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This study proposes a new design concept for combining a viscous fluid damper (VFD) with an eddy current
damper (ECD). Three main concepts were thoroughly discussed: the magnetic system, the conductive material,
and the housing. In particular, the excitation circuit and magnetic field were applied from the exterior of the
main chamber of the VFD to minimize the intrusive risks introduced into the damper when trying to connect an
internal magnetic system to an external power source.

Experimental investigations on a test rig developed for this purpose were carried out in this work. The design
aimed to generate eddy currents in an oscillating cylinder made of copper placed around an existing real-world
car damper and secured to its moving rod. When exposed to an electromagnetic field, the newly designed system
rapidly generated an extra level of damping in addition to the initial damping effect provided by the viscous
mechanism. The obtained results showed that applying an electric current of only 1A increased the amplitude of
the drag force by 12 % for an electrode with a thickness of 1.5 mm. A magnetic saturation phenomenon resisted
any extra increase in the current. Making the metal conductor thicker is expected to increase the volume of the

conductor in which the currents are flowing and, consequently, increase the damping effect.

1. Introduction

Automobiles have become more than just a mode of transportation;
they are now an integral part of our lives. In the US, for example, each
American travels for an average of 46 min per day [1]. In automobiles,
different sources of vibrations might compromise the driver’s comfort
and the vehicle’s stability. They could be internal (induced by the
rotating parts and especially the engine) or external to the automobile’s
structure (arising from the interaction of the tires with irregularities or
imperfections in the road). Therefore, automobile suspension systems
have been carefully designed as isolation systems between the vehicle’s
chassis and road-induced disturbances. Furthermore, the suspension
system enhances the vehicle’s stability on the road by minimizing
fluctuations in the tire’s normal force. The damper, also called a shock
absorber, is the essential element of all suspension systems. Connecting a
dissipative element (a damper) in parallel with an elastic element
significantly reduces the effects of a sudden bump by damping and
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smoothening the shock. There are three types of suspension dampers
commonly used to address a vehicle’s instabilities: passive, semi-active
(also known as hybrid or semi-passive), and active dampers. Various
hybrid damping solutions have been suggested, such as those utilizing
electro-rheological fluids [2,3] and magneto-rheological fluids [4,5,6].
The eddy current damper (ECD) is a third design for semi-passive sus-
pension systems.

When diamagnetic materials (also referred to as conductors) come
into contact with a field that is continuously changing, it results in the
generation of what is known as eddy currents (EC) within the material
(as shown in Fig. 1) [7]. These eddy currents produce a field that op-
poses the field that caused them, causing a force that counteracts the
motion between the material and the magnetic field. These effects are
achieved through Lenz’s law. According to this law, a current induced by
a changing magnetic field will always act in opposition to the change in
flux [8]. Because of its effectiveness, the EC effect has been widely used
in various industrial applications such as nondestructive testing, braking
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systems, and generating electrical energy.

As automobile manufacturers strive to provide increased safety and
comfort for passengers, using EC-damping devices in automobiles has
become increasingly popular [9]. The use of the EC technique in auto-
motive damping devices has been widely studied in the past few years,
and many publications related to this topic can be found in the literature
[10]. Several studies have shown that ECs can effectively lower the vi-
bration level of automotive damping devices. However, an EC damper
(ECD) must be connected to an AC source for maximum efficiency.
Indeed, connecting it to a DC source creates a powerful but very short
pulse of change in the magnetic field. One of the most significant
drawbacks of the ECD is its low damping efficiency, as it produces
weaker resistive forces relative to the weight and size of the magnet and
conductor [11]. Therefore, different studies have focused on improving
damping efficiency by optimizing the design’s structure, the magnets’
configuration, and the type of diamagnetic material [11,12].

Several authors have recently studied the possibility of using ECDs in
automotive suspension systems using analytical modeling, finite
element simulation, and experimental testing. In most investigations,
the model was based on permanent magnets (PMs) (Fig. 2). In [13], the
authors designed a passive ECD with a set of PMs and used a thick
aluminum pipe as a conductor. Furthermore, several designs applied the
Halbach Array Orientation to optimize the magnets’ configuration,
resulting in a higher flux density and more significant current induction
[14,15]. In [16], the authors used rare earth PMs (NdFeB) in their tuned
mass damper (TMD) and concluded that, because of ECDs’ wide range of
operating frequency (from 0.1 Hz to 10 Hz), it did not induce extra
stiffness at any operating frequency. Hence, it could be used to tune
TMDs and increase the efficiency of their damping performance.

