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Abstract. The objective of the present research is the comprehension of the real and physical phenomena associated with the
dynamic behavior of a moving passenger vehicle, its effects on handling qualities, data acquisition and analysis of car mobility data,
the practical training with instrumentation. A tendency analysis of the handling behavior on a ride test, based on a modification of
the mechanical characteristics of suspension component is also a relevant part of this study. In order to make it feasible, this study
was divided into three parts; a theoretical study phase, data acquisition, and analysis of handling. First, the theoretical study was
based on a literature review concerning suspension, steering systems, and tires. During the experimental work, the characteristics
of springs, anti-roll bars (stabilizer), and shock absorber were changed. The individual response of changing parts was analyzed to
reach the final objective. The outcome analysis is highlights to importance of reducing the development time on the final ride and
handling tests, and it also shows the main points that must be changed to obtain the best dynamic performance on handling
maneuvers.
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1. Introduction

According to Gillespie (1992), handling is the vehicle response to the driver commands and its controllability in
lateral maneuvers. During the tests and vehicle behavior adjusts phase, all the suspension component characteristics
may be changed (e.g.: springs, dampers, tire and suspension angles, gear speeds, etc.). The handling vehicle tests are
strongly linked to passenger comfort and internal noise and vibration. The objective is to obtain describe/find/ establish
a relation between comfort and security, taking into account the vehicle application, i.e., a passenger car, a truck, etc.
The vehicle suspension should guarantee the adequate contact between tires and road, absolving vibrations and
providing the vehicle stability. Fast response to any maneuver would also be assured.
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Figure 1. Vehicle Coordinate System according to ISO 4130 and DIN 70000 standards.


jokamoto


                           Proceedings of COBEM 2003                                                                                17th International Congress of Mechanical Engineering
                           COBEM2003 - 0091     Copyright © 2003 by ABCM                                                                       November 10-14, 2003, São Paulo, SP




Reimpell (1996) considers vibrations between 1 and 80 Hz the most critical for the vehicle comfort behavior.
Usually comfort is divided into 2 categories for road harshness: 1 to 4 Hz is the wide for ride comfort and up to 4 Hz,
road comfort. Humans are able to hear vibrations from 20 to 20,000 Hz. Most passenger cars have their critical
frequency up to 25 Hz. Trying to reduce the prejudicial effects of accelerations in humans is possible through the use of
softer suspensions, where less rigid springs and dumpers are employed. Nevertheless, more suspension flexibility may
cause bigger chassis movement amplitudes. These bigger amplitudes, as well as in roll and pitch axis, compromises the
handling behavior and the car stability in curves and rough roads.

Based on SAE (1976) data concerning human vibration and noise tolerances, it is possible to affirm that human
body is more sensible to vertical vibrations of frequencies between 4 and 8 Hz. It happens due to the abdominal cavity
resonance. This behavior changes when the vibration frequency is close to 1 Hz. This is the most comfortable scene
because this frequency is the human walk natural frequency. Due to that, most passenger vehicles have their natural
frequencies between 1 and 1.5 Hz (Bastow and Howard, 1997). When it comes to longitudinal vibrations, according to
the literature, the most critic frequency is 2 Hz. Handling vehicle tests have the difficult task of combining all these
possible behaviors and find a close relation between comfort and handling behaviors, trying to provide the driver and
passengers’ security.

2. Experimental Methodology

The main objective of this work is to study the vehicle dynamic behavior during handling maneuvers in passenger
cars. This study has been carried out using an instrumented passenger car which suspension characteristics were
changed to check its handling sensibility. The changing line maneuver at constant speed was used as handling
maneuvers. All experimental data were acquired and processed at FIAT Automoveis S.A.

Figure 2. Changing line maneuver.

The passenger car characteristics are as follows:

Table 1. Test vehicle general characteristics.

