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Mariusz KOSOBUDZKI

THE USE OF ACCELERATION SIGNAL IN MODELING PROCES OF LOADING
AN ELEMENT OF UNDERFRAME OF HIGH MOBILITY WHEELED VEHICLE

WYKORZYSTANIE SYGNALU PRZYSPIESZENIA DO MODELOWANIA OBCIAZENIA
ELEMENTU USTROJU NOSNEGO POJAZDU KOLOWEGO WYSOKIEJ MOBILNOSCI*

High mobility wheeled vehicles have been built with use materials with limited strength and durability. Usually total costs in life
cycle of this kind of technical systems are significant, so the necessity of planning proper way of maintenance is highly desirable.
Common ways of describing ultimate work capacity are based on profile ground tests (PT tests) and extrapolation of theirs results
for the whole period of maintenance. That methods give biased results caused by among others differences in use and mainte-
nance conditions. The useful methods in permanent tracking of state changes of critical units of vehicle have been exploring and
algorithms to forecast the durability of vehicle that are the basis of pHUMS have been designed [11]. In the paper models that
have been use to describe the way of loading in frequency domain were presented and a proposal of the new model for tracking a
loading of an element of underframe of high mobility wheeled vehicle was proposed.

Keywords: high mobility wheeled vehicle, maintenance potential, acceleration signal, pHUMS.

Pojazdy, w tym pojazdy wysokiej mobilnosci budowane sq z materiatow, ktore majg ograniczong wytrzymatosé. Czesto koszty
cyklu zZycia takich pojazdow sq bardzo wysokie, stgd pojawia si¢ szczegolna potrzeba planowania racjonalnej eksploatacji ta-
kich obiektow. Powszechnie stosowane metody badawcze wyznaczajgce docelowy zasob pracy opierajq si¢ na przyspieszonych
badaniach przebiegowych i ekstrapolacji wynikéw na caly przewidywany okres eksploatacji. Metody takie sq obarczone jednak
bledami, wynikajgcymi migdzy innymi z roznicy warunkow prowadzenia badan przebiegowych od rzeczywistych warunkow eks-
ploatacji. Poszukiwane sq metody cigglego sledzenia zmian wytrzymaltosci zespotow krytycznych oraz podejmowane sq proby
opracowania algorytméw wykorzystywanych do prognozowania trwatosci pojazdu bedgce podstawg systemow pHUMS. W arty-
kule przedstawiono przeglad modeli stosowanych do opisu przebiegu obcigzenia w dziedzinie czestotliwosci oraz przedstawiono
autorskq metode sledzenia rzeczywistych warunkow eksploatacji wraz z wynikami prognozowania trwatosci wybranego elementu

ustroju nosnego pojazdu wysokiej mobilnosci.

Stowa kluczowe: pojazd kolowy wysokiej mobilnosci, potencjat eksploatacyjny, pHUMS.

Introduction

Carrying out diagnostic of technical system on a basic level be-
fore use it there is a common task for every one user. In many en-
terprises and organization there is an obligation encompassed in law
regulations [33]. Permanently carrying out diagnostic of technical
system with proper use it has a significant positive

use e.g. diagnostics procedures. This is one of reasons that develop-
ment of diagnostics tools and knowledge is desirable to be broadened.
So, the on-board diagnostic systems are used more and more often.
Additionally, in case of usage the military vehicles methods that
would allowed to track the level of lost of maintenance potential within

influence on a safety of maintenance system [12]
and on a durability assumed in life cycle [13]. The
next important condition there is a conformity of as-
sumed maintenance requirements with real, what al-
lows to achieve expected service life for which work
capacity reaches threshold value, what was presented
in the picture 1.

If a real maintenance conditions are in conform-
ity with assumed one technical system achieves fore-
casted and declared work capacity (curve 1 in the
picture 1). If a real maintenance conditions are un-
fortunately more severe the system do not achieves
declared work capacity (curve 3 in the picture 1).
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Otherwise, if a real maintenance conditions are not 2
harsh the system’s work capacity is exceeded (curve
2 in the picture 1). The assessment of assumed and
real lost of maintenance potential is carried out with
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Fig. 1. Linear model of lost of maintenance potential

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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approved maintenance model are desirable with assumption that high
level of residual work capacity increases generally reliability and
availability of a vehicle. Today the measure of this potential there is
mileage and year of production [13]. The basis of valuation the value
of total work capacity of a vehicle are profile ground tests. That tests
should modeled the future maintenance conditions in the best possible
way [15, 25]. In case of military track vehicles the modeled usage
conditions are well correlated with real (this kind of vehicles have been
used mainly on a training grounds). In case of military wheeled vehi-
cles differences are significant [27]. The influence on that comes from
many sources, e.g. length of chosen sort of roads, velocity of drive in
comparison to real maintenance conditions. The largest vehicle manu-
facturers have been carried out their own tests on parametric profile
ground tests, where road sections are normalized [21]. Still the up to
date problem is how to track permanently drive conditions and assess
their influence on the lost of maintenance potential of the vehicle.

