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Abstract: Bicycles are rapidly gaining popularity as a sustainable mode of transportation around
the world. Furthermore, the smart bicycle paradigm enables increased use through the Internet of
Things applications (e.g., GPS tracking systems). This new paradigm introduces energy autonomy as
a new challenge. The energy harvesting technology can capture the energy present in the cycling
environment (e.g., kinetic or solar) to give this autonomy. The kinetic energy source is more stable
and dense in this environment. There are several wheel kinetic harvesters on the market, ranging
from low-complexity dynamos used to power bicycle lights to smart harvester systems that harvest
kinetic energy while braking and cycling and store it for when it is needed to power sensors and other
electronics loads. Perhaps the hub and the “bottle” dynamos are the most commercially successful
systems because of their cost-effective design. Furthermore, the bottle generator is very inexpensive,
yet it suffers from significant energy losses and is unreliable in wet weather due to mechanical friction
and wheel slippage in the wheel/generator contact. This paper proposes a cost-effective bicycle
harvester based on a novel kinetic-electromagnetic transducer. The proposed harvester allows for
the generation and storage of harnessed kinetic energy to power low-power electronics loads when
the user requires it (e.g., cell phone charging, lighting). The proposed harvester is made up of a
power processing unit, a battery, and an optimized transducer based on a Halbach magnet array. An
extensive full-wave electromagnetic simulation was used to evaluate the proposed transducer. Circuit
simulation was also used to validate the proposed power unit. The proposed harvester generates a
simulated output power of 1.17 W with a power processing unit efficiency of 45.6% under a constant
bicycle velocity of 30 km/h.

Keywords: electromagnetics; transducers; power conversion; circuit simulation; magnetic circuits;
energy harvester

1. Introduction

Megacities around the world are currently grappling with complex issues such as
mobility, pollution, and resource sustainability [1]. Urban mobility, in particular, is a major
issue that affects almost all of the major cities [2]. Other undesirable effects of inefficient
mobility in large cities are related to public health concerns [3]. One of the most promising
trends in addressing this issue is the use of alternative transportation methods rather than
traditional vehicles, which allows for lower pollution and better air quality in cities [1].
Recently, the use of bikes for short-distance routes has been boosted by city governments
building bike paths, lowering taxes, and so on [4]. Despite the availability of appropriate
infrastructure, many citizens do not use bicycles as a mode of transportation. In this
scenario, the concept of “smart cycling” enables a shift in the perception of bicycles as an
important part of the urban technological ecosystem by improving cyclists” experience
and safety [5,6]. This paradigm is going to encounter numerous political, economic, and
technological challenges. In [1], the authors identify three major research technological
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trends: smartphone-based cycling (i.e., route planning, delivery services, bike sharing),
IoT-bikes (i.e., sustainability and environmental monitoring, promoting health through
connected bikes, the Internet of Bikes), and connected e-bikes (i.e., the e-bike market).
These applications are supported in a variety of electronic devices (i.e., cell phones, sensors,
and lights) that use batteries as an energy source. The widespread use of batteries may
harm the environment [7]. The key technology to provide green energy to the low-power
electrical components embedded in public transportation is the energy harvesting (EH)
technique [8], which can power electrical loads using the energy sources present in the
operating environment [9-11]. A generic EH harvester is composed of an environmental
energy source, a transducer, and an electrical power processing unit (PPU), as illustrated in
Figure 1.

Transducer PPU
G . Maximum poWer
Energy . r extraction
okt | Q&) | e Low
ment [P > e AC "l Battery e.lg. thd
e.g. Kinetic e e e;ggggrc T ights
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Figure 1. Diagram of an electromagnetic harvester.

The transducer converts environmental energy into electrical energy, which the PPU
then conditions and manages for the load. In general, EH systems can be divided into
two architectures: those without storage capacity and those with storage capacity [12,13].
In the first approach, the energy is collected by the harvester and immediately supplied
to the electric load (e.g., bottle dynamo). In the second, the PPU stores (all or a portion
of) the collected energy in order to provide uninterrupted power to its electric load in the
future. As a result, under energy neutral operation, the harvester with storage capacity can
continuously power the electric device using the environmental energy source. The design
goals for achieving this energy autonomy are as follows [9,12,14]: (1) The transducer’s
energy conversion efficiency must be maximized. (2) The PPU must be able to extract
the maximum amount of energy from the harvester. (3) The PPU stores, processes, and
delivers electricity to the load without loss. The PPU ensures energy neutral operation,
which means that the energy consumed by the payload must always be less than or equal
to the ambient energy converted into electrical energy by the harvester.

