power capability inductors (see Section 3.3.)
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up ratio.
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focused at input voltages of 0.4 V or higher because, as
mentioned above, the number of stages to produce a useable
output voltage is limited by size, cost and efficiency. Inductor
based solutions have a wide range of input voltages from 35
mV up to 2.4 V. The transformer based converters can operate
at extremely low input voltages, however as discussed,
maximum efficiencies relate to the circuits operating in a boost
converter topology. Despite this the efficiency is somewhat
limited due to the coupled inductor losses, e.g. leakage
inductance. For all the converters, efficiency generally
increases with an increased input voltage and this is explained
by the relatively smaller effect of voltage drops across
switching devices. Table 1 shows a comparative summary of
the conversion topologies in terms of their relative advantages
and disadvantages as identified from trends in Figures 7-9
above.

TABLE 11l
MPPT METHODS USED FOR LOW-POWER ENERGY HARVESTING
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Fig. 7. Shows the existing DC-DC converter efficiency versus (a) output power,
(b) voltage step-up ratio and (c) input voltage.

Finally transformer based solutions can have a very high
step-up ratio as shown by [27], however as mentioned, the
transformer is often used for cold-start and the circuit operates
as a boost converter during steady-state. This is the case for all
transformer based converters considered, excluding [27]. The
overall efficiency trend for all examined converters shows
higher efficiency for low voltage step-up ratio. This is
explained by a reduced number of switching circuit stages or
reduced duty cycle.

As it is not evident in the results of voltage step-up ratio in
Figure 7 (b), the dependence of converter efficiency on input
voltage is shown in Figure 7 (c). The input voltage ranges from
35 mV up to 2.7 V with the majority of results centred on the
0.3 - 0.6 V range. Much of the work on switched capacitors is

By combining the data from Figure 7-9 and the details in
Table 1, suitable converters can be chosen for a range of input
and output conditions. For example, clustering of data points
in Figure 7 shows that inductor and transformer based
solutions are more suitable for relatively high power, while
switched capacitors are more suitable for lower power.
Meanwhile, Figure 7 (b) shows that switched capacitor
solutions are limited in the voltage step-up range that can be
supplied. This limitation is due to switched capacitor solutions
requiring a whole number of stages, e.g. 3, while the output
voltage of the inductor and transformer based circuits can be
varied depending on duty cycle.

In general a system featuring higher output power, a lower
voltage step-up ratio and a relatively high input voltage results
in a converter with high efficiency. However for many
wireless sensors, the input and output parameters are often
limited based on application sensor requirements and available
footprint/volume. In general inductor based converters have a
higher efficiency when compared to switched capacitor and
transformer based converters, but have a larger footprint and
require additional circuitry for cold-start.

IV. ENERGY MANAGEMENT

This section reviews the additional components
accompanying DC-DC stages required to create a truly
autonomous energy harvesting powered wireless sensor. These
include maximum power point tracking, energy storage and
cold-start stages. The existing MPPT techniques are detailed in
Section 4.1 with particular focus on low-power, low-voltage
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EH sources. Energy storage is required to overcome the power
mismatch between source and load, see Figure 2 (a), as well as
supplying the load during times when the source isn’t
harvesting energy. Existing energy storage components are
examined and compared based on their suitability for
application in energy harvesting systems in Section 4.2.
Finally Section 4.3 details cold-start techniques required to
allow autonomous circuit operation, in particular after long
periods of no operation.

A. Maximum Power Point Tracking

For the case of low-power, low-voltage sources, obtaining
the maximum energy is paramount to enabling a system to
become autonomous as well as possibly increasing the wireless
sensing accuracy and functionality, due to the additional
energy. MPPT s utilised for energy harvesting sources to
ensure the maximum available energy is extracted, however
there a wide range of methods to obtain the maximum power
[35]. Figure 8 shows the typical current, voltage and power
delivery for a range of different energy harvesting sources,
where the IV and PV curves are the current/voltage and
power/voltage curves respectively. It is clear to see that there
is a point around which the maximum power is delivered for
the different sources.
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Fig. 8. Typical IV and PV curve for (a) solar cells and (b) thermoelectric,
MFC, piezoelectric and RF harvesters.

Much work has been focused on highly sophisticated MPPT
systems for large scale energy harvesting. These systems are
often implemented digitally and therefore require a controller
or signal processing system. For many low-power energy
harvesting systems, including an MCU is not possible due to
the additional power consumption as well as the financial cost.
Some low-power MPPT systems have been implemented on
dedicated controllers [36] which have been shown to consume
from 1 mA to as low as 50 pA, [37] and [38] respectively.
However for the case of this work, the reviewed MPPT
literature are specific to low-power energy harvesting sources
and are aimed at consuming ultra-low power (in the order of
MW or less). Table 2 compares different reported MPPT
methods in the literature in terms of their reported power
consumption, where most methods are based on either the
Perturb and Observe (P&O) or Fractional open-circuit voltage
(FOCV) method.

Figure 9(a) shows a flowchart for P&O/hill climbing [39],
which is an established MPPT method and is used significantly
in high power solar systems. Much research has been
performed to allow this MPPT method to operate at low-power
levels. As seen in Table 2 the lowest power consumption
achieved is P&O with a consumption 0.1 pW [40]. This
method operates by reading the energy harvester voltage and
power value and determining if the maximum power point has
been reached. The circuitry required to implement this method
can vary significantly which results in high accuracy, low-
power consumption or financially cheaper systems depending

on the circuit requirements. In general this method is more
accurate than the FOCV, but is often more complex.

The FOCV [41], and fractional short-circuit current (FSCC)
[42] methods represent a simple MPPT method used in low-
power, low-voltage systems. For FOCV, the method operates
by taking the maximum power point voltage as being a fixed
percentage of the open-circuit voltage [43]

Vier = KVoe - @))

For the case of solar cells the maximum power is achieved
at roughly 70 — 80% of the open-circuit voltage, see Figure 8
(a). For piezoelectric, thermoelectric and MFC the maximum
power point occurs at approximately 50% [44] of the open-
circuit voltage, see Fig. 8(b). The FOCV method is sufficiently
accurate but requires minimal implementation complexity (see
Fig. 9(b)).
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Converter

Fig. 9. Flowchart of (a) perturb and observe/hill climbing [80] and (b)
fractional open-circuit voltage operation.

