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Abstract: This paper concerns a hybrid vibration reduction system (HVRS) equipped with a linear
electrodynamic motor (LM). The objective of the study was to implement the HVRS in a scaled vehicle
suspension and reveal the benefits of its application in the system. First, a mathematical model of a
quarter-vehicle suspension with the HVRS was formulated. Next, the dynamic similarity method
was employed to conduct numerical simulations of the passive vibration reduction system (PVRS).
Subsequently, an algorithm for HVRS controlling was developed. Then, the system was investigated
experimentally under deterministic and random excitations. The results confirmed the effectiveness
and applicability of the proposed HVRS.

Keywords: energy saving; vibration reduction; vehicle suspension; passive system; hybrid system;
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1. Introduction

The majority of vehicle models known from the literature discuss their components
with greater or lesser detail. A significant number of these are mechatronic models that
account for selected parts of the mechanical structure and the integrated measurement and
control components. An overview of models, comprehensively describing vehicle compo-
nents, can be found, e.g., in [1–3]. These models are generally used in the implementation
of control systems to improve the conditions of vehicle use and the comfort of passengers,
as well as to reduce the risk of damage to cargo and to simplify or eliminate decisions made
by operators.

Aiming at a given control system as the criterion for distinguishing models men-
tioned above, one must divide models into the following groups: systems intended for
installation inside the vehicle, directional control systems, drive systems, braking systems,
and suspension systems. Among the models of systems intended for installation inside
the vehicle, several types can be listed: the operator’s seats [4,5], steering columns and
wheels [6], sound amplification systems [7], or navigation systems [8]. Modelling of a
directional control system can be performed concerning such aspects as improvement of
the functioning of assist systems [9], automation of speed and direction selection [10], or
the correctness of the trajectory defined by autonomous vehicles [11]. Modelling of drive
and braking systems takes into account mechanical constructions and control systems se-
lected for engines [12,13], compression systems [14], exhaust systems [15], assisted braking
systems [16,17] or elements of the braking system [18], driver assistance systems [19,20],
and elements of the car body; in particular, the elements designed to increase vehicle
adherence to the road surface [21]. Models of suspension systems can be distinguished
as follows: suspensions of four-wheeled vehicles, including full suspension systems [22],
half suspension systems [23–26], quarter suspension systems [27–30], and suspensions of
nontypical vehicles such as hyperloop capsule vehicles [31], lorry cars [32], etc.

Another common criterion for distinguishing vehicle models involves the type of
control system implemented. Having this in mind, the models can be divided as follows:

Energies 2023, 16, 2202. https://doi.org/10.3390/en16052202 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16052202
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8928-8455
https://doi.org/10.3390/en16052202
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16052202?type=check_update&version=1


Energies 2023, 16, 2202 2 of 21

passive systems [33,34], semiactive systems [35,36], active systems [37,38], and hybrid
systems [39,40]. The control systems usually employ algorithms such as: PID [41], sky-
hook [42], LQR [43], switching algorithms such as sliding mode control [44,45], optimal
regulators [46], and adaptive regulators [47]. Typical actuators installed in hybrid vibration
reduction systems are MR dampers [48], electrodynamic linear devices [49,50] or rotary
devices [51], and electropneumatic or electrohydraulic actuators [52].

In the present study, the authors investigate the hybrid vibration reduction system
(HVRS) implemented in a scaled quarter-vehicle suspension under harmonic or random
excitation. The dynamic similarity method was applied, considering the similarity scales of
mass, time, and displacement. Furthermore, the control algorithm for HVRS controlling
was modified to that described in [37]. The modification also expands the HVRS to operate
under random excitations. The engineering significance of the study is to elaborate and
implement the HVRS control algorithm in the test rig, taking into account all proposed
similarity scales simultaneously and developing appropriate modifications in the algorithm
of the excitation generation.

The paper is structured as follows. Section 2 presents a mathematical model of a
quarter-vehicle suspension with a linear motor (LM), the selection of the parameters of the
reference object subjected to scaling, the description of the scaling method used, and the
parameters of the model on the laboratory scale. Section 3 describes numerical simulations
carried out to verify the similarity of the reference object to the models and to verify the
correct operation of the HVRS control algorithm subjected to deterministic and random
excitations. Section 4 discusses the results of experiments carried out on a test rig, which
confirm the possibility of practical implementation of the proposed algorithm. Summary
results and conclusions are provided in Section 5.

