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ANALYSIS OF METHODS AND MODELS FOR STUDYING VEHICLE SUSPENSION
SYSTEMS

The design of the car's suspension has the greatest impact on its performance properties: smooth ride, stability
and handling. Increasing the smoothness of the ride provides comfortable sanitary conditions in the driver's and
passengers' seats. As a rule, high smoothness of the ride can be achieved by reducing the rigidity of the elastic device
and the damping coefficient of the shock absorber and, accordingly, increasing the suspension travel. Therefore, it is
important to identify the disadvantages of different types of suspensions, classify them and further study their
properties. In the development of technical solutions for the elements of the suspension systems of military vehicles
and methods for studying the processes and states of operation of the suspension systems, there are a number of
problems that need to be solved. This is the absence of an orderly system approach that comprehensively describes the
process of choosing technical solutions for these elements based on the formulation of mathematical models
describing processes and states for the synthesis of the structure and the selection of parameters. During the analysis, it
was found that the existing mathematical models of processes and states are sometimes either unreasonably simplified
or too cumbersome. An analysis of methods and models of research of car suspension systems has been carried out to
determine the advantages and disadvantages of different types of suspensions. The analysis of suspensions (double-
link, multi-link, adaptive, dependent, semi-dependent) was carried out on the following grounds: simplicity,
compactness, reliability, noise and vibration insulation, controllability, the possibility of installing a drive axle,
cheapness, cheap maintenance. They were classified as mechatronic systems: passive suspension systems, adaptive
suspension systems, suspension systems with the ability to quickly adjust damper characteristics, slow-acting
suspension systems, fully active suspension systems The advantages and disadvantages of different types of
suspensions are determined, their classification as mechatronic systems are necessary for subsequent modeling of
operation and determination of operational properties.
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INTRODUCTION

The design of a vehicle’s suspension system has the greatest influence on its operational properties
such as ride comfort, stability, and handling. Improving ride comfort means reducing the amplitude of
vibrations and vibration acceleration at the driver’s and passengers’ seating points. Humans perceive
vibrations of different frequencies differently; therefore, it is more important to dampen vibrations of certain
frequencies over others. The characteristics of the sprung mass vibrations depend on the input effects (road
micro-profile, vehicle speed) and the transfer function of the suspension, which is determined by the
parameters of the elastic and damping elements. Generally, a high level of ride comfort can be achieved by
reducing the stiffness of the elastic element and the damping coefficient of the shock absorber, along with
increasing the suspension travel.

AIM AND OBJECTIVES OF THE STUDY

The aim of this article is to analyze the methods and models used for studying vehicle suspension
systems, to identify the advantages and disadvantages of different types of suspensions, and to classify them
as mechatronic systems.

To achieve this, it is necessary to review and analyze the methods and models used for studying
vehicle suspension systems, determine the strengths and weaknesses of different types of suspensions, and
classify them to enable further modeling of their operation and evaluation of their performance
characteristics.

LITERATURE REVIEW AND PROBLEM STATEMENT

During the design of vehicle suspension systems, various research models and methods are applied
and improved, with the goal of optimal suspension system design [1-11].

In [5], the influence of road characteristics on the parameters of the torsion suspension system of an
electric vehicle was analyzed. These characteristics include the working travel of the suspension and the
dynamic load on the wheel. Optimization of the main parameters of the torsion element was carried out.

Among other types of suspensions, systems with hydraulic shock absorbers are studied [12]. Hydraulic
shock absorbers absorb significant power through the substantial increase in the dynamic travel of the
suspension, which is not possible with conventional designs.
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Reference [3] established that typical suspension systems cannot meet the stringent requirements
posed to modern light armored vehicles (LAVS). The main contradictions encountered during synthesis are
outlined, and possible ways to resolve these contradictions in suspension design are discussed.

Works [13,14,15] investigate the vertical vibrations of wheeled vehicles, identifying the conditions for
the occurrence of resonance phenomena (the dependence of resonance amplitude on the restoring force of
elastic dampers) for different types of suspensions.

In [16], a theoretical analysis of the influence of LAV suspension parameters on the oscillations of the
vehicle body along with its weaponry was conducted. A comparison between linear and nonlinear suspension
system characteristics is presented, based on the efficiency criterion for shooting performance.

Based on the conducted review, it was found that the existing theoretical foundation for solving the
problems of parametric synthesis of suspension systems is incomplete. Available mathematical models
require further improvement.

