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Abstract

Numerous studies have proven that the performance of vehicle suspension can be benefited by an inerter in parallel to conventional
spring-damper setup, yet its usability in passenger vehicle suspension is still limited by practical consideration in physical implementa-
tion. One way of achieving better physical implementation of the parallel inerter suspension layout is to exploit the inerter’s flywheel as a
metallic conductor to integrate passive damping in the form of a rotary eddy current damper. However, the feasibility of eddy current
damping in this specific application remains unknown. This study investigates the applicability of eddy current damping incor porated in
an inerter in terms of the achievable damping rates as required in typical passenger vehicle suspensions. In the study, passive eddy cur-
rent damping due to constant magnetic field around the flywheel of a mathematically designed inerter was computed through simulation,
and the range of achievable damping rates due to parametric variations, for instance air gap and magnetic coverage, was evaluated. Re-
sults of the parametric analysis showed that the induced eddy current damping from a rack-and-pinion inerter’s flywheel, considering the
designed inertance as prerequisite, was at least capable of achieving 1500 Nsm™. As the achievable damping was within the range of
suitable damping rates for typical passenger vehicles, rotary eddy current damper was deemed applicable in passenger vehicle suspension

employing parallel inerter.
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1. Introduction

In essence, a typical suspension system consists of both a spring
element and a damping element to provide vibration isolation to a
sprung mass. The spring supports the static load of the sprung
mass and stores the system energy due to vibrations, while the
damper dissipates the energy to dampen the sprung mass response.
For a vehicle suspension, the working of spring and damper serves
the important purposes of isolating the vehicle body from ground
vibrations for good ride performance, as well as maintaining con-
sistent tire-road contact for good road holding performance [1].

In the recent decade, numerous studies have shown that the ride
performance of a vehicle suspension can be enhanced by an addi-
tional suspension element called the inerter [2-7]. The inerter is a
two-terminal suspension element like spring and damper, but with
the property that the force applied at its two terminals is directly
proportional to the relative acceleration between the terminals [8],
such that:

F =b(a; —a,) )

in which F is the inerter force, a; and a, are the accelerations of
the terminals, and b is a proportionality constant known as the
inertance which is again analogous to other suspension properties
like spring stiffness and damping rate. The inerter is essentially a
two-terminal mass that is achieved through the use of a rotating
flywheel and some mechanisms, such as ball-screw and rack-and-

pinion, to achieve the conversion between rotational motion of the
flywheel and the translational suspension deflection.

Although the ride performance benefit brought by an inerter in
vehicle suspension has been well-proven in the above mentioned
studies, its usability in passenger vehicle suspension is currently
limited due to practical consideration in its physical implementa-
tion. While a physical inerter device is definitely possible as
demonstrated experimentally [9], its actual addition on passenger
vehicle suspension is less practical considering the space con-
straint around the vehicle suspension system. To elaborate, with
the parallel inerter layout, it is not realistic to directly add an in-
erter in parallel to existing spring and damper due to physical
space limitation. One way of solving this issue of parallel inerter is
to integrate into it the required passive damping in the form of a
rotary eddy current damper. Eddy current damping is a specific
form of electromagnetic damping in which the energy from vibra-
tion is dissipated due to the flow of eddy current in a metallic
conductor under electromagnetic induction. This form of passive
damping has been proven to be applicable in passenger vehicle
suspension [10]; however, the applicability is only valid for linear
eddy current damper. Meanwhile, rotary eddy current damper in
passenger vehicle suspension has unfortunately never been studied
in depth, especially in the context of this specific incorporation in
a parallel inerter.

Following this, it appears important that this study investigates the
applicability of rotary eddy current damper in passenger vehicle
suspension considering parallel inerter, in terms of the achievable
damping rates. In the study, rotary eddy current damping was
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incorporated in an inerter by introducing constant magnetic field
to the rotating flywheel which served as a metallic conductor.
Through a comprehensive parametric analysis involving variations
of several electromagnetic-related parameters, it was found that
the integrated eddy current damping was capable of achieving
suitable damping rates for typical passenger vehicles, and thus its
applicability in passenger vehicle suspension was confirmed.

