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Linear electromagnetic energy harvester system
embedded on a vehicle suspension: from
modeling to performance analysis

B. Lafargel, S. Grondel?, C. Delebarre?, O. Curea® and C. Richard*

Abstract—Although linear electromagnetic energy harvester (LEH) is a promising technique for converting energy in a
vehicle suspension, due to the large displacements, one of the main drawbacks of the solutions inside the vehicle is still
their size and complexity. To address this issue, this paper focuses on the design and fabrication of a fully embedded LEH
without any modification of the suspension initial structure. After a determination of the electrical, mechanical and
electromechanical parameters using a Finite Element analysis, the dynamic efficiency is highlighted with a global Bond
Graph model. This formalism is well adapted to simulate energy transfers inside multiphysic systems and to reduce the
computational time, whereas the finite element model is not exploitable for a complete suspension simulation. In order to
validate the Bond Graph simulation results, an embedded prototype has been built and tested in a laboratory
environment. The embedded LEH system delivers around 10 watts for a solicitation of linear velocity of 1m/s which is
sufficient to power a classical electronic circuit which is in good correlation with the measured ones and significant power
has been obtained.

Index Terms—Energy harvesting, car suspension, electromagnetic harvesters, Bond Graph modeling.

I. NOMENCLATURE

B magnetic induction, T

Crivia damping of the shock absorber or the suspension, Ns/m

e electromotive force, V

E measured energy E for a full cycle, J

F integral of the magnetic force for a full cycle, N

Faamper damper force, N

Foxtouen generated force by the external tooth, N

Enag magnetic force, N

Frnag i magnetic force for coil according to the index i, N

Fragrorate total magnetic force, N

Frean mean force for a full cycle, N

Fiire tire force, N

i=1to3 index i indicates the number of considered coils, dimensionless variable
i(t) current in the coils, A

I BG storage element I represents the inductance L,;; ; of each coil respectively
Kspring stiffness of the suspension, N/m

Kiire tire stiffness, N/m

Leoir coil inductance, H

Leoir i coil inductance according to the index i, H

Mg, sprung mass, kg

Mot mass is shared between the sprung mass and the unsprung mass of the suspension, kg
Mysm unsprung mass, kg

MGY power exchange between the electrical and mechanical subsystems of each coil is represented by the

modulated gyrator MGY whose the modulation ratio corresponds to the non-linear function r; (yp (t))

Neoir number of the turns contained in a coil, dimensionless variable

P maximum power for a full cycle, W

T non-linear term, dimensionless variable

] non-linear term according to the index i, dimensionless variable

R Bond Graph (BG) dissipative element R represents the resistance R,;; ; of each coil respectively

LEH: linear electromagnetic energy harvester
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Rcoil resistance of the coil, Q

Reoir i resistance of the coil according to the index i, Q

Rioaa resistance of the load,

V() voltage at the outputs of the electromagnetic element and of the load circuit, V
y linear velocity according to the mechanical variable used on BG, m/s

v (t) displacement imposed on the shock absorber, m

y,(t) unsprung mass displacement, m

A unsprung mass translation velocity, m/s

v, (1) sprung mass displacement, m

Vv, (1) sprung mass translation velocity, m/s

Yp(t) displacement of the electromagnetic harvester with respect to the magnet, m
V() translation velocity, m/s

Greek

Ax travel distance for a half cycle machine, m

At travel time for a full cycle machine, s

n electromagnetic efficiency, dimensionless

Neoil i number of turns in a coil according to the index i, dimensionless variable
[0) magnetic induction flux circulating in a coil, Wb

II. INTRODUCTION

TODAY energy efficiency is a major concern in the automotive industry which leads also several researches to be developed on
energy harvesting in vehicle suspension. In the literature, electro-mechanical conversion applied to vehicle may be realized

using different kinds of harvesters [1, 2]: electromagnetic, electrostatic, piezoelectric, Peltier effect and photovoltaic. In
theory, mechanical energy conversion can be performed on all links and on all flexible and rigid elements of the suspension [3]
but the choice regarding the location of the energy harvester and the conversion technology has therefore to be made according
to the amplitude of the available movement without disturbing mechanical behavior of the system. As in a car, a portion of the
energy dissipated in the form of heat relies directly on the piston movement in the damper's body of the suspension, the authors
have decided to focus on converting the dissipated energy in traditional hydraulic shock absorbers.

Several types of energy harvester have already been fixed or embedded into the body of a shock absorber. These solutions can
be grouped into two categories [1]: the linear harvesters (direct energy harvesters) and the rotary harvesters (indirect energy
harvesters). As seen in Fig. 1, all techniques convert large displacements with more or less important energy levels and across
different operability frequency ranges. However, although some of the rotary harvesters can be more compact and have higher
energy density than the linear ones [1], their structure is usually more complex.

This is obvious for the following systems: the mechanical based transmission as ball screw mechanism [4], the simple [5- 6] or
double [7] rack-pinion mechanism, the hydraulic regenerative shock absorber [8-10] and the electromagnetic rotary damper [11]
respectively. This complexity leads to a rise of both costs and structure modifications of the shock absorber or the automotive
suspension.

