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Semi-active vehicle suspensions are used to improve the limited comfort performance of
passive vehicle suspensions by varying the damping coefficient according to a control
strategy. These benefits have been usually studied in a transient and frequency domain,
but rarely in a multi-body dynamic analysis considering the mechanical components and
their joints. In this study, the controllability effects of a magnetorheological (MR) damper on
the mechanical components of a McPherson automotive suspension are investigated
using a stress concentration analysis. Finite element analysis was used with a Quarter of
Vehicle (QoV) suspension model configured with an MR damper, and then compared with
the passive damper. The simulation results show that an SA damper in the suspension not
only improves the dynamic behavior of a road vehicle, but it also has the positive effect of
reducing the stress concentrations in a critical suspension element, the knuckle, that are
generated by high amplitude road profiles such as rough roads or dangerous
street bumps.

Keywords: magneto-rheological damper, finite element analyses, semi-active suspension, quarter of vehicle,
vehicle dynamics

1 INTRODUCTION

Semi-active (SA) suspension systems have become one of the best options for improving the
performance of conventional passive dampers (Lord-Corporation, 2018). They have a wide range of
applications, from home appliances to transportation vehicles, to structural applications (Kumar
et al., 2019). Magnetorheological (MR) dampers are the most used type of SA suspension system in
the industry (Jiang et al., 2012). These types of dampers have the advantages of a continuously
adjustable damping coefficient with a fast transition response, a relatively low energy input to
operate, and require minimal packaging (Alghamdi et al.,, 2014).

SA and active suspension systems are appearing more frequently in passenger vehicles and with
current market demands, the automotive industry requires original equipment manufacturers
(OEMs) to achieve shorter product development process times (Vinodh et al., 2013), especially
with the incursion of startups disrupting this field (Ferras-Hernandez et al., 2017). In order to cope
with rapidly changing market demands and bigger competition, one of the main ways to achieve
shorter product development times is to use concurrent techniques instead of a linear process (Kusar
et al., 2004). In this process, rapid prototyping, computer-aided design, and engineering are essential
tools. One of the most critical steps in this process is the virtual validation of the design, which is
achieved by finite element methods (FEM).
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FIGURE 1 | McPherson suspension in a QoV model of a sedan vehicle showing its components.
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FEM tools are used for different areas of the suspension system.
One focus is to represent the nonlinear behavior of the viscous fluid
inside the damper, as in (Guo et al., 2019), where the authors
proposed a 2D flow model to predict the transition of the MR fluid
to the post-yield region. The other main topic is to analyze the
mechanical behavior of suspension components. In (Ossa et al,
2011), the authors used a FEM analysis to predict failure in ball
joints. In (Kulkarni et al., 2016), the authors analyzed the effects of
increased vehicle mass on the suspension system element life of in-
wheel motor vehicles; and in (Lee and Yang, 2013), the authors
developed a method to evaluate the torsional stiffness of a torsional
beam under different load applications.

The effects of the controllable damping coefficient, on how the
vehicle behaves regarding handling and ride comfort, is also being
studied (Jugulkar et al., 2016). evaluated a damper design capable of
changing its coefficient by actively opening or closing flow holes
(Alexandru, 2020), studied different control strategies to improve
driving performance, and (Tudon-Martinez et al., 2019) analyzed
how the damper model affects the control strategy performance. In
addition (Tudén-Martinez and Morales-Menendez, 2015),
proposed a method to use the controllability characteristics to
compensate when a failure occurs in the damper.

From the presented review, it is clear that the focus in
literature has been on the effects on vehicle dynamics
generated by an adaptable suspension system, rather than on
the mechanical implications on its components. Thus, an analysis
of the mechanical effects of controllability in suspension elements
equipped with an MR damper was conducted in this study. This
case study included a quarter of the vehicle multi-body model
evaluated by LS-DYNA®, which is a general-purpose finite
element program capable of simulating highly non-linear and
transient dynamic problems.

