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Abstract. The study presents the development and analysia dinamic model, which
simulates the loads induced on a tire of a velaslavell as its suspension elements including
their deformations when passing over a step-shapsthcle. The possibilities of application of
the quarter- and half-car models are considered.rmddels are used to analyze the influence of
vehicle mass and suspension parameters on dynamaids |with the aim to provide
recommendations and requirements for the developrokmctive suspensions enabling to
reduce dynamic loads generated when crossing beeransidered obstacles.

Keywords: car dynamic model, sprung mass, unsprung masssktgyed obstacle.
Introduction

Investigation of movement of vehicles on roads wdifferent pavements leads to very
contradicting requirements for suspensions. Thaiopicurrently prevails that it is a complex
task to both ensure suspension parameters endifjhgevel comfort of a low mass vehicle
and to make them compatible with the other functiérihe suspension — to ensure constant
contact between the tire and the pavement. Receh#yresearchers put great efforts in
developing mechatronic suspensions — active sugpen®ith computer controlled mechanical
(hydraulic, pneumatic, electromechanical) actuatbrg]. Investigations of the problems in the
application of such systems reveal the obvious laickontrol algorithms suitable for these
systems. Solution possibilities for the problem é&mited by the fact that the range of
movement conditions is very wide, thus setting tieed to limit pavement parameter range
when developing control algorithms.

Aim of the research is to analyze performance @& #uspension in case of vehicle
movement across the most dangerous obstacle -slségged pavement unevenness. Although
the problem is considered to be the classical @et], the universal recommendations for
selecting tire characteristics and suspensiomstf [5, 8, 9] and elaborating control algorithms
for parameter adjustment of active suspensionsalcexist. Behavior of the vehicles which
differ significantly in mass and tire charactedstimoving across step-shaped bumps is
compared. A quarter-car model and a 2D car modelised for the simulations.

Characteristics of the research object

This study considers a high-mobility (EHMV type)hige [6, 7], which was designed on
the basis of GAZ 66 vehicle at the department @in$port Engineering of KTU, as well as the
popular car VW Golf. Data of the analyzed vehidkepresented in Fig. 1 and Table 1. For the
simulation of EHMV vehicle the regulated pressurest 14,00-20 were used, while for the
vehicle VW Golf - the tires 175/70R13 were seldata the basis of recommendations of its
manufacturer. Characteristics of the tires aredish Table 2 [10]. The presented data indicates
that the ratios of masses and tire diameters awmaled@hereby a sufficiently wide range of
parameters is covered.
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Table 1.Vehicle characteristics

Vehicle Mass, kg L, mm a, mm b, mm he, mm | 1, kgn?
EHMV 7481 3300 1572 1728 870 21320
VW Golf 995 2475 994 1481 405 13220
"a, b, hh parameters are defined in Fig. 4 b.
Table 2. Tire characteristics
Tire Allowable load, | Diameter| Static radius | Width B, Pressure, | Stiffness,
N D, mm Ry, mm mm bar kN/m
14.00-20 25000 1260 583 390 3.2 532
175/70R13 4750 586 261 177 2.0 148

" In case of 3.2 MPa pressure.
Dynamical models

In crossing a step-shaped unevenness by a tramapart a leveling function of the tire is of
special importance. That is why for the simulatioh the crossing of the step-shaped
unevenness a special calculation scheme has tevaoged. For the purpose the schemes for
mobility determination are used [3, 4, 7]. Moving @ step is modeled in three phases (Fig. 1).

e Coming into contact — the wheel moves horizontatlye tire starts to be deformed
(Fig. 1, a). Due to tire deformation vertical compat of reactionR which appears at the
contact point lifts the tire till the contact withe pavement is lost.

e Further motion of the tire is its rotation aboue tbontact point (Fig. 1, b). Preliminary
analysis of the model revealed that radius of iteedhanges insignificantly at this phase and
has no essential influence on the trajectory ofitheel axis.

e The tire moves on even horizontal surface (Fig)llts deformation is caused by vertical
reaction R and further goes onto dynamical processes.
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Fig. 1. Scheme of tire deformation

The following additional conditions were assumedtf@e models:

e The vehicle moves in horizontal direction with ctamd velocity — horizontal component of
reactionR has no influence on dynamical phenomena in lodgitl direction. As preliminary
calculations revealed this is valid for the stepsamparably low height.

e The vehicle approaches the obstacle in uniformangiie. up to the obstacle there are no
excitation sources which might influence dynamigshénomena in longitudinal (accelerations
of the vehicle) and vertical (operation of the srsgpon) directions.

e The vehicle moves with constant velocitytorque developed by its engine is sufficient to
cross the obstacle with no change in the velocity.

o Stiffness characteristic of the tire is linear.

