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Abstract

This paper presents dynamics analysis of a regenerative shock absorber using a linkage mechanism as motion transmission
developed from a valid kinematics analysis. The main objective of this study is to obtain force and energy regeneration
properties, which is followed by regeneration efficiency. Physical based models are adopted from the structural design and
mathematical models are derived in order to conduct numerical investigations. Parameters are determined by estimation and
measurement, while sinusoidal displacement input and its derivations are used to study system behaviors. In fixed amplitude
and frequency, the total damping force is explored in time, displacement and velocity response, while regenerative power
is compared to mechanical power in time domain for gaining efficiency. The result shows that asymmetry occurs in force—
velocity curve which is influenced by mass inertias of epicyclic gears. In different amplitudes and frequencies, the damping
nature, harvested power and efficiency are studied and linked with regard to the proportion of mechanical and electrical force.
The result indicates that the electrical force has much contributed in low range of amplitudes and frequency, which is followed
by energy harvesting and regeneration efficiency.

Keywords Dynamics analysis - Force characteristic - Energy regeneration - Arm mechanism - Regenerative shock absorber

List of symbols Jep Moment of inertia of the rod CD
Je1, Ip1. Is1 Moment of inertia of the carrier, the
F Damping force planet gear and the sun gear in the
Fax, Fay, Faz Force acting on point A parallel to first stage of epicyclic gears
the X-, Y-, Z, axes Je2, Jp2, 52 Moment of inertia of the carrier, the
Fpx, Fpy, Fpz Force acting on point B parallel to planet gear and the sun gear in the
the X-, Y-, Z, axes second stage of epicyclic gears
Fex, Fey, Fez Force acting on point C parallel to Jeq Equivalent moment of inertia of the
the X-, Y-, Z, axes epicyclic gears
Fpx, Fpy, Fpz Force acting on point D parallel to JG Moment of inertia of the generator
the X-, Y-, Z, axes rotor
I Electric current Lapx, Lapy, Lapz Length of the rod AD with respect
to X-, Y-, Z-components
5 Ahmad Syuhri Lpcx, Lacy, Lpcz Length of the rod BC with respect
ahmad.syuhri @unej.ac.id to X-, Y-, Z-components
Widyono Hadi Lepx, Lepz Length of the rod CD with respect
widyono@unej.ac.id to X- and Z-components
Skriptyan N. H. Syuhri Ma, Mg Sum of moments of all external
skriptyan.syuhri @unej.ac.id forces acting about a fixed point A
and B
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ni, na

npil, Nr1, Nyl

np2, Nr2, Ns2

Total number of planet gears in the
first stage and the second stage of
epicyclic gears

Number of teeth of each planet
gear, the ring gear and the sun gear
in the first stage of epicyclic gears
Number of teeth of each planet
gear, the ring gear and the sun gear
in the second stage of epicyclic
gears

Tel, T'ed Radius of the carrier in the first
stage and the second stage
of epicyclic gears

T, T,., Tpg Torque of the generator, electric
load and epicyclic gears

Vv Electric voltage

1e%9) Angular acceleration with respect
to point O

el Angular velocity of the carrier in
the first stage of epicyclic gears

oG Angular acceleration of the gener-
ator rotor

f, f k Directions of the moving axes and
fixed to the X-, Y-, Z-axes

fo Rotation of the bottom plate with

respect to point O

Angular velocity of the carrier, the
planet gear and the sun gear in the
first stage of epicyclic gears
Angular velocity of the carrier, the
planet gear and the sun gear in the
second stage of epicyclic gears

Wcl, Wpl, Ws]

We2, Wp2, W2

WG Angular velocity of the generator
rotor
o Angular velocity of the bottom

plate with respect to point O

1 Introduction

The regenerative shock absorbers have recently attracted
great attention by many researchers since compromising with
a green energy in the case of automotive application. Beside
harvesting as much as energy from dissipated energy, the
RSA needs to maintain flexibility, to improve performances
and to utilize harvested energy in vehicle [1]. The RSA itself
generally consists of a transmission that transmit reciprocat-
ing motion into desired motion, and an electrical converter
that turns mechanical energy into electrical energy. Trans-
missions such as hydraulic motor, rack-pinion system, ball
screw mechanism and linkage mechanisms can be used for
converting linear motion into rotary motion, which is suitable
input for rotary generator [2]. Other transmission that alters

@ Springer

vertical input into axial output as developed by Hendrowati
et al. [3] can be used for inducing a multi layer piezoelec-
tric. However, the transmission may not be required in an
electrical converter such as a linear generator which gener-
ating electrical energy when a relative position between the
magnet array and the coils linearly cuts the magnetic line [4].