Recently, some studies have researched the force, strength
and/or stress analysis in automotive suspensions with passive
dampers for particular vehicle designs, such as solar vehicles or
racing cars, and especially for fatigue analysis purposes (Ijagbemi

et al,, 2016; Odabasi et al., 2019; Rui et al., 2019). All of these
analyses have been carried out in simulation scenarios using
different multi-Physics software. In this study, a multi-physics
software is also used to perform the FEM analysis. The main
contribution of this paper is a stress concentration analysis of an
automotive SA suspension control system in tandem with a
dynamic behavior analysis (in both time and frequency),
showing how these results may complement the performance
evaluation task in the design process of new SA suspension
products (e.g., dampers, sensors, controllers, etc.).

The article is structured as follows: In Section 2, the model
description, FEM considerations, controllers to be used as the
study case, and the proposed tests are presented. Then, in Section
3, the results are presented, first detailing the characteristics of the
experimental MR damper, then its frequency and time performance
compared to a passive damper, and finally a stress concentration
analysis using FEM for a multi-body model of a McPherson
automotive suspension. Finally, Section 4 concludes that the semi-
activity property of an MR damper can reduce the stress
concentrations in the suspension components in contrast to a
passive damper and introduces further work from this research group.

2 MATERIALS AND METHODS

A multi-body dynamic model of a Quarter of Vehicle (QoV) was
used with FEM simulations of the suspension system at different
damping configurations. Figure 1 illustrates the general elements of
a typical McPherson suspension assembly, also it is the multi-body
model representation programmed in the LS-DYNA® software.

2.1 QoV Model

The FEM simulations used to analyze the stress concentration
of an SA suspension system are based on a decentralized QoV
topology. A typical QoV model is represented by a sprung
mass (m;) and an unsprung mass (m,), as shown in
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FIGURE 3 | (A) Stiffness force of the coil spring [Solid-Gray —Real curve, Dashed-Gray—Linearized curves and Solid-Green proposed value] and (B) variable

Figure 2B. The linear spring stiffness coefficient k; and an MR
damper force (Fpr) represent the suspension components
between both masses that absorb/eliminate road
disturbances. The stiffness coefficient k; models the wheel
tire. The vertical position of the mass m; (m,;) is defined by z,
(zus), while z, corresponds to the road disturbance. The system
dynamics are given by

msés = _ks (zs - Zus) = Fyg,
MysZys = ks (Zs - Zus) - kt (Zus - Zr) + Fg.

1

The QoV model parameters of Eq. 1 are identified on the
experimental platform in Figure 2A. Figure 3A presents the real
characteristic curve of the coil spring, the linear zone of the spring

stiffness is marked with a green line and its corresponding jounce/
rebound stop regions marked with dashed-gray lines. From this
figure two data points where obtained, a constant parameter
(43.2 N/mm) for the simplified QoV simulations and a look-up
table for the finite element analysis (FEA) model. Figure 3B
shows the variable damping force of an experimental MR damper
whose actuation varies from 0 to 2.5 A. The damper stroke is
40 mm, and it has asymmetric performance in its compression/
extension effects. The characterization of these components was
performed independently of the QoV topology using a universal
material testing machine. Figure 2C shows an exploded view of
the QoV model with all suspension components to illustrate the
mechanical joints considered in this study for the FEA tests.
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FIGURE 5 | Experimental MR damper tested in a universal material testing machine and its time-response dynamics.
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In order to estimate the values of the m;, my, and k
parameters a linear least-squares method was used, the
performance of which is shown in Figure 4. The experimental
data was obtained measuring the accelerations of the m; and m,;,
under a road profile test. The data was then compared with the
resultant model under the same road input. The estimation of the
sprung mass of the QoV model is 415 kg, and for the unsprung
mass is 80 kg, both associated with a sedan-type commercial car.

The estimated linear tire stiffness is 225 N/mm. In the simulation
tests, the wheel-road contact is ensured.

2.2 MR Damper Characterization and
Modeling

The MR damper considered in this study is manufactured by
BWI, Figure 5A, and it uses electric current levels () from 0 to
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FIGURE 6 | Operational characteristics of the MR damper.

2.5 A, with 0 A being associated with the lowest damping
coefficient and 2.5A with the maximum level. The MR
damper has an approximate rod stroke of +40 mm and a
calculated transient response of 39 m Figure 5B. The time
response presented in Figure 5B was obtained using a
triangular displacement input to the damper to ensure a
constant speed neglecting other dynamical effects, then at
the middle of the displacement a change in current was
introduced to the damper coil to modify the generated
damping force. The resultant time reported is from the
moment the current signal is commanded to the time force,
reaching 90% of its final value.

