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Summary: The coupling between experimental and theoretical dynamics of the vehicle occurs already at the level of the recorded vertical accelerations at the centres of the wheels, reflecting the interface between dynamics of vehicle, road and environment. Vertical accelerations measured at the centres of vehicle wheels are, in fact, the state variables of vehicle dynamical system. Vertical acceleration at the wheel centre interlinks with the other state variables and inputs, making a starting point for monitoring the vehicle’s mechanical and functional couplings. This paper reviews possible applications of vertical acceleration records acquired at the wheel centres in consideration of direct couplings between vertical accelerations at the centres of the wheels, spectral analysis of corresponding frequency response functions and couplings with vertical acceleration of vehicle suspension elements. Applications also include indirect determination of vertical wheel loads, vehicle excitation spectra due to road roughness and relative displacements of suspension systems
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1. INTRODUCTION 

Modern motor vehicles are technical systems with complex structure, made of mechanic and mechatronic sets, designed and implemented from the aspect of required performance and quality of use. Mechanical and functional couplings between these sets determine the dynamic characteristics of vehicles which are direct or indirect indicators of the required performance. In recent decades, intensive development of computer and measurement techniques, information technologies and basic disciplines has contributed to development of theoretical-experimental methods for research of vehicle dynamic characteristics. Thereby, the segments of the following disciplines should be pointed out: theory of systems, modelling and simulation, stochastic dynamics, identification, estimation, etc.
Optimization of the structure and parameters of the base model of the vehicle, implementation of the components of the active control technologies and harmonization of interaction between subsystems “human operator – vehicle – road” are all in function of target requirements of vehicle purpose, that is of effective execution of the operating task, safety of movement, driving comfort and ecology. Initial platform for these activities in domain of theoretical research are the variants of physical-mathematical vehicle models with different structures and parameters. Possible approaches are: 1) to develop the models of the complex structure from the models with more simple structures and 2) to form spatial models with complex structures and project them onto the three orthogonal planes of the vehicle’s dynamic system – longitudinal, lateral and vertical, [1], [2], [3], [4], [5].
Selection of the variant of the model is influenced by concrete task set as research goal. Depending on the complexity of the used model, the mechanical and functional couplings between the elements and sets relevant to observed problem are pointed out and analysed in different ways. There are several ways to solve these tasks, individually: analytical, numeric and experimental methods or their combinations. One approach to analysis of mechanical and functional properties of vehicle wheels and their influence on vehicle dynamic characteristics is presented in this paper and illustrated with concrete results in the following chapters.
2. RESEARCH METHOD
According to their placement and role, vehicle wheels are mechanically coupled with all vital vehicle systems: power transfer system, braking system, steering system, suspension system, carrying system and, especially with tyres – primary interfaces between vehicle and road. With their functional couplings, the wheels with tyres exert influence on dynamic relations in all three orthogonal planes of vehicle dynamics. Hence, contacts between wheel tyres and the road are tribological couplings of the vehicle-road-environment system which realize primary functions: propulsion – longitudinally, guidance – laterally and carriage – vertically. On the other hand, wheel centres are their mechanical couplings with the vehicle, the closest to the road, through which inputs are transferred in both directions – from the road to the vehicle and in opposite direction. In this sense, identification of static, kinematic and dynamic characteristics of the wheel centres by measurement, simulation or combined, has multiple importance in research of vehicle dynamic system. Some of the problems and possibilities of solutions based on relatively easily measured or simulated vertical accelerations at the wheel centre are:
· indirect determination of vehicle excitation due to the road roughness, [6], [7],

· determination of couplings between wheel excitations, [6],

· determination of correlation between road and laboratory tests of elements, systems and vehicle as a whole [8],
· synthesis of equivalent load spectra in road conditions for accelerated laboratory tests of vehicle [8],

· indirect determination of vertical dynamic wheel forces and operating stroke of suspension system [7],

· identification of elastic-damping and filtering characteristics of suspension system, [7], [9], [10], and

· diagnostics of technical state of elements and structures of the suspension system.

According to presented review and goal of research, an experimental system for recording of vertical accelerations at the centres of different variants of passenger vehicle’s wheels [7], [9], on the roads of different configurations, types and road quality and with different driving speeds is presented in the paper. Processing, presentation and analysis of research results were based on adequate variants of simulation and identification models of vehicle vertical dynamics [6], [7], [10].