Force characteristic performed by the RSA is such a
unique and different compared with a traditional shock
absorber (TSA). In TSA, the damping force, which is mainly
influenced by hydraulic orifice compensation, has actu-
ally asymmetric and slightly hysteretic characteristic [5].
Asymmetry in rebound and compression of force charac-
teristic plays important role in terms of vehicle stability and
ride comfort [6,7]. In the case of RSA, for instance, rack-
pinion-RSA has symmetric, hysteretic and negative slope
characteristic in force—displacement loops that proportion-
ally comes from mass inertias and electric load [8,9]. Ball
screw-RSA exhibits similar properties with the rack-pinion-
RSA where it is identically formed by a negative stiffness
and a damping derived from acceleration and velocity func-
tions, respectively [4,10]. The following characteristics are
also occurred in linkage-RSA where a complex algebraic
mechanism with less mass inertia and friction is used to
convert linear motion into rotary motion [11,12]. Linear
electromagnetic-RSA has faintly hysteresis and highly sym-
metry derived from a velocity function of a linear generator
[13,14]. However, hydraulic-RSA has naturally close perfor-
mance to TSA, where it is simply modified from a hydraulic
cylinder and combined with additional energy harvesting
equipments [15-19].

Based on the importance of asymmetry, some methods
have been suggested either electrically or mechanically for
improving characteristics of the RSA. Li et al. [8] proposed
a control circuit by means of splitting positive and negative
voltage direction with different load, which leads to asym-
metric characteristic in force—velocity loops. In the case of
the RSA using mechanical motion rectifier as developed in
[9,20,21], different gear ratio will mechanically lead to dis-
tinct the rectification result that produce asymmetry behavior
[22]. Unfortunately, these all methods will produce differ-
ent energy harvested in rebound and compression stage.
The need of symmetrical properties in the energy regener-
ation is necessary that will directly influence for the total
efficiency.

An arm mechanism, proposed by Maravandi [2], is one
kind of linkage mechanisms utilized as motion converter
that authentically has different characteristics in rebound
and compression [23,24]. From kinematics analysis stud-
ied in [25], this mechanism has nearly ellipse with different
eccentricity in the displacement—angular velocity relation-
ship, while different peaks in positive and negative sign
of angular acceleration are obtained in the displacement—
angular acceleration loops. This exemplifies an advantage in
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the RSA to carry out asymmetry in term of force character-
istics and symmetry in term of energy regeneration.

Based on the previous kinematics derivation, this paper
aims to conduct dynamics analysis of force characteristics
and energy regeneration in the RSA using the arm mecha-
nism. The main contributions are (1) to study the dynamics
behavior of the RSA regarding kinematics analysis; (2) to
investigate the influences of mechanical and electrical param-
eters for total damping force and energy regeneration; and (3)
to create the physical based model, which can be functioned
to rapid development in the future. The dynamics behavior
and its influences in this study will enhance the behavioral
component model, which is part of modeling for interac-
tive design and manufacturing. The interactive aspect from
this design can be interpreted by illustrating the meaningful
component properties in interactive ways such as figuring the
time responses, dynamics responses including displacement
and velocity, and 3D surfaces. This allows readers in order
to bridging the designs and requirements in an engineering
system before it leads to manufacturing and testing section.

In order to achieve the objective, design of the RSA
including structural design and dynamics modeling of the
mechanical system is derived in Sects. 2.1-2.3. Parameter
identification from experimental data for an energy regener-
ation unit is presented in Sect. 2.4. The total damping force
equation is then revealed in Sect. 2.5. Input and parameter for
numerical simulation are obtained based on calculation and
direct measurement in Sect. 3. Simulation analysis involving
force and energy regeneration in terms of time, displacement,
velocity is performed in Sect. 4.1, while the comparisons
are executed for different amplitudes and frequencies in
Sect. 4.2. Finally, conclusions are drawn in Sect. 5.