Mechanical, wind, wave, geothermal, and solar energies are all present in some envi-
ronments and can be used to generate clean electric energy sources using EH [14]. In the
bicycle environment, however, mechanical energy is the source with the highest energy
density. The mechanical EH can be separated into three categories: electromagnetic EH,
piezoelectric EH, and friction EH [10]. In the piezoelectric EH, the harvester generates elec-
tric power from kinetic energy in the environment (e.g., the weaving movement in bicycle
riding) using piezoelectric materials. Several authors have researched this EH method
in the bicycle context [15-18]. In the friction EH, using a transducer (e.g., a triboelectric
generator), the harvester generates electric power from friction between surfaces in the
environment, such as the friction produced by the bicycle breaking. This EH approach
has been researched recently in the bicycle scenario [19-21]. In the electromagnetic (EM)
EH, a harvester produces electric energy from the kinetic energy present in the environ-
ment using an EM transducer. The EMEH in the land transportation environment was
focused on the harvesting of the kinetic energy present in the movements of the wheels [22].
Furthermore, this kinetic energy source is the one with the highest energy density in the
bicycle’s environment [23,24]. In addition, to improve the efficiency of the EM harvester,
friction, electromagnetic, and electrical losses must be reduced. The friction losses are
caused by the contact between the harvester and the wheel, while the electromagnetic
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losses are caused by the required separation between the stationary and rotational parts of
the magnetics device (e.g., the air gap between the stator and rotor of the dynamo). Finally,
electrical losses are associated with energy losses caused by heat dissipation of the electric
and electronic components involved in power processing. The resulting energy flow is
shown in Figure 2a.

Kinetic Input Energy

Friction losses

Electromagnetic
losses

Electrical
losses

Electric Output Power
(a) (b)

Figure 2. Electromagnetic-hub transduced based on a magnet and coil disks. (a) A harvester’s generic

energy flow based on an electromagnetic transducer. (b) Transducer topology detail. (c) Standard
mounting on a bicycle wheel.

Since the “bottle” dynamo in the 1940s, the concept of EMEH has been popular [25].
During the 1950s, friction-less hub generators at the wheel/generator interface appeared
as an improvement, and they were reliable in wet weather [26]. However, it was only
in the twenty-first century that it became efficient enough to generate a few watts at a
moderate bicycle speed [25,27]. Furthermore, in [26], the author suggests stacking multi-
pole dynamos to increase efficiency even further. The concept of an EMEH based on a
“bootle” dynamo as a transducer with energy storage capacity was proposed in a pioneering
work published in 1991 [28]. Furthermore, this approach has been revisited in some recent
works that used hub generators and/or bottle dynamos as transducers [29-31]. These works
concentrated on the solution’s functionality rather than the harvester optimization (i.e., the
transducer or PPU’s). The reported generating power was in the units of Watts range at
moderate bicycle speeds (between 10 and 30 km per hour). Furthermore, the authors do not
analyze the mechanical-electrical efficiency of the harvester, which is a significant drawback.
This is because if the efficiency is low, people will experience noticeable resistance when
riding bicycle.

In 2009, MIT’s Senseable City Lab, in partnership with the city of Copenhagen, de-
veloped the Copenhagen Wheel (from harvester to ebike jump). It is based on a brushless
motor, advanced sensors, control systems, and a lithium-ion battery, all enclosed within
the rear wheel hub [32]. However, it has not achieved commercial success, possibly due
to its high cost [32]. Recently, hybrid EH systems have been proposed as a cost-effective
alternative to conventional dynamos. These systems generate electricity from multiple EH
energy sources [10,23]. In [23], a hybridized nanogenerator based on EM, triboelectric, and
thermoelectric generators was presented. Using the generators, the resulting hybrid energy
harvester collects all of the energy sources from the relative rotational motions of two disks.
The prototyped harvester is a 15 cm diameter disk that can achieve a constant voltage of
5V and a maximum current peak of 160mA (i.e., 0.8 W) at 3000 rpm (i.e., approximately
80 km/h). In [10], the author proposes a rotational kinetic energy harvester that makes
use of a magnet array to deform a piezoelectric sheet and harvest the wheel’s kinetic
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energy. The resulting harvester is a 15 cm diameter disk with a power peak of 10.07 mW at
160 rpm (roughly 5 km/h). The EM harvesters involved in these two works are built on
rotating magnet arrays and stationary coils that convert the rotary motion into an induced
voltage, as shown in Figure 2. Because this magnetic topology generates flux lines in all
directions, it is necessary for at least two windings to capture all of the flux created by the
rotating magnet array in order to convert this energy. Consequently, a topology with only a
one-sided coil array exhibits low efficiency, which could partially explain the low power
contribution of the EM energy source in the proposed hybrid harvesters.