Furthermore, the linear electromagnetic solution [12-17] and the spring mass system one [18] are the easiest to integrate
comparing with other techniques such as the no-electromagnetic rotary type [11] and the linear type hydraulic system [19, 20].
Among these solutions, the most accomplished ones is the electromagnetic linear system [17] which has been already
successfully tested on the laboratory environment or road. Since the surface of magnetic circuit and the number of coils are
optimized for the entire distance of the energy harvester movement, it allows output power at low speed. Consequently, this
solution becomes increasingly attractive because of its high energy conversion efficiency, design simplicity, fast response, strong
controllability and efficient capability in the energy recovery. Nevertheless, the main drawback of the current linear energy
harvesters is still their size since this kind of structure provides at this time no place for the hydraulic part of a classic vehicle
shock absorber.
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Fig. 1. Performances of energy harvester system embedded in a car suspension

In response to this problem, the authors have decided in this paper to design a new linear electromagnetic energy harvester
directly embedded on a real shock absorber. Such a development requires solving many technological and scientific key issues.
The first one deals with the choice of used materials to obtain an optimal energy conversion without changing the overall original
structure of the suspension. A second one is a compromise to find between a maximum power harvesting while reducing at the
same time as much as possible the magnetic force fluctuations due to the tooth of the magnetic circuit. The last challenge
concerns the precise characterization of the non-linear electromagnetic coupling coefficient which is essential for the energy
conversion.

In the section II, this paper presents the proposed design for the linear electromagnetic energy harvester embedded in the
vehicle suspension. This system is composed of several subsystems: the car suspension, the linear electromagnetic energy
harvester and the restitution electronic circuit. Taking care about the design, the analysis of the main parameters is done in the
section III. In particular, the electronic, mechanical and electromechanical parameters are determined using a Finite Element
analysis. In section IV, a Bond Graph (BG) model is developed to simulate the dynamic and power efficiency of the linear
electromagnetic harvester. Simulations are then compared with the experimental results measured on a prototype.

III. SYSTEM DESCRIPTION

A. Technical description

The instrumented suspension can be divided into several subsystems (see Fig. 2): the first subsystem corresponds to the
suspension itself, the second one to the electromagnetic harvester and the last one to the electrical circuit for managing and
storage of the electrical energy. In this study, the energy harvester is embedded between the vehicle body (sprung mass) and the
wheel (unsprung mass). This choice is motivated by the fact that the upper part of the rod outside the damper near the coil
spring, despite a reduced space, is a region of high potential energy. The mechanical stresses applied to the suspension system
are the input movements induced by the road profile.

In order to facilitate the integration of the harvester without disturbing the other mechanical elements, the permanent magnets
are placed inside the rod and the coils in the shock absorber body. In addition, the orientation of the magnets is such that adjacent
magnets oppose each other to act as magnetic flux guides around the coils. Finally, a magnetic circuit surrounding the coils is
designed to optimize the passage of this magnetic field. This magnetic circuit is usually made of ferromagnetic material through
which the magnetic induction flux flows (see Fig. 4).

LEH: linear electromagnetic energy harvester
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Linear electromagnetic
energy harvester system

&f ~— Sprung mass _,
A2
> ______yz
Coil spring

Quter tie Shock absorber
rod end

Steering knuckle

Lower control
arm

& A — Unsprung mass
C.V. Shaft/ 0 e e [ 7}
Drive shaft : -
ioi ire
Ball joint Z B
-«— Road Y

Fig. 2. Suspension system with the energy harvester embedded on the shock absorber

B. Theoretical study

The linear electromagnetic energy harvester can be divided also into two subsystems (Fig. 3-a). The first one describes the
transformation of the mechanical energy into electrical energy, whereas the second one corresponds to the electrical circuit
coupled to this conversion for the electrical energy recovery. In this case, the voltage at the outputs of the electromagnetic
element and of the load circuit are equal to V (t).

Electromagnetic
e Mass Meo1 / “ transducer
yol A
V(t)T Load
¥ | \ X ~ <
yi(t, Damper Spring Energy Frame  Use of
Cruia Kspring ~ CONVersion energy
(@)
R(°" I'c0|l i(t)
ep(®) V(t) Load
(b)

Fig. 3. (a) Energy extraction circuit [21] and (b) equivalent electrical circuit representing the linear electromagnetic harvester [21]

In order to take into account the energy source characteristics, it is also necessary to add a mass-spring-damper type
representation in parallel with the mechanical energy conversion subsystem (Fig. 3-a). This part which mechanically includes the
energy transformation, symbolizes the physical structure in which the active components, i.e. the electromagnetic harvester and
the magnet are located. It is represented using damping Cpp,q Of the shock absorber, inertia My, and stiffness Kgpring
elements. Here the mass M,,,; is shared between the sprung mass and the unsprung mass of the suspension. When a mechanical
stress is applied to the shock absorber, this results in the displacement y,,(t) of the electromagnetic harvester with respect to the
magnet. y;(t) here corresponds to the displacement imposed on the shock absorber.

If we focus on the electromagnetic harvester, it can be modeled using the equivalent electrical circuit shown in Fig. 3- b. It
consists of a voltage source e (yp(t)) proportional to the translation velocity ,,(t) and an electromagnetic coefficient depending
on this translation, in series with the inductance of the coil L.,; and its resistance R.,;. Therefore, we assume as the
electromotive force (e) and the position (y,,) is a composion of function e and y,, expressed as (eoyp)(t) =e (yp(t)). Using the

equivalent circuits, we can easily deduce both a mechanical equation (1.a) and an electrical one (1.b) [22]:

LEH: linear electromagnetic energy harvester
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&y, (t)

total -
dt?

