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Abstract: The dynamic simulation of mechanical systems is an essential tool in vehicle
design. This work analyses the influence of a shock absorber model on a vehicle’s dynamic
behaviour by means of a simulation-based model. The real behaviour of a European medium-
range car shock absorber has been obtained by means of a test rig. From the damper’s real
behaviour, three mathematical models were generated, increasing the complexity. An existing
full vehicle simulation application (CarSim™™') was used for this particular study. The vehicle’s
behaviour was analysed for typical driving manoeuvres taking into account lateral, vertical, and
longitudinal forces and was compared with the results obtained with the different shock
absorber models developed. As a result of this paper, it was demonstrated that, in order to
obtain results with an acceptable level of accuracy, it is not necessary to rely on extremely
complex shock absorber models.
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1 INTRODUCTION

Nowadays, simulation-based models are used to
predict a vehicle’s dynamic behaviour and to
optimize performance [1-3]. As a consequence of
the competitiveness of the automotive industry and
the time reduction of product development, research
and development centres appeal to complex simu-
lation models that allow them to optimize the
dynamic vehicle behaviour before real prototypes
are manufactured. The computer software and hard-
ware improvements allow for increasingly sophis-
ticated simulation tools to be developed. However,
a simulation model is a mathematical represen-
tation of a real system and, despite the fact that
they can be very complex, it is impossible to know a
priori all vehicle parameters and boundary condi-
tions that can influence a vehicle’s dynamic beha-
viour. Sometimes, it is necessary to make simplifica-
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tions to the original system and the influence of this
on results must be considered.

Vehicle ride comfort and handling performance
are conditioned mainly by the suspension system.
The hydraulic shock absorber is one of the most
important components in a car’s suspension. It
transforms most of the kinematic energy produced
by vibration and shock between the car wheel and
body into heat by means of certain damping valves,
through which the severe body vibrations can be
alleviated to enhance car riding comfort and hand-
ling stability.

Unfortunately, the shock absorber is one of the
most complex parts of the suspension system to
simulate. In general, dampers behave in a non-linear
and time-variant way. The behaviour of the shock
absorber depends on some design parameters such
as internal valve setting, oil viscosity, and piston area
and on others that depend on the working condi-
tions such as the excitation frequency, oil tempera-
ture, and oil degradation [4, 5].

Dampers are typically characterized by the force-
velocity diagram, also referred to as the character-
istic diagram. The simpler model is a linear response
of force versus velocity as shown in
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Fig. 1 Piecewise linear damping force-velocity curve of model 2
computer simulation of the absorber’s dynamic
f=Rv (1) behaviour during a working period [7].

where fis the resistance force of the damper, v is the
rod velocity, and R is the damping coefficient. More
complex models use damper proprieties character-
ized by quasi-steady properties [6].

In the analysis of dynamic responses, damping
force-velocity curves which are characterized to be
linearized piecewise, as shown in Fig. 1, are applied
to model the experimental damping characteristic of
the average sense. Although the theoretical damping
characteristic composed of three folded lines is
distinguished from the experimental characteristic,
piecewise linearized curves are preferably used for

In fact, the absorber damping force fis a strongly
non-linear function of the piston velocity v, and the
behaviour does not indicate the symmetrical versus
velocity behaviour (compression and rebound).
Moreover, different values of damping force can be
obtained with the same value of piston velocity
showing an unsymmetrical hysteretic phenomenon
when carrying out experiments on the shock ab-
sorber test bench, as shown in Fig. 2.

Oil compressibility causes elastic energy to be
stored in the absorber. By increasing the oil
compressibility, the area of the hysteretic loop also
increases, reflecting a higher level of energy accu-
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Fig. 2 Testing results for the hysteretic loop of the damper
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mulation. The effect of excitation frequency is
similar to that of oil compressibility [8].

Oil inertia could also cause a hysteretic loop with
an area that increases as the inductive effect in-
creases, but the maximum force remains the same
regardless of the amount of inertial effect. Other
factors, e.g. the flow of hydraulic oil past sharp-edge
orifices, restrictive passages, and blow-off valves, as
well as losses in joints, Coulomb friction, etc., are
involved in the analysis of the hysteretic damping
force by some researchers [9].

In this paper, the performances of a real shock
absorber were determined through a damper test rig.
The test involved subjecting a damper to different
frequencies at a fixed amplitude sinusoidal excita-
tion. From these test results, three behaviour models
were extrapolated.

The behaviour models were inserted into Car-
Sim™. The results from different driving man-
oeuvres were compared when the vehicle was made
to perform with the different shock absorber models.

