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ABSTRACT Energy harvesting (EH), as an enabling technology of energy derivation from ambient sources,
has attracted much research attention in wireless sensor network (WSN) context. The magnetic energy
harvester (MEH) introduces ambient energy harvesters’ most promising technological development. This
paper presents a review and analysis of MEH applications in WSN like vehicular systems and technologies.
The successful approaches are introduced and classified based on technical characteristics and working
principles. The fundamentals of their operation are discussed in detail, and the power points of each method
are reviewed. To select the optimal energy harvester, in this work a case study is provided for feeding
navigational sensors mounted on a rotating wheel of vehicles. Finally, the performance of the developed
MEH model is evaluated and discussed for harvesting energy at the rotating wheels of a ground vehicle.
To offer electromagnetic field analysis of the studiedMEH, the simulations are performed in AnsysMaxwell
software for further harvested power evaluation.

INDEX TERMS Magnetic energy harvester (MEH), wireless sensor network (WSN), energy management,
electromagnetic simulation, vehicle technology.

I. INTRODUCTION
With the emerging Internet of things (IoT), the technologies
in wireless sensor networks (WSN) are developed to meet the
main requirements of the data management systems [1], [2].
The main goal of the IoT platforms is the precise measure-
ment of the operational condition of the underlying system.
The gathered information can be used for different purposes
such as real-time control, monitoring, maintenance schedul-
ing, etc. WSN as the heart of the IoT systems plays a key
role in the satisfactory operation of the entire system. WSNs
have a wide application in health care monitoring, environ-
mental sensing, industrial monitoring, as well as connected
and autonomous vehicles [3]. Energy supply system (ESS)
is one of the primary parts of the WSNs. ESS consists of
a set of electromechanical devices for providing an uninter-
ruptable feed to the sensor network. The rules governing the
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energy supply mechanisms for efficient feeding of the sensor
nodes are known as energy management systems (EMS). The
main aim of the energy system in a WSN is high-quality
energy provision for different parts of the network without
any energy deficiencies [4], [5]. Nevertheless, conventional
methods of energy systems have limitations in highly inte-
grated field conditions where sensors are mounted in harsh
environments [6]. In some situations, the energy provision
system is the main bottleneck in the deployment of theWSNs
[7]. The situation can be exacerbated particularly when it is
difficult to find a suitable source of energy close to the sensor
nodes [8], [9].

Energy harvesting (EH) techniques that mainly convert the
environmental energy sources including solar, thermal, elec-
tromagnetic and vibrational energies into the electrical form
for empowering electronic devices have been a wide area of
scientific research over the past decade [10-], [11]. They are
known as enabling technology providing energy to WSNs.
Among EH methods, magnetic energy harvesters (MEHs)
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have potential to implement high-performance energy con-
verters for mostly small-scale consumers. For the sake of
acceptable energy density, size flexibility, and simple struc-
ture, the MEHs have wide applications in instrumentation.
For designing MEHs, the main complexities are related to
the electrical circuit for implementing a power management
system. The impedance matching, voltage control, and elec-
tronic elements are some of the considerable challenges to
be addressed when a power management system is designed
for MEHs [12]–[15]. The optimal design of the geometry
of electromagnetic harvesters is also an attractive subject to
enhance the efficacy of the system. For example, in [16], the
researchers proposed a pick-up coil with a magnetic back
iron to maximize the output voltage. Additionally, several
pieces of research are dedicated to applying MEMS tech-
nology in the tiny energy harvesters in order to cope with
the size limitations [17], [18]. Magnetic, vibrational, thermal,
ambient light, and RF sources are the most popular initial
types of energy that can be converted utilizing MEMS tech-
nologies [19]–[21].

To harvest electric energy from magnetic fields, differ-
ent conversion forms exist. Electromagnetic induction is the
most well-known method in this context. The process relies
on generating voltage which applies variable magnetic flux
around a coil to induce an electrical voltage in the coil. The
achieved energy density obtained by this approach is rela-
tively higher than the other competitors. The flowchart of the
energy conversion process in a MEH system is demonstrated
in Fig 1. As presented, environmental energies are applied
to a magnetic variation system to induce electrical energy
into the coil circuits based on Faraday’s law of induction.
Then, the converted energy is regulated by the EMS system.
The regulated energy is used to feed the sensors or a storage
system. Alternatively, the stored energy can be used to feed
the sensors when the environmental energy is less than the
convertible level.