To implement the MPPT, as shown in Figure 9 (b), large
resistance values are selected to ensure that minimal current is
lost through the resistor divider ratio. The main disadvantage
of this method is the possible inaccuracy, as the maximum
power point might be a few percent above or below the resistor
divider ratio. However the low conduction losses for low-
power sources, relative ease of implementation and the overall
low cost makes the method suitable solution for low-power
energy harvesting powered systems.

B. Energy Storage

Energy harvesting powered wireless sensors, in particular
small form factor low-power, low-voltage sources, require
energy storage due to the low-power nature of the sources and
the pulsed nature of the sensors, as shown in Figure 2 (a).
Storage elements enable the wireless sensors to become
autonomous by overcoming the significant voltage and current
mismatch between source and sensor as well as enabling
operation during periods when the EH source isn’t supplying
energy. For example solar cells will only produce energy
during hours of sunlight if placed in a location with ambient
sunlight or when fluorescent light sources are operating. In this
case a storage element is required to power the sensor during
periods of no light, e.g. night time. This holds true for many
energy harvesting sources as their operation is dependent on
external parameters. For these reasons energy harvesting

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2894465, IEEE

Transactions on Power Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

powered wireless sensors for low power levels feature energy
storage components, however the type, location and usage of
the components can vary significantly depending on the
application. This section details the electrical characteristics of
existing storage elements and their best potential application
within energy harvesting systems.

The three commonly used storage elements are batteries,
electrolytic capacitors and supercapacitors (also known as
ultracapacitors or double layer electrolytic capacitors) or
different combinations of them. Each storage element has
advantages and disadvantages to utilising them in an energy
harvesting system. The storage elements are compared in
Table 4 which shows key characteristics such as energy
density (watt hours per kilogram) and power density (watts per
kilograms), as well as other important characteristics.

Electrolytic capacitors have a high power density which
allows the delivery of high power pulses for short time
periods, however they are rarely used as the sole storage
element due to their low energy density and relatively high
leakage current. Instead for the case of energy harvesting
powered wireless sensors, electrolytic capacitors are used in
parallel with other storage elements to aid with high current
discharging.

Supercapacitors have a very desirable combination of
energy and power density for energy harvesting powered
wireless sensors, as well as having higher charge/discharge
efficiency when compared to batteries. They can store
sufficient energy to supply a complete sensor operation,
including the high power pulse typically required for data
transmission, but suffer from leakage which limits their long-
term storage capability. A supercapacitor can suffer from
leakage of up to 25% of initial energy in 25 hours for a 33 F
supercapacitor [45], but supercapacitor leakage is very specific
to each supercapacitor even for different components from the
same manufacturer.

Much of the current battery research is focussed on lithium
based batteries [46]-[52], which are shown to have the highest
energy and power density combination of the common battery
topologies [53]. As outlined in Table 4, when considering a
battery as the storage element for a system, factors such as
cycle life and charge/discharge efficiency, as well as energy
and power density must be considered. To overcome the power
density issue faced by the battery, a battery with a parallel

TABLE IV
BATTERY, SUPERCAPACITOR AND ELECTROLYTIC CAPACITOR PERFORMANCE,
ADAPTED FROM [85]

capacitor or supercapacitor is utilised in existing literature,
[54] and [55] respectively. Batteries also suffer from leakage
however it is significantly less than electrolytic and
supercapacitor leakage.

Electrolytic capacitors have the largest power density of the

three. This indicates that they are very efficient at receiving
and delivering pulses of power, but due to their low energy
density, can’t retain energy for long periods. Therefore they
are best used in combination with batteries or supercapacitors
to enable the delivery of the very high power component of
wireless sensor load pulses. Supercapacitors provide
intermediate energy and power densities, whereby power can
be delivered and received effectively, and also stored for
relatively long periods. Therefore, in energy harvesting
systems where there is a continuous energy source, they can be
applied as the sole energy storage component, or they can be
combined with either batteries or capacitors for very long term
storage or very high pulsed power, respectively.
Aside from energy and power densities, another key factor to
consider is the charge/discharge efficiency, which quantifies
the ability of the storage element to deliver and receive energy
efficiently. Examining Table 3 it is clear to see that electrolytic
capacitors have the highest efficiency whilst batteries and
supercapacitors can be as low as 80% and 85% respectively.
This inefficiency is generally caused by a large equivalent
series resistance (ESR) within the storage element and several
researchers are targeting methods for reducing it, [56] and
[57].

Finally lifetime issues play a major role in the storage
element selection. Most IoT related applications required
deploy and forget systems which may be located in harsh
environments. Taking an outdoor sensor as an example and an
operating temperature of 60°C the lifetime of the storage
elements is greatly affected. A sample electrolytic capacitor’s
lifetime is approximately 7.5 years [58] while supercapacitors
lifetime can be limited to 3 years [59] (depending on voltage
utilisation). For a sample battery the overall capacity is
reduced by 20 % after 200 days of 60°C operation which
results in limited lifetime [60].

C. Cold-Start

Cold-start occurs when the circuit is starting with a
discontinuous source and no energy stored within the system,
either in the energy management circuit or storage element.
As many of the DC-DC converters feature switches and/or
diodes, a gate-drive voltage larger than the energy harvesting

Topology Electrolytic Supercapacitor Lithium based source voltage is usually required to allow the circuit to
Capacitor Battery operate correctly. Methods used to overcome cold-start
Eﬂerg_y 0.01-0.3 1-10 30— 200 include featuring an unregulated charge pump prior to the
chvselrty boost converter [61], [62], [63], an oscillator prior to a
Density > 100,000 < 10,000 < 1,000 switched capacitor circuit, [23], [24], [64], and high turns
Cycle life Unlimited > 500,000 1,000 ratio transformer based solutions [27], [29], whereby the
Charge/Discharge ] ) source voltage is stepped-up and applied to store sufficient
Efficiency 99% 85-98% 80-90% energy to supply gate-drive circuitry in more efficient DC-DC
Fast Charge Time (s) <0.1 0.3-30 1-5 hours solutions. The cold-start circuitry for the boost and switched
Discharge Time (s) <0.1 0.3-30 0.3-3 hours capacitor circuits operates in a similar fashion to that detailed
1-2% per month in Section 3.2. For the transformer circuits, cold-start is
1<(0.03V*C) 3uA after 72 lithium-i achieved by resonance between the inductor and capacitor, as

Leakage [79] {e.g. 0.1F I HA after (|0|um-|on) ; oy ) P ’
=12 mA} hours [80] 10-15% per month detailed in Section 3.3. Based on these methods, energy
(Nickel-based) [81]  paryesting powered systems can be completely autonomous

Lithium-ion battery .

