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Abstract. Modern vehicles are equipped with highly developed electronic computer systems
allowing diagnostics of control system elements, but — notwithstanding — deprived of the
diagnostic function of purely mechanical defects. The reason of this situation is less and less
number of breakdown vehicles. However, mechanical defects still occur, which is confirmed by
the information from car repair workshops, and their too late finding increases repair costs. From
the economic point of view, supplementing computer systems with diagnostics functions seems
justified. The existence of such gap was the reason for undertaking several active experiments,
aimed at explaining whether there is a possibility of improving the existing systems by an
additional diagnostics function. The results of the possibility of applying quantitative estimation
measures of the selected vehicle state are presented in the paper. Directions of further
investigations and stages of diagnostic experiments, which would confirm the effectiveness of the
proposed measures are provided in the hereby paper. This paper also constitutes the attempt of
answering the question whether the similar algorithm application is possible in vehicles of the
newest generation, equipped with adaptive systems of on board diagnostics.
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1. Introduction

The automotive sector is developing dynamically in the current years, not only in the
performance, design or comfort improvements but also in the field of diagnostics. The present
systems of the on board diagnostics (OBD) are highly developed, meeting ‘exorbitant’ emission
standards and including successive mechanical systems of vehicles. However, they are still
directed mainly towards the environment protection and not to assessing mechanical systems of
the driving unit. As the result, control systems which are adjusting the engine operation to the
required low emission levels of harmful substances, by proper controlling the work cycle
parameters, are masking early phases of mechanical defects [1, 2].

Certain defects which are not revealed by the electronic computer system are progressing,
which leads not only to these defects’ increase, but also has an adverse influence on the remaining
subassemblies. Such situation leads to increased repair costs, since the detection of advanced faults
causes either the acceleration of operational wear and tear condition of cooperating elements and
the necessity of their repairs.

Thus, in such situation, supplementing control systems by additional symptoms of mechanical
defects — omitted, up to now, in the on board diagnostics — seems reasonable and economically
justified. Thus the question arises, where to look for the symptom meeting the basic diagnostic
conditions of the ‘on-line’ type? The authors [1] indicate the possibility of using the vibration
signal in the diagnostics process of defective elements of driving units. The rightness of this thesis
is confirmed by the results given in paper [3]. Diagnostics of vehicle powertrains using
vibroacoustic signals and attempt to modelling of the real damages are the problems which has
been investigated in many research centers around the world. It is impossible to mention all of
them and to present all the methods used. Interesting positions of literature demonstrating the
utility of vibration signal for the diagnosis of internal combustion engines with a comprehensive
review of the methods used are the works [4, 5]. From the point of view of proper operation of the
combustion engine, it is very important to monitor the status of valves and proper cooperation
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between the piston and the cylinder. In the process of diagnosing malfunction of internal
combustion engines are often used various methods of averaging the measured signal. And so in
[6], the author uses a synchronous averaging of vibration signal of the engine to the exhaust valve
leakage diagnosis method, wavelet power spectrum averaging for detecting looseness in the
piston-cylinder system was shown in [7] and in work [8] where to assess of the valve clearance or
the valve leakage the measures obtained by PSFA (Partial Sampling and Feature Averaging) were
used. In the process of diagnosing internal combustion engines defects use of “genetic
programming” [9] is useful. In [10] was presented the procedure for estimating the clearances of
valves of combustion engines which uses time-spectral selection. A good carrier of information
about the state of the drive unit is not only the vibration signal but an overall vibroacoustic signal,
which is also the acoustic signal [11]. In the works [12, 13] authors show the correctness of
diagnostic measures obtained in the cold test. The signal recorded on the cylinder head is the result
of signals coming from a number of elements or assemblies therefore important in the
development of engine diagnostic systems is also knowledge about work processes occurring
between cooperating mechanical assemblies, even such as signals generated by the bearings and
gearbox [14-18]. Assessment of the internal combustion engine is also possible on the basis of an
analysis of changes of the crankshaft speed [19-21]. It is difficult to present all the methods used
to record and analyze signals used to assess the state of the internal combustion engine, but in
most cases, the proposed measures are quality measures or measures requiring advanced
computational techniques to obtain, which can result in symptoms difficult to use in real-time
diagnostics. The proposal of the quantitative measure of assessing the state, meeting conditions of
the proper diagnostic symptom, possible for the implementation in the existing computer systems
(at the similar base as in paper [22]), is presented in the hereby paper.

