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Abstract: Passenger comfort and vehicle stability are key aspects that must be guaranteed on ground
vehicles, and semi-active suspensions have offered an outstanding solution to meet these opposite ob-
jectives. This contribution describes a novel autoregressive with exogenous input (ARX) model-based
predictive control strategy handled by a driver block applied on a semi-active vehicle suspension to
improve passenger comfort and road holding when compared against a passive vehicle suspension
system and another more complex control designs reported in the literature. The ARX model em-
ploys a driver block to reduce the computational load of the closed-loop semi-active suspension. In
addition, the controller’s formulation and the case study consider the actuator’s physical constraints
to achieve more realistic results. This case-study includes a one-quarter semi-active suspension with
two degrees-of-freedom, and the numerical data comes from a real magnetorheological damper
characterization. The results, in frequency-domain and time-domain, are measured based on specific
performance criteria. A substantial improvement against a passive suspension is quantified and dis-
cussed. For a broader perspective of the findings, the results are compared against another reported
work. This research effort could be the basis of further studies to achieve more robust solutions such
as adaptive/optimal predictive controllers to improve vehicle’s comfort and stability.

Keywords: predictive control; ARX model; vibration control; actuator’s physical constraints; semi-
active suspension

1. Introduction

Among other advantages, the suspension system of a ground vehicle contributes to
the provision of passenger comfort and vehicle stability [1–3]. This impact on comfort and
stability has driven great efforts and collaboration to improve both indexes at the same
time, although passenger comfort and vehicle stability are opposite indicators [4]. Different
suspension structures, materials, mathematical models, sensors, actuators, and control
strategies have been reported in each of these lines of study, so the efforts to improve the
suspension system are very extensive.

From the point of view of the force that a suspension can provide, there are three types
of suspensions: passive, semi-active, and active. In the passive case, the suspension gener-
ates a force directly proportional to the difference between the speed of the suspended and
unsprung masses; it can be said that there is a constant of proportionality established when
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the shock absorber was designed, and this value cannot be changed during the damper´s
life cycle. The semi-active option has a damper with a baseline value of force, which can
be increased by applying an extra stimulus. With this characteristic, the restoring force
can be varied in real-time. The active solution also changes the damper’s characteristics
during the operation, but there is no base value, so external energy must always be applied
to the suspension or the force applied to the system will be totally lost [5]. Moreover, it has
been proven that semi-active suspensions require fewer resources than an active one and
they can also achieve the levels of force required to meet the comfort and stability indexes
established in the performance tests [5,6].

Additionally, this type of suspension surpasses the passive one, which is unable to
modify the damper´s characteristics during the system’s operation. From the studied
actuator options in semi-active solutions, some of the most studied are electro-rheological
(ER) and magneto-rheological (MR) dampers [7]. MR dampers are most frequently ap-
plied because they have lower power consumption and better safety conditions than ER
dampers [8–11]. With these arguments, this research focuses on the design of a control
system for a semi-active suspension whose actuator is an MR damper.

One of the requirements about designing controllers for semi-active suspensions with
MR dampers is to have a model that represents the system´s dynamics and that is suitable
for control purposes. MR dampers are actuators with special rheologic properties that
are represented with non-linear mathematical models that include saturation, hysteresis,
and the flow of rheological fluids through an orifice [8]. The phenomenological model
proposed by Bouc-Wen [12] has been widely used to describe MR dampers because it
efficiently represents the damper’s non-linearities and it can be applied for diverse control
purposes [13–16], and this is the approach applied herein. To also limit the scope of the
study, it has been decided to work with a two-degrees-of-freedom DOF suspension limited
to vertical dynamics.

After the actuator’s model have been selected, the challenge is to include the actuators
dynamics in the controller’s design to have a solution closer to reality. A reported option
has been the insertion of the Bouc-Wen model in the system’s identification process [17]
for further control design [18]. The advantage of using this approach is that it includes
the non-linear dynamics of the actuator, represented by the Bouc-Wen equations, in such a
way that the manipulation signal, i.e., the force delivered by the MR damper, considers the
actuator’s dynamics and its limitations as well. These considerations contribute to generate
findings closer to reality.