Papers [15-17] consider mathematical and physical models of dynamic suspension processes. Based
on the mathematical models described in [18,19], a system of differential equations representing the
suspension processes is formulated. The difference between the models in [17] and [18,19] lies in the
additional generalized coordinates and the description of the elastic and damping connections between
suspension elements.

The input data is the mass-geometric characteristics of the car, the design of the suspension and its
elements, driving modes, road profile, etc., and the result is acceleration, speed, movement, power
parameters of the suspension and body.

In [20], a mathematical model describing the dynamics of the "suspension-body-combat module”
system was proposed. A key feature of this model is the ability to account for parametric dependencies of the
coefficients in the system of algebraic-differential equations on the generalized parameters of a specific
vehicle suspension. The model output provides a parametric relationship between the system’s dynamic
variables and a set of critical parameters.

Parametric and structural optimization, as well as the synthesis of new physical principles for the
operation of suspension system components, are considered in [21]. A mathematical model was developed to
study the stress-strain state of a vehicle body. Its distinctive feature compared to other models is the
structural formulation of the problem, allowing the derivation of design solutions based on the analysis of the
stress state simulation results under firing conditions and specified variations of a defined set of design
parameters. This approach is also applied to problems involving periodic impulse loads for analyzing
strength and stiffness characteristics.

In [22], it is noted that when formulating mathematical models of dynamic processes in military
vehicles, two components must be considered: the continuous and the discrete. The first is used for modeling
the stress state of the light armored vehicle (LAV) body, and the second for modeling the equipment,
suspension, and tires. This enables the solving of dynamic process analysis tasks in LAV bodies. By
combining the finite element method and the generalized parametric modeling method, a technique for
creating a set of parametric models of dynamic processes in LAV bodies is presented in [22].

In [4], models and research methods are described that allow for the development of recommendations
regarding design solutions for LAV suspension systems. Traditional modeling methods [23] generally
analyze the stress state of a torsion bar. Improved computational schemes combined with the finite element
method are commonly used when analyzing the torsion bar foundation. The paper presents the task of
improving algorithms, models, and methods for studying the stress state of the torsion bar, considering
elastic-plastic deformation throughout the entire structure. A generalized parametric approach based on the
methods of variational inequalities theory, elastic-plastic deformation, and finite element techniques was
adopted. The resulting model is parametric.

To this day, the oscillatory effect of the vehicle body remains a significant problem for the automotive
industry. This effect can occur when a vehicle moves over uneven surfaces or when disturbances are
generated by an installed weapon system. Under the influence of body oscillations, the vehicle may behave
unpredictably, potentially leading to accidents.

A significant number of studies by national scientists [17;18;24] have been devoted to determining the
oscillatory capabilities of a vehicle's sprung masses. Based on the analysis of available literature and
publications, calculation methods for the stiffness of sprung masses for major types of suspensions were
reviewed. Existing methods for calculating the oscillations of vehicle sprung masses generally do not
consider the vehicle being in a static state. Changes in the design of modern vehicles, both domestic and
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foreign, were analyzed [19;23]. The shift in the center of gravity depending on the tactical and technical
characteristics of installed non-standard weapon systems was also studied [16;21].

RESEARCH RESULTS

The conducted review highlighted the relevance of the body oscillation problem and emphasized the
need for solutions to reduce its impact on vehicle movement. The findings also confirm the importance of
research aimed at developing new technologies to enhance vehicle safety and ensure the effective use of
mounted weapon systems.

Mathematical models are used to investigate the influence of suspension parameters on vehicle body
oscillations along with equipment loads. It is particularly important to determine resonance phenomena that
affect the strength characteristics of vehicle elements, especially the body. Tasks involving periodic impulse
loads are critical, as they have a significant impact on the vehicle's reliability.

Different designs offer various advantages and disadvantages. These can be categorized into
constructive (simplicity, compactness, good noise and sound insulation, ability to install a front driving axle),
operational (improved handling, low-cost maintenance), and economic (low manufacturing cost) aspects
(Figure 1).
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Figure 1 — Advantages and Disadvantages of Different Types of Suspensions

Mechatronic suspension systems can be classified according to the types of actuators they use,
including actuator bandwidth, power consumption, and control range, that is, the limits of the forces
generated by the actuators. Accordingly, mechatronic suspension systems can be divided into five groups:

1. Passive Suspension Systems (Figure 2) operate quasi-statically, maintaining a constant distance
between the chassis and the road to compensate for different vehicle load levels. The leveling system may be
based on air springs and compressors. Thus, a soft, comfort-oriented suspension setup with sufficient travel
can be achieved regardless of the vehicle load level. Their power consumption typically ranges between
100-200 W.