Calculation scheme applied for the modeling of ¢h@ssing process is presented in Fig. 2.
Dynamical processes are described by the equations:
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{(mﬁmz)'er hyy+C,y+hyy+c,y=0

o @
(M, +m, )%+ h, X+ cox=F
where: m + my) — lumped mass element representing unsprung amdng masses
accordingly;x, y — coordinates of the lumped mass element withe@sf the coordinate
systemYOX; c, — stiffness of the tire in case of flat surfacatest,h, — damping factor of the
tire in case of flat surface contaEt- external force.
Stiffness and damping factors of the tire in casedge contact can be expressed as:
- Stiffness and damping factors in vertical directjalongy axis):

Cy =C.Sinp, h, =hsin’p (2)
- Stiffness and damping factors in horizontal di@ttjalongx axis):
Co =C,C08° h, =h,cos’ ¢ 3)

where:c, - stiffness factor of the tire in case of edgetaotih, - damping factor of the tire in
case of edge contact.
Angular coordinate of the lumped mass element jposttan be expressed as:

. K+y
shp=—- 4
=T x (4)
where: K =r —Ar —h, L=rcosg, — constantsy — radius of the tireh — height of the step
obstacle, Ar =(ml+—mz)g — static deformation of the tire due to the weifghte of lumped
c
p
mass elemeng — acceleration due to gravity.
Initial angular coordinate is defined as:
. K
singy =~ )

In case the conditionrK +y>r is satisfied the terntgy and c,y in the system of

equations (1) become equal to zero and the tirsingocontact with pavement transits to the
second phase of motion (Fig. 1), i.e. performstimtal motion about the step edge.

a) b)
Fig. 2. Calculation scheme for the crossing over the stegped obstacle: a) the moment of initial tire
- step contact, b) the phase of tire motion orsthp
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It is known that stiffness of the tire depends be shape of contact surface. Therefore
stiffness characteristics were determined experiatigndeforming it by a flat surface and a
punch imitating the step edge (metal angular bas wsed). The experiment was performed at
K. Vasiliauskas materials resistance laborator)K®b using the Amsler tension-compression
machine. For the experiment Goodyear Wrangler ARIB/75R16 tire was used. The obtained
results are presented in Fig. 3. For further calboms it was accepted that stiffness of the tire
when it is deformed by a step edge is 1.55 timeito
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Fig. 3. Deformation versus load dependence for the tiredgear Wrangler AR/R 245/75R16: 1 — flat
surface, 2 — angular bar

A computer program enabling to reconstruct trajgctf the wheel axis was elaborated
based on to the description of the above presedy®dmical processes. This trajectory in
subsequent simulations was used as a profile ofammess taking into account the leveling
function of the tire. Distance covered by the viEhie¢W Golf till the encounter of the step is
felt changes in the range from 0,1 m up to theusdalue of the tire (0,32 m) when the step
height changes from 25 mm to 150 mm (Fig. 4, ag [Hitter step height was used only for the
sake of research interests as in real conditionh eight is hardly imaginable. Speed of the
vehicle as in the range used for the investiga{ibB89-13,89 m/s) has no influence on the
leveling function of the tire (Fig. 4, b). Tires thfe greater diameter (when other conditions are
identical) make the influence of the step-shapestaatte smoother (Fig. 4, c) since at the initial
moment the impact is smoothened more and the pocks$ransition to the movement on
horizontal plane becomes softer.

As the result of the performed analysis (on théshasEqs.1-5) a special subroutine is used
in further simulations. It evaluates the levelingdtion of the tire for a specific step height and
vehicle velocity.

Research results

Both a quarter- and half-car models (Fig. 5) wesedufor evaluation of the influence of
suspension parameters. Table 3 lists the parametéhe models. With the aim to enable the
application of the active suspensions the modgipat the possibility to modify suspension
parameters. For the vehicle VW Golf two suspensiases — with linear and nonlinear elastic
and damping elements are specified. Nonlinear cheniatics are described taking typical
characteristics of elastic elements in the regidnstatic equilibrium and the stiffening
characteristic for higher values of dynamic defaiores and rebound. As damping elements the
characteristics of typical shock absorbers used\df Golf were taken. For EHMV two
suspension variants — typical with coil spring edets and pneumatic suspensions were used
(Table 3).
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Displacements of sprung and unsprung masses obtaiseng different models are
presented in Fig. 5. For the car VW Golf internelatof the suspensions can be observed — in
the case of the 2D model the mass starts its motion when the front axis moves onsteg.
Nevertheless essential differences in dependertaged with both models do not exist.
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Fig. 4. Dependence of the calculated pavement profilegakito account the leveling function of
the tire on step height (&) € 4,17m/s; 1 — 25 mm, 2 — 50 mm, 3 — 100 mm, %6-rhm), speed
of the vehiclelf = 150mm; 1 — 1.39 m/s, 2 — 2.78 m/s, 3 — 4.17 (hsand type of the tire (c) for

the vehicles VW Golf (a-c), EHMV (c)

