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Abstract. This article considers lateral vibration of an automobile in a so-called quasi-planar
model where both the loss of contact and road deformation are taken into account. The automobile
with dependent suspension is modeled as a vibration system which has two masses and four
degrees of freedom. The deformed road is modeled as an elastic beam which has uniform
rectangular cross-section, is simply supported at the two ends and lies on the Kelvin's visco-elastic
ground. The loss of contact and the change in dimensions of contact areas are considered. The
differential equations of motion of the vehicle-road coupled system which contains a partial
differential equation are transformed into a set of all ordinary differential equations by applying
the Bubnov-Galerkin’s method. A procedure for numerically solving the transformed differential
equations of motion is proposed. Some illustrating results coming from numerical consideration
are also presented in the paper.

Keywords: automobile, lateral vibration, loss of contact, wheel separation, quasi-planar model,
road deformation, Bubnov-Galerkin’s method.

1. Introduction

Vibration of automobiles while moving on rough roads appears naturally and frequently.
Among components of vibration, the ones which cause vertical vibration of points on the
automobile are more considerable. When the level of vibration exceeds a definite threshold, one
or more wheels may separate from the road surface and the state of contact between the wheels
and the road surface is broken. This phenomenon is called as the loss of contact, or wheel
separation. The loss of contact reduces controllability of the automobile in both velocity and
direction, therefore, the safety of movement. For this reason, it is needed to take the loss of contact
(wheel separation) into account while considering vibration of automobiles.

Without wheel separation, the vehicle dynamics attract a lot of attention from the researchers.
In [1, 2], the road damage caused by heavy commercial vehicles is investigated using a
quarter-vehicle model with two degree of freedom (DOF) or a half vehicle with four DOF. Using
a four DOF model, the dynamics of vehicles with nonlinear spring and damping element is
considered by Zhu and Ishitobi in [3]. The researches on vehicle-track and vehicle-bridge
interaction have developed rapidly, in which the vehicle and the road are linked by the tire forces.
In [4], a vibration seven DOF model of heavy vehicle-road coupled system with independent
suspensions is presented, where the pavement-foundation is modeled as a double-layer plate on a
linear viscoelastic foundation. Using the Galerkin’s method and quick direct integral method, the
dynamical behaviour of the vehicle-pavement-foundation coupled system is numerically
investigated. Li et al. [5] analyzed nonlinear responses of a seven DOF vehicle moving along a
simply supported double-layer rectangular plate on a nonlinear viscoelastic foundation. The
effects of system parameters on vertical acceleration of vehicle body and pavement displacements
are also studied.

However, wheel separation has still appeared in very few researches on dynamics of
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vehicle-road coupled system. Cheng et la [6] investigated the vehicle-bridge interaction taking
into account the effects of separation and impact on re-establishment of contact between the
moving vehicle and bridge. The dynamic response of a stationary structure made of several
Timoshenko beams under moving oscillator with the separation and reattachment phenomena is
studied by Baeza and Ouyang in [7]. Stancioiu et al. [8] inspected the vibration of a continuous
beam resting on elastic supports excited by a moving two-axle system with separation. The
dynamic response of the system can be very different from the case of not taking separation into
account. Base on linear complementary relation linking relative displacement and interaction force
between the wheel and the bridge at contact points, Zhu et al. [9] established a model to consider
separation in a vehicle-bridge system. The influence of velocity, the vehicle to bridge mass ratio
and the road roughness on separation is studied. A two DOF quarter-car model and a simply
supported Euler beam representing the bridge to analyze dynamic interaction of vehicle-bridge
system with separation are used in [10]. In addition, a nonlinear multiple-spring tire is modeled to
describe the contact surface of tire and road instead of a point and the form of governing equations
does not change whatever the tire separates from the bridge or not.

Vibration of automobiles with wheel separation taken into account has been also considered
in some different models by the own authors of this paper. The quarter-car models without and
with road deformation have been considered in [11, 12]. Vehicle vibrations in half-car models can
be considered in two types, longitudinal and lateral vibrations. In [13], the authors investigated
the longitudinal vibration of two-axle automobiles with wheel separation, but road deformation
was ignored. Vibration of two-axle automobiles in spatial (full-car) model without taking road
deformation has been considered in [14].

The lateral vibration is a common component of vehicle vibration in general and has a
significant effect on the passenger’s ride comfort and safety of vehicles. In fact, this component
of vibration even occurs more frequently than the longitudinal one. As a continuation of our
researches, this paper deals with the lateral vibration of automobiles in half-car model with road
deformation and wheel separation considered. The automobile with dependent suspension is
modeled as a vibration system which has two masses and four degrees of freedom, while the
deformed road is modeled as an elastic beam which has uniform rectangular cross-section and is
simply supported at the two ends and lies on the Kelvin's viscoelastic ground. Although
movements of the masses in the physical model take place in a vertical plane, the model is still
called as a quasi-planar model because the change in lengths of rectangular contact areas takes
place in the direction of movement that is perpendicular to the moving plane, and so does the
change in pressure distribution law. The differential equations of motion of the vehicle-road
coupled system including a partial differential equation are transformed into a set of all ordinary
differential equations by applying the Bubnov-Galerkin’s method. Some illustrating results
obtained from a numerical example are also presented to confirm the occurrence of separation and
the difference of dynamic response of vehicle with taking and not taking wheel separation.