2 SHOCK ABSORBER TEST BENCH

Usually, to describe the damper properties of shock
absorbers, experimental measurements are used.
The two main and most frequently used parameters
are as follows:

(@) hysteresis loop, obtained by measuring restoring
force as a function of displacement, mainly
applied when assessing dissipated energy in
overall terms;

(b) characteristic force-velocity diagrams, useful for
simulating a vibrating system in general.

Figure 3 shows the dynamic test bench used to
determine the performances of the shock absorber.
The machine was actuated by a hydraulic cylinder
controlled by a proportional flow valve. The actu-
ator is a hydraulic double-effect cylinder, of 80 mm
diameter, 200 mm stroke, and 210 kPa feed pressure.
This allows a maximum force of 50kN and a
maximum excitation frequency of 30Hz. Software
engineered specifically for damper performance and
durability testing facilitates a simplified test set-up,
comprehensive data acquisition, and reporting. It
also employs a wide variety of control waveforms to
be utilized.

The machine is equipped with force and displace-
ment transducers. The load cell of the extensimeter
type was specially designed and calibrated with a
sensitivity of 5mV/N and a linearity error at full scale

Fig. 3 Shock absorber test bench

of +0.4 per cent. The displacement transducer is
an inductive sensor coupled directly to the servo
actuator, with a resolution of 0.01 mm and a linearity
error at full scale of +0.1 per cent.

2.1 Test bench results

Harmonic excitations were used at the same amp-
litude +45mm (90mm peak to peak) and four
different frequencies (0.25Hz, 0.5Hz, 1Hz, and
3Hz), in order to obtain the hysteretic behaviour at
different excitation frequencies. Theses values allow
the damper to work in a range from 0.05m/s to 1 m/s,
which correspond to typical velocities of a vehicle
suspension due to the road irregularities. Figure 4
shows the characteristic diagram of the shock
absorber used in the study.
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Fig. 4 Shock absorber performance at different ex-
citation frequencies

For the low-velocity test (0.25Hz), the discontin-
uous jump near zero velocity was connected to
friction between the damper rod, the rod guide, the
piston bearing, and the rod sealing. The linear
behaviour, apart from the jump, is typical of laminar
flow at low oil velocity.

An intentionally designed non-linearity is the
bilinear character of the characteristics that makes
the force in the rebound phase (when the damper
rod moves outwards from the damper body) greater
than in the compression phase (when the damper
rod moves into the damper body). Bilinearity is used
to optimize stability and comfort.

For the higher frequency, the higher internal
pressures cause blow-off valves to open. The char-
acteristic diagram shows a break point where these
pressure-controlled valves open. For higher frequen-
cies the amount of hysteresis increases. It is clear
that different characteristic diagrams can be observed
for different excitations.

3 SHOCK ABSORBER MODELS

From the above results, three damper behaviour
models have been extrapolated.

1. Model 1 has simple proportional behaviour and
linear characterization.

2. Model 2 has different behaviours on bound and
rebound and slope changing at low and high rod
velocities and also possesses static non-linear
characterization.

3. Model 3 is a non-linear hysteretic model.

3.1 Damper model 1

This is the simplest model used in simulation-based
analysis. It takes into account only linear behaviour
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Fig. 5 Damper model 1

as shown in equation (1). The damping coefficient
was extrapolated as a linear coefficient (R= 1315
N's/m), as depicted in Fig. 5.

3.2 Damper model 2

In the case of model 2 the bilinear behaviour of the
shock absorber was modelled. The force in the
rebound phase is higher than during the compres-
sion phase. Moreover, the fact that the higher
internal pressures cause blow-off valves to open
and the slope change at the break point where these
pressure-controlled valves open were also taken into
account. Figure 6 shows the damper model 2.
Equation (2) represents the mathematical behaviour
of model 2.
For rebound

3030y, 0m/s<v<0.2m/s
f= (2a)
1303y, v=0.2m/s
and, for compression
1760v, —0.2m/s<v<0m/s
f= (2b)
8551, v<-—-02m/s

3.3 Damper model 3

Much effort has been made by numerous research-
ers to develop models that allow the hysteretic
behaviour of dampers to be identified [9]. Identifica-
tion approaches can be divided into two categories:
parametric and non-parametric. Parametric models
are the most desirable, because the parameters in
the model have some physical meaning. Never-
theless, the main drawback of these techniques
is that, to obtain each of these parameters, the
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Fig. 6 Damper model 2

corresponding damping force must be measurable,
and an adequate phenomenological form of the
model must be selected. This often requires high
computational effort. The most extensive parametric
model for describing the behaviour of dampers is
the Bouc-Wen phenomenological model proposed
by Spencer et al. [10]. This model is capable of
predicting the response of a damper over a wide
range of loadings. The Bouc-Wen phenomenological
model is shown in Fig. 7. The forces on either side of
the rigid bar are equivalent; therefore

ay=oz+ko(x—y)+co(x—y) (3)

where the evolutionary variable z is governed by
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Fig. 7 The Bouc-Wen phenomenological model of the
damper
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Solving equation (3) for y results in

. az+cox+ko(x—y)
V= CG—C

(5)

The total force generated by the system is then
computed by summing the forces in the upper and
lower sections of the system shown in Fig. 7.