Figure 6 shows the general controllability characteristics
of the MR device and its variable energy absorption capacity.
A key characteristic the damping force of an MR shock-
absorber is that it can be increased by means of the current
signal, but also by increasing the excitation frequency. For
instance, Figures 6A,B show that the force increments when
the electric current is changed, and this effect is consistent
when the frequency of motion increases. Figure 6C clearly
shows the direct proportionality between the electric current
and MR force as well as the direct proportionality between the
excitation frequency and MR force. Similarly, Figure 6D
shows how the maximum force value changes depending
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TABLE 1 | Estimated parameters for the asymmetric algebraic model of (Guo on the electric current input and the excitation frequency, in a
et al,, 2006). directly proportional manner. Figures 6E,F show the Force-
Parameter Extension Compression units  Displacement (FD) characteristic maps. It should be noted

that the MR damper has asymmetrical behavior, that is, the
fe 1355.30 605.63 N/A maximum achievable force level is lower when the damper is

Co 6366.46 3838.21 Ns/m bi d . f h hen it is i .
o 592 53,46 Nom  Subjected to a compression force than when it is in extension,
ko 0.01 _5171.11 N/m this effect is especially noted when increasing the frequency.
ki 10.56 24.45 N/m Extension behavior, the positive force part of the graph, has a
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FIGURE 8 | MR damper model (green) performance evaluation vs measured data (black): (A) Transient response of the model, (B) FV characteristic curve, and (C)
FD characteristic curve. In this case, the experiment was performed with electric current of 2.5 A as damper control input and 4 Hz as frequency of excitation of the shock
absorber deflection.
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more linear increment than compression behavior, which
increments tend to flatten faster, as it can be seen in
Figure 4B.

Figure 7 presents in further detail the force dependency on the
excitation frequency by analyzing the Force-Velocity (FV)
characteristic curves. For this characterization, a fixed
amplitude sinusoidal signal, which only changes its frequency,
was applied to the damper deflection. It is also worth mentioning
that the velocity scale in each figure is different, so the full effect of
the frequency could be observed. Figure 7 presents the FV
diagrams for two electric current levels, 0 and 2.5A, at
frequency set of {1, 2, 4, 6, 10, 15} Hz. It can be observed that
as the frequency increases, the hysteresis of the force also
increases; this effect is caused by the turbulent flow generated
inside the tube (Zhang et al., 2016). It can also be observed that
the asymmetry between the jounce/rebound effects increases at a
higher frequency of motion (de ] Lozoya-Santos et al., 2012), and
(Vivas-Lopez et al.,, 2015).

This experimental characterization was used to propose
approximated FV curves, as shown in Figure 3B, for the MR
damper, which was then programmed into the LS-DYNA®
software for the FEM simulations.

The MR damper model used for the FEM analysis was
proposed by Guo et al. (Guo et al., 2006). This model focuses
on reproducing the nonlinear bi-viscous and hysteretic behaviors
of the MR fluid. The nonlinear MR damping force (Fjz) modeled
is defined by

Fyr = COZ.def + kOZdef + ufc tai’lh(ch.,jef + klzdef), (2)

passive damping force

where the five coefficients have physical meaning, zgs = z; — 2y is
the suspension deflection and Zgs = 2z — 2, is the deflection
velocity. The characteristics of a linear elastomer is included in
the stiffness factor ko, where ¢ is a passive damping coefficient. u

is the control input applied to the damper (in this case, varying
from 0 to 2.5 A), f. is related to the dynamic yield force of the MR
fluid, while ¢; and k; are coefficients related to the pre-yield and
post-yield regions of the SA damper.

To represent the asymmetry of the MR damper in Eq. 2, two
sets of parameters were estimated, one for when the damper is
under compression and the other set for when the damper is
under extension. The parameters are listed in Table 1.

Figure 8 shows a qualitative evaluation of the fit performance
of the estimated model in comparison to the experimental data.
In these plots, it can be observed that the considered model
captures most of the behavior of the real data, with slight
saturation near the maximum forces achieved by the real
damper. For a more extensive modeling and qualitative
evaluation study of the performance of the algebraic model of
(Guo et al. 2006) for the MR damper, readers can refer to the work
by (Tudén-Martinez et al., 2012).

