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EXPERIMENTAL IDENTIFICATION AND SELECTION OF DYNAMIC PROPERTIES OF
A HIGH-SPEED TRACKED VEHICLE SUSPENSION SYSTEM

IDENTYFIKACJA DOSWIADCZALNA ORAZ DOBOR CECH DYNAMICZNYCH

UKLADU JEZDNEGO SZYBKOBIEZNEGO POJAZDU GASIENICOWEGO*

The material diversity of subassemblies making up the tracked vehicle suspension system and the system wear level make it
difficult to determine the value of forces acting in it. This paper presents a manner in which parameters of the model of a high-
speed tracked vehicle suspension system can be adjusted using the genetic algorithm optimization method. The vehicle motion is
tested experimentally to find reference characteristics of kinematic quantities of the system selected points. The simulation results
obtained from numerical analyses are presented in charts and compared to the results of experimental testing. Finally, damping
values in the vehicle shock-absorbers are determined based on an adopted criterion.

Keywords: tracked vehicle suspension, identification of suspension properties, multibody dynamics, genetic
algorithms.

Zroznicowanie materialowe podzespotow wchodzqcych w sklad ggsienicowego uktadu jezdnego oraz stopien jego zuzycia wply-
wajq na trudnosé okreslenia wartosci sit dziatajgcych w tym uktadzie. W artykule poprzez zastosowanie metody optymalizacji al-
gorytmami genetycznymi, przedstawiono sposob dostosowania parametrow modelu uktadu zawieszenia szybkobieznego pojazdu
ggsienicowego. Przeprowadzono badania doswiadczalne ruchu pojazdu, w celu wyznaczenia charakterystyk wielkosci kinema-
tycznych wybranych punktow uktadu, ktore zostaly przyjete jako referencyjne. W rezultacie przeprowadzonych analiz otrzymano
wyniki symulacji numerycznych, ktore zestawiono na wykresach i porownano z wynikami badan doswiadczalnych. W koncowym
etapie na podstawie przyjetego kryterium okreslono wartosci tumienia w amortyzatorach pojazdu.

Stowa kluczowe: zawieszenie pojazdu ggsienicowego, identyfikacja wltasnosci zawieszenia, metoda uktadow
wieloczlonowych, algorytmy genetyczne.

1. Introduction

The design and modification of the tracked vehicle suspension
system is now supported with the vehicle motion numerical simula-
tions based on the principles of multibody dynamics. Such analyses
make it possible to reduce experimental testing costs and shorten the
time of the new product commercialization. In terms of the vehicle
motion nature simulation, it is essential to take account of the impact
of the track on the suspension system as this enables precise selection
of the suspension components.

A conventional tracked vehicle suspension system incorporates
not only metal elements but also bushings made of rubber or other
materials [17]. The material diversity of subassemblies and the vehi-
cle operation time make it difficult to determine the forces acting in
the track segments. A change in parameters describing the phenomena
occurring in this area (cf. Fig. 1) has a direct effect on the performance
of the vehicle entire suspension system.

The system properties are also affected by the track wear
level, which is difficult to assess. Depending on the manufactur-
er, the track service life is estimated at the level of about 2000
km. The environment of the track system operation is another
significant factor. For example, high air dustiness increases the
intensity of wear [9].

According to [2], the forces occurring in the track system
can be identified through testing carried out on a test stand. A
method of the track tension determination in real time is pre-

track segments

rubber elements

sion systems. Identification of the properties of damping elements
of the tracked vehicle suspension with the use of neural networks is
presented in [21, 22].