An ECD can also be implemented to store energy. For example, in a
theoretical investigation where an ECD model could use impact loads to
store energy [17], the efficiency reached 2.33 %. In a more recent
investigation [18], the authors measured the damping coefficient in a
stationary-conductor ECD with a perpendicular motion, resulting in a 6
% error compared with the 3D finite element (FE) analysis results.
Furthermore, the influence of vibrations on the structure of a solar panel
was investigated using ECDs [19], and the authors discovered that the
magnetic flux reduced exponentially when the air gap separating the
magnet and the rotating conductor increased. In a comprehensive study
[20], the authors modeled, designed, and tested a vehicle with an ECD,
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in which the FE model validated their predictions and the experimental
data, but their damper involved only PMs.

Furthermore, some methodologies for predicting and calculating the
induced damping force and stiffness of different magnets were proposed
in [21] and used to evaluate the efficiency of passive ECD models.
Recently, improvements in the efficiency of ECD were achieved [22] by
presenting and modeling a dual-sided hybrid ECD that enhanced the
damping effect in a system with a linear motion. Later in the same year,
another design was proposed [23] for a regenerative ECD considering
PMs on B-class vehicle dampers.

So far, ECDs have been used directly as dampers for dissipating en-
ergy and reducing vibrations or as a damping element within tuned mass
dampers (TMDs) [12]. Nevertheless, according to the best of our
knowledge, there has been no attempt to combine an ECD with a con-
ventional automotive hydraulic damper in an industrial application.
Therefore, we designed a new ECD for suppressing vibrations in auto-
mobiles. The ECD was added to a conventional viscous fluid damper
(VFD) to create a hybrid device where the damping value can be
changed when needed, thus providing a semi-active control strategy.
The damping performance of the newly developed ECDs for use in au-
tomobiles was verified through experiments and simulations. The basic
concept used in constructing the hybrid damping device was to combine
an ECD system with a standard VFD, already preinstalled on a car sus-
pension. Combining both damping devices in parallel rather than
depending on a single one resulted in a fail-safe system that could vary
damping forces within the entire system. If a fault within the electro-
magnetic device occurred, the VFD could still suppress and dampen the
vibrations as a regular passive damper.

This article has been organized as follows. Section 2 presents the
design of the hybrid ECD. The computational approach and analysis of
the magnetic performance are outlined in Section 3. The experimental
testing setup is explained in Section 4, whereas Section 5 presents and
discusses the results. Section 6 presents the conclusion.

2. Design of the ECD damper

To optimize the overall effectiveness, several significant factors must
be addressed in the design of the EC damping device. These include the
dimensions of the different constituents of the system, the type of
magnetic material, the conductive material’s permeability, the air gap
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Fig. 1. Generation of ECs.
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Fig. 2. Classical design of a magnetic (EC) damper based on PMs.

between the fixed and moving parts, and the thickness of the metal
conductor.

2.1. Effects of the air gap

The air gap within a magnetic circuit is generally a dual-purpose
element. Sometimes, it could be fundamental for ensuring the device
works well, while in other cases, it should be minimized. The presence of
an air gap helps reduce the impact of saturation in the core, preventing
the circuit from losing its energy storage capabilities. It can also be used
to improve the efficiency of a magnetic circuit and protect the core from
damage caused by excessive magnetic flux density. However, an air gap
may be an unwanted phenomenon. It forms an isolation layer that
significantly compromises the effectiveness of ECs. As the air gap in-
creases, some magnetic flux can escape through it and will move side-
ways. This dispersion of the flux lines reduces the stored energy
generated by the magnetic field. A study of disk braking systems in
electric motorcycles found that the air gap affected the braking perfor-
mance by influencing the behavior of ECs [24]. More recently, a study
focusing on storing energy in magnetic devices with an air gap [25]
proved that the stored energy decreased with increased air gap length. In
the present investigation, for the sake of efficiency and in line with
previous analyses, the gap between the moving conductor pipe and the
stationary cores was minimized to 1.5 mm to maximize the induced
current’s potential while offering the moving parts the needed safe
distance that avoids any risk of touching each other.