4’y (8)

total
dt?

Kspringyp(t) +r (Yp(t)) i(t)

) e (yp(t)) = (Rcoil + Rload)i(t) + Lcoil

e(n®)=r (yp(t))‘%f
Fnag (% (®) =7 (3,®) i(®)

where R;,,4 corresponds to the load resistance.

The movement y,,(t) = y,(t) — y;(t) of the sprung mass y, (t) relativity to the unsprung mass y; (t) induces a translation of
the shock absorber body containing the coils with respect to the stack of permanent magnets located in the rod as shown in Fig.
10. This results in a current in the coils i(t) and therefore a voltage V (t) measurable at the linear electromagnetic harvester
output. At the end, the electric energy can be stored or directly used to simulate the function of a real electrical load.

Nevertheless, it should be noted that this system presents a non-linear effect because the magnetic force Fqg4 (yp(t))(l.d)
belonging to the mechanical equation (1.a) and the electromotive force e (yp(t)) (1.c) of the electrical equation are both

functions of a non-linear term r (yp(t)) which depends on the position y, (t). r (yp(t)) is the mechanical-electrical coupling
term. A key issue for the design of the electromagnetic harvester is to be able to characterize these functions, therefore it is

dy, (t)
Fluid # +

di(t)
Tdt

essential to describe more precisely the structure of the electromagnetic harvester.

Axis of
symmetry

B

i
|
M -
i -
|
. .
!
|

Magnetic
circuit

i Permanent
_ el S8
i

yi(t)

<—— Spacer

Electromagnetic energy
harvester location

o4

Fig. 4. Cross sectional view of the electromagnetic energy harvester (a) and the prototype embedded in the shock absorber (b)

As shown in Fig. 4-a, the electromagnetic structure is axisymmetric. Compared to the structure shown in Fig. 3-a, Fig. 4-a
takes into account several layers of coils and magnets [23] to increase the energy performance of the system. Let us now present
the relevant equations arising from such a system. According to Lenz-Faraday's law [24], the electromotive force depends on the

Shock absorber

distribution of the magnetic induction flux ¢ circulating in the coil:

e (yp(t)) = _Ncoil dt

with N,,; the number of the turns contained in a coil.

LEH: linear electromagnetic energy harvester

do (y,(®)

(1.a)
(1.b)

(1.0)
(1.d)
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It is clear from the literature that this calculation of magnetic induction fluxes strongly depends on the chosen configuration
and is fundamentally non-linear. Some authors have recently worked to solve analytically this problem [23] and [25-28].
Nevertheless, the disadvantage is that it requires to determine experimentally all the parameters, which is not always possible.

In our case, we propose another approach. As a main assumption, we consider that the magnetic induction flux seen by each
turn is the same and is described by equation (3):

#(p®) = [ . BO©S
section
3)
Since the distribution of the magnetic induction B as function of the space and time for the chosen configuration remains very
complex, its computation is obtained using the finite element method (see section IIT).
Note that the index i indicates the number of considered coils (we consider three coils). We obtain the following expression

4
d; (,(0))
e (J’p(t)) = _Ncoil_iT
“)
In order to express equation (4) as a function of the mechanical-electrical coupling term r (yp (t)), we can rewrite this
expression as follows, with the derivative of the composite function:

de |y ()
e; (yp(t)) = —Ncaili%zt)%
5)

Thus, we obtain:

dy
e (3 (0) = (3©) 77
(6)
Knowing that each coil is characterized by an inductance L, ; and a resistance R_,;; ;, it is possible to deduce the expression
of the output voltage V(t) of each coils using the Kirchhoff laws [29] for coils connected in parallel, as shown in Fig. 5-a.
di;(t
V(t) = —Lcou i % = Reouili(t) + & (}’p (t))
@)

The coils can be connected to the external electrical circuit in two ways, either in series or in parallel. A series connection
gives a high output voltage with a low current across a load, while conversely, a parallel connection induces a low voltage with a
higher output current. Consequently, the power is identical for these two configurations and only the voltage/current proportions
vary. In our case study, the authors have chosen the parallel configuration as shown in Fig. 5-a to obtain a high current with
respect to the voltage. The power recovered across a resistance R;,,4 for coils in parallel is as followed:

P(t) = Rloadi(t)2
3

with i(t) the sum of current crossed the coils.
3

i©) = ) i0)

i=1

€))

ity [ i)
e1(Yp(t))

Rcoill

LC0i|1

i2(t)
Ricad e,(Yp(t))

Rcoilz

o

L

Lcoilz

P Des(y, (1)

Rcoil3

Lcoil3

()

LEH: linear electromagnetic energy harvester



Submitted by B. Lafarge et al. to Energy 7

i
. |
[ I
2 |
o |
o | |
g | |
n - T r
= | | |
[+] Y 1 |
E | | | |
) | | | |
= - T L e A A S
| | | | | | | |
1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10
Normalised value of the load resistor (b)

Fig. 5. (a) Electrical circuit representative of the coils in parallel connection connected with a resistive load R, 44, and (b) the variation of output power according
to load resistor value

Fig. 5-b illustrates the normalized power variation (output power divided by its maximum) with regard to the normalized
value of the load resistor (value of the load resistor divided by the equivalent resistance of the coils). The output power is
maximized by a load resistor that matches the value of the equivalent resistance of the coils. In this case, the same power will be
dissipated on the coil and load resistance and it is obvious that electrical efficiency cannot exceed 50%. For a different resistor,
the output power decreases. If the value of the resistor is lower, the current increases, but more power will be dissipated on the
coils and if the value is higher, the output current decreases and the power lost on the coils will be lower. However, output power
losses do not exceed 5% for a variation of the normalized resistance from 0.73 to 1.38.