From equation (3), the total force can also be
written as

f=C1j/+k1(x—XO) (6)

In this model, the accumulator stiffness is rep-
resented by k; and the viscous damping observed
at high velocities is represented by cy. A dashpot,
represented by c¢;, is included in the model to
reproduce the roll-off that was observed in the
experimental data at low velocities, kg is present to
control the stiffness at high velocities, and x, is the
initial displacement of spring k; associated with the
nominal damper force due to the accumulator.

A total of 14 model parameters were obtained to
characterize the damper, using experimental data
and a constrained non-linear optimization algo-
rithm. Taking displacement and velocity as inputs,
the model can predict the damper force quite
accurately, as depicted in Fig. 8.

This model is limited by the fact that the
compression behaviour has the same rate as re-
bound; however, for purposes of analysis the most
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Fig. 8 Hysteretic shock absorber behaviour real versus model 3

important item is to reproduce the hysteretic be-
haviour. Through a Simulink™ block diagram a
damper model was developed taking into account
equations (3) to (6).

Figure 9 summarizes the three shock absorber
models extrapolated from the real damper results
obtained on the test rig.

4 VEHICLE SIMULATION MODEL

An existing simulation application CarSim by Mech-
anical Simulation Corporation [11] was used for this
particular study. CarSim is a vehicle industry
standard, specifically developed for simulating the
dynamics of vehicles with tyres. It shows how
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Fig. 9 Shock absorber models extrapolated
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vehicles respond dynamically to inputs from the
driver and the immediate environment (road and
wind). Some application examples of the CarSim
model can be found in reference [12].

Outputs of the simulation program can be ex-
tracted against time or other variables including over
500 parameters such as the following:

(a) displacement, velocity, and acceleration in any of
the six degrees of freedom of the sprung mass;

(b) tyre force and moments;

(c) steering angle on the different wheels;

(d) spring and damping forces and displacements.

The applications allows a Simulink model to be
built with all vehicle’s parameters and external
models of parts of the vehicle to be implemented,
generated with Simulink in order to interact with the
main vehicle model.

The first two behaviour models were introduced on
CarSim as a force versus velocity diagram. In case of the
third damper model, a Simulink model was developed
in order to represent the hysteretic behaviour. Both
applications (CarSim and Simulink) worked together.
The results from different drive manoeuvres were
compared when the vehicle was made to perform with
the different shock absorber models.

A generic model for a middle-class European
vehicle was used for the purpose of this study. The
main vehicle parameters used are listed in Table 1.
The remaining parameters that are not listed in
Table 1 had less influence on behaviour and average
values obtained from CarSim database were used.

5 TEST CONDITIONS

In order to evaluate the influence of the shock
absorber model on the vehicle behaviour simula-

Table 1 Summary of the characteristics of the vehicle

Parameter (units) Value
Wheel base (mm) 2690
Front and rear track (mm) 1540
Front weight (N) 10422
Rear weight (N) 6306
Front sprung mass (kg) 952
Rear sprung mass (kg) 575
Front unsprung mass (kg) 100
Rear unsprung mass (kg) 80
Roll inertia (kgm?) 288
Pitch inertia (kgm? 1152
Yaw inertia (kg m?) 1152
Centre-of-gravity height (mm) 480
Front and rear tyre stiffnesses (kN/m) 220
Front and rear suspension stiffnesses (kN/m) 26.4
Tyres 205/60 R15

0m

35m

—>

80 m

Fig. 10 Driving course for a double lane change

tion, three kinds of severe manoeuvres were sim-
ulated:

(@) ISO double lane change (lateral behaviour);
(b) severe brake test (longitudinal behaviour);
(¢) high bump road profile (vertical behaviour).

5.1 ISO double lane change

The double lane change is a well-known and
commonly used test that has been prescribed in
a concept standard ISO TR-3888-1 [13]. This test
allows for the evaluation and comparison of the
handling characteristics of vehicles through some
objective parameters such as the roll angle, roll rate,
yaw rate, lateral acceleration, and dynamic stability
index [14].