2 Design and modeling
2.1 Design layout

The proposed design of the RSA and energy regeneration
unit is depicted in Fig. 1. Overall, the RSA comprises of
an arm mechanism, a bearing, epicyclic gears and a direct
current (DC) generator while the energy regeneration unit
is arranged by a DC booster and a 12V battery. The arm
mechanism is mainly composed by an upper plate, a bottom
plate, two rods and ball joints in which it is attached in each
ends of the upper plate and the bottom plate for connecting
the rods. In order to work as a linear-to-rotary motion device,
the upper plate can only work in a translation motion whereas
the bottom plate can only perform in a rotation motion. Con-
sequently, the rods with certain initial angle can rotate the
bottom plate when a sufficient force is applied on the upper
plate via the top mount. The epicyclic gears system, which
is coupled by the bottom plate, significantly increases the

Top
Mount

Arm
Mechanism

Bearing

Epicyclic
Gears

Generator

DC Booster
/) /)

RSA Energy regeneration

Fig. 1 Structure layout of RSA and energy regeneration unit

driving speed of the generator. Electricity produced by the
generator is therefore processed by the DC booster. Here the
DC booster is functioned not only to enhance the voltage
until exceeded 12V but also to keep the voltage under 15V.
This configuration is to prevent any damage in the battery
when a charging process occurs. Furthermore, the charging
process is determined as load of the generator while this load
will totally influence for the RSA behavior.

2.2 Arm mechanism

This section derives only the dynamic analysis of the arm
mechanism whereas the kinematic analysis was done and
validated in [25] and described in “Appendix”. Hence, the
configurative model of the arm mechanism including nota-
tions and free body diagrams is illustrated in Fig. 2. When
a force is applied in the middle of the upper plate in Y-axis,
the reaction forces both in A point and B point will be half of
the force applied due to symmetrical structure. These forces
are then distributed in the rod AD and BC so the rods will
definitely work on three axes. By applying the equations of
equilibrium and the resultant moment produced by 3D force
about a turning point of A and B, the following equations can
be obtained as follows,

Fax = Fpx
Fay = Fpy
Faz = Fpz A (Al)
Ma = — (LapyFpz + LapzFpy) i + (LapxFpz — LapzFpx) j
— (LapxFpy + LapyFpx) k
Fpx = Fex
Fpy = Fcy
Fpz=Fcz . R 2)
Mp = (LpcyFez + LpczFey) i + (LpexFez — LpezFex)
+ (LpexFey + LpeyFex) k
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lF,xA,xA,.iéA

Fig.2 Free body diagram of the arm mechanism and its moving direc-
tions

Fig.3 Free body diagram of the bottom plate in XZ-plane

Forces and torques worked in the bottom are drawn in
Fig. 3 with respect to the XZ-plane. Here the bottom plate
is designed with particular mass so the moment of inertia in
this part is taken into account. The moment equations can
now be equated with respect to the turning point (O) of the
bottom plate, which yields,

0.5L¢px (Fez + Fpz) — 0.5Lepz (Fex + Fpx)
= Jepao + Tpg (3)

where O.SLCDX = O.SLCD sin 90 and O.SLCDZ = 05
LCD COoS 90.

The relation between force and torque in the upper plate
and the bottom plate, respectively, can be given by equating
i, ], k component from Egs. (1) and (2) then substituting
those results into Eq. (3) as follows,

Lpcz Lapz
0.5Lcpz ( Fey + FDY)
Lpcy Lapy

@ Springer

L L
05Lepy ( BCX . Lapx )
Lpcy Lapy
= Jepo + Tpg “)

where Fcy and Fpy signify Fpy and Fuy, respectively. In the
upper plate body, Fay and Fpy are equal with 0.5F. On the
other hand, the symmetrical system will produce equal length
of the rods that means Lapx,y,z) = Lpc(x,v,z)- Hence, Eq.
(4), computed with respect to F, can be reformed as follows,

J T,
F— cpy + Tpc )

Lcpz (LADZ) Lcpx (L DX)