2. Object of investigations and experiments

The object of investigation was the spark ignition engine, at an advanced wear and of an
unknown ‘initial’ condition. The mechanical defect, in a form of a cut of the exhaust valve face,
was introduced into the engine to simulate a burned out valve. As it results from the previous
experiments such defect is not signalled by the OBD system by lighting the MIL lamp as well as
it is not saved in the control memory, regardless of the fact that such defect — in accordance of
general guidelines of on board diagnostics systems — should be revealed.
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Fig. 1. Subsequent phases of the mechanical defect of the valve

The experiment assumption was to reveal the defect at its initial stage. Finding the
vibroacoustic response of the driving unit to the defect occurrence and increasing — was necessary.
This would confirm that the symptom and its comparison with the ‘reference’ state can allow to
reveal explicitly the defect early stage. To aim this, the mechanical defect was increased and the
system responses were recorded at each stage of changing the unit state. The acceleration
amplitude of vibrations of the head, near the exhaust valve of the first cylinder, was the recorded
signal. Measurements were performed under road conditions at — as constant as possible — driving
conditions, to be able to apply the measure during the real operation, thus making the diagnostics
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process independent of specialist stands [23-26].
The way of the defect implementation is presented in Fig. 1.

3. Analyses of results

In case of brand-new vehicles, when their ‘initial’ condition is known, diagnostics possibilities
seem very simple and explicit. Before starting the main investigations the simple experiment was
performed on the new, not used, unit. The amplitudes of accelerations of head vibrations for two
states: good/out of order, were recorded. The results of the analysis of the frequency structure of
the vibration signals generated by the brand new car engine in the efficient state and after
introducing the exhaust valve defect are presented in Fig. 2. The preliminary analysis allows
already for the explicit distinction of the state: good/out of order. The introduced mechanical
defect of one subassembly of the driving system (exhaust valve defect) clearly changes the
spectrum of the amplitude of head vibrations accelerations.
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Fig. 2. Qualitative measure of the exhaust valve defect
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In this case, it was also possible to suggest an unambiguous and monotonic defect symptom in
a form of the Rice’s frequency (Fig. 3) — for accelerations defined as the average frequency of the
process described by formula:

ey

where xpy, p— power spectrum, f — frequency.
The detailed description of the experiment and the obtained results can be found in paper [27].
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From the point of view of the measure usefulness in the diagnostics process it is important,
that the out of order symptom could be used at each stage of the vehicle operation and kept pace
with subassemblies wearing of. In order to establish the measure, which would meet such
conditions, the experiment was performed on the vehicle in an advanced operational state with the
driving unit of an ‘unknown’ efficiency state. Vibration signals were recorded in four stages:

—unknown ‘initial’ condition,

— when the exhaust valve defect was introduced,

— when the exhaust valve defect was increased,

— after exchanging the damage valve for the brand new one.

The spectra of the recorded accelerations of vibrations are presented in Fig. 4.
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Fig. 3. Quantitative measure of the exhaust valve defect

As can be seen in Fig. 4, an explicit and simple distinguishing the vehicle state is not possible
in case of vehicles being in use for some time, though changes in frequency structures, are still
seen. Since the exhaust valve state — prior to introduced defects — was unknown, after equalization
of rotation speed [28], the information related strictly to these defects were selected and separated
from the information originated from the ‘good’ state, before looking for the quantitative measure.
The spectrum of the brand new valve was treated as the reference base. Defect measures meeting
the requirements of the proper diagnostic symptom were looked for — within signals prepared in
such way. At the end, the measure in a form of the root mean square of the differential spectrum
was proposed, calculated according to the formula:

©))

XpMS =

where: X = X; — X,,, X4 — spectrum of vibration acceleration — engine with simulated damage of
exhaust valve, X, — spectrum of vibration acceleration — engine with brand new exhaust valve.
Examples of the results are presented in Fig. 5.
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Fig. 4. Spectra of accelerations of the head vibrations at various engine conditions: a) Brand new valve,
b) First (I) defect of the exhaust valve, ¢) Second (II) defect of the exhaust valve,
d) ‘Unknown operational’ condition
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Fig. 5. Root mean square of the differential spectrum as the defect function:
1 — First (I) defect of the exhaust valve, 2 — Second (II) defect of the exhaust valve,
3 — ‘Unknown operational’ condition

The root mean square of the differential spectrum seems to be the proper symptom of the
mechanical defect. It allows to discriminate explicitly individual engine states with the introduced
defects. This measure is monotonic versus the defect development function, which enables
revealing the defect in its early stage. The root mean square for the ‘initial’ operational state is
located in between the first and the second defect, which indicates its significant wear, tantamount
to the early stage of simulated defects. The valve visual inspection as well as the fact of a very
long mileage, without previous repairs of the driving unit, confirms — with a high probability — the
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correctness of the obtained results.

The behaviour of the proposed measure at changes of the rotational speed and gear ratios was
also checked (Fig. 6). This measure is not sensitive to changes of driving conditions and retains
the constant tendency of changes.
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Fig. 6. Root mean square value change as a function of: a) Rotational speed, b) Gear ratio

Such algorithm of looking for the inefficiency symptom not only allows to discriminate
explicitly states: good/out of order, but also the actualization of the ‘basic’ state after each repair
or intervention in a driving unit and — at an appropriate approximation — establishing the constant
decision thresholds.