2. Modelling

Let us consider a model of a simplified quarter-vehicle suspension with a LM (see
diagram in Figure 1). The passive vibration reduction system (PVRS) model has two
degrees of freedom. The first degree is mapped by the displacement x1 of the unsprung
mass m1, which represents the tyre, hub, and steering knuckle. The second degree is
mapped by a displacement x2 and takes into account the movement of the chassis elements
not mentioned above and body elements with a total mass of m2 (sprung mass). The
movement of the masses m1 and m2 takes place along one axis and is limited by the action
of a spring and a shock absorber with an elasticity coefficient k2 and a damping coefficient
b2, respectively. The spring with the elasticity coefficient k1 and the shock absorber with
the damping coefficient b1 are responsible for the behaviour of the wheel rolling on the
road surface. The excitation input in the model is a displacement z determining the impact
of the vertical road profile on which the vehicle moves. Taking into account the forces Fg1
and Fg2 resulting from the impact of gravity on the masses m1 and m2 and regardless of the
force Fm (LM impact), the PVRS diagram is shown in Figure 1a.

2.1. Mathematical Model

The objective of the HVRS is to reduce the vibration of the mass m2. The actuator in
the system is the LM (see Figure 1), which affects the suspension with force Fm. This force
depends on the product of the current im in the electrical circuit LM and the force sensitivity
factor κ1. The mechanical subsystem of the HVRS is governed by the equations:{

m1
..

x1 + b1
( .

x1 −
.
z
)
+ b2

( .
x1 −

.
x2
)
+ k1(x1 − z) + k2(x1 − x2) = −Fm − Fg1

m2
..

x2 + b2
( .

x2 −
.

x1
)
+ k2(x2 − x1) = Fm − Fg2

(1)

where g is the standard acceleration of gravity and forces Fm, Fg1, and Fg2 are defined as
follows: 

Fm = κ1im
Fg1 = m1g
Fg2 = m2g

(2)
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The electrical subsystem (Figure 1b) is represented by a two-terminal network with
parameters Rm, Lm, and em, where Rm and Lm are the resistance and inductance of the
LM coil, respectively, and em is the electromotive force proportional to the product of the
relative velocity

.
x1 −

.
x2 and the back emf coefficient κ2. In the subsystem, there is also

a controlled potentiometer with a resistance of Ra, a voltage regulator (VR) producing a
voltage of um, and a relay SW. The relay disconnects the VR in the case where um = 0 V.
The electrical subsystem is governed by the equations:

um = Lm
.

lm + Rmim − em ∀ um 6= 0

em = Raim + Lm
.

lm + Rmim ∀ um = 0
em = κ2

( .
x1 −

.
x2
) (3)Energies 2023, 16, x FOR PEER REVIEW 3 of 21 
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2.2. Dynamic Similarity

The dynamic similarity of the two models assumes the similarity of selected physical
quantities that are important in the mathematical description of the considered system
or process [53]. These quantities can be referred to as criteria numbers. The model of
a quarter-vehicle suspension denoted by Equations (1)–(3) requires the introduction of
three fundamental reference quantities: characteristic mass M, characteristic time T, and
characteristic displacement L [54]. Taking into account Equation (1) and the set of basic
quantities {m1, b1, k1, m2, b2, k2, Fm, g}, the following criteria numbers are established:

Km = m2M−1

Kk = k2T2M−1

Kb = b2TM−1

K f = FmT2M−1L−1

Kg = m2gT2M−1L−1

(4)

The introduced criteria numbers can also be written in a form which is simpler to
physically interpret as the following relations: elasticity forces and fictitious forces, damping
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forces and fictitious forces, LM interaction forces and fictitious forces, and gravity forces
and fictitious forces:

Kk =
k2L

m2LT−2 Km

Kb = b2LT−1

m2LT−2 Km

K f =
Fm

m2LT−2 Km

Kg = m2g
m2LT−2 Km

(5)

These criteria numbers are complemented by dimensionless similarity coefficients
defining the mass, damping, and stiffness ratios determined for a wheel in relation to the
equivalents determined for sprung mass:

αm =
m1

m2
, αb =

b1

b2
, αk =

k1

k2
(6)

Assuming dimensionless displacements in the form z̃ = zL−1, x̃1 = x1L−1, x̃2 =
x2L−1, and dimensionless time τ = tT−1, Equations (1), (5) and (6) can be used to define a
dimensionless equation of motion:

Kmαm
d2 x̃1
dτ2 + Kb

(
dx̃1
dτ −

dx̃2
dτ + αb

dx̃1
dτ − αb

dz̃
dτ

)
+ Kk(x̃1 −x̃2 + αk x̃1 − αk z̃) =

= −K f − αmKg

Km
d2 x̃2
dτ2 + Kb

(
dx̃2
dτ −

dx̃1
dτ

)
+ Kk(x̃2 − x̃1) = K f − Kg

(7)