The Halbach array is a type of magnetic array that produces a strong and focused mag-
netic field on one side while reducing it on the other. Several researchers have investigated
its impact on the design of EM energy harvesters in recent years [33-39]. The results of
these studies show that energy harvesters using Halbach arrays outperform traditional EM
systems in terms of power output and conversion efficiency.

This paper proposes a cost-effective EM harvester that utilizes a non-contact energy
harvesting method. It is less affected by weather and ambient temperature and does
not require modification of the original bicycle structure for installation. Furthermore, to
increase efficiency, reduce mechanical resistance, and enhance the riding experience, various
magnet arrays, including Halbach arrays, were systematically tested using full-wave and co-
circuit simulations. The electromagnetic simulation was carried out using Ansys Maxwell®
software Available online: https://www.ansys.com/products/electronics/ansys-maxwell
(accessed on 21 May 2023), based on finite element analysis, and the circuit simulation was
performed using Pspice ORCAD® software Available online: https://www.orcad.com/
(accessed on 21 May 2023) . The simulated results demonstrate that under constant speed
conditions of 30 km/h (as many city cyclists travel at speeds of up to 50 km/h and rarely
slower than 15 km/h [25]), the proposed harvester can generate a constant power of 1.17 W
with an PPU efficiency of 45.6 percent. This power output can be utilized to power low-
power devices such as WSN network nodes [12]. The rest of this article is organized as
follows: Section 2 examines the overall characteristics of the proposed harvester. Section 3
describes the harvester design and validation process. Section 4 discusses the results, while
Section 5 summarizes the main conclusions and future work.

2. Proposed Harvester
2.1. Transducer Topology

As shown in Figure 2, the transducer is made up of two disks that seek to be connected
between the wheel and the forks of the bicycle frame. The first disk is made up of windings
and must be attached to the bicycle’s handlebar, while the second disk is made up of
magnets and must be attached to the wheel in such a way that the magnet disk spins on
the coil disk while the cyclist advances (see Figure 2). Certain harvester dimensions must
match those of a standard bicycle with a front brake in order to be easily used and thus
reduce the cost involved. Table 1 summarizes the transducer and harvester conditions.

Table 1. Electromagnetic transducer dimensions and external conditions imposed on the harvester

design.
Transducer Dimension Value Harvester Consideration Parameters Value
Maximum outer radius 16 cm Magnet-winding distance separation 5mm
Minimum inner radius 5cm Rim radius 35.35 cm
Maximum height 2cm Rotation speed 225 rpm

2.2. Magnets Configuration

The voltage induced on the winding is given in (1) using the Lenz equation. Increasing
the magnetic flux (¢p) or increasing the flux variation (d¢p /dt) increases the voltage induced
on a winding (¢). On one hand, the rotation speed of the magnets can be raised to increase
flux variation. However, in this study, this term is linked to the user’s pedaling capacity
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and is treated as a constant parameter. On the other hand, increasing the winding area (A),
increasing the magnetic flux density (B), or adjusting the incidence angle (i.e., cos(6)) of the
fieldlines flowing through the winding region can all enhance the magnetic flux.

é’:—déitB,(PB:B'A‘COS(G) @

The goal of this work is to increase the magnetic flux by using magnet configurations,
as shown in Figure 3. The field lines are oriented in a single direction in a unidirectional
arrangement (see Figure 3a), resulting in low flow variation. The field lines in a north—
south—north (NSN) magnet setup (see Figure 3b) are orientated in the opposite direction,
resulting in flux fluctuation but reduced magnetic flux density. In comparison to an NSN
array, the Halbach magnet array (HAL) generates a flux fluctuation (see Figure 3c), which
causes the magnetic field to be focused (e.g., downwards). As a result, HAL configurations
allow an EM induced voltage on the windings to be increased.

'y ™ ur -
ini@

4 L_‘ J "N -
(a) (b) (c)

Figure 3. Magnetic field radiated by permanent magnets modified for illustration purposes from a

v (]

FEM simulation in which the colors correspond to magnetic field magnitude (i.e., red to blue implies
higher to lower magnetic field values). (a) Unidirectional Arrangement. (b) North-south-north
arrangement. (c) Halbach arrangement.