2. Vibration model and differential equations of motion
2.1. Assumptions

The lateral vibration model of automobile with dependent suspensions is created with the
following assumptions:

— Body and axle of the automobile are assumed to be absolute rigids.

— Each wheel can be represented by a spring - damper couple and behavior of all spring —
damper couples in the model is linear.

— Deformed road can be modeled as an elastic beam on Kelvin’s visco-elastic ground and the
middle cross-section of the beam passes through the two centers of gravity.

— Lines of action of the elastic and damping forces in the same spring — damper couple coincide
and perpendicular to the nominal road surface.
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— Each wheel has the width unchanged while loaded and the wheel circumference part off the
contact area is still round in the process of vibration.

— The contact area between each wheel and road surface (if exists) is a rectangle whose width
is unchanged and equal to the original width of the wheel.

— The road profiles at two wheel tracks and the form of pressure distribution in the contact
areas can be described mathematically.

— Kinematic excitation from the road upward to each wheel is calculated with using vertical
fluctuation of the center point of the contact area only (not using other points).

— Automobile moves in line with a constant velocity.

2.2. Vibration model of the mechanical system

Fig. 1 shows lateral vibration model of an automobile where road deformation is taken into
account. The automobile with dependent suspensions has two masses (body 1 and axle 2) whose
centers of gravity are S, S, and the inertial characteristics are (M, Jp,), (M., J.), respectively.
Deformed road is modeled as an elastic beam which lies on the Kelvin's visco-elastic ground and
is simply supported at the two ends.

z c c )

Fig. 1. Lateral vibration model of automobile taking account of road deformation (viewed from the front)

The beam with uniform rectangular cross-section has the dimensions Lg,, by and hy for the
length, the width and the height, respectively. Material of the beam is assumed to be identical,
isotropic and has the mass density p and Young’s module E. The stiffness and damping
coefficient per an area unit of the ground are kg and cg, respectively.

Two suspension spring-damper couples are denoted by the notations for their stiffness and
damping coefficients as (kg , cp). Similarly, two wheel spring-damper couples are denoted
as (k;, cp).

The points numbered as 1, 2, 1',2', 1", 2" are the mounting points of the spring- damper couples
on the body and the axle while points D; and D, are the centers of the contact areas in cases the
loss of contact does not appear.

The effect of movement on vibration of the system is expressed by the changes in height and depth
of the two centers of the contact areas (11, 7p,) and their derivatives with respect to time (71, 7p2)-
Deformation of the road is represented by the displacement function of the beam.

Vibration of the automobile and the elastic beam are expressed in terms of the following
functions of time as u;, = u,(t), ¥, = Y, (t), u, = u (t), Y. = Y. (t) and w = w(y, t) those
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correspond to the displacements which are measured from the so-called natural position where
both wheels still contact with the nominal road surface while all spring-damper couples in the
model have no deformation.

Figure 1 also presents two typical geometrical parameters of the automobile as b and c, and
the y-coordinates of points D; and D,.

2.3. Forces acting on the vibration system

Vertical displacements of mounting points of the spring-damper couples in the system (points
numbered as 1, 2, 1',2', 1", 2" in Fig. 1) can be determined as follows:

U =Up —CPp, Uy =Up + Yy,
Uy = U — CY,, Uy =U.+ Y, (1)
Uy, = U, —bll)c; Uy = U, +b¢c

£y

Fig. 2. Force diagrams of body and axle of the automobile

=t

After freeing the body and the axle of automobile from the spring-damper constraints, we get
their force diagrams as shown in Fig. 2.

In the diagrams, {G,, G.} — forces of gravity, {Frq, Fr5, F.1, F12} — resultant forces in four
spring-damper couples, subscripts "1" and "2" imply the forces corresponding to the wheels on
the left and the right side, respectively.

Resultant forces in two suspension spring-damper couples can be determined as:

FTl = kT(ulf - ul) + CT(ull - 111),
Fry = kr(uy — up) + (T — ).