2. An Overview of Eddy Current Damping

From the energy point of view, the damper in a suspension system
functions as an energy dissipater as it dissipates the unwanted
vibrational kinetic energy of the system to the surrounding. In a
passive vehicle suspension, conventionally a fluid damper is used,
and damping is achieved through the viscosity of the fluid within
the damper. For fluid or viscous damper, the kinetic energy is
converted to thermal energy, and later dissipated as heat, due to
the resistance to motion as a result of the fluid viscosity. Besides
viscous damping, another way of achieving damping effect is to
utilize electromagnetic induction to convert the unwanted Kkinetic
energy from the system’s vibration or movement to electrical en-
ergy before extracting the electrical energy out from the system.
This type of damping is generally known as electromagnetic
damping [11]. Eddy current damping is basically a specific form
of electromagnetic damping in which the converted electrical en-
ergy is simply dissipated due to eddy current. For an eddy current
damper, the induced electrical current, in this case the eddy cur-
rent, simply flows in an electrical conductor [12], causing the
converted electrical energy to be dissipated through resistive heat-
ing.

In the simplest description, eddy current is the current induced in a
conductive material in the presence of a magnetic field. Due to the
electrical resistance, the induced current will be dissipated into
heat at the rate of 1°R [13], in which I is the current and R is the
resistance of the conducting material. Dynamically, the interaction
of eddy current with the magnetic field will result in a reaction
force [14]:

F=]xB 2

in which F is the Lorentz force, J is the current density which is
representative of the induced eddy current, and B is the magnetic
flux density of the externally applied magnetic field. When acting
in a suitable direction, this serves as the damping force to the sys-
tem as it opposes the system’s motion.

The potential of eddy current damping to be used as a source of
passive damping in vibration systems can be shown by some fun-
damental studies. For instance, the damping contributed by eddy
current in the well-known vibrating cantilever beam problem has
been investigated in the past [13,15]. These studies tested single
and multiple permanent magnets that were mounted near a con-
ducting sheet attached to a cantilever beam to evaluate the beam’s
response. It was determined that the presence of eddy current
damping increased the damping ratio significantly compared to the
structure’s initial damping and thus provided sufficient damping
force to quickly suppress the beam’s vibration. For the above stud-
ies, the resulted eddy current damping effect acted as passive
damping due to the constant magnetic field provided by perma-
nent magnets. However, extending from the above, variable damp-
ing for an eddy current damper has also been shown possible
when the magnetic flux density is varied, either through controlled
positioning of magnetic source [16] or by directly variable mag-
netic source [17].

In the scope of passenger vehicle suspension, the applicability of
eddy current damping has only been recently studied [10]. In this
relevant study, a linear eddy current damper, consisting of a mag-
net-slotted mover and a hollow cylindrical aluminum conductor,
was compared to existing vehicle suspension dampers to analyze
its achievable damping. It was shown that a full-scale eddy current
damper attained comparable damping force in compression, but

less in extension, relative to fluid dampers. In a later study [18],
the linear eddy current damper was applied as a source of passive
damping, auxiliary to an active electromagnetic damper, to form a
hybrid electromagnetic damper, with the intention that the passive
eddy current damping provided reliability to the active electro-
magnetic damper in the case of power breakdown. Similarly, the
study stated that by introducing eddy current damping to the hy-
brid electromagnetic damper, a passive damping typical of pas-
senger vehicle application, approximately 1570 Nsm™, can be
achieved to act as fail-safe guarantee to the active part.

3. Feasibility of Eddy Current Damping in
Vehicle Suspension

It can be seen that the capability of eddy current to provide damp-
ing effect has been proven for fundamental vibration problem as
well as specifically to passenger vehicle suspension application.
However, it must be noted that the proven feasibility strictly only
points to linear eddy current damper. Meanwhile, rotary eddy
current damper has, at best, only been explored remotely as elec-
tromagnetic brake [14] which obviously has vastly different re-
quirements. The use of rotary eddy current damping as suspension
damper has never been evaluated before, never mind the consider-
ation of its use along with a parallel inerter.

