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Abstract: In this article, we deal with the problem of Hybrid Energy Harvesting control strategies,
while paying attention to their properties and suggesting criteria to assess their suitability for specific
energy harvesting techniques, as well as their application in different areas of technology—especially
Wireless Sensor Networks and the Internet of Things. Many research works have already been
published on the topic of combining resources for Energy Harvesting; nevertheless, a comprehensive
review of the control strategies for such systems and a comparison of their most important properties
is missing. This is the genesis and the main subject of this article. We have performed a deep research
investigation of available resources. We have identified eight different control strategies and defined
a set of the most important parameters (including their possible ranges/states) as criteria to be able
to compare them. The corresponding sections of this article begin with a general description of
the respective strategies and their principles (including generalized schemes), which is followed by
specific examples of best practices. The key conclusions of the performed analysis are summarized in
a comparison table that allows the readers to make their own conclusions and choices.

Keywords: hybrid energy harvesting; sustainability; environment dependency; control strategies;
schemes; comparison; survey

1. Introduction

Humanity has come a long way from using energy for satisfying its basic needs to
securing a high standard of living. We gradually worked our way up from decentralized
small individual energy sources to multi-megawatt ones (e.g., the Kashiwazaki-Kariwa
nuclear power plant in Japan that had declared an output power of almost 8 GW and
produced 60.3 TWh of electricity per year). Recently, we have been also witnessing the
opposite trend—the decentralization of resources, techniques, and technologies—which
leads to the reuse of essentially lost (micro-) energy from our environment. The term Energy
Harvesting is now commonly used in this context. The limits of this technology are obvious
at first glance: sometimes the energy source is sufficient to satisfy the current needs, while
at other times it is not. That is why a very interesting superstructure is considered—i.e., a
combination of multiple sources for Energy Harvesting technologies. This opens up a lot of
space for managing and combining of different energy sources.

1.1. Mankind and Energy

In order to survive, people always needed some kind of energy to be used mainly
for heating and cooking. More and more sophisticated forms of energy exploitation led
successively to increasing living standards, which, paradoxically, implied higher and higher
energy consumption. Over the centuries, mankind has come to the point where relatively
cheap energy sources have been almost depleted, and therefore it is necessary to seek
alternative ones.
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1.2. Ways to Obtain Energy

Of course, it is not possible to “generate” energy, as energy and matter can only be
mutually transformed. So, the question is how energy can be transformed from an available
form to a required one. For example, the mechanical (potential and/or kinetic) energy of
water or wind can be transformed either to the mechanical energy of a millstone, or to
another form, e.g., electrical energy. Hereinafter we are going to focus only on the form of
energy that can be used to operate electronic devices, i.e., electricity.

Energy harvesting (EH) is usually defined as a process during which the electrical
energy needed for the operation of a microdevice is obtained directly from its closest
environment so that the considered device does not require an external power supply
or frequent replacement of batteries. Such categories typically include wireless sensors,
biomedical implants, military monitoring devices, weather stations, etc. Several years ago,
we could even observe an attempt to develop a cellphone harvesting energy from radio
waves present in the ambient space.

The history of energy harvesting, according to the current definition, begins in 1826,
when T. J. Seebeck noticed the formation of an electric current when two metal conductors
were connected and their terminals were placed at different temperatures. This discovery
was followed E. Becquerel with the photovoltaic effect and M. Faraday with the discovery
of electromagnetic induction. The Curie brothers discovered piezoelectricity. All of these in-
ventions play a very important role in future EH technologies. As for the term “harvesting”
itself, it first appeared in the literature (in relation to energy) in November 1958 [1].

The main topic of the article is the use of solar energy to power various appliances,
such as radio receivers. In general, in the beginnings of EH, the authors focused mainly on
the use of solar energy. This is evidenced by the activities of the authors from the end of
the 1980s, when the topic of EH began to appear regularly in specialized publications (see

Figure 1).
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Figure 1. Number of publications dealing with energy harvesting (based on available metadata
of publications).
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In the field of EH, especially the topics of vibrations (one of the first appearances in
the literature was [2] in 1976) and piezoelectricity ([3] in 2001) are gradually being added to
the use of solar energy. At about the same time, a description of the use of radio-frequency
(RF) resources appeared [4], and subsequently, more and more possibilities opened up.

Modern devices are relatively modest in energy consumption (and the trend is to
continue its reducing); however, depending on their functionality, they can require a
considerable amount of energy for their continuous operation. It is clear that the demands
for this technology will increase, and the use of single energy sources will not be sufficient.
Thus, at the beginning of the 21st century, combinations of different technologies began
to emerge [5,6]. The techniques and technologies of EH source combinations (hybrid
energy harvesting—HEH) are diverse and, in addition, their authors often do not reveal
the principles and specific details of the mergers they propose.

Moreover, overview articles (e.g., [7] or [8]) deal mainly with the materials and material
nature of EH techniques. The description of applied control algorithms, schemes, and
principles of HEH systems to the extent presented by us is still missing in the literature.

Currently, there are several dozens of review articles on EH available. They are very
diversified in many respects. Typically, the articles focus on the area of communication
between devices and on the respective communication protocols [9-17]. In some cases, these
are exclusively communication protocols in terms of communication content, while other
authors also deal with the security aspects of communication [12,14,18]. Their relation to 5G
technologies is a promising trend [11]. The efficiency of communication is addressed in [19].
Article [13] appears to be one of key importance in this area; however, it is focused on the
issue of beamforming and on the topics of power transfer and wireless communication.

When the topic of EH is elaborated in more detail, it mostly deals with some narrowly
specialized area, for example, with respect to the energy source. RF-based techniques are
described in [20-23]; those based on solar energy are described in [24] and in many other
sources. Descriptions of the EH techniques implementation in specific applications are also
available. Wireless Sensor Networks (WSN) [16,25-32] or various modifications for the
Internet of Things (IoT) [33-38], wearable electronics and healthcare applications [37,39,40]
predominate here. In the given context, descriptions of the use of EH in the field of
automotive technology [41], in the monitoring of airplane components [42], or for use in
digital cameras [43] seem to be marginal.

