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Abstract: The demand for power is increasing due to the rapid growth of the population. There-
fore, energy harvesting (EH) from ambient sources has become popular. The reduction of power
consumption in modern wireless systems provides a basis for the replacement of batteries with the
electromagnetic energy harvesting (EMEH) approach. This study presents a general review of the
EMEH techniques for autonomous sensor (ATS) applications. Electromagnetic devices show great
potential when used to power such ATS technologies or convert mechanical energy to electrical
energy. As its power source, this stage harvests ambient energy and features a self-starting and
self-powered process without the use of batteries. Therefore, it consumes low power and is highly
stable for harvesting energy from the environment with low ambient energy sources. The review
highlights EMEH circuits, low power EMEH devices, power electronic converters, and controllers
utilized in numerous applications, and described their impacts on energy conservation, benefits,
and limitation. This study ultimately aims to suggest a smart, low-voltage electronic circuit for a
low-power sensor that harvests electromagnetic energy. This review also focuses on various issues
and suggestions of future EMEH for low power autonomous sensors.

Keywords: electromagnetic device; energy harvesting; autonomous sensors; low power

1. Introduction

The harvesting of electromagnetic energy from ambient environments has attracted
much interest recently. Micro energy harvesters are small, vibration-driven electromagnetic
transducers that harvest ambient energy for conversion into electrical charge. The features
of sample electromagnetic energy harvesting (EMEH) are investigated in [1-3], and the
achievement levels of some energy harvesting (EH) techniques are explained in Table 1 [4].
These techniques can usually produce charge for low power wireless sensor networks
(WSNis) applications [5,6]. As an aim to facilitate the natural and causal interaction between
such devices and humans, the embedding of ubiquitous computation into environments
has drawn significant research attention along with the concepts of sensation and percep-
tion. Examples of such systems are WSNs, which show potential applicability in many
areas [7-9]: piezoelectric conversion technology [10-12], solar system [13], thermoelectric-
powered [14], and wind power systems [15,16]. These systems are capable of harvesting
energy from ambient environments, which activate devices directly and finally store har-
vested energy in infinite capacity batteries for future use [17]. Conventional, chemical
batteries provide the required power to each sensor node. However, they are large, ex-
pensive, and often tough to change frequently. Thus, the development of such systems is
greatly limited. Various energy sources are used to power micro-level unmanned systems.
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Table 1. Energy harvesting approach and their verified capabilities.

Harvesting Method Performance
Radio frequency 10 uW
Wind 20 mW
Temperature (AT =5 °C) 60 uW
Mechanical vibration 3.35 mW
Automotive light sensor 1.03 mW

Figure 1 shows a block diagram of a dual-source EH system [18,19]. In the dual-
energy source energy harvesting system, two energy harvesters get ambient energy from
the surroundings, after processing provides the output to the load. Because there are
dual-energy sources, there are two levels of output voltages. Conventional electromagnetic
batteries are normally utilized to power WSNs, which have gained significant attention
because of their applicability in monitoring plans, resources, and infrastructures [20,21].
Although the power requirements of electronic devices decrease as they become energy
efficient, batteries are still their main power source. Batteries need to be recharged or
replaced, and the proper disposal and recycling of batteries is a global challenge [22,23].
They are also heavy, especially when compared with microelectronic devices to which
they supply power. A typical battery has a short life span and is thus not practical for
devices, which are expected to last more than 10 years [24,25]. In addition, some electronic
devices are located in hard-to-reach areas: embedded in people or animals, installed inside
structures (bridges, roads, and buildings), placed in satellite systems, etc. EH is a potential
solution that can provide power to these applications.

Environmental
sources (e.g., wind,
solar, vibration,
thermal)

Energy monitoring

Power converter

( Energy harvester

Power monitoring
and control

DC-DC converter

Power converter

-

( Energy harvester

Load application

bteccccccae

Environmental Recharging circuit Recharging circuit
sources (e.g., wind, with overcharge with overcharge
solar, vibration, protection protection cnsor

(_WSN )

thermal)

&

Energy storage device (i.e., capaciloj

super-capacitor, and rechargeable
battery)

Figure 1. Block diagram of a dual-source energy harvesting system.

A single EMEH transducer can obtain energy from multiple natural sources. The
harvesting electrical charge needs to monitor, control, and storage to utilize it in the load.
Thus, a constant energy source is necessary for some WSNs applications. In 2011, around
150-200 million WSNs were utilized in the remote industrial areas to monitor and control
the health of the equipment, safety, bio-medical application, defence application, and
intelligent gathering [26,27]. Thus, the present study ultimately aims to suggest low-power
EMEH devices with low power electronic circuit, which can be integrated into WSNs
nodes for ATS [28,29]. The overall architecture of a typical block diagram of EMEH is
shown in Figure 2; it contains three core components: EMEH sources, energy conversion
devices/power electronic converters, and energy storage with the load.
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Figure 2. The typical block diagram of EMEH system.

The rest of this paper is organized as follows: Section 2 describes the phenomenon of
electromagnetic system. Section 3 describes the relation between electromagnetic energy
harvesting and autonomous sensors. Section 4 describes detailed power electromagnetic
technologies for electromagnetic energy harvesting systems. Section 5 presents an overview
of electromagnetic energy harvesting techniques and prototypes. Section 6 highlights the
issues and challenges and, finally, conclusions and recommendations are presented in
Section 7.

2. Phenomenon of Electromagnetic

The fundamental characteristics of electromagnetic devices are the generation of
energy through electromotive force as shown in Figure 3 [30-32]. The electromagnetic
system is based on Faraday’s law of electromagnetic induction. The conduct of Faraday’s
law is associated with the voltage or electromotive force (emf) that induces magnetic flux
linkage in a circuit, according to the following equation: [31].

dg
V=—-— 1
It @)
where V is induced emf, ¢ is flux linkage, and t is time. Usually, the circuit consists of
various tune wires of coil during implementation to a generator, shown by:

do _ g

V=—Gr =Ny

@)

where @ is total flux linkage and N is turns of coil. Basically, the total flux linkage for a
various turn coil is estimated by:

N
o=y / B.dA 3)
i:lAi
dB

V= —NAE sin(a) 4)
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where B is density of the magnetic flux at each coil segment, i is the current of the coil
tune, and & = NBA sin (x) where « is the angle between the coil area. Equation (4) can be

expressed by: o o
x x

dx dt ~  dx dt ©®)

Proof
mass

~

Magnet

~

Figure 3. Feature of the electromagnetic energy harvester [30]. (Reprinted from ref. [30]).
The magnetic force on the magnet is given by:

TS S
dt  Rp+Rc + jwLc

(6)

qug = Dmag At /qug =

where Fpqq is generator indication, Ry is the load resistances, Rc is the coil resistances,
j is the complex number and time variable, and L is the coil inductance. The following
equation can be expressed utilizing Equation (5):

1 dd
Dinag = Ry + Re + jwLc (dx) @

where Dy is the electromagnetic damping. The following equation can express the
maximum power extracted with the electromagnetic force:

Pmax = Fmag% (8)

The performance of the EMEH generator is depending on the combination of the
material. Therefore, the material selection plays an important role to boost up the efficiency
of power in the EMEH system. The category of magnet and which types of material used
in the magnet define the magnetic field power.