Examples (82] [83]-[85] [86] used in [67] and not rely on external power sources. Cold-start is an
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inefficient process and is often excluded from published
efficiency values due to the event rarely occurring, possibly as
little as once over the lifetime of the system.

V. DEMONSTRATOR ENERGY HARVESTING SYSTEMS

Up to this point, the individual components required to
manage the energy for an energy harvesting powered wireless
sensor have been detailed. However the methods in which the
energy management is implemented varies depending on
system conditions, e.g. input source voltage/power levels and
output sensor power profiles, and this is illustrated through
example demonstrator systems in this section.
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Fig. 10. Various energy storage configgu)rations for energy harvesting powered
wireless sensors.

As detailed each DC-DC step-up converter and the
associated energy management techniques have benefits, e.g.
switched capacitor circuits tend to be focused in small
footprint applications, while inductor based solutions have
higher efficiency but require separate cold-start circuitry as
well as storage elements. Overall system configuration varies

depending on system constraints and requirements. Figure 10
shows the various different system configurations for energy
harvesting powered sensors implemented in the literature.

Figure 10 (a) shows the most common system configuration
used where the EH input is connected to the DC-DC
conversion circuitry which in turn is connected to an energy
storage element in parallel with the load, see Figure 1. Many
of the circuits documented in Section 3 and 4 utilise this
system configuration. The benefit of using this method is that
sufficient energy is stored in the storage element prior to a
wireless sensor operation.

However by featuring the power conversion circuitry
between the source and storage element, losses associated with
the power converter are always encountered when the EH
source is harvesting. Another issue faced by this system is due
to the output voltage not being regulated which can result in
sensor failure caused by voltage variance. Careful selection of
the storage element is required to overcome this issue with
particular focus on sufficient power density.

An alternative configuration is a system featuring the energy
storage prior to the energy management circuit [65], [66] as
shown in Figure 10 (b). This method can only be applied in
cases where the energy source and storage elements have
compatible voltages and therefore the voltage step-up ratio is
usually quite low. It negates some of the issues associated with
the system in Figure 10 (a) whereby the power conversion
circuitry operation reduced to only operate when the wireless
sensor operates. This method requires greater system
integration to ensure that sufficient energy is available when
the wireless sensor is operating. Also the charge/discharge
efficiency of the storage element needs to be factored in as this
will contribute when both the source and/or load are
operational.

Finally a system featuring power conversion prior to and
after energy storage is shown in Figure 10 (c¢) [67]. This
solution encounters losses for both management circuits
however the additional energy management circuit is featured
to regulate the output voltage. This system configuration is
desirable for sensitive load applications whereby a fixed,
reliable and tightly regulated output voltage is required.

Table 5 shows examples of complete energy harvesting
powered systems whereby the source, sensor, converter and
storage are detailed as well as the system configuration as
detailed in Figure 10. Overall system efficiency isn’t included
as it isn’t reported for many systems. Within the source
column, continuous or intermittent is included to indicate

TABLE V
CHARACTERISTICS OF A RANGE OF SUITABLE SUPERCAPACITORS FOR PULSED POWER DELIVERY FOR WIRELESS SENSORS
Ref s S DC-DC Topology & Storage MPPT System Topology
¢ ouree ensor (Efficiency) (see Figure 10)
[66] PV (25 cm? @ 17 uW) ZigBee Temperature 3-Stage Switched 33 mF Supercapacitor Hill @)
Continuous Sensor Capacitor (85%) Climbing
[25] PV (1.6 mm? @ ~ 40 uW) RF Temperature 4-Stage Switched 0.6 pAh thin-film Cymbet FOCV (@)
Intermittent Sensor Capacitor (27%) Battery
[31] MFC (0.7 litre rgactor @ 1.7 pWw) Wired Temperature Transformer (86%) Small External Battery FOCcv (@)
Continuous Sensor
[65] PV Cell (6.75 cm? @ ~ 0.15 mW) ZigBee Humidity Boost Converter 10 F Supercapacitor FOCcv (b)
Intermittent Temperature, Sensor (TPS63012, 55%)
PV + TEG (16 cm? @ =~ 25 mW) Humidity, Lux, Transformer (LTC3108 1.65 F Supercapacitor FOCV (c)
[87] -
Intermittent Temperature, Sensor up to 40%)
PV (20 cm? @ ~ 20 mW) Boost Converter 120 mF Supercapacitor or FOCcv (c)
(88] Intermittent Temperature Sensor (TPS61200, 40%) 12 pAh Cymbet Battery
[67] PV (27.8 cm?* @ ~ 0.5 mW) ZigBee Humidity, Boost Converter 2.5 F Supercapacitor FOCcv (c)

Intermittent Lux, Temperature

(TPS61221, 79%)
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whether the source is delivering energy continuously or in
pulses. This indicates the demonstrators’ ability to operate in a
real-world environment when performance can be intermittent
due to the harvester operation being dependent on external
parameters. It is clear to see that many of the existing
demonstrator systems utilise commercially available DC-DC
converters. These converters often have a wide input and
output range which allows them to be used in many
applications but not optimised for a specific system. The
systems featuring customised DC-DC conversion show higher
conversion efficiency, [68] and [31] with 85 and 86%
respectively. This shows the increased performance of an
optimised system, based on input and output specifications. It
is worth noting that as detailed in Section 4.2 supercapacitors
provide a desirable storage solution due to their suitable
energy and power densities and as a result many existing
systems feature a supercapacitor. The existing demonstrators
show the need for careful system integration whereby the most
suitable DC-DC converter is chosen for a particular
combination of input and output conditions with suitable
storage.