In our opinion, the work closest to ours is [41], which describes the individual energy
sources for EH in considerable detail. However, unlike the core of this article, the authors
do not focus on the combination of resources, and apply their research to the narrow area
of vehicular networks. Article [44] is very important, as it discusses various aspects of the
architecture of sensor systems for EH, energy sources, and storage technologies, including
examples of applications; in addition, it deals with recharging options and with sensor
network design. However, the authors do not consider a hybrid scheme—a combination
of different sources and techniques. Another noteworthy article is [45], where the authors
deal directly with control strategies, but only the concept of vibration-based EH control
(piezoceramics) is elaborated in detail. A relatively older paper [46] from 2013 comes close
to the issue we cover. The authors deal with selected HEH control techniques in order to
design a plug-and-play architecture with regard to their commercial availability and, of
course, with expert knowledge of the state-of-the-art in the year of publishing. In [46], the
authors introduce comparisons between the models from the viewpoint of components
and capabilities, while our article goes to the system level of the HEH models. As itis a
conference paper, the lack of space significantly affected its shape, and therefore, the depth
of the description of individual control techniques is not fully in line with today’s criteria
for an article. Essential details, such as the description of control techniques (provided by
us with respect to the categorization of HEH systems), are not presented in [46].

Based on the abovementioned facts, we can observe the extensive activity of various
authors in this area and, on the other hand, the absence of a survey article that would
describe and compare the basic principles of applied HEH control strategies. The purpose
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of this article is not to identify the most suitable one (this is not even possible, due to the
huge diversity of technologies and types of resources—or their combinations); its goal is
to provide interested professionals with a tool that can be used to formulate their own
conclusions concerning the suitability of the considered control strategy for a particular
HEH system. This is why this work has been carried out. Our aspiration is to fill the
described gap.

In this section (Introduction), important milestones in the history of energy harvesting
are listed, followed by the description of the logical transition towards combined (or hybrid)
EH sources, i.e., HEH. The rest of the article is organized as follows.

Section 2. Motivation:

Briefly outlines the importance of energy harvesting;

Combines the energy sources in the modern world of technology.
Section 3. Methodology for Hybrid Energy Harvesting Strategies:
Summarizes the most important HEH control strategies;
Provides generalized schemes;

Introduces the existing practical implementations.

Section 4. Comparison and Discussion:

Details the information that is summarized in the comparison table (see Appendix A);
Describes the proposed criteria;

Discusses the individual strategies.

Section 5. Conclusions:

Summarizes the crucial information;

Discusses the ways of future research;

Discusses the most important challenges.

2. Motivation

Climate change and environmental degradation pose an existential threat to Europe
and the whole world. The main risks can be identified in energy production and its related
processes. The European Commission activity “Green Agreement for Europe—Striving to
become the first climate-neutral continent” [47] is a major attempt to find a solution.

The problem of access to energies is addressed by many other national as well as global
institutions, one of them also being the United Nations (see UN Sustainable Development
Goal 7: “Ensure access to affordable, reliable, sustainable and modern energy for all” [48]).

Going hand in hand with the current turbulent global political situation, the prices
of energies are being pushed up, which also makes all products and services increasingly
expensive. This could lead to a true crisis due to “energy poverty”.

Despite this situation, the demand for energies is constantly increasing [49]. This
is not only due to the growing world population, but also to other development trends,
such as the transition towards Industry 4.0 or IoT, along with Internet Protocol v6 (IPv6).
These technologies anticipate huge numbers of devices (e.g., sensors and sensor networks)
concurrently accessing the Internet, thus consuming a significant amount of energy.

However, the independently operated devices are independently power-supplied,
which logically leads to the designing of techniques that can provide them with energy
coming from their local resources (environments).

The solution for the mentioned problems is a system of new techniques and tech-
nologies for generating energy known as “Green Energy”. Many research teams deal
with these problems. The solution can be seen in harvesting the energy from diversified
resources, such as solar, wind, mechanical (vibrations), residual heat, human power, etc. In
this respect, we need to utilize the so-called “occasional resources” (this malicious name
can be understood positively in the given context), which are, however, not reliable when
used independently and exclusively, as their availability and efficiency largely depend on
territorial and other aspects. Besides various types of storages, we have to consider the
energy flow management and similar techniques. One of the possibilities that has recently
been largely discussed consists in “fusion technologies” combining various sources. The
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main advantage of this approach is that, in the case of a temporary shortage of a specific
resource (e.g., solar), the other types (e.g., vibrations) can still be available, thus overcoming
the outage. Such fusion, of course, requires a sophisticated management system that is able
to evaluate the expected consumption vs. the predicted resource capacities.

Some authors specializing in energy fusion only publish the measurement results
and overall performance figures, but not the principles and other know-how behind the
specific technologies.

Therefore, we want to summarize the overview of the existing technologies that
come into consideration based on different authors” works within the field of new trends
and ideas for energy-combining methods, strategies in energy harvesting, green energy,
and sustainability.

3. Methodology for Hybrid Energy Harvesting Strategies

In this section, we provide a description and comparison of different approaches
used to combine two or more energy sources for EH. These techniques have been se-
lected as typical ones; however, other options of minor importance can be found in the
specialized literature.

3.1. Supplementary Use of Different Enerqy Sources

The technique of supplementary use of energy sources is based on one energy harvester
serving as the main energy resource and one or more energy harvesters supporting the main
one by feeding some of the system components (or enhancing the efficiency of the main
harvester). The key advantage of this technique is its simple design, which, however, must
be a special one in order to meet the requirements of the application and the conditions of
the ambient environment.

In the following brief overview, we present some examples of applications that need
to supply energy for different parts of the respective system by making use either of
different harvesting principles or even of the same one for different branches. Typically,
two independent EH techniques are implemented in a single device. However, these
systems are not equipped with any kind of sophisticated system capable of managing the
utilization of the energy sources in a synergic way.