With the modelling issues addressed, the next step is to design the controller. The uni-
verse of control strategies reported for a 2-DOF one-quarter vehicle is diverse and includes
a wide range of solutions, such as fuzzy controllers [19,20], H∞/H2 solutions [21–23], slid-
ing mode controllers [24,25], Linear Parameter-Varying control [26,27], Linear Quadratic
regulator (LQR) [28], active suspension control with online estimation [29], among others.
Moreover, complementary techniques to a pure control strategy have been developed to
improve suspension performance in changing scenarios [30–32].

Another research path in control of vehicle suspension includes the family of con-
trollers based on predictive models. MPC (model predictive control) has been applied with
different approaches. Neural-Network (NN)-MPC [33], Stochastic MPC [34], MPC with
Preview Control [35,36], Distributed-MPC [37], Multiplexed-MPC with a Kalman filter [38],
fast-MPC [39], Explicit-MPC [40], Hybrid MPC-Optimal [41], LPC-MPC-FaultTolerant [42],
and also solutions that include Cloud-Computing [43]. Based on solutions reported in
MPC, it is observed a considerable effort to comply with the performance criteria for vehicle
suspensions.

Within the MPC family, there are practically no reported results of MPC based on ARX
(autoregressive with exogenous input) models applied to vehicle suspensions, and this is
part of the motivation to carry out this research. To the best of the authors’ knowledge,
there is very few reported work about MPC based on ARX models for vehicle suspensions.
It is an adaptive MPC focused on controlling yaw dynamics for a four-tires suspension in
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an electrically-actuated-vehicle. The reported control system is based on the ARX model of
vehicle yaw dynamics [44]. The proposal is to develop a predictive approach based on the
system’s model, including the actuator’s dynamics. For suspension performance it is very
important to consider the actuator’s limitations for control design, as recently reported
in [45]. This research effort could be the basis of further studies with more robust solutions
such as adaptive and/or optimal controllers for MPC based on ARX models.

The herein reported contribution is the design of a predictive controller based on an
ARX model that avoids online optimizations, considers the actuator’s physical restrictions,
and is applied in a nonlinear mechanical system which represents a system of great interest
to the automotive sector. The developed solution differs from traditional predictive control
approaches in that it employs a driver block without the need of an online optimization
algorithm reducing computational effort, and this simplifies the implementation of the con-
trol. Avoiding the execution of online optimization is perceived as part of the contribution
of this work, from the perspective of saving computational resources. The controller design
also includes an identification process of the system, which modeling takes account of the
actuator’s nonlinear dynamics.

The case study is an electro-mechanical 2-DOF system limited to vertical dynamics.
Moreover, the applied criteria to evaluate the suspension´s efficiency come from ISO
standards [2] and another specific qualitative and quantitative criteria employed to evaluate
suspension performance [18,21].

The main objectives of this work are to improve the passenger’s comfort and vehicle
stability by means of a semi-active suspension with a predictive controller. The current
research stage is the 2-DOF suspension system, limited to vertical dynamics, with the
disadvantage of a having only vertical dynamics, but with the expectation of extending the
study to 1/2 and full vehicle. The driver block in the proposed predictive controller that
contains an ARX model is an innovative idea not found in suspension systems that could
lead to promising findings.

The applied research methodology is as follows: a review of the state of the art was
carried out and it was detected that a semi-active suspension with the predictive controller
as developed here, had not been reported. With this finding and with the interest in finding
different ways to improve passenger comfort and vehicle stability, the predictive controller
strategy was designed and adapted to a semi-active one-quarter vehicle suspension with
a MR damper. Based on the performance criteria (time-domain and frequency-domain),
it was detected that the achievements of the semi-active suspension improved those of a
passive one. To increase the validity of the study, the herein obtained results were compared
with other reported studies.

The remainder of this article is structured as follows: Section 2 describes the dynamics
and formulation of the one-quarter semi-active suspension model that includes the actuator
(MR damper). Section 3 describes the ARX predictive control strategy, the mathematical
formulation of the driver block, and the predictive model. Section 4 describes the per-
formance criteria that needs to be fulfilled during the simulation. Section 5 shows the
experimental example and results of the semi-active suspension in close loop with the
predictive controller. Section 6 reports summarized conclusion and future work.

