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Abstract. The main aim of the investigation is to design rear suspension and to improve the dynamic character-
istics of the vehicle. Three types of rear suspensions that consist of a leaf spring, a hydraulic and a pneumatic
damper, an air spring are designed. The dynamic models of the quarter car with these rear suspensions are
presented. Random disturbance of particular road surface is played back by using a spectral density and Monte
Carlo method. Natural frequencies of rear suspension are presented. The dependence of standard deviations of
the first, the second and the third derivates of particular random displacements on the vehicle speed is obtained.
Dynamic characteristics of three rear suspensions are compared and the best rear suspension is determined.
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1. Introduction

The structure of rear suspension influences on
the characteristics of the vehicle, i.e not only on com-
fortable and safe driving, but also on the payload vol-
ume in the passenger and baggage sections. Since the
space for the elements of suspension is scarce, their
layout shall be as compact as possible, but they shall
be functional. Pivot elements of the wheel shall turn
the wheel in the direction perpendicular to the direc-
tion of the vehicle movement as little as possible (not
to increase the rutting). Displacing vertically a wheel
shall change the inclination angle to the road surface
as little as possible. The durability of joints and wear
of tyres are influenced by the positioning of all ele-
ments of the suspension. Smooth operation of the
suspension elements governs the kinematical and dy-
namic characteristics of the vehicle suspension.

Vehicles are upgrading, their driving speed and
acceleration increase, therefore, a contact of a wheel
with the road surface can be lost, adhesion coefficient
reduced and the braking distance increased. High
speed and the acceleration of suspension parts can
be the cause of a contact with the vehicle body.

In the case of improving passengers comfort in a
cabin, safety characteristics are decreased, and vice
versa, when the safety characteristics are improved,
the drivers® and passengers‘ comfort is decreased.

Comfort and safety arrangement is one of the
main problems faced by passenger bus manufactur-
ers and retrofitters. All over the world minibuses are

manufactured by retrofitters or bodybuilders. Retro-
fitting is usually carried out on the base of a van, there-
fore, to improve the comfort of passengers the sus-
pension of the bus shall be improved.

The most popular retrofitting method is setting
of an additional elastic element, for example, an air
spring into the bus suspension.

2. Modification of the bus suspension

The investigation of minibus suspension dynam-
ics is presented in this paper when the van suspension
is retrofitted into minibus suspension. The aims of the
research are: 1) to compare the dynamics of cargo van
leaf spring suspension and improved suspension of a
minibus, 2) to identify the influence of additionally
added elements on the dynamic characteristics of the
suspension as well as to identify priority trends of sus-
pension improving.

Leaf spring suspensions are modified in two ways:
1) an additional elastic element is added into the sus-
pension system; 2) the structure of suspension is modi-
fied by modifying the structure of the spring and add-
ing an additional elastic element. These structural
solutions are not complicated. However, to implement
the solutions properly, in the first case additional
brackets shall be mounted on the vehicle axis and the
body where the air spring is attached, also additional
equipment shall be mounted to keep pressure in an
air spring. In the second case a completely new leaf
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spring shall be mounted; the body of the bus shall be
reinforced since the spring fastening points are
changed; possible displacement of the axis shall be
limited according to the body of a minibus; additional
equipment shall be mounted to keep pressure in an
air spring.

There are three bus suspensions under investi-
gation. Dynamic characteristics of the vehicle are veri-
fied by driving on the most common road pavements:
asphalt concrete, concrete, cobble-stone and gravel.

Vehicle suspension reduces the impact of road
pavement roughness on the body. Therefore, suspen-
sion wear, tear and dumping characteristics shall en-
sure safe and comfortable conditions of carrying pas-
sengers and cargo. The analysis of the process smooth-
ness is usually carried out taking the impact of vibra-
tions on a human being into consideration (Fig 1).
Norms of the impact of vibrations on a human do not
have essential differences in various countries, and are
co-ordinated during harmonized disturbance (Fig 1)
[1-3].

Road surface grades are described by the func-
tion of spectral density (Fig 2).

25202 +62 + 02
Su(w)= (aZ+BZ)+(;E(0+ZB—[;2(j{)nZ)+w4; ()

here o - standard deviation; o =aqv; B=pV; v—
movement speed.
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Fig 1. Standard deviations of acceleration determined in
various countries are as follows: 1 — Great Britain, France;
2 — Russia; 3 — Germany; 4 — Finland; 5 — USA

Fig 2. Spectral density

Standard deviations of various types of road
pavement are as follows: asphalt concrete — g =0,010
m; concrete pavement — o = 0,0065 m; cobble-stone
road o =0,0242 m; earthroad - o = 0,0242 m [4-5].