Equation (7) generally interprets a specific class of systems with the same criteria
numbers. Therefore, if the equality of the criteria numbers (5) and similarity coefficients
(6) is met for the compared models, then these are similar in terms of the selected criteria.
Similarity scales corresponding to the accepted reference quantities should be defined
when developing a laboratory-scale model similar to a reference object. Then, the similarity
scales of the masses sm, the time st and the displacements sl are introduced:

sm =
Mmo

Mob , st =
Tmo

Tob , sl =
Lmo

Lob (8)

where designation ob refers to the reference object and mo to its model. The condition for
maintaining the similarity of the model to the object is to meet the equations:

Kmo
m = Kob

m , Kmo
b = Kob

b , Kmo
k = Kob

k , Kmo
f = Kob

f , Kmo
g = Kob

g (9)

Equation (9), supplemented by criteria numbers (5) and similarity scales (8), allows
model parameters to be determined in the form as follows:

mmo
2 = mob

2 sm, bmo
2 = bob

2 sm/st, kmo
2 = kob

2 sm/s2
t

mmo
1 = mob

1 sm, bmo
1 = bob

1 sm/st, kmo
1 = kob

1 sm/s2
t

(10)

The LM interaction force and the coefficient of the standard gravity can be determined
from the formulas:

Fmo = Fobsmsls−2
t , gmo = gobsls−2

t (11)

The model parameters defined in this way can be used to build a laboratory-scale
vibration reduction system of a quarter-vehicle suspension.

2.3. Model Selection

The reference object in this study is the model of a quarter-vehicle suspension be-
longing to the SUV category. When denoting a reference object with the M1, the model
parameters are specified in the first line of Table 1. Since the laboratory model’s structure
should reflect the object’s structure, the model is implemented by the PVRS (see Figure 2).
Displacement z is generated by a shaker. The masses m1 and m2 and the displacements x1
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and x2 are mapped by the bearing Plate 1 and Plate 2. Stiffness coefficients k1 and k2 are
mapped by Springs 1 and Springs 2. Damping coefficients b1 and b2 are mapped by viscous
friction in the bearings and in the HVRS by the drag forces resulting from the air pumped
through the LM.

Table 1. Assumed model parameters.

Model Coefficient Value Scaling Factor

M1
m2 = 450 kg, m1 = 50 kg,

b2 = 1140 N · s/m, b1 = 100 N · s/m,
k2 = 20000 N/m, k1 = 128000 N/m

sm = 1,
sl = 1,
st = 1

M2
m2 = 12.8 kg, m1 = 1.42 kg,

b2 = 32.4 N · s/m, b1 = 2.84 N · s/m,
k2 = 568 N/m, k1 = 3635 N/m

sm = 0.0284,
sl = 1,
st = 1

M3
m2 = 12.8 kg, m1 = 1.42 kg,

b2 = 49.9 N · s/m, b1 = 4.37 N · s/m,
k2 = 1347 N/m, k1 = 8617 N/m

sm = 0.0284,
sl = 0.1,

st = 0.64935
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The primary assumption when choosing the model’s parameters is to minimise the
amount of energy consumed by the shaker and by the VR, which powers the LM. When
analysing Equations (1), (2), (10) and (11), it can be seen that the amount of energy de-
manded for the functioning of the system increases with the increase of the scale coefficients
sm and sl and also the decrease of the scale coefficient st. However, the effect of the scale
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coefficient st is not intuitive because the assumption of a value of st < 1 increases in-
stantaneous energy demand but simultaneously shortens the time required to perform
tests. The structure of models usually begins with the assumption sl = 1 and st = 1,
and the coefficient sm is selected so the model can be made on a laboratory scale (mass,
damping, elasticity). The values of the dimensionless similarity coefficients of the reference
object are αm = 0.111, αb = 0.0877, αk = 6.4. Taking into account the mass of the bearing
arrangements, the sensor, the fasteners, and the LM coil, the mass m1 cannot be less than
1.42 kg. Knowing the mass m1, one can estimate the mass m2 = 12.8 kg and the scale
factor sm = 0.0284. The remaining parameters are estimated from the relationship (10).
The resulting model is marked with the symbol M2 and its coefficients are provided in the
second line of Table 1.