2

Vertical deformations of the wheels in case the loss of contact does not appear can be
calculated as:

Azpy =wpy +1py — Uy, Azpp = Wpy +Tpp — Uy, 3)

where wp,, wp, — vertical displacements of the representing beam at the center points (D;, D,) of
the contact areas; 151, 7p, — the heights or depths (with respect to nominal surface of the road) of
D, and D,. Basing on Fig. 1, we can determine the y-coordinates of points D;, D, and quantities
Wp1, Wp, as follows:

Yp1 = 0.5Lgn — b, wp1 =W, )lly=yp, = wp1, 1),

4
Yp2 = 0.5Lgn + b, wpy =W, )lly=yp, = Wp2, t). @

The resultant forces in the wheel spring-damper couples (equal to the contact forces) can be
calculated according to the following formulas [11-14]:

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 2 5 9



CONSIDERATION ON LATERAL VIBRATION OF AUTOMOBILES IN QUASI-PLANAR MODEL WITH WHEEL SEPARATION AND ROAD DEFORMATION
TAKEN INTO ACCOUNT. HAM VU CONG, CUONG PHUNG MANH, DUNG TRAN QUANG

Fiq = silk,(Wpy + 1p1 —uyr) + ¢, (Wpy + 7py — Uyrr)],
Fip = sylky(Wpy + 1, — Uyrr) + ¢, (Wpy + Tpp — uz”)];

©)

where s,, s, are the contact state parameters whose values are determined by the sign of the
so-called verifying values of contact forces at the two wheels:

Q1 = ky(Wpy +1p1 — uyn) + ¢, (Wpy + 7pg — 1y,
Q2 =k, (Wpy + 1pp — uyr) + ¢, (Wpy + Tpp — Uyr).

(6)
Particularly, the jth wheel contacts the road, Q ; = 0and s; = I; it separates from the road

ifQj<0ands; =0(j=1,2).

2.4. Differential equations of motion of the system

2.4.1. Differential equations of motion of automobile

The equations of motion of automobile can be obtained by applying the Newton’s second law to
the body and the axle of automobile using the force diagrams in Fig. 2 and relations Egs. (2), (3), (5):

Myiiy, + 2crty — 2cpt, + 2kpuy, — 2ku, = —M,g, @)
oWy + 2c7¢2Py, — 2cr¢?e + 2kpc? Py, — 2kpc?iPe = 0, )]
M iie — 2crtty, + [2cr + (51 + sp)c e — (51— sp)c b — s16,Wpy — S2¢Wp,

—2kquy + [2ky + (51 + so)k Juc — (51— S2)k by, — s1kywpy — S2k wp, )

= Mg + Sy (kprpy + ¢ p1) + 2 (kprpy + €17p2), )

Jee = 2¢rcPy — (51— Sp)cpbite + [2¢7¢® + (51 + 52)c,b? 1, + s1¢,bWp,y
=S¢ bWpy — 2krc? Yy, — (51 — sp)kybue + [2krc? + (s + s2)k b* 1, (10)
+s1k bwpy — sk bwp, = —s1b(ky1pq + ¢17p1) + S2b (ks + €17p2).

2.4.2. Differential equation of motion of deformed road

The mentioned equation can be generated by considering the equilibrium of a typical element
of the beam. The force diagram of the beam element which lies at coordinate y and has the axle
length dy is shown in Fig. 3.

Forces acting on the beam element consist of inertial force (dFy.), resultant force of Kelvin’s
visco-elastic ground (dFs), force of gravity (dG), contact force from the wheels (d@,,), the shear
forces and the  bending moments in  the two end cross-section

{0,Q + (0Q/0y)dy, M,M + (0M /dy)dy}.

w 1
wo gt 77
-H-—1—-| ) #+=-y 1 B
B Ve "
J; v d/}-t 0+ Ly | //
z d[; (y b:

¥ dy 2 .

a) b)

Fig. 3. a) Force diagram of a typical beam element, b) the dimension of beam cross-section

The expressions of four first forces can be written as:

260 JOURNAL OF VIBROENGINEERING. FEBRUARY 2021, VOLUME 23, ISSUE 1



CONSIDERATION ON LATERAL VIBRATION OF AUTOMOBILES IN QUASI-PLANAR MODEL WITH WHEEL SEPARATION AND ROAD DEFORMATION
TAKEN INTO ACCOUNT. HAM VU CONG, CUONG PHUNG MANH, DUNG TRAN QUANG

x 02w ow .
dFqe = pbghy =5 dy, dfs = (ksW +¢s —at)bgdy,
(11)

dG = pgbghgdy, dQ,, = U p(x,y, t)dx}dy,

(dcj)

where w = w(y, t) — displacement function of the beam, d; — the length of the jth contact area
(j =1, 2) in the direction of movement, p(x, y, t) — function of pressure distribution on the upper
surface of the beam due to the load coming from the automobile, g — gravitational acceleration.

N

1 1 1 1
n / l \:\ b |
1 | o arle 1 |
1 1 71K | 1
1 Fe———— A taiutate - |
— - — - —-—
-

i

Fig. 4. Description of function p(x,y, t) on beam a) and four types of pressure distribution
in x-direction (1 — constant, 2 — parabolic, 3 — cosine, 4 — cosine squared)

The function of pressure distribution p(x, y, t) is defined over the whole top surface of the
beam but really exists in the contact areas of the wheels (Fig. 4). Moreover, this function can be
taken only based on observing the fact and using assumptions. This paper still applies the
expression of p(x, y, t) which is proposed in [12] and has the form:

P (U (x), VI<Y <Yy,
p(x,y,t) ={P,(D)U,(x), ¥3<y <y (12)
0, otherwise.

