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Highlights Abstract

 Extension of periodic tests of the ESP selected The paper presents the proposals of extension of the periodic tests of the selected ESP sys-

sensors is proposed. tem sensors: angular velocity sensor and lateral acceleration sensor using a universal diag-
nostics tester and a plate stand (a wheel play detector unit). The idea of this approach is to
evaluate the signals from the above sensors in terms of their amplitude and frequency in the
case of known forcing at the plate stand. Knowledge of the amplitude and frequency of the
* The flat model of a vehicle placed on a wheel play  plates excitation and the model of tested vehicle allows for predicting the response of vehi-

detector unit is presented. cle. On this way the verification of sensors indications is possible. This article presents the
flat model of a vehicle placed on the plate stand, simulation tests and the results of its vali-
dation for three different vehicles. The results of the investigation show that the wheelbase
of vehicle has a significant impact on the steady-state vibration amplitude. This conclusion
is important in the practical application of this method to test the vehicle yaw rate sensor in
the ESP system.

* The idea assumes using a universal diagnostics
tester and a wheel play detector unit.

* The results of simulation are compared with the
ESP sensor signal.
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1. Introduction 17, 18]. Considering the fact that the role of mechatronic systems in
vehicles is growing very rapidly, it seems natural to state that periodic
testing of vehicles should carefully take into account the control of
these elements. Now the tests of these systems consist on verifying
whether the on-board diagnostics system informs a possible malfunc-
tion via the MIL lamp. This supervision concerns the efficiency of
electrical and electronic systems. However, the condition of sensors
during lifetime may also change in the mechanical field. Therefore,
the control of the operation of the system as a whole is recommended
especially in vehicles with extended service life and crashed.

The research and development works conducted in the field of
extending vehicle inspection tests take into account the fact that ve-
hicle assemblies have become mechatronic systems. Their operation
depends both on the efficiency of the mechanical part of these sys-
tems, tested on stationary stands, and on the efficiency of sensors and
actuators. New test methods should take into account the need to test
these elements. The proposed solutions in the field of safety system
control include the use of computer testers [2] and external measure-
ment tools for periodic tests at the PTI (Periodic Technical Inspection)
[11]. The basic problem related to the direct application of diagnostic
stands is the difficulty in obtaining data from vehicle controllers, sen-
sors and actuators. This is due to the need to interfere with the car’s
electrical system and driver software. In addition, car manufacturers

Modern motor vehicles are equipped with a number of systems re-
sponsible for reducing the likelihood of an undesirable road incident
(e.g. collision). One of the most important and the most intensively
developed by automotive engineers is Electronic Stability Program
(ESP). The statistical research shows that ESP system can decrease
the number of crash situations, associated with defensive maneuvers
even about 8% [13]. The effectiveness of the track stabilization sys-
tem increases by the recently developing integrated systems combin-
ing ESP and AFS (Active Front Steering) [3] or ESP and TVD (Torque
Vectoring Differential) [9]. Furthermore, the concepts of using ESP
for diagnosing automotive damper defects appears in the literature
[19]. Active car safety is particularly dependent on the correct opera-
tion of systems that affect the operation of the braking system and the
stabilization of the drive track. Currently, these tasks are included in
the scope of duties of the mechatronic ESP system, whose operation
is based on the analysis of signals from sensors located in the vehicle,
which include among others: wheel speed sensors, yaw rate (vehicle
angular velocity) sensor and lateral acceleration sensor, steering an-
gle sensor. Assessment of the efficiency of these sensors during the
vehicle service life is therefore important from the point of view of
road safety. Thus, in last years there are papers deal with sensors di-
agnosis and estimation their bias under normal driving conditions [16,
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do not provide information on both the location of the sensors and
their characteristics (scale factors). Therefore, it becomes necessary
to use specialized diagnostic testers connected to the vehicle’s IT sys-
tem via the OBD socket. This facilitates and speeds up the process of
acquiring data from sensors. On the other hand, the modification of
the testers software requires the proper sampling frequency of sig-
nals, because too low frequency hinders the qualitative assessment
of the results. The above problems are currently being undertaken by
research centers in the European Union [1, 2, 8]. It is proposed to
modify the currently used diagnostic programs in order to standardize
procedures, facilitate access to other systems and accelerate the per-
formance of diagnostic tests [8]. The scope of obligatory control tests
of active and passive safety systems is being developed as well as the
requirements in this regard for diagnostic testers used at PTI stations
[1, 2, 12]. This applies to testing brakes (roller stations) and engines
(chassis braking) [4,5].