2.3 FEM Considerations

The developed model includes most of the parts of the front
suspension. It was simplified by using a shell mesh with an
average size of 8 mm for most of the parts, as shown in
Figure 9B, while the knuckle and brake caliper are modeled
using a solid tetra mesh with an average size of 5 mm, as shown in
Figure 9A.

The QoV model was constrained by allowing only vertical
displacement on the car frame and strut mount. All other parts
were constrained only by their mechanical connections, which
were simplified with revolute, spherical, and translational joints
to properly model the load transfer and kinematics of the
suspension mechanism. Contact mechanics were defined for
all parts and gravity was implemented. Motion along the
z-axis was prescribed to the rigid floor plate to simulate
road input.
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Because the steering knuckle takes most of the load by
supporting the wheel, tire, brakes, and sprung mass of the
vehicle during vertical dynamics, the analysis focused on this
part, which was modeled as cast iron with material properties:
density = 7.850e-09 kg/m’, Young’s modulus = 170 GPa, yield
stress = 304 MPa, ultimate stress = 502 MPa, and Poisson
ratio = 0.29.

The suspension spring and damper were simplified using 1D
elements that allow a direct input of the force vs. displacement
and force vs. velocity curves, respectively. The tire was simplified

as well using a 1D spring element to maintain consistency within
the model.

2.4 SA Controller Assessment

In this study, two semi-active QoV-based control strategies were
considered to regulate the MR damper actuation in the FEM
simulations. The frequency estimation based (FEB) controller
proposed in (de Jesus Lozoya-Santos et al., 2011) and the Mix-1
sensor (Mix 1) control algorithm proposed by Savaresi and Spelta
(2009) were selected to regulate the MR damper actuation in this
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study. Both controllers have better comfort performance than the
classical Sky-Hook controller, and their actuation is softer.
The FEB control algorithm is given by

Fyr = {Fsoft (Imin) f € {FBDFBZ:H-,FB;'},
Fhard (Irmmax) otherwise, (3)

where the MR damping force is soft/hard at the minimum/
maximum actuation (electric current), and f is the frequency
of the suspension motion that must be estimated. The objective
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FIGURE 13| Frequency response analysis of the QoV model at different excitation signals comparing the performance of the Mix-1 (dashed-green) and FEB (solid-
green) controllers with respect to the softest [0 A] (dashed-black) and hardest [2.5 A] (solid-red) suspension system.

is to determine the desired frequency bands (FB;) for the
controller by analyzing the frequency response of the
suspension at different control input levels (de Jesus

Lozoya-Santos et al., 2011).
The Mix 1 controller requires two states of the damper, and the

control law is given by

FMR:{

where « is a frequency parameter of design.

Note that both controllers are extremely simple to design and
operate. At each sampling interval, the controllers select a soft or
hard damping force according to the dominant frequency content
in the vertical motion of the chassis (sprung mass).

The assessment of the SA controller in this study is divided
into three sections:

. ) 22

CmaxZaer i (2] — &?27) <0,
. oo 9

CminZaer  if (22 — a22°) >0,

4

e Comfort and road-holding performance in the time
response of the SA suspension controllers in comparison
to a passive damper. Passenger comfort can be measured by
the vertical motion of the sprung mass (position or

acceleration) and the road-holding performance by the
tire deflection (ztzf = zus — 2,).

Comfort and road-holding performance in the frequency
response of the SA suspension controllers in comparison to
a passive damper.

Stress concentrations in the mechanical elements of a SA
suspension system due to the MR damper controllability
compared to those caused by a passive damper, analyzed by
FEM simulations.

2.5 Simulation Tests
Two different simulation tests were used in the aforementioned
SA controller assessment:

e Test 1: A 50 mm amplitude bump at 20 km/h vehicle velocity.
This test allows the evaluation of the transient performance of
the suspension under a typical bump disturbance.