In this study, the applicability of rotary eddy current damper in the
form of achievable damping rates was investigated, with the con-
sideration of an interesting concept that the damping was incorpo-
rated in an inerter for parallel suspension layout. Conceptually,
rotary eddy current damping can be conveniently achieved in a
typical flywheel-based inerter (Figure 1(a)) by exploiting the rotat-
ing flywheel, which is usually metallic, as the electrical conductor
for eddy current induction in the presence of magnetic source such
as permanent magnets (Figure 1(b)). While this concept provides
the fundamental feasibility, its suitability to be used in passenger
vehicle suspension, or the applicability, is worth analyzed as de-
scribed subsequently.

magnetic

field

flywheel

1

(a) (b)
Fig. 1: (a) The schematic diagram of a typical flywheel-based inerter, and
(b) the incorporation of rotary eddy current damping through the addition
of permanent magnets

3.1. Mathematical Design of Inerter

A particularly crucial prerequisite for this applicability study on
rotary eddy current damper is the predetermination of the fly-
wheel’s dimensional parameter values based on the required in-
ertance of the inerter. The determination of required inertance for
optimum vehicle ride performance can be carried out using the
two-degree-of-freedom quarter vehicle model as represented
schematically in Figure 2 and mathematically by (3) and (4):

msZs = k(zy — z5) + c(Zy — Z5) + b(Z, — %) (3)

myz, = kt(zg - Zu) - k(zu - Zs) - C(Zu - Zs) - b(zu - Zs) (4)
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Fig. 2: The schematic representation of a quarter vehicle model

in which mg, m, are the sprung and unsprung mass values, z;, z, are
the vertical sprung and unsprung mass displacements, z, is the
ground displacement due to road input, k; is the tire’s vertical
stiffness, while k, ¢, b are the suspension’s spring stiffness, damp-
ing rate and inertance. In the study, a quarter vehicle model with
the following passenger vehicle parameters was considered: mg =
317.5 kg, m, = 45.4 kg, k = 22000 Nm™, ¢ = 1500 Nsm™, and k, =
192000 Nm'®. Meanwhile, for inertance, a wide range from b = 0
kg to b = 320 kg was tested, similar to a relevant past study on
vehicle suspension with parallel inerter [5]. By analyzing the vehi-
cle responses due to a 0.1 m step road input and a random smooth
road input with the stated range, the required inertance was deter-
mined to be b = 6 kg, based on optimum ride performance which
translated into minimum root-mean-squared sprung mass accelera-
tion. This inertance value became the basis for the subsequent
determination of the flywheel’s dimensional parameter values.

In selecting appropriate dimensional parameter values of the fly-
wheel of inerter, two most commonly used rotational-to-
translational conversion mechanisms in an inerter were considered,
namely the ball-screw mechanism and the rack-and-pinion mech-
anism. Both resulted inerter types are still flywheel-based, and the
core element (flywheel) which gives rise to inertance remains the
same. Assuming the typical cylindrical flywheel structure, the
equivalent inertances due to design parameters of a ball-screw
inerter and a basic rack-and-pinion inerter with only a single pin-
ion were respectively derived to be:

b=n3pt(d,* —d;*)/8p (5)
b =mnpt(d,* —d;*)/8d,* (6)

in which d, is the flywheel’s outer diameter, d; is the inner diame-
ter (for a hollow cylindrical flywheel structure), t is the thickness
of the flywheel, p is the flywheel’s material density, p is the pitch
of the ball-screw for this mechanism, and d, is the pinion diameter
of the basic rack-and-pinion mechanism. It can be seen that most
design parameters are related to the dimensions of the flywheel.
For these design parameters, suitable ranges of values were as-
signed as in Table 1.

Table 1: Ranges for the Design Parameters

Parameter Range of Values

Outer diameter, d, (m) [0.100 — 0.150]

Inner diameter, di (m) [0.010 — 0.020]

Thickness, t (m) [0.005 — 0.020]

Density, p (kgm™) [2700, 8900, 7800]

Pitch, p (m) [0.002 - 0.010]
(ball-screw only)

Pinion diameter, d, (m)
(rack-and-pinion only)

[0.020 — 0.040]

These ranges were determined based on reasonable implementa-
tion in passenger vehicle suspension. For instance, the range of
outer diameters was selected by considering typical diameters of a
suspension strut as well as the need of including a cylindrical fly-

wheel in the setup. Meanwhile, the millimeter range and centime-
ter range of the ball-screw pitch and pinion diameter were meant
to emulate commonly available ball-screws and pinions for the
respective mechanisms. Lastly, the discrete density values of the
flywheel were based on three common metallic materials, namely
aluminum, copper and steel. With the exception of steel that was
considered due to it being a widely available conducting material,
the other metallic materials were considered as they were specifi-
cally employed in eddy current induction due to their very high
electrical conductivities.