2.1. Mounting of Electromagnetic Vibration Generators

The electromagnetic vibration generators (EMVG) produce power from the ambi-
ent sources through mechanical vibrational force, where structure acts as a magnetic
circuit [33,34]. To extract electrical charge from the EMVG, this depends on the number
of coil turns, damping, flux connection slope, and load impedance [35-37]. However, as
compared to conventional electromagnetic generators, the micro-electromagnetic power
generator produces high power. The study in [33,38] developed an electromagnetic gen-
erator using a circular stable magnet tuning. The work in [39] proposed a piezoelectric
bimorph cantilever beam for harvesting energy, utilizing magnetic attraction. In [40], the
authors described a magneto-electric harvester based on a stable magnet and a piezoelec-
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tric harvester utilizing a metal ball. The structure of the electromagnetic power generator
and EH based on vibration is shown in Figure 4a,b [41,42]. This feature includes a coil
sandwiched between magnets, where two sets, oppositely separated, comprise the higher
and lower magnets. This reverse split generates a flux slope in the direction of motion
for the coil, which is in the x-direction in this case. Figure 4a shows a flux generator axial
rotor, normally attached to the tube and covered by a ball bearing that retains the small
gap between the magnets and the copper windings to increase the output power. The
basic structure of the linear vibration-based EH, which maintains a small gap between the
winding and magnet array, is shown in Figure 4b. The power and dimension of a mass
that produces NdFeB magnetic material with a vibration rate of 100 Hz and a vibration
acceleration level of 1m/s? is shown in Figure 5. The graph shows a power density of
almost 2.3 uyW/ mm? (2.3 mW/ cm3) for a system with a size of 1 cm3. In Figure 5, the
graph is representing the power on the y-axis and the dimension of the electromagnetic
vibrational generator on the x-axis.

/ bearing y Pure iron plate

Aluminum
housing Magnet motion Ferrofluid

Rotor

=
!

S copper — AR =
windings || H [ H 1
(b)

(a)

Figure 4. Structure electromagnetic vibration generator: (a) flux generator, (b) structure of the linear vibration-based energy

harvesting [41,42].
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Figure 5. Power density with maximum available power dimension for the electromagnetic vibration
generator structure [42].

The following equation indicates that the average power generated via the mass
damping force is:
2
ma)
9
D ©)

T

1 (
P —_ -_— F- p—
D TO/ p.-Udt
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ma
— 1
T Dw (10)

Therefore, the average power can be expressed as:

| MAXp@W  PXmassY-Z.(X — Xpuass )W
o 2 o 4

Pp (11)
here, D is the displacement; 4 is the acceleration; m is the mass; F is the force; p is the density
of the material; x;, is the peak displacement of mass; and X455, ¥, and z are the dimensions
of the mass of materials. From Equation (11), after differentiating with respect to x;,, the
following equation is obtained for the optimum length of mass for maximum power:

X
Xoptmass = ) (12)

2.2. Mounting of Electromagnetic Damping

The electromotive force is induced by motion relative to the magnetic field, which
causes an eddy current [43]. Eddy currents arise when a magnetic field shifts inside a
conductor that causes electrical current loops in the conductor. Eddy currents can strain
the motion that is involved, a fact that is known as magnetic damping [44,45]. Figure 6
shows the schematic diagram of electromagnetic damping [46].

v Copper plate
'y
( — — 3
v
Permanent magnet

Figure 6. Schematic diagram of electromagnetic damping [46]. (Reprinted from ref. [46].
The following equation can express the magnitude of magnetic damping [47,48]:

_ (NBL.C?)
B 2mew1(Rc + RL)

Ge (13)
where m, is the mass of electromagnetic resonator, N is the number of turns of the coil, B is
the strength of the magnetic field, L. is the effective length of the coil, C is the coil fill factor
and the value of C should be high, R, is the coil resistance, and R;, is the load resistance.
Usually, there are three kinds of electromagnetic damping as shown in Equation (14):

G =Cm+Cn+Ca (14)

where (;, is the materials damping, (;, is the thermoelastic damping, and {, is the air
damping. Figure 7 shows effective power variation, which can be generated through
numerous coil technologies [48]. The graph is representing the power on the y-axis and the
dimension of the wire coil and planar micro coil of the generator on the x-axis.
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Figure 7. Highest possible electrical power generated from the wire coil and a micro-fabricated coil.

2.3. Maximum Power from an Electromagnetic Generator

The maximum power generation depends on the maximum displacement of the mass
of the electromagnetic (EM) generator. The maximum electrical power, the resonance of
the EM generator, is shown by Equation (15) [40,49]:

(ma)’

Pmax - E (15)

where Py is the maximum electrical power, Dp is the parasitic mechanical damping, m is
the mass, and a is the acceleration. The following Equation (16) denotes EM damping to
parasitic damping with readjusting the load to get the optimum resistance of the load,
which produced maximum power:

o\ 2
Ry = LZ(%) —Rc

Py (16)

However, in the real condition based on the availability to produce power, the load is
fixed. The following Equation (17) shows the optimum load resistance that increases the
highest power:

R; = Rc+ (17)

3. Relation between Electromagnetic Energy Harvesting and Autonomous Sensors

Usually, in wireless sensor networks, ATS is utilized for conducting real-time data
and active low power devices. In the real-time data, the ATS senses any variation in
the parameters and transmits that variation in the form of a voltage signal at the same
time. On the other hand, active low power devices are basically logic gates acting like
a switch and attached with sensors [50,51]. WSNs have different applications such as
bio-medical [52,53], Internet of Things (IoT) [54], and environmental monitoring [55]. An
ATS can run automatically with low power mode when it is required to sense the change
in any parameter, processing the change in the form of the voltage signal, and transmitting
that signal [56]. Figure 8 shows the general architecture of the ATS, in which the power
source is delivering energy based on the demand of the load. The purpose of the power
conditioning circuit is to provide a stabilized voltage, and an enhanced and filtered output
to the load [57,58]. The system for storing purposes can use a battery or capacitor. However,
the battery has a limitation in terms of recharging required after a certain period. Therefore,
an EMEH system can be an alternative solution.
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Figure 8. Block diagram of the autonomous sensors [51].