In Eq. (12), the expression of p(x, y, t) is assumed unchanged in y-direction in the domain of
each contact area, P;(t) (j = 1, 2) are unknown functions of time to be found and U;(x) are
pre-chosen expressions to describe the change of p(x, y,t) in x-direction over the length d; of
each contact area. Hence, the expressions U;(x) really represent the laws of pressure distribution
in the contact areas.

Four typical types of pressure distribution which can be applied in considering vibration of
automobiles are proposed in [12] and graphically described in Fig. 4(b). They consist of constant
(rectangular), parabolic, cosine and cosine-squared distributions. In the coordinate system Oxz
with the origin coinciding with the center of contact area and the x-axis being the direction of
movement, the corresponding expression of U; (x) is 1, 1-4(x/dcj)2, cos(mx/d;), cos®(mx/d;).

With the expression of function p(x, y, t) as taken in Eq. (12), the formula of dQ,, in Eq. (11)
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becomes:
dQ, = U &(t)Uj(ﬂdx}dy = P01 dy, ()
dcj
where:
; j()dx, j = 1,2, (14
(dcj)

For the elements which do not lic under the contact areas, we have dQ, = 0 because
p(x,y,t) =0. '

In case wheel separation does not appear, the values of Ié]) depend on d; and can be
determined by using the used type of pressure distribution. For the four types of pressure
distribution mentioned above, the values of Iéj ) are dcj,2d.;/3,2dj/m and d;/2, respectively.

The equilibrium of forces in z-direction and the moment equilibrium about the center of left
cross-section of the element lead to these equations:

d
%dy—qut—dFs—dG —-dg, =0, (15)
oM 3w
=— = —F[— 16
0=5,="Fl5s (16)
where M = —EI ZZTV; for Euler-Bernoulli’s beam theory.

Putting the expression of @ from Eq. (16) into Eq. (15) and using the expressions Eq. (11) and
Eq. (13) of forces then taking some needed arrangements, we obtain the differential equation of
motion of the beam which represents deformed road:

9%w ow 4

phBF + CSE + kSW(y, t) + b_gEI

w 1 ;
357 T 5O = ~pghs. (17)
B

The differential equations of motion of the mechanical system are the combination of ordinary
differential Egs. (7-10) and partial differential Eq. (17).

2.5. Simpler cases of differential equations of motion of the system

a) If the loss of contact is ignored, we can fix s; = s, = 1. Egs. (7), (8) and (17) are unchanged
while Eq. (9), (10) become:

MCilC - ZCTI:lb + Z(CT + CL)llC - CLWDI - CLWDZ - 2kTub + Z(kT + kL)uC
3 —k,wp, - kywp, = —Mcg + kg,(’”m +1p2) + ¢, (Fp1 + 7p2),
JeWe — 2CTCle)b + Z(CTC2 + CLbz)lpc + ¢ bVwpy — ¢ bwp, — Zchzlpb
+2(kTCZ + kLbz)lpc + kybwpy — k bwpy = =k b(rpy — 1p2) — ¢,b(Fp1 — Tp2).

(18)
(19)

b) If the deformation of road is not taken into account, we have w(y, t) = 0 for every y and t.
In this situation, it is allowed to set kg = oo, cg = oo and Eq. (17) becomes an identity, Egs. (7) and
(8) are unchanged while Egs. (9) and (10) have the new forms as:
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M i, — 2crtty, + [2¢7 + (51 + s2)ep]ue — (51— s2)eL b uc
—2kqup + [2ky + (51 + s2)k,] — (51— s2)k b (20)
= —M.g + .Sl(kLTDI + c17p1) + 82 (ky 12 + €17p2), .

Jee = 2¢rcPy, — (51— Sp)cpbite + [2c7¢? + (81 + 55) ¢, b2
—2kpc?Py — (51— sp)kybug + [2krc® + (51 + 5)k b?]i, 21
= —s1b(ky1py + €, Tp1) + b (k1o + €1 7p2).

¢) If road deformation and wheel separation are ignored, the differential equations of motion
of the vehicle-road coupled system are reduced to those of only automobile with the addition of
setting s; = s, = 1. In this situation, Egs. (7) and (8) are still unchanged while Egs. (9) and (10)
respectively becomes:

Mcilc - ZCTitb + Z(CT + CL)‘L.LC - ZkTub + Z(kT + kL)uC
=M+ ki (rp1 +1p2) + CL(f'Dl + 7p2),
Jce — 2CTCle)b + Z(CTC2 + CLbz)lpc - Zchzlpb + Z(kTC2 + kLbz)lpc
= —k,b(rpy — 1p2) — ¢, b(Fp1 — Tp2).