Two types of induction-based electromagnetic conver-
sion method exist. The stand-alone induction structure (type
1) harvesters operate independently, in which the harvest-
ing coil embedded far from the variable magnetic flux
[22]. The second type is the dependent coil structure,
in which the coil is clamped on the section of the magnetic
flux source. The MEH approach can also be categorized
based on size requirements, insulation factors, packaging
and installation conditions, safety measures, and required
energy.

As the energy density of the MEH is noticeably higher
than the other harvester types, the systematic investigation of
the MEH in the context of the WSN is intensively required.
A systematic review [23] based on mechanical energy har-
vesting methods is recently investigated. As reported, the
knowledge of mechanical energy harvesting is taxonomized
to highlight the advantages of these types of harvesters to
be utilized in the industrial applications. This review paper
focuses on the approaches of EH from magnetic fields. The
main contributions of the paper are as follows:

FIGURE 1. Flowchart of energy conversion process in a typical MEH
system.

1) A detailed explanation of operation principles of recent
MEH methods is presented.

2) The presented methods are taxonomized based on the
design characteristics and the successful works are
highlighted.

3) A comparison study in terms of electrical and mechan-
ical properties for a delegate application in feeding the
sensors of the rotational coordination is performed.

4) A set of 2D simulations in Ansys Maxwell software
are performed to assess the applicability of the selected
method.

II. FUNDAMENTALS OF MEH
Based on Faraday’s amp law [24], a variable voltage V is
induced into the electric circuit when a variable magnetic
field dϕ interacts with the circuit as given in:

V = −
dϕ
dt

(1)

Variable magnetic fields can mainly be created by motion,
either rotational or translational, and electrical switching cir-
cuits [25], [26]. The field strength is directly dependent to the
material of the magnet and amplitude of the magnetic flux.
Studies in [27]–[33] explored the effect of different parame-
ters on magnetic field strength. Field strength and frequency
of the variation alongside with the electrical topology of the
harvester circuit (usually a coil) are determining factor in
the level of the harvested power [34], [35]. MEH methods
serve higher energy density compared to the other harvesting
methods while keeping their insulation safety properties. The
range of harvested energy is considerably large from a few
micro-Watts to several Watts.

To achieve a detailed view of the final electrical parame-
ters, the employed models are illustrated by analytical equa-
tions [36]–[38] or simulated by finite element (FEM) sim-
ulators [39]–[41]. However, the effect of magnetic material
on the coil and geometric parameters are obtained more
accurately by FEM analysis mainly when frequency analysis
in a non-linear system is targeted [42]. Because of the unique
characteristics of the magnetic waveforms, such as amplitude
and frequency adjustment, the EMSs are flexibly developed
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in the MEH systems. Hence, several pieces of research are
conducted in this field [43]. The main goal of these works
is to conduct maximum electrical power to the load in all
operational frequencies and load impedances [44]. Never-
theless, commercially successful energy harvesters based on
magnetic induction are still relatively limited. Considering
the placement of the harvester (pickup coil) part relative to the
variable magnetic field, the MEH approaches can be divided
into two categories: dependent and independent. In this paper,
the MEH methods are explored, and their operation prin-
ciples are discussed based on these two main categories.
Fig. 2 presents the overall classification of MEH methods.

FIGURE 2. Classification of MEH methods.

III. INDEPENDENT MEH METHODS
The independent induction structure is a set of harvester
coil and a magnetic field source away from each other. The
main advantage of the independent induction structure is
higher flexibility as there is no strict localization constraint.
However, in most designs, the demagnetization factor and
energy density are challenging issues [45]. This has been
an inspiration for researchers to propose a harvester that
captures the maximum energy when the core is placed in
saturation [48]–[50]. Authors in [46] and [47] explored the
advantages of independent MEH methods and proposed a
novel harvester, in which the path of the magnetic flux
is directed in a helical core leading to a lengthened flux
path. In the following subsections, the successful independent
MEH methods and their operational basics are discussed.

A. HYBRID
Hybrid MEHs include a variety of methods that combines
different EH methods while the main function part relies on
magnetic field properties. Most of these methods apply a
combination of piezoelectric and electromagnetic harvesters
that demonstrated improved output power on a small scale
compared to other types of hybrid techniques [51]. They
are mainly manufactured in a multimode structure intended
for harvesting the highest power level from Kinetic energy
sources for wideband operations. Principally, a piezoelectric
harvester converts the mechanical strain of the active materi-
als to electrical energy and the extracted energy is relative to

