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Development of modern motor vehicles aims to improve performance in the areas of traction
characteristics, economy, safety and ergonomic characteristics. Special attention is dedicated to
passenger comfort. Vibration comfort is certainly one of the dominant aspects of comfort due to
its impact on perception and health of the users of the motor vehicles.
Analysis of influence of the power train layout parameters of a truck on longitudinal (fore-andaft) vibrations of the driver was carried out for the following truck designs: four wheel drive
(4x4 wheel drive, 1-2 axle layout),rear wheel drive (4x2 wheel drive, 0-2 axle layout) and front
wheel drive (2x4 wheel drive, 1-0 axle layout).
For this purpose, the method of dynamic simulation is used. Analysis of influence of certain
parameters on fore-and-aft vibrations of the driver’s seat was made by application of the
sensitivity functions. Conducted research show that there is no unambiguous impact of the
power train layout and its parameters on the fore-and-aft vibrations of the driver.

1. INTRODUCTION
Development of modern trucks aims to improve performance in the
areas of traction, economy, safety and ergonomic characteristics.
Special attention is given to passenger comfort, which can be
confirmed by simple comparison between appearance and quality of
the truck’s cabin equipment today and only a few years ago.
Vibrational comfort is certainly one of the dominant aspects of comfort
due to its clear influence on perception and health of motor vehicle
users.1-4Behaviour of human body under vibrational loads depends on
race, sex, gender, type and placement of vibration excitations, their
direction, intensity, frequency, etc.5Since this problem is detailed in the
literature, it will not be elaborated here.
Inside the vehicle, the humans are subjected to complex vibrations,
noise, microclimate and similar inputs. This paper will take into
consideration only longitudinal (fore-and-aft) vibrations of the truck’s
driver caused by torsional vibrations of the power train.
Power train torsional vibrations depend on the inertial parameters and
of the power train’s stiffness and damping characteristics. When the
power train layout is changed, these influential parameters change their
values and this leads to changes in amplitudes and periods of system
vibrations. Problems in analysis of these phenomena are further
complicated if several power train layouts are possible for the vehicle,
affecting the changes of vehicle fore-and-aft vibrations. In commercial
vehicles with elastically supported cabins, vibrations of the cabin
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should be taken into account during sudden changes in vehicle foreand-aft acceleration.
A specific group of fore-and-aft vibrations is composed of those that
are actuated by a sudden change of the engine torque in the event of
sudden deceleration or acceleration. These changes cause lowfrequency torsional vibrations in the power train, which result in foreand-aft vibrations of the whole vehicle. In the case of the trucks,
angular movement (pitch) of the truck’s cabin can reinforce these
vibrations.
Analyses have shown that the level of torsional vibrations of the power
train is the highest during variable (transient) operating regimes of the
vehicle engine. Vehicle operating regimes with sudden release of the
accelerator pedal (“back-out” or “tip-out”) and with sudden full
engagement of this command (“tip-in”) are of particular interest for the
analysis of fore-and-aft vibrations.6,7 There are two periods clearly
distinguished during fore-and-aft vibrations7: the first is the period of
the sudden change in acceleration (whether during “tip-out” or “tipin”) and the second is the period of accelerated or decelerated motion
of the vehicle with vibrations called “shuffle”.8,9 Considering the
previous findings, research in this paper was conducted for engine
operating regime with sudden acceleration of the vehicle.
Due to the smaller length, the stiffness of the gear shafts is
considerably smaller than the stiffness of the propeller shafts7, so
deformations in gear shafts were neglected. Besides, references8-14
show that system damping can also be neglected. In view of the
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complexity of the problem, influence of stiffness and damping of the
gears on torsional vibrations of the system was neglected because its
analysis demands extensive experimental research that may be
considered in the future.
Analysis of the impact of the power train layout parameters of the
commercial vehicle on fore-and-aft vibrations was conducted for the
known types of drives:

four wheel drive (4x4 wheel drive, 1-2 axle layout),

rear wheel drive (4x2 wheel drive, 0-2 axle layout) and

front wheel drive (2x4 wheel drive, 1-0 axle layout).
For this purpose, the method of dynamic simulation was used and
analysis of influence of certain design parameters on fore-and-aft
vibrations of the driver seat was performed using the so-called
sensitivity functions.

2. VEHICLE MODEL
When modelling the vehicle and the power train, the models with
different structures are used.15-26In practice, a very often-used principle
is to make their complexity such that it covers only analysed
quantities. This is justified by the fact that the more complex models
require the use of the larger number of geometric and inertial
parameters, which are often unknown. Their approximate selection
leads to mayor errors in dynamic simulations, so it is justified to use
the simpler models. In this regard, a planar model was used in this
paper, shown in Figures 1 and 2. The following generalized
coordinates were used:

q [1]-angle of rotation of the engine flywheel,

q[2]- angle of rotation of the gearbox output shaft,

q[3]- angle of rotation of the timing gear input shaft,

q[4]- angle of rotation of the rear axle differential,

q[5]- angle of rotation of the rear wheel rim,

q[6]- angle of rotation of the rear tyre tread,

q[7]- angle of rotation of the front axle differential,

q[8]- angle of rotation of the front wheel rim,

q[9]- angle of rotation of the front tyre tread,

q[10]-vertical movement of the rear axle,

q[11]- vertical movement of the front axle,

q[12]- horizontal movement of the rear axle,

q[13]- horizontal movement of the front axle,

q[14]- vertical movement of the suspended mass centre of
gravity along z-axis,

q[15]- horizontal movement of the suspended mass centre of
gravity along x-axis,

q[16]- angle of rotation of the suspended mass centre of
gravity around y-axis (pitch),

q[17]- vertical movement of the cabin centre of gravity along
z-axis,

q[18]- horizontal movement of the cabin centre of gravity
along x-axis,

q[19]- angle of rotation of the cabin centre of gravity around
y-axis (pitch),

q[20]- vertical movement of the driver-seat system centre of
gravity along z-axis,

q[21]- horizontal movement of the driver-seat system centre
of gravity along x-axis.
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Figure 1. Dynamic model of the truck’s power train.

Figure 2.Planar model of the truck.
The elasticity of the shafts and the gears of the power train were
neglected when modelling the power train. This was done because the
lengths of the shafts in toothed gears are much smaller (and therefore
their deformations are smaller) than the lengths of the propellers shafts,
the axle shafts, etc.
For further research, generalized velocities were determined by
differentiation of the observed generalized coordinates:
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q  22  q 1 , q  23  q  2 , q  24  q 3 , q 25  q 4 , q 26  q 5, q 27   q 6, Considering the previous equations, deformations of the elastic

elements of power train can be calculated taking into account

q  28  q 7 , q  29  q 8 , q 30  q 9 , q 31  q 10 , q 32  q 11 , q 33  q 12 , clearances (  ) in the final drive and differential as dominant7,27
q 34  q 13 , q 35  q 14 , q 36  q 15 , q 37  q 16 , q 38  q 17 , q 39  q 18,

U 3  qr  i fdr  q  4 ,

q  40  q 19 , q  41  q  20 , q  42  q  21.

U 4  q  4  ihr  q 5 

(1)


2

U 5  q  5  q  6  ,

Deformations of the elastic elements of the power train can be written
as follows7,11,26

,
(8)

U 6  q f  i fdf  q  7  ,

U1  q 1  ig 2  q  2 (2)

U 7  q  7   ihr  q 8 

U 2  q  2  q 3 (3)

U 8  q  8  q  9  ,


2

,

where:


U1

is torsional deformation of the clutch,



U2

is torsional deformation of the front propeller shaft and



ig 2 is gearbox ratio (2ndgear).

where:


ihr

is the wheel hub reduction gear ratio,



U3

torsional deformation of the rear propeller shaft,



U4

is torsional deformation of the rear axle shaft,

Considering the kinematics of the inter-axle differential that is built-in
in the drive distributor, the following relation between the angles of



U5

is tangential deformation of the rear tyres,

rotation of the power outputs for front ( q f ) and rear ( qr )axles can



U6

is torsional deformation of the front propeller shaft

be established:



U7

is torsional deformation of the front axle shaft,



U 8 is tangential deformation of the front tyres.

3  q 3  2  qr  q f

(4)

The following relation can be established from the given torque
distribution between the front and the rear axle (1:2ratio):

Deformations of the observed elastic elements of the vehicle can be
defined as follows

D1  q 11  z0 r ,

c psr   qr  i fdr  q  4  2  c psf   q f  i fdf  q 7 (5)

D2  q 12  z 0 f ,

where:


c psf

is torsional stiffness of the front propeller shaft,

D3  q 15  q 12 ,



c psr

is torsional stiffness of the rear propeller shaft,

D4  q 15  q 13 ,



i fdr , i fdf are

i fdr  i fdf

D5  q 14  lr  q 16  q 10 ,

rear / front final drive ratios, respectively (

D 6  q 14  l f  q 16  q 11 ,

).

D 7  q 17    lcab  lc1   q 19  q 14  lc1  q 16 ,

From equations (4) and (5), the system of equations (6) can be formed

D8  q 17    lc 2  lcab   q 19  q 14  lc 2  q 16 ,

c psr  qr  2  c psf  q f  i fd   c psr  q  4  2  c psf  q  7 ,

D9  q 18  q 15 ,

2  qr  q f  3  q 3.