Lapy Lapy
2.3 Epicyclic gears

The overall structure of the epicyclic gears is shown in Fig. 4a
where the detailed parts of the gears are illustrated in Fig. 4b.
The subscripts 1 and 2 indicate first and second stage of
the epicyclic gear, respectively. Here we use the two stage
planetary gear to increase the velocity transmitted into the
generator in which frictional loss in each stage is assumed of
20%. In this configuration, the Carrier; and the Sun Gear;
designate as the input and the final output of rotation, respec-
tively. The ring gear both in first stage and in second stage is
fixed from rotation. Itis obtained in Fig. 4b that the Sun Geary
is directly coupled with the Carrier,. Consequently, wy; sat-
isfies 2. The velocity in each gear can then be obtained
with respect to the Carrier; as follows,

wp1=< nl>wcl

Ws] = (1 + m) @cl

i - (6)
o =(1- ) 1+ )
= (1+8) (1 £)

ng|

By using the velocity relationships in each gear, the equiv-
alent moment of inertia can be obtained using the kinetic
energy made by systems. Hence, the equivalent moment of
inertia of the epicyclic gear, regarded with reference to the
Carriery, can be given as follows,

[ON] 2 1
S
Jeg = Js1 (w 1) + (Jcl +n1mp1m) +ni1Jpi ( p1>
C C
Ws2 2 2 Wc2 2
+J52 + (ch + nzmpzrcz)
Wel Wel
wp2 2
+n2Jp2 (w”1> ()
.

The free body diagram of the planetary gears can now be
simply modeled as a rigid body with reference to the velocity
of the Carrier;. By applying d’ Alembert law’s, the following
equation can be therefore derived as follows,
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Planet
Gear;

Ring Ring

Gear, Geary Carriers

Sun Carrierz  Sun
Gear2 Geary

Fig.4 a Overall structure of the planetary gears; b the exploded view
of the planetary gears

Wg2
Jegac1 + T < > = Tpc ()
el

where T is defined by addition of mechanical torque and
electrical torque of the generator as follows,

Joag + T, = Tg )
2.4 Energy regeneration
2.4.1 Experimental data

To acquire electrical parameters, the energy regeneration unit
is tested under typical and constant velocity. The results are
then obtained as current and voltage generated with respect
to angular velocity (rad/s). The experiment results are plot-
ted in Fig. 5. The current generated from experimental data
with respect to angular velocity, marked as circle, is plotted
in Fig. 5a. By simply applying linear regression, the least-
squares fit is achieved as follows,

I (wg) = 0.001008ws — 0.02753 (10)

where this equation is only valid for wg > 27.31 rad/s. The
comparison between least-square approximation and experi-
mental data is shown in Fig. 5a. This approximation produces
R-square about 0.9902 so that means 99.02% of the experi-
mental data has been represented by the linear model.
Figure 5b shows the experimental voltage data, which has
a nonlinear relationship with respect to angular velocity. To
signify a best-fit approximation, we split the data based on

angular velocity into two regions. The first region is when the
voltage increases very rapidly. The second region is when it
increases gradually. These two regions fulfill the exponential
model and the linear model.

By applying nonlinear regression and linear regression,
respectively, the following equations associated with these
can therefore be obtained as follows,

(7.248 x 107%) 240196 g < 46.2

0.0007748w¢ + 12.93, wg > 46.2 (ih

V(CUG)Z{

where these approximations have R-square about 93.46 and
68.66%, respectively. Considering the Kirchhoff’s voltage
law, the voltage has a linear model that means the first region,
represented with exponential model in Eq. (11), must be lin-
earized to merit with the equation.

By expressing exponential model of V(w¢g) in terms of
Taylor-series expansion about the operating point (@g, V),
the derivative of exponential model can be written by,

(wG — wg) 12)

G

. av
V(wg) ~ V (0¢) + o
w

Considering Eq. (12), the slope of exponential model can be
linearly approached by three linear equations as follows,

5.4146wg — 237.3271, wg = 46
V(wg) = § 1.3581wg — 55.4532, wg =43 (13)
0.3407wg — 12.8871, wg =40

where these approximations produce error up to 30%. The
comparison between linear approximation and exponential
model of the voltage is shown in Fig. 5c.