Three rear spring suspensions of the bus are un-
der investigation. The first is a typical suspension of a
basic vehicle on the basis of which modifications were
carried out. Suspensions of this type are used in the
vehicles of Mercedes Benz Sprinter, VW LT, Iveco
Daily, the gross mass of which does not exceed 3,500-
4,200 kg. The structure of the suspension is not com-
plicated. It consists of the following: a half of the axle
mass, mass of the wheel and a hub, a spring, and a
damper. The dynamic models of these suspensions
are presented in Figs 3 a and 4 a).

Fig 3. Dynamic models of the vehicle rear spring suspension:
a) rear spring suspension of the basic vehicle; b) upgraded
rear spring suspension; ¢) model of rear modified spring
suspension
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The leaf spring is fastened to the body by a cylin-
drical joint at one end. While the vehicle axis moves
vertically, this end may revolve only on its axis.

The other end of the spring is attached to the
body through an additional cylindrical joint and a rod.
The latter structural solution enables to move the end
of the spring longitudinally in cases when the spring
is deformed (straightened). The vehicle axis is station-
ary to the spring; therefore, when the spring is de-
formed, longitudinal wheel displacement occurs. The
position of each element is limited by the other com-
ponents of suspension; therefore, the elements of sus-
pension as well as the whole set of elements may move
only in certain space.

<)

Fig 4. 3 D modes of the vehicle rear leaf spring suspensions;
a) rear leaf spring suspension of the basic vehicle;
b) upgraded rear leaf spring suspension;
¢) model of rear modified leaf spring suspension

The second structure of the rear spring suspen-
sion is an upgraded structure of the basic spring sus-
pension (Figs 3 b, 4 b). It is comprised of a half of the
axle mass, wheel and hub mass, a leaf spring, a damper
and an additionally introduced elastic element: an air
spring, the bottom of which is attached to the rear
axis of the bus and the top is fixed to the body of the
bus. The position of each element is limited by the
other components of suspension; therefore, the ele-
ments of suspension as well as the whole set of ele-
ments may move only in certain space.

The third structure of the rear spring suspension
is modified compared to the traditional suspension
of the van. The suspension of the bus quarter consists
of a half of the axle mass, wheel and hub mass, a leaf
spring, an air spring, and a damper (Figs 3 c, 4 ¢).

3. The equation system of modified spring suspen-
sion movement

The equation system of modified spring suspen-
sion dynamic model (Fig 3 ¢) movement is as follows:
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here hp, h,h, — damping coefficients of the tyre,
spring and hydraulic amortizator, respectively;
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Ko,k , kg k, — stiffness coefficients of the tyre,
spring, the end of the spring and hydraulic
amortizator, respectively; S, — the area of the air
cushion; u(t) —vertical coordinate of the road surface;
y - adiabatic indicator; V[ —initial volume of the air
cushion; m; — half of the axle mass; m, —mass of
the bus body quarter; m3 — mass of the spring part.
When integrating the equation system of the

modified spring suspension movement, road surface
roughness height corresponding to the spectral den-
sity (1) is generated at every moment of time u(t) .

Equation system of the suspension can be de-
scribed in a vector shape:

{4 ={H x.x,u.) }. (12)

Initial conditions of this function are:
{X(t = 0} =0; u(t): 0; Suspension dynamic model
takes a new position from the load of body mass and
the equation (11) has a solution {XO} , then the sys-

tem of equations (11) is linearized about point {xo} .
The new equation is:

{4 = [4l{x,} +[Bol{id + [B{i}- (13)

The equation (12) can be written:

{x(w} = [H id [U(w}; (14)

where [H (i a))] — transfer matrix,

W(w)

w, rad/s

Fig 5. Human response on frequency

[H o] = (£l {A) Bo +ilBL]y (15

where A, B, B, E — matrix, w - frequency. Average
square deviation of acceleration of the minibus typical
masses are described by the equation:

1® nooo2
0% = S (W ()3 |Hyy| du (16)
M j=1

S, ((o —spectral density of knematic disturbance u(t),
W(oo — Human response on frequency (Fig 5).

4. Dynamic characteristics of spring suspension

The parameters of the bus spring suspensions
under investigation are as follows:

m =50 kg, m, =900 kg, m, =15 kg, h, = 2500
Ns/m, hy=11200 Ns/m, k, =1127000 N/m,
kqy =1000 N/m, k33 =250000 N/m, b, =030 m,
b, =050 m, a =020 m, a=%, f, =30 N,
V, =0,003 m%, y=14,S, =0,0201 m?.

Natural frequencies of vibrations of the spring
suspension systems under investigation are presented
in Table 1. Concrete values of suspension body accel-
erations depending on the stimulation amplitude are
presented in Table 2 and Fig 6.