Figure 2 — Model of a Passive Suspension System
where: M; —sprung mass per wheel; m; — unsprung mass per wheel; CIL; — vertical stiffness coefficient
of the tire; CI1; — vertical stiffness coefficient of the suspension spring element; nA; — damping coefficient
of the suspension damper; nIll; — damping coefficient of the tire; z — vertical position of the vehicle’s center
of mass per wheel; & — vertical position of the unsprung mass; g, — real-time ordinate value of the road
microprofile at the wheel contact.

2. Adaptive Suspension Systems (Figure 3) are defined in the literature as systems that slowly adjust
the characteristics of springs and dampers. Changes are planned, for example, depending on the vehicle
speed to lower the center of gravity for more sporty road holding. Their energy consumption mainly depends
on the energy required to change the spring stiffness. This thesis presents adaptive suspension control
concepts aimed at achieving high dynamic adaptability to current driving conditions.
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Figure 3 — Model of an Adaptive Suspension System
where: CIT; - variable vertical stiffness coefficient of the suspension spring element; nA; — variable
damping coefficient of the suspension damper.

3. Semi-Active Suspension Systems (Figure 4) are capable of quickly adjusting damper or spring
characteristics. A main attribute of semi-active systems is that the force generated by the semi-active element
depends on the direction of relative movement. Semi-active dampers can adjust energy dissipation levels but
cannot inject energy into the system. Accordingly, they have very low power consumption, about 2040 W
per damper. Their bandwidth reaches up to approximately 40 Hz. An example is the ZF Lemforder GmbH
semi-active anti-roll bar with switchable additional springs.

Pucynok 4 — Mojienb HamiBakTUBHOI CHCTEMH TiIPECOPIOBAHHS
e nAl- Figure 4 — Model of a Semi-Active Suspension System
where: nA; — variable damping coefficient of the suspension damper.

4. Slowly Active Suspension Systems (Figure 5) (also called low-bandwidth active systems) represent
a class of active suspensions characterized by an additional actuator (e.g., an electric linear motor or a
hydraulic cylinder) integrated into the suspension to generate suspension forces independently of the relative
motion between the chassis and the wheel. The bandwidth of these systems is about 5 Hz. Typically,
actuators are serially connected with the primary spring and may tend to "amplify" if bandwidth is exceeded.
Their power requirements are about 1-5 kW.
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Figure 5 — Model of a Slowly Active Suspension System
where: zact — displacement of the active element.

5. Fully Active Suspension Systems (Figure 6) (high-bandwidth active systems) replace or supplement
the passive damper with an actuator capable of operating at 20 Hz or higher. Actuators are mounted in
parallel with the primary spring, and passive dampers may sometimes be absent (though they might still be
included in the mathematical model to account for frictional effects). A major drawback is their high energy
consumption, ranging from 4 to 20 kW. Examples of active elements include pneumatic cylinders or springs
with variable stiffness.

S

Figure 6 — Model of a Fully Active Suspension System
where: mp — active element of the suspension system.
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DISCUSSION OF RESEARCH RESULTS

One possible solution to reduce the body oscillation effect is the use of active suspension systems,
which can react to changes in road conditions and compensate for body oscillations, although they do not
account for disturbances caused by installed equipment (such as weaponry on military vehicles). Possible
solutions include optimizing suspension system parameters or using special materials for suspension
elements and reducing body mass.

The oscillation effect remains a relevant research problem for the development of technologies that
can minimize its impact on vehicle movement. Further research is needed to study the influence of various
factors on vehicle body oscillations and to develop new methods and technologies for their mitigation.

In the development of improved technical solutions for military vehicle suspension elements and the
research methods for suspension system processes and states, several problems have been identified. These
include the lack of a systematic approach for selecting technical solutions based on mathematical modeling
for the synthesis of suspension structures and parameter selection. Current models are often either overly
simplified or too complex. Furthermore, analysis and synthesis tasks are not integrated into a generalized
parametric framework that should cover both the choice of suspension elements and operating modes, as
well as material properties and technical performance requirements.