Sankar et al. [20] and Dhir & Sankar [7] developed a model for
dynamic simulation of tracked vehicles with independent suspension,
offering the possibility of using linear or nonlinear characteristics of
spring and damping elements. A numerical simulation in the time do-
main makes it possible to improve the crew’s comfort and safety by
observing the suspension system performance. In [18], optimization
of the suspension system spring elements is taken into consideration,
adopting the criterion of minimization of the driver’s seat vertical
acceleration values during 8-hour exposure to vibrations. Gregory
M. Hulbert et al. [10] developed a method of the rocker design op-
timization using characteristics of the forces acting on the suspen-
sion node which are obtained from the vehicle simulation. In [16],
the methodology of modelling hybrid drive systems and elements of
the tracked vehicle suspension is presented. Choi et al. [6] present the

Kgg - torsional stiffness

bgq-. - torsional damping

Kgi - linear stiffness

bg| - linear damping

sented in [14]. The method finds application in active suspen-  Fig. I. Physical model and parameters describing forces in the track system

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl

108 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.19, No. 1, 2017




SCIENCE AND TECHNOLOGY

method of modifying a four-wheeled armoured vehicle suspen-
sion to maximize the vehicle post-firing mobility, minimizing
the driver’s seat vertical acceleration at the same time. Issues
related to the control of rotary shock-absorbers in the tracked
vehicle suspension, aiming to improve the vehicle stabilization
efficiency, are presented in [12]. The basic sources of dynamic
loads acting on combat vehicles, resulting from off-road riding,
firing the cannon, being hit by the enemy’s projectile or the ef-
fect of explosives, are presented in [19]. The methodology of
the tracked vehicle modelling using multibody dynamics simu-
lations is applied in [13], where results of a numerical analy-
sis performed in the LMS Virtual.Lab Motion environment are
presented and compared to experimental testing results. The
assessment of the conditions of comfort of persons carried in
selected special vehicles is presented in [11]. A failure to meet
the criteria concerning the human body exposure to vibrations
caused by the vehicle motion may lead to serious perception g
disturbances and hinder the crew’s performance. In [3] a model

Fig. 3. On-vehicle marker location (X, Y); A (-3347, 587), B (-1445, 620), C (0, 0)

a)

is presented of controlling an active suspension system using {
the Linear Quadratic Regulator (LQR) technique to improve the
crew’s comfort. Report [15] makes a survey of the functional-

ity of the vehicle motion modelling software using multibody
dynamics simulations, where functions of programs facilitating

the tracked vehicle model construction, together with the pos-
sibility of conducting an analysis taking account of the ground
deformability, are described.

The authors of this paper put forward a method of estimating pa-
rameters describing the track system operation based on genetic algo-
rithms and taking account of the vehicle kinematic quantities recorded
during experimental tests. The issues presented herein comprise an
analysis of the impact of contact forces in kinematic pairs between
the track segments and of the effect of the track tension degree real-
ized by the setting of the tensioning wheel. The final part of the paper

IDENTIFICATION OF THE TRACK SYSTEM PARAMETERS BY TESTING

Experiments Numerical simulations
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Fig. 2. Flowchart of works performed within the paper

presents the criterion for selecting optimum damping values of shock-
absorbers installed in the vehicle under consideration (cf. Fig. 2).

2. Experimental testing

The aim of experimental tests of the vehicle passage over a field
obstacle was to determine the trajectory of markers on the vehicle
body (on the sprung mass). The tests resulted in characteristics of lin-
ear displacement, velocity and acceleration in points located on the
body and marked as shown in Fig. 3.

The tests were carried out using a prototype of the PT-91 Twardy
vehicle. The photogrammetric method of image recording was ap-
plied using a PHANTOM V9.1 high-speed wide-angle lens camera.
The vehicle mass during the experimental tests totalled 42600 kg esti-
mated based on the lack of any equipment elements.

The tests included instances of passage over an obstacle (cf. Fig.
4) attacked by the vehicle with both tracks at the same time. The
proposed variant of passing over the obstacle is used to identify the

SELECTION OF DYNAMIC CHARACTERISTICS
FOR THE TRACK SYSTEN
(SELECTION OF DAMPING VALUES)

Objective function W = var{ @(f))

Fig. 4. Obstacle geometry (a) and location on the testing site (b)

track system parameters. The obstacle geometry is created based on
existing elements of a track intended for long-distance testing that
will be the subject of further analyses in this respect. The tests were
conducted at the vehicle speed of 4, 8 and 13 km/h. For statistical
purposes, each run was repeated three times. Example results of the
testing are presented and compared to the results of numerical analy-
ses in section 5.