Data Axis Left Right
Vehicle Weight [Kg] Front 295 318
Rear 195 194
Tire Radius [mm)] Front 264 266
Rear 273 274
. Front 647 646
Bumper Height [mm]

Rear 648 648

Tire Pressure [bar] Front 1.9

Rear 1.9

Table 2. Test vehicle suspension characteristics.
Suspension Geometry Front Rear
Left Right Left Right
Caster Angle R.eal Value 2° 06 2°03 - -
Designed Value 2°20’ +30° -
Real Value -47 | -52° -8’ | 28’
Camber Angle -
Designed Value -30° £ 30° -30° £ 30°
Convergence Real Value -1.2 +0.15 | 4042

[mm] Designed Value -1 + 1 (total) 1.5 +1.5 (total)

The control and output parameters were defined as follows:



2.1 Control Parameters

These parameters are used to check the test repeatability. This procedure is necessary because a test pilot carries out
the handling tests.

Steering wheel angle;
Steering wheel angular speed;
Vertical acceleration, and
Vehicle longitudinal speed.

2.2 Output Parameters

These parameters are used to verify the vehicle behavior during the handling maneuvers. These parameters are:

Lateral acceleration (Y axis);
Vehicle roll angle;

Vehicle pitch angle;

Vehicle roll speed;

Vehicle pitch speed, and
Vehicle transversal speed.

2.3 Sensors

The following sensors were applied to carry out the handling experimental tests:

Correvit V1 Sensor: an optical sensor assembled in vehicle back used to measure vehicle longitudinal and
lateral speed (Figure 2-a);

Dynamometric wheel sensor: this sensor is used to measure steering wheel torque, steering angles, and
steering wheel angular velocity (Figure 2-b);

Accelerometers: assembled in vehicle mass center and used to measure lateral and vertical accelerations;
Transducers: assembled in vehicle lateral and used to measure the vehicle roll movement (figures 2-c and d)

Dynamometric Sensor

(b)

(d)

Figure 2. Sensor Correvit installed in vehicle back (a). Details of the dynamometric wheel sensor installed in the vehicle
steering wheel (b) and the transducers (c and d).



All sensor data were acquired and stored by Spider 8 from HBM, an acquisition data system witch has 8 channels,
printer and PC interfaces.

Table 3. Correvit sensor data. Table 5. Dynamometer wheel sensor data.

Model DATRON V1 ﬁ‘)del = DATRON

Speed Range (long. and transv.) | 0.25 to 310 Km/h Casure Bange £50N.m

Error <£0.5% Toleran.ce £0.15%

Output signal R'esolutlon _ +0.1°

Frequency (3 channels) 0—40 KHz Linear Deviation +0.5 %

Analogical (2 channels) 0-10V Angular range + 1250°

Signal Sensibility +80mV/V

Linear Deviation <+02% Table 6. Accelerometer sensor data.

Sensor Weight 1.2Kg Model B12/200

CPU Weight 0.8Kg Natural frequency 200 Hz

Temperature Range —25°C to + 80°C Measure Range 0-100 Hz
Acceleration Range +200 m/s’

Table 4. Data Acquisition System data. Output signal sensibility | +80mV /V
Linear Deviation <+02%

Model Spider 8 Weight 17¢g

Frequency measure range | 0.1; 1;10;100;1,000 KHz Dimensions ¢ 12.6 mm x 40 mm

Tension 10V

Counters measure range 25,000; 2,500,000 Table 7. Transducer sensor data.

Linear deviation + )

Temperature range :200(")23 :) + 60°C MOd.el ASM WSI0

- Maximum Range 500 mm

W’elght’ 2.75Kg Resolution + 0.3 mm

Dimensions 300 x 75 x 270 mm - — 2

Data acquisition frequency | 1.2 Hz Lincar Deviation £0.05%

- Weight 0.8 Kg

Impact Absorption Capacity | Upto 50 g/ 6 ms
Vibration Absorption Capacity | Upto 10 g

3. Experimental Tests

Some suspension characteristics were changes to verify their influences in the vehicle handling behavior to
proceed the experimental tests. Table 8 shows all tested suspension configuration.

Table 8. Tested suspension configurations.

