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0is manuscript establishes a methodology that guides the designers to develop an optimal controller for a semiactive suspension
system.0emethodology’s processes are generally explained and straightforwardly, so a designer can extrapolate themethodology
to a specific problem. Furthermore, this research presents an optimal control strategy for a semiactive control applied to a quarter
vehicle model as an example of using the methodology. A particular interest is made in the advantages of such a simple synthesis
and in the compromises that must be done in skyhook and groundhook control law applications. 0is manuscript exposes a
logical and straightforward approach for choosing the controllers’ design parameters; also, efforts must be made to express precise
performance specifications and constraints in the control design. 0e herein methodology could be relevant in the process design
for intelligent suspensions, from one-quarter toward the entire vehicle.

1. Introduction

0e study of vehicle suspensions to improve comfort and
stability is a topic that has been and continues to be widely
explored and analyzed to propose control solutions that
improve performance indexes. 0e main role of suspensions
is to improve comfort by isolating the vehicle chassis from
uneven ground profiles while providing good road holding
to ensure passenger safety. In this context, suspensions that
guarantee this behavior are of high interest in the auto-
motive industry. 0e design of suspensions that allow
meeting performance objectives for comfort and stability
demands a challenging endeavor in modeling and control
and can be addressed for a one-quarter, a half, or the full
vehicle suspension. Each case has its relevance and con-
tribution to solve the problem.

0ere are three types of suspensions: passive, active, and
semiactive. Passive suspensions are found in typical com-
mercial vehicles; their characteristics remain fixed so that
they always provide the same passenger comfort and the
same road holding. In other words, their nature does not
vary in real time, and it is not possible to apply suspension

control with them. However, with a higher cost, some
luxurious and sports vehicles include a particular type of
suspensions, active or semiactive, whose characteristics vary
in real time. 0is attribute allows achieving better comfort
and road holding.

Of the nonpassive options, semiactive suspensions
with magnetorheological dampers have proven affordable,
effective, and safe when integrated into the vehicle. 0e
semiactive suspensions include magnetorheological (MR)
[1] or electrorheological (ER) [2] adjustable dampers,
which are also the most applied actuators because of their
safeness, significantly lower power consumption, quick
transient-time response, and easy installation [3]. How-
ever, the nonlinear phenomena presented in the damper’s
characteristics increase the system’s study complexity
[4, 5].

0e study of a one-quarter vehicle allows identifying the
impact of the road profile vibrations on the masses. Al-
though the system is limited to vertical dynamics, it includes
the interaction of the shock absorber with the masses of the
chassis and suspension so that a control system can be
analyzed and designed. 0erefore, suspension control of
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one-quarter vehicle suspension has been widely explored
and studied to improve passenger comfort and the so-called
road holding.

For more than two decades, so many different control
strategies have been applied, and it is not easy to list all of
them in a single state-of-the-art review. Each reported result
contributes to the solution of the problem and, at the same
time, opens the possibility of investigating areas of oppor-
tunity in this line to improve suspension performance. 0e
state-of-the-art revision is limited to the application of
control techniques for semiactive suspensions that represent
the vertical dynamics of 1/4 of a vehicle and use a mag-
netorheological damper as an actuator. In addition, the
included references are those reported in the last five years,
which, in most cases, are the most recent reported im-
provements of other strategies that have been applied before.

One line of research includes fuzzy controllers, whose
most recent results are a fuzzy PID [6] and a fuzzy-based
dynamic inversion controller [7]. Other strategies have also
been applied, such as a Fuzzy-Neural Networks controller
with Particle SwarmOptimization [8], an optimization effort
using firefly and particle swarm [9], and a fuzzy controller
with a correction factor applied to a vehicle suspension with
a Shear-Valve Mode MR damper [10].

Additional control strategies have generated results that
improve the performance of the passive suspension. Recent
reported outcomes include a multiple positive position
feedback [11], cascade quantitative feedback controller [12],
state-observer-based Takagi-Sugeno fuzzy controller
(SOTSFC) [13], linear active disturbance rejection control
(LADRC) [14], and an active disturbance rejection control
(ADRC) [15]. Fault-tolerant control strategies have also been
applied [16], along with sliding mode controllers (SMCs).
Among these reported outcomes, it highlights a PID for
disturbance compensation with a sliding mode module for
disturbance estimation errors [17] and a second-order
sliding mode controller as an improvement to reduce the
chattering observed in traditional sliding mode control [18].
In this last outcome, the simulation scenario included ro-
bustness under masses uncertainties.

Sometimes, specially tailored MR dampers have been
designed and manufactured to achieve better performance
with control strategies. For example, there are reported
results of a pure Artificial Neural Network applied to a new
low-cost design of MR damper [19] and a new MR damper
with nanotubes employed to design and implement an
optimal-PID control [20]. In both cases, the concept of a
semiactive suspension with an MR damper was maintained,
although with a different physical design. Whether with
commercial MR dampers or with dampers manufactured for
particular experiments, the proposed solutions have been
compared against the performance of strategies such as
hybrid (skyhook + groundhook), pure skyhook, H∞, tra-
ditional fuzzy controllers, and in general against the passive
suspension.

One set of controllers that have given acceptable results
and much recent work is the approach of the skyhook,
groundhook, or a combination of both (hybrid). 0ese
control strategies have generated results where the overall

suspension performance is improved when compared
against a passive suspension [21–23]. On some occasions,
controllers such as fuzzy ones are fused with the hybrid
approach, and a hybrid fuzzy PID-like controller has been
reported with results in the event of a road bump distur-
bance [24] and a fuzzy skyhook with results in the frequency
domain [25]. Also, an improvement in the performance of a
hybrid controller has also been reported using lookup tables
[26].