2.2. Effects of the thickness of the metal conductor

The magnitude of the EC can be influenced by various factors, such as
the metal thickness, its conductivity, and its permeability. For instance,
its thickness can affect how much magnetic energy is able to penetrate
the metal and how much surface area is available for the flow of current.
It is true that the density of an EC is highest at the surface of the
conductor but reduces exponentially as the depth increases; this is
known as the skin effect [26]. It is true that the density of an EC is
highest at the surface of the conductor but reduces exponentially as the
depth increases; this is known as the skin effect [26]. However, a thicker
conductor allows for a greater flow of EC since the conductor’s increased
cross-sectional area provides more surface area for the current to flow

without generating as much heat. Hence, thicker conductors will have
lower resistance and lower EC losses than thinner conductors. Never-
theless, thicker conductors may have higher material costs and be more
challenging to work within certain applications. Therefore, it is essential
to consider the conductor’s electrical and mechanical properties when
selecting a suitable thickness for a particular application. Because of the
constraints related to the materials available on the local market, the
most affordable and suitable copper pipe for the suggested design was
76 mm in diameter with a wall thickness of 1.5 mm. Although thicker
walls would be more suitable for better efficiency, the available thick-
ness should be enough to prove the concept.

2.3. Selection of the magnet and conductive material

There are two types of magnets that can be used in an ECD: elec-
tromagnets and permanent magnets. Permanent magnets are made of
natural magnetic minerals like cobalt, iron, and nickel and can generate
a magnetic field without the use of external power sources. They are
more durable and unaffected by external factors such as temperature
and electrical fields. Neodymium magnets are a type of permanent
magnet that has stronger remanence, coercivity, and energy compared
to other types of magnets. However, they are fragile and can break easily
if not handled carefully. They are also more expensive than ceramic
magnets and must be coated to prevent corrosion. Electromagnets, on
the other hand, are created by wrapping a conductor around a magnetic
core and producing a magnetic field when an electric current is passed
through the wire. They can be easily switched on and off, and their
strength can be adjusted by changing the current intensity flowing
through the coil.

In summary, Electromagnets are more versatile than permanent
magnets, as they can be used in industrial applications, like ours, where
the magnet strength needs to be adjusted. Furthermore, electromagnets
can provide a greater magnetic flux with an appropriate arrangement of
coils, wire thickness, and number of turns in the same area.

Moreover, to control the damping properties better, an electro-
magnet should preferably create the magnetic field, as the magnetic
field’s intensity is proportional to the excitation current feeding the
coils. The main idea in the actual design was to leave the primary
damping mechanism based on a conventional viscous damper and to use
the ECD only when needed. According to the literature, none of the
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previous work on ECDs has considered using electromagnets in the ECDs
of vehicle suspension systems, making the novelty of this work evident.
Therefore, electromagnets were used in the novel ECD design.

2.4. Design specifications

Before producing any ECD device for automotive purposes, the first
challenge is to decide whether to incorporate a dual damping mecha-
nism (such as hydraulic and EC, magneto-rheological and EC, electro-
rheological and EC, etc.) or to rely solely on an ECD system. The cur-
rent research combined the traditional hydraulic damping mechanism
with an ECD system for optimal efficiency and safety. This approach
ensured that the overall damping system did not break down in case of a
malfunction in the magnetizing system since the original hydraulic
damper would continue to function as it would in traditional
circumstances.

Typically, combining a VFD and ECD side by side, similar to the
traditional parallel damper scheme (Fig. 3), is a straightforward way to
integrate both components. However, this configuration creates an un-
stable arrangement because the two branches have unequal stiffness,
resulting in an unequal distribution of forces. Therefore, to achieve
symmetry in the overall system and to balance the difference in stiffness
between the two branches, the ECD could be positioned between two
identical VFDs. Alternatively, to solve the same problem more efficiently
and cost-effectively, both dampers can be placed on the same axis, with
one damper encapsulated within the other. Compared with the first
design, this second approach is more practical because it saves space,
which is critical in automotive suspensions. Encapsulating the ECD in-
side the hydraulic damper allows both damping effects to be present in
one component, reducing the size and weight of the overall system. The
traditional hydraulic damper can provide smooth and predictable
damping, while the ECD can provide an additional rapid damping
response in urgent situations. Combining these damping effects in one
compact device and reducing the overall size can improve the system’s
performance and prevent unwanted phenomena such as structural
resonance.