2. One-Quarter Semi-Active Suspension, Including the Actuator’s Dynamics

This section explains the nonlinear model that interacts with the actuator and con-
troller. The semi-active suspension includes the actuator’s dynamics such as hysteresis,
saturation and the flow of a rheological fluid with micron-sized iron particles through chan-
nels that connect two chambers of the magneto-rheological damper. It is worth mentioning
that this research considers the actuator’s physical limitations in all the carried out work.

The suspension model applied in this work is the one reported in [17]. The authors
explain the dynamics of the one-quarter 2-DOF passive suspension, as well as the process
of replacing the passive damper with an MR damper modeled via a modified Bouc-Wen
approach. Furthermore, the paper explains how to simplify the damper’s model to work
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just with the Bouc-Wen representation, and this description is the one applied herein.
Figure 1 illustrates the semi-active suspension and its elements, elements, where ms stands
for sprung mass, mus represents the unsprung mass, ks symbolizes the suspension spring,
and kt represents the tire stiffness. Moreover, zs represents the sprung mass displacement,
zus stands for unsprung mass displacement, and zp symbolizes the road profile.

Figure 1. Semi-active One-quarter-vehicle suspension model with a magneto-rheological (MR)
damper. The actuator is represented by means of the Bouc-Wen model. Figure taken and modified
from [46].

In Figure 1 the element controller represents a general approach, where it reads data
from the system (through sensors), applies a control law, and generates a controller’s
output to modify the force fd and considering the theoretical variable zBW as well as the
internal actuator´s dynamics and transient time behavior, the following equations are
obtained:

ms z̈s = −c0(żs − żus)− (k0 + ks)(zs − zus)− αzBW (1)

mus z̈us = −c0(żus − żs)− (k0 + ks)(zus − zs)− kt
(
zus − zp

)
+ αzBW (2)

żBW = −γ
∣∣żs − żus

∣∣zBW
∣∣zBW

∣∣n−1 − β(żs − żus)
∣∣zBW

∣∣n + δ(żs − żus) (3)

where k0 represents large velocities stiffness, c0 stands for viscous damping, and α is a
coefficient related to the hysteresis behavior; moreover, zBW is a theoretical displacement
employed to mathematically model the hysteresis phenomenon exhibited in magneto-
rheological dampers [12]. In Equation (3), n = 2 where n is defined based on the hysteresis
shape, and it is an even quantity for hard hysteresis loops, whereas an uneven quantity
of n is employed when the hysteresis curve is smooth. Coefficients β, γ and δ define
the hysteresis shape, i.e., how stretched/compressed the hysteresis curve in terms of the
relation relative velocity vs force. For more information about the internal variable zBW the
hysteresis shape and its coefficients, as well as the coefficients in Equation (3), refer to [12].
Due to the MR damper’s dynamics, c0, k0, and α are defined as follows:

k0 = k0a + k0bidamp (4)
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c0 = c0a + c0bidamp (5)

α = αa + αbidamp (6)

In Equations (4) to (6), idamp represents the applied current to the MR damper. As
explained in [47], c0, k0, and α are defined fourth and fifth order polynomials as functions
of idamp. However, during the work in [17] it was observed that if the current is kept within
[0.2–1.75] A, the behavior of c0, k0, and α could be approximated to first order polynomials,
then k0a, c0a, and αa are the base value of k0, c0, and α, respectively, when idamp is equal to
0.2 A. Moreover, k0b, c0b, and αb are additional values for k0, c0, and α, respectively, but
proportional to idamp when current is greater than 0.2A. To avoid adding complexity to the
model, this consideration is applied herein and Equations (4) to (6) hold.

There is another actuator’s dynamic that should be considered in the modeling. When
a current is applied to the MR damper’s terminals, electromagnetic fields are generated
and they affect the rheological fluid with micro-iron particles flowing inside the damper.
This phenomenon causes the actuator’s internal fluid to change from viscous to semisolid
in less than 10 milliseconds [8]; so it is required to include this transient dynamics and it
can be modeled as a first order differential equation. In Equation (7), idamp symbolizes the
current applied to the damper, time constant is equal to 1/140 s, whereas u is the current
that impacts on Equations (4) to (6). Observe that Equation (7) is a first order system with a
response speed defined by the time constant. This phenomenon was observed and reported
in [8].

u̇ + 140u = 140idamp (7)

Equation (7) represents another actuator’s physical limitation, and including it in the
system modeling, contributes to generate results that consider more physical aspects of the
vehicle suspension. With the model explained, the next step is to design the controller.

