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Annotation. It is known that the problem of mathematical modeling of the car vibration
isolation system can be solved in the frequency and time domain. As the primary vehicle
vibration isolation system has non-linear elements, the question arises: how does the linearized
dynamic system solution in the frequency domain corresponding to the calculations of the
accepted parameters in the time domain? The problem is solved at random kinematic
perturbation from the road surface. Therefore, when working in the time domain to estimate the
adequacy of solutions, it is necessary to make a choice of the method of statistical linearization
from the known in practice design of automatic control systems. Four methods of statistical
linearization are considered, using which calculations in the frequency domain have been
carried out. For the chosen dynamic system with initial and statistically linearized nonlinear
elements similar actions in the time domain were carried out. It is shown that the first method
of statistical linearization is the most flexible, according to the amplitude-frequency response
of the system. Such calculations were carried out for two surfaces corresponding to the
cobblestone and subsoil roads at different speeds of the vehicle movement. The results of the
research are separate-frequency and integral parameters. The last ones do not give any priority
in the choice of the calculation field, under the condition of vehicle movement safety, i.e. there
is no tire contact loss with the supporting surface.

Introduction

The solution of the problem of determining the parameters and characteristics of nonlinear dynamic
systems uses two approaches to its realization depending on the chosen area of solution. There are two
such areas - frequency [1-4] and time domain [5-10]. The choice of the area of solution in the
assessment of the quality of the analyzed system of the object is an important task, which is important
in terms of the calculation accuracy and the possibility of using its equivalent characteristics for the
research and choice of its optimal parameters. It should be noted that in the analysis of dynamic
systems both estimation areas of determined values are used. The methods of statistical linearization
are used to solve problems in the frequency domain. Simulation of the analyzed system can also be
carried out in the time domain [11-17] with the obtained data. The deviation of the calculated
parameters may be incorrect when solving problems in the frequency domain. This is proved by the
formulation of problems of modernization of methods of statistical linearization [18-24].

This research focuses on a dynamic system that is equivalent to a vehicle vibration isolation system
with non-linear characteristics of the primary suspension system and tires. The perturbation is a
random process determined by the microprofile of the road surface [25] and the vehicle speed. The
problem of estimating the convergence of the obtained results is set when the research is carried out in
the frequency and time domain. For this purpose, the efficiency of four methods of statistical
linearization was compared with the results of calculations of the initial dynamic system in the time
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domain. The choice of the method of statistical linearization is carried out in order to estimate the
adequacy of the determined spectral characteristics of the system and the parameters of vibration
safety in the frequency and time domain. To confirm the conformity of the obtained data, the dynamic
system is tested according to the calculations of the analyzed characteristics in the frequency and time
domain. The test parameters are the own and the resonant frequencies of this system. The unequivacity
of the carried out actions is provided by estimation of calculation accuracy of considered spectral
characteristics of the analyzed object.

Mathematical model of non-linear vibration isolation system

To solve this problem, a non-linear dynamic system equivalent to the primary system of suspension,
vibration isolation of vehicle components and constructions is considered (Fig. 1). This dynamic
system was considered when calculating the required spectral characteristics as a result of modeling in
the frequency and time domain.

The generalized coordinates are the center of mass displacements and angular displacements in the
longitudinal and transverse planes relatively to the axes passing through the center of mass of systems I,
II, IIT and V, respectively. Each system IV and VI has one degree of freedom - the vertical displacement
of their mass centers.

Fig. 1. Dynamic system scheme equivalent to the vehicle's vibration isolation system:

I - vehicle body, II - engine, III - driver's cabin, IV - driver's seat, V - undercarriage, VI - unsprung
mass, 1, 2, 3, 4, 5, 6 - elements (elastic and damping) of the vibration isolation system of the body,
engine, driver's cab, seat, undercarriage and tire, respectively.

The solution to this problem is to determine the spectral density of the analyzed vibration signal
power, for example, vibration acceleration on the driver’s seat. In the frequency domain, we solve this
problem by transforming the initial linear system of differential equations into a system of algebraic
equations using the Laplace transformation. Using the generalized Kramer rule, we determine the
vector of the frequency characteristics of the dynamic system using generalized coordinates. This
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allows for the spectral characteristics of the perturbation to estimate the characteristics of the analyzed
vibration signals to determine the parameters of vibration safety and coefficients of statistical
linearization. In this case, four known methods of statistical linearization are considered. They allow
calculating constant coefficients in three variants and frequency response of a nonlinear element. In
the time domain, the considered problem was solved by the numerical method using the recurrent
difference equations. The spectral densities of the vibration signals were calculated using the Fourier
transform algorithm at the final range.

Analysis of the mathematical modeling results

During the first modeling stage, a dynamic system with seventeen degrees of freedom equivalent to
the vehicle's vibration isolation system was tested with a linear problem set. The solution of this
problem was carried out on the spectrum of natural frequencies and amplitude-frequency response of
the system (resonance frequencies). It showed full matching of the obtained results in frequency and
time areas. In addition, the accuracy of the analyzed characteristics was estimated. It is shown that for
the spectral density of the process power at linear and nonlinear systems the normalized root-mean-
square error is 9% . The amplitude-frequency response of the analyzed system is determined according
to the expression

_ |quc (03)|
G, (o)

where G, (03) — cross-spectral density of vibration signalsg(?)and y.(?); q(t)- input vibration signal -
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disturbance from road surface microprofile; y.(z)- output vibration signal - vibration acceleration in the
driver's seat; G, (03) - spectral density of power perturbation g(z).