In military because of tactics reasons methods to acquire, gather
and convert data that would allowed to assumed with some probabil-
istic level if a vehicles selected to march from position A to B are able
to accomplish the task (e.g. pHUMS as an element of Battlefield Man-
agement System). In other words if a vehicle will reach the destination
(the risk of battlefield damages are not taken into calculations). Now
this kind of systems dedicated for military wheeled vehicles to track
the real road conditions and offer a list of the most reliable vehicle are
in progress (e.g. in USA and UK). Unfortunately, published informa-
tion in this subject is very few. There is known system (e.g. SoMat
eDAQ from nCode International) that could be used for infantry fight-
ing vehicle STRYKER (this is an example of vehicle with very high
battlefield value that could not be substituted by different one). In this
case mathematical model of the system was not published.

According to the norm [21] a vehicle is treated as a complex oscil-
lating object which analysis is a very difficult task in the whole. So,
the analysis have been reduced to point a critical elements of a vehicle
and to established theirs threshold values of work capacity. If values
are exceeded the vehicle should be withdrawn from maintenance sys-
tem.

After carried out the mentioned above decomposition of a vehicle
the one of the most loaded elements is the underframe [29]. Taking
into consideration the published information about the way of react-
ing the underframe on forces coming from road conditions [16, 27],
the highest strain in its elements are caused by its torsion. What is
more, the torsional flexibility of an underframe is more significant
than its bending flexibility. That leads to the conclusion that the un-
derframe of high mobility wheeled vehicle should be a high enough
fatigue strength. In the paper the way of assessment the lost of main-
tenance potential restricted to only one element of underframe of high
mobility wheeled vehicle is presented. This element was treated as an
reference one.

2. Modeling the loading of underframe

Modeling the way of loading an mechanical system taking into
consideration its fatigue strength if loaded randomly could be divided
into two main groups of methods. The first one is focused on calculat-
ing cycles of loading to create e.g. histogram of amplitude of stress
(strain) [4, 7, 18, 19, 20, 32]. The second one uses statistic parameters
approximated with use a power probability density function of load-
ing (e.g. of displacement, velocity or acceleration) [3, 4, 20, 31, 32].

2.1. Model of analyzing the load in time domain

If the loading is stationary and known in advance (e.g. parametric
profile ground test) for load modeling various methods of counting
amplitudes of a load could be used what correspond to strain or stress.
The best known methods are as follow [8, 32]:

One-parameter methods:

— Level Crossing Counting,
— Peak — Valley Counting,
— Range Counting,

Two-parameter methods:

— Three-points Rainflow Cycle Counting [1] (standard ASTM
E1049 [9)),
— Four-points Rainflow Cycle Counting [10].

2.2. Model of analyzing the load in frequency domain

If the loading is unknown in advance (real maintenance condi-
tions) the way of loading should be analyzed with use a statistical
methods [5, 32]. That models of loading use a various distribution
of a random variable and they are presented often as a Power Spectral
Density function (PSD), what is depicted of load energy distribution
with correlation of frequency [6, 17]. Good point of that methods is
possibility of analyzing the load without the necessity of recording a
long samples. This is a very important advantage if testing a demon-
strator of a new technical system or a prototype.

The quality analyzing of a spectrum of load could be done with use
a statistical parameters characterizing its PSD function. The basic
parameters are: the mean , the rate of zero upcrossing E, the rate of
peak crossing , the irregularity factor and the spectral width param-
eter [8,17,23]:
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The value of the spectral width parameter 1 allows to assess, if
analyzing signal is rather narrow-band (1 — 0), or wide-band (A —1).
The mentioned above parameters are calculated with use a low orders
moment (up to the 4th) of one-sided PSD function of loading.

If there is a necessity of analyzing the load signal in a quantity way
the methods allowing to point the number and the range of amplitude
of signal are desirable. In this case the correlation of a spectral signal to
the methods of amplitude counting have been developed [23, 26].