Double-lane-change tests were implemented with
a transition length of 80m and a width of 3.5m,
following the path shown in Fig. 10. Tests were
carried out following the requirement of ISO TR-
3888-1, which involves beginning at 50km/h and
increasing the speed until the vehicle failed the test.

5.2 Brake test

The brake test conditions have been established
according to the Commission Directive 98/12/EC
[15]. Several assumptions were made to define the
scope of the braking conditions for the simulation.

1. Straight-line braking was assumed. No cornering
was considered in this study.

2. The driver did not actuate on steering.

3. In a severe braking manoeuvre, a hard brake
pedal application was assumed (high application
rate).

4. The vehicle was not equipped with an antilock
braking system.
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Fig. 11 Brake pressure delivery

. The dry asphalt pavement was in good repair

conditions (= 0.85).

The initial speed of the vehicle was 100 km/h in

all tests and the engine was declutched.

. The maximum torque applied on the brake
system was limited to longitudinal wheel slip in
order to avoid wheel locking and to minimize the
stopping time.

. Brake force was applied in an open-loop way

Figure 11 illustrates the shape of the brake
pressure applied by the driver. The maximum
pressure was determined in each test in order to
prevent locking of the wheels. The vehicle ran at a
constant speed. After a delay of 0.25s the driver
pulled the brake pedal and the system reached the
target value after 0.25s. The brake pressure went on
until the vehicle stopped.

Two different road profiles were simulated. Initi-
ally, the brake performance was evaluated on a
smooth road. Next, a road with potholes was used in
order to simulate a vertical excitation.

Figure 12 illustrates the rough road profile, pro-
duced by bumps of 6 mm in height separated by 3 m.

This road profile excites the suspension system with
a variable frequency ranging from 35Hz to 0Hz as
the vehicle speed decreases. The reason for the
shape of the bumps is because the tyre model used
by CarSim is not valid over surface features that are
fractions of the tyre patch size. The typical tyre patch
length is of the order of 100 mm.

5.3 Bump test

To investigate the reliability and performance of the
different damper models under general road condi-
tions a bump profile were considered. This profile is
represented in the form (Fig. 13)

r(t) ={
(7)

where ¢ is the height of the bump. The vehicle’s
velocity in the road model is assumed to be equal to
10 m/s. This profile is a standard to simulate verti-
cal obstacles which are used to test and set the
behaviour of suspension system [16, 17] and allows
the behavious of suspension system to be compared.

${1—cos[20n(t—0.15)]}, 0.155<r<0.25s

0, otherwise

/ N

_/ \ 1 6 mm
! '\\
Y
‘ 100 mm 3000 mm |
50 mim 50 mm

Fig. 12 Rough road profile
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Fig. 13 Road disturbance bump with an amplitude of 20 cm

6 TEST RESULTS AND DISCUSSION

The three models of shock absorbers in each
manoeuvre were simulated in the same conditions
and the behaviours of the vehicle were compared,
taking into account the most relevant parameters.
The test results are summarized below.

6.1 ISO double-lane-change results

The parameter used to compare the behaviour on
double lane change was the maximum vehicle speed
achieved without failing the test by skid or overturn.
In this test the vehicle equipped with the shock
absorber model 1, skidded over 53 km/h, whereas the
vehicles equipped with models 2 and 3 were able to
achieve a higher speed without skidding. Table 2
summarizes the results.

Figure 14 shows the double-lane-change simula-
tion results, comparing model 1 with model 3, and
it can be seen how model 1 at the same speed as
model 3 (54.5km/h) skidded and went off course,
failing the test. However, the difference is not very
much (less than 3 per cent) and by itself does not
justify the time needed to develop a complex model.
Figures 15 and 16 show the differences between the

yaw rates and lateral accelerations respectively of
model 1 and model 3 at 53 km/h. In both cases, from
the first lane change, model 1 increased the yaw rate
and lateral acceleration values because the vehicle
began to skid and to go off course.

6.2 Brake test results

The parameters used to compare the behaviour in a
brake test were as follows:

(a) longitudinal deceleration;
(b) time to stop the vehicle.

Table 3 summarizes the results for a smooth road.
In the case of a brake test with a smooth road pro-
file, all damper models achieved the same braking
performances. The pitch rate experienced during a
severe brake manoeuvre gave a much lower damper
speed than a ride over rough terrain. Figure 17
shows the damper speed during testing and shows
that it was extremely low. Because of this low speed,
the dissipated energy on the damper was very low
and it had little influence on the sprung mass pitch
movement and none on the brake performance [18].