2.3. Parametric Analysis of Transducer Variables

Figure 4 shows the various degrees of freedom probed in the transducer’s parametric
design. The coil was divided into an even number of circular planar windings that are
connected in opposite phase; the diameter of the windings D}, is chosen so that it occupies
the area of two magnets, in order to benefit from the maximum change in magnetic flux
produced by the magnets. The following variables were considered in the design (assisted
by computer) of the coil disk: the number of turns and size of each planar coil, the gauge
of the wire, and the material from which it is made. Following parametric sweeps of the
coil disk variables, some insights were: A greater number of turns for each coil increases
the flux variation due to an increase in transversal area and, thus, the induced voltage;
additionally, increasing the number of turns increases the length of the wire, which affects
the resistance of the coil and its quality factor, lowering the current through it. When the
wire’s gauge is increased, the same effects occur. Finally, magnets with a larger surface
area are more effective at increasing power generation than magnets with a higher height.
Parameters such as the shape, quantity, orientation, material, and magnetization grade of
the magnets were considered when designing the magnet disk.

The parametric simulation results of these variables show that the greater the number
of magnets, the greater the amount of electrical energy collected. NdFeB magnets were
used for the transducer because of their hardness, high magnetization, and low cost [40,41].
NSN and HAL array orientations were also used. Furthermore, it was found that the
voltage induced on a coil decreases as one moves away from the magnets. Furthermore,
the generated energy decayed when the angle of incidence of the magnetic field lines was
tilted on each flat coil, for which the perpendicular orientation of the field to the windings
was maintained in all simulated prototypes. It should be noted that the power delivered by
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the transducer is directly proportional to the efficiency of the PPU. An equivalent circuit
model is extracted from the transducer, allowing the UPP design to be evaluated in order
to extract the most power.

IMc: Cylindrical magnets NSN: Array
North—\South -North

1]

e “ ~ Cd: Number o%‘
; indi isc radius
HAL: Array windings

Halbach

IMs: Cubic
magnets

Vr:Rotation Winding
speed connection

[Mt: Trapezoiaa‘g@_@ 2 i
magnets " Cv: Number -
Rs: Coil turns i
Y. resistance . S
e Ls: Coil Ca: Wire Dd: Winding
inductance gauge T diameter

Figure 4. Design parameters of the electromagnetic transducer.

2.4. PPU Design

A full-wave diode bridge, a ripple smoothing filter, and two boost converters constitute
the proposed PPU. The transducer output voltage is increased by Boost A to charge the battery
(i.e., 3.7 V Li-ion), and Boost B is powered by the battery to drive the 5 V load. This topology is
shown in Figure 5. The schematic of the simulated PPU is depicted in Figure6a. As shown in
Figure 6b, a full-wave diode bridge and filter were employed to correct the transducer’s AC
signal and reduce ripple. Due to their low turn-on voltage (Veamma = 0.3 V), MBRS410LT3
Schottky type diodes were utilized to rectify the signal [42]. Every inductor and capacitor
was modeled using commercial values and their corresponding ESR. Figure 6b also shows
the Boost A converter, which was designed to switch at a frequency of 33 kHz, with a
SIA414D] reference mosfet with low on-resistance (Ro; = 13 m(2). The converter’s pulse
with modulator circuit is depicted in Figure 6¢, and it employs AD8041 reference operational
amplifiers because of its rail-to-rail construction and 160 V /s slew rate characteristics [43].
The converter Boost B design in Figure 6d, was taken from the application note of the
TPS61288 fully-integrated synchronous boost converter [44], which already includes a 5 V
DC voltage regulator with a typical commutation frequency of 600 kHz. A voltage source,
a parasitic resistance (R;5), which represents the cathode conduction losses, and a parallel
resistance (R,;), which represents the self-discharge losses made up the battery model that
was proposed in the simulation, as illustrated in Figure 6a. Finally, the efficiency of the PPU
was improved in this work by designing a Boost A converter with discrete components
to research the performance of energy extraction with a control loop that allows the duty
cycle of the converter to be varied while maintaining a constant impedance as a load to the
transducer (i.e., maximum power point tracking approach).