One of the proposals to extend the scope of periodic tests is to
check the operation of the angular velocity and lateral acceleration
sensors (usually built in an integrated form) of the ESP system. The
determination of vehicle angular velocity is based on the Coriolis ef-
fect acting on sensor’s vibrating element [10]. The lateral acceleration
is calculated on the basis of an electric signal proportional to the mass
displacement in the sensor [10]. Internal elements of the sensor are
subject to forced vibrations. Its characteristics may change during the
period of use, e.g. due to loosening of the fastening, overload during
a collision of the vehicle, repairs of the body. These circumstances
justify the need to test the sensors during the vehicle service life.

The article presents the method of testing the operation of the sen-
sors of angular velocity and lateral acceleration of the ESP system
(usually built in an integrated form) in bench conditions. A method
of forcing a vehicle rotation on a plate stand was proposed, with the
use of devices used so far in periodic technical tests. The idea of the
proposed method is to evaluate the signals from the above sensors in
terms of their amplitude and frequency, with the known rotation of
the vehicle being forced on a plate stand for checking the looseness in
the suspension (a wheel play detector unit). The course of the signals
from the sensors is monitored in real time with a diagnostic tester and
evaluated after the test.

The aim of the study was to show that the knowledge of the am-
plitude and frequency of the excitation of the plate movement, i.e.
the excitation acting on the vehicle and appropriate model of the ve-
hicle allows predicting the vehicle’s response and verifying the val-
ues measured by the sensors. This article presents the flat model of
a vehicle with the front wheels placed on the diagnostic stand with
two coaxially moving plates and the results of its validation for three
different vehicles.

The hypothesis that needed to be proved is as follows: a flat model
of the vehicle, taking into account the characteristics of the tires, sub-
jected to excitation from the station’s plates with a known amplitude
and excitation frequency can be used to determine body vibrations
on the plate stand and to assess the correctness of the ESP rotational
speed sensor indications.

The proposed test method is a new solution, not used so far [15]. It
is applicable in Periodic Technical Inspections.

2. Mathematical model

The developed model adopts a flat model of the vehicle whose
body rotates relative to the instantaneous center of rotation. This is
illustrated schematically in Figure 1. The assumption of the vehicle’s
rotational movement on the plate stand is justified because:

— the plates are located only under the front axle wheels,

— the rear axle wheels are free to roll during the measurement,

— diagnostic plates reciprocate movement, whose amplitude is
small (up to 100 mm) relative to the distance of the plates from
the center of rotation of the vehicle body.
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Fig. 1. Flat model of the vehicle at the plate bench (diagnostic plates under
the front axle wheels), ¢ - distance between the center of mass and the
rear axle, e - distance between the center of rotation and the rear axle,
[ - wheelbase

The hydraulically driven diagnostic plates reciprocate in a direc-
tion perpendicular to the longitudinal axis of the vehicle. Under ideal
conditions, the x coordinate associated with the plate can be described
by the equation:

x = Asin(wt) )]

where:
A - one-sided amplitude of the plate,
o - circular frequency of plate movement (w = 27f, f - frequency).

Considering the fact that the amplitude of the plate movement is
small in relation to their distance from the instantaneous center of
rotation of the vehicle and the wheels on the plates are unbraked, the
model uses the angular coordinate o describing the kinematic forcing
acting from the plates on the wheels as:

X A i), ?)
l+e [+e

where:
x - displacement of plates,
[ - wheelbase of the vehicle,
e - distance between the center of rotation of the body and the rear
axle (e — in front of or behind the rear axle).
The angular velocity of excitation will be then:

a=-2 = ﬂcos(wt). 3)
l+e I+e

It is kinematic forcing on the vehicle’s wheels. The movement of
the plates is transferred to the body through flexible tires and suspen-
sion. Considering the above assumptions, the equation of the vehicle
body movement will take the form:

16i) + k(g — ) + ¢,y () — ) =0 4)

where:

I - moment of inertia of the vehicle relative to the instantaneous center
of rotation,

o.; - angular coordinate associated with the vehicle body,
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A

kop - equivalent coefficient of lateral damping of tire for rotary mo-
tion,
éop - equivalent coefficient of lateral stiffness of tire for rotary mo-
tion.