Table 4 summarizes the results on a rough road. In
the case of the rough road profile, the vehicle needed

Table 2 Maximum vehicle speed without failing the test

Value
Parameter (units) Model 1 Model 2 Model 3
Maximum vehicle speed (km/h) 53 54.5 54.5
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Fig. 14 Vehicle on double lane change: model 1 versus model 3
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Fig. 15 Yaw rate in the double-lane-change test:
model 1 versus model 3

more time to stop. This was owing to the need
to prevent any wheel locking. The brake pressure
had to be reduced and as a consequence the time
necessary to stop increased slightly. However, the
differences between the models were not significant.

6.3 Bump test results

The suspension system needs to guarantee the best
commitment between the ride comfort performance
and handling. To improve the ride quality it is
important to provide effective isolation of the
passenger and payload from road disturbances and
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Fig. 16 Lateral acceleration in the double-lane-
change test: model 1 versus model 3

to decrease the resonance peak in the sensitive
frequency for the human body to near 1 Hz. On the
other hand, for good handling it is necessary to keep
the tyre in contact with the road surface.

There are two main parameters for evaluating
handling and comfort [19]:

(a) sprung mass vibration isolation, which deter-
mines ride comfort;

(b) tyre-road contact forces, which provide proper
lateral and braking performances.

To observe these parameters the levels of the root
mean square (r.m.s.) value of the time responses of

Table 3 Brake test results on a smooth road

Value
Parameter (units) Model 1 Model 2 Model 3
Longitudinal deceleration (m/s?) 8.3 8.3 83
Time to stop (s) 3.74 3.74 3.74
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Fig. 17 Rod damper speed during the brake test manoeuvre

the sprung mass acceleration, and the tyre vertical
force [20, 21] were analysed. Table 4 summarizes
these results.

On the other hand, the frequency analysis of
sprung mass acceleration allows the effect of the
shock absorber model on the dynamic behaviour of
the sprung mass to be known. Figure 18 illustrates
the power spectral density of sprung mass accelera-
tion for the three analysed models.

Analysing the ride comfort performance and
taking into consideration model 3 as the most
accurate and reliable, it was possible to show that
the three models allowed a sprung mass natural
frequency of around 1.6 Hz to be identified. How-
ever, models 2 and 3 had approximately the same
peak value, but model 1 had a 20 per cent lower peak
value. With respect to the time response, the r.m.s.
acceleration level of model 1 is 13 per cent lower
than that of model 3. However, the difference bet-
ween model 2 and model 3 is less than 2 per cent.

Figure 19 shows the transition response of sprung
mass acceleration. This chart confirms that model 2
and model 3 showed similar behaviours; however,
model 1 had significant differences

In analysing the case of ride comfort, the use of a
complex model could be justified but only with the
simpler model (model 1).

With respect to handling, Fig. 20 shows the transi-
tion response of the tyre vertical force. The differences
in tyre vertical force is slightly significant (less than
3 per cent between the simpler model and the com-
plex models, and none between models 2 and 3) in
a overall sense (r.m.s. values), but the transition
behaviour justifies the use of a complex model.

7 CONCLUSION

The influence on a vehicle’s dynamic behaviour due
to the shock absorber model has been analysed in

Table 4 Brake test results on a rough road

Value
Parameter (units) Model 1 Model 2 Model 3
Longitudinal deceleration (m/ s?) 7.2 7.4 7.4
Time to stop (s) 4.2 4.1 4.1

Table 5 Bump test results

Value
Parameter (units) Model 1 Model 2 Model 3
Sprung mass r.m.s. acceleration (m/s?) 0.34 0.38 0.39
R.m.s. adherent force (kIN) 3.29 3.39 3.39
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Fig. 18 Power spectral density (PSD) of the sprung mass acceleration

this work. Depending on the kind of manoeuvre and
forces involved in each of the analysed cases these
influences could be more or less significant.

In the case of lateral and longitudinal manoeuvres,
the influence of the shock absorber model was not
important, even if a simpler model (model 1) is taken
into account.

In the case of vertical behaviour, only if an
accurate analysis of ride comfort is necessary could

25

iy
W

-

(=]

Sprung mass Accelerarion (m/sz)

-1

it justify the use of a complex model. However, it is
not necessary to resort to a hysteretic model (model
3) to obtain good results.

Therefore, the shock absorber model 2, which takes
into account the differences between the compression
and rebound behaviours and the differences between
low and high rod speeds, was accurate enough to
obtain acceptable results of the simulation of vehicle
dynamics in all driving manoeuvres.
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Fig. 19 Sprung mass acceleration in the bump test
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Fig. 20 Tyre vertical force in the bump test
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