2.4.2 Parameter identification

In order to fit with the Kirchhoff’s voltage law, the current
equation must be reformed as follows,

I (wg) = kjowg + 1o (14)

where k; and I represent current constant (A s/rad) and cur-
rent’s initial condition, respectively. These notations can be
obtained from derivative of current from experimental data,
which yields in following conditions,

wG <273

wG > 273 (15)

ki =0;1p =0,
ky = 0.001008; Ip = —0.02573,

By multiplying constant voltage (k;) with generator’s veloc-
ity, the voltage produced by generator with respect to angular
velocity can be given as follows,
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Fig.5 a Plot of electric current with respect to angular velocity; b plot of electric voltage and its approximation; ¢ linear approximation regarding

exponential model of electric voltage

V(wg) = kiog + Vo (16)

where V| designates as voltage’s initial condition based on
linear approximation from experiment data. Hence, k; and
Vo, obtained from voltage’s derivative, can be stated as fol-
lows,

@ Springer

ky
ky
ky
ky
ky

=0; Vo =0,
=5415W
= 2.946; Vy
= 2.946; Vy
= 0.000775;

= —237.327,
= —55.453,
= —55.453,
Vo = 12.93,

wg < 37.83
37.83 < wg < 41.84
41.84 < wg < 44.84
44.84 < wg < 46.23
wg > 46.23
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By associating voltage and current parameters, the elec- xa (1) = Asin 27 f1)
trical torque (7,) of the generator can be calculated by, xA(1) = 2w fAcos (2r f1) (21)

T, = k. (kjog + 1o) (18)

where k, = V /wg.
2.5 Total damping force

The total damping force in this paper is defined as the force
required to push the upper plate, so it rotates the bottom plate,
epicyclic gears and the generator. Since the velocity in the
bottom plate equals with the Carrier; (wo = we1), the full
derivation of F' can be derived and obtained by combining
Egs. 5, 8 and 9 as follows,

Jepay + Jegaer + (Jgag + Te) (m)

Wel
L L
Lepz (§422) = Lepx (4420)

Considering Fig. 1, the velocity of the generator equals with
the Sun Geary (wg = wy2). The Eq. (19) can be then rewritten
by adding 7, from Eq. (18) and the velocity relationship in
Eq. (6), which yields,

F= 19)

F Lapy R (“’”)2
= cD c | — (°%9)
LepzLapz — LepxLapx i ¢l

2
+keky <%> wo + kel <%>
Wcl @cl

3 Inputs and parameters

In order to take a numerical simulation, inputs and parameters
regarding dimensional data of RSA are determined at first.
Here we use an input of sinusoidal signal acted in the upper
plate which is then be given as follows,

¥a(t) = — Qn f)?Asin 27 f1)

where x4(t), X4 (#) and X4 (¢) are defined as displacement,
velocity and acceleration of the upper plate, respectively.
These notations also refer to the velocity and acceleration
in A point. In the case x4 (t) = 0, the position of the upper
plate (Lapy) equals with half of Lap. The motion of x4 (¢)
can, therefore, be obtained with respect to L4py by applying,
Lapy = x4 (t) +0.5Lap (22)
The mechanical parameters of RSA such as dimensional data
in the arm mechanism and epicyclic gears are determined by
previous research in [25] and direct measurement, respec-
tively. In the case of moment of inertia, mass and dimension
are measured which is then calculated by means of careful
drawing in computer aided design software. To sum up, all
mechanical parameters including dimension, length, diame-

ter, mass, number of teeth and moment of inertia are listed
in Table 1.

4 Results and discussion

Based on the derivative of mathematical models, damping
characteristic and energy regeneration are studied under dif-
ferent input of amplitudes and frequencies.

4.1 Damping and energy generated

By setting amplitude and frequency of 0.0l m and 3 Hz,
respectively, the time response of damping force generated
by the system is shown in Fig. 6a. The red line represents a
rebound process while the blue line indicates a compression
process. From the response, it is obtained that the rebound
process has a sharp form whereas the compression has grad-