3. Tracked vehicle mathematical model

Based on geometrical data and mass-inertia
parameters, a tracked vehicle model was con-
structed using the multibody dynamics simu-
lation method implemented in the ADAMS
package. The model takes account of the track
system, the suspension subassemblies connect-
ed by kinematic pairs, spring and damping ele-
ments as well as the vehicle deflection limiters
(Fig. 5).

The dynamics of multibody systems in the
MSC ADAMS environment is modelled by de-
fining the coordinates of kinematic bodies and
the type of kinematic constraints, as well as
specifying mass-inertia parameters and param-
eters of contact between the system elements. Moreover, the com-
putation process parameters are declared, such as: integration step,
simulation time, initial velocity, etc.

The vehicle model is simplified by taking account of the longitu-
dinal plane of symmetry. It is made of 118 non-deformable elements
connected to each other by kinematic pairs into a kinematic chain.

The system theoretical mobility is determined using the Griibler-
Artobolevsky formula for spatial systems:

Numerical simulations

(P~

2 A A4 A AA

5
Wr=6k=3 (6-i)p; )]
i=1
where:
W, — system theoretical mobility,
k — number of moving kinematic bodies,
Di — number of i-th class kinematic bodies.
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vehicle kinematics and dynamics mechanisms
applied in the MSC ADAMS software can be
>, foundin [1].

4, Estimation of the model param-
eters

One of the factors that have an impact on
dynamics and the suspension system efficiency
is the force acting on the vehicle wheels, which
results from the track tension. The track tension
is adjusted by changing the tensioning wheel
position. It is also important to take account
of the track wear, which is mainly due to the

Fig. 5. Kinematic diagram of the PT-91 vehicle suspension: a) torsion bar; b) rocker; ¢) rocker — shock- ~wear of rubber elements affecting the system

absorber link; d) rotary vane damper; e) ground wheel; f) torsion bar socket

Substitution of respective values gives the following result:

Wy = 6*118 —5*18 — 4*2 —3*3 = 601 2)

The vehicle model created by means of the multibody dynamics
simulation method requires a definition of generalized coordinates:

q=[q;+dy +..+qy,] 3)

Kinematic bodies are limited by constraint equations which can
be written as follows:

(@0)=[@ (@) Py (an. )] )

The motion equation written in the first-order Lagrangian formal-
ism can be expressed using the following vector notation:

Mg +®ir=Q (%)
where:
q — location vector,
q — acceleration vector,
M — mass matrix,
@, — matrix of partial derivatives,
A — column matrix of Lagrange multipliers,
Q — vector of generalized forces.

Considering the transformations resulting from the occurrence of
velocity constraints expressed as local coordinates (y =®,g) in the
equations, the expressions making up a system of the first-order La-
grangian equations can be presented in the following form:

T |r..
. RN
® 0 |[r A

q

The presented equations of the system motion constitute a system
of differential-algebraic equations composed of first-order differen-
tial equations with an independent variable in the form of time and
algebraic constraint equations. The system of equations is determined
through numerical integration, i.e. the solution is found with set ac-
curacy at discrete time instants. The most popular numerical integra-
tion method in the MSC ADAMS software package is based on the
backward difference formula (the Gear algorithm). A detailed descrip-
tion of the mathematical model and of the methods of computing the

performance.
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Fig. 6. Program flowchart

Apart from the tensioning wheel setting, the track system proper-
ties within the model are described by the following quantities: linear
stiffness and linear damping as well as torsional stiffness and torsional
damping of the track segment links (cf. Fig. 1).