Using these ranges, a comprehensive exploration of the design
space was carried out, obviously with the goal of finding the suit-
able set of [d,, dj, t, p, p] and [d,, d, t, p, dp] such that the required
b = 6 kg was obtained. Secondarily, a small flywheel mass should
also be fulfilled, since an ideal inerter should be massless, similar
to other suspension elements like spring and damper. Assuming
cylindrical flywheel, the mass m was easily derived as:

m = npt(d,” — d;*)/4 (7

Since the inertance and mass definitions were directly computable,
it was possible to determine every combination of parameter val-
ues within the ranges for a sufficiently fine resolution. Of the
many combinations of parameter values (design points), a design
point was selected each for ball-screw type of inerter and rack-
and-pinion type of inerter. For the former, the selected point was:
do = 0.123 m, d; = 0.017 m, t = 0.005 m, p = 2700 kgm™ (alumi-
num), and p = 0.002 m which resulted in b = 5.9858 kg and m =
0.1573 kg. Meanwhile, for the latter, the desirable point was: d, =
0.146 m, d; = 0.020 m, t = 0.005 m, p = 2700 kgm™ (aluminum),
and d, = 0.020 m which resulted in b = 6.0199 kg and m = 0.2218
kg. With the required inertance fulfilled, these two sets of design
parameter values, especially the dimensional values, would then
be adopted in rotary eddy current damper analysis.

3.2. Electromagnetic-Related Parametric Analysis

In the applicability analysis of rotary eddy current damper in pas-
senger vehicle suspension, the damping characteristics and, most
critically, the achievable rates of linear passive damping from the
incorporated rotary eddy current damping were evaluated. De-
scribing in general, this was done by solving computationally the
situation of rotary eddy current damping due to the presence of
constant magnetic field to obtain the rotational damping character-
istics for some design configurations (parametric variations) be-
fore deriving the linear damping rates.

The parametric analysis considered a fundamental rotary eddy
current damper model, as shown in Figure 3, to represent the in-
corporation of eddy current damping using the cylindrical fly-
wheel of an inerter. The model was made up of the cylindrical
aluminum flywheel as the electrical conductor, based on the mate-
rial density and dimensional parameter values determined previ-
ously for the fulfillment of inertance, and a pair of high-magnetic-
strength permanent magnets as the constant magnetic source. Alt-
hough the modeling was clearly a basic one and by no means
served as a representation of the detailed physical construction, it
was deemed adequate for applicability study as the model still
captured the fundamental working principle of the incorporated
rotary eddy current damper.
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Fig. 3: Illustration of the rotary eddy current damper model

For this parametric analysis, a total of seven electromagnetic-
related eddy current damper design parameters were considered,
namely (i) air gap between magnet and conductor, (ii) magnet
configuration (poles’ arrangement), (iii) type of coverage of the
magnetic source, (iv) magnet material, (v) height of magnet, (vi)
number of magnet segments, and (vii) physically allowable shape
of magnet for this model. These electromagnetic-related design
parameters were expected to have effects on the intensity of eddy
current induction and consequently on the achievable eddy current
damping. Concerning these seven parameters, comprehensive
ranges of values or selections were taken into consideration in
order to have comprehensive parametric variations. These are
stated in Table 2.

Table 2: Variations of Electromagnetic-related Parameters

Parameter
(i) (i) (iii) (iv) v) (vi) (vii)
2mm Opposite poles Partial Neodymium-iron-boron (NdFeB) 5mm 1 segment Arc
4 mm Like poles Complete Samarium-cobalt (SmCo) 10 mm 2 segments Circular
6 mm Single pole 15 mm 4 segments
8 mm 20 mm
10 mm

Of the many possible combinations of parameter values or selec-
tions, a reasonable one was taken as the reference design or base
design. This involved the following: (i) 2 mm of air gap, (ii) mag-
net pair with opposite poles facing each other (for mostly axially-
oriented magnetic field), (iii) partial magnetic field coverage, (iv)
neodymium-iron-boron (NdFeB) as magnet material (strong mag-
netic field strength), (v) 10 mm magnet height, (vi) single magnet
segment, and finally (vii) the original arc magnet shape as in Fig-
ure 3. In addition to this electromagnetic-related base design, both
ball-screw and rack-and-pinion rotational-to-translational conver-
sion ratios, as determined from the selected pitch and pinion di-
ameter previously, were also considered. Starting with the base
design, the model was repetitively solved using ANSYS® Max-
well to compute the opposing or damping torques acting on the
moving flywheel for a wide range of constant rotational speeds.
This allowed the determination of the complete torque-speed
characteristic, which was effectively the rotational damping char-
acteristic for the base design. The same approach was then execut-
ed for each parametric variation, in which each concerned parame-
ter in Table 2 was varied while retaining others at the base values
or selections. Finally, through the respective rotational-to-
translational conversion ratios as mentioned above, the achievable
linear damping due to rotary eddy current damper model was de-
termined as achievable damping rates.