However, there are a few disadvantages to this approach. Encapsu-
lating the ECD within the hydraulic damper increases the system’s
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complexity because it requires a long drilling operation to ensure elec-
tricity supply to the coil from an external energy source. In the most
common type of mono-coil piston assembly (Fig. 4), the magnetic flux is
adjusted by the current flowing through a coil embedded within the
piston that is fixed to the rod. To make such an action possible, it would
be necessary to make very deep holes along the rod to introduce the
wires supplying electricity. If the ratio of depth to diameter (L/d) is >
10, this type of drilling is known as deep-hole drilling. This is a highly
complex manufacturing process. During deep-hole drilling, it is chal-
lenging to achieve tight control of the diameter, keep the hole straight,
and remove chips without causing damage to the surface and avoiding
damage to the drilling tool. Making such holes disrupts the smooth
operation of the damper and frequently allows the fluid in the cylinder
to leak out, eventually affecting the damper’s performance. Addition-
ally, the inability to evacuate the excessive heat from the coil trapped
inside the fluid chamber and the complexity of carrying out mainte-
nance in the case of a malfunction may compromise the efficiency of this
solution.

As aresult, a more viable solution is to install the magnetizing system
around the existing hydraulic damper to create an external excitation
system. The VFD can be designed with various sizes, configurations, and
load capacities, depending on the application’s specific requirements.
The central VFD element for this research is a 2013 Mitsubishi L300
damper.

Fig. 5 shows an excitation system with coaxial coils placed externally
around the VFD to generate the required magnetic field for the EC. The
coils work together to generate a magnetic field in the axial direction. As
the VFD rod moves up and down, the hollow electrode attached to the
rod moves across the magnetic flux, inducing an EC that generates an
additional electromagnetic damping force.

When designing an EC-based damping system, it is crucial to
consider the system’s specific requirements and choose the appropriate
material based on factors such as cost, conductivity, and potential for
corrosion. In addition to its dimensions, selecting the metallic tube
material is critical for the system’s proper functioning. The EC effect
occurs when the magnetic field interacts dynamically with diamagnetic
material. Aluminum and copper are both suitable for use in ECD systems
as they are diamagnetic metals. Both materials have good corrosion

)

—_—
(o]
~

VFD e

£
rh

L

Fig. 3. Different configurations of combinations of the VFD and ECD. (a) coaxial parallel combination; (b) symmetric parallel combination; (c) asymmetric parallel

combination.
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resistance, which helps ensure the longevity of the damping system.
Additionally, they are lightweight, making them ideal for reducing the
overall weight of the damping system. However, some factors need to be
taken into consideration. Copper is a better conductor of electricity than
aluminum but is also more expensive. Moreover, copper has a higher
thermal conductivity than aluminum, which can aid in dissipating heat
generated by the ECD system.

Based on the previously mentioned constraints, a pipe made of
copper was selected to be used as a moving electrode that will interact
with an electromagnetic field created by a coil to generate the EC effect
(Fig. 6).

3. Structural and magnetic analysis
3.1. Design of the magnetic excitation system
The magnetic field generated by a solenoid turns of wire all pass

through the center of the coil and add (superpose) to produce a strong
field there. The more turns of wire, the stronger the field produced. As

stated by Eq. (1), the magnetic flux density B is proportional to the the
magnetic permeability constant y,, the number of turns N, and the
current I circulating in the coil.

B = p,NI )
Because of its shape, the field inside a solenoid can be very uniform and
strong. However, the field just outside the coils is very weak because of
the lines of flux dispersion (Fig. 7). Calculating the exact magnetic field
at any point in space is mathematically complex and involves the study
of Bessel functions.

The magnetic field flux lines must interact with the moving electrode
to generate the EC effect. As per the “Lorentz force” equation (Eq (2), the
interaction between the velocity and magnetic fields depends on the
angular orientation between them,
F= q(? x E’) @
where q is the electric charge of the moving conductor.

As portrayed in Fig. 8, the force generated from the interaction
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Fig. 6. Overall size and dimensions of the combined VFD-ECD system.

between the moving electrode and the magnetic field is maximum at the
endpoints of the coil where the motion velocity is perpendicular to the
magnetic field. However, the velocity is parallel to the magnetic field in
the middle of the coil. Therefore, no interaction is observed there.
Consequently, the EC effect will be perceived only at the endpoints of
the solenoid.