3.1. Autonomous Sensors Power Source

Battery and EMEH systems can be the power sources for the ATS [59,60]. The battery
is an easy solution to be used as a power supply [61]. To avoid replacement of the battery
to powering the ATS, the following Equation (18) can be expressed:

Epat = Pc,av~Top (18)

where Ey; is the sufficient amount of energy for power in the ATS, P; av is average power
demand from the power sources; and T, is the operation for a lifetime period. To sustain
a maintainable process of the ATS when using EMEH approach, the average produced
power (Pg,av) is given by the following Equation (19):

Pg,av > Pc,av (19)

where Pg, av is the ambient condition and the efficiency of transducer monitoring. P, is
the energy, power, and leakage of storage unit monitoring. The storage element enhances
the shifted flow of power to the load Py < P.; the arbitrary value will take a long time T, to
storage (Estorage), With the following Equation (20):

Estorage 2 max / (P — Pg).dt (20)
T

where P is the consumed power, Pg is the instantaneous generated power, and T is the time.

The capacitor, supercapacitor, and rechargeable batteries are used as storage devices
in the EMEH system [62,63]. The capacitor is one of the elements of the EMEH system
for storage [64]. The advantage of the capacitor is availability and low cost. However, a
drawback of the capacitor is that it is not suitable for the EMEH system in terms of power
density (poor) and also takes a long time to charge and discharge. On the other hand, minor
internal impedance and higher lifetimes (in terms of the number of charging/discharge
cycles) are indicated as the merit of the supercapacitor [65,66]. Nevertheless, superca-
pacitors are able to accurately count the amount of residual energy such as charging and
discharging capacity and states of energy density (i.e., upper or lower). The drawback of
the supercapacitor has a much higher cost per energy unit. However, various problems are
associated with batteries, when used as a power supply for autonomous sensors, especially
in remote areas. Some of these limitations are: size, poor storage capacity, and limited
lifecycles [67]. A typical graph of the power density and energy density of the capacitor,
supercapacitor, and storage unit batteries is shown in Figure 9.
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Figure 9. Power density and energy density of capacitor, supercapacitor, and batteries [51].

On the other hand, the ATS is able to run through harvest energy from the ambient
sources without or with little maintenance [68—70]. The EMEH transducer, energy condi-
tioning circuit, and energy storage are required to run ATS from ambient energy sources, as
shown in Figure 10. However, the drawback of this system is the complexity of the circuit
model. Therefore, a vibration-based EMEH system has been proposed to overcome the
hurdles in the automatic running of the system.

Power Source

|
-'¢>
e B tow |

| e
Conditioning
Energy :Vl\ Energy
Transducer Conditioning fI> e ﬂ::D

Figure 10. Block diagram power supply source of an ATS.

3.2. Autonomous Sensor in Electromagnetic Enerqy Harvesting Systems

ATS plays an important role to harvest energy from natural sources, and it works
efficiently without the need for batteries [50,71]. Usually, this system is user-friendly
and can operate the process in the EMEH system easily. The system is developed based
on maximum performance as maximum energy can be harvested from environmental
sources [72,73]. However, the drawback of ATS in the EMEH system can work only when
the ambient sources are available. Therefore, the advantage to use ATS in the EMEH
system is their lifetime, storage capability, charging, and discharging performances are
unlimited [74]. The block diagram of an autonomous harvesting system (AHS) is shown in
Figure 11. The AHS consists of an EH module (EHM), an energy converter module (ECM),
and an energy dissipation module (EDM). The EH time interval can be addressed by the
following Equation (21):

%)
Enlti ) = [ Pu(t)at (21)
t
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where Py (t) is power over time, t is the time, and Ep; is the energy harvesting. The merit of
this system requires only ECM. Equation (22) describes the efficiency of energy transfer
from the harvesting module to the EDM:

)
Ep(t, ) <= /PH(t).ry(u, i\t 22)
ty

where 7(u, i) is a nonlinear efficiency coefficient of the ECM, u(t) is voltage, and u(i)
is current.

Energy Harvesting Module (@,
[EHM] bre

—

'

[ECM]

1

Energy Dissipation Module ]
[EDM]

—_—_ — — — — — — — — = = =4

Energy Conversion Module *

Figure 11. Block diagram of an autonomous harvesting system [75].

3.3. Autonomous Sensor in Hybrid Electromagnetic Energy Harvesting Systems

One of the most popular conventional types of EMEH systems is the autonomous
hybrid [76,77]. They use a rechargeable battery and ultra-capacitor as a storage device, and
they collect energy to operate the system [78,79]. The advantage of this system is a long
lifetime and high storage capacity due to its small size [80]. The performance of energy
management and controlling system is faster in terms of rising and settling time. However,
the limitation of this system is that it spends more energy than harvested from natural
sources because of the system using a secondary battery to store harvested energy [81].
Therefore, to overcome this problem, a supercapacitor can be used to replace the battery.
The block diagram of an autonomous hybrid EH (ATHEH) system is shown in Figure 12.

The system consists of three modules such as (EHM, ECM, and EDM), and an energy
storage module (ESM). The following Equations (23) and (24) show finite time interval for
the ATHEH system [82]:

ta
/PH(t)dt > oty — 1) — o (23)
b

where Py(t) is an applicable source in the ATHEH system and (t, — t;) real-time interval.

1)
/PH(i’)dt < p(tz - tl) + 0 (24)

ty
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where Py(t) is the harvested power of ambient sources, o1 and o, are the energy storage
capacity coefficients, and p is the power density. The energy storage capacity of the ATHEH
system is shown by the following Equations (25) and (26):

Eg, < Es(t) < Ec (25)

Ec>01+0,; (26)

where E¢ is the energy storage capacity in the supercapacitor or rechargeable battery, Es
is the energy storage, and Ey, is the limit threshold of energy. An optimal energy storage
device in the ATHEH system can be expressed by the following Equations (27) and (28):

F o), |

tl/nlz)(t) dtﬁt{PH(f)m(t)dtJrEs 2
ty p (t) ty b
/ nf(t) = /PH(t>’71(t)dt+E5 _/PL(t)dt (28)

where Pp is the waste power, and 1 and o3 are the coefficients of the ECM1 and ECM2
correspondingly. The EHM (#1) and EDM (#72) present the efficiency voltage and current of
the system operating point.

Energy Harvesting Module | . @,
[EHM] bl

L

Energy Conversion Module 7
[ECM 1] #

|
|
|
|
|
|
|
|
|
jg ' Energy Storage
i Module [ESM]
|
|
|
|
|
|
|

Energy Conversion Module 7
[ECM 2] @

Energy Dissipation Module j
[EDM] . _

Figure 12. Block diagram of autonomous hybrid electromagnetic energy harvesting system [75].

{E%

3.4. Autonomous Sensors Electromagnetic Enerqy Harvesting Systems with Radio Frequency

One of the most largely utilized radio frequency EH (RFEH) systems for power
ATS has addressed many researchers [83-85]. The advantage of the RFEH system from
ambient sources is power density is high [86,87]. The RFEH system consists of an antenna,
impedance matching, filters, and a rectifier, which is shown in Figure 13. To harvest energy
from an RF signal, an antenna is required [88].