g

(000

a) b)
Fig. 5. a) A quarter-car modeln; c; andk; — mass, stiffness and damping factor of the tire
protector,c,, k, — stiffness and damping factors of the tagks — stiffness and damping factors of
the suspensiom, — unsprung massy — sprung mass. b) A half-car (2D) model of theislehc,;
andk,; — stiffness and damping factors of the front tig, ki, — stiffness and damping factors of
the rear tirec,;, ky; — stiffness factor of the front suspension and miam factor of its shock
absorberg,,, ks — stiffness factor of the rear suspension and dagrfactor of its shock absorber,
my1, My — unsprung masses in the front and rear partseofehicle ms - sprung masg, — basis of
the wheelsa andb — distances from the mass center to the frontraad axis accordingly{ —
height of the mass centéy— mass moment of inertia with respect to longitatiaxis
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Fig. 6 provides simulation results obtained withe tquarter- and half-car models —
displacements of sprung and un-sprung masses, véiecity of the vehicle equals to 1.39 m/s.
The influence of the suspension parameters andpénemetersy and h on the loads on
suspension and the tire are evaluated by dynamiedficients:

Z_
k, =5 (6)

k =Z.l_q (7)

where z,, z; — displacements of sprung and unsprung masses tihemposition of static
equilibrium,q — uneveness heiglit, — static deformation of the tire.

Table 3.Parameters of a quarter-car model

Vehicle Cy, KN/m | Cy, KN/m | kg, KNs/m | ko, KNs/m | my, kg | my,, kg
EHMV colil spring type:
front 617 77 250 5.5 575 1384
rear 617 90 250 13 575 1207
EHMV pneumatic:
front 617 84.5 250 6.4 575 1384
rear 617 105 250 11.2 575 1207
VW Golf: front 160 19.6 405 1400 246 27
rear 160 24 405 1600 205 32
60 75
1 1 3
Z, mm T Z, mmy
40 > 45
30 —— 2 [ (VA
3 30
- 1
10 15
0] T T T T T T T 1 0 T T T T T T T 1
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Fig. 6. Displacements of unsprung (a) and sprung (b) nsasisined by using both models when
1.39 m/s,H = 50 mm: 1 — front axle, quarter-car model, 2 enfraxle, 2D model, 3 — rear axle,
quarter-car model, 4 — rear axle, 2D model

The obtained results are presented in Fig. 7.

For the vehicle VW Golf the influence of the load the axis can be observed — the lower
load on rear axis decreases dynamical coefficignt.B times when the step height increases.
Significantly higher dynamical loads are observadhe tire. The influence of mass on the axis
is manifested more vividly. Dynamical loads on res are 1.3 times lower.

The influence of vehicle speed is lower (Fig. 7dx, The decrease of local dynamical load
is related to frequency characteristics of the snsjon.

In case of the application of nonlinear suspensiymamical the loads can be reduced to a
certain extent, nevertheless the characteristi¢gpa¢al nonlinear suspensions are not sufficient
to obtain a more pronounced effect.

Analysis of results for the EHMV demonstrates ttie¢ combination with the pneumatic
suspension elements is more effective (Fig. 8).axtbeless, in order to obtain more significant
effect in future it is necessary to investigate fussibilities of active suspensions to damp
dynamical loads when crossing step-shaped unevennes
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Fig. 7. Dependences of suspension deformations of the lee¥iiv Golf on the step height & 1.39 m/s)
(a, b) and speed of the vehicke£ 50 mm) (c, d), in the case of linear and nordimguspension elements.
Sprung mass (a, c), unsprung mass (b, d): 1 —rlimear, 2 — non-linear, rear, 3 — linear, front; #on-
linear, front
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Fig. 8. Dependence of dynamical coefficient of the spruragsnon the step height in the case of the
application of typical suspension (a) and pneunmigpension (b): 1 — rear axle, 2 — front axle

Conclusions

1. In the range limits of the analyzed speeds theudémfte of leveling function of the tire
strongly depends on the step height, as the distaacessary to cross the step increases up to
the free radius of the tire when the step heigbitdases up to 150 mm.

2. Leveling function of the tire essentially does depend on the speed of a vehicle.

3. The step height has larger impact on dynamicaldéadomparison to the vehicle speed.

4. Dynamical loads acting on the tire when crossirg gtep obstacle are 1.1 higher than
those acting on the vehicle body.

5. A quarter-car model can be used for the evaluatbdynamical loads when moving
across the step-shaped obstacle as dynamical deati obtained using this model do not
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significantly differ from those obtained by the 2indel.

6. The influence of suspension parameters on dynanueals was analyzed and it was
established that the possibilities to damp dynahicads together with the assurance of
sufficient suspension performance characteristimbeu other movement conditions are limited.
That is why it is reasonable to investigate the sfmkties of the application of active
suspensions.

7. A quarter-car model, which accounts for the infleemf another axle, could be applied
for approximate evaluation of dynamical overloads.

8. Possible height of the crossed step-shaped obsieplends on dynamical radius of the
wheel and uniformity of mass distribution in betwehe axles.

9. Influence of the pressure in tires at crossindhefdtep-shaped obstacle manifests only as
an impact on the wheel-pavement grip.
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