(22)

(23)

3. Solving the differential equations of motion
3.1. Transforming the differential equations of motion into ordinary differential equations

The presence of a partial differential equation does not allow to solve the original differential
equations of motion of the vehicle-road coupled system until now. In order to overcome this
difficulty, here the Bubnov-Galerkin’s method is applied to transform those differential equations
of motion into a system of all ordinary differential equations (ODEs).

According to the Bubnov-Galerkin’s method, we need to fulfil a succession of operations as
follows:

1) Approximating the displacement function of the beam w(y, t) with a series of N terms as:

2l -1Dny

Bn

Wt =) TONG) =) Ti®sin %)

where T;(t) are unknown functions of time to be found, Y;(y) = sin[(2] — 1)my/Lg,] — shape
functions satisfying boundary conditions of the beam, w(y, t)|l,=0 = w(, t)|ly=15, = 0.

It is important to note that the functions Y;(y) are linearly independent and have the property
of orthogonality as:

Lpn
. Q@l-Dmy QU-Dmy (0, EN
J sin sin dy = {LBn/Z' = (25)

LBn LBn
0

The approximation of function w(y, t) as in Eq. (24) allows to define the vector of generalized
coordinates:

(_i = [ub (t), lpb (t), Uc (t), wc(t)l Tl (t), TZ (t), L] TN (t)]T (2’6)

2) Putting the Eq. (24) of w(y, t) into Eq. (17) leads to the following equation:
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N
. (2l — Dmy
phg T;(t)sin —————— + Tl(t) + kS Tl (t)si nLi
- Bn
H1 Y 21 — 1)t .
— 11 _ .
+—EI Z %Tl(t)sin& + —Pj(t)lg” = —pghsg.
bB LBn LBn bg

3) Assigning to variable k consecutively the values of the set {1, 2, ..., N}. With each value,
multiplying Eq. (27) by sin[(2k — 1)y /Lg,] then taking the integration of the two sides with
respect to variable y from 0 to Lg, (over the length of the beam), noting the orthogonality
Eqgs. (25), we obtain a system of N ODE:s as follows:

Lg 1 Lg, 2k — 1)*m*
phB_Tk(t) + CS_Tk(t) + kS 2 Tk(t) + _EI _2 —L4 Tk(t)
Bn
(28)

1 (Len ( k—Dmy Zpgh L

(]) B~Bn
— P ()1 _— = - =12,...,N
b"f O L. YT k—pr kT L2

In order to calculate the integration in Eq. (28), it is important to see the form Eq. (12) of
function p(x, y, t) and its description in Fig. 4(a). The values of y;, ¥,, V3, ¥4 can be expressed in
terms of the y-coordinates of points D, D, (centers of contact areas) and the width of the wheels
as follows: y; = yp1 — 0,5b,, y; = ¥p1 + 0,5b,, y3 = ypz — 0,5b;, ¥4 = yp2 + 0,5b,

Y2+ Y1 =2Yp1, Ya+ Y3 =2Ypy

= 29
Yo = Y1 =Ya— Y3 =Dy 29)

The relations in Eq. (29) allow to calculate the integration in Eq. (28) as follow:

Len 2k — Dm vz 2k — Dm
f P (OIsi (Lde = f Pl(t)lg”sin%dy
0 Bn V1 Bn

(2k — Dmy 2Lp, . (2k— Db,
= Sin
Lgn Y= 2k - Dn 2Lpn G0)
2k — D) 2k — D
X [Pl(t)lél)sinw + pz(t)zgmsinw
LB" LBn

1
= 5 LenbB[BVPL(O) + BT P (0],

+ f Pz(t)I(z)sm
V3

where:
o A @k = Dymby 2k = Dmyp,
K T @k DapE ™ 21, Lon 6
@ AP (2k = mb, 2k = Dyp,
K T @k = Db 2, Lom
Substituting the results in Eq. (30) into Eq. (28) leads to the following equation:
. ; El 2k — 1)*n* @ @
pheTi(©) + 5Ty (t) + | ks + A Tie(©) + By PL(t) + B P2 (6)
B Bn 32
2k - Dn’ T
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4) Expressing functions P; (t), P,(t) and Eq. (32) in terms of generalized coordinates.