Pa Py 3.7v| P, Pd 5v| p,
R = <N_\ L] = W1 == I—
C L[S — e 1 A { I~
Vo va| L | v Boost A |\, = BoostB | Vi A RL

- Bridge - Converter VBatT Converter -

rectifier and T = —[ Voltage | | -

Transducer Electrical filtering PWM Battery ||control Vour =

Circuit Model AC/DC Converter DC/DC Converter

Figure 5. Schematic circuit of the proposed PPU.
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Figure 6. Schematic diagram of the simulated PPU in OrCAD. (a) General circuit connection with
battery model. (b) AC/DC rectifier and Boost A. (c) Pulse with modulator used in Boost A. (d) Boost B.
3. Design and Validation Methodology

The conditions that the harvester must meet in order to be coupled to a bicycle wheel
were first determined for design and validation. To optimize the harvester, full-wave
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electromagnetic simulation of the transducer based on finite element analysis using the
finite element method was carried out using Ansys Maxwell® software. Finally, a lumped
circuit was used to model the optimized transducer (see Figure 6a), which was then used
to guide the simulation of the proposed PPU and later its validation using Pspice ORCAD®
software ).

3.1. Transducer Simulation Setup

As shown in Figure 7, the 3D topology was implemented in the Ansys Maxwell®
interface, and the EM transducer was simulated using the Magnetic Transient Solver.
This solver computes instantaneous magnetic fields at each time step. Each topology’s
transducer was simulated using 266 ms of simulation time, with time steps of 0.5 ms. As a
source, we employ moving permanent magnets. We set the mesh to obtain enough accuracy
because this solver does not use adaptive mesh refinement. The equations solved in this

approach are [45]:
1 oH
Vx-VxH=—-—;V-H=0 2
o ot @
To set up the sources, the magnet’s physical properties were set using the parameters
listed in Table 2. Furthermore, three-dimensional unit vectors are used to represent the
magnetic field’s orientation. Knowing that the direction of each magnet on the x-y plane

can be denoted by cylindrical parameterization, as expressed in (3).

27TN;
¢ =+ </tiNg
X Cos( N >

27N
0 — :l: . 1
9 Sm(N )

where N; is the magnet’s position number and N is the total number of magnets. In
the magnetization direction, the sign of sinusoidal operations is chosen for convenience.
Depending on the position of the magnet, the Z-direction was assigned as either positive
ornegative.

®)

Table 2. NdFeB configuration in simulation.

Parameter Value Units
Relative Permeability 1.05
. 8367 kA/m
Magnitude 796" KA/m
Bulk Conductivity 667 kO~ 1/m
Mass Density 7500 kg/ m3
Core Loss Model None w/m3
Composition Solid

® For N48 grade magnets. * For N52 grade magnets.

An additional geometric structure must be created that completely covers the volume
of the magnets without intercepting the coil; this structure is referred to as the movement
band with air properties. The magnets’ rotation movement is configured on the motion
band as shown in Table 3. A simulation region, which is a cube that covers the entire
transducer model (see Figure 7), was also created with air properties. A simulation sweep
was performed to determine the dimension of the cube, with the length side being varied
from a maximum value of 2 m and reduced until convergence with a length of 50 cm.

The simulation model of the coil was built using boolean operations on multiple solids,
yielding a 3D solid of a cylinder that starts right at the edge of the simulation region, then
curves to generate the respective windings. To assign the two connection ports to the
external circuit, the coil must end at the edge of the simulation region. Table 4 displays
the common coil parameters set for all topologies. To determine the maximum available
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power of the transducer, we used co-simulation between the circuit simulator and the FEM
simulator. To achieve maximum power, an external circuit was created in Ansys’ circuit
editor and then imported as a Netlist file into Ansys Maxwell.

Table 3. Motion band setup.

Parameter Value
Movement Rotational
Rotation axis z
Mechanical transient Deactivated
Initial position angle 0°
Rotation speed 225 rpm

Table 4. Configuration for the coil disk.

Parameter Value
Material Copper

Mesh grid 1000
Terminals CoilTerminals

800 (mm)

B [teslal

3.2265)
3.0114
2.7983
2.5812

2.3881
2.1510 |x10™
1.9359

117206
b s
112506

1.0755)

8.6042
6.us33| .
4.3024
2.1514
4.6472x10°

) 35 70 (mm)
(0)

Figure 7. Simulation views. (a) Simulation region. (b) Top and side view of the transducer. (c¢) Mag-
netic fields on the coil.

