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Abstract. This article deals a comparative analysis between several representative dynamic
models for the suspension system of the motor vehicles, namely quarter-vehicle, half-vehicle
and full-vehicle models. The dynamic model of the suspension system contains the guiding
linkages of the front and rear wheels/axle, by case, along with the elastic and dissipative
suspension elements (helical springs, shock absorbers/dampers, buffers limiting the expansion
& compression suspension travel, bushings, tires). The dynamic analysis (simulation) of the
considered models was carried out with the help of virtual prototyping software solution
ADAMS (currently developed by MSC Software Corporation), by considering the dynamic
with shock regime, which consists in the sudden release of the car to fall on the ground from a
given height. This is one of the standard tests in automotive industry for evaluating the comfort
performance of the vehicles.

1. Introduction
The wheel/axle guiding & suspension system of the motor vehicles consists from a set of bodies
(theoretically rigid), which are interconnected by geometrical constraints (joints), elastic and
dissipative elements (such as springs, shock absorbers, buffers limiting the suspension vertical travel,
anti-roll bars, bushings, and tires), being subjected to a complex group of external (action) and internal
(reaction) forces.

Unlike the kinematic and static models, in which the car body is considered to be rigidly attached
to ground (so, fixed) [1-3], for the dynamic study the car body (as sprung mass) is a movable part,
having in the general case six degrees of freedom (DOF), corresponding to the three linear
displacements (longitudinal, transversal and vertical) and the three angular oscillations (roll, pitch and
yaw). Taking into account the constructive features of the current vehicle guiding & suspension
systems, some of the above specified displacements - oscillations are much smaller compared to the
others, so the dynamic models can be constituted/defined by considering only the main movements of
the vehicle (car body).

In these terms, the work deals with a comparative analysis between several representative dynamic
models of the vehicle suspension systems, in a gradual approach (on levels of complexity), from the
simplest model (i.e. the linear one) to the most complex model (i.e. the full-vehicle model), also
considering some intermediate (partial) models, namely half-vehicle and quarter-vehicle. The dynamic
analysis of the considered models was carried out with the help of virtual prototyping environment
ADAMS. The benefits of using such CAE (Computer Aided Engineering) software solutions in the
design process of the mechanical & mechatronic systems are reflected (pointed out) in various types of
applications, such as those presented in [4-8].
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2. Dynamic regimes and models

The external loading of the suspension mechanism depends on the vehicle running regime/mode. The
following regimes are frequently used (simulated) for testing the dynamic behaviour of the vehicle
suspension systems (Figure 1):

(a) passing over bumps (obstacles), usually by simulating the laboratory bench test, in which the
vehicle wheels are anchored on linear actuators that generate the vertical displacements of the wheels,
thus simulating the road bump profiles;

(b) dynamic regime with shock, by raising the vehicle to a certain height (denoted "h" in Figure
1,b) followed by its release (the free fall of the vehicle is thus simulated);

(c) skidding (sliding) regime, usually by applying a lateral force to the centre of mass of vehicle,
which materializes the centrifugal force that appears at a steering manoeuvre.

a. b. c.
Figure 1. Dynamic regimes for evaluating the suspension system behaviour.

In literature, some of the most commonly addressed models are the linear ones, characterized by
linear elastic characteristics and by disregarding the wheel and/or axle guiding linkages. For example,
Figure 2 shows the linear dynamic model for a vehicle with independent suspension of the front
wheels and dependent suspension of the rear wheels (connected on the rear beam axle), which
includes, in addition to the sprung mass, three unsprung masses (left front wheel carrier, right front
wheel carrier, and rear axle). This linear model has 7 degrees of freedom, of which 3 are
corresponding to the sprung mass (i.e. the car body), namely the vertical, roll and pitch oscillations,
while the other 4 degrees of freedom are used to describe the movements of front & rear unsprung
parts.

Z40 Z20

Figure 2. A linear model for the vehicle suspension system.
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The set of independent generalized coordinates specific to the linear models differs depending on
the type of suspension used for the two axles. For example, there are the following independent
generalized coordinates for the linear model shown in Figure 2: q; =Zo, =2\, @3 =25, 4 =2", q5 =
o, 9o = B, q7 = B", where: Z, - the vertical displacement of the car body; Z'|, - the vertical
displacements of the front unsprung masses; Z" - the vertical displacement of the rear unsprung mass;
o, - the pitch oscillation of the sprung mass; - the roll oscillation of the sprung mass; " - the roll
oscillation of the rear unsprung mass. In Figure 2, X-axis is arranged longitudinally, Y-axis
transversally, and Z-axis vertically.

More accurate dynamic models for the vehicle suspension systems are obtained by taking into
consideration the wheel and/or axle guiding linkages, and the non-linear phenomena that occur in the
suspension system, including in the terms of elastic (force vs. deflection) and dissipative (force vs.
velocity) characteristics.

It is obvious that for the accurate assessment of the dynamic behavior of the vehicle it is necessary
to consider the vehicle as a whole, including both front and rear guiding & suspension subsystems, due
to the reciprocal influences induced by the car body oscillations. This integrated approach creates the
conditions to accurately evaluate the dynamic behavior of the vehicle.