As portrayed in Fig. 9, one method of increasing the interaction area
and generating more EC effects consists of using two coaxial coils,
insulated electrically from each other and having half of the turns in
each.

From a magnetic point of view, and depending on the practical use, it
is better to have one long coil than to divide it into two halves. This is
because a long coil has more turns and produces a stronger magnetic
field along its symmetry axis, more than two shorter coils. However,
dual coils have different specifics depending on the orientation of the
feeding currents. Indeed, from a magnetic point of view, if currents feed
both coils in the same directions (Fig. 9a), the magnetic fields generated
by each strand will cancel each other in their interface and yield virtu-
ally no external magnetic field. However, a new interaction zone is
created at their interface when the two half coils are fed with current in
opposite directions (Fig. 9b). With this newborn interaction zone, the EC
effect will be more substantial. Moreover, the difference in electric
resistance between one single coil and two halves of the same coil is that
the dual coil combination will have half the resistance of the longer one

(a)
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and produce less ohmic heating effects. The longer the wire, the more
resistance there will be.

In summary, while a single coil generates a magnetic field of high
intensity in its inner longitudinal direction and less affects the sur-
rounding volume, a dual-coil configuration can obtain a more uniform
magnetic field in the vicinity of the outer space surrounding the coil,
where the interaction with the moving electrode is the most needed to
generate the EC effect. Of course, the shorter the sub-coils, the greater
the chances of interaction. However, the fragmentation process should
not be carried too far to avoid having tiny, short coils with reduced
electromagnetic effects. A good compromise should be reached in that
case.

For practical considerations, five distinct coils with 180 turns each
were considered a suitable replacement for one single coil with a total of
900 turns. For this research, AWG-22 coated copper wire with a diam-
eter of 0.8 mm was used to produce the magnetic field in the ECD. While
keeping the same overall number of turns, two different designs of coils
were considered and numerically analyzed using COMSOL Multiphysics
software. The first design consisted of one single solenoid with 900 turns
(Fig. 10a), whereas for the second case, five solenoids with 180 turns
each (Fig. 10b) were used, respectively. A 3D SolidWorks model was
developed and then exported to COMSOL’s magnetic field interface for
each of these configurations.

To simulate the damping system, various domains were created
using COMSOL software. These domains included the plastic holder,
metallic core, magnetic coils, and an infinite spherical element to
represent the air surrounding the excitation system (Fig. 11). The soft-
ware’s built-in physically controlled meshing was used to develop the
mesh, which consisted of almost 104,553 tetrahedral elements and
20,486 triangular elements. The mesh’s quality was deemed satisfactory
as the average skewness was found to be 0.59, which is greater than the
minimum value of 0.01 required, as reported in [27]. The materials for
each domain were chosen from COMSOL’s material library.

Two simulations were conducted with an excitation current of 2-A
for each of the coils mentioned above, and contour plots of the result-
ing magnetic field are presented in Fig. 12. As previously expected, the
fragmentation of the long coil into several short ones and feeding them
with currents in opposite directions to generate magnetic polarities of
the same type at the interfaces (such as N-S, S-N, N-S, S-N, N-S), fo-
cuses the magnetic field in the outer space at the vicinity of the coils,
which is the region where the electrode will move and where the EC
effect is expected to occur.

3.2. Design of the magnet holder

Designing a damper coil holder requires considering several aspects,
such as the material, size, shape, and the environment in which it will be

(b)

Number of turns: N

J

Fig. 7. Magnetic field and lines of flux generated by a single solenoid. (a) Realistic representation; (b) Symbolic representation.
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Fig. 9. Magnetic field obtained from the association of two halves of coils. (a) Feeding currents flowing in the same direction; (b) Feeding currents flowing in

opposite directions.

used. Indeed, properly supporting the coil will extend its life and
improve its working performance. The coil holder, commonly called the
core, is a fundamental part of any magnetizing system. From a
geometrical point of view, it should be designed to hold the coil securely
in place while allowing for easy installation and removal if necessary,
and it should also integrate seamlessly with the rest of the assembly.
From a material point of view, the core should be metallic to increase the
magnetic field produced by the coil. Adding a piece of ferromagnetic
material, such as iron, in the center of the coil can considerably increase
the magnetic field. Soft steel is often used as the core material for
electro-magnets because it has a high magnetic permeability and low

residual magnetism. To accommodate five different coils, the core needs
to be designed to facilitate easy and cost-effective manufacturing.
Therefore, a set of six metallic rings, 2 mm thick, were welded equi-
distantly on a 55-mm mild steel pipe to form the core of the five sole-
noids. Finally, 180 turns of 0.8-mm AWG-22 coated wire copper were
wound around each of the five sections of the metallic core to form five
different electro-magnets.