3. Predictive Control Based on an ARX Model

The proposed control strategy for the one-quarter semi-active vehicle suspension
is shown in Figure 2. The predictive controller is made up by the driver block and the
predictive model block. In this control strategy a driving desired trajectory is generated
by the driver block using the output of a stable model with a desired dynamics, having
the set point as input and the actual process outputs as initial conditions [48]. Within the
predictive part of the scheme, the predictive model calculates the control signal from the
desired output generated by the driver block that renders, according to the predictive
control principle, the desired output equal to the system predicted output.

Figure 2. Predictive control strategy for a one-quarter semi-active vehicle suspension.

3.1. Driver Block

The driver block (DB) guides the desired output path to the setpoint commonly using
a first order model or a critically damped second order model. Thus, the system’s output
tends towards the setpoint following a desired trajectory. This trajectory is produced and
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redefined at every control instant by the driver block that guides the process output to the
desired setpoint as described in [49].

The desired output zd
s (k + λ|k) that is computed at time k by the driver block is

obtained using Equation (8).

zd
s (k + λ | k) =

p

∑
i=1

ϕi
(λ)zs(k + 1− i) +

q

∑
i=2

δi
(λ)zsp

s (k + 1− i) + µ(λ)zsp
s (k) (8)

where, p and q represent the number of the autoregressive terms and the exogenous variable
coefficients, respectively, of the driver block model. The prediction horizon λ represents
the number of future control intervals set to predict the process output zs(k). The ϕ, δ, and
µ are the desired trajectory model coefficients projected over λ, and are calculated through
the recursive evaluation of Equations (9)–(11).

ϕi
(j) = ϕ1

(j−1)αi + ϕi+1
(j−1).

i = 1, . . . , p.

j = 2, . . . , λ.
(9)

δi
(j) = ϕ1

(j−1)βi + δi+1
(j−1).

i = 1, . . . , q.

j = 2, . . . , λ.
(10)

µ(λ) = δ1
(λ) + δ1

(λ−1) + · · ·+ δ1
(1). (11)

under the initial conditions ϕi
(1) = αi for i = 1, . . . , p, δi

(1) = βi for i = 1, . . . , q,
ϕp+1

(j−1) = 0 and δq+1
(j−1) = 0 for j = 2, . . . , λ, as described in [48].

3.2. Predictive Model

The performance of the control system depends not only on the applied control
strategy, but also upon a mathematical model that considers such interaction between all
variables in the system as formulated in Equation (12). The model coefficients âi and b̂i
must be obtained looking for the parameters values that best fits the system dynamics.

zs(k) =
n̂

∑
i=1

âizs(k− i) +
m̂

∑
i=1

b̂iidamp(k− i). (12)

where n̂ represents the order of the AR model and m̂ represents the order of the exogenous
input, zs(k) and idamp(k) are the system output and control input respectively.

The control signal idamp(k) for the entire prediction horizon λ is calculated as follows:

idamp(k) =
1

ĥ(λ)

[
zsp

s (k + λ | k)−
n̂

∑
i=1

ê(λ)i zs(k + 1− i)−
m̂

∑
i=2

ĝ(λ)i idamp(k + 1− i)

]
(13)

In Equation (13), ê and ĝ represents the coefficients of the predictive model projected
over prediction horizon λ. Coefficients ê, ĝ and ĥ are estimated using Equations (14)–(16).

ê(j)
i = ê(j−1)

1 âi + ê(j−1)
i+1 .

i = 1, . . . , n̂.

j = 2, . . . , λ.
(14)

ĝ(j)
i = ê(j−1)

1 b̂i + ĝ(j−1)
i+1 .

i = 1, . . . , m̂.

j = 2, . . . , λ.
(15)

ĥ(λ) = ĝ(λ)1 + ĝ(λ−1)
1 + · · ·+ ĝ(1)1 . (16)

under the initial conditions ê(1)i = âi for i = 1, . . . , n̂, ĝ(1)i = b̂i for i = 1, . . . , m̂, ê(j−1)
n̂+1 = 0

and ĝ(j−1)
m̂+1 = 0 for j = 2, . . . , λ. Detailed analysis of these equations can be found in [49]
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In general the proposed predictive controller can be summarized in Table 1.