The analyzed model takes into account the stiffness and damping
of the front axle tires (the impact of rear axle tires was omitted). Con-
sidering the direction of loading resulting from the plate forcing, the
flexibility of suspension elements was omitted. The subject literature
provides information on the damping coefficients and lateral stiffness
of a tyre for linear motion [6, 7]. Due to the fact that rotational motion
is considered in this analysis, the following approximate relationships
have been adopted for the above coefficients:

kop =2k, (1 +€)?, ®)

Cop =2¢0p (I + )7, (6)

where:
kyp - tyre lateral damping coefficient,
Cop - tyre lateral stiffness coefficient.
They result from the following relationships for forces and mo-
ments from the elasticity and damping of tires:

F,=c,(+e)(a,-a) M, =c, -(+e)(o,~-a)-(I+e)=¢, (0, —)
=k, -(l+e)-(d1—d)~(l+e):l€p (0, —0l)

=k, -(I+e)-(d,—ad) M, =
()

Fkop =

The constant ‘2’ in equations (5) and (6) results from the fact that
the two wheels of the front axle are treated as a parallel combination
of elastic and damping elements.

The moment of inertia / relative to the instantaneous center of rota-
tion was determined on the basis of Steiner’s theorem:

I:IO+m(c+e)2, (®)

where:

1, - moment of inertia about the vertical axis passing through the ve-
hicle’s center of mass,

m - vehicle mass,

¢ -asin Fig. 1.

The solution of equation (4) is angle o, i.e. the angular coordinate
associated with the vehicle body as a function of time. On its basis,
the angular velocity (yaw rate) usually designated in the literature as
¥ will be:

v =dy. ©

The lateral acceleration a,, of the center of mass can be written as:

a, —X =d(c+te). (10)

3. Parameters of test vehicles with particular emphasis
on tyre characteristics

Simulation analyzes and validation of the developed model were
carried out for three passenger cars with different inertial and geomet-
ric parameters. Table 1 contains a list of values significant from the
model’s point of view.

The lateral stiffness of the tyre was determined on a special stand
for testing tyres under static conditions (Fig. 2). The movable plate
under the rigidly mounted wheel can be moved perpendicular to the
wheel disk.

Table 1. Selected mass and geometrical parameters of the tested cars (size
symbols in accordance with the markings in the text)

Fiat Panda II Opel Astra G Renault Kadjar
[ [m] 2,30 2,61 2,60
c[m] 1,14 1,56 1,3
m [kg] 1050 1165 1545
1, [kgm?] 1085 1586 2260

1 - force sensor

L 2 = inductive displacement sensor
3 - A/Dtransducer with PC

4 - vertical load
5 - sliding plate

6 - tested wheel

Fig. 2. Stand for determining the transverse stiffness of tyre

3000 T
y+-121,35x+ 718,23
2000

32

-2000

-3000
y=-121,43x-1377

-4000
displacement [mm]

Fig. 3. Transverse stiffness characteristics of 205/55R16 (2.2 bar) tyre

This motion is carried out through a screw mechanism connected to
the load plate by a force sensor. An inductive sensor is used to meas-
ure displacement. Data is saved to the hard disk via an A/D converter.
The construction of the stand allows applying any vertical load. The
test was performed for the 205/55 R16 radial tyre with a pumping
pressure of 2.2 bar. The specified vertical load was 3 kN, which cor-
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responds to a typical normal reaction for a front wheel car. The char-
acteristics of the lateral stiffness of the tyre obtained in this way are
presented in Fig. 3. The visible hysteresis loop results, among others,
from exceeding the limit force of adhesion between the wheel and the
plate. Regardless of the return of the applied force, the linear nature
of the relationship between force and deformation was recorded. This
allowed easy determination of the lateral stiffness coefficient of the
tested tyre, whose value was:
Cop = 121 N/mm.

The presented stand does not allow for obtaining high plate speeds,
which means that the possibilities of determining the transversal
damping factor are very limited. The value of this parameter was tak-
en from the literature. The papers [6] and [7] contain numerous simu-
lations and studies on lateral dynamics of tires. According to these
data, the value of the lateral damping coefficient for tires of the same
size as the tested tyre, loaded with a normal force of 3600 N and with
a pump pressure of 2.75 bar is: i B
k,p=1770 kg/s. : e = : :

In turn, the lateral stiffness coefficient then takes the value of 126 Fig. 5. Modified test stand for checking the yaw rate and lateral aceleration
N/mm. Bearing in mind similar (compared to the considered) tyre pa- sensors (Unimetal Zlotéw) together with the test vehicle
rameters and almost identical values of the stiffness coefficient, in the
course of further calculations the above value of the coefficient £,
was adopted.