the strain amplitude of the structure [52], [53]. On the other
hand, an electromagnetic harvester applies the relativemotion
between an electrical circuit and a magnetic flux to induce
electricity into the circuit. The harvested energy is dependent
on the relative speed of the moving part of the structure [54].
In the hybrid structure, the moving part contains permanent
magnet (PM) objects and piezoelectric beams. A pickup coil
is in the middle of the PMs. As the structure becomes active,
the moving part vibrates, and both the piezoelectric beam
and the pickup coil generate the electrical power. In such
structures, the piezoelectric beam should be placed near a
clamped edge, while the pickup coil is in the free end. The
hybrid piezoelectric and electromagnetic harvesters in a sim-
ple structure are shown in Figure 3. Hybrid MEH methods
are presented in recent research works repeatedly. Authors in
[55] have reviewed the kinetic energy harvesters capturing the
mechanical movement energy through magnetic transducers.
Kinetic energy exists in the form of mechanical vibrations
and displacements. A high-performance hybrid piezoelectric-
electromagnetic energy harvester is also presented in [56],
in which the output power can reach up to 80 mW.

FIGURE 3. Hybrid piezoelectric and electromagnetic harvester topology.

B. WIRELESS POWER TRANSMITTER
The functionality of wireless power transmitters (WPTs) is
the same as transformers and they work based on the law
of magnetic induction. WPTs are usually applied as energy
harvesters to scavenge the optimum energy from RF and
other high-frequency magnetic fields [57], [58]. The high-
frequency energy resources can be utilized in harsh environ-
ments where energy transfer is one of the main challenges
for WSNs [59], [60]. Using WPT method, the sensor node
can be extended with lower limitations. The high-frequency
signals can be found everywhere in our environment. There-
fore, many investigations are conducted to propose EH from
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high-frequency fields. For instance, a harvester to collect the
RF energy emitted by CFLs, and a rectifier are proposed in
[61]. The ultra-high frequency WPT harvesters can work in
the far-field. While their power range is low, they are used for
applications with a long-range where the targeted nodes are
far from the RF source.

In a high-frequency WPT, a switching circuit in the pri-
mary coil (transmitter), produces a variable magnetic field.
The variable flux passes through the secondary coil (receiver)
and induces an electrical voltage into the secondary coil.
The induced power can be consumed by the dedicated load.
Wireless chargers are also designed to harvest energy at
relatively high levels. To guarantee the high rate of delivered
power, the alignment of transmitter and receiver and their
distance should be optimized [62], [63]. Fig. 4 indicates a
simple topology of the WPT energy harvester. An overview
of advances in WPTs as energy harvesters is provided in
[64] and [65], the authors also presented several promising
applications to depict future trends. Future power networks
are prone to apply WPT energy harvesters as they have the
potential for feeding low-power measuring devices in power
systems [66]. Researchers in [67] presented a survey on the
opportunities and challenges of utilizing WPTs in distributed
WSNs to study the performance of these types of energy
harvesters in IoT ecosystems.

FIGURE 4. Working topology of a WPT energy harvester.

C. BI-STABLE
A bi-stable energy harvester can be designed magnet-freely
[68]. Whereas typical bi-stable EH procedure has two mag-
nets to create a double-well potential function. One magnet
is fixed on a moving piezoelectric cantilever, and the other is
mounted on a spring. The two magnets are placed opposite
each other and fixed to a base. If an external excitation is
exerted on the base, the cantilever beam starts vibration.
When the magnet mounted on the cantilever moves toward
the magnet on the opposite side, the repulsive force reaches
its maximum value. Then, the spring is compressed and the
distance between two magnets increases, this is known as the
first stable state. As the cantilever-mounted magnet moves

away from this position, the repulsive force between the
magnets decreases. Due to spring restoring force, the spring-
mounted magnet returns to its initial state (second stable
state). The operation of bi-stable MEH is shown in Figure 5.
The bi-stable MEHs can operate in the low frequencies and
solve one of the basic challenges in low-frequency broadband
magnetic field, in which the capability of energy harvesting
is low [69]. They also provide a solution to the challenge
of scaling down harvesters to MEMS applications. Different
existing designs of bi-stable energy harvesters are presented
in the literature [70]. In [71], a MEH is developed to har-
vest the vibrational energy in wideband by incorporating
the effects of both bi-stability and mechanical impact into a
single device. The effect of adding a spring loading magnet
in increasing the range of harvestable excitations is explored
in [72]. The researchers proved that the cantilever would be
able to overcome the magnetic repulsive force even in small
excitations. To enhance the performance of the bi-stable har-
vester at low frequencies, the spring is replaced with bellows
in [73] and the final structure demonstrates a satisfactory
performance in 2 to 15 Hz excitation.