Table 1. Predictive control algorithm.

Step Description

1 Get reference zsp
s (k)

2 Get process output zs(k)
3 Compute ϕi

(λ), δi
(λ), µ(λ)

4 Compute zd
s (k + λ | k)

5 Compute ê(λ)i , ĝ(λ)i , ĥ(λ)

6 Compute control signal idamp(k)

4. Performance Criteria

This endeavor refers to specific quantitative and qualitative performance criteria
defined in frequency and time domains.

In this investigation, passenger comfort is related to vibrations coming to the road
profile. The vehicle is exposed to a range of vibrations from this source, which travel
through the physical elements of the automobile and are transmitted to passengers. These
oscillations cause an uncomfortable sensation when they are within a particular range of
frequencies and exceed certain amplitude values, i.e., motion sickness is stronger around
1 Hz and 4 Hz, depending on the body resonant frequencies [50]. Although passenger
comfort level is very subjective, it is necessary to apply a standard to qualify this criterion.

Vehicle stability depends on the automobile reaction to steering wheel changes, and
disturbances from the environment, such as wind currents and road profile irregularities [2].
Therefore, the stability herein focuses on a vehicle’s ability to keep the tires in contact with
an uneven road profile. The indexes are based on a typical compact city vehicle as reported
in [2,51,52].

• Passenger comfort in low frequencies.
Below 5 Hz, keep the relation gain between the sprung mass displacement and the
road profile, i.e., (zs/zp) less than 2. The aim is to decrease the maximum peak (around
1 Hz for an average city vehicle). For this criterion, zp is a sinusoidal signal defined by
zp = 0.015sin(wt) m.

• Vehicle stability between 0 and 15 Hz.
Measured through the division of the relation (zus/zp), i.e., unsprung mass displace-
ment over the road profile. The goal is to cut down the maximum peak observed in
the range [10–13] Hz, for an average city vehicle. For this test, zp is represented by
0.001sin(wt) m.

• Passenger Comfort; the acceleration criterion.
From 4 to 30 Hz, keep the root mean square acceleration (rms) of the sprung mass (one
quarter of the chassis), below the maximum rms vertical acceleration limit developed
by the International Standard ISO 2631 as explained in [2], to assure passenger comfort
for up to 8 h. To run this test, apply the zp as in vehicle stability.

• Suspension Deflection.
From 0 to 4 Hz, keep (zs − zus) within the physical limits of shock absorber to avoid
unmodeled dynamics and a premature suspension wear-off. The herein employed
MR damper has ±2.5 cm as displacement physical limits, as explained in [47]. For this
test, zp is the same defined for passenger comfort in low frequencies.

• Performance in time domain.
With zp representing a road bump profile; the objective is to decrease, as much as
possible, overshoot, undershoot and settling time for: (zs/zp), (zus/zp), rms of zus, and
(zs − zus). The degree of improvement is measured with respect to passive suspension.

In this section, the suspension performance criteria were described. These indexes
are widely applied in the literature to determine if passenger comfort and vehicle stability
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conditions are satisfied. In this context, they are applied herein as the instrument to evaluate
the closed-loop system’s performance.

5. Results and Discussion

This section is dedicated to explain the case study where the predictive controller was
applied. It includes all the simulation work and testing scenarios as well as the obtained
results.

5.1. Simulation Work

To support the theoretical contribution, simulation work was carried out in MATLAB-
Simulink with numerical data from a real MR damper characterized in [53] and applied
in [21]. The numerical values related to the theoretical variable zBW depicted in Equation
(3) are: γ = 1.2e5 m−2, β = 1.0e5 m−2 and δ = 15 and come from the aforementioned
vehicle oriented MR damper’s characterization reported in [47].