8

4. Simulation tests and model validation

Fig. 4 presents the influence of the position of the center of rota-
tion on the body deflection speed for sinusoidal forcing. The position
of the center of rotation is represented by the parameter e (Fig. 1).
Negative values e correspond to the shift towards the vehicle’s center
of mass.

Shifting the center of rotation toward of the rear axle increases the

plate displacement [mm]
o
S

0
amplitude of yaw angular velocity. For the center of rotation shifted 0 1 5 3
by 1 m towards the center of mass, the amplitude increases almost time [s]
twice (relative to the center of rotation on the rear axle). Shifting the Fig. 6. Single forcing pulse

center of rotation by the same value in the opposite direction results in
a slight decrease in the amplitude from the initial value.

The position of the instantaneous center of rotation of the vehicle
was verified during tests by measuring lateral linear accelerations at
various points in the longitudinal axis of the vehicle. The measure-
ments showed that it is located at the intersection of the longitudinal
axis and the rear axle of the vehicle (with the accuracy of measure-

=
[
o

8

w )

plate displacement [mm)]

ments made). Therefore, e =0 was assumed in further analysis. Sim- €0
ulation tests and model verification were carried out for the results 40
obtained on the test stand with a modified hydraulic control system

[14]. The stand together with the vehicle prepared for testing is shown 20
in Fig. 5. The stand control system allowed for changing the number "

of jerking cycles and the plate pitch. !

The vehicle body was set in a vibrating motion through stand plates 0 1 2ﬁme [5f 4 3
moving in the same phase. The pitch of the plates during the tests was Fig. 7. Multiple forcing pulse
100 mm. Recording the position of the plate using an inductive sensor

enabled the precise definition of the forcing function x(?).

Examples of single and multiple forcing impulses are

15
illustrated in Figs. 6 and 7.

¥ 10 A\ "\ /\\ ’\\ "\\ The obtained results x(z) after differentiation were
e used to calculate the velocity x(z) and ¢ to solve the
z 5 ;\ A /A 7 equation (4) and simulation.
é o ‘ ‘ N /\ /N /N Due to the introduction of real forcing velocity course
; M M ) w {// M into equation (4), calculations were made in the Matlab
E,, 5 N =/ \V N7 v R2015b software. An integrated PIC DAQ triaxia} gyro-
g \ / / / / / scope was used as a reference sensor for measuring the
g-10 4 \%4 4 4 4 angular velocity of the body vibration ( ¢ ), Fig. 9.

s Figures 11-13 contain comparisons of angular body

time [s]

speeds ( &7 ) calculated according to the developed mod-
el and measured with a reference sensor for each of the

—e=1 —e=0 —e=1

Fig. 4. Impact of the temporary center of rotation position on the body deflection speed for Opel
Astra G - simulation according with dependence (1)
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Fig. 9. Avreference sensor together with a data recording system used to meas-
ure the angular velocity of the deflection

Fig. 10. Example of placing the reference sensor in the tested vehicle

research vehicles. The acting forcing was a single plate stroke (Fig. 6).
For each car, satisfactory compliance of the amplitude and frequency
of vibrations was obtained. The visible differences in the phase of
decreasing angular velocity ( d; ) result from the adopted flat vehicle
model, which does not take into account the lateral slope of the body.
The differences in the vibration damping phase are due to the fact that
the body subjected to transverse tilting also performs minimal revolu-
tions relative to the longitudinal axis. They result from different stiff-
ness of the front and rear suspension of the vehicle. The sensor of the
angular speed of the body used in the tests, as well as the sensor of the
ESP system record these vibrations - Fig. 15. The flat model does not
take it into account. Nevertheless, according to the authors, this model
can be predestined for the applications referred to diagnostics tests,

12
—10 -+ - ]
sl |Fiat Panda Il
26
£ a7
i
F s ¥

20 WAL T e e
PR b 2 25 3
24 1 - ! !
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_10 4

12

time [s]

Fig. 11 Comparison of the angular velocity (yaw velocity) ( ¢y ) of the body
according to the model and according to the measurements with the
reference sensor, enforcement by single impulse - Fiat Panda II; blue
line — simulation, red line — measurement
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Fig. 12. Comparison of the angular velocity (yaw velocity) (a, ) of the body
according to the model and according to the measurements with the
reference sensor, enforcement by single impulse — Opel Astra G; blue
line — simulation, red line — measurement
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Fig. 13. Comparison of the angular velocity (yaw velocity) ( ¢y ) of the body
according to the model and according to the measurements with the
reference sensor, enforcement by single impulse — Renault Kadjar;
blue line — simulation, red line — measurement

yaw angular velocity [deg/s]

time [s]