FIGURE 5. Bi-stable working topology of a WPT energy harvester.

D. WIEGAND EFFECT
Wiegand-effect harvester is a type of MEH that applies Wie-
gand’s wires to generate a pulsive voltage in the dedicated
coil [74]. Wiegand wires contain a magnetic shell with high
coercivity, while the core of the wires is made of materials
with soft magnetic properties. In the presence of the time
variable external magnetic field, the inner coremagnet, which
is shielded by the magnetism of the hard shell, is protected
against the variation of the magnetic field until the field
strength eventually overcomes the protection. Next, a sudden
polarization change happens which leads to a large voltage
pulse at the Wiegand wire. The voltage pulse has a trian-
gular shape, and its amplitude reaches several volts. As the
magnetic field increases, it neutralizes the magnetic domains
of the shell. Both the shell and core produce the same mag-
netization polarity where a second voltage pulse with lower
amplitude is generated. The Wiegand-effect magnetization
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curve has a trapezoidal shape. The operation principles of the
Wiegand MEH, the related magnetization curve, and induced
voltage in the Wiegand wire are demonstrated in Fig. 6.

The high-speed switching of magnetic polarization in the
Wiegand wire generates a significant voltage which makes
it valuable for higher voltage energy harvesters. The gener-
ated voltage can be easily converted to the target level in
high voltage applications. It should be mentioned that the
amplitude of voltage pulses does not depend on the variable
magnetic field frequency. This property makes the Wiegand
harvesters an attractive option for low-frequency energy har-
vester designs [75], [76]. In [77], a Wiegand-effect harvester
is developed that can extract the energy from the changes in
magnetic polarities in a magnetic positioning measurement
system. In another study [78], a Wiegand-effect harvester
applying an eccentric swinging pendulum is investigated.
In this study, Wiegand wires are mounted on a wheel and
convert the kinetic energy into electrical energy to supply the
measurement equipment mounted on the wheel.

FIGURE 6. Wiegand MEH, operation principles, magnetization curve, and
induced voltage.

IV. DEPENDENT MEH METHODS
Because of the great flexibility and high magnetic field inten-
sity, the dependent induction methods in which the harvesting
coil clamps the section of the variable magnetic flux source,
has attracted much attention. Detailed studies have been con-
ducted in this area of research to superimpose the strayed
fluxes for achieving more concentrated flux linkage [79].
In several investigations, the dependent coil design is devel-
oped to harvest the maximum energy from low-frequency
magnetic field variation. These low frequencies of energy can
be found in many practical applications [80]–[84]. Examples
of such techniques are applied to generate electrical energy
from the body motion of the human [85], [86]. In some
cases, the dependent coil is attached to the source of the
magnetic field to minimize the air gap. Based on the reported
results, the harvesters can be successfully used for WSNs

to achieve continuous power measurements. The dependent
MEH methods are explored in the following subsections.

A. VARIABLE-FLUX VIBRATION
Variable-flux vibration (VFV) energy harvester is a novel
type of MEH, in which a ferromagnetic object is moved into
themagnetic flux path of the fixed PMs. Leading to disruption
of the magnetic fields of the PMs. As a result, an electrical
voltage is induced across a pickup coil which is mounted
in the nearby field. The basic structure of a VFV is shown
in Fig. 7. The structural mechanism has the advantage of
applying a stationary magnetic circuit and coil that prevent
the interactions. Also, the mechanical complexity and out-
put power density are optimized in the VBHs. The authors,
in [87], proposed a variable-flux bi-axial vibration energy
harvester for low-frequency and low amplitude vibrations
applications. The experiments showed efficient performance
of the system at a mean frequency equal to 6.5Hz. A band-
width of 5.8 Hz is provided for the harvester, whilst its
maximum output power reached 154µW.

FIGURE 7. The Basic structure of a VFV energy harvester.

B. MAGNETOSTRICTIVE
The principle of operation in magnetostrictive harvesters
is based on two main steps. Firstly, mechanical energy is
applied to magnetostrictive materials. The mechanical energy
is converted to magnetic energy using magneto-mechanical
coupling. This is also known as the Villari effect (magneto-
mechanical effect). According to the Villari effect, the mag-
netization domain of magnetostrictive material is changed,
when mechanical stress is applied. In the second phase,
the magnetic energy is converted to electrical energy in an
electrical circuit (pick-up coil) based on Faraday’s law of
induction. Also, a static magnetic domain using a PM is
utilized, as domain initial bias. Samples of magnetostrictive
materials are explored in [88]. Magnetostrictive materials can
play a key role in the development of EHs. For the sake of
their high-specific energy, there is scientific research on them
to extend their application for the industrial purposes [89].
Since considering the general behaviors of magnetostrictive
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materials cannot be directly captured, a FEM analysis is
conducted in [90] to cover fully coupled nonlinear modeling
of the magnetostrictive materials. Authors in [91] and [92]
explored the properties of harvesters based on amagnetostric-
tive amorphous core. They proved that these materials are
applicable for scavenging low-energy vibrations when they
are directly subjected to axial movements. Fig. 8 illustrates
the basic operation of the magnetostrictive MEH. The mag-
netic flux density of magnetostrictive materials is calculated
by:

B = d .ε + µε.H (2)

where B is the magnetic flux density. d and ε are magne-
tostrictive constant and applied stress to the magnetostric-
tive material, respectively. The permeability of the flux path
depends on the stress value, and thus, it is shown by µε. The
parameter H is the magnetic field strength.

FIGURE 8. Basic operation of the magnetostrictive MEH.

C. MAGNETIC LEVITATION
The Magnetic levitation (maglev) harvesters mostly work
based on the levitation phenomenon. They typically consist
of a nonmagnetic container with two PMs installed on both
end extremities of the container. A third PM is levitated in the
container between the fixed PMs [93]. The levitation force
comes from the arranged polarity of the PMs such that the
same magnetic polarity repels each other with the force F as:

F =
B2A
2µ0

(3)

where, B magnetic flux density, A is cross sectional area,
and µ0 is space permeability. Also, a pickup coil is wounded
around the outer surface of the container to harvest the
kinetic energy of the levitated magnet in form of electrical
energy [94], [95]. A typical maglev system is demonstrated in
Fig. 9. Several pieces of research studied magnetic levitation,
in which a dependent coil is utilized to harvest the energy
of the levitated magnet [96]. In [97], the authors proposed
a maglev unit to convert ambient vibration with stochastic
directions into a unique motion direction of a central levitated
magnet. As a result, the frequency bandwidth is increased.
Researchers [98] have used a three-layer magnetostrictive

material (Terfenol-D/PZT/Terfenol-D) as a levitatingmagnet.
The complex has a high energy density which leads to gener-
ating high power at low-frequency bounds. The use of mag-
netic levitation eliminates the need for a mechanical spring
and increases the energy density of the complex. In [99] and
[100], the authors proposed an energy harvester based on
the magnetic levitation springless structure and a mechanism
with velocity amplification. As a result of the high achieved
acceleration, more vibration energy can be harvested. It is
shown that such topology is appropriate for loads with high
peak power. Magnetic levitation-basedMEHs are also known
as track-born energy transducers that can be applied for har-
vesting the vibration energy of railways. They are the best
electrical supply source for feeding the wireless sensor node
in remote railways. Studies in [101] and [102] have focused
on maglev MEHs which aim to scavenge vibration energy in
railways for instrumentation purposes. The results presented
that these kinds of harvesters can satisfy the environmental
conditions and sensor supply requirements for the railways.

FIGURE 9. Typical maglev system.

D. MAGNETOCALORIC
The magnetocaloric effect has been discovered about two
decades ago. Nowadays, there are unprecedented choices
between numerous magnetocaloric materials (MCMs). The
LaFeSi is a well-known and widely applied MCM for design-
ing the energy harvesters [103], [104]. Also, Gadolinium
films in a thickness range between a few to tens of microns
are another option for MCMs in the EH applications [105].
As the main properties, MCMs heat up, when brought into a
magnetic field. In the energy harvesting process, the MCM
is usually suspended on a cantilever beam which is located
between a hot source and a heat sink. The MCM loses its
magnetization in the hot location and reaches its peak mag-
netization in a cold location. An outer magnetic field like a
PM which is mounted on a heat source triggers the MCM
to oscillate between hot and cold sources. Fig. 10 demon-
strates the working principles of the magnetocaloric energy
harvesters. Researchers in [106] explored the optimal size
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of the cantilever which leads to the self-oscillation of the
MCM between heat and cold sources. The kinetic energy cor-
responding to the oscillation is converted into the electricity
using piezoelectric elements. The performance of the magne-
tocaloric energy harvesters directly depends on temperature
gradients. In [107], a scientific model based on empirical
relationships is developed to analyze the thermomagnetic
properties of MCMs. The study investigated the energy den-
sity of magnetocaloric-basedMEHswhich is usually low, and
they successfully generated electrical power for a range of
micro-electrical system.

FIGURE 10. Principles of a magnetocaloric energy harvester.