The parameters of the M2 indicate that a low damping coefficient b1 value makes
physical implementation difficult, and a low stiffness coefficient k2 value is unacceptable for
safety reasons. In the case of HVRS damage, the Spring 1 could be permanently deformed.
An additional limitation is a shaker and an LM’s scope of displacements. For these reasons,
the M3 was developed, in which the scale factors were modified, assuming sl = 0.1 and
st = 0.64935. The designated coefficients of the model are placed in the third line of Table 1.

When considering mechanical limitations and the availability of springs in the manu-
facturers’ catalogues, a laboratory model of the vibration reduction system designated as
M4 was built (see Figure 2). Subsequently, the correctness of the execution of the masses
was verified, and the remaining coefficients were identified. The coefficient values of the
M4 are provided in the first line of Table 2.

Table 2. Identified model parameters.

Model Coefficient Value Electrical Parameter

M4
m2 = 12.8 kg, m1 = 1.42 kg,

b2 = 35.9 N · s/m, b1 = 3.88 N · s/m,
k2 = 1371 N/m, k1 = 7197 N/m

-
(Fm = 0 N)

M5
m2 = 12.8 kg, m1 = 1.42 kg,

b2 = 35.9 N · s/m, b1 = 3.88 N · s/m,
k2 = 1371 N/m, k1 = 7197 N/m

Rm = 2.4 Ω, Lm = 2.5 mH,
Ra = 30.2 Ω, κ1 = 21.35 N/A,

κ2 = 21.36 V · s/m

Comparing the parameters of the M3 and M4, it can be seen that, for elements repro-
ducing the behaviour of the tire (mass m1), the obtained stiffness and damping coefficients
were lower than expected, which resulted in a decrease in the resonant frequency and an
increase in vibration amplitude. In the case of the sprung mass (mass m2), the resonant
frequency is mapped correctly, while the amplitude mapping requires increasing the value
of the damping factor b2 by 14 N · s/m. Introduced M1, M2, and M3 described the op-
eration of the PVRS. The implementation of the HVRS requires the activation of the LM,
which results in the introduction of additional drag force into the system resulting from air
transfer between the core and the motor coil. This force is proportional to the difference

.
x2 −

.
x1, so it can be modelled as the increment of the damping coefficient b2. It is also

possible to increase the damping coefficient b2 by including additional resistance Ra in the
LM circuit. According to [39], the additional damping value bd caused by the LM into the
suspension system is determined by the formula:

bd =
κ1κ2

Rm + Ra
(12)

Based on the electrical parameters of the LM (see M5 in Table 2) and the Formula (12),
the b2 value will increase by 14 N · s/m at Ra = 30.2 Ω. Consideration of the effect of
equivalent damping bd without taking into account drag force resulting from air transfer is
only theoretically possible. Despite this, the M5 was introduced in the simulation stage,
and its parameters are provided in the second line of Table 2.
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3. Numerical Simulations

Simulations were carried out by the LabVIEW Simulation Module Package in two
stages. In the first stage, the M2, M3, M4, and M5 were verified, while in the second
stage, the HVRS model was developed and tested under deterministic excitation of a step
signal, deterministic excitation of a sinusoidally varying signal, and random excitation of a
stochastic signal. The sampling time was set to dts = 0.0002 s.

Deterministic excitation of a step signal was defined as:

z(t) =
{

0 m ∀ t < 1·st
0.001·sl ∀ t ≥ 1·st

(13)

In contrast, deterministic excitation of a sinusoidally varying signal was defined as:

z(t) = Az·sl · sin
(

t2/s2
t ·π·vz

)
(14)

where Az = 1 mm is a constant amplitude and vz = 0.02 Hz·s−1 is the sweep rate at which
the frequency f rises from the minimum value to the value of 15/st Hz. In order to evaluate
simulation results, the displacement transmissibility coefficients were introduced:

Tx1z( f ) =
Ax1

Az
, Tx2z( f ) =

Ax2

Az
(15)

where Ax1 and Ax2 are the amplitudes of the displacements x1 and x2, respectively.
Excitations in the form of a stochastic process are the sum of sinusoidal processes with

determined amplitudes and wavenumbers, and the initial phases, being random variables,
are defined as:

zob
(

yob
)
=

n

∑
i=1

Ai sin
(

kiyob + θi

)
(16)

The meaning of the markings in the Formula (16) is as follows: n—number of sinu-
soidal processes, θi—random value from the range < −π, π), yob—spatial coordinate of the
distance covered by the object moving at the speed vob

y , ki—wavenumber being a multiple
of the minimum wavenumber kmin, Ai—amplitude of sinusoidal varying process with the
assumed resultant power spectral density (PSD).