The results obtained from experimental testing were used to ad-
just the tracked vehicle model parameters. For this purpose, an origi-
nal in-house program was developed that couples simulations of the
tested vehicle runs to the genetic algorithm included in the MatLab
program optimization module. The program flowchart is presented
in Fig. 6. The genetic algorithm efficiency is highly dependent on its
objective function, being the index of the model behaviour similarity
compared to the real object.

There are many statistical indices defining the degree of the mod-
el similarity to empirical data. In this paper, an analysis is applied of
correlations needed to construct the objective function by specifying
the correlation coefficients.

The correlation between two random variables X and Y is a
measure of the force (level) of the linear relation between the vari-
ables [8]:

XY
o= cov(X,Y) @

OxOy
where covariance of variables X and Y occurs in the numerator:

cov(X,Y)=E[(X -~ px)Y —py)] )
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where:
ux and py  — arithmetic means of X and Y within the population,
Oy Oy — standard deviations of variable X and Y.

Coefficient p is included in the interval (—1 ;1) . If p=0, the vari-
ables are non-correlated. If p=—1, regression lines exhibit a negative
inclination, which means that negative correlation is found. If p=1, the
reverse is the case, which means that correlation is positive [8].

The correlation coefficient described above was used to determine
the index of similarity between the curves illustrating changes in lin-
ear displacement of the markers on the model body obtained from
simulations and those obtained by means of video recording of the
vehicle test run.

Markers A and B on the vehicle body (cf. Fig. 3) were used to
compare the model to the experiment result.

Next, a column matrix was defined of design variables and inter-
vals thereof which enable carrying out the simulation computation
process and which are consistent with the design technological de-
terminants:

X = {Xl, X5, X3, X4, XS} 9
where:
x;= kg, kg€ [1.0e+5;1.0e+9] (10)
Xy =Kgq, Koo €[10;1.0e+5] (11)
X3 =by, by e [1;1.0e+6] (12)
X4 =bgp, bgp € [1;1.0¢+5] (13)
X5 =Xy X € [-5590.0; —5550.0] (14)
where:

N
kg — linear stiffness of the track segment link {7}
m

N
k,, — torsional stiffness of the track segment link [7m:l
ra

N*
by — linear damping coefficient of the track segment link [ S}
m

. . . . Nm*s
b,,, — torsional damping coefficient of the track segment link
20 rad

)

The estimation process using the optimization procedure was car-
ried out based on the simulation of the vehicle run over the obstacle
with the speed of 4 km/h. The objective function was defined in the
form of the arithmetic mean of correlation coefficients of vertical dis-
placement of markers A and B:

Xy, — tensioning wheel setting [mm]

N p(YA (t));p(YB (t)) (15)

where:
y4(t) — marker A vertical displacement,
yp(t) — marker B vertical displacement,

The following optimization parameters were established:
* population size = 40,
* stop criterion: number of generations = 30.

The calculations gave the following values of the design vari-
ables:

kg = 2.676e+7{EJ (16)
m
kg =6.257¢+3 {@} )
ra
%k
bg1:1.0e+4[N S} ()
m
N *
by =774 43| M (19)
Xin =—5563[mm] (20)

5. Testing results

The numerical and experimental results are shown and compared
to each other in the charts below. The charts present curves illustrat-
ing time-dependent changes in the vehicle body displacement, veloc-
ity and acceleration in relation to the global system of coordinates.
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Fig. 7. Curves illustrating time-dependent changes in vertical displacement
of marker A
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Fig. 8. Curves illustrating time-dependent changes in vertical displacement
of marker B

The presented curves were plotted for the run speed of 13 km/h. The
correlation coefficients of marker A and marker B vertical displace-
ment — p(ya(t)) and p(yg(t)) — in the case of the model are 0.94 and
0.87, respectively.
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Fig. 9. Curves illustrating time-dependent changes in marker A velocity in the
vertical direction
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Fig. 10. Curves illustrating time-dependent changes in marker B velocity in
the vertical direction
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Fig. 11. Curves illustrating time-dependent changes in marker A acceleration
in the vertical direction
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Fig. 12. Curves illustrating time-dependent changes in marker B acceleration
in the vertical direction

The velocity characteristics obtained by means of numerical
simulations demonstrate high convergence with the experiment, both
qualitatively and quantitatively. The maximum velocity values for
points A and B are found at the level of 0.6 and 0.8 m/s, respectively.
In this case, instantaneous acceleration reaches the value of 6 m/s%.