To obtain experimentally the maximum power, the technical solution are to measure directly the current and voltage across the
load resistance or for more precision to use a Maximum Power Point Tracking (MPPT) algorithm with its associated converter.
The last technique is used commonly to maximize power extraction under all conditions [30].

With the help of the fundamental principle of dynamics which describes the relative movement of magnets with respect to
coils caused by the excitation imposed by the road through the unsprung mass [28, 31], it is possible to achieve the expression
below:

a2y, () d?(y(D)—-y1 (D))

d(y2(®)—y1(t)
Msm atz = Mg dt2 + Cfluid ( : dt : ) + Kspring (}’2 (t)_yl(t)) + Fmagtoml ( Yp (t))

(10

It remains then to determine the magnetic force for each coil Fqg, (yp (t)) corresponding to the term 7; (yp (t)) i;(t). Itis
obtained from a power balance on the electromagnetic system such as:

dy, ( ) ,
magl(yp( )) p - ei(yp(t))li(t)
(11)
It is then possible to replace the electromotive force by its expression given in equation (2) and thus by coil, one obtains:
dy (t) dg: (y,())
magl (Yp (t)) p Ncoil_i T li(t)
(12)

By generalizing the equation (12) for all the coils and taken into account the generated force by the external tooth noted
Fextioom (yp(t)) we can deduce that:

(Fnag, (35©) + Finag, (35(©)) + Finagy (35©)) + Fextyp, (35(0) ) 222 = —(NCMM 1O+ Nogig, 22206 (1) 1

Ncoil3 w (t) FeXttooth ( Yp (0))
(13)

Note that we have added the complementary term corresponding to the tooth which will be measured at very slow speed.
This term can then be rewritten as follows:

d¢ ®) d¢ ®
Fmagl (yp (t)) + Fma92 (yp (t)) + Fmag3 (yp (t)) + Ff?Xttooth (yp(t)) =- (Ncoill % (t) + NCOLl2 2(+Z) (t) +

a
dp3(yp(®)
Neoir, M 3(t) — Fextioom (yp(t))>

(14)

LEH: linear electromagnetic energy harvester
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Hence the total magnetic force Frag,,, ... (yp, t) can be deduced from the following relationship:
Frageora® = 11 (3p(6)) 1n(6) + 75 (3,(6) ) 12(6) + 75 (35 (6)) 15(8) + Feneygon (3 ()
1s)

The key issue hereafter is to maximize the harvester power at the output of the electromagnetic harvester without degrading
the dynamic shock absorber behavior. A compromise on both the geometry and the location of the electromagnetic harvester has
to be found in order to increase the energy conversion.

Using equation (4), a flux optimization of the magnetic induction can be obtained by adjusting both the geometry, i.e. the size
of the coils and the configuration of the magnetic circuit. Furthermore, the electromagnetic coupling term, seen in expressions
(6) and (15), is a non-linear one and requires a thorough characterization. Another key issue is the electromagnetic harvester
location which plays a main role in energy recovery. Indeed, the higher the displacement speed applied to the harvester is, the
greater the obtained energy levels are as shown in equation (1). Notice that the maximum energy level remains however limited
because of the material magnetic saturation and the actually available space inside the rod. Consequently, the harvester
mechanical structure as well as its electrical part would have to be adapted to the characteristics of the energy source.

IV. PARAMETERS ANALYSIS

A. Parameter’s definition

When designing the electromagnetic energy harvester, a first key issue is that its integration does not interfere with the car
damper linear movement whereas a second key issue is that it also not brings major changes in the suspension laws. We will see
in the section III-B that the tooth forces have a negative impact on it, so the design aim will be to reduce the circuit magnetic’s
dentition phenomena to +/- 20N. This value is acceptable because it is less than 10% of the shock absorber’s damping force and
may be decreased in future works. To achieve this range of strength, several techniques can be proposed: either one can modify
the magnetic circuit and the elements location of the electromagnetic harvester or move the magnets away from the magnetic
circuit.

MATERIAL AND ELECTROMAGNETIC PARAI\I?T]?E{;]sEéF THE TESTED ENERGY RECOVERY SYSTEM
Parameters Values Unity

Reoir 1 Coil's resistance n°1 145.6 Q
ncm_lil Number of t;llf?g of the coil 1820 N/A
Reoir 2 Coil's resistance n°2 144.9 Q
Neoit2 Number of trlllfgs of the coil 1806 N/A
Reoir s Coil's resistance n°3 148.1 9]
Meoit 3 Number of trlllgls of the coil 1840 N/A
Ripaa External load resistance 46.5 Q

Lwil1,z ous Coil's inductance n°1,2 or 3 104.4 mH

The chosen solution (Fig. 4-b) is to adapt the elements location of the electromagnetic harvester and to redraw the magnetic
circuit surrounding the coils as shown in Fig. 4-a and Fig. 6. The designed damper is therefore much easily inserted into the
actual suspension system of the vehicle. The key parameters are summarized in Table I.