Considering the velocity of the reference object vob
y = 60 km/h and the considered

vibration frequency in the range from 0.5 Hz to 20 Hz, the wavelength of the yob coordinate
is in the range (0.83, 33.2) m for models M1 and M2, and for models M3, M4, and M5,
after taking into account st = 0.649, in the range (1.3, 52) m. Considering both intervals,
the wavenumbers ki are in the range (0.12, 7.57) rad/m. Analysis of models in the time
scale st 6= 1 or displacement scale sl 6= 1 requires adjustments in the excitation generation
process expressed as:

zmo(ymo) = sl ·zob(ymo) (17)

where ymo is the spatial coordinate specified for the model moving at vmo
y = vob

y /st.
As a result, random excitation was defined as the assembly of three 15-second frag-

ments of stochastic processes representing disturbances occurring on class A, B and C
roads under the [55] standard. The component processes zmo(tmo) are defined assuming:
kmin = 0.05 rad/m, n = 220, vob

y = 16.6 m/s and 3 values of power spectral density:
1.5× 10−6 m3/rad, 8× 10−6 m3/rad, 3× 10−5 m3/rad. The example of a power spectral
density of displacement excitation PSDzob(k) in an A road class is shown in Figure 3.
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3.1. Passive Vibration Reduction System

Verification of the PVRS was carried out under deterministic excitations. To simplify
the interpretation of the results, the gravitational interaction was omitted (gob = gmo = 0).
Taking into account the influence of the scaling factors st and sl , the sampling time was
corrected accordingly, dt = dts/st, and the displacements z, x1, and x2 were scaled up. The
determined time characteristics are shown in Figure 4 and the displacement transmissibility
coefficients in Figure 5.
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The analysis of plots in Figures 4 and 5 leads us to the following conclusions:

• The M2 and M3 are similar to the M1;
• Comparison of the M4 and M5 with the M1 shows that in the assumed excitation

frequency range, the sprung mass resonant frequency was mapped correctly, while
the unsprung mass resonant frequency was lower than expected;

• The M5, in which the damping factor b2 was increased compared to the M4, accurately
reproduces the amplitude of the sprung mass vibrations;

• The transmissibility coefficients Tx1z in the high-frequency range for the M5 do not
map exactly the transmissibility coefficients Tx1z for the M1.

The analysis shows that the similarity of the M1 and M4 is sufficient to verify the
possibility of using the HVRS in vehicle suspensions based on calculations carried out in
the test rig.

3.2. Hybrid Suspension System

The HVRS requires the development of an LM control module (see Figure 1b), with
which the resistance Ra and the supply voltage um can be changed. Changing the resistance
Ra allows operation in semiactive mode while changing the voltage um allows operation in
active mode. Given the Formula (12), the effect of the resistance Ra change was simulated
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for two boundary values. Using the M5 as the base and assuming um = 0 V, the M5a for
Ra = 1 Ω and M5b for Ra = 50 Ω were defined. In active mode, the slide mode control
algorithm was used to control the HVRS, assuming that the purpose of the control is to
minimise the mass m2 vibrations amplitude. Considering Equations (1) and (2), the motion
equation of Plate 2 can be written as:

..
x2 =

1
m2

fd
(

x1,
.

x1, x2,
.

x2, t
)
+

1
m2

fc(im, t) (18)

where fc is the control force that should counteract the force fd disturbing the accepted
equilibrium point (x2 = 0 and

.
x2 = 0) [56]. If we assume a sliding variable in the form of

σ =
.

x2 + cx2, then according to [39], a control law um can be expressed as:

um =
m2Rm

κ1
c

.
x2 +

Rm

κ1
β·sign

( .
x2 + cx2

)
(19)

where c is the angle of the sliding surface on a state trajectory, and β is the parameter chosen
to offset the impact of the max value of the disturbing force fd.

When the system operates in the active mode under deterministic excitations, the
amount of energy supplied to the LM in the time duration of 1 s is expressed as:

Ede1 =

∫ tn+1
tn

um
2

Rm
·dt

tn+1 − tn
(20)

where tn+1 − tn is the time duration of the one cycle of a sinusoidally varying excitation
and n is the cycle number. Whereas the system operates under stochastic excitations, the
amount of energy supplied to the LM in the time duration of 1 s can be calculated as:

Ede2 =
∫ ti+1

ti

um
2

Rm
·dt (21)

where ti is the start time of the cycle, ti+1 is the end time, and ti+1 − ti is assumed to be 1 s.
The operation of the vibration reduction system in active mode was implemented

using the base M5 and the control law written in the formula (19). Assuming Ra = 50 Ω,
c = 10 s−1, and 2 values of β = 30 N and 40 N, the M5c and M5d, whose parameters are
provided in Table 3, were defined. The M5a–M5c were analysed under sinusoidally varying
excitation. The simulation results are shown in Figures 6 and 7. The plots in Figure 6
present the displacement transmissibility coefficients Tx1z and Tx2z and, in Figure 7, the
plot of the energy Ede1 supplied to the LM as a function of frequency f .