D10  q  20  q 17  ,

(6)
The angles of rotation of the power outputs for front,

qf

(9)

qr , axles are obtained by solving the system of equations (6)
qr 
qf 

D11  q  21  q 18 ,

, and rear,

i fd   c psr  q  4  2  c psf  q  7   6  c psf  q 3
c psr  4  c psf

where:


,

lr

is the distance between the centre of gravity and the rear

drive axle,

3  c psr  q 3  2  i fd   c psr  q  4  2  c psf  q  7 
c psr  4  c psf



.

lf

is the distance between the centre of gravity and the front

drive axle,

(7)
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lc1

is the distance between the centre of gravity and the rear

cabin support,


lc 2

is the distance between the centre of gravity and the

The defined deformations and deformation velocities of the elastic
elements are necessary for setting the system of differential equations.
Torques and forces in the elastic elements were determined by using
the following relations7,11,26,27

front cabin support,


lcab

a)

is the distance between the centres of gravity of the

cabin and the suspended mass,

friction clutch torque

M 1  ccl U1 (12)
where ccl is the clutch stiffness,



D1

is the radial deformation of the rear tyres,



D2

is the radial deformation of the front tyres,



D3

M 2  c ps U 2 (13)

is the deformation of the rear longitudinal guides,



D4

where c ps is the propeller shaft stiffness,

is the deformation of the front longitudinal guides,



D5

is the deformation of the rear springs,

M 3  c psr U3 (14)



D6

is the deformation of the front springs,

where c psr is the rear propeller shaft stiffness,



D7

is the deformation of the rear cabin’s supports,



D8

is the deformation of the front cabin’s supports,

M 4  casr U 4 (15)



D9

is the deformation of the cabin’s longitudinal supports,

where casr is the total stiffness of the rear axle shafts,



D10

is the deformation of the seat’s vertical support,

M 6  ctr U 5 (16)



D11

is the deformation of the seat’s horizontal support,

where ctr is the total torsional stiffness of the rear tyres,



z0 f , z0r are road

b)

c)

d)

e)

f)

micro-roughness excitations at the front

propeller shaft torque

rear final drive propeller shaft torque

rear axle shafts torque

torque due to elastic deformation of the rear tyres

the front final drive propeller shaft torque,

and at the rear wheels, respectively.

M8  c psf U6 (17)

By differentiating the expressions for deformations of the elastic

where c psf is the stiffness of the front propeller shaft,

elements that also have some damping features ( U 4 , U 5 , U 7 and

U 8 ),

and by taking into account the fact that the clearances were

constant and could be neglected, the corresponding deformation
velocities can be obtained

W1  q  25  ihr  q  26 ,

(10)

W3  q  28  ihr  q  29 ,
W4  q  29  q 30 .

In the same manner, by differentiating the expressions for

D3 to D11 ,

corresponding

deformation velocities, Vi , of the suspension elements may be written

V1  q 36  q 33 ,

V2  q 36  q 34 ,

where casf is the total stiffness of the front axle shafts,
h)

torque due to elastic deformation of the front tyres,

where ctf is the total torsional stiffness of the front tyres,
i)

vertical force at the rear tyres,

F1  ct11  D1  ct12  D12  ct13  D13 (20)
where ct11 , ct12 , ct13 are the coefficients of rear tyre radial stiffness,
j)

vertical force at the front tyres,

F2  ct 21  D2  ct 22  D22  ct 23  D23 (21)
where ct 21 , ct 22 , ct 23 are the coefficients
k)

force in the rear longitudinal arms,

F3  clar  D3 (22)

V4  q 35  l f  q 37   q 32 ,

where clar is the total stiffness of the rear arms,
(11)

V6  q 38   lc 2  lcab   q  40  q 35  lc 2  q 37  ,
V7  q  39  q 36 ,
V8  q  41  q 38 ,
V9  q  42  q 39 .

of front tyre radial

stiffness,

V3  q 35  lr  q 37   q 31 ,
V5  q 38   lcab  lc1   q  40  q 35  lc1  q 37  ,
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torque in the front final drive axle shafts,

M11  ctf U8 (19)

W2  q  26  q  27  ,

deformations of the elastic elements

g)

M 9  casf U7 (18)

l)

F5  claf

force in the front longitudinal arms,

 D4 (23)

where claf is the total stiffness of the front arms,
m)

force in the rear springs,

F7  c11  D5  c12  D53 (24)
where c11 , c12 are the coefficients of the rear springs stiffness,
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n)

F8  k11 V3  k12 V32  sgn V3 

force in the front springs,

F9  c21  D6  c22  D
where c21 , c22 are the coefficients of the front springs stiffness,
3
6 (25)

o)

where k11,

F11  cc11  D7  cc12  D
where cc11 , cc12 are the coefficients of stiffness of the rear supports of
the cabin,

damping force in the front dampers of the vehicle,

F10  k21 V4  k22 V42  sgn V4 
where k21,

k22

i)

F13  cc 21  D8  cc 22  D
where cc 21 , cc 22 are the coefficients of stiffness of the front supports
force in the longitudinal support of the cabin,

F15  ccls1  D9  ccls 2  D93 (28)
where ccls1 , ccls 2 are the coefficients of stiffness of cabin supports in

(38)

are the damping coefficients of the front dampers,
damping force in the rear supports of the cabin,

F12  kcs1 V5

force in the front supports of the cabin,
3
8 (27)

of the cabin,
q)

are the damping coefficients of the rear dampers,

h)

force in the rear supports of the cabin,
3
7 (26)

p)

k12

(37)