Fig. 14. Comparison of the yaw velocity of the body in simulation model to
the measurement with the reference sensor for multiple impulse - Fiat
Panda II; blue line — simulation, red line — measurement

ExspLoaTacia | NiEzawobpnosc — MAINTENANCE AND ReLiasiLITY VoL, 23, No. 3, 2021 409




o
SN

95

yaw angular velocity [deg/s]

time [s]

b)

0,8
0,4+
0,04

0,41

yaw angular velocity [deg/s]

0,81

5. Impact of selected vehicle parameters on simulation
results

The following charts (Fig. 16-19) show the impact of changes in
selected vehicle parameters on the angular velocity of the body ().
Simulations were made for the Opel Astra G. One parameter was
changed in each case. The forcing were a five impulses for the vehicle
body.

Tyre lateral stiffness affects the amplitude of transient vibration -
Fig. 16. The lateral damping of the tyre affects the amplitude of tran-
sient vibrations and the time after which the determination of vibra-
tion amplitude occurs - Fig. 17.

Based on the Fig. 18, it can be seen that the wheelbase has a signifi-
cant impact on the steady-state vibration amplitude. Other parameters

50 60

70 80 90 time [s]

Fig. 15. Recording of angular velocity ( &y ) during body vibrations (tilts) relative to the longitudinal axis of the vehicle: a) reference sensor; b) ESP sensor

yaw angular velocity [deg/s]

time [s]

—SONfmm  —— 120 N/mm 200 Nfmm

Fig. 16. Impact of tyre lateral stiffness on simulation results

yaw angular velocity [deg/s]

-15

time [s]
——S00kgls ——1770kg/s 3000 ka/fs

Fig. 17. Impact of lateral tyre damping on simulation results

especially taking into account the measurement accuracy of sensors
used in ESP systems.

Figure 14 presents an analogous comparison to the above for one
of the research vehicles, where the excitation was a triple impulse
(Fig. 7). Also in this case, an acceptable correlation was observed be-
tween simulation and measurement, which confirms the usefulness of
the proposed model.

are responsible for the amplitude of the transient vibrations and the
time after which they are determined. Equation (4) describing the vi-
brational motion of a vehicle is a heterogeneous linear equation. The
general integral of such an equation is the sum of the general integral
of a homogeneous equation and the special integral of a non-homo-
geneous equation. The general integral of the homogeneous equation

15 =

w.heeIBase

yaw angular velocity [deg/s]

-15

time [s]
—2m —2,6m 32m

Fig. 18. Impact of vehicle wheelbase on simulation results

15

3
2
£
8
[ —
5 35 /_‘\ahs
a2
5 \
: Vv
B | |
-15
time [s]
——500kgm2 —— 1500 kgm2 2500 kgm2

Fig. 19. Impact of the moment of inertia relative to the vertical axis of the
vehicle on the simulation results
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describes free (unforced) vibrations, so in the considered case their
amplitude drops to 0 (due to tyre damping). As a result, specific body
vibrations (a;) will tend to introduce a from the movement of the
plates (the model assumes that the movement of the plates x forces
the body to rotate through the wheels of the vehicle). According to the
relationship (3), the vehicle parameter affecting the angular excitation
speed (@ ) is the wheelbase. Assuming that the center of rotation is
on the rear axle, it can be concluded that the amplitude of the angular
speed of the body (yaw rate) will be a function of the wheelbase and
the parameters of the plate movement (amplitude and frequency). This
conclusion is important in the practical application of this method to
test the vehicle angular velocity sensor in the ESP system. It should
be noted that with known plate motion parameters, to evaluate the
sensor operation, it is sufficient to know the wheelbase of the vehicle.
For lateral acceleration, the position of the vehicle’s center of mass
(parameter ¢ in equation (10)) will also be relevant.

6. Conclusion

The analysis shows that the efficiency of the angular velocity sen-
sor and the ESP lateral acceleration sensor can be assessed using
a diagnostic test stand for suspension tests. The experimental tests
confirmed the postulated hypothesis that the developed model of the
vehicle movement on the plate stand can be used to determine the
body vibrations. The results of the vehicle angular velocity obtained
computationally on the basis of the model can be a reference for the
operation evaluation of the yaw rate sensor and the lateral accelera-
tion sensor.

The vibratory motion of the vehicle body in the solid phase can be
calculated on the basis of knowledge of the plate movement (ampli-
tude and frequency), vehicle wheelbase, position of the lateral accel-
eration sensor (to determine lateral acceleration) and the position of
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