In [50], the authors used a photovoltaic transducer as the main energy harvester to
charge a supercapacitor through a DC-DC converter, while a piezoelectric transducer was
used as a secondary harvester to provide energy to the system for its self-start-up (the
system consumes more energy when starting up, as the electronics require it). The principle
scheme is shown in [50]. The system was based on 13 nm CMOS technology and the peak
efficiency was 90.5%.

Another example can be found in [51]. The authors used a thermal generator as
the main energy harvester to power a battery-less sensor, and a piezoelectric transducer
was used as the secondary harvester to provide the necessary bias for the rectifier circuit
required for the thermal generator and some parts of the wireless sensor node.

In these two methods, the energies harvested from the different sources were not
combined, and the energy from the secondary one was always used in a specific part of the
system, which meant wasting the energy of the secondary harvester.

In [52], the authors used the air flow to increase the efficiency of a thermal generator
by 27% and used cooling water to increase the efficiency of the thermal generator by 45%;
however, the mechanism of providing the air flow and the cooling water was not explained
in detail.

We consider the absence of an energy management system a major drawback of the
described techniques. This standpoint is also supported by the fact that newer works have
been focusing on possible improvements in this respect, as outlined in the following sections.
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3.2. Power ORing

The Power ORing is a power system used in applications where a combination of
power from multiple sources is required. Its purpose is to select one power source from
several resources or to provide a power architecture with sufficient redundancy. The
Power ORing is a solution used not only for power combination, but also for selection
and protection when several power sources are used as inputs of the system; it provides
protection from hot-plugs, the absence of any single source, failures, or short circuiting.

Power ORing topology connects 1 sources of energy in parallel through conventional
diodes, Schottky diode(s), or MOSFET, as shown in Figure 2 (based on [50-52]). This topol-
ogy will provide the isolation of each connected power resource, as well as protection from
shunt-connected power resources and other negative factors. This approach guarantees
redundancy and reliability of the multisource power system [53].

Energy N
iapvecterd MPPT 1 1P Load
D1
| | Cl
| !
i = = GND 1
Energy NI
Harvester n MPPT n g
Dn

Cn%
= GND n

Figure 2. Power ORing scheme (the abbreviations are based on generally known labeling).

According to the requirements given by the application and its power supply, the
desired electronic elements can be chosen. Each of the electronic elements has its advantages
and disadvantages. A conventional diode can be used for protection and isolation of the
power resources, but its forward voltage drop is higher than that of a Schottky, while its
reverse recovery time and reverse recovery loss are higher.

The Schottky diode is an optimal solution when simplicity of the system in the circuit
is required. Its disadvantage consists in not providing the control abilities, so the Power
ORing will choose the resource with the highest voltage amplitude; such behavior leads
to the wasting of energy from other resources with lower voltage amplitudes. Another
disadvantage is the relatively high forward voltage drop (compared to Power MOSFETs),
which is inversely proportional to temperature. This leads to additional heat generation.
The third disadvantage is represented by the reverse leakage current of the Schottky diode,
which increases with temperature; as a result, thermal management is required to avoid
the effects of forward voltage drop and reverse leakage current.

Power MOSFETs have a low forward voltage drop compared to Schottky and conven-
tional diodes; also in addition, this setup is fully controllable in terms of switching (on/ off)
thresholds and speed. Its disadvantage is higher complexity and size of the circuit [54].

Using the Power ORing in multiple energy harvesting applications is very common,
because it is considered the simplest and cheapest method. It provides the ability to
connect arbitrary energy harvesters in parallel regardless of the nature of the sources. For
this purpose, a special interface circuit for each resource is available. It also increases
the efficiency by connecting an independent maximum power point tracking (MPPT) for
each resource.
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Several architectures of the Power ORing are used. In [55], the authors used ORing
topology with a simple design to combine the energy from solar, heat, and wind harvesters
to charge a supercapacitor, thus reducing the complexity and energy consumption. They
added a rectifier circuit in series with the wind harvester to get a DC output and connected
the three harvesters using diodes to a step-up module to provide a constant 5.5 V output.
The presented design is very simple, but there is no real combining of the harvested energy,
because only the harvester with the highest output voltage will be selected to charge the
supercapacitor. In addition, in this case, the voltage drop and energy consumption occur
on the diode, but the authors do not discuss them.

In order to increase the efficiency in collecting the energy, the authors in [56] used
several piezoelectric converters with different frequency responses to extend the harvesting
frequency range. They proposed a Power ORing topology with conventional diodes to
combine the energy from piezoelectric converters operating at different frequencies and
store it in a capacitor to feed a batteryless sensor. The system is cheap and simple, but it
wastes energy, due to voltage drops on the diodes. In addition, the energy is gained from
the source with the highest voltage amplitude.

In [57], the authors combined the energy from a solar harvester and a wind harvester
using a simple diode-based Power ORing topology to charge a supercapacitor, which
subsequently charged a rechargeable battery. They used an independent MPPT circuit
for each harvester to increase the harvesting efficiency. The proposed circuit is simple;
however, its energy consumption is high because of the inclusion of the MPPT circuit. Thus,
in the case of insufficient ambient energy, the MPPT circuit will decrease the efficiency
of the entire system, because its own energy consumption is higher than the amount of
harvested energy.

A combination of energy from thermal and light harvesters using Schottky diodes to
create a Power ORing topology was discussed in [58]. The forward voltage drop is low and
the circuit is simple, but energy is still wasted when other harvesters have a lower voltage,
which is similar to the cases presented hereinbefore.

In [59], the authors proposed a system called the power utility maximizer (PUMA),
which is an array of diodes (forming the Power ORing topology) and switches controlled
by a control unit. The system is able to combine the energy from several harvesters with
the option to implement different control algorithms.