Table 3. Parameters of the semiactive and active model of the system.

Model β N c s−1 Ra Ω

M5a 0 0 1
M5b 0 0 50
M5c 30 10 50
M5d 40 10 50
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Based on the obtained results, an algorithm for the HVRS control was formulated (see
diagram in Figure 8). The algorithm was implemented in three stages: data preparation,
determination of excitation type, and model selection. The data preparation stage consisted
of the following steps:

• Buffering the last 30,000 displacement z samples;
• Determination PSDz( f ) function of the buffered signal;
• Calculation of the maximum value of PSDz designated by PSD1 and determination

of the corresponding frequency designated by f 1
m.
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The determination of the excitation type stage consists in determining whether there
is no excitation or there is deterministic or random excitation. The detection algorithm
works by comparing the values PSD1 and f 1

m with the experimentally determined limit
values PSD1

min = 10−8m2/Hz and f 1
min = 0.25 Hz. No excitation signal occurs when

PSD1 < PSD1
min. If PSD1 ≥ PSD1

min and f 1
m > f 1

min, then the excitation is deterministic,
and if PSD1 ≥ PSD1

min and f 1
m ≤ f 1

min, then the excitation is random.
In the last stage, the parameters determining the operation of the vibration reduction

system are selected. In the absence of excitation, the HVRS parameters match those of the
M5a. The selected parameters of the model allow for energy saving and in the event of
short-term excitation, provide a reduction of the amplitude Ax2. Taking into account the
displacement transmissibility coefficients in Figure 6, 3 frequencies, 0.5 Hz, 2.5 Hz, and
5 Hz are defined, for which the values of the HVRS parameters should match the values of
the model parameters according to:

HVRS parameters =


M5a
M5c
M5b
M5a

∀
∀
∀
∀

f 1
m ≤ 0.5

0.5 < f 1
m ≤ 2.5

2.5 < f 1
m ≤ 5

5 < f 1
m

(22)

In the case of random excitations, the choice of model depends on the availability of
an external power source. When this source is available, the HVRS should operate in active
mode (M5c or M5d). Otherwise, the HVRS should operate in semiactive mode with Ra
aiming at 0 Ω (M5a). In active mode, β should be aligned to PSD1 value, ensuring effective
HVRS operation while minimising power consumption. Based on the road’s A, B, and C-F
class detection, the values of the HVRS parameters were determined under the M5c, M5d,
and M5a parameters. The choice of the model parameters occurs according to:

HVRS parameters =


M5c
M5d
M5a

∀
∀
∀

PSD1 ≤ sl ·3.45× 10−6

sl ·3.45× 10−6 < PSD1 ≤ sl ·1.47× 10−5

sl ·1.47× 10−5 < PSD1
(23)
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The control algorithm was implemented in the model designated as the MH. Then,
the model was tested under sinusoidal varying and random excitation, and the results are
shown in Figures 9 and 10.
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The simulation results revealed that the algorithm proposed for detecting the type of
excitation operates appropriately. Regardless of the excitation, the algorithm shows around
3 s delay time, the value of which depends on the number of buffered samples. With
deterministic excitation, the algorithm works so that in the low frequency range it provides
a reduction of vibration amplitude Ax2. In the high-frequency range, the algorithm does
not cause an increase of vibration amplitude Ax1. In the case of random excitation, the
operation of HVRS in active mode is effective. At the same time, in semiactive mode, the
standard deviation x2 does not exceed the standard deviation z.
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4. Experiments

Since the simulation results showed that the HVRS improves the operating conditions
of the suspension, experimental verification of the algorithm operation was carried out
using the physical model (see Figure 8).