The plastic core holder that fixes the set of coils to the damper’s body
was designed in two identical halves and 3D-printed (Fig. 13). To
enhance the mutual bonding of the two parts and ensure good posi-
tioning between them, a tongue (bead) was made on one side and a
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(b)

Fig. 10. Arrangement of the magnetic coils: (a) one solenoid with 900 turns; (b) five solenoids with 180 turns each.
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Fig. 11. COMSOL model of a magnetic field.

Fig. 12. Contour plots of the magnetic field density: (a) single coil, (b) five coils.
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Fig. 13. Components of the magnetic field excitation system.

groove on the other. Mounting brackets were added to each part to allow
bolts to join them together. Lateral openings were provided to allow
enough ventilation of the coils. Restricting airflow will reduce their ef-
ficiency. Sharp edges were avoided everywhere; instead, rounded edges
were used to prevent injury.

4. Experimental setup of the ECD
A custom-made testing rig was designed and developed to validate

the efficiency of the proposed ECD. The testing setup (Fig. 14) consisted
of two thick parallel plates with four long neck flanges at each corner to

|

. Load Cell
. Coils & Holder
. LVDT Extension
. LVDT Sensor
. Guiding Rails
. Copper Pipe

. Scotch-Yoke Plate

. Sliding Bearing

make a stable frame that would not affect the readings’ accuracy.
Moreover, a sliding mechanism composed of a Scotch yoke plate sup-
ported by two linear bearings was used to transform the continuous
rotational motion of the disk into the damper’s linear sinusoidal motion.

As portrayed in Fig. 15, two different sensors were mounted on the
system to read the experimental data and quantify the efficiency of the
ECD damper. First, a linear variable differential transducer (LVDT)
(from Loadstar, model number LVDT-100 M—A) with a 100-mm reading
range was installed between the top of the damper’s body and the low
end of the conductor pipe. This LVDT sensor recorded the damper’s
linear displacement (with an overall error of 0.02 % on a full scale). The

Fig. 14. Experimental setup of the ECD.
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Fig. 15. Different types of sensors mounted on the test rig.

second sensor was an S-Beam Load Cell Sensor (from Loadstar, model
number RAS1-500S-S) with an overall error of 0.02 % on the full scale. It
was fixed in series between the uppermost part of the frame and the top
of the damper’s body to measure any changes in the damping force
among the testing intervals. Finally, a variable frequency controller
(VFC) from Schneider (model number 3 kW-ATV312HU30N4) was
connected to a three-phase 1.87 kW VEMAT motor to maintain a fixed
rotational speed of 25 rpm during all tests. The tests were carried out
while the ECD was supplied with a current varying from 0 to 5 A. Several
readings were taken for each case at the same speed to ensure validity
and repeatability.

5. Results and discussion

Once the test rig had been completely mounted and tuned, two ex-
periments were conducted on the combined VFD-ECD device without
and with an excitation current. Each test subjected the damper to a
periodic load from the sliding motor setup, in which the speed was kept
at a constant value. Meanwhile, the electric current applied to the coils
was increased from 0 to 5 A at a step of 1 A, but the value remained

constant during each experiment. Fig. 16 portrays examples of the
experimental results obtained from the displacement sensor (LVDT)
readings for the case of an excitation current of 0 A and 1 A.

A Scotch yoke (sometimes called a slotted link mechanism) isa
mechanism with a reciprocating motion designed to convert a disc’s
rotational motion into the linear motion of a slider and vice versa.
Compared with other mechanisms using reciprocating motion, the
Scotch yoke mechanism has several advantages, such as the reversibility
of the motion, easy assembly and operation, and smoother operation due
to fewer moving components. However, it also has several disadvan-
tages, including the need for precision machining, high wear and tear on
the sliding components, and the potential for high-impact forces.
Moreover, because the lever had a greater length at the ends of the
stroke, a certain level of force produced more torque at the extreme
points of the path of motion than in the middle. Because of its con-
struction, the Scotch yoke mechanism has a controlled displacement
with a fixed amplitude. In the actual configuration, the translating pin
was set to have a radius of 50 mm, limiting the peak-to-peak amplitudes
for both displacement graphs (Fig. 16) to 100 mm.