The involvement of the Power ORing will make the system simple, compact, low-cost,
and self-synchronized if the number of harvesters is low; however, increasing the number
of harvesters will result in higher cost, larger size, and increased energy consumption, due
to the use of several MPPT circuits.

3.3. Voltage Level Detection Method

The voltage level detection technique utilizes a controller that manages the switches
of the individual harvesters. The controller can use different algorithms and methods
based on the applications and the harvester types. The complexity of this technique grows
with the number of components in the system. In some cases, the efficiency is affected by
the complexity because of the high energy consumption of the system components. The
voltage level detection is usually based on comparing the output voltage of the individual
harvesters against a given threshold. Some typical examples are provided hereinafter.

In [60], the authors used thermal and RF harvesters to charge the storage device. The
power management unit was designed to compare the output voltage level of the thermal
harvester and the RF harvester to give the priority to the source with the highest value
when both sources were active. In addition, it provided minimum/maximum voltage
protection for the storage device, which was a micro battery. CMOS technology was used
for integrated circuit (IC) fabrication (0.18 um, while the area of the micro battery was
30 mm?). The IC contained a power supply manager, battery charger, discharger monitor,
and RF converter. The efficiency of the power supply manager and the battery charger was
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78% for a charging current of 27 pA. The leakage current of the battery was 12 pA, and the
maximum power loss in the battery discharge monitor was 5 nW.

The authors in [61] used solar, thermal, piezoelectric and RF harvesters connected to
the load through supercapacitors and PMOS controllable switches. The maximum voltage
was selected with respect to the Vimax of the used battery (which was Li-ion). When any
supercapacitor of the harvesters reached the Vya« voltage, the controller connected this
harvester to the battery until the voltage of its supercapacitor was less than Vpax; then, the
controller disconnected this harvester and connected the harvester with a supercapacitor
voltage equal to the Vyax.

An energy combiner with three inputs of sources was proposed in [62]. In addition,
the number of inputs could be expanded. The design consisted of a digital control unit,
comparators, capacitors, resistors and switches to combine the energy based on voltage
level detection. The harvested energy was stored temporarily in an individual capacitor
for each harvester. The threshold voltage was defined using two resistors. The algorithm
implemented in the controller checked if the voltage of the capacitor was higher than the
voltage threshold. Then, the corresponding switch connected it to the load. When the
voltage of the capacitor dropped below the threshold, the controller checked whether the
voltage of the second capacitor was higher than the threshold to connect it to the load,
otherwise it checked the voltage level of the third capacitor and repeated the process until
it found the input with a capacitor voltage higher than the threshold (and then connected
it). The proposed design had an area of 160.155 pm x 177.940 pm (in 65 nm technology).
The total power consumption of the combiner was 160 uW with a combining efficiency of
94.67% for one active source, 83.11% for two sources, and 82.91% for three sources.

In [63], the authors designed an energy combiner based on the voltage level detection
method, which involved two inputs with integrated maximum power point tracking. Each
energy harvester stored the energy in an individual capacitor, and the controller connected
the main energy storage device to the branch where the voltage of the capacitor was higher
than the voltage threshold. The peak tracking efficiency was 96%, and the power conversion
efficiency reached 87.2% for 198 uW of output power and 72% for 981 puW. An optimal
charging strategy for a Li-ion battery was analyzed in [64].

3.4. Multiple Input Boost Converter (MIBC)

A boost converter is a DC-DC power converter that steps up the output voltage.
It combines the energy from several resources using different techniques based on the
specific topology. It is an efficient solution which requires a simple control method, but it is
expensive and bulky. The following paragraphs show examples of typical design forms.

3.4.1. Serial Form

In [65], the authors presented a DC-DC converter topology to combine wind energy
and photovoltaic energy by connecting two switching-mode, DC-DC, step-up pulse-width-
modulation-controlled (PWM) converters in series. The connection of two step-up stages
in series was proposed to comply with the operating characteristics of the wind and
photovoltaic harvesters, which produce low voltage values (see Figure 3, based on [65]).
They also provided a magnitude of the output voltage equal to the input voltage, thus
achieving better switch utilization than the parallel connection. The most important
disadvantage of this topology is that voltage drop at one of the sources will bring the
output to an unregulated state; this is because maintaining the input voltage variation is an
important condition to produce a regulated output in a boost converter.
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Figure 3. Multiple input boost converter scheme—serial form (the abbreviations are based on
generally known labeling).

3.4.2. Magnetic Form

Using a multiple input DC-DC converter to combine the energy from two sources in
the magnetic form instead of the electric form was proposed in [66]. The DC-DC converter
was based on the flux additivity, and by using the phase-shifted PWM control strategy, the
input DC sources in the magnetic form were combined in the magnetic core by adding the
produced magnetic flux. This topology (see Figure 4, based on [66]) has several advantages,
such as combining the energy from two resources, regardless of the voltage magnitude at
the input; furthermore, any input can deliver the energy independently and simultaneously.
The disadvantages here include the limitation of the number of input sources and the
large size.

3.4.3. Special Design

The authors in [67] proposed a simple, multi-input, non-isolated boost converter as a
modified Dickson charge pump. Each energy harvester was connected to a diode-capacitor
stage through a boost converter. The design (see Figure 5, based on [67]) has a simple
control strategy based on a duty cycle, in which two inductors are discharging while the
other two are charging. The proposed design is easy to control. It provides high voltage
gain and reduces the switching. It is suitable for low-voltage energy harvesting applications
and multi-source energy harvesting with different current—voltage characteristics. The
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disadvantage of this design is the use of inductors, which increases the size and the cost,
especially when a large number of harvesters is involved [68].

Energy
Harvester 1
Storage
Circuit
L5
Energy
Harvester 2

Figure 4. Multiple input boost converter scheme—magnetic form (the abbreviations are based on
generally known labeling).