4.1. Hardware

Experiments were conducted in the test rig shown in Figure 11. The stand consists of an
aluminium frame to which a shaker (linear electrodynamic motor) generating displacement
z of its plate is attached. The shaker plate is connected to Plate 1 and Plate 2 using
the Springs 1 and Springs 2 sets. The displacement x1 is carried out by Plate 1 and the
displacement x2 by Plate 2. Between Plate 1 and Plate 2, there is an LM series of LA25 [57].
Other elements of the test rig are: a set of power supplies, three linear encoders (Sensor
1 [58], Sensor 2 [58], and Sensor 3 [59]), an industrial cRIO 9063 controller [60], a controlled
potentiometer, and a PC.
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The cRIO-9063 is a hybrid controller enabling hardware implementation of control
algorithms on the FPGA module and software in the Real-Time Linux environment im-
plemented by the RT processor. The control modules (inputs, outputs) are connected
to a four-port communication bus (chassis). The following modules were used in the
experiments:
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• NI-9505 for generating shaker plate displacement z and acquisition of a displacement
z with Sensor 1;

• NI-9505 for generating voltage um realised by VR and acquisition of a displacement x1
with Sensor 2;

• NI 9401 digital inputs and outputs for control of a potentiometer Ra;
• NI-9215 for displacement x2 acquisition with Sensor 3.

4.2. Implementation Methods

The implemented HVRS control algorithm and the vibration excitation generating
algorithm consists of two parts, implemented in hardware and software. A direct control
layer implemented by the FPGA module and a supervisory control layer implemented
in RT Linux on the cRIO controller and in Windows on the PC are distinguished. The
following algorithms are implemented in the direct control layer: data acquisition, slide
mode control, potentiometer control, generation of deterministic or random excitations, and
support for safety functions. In the supervisory control layer, the algorithms responsible for
detecting the excitation signal, selecting model parameters, and archiving the measurement
data are implemented. On the other hand, Windows is used to implement the control panel.
The block diagram of the control system developed for the HVRS is shown in Figure 12.
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The tests of HVRS were conducted with a sampling frequency of 4 kHz for algorithms
implemented by the FPGA module and 0.1 kHz for algorithms implemented in the RT
system. The HVRS response was recorded with sinusoidal varying and random excitation
z. The parameters of the sinusoidally varying excitation were Az = 0.8 mm and f from
0.15 Hz to 10 Hz with a sweep rate 0.02 Hz·s−1 (the time duration of the cycle was equal to
492 s). The random excitation was achieved according to the Formulas (16) and (17), as in
numerical simulations. The LM parameters used in the experiment were identical to those
in the simulation (see Table 2).

4.3. Results and Discussion

The M4 was developed for a test rig mapping the PVRS in which it was assumed
that the masses m1 and m2 take into account the mass of the LM. Therefore, running the
HVRS increases only the parameter b2 value. The parameters PSDmin = 10−7m2/Hz and
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f 1
min = 0.25 Hz of the algorithm were selected by analysing the operation of the vibration

reduction system for: Ra = 1 Ω (model MS1), Ra = 25 Ω (model MS2), β = 20 N and
c = 10 s−1 (model MA1), and β = 30 N and c = 10 s−1 (model MA2). As can be seen, in the
MS1 and MS2, the value of the Ra parameter was reduced in relation to the parameters of
the M5. The modification was performed to compensate for the increase in the parameter
b2. Additional delays and measurement inaccuracies resulting from signal processing by
Sensor 3 cause an increase in the chattering effect. This is manifested by high-frequency
vibrations [61] and can be reduced by modifying the value of the β parameter or using
additional anti-chattering filters. To maintain experimental results, the MA1 and MA2
have reduced β by 10 N compared to M5C and M5d. The strategy of the HVRS under
deterministic excitations results from the analysis of the displacement transmissibility
coefficients Tx1z, Tx2z and considers the energy consumption of the LM only in active mode.
Whereas the strategy of the HVRS under stochastic excitations is to adjust the value of
parameter β to the road class or to switch the system to semiactive mode with a minimal
value of Ra. In the case of the MA1, the value of parameter β has been selected to be fully
sufficient for class A roads, not necessarily sufficient for class B roads, and certainly not
sufficient for class C roads. In the case of the MA2, similar assumptions have been made,
increasing the class of the road by one. The chosen coefficients of the control algorithm for
the HVRS are provided in Table 4 (model MH1). The size of the buffer required to correctly
determine the coefficients PSD1 and f 1

m was set at 30,000 samples.

Table 4. Parameters of the proposed control algorithm.