In the different control strategies investigated, an effort
has been made to optimize a performance index as the
minimization of root-mean-quad weighted acceleration [27]
or the use of an optimal feedback controller through linear
quadratic approaches [28–30]. In this last approach, the
control strategy was complemented with an inverse model of
the MR damper and Artificial Neural Networks. Also, in
optimization, a fractional-order proportional-integral-de-
rivative (FOPID) controller has been reported where the
tuning of the controller was performed using the Nelder-
Mead optimization algorithm [31].

A research line that has generated outstanding results
versus the passive suspension considers the hybrid strategy
(a combination of skyhook and groundhook) reinforced
with optimization characteristics. A semiactive suspension
has been reported with a hybrid control that uses a sensi-
tivity analysis and the one-factor-at-a-time method to cal-
culate optimal parameters and adjust gains in real time [32].
Previously, a modification to the skyhook control focused on
minimizing the acceleration of the suspended mass was
reported. 0is skyhook controller with optimization char-
acteristics has been denominated Acceleration-Driven-
Damper (ADD) [33]. In addition, optimal versions have
been reported for the skyhook controller, e.g., an optimal
skyhook complemented with a minimum order observer to
estimate the state of mass velocities to reduce the imple-
mentation cost by employing only one sensor [34].

Furthermore, an extension of that work has been re-
ported, and it includes the three control approaches: sky-
hook, groundhook, and hybrid, for the same case study; this
allowed a comparison of the performance of the three ap-
proaches [35]. Furthermore, reported works that have ap-
plied optimal oriented skyhook, groundhook, or hybrid
controllers have achieved better performance than a refer-
ence passive suspension and semiactive suspensions with
diverse control strategies; however, a possibility of im-
proving the design process has been detected.

0e main difficulty for novice engineers when starting in
the design of a vehicle suspension control model is to know
the steps that lead them to the appropriate results; fur-
thermore, most of the studies do not present their meth-
odologies and just their mathematical models, simulations,
and results. Besides, a problem to be concerned about is
obtaining the appropriate controller parameters. As
explained before, some works attempt to obtain an optimal
controller parameter andminimize a cost function; however,
in these cases, the suspension behavior is unknown when
different controller values are applied; therefore, this work
proposes a methodology to select the constants of the hybrid
controller toward the optimization of a single performance
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criterion. 0e selected criterion is part of the set of analyzed
standards to measure passenger comfort and vehicle
stability.

0e main contribution is the proposal of a design
methodology that develops control surfaces to choose the
most appropriate parameters that maximize/minimize a
performance criterion and facilitate the controller’s tuning.
0is methodology considers the performance requirements
of the suspension and the associated design restrictions, e.g.,
the suspension stroke (the available space between the
sprung and unsprung masses). 0e case study is a one-
quarter vehicle suspension where nonlinear control strate-
gies, such as skyhook, groundhook, and hybrid, are applied.
0e performance of the studied vehicle suspension, whose
controller has been tuned through the control surfaces
approach, is compared against a passive suspensionmodel in
time and frequency domains. Furthermore, the results are
compared against reported works [36, 37]. 0ese outcomes
include similar performance criteria, suspension models,
and control techniques; thus, it is a fair comparison.

0e outline of the article is as follows. Section 1 includes
the problem statement, the motivation, the state-of-the-art
revision, and the contribution. Section 2 explains the design
methodology. Section 3 develops a one-quarter vehicle
model. Section 4 introduces the performance criteria. Sec-
tion 5 presents the controller design. Section 6 introduces
the road disturbances. Section 7 gives simulation and results.
Finally, conclusions and future perspectives are given in
Section 8.

2. Methodology

0is research presents a methodology to design an optimal
controller for a semiactive suspension system. Figure 1
shows the general steps that the designer should follow to
design and implement an appropriate controller. 0e steps
are explained in the following list:

(1) Select the controller to be implemented and deter-
mine all the benefits that it incorporates, e.g., degree
of vibration isolation from road roughness, comfort
and handling improvement, and resonance avoid-
ance of vehicle and human sensibility. Recent control
approaches (skyhook, fuzzy, Neural Network, SMC,
PID, among others) were mentioned in Section 1.

(2) Establish the structural vehicle’s components, e.g.,
masses, inertias, and degrees of freedom for the
suspension’s representation. From a one-quarter
suspension, including more dynamics with a one-
half vehicle to a more complete analysis by applying
the four-wheel vehicle, keeping in mind that having
more degrees of freedom increases the study
complexity.

(3) Establish the vehicle’s dynamic model and determine
the characteristics of every employed component,
e.g., damper’s attributes (viscoelastic, hysteresis, and
saturation), suspension stiffness, sprung and un-
sprung masses, suspension stroke, among others.

(4) Design the mathematical representation of the me-
chanical behavior following Newton’s Laws and the
differential equations that model the phenomena.
Furthermore, include the mathematical formulation
to design the selected controller (i.e., fuzzy logic and
space state representation).

(5) 0e physical parameters as the damping, stiffness
properties, and masses must be set based on the
vehicle to be analyzed.0ese physical parameters can
be chosen from reported work; however, it is es-
sential to work with real characterized parameters
thinking about a possible future controller
implementation.

(6) 0e vehicle dynamics simulations with the controller
should be developed in specialized software like
Simulink™, Matlab™, or CARSim™ to have more
reliable results and to be closer to the physical
suspension system.