This operation is needed because functions P; (t) and P,(t) are generated in the process of
transforming the partial differential Eq. (17) into ODEs. To reach the purpose, we consider the
equilibrium of the forces acting on the j-th wheel (j = 1, 2) in vertical direction (see Fig. 4(b)):

where R; — reaction force from road and F; — resultant force in the j-th wheel spring-damper

couple.
The reaction force R; can be calculated based on the pre-chosen pressure distribution function as:

0,5dcj 0,5dcj
R = f pj(x,t)b dx = bLf P;()U;(x)dx,
—0,5d; —0,5d;
or:
R, = P ()b I, R, = P,(t)b 1. (34)

In order to find the expressions of forces F;, we firstly use Eq. (24) to calculate wp,, wp,,
Wp1, Wp; as:

N 2l-Dm N
Wp1 = Tz(t)sin(LJ Z 1P,

=1

N 17r
W=y T(esin Jron =Y APn,

35)
N . 1 T N (
Wiy = Tl(t)sin(LJ = AP,
v @-1 v
. - Dn .
Wpy = Tl(t)SinL—yDz = Z X{Z)Tz(t),
=1 Bn =1
where:
2l-Dm 2l-Dm
Xl(1) n( ) )’D1’ Xl(z) _ sin( ) YDz_ (36)
LBn LBn
Egs. (5) and (35) allow to get the expressions of Fy:
N N
Fia =51 [kL (Z 2T + 1oy — e + bwc) +ec (Z 20T + oy — ke + bt/')c)l :
l;l lI_—Vl (37)
Fip =55 [kL (Z Xl(z)Tz(t) +7p2 — U — blpc) tc (Z )(z(z)Tl(t) + Tp2 — Ue — bl[’c)l .
=1 =1

Using Egs. (33), (34), (37) we obtain:
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s N
Pi(t) = — [kL (Z Xl(l)Tl(t) +7Tpy — Ut blpc)
[(1)b =1
0 L
N
+c < - X(I)Tl(t) +7p —uc+ bl[’c)] )
PO = o [ O X7 + 102 e = by

+c <Zl_1)(l(2)Tl(t) +7p, — U — blj’c)]-

Putting the expressions of P; (t) and P,(t) from Eq. (38) into Eq. (32) and taking some needed
arrangements lead to the following equation:

(38)

phBTk(t) — 1P + ey, + @V = uPe b,
£ (B + (00 + i) 1 110 = 2 + 1Pk

(39)
+(‘u(1) ,u,(cz))kLbll)c + Zl_l[Slek + (,U,((l))(l(l) + MIEcZ)Xl(Z))kL] Ti(t)
4pgh ) , .
- (Zk B) #;(cl)(ker +c17p1) — .ul(cZ)(kLrDZ +op2), k=12..,N,
where:
EI 2k — 1)*r* o) S1B;E1) @) Sz.BIEZ)
Hi=ks+—=—F"—, W'’ ' =—4— Ww'= : (40)
TS Ty Lhy S P )

and &y; — the Kronecker’s operator defined as §; = 1 if k = [, and &§,; = 0 if k # L.

5) Expressing Eqs. (9) and (10) in terms of the generalized coordinates. This purpose can be
reached by putting the expressions of functions wy, Wp,, Wpq, Wp, from Eq. (35) into Egs. (9),
(10) as follows:

M_ii, — 2¢crty, + [2¢r + (51 + s2)c Jue — (51— Sz)CLblpc 2(51)((1) + SZXI(Z))CLTl(t)

(1)
—2kpuy + [2kr + (51 + Sk Jue = (s = spkubpe — Z(slx“) + 5220 )Ty ()
_==Mcg + s1(kprpy + 17p1) + 52 (kT + €1Tp2), )
Jce — ZCTC Wy — (51— sp)epbite + [2cr¢? + (51 + s2)cLb? T,
£ Gl =IO — ety — (5 - sk
- (42)

H2Krc? + (5 s DB Y (st = s BT

= —s1b(ky 11 + €1 Tp1) + Szb(kLTDZ + CLTp2)-

Now the original differential equations of motion of the mechanical system have been
transformed into a system of all ordinary differential Eqgs. (7), (8), (41), (42) and (39). These
equations can be called as the transformed differential equations of motion (TDEM). The TDEM
can be solved numerically because each from them has been expressed in terms of the generalized
coordinates.
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3.2. Matrix form of TDEM

The TDEM can be written in matrix form as:

. .

[M1q +[Cg + [K1g = F, (43)

where ¢ — vector of generalized coordinates of the form Eq. (26), F — excitation vector; [M], [C],
[K] — mass, damping and stiffness matrices, respectively. The two vectors have the size as
(4 + N) x 1 while the matrices are all square of order (4 + N).

The excitation vector has the form as:

F = [Fy, Fy, F3, Fy, Fs, Fg, ., FyynlT, (44)
where:

Fi=-Mpg, F,=0, F3=—-M.g+s(kyrps+cTp1)+ S2(kp7p2 + C17p2),
Fy = =51b(ky1p1 + ¢, Tp1) + S2b(kprpy + ¢17p2),

___“4pghs €)) : @ . _ (45)
Favre = TQk-Dr_ ti (kprpy + ¢7pe) — g (ky1pp + €17p2), kK = 1,2,...,N.
The mass matrix [M] has the diagonal form as:
[M] = diag(My, ]y, Mc,]c, phg, phg, .., php). (46)

The stiffness matrix [K] contains (4 + N) rows, each of which has (4 + N) elements and can
be successively written as follows:

{K,} = {2k;,0,—2k7,0,[0,0,0, ..,01}, {K,} = {0,2kZ?, —2Kk%.,[0,0,0, ...,0]},

(K3} = (=2kr, 0,2kr + (51 + )k, —(51 — s)ky b, [— (510" + 522k,
— (125" + 55Dk s = (512057 + S22k 1),

(K3} = {0, —2krc?, —(s1 — s)kpb, 2kpc? + (51 + )k b, (510 — 5,0k b,
(51257 = 522652k, oo, (5120 = S22k b},

Kanid = 0,0, —(u” + 1k, (S = uP)heub, (81 Hye + (P x + 1P 2Pk,

SiaHie + X + 1P x Pk, oo, SenHie + PP + 1P x Pk, 13,
k=12 .. N.

(47)

The damping matrix [C] has the form similar to that of the stiffness matrix [K] so we can obtain
matrix [C] from matrix [K] by substituting the notations {Hy, kr, k. } with these ones {cs, c7, c;},
respectively.

3.3. Initial conditions

In almost problems on vibration of automobiles moving on horizontal roads, the initial
conditions commonly relate to the fact that the vehicle is running on a definitely even road surface
then entering an uneven one. In this situation, theoretically, there is no vibration occurring until
the initial point of time, so the values of generalized coordinates, velocities, accelerations and all
quantities concerned can be determined from the static state where the automobile lies on a
horizontal road with even surface. Therefore, the initial conditions for this situation can be written
as follows:
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é)||t=0 =0, ‘?”t:O =0, Glle=0 = Go- (48)
The value of g, can directly be deduced from Eq. (43) using the data in Eq. (48):
[KloGo =Fo = do = [K]5"Fo, (49)

where [K],, ﬁo — the values of the stiffness matrix and excitation vector at the time point t = 0.
At the initial point of time, because the vehicle is running on the even road surface so we have:

S1 =8, = 0, Tp1 =Tpy = 0, ":'Dl = 72D2 = 0, ﬂ,(cl) = ﬂ,(cz) 0. (50)

Putting data Eq. (50) into Eq. (45) we obtain the values of excitation vector at the initial time
point:

4pgh 4pgh
pghg pr] 51)

F =|-M,g,0,—M_g,0,— - :
bg c§ n (2N - Dr
In order to determine [K],, we firstly generate the static equilibrium equations of the
automobile and deduce:

1 1
Fjy = Fy = 5 My + Mg, Ffy = Fp, = 5 Mpg- (52)

Now we can determine the values of quantities concerned with the elements of matrix [K],, such
as static deformations of the wheels (Az?;, Az),), the lengths of two contact areas (d2;, d2,), etc.

Once the value of g, has been found, we can calculate displacement function of the beam in
static state by using Eq. (24) as:

N 2l-1
wl = Tz & (53)

=1 LBn
where T} — elements from 5th to (4+N)-th of vector .
3.4. Procedure for numerically solving the TDEM

Matrix form Eq. (43) of TDEM contains matrices [K ] and [C] which continuously change with
respect to time. Hence, at every step in the process of numerically solving this equation, we need
to re-calculate the elements of these matrices. A procedure for numerically solving Eq. (43) can
be proposed as follows:

1) Assigning the values of quantities concerned with automobile (My, J,, M., J., kr, ki, cr,
¢, b, c, 1, by), visco-elastic ground (ks, cg), elastic beam (p, E, Lg,, bj, hg, I), velocity of
movement (V), number N of terms in the series Eq. (24) and acceleration of gravity (g).

2) Describing road profile as functions of time 15, (t), 152 (t), 71 (t), 72 (t) and choosing the
type of pressure distribution function U(x) for consideration.

3) Calculating the values of yp4, ¥po, Hy, )(,El),)(,(cz).

4) Setting the initial conditions as in Section 3.3.

5) Specifying the time interval for consideration [0, t,,4,], the time step of computation At
and the point of time t, at whlch the uneven road surface really starts.

6) As51gnmg S; =5, =1, q0 =0, q0 = 0 for the initial point of time and calculating the
initial value ¢, of vector §.

7) Assigning i: = 0, t;: = 0, G;: = o, §i: = Go» §;: = G for the initial point of computation.
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8) Determining the values Giy1, Gis1, Givq at the time point t;,, = (t; + At) of the (i + 1)-th
point of computation using a suitable method such as Newmark’s, Runge-Kutta’s, etc.

9) Calculating the values of quantities wp;, Wp;, 1pj, Tpj, U7, Wi (j = 1, 2) at the (i + 1)-th
point of computation using Eq. (27), functions 1, (t), 192 (t), 751 (t), 7p2(t) and the results
obtained in step 8.

10) Calculating verifying values of contact forces Q;, Q, according to Eq. (6) and deducing

the values of quantities s, S, u,((l), u,(cz).

11) Determining the values [K];yq, [Cliz1, Fizq of matrices [K], [C] and vector F at the
(i + 1)-th point of computation.