The equivalent circuit model of an antenna is shown in Figure 14. Where S is the
power density, P4y is the available power that the antenna can supply to a matched load,
A, is the antenna’s effective field, Rg is radiation resistance, R, is the loss resistance, and
Xant is the reactive part.
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Figure 13. Block diagram of radio frequency energy harvesting system.
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Figure 14. Equivalent electrical model for an antenna [20]. Reprinted from ref. [20].

In this EMEH system where the battery is used as a storage source of energy, on
the other hand, the harvesting device such as a transducer plays the main role. The
energy controlling sector plays an essential role in such a system to manage the discharging
capacity of the battery and increase the lifetime of the battery [§9-91]. The advantage of this
system is a model with two kinds of battery storage such as a primary and secondary battery.
Usually, the load can run using primary battery storage, on the other hand, secondary
also works as a backup of a load [92]. Hence, the load can work suitably. However, the
drawback of such a system is it is not convenient for the environment EH system due to
the limited lifetime of battery storage. The system is also costly in terms of replacing the
battery and requires more storage as a backup for a load. Therefore, an automated EMEH
system can be utilized to overcome such a problem. Figure 15 shows an EMEH system
using the additional battery. The system consists of the components EHM, ECM, EDM,
ESM, a primary (non-chargeable) battery module (BM), and a power multiplexer (PM). The
following equation shows the additional battery energy storage system.

Energy Harvesting Module
[EHM]

il

Energy Conversion Module

[ECM 1] Battery
Module [BM]
_ Energy storage
Energy Conversion Module module [ESM]
[ECM 2]

L

|

Energy Dissipation Module
[EDM]

Figure 15. Electromagnetic energy harvesting system using an additional battery [75].
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4. Power Electronic Technologies in Electromagnetic Energy Harvesting

This segment describes the characteristics, efficiency, and limitation of power electronic
converters EMEH system. The controller mathematical model, formation, and methods are
also presented [93-95].

4.1. A Standard Circuit for Energy-Harvesting

Usually, the EMEH transducer generates an AC voltage [96,97]. Most of the low power
sensors require DC voltage to run micro devices such as WSNs. The general EMEH circuit
is contained in a coil array such as sensors, transducer, a full-wave rectifier circuit, low
pass filter, and load as shown in Figure 16. The basic principles of the EMEH circuit are
that input sources such as a transducer or sensors on both sides are connected in series
with a rectifier circuit, and the output of the rectifier is connected with the capacitor, which
filters and stores energy [98,99]. A nonlinear EMEH and a nonlinear interface circuit are
integrated into the device [100-103]. In Figure 17, the equivalent circuit of the nonlinear
EMEH system is shown. The structure equivalent to the EMEH transducer circuit is
constructed with internal resistance Ry and internal inductance Ly. The nonlinear EMEH
system’s governing equations can be expressed as Equation (29).

MMQ+CWHQ+HMUH—S}%@&yMg+MU%:—M@U)

LoI(t) + RoI(t) + V() = kx(t)

(29)

here, p is the constant of revolving irritation, M is the mass of the central edge, Cy, is the
damping coefficient, S is the elementary holes between the open ends of the springs and
the other part of the exterior edge, and k is the actual stiffness of the springs. The product
of the electromechanical coupling of the dynamics of the harvester can be written as:

kV,

R R SBRE() G Vi (f)sgn(x(1)) (30)

kI(t) = Cex(t)
where sgn(+) is the signum function, Ry is the inner resistance, Lyy is the internal inductance,
t is the time, I(t) is similar with x(¢), V; is the voltage drop of the rectifier, and V| is the
voltage across the controlling capacitor.

e HRCIN

- s c | RZ
L

Whole coil array AC-DC rectifier EFilter ELoad

Figure 16. Standard energy-harvesting circuit [28].

The basic principle of the EMEH transducer generates AC voltage with fluctuation and
harmonic [104,105]. The rectifier is required to convert AC voltage to DC, and a low pass
filter is required to reduce the noise of the rectifier signal. Usually, the performance of the
EMEH circuit depends on the outcome of energy conversion between mechanical to electri-
cal through proper impedance matching [106,107]. In [108], the authors indicated a resistive
technique for impedance-matching of EMEH. However, the limitation of this technique
is old and low conversion efficiency. Therefore, to overcome this problem, synchronous
switch harvesting on inductor (SSHI) technique is required. The study in [109,110] ad-
dressed a two-stage power management circuit (PMC) for AC to DC converter and DC
to DC converter in EMEH. The PMC consists of a rectifier module, buck-boost DC-DC
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converter module, a switch control module, and a charging and discharging module for
energy storage devices, as shown in Figure 18. The overall operation principle of the
PMC is that the output of the EMEH transducer coil is connected with the input of the
full-wave diode bridge rectifier circuit [111,112]. The EMEH transducer’s harvester output
voltage is rectified and directly linked to the DC-DC converter circuit supply [113]. The
NMOS switch is controlled by the pulse produced by the pulse-width modulation (PWM)
process. The control circuit consists of a controller, a relational operator, a modulator
for PWM, and a generator for sawtooth voltage. The outcomes of the DC-DC converter
are connected in parallel with the resistance and storage devices in the capacitor [114].
However, the drawback of this model is lacking efficiency of voltage. The lack of efficiency
of voltage is basically the voltage loss in the converter due to the internal resistance of the
converter. This loss of efficiency can be reduced by decreasing the internal resistance of the
AC-DC converter.

+
Electromagnetic |—,
Energy Harvester ﬂ

; A

D NP2 Vo
gVi" X B C== RL

D3 D4

H C

‘ "Equivalent Circuit i Rectifier Filter: Load

(- D6 v ut\
D5
Ll
R NMOS RI
D7 S
e e [oad]
- R2
D9
—— —
pi1
D10
| Hm our Square
D13 Creet —— Regulator AR
D12 = Generator
—EN_GND Circuit
A\ J

Figure 18. Power management circuit of electromagnetic energy harvester [28].

In [115,116], the authors proposed an EMEH circuit with close loop boost converter
switch control through PWM for feedforward and feedback control as shown in Figure 19.
The working principle of this model when the output voltage of the rectifier is bigger
than the forwarding voltage of the diode and boost converter is that the voltage directly
connects to the storage unit (i.e., capacitor, battery, supercapacitor) [116,117]. However, the
limitation of this model is complex in terms of its need for a mathematical model, and it
is also time-consuming and not suitable for low power devices such as EH applications.
Therefore, an optimization technique can be utilized to overcome the limitation of this
controller model. The system can be expressed by the following equations:

_ ﬂ R, (R3+ Ry) R.C
Ves (R1 + Rp) Ry (1- DP)T

(1-D)T (31)
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Vi Ry (Rs+Ry) RC
1-D=D'=—+ 32
Vs (Rl + Rz) Ry (1 — DP)TZ (32)
R R R R
D=1 Vi 2 ( 3+ 4) 1C (33)

Vs (Ri+Ry) Ry (1—Dy)T?

where D is the duty ratio, T is the whole period of time, R is the parasitic series resistor, C
is the capacitor, V is the voltage, and Vs is the voltage of the energy storage element.

al
Ll
" Rectifier 3/ Filter| } ¢ Boost DC-DC Converter R
YY) »
L Ll
= C~ SR3

R
AN

Feedfoward i R43:
control € ;

i Fixed duty

i cycle voltage

Feedback control

Sawtooth Vg

Figure 19. Energy harvesting circuit with boost converter for feedforward and feedback control [115].