3.3. Achievable Damping Characteristics and Damping
Rates

With the computational work outputting the necessary numerical
results, the analysis on the applicability of rotary eddy current
damping in passenger vehicle suspension could be carried out.
Firstly, the torque-speed characteristics due to rotary eddy current
damping, considering ball-screw and rack-and-pinion conversion
mechanisms, were obtained as shown in Figure 4(a) and Figure
4(b) respectively.
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Torque-speed Characteristic for Eddy Current Damper
with Ball-screw Mechanism
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Fig. 4: The torque-speed characteristic due to eddy current damping con-
sidering (a) ball-screw mechanism and (b) rack-and-pinion mechanism of
the inerter

Because the torque-speed characteristic is effectively the rotation-
al damping characteristic of a rotary eddy current damper, Figure
4 basically describes the damping curve unique to eddy current
damping. Generally, the complete eddy current damping curve is
non-linear and consists of two regions separated by a maximum
point. In the beginning region, the damping effect is mostly linear,
because the induced eddy current in the electrical conductor under
the presence of a constant external magnetic field varies only pro-
portionally with the magnitude of the conductor’s motion (rotation
in this scenario). At the same time, the reaction magnetic field
caused by the eddy current itself is basically insignificant. How-
ever, with a continuous increase in rotational speed, this reaction
magnetic field becomes more significant and interferes with the
external magnetic field. Therefore, although the damping torque
continues to increase, it does so at continually slower rate until the
maximum damping torque is reached. In the second region, the
interference between the external and reaction magnetic fields
actually weakens the resultant flux density, hence the decreasing
trend of the damping curve. The obtained torque-speed character-
istics were found to agree well with the above description which
can also be seen in an electromagnetic brake [14].

Considering that a decreasing trend in damping characteristic at
high damper operating speeds is undesirable for suspension appli-
cation, only the beginning region, from 0 rads™ to 100 rads™ in
which the linear relationship was generally valid, was chosen for
the determination of the rotational damping rate for the base de-
sign. Firstly, for eddy current damper involving ball-screw mech-
anism, first order (linear) curve-fitting of the said beginning re-
gion, considering interception at the point of origin to satisfy typi-
cal requirement of a damping curve, resulted in a rotational damp-
ing rate (gradient) of 0.0232 Nms.rad? with a high R? value of
0.9851 (Figure 4(a)). Meanwhile, for the case with rack-and-
pinion mechanism, the same first order curve-fitting of the rele-
vant beginning region gave a rotational damping rate of 0.0464

Nms.rad™, with a similarly high R? value of 0.9735 which indicat-
ed an accurate capture of the damping curve (Figure 4(b)).

Due to the rotational-to-translational conversion mechanisms orig-
inated from the inerter, the rotational damping effect from the
rotary eddy current damper model can be converted to the transla-
tional or linear damping as seen in a vehicle suspension, with the
linear damping rate abiding the following direct relations respec-
tively for ball-screw mechanism and rack-and-pinion mechanism
adopted in this study:

Ctranslational = (zn/p)zcrotational (8)