B. Finite Element Method (FEM) simulation

To determine the magnetic forces generated by each of the three coils as well as by the tooth of the magnetic circuit, such as
the external cages whose position is given in Fig. 6, it is first necessary to analyze the derivative of the flux evolution of
magnetic induction computed with a static FEM analysis (see Fig. 7-a).

LEH: linear electromagnetic energy harvester
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More precisely, this first step leads us to characterize the nonlinear coefficients r; (yp(t)), Ty (yp(t)) and 1y (yp(t))

corresponding to the magnetic circuit portions surrounding the coils (Fig. 7-b) since they are directly dependent on the derivation
calculation of the magnetic induction flux as underlined in the expression (4). Notice that their value summarized in Table II as
example for a given velocity can be used as an input variable in the BG model as shown in sectionIV.

TABLE II
PARAMETERS INTEGRATED IN THE BOND GRAPH MODEL FOR V = 0.75m/s AND R}, .4 = 46.5Q
Parameters Amplitude | Unity | Frequency Unity

(% ®)

Coupling terms for [-22,22] N/A 11.21 Hz
i=1to3

Festinn (90) 120 74] N 10.86 Hz

Force generated by the external tooth

(a)

j J— Y 70)
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t
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Position of the shock absorber's piston rod [mm]
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Fig. 7. (a) FEM Magnetic induction flux seen by each of the coils and in the so-called “upper zone” (see the Fig. 6), (b) computation of the non-linear term
1;(¥p (t)) for each of the coils and (c) current evolution, (d) simulated magnetic forces for each coil and (e) resulting total magnetic force

Magnetic
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It is supposed in this case that the magnetic fields induced by the coil current are small compared to the magnet coercive field
so that they do not modify significantly the global magnetic flux.

In a second step, the generated magnetic forces (Fig. 7-d) are deduced from the currents present in the coils (Fig 7-¢) as shown
in equation (12). Finally, the total magnetic force (Fig. 7-e) is the sum of these generated magnetic forces and the tooth force of
the magnetic circuit.

C. Comparison between simulations and test results in a static mode

The tests carried out on the prototype are intended to understand the involved phenomena on the one hand and to validate the
static finite element simulations on the other hand. It is question of being able to quantify the value of magnet attraction
forces/magnetic circuit without any coil as well as to observe the different parameters influence [23, 28] on its intensity.

As shown on Fig. 8, this part is the first phase of the study of finding the right location for the magnetic circuit. The prototype
tested in this section is a simplified version of the energy harvester, since only the magnets, the spacers and the magnetic circuit
surrounding the coils are present. The coils are not present. More precisely, the prototype consists of a part of the magnetic
circuit which corresponds to a simple disc in translation with the rod containing magnets separated by spacers (see Fig. 8- a)
without coil. This configuration was specially developed in order to minimize the effects of frictional forces due to fluids, sealing
elements, such as lip seals and O-rings, and the mechanical friction between elements, as well as the electromotive force.
Therefore, frictions between the elements of the electromagnetic harvester are reduced at their minimum in order to measure only
the magnetic forces induced by the magnetic circuit structuring, i.e. the tooth effect.

In practice, this means that the shock absorber prototype including a simplified circuit magnetic (Fig. 8-a and 8-c) is installed
on a hydraulic test bench shown in Fig. 8-b. Furthermore, only the lower part of the shock absorber is set in motion which
corresponds to y, (t) while the upper part remains static.

Then, a BC302 strain gauge used as force sensor is fixed on the shock absorber (Fig. 8-a) to deduce with a better precision
than the S-beam load cell the forces acting on the system. In this configuration, the weight of the discs has no effect on the
measurement system. The force sensor has been calibrated to cancel the weight of the rod. Moreover, the conventional interface
of the test bench has been modified (Fig. 8-b) to vary the position of the rod containing the magnets with respect to the teeth,
millimeter by millimeter at a very low speed of 0.001m/s. The speed is as low as possible. We assume a quasi-static movement.
In this measurement, there is no current. This approach allows the measurement of the magnetic instantaneous force.

The magnets and the steel parts in the rod and intercalated between them have a height of 8mm and 4mm respectively, while
the thickness of the disc representing part of the magnetic circuit leading the flux lines is equal to 3mm. Note that the middle

position of the magnetic circuit is indicated on the upper part of Fig. 9.

<+—— Hydraulic test bench

Plastic 0
Magnetic circuit: simple disc |

(steel)

Strain gauge sensor

Cross sectional view of
<«<——— the simplified shock

Rod containing the absorber without coils

spacing magnets

|

Linear
displacement

()

LEH: linear electromagnetic energy harvester
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Fig. 8. Equipment for tests (a) and (b): the hydraulic test bench, cross view of the shock absorber (c) and the strain gauge sensor

magnet [SEEEN magnet [SEEN mognet [ESEEEN
— measured
—=—= simulated

Magnetic forces [N]

5 10 15 20 25 30 35 40
Position of the shock absorber’s piston rod [mm]
Fig. 9. Experimental and FEM results

After analysis of the results, it can be observed that the measured magnetic forces vary mostly sinusoidally with an amplitude
of +/-10N for a single disc (Fig.9). However, it is necessary to have two discs of the same thickness to properly conduct
magnetic field lines around a coil. As expected, the additional disc increases considerably the magnetic forces. The obtained
result confirms that the magnetic induction flux varies sinusoidally as a function of its position in the magnetic circuit.