3.2. Transducer Evaluation Methodology

The degrees of freedom to be analyzed in the transducer design were selected, and
9 topologies were defined and simulated. The simulation results and the following figure
of merit (FMT) were used to select the best transducer for this application:

1 Vg (1 _ Cur > Pur @)

Famr = 5
InGpmax(%> max(Cr) max(Pp)
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where F, 7 is the computed figure of merit for transducer n, Vip is the generated peak
voltage, g, is the peak current through the circuit at maximum power extraction, Cr is
the magnets’ total cost, and P is the average power provided by the transducer. max(x)
denotes the maximum value of a given parameter. This figure of merit permits analyzing the
convenience in the design of the PPU through the Vsp/Ip ratio, the implementation cost,
and the transducer’s generated power, all with the same percentage value in the final value.

The transducer was designed using magnetic transient simulations in the FEM soft-
ware. Considering the degree of magnetization and orientation of neodymium magnets
changes depending on the array layout, various set-ups were simulated, as illustrated in
Figure 8.

3.2.1. Proposed Topologies

Nine alternative transducer topologies have been simulated. Table 5 presents the
geometrical characteristics of each topology (see Figure 4). Figure 8 also displays a 3D
representation of the generated topologies.

7 8 9

Figure 8. 3D modeling of the different topologies for the transducer. Table 5 summarizes the

description of each array.

Table 5. Characteristics of electromagnetic transducers.

ID [1: 1[1)1 I] ﬁ; bi Cy4 [chi] ((il)l Ny Magnets Shape Grade Array  Magnets Number
1 69 103 20 2.7 18 8 Cylindrical magnet(?) N52  NSN 40
2 6.9 10.3 20 27 18 8 Cylindrical magnet N52  NSN 100
3 69 103 20 2.7 18 8 Cubical magnet(®) N48 NSN 40
4 6.9 10.3 20 2.7 18 8 Cubical magnet N48 HAL 40
5 69 103 20 2.7 18 8 Cubical magnet N52 HAL 80
6 69 103 20 2.7 18 8 Trapezoidal magnet(*) N52 HAL 40
7 69 103 20 2.7 18 8 Trapezoidal magnet(®) N52 HAL 40
8 11.9 153 28 25 18 8 Cubical magnet N48 HAL 56
9 11.9 15.3 28 2.7 20 11 Cubical magnet N48 HAL 56

(1) AWG standard. @ Cylindrical magnet: Radius 12.5 mm x Heigth 3 mm. (¥} Cubical magnet: 12 mm side.

4) Trapezoidal magnet 1: Angle 9° x Radius 25 mm x Heigth 12 mm. ) Trapezoidal magnet 2: Angle 9° x
Radius 25 mm x Heigth 9 mm.
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3.2.2. Circuit Model of the Transducer

The initial transducer circuit model is shown in Figure 5, where V; stands for the
induced voltage on the coil, R; is the coil resistance, L; is the coil inductance and Ry, is the
transducer load resistance.

The values of Rs and L, are initially computed in the static regime (i.e., magnets
without movement). For that, the 3D coil model is simulated by connecting the external
circuit with an external DC voltage test source. Then from the simulation results R y Ls
are obtained through the Equation (5).

Rs = Iﬁf Ls = l;max (5)
max max
where V), is the DC voltage test source, Iy is the flowing current value and Fy,y is the
magnetic flux once the transient is finished.

For determining the values of R; and Ls in the dynamic regime (i.e., magnets in
movement), simulations are performed by first, connecting the external circuit to a load
resistance of Ry = 100 kQ) which allows to estimate voltage V; in open circuit, which is
taken as a null phase shift reference |V'| 0. Then, the circuit is simulated with a resistance
load Ry = Rs, where R; is the resistance found in the static regime. Finally, by taken
the values of the signal frequency w, the magnitude and phase shift angle of the current
|T|Z¢ obtained from the simulation results, the values of Ry y Ls in the dynamic regime are
computed through the Equation (6).

V|£0
RS:%{t' —RLZ}
1149
V|£0
WL5:%{|_,| RLZ}
1149
Because the values of R y Ls in the static and dynamic regimes are so close, only the
ones in the dynamic regime are used in the transducer’s electric circuit model. Power factor

correction was not carried out in the PPU since it had no significant impact on the power
extraction of the transducer and was therefore left out of the power management.

(6)

3.3. Harvester Simulation Setup in the Circuit Simulator

The circuit model of the chosen transducer was used to simulate the proposed Har-
vester (transducer and PPU) in Pspice ORCAD ® software. We use transient simulation
with all of the storage electric element’s initial conditions set to zero. This method computes
a circuit’s response (solves the Kirchhoff laws) over a time interval specified by the user.
Internal time steps affect the accuracy of the transient analysis. We use solver 1 with a
maximum time step of 1 s and a final simulation time ranging from 40 to 200 ms [46].