(7) Carry out a synthesis of the results. 0e findings are
analyzed based on some performance criteria presented
in previous work. Moreover, the achieved performance
obtained with the optimal controller is compared with
the results obtained by a passive suspension system and
under the same simulation conditions.

For the sake of simplicity, a particular case is presented.
0is work starts by choosing skyhook, groundhook, and
hybrid controller techniques based on their benefits and
qualities for a suspension system.0en, this research employs
a one-quarter vehicle suspension as the case of the study;
however, it is possible to replicate the methodology to
complex models toward the four-wheel vehicle suspension.
Furthermore, this research establishes the vehicle dynamics
involved; the case of the study includes anMR damper, so it is
necessary to include its nonlinearities.0en, themathematical
model representation based on Newton’s second law is used
to determine the correspondent outputs like chassis dis-
placement and acceleration and tire displacement. 0en, the
physical parameters were obtained from [38, 39], so a most
novel vehicle representation is simulated. Finally, the simu-
lation is carried out, and the vehicle response is analyzed.0is
investigation attempts to obtain an optimal controller by
designing a decision control surface as presented in Figure 2,
where the dependent axis is the performance criteria. In
contrast, the independent axis is the controller parameter. A
more accurate explanation of the rationality behind this
controller surface is given later in this report.

3. One-Quarter Vehicle Model

In this manuscript, a quarter vehicle’s suspension model is
considered with an MR damper (see Figure 3). In real ap-
plications, the semiactive damper is not “ideal” and the
available active force u is constrained by upper and lower
values, both depending on the suspension deflection speed.
For the theoretical scenario, the control designers consider
the semiactive damper as an “ideal” actuator. It means with
no limits in the delivered values and its bandwidth.
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0ose “ideal” considerations about the limited force will
deteriorate the results obtained when a full active actuator is
considered during the control design step. In the automotive
industry, MR dampers are increasingly used to design semi-
active suspension systems. 0is damper class provides a fast,
smooth, and continuously variable damping coefficient with a
wide range of available forces preserving low power con-
sumption [46]. 0e range of adjustability is virtually within the
saturation state, making MR damper technology an excellent
replacement for conventional suspension dampers. 0e MR
damper working principle can be expressed according to [38].
With an MR damper, the fluid viscosity changes by adjusting
the magnetic field intensity provided by a self-inductance lo-
cated at the piston’s extremity. When a magnetic field is
created, the fluid particles are aligned and oppose the fluid
movement, increasing the damping coefficient. MR damper
working principle can be expressed when a magnetic field is
applied, and the particles are aligned (zoom on the piston
extremity). Empirical equations describing MR damper be-
havior are complex. Hence, a common way to model these
dampers’ responses is given by the static speed-force actuator
map, which describes the set of forces that the MR damper can
provide [38].

0e MR damper is modeled based on the Bouc-Wen
approach [4], as shown in Figure 3. Besides, it is possible to
change the Bouc-Wen model for any other model that
generates a force Fd. In the model, ms represents the sprung
mass and mus the unsprung mass. 0e wheel tire is modeled
by a spring with the stiffness coefficient kus and ks represents
the constant of the suspension’ spring. Using the MR
damper, the model becomes nonlinear because of the hys-
teresis and viscoplasticity characteristics of the damper’s
fluid [5]. k0 represents stiffness, c0 represents viscous
damping, and α represents the hysteresis. zs represents the
displacement of the quarter of the chassis mass, zus repre-
sents the displacement of the tires, and zr represents the
disturbance input from the road surface. It is assumed that
the wheel-road contact is ensured. 0e differential equations
(1) and (2) represent the vertical dynamic of a quarter vehicle
model following Newton’s second law.

ms €zs � − c0 _zs − _zus( 􏼁 − k0 + ks( 􏼁 zs − zus( 􏼁 − αzBw, (1)

mus €zus � − c0 _zus − _zus( 􏼁 − kus zus − zr( 􏼁

− k0 + ks( 􏼁 zus − zs( 􏼁 + αzBw. (2)

0e last equations include an evolutionary variable re-
lated to the hysteresis of the MR damper, zBw. 0is variable
depends on the displacement history over time, as in
equation (3) as reported in [41].

żBw � − c _zs − _zus

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌zBw zBw

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌
n− 1

− β _zs − _zus( 􏼁|zBw|
n

+ δ _zs − _zus( 􏼁.
(3)

Furthermore, the dynamic behavior of the MR damper
(k0, c0, and α) is equations (4)–(6). Moreover, there is a
transient dynamic due to the internal MR damper

characteristics. 0is behavior is modeled as a first-order
system with a time constant η� 190 s− 1.

A polynomial approach is used to fit the underlying
parameters to nonlinear characteristics of the viscoelastic
phenomena, as follows in equations (4)–(6), where ka, kb, kc,
kd, ca, cb, cc, cd, ce, αa, αb, αc, αd, and αe are parameters to be
determined according to the MR damper nonlinear char-
acteristics where the current i represents the control signal. It
is important to mention that k0, c0, and α are dimensionless
values. For more information on these variables, refer to
[38, 42].

k0 � ka + kbi + kci
2

+ kdi
3
, (4)

c0 � ca + cbi + cci
2

+ cdi
3

+ cei
4
, (5)

α � αa + αbi + αci
2

+ αdi
3

+ αei
4
. (6)

Equations (1)–(6) can be arranged in a state-space
model. 0e state variables are listed as follows: sprung mass
displacement (x1 � zs), sprung mass velocity (x2 � _zs),
unsprung mass displacement (x3 � zus), unsprung mass
velocity (x4 � _zus), and Bouc-Wen theoretical variable
(x5 � zBw). Moreover, w stands for the disturbance signal
coming from the road profile. 0e state-space variables are
organized as in the following equations:

_x1 � x2, (7)

_x2 �
− ks + k0( 􏼁 x1 − x3( 􏼁 − c0 x2 − x4( 􏼁 − αx5

ms

, (8)

_x3 � x4, (9)

_x4 �
− ks + k0( 􏼁 x3 − x1( 􏼁 − c0 x4 − x2( 􏼁 + αx5 − kus x3 − w( 􏼁

mus

,

(10)

_x5 � − c x2 − x4
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌x5 x5
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌 − β x2 − x4( 􏼁 x5
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌
2

+ δ x2 − x4( 􏼁.