In [118], the author proposed a vibration-based EMEH interface circuit. Figure 20
shows the four categories of electrical circuits, used to extract the energy from ambient
sources and store the harvesting charge in the EH applications. Figure 20a shows the
ordinary EH and energy storage circuit; Figure 20b shows the synchronous electric charge
extraction (SECE) circuit; Figure 20c shows the parallel SSHI circuit; and Figure 20d
shows the series SSHI circuit [118-120]. However, the drawback of such a circuit for EH
application is that the conversion efficiency is poor between mechanical to electrical energy
in terms of impedance matching mechanism using SECH and SSHI methods. Therefore, to
overcome this problem in the EH system, optimization techniques can be utilized to make
the system simple and automated without time-consuming.

Figure 20. Conventional vibration-based energy harvesting circuit: (a) standard, (b) SECE, (c) parallel
SSHI, and (d) series SSHI circuit [118]. Reprinted with permission from ref. [118]. Copyright
2015 Elsevier.
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The traditional vibration-based EMEH interface circuit and optimal harvested power
are derived by the following equation:

2 R 7T 1 2
M2y . 1\, .2 ? e
M2yt 2.[(2+RN) +0¢N.RN]
-
where P}, is the input resonant power, M Ay | is the reference power, and aN and Ry are the

electromagnetic harvester.

In [2,121], the authors described the block of spring, mass, damper for the EMEH
system as shown in Figure 21. This is an analogous system generally used for vibration-
based EH systems. The system is important for energy conversion from mechanical to

Spring mass m2

Rla

k1

~|ci

. rii | sl
o +——1
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i . Control
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electrical and vice versa.

Rectifying circuit
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harvesting damper
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Figure 21. Block diagram of the spring, mass, damping method for EMEH system (a,b). Schematic of the spring, mass,

damping system [93,121].

The study reported in [122] indicated the n-stage rectifier circuit model for the EMEH
system also shown in Figure 22. The authors also proposed multiple diodes connected in a
series to increase the power of the harvesting signal. However, the limitation of this model
is the bias voltage of the diode. Therefore, the Schottky diode can be used to overcome this
problem due to its low bias voltage.

DC Output
11 i
L} bl v
Y 3—
11 i .
" bl Voltage | DC line
11 i
I bl ==

X = Capacitor

Figure 22. n-stage rectifier circuit model of electromagnetic energy harvesting system [122].

The authors in [123] suggested an electromagnetic damper cum energy harvester
(EMDEH) circuit model as shown in Figure 23. The basic principle of this circuit model
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compared to other EH is, it proposes a resistor circuit, which includes a full-wave bridge
rectifier. The presence of this resistor circuit provides a basis for evaluating the output
of the functional EH device, which inevitably includes power loss and input resistance
variation [124,125]. However, the drawback of this model is, it is used in many electronic
components, and those components have their own biasing voltage that is not suitable for
the low power model [126]. Therefore, a simple circuit model with low biasing electrical
components such as a low power resistor, Schottky diode is utilized to overcome the issue.

Electromagnetic damper energy harvester (EMDEH)

Figure 23. Symmetry of EMDEH in energy harvesting for vibration control [124].

The authors in [127-129] reported an EMEH circuit based on active and passive mode,
shown in Figure 24. Figure 24a shows the passive mode EH circuit model, and Figure 24b
shows the active mode EH circuit model. The study in [128] presented the phenomenon
of circuits namely the passive and active techniques’ components. The authors referred
to an active technique in [127] and selected its components such as MOSFET, thyristor,
and transistors to design the EH circuit. The authors also proposed EH through active
components that are suitable for ultra-low-power application in terms of low biasing
voltage. In [129], the authors suggested a passive technique to design an EH circuit model.
However, the passive technique is not suitable for low power applications, especially in
the EH system, to increase the low input voltage in terms of high biasing voltage.

4.2. Converter Technology for Electromagnetic Enerqy Harvesting System

Generally, electronic converters topology has four classifications, such asi. AC to AC,
ii. AC to DC, iii. DC to DC, and iv. DC to AC [130,131]. Many applications have already
made use of these converters. The AC to DC converters convert AC waveform to DC,
which is suitable for EMEH transducer. The basic application of DC to DC converters is to
boost up DC to DC voltage of vibration, wind, solar PV that is suitable for low power EH
applications. The DC to AC converter is utilized to convert DC signal to AC waveform,
which is suitable for thermoelectric EH application. With reference to Figures 1 and 2, the
different topologies of power converters are explained below:

4.2.1. AC to DC Converter

AC-DC converters transform the alternating current to a constant DC output voltage.
Small-, medium-, and high-power applications are all possible with these converters.
Uncontrolled rectifiers, also known as diode rectifiers or unidirectional AC-DC converters,
consist of diodes. On the other hand, a diode rectifier causes significant input current
distortion. As a result, a significant amount of effort is required to develop a filter that
reduces ripple. Figure 25 shows an AC-DC converter with multi-input, bridgeless resonant-
circuit design concepts [130]. The conversion of low amplitude voltages (alternating) from
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multiple electromagnetic-reed (EMR) generators, to a controlled DC output voltage, is
also shown in Figure 25. Without the use of a diode bridge, the topology is capable of
interfacing many, individual, input sources. Voltages with very low amplitude may be
scaled up to moderately high voltage. Multiple inductive sources can be controlled with
this topology. In the EMR generator, N is the number assigned to each inductive source. A
resonant-inductor, diode, and several MOSFET-capacitor-bridges make up the multi-input
circuit. Each input source is wired into one of two MOSFET-capacitor-bridges (M(N)r1,
C(N)r1, and M(N)r2, C(N)r2) sharing a resonant inductor with a diode.

Regeneration Mode Dissipation Mode

R

(b)

Figure 24. Operation modes and the associated electrical circuits for the (a) passive EMEH system; (b) active EMEH
system [127]. Reprinted with permission from Hasheminejad, Rabiee and Markazi (2018). Copyright 2018 ASCE Library.

In the literature, a variety of multilevel converter topologies with various features have
been defined [131-133]. Figure 26 shows the classification of a multilevel AC-DC converter.
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Figure 25. Multi-channel of EMR generators system [130]. Reprinted with permission from ref. [130].
Copyright 2015 IEEE.
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Figure 26. Classification of multilevel converter.

4.2.2. AC to DC Switching Converter

In switch-mode power supply circuits, AC to DC converters are used to transform
AC voltage to DC output (controlled). The important characteristics are i. input voltage
scale, ii. maximal input current, iii. DC output-voltage, iv. maximal peak current, and v.
continuous current of the load. The work in [131] reported a direct AC-DC converter that
is suitable for low voltage EH applications.