2
Ctranslational = (z/dp) Crotational (9)

in which Crotational @Nd Cransiationar @r€ the rotational damping rate
and the corresponding translational or linear damping rate. Using
the predetermined values of pitch and pinion diameter during the
fulfillment of inertance, conversion back to the translational mo-
tion resulted in a linear damping rate of 228975 Nsm™ for eddy
current damper involving ball-screw mechanism, and a notably
different rate of 464 Nsm™ for the case with rack-and-pinion
mechanism. For the purpose of an initial comparison, the suspen-
sion damping of the passenger vehicle used in this study, accord-
ing to the specific vehicle parameter value from the quarter vehi-
cle model, has a rate of ¢ = 1500 Nsm™. Similarly, a past study on
semi-active suspension damper which tested the same passenger
vehicle adopted 900 Nsm™ and 1500 Nsm™ as the discrete switch-
able damping rates for the semi-active damper [19]. To add to
these, the linear eddy current damper feasibility study [10] men-
tioned earlier also stated that the required mean damping rate in
the range from 1500 Nsm™ to 2000 Nsm™ is acceptable for a pas-
sive suspension damper of a midsize vehicle. Judging from the
above, the linear damping rate generated from the ball-screw-
based eddy current damper seemed to be unsuitably high for the
application in passenger vehicle suspension, while the damping
rate generated from the eddy current damper with rack-and-pinion
mechanism seemed to be applicable based on the similar order of
magnitude to typical suspension damping requirement. However,
these can only be confirmed by considering as well the results of
parametric variations. The obtained damping characteristics due to
parametric variations are shown collectively as Figure 5 (involv-
ing ball-screw mechanism) and Figure 6 (involving rack-and-
pinion mechanism), while the corresponding rotational and linear
damping rates for cases with both mechanisms are summarized in
Table 3.

Basically, the capability of these electromagnetic-related paramet-
ric variations to produce different damping rates lies in the fact
that these parameters have notable effects on the magnetic flux
density which, in turn, has an effect on eddy current induction. As
a general observation, parametric variations which intensified the
external magnetic field notably, such as a greater number of mag-
net segments, an increase in magnet height and a decrease in air
gap, caused a greater achievable damping rate. In addition to this,
some other specific observations are also worth discussing here.
First of all, it was noted that the case with complete magnetic
coverage actually gave negligible rotational damping instead of
improving the situation. That was because the applied magnetic
field in the case of a complete coverage was symmetrical about
the axis of conductor’s rotation, and this prevented the flow of
eddy current. Conversely, eddy current will be generated if there
is asymmetry in the magnetic field about the rotational axis [20].
Secondly, it was observed that the magnet configuration with op-
posite poles facing each other (mostly axially-oriented magnetic
field) generated significant eddy current damping relative to the
much reduced damping from the alternative configuration with
like poles facing each other (mostly radially-oriented magnetic
field). This highlighted the importance of having suitable magnet-
ic field orientation, in addition to the requirement of being per-
pendicular to the conductor’s motion, to maximize the generated
opposing damping torque in a rotary eddy current damper. Finally,
it was noted that both arc and circular magnet shapes produced
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approximately the same achievable damping, with the former
slightly superior to the latter. Although this observation is also
dependent on the dimensional side of things, in general the slight-
ly greater damping due to the former shape was because a greater
portion of the magnetic flux was applied near the outer edge of the
flywheel conductor, hence the greater opposing torque. This is
relevant specifically to a rotary eddy current damper as opposed to
a linear counterpart.

Lastly, in terms of quantitative evaluation, for the rotary eddy
current damper model considering ball-screw mechanism, it was
found that the range of achievable linear damping rates, from 4935
Nsm™ to as much as 826086 Nsm™, was not applicable to passen-
ger vehicle suspension. However, the unsuitability was actually
due to the ball-screw rotational-to-translational conversion rather
than the eddy current damping itself. As a typical ball-screw’s
pitch is in the range of millimeters (0.002 m in this case), the con-
version ratio as in (8) is usually inappropriately large. Therefore,
even though the generated rotary eddy current damping seemed
reasonable, the converted linear damping effect was inappropriate-
ly enlarged such that it became not applicable to passenger vehicle
suspension. Apart from this, the typical ball-screw mechanism’s
inappropriate magnitude of conversion ratio also resulted in a very
narrow linear damping operating speed range from 0 ms™ to 0.1
ms? (+ 0.1 ms™ for both jounce and rebound directions), as trans-
lated from the working rotational speed range of 0 rads™ to 100
rads™. This narrow linear operating speed range was also found to
be unfavorable for vehicle suspension application, considering

that a suspension damper in a passenger vehicle can possibly
reach + 1 ms™ during actual operation.