(11)

To simplify the absolute value of a magnitude ρ, equation
(12) is defined in which sign (ρ) gives +1 if ρ> 0, − 1 if ρ< 0,
and 0 if ρ � 0.

ρ � |ρ|sign(ρ). (12)

0en, by replacing equation (12) in equation (11), it is
possible to obtain equation (13). A reduction in the terms is
done by using Mr � − c sign(x2 − x4)x5|x5| − β(x2−

x4)|x5|
2; then, equation (14) is obtained.

_x5 � x2 − x4( 􏼁 − c sign x2 − x4( 􏼁x5 x5
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌 − β x5
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌2􏼐 􏼑

+ δ x2 − x4( 􏼁,
(13)

_x5 � x2 − x4( 􏼁Mr + δ x2 − x4( 􏼁. (14)
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From equations (7)–(13), a state-space model of the
semiactive suspension system with a magnetorheological
damper is represented in equations (15) and (16).

_x � Ax + Bw, (15)

y � Cx + Dw. (16)

In equation (15), _x is the state vector derivative, A is the
state matrix, x is the state vector, B is the input matrix related
to the disturbance signal, and w is the road profile signal.
Moreover, in equation (16), y is the output vector, C is the
output matrix, andD is the direct transmissibility matrix due
to disturbances. 0e state matrix A ∈R5×5 depends on the
number of state variables, and it is depicted in equation (17).
Additionally, matrix B is described in equation (18).

A �

0 1 0 0 0

− ks + k0( 􏼁

ms

− c0

ms

ks + k0( 􏼁

ms

c0

ms

− α
ms

0 0 0 1 0

ks + k0( 􏼁

mus

c0

mus

− ks + k0 + kus( 􏼁

mus

− c0

mus

α
mus

0 δ + Mr 0 − (δ + Mr) 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(17)

B � 0 0 0
kus

mus

0􏼢 􏼣

T

. (18)

0e system’s outputs are listed as follows: y1, y2, y3, and
y4, which represent zs, żs, zus, and żus, respectively.

y1 � x1,

y2 � x2,

y3 � x3,

y4 � y4,

(19)

y5 �
ks + k0( 􏼁 x3 − x1( 􏼁 + c0 x4 − x2( 􏼁 − αx5( 􏼁

mus

. (20)

and y5 represents the sprung mass acceleration.
From equations (21) and (22), the C and D matrices are

defined as follows:

C �

1 0 0 0 0

0 1 0 0 0

0 0 1 0 0

0 0 0 1 0

− ks + k0( 􏼁

ms

− c0

ms

ks + k0( 􏼁

ms

c0

ms

−
α

ms

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (21)

D � 0 0 0 0 0􏼂 􏼃
T
. (22)

4. Performance Criteria

0e main goals that the automotive suspensions must
achieve are passenger comfort and vehicle stability. 0ese
goals need to be achieved simultaneously. 0erefore, the
benchmarks that are going to be done further herein con-
sider those performance indices. A brief explanation of both
indices is given below and is based on reported work
[43–46].

0e comfort index is the passenger’s perception when
traveling in the vehicle. Vibrations generated by the road
profile go through the physical elements of the vehicle’s
suspension toward the passengers. Although the passenger
perception is subjective and depends on each person, it is
obligatory to come up with a standardized criterion to
determine and measure passenger comfort [46]. Vehicle
stability index is related to the suspension’s ability to hold
the tires in contact with the road profile even in the presence
of surface irregularities [45]. To measure the degree of
comfort and stability, this work will apply the following
performance criteria:

(i) Ride comfort (0–4Hz) at low frequencies: 0e
objective is to reduce the resonance peak for the

Semi-Active
Skyhook/Groundhook
and Hybrid Control 
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Vehicle Dynamic

Model

Vehicle Dynamic
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Mechanical Behaviour

Physical
Parameters
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and control 
Synthesis

Passenger comfort and
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Essential vehicle
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Figure 1: Methodology graphical representation.
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sprung mass which is around 1.1Hz and also to
reduce the relation between chassis displacement
and road profile (zs/zr< 2). 0e disturbance is
represented with a sinusoidal wave (zr= 0.015sin
(ωt)) with the amplitude in meters.

(ii) Ride comfort (4–30Hz) at high frequencies: 0e
goal is to reduce the chassis acceleration (€zS) and
keep the root mean square acceleration below 0.5 m/
s2 as established in [45].0e disturbance signal must
be a sinusoidal wave (zr= 0.001sin (ωt)) with the
amplitude in meters.

(iii) Road holding (0–15Hz): 0e objective is to reduce
the resonance peak for the unsprung mass which is
around 10Hz and to reduce the relation between
tire displacement and road profile (zus/zr< 2). 0e
disturbance signal is the same as the one employed
for ride comfort at high frequencies.