However, the presented situation is slightly idealized. In reality, especially taking into account
the adapting ability of control systems, when elements or systems cooperating become faulty then
simultaneously occurring defects can question the proposed measure correctness. To check this
correctness an additional defect was introduced into the system. The valve clearance was increased
to 0.8 mm. The analysis was performed in the analogous manner as in case of a single defect.
Examples of root mean square value of the differential spectrum are presented in Fig. 7, and their
comparison with the single defect in Fig. 8.

gear Il rpm 1500 gear lll rpm 3000
02 T T T
first defect of the 0.5 | first defect of th 1
exhaust valve with the exhaust valve with the
g.45 | reased valve clearance increased valve increased valve clearance
" clearance of the valve 04 ;
4 14 increased valve
g second defect of the in the operational g clearance of the valve
g exhaust valve with the condition g in the operational
£ 04 increased valve clearance 4 H 03 second defect of the condition bl
3 3 exhaust valve with the
E E increased valve clearance
] 5 02
8 g
0.05 8
0.1 -
0 0
1 2 3 1 2 3
damage damage
gear IV rpm 3000 gear V rpm 4000
05 T 08 T T
first defect of the first defect of the
exhaust valve with the 0.7 exhaust vaive with the 1
0.4|-increased valve clearance - increased valve clearance
increased valve 06 -
4 clearance of the valve k4 increased valve
P in the operational 3 os slearance.of the valve...|
a second defect of the condition @ in the °p§.’::'"°"al
§ exhaust valve with the § 04f condltion 1
£ increased valve clearance H second defect of the
g 02 | z 03l exhaust valve with th 1
8 8 increased valve clearance
02 1
01 1
01t .
[ [}
1 2 3 1 2 3
damage damage

Fig. 7. Root mean square value of the differential spectrum for defects occurring in parallel:
1 — First (I) defect of the exhaust valve with the increased valve clearance,
2 — Second (IT) defect of the exhaust valve with the increased valve clearance,
3 — Increased valve clearance of the valve in the ‘unknown operational’ condition
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Fig. 8. Influence of the defects occurring in parallel — on the proposed measure:
Valve clearance 0.45: 1 — First (I) valve defect, 2 — Second (II) valve defect, 3 — ‘Operational’ condition,
Valve clearance 0.80: 4 — First (I) valve defect, 5 — Second (II) valve defect, 6 — ‘Operational’ condition

In the case of an additional defect occurrence in a form of the increased valve clearance the
relation between defected states is the same as in the case of a single malfunction of the exhaust
valve. The question whether another defect occurring in parallel will not disturb the estimation of
the exhaust valve state remains still to be answered, since this is crucial in eliminating any doubts
of the proposed measure correctness. All states of the driving unit, it means the state: when the
valve was with the single defect, when the clearance was changed and when both defects were
present together, are combined in Fig. 8.

As can be seen in the presented diagrams, the valve clearance change significantly increases
the root mean square of the differential spectrum and is dominating in signals with additionally
introduced valve defects. The defect occurring in parallel does not disturb the correctness of the
estimation of the exhaust valve state, but also allows the diagnostics when the valve clearance is
increased. Such symptom is not sensitive to a general increase of clearances.

The influence of the rotational speed change and gear ratio on the differential spectrum root
mean square was also checked in this case, in order to eliminate the influence of the parallel defect
on the proposed diagnostic symptom of the exhaust valve in a wider range of the unit operation
(Fig. 9).
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Fig. 9. Change of the root mean square of the differential spectrum for parallel defects as a function of:
a) Rotational speed, b) Gear ratio

As it results from the diagrams analysis, the root mean square of the differential spectrum is
insensitive to changes of driving parameters, which means that an additional malfunction does not
explicitly influence the proposed estimation symptom of the valve state.

Root mean square value change for all considered defects, together with their simultaneous
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occurrence, as the gear ratio function for the selected rotational speed of the engine, are presented
in Fig. 10.
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Fig. 10. Root mean square value change for all considered defects as the gear ratio function
for the selected rotational speed of the engine

The root mean square of the differential spectrum allows to determine explicitly the damage
stage of the exhaust valve for the nominal valve clearance. In addition, a parallel defect in a form
of an increased valve clearance does not influence the reliability of the proposed symptom and
allows for its revealing — as a single malfunction and in case of a simultaneous occurrence of the
exhaust valve defect allows to reveal its early phase. Such pathway of the root mean square enables
also to determine explicit diagnostic decision thresholds, possible for implementing in existing
OBD and - in case of older generation vehicles — in electronic control systems.

4. Conclusions

The proposed measure in a form of root mean square of the differential spectrum seems to be
meeting all conditions required from the proper damage symptom. It explicitly discriminates states:
good/not in order allowing to reveal the defect in its early phase. This symptom is insensitive to
measurement conditions changes, rotational speeds, gear ratios or damages occurring in parallel.
In addition, this measure is the simple one not requiring developed mathematical tools, and the
algorithm implementation in existing on board systems and even in simpler control systems in
vehicles of the older generation will not be difficult.
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