Conversely, the outlook for rotary eddy current damper consider-
ing rack-and-pinion mechanism was much brighter. The same
parameter variations gave a range of achievable linear damping
rates from negligible value up to 1535 Nsm™, which effectively
resulted in good applicability in passenger vehicle suspension. It is
worth noting here that the generated rotational eddy current damp-
ing rates were actually quite similar to those obtained from the
cases with ball-screw mechanism; however, the notably different
outlook was mainly down to the use of rack-and-pinion rotational-
to-translational mechanism. With the pinion diameter typically in
the range of centimeters (0.020 m in this case), the resulted con-
version ratio was much smaller, and the converted linear damping
rates had the same order of magnitude as common suspension
damping rates of passenger vehicles. Additionally, based on the
same working rotational speed range, the translated linear damp-
ing operating speed range was determined to be from 0 ms™ to 1
ms? (+ 1 ms™ for both jounce and rebound directions), which
nicely matched the possible suspension damper speed during actu-
al operation as suggested above.

Table 3: Summary of the Achievable Damping Rates for the Rotary Eddy Current Damper Model

Parameter Varia- (Ball-screw) Rotational (Ball-screw) Linear Damp- (Rack-and-pinion) Rotational (Rack-and-pinion) Linear
tion Damping Rate, Crotational ing Rate, Ciranstational (NSm™) Damping Rate, Crotational Damping Rate, Ciransiational
(Nms.rad™) (Nms.rad™) (Nsm™)
Air gap
2mm 0.0232 228975 0.0464 464
4 mm 0.0152 150018 0.0343 343
6 mm 0.0101 99683 0.0208 208
8 mm 0.0085 83892 0.0148 148
10 mm 0.0051 50335 0.0117 117
Magnet configura-
tion
Opposite poles 0.0232 228975 0.0464 464
Like poles 0.0008 7896 0.0013 13
Single pole 0.0077 75996 0.0114 114
Coverage of mag-
net segment
Partial 0.0232 228975 0.0464 464
Complete 0.0005 4935 0.0009 9
Magnet material
Neodymium-based 0.0232 228975 0.0464 464
(NdFeB)
Samarium-Cobalt 0.0188 185549 0.0377 377
(SmCo)
Height of magnet
5mm 0.0102 100670 0.0217 217
10 mm 0.0232 228975 0.0464 464
15 mm 0.0319 314840 0.0747 747
20 mm 0.0408 402680 0.0845 845
Number of magnet
segment
1 segment 0.0232 228975 0.0464 464
2 segments 0.0499 492493 0.0890 890
4 segments 0.0837 826086 0.1535 1535
Magnet shape
Arc-segment 0.0232 228975 0.0464 464
Circular 0.0222 219105 0.0408 408
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Fig. 5: Torque-speed characteristics for rotary eddy current damper involving ball-screw mechanism, due to variations in (a) air gap, (b) magnet configu-
ration, (c) coverage of magnet, (d) magnet material, (€) height of magnet, (f) number of magnet segments, and (g) magnet shape
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Fig. 6: Torque-speed characteristics for rotary eddy current damper involving rack-and-pinion mechanism, due to variations in (a) air gap, (b) magnet
configuration, (c) coverage of magnet, (d) magnet material, (e) height of magnet, (f) number of magnet segments, and (g) magnet shape
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4. Conclusion

Summing from the above, it can be concluded that the applicabil-
ity of rotary eddy current damper exists in passenger vehicle sus-
pension that considers the inerter. The parametric analysis has
shown that the generated damping effect due to eddy current in-
duction can be intensified by variations of several electromagnet-
ic-related parameters that basically intensify the magnetic flux
density acting at the flywheel conductor, the most prominent ones
being an increase in magnet segments, increase in magnet height,
and reduction of air gap between magnet and conductor. More
importantly, the parametric analysis has also confirmed that, to-
gether with suitable rotational-to-translational conversion mecha-
nism of an inerter, a linear suspension damping rate of up to ap-
proximately 1500 Nsm™, which is suitable for passenger vehicle
suspension application, can be achieved from certain individual
parametric variation from the base design. Moreover, greater
damping rates can expectedly be obtained by multiple parametric
variations simultaneously, due to these parameters being inde-
pendent to one another in general. With the achievable damping
rates falling within those commonly used in passenger vehicle
suspension, the applicability of rotary eddy current damper is
therefore confirmed. Seeing the successful incorporation of pas-
sive eddy current damping in an inerter to have a practical parallel
inerter suspension layout, it is hoped that this study will inspire
further implementations of this suspension layout, such as a semi-
active suspension employing parallel inerter, with variable eddy
current damping through variable instead of constant magnetic
field.
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