Moreover, the numerical values of: c0a, c0b, k0a, k0b, αa, and αb in Equations (4) to (6)
are defined in Equations (17) to (19). As mentioned before, it is observed that the total
values of: c0, k0 and α depend on the current idamp. For this case study, the current feeding
the actuator is restricted with the range [0.2–1.75] A to keep Equations (4) to (6) as first
order polynomials as explained in [18].

k0 = 604.11− 256.75 ∗ idamp(N/m) (17)

c0 = 516.63 + 144.883 ∗ idamp(N/m) (18)

α = 53290 + 29013 ∗ idamp(N/m) (19)

In Table 2, the numerical values of: ms, mus, ks, and kt were chosen to be within real
ranges for one-quarter vehicle suspensions, as applied in [21]. Besides, the results of the
semi-active suspension that with the proposed predictive controller will be compared
against the performance of a passive suspension that commonly uses a constant c = 1000
Ns/m.

Table 2. One-quarter semi-active vehicle suspension parameters.

Parameter Value

ms 450 kg
mus 45 kg
ks 16,000 N/m
kt 210,000 N/m
c 1000 Ns/m

To include the actuator’s physical limitation related to achieve rheologic equilibrium
due to a change in the manipulation signal idamp, the transient time to reach the new
steady state follows a the well known first order response as explained in Section 2,
and its time constant is equal to 0.00714 s, which also comes from a real MR damper’s
characterization [53]. Equation (7) models the transient actuator’s response.

5.2. Predictive Controller Design

For the identification that defines the predictive model parameters â1, â2, b̂1 and b̂2,
the chassis displacement zs was used as a system’s output and the electrical current as a
control signal for the MR damper limited from 0.2 to 1.75 A.

As explained in Section 3 the predictive control is built by two parts, the driver block
and the predictive model. For the semi-active suspension a first order model was used in
the driver block and an identification process using recursive least squares was carried out
to estimate the predictive model parameters.

Equation (20) shows the recursive equation for the driver block.
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For the driver block a first order model is used and shown in Equation (20),

zd
s (k + λ | k) = ϕ1

(λ)zs(k) + δ2
(λ)zsp

s (k− 1) + µ(λ)zsp
s (k) (20)

where ϕ1, δ2 and µ were obtained from Equations (9)–(11), α1 = 0.995 and β1 = 0.000995
were set experimentally.

The Equation (21) was used as the recursive equation for the predictive model. From
the experimental work, λ = 2 was chosen, and sampling time Ts = 1 ms were selected
based on the vehicle semi-active suspension transient time response.

zs(k) =
2

∑
i=1

âizs(k− i) +
2

∑
i=1

b̂iidamp(k− i). (21)

where â1 = −0.000352, â2 = 0.000221, b̂1 = 0.0295, b̂2 = −0.0286.
Due to the symmetry behavior of the MR damper, the control signal in this case must

be the absolute value of Equation (13) and is redefined as:

|idamp(k)| =
1

ĥ(λ)

[
zsp

s (k + λ | k)−
2

∑
i=1

ê(λ)i zs(k + 1− i)− ĝ(λ)i idamp(k + 1− i)

]
(22)

5.3. Results in the Frequency Domain

The performance of the semi-active predictive and passive suspensions is shown and
compared in frequency domain in Figures 3–6, the simulation was carried out under the
same simulation conditions for both cases. Each graph is analyzed according to the comfort
criteria defined in Section 4 and results are summarized in following subsections.

The ride comfort performance is shown in Figure 3, where it is observed that the pre-
dictive controller keeps the zs/zp gain under 2 in the maximum peak, whereas the passive
suspension fails with a gain above 3. In this case, the predictive suspension complies with
the allowed zs/zp maximum gain described in the ride comfort criteria. It is also observed
that the gain begins to increase at a slower rate than in the passive case, and the maximum
gain shifts a little to a higher frequency.
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Figure 3. Sprung displacement gain (zs/zp) for the passive and predictive controller.
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Figure 4 shows the performance in terms of road holding, where the predictive suspen-
sion keeps the gain zu/zp below 2 and shifts the tire displacement peak to low frequencies.
A notable reduction of the the resonant peak (around 11 Hz) over the passive suspension
can be seen, where the maximum gain measured for the predictive controller is below
1 around the resonant peak. By keeping the gain less than 2, a road holding is ensured
around the resonant frequency, and throughout the analyzed frequency range.

Frequency (Hz)
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Figure 4. Unsprung mass displacement gain (zus/zp) for the passive and predictive controller.