Vi V2 V3 V4

L1 L2 L3 L4
D1 D2 D3 D4

c1 [ c2| [ c3|
c4
s1 s2 S3 S4 I

GND = GND= GND = GND= GND

Figure 5. Multiple input boost converter scheme—special design (the abbreviations are based on
generally known labeling).
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3.4.4. Parallel Form

In [69,70], the authors described a topology to combine the energy from two energy
sources connected in parallel through a Multiple Input Boost Converter (MIBC). The control
strategy combining the energy from the resources (see Figure 6, based on [69]) consisted in
time division between them. This strategy will lead to energy waste, because the resources
cannot deliver the energy simultaneously.

D1 S1
NI
| 1
Energy L1
Harvester 1
| Dout
|
G
: out Vou
| Dn Sn Laue
NI
| 1%
Energy Ln
Harvester n

Figure 6. Multiple input boost converter scheme—parallel form (the abbreviations are based on
generally known labeling).

3.5. Linear Regulator

A low dropout (LDO) regulator performs regulation of the output voltage. LDO
regulators do not generate switching noise. They are characterized by their small size and
simple design (see Figure 7, based on [71]). Their main disadvantage is the production of
waste heat. The LDO regulator energy-combining technique is based on providing the same
voltage value for each energy harvester output to charge the storage device simultaneously.
As an LDO is required for each input, the heat production (along with the costs) rises in
proportion to the device complexity.

Energy | | o —
Harvester 1 Regulator 1
S1
C1
! |
] i
| : l
! ! GND ™~
Energy | | |
Harvester n Regulator n
Sn
I Cn T SSD

~ GND

Figure 7. Linear regulator scheme (the abbreviations are based on generally known labeling).
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The authors presented a multi-harvesting power chip that worked in the voltage range
of up to 2.5V, and its total power consumption was 160 uW [71]. The system was batteryless
and designed to collect energy from the indoor light environment, mechanical vibrations
source, electromagnetic field, and thermal energy. However, they did not implement the
thermal generator, due to restrictions in size. There was a subsystem for each energy source
that contained the harvester and the conditioning circuit to optimize the energy from each
source. A multiple energy storage device was used to guarantee the collection of the energy
from each source simultaneously. The multi-harvesting power chip consisted of three main
circuits: the rectifier to convert the AC signal from the vibration and electromagnetic source
to a DC signal; the regulator core (consisting of a bandgap circuit that determines the
reference voltage and a low dropout regulator); and the control unit.

The control unit permanently monitored the voltage and compares it to two trigger
values, Vimax and Vpin, in order to control the power flow to the load using a PMOS switch.
When the voltage in the single storage device (SSD) reached the Vmax, the control unit
connected it to the load. When the voltage dropped to the Vyy, it was disconnected. The
LDO regulator defined the Viax value. The Vyi, value was defined by the load as the
minimum voltage required to run the load, and the reference voltage was defined by the
bandgap circuit to reduce the power consumption. The system used a power on reset (POR);
additionally, it was used as a startup mechanism with the BG circuit. When the voltage was
increasing from zero to Vmayx for the first time, only the BG circuit and POR were activated,
but when the voltage reached the value of the Vyyin, the POR circuit activated the remaining
parts of the system.

The presented system combines the harvested energy from different resources simul-
taneously, so there is no waste of the energy available for harvesting. However, using the
linear regulators for each source will increase the energy consumption. The system is not
universal—it is limited to applications where the voltage value is lower than 2.5 V [71]. An
example of such a system is given in [72].

3.6. Multiplexing Techniques

A multiplexing technique consists in combining the energy from different resources.
There is a control algorithm that lets each harvester charge the storage device for a specified
interval of time. This technique uses a controller, controllable switches, and a synchroniza-
tion oscillator to perform the multiplexing. The efficiency of this technique depends on the
algorithm used. Its disadvantage is the system complexity and the consumption of energy
by the components used to perform the multiplexing.

In [73], the authors provided the design of a combiner that had an arbitrary number
of inputs to combine energy from several energy harvesters. This combiner consisted of
a controller and controllable switches. The algorithm was based on comparison of the
harvester output with a specified voltage level (the threshold voltage). When the output
voltage of one of the harvesters was higher than the threshold voltage, this harvester was
connected to the load through a capacitor by activating the corresponding controllable
switch for a specified interval of time Af. When the voltage of the connected capacitor of
the harvester dropped below the threshold, the controller checked whether the voltage of
the previously connected harvester was higher than the threshold. If it was, it connected
this harvester to the load for a specified interval of time At and disconnected the previously
connected harvester. If the voltage of the connected capacitor of the harvester was still
higher than the threshold, then the controller extended the connecting time interval At. In
the case that none of the harvesters had a higher voltage than the threshold, the controller
disconnected the load for the interval of time At and repeated the process. The idea behind
this algorithm is to divide the time among the harvesters to collect the energy from all of
them. CMOS technology (0.13 um) was used for IC fabrication. The maximum efficiency of
the energy combiner for three inputs was 95%, and its power consumption was 1.55 pW.

In [74], the authors proposed a system to combine energy from two harvesters with
MPPT based on dividing the time between the resources (with respect to the highest
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efficiency of energy conversion) to energize an inductor. The system consisted of four
PMOS and NMOS transistors to perform the switching, five capacitors, an inductor, and
a controller. The controller defined three periods of time: ON time (Toy;), which was the
interval of energizing of the inductor; OFF time (Topr) when the energy was delivered
to the load; and idle time (TipLg), during which the inductor was set to float to reduce
the energy leakage. In addition, it defined three working modes: single source mode
(SSM), dual source mode (DSM), and backup mode (BM). Each mode had its own switch
configuration. The system monitored the ambient environment condition to select the
working mode. The SSM was applied when one of the resources was available, the DSM
was applied when two resources were available, and the BM was applied when no resource
was available. The proposed system had a peak efficiency of 84.4%.