(39)

where kcs1 is the damping coefficient of the rear supports of the cabin,
j)

damping force in the front supports of the cabin,

F14  kcs 2 V6 (40)
where k cs 2 is the damping coefficient of the front supports of the
cabin,
k)
cabin,

damping force in the longitudinal supports of the

longitudinal direction,
r)
force in the vertical support of the seat,

F16  kcls V7 (41)

F17  csvs1  D10  csvs 2  D (29)
where csvs1 , csvs 2 are the coefficients of stiffness of vertical support

where k cls is the damping coefficient of the longitudinal supports of

of the seat,
s)

F18  ksvs V8 (42)

3
10

force in the horizontal support of the seat,

F19  cshs1  D11  csks 2  D113 (30)
where cshs1 , cshs 2 are the coefficients

the cabin,
l)

damping force in the vertical support of the seat,

where k svs is the damping coefficient of the vertical support of the
of stiffness of the horizontal

seat,
m)

damping force in the horizontal support of the seat,

support of the seat,

F20  k shs V9

The damping forces were calculated in the similar manner:

where k shs is the damping coefficient of the horizontal support of the

a)

damping torqueof the rear final drive axle shafts,

M 5  kasr W1 (31)
where k asr is the damping coefficient of the rear axle shafts,
b)

damping torque of the rear tyres,

M 7  ktr W2 (32)
where k tr is the damping coefficient of the rear tyres,
c)
g torqueof the front final drive axle shafts,

dampin

M10  kasf W3 (33)
where k asf is the damping coefficient of the front axle shafts,
d)

damping torque ofthe front tyres,

M12  ktf W4 (34)
where ktf is the damping coefficient of the front tyres,
e)

damping force in the rear arms,

F4  kar V1

(35)

where kar is the damping coefficient of the rear arms,
f)

damping force in the front arms,

F6  kaf V2

(36)

where kaf is the damping coefficient of the front arms,
g)

(43)

seat.
Characteristics of the clutch were adopted according to the
recommendations from the producer.28There are some clearances in the
power train, which are relatively small. Thus, in this paper, they are
adopted as in27, and will not be further discussed.
Damping in the gearbox, the drive distributor, the final drives and the
hub reduction gears is proportional to the angular speed of the shafts.
Considering that the analysis of the fore-and-aft vibration was done for
small vehicle speeds, damping was neglected in the formulation of the
equations of motion. Its potential impact was included through the
coefficients of efficiency. Mechanical efficiency of the power train
depends on a number of factors:

number of pairs of the coupled gears,

type of the gears,

number and type of bearings and shafts,

number and type of gaskets,

lubricant viscosity,

quantity of lubricant and its level,

shafts speed,

circumferential speeds of the gears,

torque level transferred by the gears,

mechanical losses in the joints of the articulated gears, etc.
Differential equations describing small vibrations around the
equilibrium position were written using the D’Alambert principle,
based on previously defined forces and torques from equations (12) to
(43).
Equilibrium of flywheel torque produces the following equation

damping force in the rear dampers of the vehicle,

M e  I fw  q1  M1 (44)

where:
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M e is the engine excitation and

 M 9  M10   ihr hr  I wf q8  M11  M12 (51)



I fw is the inertial moment of the flywheel and case box of

where I wf is the moment of inertia of the front wheel hubs with wheel

the clutch, together with the crankshaft.

hub reduction gears and rims

Gearbox torques equilibrium can be written in the following manner

M 11  M 12  I ttf  q9   Ff  F2   rd  2 (52)

where:

where:


I ttf is the moment of inertia of the front tyres tread,



Ff

is the static reaction of the road at the front wheels,



2

is the front wheel adhesion coefficient,

M1  ig 2 g  I g  q 2  M 2 (45)



g



I g is the moment of inertia recalculated for the gearbox

is gearbox efficiency and

output shaft.

and, finally,

The same principle for gearbox damping was applied to drive
distributor, so the equilibrium equation is

M 2 dd  I dd  q3  M 3  M 8 (46)

where:


dd



I dd is moment of inertia of the drive distributor elements.

is drive distributor efficiency and

 Fr  F1   1   Ff  F2   2  F12  F13   mo  mr  m f   q10 (53)

where:


mo

is mass of the suspended elements without cabin,



mr

is the rear final drive mass,



m f is the front final drive mass.
Equilibrium of vertical forces for rear and front final drives
gives the following dependences

Taking into account the damping in the axleshafts14, the equilibrium
equation of the torques for the rear final drive gear is

F7  F8  mr  q10  F1 ,

M 3  i fdr  fdr  I fdr  q 4  M 4  M 5 (47)
i fdr is the rear final drive ratio,



 fdr



I fdr is the moment of inertia of the rear final drive gear and

Equilibrium of horizontal forces for the rear and front final drives,
respectively, is expressed as follows

is the rear final drive efficiency and

F3  F4   Fr  F1   1  mr  q12 ,

F5  F5   Ff  F2   2  m f  q13 ,

the differential.
Equilibrium of torques at the rear wheel, considering the tyre damping,
can be written as

 M 4  M 5   ihr hr  I wr  q5  M 6  M 7

where:


 hr

(48)

Circumferential force at the wheel depends on the vertical reaction of
the road and on the adhesion coefficient in function of the sliding
coefficient7,27

M 6  M 7  I ttr  q6   Fr  F1   rd  1

(49)



I ttr is the moment of inertia of the rear tyres tread,
Fr is the static reaction of the road at the rear wheel,
rd is the dynamic radius of the wheel,



1 is the rear wheel coefficient of adhesion.