In this case, the normalized random error of the frequency response of the system is calculated as
follows
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where v, (®)- vibration coherence function g(?) u yc(?).

We obtain that in the considered frequency range, i.e. in the range of intensive vibration output
signal 0-50 (60) sec”, the calculated error of amplitude-frequency response is 8-14%. It should be
noted that the initial spectral characteristics for the analysis were determined taking into account the
features of the digital spectral analysis. In this case, the function of coherence in the analyzed
frequency range changes for the vibration signal output in the range 0,6-1,0 depending on the
conditions of the vehicle movement. The calculations are carried out the variants of perturbation from
the microprofile of the cobblestone and subsoil roads with the mean-square deviations of the road
heights of 20 mm and 30 mm in the speed range of 20-80 km/h.

Therefore, according to the amplitude-frequency response of the system, the choice of the method
of statistical linearization was made, with the use of which we have the smallest error of linearized and
nonlinear system equivalence. This system analysis was carried out when the vehicle moved along the
cobblestone road at a speed of v,=40 km / h. At this "resonance" speed, the low-frequency resonance
areas of the dynamic system and the maximum perturbation power are combined. This results in a
significantly non-linear system. According to the calculations (Fig. 2), it is possible to conclude that
the first method of statistical linearization is significant.

The system was therefore tested over the full range of vehicle movements in order to avoid errors
in analysis and to ensure the validity of the data obtained. These results show that a significant
difference in the amplitude-frequency response of the nonlinear and linearized dynamic system is
detected only in the mode of "resonance speed" when the vehicle is moving on a dirt road. Thus, there
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is a problem of calculations accuracy in the frequency domain. For this case, we turn to the parameter
which describes the tire's contact with the supporting surface. The possibility of this effect is defined
as following

2k h,
P =0.5-(1-0()). @() == fed p ==,
0 “Lhw

where <D( u) - probability integral, 4, - static tire deflection, Dj,, - tire deflection variance.
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Fig.2. Amplitude-frequency response of the dynamic vehicle vibration isolation system on the driver's
seat. Cobblestone road, v, =40 km/h:

1 - non-linear vibration isolation system; 2, 3, 4, 5 - statistically linearized system of the 1st, 2nd, 3rd,
4th method of statistical linearization

In this case there is a high probability of up to 35% loss of tire contact with the ground surface
when the vehicle moves along the dirt road (Fig. 3). Thus, there is a safety problem with the vehicle,
and the estimation of vibration safety is incorrect. The following diagrams show that when the vehicle
moves along the cobblestone road at a speed of 40 km/h and the probability of contact loss of 20% is
rather high, the results of calculations are comparable. Confirmation of the obtained results is provided
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by separate-frequency and integral estimation of vibration safety parameters (Fig. 4). In this case, as
well as in the analysis of amplitude-frequency response, the greatest difference between the estimated
parameters occurs when the vehicle moves along the dirt road at a speed of 40 km/h.

35

30

B 1st wheel
B 2nd wheel
B 3rd wheel
B 4th wheel

Fig.3. Possibility of loss of contact between the tyre and the ground surface. Dirt road:
n, non-linear, 1- linearized dynamic system

Conclusions
The results of the calculations of spectral characteristics for the nonlinear system of vehicle vibration
isolation in the frequency and time domain, as well as the parameters of vibration safety allow to make
the following conclusion:

- created methods of analysis of dynamic systems in the frequency and time domain make it
possible to carry out an estimation of the object vibration state;

- the best approximation of the results of calculations of nonlinear and linearized systems is
possible using the first method of statistical linearization;

- the deviation from the adaptability of calculations in the frequency and time domain takes place
at a significant probability of loss of contact of the tire with the ground surface;

- the research shows that vibration safety can be estimated in the frequency and time domain.
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Fig. 4. Octave spectra of vibration acceleration in the driver's seat. Dirt road:
a, b, - v, =40 kph, v, =60 kph, IA-integrated adjusted estimation; I - integrated estimation

References

[1]  Ovchinnikov, LN. Its own spectrum band - A property of mechanical systems (2018)IOP
Conference Series: Materials Science and Engineering468(1),012045



Design Technologies for Wheeled and Tracked Vehicles (MMBC) 2019 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 820 (2020) 012028 doi:10.1088/1757-899X/820/1/012028

(2]

(3]
[4]
[3]

(6]

[12]

[13]

Zhao, N., Huang, G. Efficient Nonstationary Stochastic Response Analysis for Linear and
Nonlinear Structures by FFT (2019)Journal of Engineering
Mechanics145(5),04019023

Cheng, Z.,Li, Z.,Kong, F. Statistical linearization of nonlinear stiffness in
hydropneumatic suspension (2018)MATEC Web of Conferences153, 04006