In Figure 5, it is shown that the chassis acceleration of the proposed predictive con-
troller maintains the acceleration constant during all frequencies. Moreover, it does not
have the peak, around 11 Hz exhibited by the passive suspension. Over the entire fre-
quency range, the chassis acceleration of the semi-active suspension is below the comfort
criterion at high frequencies. The outcome in Figure 5 shows a semi-active suspension (with
a predictive controller) able to guarantee passenger comfort for eight hours. Although
the passive approach keeps the rms acceleration of the passenger at a lower value than
the semi-active one, the important fact is that the semi-active suspension also meets this
comfort criterion.

Suspension travel performance is shown in Figure 6. In this case the passive suspen-
sion reaches out the maximum travel limit (±2.5 cm), whereas the semi-active predictive
suspension has a maximum value equal to 1.63 cm at around 1.4 Hz. This result means
that only the predictive suspension is able to comply with the suspension travel criterion.
Furthermore, the semi-active suspension would not have the problem of excessive wear-off
of the passive suspension. It must be remembered that reaching the physical limits implies
forcing the shock absorber, and being in an working zone with not modeled dynamics.
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Figure 5. Chassis acceleration relation z̈s for the passive and predictive controller. Black line indicates
the limit of the acceleration comfort.
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Figure 6. Suspension deflection (zs − zus) for the passive and predictive controlled suspensions.

5.4. Results in Time Domain

This test refers to the suspension response when zp is a road bump like signal. The
goal is to reduce, as much as possible, the overshoot and settling time of zs, zus, (zs − zus),
and z̈s with respect to the passive suspension.

Even thought when there are not quantitative performance indexes for time domain
analysis, in Figure 7 is possible to identify an improvement in the chassis displacement zs.
The semi-active damper reduces the chassis displacement 26% compared with the passive
damper during the bump disturbance and is able to absorb 92% of the damping harmonic
motion once the car is out of the bump. Moreover, in the semi-active system the chassis
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movement converges faster to the equilibrium position than the passive case; thus, the
chassis to oscillate less and this provides a better passenger’s comfort feeling. In Figure 8
is observed that the displacement of the tire is almost the same as the road profile, so it
manages to slightly improve the performance of the passive suspension. As consequence,
the tire maintains the contact with the road profile, thus, keeping the road holding.

With respect to passenger comfort, the chassis acceleration z̈s in Figure 9 shows a poor
performance in compare with the passive suspension. In the semi-active suspension the
maximum acceleration peaks during the bump decreased; however, both the frequency
and steady-state time are larger than the passive suspension. This performance is an
opportunity area of the semi-active system that could be the subject of a further research
study. The suspension deflection (zs − zus) in Figure 10 was also considerably improved,
the maximum deflection of the semi-active suspension was 0.07 cm, whereas the passive
suspension reached 1.26 cm. Furthermore, this is one of the most outstanding results
in the time domain test due to the degree of improvement with respect to the passive
suspension. The suspension travel is kept small and this helps isolate passengers from
road disturbances.
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Figure 7. Chassis or sprung mass displacement for the predictive controlled and passive suspensions.
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Figure 8. Tire or unsprung mass displacement for the predictive controlled and passive suspensions.



Actuators 2021, 10, 47 13 of 17

Time (sec)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

C
ha

si
s 

ac
ce

le
ra

tio
n 

de
fle

ct
io

n 
in

 c
m

/s
2

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

Passive
Predictive Control

Figure 9. Chassis acceleration for the predictive controlled and passive suspension.
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Figure 10. Suspension deflection for the predictive controlled and passive suspensions.

The herein reported results in frequency and time domains significantly improve the
passive suspension performance.

The quantitative results of the semi-active predictive suspension satisfied the five
performance criteria described in Section 4. In terms of performance, the predictive
controller not only significantly improves passive suspension performance and complies
with all stated comfort and stability specifications, but also improves the performance of
the semi-active over another strategies reported in the literature (see Tables 3 and 4).

Remarkable improvements are observed in the semi-active predictive suspension over
the passive suspension. For example a 49.2% reduction of the (zs/zp) gain is achieved, 34%
reduction in the (zus/zp) gain was obtained and 41% reduction in the suspension deflection
was attained. All these improvements are focused on a considerable peak reduction with
respect to the passive suspension.
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Table 3. Summary of frequency response results.