5. Optimal Controller Design

To determine the best performance, many controllers are
implemented as a case of studies: skyhook controller,
groundhook controller, and hybrid controller. 0is paper
follows the design implemented in [40]; however, it could be
used as any other kind of controller explained in the
introduction.

5.1. Baseline Control Strategies. We improve these strategies
to move toward an optimal approach to maximize certain
performance criteria.

5.1.1. Skyhook Controller. 0is controller eliminates the
problem in the passive suspension systems of the trade-off
between resonance control and high frequencies [40]. 0is

configuration consists of a semiactive damper connected to the
sprung mass and a virtual sky frame.0e main objective of the
controller is to isolate the sprung mass from road disturbances.
However, the effect has an opposite effect in the unsprungmass
increasing its motion. 0e dynamic behavior is represented in
equation (23). Fsa represents the semiactive damper forces, Csky
and vgnd represent the viscosity coefficient, v1 represents the
sprungmass velocity, v2 represents the unsprungmass velocity,
v12 represents the differences between v1 and v2, and kmin
represents the minimum forces the value could get.

Fsa �
Cskyv1, v1v12 ≥ 0,

Kmin , v1v12 < 0.
􏼨 (23)

5.1.2. Groundhook Controller. 0e difference from the pre-
vious controller is that the damper is connected to the un-
sprung mass and the ground. 0is controller focuses on the
unsprung mass isolating it from road disturbances. However,
an increment in themotion of the sprungmass is obtained.0e
dynamics equations that rule the configuration are in equation
(24). 0e variables are the same as the ones explained before.

Fsa �
Cgndv2, − v2v12 ≥ 0,

Kmin , − v2v12 < 0.
􏼨 (24)

5.1.3. Hybrid Controller. 0e hybrid controller is an alter-
native controller when a trade-off between comfort and
maneuverability wants to be achieved. 0is controller joints
the benefits from the skyhook and the groundhook. Com-
bining equations (23) and (24), it is possible to determine the
semiactive hybrid controller logic represented in equations
(25) to (27).Where new variables appear, Chbd represents the
controller’s gain and α represents the proportion of each
controller to be used.
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σsky �
Cskyv1, v1v12 ≥ 0,

Kmin , v1v12 < 0,
􏼨 (25)

σgnd �
Cgndv2, − v2v12 ≥ 0,

Kmin , − v2v12 < 0,
􏼨 (26)

Fsa � Chbd ασsky + (1 − α)σgnd􏽨 􏽩. (27)

0e design of each controller was presented. In [40], it is
explained that traditional damper forces depend on the velocity;
thus, a linear approximation can be done where the damping
constant is the rate change. However, this effect does not occur
when an MR damper is used, and the graphics force-velocity is
not linear but it is an envelope that is encompassed by an area.
0en, the force is independent of the velocity and only depends
on the current into the coil. 0en, just for the controller design,
equation (28) represents the ideal MR damper model where i is
the current sent by the controller and C is a constant in a range
i � 0–1.75􏼂 􏼃A. 0us, when the simulation is made in
Simulink™, it is necessary to include a Current Limiter if the
controller is oversaturated as proposed in [29]:

FMR− damper � Ci. (28)

5.2. Rationale 4at Supports the So-Called Optimal Decision
Surfaces. It is necessary to clarify the rationale behind the
idea of using optimal decision surfaces. In the design of the
controllers, we can understand that it is necessary to select
the values that we will give to the controller parameters. In
this way, in a heuristic way, the values are searched for the
parameters that satisfy the performance indicators. How-
ever, when selecting the values in a heuristic way, we lose the
notion of the behavior of the system for the whole range of
values that the controller parameter can take.

0erefore, the implemented solution is to simulate the
suspension response for each value that the parameters can
take. 0ese parameters vary within a certain range. In this
way, we guarantee that we are fully aware of any perfor-
mance index. Besides, we guarantee to be able to select the
value for the control parameter that minimizes some per-
formance index within the range.

On the other hand, the controllers explained in the
previous section have two or more control parameters;

consequently, the results will be shown in the forms of
surfaces, where the independent variables are the control
parameters, and the dependent variable is some perfor-
mance index. From these surfaces, we can visualize for which
combination of control parameters some performance index
would be minimized. 0erefore, the strategy is to vary the
control parameters until the performance index is saturated.
Consequently, we establish the working range for the
parameters.

6. Road Disturbances

Different road surfaces are used to validate the performance
of new controllers. 0erefore, this section shows the
mathematical approach to replicate these surfaces in
Matlab™. 0e surfaces are road profile ISO, road bump, and
a sinusoidal function.

6.1. ISO Road Profile. 0is road is implemented accordingly
to the designed one in [47] which follows the ISO 8608
Standard. Different road roughness profiles with different
damage levels can be simulated. 0is report uses the road
Class A-B:

h(x) � 􏽘
N

i�0

���
Δn

√
2k10− 3 n0

iΔn
􏼒 􏼓cos 2πiΔnx + φi( 􏼁, (29)

where x is the length of the road (m) from 0 to L; then, the
points are equally spaced within an interval of ∆n=1/L; B is the
sampling interval; then, the maximum theoretical sampling
spatial frequency is nmax= 1/B; the number of data points is
represented by N=nmax/∆n=L/B; n0 is spatial frequency de-
fined by 0.1 cycles/m; ϕi is the random phase angle with a
uniform distribution from 0 to 2π range; k represents the ISO
classification. 0e road profile is shown in Figure 4.