(55)

Equilibrium equations for suspended masses (without the cabin) can be
written for vertical and horizontal directions, respectively, as follows

F11  F12  F13  F14  mo  q14  F7  F8  F9  F10 ,
F15  F16  mo  q15  F3  F4  F5  F6 .

(56)

is the wheel hub reduction gear efficiency and

I wr is the moment of inertia of the rear wheel hubs (with

wheel hub reduction gears and rims).

where:


(54)

F9  F10  m f  q11  F2 ,

where:


Taking into account the moments from propulsion forces16,the
equilibrium equations for moments for the suspended mass can be
written as follows

 F7  F8   lr   Fr  F1   1   Ff  F2   2   rd   F11  F12   lc1   F13  F14   lc2 
 Io  q16   F9  F10   l f   F3  F4    hcog  rd    F5  F6    hcog  rd  ,

(57)

where:


hcog



I o is the moment of inertia of the suspended mass without

is height of the suspended mass centre of gravity,

the cabin.
Equilibrium of forces acting on the cabin in horizontal and vertical
direction, respectively, gives the following equations

The same principle as for the rear drive was applied in formation of the
differential equations of motion for the front drive wheels and
corresponding part of the power train. The equations are as follows

M 8  i fdf  fdf  I fdf q7  M 9  M10 (50)

where I fdf is the moment of inertia of the front final drive and the

mc  q17   F11  F12  F13  F14  F17  F18 ,
mc  q18  F15  F16  F19  F20 ,

(58)

where mc is the cabin mass.

differential,
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Differential equation of equilibrium of moments at the vehicle’s cabin

 F11  F12   lcab  lc1    F19  F20   hd 
is
  F17  F18   ld   F13  F14    lc 2  lcab    F15  F16   hcab  I cab  q19 ,

(59)

q11 


q12 

Finally, equilibrium of forces acting on the driver with the seat gives
the following equations



where md is the mass of the driver with the suspended mass

Based on previous expressions, the following can be written for:

angular acceleration of the engine flywheel,



q3 


q 4 


mf


vertical acceleration of the suspended mass centre of gravity
in the z-axis direction,

q15 

angular acceleration of the gearbox output shaft,

M1  ig 2  g

q16 

angular acceleration of the drive distributor input shaft,

M 2 ddf  M 3  M 8

(63)

I dd



angular acceleration of the rear final drive differential,

M 3  i fd  fdf  M 4  M 5
I dr

F7  F8  F9  F10  F11  F12  F13  F14
mo

(74)

F15  F16  F3  F4  F5  F6
mo

(75)


angular acceleration of the suspended mass centre of gravity
around y-axis (pitch),

(62)

Ig

(73)


horizontal acceleration of the suspended mass centre of
gravity in the x-axis direction,

M  M1
q1  e
(61)
I fw

q 2 

F5  F6   Ff  F2   2

q14  

of the seat.



F3  F4   Fr  F1   1
(72)
mr

horizontal acceleration of the front final drive,

q13 

(60)

md  q 21  F19  F20  0 ,

(71)

horizontal acceleration of the rear final drive,

where I cab is moment of inertia of the cabin.

md  q 20  F17  F18  0 ,

F9  F10  F2
mf

 F7  F8   lr   Fr  F1   1   Ff  F2   2   rd   F3  F4  F5  F6    hcog  rd 
Io

 F8  F9   lc1   F10  F11   lc2   F9  F10   l f   F11  F12   lc1   F13  F14   lc2
Io


(76)

,


vertical acceleration of the cabin centre of gravity in the zaxis direction,

(64)

q17 

angular acceleration of the rear wheel rim,

F17  F18  F11  F12  F13  F14
mc

(77)

q5 

 M 4  M 5   ihr hr  M 6  M 7 (65)


horizontal acceleration of the cabin centre of gravity in the xaxis direction,



angular acceleration of the rear tyre thread,

q18 

I wr

q6 

M 6  M 7   Fr  F1   rd  1
(66)
Ittr



angular acceleration of the front final drive differential case,

q 7 


M 8  i fd  fdf  M 9  M10
I df

(67)

angular acceleration of the front wheel rim,

q8 

 M 9  M10   ihr hr  M11  M12 (68)



angular acceleration of the front tyre thread,

q9 


I wf

M 11  M 12   Ff  F2   rd  2
I ttf

q10 


F7  F8  F1
mr

(70)

vertical acceleration of the front final drive,
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(78)


angular acceleration of the cabin centre of gravity (pitching)
around y-axis,

q19 
,


 F11  F12   lcab  lc1    F19  F20   hd   F17  F18   ld   F13  F14   lc2  lcab    F15  F16   hcab
Icab
(79)
vertical acceleration of the driver in the z-axis direction,