Table 1 Mechanical parameters

of RSA Parameter Value (unit) Parameter Value (unit)
Lag = Lcp 0.05 (m) Jei 1.0633 x 1073 (kgm?)
Lap = Lc 0.05 (m) Jpi 6.7584 x 1078 (kgm?)
Jep 3.3717 x 107* (kgm?) Je 5.7181 x 107° (kgm?)
Jg 1.2778 x 1077 (kgm?) Jp2 1.6073 x 1077 (kgm?)
np 25 ny =np 3
Nel = np 64 mp1 0.00135 (kg)
g1 14 My 0.00255 (kg)
np 28 Fel 0.00975 (m)
%) 8 re2 0.011 (m)
Ji=Jp 1.2778 x 10~7 (kgm?)
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Fig.6 Total damping force in a time response; b velocity response; and ¢ displacement response

ually changes. The peak and valley are found at 44.55 and
17.69 N, respectively. These differences can be investigated
from the position of the upper plate and bottom plate. When
the damping force reaches at the maximum value (positive
sign), the upper plate is in the farthest point from the bottom
plate. At this condition, the angle of the bottom plate is par-
ticularly small regarding Fig. 3 so the highest force will be
achieved in this stage. On the other hand, the smaller damp-

@ Springer

ing force is produced when the angle is determined at the
highest value or the position of the upper plate and bottom
plate at the closest point.

The total damping force is then plotted with respect to
velocity as shown in Fig. 6b. It can be seen that the lags in
time response, mentioned with circle 1a and 2a, are occurred
when changing velocity from positive to negative or vice
versa. Meanwhile, the curve is overlapped each other in the
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Fig.8 Power generated by the RSA in time series

velocities of —0.1 to —0.19 m/s. This can refer to the time
series plot in Fig. 6a, where the rebound stage has less time
compared with the compression stage near the valley. In addi-
tion, the force is also depicted in term of displacement as
shown in Fig. 6¢. As integral of velocity, the circle number
of la and 2a are located at near the maximum and minimum
of displacement. This reveals that those phenomena can be
caused by the parameter, which has the velocity function.
To give a better understanding, the mechanical and elec-
trical forces, which is the main components in forming the
total damping force, are explored in time series as depicted in
Fig. 7a. From the figure, the red line represents the mechani-
cal force composed by mass moment of inertia of the bottom
plate, epicyclic gears and generator, while the blue line sig-
nifies the electrical force derived from electrical torque in
Eq. (18) of the generator. Hence, the lag of circle 1a Fig. 6a
is caused by a dead zone in the electrical force whilst the
mechanical force reaches peak as shown in Fig. 7a. The same
pattern also occurs in circle number 2a, where the electrical
force is in the compression mode from positive to negative

Time (s)

sign. In addition, the dead zones in electrical force, marked
with circle 1b and 2b in Fig. 7a, can be linked with current
generated with respect to angular velocity in Eq. (10). In that
case, the angular velocity is under 27.31 rad/s that means the
current will be at zero value as plotted in Fig. 5a.

Figure 8 shows the comparison between the mechanical
and regenerative power in time history as indicated with blue
line and red line, respectively. The maximum value for the
mechanical and regenerative power is achieved at 4.67 and
3.14 W, respectively. This means that the efficiency of the
RSA lies on 67.29%. In other words, the RSA can covert
67.29% of mechanical energy into electrical energy, while
32.71% is dissipated in other forms such as frictional losses
and inertial losses occurred in the arm mechanism, generator
and combined epicyclic gears. In the case of the power in neg-
ative value, the gap between the mechanical and regenerative
power is small, where it is resulted from the small generation
of the mechanical force in negative sign as described in Fig. 7.
This occasion can be cross-linked with the delays in the peak
and valley. The peak has a larger lag that can be caused by
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the influences of velocity function and acceleration function,
whereas the valley has nearly similar that resulted from the
electrical force derived from fully velocity function. Further-
more, the dent as circled with number 1c and 2c is induced
from the same causes as aforementioned in Figs. 6 and 7.

4.2 Influence of amplitude and frequency

Figure 9a shows the maximum value of the total damp-
ing force in difference amplitudes and frequencies. Overall,
the damping force is raised up as increasing amplitude and
frequency. As aforementioned, for example in Fig. 6a, the
peak of 44.5N at time of 0.1017 s encompasses of 19.04 and
25.51N of the mechanical and electrical force, respectively.
It means that the mechanical force contributes of 42.74%

Frequency (Hz)

Frequency (Hz)

while the electrical force gives percentage of 57.26%. Thus,
the contribution percentages are plotted with regard to ampli-
tudes and frequencies as shown in Fig. 9b, ¢ for representing
mechanical and electrical force, respectively.