6.2. Road Bump. 0e road bump signal is a smooth wave,
shown in Figure 5. 0is disturbance is not as much aggressive
as a step function. 0e mathematical approach is shown in
equation (30), where Amp represents the signals amplitude and
it is equal to 0.015m, and the w � equal to 3.927 rad/s. 0is
surface is commonly used by automotive vehicle suspension’s
response tests when a disturbance is in the form of a pothole or
road bump appears, as reported in [48].
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Figure 3: One-quarter vehicle with semiactive suspension.
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zr � Amp(1 − cos(wt))0.4≤ t≤ 2(s). (30)

7. Simulation and Results

As was explained in the rationality, a graphical represen-
tation of the behavior of performance criteria is designed.
0e controllers presented before include two or more pa-
rameters that can be modified. 0us, the results are pre-
sented as multiple surfaces in which the independent axes
represent the controller parameters, and the dependent axes
represent the performance criteria. Analyzing these surfaces,
it is possible to determine the most accurate behavior by
choosing appropriate controller parameters. 0e graphics
representation includes the responses of the passive sus-
pension system and the open-loop system (not controller
current applied). Both are represented by plane surfaces

because the behavior does not depend on a controller pa-
rameter. Passive suspension and open-loop responses work
as a restriction for the controller performance. Each com-
bination of controller parameters that produce a response
higher than the obtained one by the passive and open loop is
not an accurate set of controller parameters and must not be
chosen. Furthermore, a legend of every surface presented is
included in the corner of each graphic.

0e disturbances mentioned in Section 6 will be applied
to the control systems to know the behavior of the vehicle.
As seen in Section 5, the controllers depend on the variables
Csky, Cgnd, Chbd, and Kmin. 0erefore, multiple simulations
will be performed varying these variables uniformly. 0e
performance criteria to be analyzed will be those mentioned
in Section 4. 0ese are the RMS values for chassis accel-
eration (As RMS) and suspension deflection. Besides, the
result that would be obtained if a passive suspension is used
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Figure 4: Simulation scenery: road profile for A-B road ISO.
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will be added to each graph.0ese simulations will be carried
out in Matlab™/Simulink™ and will begin by presenting the
skyhook controller and then the groundhook controller, and
we will end with the hybrid controller.

0e parameters of the one-quarter vehicle model are
presented in Table 1, where δ is a dimensionless value, while
the parameters of the MR damper are listed in Table 2. 0e
one-quarter model parameters in Table 1 were chosen from
[38]. Meanwhile, the MR damper parameters from Table 2
were taken from [39].

7.1. Test with Skyhook Controller. Figures 6–8 show the
response of the controller when the road ISO is the input.
0e variable Csky varies from 0 to 20 while the variable Kmin
goes from 0 to 0.06. 0e chassis acceleration RMS response
shows that the controller has an improvement for every kind
of variable configuration. Furthermore, the responses of the
controller keep a reduction of 41% with a Csky higher than 5.
0e suspension displacement has the same behavior and
reduces 50% of the response whenCsky is higher than 6. Also,
the wheel deformation has an improvement of 33% when
Csky is higher than 8.

Figures 9–11 show the response of the controller when
the road bump is the input. 0e range is the same for all the
variables. 0e chassis acceleration shows an improvement
for all variables combined with a reduction of 30% compared
with the passive suspension response. 0e response of the
controller for the suspension displacement shows lower
values when the minimum damping increases and is higher
than 0.03 with a maximum reduction of 62.5% compared
with the passive suspension. 0e wheel deformation RMS
shows a reduction of 30% for all kinds of configurations
compared with the passive suspension system.

As a finding, it can be observed that the main objective of
reducing the chassis acceleration is accomplished when both
types of disturbance signals are applied.

7.2. TestwithGroundhookController. Figures 12–14 show the
response of the controller when the road ISO is the input. 0e
variable Cgnd varies from 0 to 20 while the variable Kmin goes
from 0 to 0.06. 0e chassis acceleration RMS response, Fig-
ure 12, of the controller shows an increment of 16% compared
with the passive suspension system when Cgnd is equal to 6; for
the rest of the combinations of the values, the increment goes
higher.0e suspension displacement RMS response, Figure 13,
of the controller shows a reduction of 33% compared with the
passive suspension when the Cgnd variable is higher than 10.
However, when lower values than 5 are chosen for this variable,
the response of the controller gets worse with an increment of
50% compared with the passive suspension. 0e wheel de-
formationRMS, Figure 14, shows a reduction of 16% compared
with the passive suspension response when the Cgnd variable is
higher than 5 and this relation keeps equals for the rest of the
combinations of the values.

Figures 15–17 show the response of the controller when
the road bump is the input. 0e range is the same for all the
variables. 0e acceleration RMS response of the controller,
Figure 15, shows a minimum reduction of 23% compared

with the passive suspension when lower values of the
minimum damping are chosen. 0e suspension displace-
ment RMS, Figure 16, shows a reduction of 57% compared
with the passive suspension for all variable value combi-
nations. Furthermore, the wheel deformation response,
Figure 17, shows a reduction of 25% compared with the
passive suspension response, and also a better performance
is obtained when the minimum damping is higher than 0.5.

0e identified finding is compliance in the road holding
criterion for both disturbance inputs.

7.3. Test with Hybrid Controller. For all the tests with this
controller, the independent variables are Csky, Cgnd, and αhybrid.
0e variables Csky and Cgnd go from 0 to 20 while αhybrid goes
from 0 to 1. When αhybrid is equal to 1, a skyhook controller is
obtained while when it is 0, a groundhook controller is ob-
tained. Also, from equation (27), the variable Chbd that rep-
resents the hybrid controller gain is set to 1 in all the
simulations. Furthermore, the passive suspension system re-
sponse and the open loop controller are shown in all the
graphics with colors yellow and red, respectively.