4. Analysis Results

This section reports the results of the nine transducer topologies that were examined.
Furthermore discussed are the performance indicators and design objectives for choosing
the transducer. The outcomes are also shown when the PPU simulation is employed. The
performance metrics and the design goals for the transducer selection are also presented.
When the PPU simulation is used, the results are also displayed.

4.1. Simulated Results of the Transducer

Table 6 shows the voltage and current simulation results of the different transducer
topologies with different circuit values of resistance Rg, inductance Lg, magnets cost and
the obtained values of the figure of merit. For the power generated by the transducers,
Rp = Rs was chosen as the load resistance because it best approximates maximum power
extraction while ignoring the phase shift caused by the inductance.
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Table 6. Simulation results of the electromagnetic transducers.

R, Cr? Power

ID ma] s [pH] € VerVlI IgplAl  f[HZ] W] Fyr
1 196 20 74 1.13 2.88 37.54 1.04 0.478
2 196 20 170 1.62 4.16 37.54 2.19 0.511
3 196 20 108 1.12 2.85 38.46 0.74 0.416
4 196 20 108 1.26 3.23 38.46 1.04 0.450
5 196 20 176 1.92 4.89 38.46 2.39 0.520
6 196 20 340 212 5.42 38.46 2.99 0.434
7 196 20 340 1.72 4.39 37.54 2.65 0.397
8 281 26 134.4 2.35 417 52.63 2.54 0.630
9 657 53.4 134.4 3.66 2.81 52.63 2.58 0.830

? Taken from [41].

According to the figure of merit results, the transducer of case 9 was the one that best
adapted to the previously described criteria, so it was chosen as the final transducer to be
circuitly simulated alongside the PPU. Figure 7 shows the 3D model of the final version
of the transducer, which met the dimensions specified in Table 1. The proposed design
consists of 28 flat coils interconnected in a push-pull pattern with 20 gauge copper wire and
N48 grade NdFeB magnets in Halbach configuration. Figure 9 depicts the final transducer
signals obtained through simulation. The fast Fourier transform (FFT) of the transducer
signal confirms that there is little harmonic interference and that the main frequency is
52.63 Hz. To evaluate the circuit model of the selected transducer, in Figure 10, we compare
the current and voltage signals generated by the circuit simulation of the transducer model
and the simulation by finite element analysis of the 3D model of the transducer. The
resulting mean absolute percentage error between the two models was 3.02%.

4.2. Simulated Results Of the Harvester

The PPU was simulated in OrCAD using the final transducer model obtained from the
electromagnetic simulations. The induced voltage signal in the transducer V; was obtained
from the Ansys model’s simulation result of the open circuit.

The performance of the Boost A converter with a variable duty cycle was examined,
and it was revealed that the control consumed more energy than was gained from the
improvement. As a result, the usable cycle of the converter was set at a constant value of
63%. To determine the harvester’s efficiency and maximum power generated, the load
at the output of the Boost B (see Figure 6d) converter was varied until the lowest load
caused zero average power in the voltage source of the battery model. According to the
aforementioned, the harvester can power a 21.3 () load without using battery power. The
voltage signals in different nodes (named in Figure 5) of the PPU are shown in Figure 11.
When rectifying the voltage signal, the efficiency of the diode bridge was compromised
due to the low magnitude of the induced voltage. Furthermore, because the voltage after
the bridge rectifier had a ripple of nearly 1V, the efficiency of Boost A is affected. The
maximum voltage ripple was 100 mV for the battery model and 264 mV for the harvester
load. Finally, Figure 12 depicts the efficiency of the power chain at various stages of the
PPU, following the notation of Figure 5. The efficiency of the converter between stages was
calculated using the steady-state current and voltage signals via Equation (7).

_ 1/Tf0T Vout(t) : Iout(t) dt 1
T [TV (1) T(t) e

00% ()

The PPU was able to extract 81.1% of the maximum power that the transducer could
produce, according to the efficiency results presented in Figure 12. The rectifier bridge was
the stage that lost the most power, while the integrated Boost B converter was the most
efficient. The PPU’s overall efficiency was 45.6%. The harvester, which was attached to a
bicycle wheel moving at 30 km/h, produced 1172 W for the load. In Figure 13, it can be
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seen that the output voltage is independently regulated if the current is produced by the
transducer and/or provided by the battery.