The impact of air springs volume on the dynamic
process of the bus suspension has been investigated.
Ailr springs of three different volumes were selected:
0,3 m3, 0,03 m3 and 0,003 m3. It was identified that
when the volume of air springs reduces, natural fre-
quency of suspension and pressure variation ampli-
tude in the air spring increase. Concrete pressure
amplitudes and values of natural frequency are pre-
sented in Table 3. The Highest values of bus body
acceleration are presented in Table 4. Average square
deviation of a minibus body of all three schemes
when the driving speed is v =5...70 m/s is presented

Table 1. The highest amplitude frequencies of suspension characteristic points natural vibrations

Number Suspension No 1 , Suspension No 3
degree of Natural frequencies of freqfeunscggso??/iﬁ? atziozguHril natural frequencies of
freedom vibrations, Hz ’ vibrations, Hz
1 23,8 23.6 135,8
2 23,8 23.6 135,8
3 2,39 0.00 20,5
4 2,39 2.70 20,5
5 - 2.70 2,03
6 - 2,03
7 - - 0,00
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Table 2. The highest values of the bus body acceleration when the road surface disturbance amplitude varies

Initial disturbance amplitude, m Freguency, Hz Acceleration, m/s’ Scheme No
0.02 2.38 0,129 1
0.01 2.38 0,0647 1
0.005 2.38 0,0324 1
0.001 2.38 0,0065 1
0.02 2.69 0,1309 2
0.01 2.69 0,0655 2
0.005 2.69 0,0328 2
0.001 2.69 0,00655 2
0.02 2.00 0,0794 3
0.01 2.00 0,0397 3
0.005 2.00 0,0198 3
0.001 2.00 0,0039 3
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Fig 6. Amplitude frequency characteristics of scheme N 3. Dependence of body acceleration on the frequency when the initial
disturbance amplitudes are different

Table 3. Values of the highest amplitudes of the bus air

spring pressure

Volumeof air | Frequency, | Pressure, Scheme
spring, m® Hz kPa No

0,003 2,72 12,568 2
0,03 2,45 1,258 2

0,3 2,42 0,126 2
0,003 2,10 9,379 3
0,03 1,70 1,059 3

0,3 1,60 0,109 3

Table 4. The highest values of the bus body acceleration
when the volume of the air spring changes

V.Ol ume of Freguency Vert cal Scheme
ar spgl ng, Hyz " | acceleration No
m m/s®
0,003 2,71 0,0653 2
0,03 2,41 0,0539 2
0,3 2,38 0,0526 2
0,003 2,00 0,0396 3
0,03 1,60 0,0294 3
0,3 1,50 0,0281 3
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Fig 7. Average square deviation of a minibus body on
driving speed

in Fig 7. Bus body acceleration dependence on time
(Fig 8-10) and pressure in air spring dependence on
time are presented in Figs 11 and 12.
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Fig 8. Minibus body acceleration (scheme 1) dependence
on time in case of driving by” foot step” disturbance
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Fig 9. Minibus body acceleration (scheme 2) dependence
on time in the case of driving by “ foot step” disturbance
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Fig 10. Minibus body acceleration (scheme 3) depen-
dence on time in the case of driving by “foot step” dis-
turbance
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Fig 11. Minibus air spring presure (scheme 2) depen-

dence on time in the case of driving by “ foot step” dis-
turbance
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Fig 12. Minibus air spring presure (scheme 3) dependence on
time in the case of driving by “ foot step” disturbance

5. Conclusions

1. Comparing three bus suspensions, it was no-
ticed that natural frequencies of all three suspensions
are from 2 Hz to 3 Hz. The acceleration amplitude of
the third suspension body and natural frequencies are
lower than those of the first and the second suspen-
sions.

2. When the mass of the body increases, the body
acceleration amplitude increases from 0,0362 m/s? to
0,0702 m/s?, and the frequency of fluctuations de-
creases from 2,84 Hz to 1,90 Hz.

3. When the air spring volume increases from
0,003 m? to 0,3 m?, vertical accelerations of the body
decrease from 0,0653 m/s% to 0,0281 m/s2.

4. Damping of the third suspension vertical ac-
celerations in the case of driving over the obstacle is
the best. In the case of overcoming 0,1 m high rectan-
gular obstacle, the acceleration of the third suspen-
sion is 1,29 m/s?. The pressure of the third suspension
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air spring in the case of overcaming the obstacle is
lower than the second one (1,579 MPa scheme No 2
and 1,425 MPa scheme No 3).

5. In the case of using suspension with an air
spring it is recommended to use air springs of larger
volume. The structure of the third suspension is the
most comfortable and the structure of the second sus-
pension is the most rigid. Such characteristics of the
suspension are determined by the structural differ-
ences.
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