Semiactive or Active Control Algorithm β N c s−1 Ra Ω

MS1 0 0 1
MS2 0 0 25
MA1 20 10 25
MA2 30 10 25

Hybrid control algorithm MH1

Type of signal Ranges Type of model

absent - MS1

Deterministic

f 1
m ≤ 0.5 MS1

0.5 < f 1
m ≤ 2.4 MA1

2.4 < f 1
m ≤ 4.8 MS2

4.8 < f 1
m MS1

Random
PSD1 ≤ sl ·3.45× 10−6 MA1

sl ·3.45× 10−6 < PSD1 ≤ sl ·1.47× 10−5 MA2
sl ·1.47× 10−5 < PSD1 MS1

The plots of displacement transmissibility coefficients Tx1z and Tx2z are shown in
Figure 13. Comparing experimental and simulation results, it can be concluded that
under deterministic excitation, the HVRS operates correctly (see Figure 9). The differences
between the M5a and MS1 and the M5b and MS2 are due to not considering static friction
and drag forces resulting from the air pumped through the LM. When comparing the M5c
and MA1 for the frequency f < 6 Hz in the MA1, one can see the increase in the coefficients
Tx1z and Tx2z caused by the chattering effect. For the frequency f ≥ 6 Hz in the MA1, the
value of the parameter β = 20 N is too small to compensate for the disturbing forces, so the
values of the coefficients Tx1z and Tx2z increase.
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The HVRS response to random excitation is illustrated in Figure 14. It can be seen
that the control algorithm detects the type of excitation and the road class properly. The
system’s reaction time to a change of road class does not exceed 3 s. The effectiveness
of the HVRS depends on the adopted value of the β parameter, so the use of the MA2
parameters for a class A road causes an increase in the standard deviation x2 and results
in unnecessary energy wastage. Therefore, using the parameters of the MA1 on a class B
road or the parameters of the MA2 on a class C road can mostly be sufficient, but leaves no
margin for error in the case of an increase in the value of PSD1.
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5. Summary

The study investigates the HVRS equipped with the LM under deterministic and
random excitations. The simulation and experimental results lead the authors to the
following conclusions:



Energies 2023, 16, 2202 18 of 21

• The method of dynamic similarity allows obtaining satisfactory accuracy in mapping
the dynamics of the reference object by a scaled vibration reduction system.

• Correct reference of test results conducted for models with scaling factors sm 6= 1,
sl 6= 1, or st 6= 1 with respect to the reference object requires scaling both the measured
output values and generated excitation.

• The random excitations allow mapping of the surface roughness for roads in class
A–C and consider the scaling time and displacement factors.

• An important advantage of the described scaling method is reducing the test rig
building cost. The energy saving in the research stage is significant and can be proven
by considering Formulas (2) and (11). The product of smsls−2

t is equal to 0.00673, so
the forces generated by the LM and shaker in the test rig are about 148 less than the
forces which should be generated in a full-scale model. Neglecting the restrictions in
the selection of the LM and assuming κmo

1 = κob
1 , the value of im should be significantly

larger in a full-scale model. In addition, the value of the scaling factor st = 0.649
shortens the time required to perform experiments.

• Regardless of the adopted scaling factors, the power saving achieved during the HVRS
operation results from the amount of energy supplied to the LM. Under deterministic
excitations, the LM is supplied only in a narrow frequency range (active mode), and
under stochastic excitation, the value of parameter β is adjusted to the road class, or
the system is switched to semiactive mode with a minimal value of Ra. According to
the former study [50], the amount of energy consumed by the LM increases with the
increase in the β parameter value.

• The effectiveness of the HVRS is much greater than that of the PVRS, regardless of the
type of excitation.

• The effectiveness of the HVRS for deterministic excitations depends on the frequency
f . The results of numerical simulations in the considered frequency range from 0.8 Hz
to 10 Hz showed that the value of the coefficient Tx2z (sprung mass) does not exceed
0.57 and the value of the coefficient Tx1z does not exceed 1.11 (unsprung mass).

• The tests performed showed that the proposed algorithm for detecting the excitation
signal works properly regardless of whether the displacement z or the difference in
displacement x1 − x2 is used as a feedback signal.

• The assumption of a large number of buffered samples in the data preparation step
introduces about a 3 s delay in excitation detection. This delay has a positive effect
because it prevents the frequent switching of the Ra, β, and c values.

• In the practical implementation of the HVRS, the PSD1
min value may be assumed by

measuring the maximum instantaneous value of PSD1 for the vibration reduction sys-
tem with no excitation and setting PSD1

min to a slightly higher value. Meanwhile, the
value of f 1

min should also be slightly higher than the resolution value in the frequency
scale used in the PSD function calculation.

Further research will be focused on the development of low-power control electron-
ics, the implementation of anti-chattering filters to improve HVRS performance, and the
robustness analysis.
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