To calculate the fatigue life there is necessary to count the number
of fixed amplitude of loading (strain or stress). The representation of
loading is e.g. histogram. If the signal of loading is wide-band, its ana-
lyzing directly from the PSD function is impossible. So, to gain histo-
gram of amplitude of loading time signal could be simulated by series
of random signals if their spectrum is established and the Inverse Fast
Fourier Transform (IFFT) is possible. The time of lasting simulation
should be long enough to take into account all kinds of load what oc-
curs seldom but have significant influence on fatigue life.

To express number of cycles of loading and to connect them with a
value of amplitude the Probability Density Function (PDF) could be used
when the loading signal would be treated as a random process [17].
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In the time domain Probability Density Function PDFy(x) char-
acterizing the random process X(#) which means that signal reaches
some value is defined as follow:

k
PDFy (x):P[xSX(t)Sx+dx]:¥ (6)

where: P[X(#)] — the probability, that random process X(#) would oc-
curred, 7 — time interval of observation, dt; — the step of time of obser-
vation random process X(?).

The shown above relationship is valid when time internal of ob-
servation (7— o0), and the step of time of observation (df;— 0). That
means infinite long measurements what is impossible in practice.

If the analyzed signal of loading is stationary, random and Gaus-
sian, it is represented by a mean value zy, standard deviation oy, vari-
ance gy’ and root mean square RMS. Additionally, if the signal is er-
godic, that parameters are constant in time.

In order to compare values of samples X(#)),X(#,) of sig-
nal X(¢) in time interval A¢= t,— ¢, the function of autocorrelation
R(H=E[X(t;) X(,)] is used. The mean value and standard deviation
are independent of time. There is a possible to write:

E[X(tl)]:E[X(tz)]:yX; GX(tl):O'X(tz):O'X (7

The correlation coefficient p of two samples X(¢) is defined as
follow:

_ 2
pZM; 0<p<) (8)

Ox

If p=1 there is a perfect correlation and if p=0 there is no correlation.
When the time interval , the correlation is equal to :

RX(T):,IJ)Z( +G§(:E[X2] )

In case of analyzing the signal in frequency domain, the time sig-
nal should be transform with use a Fourier transform. The function of
PDF(x) is:

———exp [_l (M)z ]

; (=0 > x —>+0)  (10)
2no x 2 oy

PDFy (x)=

where: 1y oy — mean value and standard deviation accordingly.
The Fourier transform of stationary random signal X(7) usually
does not exist because the relation is not meet [17]:

[ 2 (1) de <o (1
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In this case the function of autocorrelation Ry(#) normalized to zero
mean value is transform. The Fourier transform is given by:

RX(t):.[_OOOOSX(a))eiwtdw (12)

where: Sy(w) — density function of normalized random process X(7).
If =0, then:

E[Xz]:RX(t)zjl_ooOo Sy(@)do=0% (13)

If the normalized and stationary random process X(7) is consid-
ered the area under curve of density function Sy(w) is equal to its
root mean square (RMS). Practically frequencies only from one-sided
of the curve are consider <0;oo> and express in Hz. Than the den-
sity function of Sy(w) is transformed to different form Wy (f), named
Power Spectral Density (PSD):

E[ x| =k = [ Wy (1)df (14)

where: f:ﬂ .
2

For the functions Sy(w) and Wy(f) exists the first and second
derivatives:

o} =0’Sx(0)=(27) /Wy (f) (15)

o} =o'Sy(0)=(27)" rwy () (16)

The function Wy(f) is described by a set of spectral characteristic;
among others by a spectral moments M,, and irregularity factor y [3,
32]:

My, =[S W (f)df (17

M,

YT (18)

Usually only a few characteristic are used: My, M, M,, M,, .

Taking into consideration the width of a spectrum of the process
they are divided into narrow-band, broad-band and bimodal [26]. The
loading of underframe is rather broad-band. In the papers there are
mathematical models proper to describe fatigue strength in quantita-
tive way in frequency domain using broad-band random signal. That
models could be divided into three groups [17, 28]:

— models of fatigue strength using the hypothesis of damage
cumulation dedicated for narrow-band spectrum corrected by
some coefficient for broad-band,

— analytical models designing a probability density function with
use a Ritz distribution function allowing to count loading cy-
cles,

— models of probability density function (PDF) using a combina-
tion of various statistical distributions of loading.