3.7. Switched Capacitors

A switched capacitor [75] is an electronic circuit consisting of switches and capacitors
(see Figure 8, based on [76,77]). Its simplistic topology is composed of two switches (S1
and S2) and one capacitor. It has two phases, which are the charging phase, when S1 is
closed and S2 is open (the energy is being stored in the capacitor), and the discharging
phase (S1 is opened and 52 is closed so that the energy can be released from the capacitor).
Using a switched capacitor to combine the energy is based on converting the current of one
harvester to its AC form, combining the energy through the capacitors, and then rectifying
the current using transistors [76].

Vin = C Vout

o, ® O

Figure 8. Switched capacitors scheme (derived from a general scheme of a two port network pub-
lished, e.g., in [77]; the abbreviations are based on generally known labeling).

For example, in [63], the authors proposed a design to combine the energy using
the switched capacitor technique. The setup consisted of five main subsystems: passive
start-up (PSU), ranking and level detection, MPPT control, combiner core, and control logic.
An external under voltage lockout (UVLO) circuit was connected to the system to enable
its operation. The energy storage system consisted of two capacitors: a high-capacity main
capacitor that stored the harvested energy to feed the load, and a secondary capacitor that
sped up the start-up process.

The PSU selected the harvester with the highest generated energy to charge the
secondary capacitor. When it was fully charged, the UVLO generated the power good
(PG) signal to activate the system. Then, the system repeated the evaluation of the inputs
during a short waiting cycle. When the open circuit conditions (OCC) were met and the
control logic selected two of the four inputs to connect them to the combiner core, where a
differential low-power oscillator was used to convert the current 12 of the second harvester
to its AC form, the pulse-shaped form was coupled by charging the capacitors C1 and C2.
The output of the switched capacitor charged one capacitor. The V¢ voltage would equal
the sum of V1 and V2. The system was fabricated using the 0.13 pm CMOS technology. It
had a peak tracking efficiency of 96%, a maximum power conversion of 87.2% at 198 uW
of output power and 72% at 981 uW. The switched capacitor was capable of concurrent
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energy combining, so there was no need for time division multiplexing. In addition, it was
an integrated solution, which implied its small size and easy packing.

3.8. Shared Inductor

The shared inductor method to combine energy uses a shared inductor on a buck-
boost converter to store the energy from different resources (see Figure 9, based on [77,78]).
The buck-boost converter can work in discontinuous conduction mode (DCM), with the
possibility of implementing the MPPT by controlling the frequency of the buck-boost
converter switches. This method is efficient in low-power applications. Its disadvantage
is the size of the inductor, which increases the size of the circuit, and, thus, the total
dimensions and costs.

| Battery [
o Q
sS4 S5
e S1 L1
nergy .-
Harvester 1 ° Load
e S2
nergy s
Harvester 2 f
= S3 !
nergy - ©
Harvester 3 S6 57
= GND = GND

Figure 9. Shared inductor scheme (the abbreviations are based on generally known labeling).

In [78], the authors proposed a design to combine energy from three harvesters—a
thermoelectric generator (TEG), a biofuel cell (BFC), and a photovoltaic (PV) panel—using
a single-stage shared inductor. The proposed design contained controllable switches, a
shared maximum power point tracking controller, a shared output regulator, a shared
inductor, a battery, and a controller. The control method gave each harvester a branch one
charging interval (T1) to charge the shared inductor and a switching frequency depending
on the harvester output comparator (based on the MPPT and the available ambient energy).
When the T1 period was over, and the zero current detector (ZCD) circuit detected a zero
inductor current, the controller checked the state of the other harvesters. If both of them
had high output, the controller selected the first (predefined) harvester in the sequence
and gave its branch a charging interval T2 to charge the inductor. If both of the remaining
harvesters had low output, then the controller repeated the sequence from the beginning.
The peak efficiency amounted to 89%. The reaching of an even higher (92%) peak efficiency
is discussed in [79].

The design proposed in [80] combined energy from three resources: vibration, PV,
and RF. It contained controllable switches, comparators, a maximum power point circuit,
oscillators, a shared inductor, and capacitors. The goal was to achieve DCM in three phases:
energize; dump and then wait by charging the shared inductor in the first phase, followed
by dumping the stored energy from the inductor into a capacitor to maintain a constant
peak inductor current in the second phase; and the waiting phase to charge the capacitor of
each transducer. The efficiency was 87% for the input power of 20 pW. Other examples of
shared inductor applications and analysis are presented in [81] and [82].
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4. Comparison and Discussion
4.1. Description of the Criteria

In Section 3, we presented eight of the most popular methods used as control strategies
for hybrid energy harvesting (while one of them—the MIBC—is divided into four sub-
strategies). In order to be able to compare them, we have developed a set of criteria
describing their key characteristics (see Table Al in Appendix A).

Complexity describes how complicated the scheme is. The possible values are High,
Medium, and Low, where High implies some difficulties with the device introduced by its
size, price, reliability etc.

Simultaneity states whether it is possible to harvest energy from two or more resources
at the same time (binary criterion—Yes/No).

Typical number of inputs indicates the total number of resources that can be connected
to the system.

Typical efficiency of an energy harvester is based on specific results referenced in Table A1l
(Appendix A). Unfortunately, this value is not available for all considered strategies.

Technology quotes (where available) the manufacturing standard that influences total
dimensions, own energy consumption, price etc. This parameter is also based on specific
results referenced in Table A1 (Appendix A).

Cost compares the expected system price to other solutions at the present time. Of
course, this parameter strongly depends on the customers’ demands, quantity, speed of
delivery, etc.; therefore, we provide only rough estimations of the price range.

Reliability/sustainability assesses the ability of the device to deliver energy without inter-
ruptions and for a satisfactorily long period of time (with respect to the envisaged application).

Environment dependence expresses how much the system is (or is not) dependent on the
changing ambient conditions (such as insolation, wind, presence of vibrations etc.). In this
case, of course, high dependence is undesired.

MPPT indicates whether Maximum Power Point Tracking is (or can be) used.