The experimental results obtained are then compared to the FEM simulation ones. As expected, the comparison is in good
keeping. Indeed, the difference between the results is less than 6.75% (Table III) which validates the simulation.

TABLE IIT
DIFFERENCES BETWEEN THE MEASUREMENTS AND THE SIMULATIONS
Speed Magnetic force measured on a disc [N] Gap [%]
[m/s] Simulated FEM Experience
0.001m/s 10.08N 94N 6.75%

It should be also noticed that various topological configurations of the magnetic circuit have been also tested which
demonstrated that it was possible to increase or decrease this magnetic force just by changing the position and adding steel discs.

V. DYNAMIC EFFICIENCY OF THE ELECTROMAGNETIC ENERGY HARVESTER
A. Bond Graph model of the electromagnetic energy harvester embedded on the shock absorber

In order to analyze the dynamic efficiency of the electromagnetic harvester, the BG method is proposed since it allows taking
into account both the mechanical behavior of the suspension as well as the electromagnetic harvesting and at the same time
characterizing the power exchanges inside the system.

LEH: linear electromagnetic energy harvester
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Fig. 11. Word Bond Graph of the suspension system with the electromagnetic harvester embedded on the shock absorber

The first step is therefore to establish the word BG of the global system (see Fig. 10). This word BG is deduced from Fig. 2
and represents the suspension system divided into subsystems helping to have a general overview of the topic. The input and
output of each subsystem define power variables represented by a half arrow. Variables used for this studied system are the
mechanical variables (Force, Linear velocity) = (F,y) and the electrical ones (Voltage, Current) = (V,i).

The second step lies in finding the BG model of each subsystem. As the BG subsystems of the road suspension system as well
as the power storage and restitution circuit have been lengthy developed in [2], only the electromagnetic harvester subsystem
will be detailed here. To determine its BG model, the equations (6), (7) and (14) of the electromagnetic conversion system are
used. In this case, the BG dissipative element R and the BG storage element / represent the resistance Ry, and the inductance

Leoy; of each coil respectively.

Energy conversion
Yp () 71 (Vp, t) x (1) +
,-r1 MSe
- Rcoil _1 . (t) \
l LG TN
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Fig. 11. Bond Graph model of the electromagnetic harvester
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Note that the generated force by external tooth F,
computation of the global magnetic force. The resulting BG model of this subsystem is shown in the Fig. 11.

Submitted by B. Lafarge et al. to Energy

Hydraulic test bench

Linear X L.
. Electrical circuit
electromagnetic
shock absorber
Shock absorber
Linear
displacement
P (a)

Hydraulic test bench

Linear
electromagnetic
energy harvester

Electrical
circuit

— (b)

Fig. 12. Electromagnetic harvester prototype embedded on a shock absorber and mounted on a hydraulic test bench
The power exchange between the electrical and mechanical subsystems of each coil is represented by the modulated gyrator
MGY whose modulation ratio corresponds to the non-linear function 7;(y,(t)). The index i indicates the highlighted coil. The 0
junction results directly from the Kirchhoff’s current law whereas the 1 junction reflects the Kirchhoff’s voltage law in each coil.
(p(t)) is evaluated from experiments, and is required for the

Xttooth

B. Energy harvesting validation in a laboratory environment

In order to demonstrate the validity of the approach in a real case, the electromagnetic shock absorber prototype (Fig. 4-b) is
mounted on a hydraulic bench (Fig. 12). Note that the movement of the hydraulic bench does not exceed 499mm and is imposed
through a linear velocity. Contrarily to previous experiments, the tests are carried out in dynamics. Fig. 13 presents the curves of
the voltage and the power measured and simulated on the same optimal load (R;,,q = 46.5Q) for two different velocities:
0.75m/s and 1m/s respectively.

LEH: linear electromagnetic energy harvester
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Fig. 13. Instantaneous power and voltage curves for a load resistance value of 46.5Q and a linear velocity of (a) 0.75m/s, (b) 1m/s

As expected, the results of the simulation and experiments are in good correlation, since the interval error between the
measured and simulated results is less than 6% (Table IV). The obtained maximum amplitudes of the voltages and the power are
equal to 15V and 4W for a solicitation of 0.75m/s respectively while they reach 20V and 7W for a solicitation of 1m/s. Another
significant result is the sinusoidal variation of the voltages and powers curves which validates our initial assumption that the flux
inside the coils varies sinusoidally.

Figure 14 represents the variation of the magnetic forces for two different velocities. When the velocity is equal to 0.75m/s,
the variation of the magnetic forces is approximately 18N (Fig. 14-a) while it increases slightly for a velocity of 1m/s (Fig. 14-
b). This variation of the magnetic force is added to the friction forces present in the shock absorber.