V1. DiscussiON/CONCLUSIONS

This review paper shows the volume of work focused at
low-power, low-voltage energy management circuitry for
energy harvesting powered wireless sensors, which illustrates
the push to find alternative cost effective, reliable power
sources for battery powered sensors with the growth of loT
systems. In particular the difficulties with utilising energy
harvesting and the methods used to overcome them have been
documented.

The paper reviews all components required to create a
complete energy harvesting powered sensor system. These
include DC-DC step-up converters, MPPT, energy storage and
cold-start circuitry. An in-depth analysis of the circuit
performance of suitable converters is detailed in Section 3,
along with a summary of their advantages and disadvantages.
The highest efficiency topology for a range of voltage and
power levels was found to be the boost converter (e.g. 0.5 V
the voltage of a solar cell) while the switched capacitor circuits
have an extremely small form factor and the transformer
solutions are focused at ultra-low voltages. MPPT techniques
used for EH sources are compared based on their power
consumption as well as accuracy in Section 4, along with a
comparison of the characteristics of a range of suitable storage
elements, which show the capability of existing solutions to
satisfy different system requirements. The suitability of storage
elements based on energy and power density as well as life
cycles and charge/discharge efficiency for both short- and
long-term has been detailed, with supercapacitors providing a
robust solution to many applications.

The paper shows the case for the optimisation of energy
harvesting powered systems by selecting an optimised DC-DC
converter with the associated energy management techniques.
Existing works show the benefit of different converters based
on input voltage, voltage step-up and power delivery, however
there is a need for the further development of converters. This
includes the designing of inductor based converters for lower
power levels by possibly implementing inductors on silicon, or
by designing switched capacitor circuits for higher output

power levels. This may result in higher performing systems
which will increase the harvested energy and overall help
enable the increase in number of sensors deployed to enable a
power autonomous loT.

REFERENCES

[1] R. Vullers, R. Schaijk, H. Visser, J. Penders, and C. Hoof, “Energy
harvesting for autonomous wireless sensor networks,” IEEE Solid-State
Circuits Mag., vol. 2, no. 2, pp. 29-38, 2010.

[2] M. Rossi, S. Member, L. Rizzon, M. Fait, R. Passerone, and D. Brunelli,
“Energy Neutral Wireless Sensing for Server Farms Monitoring,” IEEE J.
Emerg. Sel. Top. Circuits Syst., vol. 4, no. 3, pp. 324-334, 2014.

[3] Statista, “Internet of Things (loT) connected devices installed base
worldwide from 2015 to 2025 (in billions),” 2015. [Online]. Available:
https://www.statista.com/statistics/471264/iot-number-of-connected-
devices-worldwide/. [Accessed: 11-Jan-2018].

[4] K. L. Lueth, “The 10 most popular Internet of Things applications right
now,” 2015. [Online]. Available: https://iot-analytics.com/10-internet-of-
things-applications/. [Accessed: 28-Sep-2018].

[5] H. Kim, S. Kim, C.-K. Kwon, Y.-J. Min, C. Kim, and S.-W. Kim, “An
Energy-Efficient Fast Maximum Power Point Tracking Circuit in an 800-
uW Photovoltaic Energy Harvester,” IEEE Trans. Power Electron., vol.
28, no. 6, pp. 2927-2935, 2013.

[6] B. O’Regan and M. Gratzel, “A low-cost, high-efficiency solar cell based
on dye-sensitized colloidal TiO2 film,” Nature, vol. 353, pp. 737-740,
1991.

[7] A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, and H. Pettersson, “Dye-
sensitized solar cells.,” Chem. Rev., vol. 110, no. 11, pp. 6595-6663, Nov.
2010.

[8] D. Newell, R. Twohig, and M. Duffy, “Effect of Energy Management
Circuitry on Optimum Energy Harvesting Source Configuration for Small
Form-Factor Autonomous Sensing Applications,” J. Ind. Inf. Integr., vol.
11, pp. 1-10, 2018.

[9] S. Dalola, M. Ferrari, V. Ferrari, M. Guizzetti, D. Marioli, and a. Taroni,
“Characterization of Thermoelectric Modules for Powering Autonomous
Sensors,” IEEE Trans. Instrum. Meas., vol. 58, no. 1, pp. 99-107, Jan.
2009.

[10]C. Y. Sue and N. C. Tsai, “Human powered MEMS-based energy harvest
devices,” Appl. Energy, vol. 93, pp. 390-403, 2012.

[11]D. M. Rowe and G. Min, “Evaluation of thermoelectric modules for
power generation,” J. Power Sources, vol. 73, no. Copyright 1998, IEE,
pp. 193-198, 1998.

[12] A. Richelli, L. Colalongo, S. Tonoli, and Z. M. KovAcs-Vajna, “A 0.2-1.2
V DC/DC Boost Converter for Power Harvesting Applications,” IEEE
Trans. Power Electron., vol. 24, no. 6, pp. 1541-1546, 20009.

[13]A. Richelli, L. Colalongo, and Z. M. KovAcs-Vajna, “A Review of
DC/DC Converters for Ultra Low Voltage Energy Harvesting,” J. Low
Power Electron., vol. 12, no. 2, pp. 138-149, 2016.

[14]M. Stojcev, M. Kosanovic, and L. Golubovic, “Power management and
energy harvesting techniques for wireless sensor nodes,” in Proceedings
of the 9th International Conference on Telecommunication in Modern
Satellite, Cable, and Broadcasting, 2009.

[15]1. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “Wireless
sensor networks : a survey,” Comput. Networks, vol. 38, no. 4, pp. 393—
422, 2002.

[16]M. Morales and Z. Shivers, “Wireless sensor monitor using the eZ430-

RF2500,”  Texas  Instruments, 2007. [Online].  Available:
http://www.ti.com/lit/an/slaa378d/slaa378d.pdf.  [Accessed:  10-May-
2018].

[17]1B. Sahu and G. a. Rincon-Mora, “An accurate, low-voltage, CMOS
switching power supply with adaptive on-time pulse-frequency
modulation (PFM) control,” IEEE Trans. Circuits Syst. | Regul. Pap., vol.
54, no. 2, pp. 312-321, 2007.