Scalability indicates whether the given strategy allows for the combination of a particu-
lar device into higher-order structures so that the output power can be increased.

Size and mass represent the expected typical physical dimension of the technology. This
criterion is expressed by the values Small, Medium, and Large. It depends on the number
and size of involved elements and on the base technology (see the column “Technology”).

Energy consumption provides information on typical own (internal) energy demands
of the device. It increases with the number of involved elements and depends on their
nature/characteristics.

Applicability expresses the extent to which the technology can be deployed in different
scenarios. This extent is estimated with respect to suitable applications and environments.

4.2. Discussion of the Strategies

Supplementary use of energy sources: Low complexity is achieved thanks to the fact
that, within the fixed design, there is no control unit needed for just two harvesters that
work simultaneously. This is also reflected in the small dimensions, low cost, and high
efficiency. The limited reliability is due to the fact that the output depends on just two
different resources that, theoretically, can become unavailable (or insufficient) at the same
time; however, this strategy is designed for specific environments where the resources
should be satisfactory by definition.

Power ORing: Likewise, the complexity here is low for the same reason (no control unit
is present in the design, and the winner is the resource with the highest output voltage);
therefore, the cost is low as well. Any number of harvesters can be connected in the setup,
which is its major advantage, because the higher their number, the higher the reliability. In
addition, the connected harvesters can be of different types, thus providing independence
from any specific environment.

Voltage level detection: In this case, the high complexity is due to the need for a control
unit, suitable control algorithms, a voltage detection method, and additional devices, such
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as switches and timers. Thus, the cost is higher than in the previous cases. The total
efficiency largely depends on a particular design. The number of inputs can be increased as
necessary to improve the reliability or independence of the environment. Nevertheless, at
the same time, the growing number of harvesters in the setup increases the cost and the
own consumption (thus decreasing the efficiency).

Multiple input boost converters: Here, the complexity varies for different types with
respect to their specific topologies, i.e., whether a controller is present or not. Most of the
properties, however, are very similar. The medium- to high-complexity design (specifi-
cally with the presence of inductors) implies relatively large dimensions, as well as high
costs. The typical number of inputs is in fact limited by the same factor, as the number
of inductors increases accordingly. As with the previous strategy, increasing the number
of harvesters in the setup is possible in principle, but it increases the cost and the con-
sumption (thus decreasing the efficiency). As the typical number of harvesters in the setup
is only two, this implies high dependency on the specific environment, and, thus, low
reliability /sustainability. All versions of the MIBC support MPPT implementation. Finally,
all versions except the parallel one support simultaneous utilization of the inputs; in the
parallel version, where the inputs are connected side-by-side as with the Power ORing,
the input with the higher voltage is selected by definition, and, therefore, they cannot all
be active at the same time. However, unlike the voltage level detection method, there is
not any sophisticated algorithm involved in identifying the higher voltage. The medium
applicability is due to the large size of the converters.

Linear regulator: Its complexity can be characterized as medium, since it can use a
linear regulator instead of a controller, which translates to medium costs. All harvesters
share the same output, and thus work simultaneously by definition. The typical number
of inputs is three, but in principle, there is no restriction, which implies limited reliability
with respect to the given environment (yet the different inputs still guarantee a certain level
of independence). Increasing the number of inputs can be used as a way to increase the
output power (scalability). Its low applicability is due to the fact that it requires a relatively
high amount of energy to operate itself.

Multiplexing techniques: Their high complexity is linked to the use of a controller
and some kind of timing device (oscillator), as well as controllable switches. For the
same reason, their implementation is relatively expensive. We consider the environment
dependence as medium, because the number of inputs can be increased, but such a step
implies increased complexity at the same time. By principle (i.e., time sharing), the inputs
cannot be utilized simultaneously. The reliability /sustainability is limited, due to the
environment dependence described above. Scalability to increase the output power is
supported, but it leads to increased design complexity and requires modification of the
control algorithm.

Multiplexing techniques are based on time sharing. They can be used in many different
strategies, e.g., in Shared inductors or in Voltage level detection.

Switched capacitors: Here as well, the high complexity and cost are implied by the need
to use a controller. The simultaneity principle was explained hereinbefore. MPPT control
can be implemented. With respect to the typical number of inputs (which is two to four), we
can characterize the environment dependence as medium and the reliability /sustainability
as relatively high. Again, the scalability is supported at the price of increased complexity.

Shared inductors: In order to charge the shared inductor, identical voltage from all har-
vesters is required; therefore, the time multiplexing principle is used, which (by principle)
does not allow for simultaneous utilization of the inputs. This form of control requires a
controller, which increases the dimensions and price, together with the use of inductors. As
for the reliability /sustainability, environment dependence, and scalability, the comments
are identical as in the previous paragraph.

In general, it should be pointed out that the proposed criteria and their evaluation
are based on typical representations documented in the quoted resources and on the



Sustainability 2022, 14, 16670

17 of 24

assessment by the authors; however, specific applications for specific environments may
require different approaches.

5. Conclusions

As a preparatory work, we performed an extensive survey that mainly reviewed the
three most important publication databases. The number of EH-oriented publications has
been growing significantly over the past 10 years, which clearly demonstrates the trend to
seek alternative energy sources (Section 1.2).

Taking into consideration the generally known shortcomings of EH, we focused
on HEH techniques (Section 1.2). Many authors use different control strategies for the
management of HEH; however, some of them do not publish complete details of their
approaches. It is also significant that there is no publication available in the field that would
reasonably summarize and describe the management strategies of HEH systems.

Within the survey, we identified eight dominant strategies for managing HEH systems
(Section 3): Supplementary use of various energy sources, Power ORing, Voltage level
detection, Multiple-input boost converter (offering several implementation alternatives),
Linear regulator, Multiplexing techniques, Switched capacitors, and Shared inductor.