Figures 18–20 show the response of the hybrid controller
when the road ISO is the input. As was expected when the
hybrid controller works more likely than a skyhook con-
troller, a reduction compared with the passive suspension is
obtained. However, there is a specific range when the hybrid
controller has lower values than the passive suspension and
αhybrid goes from 0.2 to 0.8. 0is range is inside the next
boundary Csky> 4 and Cgnd< 10.

0e suspension displacement RMS, Figure 19, has a
maximum reduction of 50% compared with the passive sus-
pension. 0e boundary of this results is for all values of αhybrid
higher than 0.2, lower than 0.8, and any kind of Csky and Cgnd
configuration.0ewheel deformation graphics show that using
αhybrid between 0.2 and 0.8 we can get a better reduction
compared with the skyhook controller and even with the
groundhook controller. However, when this range of αhybrid is
used, it is not necessary to choose a specific value for Csky and
Cgnd. 0e reduction is about 11% compared with the passive
suspension response.

Figures 21–23 show the response of the controller when
the road bump is the input. 0e range is the same for all the
variables. 0e acceleration RMS is practically the same for
every kind of configuration except for an open-loop con-
figuration. Also, a reduction of 28% is achieved compared
with a passive suspension system.

0e suspension displacement decreases 80% in com-
parison with a passive suspension, when αhybrid goes from
0.2 to 0.8 and the variables Csky and Cgnd are higher than 15.
Otherwise, groundhook and skyhook controllers show the
same performance decreasing the responses by 50%. Fig-
ure 23 shows the wheel deformation of the model. Never-
theless, the responses of all the configurations practically
give the same results reducing the deformation by around
30% except for the open-loop configuration.

7.4. Frequency Domain Tests. For this test, the input signals
were presented in Section 4. 0e results are shown as
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descriptive functions (PseudoBode plots) [49]. Figures 24–27
show the vehicle behavior when different sinusoidal input
signals with different frequencies are applied. 0e graphics
show a comparison between multiple controllers: skyhook,
groundhook, hybrid, open loop, and passive quarter vehicle.

Based on the surfaces presented before, a selection of the
variable values was made to obtain the best performance. For
the skyhook controller, the gain was set to 6 and the
minimum damping to 0.01. For the groundhook controller,

the gain was set to 6 and the minimum damping to 0.01. For
the hybrid controller, the skyhook gain was set to 6; the
groundhook was increased to 6; the hybrid gain was
established to 1, and the minimum damping, to 0, 01.

In Figure 24, the passive suspension response fails to
accomplish the maximum gain requirement for (zs/zr) of 2.
Meanwhile, in all the frequency range (especially at 1Hz),
the rest of the controllers accomplish the requirement of
keeping the gain below 2. However, the open-loop system
showed a worse performance compared with the passive
suspension. 0e same results are shown in Figure 25 where
the controllers show attenuation of the magnitude at low
frequencies compared with the passive suspension and open
loop. In Figure 26, all the controllers fail to accomplish the
maximum gain requirement for (zus/zr) less than two at high
frequencies.

A summary of the transmissibility responses is presented
in Table 3. 0is table presents the sprung mass transmis-
sibility (zs/zr) in one row and the unsprung mass trans-
missibility (zus/zr) in the second row. Furthermore, the
responses analyzed are from the passive suspension, the
open-loop system, the skyhook controller, groundhook
controller, and hybrid controller. 0e gain values for the
sprung mass transmissibility are chosen when the frequency
is around 1Hz while that for the unsprung mass is around
10Hz.

0e simulation conditions (suspension parameters,
disturbance signals, outputs of interest, simulation time,
among others) are the same for both passive and semiactive
suspensions. Table 3, which is the summary of the com-
parisons, shows the maximum transmissibility and accel-
eration values in the resonance peaks. Furthermore, the
performance criteria, described in Section 4, were applied in
the same way for both suspensions.

0e frequency response of the passive suspension and
open loop do not accomplish the performance criteria for
the sprung mass nor the unsprung muss. 0e skyhook
sprung mass transmissibility accomplishes the performance
criteria and reduces the response by 53% compared with a
passive suspension; however, the unsprung mass trans-
missibility increases and it is higher than the presented one
by the passive suspension.

0is result works accordingly to what was expected
because the purpose of the skyhook controller is to increase
comfort while the maneuverability is reduced.0e responses
of the groundhook and hybrid controller are practically the
same for the sprung mass and unsprung mass

Table 1: One-quarter model parameters.

Symbol Parameter Value
ms Sprung mass 400 kg
mus Unsprung mass 40 kg
ks Spring constant 20,000N/m
kus Rim hardness 210,000N/m
β Dynamic behavior of the MR damper 1.2∗ 106 m− 2

c Dynamic behavior of the MR damper 1∗ 106 m− 2

δ Dynamic behavior of the MR damper 15
xi Initial state values 0 0 0 0 0.2􏼂 􏼃

Table 2: MR damper parameters.

Value (Ns/m)
ca 320.6
cb 1179.6
cc − 1681.4
cd 1080.6
ce − 242.6

Value (N/m)
αa 14060
αb 236610
αc − 338620
αd 218780
αe − 49470
ka 605,894
kb − 235,805
kc − 63,261
kd 37,495
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Figure 11: Wheel rms deformation with a skyhook controller, and a road bump profile.