4.2.3. AC to DC Boost and Buck—Boost Converter

A boost-converter is a step-up that generates a higher output voltage as compared to
the input voltage. There are two states of operation for boost-converters: ON and OFF, and
share the same characteristics as the buck-converter. A step-down or step-up converter
can be used with a buck-boost. When the service period is less than 0.5, the converter
behaves like a buck-converter. Whereas, it acts like a boost-converter when the service
cycle is set between 0.5 and 1. The study in [132] reported that i. AC-DC boost converter
and ii. AC-DC buck-boost converters are favorites for power processing circuits for (a)
electromagnetic, (b) electrostatic and (c) piezoelectric inertial energy harvesting. Figure 27a
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depicts the two boost-converter sub-circuits: one that produces the upper half of the output
voltage with positive generator voltage, and the other that generates the lower half with
negative generator voltage. The parasitic diodes of the MOSFETS cannot be forward biased
because the generator voltage is too low. Figure 27b shows the buck converter that was
first investigated because it was the initial circuit that easily converted high to low voltage.

ref c j Pulse
Vo + Modulator @)
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v J Cl=
emf Drive t
1
vV
Ge'lte E C2=F
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Figure 27. A double-split boost converter (a), buck converter (b) [132]. Reprinted with permission

from ref. [132]. Copyright 2007 Springer Nature.
4.2.4. AC to DC Switch-Inductor Boost Converter

For effective EH, with the low voltage inertial micro generators, a direct AC-DC boost
converter is used. To avoid using a front-end bridge rectifier, the converter makes use of
MOSFETs’ bidirectional current-conduction capability. It provides a resistive load, and
the mode of operation is discontinuous. The distinct topologies of active AC-DC switch
converters are employed in EH applications such as i. dual-capacitor boost-converter,
ii. dual-capacitor buck-boost converter, iii. boost-converter secondary switches, and iv.
bridgeless boost rectifier as shown in Figure 28 [133]. For separate +ve and —ve voltage
conductions, both bidirectional switches and dual-capacitors are used in such topologies,
or parallel DC-DC converters (two) are used. Due to the low frequency in micro-generators,
dual-capacitor topologies are used as shown in Figure 28a,b, which required large enough
to repress ripple-voltage below the desired amount. Besides, the alternative of dual-
capacitors is two synchronous MOSFETs as shown in Figure 28c. Figure 28d shows a
bridgeless boost-rectifier that combines in a very special way a boost with buck-boost
converters. With +ve input-voltage, the circuitry works in boost mode, M1 is switched
on, and diode (D1) is reverse-biased. Table 2 shows the comparison of different AC-DC
converter topologies famous in the EH system.
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Figure 28. AC to DC switch converter topologies: (a) dual capacitor boost converter, (b) dual
capacitor buck-boost converter, (c) boost converter with secondary switches, and (d) bridgeless
boost-rectifier [133].

Table 2. Comparison of different AC-DC converters topology for energy harvesting.

Refs. Topology Advantages Disadvantages Frequency Load Efficiency (%) Applications
. - Not
High efficiency
[130] AC-DC with low recommended Low Resistive 86.3% EH
converter for use at high
frequency
power levels
-Biasing
AC-DC Suitability for gi?)l;aegﬁi Ofl
[131] switching low power oce g 50-kHz Resistive High EH
. . -Difficult to
converter micro devices
overcome low
input voltage
AC-DC boost Capable to i. -Complex
and step-up and ii. design . - .
[132] buck-boost step-down -Difficult to 50-kHz Resistive High EH
converter voltage levels implement
AC-DC switch- _S_g;asu iloze -High noise
[133] inductor boost . y -Low power 50-kHz Resistive 71% EH
implement e
converter capability
-Low cost

4.2.5. DC to DC Converter

A single-direction DC-DC converter is one of the most common power electronic
converters for EMEH applications [113-115]. The output voltage magnitude of such a
converter increases or decreases in comparison to the input voltage magnitude from
ambient sources. The DC-DC converter has weak voltage-regulation with an inadequate
active response when operated in an open-loop, so it is used as a closed-loop feedback
control system for output voltage regulation. To achieve the best output voltage from
the controller, some researchers suggest switching the converter on and off (duty cycle).
For switching control of the MOSFETs in the DC-DC converter circuitry, high frequency
PWM is the best option to regulate power flow [115]. The benefits of single-phase DC-DC
converters include the need for only one MOSFET to be switched, low losses, and suitability
for EMEH applications. Based on their operating modes, DC-DC converters can be divided
into three categories: (i) linear mode, (ii) hard switching mode, and (iii) soft-switching
mode converter as shown in Figure 29. The switching mode converters are categorized into
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two groups namely non-isolated and isolated-converters. The non-isolated topologies are
classified into four groups such as (a) boost, (b) buck, (c) buck/boost, and (d) Cuk converter,
which consists of a diode, inductors, capacitors, and a switch as shown in Figure 30 [134].
They can produce satisfactory outcomes by reducing noise, simplifying the process, and
providing a quick response with good regulation. However, they have some drawbacks,
such as the fact that they dissipate power under any working conditions, resulting in
low performance.

Linear Mode
— Boost
. —Buck
Non-isolated — Buck/Boost
— Cuk
DC-DC | | | Hard switching
Converters mode
—Boost
—Forward
Isolated — Flyback
Soft-switching — Cuk
Mode

Figure 29. Classification of DC-DC converters.

© ‘@

Figure 30. Numerous conventional non-isolated DC-DC converters: (a) buck, (b) boost, (c) buck-
boost, and (d) Cuk [134].

On the other hand, the isolated topologies are classified into four types such as boost,
forward, flyback, and full-bridge converter, which consists of a transformer or coupled
inductor as shown in Figure 31 [134]. These converters can solve the problem of unstable
low power sources in the EMEH system [135]. Vibration-based EMEH produces low power
from a variety of sources, making it unsuitable for micro-electronic devices unless the
voltage is increased. As a result, the primary reason for employing a boost converter
is to enhance the output from the input voltage in order to achieve the desired output.
In comparison to the closed-loop stage, the boost’s controlling efficiency is very low in
the open-loop stage. The operating condition for an open-loop device is that the input
and output voltages be fixed depending on the application. Therefore, the advantages of
isolated converters are i. run at a low frequency, ii. storing energy in a coupled inductor
per cycle, and iii. transferring to load in subsequent cycles that are suitable for EMEH
applications because of low power loss, easy to implement, and low cost. Preceding
research has shown that a duty cycle-controlled switch-mode DC-DC boost converter will
achieve the best results in the EMEH system. Table 3 shows the comparison of various
DC-DC converters topologies for EMEH.
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Table 3. Comparison of different DC-DC converters topology for energy harvesting.