Current signal obtained from simulation in ansys

" 3 T T
=< 2 ]
e 1 4
=] 4
[}
g 4
= 4
O 1 1
0 5 10 15 20 25 30 35 40
Time [ms]
5 Voltage signal obtained from simulation in ansys
E 3 T T T T T T T |
) 4
o0
Z _
§ 4
0 5 10 15 20 25 30 35 40
Time [ms]
=y FFT(Voltage signal)
sl |& 52.63Hz, 3.598 V B HRE TR EIR R REEd
2 1l 1 105.3 Hz, 0.012 V ]
g ) 11579 Hz,0.055 V. . | |
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Frequency [Hz]

Figure 9. Simulation results for the selected transducer.

3
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Figure 10. Current voltage signals of the selected transducer with a resistive load Ry, = 657 m(Q).
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Figure 11. Voltage in the stages of the simulated PPU (see Figure 5).
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Figure 12. Power flow. P;, Py, P, P;, P, are electric powers that correspond to the notation introduced

in Figure 5.
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Figure 13. Harvester output voltage and current with different loads.

4.3. Comparison with the State-of-the-Art

The proposed EM harvester is compared to the state of the art in Table 7. As is
summarized in the table, there exists a research gap for the development of low-cost
EMEH, which could be based on low-cost transceivers (i.e., hub dynamos or two disk
generators). Furthermore, the proposed harvester is a cost-effective solution for low-power
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devices. Another, identified research gap is the lack of standard test conditions, especially
in methods related to solving the important question about the mechanical load imposed
by the harvester to the bicycle user.

Table 7. Comparison between the proposed EM harvester and the-state-of-the-art.

Harvester Device Friction Losses Electromag. Electrical EH St01:age
Losses Losses Capacity
This Work Harvester Low Low Medium Y
Copenhagen Wheel [32] Byke-Type N/A*** Medium Medium Y
EM Harvester [23] Transducer Low Medium Medium N
Hybrid Harvester All [23] Transducer Low Medium Medium N
EM Harvester [10] Transducer Low Medium Medium N
Hybrid Harvester All [10] Transducer Low Medium Medium N
Bottle dynamo [25] Transducer High Low N/A N
Hub generator [25] Transducer Low Low N/A N
Harvester Results Disk []2 Il:]m eter Output Generate Power [mW] Mag:sfta [c{;lsrll ng
This Work Sim.* 16 1172 @ 225 rpm 837299 b
Copenhagen Wheel [32] Exp.** N/A N/A 2313°¢
EM Harvester [23] Exp. 15 188 @ 3000 rpm N/A
Hybrid Harvester All [23] Exp. 15 800 @ 3000 rpm N/A
EM Harvester [10] Exp. 15 5.52 @ 160 rpm N/A
Hybrid Harvester All [10] Exp. 15 10.07 @ 160 rpm N/A
Bottle dynamo [25] Exp. 700C wheel 1200 @ 30 km/h 473114
Hub generator [25] Exp. 700C wheel 4500-6500 @ 30 km/h 50-210 ¢

? Components price for one prototype when is manufactured more than a thousand units without a package.
b Components price for one prototype without package when is manufactured only one. ¢ Comercial price.
4 Comercial price with lamp. * Simulated (Sim.).** Experimental (Exp.). *** N/A (Not Available or Not Apply)

5. Conclusions

Mechanical energy harvesting has gained significant attention as a promising approach
for powering various electronic devices in self-sustaining systems. In this paper, we explore
the use of Halbach arrays on EMEH coupled to a standard bicycle wheel. To evaluate the
impact of Halbach arrays on the proposed energy harvester, we conducted simulations
using advanced computational models. The simulations were carried out by considering
various parameters, including the geometry of the Halbach array, the rotational speed of
the bicycle wheel, and the efficiency of electronic converters. The simulated results indicate
a substantial enhancement in the performance of the energy harvester when equipped with
Halbach arrays, which was a 41.38% of the increase in harvested energy over the same
transducer equipped with a standard north-south magnet array. As a result, the proposed
harvester generates a simulated output power of 1.17 W with a power processing unit
efficiency of 45.6% under a constant bicycle velocity of 30km/h.

Future research will focus on transducer experimental validation and PPU optimiza-
tion. We expect to be able to improve performance and lower costs by optimizing the PPU
(e.g., commercial systems on chip ADP509 or BQ25504). However, the current prototype
cost could be competitive with commercial hub dynamos in the near future when it moves
from being a prototype to a commercial product.
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