Even though the peak-to-peak amplitudes remained constant, an
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Fig. 16. Experimental results of the LVDT readings: Displacement vs. time for I=0A and I =1 A.
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analysis of the variation in the shape revealed that an increase in current
excitation intensity is found to create a time delay in the response of the
driven mechanism. By applying a numerical derivative twice, the ac-
celeration of the moving mechanism was computed and displayed in
Fig. 17.

One can see that after feeding the coils with an excitation current, the
EC phenomenon produced by the interaction of the moving copper
electrode and the magnetic field generated more drag effects that slowed
down the motion of the moving parts and reduced its acceleration. The
previous curves showed a decrease in the acceleration’s peak amplitude
from around 3.0 m/s? to 2.45 m/ sz, i.e., a reduction of about 18 % in the
peak value. This preliminary result practically confirmed the effective-
ness of the ECD when added to the VFD for reducing the disturbance
transmitted through the damping device. However, as portrayed in
Fig. 18, any further increase in the current was insignificant as the limit
of acceleration limit was reached. This is the magnetic saturation phe-
nomenon discussed earlier in the introduction. When an increase in the
external magnetic field does not increase the material’s magnetization
beyond a specific value, the total magnetic flux density levels off, a state
known as magnetic saturation.

To better understand the EC effect, the results obtained from the
force sensor for the cases with an excitation current of 0 A and 1 A are
displayed in Fig. 19.

A glance at the force-time graphs in Fig. 19 shows the nonharmonic
behavior of the force sensor readings. The distortion observed in this
graph is most probably due to two phenomena: the damper’s internal
functioning and the way it was driven. Indeed, the Scotch yoke mech-
anism used in this test rig was theoretically supposed to convert the
constant-speed rotational motion of the disc into the pure harmonic
oscillatory linear motion of the damper. However, because of the non-
negligible weight of the moving mechanism (the Scotch yoke and two
linear bearings), the cycle’s limits are always accompanied by extra
shocks that distort the shape of the force graph’s waves. The internal
malfunction will be discussed later.

Despite this unusual finding, one can see that the amplitude of
maximum force increased with an increase in the current feeding the
solenoids. When the current increased from O to 1 A, the driving system
required approximately 12 % more force (from 180 N to 202 N) to move
the VFD rod over the same distance (100 mm). This result confirmed the
ability of the ECD to have a noticeable effect on the original VFD.

Driving the damper by the prescribed displacement waveform dis-
played in Fig. 16 results in a force-velocity loop represented in Fig. 20.
Several cycles of loading/unloading curves are plotted. From a first look,
one can see that the curves are not symmetrical, shifted upward from the
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origin, and not superposing with each other.

The fundamental velocity-dependent nature of damping combined
with physical nonlinearities introduce asymmetry into the force-
—velocity curve, making it not symmetric, with different damping
behavior for the compression (bump) and extension (rebound) cycles.
This asymmetrical relationship can be attributed to several factors. First,
it is crucial to acknowledge that automotive dampers are designed to
counteract dynamic loads and dissipate energy only at the rebound.
Indeed, contrary to what is commonly understood, when the vehicle
rolls over a bump, the spring absorbs the initial compressive excitation.
This fact naturally breaks the symmetry of the device. However, in our
case, the asymmetry is amplified by various internal parameters, such as
manufacturing imperfection. Moreover, contrary to most cases, the
force-velocity curve is not centered around the origin, which pinpoints
an internal problem inside the damper.

Hysteresis in the force-velocity graph of a damper refers to the
phenomenon where the damping force experienced for a given velocity
depends on the direction of motion. To recognize hysteresis in the
force-velocity graph of a damper, one needs to look for a loop in the
graph. When the damper is compressed (negative velocity), the damping
force follows one curve. However, when the damper extends (positive
velocity), the damping force follows a different curve for the same ve-
locity magnitude. This creates a loop or hysteresis in the force-velocity
graph instead of a single curve. Hysteresis is unavoidable, but it can be
kept to a minimum by pressure tuning. Contrary to most cases where a
distinctive S-shaped curve is observed, the actual curves shown in
Fig. 20 show a totally different shape. Such a discrepancy is probably
due to poor manufacturing quality.