[18]J. Wang and J. Xu, “Peak current mode bifrequency control technique for
switching DC-DC converters in DCM with fast transient response and low
EMI,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1876-1884, 2012.

[19] Texas Instruments, “Ultra Low Power Boost Converter with Battery
Management for Energy Harvester Applications,” 2011. [Online].
Auvailable: http://www.ti.com/lit/ds/symlink/bg25504.pdf.

[20]T. Tanzawa, “Innovation of Switched-Capacitor Voltage Multiplier: Part
2: Fundamentals of the Charge Pump,” IEEE Solid-State Circuits Mag.,
vol. 8, no. 2, pp. 83-92, 2016.

[21]J. F. Dickson, “On-Chip High-Voltage Generation in MNOS Integrated
Circuits Using an Improved Voltage Multiplier Technique,” IEEE J.
Solid-State Circuits, vol. 11, no. 3, pp. 374-378, 1976.

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2894465, IEEE

Transactions on Power Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 10

[22]P. H. Chen, K. Ishida, K. Ikeuchi, X. Zhang, K. Honda, Y. Okuma, Y.
Ryu, M. Takamiya, and T. Sakurai, “Startup techniques for 95 mV step-up
converter by capacitor pass-on scheme and VTH-Tuned oscillator with
fixed charge programming,” IEEE J. Solid-State Circuits, vol. 47, no. 5,
pp. 1252-1260, 2012.

[23]J. Kim, P. K. T. Mok, and C. Kim, “A 0.15 V Input Energy Harvesting
Charge Pump With Dynamic Body Biasing and Adaptive Dead-Time for
Efficiency Improvement,” IEEE J. Solid-State Circuits, vol. 50, no. 2, pp.
414-425, 2014.

[24]W. Jung, S. Oh, S. Bang, Y. Lee, Z. Foo, G. Kim, Y. Zhang, D. Sylvester,
and D. Blaauw, “An ultra-low power fully integrated energy harvester
based on self-oscillating switched-capacitor voltage doubler,” IEEE J.
Solid-State Circuits, vol. 49, no. 12, pp. 2800-2811, 2014.

[25]Y. Lee, S. Bang, I. Lee, Y. Kim, G. Kim, M. H. Ghaed, P. Pannuto, P.
Dutta, D. Sylvester, and D. Blaauw, “A modular 1 mm3 die-stacked
sensing platform with low power 12C inter-die communication and multi-
modal energy harvesting,” IEEE J. Solid-State Circuits, vol. 48, no. 1, pp.
229-243, 2013.

[26]1. Lee, G. Kim, S. Bang, A. Wolfe, R. Bell, S. Jeong, Y. Kim, J. Kagan,
M. Arias-Thode, B. Chadwick, D. Sylvester, D. Blaauw, and Y. Lee,
“System-On-Mud: Ultra-Low Power Oceanic Sensing Platform Powered
by Small-Scale Benthic Microbial Fuel Cells,” IEEE Trans. Circuits Syst.
| Regul. Pap., vol. 62, no. 4, pp. 1126-1135, 2015.

[27] Linear Technology Corporation, “LTC3108 - Ultralow Voltage Step-Up

Converter and Power Manager,” 2010. [Online]. Available:
http://cds.linear.com/docs/Datasheet/3108fa.pdf.  [Accessed:  03-May-
2016].

[28]Y. K. Teh and P. K. T. Mok, “Design of transformer-based boost
converter for high internal resistance energy harvesting sources with 21
mV self-startup voltage and 74% power efficiency,” IEEE J. Solid-State
Circuits, vol. 49, no. 11, pp. 2694-2704, 2014.

[29]J. P. Im, S. W. Wang, S. T. Ryu, and G. H. Cho, “A 40 mV transformer-
reuse self-startup boost converter with MPPT control for thermoelectric
energy harvesting,” IEEE J. Solid-State Circuits, vol. 47, no. 12, pp.
3055-3067, 2012.

[30]M. Pollak, L. Mateu, and P. Spies, “Step-Up DC-DC-Converter With
Coupled Inductors for Low Input Voltages,” Proc. PowerMEMS 2008, pp.
145-148, 2008.

[31]F. Khaled, O. Ondel, and B. Allard, “Optimal Energy Harvesting From
Serially Connected Microbial Fuel Cells,” IEEE Trans. Ind. Electron.,
vol. 62, no. 6, pp. 3508-3515, 2015.

[32]O. Zucker, J. Wyatt, and K. Lindner, “The meat grinder: Theoretical and
practical limitations,” IEEE Trans. Magn., vol. 20, no. 2, pp. 391-394,
1984.

[33]S. Bandyopadhyay, P. P. Mercier, A. C. Lysaght, K. M. Stankovic, and A.
P. Chandrakasan, “A 1.1 nW energy-harvesting system with 544 pW
quiescent power for next-generation implants,” IEEE J. Solid-State
Circuits, vol. 49, no. 12, pp. 2812-2824, 2014.

[34]C. Feeney, N. Wang, S. Cian O Mathuna, and M. Duffy, “Design
Procedure for Racetrack Microinductors on Silicon in Multi-MHz DC-DC
Converters,” IEEE Trans. Power Electron., vol. 30, no. 12, pp. 6897-
6905, 2015.

[35]T. Esram and P. L. Chapman, “Comparison of Photovoltaic Array
Maximum Power Point Tracking Techniques,” IEEE Trans. Energy
Convers., vol. 22, no. 2, pp. 439-449, 2007.

[36]R. C. N. Pilawa-podgurski, W. Li, I. Celanovic, and D. J. Perreault,
“Integrated CMOS Energy Harvesting Converter With Digital Maximum
Power Point Tracking for a Portable Thermophotovoltaic Power
Generator,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 3, no. 4, pp.
1021-1035, 2015.

[37]F. Simjee and P. H. Chou, “Everlast: Long-life, Supercapacitor-operated
Wireless Sensor Node,” in Low Power Electronics and Design, 2006.
ISLPED’06. Proceedings of the 2006 International Symposium on, 2006,
pp. 197-202.

[38]C. Alippi and C. Galperti, “An Adaptive System for Optimal Solar Energy
Harvesting in Wireless Sensor Network Nodes,” IEEE Trans. Circuits
Syst. | Regul. Pap., vol. 55, no. 6, pp. 1742-1750, Jul. 2008.