Test 2: An ISO 8608 road profile test (type D) at a vehicle
velocity of 60 km/h. This test was used to assess the MR
damping force in a typical suspension environment by
considering the normal frequency content of the vehicle
vertical movement (from 0 to 20 Hz).
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As a benchmark for the controller assessment, both tests were
also performed on a passive suspension. Time and frequency
response analyses were carried out in a Matlab/Simulink®
environment and the FEM simulations with the LS-DYNA®
software.

3 RESULTS AND DISCUSSION

In this section, the simulation results in the time and frequency
domains for the SA controller are discussed along with the FEM
simulation results.

3.1 QoV Controllers Evaluation
The considered MR damper model, defined in Eq. 2, was
embedded in the QoV model dynamics of Eq. 1 to assess the
time and frequency performance of the SA suspension
controllers. This evaluation was carried out using the Matlab-
Simulink® software.

Because the FEB and Mix-1 control algorithms use the
frequency response analysis of the SA suspension for design,
Figure 10 illustrates the frequency response of the open-loop

QoV model dynamics at several electric current inputs; z, is a
sinusoidal signal with an amplitude of 30 mm from 0 to
20 Hz. In Figure 10, each color line corresponds to the
frequency response of the quarter car suspension system at
different electric current value, from 0 to 2.5 A. In this case,
Figure 10A is the frequency response of the sprung mass
acceleration, Figure 10B is the position of the sprung mass,
Figure 10C is the suspension deflection and Figure 10D the
tire deflection. Due to the electric current modifies the
viscous damping coefficient in the semiactive shock-
absorber, making it softer or harder, the responses of the
quarter car suspension system vary according to the damper
force, i.e., according to the electric current value as damper
control input. These variations occur mainly close to the
frequencies of resonance of the sprung and unsprung mass of
the quarter car suspension system.

In these plots of Figure 10, it can be observed that there are
four frequency bands of interest. For example, in FB; (that
encloses the resonance frequency of mj), the acceleration and
position of the sprung mass has a higher gain at 0 A and is
reduced when the electric current is at maximum (2.5 A). On the
other hand, in FB; (which encloses the resonance frequency of
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my;), the sprung mass acceleration has a lower gain when the
electric current is below 1.25 A, and in this same FBj, the tire
deflection is lower when the electric current is greater than 1.25 A,
meaning that the damping configuration in this frequency band
can be oriented to passenger’s comfort or road-holding
performance in opposite ways. These findings were used to
design the FEB and Mix-1 controllers for comfort or road-
holding control orientations.

Figure 11 illustrates the assessment of the transient response
of the SA controllers for Test 1, considering two bumps. Clearly
both SA controllers have better comfort and road-holding
performance than the passive suspension, because the motion
is lower and softer in the Z; and zt4y signals, respectively. Also,
the suspension deflection zy,s is lower for the SA dampers than
for the passive damper, ie., the MR damper has less vertical
movement than the passive one.

For Test 2, the time response of the different damping
configurations is shown in Figure 12. In this case, the SA
suspension controllers offer better passenger comfort and less
suspension deflection movements than the passive damper.
However, because the road profile is sufficiently rough, the tire
deflection is similar for all damping configurations.

To assess the frequency performance of the SA suspension
controllers, sinusoidal signals in z, from 0 to 20 Hz at three
different amplitudes (10, 20, and 30 mm) were used. Note that
both controllers have lower gain in the sprung mass acceleration
than the hardest suspension (at 2.5A). The best comfort
performance for the whole frequency range was obtained with
the Mix-1 control algorithm. However, by analyzing the frequency
response of the tire deflection in Figure 13, the FEB controller had
lower gain zy,¢/z, than the softest suspension (at 0 A) around the
frequency band FBs, i.e., close to the resonance frequency of m,.
Since the FEB controller is oriented to make the suspension harder
at high vehicle velocities (i.e., at frequencies around the resonance
frequency of my), the tire has less deflection such that the gain
Zuaef/ - of this controlled system is lower than that one obtained at
0 A, because at 0 A the damper is softer and consequently the tire
will have more vertical motion. This means that the Mix-1
controller is better for comfort, while the FEB controller
maintains the best balance between comfort and road-holding.

3.2 FEM Evaluation

The QoV model parameters, including the MR damper model
coefficients, were introduced into the LS-DYNA® software for the
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FEM simulations. As in Matlab/Simulink, in the multi-physics
program LS-DYNA®, the same tests were performed considering
the two SA suspension controllers in comparison with the passive
damper.