Due to the high complexity of the full-vehicle
model, in order to minimize the errors in the case
of a global approach (for the whole suspension
system), it could be useful to firstly study some
partial (segmented) models, which aim only the
suspension mechanism for a single wheel (so
called quarter-car model) or axle (half-car
model), as these are schematically represented in
Figure 3. The scheme shown in Figure 3,a
corresponds to a half-car model (for a wheel
suspension), while the schemes in Figure 3,b-d
are corresponding to half-car models, as follows: c. d.
left and right front or rear wheels (b), front wheel Figure 3. Schematics of the partial models.

- rear wheel (c), and rear axle (d), respectively.

In the case of the partial (quarter and half) vehicle models, in the absence of one or more wheels,
the equilibrium/support of the car body is achieved through the use of a fictitious joint (connection) to
the ground. Even if such models generate certain deviations regarding the car body behavior (by
neglecting or affecting some oscillations), by properly choosing the connection between car body and
ground there can be obtained results quite close to reality (i.e. the full-car model).

In these circumstances, the quarter-car model is frequently used for evaluating the vertical
movement (as vertical oscillations amplitudine and and frequency) of the vehicle/car body. Therefore,
the fictitious connection of the car body is modelled by a translational joint to the fixed part (i.e. the
ground), along to the vertical axis that belongs to the median plane (Figure 4, a).

The half-car models can be used both for evaluating the vertical movement and the roll oscillations
at the front/rear axle level (accoording to the schemes shown in Figure 3,b, d), and respectively the
pitch oscillations (according to Figure 3,c). Depending on the intended purpose, the connection of the
car body to ground can be assured by a planar joint in the vertical-transversal plane of the considered
axle (front or rear) - for evaluating the roll oscillations (Figure 4,b), or a planar joint in the vertical-
longitudinal plane - for evaluating the pitch oscillations (Figure 4,c), or respectively a spherical joint
in the medial longitudinal plane of the vehicle - for evaluating all the relevant oscillations of the car
body (Figure 4, d).

The half-car model with transversal planar joint takes into account only the part of the car body that
corresponds to the load on the considered axle (front or rear), according to the mass distribution on the
two axles of the vehicle. The planar joint is actually equivalent to a third car body support point
located at "oo".
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Figure 4. Quarter-vehicle and half-vehicle dynamic models.

For the half-vehicle model with spherical movement of the car body, the location of the spherical
joint can be obtained based on the double-conjugate points method [9]. These points have the property
that a force applied in one of them does not produce movement in the other, so each end (front and
rear) of the car body executes oscillations around its own conjugate point. The main advantage of this
model is that it allows the whole mass of the car body to be taken into account, similar to a full-car
model (in terms of mass and inertia properties).

3. Results and discussion

As mentioned, for the purpose of comparative analysis, some of the previously presented dynamic
models have been modelled and simulated in ADAMS by considering the dynamic with shock regime
(see Figure 1,b), which is one of the standard tests in automotive industry for evaluating the comfort
performance of the vehicles. The full-vehicle dynamic model, which is shown in Figure 5, contains the
front wheels and rear axle suspension subsystems. The front wheels are guided by four-bar
mechanisms, also called double-wishbone (Figure 6). The lower and upper guiding links (bars) are
double-hinged to chassis by using bushings (also called flexiblocks), which are deformable joints with
6 elastic restricted mobilities [2], while the other ends of the links are hinged to wheel carrier by
spherical connections. The same type of joints was used for the connections of the steering rods to the
adjacent elements (wheel carrier and chassis). The guidance of the rear beam axle is assured by a so
called "5S" mechanism (Figure 7), with four longitudinal bars and one transversal bar (named Panhard
bar), which are connected to car body and axle by bushings.

The suspension subsystems also contain elastic and damping elements, namely springs, dampers
and buffers limiting the suspension travel (extension - compression). The spring and dampers groups
are concentrically disposed as shown in Figures 6 and 7, while the buffers are mounted inside the
damper, thus limiting the relative movement between its elements. The values of the geometric, elastic
and dissipative parameters that define the dynamic model correspond to an off-road car (ARO-type).
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Figure 6. The front wheels suspension subsystem.  Figure 7. The rear axle suspension subsystem.

For the considered test, the vertical oscillation of the car body represents the main parameter by
which the vehicle behaviour is evaluated. In the comparative analysis, the following models were
considered: full-car, half-car, quarter-car, and linear half-car (without guiding mechanism). The half-
car models (with and without guiding mechanisms) correspond to the front wheels (left & right)
suspension, with spherical movement of the car body, according to the schemes shown in Figure 3,b
and Figure 4,d. The quarter-vehicle model is corresponding to the left front wheel suspension
mechanism, according to Figure 3,a and Figure 4,a.
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Figure 8. The vertical oscillations of the car body.
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Figure 9. The vertical oscillations of the car body.

The results obtained through the dynamic analyses carried out in ADAMS are shown in Figure &,
reflecting the amplitudines and frequencies of the vertical oscillation/displacement (Z¢) of the car
body, in its center of mass, as follows: full-vehicle (a), half-car (b), quarter-car (c), and linear half-car
(d). These diagrams show that the half-car and quarter-car models provide very close results, being in
good agreement with the full-car model (some differences, however small, occur in the amplitude of
the oscillations). In contrast, the dynamic behaviour of the linear model differs from the one of the
full-car model, both in vertical oscillation amplitude and frequency.

It can therefore be concluded that simplifying the suspension model by not considering the
wheel/axle guiding mechanisms causes quite large errors in the dynamic analysis. On the other hand,
the results show that the quarter-car model is the simplest viable model for studying the vertical
oscillations of the car body, being able to successfully replace models with higher complexity.
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