[39]10. Wasynezuk, “Dynamic Behavior of a Class of Photovoltaic Power
Systems,” IEEE Trans. Power Appar. Syst., vol. PAS-102, no. 9, pp.
3031-3037, 1983.

[40]C. Steffan, P. Greiner, C. Kollegger, I. Siegl, G. Holweg, and B.
Deutschmann, “Autonomous Maximum Power Point Tracking Algorithm
for Ultra-Low Power Energy Harvesting,” in Circuits and Systems
(MWSCAS), 2017 IEEE 60th International Midwest Symposium on, 2017,
pp. 1372-1375.

[41]H.-J. Noh, D.-Y. Lee, and D.-S. Hyun, “An Improved MPPT Converter
Using Current Compensation Method for Small Scaled PV-Applications,”
in IEEE 2002 28th Annual Conference of the Industrial Electronics
Society. IECON 02, 2002, pp. 1113-1118.

[42] T. Noguchi, S. Togashi, and R. Nakamoto, “Short-current pulse-based
maximum-power-point tracking method for multiple photovoltaic-and-
converter module system,” IEEE Trans. Ind. Electron., vol. 49, no. 1, pp.
217-223, 2002.

[43]J. H. R. Enslin, M. S. Wolf, D. B. Snyman, and W. Swiegers, “Integrated
photovoltaic maximum power point tracking converter,” IEEE Trans. Ind.
Electron., vol. 44, no. 6, pp. 769-773, 1997.

[44]S. Cho, N. Kim, S. Park, and S. Kim, “A coreless maximum power point
tracking circuit of thermoelectric generators for battery charging
systems,” 2010 IEEE Asian Solid-State Circuits Conf. A-SSCC 2010, no.
2, pp. 253-256, 2010.

[45]D. Brunelli, C. Moser, L. Thiele, and L. Benini, “Design of a Solar-
Harvesting Circuit for Batteryless Embedded Systems,” IEEE Trans.
Circuits Syst. | Regul. Pap., vol. 56, no. 11, pp. 2519-2528, Nov. 2009.

[46] K. Asakura, M. Shimomura, and T. Shodai, “Study of life evaluation
methods for Li-ion batteries for backup applications,” J. Power Sources,
vol. 119-121, pp. 902-905, Jun. 2003.

[47]1P. Ramadass, B. Haran, R. White, and B. N. Popov, “Mathematical
modeling of the capacity fade of Li-ion cells,” J. Power Sources, vol. 123,
no. 2, pp. 230-240, Sep. 2003.

[48]F. Savoye, P. Venet, M. Millet, and J. Groot, “Impact of Periodic Current
Pulses on Li-lon Battery Performance,” IEEE Trans. Ind. Electron., vol.
59, no. 9, pp. 3481-3488, Sep. 2012.

[49]G. Ning, B. Haran, and B. N. Popov, “Capacity fade study of lithium-ion
batteries cycled at high discharge rates,” J. Power Sources, vol. 117, no.
1-2, pp. 160-169, May 2003.

[50]M. Doyle, T. F. Fuller, and J. Newman, “Modeling of Galvanostatic
Charge and Discharge of the Lithium / Polymer / Insertion Cell,” J.
Electrochem. Soc., vol. 140, no. 6, pp. 1526-1533, 1993.

[51]T. F. Fuller, M. Doyle, and J. Newman, “Relaxation Phenomena in
Lithium-lon-Insertion Cells,” J. Electrochem. Soc., vol. 141, no. 4, pp.
982-990, 1994.

[52]J. Li, E. Murphy, J. Winnick, and P. a Kohl, “The effects of pulse
charging on cycling characteristics of commercial lithium-ion batteries,”
J. Power Sources, vol. 102, no. 1-2, pp. 302-309, Dec. 2001.

[53]Maxwell Technologies, “Gateway to a New Thinking in Energy
Management -  Ultracapacitors,” 2005. [Online].  Available:
http://lwww.ewh.ieee.org/ré/scv/pses/ieee_scv_pses_jan05.pdf. [Accessed:
17-Aug-2017].

[54]L. Gao, R. a. Dougal, and S. Liu, “Active power sharing in hybrid
battery/capacitor power sources,” Eighteenth Annu. IEEE Appl. Power
Electron. Conf. Expo. 2003. APEC ’03., vol. 1, pp. 497-503, 2003.

[55]T. A. Smith, J. P. Mars, and G. A. Turner, “Using Supercapacitors to
Improve Battery Performance,” in IEEE 33rd annual Power Electronics
Specialists Conference, 2002, pp. 124-128.

[56]L. Oakes, A. Westover, J. W. Mares, S. Chatterjee, W. R. Erwin, R.
Bardhan, S. M. Weiss, and C. L. Pint, “Surface engineered porous silicon
for stable, high performance electrochemical supercapacitors,” Sci. Rep.,
vol. 3, pp. 1-7, 2013.

[57]A. Kuperman and I. Aharon, “Battery-ultracapacitor hybrids for pulsed
current loads: A review,” Renew. Sustain. Energy Rev., vol. 15, no. 2, pp.
981-992, 2011.

[58]Nichicon, “General Description of Aluminum Electrolytic Capacitors,”
2014. [Online]. Available:
http://www.nichicon.co.jp/english/products/pdf/aluminum.pdf. [Accessed:
06-Jun-2017].

[59]AVX Corporation, “SCM Series.”
http://www.farnell.com/datasheets/2618152.pdf.
2018].

[60] Seiko Instruments Inc., “MS Lithium Rechargeable Battery,” 2008.
[Online]. Available: https://www.sii.co.jp/en/me/datasheets/ms-
rechargeable/ms412fe-5/. [Accessed: 18-Jun-2018].

[61] E. J. Carlson, K. Strunz, and B. P. Otis, “A 20 mV input boost converter
with efficient digital control for thermoelectric energy harvesting,” IEEE
J. Solid-State Circuits, vol. 45, no. 4, pp. 741-750, 2010.