Implementation . . . . 0 -
Refs. Converter Difficulty Switch Time Frequency Load Efficiency (%) Applications
[136] Buck Simple Low 53 Hz Resistive 59% EH
[115] Boost Simple Low 40 Hz Resistive High EMEH
[28] Buck-boost Complex High 8 Hz Resistive 41.7% EMEH
converter
[39] Flyback Complex High 50 Hz Resistive Low EH
converter
[96] Full-bridge Complex Low 30kHz Resistive 87-88% EMEH
converter

5. Overview of Electromagnetic Energy Harvesting Techniques and Prototypes

The EMEH research has been conducted for several decades, and it presents different
ideas, functions, and utilities. Generally, the overall EMEH process is composed depending
on energy source, power electronic circuit, and storage devices [75,137]. These three
basic components must always be present to ensure the harvest of convenient electrical
charges. The following section summarizes the common energy sources and reviews
EMEH prototypes.

5.1. Electromagnetic Energy Harvester Devices

Electromagnetic harvesters represent an EH approach that uses a magnetic field to
alter mechanical energy to electrical energy [138-140]. An AC voltage is induced by the
analogous signal between the mass and the pick-up coil, according to Faraday’s Law;
the flux of a magnetic field varies with time. When a conductor is put in a magnetic
field according to Faraday’s induction law, which is often referred to as electromagnetic
induction, an electromotive force is induced [141,142]. The coil moves by various amounts
of magnetic flux; thus, an AC voltage is generated in the coil. When an outer mechanical
force pushes an electrically conductive coil to cut the magnetic induction field between
magnets, an electric charge is produced in the coil. This explains a combined principle
to generate electrical energy. In [142], the authors indicated a magnetic field, which is
produced by current resonant electrodes in the low power devices, which harvest electricity
to run micro-device sensors. Table 4 presents the available products in the market, which
are generated using the EMEH technique.
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Table 4. Market survey of magnetic field-based items for energy harvesting.

( Cl;ﬁcll;(:y) Description/Functionality Shape
- Sends information using
general packet radio service.
- Driven by a two-piece, specially built
transformer that controls from the
Power Line magnetic field along the transmission
Sensor line scavenges.
(Protura) - Powered by a harvesting circuit when
[143] the line current is more than 55 A. The
auxiliary supply power donut (USi)
powers the device when the current is
lower than the provided value [144].
- Transmits data on demand
- Transfers on-demand data through a
Power global mobile communications wireless
Donut cell phone technology framework.
(Usi) [145] - Operates using harvested energy

given line currents of above 50 A.

PDMS are largely utilized
electronegativity polymer films in the
Polydimethylsiloxane triboelectric nano-generator. The PDMS
(PDMS) [146] dimension is 50 mm x 50 mm and is
designed as a support case for soft
PDMS springs.

5.2. Other Related Works on Electromagnetic Energy Harvesters Devices

The following section in Table 5 denotes various types of EMEH devices, their features,
specifications, dimensions, and functionality.

Table 5. Electromagnetic energy-harvesting devices’ specifications and figures.

References Description/Functionality Figures

Several magnetic field designs for harvesting
techniques have been proposed in previous
[147] studies. The power line sensor (Protura) is an
available item that extracts energy from
electromagnetic fields.

Power line sensor (Protura).

It is a hybrid power-producing method for
sensors. In this system, a number of
coil-grappled magnets joined to a cantilever are
[70] utilized to produce power from an
electromagnetic generator. With the system,
around 25.45 mW can be obtained with a
frequency of 60 Hz.

Oval-shaped hybrid energy harvester

Electromagnetic hybrid energy harvester.
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Table 5. Cont.

References

Description/Functionality

Figures

[148]

This model generates a power of 58 pW
combined with a resistive load of 15 k(). In the
form of electrical power with a resonant
frequency of 50 Hz, an acceleration of 0.59 m/ s2,
and a power density of 307 uW/m?, the
generator may deliver 30% of the total input
power to the load. The prototype geometry was
set with an applied volume of 0.15 cm® and a
component volume of 0.1 cm3.

NdFeB
magnets

Copper
coil

Tecatron GF40

Tungsten
base =

Beam Zintec keeper mass

Micro generator cantilever with magnet scale.

[149]

It is an electromagnetic piezoelectric hybrid
harvester’s power dynamic device. On the basis
of the elementary mathematical model, the
proposed model was designed and exhibited
with the simulation. The initial results show that
46.2 yW and 3.6 uW output powers can be
obtained by the portable system from
electromagnetic and piezoelectric transducers,
respectively, with an excitation frequency of
5 Hz.

Low frequency cantilever

[150]

A similar axial-flux permanent magnets
generator with eight poles with a diameter of
5 mm. The coil was fabricated differently, given
the four layers of copper wound around the
stator. NdFeB magnets were utilized in the rotor.
These fabrications resulted in a total coil
resistance of 30 (). When the rotor was rotated
using a spindle, given an air gap of 1 mm, the
generator delivered a maximum power of
0.412 mW at 2.2 krpm. The authors also
indicated the device later generated stator coils
using low temperature co-fired ceramic materials.
With the use of this technique and with the
modification of the test setup, the output power
levels reached 1.89 mW at 13,325 rpm.

Stator with filament windings shown in one layer.

[151]

A generator with four magnets, with a volume
length of 1.1 cm, a width of 0.9 cm, and a height
0.85 cm. The outcome of this generator is 1 V
from an input range of 150 mV at resonance
frequency 106 Hz with an acceleration level of
2.6 m/s?. The generator attached with a car
engine and from the system produces a peak
power of 3.9 mW, which can be obtained with a
peak power of 157 pW.

Electromagnetic generator powered by vibration.
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References

Description/Functionality

Figures

[152]

An electromagnetic generator (EG) with discrete
coil fabricated with silicon materials. The
dimensions of the EG are 525-um-thick silicon
wafer and 25-um-thick copper wire. The EG
produces 0.38V with a frequency of 6.4 kHz.

Perspex housing

« forma gnets

Magnet

Coil

Etched silicon
structure

Diagram of silicon electromagnetic generator with
discrete coil.

[153]

This structure contains three spring-mass
systems and the proof masses are patterned with
double-layer spiral-shaped aluminum coils with

dimensions of 10 um in width and 1 pm in depth.

On the other hand, the dimensions of the MEMS
EMEH chip, 3 mm in diameter, and 2 mm in
height, are mounted through a supporting beam
on top of the harvester array. The downside to
such a scheme is, it is complicated and costly.
Therefore, proper selection of materials at low
cost is the best solution to overcome this
problem.

) Supporting
besm

Uppar & Lowar
— ' bonding pads

B

Supporiing
- bate

\ =

Working principle illustration of electromagnetic
MEMS energy harvester (a); setup of
electromagnetic MEMS energy harvester (b).

[154,155]

It is a meso scale vibration-based EMEH devices
with double-layer spring FR4 materials. The
basic principle of this vibration transducer is one
side fixed and another side open free to move
and generate electrical charge via pressure.
Therefore, the advantage of such devices is that
they can run low-power sensors that are
currently powered by the battery; such devices
are suitable for the IoT applications.