CONCLUSIONS

An analysis of research methods and models for automotive suspension systems was conducted to
identify the advantages and disadvantages of different types of suspensions and classify them as mechatronic
systems. Advantages and disadvantages of various suspension types were determined, and a classification
was proposed for further modeling and evaluation of operational properties.
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Ilenex O. P. Anani3 meTofiB Ta MojieJIeil JOCHiIKeHb CHCTEM MiAPEeCOPIOBAHHA ABTOMOOLIIIB

Koncrpykuiss mizBicku aBTOMOOUIS Mae HalOnpIMi BIUIMB HA Taki HOTO eKcIUTyaTauiiHi
BJIACTMBOCTI: IUIABHICTH XOJYy, CTIMKICTh 1 KepoBaHICTh. I[liBHMINEHHsS IUTABHOCTI XOay 3ale3meuye
KOM(OPTHI caHiTapHI YMOBM Ha MicUAX BOJiS Ta MacakupiB. SIK MpaBmilo, BUCOKA IUIABHICTH XOAY MOXKE
OyTH JOCSTHyTa 3HIDKCHHSM J>KOPCTKOCTI MPY)KHOIO TPUCTPOI0 1 KoedimieHTa JemndipyBaHHS
aMOpTU3aTOPA 1, BIIMOBIIHO, 301IBIIEHHSIM X0y MiJIBICKH. TOMY BayKIIMBUM € BU3HAYEHHI HEJIOMIKIB Pi3HUX
THUIIIB MIJABICOK, iX KiIacu(ikallis 1 oJaIbIIe JOCTIIKEHHS X BJIaCTUBOCTEH.

IIpu po3poOkax MmO BIOCKOHAJIEHHIO TEXHIYHMX pIlIEHb EJIEMEHTIB CHUCTEM MiJpeCOPIOBaHHS
BIMICHKOBHX aBTOMOOLIIB Ta METOAMK JOCHIKCHHS MPOIECIB 1 CTaHIB POOOTH CHUCTEM IIAPECOPIOBAHHS
icHye psa mpoOiieM, 10 TOTpeOyroTh BHpilieHHs. Lle BiCyTHICTh BIOPSIKOBAHOTO CHCTEMHOTO MiJIXOJY,
SKHI BCECTOPOHHBO OIHKCYE MPOLEC BUOOPY TEXHIYHMX pillleHb HUX €JIEMEHTIB Ha OCHOBI ()OPMYIIOBaHHS
MaTeMaTHYHUX MOJIENeH OMNHMCy NpOLECiB 1 CTaHiB A MPOBENEHHS CHHTE3y CTPYKTypH 1 BHOOpY
mapameTpiB. IIpu aHami3i BCTAaHOBJICHO, IO HAasSBHI MaTeMaTHYHI MOJEJI IMPOIIECIB 1 CTaHIB IEeKOIu € abo
HEOOTPYHTOBAHO CIIPOIIECHUMH, a00 3aHAITO TPOMI3IKIMH.

, 2025, Nel (24)



© Pelekh O. 2025

[IpoBeneHo aHami3 METOMIB Ta MOJENIEH MOCTIIKCHb CHCTEM IIiIPECOPIOBAHHS aBTOMOOITIB IS
BH3HAYCHHS IIEpPEeBar Ta HEMONIKIB PI3HUX THITIB MiABICOK. IlpoBemeHo aHami3 MiABICOK (IBOBaXKiIhHA,
OaraToBaXKiJIbHA, aIalITUBHA, 3aJICKHA, HAIIB3aJICKHA) 3a O3HAKAMH: MPOCTOTA, KOMIAKTHICTh, HAIHHICTD,
IIyMo- 1 BiOpOi30JIsAIis, KEPOBaHICTh, MOXKJIHMBICTh BCTAHOBJICHHS BEAYYOrO MOCTA, JCUICBU3HA, JCIICBE
oOciyroByBaHHs. 37ilicHeHa iX Kiacu(ikamis SK MEXaTPOHHHX CHCTeM: MAacCHBHI CHUCTEMH iJIBiCOK,
aJaNTUBHI CUCTEMH MiABICKH, MiABICHI CHCTEMH 3 MOXIIMBICTIO MIBHAKOTO PETYJIIOBAHHS XapaKTEPHUCTHK
nemrdepa, MOBiIbHO aKTUBHI CHCTEMHU TIiJIBiCOK, IIOBHICTIO aKTUBHI CHCTEMH ITiJIBICOK

Busznaueni mepeBarn Ta HEIOJIKH Pi3HUX THITIB MiABICOK, iX KiIacHdiKarisl SK MEXaTPOHHHX CHUCTEM
HEeOOXIi/THI AJIS TOCiAYI0YOr0 MOJISTIOBAaHHS POOOTH 1 BU3HAUEHHS eKCILTyaTalliiHUX BIACTHBOCTEH.

KurouoBi ciioBa: mifBicKM aBTOMOOLIS, CHCTEM IiIPECOPIOBAHHS, MEXaTPOHHI CHCTEMH, IJIaBHICTh
XOAY, MOJIEJi OCIiIKEHb.
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