50
10 15 20 0

0.02
0.04

Proportional Gain (Cgnd)

Chassis RMS Acceleration

Minimum damping (Kmin)

Zs
 R

M
S 

A
cc

el
er

at
io

n 
(m

/s
2 )

OpenLoop current = 0 A
As RMS
Passive suspension

0.7

0.65

0.6

0.55

0.5
0.06

Figure 12: Chassis rms acceleration with a groundhook controller, and a road ISO profile.
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Figure 13: Suspension rms displacement with a groundhook controller, and a road ISO profile.
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Figure 14: Wheel rms deformation with a groundhook controller, and a road ISO profile.
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Figure 21: Chassis rms acceleration with a hybrid controller, and a road bump profile.
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Figure 22: Suspension rms displacement with a hybrid controller, and a road bump profile.
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Figure 23: Wheel rms deformation with a hybrid controller, and a road bump profile.
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transmissibility. Both accomplish the performance criteria
for the sprung mass and reduce by 48% compared with a
passive suspension. However, this controller does not ac-
complish the unsprung mass transmissibility requirements.
0ese results could be better than the response obtained by
the passive suspension if more accurate controller variables
are selected based on the decision surfaces from Figures 12 to
18.

To have a better understanding of the methodology
achievement, the results are compared with reported works.
0is research compares the results with those presented in
[36] (A) and [37] (B) because they have some important
analogies, for example, the mathematical model to represent
the one-quarter vehicle with a semiactive suspension and the
application of skyhook, groundhook, and hybrid controllers.
Although the numerical values of suspension and MR
damper are not the same, results in A, B, and herein contrast

the passive suspension performance with the proposed ones
and report a percentage of improvement for some common
performance criteria. 0e comparison with the passive
suspension could give a better dimensioning of the herein
obtained improvements. 0e summary of outcomes is
presented in Table 4.

For (zs/zr), the percentage of improvement is pretty
much similar to the presented ones in A and B. 0ere is an
improvement of 10% with respect to the presented one in A,
but not if it is compared with B. For (zus/zr), the result of
each work shows that all suspension models have a similar
performance and there is not a relevant improvement. For
(zs − zus), the proposed methodology reduces, on average,
50% of the suspension displacement compared with a
passive suspension system. Furthermore, these results are
higher than the presented in the skyhook methodology
presented in A; meanwhile, B does not include these results.
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Figure 25: Pseudobode chassis displacement.
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For the chassis acceleration (€zs), a considerable 20% of
improvement is obtained compared with A but 10% worse
than the presented in B.

8. Conclusions and Further Work

0e proposed methodology allows obtaining the controller
parameters that accomplish specific performance criteria.
Furthermore, it can work as a pathway for suspension
systems designers who want to get comfortable and stable
solutions. Moreover, the herein methodology is not limited
to a specific controller structure, and it can be applied with
other controllers or suspension systems.

0e generated surfaces allow you to select the controller’s
constants. 0ey provide relevant information about the
behavior of the performance criteria when the controller’s
parameters vary. 0is offline tuning approach contributes to
determining the controller’s parameters combination that
most reduces/increases performance criteria. 0en, a kind of
optimal controller is selected with the appropriate parameter
values.

Following this methodology, an improvement was ob-
tained versus a passive suspension. For the developed case

study and selecting appropriate controller parameters, the
measured performance criterion was optimized within the
considered simulation conditions. However, it is noticed
that each controller has its distinctive advantage; e.g., the
skyhook controller works better, reducing the sprung mass
acceleration but increasing the tire displacement. Mean-
while, the groundhook controller increases the maneuver-
ability but reduces passenger comfort (by increasing the
sprung mass acceleration). Furthermore, the hybrid con-
troller, after the proposed tuning approach, can meet road
holding and passenger comfort criteria simultaneously.

To reinforce the validation and limitations of this re-
search, a strategic comparison with reported results was
performed. 0is task also provides a broader idea about the
improvements of the proposed methodology when it is
compared against similar reported results 0e results ob-
tained in this research compete with those already reported
as in [36, 37] although some opportunity areas could be
addressed. Moreover, the compared results show that the
methodology is viable and can be improved for its use in
suspension design.

One line of research is the study of the robustness of the
system when modifying some parameters of the suspension.
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Figure 27: Pseudobode unsprung mass displacement.

Table 3: Summary of frequencies responses results from Figures 24–27.

Suspension Passive Open loop Skyhook Groundhook Hybrid
zs/zr gain 3.4 4.2 1.6 1.7 1.8
zus/zr gain 2.8 8.4 4 3.2 3.2

Table 4: Comparison of reported works with proposed work and passive suspension.

% improvement Skyhook (2019) [36] Groundhook (2019) [36] Hybrid (2017) [37] Control surfaces
(zs/zr) 50% 55% 70% 60%
(zus/zr) Minor (≤2%) Not improved Not improved
(zs − zus) 40% 80% Not reported 50%
(€zs) 8% 10% 40% 30%
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It would be worth applying the optimal surfaces approach to
more complex suspension models such as half vehicle and
full vehicle. With these models, interesting dynamics, such
as pitch, roll, and yaw, could be studied to extend the scope
of suspension evaluation beyond vertical dynamics. It would
be interesting to see a real suspension behavior under the
signals applied to the controller. For this reason, the re-
searchers would keep improving on the experiments and
would implement Hardware-in-the-Loop tests in further
works. Multiple approaches could be developed such as the
ones proposed in [50] and [51] where Hardware-in-the-
Loop and Software-in-the-Lop are integrated. Also, more
accurate software, such as CarSim, is used to model the
vehicle suspension dynamics and its nonlinearities. Finally, a
commercial MR-damper could be used for the Hardware-in-
the-Loop which includes physical constraints and allows to test
the transient response when a control system is computed.
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