In Fig. 9b, c, it can be inferred that the damping force is
dominated by the mechanical force in high amplitude and
frequency range. Meanwhile, the percentage of the electrical
force is worth for frequency up to 2Hz, which gives the pro-
portion more than two fifths for all amplitudes. Increasing
the mechanical force proportion will decrease the efficiency
of the energy regeneration. Otherwise, increasing the elec-
trical force will be directly proportional to the regeneration
efficiency. It is because the electrical force, formed by the
electric torque, only contains of volt and current parameters,
which are the main components determining the regeneration
power as described in Eq. (18).
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Figure 10a describes the power generated by the energy
regeneration unit. It can be supposed that increasing ampli-
tude and frequency will increase the output of the power gen-
eration. Nevertheless, the power will be no longer increased
and come to steady after the maximum power generation
of the generator is reached at 20 W. The efficiency of energy
regeneration is plotted in 3D surface as shown in Fig. 10. The
behavior is close to the percentage of the electrical force and
counteracts with the regeneration power. The best working
range of amplitude and frequency is bounded by the yellow
color that gives a percentage more than half. In the start-
ing amplitude and frequency range (0.005m and 1Hz), the
efficiency reaches 101.3%. This abnormality is caused by the
linear approximation of Eq. (10) depicted in Fig. 5a. From the
experimental data, the current will be zero until the angular
velocity is greater than or equal to 46.15 rad/s. In a different
way, the linear approximation creates zero intersection in the
angular velocity of 27.31rad/s. It means that the zero is dis-
placed along 18.84rad/s from the origin, which creates the
efficiency for slightly more than 100%.

5 Conclusion

In this research, the force characteristic and energy regener-
ation have been presented. The mathematical models and
parameters were derived and studied. The damping force
shows promising asymmetry where it is fully influenced
by the arm mechanism and mechanical parameters. On the
other hand, electrical parameters have contribution in sym-
metrical form in both rebound and compression mode. It is
possible to reduce the percentage of mechanical force that
will be resulted in increasing the regeneration efficiency.
However, the damping pattern will be highly affected by elec-
trical force, which reduces asymmetrical characteristics of
the RSA. Another advantage from this RSA is in the energy
regeneration side, which has the same characteristics both in
rebound and compression mode regardless of bidirectional
motion occurred in the generator. Overall, it is clear to see
the differences of this RSA compared with the other RSA
that has asymmetrical properties in the damping generated
and symmetrical properties in the energy regeneration. In the
further study, it is essential to develop experimental test in
order to conduct validation with derived mathematical mod-
els. The RSA also needs to investigate in a simplified vehicle
model to gain the transmissibility, stability and ride comfort
comparing with TSA.
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Appendix

In order to obtain the position, velocity and acceleration of
the arm mechanism, we take the advantage of symmetrical
structure in the arm mechanism. Here the kinematics analysis
is performed one side only by considering the rod AD as the
main interest for determining 6o, wo and ap which yields,

2 2 2 2
I T (LCD+LAB) ~12,
0= 0.05LcpLag ’

LapzLapy + (L,%\Dy + L,%DX> @
wo == ) XA,

Lapx (L/Z;DZ + Lf;DX + LapzLADy®
1
Lapx

2 2
ag = ( (wADy = wADX) LADpz + wADz@ADXLADX

2 Lipy + Lipx
— ®ApYwADZL ADY + 0.50( Lep cosbp + ——=———===

Lapx

LapzLapy + (L,zwy i LﬁDX) ®

Lapx (Lfmz + LiDX i LADZLADW)

2 2
( (wADX H wADZ) Lapy
+ wApz@ADYLADZ

L LapzLaDy
— WADY©OADXLADX + X4 + ————

Lapx
where
LADX = O.SLCD sin 90,

Lapz = 0.5(Lap — Lcpcosfp),
LapyLapxtan6o + LapyLapx

s 2 2 )
LapyLapxtanOop — Li,y — Liapy
. 2
XA Lipx

~1),
Lapz \ L3, + L%y + LapzLapye

WADX =

XaLapx

2 2 ’
LADZ + LADX + LapzLapy®
WADY = WADZY,

WADZ =
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