Front .
contorsin | Sy | S SDS|TT || rger|  bme
Standard 0.57 0.32/0.20 20 16 AD-1 AT-1
Test# 1 0.49 0.32/0.20 20 16 AD-1 AT-1
Test# 2 0.57 0.30/0.18 20 16 AD-1 AT-1
Test#3 0.49 0.30/0.18 20 16 AD-1 AT-1
Test# 4 0.57 0.32/0.20 22 16 AD-1 AT-1
Test#5 0.57 0.32/0.20 none 16 AD-1 AT-1
Test# 6 0.57 0.32/0.20 20 18 AD-1 AT-1
Test# 7 0.57 0.32/0.20 20 none AD-1 AT-1
Test# 8 0.57 0.32/0.20 20 16 AD-2 AT-1
Test#9 0.57 0.32/0.20 20 16 AD-1 AT-2

Plot 1 shows the steering wheel angle and steering wheel angular speed at 60 Km/h (a) and 120 Km/h (b) for all
experimental tests. Plots 2 to 5 show the influence of spring’s characteristics on vehicle rolling angle, response time,
pitch angle and lateral acceleration. Plots 6 to 9 show the influence of anti-rolling bar diameter and plots 10 to 13, the
influence of damper characteristics.
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Plot 2. The influence of spring’s characteristics on Rolling Angle behavior: vehicle at 60 Km/h (a) and 120 Km/h (b).
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Plot 4. The influence of spring’s characteristics on Pitch Angle behavior: vehicle at 60 Km/h (a) and 120 Km/h (b).

150 1,40 150 1,40
. 10 1,12 — 10| 1,12
172} 7]
3 w0t 0,54 / - S el 0,34
&0 o } \ W,\ff W, ] o i U\A
L eor — oss ] S e0fb T 0se Al
- . . )
S o s ol ik
o w2 oz N o a2 o0z -
%ﬁ [n] S 0,00 é!: E s JJ /&
B o e d o 8 o000 i
< g S, 1] [ < 3 R 7 T
g 08 -0,28 ) E, 30f 8 o028 f
S w| = \\ y £ GD—f 056 %\QL f/ﬂ'
= = U\ - s 0 u
on L 2 oL Q
o ek 8 ooge g sof g os
8 3 g 5
g -0 T -1z g -aofp T 12
2 2
A sl a0 A oasabl 4
0,00 045 090 1,35 1,80 2,25 2,70 3,15 360 405 4,50 0,00 045 050 135 180 225 270 315 360 4,05 4,50
Time [s] Time [s]
Legend: Steering Angle
Standard Vehicle Rear Spring 30/18 =——— Front Spring 0.49 mm/daN ~=—— 2 Rigid Springs

(@)

Plot 5. The influence of spring’s characteristics on Lateral Acceleration
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Plot 6. The influence of anti-rolling bar diameter on vehicle rolling angle behavior: vehicle at 60 Km/h (a) and 120
Km/h (b).
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Plot 7. The influence of anti-rolling bar diameter on vehicle rolling angle behavior: vehicle at 60 Km/h (a) and 120
Km/h (b).
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Plot 9. The influence of anti-rolling bar diameter on vehicle lateral acceleration behavior: vehicle at 60 Km/h (a) and

120 Km/h (b).
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Plot 10. The influence of dumper characteristics on vehicle rolling angle behavior: vehicle at 60 Km/h (a) and 120

Kmvh (b).
150 10,0
130 - 10,0
’g 120 | 20 { E 120 20 \
5 g 2 wf = &n
ok L = 5 S
£IET R\ SalE iRy
%;L sl "9‘3 20 _L/'//f \ LO;E a0 —93 20 — ‘f\\ Q
< al & ao \ \ —— < o £ oo \\ s
g 30k = 20 1| \\ { E =30 = =20 N /
= @ y = 2]
2 ol § 40 ll \\ /}J = 0t § 40 lﬁ\ J
2 ol 2 ALY 2 ol £ s )
£ s} § w0 v £ g - \ //
ot aml T om0 k/k $ b Eosn
O MO0 s 090 133 LE0 225 270 315 380 403 430 AT A o 045 080 L33 LaD 225 270 315 560 405 450
Time [s] Time [s]
Legend: Steering Wheel Angle
Standard Vehicle = Rear Dumper AT-2 = Front Dumper AD-2 =

(a)

(b)

Plot 11. The influence of dumper characteristics on vehicle transversal speed behavior: vehicle at 60 Km/h (a) and 120
Km/h (b).