3. EXPERIMENTAL SYSTEM AND RESEARCH RESULTS
According to Fig. 1a, HBM B12 vertical acceleration sensors are placed at the centres of the wheels, B, C, D and E, which form the wheel centres plane, Lc. Vertical acceleration sensor HBM B12 is also placed at the connection point between elements of suspension system of the front left wheel and suspended mass of the vehicle, point A. The point A belongs to the plane of suspension elements connection points with vehicle suspended mass for all four wheels, Ls. From reference point B, direction vectors are drown, which determine transfer contours from the centre of the front left wheel toward the rest of the wheel centres in the plane Lc, then toward plane of suspension elements connection points with vehicle suspended mass, Ls, and toward the reference plane of road roughness, Lr. Vehicle front track width, 2s1, and rear track width, 2s2, are different, 2s1 ( 2s2. Vehicle wheelbase is denoted with l.
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Fig. 1 a) Layout of measurement points, b) Identification model
The placing of the vertical acceleration sensor at the centre of the front left wheel is shown in Fig. 2a, while placing of the vertical acceleration sensor at the centre of the rear left wheel is shown in Fig, 2b.
Experiments were conducted in different road conditions and with different regimes of vehicle movement. In order to present possibilities of use of the obtained results for further research of vehicle dynamic system, time records of measurement signals were obtained first and then, by signal processing, relevant characteristics for analysis and conclusions were gained. Illustrations of some of the obtained results are presented in Figs. 3 and 4.
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Fig. 2 Vertical acceleration sensor at the centre of: a) front left wheel, b) rear left wheel
Time record of vertical acceleration at the centre of the front left wheel for the case of vehicle traveling along the straight asphalt road at 70 kmh-1 speed is shown in Fig. 3a. Corresponding record of vertical acceleration at point A of suspended mass is shown in Fig. 3b. Due to limited space, recorded vertical accelerations at points C, D and E are not shown in the paper. The appearance of measurement records in Fig. 3 point to stochastic excitation of vehicle vibration due to road roughness. Acquired measurement records were used as a starting point for further data processing at different levels and in different domains, based on four inputs – one output identification model, Fig. 2b, which agrees with selected measurement points in Fig. 2a, [6], [7].
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Fig. 3 Measurement records of vertical acceleration: a) at the centre of the front left wheel, b) at the connection point between suspension of the front left wheel and vehicle suspended mass 
The starting level of expression of the obtained results are basic statistical indicators, such as discrete extreme values (min/max) and discrete mean values (mean/median/std). Numerical values of these indicators in ms-2 are determined for the centre of the front left wheel, B: 7.52/-6.49 and 0.29/-0.287/1.57, and for the connection point between suspension and suspended mass, A: 2.16/-1.27 and 0.27/0.26/0.44, respectively.
The following partial statistical functions are determined: auto- and cross-correlation functions, amplitude spectra, power auto-spectra, power cross-spectra, coherence functions, direct coupling functions and frequency characteristics. Only some of these functions are shown in Fig. 4: a), b) coherence functions of vertical vibrations of the front left wheel – front right wheel, 
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, and display of corresponding amplitude-frequency and phase-frequency characteristics, d) equivalent vehicle excitation spectra due to road roughness, 
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, determined on the basis of measured records of vertical accelerations at wheel centres and compared to ISO norms for quality of different roads.
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Fig. 4 Statistical functions: a) coherence function of vertical wheel vibrations of the front left wheel – the front right wheel, b) coherence function of vertical wheel vibrations of the front left wheel – the rear left wheel, c) partial transfer function of acceleration between the centre of the front left wheel, B and suspension connection point, A, d) indirectly identified vehicle excitation spectra due to road roughness
Coherence functions between measured signals, Fig. 4a and 4b, point to complex interaction of wheels in the vehicle system and in coupling with the road. Complex display of time signals in Fig. 4c with corresponding frequency characteristics contains partial information in frequency domain on damping and filtering properties of the suspension system of the front left wheel, namely, resonant frequencies, levels, phase shift, effects of mechanical and functional couplings of the observed subsystem, superposition of low frequency vibrations of sprung mass and high frequency vibrations of unsprung mass. Finally, identified excitation spectra, Fig 4d, point to reliability and purposefulness of presented methodology for experimental – theoretical research of vehicle dynamic system.
4. CONCLUSION
Statistical characteristics of recorded vertical accelerations at the centres of the wheels and at the chassis, point to stochastic nature of vehicle road excitations and vehicle response to this excitation. Intensity of vibration depends on conditions and regimes of movement: road surface quality and configuration, vehicle speed, acceleration regime, braking regime, direction change, etc. Calculated basic statistical indicators contain information on extreme accelerations, stationarity, ergodicity and power of stochastic processes. Identified auto-correlation and cross-correlation functions more closely describe stochastic properties of processes tested in time domain, their own and mutual relations between measurement signals (especially phase shift). The shapes and levels of power auto- and cross-spectra point to the fact that frequency content of measured signals is concentrated in domain of lower frequencies (below 20 Hz), thus in domain of eigenfrequencies of sprung and unsprung masses of the vehicle.
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