[62] K. Kadirvel, Y. Ramadass, U. Lyles, J. Carpenter, V. lvanov, V. McNEeil,
A. Chandrakasan, and B. Lum-Shue-Chan, “A 330nA energy-harvesting
charger with battery management for solar and thermoelectric energy
harvesting,” Dig. Tech. Pap. - IEEE Int. Solid-State Circuits Conf., vol.
55, pp. 106-107, 2012.

[63]A. Shrivastava, N. E. Roberts, O. U. Khan, D. D. Wentzloff, and B. H.

Available:
24-Sep-

[Online].
[Accessed:

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2894465, IEEE

Transactions on Power Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 11

Calhoun, “A 10 mV-Input Boost Converter With Inductor Peak Current
Control and Zero Detection for Thermoelectric and Solar Energy
Harvesting With 220 mV Cold-Start and -14.5 dBm, 915 MHz RF Kick-
Start,” IEEE J. Solid-State Circuits, vol. 50, no. 8, pp. 1820-1832, 2015.

[64]Y. C. Shih and B. P. Otis, “An inductorless dc-dc converter for energy
harvesting with a 1.2-uW bandgap-referenced output controller,” IEEE
Trans. Circuits Syst. 11 Express Briefs, vol. 58, no. 12, pp. 832-836, 2011.

[65]W. S. Wang, T. O’Donnell, N. Wang, M. Hayes, B. O’Flynn, and C.
O’Mathuna, “Design considerations of sub-mW indoor light energy
harvesting for wireless sensor systems,” ACM J. Emerg. Technol. Comput.
Syst., vol. 6, no. 2, pp. 1-26, 2010.

[66]H. Chen, B. Wei, and D. Ma, “Energy storage and management system
with carbon nanotube supercapacitor and multidirectional power delivery
capability for autonomous wireless sensor nodes,” IEEE Trans. Power
Electron., vol. 25, no. 12, pp. 2897-2909, 2010.

[67]W. Wang, N. Wang, M. Hayes, B. O’Flynn, and C. O’Mathuna, “Power
management for sub-mW energy harvester with adaptive hybrid energy
storage,” J. Intell. Mater. Syst. Struct., vol. 24, no. 11, pp. 1365-1379,
Nov. 2012.

[68]X. Liu and E. Sanchez-Sinencio, “An 86% Efficiency 12 uW Self-
Sustaining PV Energy Harvesting System With Hysteresis Regulation and
Time-Domain MPPT for IOT Smart Nodes,” IEEE J. Solid-State Circuits,
vol. 50, no. 6, pp. 1424-1437, 2015.

[69]1. Doms, P. Merken, C. Van Hoof, and R. P. Mertens, “Capacitive power
management circuit for micropower thermoelectric generators with a 1.4 p
A controller,” IEEE J. Solid-State Circuits, vol. 44, no. 10, pp. 2824-
2833, 2009.

[70]Y. Qiu, C. Van Liempd, B. O. Het Veld, P. G. Blanken, and C. VVan Hoof,
“5uW-to-10mW input power range inductive boost converter for indoor
photovoltaic energy harvesting with integrated maximum power point
tracking algorithm,” in Digest of Technical Papers - IEEE International
Solid-State Circuits Conference, 2011, no. June 2007, pp. 118-119.

[71]1. Doms, P. Merken, R. Mertens, and C. Van Hoof, “Integrated capacitive
power-management circuit for thermal harvesters with output Power 10 to
1000uW,” Dig. Tech. Pap. - IEEE Int. Solid-State Circuits Conf., vol. 5,
pp. 300-302, 2009.

[72]S. Fan, R. Wei, L. Zhao, X. Yang, L. Geng, and P. Feng, “An Ultra-Low
Quiescent Current Power Management System with Maximum Power
Point Tracking (MPPT) for Battery-Less Wireless Sensor Applications,”
IEEE Trans. Power Electron., vol. 8993, no. c, pp. 1-1, 2017.

[73]M. A. A. lbrahim, M. M. Aboudina, and A. N. Mohieldin, “An ultra-low-
power MPPT architecture for photovoltaic energy harvesting systems,”
17th IEEE Int. Conf. Smart Technol. EUROCON 2017 - Conf. Proc., no.
July, pp. 201-205, 2017.

[74]T. Ozaki, T. Hirose, T. Nagai, K. Tsubaki, N. Kuroki, and M. Numa, “A
0.21-V Minimum Input, 73.6% Maximum Efficiency , Fully Integrated
Voltage Boost Converter with MPPT for Low-Voltage Energy
Harvesters,” ESSCIRC 2014 - 40th Eur. Solid State Circuits Conf., vol. 2,
no. c, pp. 255-258, 2014.

[75] X. Liu, L. Huang, K. Ravichandran, and E. Sanchez-Sinencio, “A Highly
Efficient Reconfigurable Charge Pump Energy Harvester with Wide
Harvesting Range and Two-Dimensional MPPT for Internet of Things,”
IEEE J. Solid-State Circuits, vol. 51, no. 5, pp. 1302-1312, 2016.

[76]J. J. Kim and C. Kim, “A Regulated Charge Pump With a Low-Power
Integrated Optimum Power Point Tracking Algorithm for Indoor Solar
Energy Harvesting,” Proc. Asia South Pacific Des. Autom. Conf. ASP-
DAC, vol. 58, no. 12, pp. 107-108, 2013.

[77]1Hui Shao, Chi-ying Tsui, and Wing-Hung Ki, “The Design of a Micro
Power Management System for Applications Using Photovoltaic Cells
With the Maximum Output Power Control,” IEEE Trans. Very Large
Scale Integr. Syst., vol. 17, no. 8, pp. 1138-1142, 2009.

[78]T. Ozaki, T. Hirose, H. Asano, N. Kuroki, and M. Numa, “Fully-
Integrated High-Conversion-Ratio Dual-Output Voltage Boost Converter
With MPPT for Low-Voltage Energy Harvesting,” IEEE J. Solid-State
Circuits, vol. 51, no. 10, pp. 2398-2407, 2016.

[79] Nichicon, “Aluminum Electrolytic Capacitors,” 2002. [Online]. Available:
http://www.mouser.com/ds/2/293/e-upw-883815.pdf. [Accessed: 06-Jun-
2017].