3 7 >
‘Nonlinear Spring Structure (b) SOf:(’eﬁ:pg;ellc Copper i
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(a) Measurement setup of MEMS electromagnetic
vibration energy harvester, (b) Meso-scale prototype
of Electromagnetic vibration energy harvester.

[156,157]

It is a nonlinear vibration-based EMEH structure.
The model consists of a combination of
Polyethylene terephthalate film, magnets, copper
coils, and aluminum shells. The advantage of
this model is the upper and lower copper coils
are connected in series to gain a maximum
voltage outcome. The restriction of this model
was the production of a cost-effective
combination of composite materials.
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i
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Schematic of the double-clamped beam
electromagnetic vibration energy harvester.
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Table 5. Cont.

References

Description/Functionality Figures

[41]

winding pitch, which matches the width of the ure on sate
magnet. The minimum distance between the
magnet array and the coil is 0.2 mm, which is the
aluminum housing’s minimum thickness. The

electromagnetic energy harvester. The dimension Rectangual -~ Fpy Copdividns. a7

restriction of this model manufacturing process,
however, is time consuming with low output

It is an EMEH device, which consists of

aluminum, pure iron, and copper winding in the
top side, and coil bobbins, copper windings, and
aluminum in the bottom side respectively. The

dimension of this model is 3.7 mm copper

Auminum housing

Auminum housing

schematic diagram and fabrication of the

magnets

Copper windings

of each magnet after fabrication is 3.18 x 12.7 x @ (®)

3 3
1.59 mm* and 12.7 x 12.7 x 0.2 mm". The Electromagnetic energy harvester fabrication of the

(unit: mm): (a) top side; (b) bottom.

power generation. Therefore, the optimal

materials and the required dimensions of the
systems can be fine-tuned to overcome this

problem optimization technique.

6. Issues and Challenges

The main goal of EMEH for autonomous sensors plays an important role in powering
up the devices, however, it has some problems such as availability of power sources,
storage, energy dissipation, large size, converter for boost up power, and cost [141,158].
Modifications are required to make less energy dissipate, small size with low cost sensors,
and overall management [159,160]. A small amount of power for low-energy electronics is
given by the EMEH system.

The power source comprises a combination of voltage and current, frequency pro-
file, and harmonics. There are a number of issues that may arise with environmental
ambient sources, such as distortion of voltage due to current harmonics, flicker, voltage
sag, and voltage surge [161,162]. Moreover, because of the geometric shapes and proper
material selection problem of the EMEH devices, more research is necessary to improve
the efficiency power [163-165]. Many studies are focused on increasing the efficiency of
EMEH systems to improve power electronic circuits such as the converter, inverter, and
controller [96,110,111,113].

Generally, standalone micro EMEH systems are useful in areas where electricity is not
available, especially in remote areas. There are so many methods and materials, for example,
photovoltaic, thermoelectric, piezoelectric, radio frequency, electrostatic, and capacitive,
which can be used for micro EMEH systems [39,144,166]. Many methods have been
developed to extract energy from the different resources available, such as wind, vibration,
solar, chemical, thermal, wave, radiofrequency, biological, etc. [15,57,95]. However, it has
some issues such as generating low power, instability, fluctuation, harmonics, and it is
costly. Further researches are required to create stable, controlled, low-cost maintenance,
and long-term sustainability.

Currently, WSNs and the IoT are getting more and more attention for low-power
EMEH devices [54,167]. WSNs and IoT are the favorites in industrial, remote areas as well
as in commercial applications, because it has modern and fast communication processors
as well as low power usage [26,55,168]. This network can be used in a poor and harsh
environment where the wired system is not possible. 10T is a physical network that
assigns IP addresses to devices in the network for internet connectivity, and the output
information of these devices can be sent to any place in the world. The drawback of the
WSNs application, however, is that is far from the power line and those devices powered
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by the battery currently. However, the battery life is limited, it must be recharged regularly,
and the cost of replacing the battery is typically high.

7. Conclusions and Recommendations

This paper presented a comprehensive review of EMEH systems for ATS, giving a
special focus on recent technological developments and existing barriers. There are various
applications based on EMEH, such as WSNs, wireless building automation, battery-less
networks, low-power switches, automotive, low power electronics devices, loT, consumer
electronics, and bio-medical that are presented in this study. It is necessary to achieve the
ultimate purpose of avoiding replacing batteries or providing ATS with free perpetual
energy. In this system, batteries are not used, thereby reducing the expenditure for buying
batteries and the labor cost required for battery replacement. The batteries are used to
power the nodes of the sensors but having a limited life, which restricts the performance
and application of WSNs. To overcome these problems and to make the sensors self-
powered, the best option is harvesting energy from the ambient energy resources. Finally,
harvesting energy from ambient energy resources offers several advantages, including the
supply of potential energy to common low-power devices such as motion sensors.

Many past research works are summarized along with the numerous approaches that
are acceptable for the research based on the literature survey. The review helps in realizing
the basics of geometrical dimensional outcomes, parameter values, and scalability to model
EMEH devices, which is suitable for low power electronic devices. The phenomenon
of devices, such as the low power harvesting interface circuit methods, converter, and
controller technique, is also presented in this review. Furthermore, this review indicates
the numerous types of power electronic topologies for the betterment of EMEH. The
study outlines a comprehensive survey of power electronic circuits, converters, controllers,
and identified implementation in low-power applications to associate their significant
contribution in the improvement. The conduction and switching losses of an AC-DC
converter are minimal, but the power factor and harmonic distortion are high. A DC-DC
converter has a fast response time and high performance, but it suffers from high switching
loss. Finally, various methods are suggested in this study to overcome the limitations of
the controller, converter, and low-power electronics devices for EMEH application.

There are some recommendations for the improvement of the EMEH system. A power
electronic circuit and converter, inverter, and controller have been reported in this review,
such as:

e  More studies should be carried to improve energy density, power efficiency, and low
resonance frequency for EMEH deceives.

o A switching device with the PWM technique can control the power in AC-DC con-
verters but reduces the power factor and adds harmonics, which can be avoided by
a low pass filter and PWM switch. Whereas, in a DC-DC converter for power factor
improvement, a power factor correction capacitor is a good option.

e  With regards to gaining accurate system performance and market acceptance, security,
flexibility, long life, and stability problems of the EH transducer need to be addressed.

e  Optimization techniques can be utilized to get the optimal parameter geometry shape
of the EMEH devices such as length, width, and thickness.

e An intelligent real-time interface controller board can be performed to implement
the EMEH circuit prototype for the robust, smart, and efficient converter, controller,
and inverter.

e Itis important to address a capable energy storage scheme such as supercapacitor
charging/discharging, protection, reliability, scale, expense, life cycle, and
overall management.

e  Further research on the power, safety, control interface, energy management, and
features of an advanced EMEH device are needed to improve the efficiency of energy
storage in EH applications.
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