Figure 14 shows the time domain response of the SA suspension
controllers for both tests compared to the passive suspension. The
results are congruent with the simulations in Matlab/Simulink,
ie, the SA controllers improve the suspension performance
compared to a passive damper. The passive damper shows a
higher suspension deflection zgys than the SA controllers for both
tests, ie., it has less dissipation capability for the suspension
movement. Similarly, the SA controllers have minor magnitudes
in the oscillations of the sprung mass position z; for both tests,
ie, the SA controllers improve the passenger’s comfort in
comparison to the passive suspension. The tire deflection in the
FEM simulations has similar behavior for all damping
configurations as it occurs in the simulations with Matlab/Simulink.

To evaluate the effect of the MR damper in the mechanical
suspension elements, the three McPherson suspension
components with the most stressed concentrations were
selected in this analysis: steering knuckle, control arm, and
wheel mount. Figure 15 presents the stress concentrations at

the steering knuckle of the suspension caused by different road
profiles. Figure 15A represents the stress concentration for the
bump test and Figure 15B for the ISO road profile test. It can be
seen from these figures that having an SA suspension control
strategy helps to decrease the stress concentration at the knuckle,
possibly contributing to extended life of the component.
Figure 16 presents the stress concentrations at the control arm
of the suspension. Figure 16A represents the stress concentration
for the bump test, here, having any control strategy contributes to
reducing the rebound effect after the abrupt movement caused by
the bumper at 0.3 s. Figure 16B shows the effects of the ISO road
profile test, in this case having a control strategy reduces the
maximum generated stress in comparison with respect to the
passive damper, e.g. the 450 MPa generated by the passive
damper around the 2s are reduce up to 350 MPa using the
FEB controller. For this element, the biggest concentration is
located at the base of the arm, where it assembles with the chassis.
The third element is the wheel mount, in Figure 17 the stress
concentrations at this element are presented. Figure 17A
represents the stress concentration for the bump test, for this
one the Mix-1-sensor strategy achieves a better overall
performance, maintaining low stress during the rebound after
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the bump, as well as during the setting movement at the end of the
test. Figure 17B shows that by having a passive damper the mean
stress value remains lower, but reaches bigger values at peak
moments, while the control strategies have a slightly higher
average stress during the test but with lower maximums.

The material used for these elements was HSLA steel with a
yield stress of 550 MPa and an ultimate stress of 650 MPa,
considering those numbers, in none of the elements the stress
exceeds the linear deformation limit. Also, it can be appreciated
that a rougher road profile generates more stress in the component
than a single bump, even when the bump is much more aggressive
than the profile. The location of the stress concentrations in these
suspension components also depend on the road disturbance
conditions. The steering knuckle has the largest stress
concentration in the section used to assemble it with the lower
control arm, when the road has abrupt irregularities such as a
bump the vehicle goes at low velocity. Whereas the front strut that
assembles the steering knuckle with the damper, is the section with
the most stress concentrations when the road irregularities are high
and persistent, such as an ISO road profile type D, and the vehicle
goes at 60 km/h. For the control arm element, the largest stress
concentration, for both road tests, is located at the base of the arm
used to assemble the suspension McPherson with the chassis.
However, the ISO type D road profile test generates more stress
(up to 450 MPa) than the bump test (up to 260 MPa). Similar to the
control arm, the wheel mount element has the biggest stress
concentration in the same location for both road tests, in this
case the section used to assemble it with the damper rod. The ISO
type D road profile test generates more stress (up to 380 MPa) than
the bump test (up to 215 MPa).

A well-balanced SA suspension control strategy, such as the
FEB controller, demonstrates not only the reduction of
undesirable movement in the cabin, but also reduces the
stresses generated in the suspension elements caused by high
amplitude road profiles. The Mix-1-Sensor control law also
behaves better than a passive suspension; however, being
oriented to comfort, it causes much higher stresses on the
suspension elements than the FEB controller.

4 CONCLUSIONS AND FUTURE WORK

During the course of this study, the benefits of a semi-active (SA)
suspension system equipped with a magneto-rheological (MR)
damper were confirmed using a simplified Quarter of Vehicle
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