q 20  


F17  F18
md

(80)

horizontal acceleration of the driver in the x-axis direction,

q 21  

(69)

vertical acceleration of the rear final drive,

F19  F20  F15  F16
mc

F19  F20
(81)
md

The "sudden start" driving mode is of a particular interest for the
analysis. This driving mode is obtained with the instant release of the
clutch pedal, when the input excitation from the engine is limited by
the clutch transfer torque and not by the driver’s commands. Namely,
when vehicle starts to move, the engine torque depends on the way in
which the driver commands the engagement of the friction clutch and
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on the position of the accelerator pedal, which is difficult to define
mathematically in a proper manner. For this reason, the most
convenient is to define the engine excitation using the clutch transfer
torque, when maximum fore-and-aft accelerations of the vehicle are
registered anyway. Change of the engine torque in the "sudden start"
driving mode can be idealized with the step function shown in Figure
3.

Figure 3. Idealized diagram of the engine torque in "sudden start"
driving mode.

Figure 4.Road micro-roughness excitations: B–at the front wheel, C–
at the rear wheel.
Figure 5 shows the propeller shaft torque change at the output of the
gearbox. The results obtained by the computation reflect the variation
of the torque well, with minor deviations in the initial phase of the
friction clutch sliding, which can be explained by variation of the
dynamic coefficient of the friction clutch torque transfer.

Considering that the adhesion force limits the tangential force at the
tyre18, this influence is taken into account in dynamic simulations.
Analysis of differential equations given by expressions (44) to (81)
that describe the movement of the vehicle shows that they are nonlinear, with constant parameters and with random excitations.
Therefore, they were solved numerically, using Kutta-Merson method,
with the initial time step of 0.01 s, at 4096 points. This allowed
analysis of vehicle movement during 40.96 s, which is sufficient when
the used excitation functions are considered.29 On the other hand, it
provided the analysis of motion in frequency range between 0.024 Hz
and 50 Hz, which is acceptable when considering the vibration comfort
of the vehicle.21 In doing so, the "bias error" of 0.001, error in
calculating the auto-spectra of 0.1 and error in calculating the crossspectra of 0.18were obtained, which is acceptable for the observed
technical system.29
Verification of the adopted vibration model was carried out using the
experimental data from27. In this paper, only the results related to the
propeller shaft torque in the “sudden start” driving mode were
presented.
Random functions of the road micro-roughness were used as
excitations when solving the differential equations. For illustration, the
used functions of the road micro-roughness are shown in Figure 4.
Figure 5. The propeller (cardan) shaft torque (“sudden start” driving
mode).
Comparison between the simulation results and the experimental data
was conducted in27for several types of engine excitations, for the
propeller shaft and the driver’s seat. All results confirm that the
adopted model is acceptable for further research.
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3. RESULT AND DISCUSSION
Dynamic simulation was conducted for the vehicle from the production
program of the FAP factory.28Theunladen vehicle was

observed, because past research has shown that it was the harder case
from the aspect of vibrational comfort. Inertial and design parameters
from Table 1 were used.28

Table1.Inertial and design parameters of the unladen FAP truck(1-2 axle layout, 4x4 wheel drive).
Parameter
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Value

Parameter

Value

mv , kg

8895

Ff , N

44087

mo , kg

5850

ig1 , 

9.00

mr , kg

1300

ig 2 , 

5.18

m f , kg

1050

ig 3 , 

3.14

mcab , kg

600

ig 4 , 

2.08

md , kg

95

ig 5 , 

1.44

lo , m

3.8

ig 6 , 

1.00

lr , m

1.76

i fd , 

1.333

lf , m

1.29

ihr , 

3.947

lcab , m

2.64

lc1 , m

1.94

lc 2 , m

2.41

ld , m

0.28

hcog , m

1.10

hcab , m

0.85

hd , m

0.20

I fw , kg  m2

3.73

I g 2 , kg  m2

0.64

I dd , kg  m2

0.51

Nm
rad
Nm
ccl 2 ,
rad
Nm
c ps ,
rad
Nm
c psr ,
rad
Nm
c psf ,
rad
Nm
casr ,
rad
Nm
casf ,
rad
Nm
ctr ,
rad
Nm
ctf ,
rad
Nm
ctf ,
rad
ccl1 ,

143

14300

693000

905000

207000

40200

48100

516000

256000

516000
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Parameter

N
ct 23 ,
m
N
c11 ,
m
N
c12 ,
m
N
c21 ,
m
N
c22 ,
m
N s
k11 ,
m
N s
k12 ,
m
N s
k21 ,
m
N s
k22 ,
m
N
clar ,
m
N
claf ,
m
N s
kar ,
m
N s
kaf ,
m
N
cc11 ,
m
N
cc12 ,
m
N
cc 21 ,
m
N
cc 22 ,
m
N s
kcs1 ,
m
N s
kcs 2 ,
m