Suspension (zs/zp) Gain (zus/zp) Gain z̈s Max (zs − zus) in cm.

Passive 3.23 2.97 X 2.77 ×
Semi-active Predictive 1.64 1.95 X 1.63 X

XMeets comfort requirements; × Requirements not met

To have a broader picture of the herein achieved outcomes, a comparison versus
another reported results is included. Table 4 shows percentages of improvement of four
reported endeavors and the proposed predictive controller. Despite, they employ different
one-quarter vehicle parameters, and not all performance indexes are measured with the
same method, the percentage of achieved improvement with respect to the reported passive
suspension is reported to compare all control strategies. The quantities are the percentage
of improvement when maximum values are measured for each category. To calculate the
percentages of improvement, measurements were carried out on the reported graphs, for
each performance index. In Table 4 the predictive control shows a remarkable improvement
regarding to chassis displacement (zs/zp) and unsprung mass displacement (zus/zp) over
the H∞ reported in [18]. Moreover the suspension deflection (zs − zus) maximum value
achieved with the predictive controller improved the performance when compared against
the results of the LPV/H∞ reported in [51], but not enhanced the performance of H∞. The
rms chassis acceleration z̈s enhanced the results reported in [18,21] in 12% around 11 Hz
(value close to the resonance frequency).

Table 4. Percentage of improvement of reported work and proposed predictive control strategy
against passive case. Result are reported in frequency domain.

LPV/H∞ [51] LPV/H∞ [52] H∞ [18] H2 [21] Predictive Control

(zs/zp) Not Reported 12.1 46 40.8 49.2
(zus/zp) 8 7 39.7 40 68.9
(zs − zus) 16.2 8 65 61 41

z̈s 18 25.4 Negative Negative 14

6. Conclusions and Future Work

The predictive control based on an ARX model, which was applied to the semi-active
suspension with an MR damper, improves the performance of the passive suspension
and meets all performance criteria. The proposed predictive control improves: 49.2%
the sprung displacement gain (zs/zp), 68.9% the unsprung displacement gain, 41% the
suspension deflection (zus/zp) and 14% the rms chassis acceleration. Furthermore, when
the results are compared with another reported efforts with similar performance criteria
in the frequency domain, it is observed that the herein proposed predictive controller
competes and improves most of the declared criteria. This finding remarks the contribution
of the proposed predictive control strategy based on an ARX model when applied to
improve comfort and stability in suspensions of ground vehicles.

Having included the non-linear dynamics of the actuator is very valuable because the
simulated scenarios contribute to a closer representation of reality, and the findings become
more relevant for the suspension performance evaluation and further decision making.

In general, the proposed semi-active predictive suspension shows a really good per-
formance in terms of computational effort running in a parallel 1-ms sampling time, even
when this controller is modeled in a recursive manner. This fact motivates us to look for
an option for its implementation in the field with the embedded controller, not only for
automotive suspensions, but also in the field of industrial shock absorbers and industrial
dampers for solar tracking.

Future work is intended to improve the chassis acceleration response by reducing the
oscillation amplitude shown in Figure 9; however, a new identification effort needs to be
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performed to adjust the predictive model. Another improvement could be to include the z̈s
as part of the predictive model to reduce chassis acceleration. A hybrid predictive strategy
could be also explored to consider the complete current range of the MR damper. Another
research line could be the adaptive capability of the controller to increase robustness under
a mass change or different road profile conditions. Finally, a multi-input multi-output
adaptive predictive controller could be introduce as a centralized controller for one-half or
full vehicle suspensions.

The findings in a 2-DOF system are limited to the vertical dynamics of one tire and
one-quarter of the chassis. Although this simplified version of the vehicle’s suspension
could reduce the model’s accuracy and analysis, it is a widely accepted and employed
model to study the vertical dynamics in vehicle suspensions. To increase the impact of the
research, a more complete analyses on ride comfort and vehicle stability can be carried out
if the study is extended to a one-half vehicle suspension model that also includes the roll or
pitch angle dynamics. Moreover, the vertical motions would include half of the vehicle´s
suspension and mass. This could be studied in future work
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