[80] Eaton, “PM Supercapacitors Cylindrical pack,” 2017. [Online]. Available:
http://www.mouser.com/ds/2/87/Bus_EIx_DS 4393 PB_Series-

479424 pdf. [Accessed: 03-Jan-2018].

[81] Battery University, “BU-802b: What does Elevated Self-discharge Do?,”
2017. [Online]. Available:
https://batteryuniversity.com/index.php/learn/article/elevating_self _discha
rge. [Accessed: 09-Oct-2018].

[82] Vishay, “Aluminum Capacitors Power Long Life Printed Wiring,” 2011.
[Online]. Available: https://www.vishay.com/doc?28346. [Accessed: 06-
Jun-2017].

[83]Murata, “DMT3N4R2U224M3DTAO / Supercapacitor (EDLC ) _,” 2017.
[Online]. Auvailable: https://www.murata.com/en-
us/products/productdata/8797929537566/MFCDST2E.pdf?151374060900
0. [Accessed: 03-Apr-2018].

[84] AV X Corporation, “AVX BestCap ® Ultra-low ESR BestCap Ultra-low
ESR,” 2017. [Online]. Awvailable: http://catalogs.avx.com/BestCap.pdf.
[Accessed: 03-Apr-2018].

[85] Cooper Bussmann, “B-Series Supercapacitors,” 2011. [Online]. Available:
http://www.cooperindustries.com/content/dam/public/bussmann/Electroni
cs/Resources/product-datasheets/Bus_EIx_DS_4390_B_Series.pdf.

[86]Panasonic, “Lithium lon NCR18650PF,” 2016. [Online]. Available:
https://industrial.panasonic.com/cdbs/www-
data/pdf2/ACI14000/ACI4000C12.pdf. [Accessed: 03-Apr-2018].

[87]P. C. Dias, F. J. O. Morais, M. B. de Morais Franca, E. C. Ferreira, A.
Cabot, and J. A. Siqueira Dias, “Autonomous Multisensor System
Powered by a Solar Thermoelectric Energy Harvester With Ultralow-
Power Management Circuit,” IEEE Trans. Instrum. Meas., vol. 64, no. 11,
pp. 2918-2925, 2015.

[88]M. Danesh and J. R. Long, “Photovoltaic antennas for autonomous
wireless systems,” IEEE Trans. Circuits Syst. I Express Briefs, vol. 58,
no. 12, pp. 807811, 2011.

[89]A. Meehan, H. Gao, and Z. Lewandowski, “Energy harvesting with
microbial fuel cell and power management system,” IEEE Trans. Power
Electron., vol. 26, no. 1, pp. 176-181, 2011.

[90] T.-H. Tsai, B.-Y. Shiu, and B.-H. Song, “A Self-Sustaining Integrated
CMOS Regulator for Solar and HF RFID Energy Harvesting Systems,”
IEEE J. Emerg. Sel. Top. Power Electron., vol. 6777, no. c, pp. 434-442,
2014.

[91]Y. K. Ramadass and A. P. Chandrakasan, “A Battery-Less Thermoelectric
Energy Harvesting Interface Circuit With 35 mV Startup Voltage,” IEEE
J. Solid-State Circuits, vol. 46, no. 1, pp. 333-341, Jan. 2011.

[92] M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A Nanocurrent Power
Management IC for Low-Voltage Energy Harvesting Sources,” IEEE
Trans. Power Electron., vol. 31, no. 6, pp. 4292-4304, 2016.

[93]N. Tang, W. Hong, T. Ewing, H. Beyenal, J. H. Kim, and D. Heo, “A self-
sustainable power management system for reliable power scaling up of
sediment microbial fuel cells,” IEEE Trans. Power Electron., vol. 30, no.
9, pp. 4626-4632, 2015.

[94]S. Carreon-Bautista, C. Erbay, A. Han, and E. Sénchez-Sinencio, “Power
Management System With Integrated Maximum Power Extraction
Algorithm for Microbial Fuel Cells,” IEEE Trans. Energy Convers., vol.
15, no. 1, p. 262-, 2015.

[95]P. Chen, X. Zhang, K. Ishida, Y. Okuma, Y. Ryu, M. Takamiya, and T.
Sakurai, “An 80 mV Startup Dual-Mode Boost Converter by Charge-
Pumped Pulse Generator and Threshold Voltage Tuned Oscillator With
Hot Carrier Injection,” IEEE J. Solid-State Circuits, vol. 47, no. 11, pp.
2554-2562, 2012.

[96]L. Mateu, C. Codrea, N. Lucas, M. Pollak, and P. Spies, “Human body
energy harvesting thermogenerator for sensing applications,” 2007 Int.
Conf. Sens. Technol. Appl. SENSORCOMM 2007, Proc., pp. 366-372,
2007.

[97]H. Lhermet, C. Condemine, M. Plissonnier, R. Salot, P. Audebert, and M.
Rosset, “Efficient power management circuit: Thermal energy harvesting
to above-1C microbattery energy storage,” IEEE J. Solid-State Circuits,
vol. 43, no. 1, pp. 246-255, 2008.

[98]EnOcean, “Thermal Energy Harvester ECT 100 perpetuum ®
Development Kit October 23, 2008,” 2008. [Online]. Available:
https://www.enocean.com/en/enocean_modules/ect-310-perpetuum/data-
sheet-pdf/. [Accessed: 28-Nov-2016].

[99]P. S. Weng, H. Y. Tang, P. C. Ku, and L. H. Lu, “50 mV-input batteryless
boost converter for thermal energy harvesting,” IEEE J. Solid-State
Circuits, vol. 48, no. 4, pp. 1031-1041, 2013.

[100] H. Wu, C. Wei, Y. Hsu, and R. B. Darling, “Adaptive Peak-Inductor-
Current-Controlled PFM Boost Converter With a Near-Threshold Startup
Voltage and High Efficiency,” IEEE Trans. Power Electron., vol. 30, no.
4, pp. 1956-1965, 2015.

[101] S. Bandyopadhyay and A. P. Chandrakasan, “Platform architecture for
solar, thermal, and vibration energy combining with MPPT and single
inductor,” IEEE J. Solid-State Circuits, vol. 47, no. 9, pp. 2199-2215,
2012.

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