The Table V summarizes all the results. The observed maximum differences between the experiments and the FEM and BG
simulations methods are equal to 26.2% and 33.3% respectively. As showed by [23], it could be possible to develop more precise
computations but this will undoubtedly require to develop an experimental device to accurately estimate the magnetic induction
flux variation. Although, this difference stays important, it allows however to quantitatively estimate generally the magnetic
force generated by the magnetic circuit.

Furthermore, all these results are physically coherent as demonstrated below. Let us consider first the measured energy (16)
for a complete cycle:

E=f Fdx = 2 X Eppqn X Ax
full cycle

(16)
atV = 0.75m/s and V = 1m/s which is equal to 2.17J and 2.64J respectively and second the cycle time (17):
Af = 2% Ax
v
(7

equal to 0.1261s and 0.0945s for 0.75m/s and 1m/s respectively, then the combination of these expressions leads to the generated
power (18).

LEH: linear electromagnetic energy harvester
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P =

Fdx

ffull cycle

At

(18)

15

The maximum power for a complete cycle is then equal to 17.25W and 28W for 0.75m/s and 1m/s respectively, a part of this
energy is converted in electrical energy, which is consistent with the results of Table IV. Note that F represents the integral of
the magnetic force i.e. 23N at 0.75m/s (Fig. 14-a) and 28N at 1m/s (Fig. 14-b) whereas Ax = 47.27mm is the travel distance for

a half cycle.

These first results are encouraging since the energy available at the output of the proposed electromagnetic energy harvester of

the order of 10 Watts appears sufficient to power a classical electronic circuit. Moreover, magnetic forces remain important but
have been largely reduced.

TABLE IV
RESULTS OF SIMULATIONS AND EXPERIENCES FOR DIFFERENT IMPOSED VELOCITIES
Maximal peak voltage [ V] from prototype Maximal peak power [W] from prototype
Velocity [m/s] | e gap S gap O/
o BG experiment FEM/exp FEM n°4 BG experiment FEM/exp
n°4 [%] exp (%] exp
° [%] - [%]
0.75m/s 15.15V 15.1V 15v 1% 0.66% 421W 4.2W 4W 5.25% 5%
Im/s 20.1V 19.9vV 20V 0.5% 1.5% 7.2W 7.15W TW 2.85% 2.14%
TABLE V
RESULTS OF SIMULATIONS (FEM AND BG) AND EXPERIENCE FOR DIFFERENT SPEEDS IMPOSED AT THE INPUT OF THE MODEL
Magnetic force [N] from prototype
Velocity [m/s]
FEM n°4 BG experiment gap FEM/exp [%] gap BG/exp [%]
0.75m/s 3IN 28N 42N 26.2% 33.3%
1m/s 38N 34N 50N 24% 32%
K2
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C. Simulation of the global model

16

In order to demonstrate the validity of the approach, simulation tests have been performed with the whole energy harvester
system embedded in a vehicle model. Moreover, two different situations have been experimented: the first situation corresponds
to drive through a speed bump at 30km/h, whereas the second one coincides with driving test at 20km/h on a road of A-B class

and E-F class respectively.

Table VI summarizes all the mechanical parameters injected on the vehicle system. The analysis of the simulated harvester
power signals demonstrated that the energy is significant on a long period and could be used to supply sensors. Fig. 15 illustrates
the voltage and power simulated as function of the time measured through the optimal load resistance (R;,,4). The maximal
output voltage range obtained is close to 22.26V with a maximal output power of 10.67W during the speed bump excitation. The

average power value is 4.4mW.

TABLE VI
MECHANICAL PARAMETERS OF THE VEHICLE SYSTEM [32]
Symbol Parameters Values Units
Mg, Sprung mass 897.2 kg
Kopring Suspension stiffness 66824.4 N/m
Criuia Suspension damping 1190 Ns/m
Mysm Unsprung mass 87.15 kg
Kiire Tire stiffness 101115 N/m

LEH: linear electromagnetic energy harvester
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Fig. 16. Evolution of the total injected energy (in black), total kinetic energy (in cyan), total potential energy (in blue) and total dissipated energy (in red) for the
suspension subsystem

To know the energy distribution in the global system, it is relevant to study its evolution in all the subsystems (Fig. 16 and 17).
The simulated injected energy to the suspension parts by the road is 208J. The energy is then decomposed in three different ones.
The main part is dissipated through friction in the car damper (Cfpy,iq) and in the electromagnetic energy harvester (R.o; and
Ryoaq)- In parallel, less quantity is stored in potential energy (Kiire and Kgpring) and in kinetic energy (Mysy, and M, ). Figure
16 illustrates the total energy, i.e. the injected, dissipated and stored (potential and kinetic) energy as function of the time, in the
mechanical parts of the suspension. The obtained responses reflect the behavior of the dual-mass for the mechanical domain.
Between 0.2s and 0.26s, the car goes up to the speed bump and goes down from 0.4s to 0.47s. After 0.47s, there is no variation
of the road height. Indeed Figure 16 shows that the K;,.. stored energy increases first between 0.2s and 0.236s which means that
the injected energy is stored in the first mechanical part closest to the road, then the Kgpring stored energy in second time
between 0.222s and 0.3s. The energy begins to dissipate in Cgyy,;q at 0.225s. As the injected energy is stopped to increase at 0.24s
and that all this energy is transferred to all mechanical elements, the stored and dissipated energy drop.