Value
4400000

991000

1100000

605000

630000

48100

15300

25500

6600

3550000

2100000

14500

4200

31500

35200

31500

35200

920

920

www.jmemt.jarap.org

Prof. Miroslav Demic et al. /Journal of Mechanical Engineering and Modern Technology(JMEMT)

Parameter

Value

Parameter

I dr , kg  m2

0.13

kasr ,

I df , kg  m2

0.13

I wr , kg  m2

18.54

I wf , kg  m2

13.1

Ittr , kg  m2

35.8

Ittf , kg  m2

17.9

I o , kg  m2

21300

I cab , kg  m2

249

Fr , N

43130

N  m s
rad
N  m s
k asf ,
rad

N  m s
rad
N  m s
ktf ,
rad
N
ct11 ,
m
N
ct12 ,
m
N
ct13 ,
m
N
ct 21 ,
m
N
ct 22 ,
m
ktr ,

Note that, for 2x4 wheel drive (1-0 axle layout), parameter
has value

c psr

has value

Value

Parameter

104

ccls1 ,

N
m

208000

104

ccls 2 ,

N
m

250000

N s
m
N
csvs1 ,
m
N
csvs 2 ,
m
N
cshs1 ,
m
N
cshs 2 ,
m
N s
k svs ,
m
N s
k shs ,
m
kcls ,

1900

950

6400000

7200000

8800000

3200000

3600000

Value

14700

22000

35000

54000

71000

445

1690

c psr  0 , while for 4x2 wheel drive (0-2 axle layout), parameter c psf

c psf  0 . Other parameters are the same as for 4x4 wheel drive (1-2 axle layout).

4. DATA ANALYSIS
The values of longitudinal (fore-and-aft) acceleration of the driver
were calculated by dynamic simulation, in function of the engine
excitation and the road roughness on the front and the rear axis, for the
three types of truck’s drives:

four wheel drive (4x4 drive, 1-2 axle layout),

rear wheel drive (4x2 drive, 0-2 axle layout) and

front wheel drive (2x4 drive, 1-0 axle layout).
For illustration, a time series of fore-and-aft acceleration of the driver
for 4x4 drive is shown in Figure 6.
Analysis of the data from Figure 6 shows that the fore-and-aft
acceleration of the driver for the adopted engine excitation and road
micro-roughness has dominantly impact character with pronounced
influence of the engine excitation.
In order to analyse if there is influence of the power train layout on the
fore-and-aft acceleration of the driver, RMS fore-and-aft accelerations
were calculated for all analysed power train types and shown in Table
2.

Figure 6. Fore-and-aft acceleration of the driver for 4x4 drive.
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Table 2.RMS fore-and-aft acceleration of the driver.
Power train type
RMS fore-and-aft
acceleration,

m
s2

4x4

4x2

2x4

0.4924479

0.0010374

0.0010654

Analysis of data from Table 2 shows that power train layout type has
influence on fore-and-aft acceleration of the driver: the largest RMS
value is for 4x4 wheel drive, while the smallest RMS value is for 4x2
wheel drive. Considering this conclusion, a detailed analysis of the
influence of the applied excitations (engine, road micro-roughness) on
fore-and-aft acceleration of the driver was conducted. The system was
presented by the block-diagram in Figure 7, from which it can be seen
that the system belongs to the group of “multiple input / single output”
systems.29

L12 

X2
,
X1

L13 

X3
,
X1

L23 

X 32!
.
X 21!

(83)

Partial coherence functions are defined as29



2
xq  i 1!

2



S xq2 i 1!
S xxi 1!  Sqqi 1!

where S xq  i 1! ,

,

S xxi 1! , S qqi 1!

(84)

are cross-spectrum and auto-

spectra, respectively.
Applying the specially developed computer program written in Pascal,
the partial coherence functions were calculated and presented in
Figures 9 to 11 for different types of drives.
Figure 7.Block diagram of the system with three inputs (
excitation,

X2

- front wheels excitation and

X3

X1

- engine

- rear wheels

excitation) and a single output ( Y - fore-and-aft acceleration of the
driver).
Since the input excitations from the road roughness are coupled (there
is a mutual relation between vehicle excitations), the problem of
decoupling can be presented in Figure 8, where variables are complex
values of frequency response functions between corresponding input
variables.

Figure 8. The scheme of decoupling of input values.
Equations for decoupled (mutually isolated) input excitations can be
written in the following form29
Figure 9. Partial coherence functions (4x4 wheel drive): B - engine
excitation, C - excitation from the front wheels without the influence
of engine excitation and D - excitation from the rear wheels without
the influence of engine excitation and the excitation from the front
wheels.

X1  X1 ,
X 21!  X 2  L12  X 1 ,

(82)

X 32!  X 3  L13  X 1  L23  X 21! .
Linear frequency response functions between input excitations can be
presented as follows29
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coherence functions. The largest impact of the engine excitation is
found in vehicles with 4x4 wheel drive, while the road roughness
excitations have somewhat larger influence on the other types of
drives. Considering that the observed partial coherence functions are
random, their effective values were calculated and presented in Table
3.
Table 3. Effective values of partial coherence functions
Type of
excitation
B
C
D

Figure 10. Partial coherence functions (4x2 wheel drive): B - engine
excitation, C - excitation from the front wheels without the influence
of engine excitation and D - excitation from the rear wheels without
the influence of engine excitation and the excitation from the front
wheels.