E. VARIABLE RELUCTANCE
Common structure of a variable reluctance energy harvest-
ing system (VREH) is composed of a toothed wheel and
a PM. A pole-piece is also applied to complete the flux
path. Both PM and pole-piece are made of ferromagnetic
materials. A pickup coil is wounded around the pole piece
to harvest electrical energy. The reluctance of magnetic path
Ris changed to generate the variable magnetic field. Then,
a proportional voltage V is induced into the pickup coil as in:

V ∝
dR
dt

(4)

Fig. 11 depicts the schematic of the energy harvester using the
variable reluctance (VR) principle. VREHs are industrially
applicable types of power converters. They usually convert
the commonly found rotary kinetic motion in a magnetic
field. A vast area of research is focused on the implemen-
tation of VREHs to optimize the output power [108], [109].
In [110], the authors proposed and embedded VREH to
power an integrated WSN in the railways. Surprisingly, the
output power has reached around 80mW, which makes it
suitable for feeding a wide range of wireless sensors includ-
ing, speed, vibration, strain, and temperature measurement
devices. In reference [111], the researchers have revealed that
the three-phase topology enhances the VREH power perfor-
mance compared to three single units. Additionally, the opti-
mized arrangement decreases the torque ripple significantly
when the rotation speed is relatively low. The authors in [112]
investigated the VREH design using a m-shaped pole-piece.
The final product achieved a compact structure with high
power density, which makes it applicable for embedded and
size-constrained cases.

FIGURE 11. Principles of a magnetocaloric energy harvester.

F. FERROFLUIDS
Ferrofluids are some sort of liquids composed of nano-scale
PM dipoles. While no external magnetic flux is presented,
the magnetic dipoles are stochastically oriented. When an
external magnetic field, from a PM, is exerted on the fluid,
the dipoles are aligned parallel to the external field. This
produces a net magnetic density in the fluid as:

B = µ0(H +M ) (5)

where, µ0 is space permeability, M is ferrofluid magnetiza-
tion which is proportional to magnetic field strength H by
magnetic susceptibility X as in:

M = XH (6)

A tube carrying the magnetized fluid can be put into a
vibrational frame, in which its vibrations match the natu-
ral frequencies of the fluids. Considerable magnitude waves
can be achieved on the surface of the fluid. The produced
waves actively change the direction of the magnetic dipoles
and create a variable magnetic flux. A pickup coil wounded
around the tube can harvest electrical energy in the variable
magnetic field. The touching mechanism is eliminated in
ferrofluids leading to lower friction in the harvester structure.
This leads to efficiency improvement, which is the main chal-
lenge, in designing the energy harvesters. Fig. 12 presents the
operation of the ferrofluid MEHs. Most studies in the MEH
literature proposed the ferrofluids as dependent induction
harvesters [113], [114]. For example, in [115], a ferrofluid
based MEH is investigated to scavenge the human motion
kinetic energy. The resonant frequency between 8 to 10 Hz
is obtained which is higher than the normal activity fre-
quency bound. However, it is suitable for energy harvesting in
sports activities. To increase the operating frequency range to
include the normal activity frequencies, the authors in [116],
proposed a MEH composed of a combination of spring and
ferrofluid. Parametric studies and performance analysis in
[117] have revealed that the distance between the magnets
and the ferrofluid surface, location of the magnets, and fer-
rofluid susceptibility are the most effective parameters on the
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designed harvester performance. A non-resonant, Ferrofluid-
based MEH is developed and reported in [118] to scavenge
the kinetic energy over a broad frequency range. For this
purpose, magnet arrays are suspended by the liquid bearing
and mounted on a multi-layer coil plate such that the obtained
MEH can output appropriate power for a wide frequency
range.

FIGURE 12. Operation of the ferrofluid based MEH.

V. CASE STUDY: MEH DESIGN FOR ROTATING WHEEL OF
PASSENGER VEHICLE
Selecting the best MEH for a delegate low-power application
has always been a challenging process because several criteria
should be considered to select the optimized harvester. In this
paper, an investigation is carried out to select the optimal
energy harvester which can feed navigational sensors and
data transmission system mounted on a rotating wheel of a
vehicle. Similar works in [78] and [119], are done to scavenge
the kinetic energy of a rotating part. However, small-scale
power is harvested in theseworks to feed a low number of sen-
sors with low power consumption. In this work, a comparison
study between different options is offered, in the previous sec-
tions, to evaluate the performance of the techniques to choose
the optimum method. Then, the capability of the selected
method is validated by applying electromagnetic simulations,
using a 2Dmodel, conducted in the AnsysMaxwell software.