A closer look at the force-velocity graph for one loading cycle is
displayed in Fig. 21. One can see that the damping force increases lin-
early at low damper velocity. The same linear behavior is observed when
the VFD is combined with an ECD. In that case, if the excitation current
is 1A, there is a 22 % increase in the slope.

Finally, the maximum force amplitude was measured for different
magnetic excitation currents, ranging from 0 to 5 A, with astep of 1 A. In
order to reduce the experimental error and ascertain the results’ accu-
racy, the experiment was repeated three times each for all six excitation
currents. The average value of the force amplitude was then computed
for the three trials and plotted against the excitation current, as shown in
Fig. 22.

The EC effect was quickly noticed in the presence of electric exci-
tation of the magnetizing system, and a sudden jump was clearly
recorded. However, any further increase in the current did not push that
limit further. Because of magnetic saturation, the maximum damping
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Fig. 17. Double derivatives of the experimental LVDT readings: Acceleration vs. time for[=0A and I =1 A.
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Fig. 22. Amplitude of the driving forces vs. excitation current.
force of 202 N remained nearly identical for the different excitation such as the material type and the magnetic excitation amplitude, can

currents. also affect magnetic saturation. To quantify these effects, the time a

Increasing the thickness of the moving copper electrode is generally magnet took to slide along an inclined plate (the sliding time) of

beneficial for overcoming magnetic saturation. However, other factors, aluminum and copper was recorded in our lab. The results are
Table 1
Time taken to slide over inclined plates of different materials and thicknesses.
. Thickness | Trial 1 Trial 2 Average
Material . . .
(mm) time (s) time (s) time (s)
Copper 1 2.63 2.53 2.58
Aluminum 1 1.62 1.66 1.64
Aluminum 3 2.85 2.70 2.77
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summarized in Table 1.

As a result of the previous elementary experiment, one can conclude
that a threefold increase in the thickness increased the sliding time by
69 %. Contrary to what was expected beforehand, the relationship be-
tween the conductor’s thickness and the EC effect was nonlinear. This
behavior mainly occurred because the ECs were concentrated close to
the surface nearest to an excitation coil, and their strength decreased
exponentially with depth, which is called the skin effect. Indeed, the
depth to which the ECs can penetrate a material is influenced by the
excitation current’s frequency and the specimen’s magnetic perme-
ability and electrical conductivity. The penetration depth decreased
with conductivity, frequency, and magnetic permeability increase.
Therefore, increasing the thickness of a metal conductor can increase its
saturation level, but there is a limit to the amount of magnetic field that
can be induced in a material, so increasing the thickness beyond that
limit will not result in any additional magnetic induction.

6. Conclusions

In conclusion, enhancing the efficiency of a shock absorber and
increasing its ability to absorb shocks by relying on the EC principle was
proved in this study. A manufactured ECD magnetic excitation system
surrounded a commercial viscous damper and was then experimentally
tested to examine its efficiency. Firstly, three different designs for the
magnetic circuit were proposed and modeled numerically using COM-
SOL’s magnetic field interface. The numerical investigation revealed
that five sets of coils were better than one set of coils in terms of the
magnetic field’s density. The selected excitation system was manufac-
tured and assembled with a VFD to develop the desired ECD. The ECD’s
behavior was investigated experimentally using a reciprocating motor
with a sliding bearing. The test was made at a fixed speed while the
magnetic excitation current was increased in steps of 1 A from 0 Ato 5 A.
The test investigated the contribution of the magnetic drag force and its
effects on the ECD’s damping effect. Besides the disturbance introduced
by the damper’s quality and the test rig’s imperfections, the results
confirmed the dependence of the damping force on the excitation cur-
rent feeding the magnetizing system.

Furthermore, at 1 A, the damping force increased by 12 % compared
with the case without excitation. However, the forces stayed almost the
same over the rest of the excitation currents. The EC system reached
magnetic saturation, which prohibited any further increase in the
damping forces. Increasing the thickness of the copper tube may be a
simple way to overcome this limitation practically.
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