Var [g(1)]

6. Selection of the shock-absorber damping values

The tracked vehicle model treated as a dynamic system ena-
bles an analysis of characteristics such as transfer function or fre-
quency curves.

The two characteristics are dependent on the properties of the sys-
tem itself, but they are independent of the kind of the input functions
applied thereto. In practice, the suspension optimal parameters are
selected using methods of the statistical theory of springing, which
involves determination of numerical characteristics of the road and
off-road bumps distribution, such as the mean value, variance or
standard deviation. The measured terrain samples are then classified
into groups. An example classification may be the effect of the di-
vision of the terrain irregularities (with respect to specific standard
deviation for example) into groups such as roads with slight irregu-
larities, dirt roads and very bumpy roads. Owing to that, it is possible
to generate a random function describing the terrain profile. There are
studies concerning determination of numerical characteristics of the
irregularity distribution of terrains for which special vehicles are de-
signed. However, their findings are not disclosed to the public. There-
fore, a method was put forward [4] of the damping value selection
through an analysis of the variance of the body longitudinal inclina-
tions W=var[@(t)] at a specific input function acting on the vehicle
depending on its velocity [4].

For this purpose, an input function model was used in the form
of a field obstacle as presented in Fig. 3. Analyses were conducted of
the developed vehicle model in variants taking account of the change
in the speed of the vehicle attack on the obstacle and the change in
the damping value in shock-absorbers. Each simulation lasted 15 s.
In every case, velocity ranged from 5 to 55 km/h and the simulations
were performed with the step of 5 km/h. The analyses were conducted
for different values of the damping coefficient, according to the vari-
ants listed in Table 1.

Based on that, the velocity-dependent vehicle body variance of
longitudinal inclinations W=var[@(t)] was determined (cf. Fig. 13).

Analysing the results, it can be observed that the variance of the
body longitudinal inclinations illustrated by curve 4 is low for the
entire range of the velocities under analysis. However, the damping
value selection is also dependent on the vehicle purpose and determi-
nation of the velocity criterion for which the vehicle should exhibit
smaller variance of the body longitudinal inclinations [5].

7. Conclusions

The photogrammetric method made it possible to obtain results in
the form of curves illustrating changes in displacement, velocity and
acceleration of selected points of the tracked vehicle suspension body,
which constituted the basis for verification of the assumptions adopted
in the modelling process. The data obtained in this way were used for

A

0,0 T T T T T -
0 10 20 30 40 50 V [km/h]

Fig. 13. Curves illustrating variance of the vehicle body longitudinal inclinations

depending on the vehicle velocity for different damping values
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Table 1. Variants of performed simulations displacement, velocity and acceleration results obtained nu-

merically and experimentally are highly convergent.

C b 1 2 3 4 5 6 7 . .
Hrve number A universal method has thus been developed of selecting

Damping in shock-ab-

o | 11272 | 22545 | 45090 | 90180 | 135270 | 180360 the track system parameters which are difficult to establish

sorbers [Nm*s/rad] otherwise. The method can be applied in modelling dynamic
phenomena in tracked vehicles and in the selection of operat-
the purposes of the objective function in the procedure of the model ing parameters, such as the track tension degree or the damp-
parameter estimation. The developed model of the tracked vehicle ing value in shock-absorbers.
described herein was adjusted through estimation of the parameters It also enables an analysis of phenomena occurring in wheeled
describing the forces occurring in the track system. The vehicle body vehicles, to identify the parameters of the tyre model for example.

Scientific work conducted under Contract 2828/B/T00/2010/40, financed from budgetary means for science in the years 2011-2014 as Research

Project O N501 282840.
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