Designing the whole system to have a comprehensive
assessment of the system’s goals, where a fair comparison can
be provided. Providing sufficient power, as the main target,
to the load in a safe voltage range is desired. In this case study,
the selected MEH should feed a combination of sensor and
data transmission systems which are mounted on a rotating
wheel. Corresponding power consumptions and the required
voltage for the load elements are demonstrated in Table 1.

As presented in Table 1, the required voltage is in the range
of 1.1-5.5V. In the standby condition, the accelerometer and
RTC are active, where the power consumption is low. As the
system is in data-gathering mode, the processor, IMU, and
temperature sensors are electrically fed. Themaximumpower
consumption occurs in data transmission mode when both

TABLE 1. Load elements and corresponding consumptions.

processor and data transmission system are active, and the
consumed electrical power reaches around 40mW.

On the other hand, field strength and frequency of the
variation are the determining factors in the amount of power
generated by the applied MEH. The size issue is another
parameter to be considered as installation and working con-
ditions are limiting factors affecting the size of the dedicated
MEH. Table 2 summarizes the notable studies carried out
in the references of the paper. The MEHs are categorized
based on the types and their important operational parameters
are reported in the table. This table gives the initial idea for
selecting the optimal type of the MEH.

Given the nature of the rotating system application, the
best way to harvest the electrical energy is to scavenge
the kinetic energy of the rotating part [78]. The operation
frequency of the magnetostrictive materials is beyond the
frequency band of the rotating wheels. The complexity of
applying magnetostrictive materials in the EH system is
another inhibitory factor for proposing this method [57].
Despite acceptable operation frequency range for the mag-
netocaloric and ferrofluids, the difficulties for utilizing the
special and expensive materials still exist for these methods.
Likewise, level of harvested power using these methods is
limited [40].

The hybrid methods are usually employed for delegate and
low space applications [65]. The power density of this method
is relatively low and it requires many detailed specifications
in the design phase. However, the magnetic levitation scheme
unlike the bi-stable method meets the technical parameters
of the specified load (power demand, operation voltage and
frequency, and power density) and can be a suitable option if
design complexities are neglected.

The Wiegand effect and VFV approaches not only have
energy level issues [24], [114], but they also have unsuited
voltage levels for the dedicated load. Despite their suitable
frequency range, they cannot be considered a proper choice
for the intended case study. A contradictory condition exists
for the WPT-based MEH. Although this method has a high
potential to achieve high power ratings [53], the operational
frequency range is by far beyond the common rotating wheel
frequency.

The frequency band of the variable reluctance scheme
thoroughly meets the rotary frequency of the vehicle’s wheel.
This method also has the closest voltage range of the load
components. Moreover, the power range lies between several
milli-Watts to a few hundred milli-Watts. Also, the power
generating capability of this method theoretically suffices
the load demands. The elements of a variable reluctance
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TABLE 2. Operational parameters of the Studied MEH Technologies.

EH systems are off-the-shelf items. This method has the
least implementation complexity among all reviewed tech-
niques as it has a simple structure. Because of the mentioned
advantages, the variable reluctance MEH is proposed for the
conducted case study. The following subsections illustrate the
simulation and results of the studied method.

A. VARIABLE RELUCTANCE MEH SIMULATION USING
FINITE ELEMENT ANALYSIS
A variable reluctance for a prototype vehicle is simulated in
2D using AnsysMaxwell software. A PMwith high magnetic
permeability µ is applied to provide the required magnetic
field in the space. The commonly used NdFe35 is selected
as the core material for the two PMs. The PMs are mounted
on a fixed frame in the front suspension of the vehicle. This
allows minimizing the distance between PMs and the rotating
wheel to maximize the magnetic field strength in the pickup
coil which has an iron core. Since the air gap in the flux path
is relatively high, the saturation and core loss are negligible.
The number of turns in the pickup coil is proportional to
the generated voltage. Nevertheless, a high number of turns
increases the coil resistance which results in power loss in
the coil. In this case, the resistance of the coil winding is

around 0.85�. As compared to load impedance (300�), the
coil copper loss is very low. The pickup coil is fixed to the
rotating wheel using a bracket such that it sweeps the PMs’
flux in each rotation. Then, it can harvest the kinetic energy
of the wheel. The harvested energy is transferred to the load
components which is rotating with the coil synchronously.
The diameter of the wheel is selected 700mm. Based on vehi-
cle speed, the corresponding angular rate can be calculated.
This is a conceptual design that is to be validated using the
finite element analysis (FEA) simulation. The schematic of
the designed variable reluctance MEH and the design param-
eters are described in Fig. 13 and Table 3, respectively. The
simulation results are reported and discussed in the following
subsection.