12) Assigning i: = i + 1, t;: = t; + At and repeating the process of computation, starting from
step 8. The process of computation stops when condition t; > t,,4, is reached.

The results directly obtained are functions of time such as generalized coordinates, generalized
velocities, generalized accelerations, contact forces, the total time of losing contact, etc. which
reflect vibration response of the automobile in particular conditions which concern with of the
road profile and the velocity of movement.

4. Example for illustration

This section presents some typical results obtained from numerical consideration on vibration
of the vehicle-road coupled system where the initial conditions mentioned in Section 3.3 are
applied. The results coming from two cases of taking and not taking wheel separation into account
are compared to show the differences.

The situation under consideration is that the automobile successively passes a single bump on
the right track and another one on the left track after having passed a distance x, measured from the
initial time point (¢ = 0) as seen in Fig. 5. Profiles of the two bumps are chosen as parabolas whose
lengths and heights are (14, hy) and (I, h,), respectively. The distance between the two bumps in
the direction of movement is denoted as d.

Fig. 5 is a general description of some cases. If setting h; = 0 or h, = 0, the excitation has the
type of a single pulse on the left or the right track only. If taking d < 0, the automobile reaches
the bump on the left track before reaching the bump on the right one. If assigningd =0, [; = [,
and h; = h,, we have the situation of a speed bump which crosses over the whole width of road.
If choosing x, = 0, the initial point of time (t = 0) is also the time when the vehicle starts passing
the left bump.

Fig. 5. Geometrical description of road profile

The input data for numerical computation are taken as:

— Parameters concerned with the automobile [15]: b = 0.90 m, ¢ = 0.60 m, r;, = 0.45 m,
b, =0.25 m, M, = 2150 kg, J, = 650 kg.m?, M. = 660 kg, . = 720 kg.m?, k; = 250000 N/m,
k; = 800000 N/m, c; = 1500 N.s/m, ¢, = 62000 N.s/m.

— Quantities belonging to the ground and the beam [16]: kg = 48000000 N/m3,
¢s = 30000 N.s/m?, E = 1.6x10° N/m?, p = 2500 kg/m?, Lg,, = 15m, bf = 0.45m, hy = 0.50 m.
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— Excitation data (geometries of bumps): h; = 0.10m, [; = 0.75m, h, = 0.12m, [, = 0.80 m,
d=10m.

— Velocity of movement of automobile: V = 10 km/h.

— Parameters involved computation: t,,,4, = 5's, t, = 0.5 s, At =0.0001 s, N =5 (xo = Vt).

— Type of pressure distribution in contact areas: cosine.

The obtained results are graphically showed in Fig. 6-9 where the changes in some vibration
characteristics with respect to time are plotted. Some comparisons between the two cases of taking

and not taking account of wheel separation are given in Figs.

Vertical Displacement of Auto-Body

6, 7 and 8.

Angular vibration of automobile's body
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Fig. 6. Linear vibration of automobile body
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Fig. 7. Angular vibration of automobile body
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Fig. 8. Vertical acceleration of automobile body

It can be seen from the figures that:

a) Differences in behaviour of the mechanical system between the two cases of taking and not
taking account of wheel separation are clearly (see Figs. 6, 7 and 8).

b) In the situation of consideration, the amplitude of vibration in the case of not taking wheel
separation is greater than the amplitude in the other case. The reason may concern with the ways
of transmitting potential energy which has been accumulated by the springs in compressing periods
to the body in stretching ones.

¢) Wheel separation really occurs in the situation of consideration. This can be identified by
flat pieces (on the abscissa) of the curves in Fig. 9. The calculated total times of losing contact are
0.0416 s and 0.0458 s for the right and the left wheels, respectively.

d) After each period of wheel separation, the contact forces rapidly increase (Fig. 9) due to
converting kinematic energy of falling into potential energy of the springs.

270

Fig. 9. The changes in contact forces at two wheels
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¢) Wheel separation is quite easy to occur. This can be recognized by looking at the values of
the parameters which describe the road profile and especially the small value of velocity of
movement.

5. Conclusions

The article has created a physical model for considering the quasi-planar lateral vibration of
the automobiles with dependent suspensions where all three wheel separation, road deformation
and the change in dimension of contact areas have been taken into account. The original
differential equations of motion of the vehicle-road coupled system with the presence of a partial
differential equation have been transformed into a set of all ordinary differential equations by
applying the Bubnov-Galerkin’s method. The authors have also proposed a procedure for
numerically solving the transformed differential equations of motion. Vibration of automobile,
according to the model introduced above, has been considered in the case in which an automobile
moves through two bumps (each bump on one track) of parabolic profiles. The results obtained
from numerical computation have proved that the difference between taking and not taking wheel
separation into account is significant and the loss of contact is easy to appear while automobiles
run on rough roads. Hence, one can affirm the need of taking wheel separation into account in
considering vertical vibration of automobiles.
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