_ s 1,40 __sop 1,40

§ 120 | 1,1z l"\\ g 120 F 1,12

o sl oDas o s0| % o4

= 50—@055 " \ fi = 50—@055

oL on 7

%ﬂ 30 F § 0,28 I \ l\ III'UHM r\' %)L 30 F "E 0,28

N N e @z{\f&\ TN - R I i V4 DN A

ERE P SN i i 3 oo| B | AN NI K

= =

2 0 é 0,56 3(\ H ‘i 2 0t ,;) -0,55 \4 \' \"W w

%ﬂ =20 F E -0,24 % %L =50 E -0,24 \,/"“‘\\/]F

E 120 | 1,12 E) -1zo | 1,12

2 sl g4 2 asol o ag

0,00 045 090 1,35 1,80 2,25 2,70 315 3,60 4,05 4,50 000 045 090 1,35 1,80 225 2,70 315 360 405 4350

Time [s] Time [s]

Legend: Steering Wheel Angle

Standard Vehicle Rear Dumper AT-2 = Front Dumper AD-2 =
(a) (b)

Plot 12. The influence of dumper characteristics on vehicle pitch angle behavior: vehicle at 60 Km/h (a) and 120 Km/h

150 1,40 150 - 1,40
@ @
S 120t 1,12 fat $ 120 | 1,12
(5] [5)
S ool of oge Al 5 eo| of g4 "
9) [ =" D r== o Iihp
< . <
— &0 S 035 i = &t £ 05
v L2 LN o |2 P
= =
o W S 02 B AME S nzm ——
g 2 WA g ]2 A NI/ AL
X op g om ey w: < 0F B 000 e W s
3 2 1/ 3 S - /
S o ‘f.n,zs X/ S ot :g 0,28 \\\t\ \.v,ff»
B sl 0,58 B el S 0,58 L
o 2 / o 2
E el S.aom E ol = age
5 — 5 —
8 b -z 8 amf -1z
7] 7]
150 L 150 b

-1,40 140
000 045 080 135 1,E0 225 270 315 360 4,05 4,50 0,00 045 090 1,35 1,80 2,25 2,70 315 380 405 4,50

Time [s] Time [s]
Legend: Steering Wheel Angle
Standard Vehicle Rear Dumper AT-2 =— Front Dumper AD-2 =
(@) (b)

Plot 13. The influence of dumper characteristics on vehicle lateral acceleration behavior: vehicle at 60 Km/h (a) and
120 Km/h (b).

4. Conclusions

A methodology to measure the vehicle behavior during maneuvers is essential to understand the well-known
subjective phenomena that occur during handling tests. It also gives indications of which suspension components should
be changed, and how they should, to obtain a better relation between comfort and handling behaviors. Today the
automotive makers are applying some multi-body dynamics software for simulations, like ADAMS, to optimize chassis
and suspension components, obtaining promising results. Nevertheless, firstly it is necessary to obtain a large quantity
of experimental data to valid and refine computational models of vehicles.

The rolling angle results for the various tests were according to literature. The more they decreased the more rigid
the components became. The experimental tests showed that the standard vehicle was well adjusted concerning comfort
and handling requirements. The obtained values were closer to European references values than the American ones.

The suspension non-dumped natural frequencies values calculated, respectively 1.21 and 1.64 for front and rear
vehicle suspension in the standard configuration. During tests at 120 Km/h, the rear suspension showed a rigid
behavior, compromising the comfort. But, due the design limitations (over and under steer behavior, esthetic, etc.), the
suspension characteristics cannot be changed. This rear axis rigid behavior can be observed in it’s pitch behavior (see
Plots). The anti-roll bar, spring and dumpers rigid incensement caused a pitch angle incensement. So, the front axis
rigidity should be increased as well to prevent vehicle instabilities. This would decrease the passenger comfort.



The use of anti-roll bar with an excessive diameter incensement and the rough road cause a large lateral vibration
transmission. In these cases, it is recommended the use of more rigid springs and dumpers. The suspension
characteristics changes did not affect the vehicle time response. This is due to the fact that this parameter considerably
depends on dependent of suspension geometry and tire characteristics. The rough road considerably affected the
handling tests at 120 Km/h. This roughness caused large vehicle vertical accelerations.

The resulting procedures of this study will be applied further in data acquisition for the development of vehicle
mathematical models. These models will drastically reduce the experimental costs during the vehicle development
phase.
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