LEH: linear electromagnetic energy harvester
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Fig. 17. Evolution of the injected energy by the electromagnetic system (in black) and total dissipated energy (in red) for the electromagnetic energy harvester

subsystem
This behavior is reproduced when the car goes down. When the car goes down, the injected energy is constant and tends
towards 207.6J. After a long time of 12s, the injected energy is totally dissipated in Cf;,,;4 and the system converges to a stable
state. The kinetic energy (My,s, and Mg,,) and the potential energy (K¢, and Kgpring) cancel after several fluctuations due to the
storage and then the restoration of energy.

It was also possible to simulate the injected and dissipated energy in the electromagnetic energy harvester (see Fig. 17). The
injected energy is mainly dissipated both in the coils (R,;;) (i.e. 70.75% of the injected energy) and in the load (Ry,q4) (29.24%

of the injected energy). From these curves, it was also possible to determine the electromagnetic efficiency which is equal ton =
0.2924.

When the external load value coincides with the coils equivalent resistance, an optimal repartition of the energy in the system
should be obtained and this repartition would correspond to 50% for all the coils and 50% in the load. However, the phase
difference between the coils as shown in Fig. 17 reduces considerably this repartition, which explains why we do not obtain such
a result.

The analysis of the simulated harvester power signals with a generated artificial profile [34] based on the equation provided by
ISO 8608 standard at 20km/h demonstrated that the harvested energy is significant on a long period and could be used to supply
sensors. Indeed, from Fig 18-a and 19-a, the maximal power value is in the order of 7SmW and 36.32W on a road of A-B class
and E-F class respectively. The average power values of these kinds of road are 5.3mW and 1.67W respectively.

LEH: linear electromagnetic energy harvester
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Fig. 18. Simulated voltages and powers with a load resistance value of 46.5Q in case of driving through a class A-B road with a car speed of 20km/h (a) and
evolution of the total injected energy (in black) and total dissipated energy (in red) for the electromagnetic energy harvester (b)

From the Fig. 18-a, it can be noted that the magnetic force is in the order of 2N. Therefore, the suspension dynamic behavior
is relatively undisturbed for this class road and this car speed. As shown in Fig. 18-b, the simulated injected energy to the
electromagnetic harvester by the suspension is equal to 81.71mJ. Once again, the mechanical energy is mainly dissipated in the
coils (R.;;) and in the load (R;,44) With 67.67% and 32.33% of the injected energy by the suspension respectively.

The E-F class coincides with a very poor surface with holes in the road pavement. The magnitude voltages and power are
logically higher than in the previous case. The maximal power and the average power values are equal to 36.32W and 1.67W
respectively. The magnetic force is also high with a maximal amplitude of 22.12N, but this force is low in comparison with the
original suspension forces. Indeed, the suspension dynamic behavior is slighty disturbed due to the electromagnetic energy
harvesters presence with a disturbance in order to 1% all over the vehicle.
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Fig. 19. Simulated voltages and powers with a load resistance value of 46.5Q in case of driving through a class E-F road with a car speed of 20km/h (a) and
evolution of the total injected energy (in black) and total dissipated energy (in red) for the electromagnetic energy harvester (b)

As shown in Fig. 19-b, the injected energy to the electromagnetic harvester by the suspension is equal to 28.86J. Once again,
the mechanical energy is mainly dissipated in the coils (R.,;;) in the load (R;,44) With 71.10% and 28.92% of the injected energy
by the suspension respectively.

When comparing the dissipated energies in the resistive load in the A-B and E-F class of the road pavement, a significant
variation of 99.68% is observed. This result is coherent on roads from excellent to poor pavement. To conclude, according to the
road classification, it is possible to supply either continuously or alternatively an auxiliary control circuit.

VI. CONCLUSION

In this paper, the study has been focused on the design and fabrication of a fully embedded linear electromagnetic harvester
without changing the initial structure of the suspension. To enable an optimum design, it has been however necessary to propose
a modeling method sufficient robust to evaluate the efficiency of the system.

In order to evaluate the electrical, mechanical and electromechanical parameter, a static finite element analysis has been first
performed in a first step whereas in the second step, these linear and nonlinear parameters have been injected in a dynamic BG
model to evaluate the efficiency of the system.

Dynamic tests have been then successfully performed and compared with simulation results for a solicitation of linear velocity
of 0.75m/s and 1m/s. Obtained results are very promising since the embedded linear electromagnetic harvester system delivers
around 10 watts which is enough to power a classical electronic circuit. In comparison with the performances of energy harvester
systems embedded in a car suspension in Fig. 1, our harvester system delivers results close to the harvesters cited in references
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[4], [11] and [17] with the particularity of being embedded in a classic car shock absorber without modifying the structure of the
car.

In addition, a simulation of the complete system has been proposed with an analysis allowing extracting injected, stored and
dissipated powers in both mechanical and electrical domains and for all subsystems as function of time and for the case of a
speed bump solicitation. To our knowledge, this is the first time that a complete modeling (i.e. composed of the car suspension,
the electromagnetic energy harvester and the restitution circuit) is proposed.

In view of an energy balance, significant average power is obtained since the simulated results give 4.4mW for a speed bump
solicitation, and 5.3mW and 1.67W on a road of A-B class and E-F class respectively with an electromagnetic efficiency equal to
n = 0.2924.

Future work is now in progress to test this system in real time on a car driven on a road.
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