Type of wheel drive
4x4
4x2
0.468903
0.277453
0.230670
0.149194
0.195131
0.165222

2x4
0.267805
0.239565
0.258973

Analysis of data from Table 3 shows that, in the case of 4x4wheeldrive, the engine excitation has the largest influence on fore-andaft acceleration of the driver, while the road micro-roughness
excitation at the rear wheels has the smallest influence. For 4x2 and
2x4 wheel drives, the engine excitation has the largest influence on the
fore-and-aft acceleration of the driver, while the road micro-roughness
excitation at the front wheels has the smallest influence.
Influence of the observed design parameters of the power train layout
on the fore-and-aft acceleration of the driver was also analysed. For
this purpose, sensitivity functions (SF) were defined as absolute values
of the partial derivatives of some characteristic value that defines
behaviour of the vehicle for given parameter (in given area of the other
parameters, X ).30 In this case, the characteristic value was fore-andaft acceleration of the driver and desired parameters of stiffness and
damping for the observed drive types are

SF 

  .
.
x . X

(85)

All sensitivity functions were calculated using the developed computer
program written in Pascal. The results are partially presented in
Figures 12 to 14.

Figure 11. Partial coherence functions (2x4 wheel drive): B - engine
excitation, C - excitation from the front wheels without the influence
of engine excitation and D - excitation from the rear wheels without
the influence of engine excitation and the excitation from the front
wheels.
Analysis of data presented in Figures 9 to 11 shows that there is
influence of the power train layout type on the analysed partial
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Figure 14. Sensitivity function of the fore-and-aft acceleration of the
Figure 13. Sensitivity function of the fore-and-aft acceleration of the
driver to parameter

casf

driver to parameter

(4x2 wheel drive).

c psf

(4x4 wheel drive).

Analysis of all data for calculated sensitivity functions, partially
presented in figures 12 to 14, has established that the observed
parameters of the power train layout have influence on the fore-andafter driver vibrations. Since this influence is different, maximal values
of all sensitivity functions were calculated and shown in Table 4.

Table 4.Maximal values of sensitivity functions.
Sensitivity
function

rad
f c psf ,
N  s2
rad
f c psr ,
N  s2
rad
f c ps ,
N  s2
rad
f casf ,
N  s2
rad
f casr ,
N  s2
rad
f kasf ,
N  s3
rad
f kasr ,
N  s3
rad
f ccl 1 ,
N  s2
49 | Page

Type of wheel drive
4x4

4x2

2x4

1.076866359799047E-007

-

6.465287794969210E-009

1.413390958986046E-008

8.350887157679457E-010

-

1.085729840354445E-008

1.269922967837160E-009

8.398566039916991E-010

1.691159566738548E-007

1.663179748039662E-008

1.693226298610769E-008

9.824340619931648E-005

1.929275018578579E-008

2.027876063289078E-008

1.691159566738548E-007

9.662055717274209E-006

9.038855031402169E-006

1.262940304449953E-004

9.466357880540192E-006

8.215487362656193E-006

2.741269604946355E-004

6.127600334319163E-006

6.869037427592910E-006
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Sensitivity
function

f ccl 2 ,
f ctf ,

f ctr ,
f ktf ,

f ktr ,

rad
N  s2
rad
N  s2
rad
N  s2
rad
N  s3
rad
N  s3

Type of wheel drive
4x4

4x2

2x4

9.818930618340896E-007

6.127600334319162E-008

6.869037427592909E-008

3.098161745062204E-008

3.277142042352039E-009

3.933970754479140E-009

2.870239186218230E-008

1.398320103597148E-009

3.144089260678217E-009

7.408123696341310E-006

8.601534540519434E-007

7.262764564195107E-007

4.613119976645383E-006

3.963230104910739E-007

4.358357223765782E-007

Analysis of data from Table 4 shows that, in case of 4x4 wheel drive,
the largest influence has parameter

c ps .

parameter
parameter

k asr

ccs1

and the smallest influence has

For 4x2 wheel drive, the largest influence has
and the smallest influence has parameter

c psr . In the

case of 2x4 wheel drive, the largest influence has parameter

kasf

and

the smallest influence has parameter c ps .

5. CONCLUSIONS
Based on presented research, it can be concluded that the used vehicle
model enables the analysis of the influence of the power train layout
type on fore-and-aft vibrations of the driver’s seat.
Conducted dynamic simulations and analysed sensitivity functions
have enabled the detailed analysis of the influence of each design
parameter.
Analysis shows that the power train layout type and its elasto-damping
parameters have influence on the fore-and-aft acceleration of the
driver. Thus, it is necessary to apply the presented procedure in the
initial phase of motor vehicle design for the analysis of the influence of
design parameters of the power train layout type.
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