Kougioumtzoglou, I.A., Fragkoulis, V.C., Pantelous, A.A., Pirrotta, A.Random vibration of linear
and nonlinear structural system (2017)Journal of Soundand Vibration404, c. 84-101

Pashchenko, A.F., Pashchenko, F.F.Application of the method of statistical linearization in
problems of identification of nonlinear systems (2012) Proceedings of the 2012 7th
IEEE Conference on Industrial Electronics and Applications, ICIEA 2012 6360966,
c/1529-1532

Gopala Rao, L.V.V., Narayanan, S. Preview control of random response of a half-car
vehicle model traversing rough road (2008) Journal of Sound and Vibration310(1-2), c.
352-365

Gorelov, V.A., Komissarov, A.l., Miroshnichenko, A.V.8x8 wheeled vehicle modeling
in a multibody dynamics simulation software(2015) Procedia Engineering, 129,
pp- 300-307.

Zhileykin, M.M., Kotiev, G.O., Nagatsev, M.V.Comparative analysis of the operation
efficiency of the continuous and relay control systems of amulti-axle wheeled vehicle
suspension(2018) IOP Conference Series: Materials Science and Engineering, 315 (1),
article Ne 012030.

Zhileykin, M.M., Kotiev, G.O., Nagatsev, M.V.Synthesis of the adaptive continuous
system for the multi-axle wheeled vehicle body oscillationdamping(2018) IOP
Conference Series: Materials Science and Engineering, 315 (1), article Ne 012031.

Novikov, V.V., Pozdeev, A.V., Diakov, A.S.Research and testing complex for analysis
of vehicle suspension units(2015) Procedia Engineering, 129, pp. 465-470.

Tlibekov, A.K., Yakhutlov, M.M., Batyrov, U.D., Dosko, S.I. Identification of mechanical
systems in the frequency area (2017) Proceedings of the 2017 International
Conference"Quality Management, Transport and Information Security, Information
Technologies", T and QM and IS 2017 8085812, c. 284-286

Ma, G., Tan, R., Wu, R.Non-linear mathematic model of hydro-pneumatic suspension in crane
vehicles and its simulation(2002)JixieGongchengXuebao/Chinese Journalof Mechanical
Engineering38(5), c. 95-99

Dong, M.-M., Luo, Z.-X., Liu, B.-G.Optimum damping match for the single wheel vehicle
nonlinear suspension (2015) Beijing LigongDaxueXuebao/Transaction of Beijing Institute
of Technology35(7), c. 697-700

Zhang, Z.,Cao, S.,Ruan, C. Statistical Linearization Analysis of a Hydropneumatic
Suspension System With Nonlinearity (2018)IEEE Access6, 8554267, c. 73760-73773

Jin, Z.,Li, X.,Zhu, Y., Qiang, S.Random Vibration Analysisof Nonlinear Vehicle-
bridgeDynamic Interactions (2017)TiedaoXuebao/Journal of the China Railway
Society39(9),

c. 109-116

Dong, M., Luo, Z. Statistical linearization on 2 DOFs hydropneumatic suspension with
asymmetric non-linear stiffness (2015) 12th International Conference on
Applications of Statistics and Probability in Civil Engineering, ICASP 2015

Zhang, L., Chen, X. Statistical linearization study on nonlinear random response of
vehicle (2004) ZhendongyuChongji/Journal of Vibration and Shock 23(3), c. 33-36



Design Technologies for Wheeled and Tracked Vehicles (MMBC) 2019 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 820 (2020) 012028 doi:10.1088/1757-899X/820/1/012028

[18]

[19]

Asada, H.H., Sotiropoulos, F.E. Dual faceted linearization of nonlinear dynamical
systems based on physical modeling theory (2019)Journal of Dynamic Systems,
Measurement and Control, Transactions of the ASME141(2), 021002

De Domenico, D., Ricciardi, G. Improved stochastic linearization technique for structures
with nonlinear viscous dampers (2018) Soil Dynamics and Earthquake
Engineering113, c. 415-419

Socha, L.Statistical linearization of stochastic dynamic systems under external
excitations (2008)Lecture Notesin Physics730, c. 103-146

Cai, G.Q., Suzuki, Y. On statistical quasi-linearization ( 2005) International Journal of
Non-Linear Mechanics 40(8), c. 1139-1147

Chernyshov, K.R.  Statistical linearization based on the maximal correlation (2007)
IEEE International Siberian Conference on Control and Communications, SIBCON-
2007; Proceedings 4233274, c. 29-36

De Domenico, D., Ricciardi, G.Improved stochastic linearization technique for structures
with nonlinear viscous dampers (2018) Soil Dynamics and Earthquake
Engineering113, c. 415-419

Atalik, T.S., Utku, S. Stochastic linearization of multi-degree-of-freedom non-linear
systems (1976)Earthquake Engineering & Structural Dynamics4(4), c. 411-420

Sarach, E., Kotiev, G., Beketov, S. Methods for road microprofile statistical data
transformation (2018) MATEC Web of Conferences, 224, article Ne 04009