B. SIMULATION RESULTS
Different sets of electromagnetic 2D simulations are per-
formed in Ansys Maxwell software to show the performance
of the utilized technique in harvesting the energy of a rotat-
ing wheel. Simulations are conducted in a wide range of
effective parameters to verify the adequacy of the designed
system. The following subsections discuss the details of the
simulations.
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FIGURE 13. Schematic of the designed variable reluctance MEH.

TABLE 3. Design parameters of the variable reluctance MEH.

1) SIMULATION WITH STANDARD DESIGN PARAMETERS
For the first case, a simulation with standard design param-
eters reported in Table 3 is performed. The side view of the
simulated PMs, pickup coil, and rotation path (in terms of the
field intensity and magnetic flux) is presented in Fig. 14(a-c).
When the pickup coil enters the air gap between the PMs, the
reluctance of the flux path decreases suddenly and pulsive
power is harvested. The instantaneous voltage waveform is
demonstrated in Fig. 15. The maximum and mean harvested
powers are 4.17W and 251mW for this case.

2) SIMULATION WITH VARIABLE VEHICLE SPEED
A set of simulations is run to explore the effect of vehicle
speed on the harvested power. For this purpose, the vehi-
cle speed and proportional angular velocity of the coil are
changed in each simulation. Other parameters are kept con-
stant as given in Table 3. Fig. 16 demonstrates the obtained
instantaneous voltage of different simulations corresponding
to the vehicle speed. The more compressed the graph per
unit time (higher vehicle speed), the higher the peak volt-
age is generated. This leads to higher harvested power and
its growth rate. The maximum and mean harvested power
respective to vehicle speed are shown in Fig. 17. As pre-
viously mentioned, the required average power is 40mW.
However, when the vehicle speed decreases below 8.7m/s,
the harvested power does not suffice the load requirements.
Therefore, EMS is required to charge and discharge the
ESS for effectively delivering continuous power to the load,
regardless of the vehicle speed (e.g. below 8.7m/s).

FIGURE 14. Side view of 2D mode for FEM simulation showing (a) the
field intensity, (b) zoomed PMs, and (C) magnetic flux orientation.

3) VARIABLE AIR GAP ASSESSMENT USING FEM
SIMULATION
Because of the unwanted vibrations in the rotating wheel,
application of variable reluctance harvester has mounting
complexity. In practice, the air gap between PMs and pickup
coil is affected by the vibrations leading to variation in
the harvested power. Hence, results of several simulations
considering air gap variations are discussed in this section.
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FIGURE 15. Instant voltage obtained from FEM simulation using MEH
standard parameters.

FIGURE 16. Changes of instantaneous voltage respective to the variable
speed.

FIGURE 17. Changes of maximum and mean power respective to the
variable speed.

The gap variation is selected considering the typical vibra-
tions in passenger vehicles. The air gap between PMs and
pickup coil is changed in each simulation, while other param-
eters in Table 3 are kept unchanged. Undoubtedly, higher
electrical voltages induced in the pickup coil in lower air gaps.
The voltage waveforms are varied as a function of airgap
length, the produced different voltages are shown in Fig. 18.
The maximum and mean harvested power corresponding to
simulated air gaps are reported in Fig. 19. As presented,
decreasing the air gap results in enhancing harvested power
and its growth rate. Hence, the harvested power does not
satisfy the load requirements in transmission mode if the air
gap exceeds 119mm.

FIGURE 18. Changes of instantaneous voltage respective to the variable
air gap.

FIGURE 19. Changes of maximum and mean power respective to the
variable air gap.

VI. CONCLUSION
This paper presents a comprehensive review and analysis of
applied MEH techniques. In two main categories, such as
dependent and independent for utilizing in WSNs. The tech-
nical characteristics and working principles of each method
are explored in detail. Additionally, the functional properties
of electrical parameters are discussed to give a better view of
the effective classification of the presented methods. Based
on the comparative overview offered, an optimal energy har-
vester for feeding navigational sensors mounted on a rotating
wheel of a passenger vehicle is proposed. An EH system
based on a selected harvester type is simulated using 2D
FEA in the Ansys Maxwell environment. The results of the
electromagnetic field and electrical outputs are evaluated to
demonstrate the suitability of the desired method in dedicated
applications. Finally, an optimal variable airgap assessment
has determined the optimum airgap in this work.
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