We analyzed all these strategies in detail. Section 3, with its eight subsections, deals
with the individual control strategies. In the beginning of each subsection, we described
the key features for each strategy. For each of the strategies, we have analyzed and
compared the principle schemes and proposed a simplified one that clearly yet sufficiently
describes the function. Additionally, we provided examples of best practices for each
strategy. In addition to such a comprehensive description of these dominant strategies,
their comparison can be very useful for all interested readers. Subsequently, we defined
10 criteria and their possible values, which we described in Section 4.1. In Appendix A, we
used these criteria to evaluate the individual HEH strategies with respect to the state of the
art. Our textual comments in Section 4.2 are aligned with the values contained in the table,
including the justification of the evaluation of some criteria that may seem subjective from
certain points of view.

The rating of the criteria is highly dependent on the actual purpose, target application,
specific environment, etc. Therefore, we avoid any classification of the priorities, while
realizing that the weighting of the individual criteria should be proposed by the designer
of a particular system that uses HEH as its arbitrary or main source of energy.

Here, it is necessary to emphasize that, as we mentioned in the introduction, it is not
possible to find all the necessary data. Unfortunately, the efficiency and the technology are
often not presented in all sources; therefore, only data that could be verified independently
was included in the comparison. The comparison is based on typical values.An attentive
reader will certainly find exceptions to the listed values, but such cases shall generally be
rare in this area.

As for the future development of HEH techniques, we can envisage specialization for
the most typical areas of application. The most important challenges consist in increasing
the efficiency, decreasing the cost, and improving the sustainability, for example by elimi-
nating the energy storage subsystem. This approach would reduce the size and cost of the
device, making it more environment-friendly, but it requires relying only on those sources
of energy that are available when necessary.

Harvesting the energy from different merged resources will increase the own energy
consumption of the harvesting system. The question is whether the extra harvested energy
(obtained thanks to the merging of resources) is sufficient to compensate this increased
consumption. The limits of profitability shall be found in this respect.

In general, all the presented strategies have a chance to be developed in the future.
Embedded systems with advanced processing techniques and low power consumption
seem to be promising, especially the Switched capacitor and Shared inductor (and perhaps
Multiplexing techniques as well). Our opinion is based on the experience concluding
that such systems should be software-controlled (while the “natural” control based on
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simple physical quantities will not be satisfactory in the future). This implies the neces-
sity to include a controller in the system design, which ultimately leads to the use of
embedded systems.

An important issue is the application of HEH in environments where one of the sources
is missing or suppressed. Non-embedded systems, such as the Power ORing or Voltage
level detection, that are controlled directly by a specific physical quantity (e.g., voltage,
illumination etc.) are less sophisticated, with limited possibilities of software control and
management. Obviously, there are restrictions regarding their applications. If the Power
ORing is used in an environment where one of the sources is suppressed, the stronger one
will feed the circuit. Therefore, at that specific moment, two energy resources will not be
used at all. Thus, we would increase the size, cost, etc., using only one EH. As the design of
non-embedded systems is fixed, it cannot be modified easily. This confirms the embedded
systems to be more promising for the future, thanks to their higher flexibility.

As with other battery-powered devices, the environmental issues are carefully and
critically observed. The most limiting factor is the battery lifetime itself. Uncontrolled
battery charging and discharging leads to its substantially reduced lifetime, which implies
the need for frequent replacement and a higher load on the environment. From this point
of view, embedded systems are much more sustainable. In general, the major challenge
consists in the future of embedded systems design. The development should lead towards
size reduction, higher applicability, software-based control, etc. We assume the application
of deep learning techniques and artificial intelligence in system control, and, above all, the
environment changes prediction (note that a huge volume of data is needed for reasonable
predicting, which is, however, not available at this moment).
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Table A1. Comparison of HEH Control Strategies.

Appendix A HEH Control Strategies Comparison Table

Criteria
Typical . c1ets . .
Method Complexity Simultaneity Number of Typlcal Technology Cost Rellablllt‘y‘/Sustama- Environ-ment MPPT Scalability
Inputs Efficiency Bility Dependence

Supplementary
use of energy Low Yes 2 90.5% CMOS 13 nm Cheap Limited High No No
sources
Power ORing Low No Unlimited 80-94% Cheap High Low Yes Yes
Voltage level High No 2-3/unli-mited 72-94.67% 65 nm Upper medium High Medium Yes Yes
detection
Multiple input
boost . . .

Medium Yes 2 Expensive Poor High Yes Yes
converter—
serial
Multiple input
boost . o . .

High Yes 2 84% Expensive Poor High Yes Yes
converter—
magnetic
Multiple input
boost . . .
High Yes 2 Expensive Poor High Yes Yes

converter—
special
Multiple input
boost . o . .

Medium No 2 85% Expensive Poor High Yes Yes
converter—
parallel
Linear regulator Medium Yes 3 Medium Limited Medium Yes Yes
Multhlexmg High No 3 pMOS/nMOS Expensive Limited Medium Yes Yes
techniques
Switched High Yes 2 72-87.2% CMOS 130 nm Expensive High Medium Yes Yes
capacitors
Shared inductor High No 3 87-89% FDSOI 28 nm Expensive High Medium Yes Yes




Sustainability 2022, 14, 16670

20 of 24

Table Al. Cont.

Criteria

Method

Size and Mass

Energy Consumption Applicability

References

Supplementary
use of energy
sources

Small

Low Low

[50-52]

Power ORing

Small

Low-medium High

[53-59]

Voltage level
detection

Medium

Low-medium High

[60-64]

Multiple input
boost
converter—
serial

Large

Medium Medium

[65]

Multiple input
boost
converter—
magnetic

Large

Medium Medium

[66]

Multiple input
boost
converter—
special

Large

Medium Medium

[67,68]

Multiple input
boost
converter—
parallel

Large

Medium Medium

[69,70]

Linear regulator

Medium

Medium Low

[71,72]

Multiplexing
techniques

Medium

Medium-high High

[73,74]

Switched
capacitors

Medium

High High

[63,75,76]

Shared inductor

Large

High High

[77-79,81,82]
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