According to many authors [2, 3, 17, 22, 32, 34, 35] the quantity
model fitted well to narrow- and broad-band spectrum of loading is
model of Dirlik using an empirically design combination of exponen-
tial and Rayleigh distribution:

| -z _z 2
PDF, = Do +Dizze 28 4 DyZe 2 (19)
2/M, | O R
M, [M
5= My (20)

M,

T T 1)
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zZ= 22
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1,25(y = Dy —(D,R
0= ( D3 (D2R)) (26)
1
2
R=L DL 27)
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This model allows to design a probability density function PDF of
amplitude of loading (what is comparable to Rainflow method) if the
power spectral density PSD of loading is known (e.g. PSD of recorded
acceleration signal).

3. Durability analysis of underframe of high mobility
wheeled vehicle

The method presented in point 2.2 of designing PDF based on cal-
culated PSD function used to assess the durability of a tubular cross-
bar of underframe of high mobility wheeled vehicle [12]. There was
established that the torsional stiffness of underframe of a vehicle is
linear. The theoretical fatigue life of a cross-bar was calculated with
used a common formulas [14, 24] taking into consideration linear hy-
pothesis of Palmgren — Miner (PM). The algorithm of calculating the
durability was presented in the picture 2. The recorded quantity was
acceleration measured in the four corners of underframe: app, apy, a;p
iayp, [15] what allowed after double integration to assess the outcome
torsion of underframe: h,,. In case to validate the theoretically as-
sessed results the electric resistance wire strain gauge to measure the
torsion of cross-bar was used according to the algorithm presented
in the picture 3.

In the table 1 an example of fatigue life assessment of selected
cross-bar of an underframe was presented. The loads were recorded
during a profile ground tests of a vehicle in a parametric vehicle test
center.

| Aou ()= app-aprtayr-app I

FFT, Double integration in frequency domain,
IFFT
| B (8) |

Characteristicof ¢ - T, FFT

| PSD 7(f) |
PDF,,, Characteristic of T - N, Hypothesis of PM

| T (time, mileage) I

Fig. 2. Algorithm of fatigue life assessment with use an acceleration signal

| () |
‘ Characteristic of T - N, Hypothesis of PM

| T (time, mileage) |

Fig. 3. Algorithm of fatigue life assessment with use an electric resistance
wire strain gauge

Table 1. Results of fatigue life assessment of the cross-bar

Off-road, velocity V=30 [km/h]

strain gauge sensor of acceleration
Fatigue life [h] 1075500 1425000
Durability [km] 32000000 42750000

Off-road, velocity V=14 [km/h]

strain gauge sensor of acceleration
Fatigue life [h] 25200 13400
Durability [km] 353000 190000

Embedded rock, velocity V=9 [km/h]

strain gauge sensor of acceleration
Fatigue life [h] 9900 9400
Durability [km] 89000 84500

Embedded rock, velocity V=5 [km/h]

strain gauge sensor of acceleration
Fatigue life [h] 7900 5500
Durability [km] 40000 27200
Road “wave’, (wheels displacement up to 500 [mm]), velocity V=4 [km/h]

strain gauge sensor of acceleration
Fatigue life [h] 66 55
Durability [km] 240 220

4. Conclusions

The presented method of usage an acceleration signal of torsion
of the underframe allowed to assess the fatigue life and durability of
selected element of this unit. If the cross-bar would be treated as an
reference unit (Canary approach) the method could be used to track
the lost of maintenance potential of the critical unit of the vehicle. The
road conditions could influence on the durability of a vehicle very
seriously (table 1). The selection of the cross-bar was not random
and allowed to easy-to-stick the electric resistance wire strain gauge.
So the method was limited only to assess the durability of an under-
frame in a single point in various road conditions and for various ve-
locities of drive. The results of analysis presented in the table 1 show
that selected methods are comparable. The advantage of analysis the
load spectrum with use an acceleration signal is that the method does
not involve to use an large computational capacities of on-board com-
puter and allows to track the global deformation of the underframe in
variable road conditions [30].

If the model FEM of underframe would be built and correlated
with the global deformations of the underframe there is possible to
calculate the durability in numerical way in any point of the unit (e.g.
in the weakest link). And than the track of road conditions with use
an acceleration signal and its transformation into the way of lost of
maintenance potential of an underframe would be also possible. That
would allowed to design pHUMS (prognostic Health and Usage Mon-
itoring System) for the vehicle. Finally the information to take the
decision of use a single vehicle and to task it would be more accurate
in tactic and operational warfare [11].
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