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Signal filtering method of the fast-varying diesel exhaust gas temperature

The paper presents the problem of the impact of external distortions originating on laboratory test stands on the results of measure-
ments of fast-varying diesel exhaust gas temperature. It has been stressed how significant the aspect of the test stand adaptation is during
an experiment to ensure the smallest possible impact. This paper, however, focuses on the methods of mathematical processing of a
signal recorded during experimental research of a real object. The most significant parameter requiring filtering is the fast-varying
exhaust gas temperature in the engine exhaust channel. Methods of mathematical processing adequate to this type of distorted signal
have been presented, particularly those that can be used in the Matlab environment and consisting in averaging of the obtained curves of
temperature changes. The results of the application of these methods have also been presented on actual curves recorded during labora-

tory tests and their evaluation has been made.
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1. Introduction

Diesel exhaust gas parameter-based diagnostics is an
important problem of contemporary engineering. The influ-
ence of external factors on the obtained signal is significant
and engineers should aim at developing efficient methods
to minimize this distortion. Aiming at a development of
a method of diagnosis of the components of this type of
objects based on the measurements of fast-varying exhaust
gas temperature, a tool should be developed for mathemati-
cal processing and interpretation of the signals obtained
during research. The performed analysis of the results of
experimental investigations performed on piston engines
thus far [12, 15, 1], during which fast varying pressures and
temperatures of exhaust were recorded, has shown an exis-
tence of many important metrological issues. The most
significant is the inertia of the thermocouples and the influ-
ence of the external factors (from the test stand and the
immediate surroundings) on the obtained results. Therefore,
this influence is to be minimized by selecting appropriate
measurement techniques and measurement equipment [14].
At the same time, algorithms are applied that allow deter-
mining of the actual curve of the fast-varying exhaust
temperature that is free from the said distortions. This,
however, requires a selection of an appropriate method of
mathematical processing of the signal obtained under labo-
ratory conditions. There are many methods of mathematical
processing of signals distorted with external factors. The
determination of the right method allows a proper interpre-
tation of the obtained results, which, in the long run, en-
ables a determination of the diagnostic method that would
allow analyses of the design structure of diesel engines
based on fast-varying exhaust temperatures.

The aim of this paper is to present the most appropriate
(in the author’s judgment) methods of mathematical pro-
cessing of fast-varying gas temperature as a diagnostic
parameter. The presented methods are part of an algorithm
aiming at a description of the process of diagnosis of struc-
tural components of diesel piston engines based on the
exhaust gas temperature in the exhaust system. While the
methods of fast varying temperature signal filtering are
known, the procedure of diagnosing of piston machines
worthiness based on these parameters is innovative. Thus
far, the most widely applied diagnostic parameter of piston

machines in laboratory experiments and investigations on
real objects was pressure. Diagnostic investigations based
on fast-varying exhaust temperature was performed by
Rutkowski in 1976, yet this method has not been fully de-
veloped [8]. The components of the method under deve-
lopment are known but the algorithm itself, whose one of
the elements was presented, has not been described in lite-
rature. The presented methods of signal filtering are often
described in theory. In this paper, the application of digital
filters for mathematical processing of the laboratory test
results has been shown and their usefulness in the process
of parametrical diagnosis of piston machines has been eva-
luated.

2. Results obtained on a laboratory test stand from
a single cylinder diesel engine
Empirical research was performed on a laboratory test
stand on a Farymann D10 four-stroke single cylinder diesel
engine (Fig. 1, 2a,b). The basic engine specifications are as
follows:
— rated power 5.9 kW,
— engine speed 1500 min™,
— torque 38 N-m,
— cylinder bore 90 mm,
— cylinder stroke 120 mm,
— compression ratio 22:1,
- displacement 765 cm’.
During the research, the following indictors were re-
corded:
— exhaust gas temperature recorded with a type K thermo-
couple in a ceramic sheath,
— exhaust gas temperature recorded with a type K thermo-
couple additionally cooled with a water coat,
— exhaust gas pressure in the exhaust channel,
— signal of the top dead center,
— generator load current (armature),
— voltage at the terminals of the generator armature,
— exhaust valve opening signal.
Table 1 presents the measured control parameters and
the measurement equipment used in the research.
For the recording of the fast-varying temperatures, the
pressures and the top dead center signal, a multifunctional
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measurement and recording module (DT — 9805 by Data
Translation) was used. For the storage of the recorded pa-
rameters the authors used Matlab. During the tests, a con-
stant engine speed of 1280 min~' was maintained. The sam-
pling frequency was 8000 Hz. The tests were carried out on
an unloaded engine and the presented results are an average
from several consecutive measurements performed under
the same conditions.

The parameters of the exhaust gas recorded during
a single engine work cycle of a four stroke engine were
analyzed in order to compare the curves of the fast-varying
temperature recorded with two thermocouples of different

design and with a graphic tracing being clearer for physical
interpretation. From the data presented in Fig. 3, one can
observe a significant difference in the readings of the two
thermocouples — the average exhaust gas temperature indi-
cated by the water-cooled thermocouple is much lower
(tens of degrees Centigrade). This requires a further analy-
sis of the influence of the thermocouple cooling on its rea-
dings. An important advantage of the application of a water
cooled thermocouple, however, are less distorted curves
with more evident temperature surges, which results from
the minimization of the heating of the thermocouple body
from the walls of the channel, in which it is mounted.
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Fig. 1. Schematics of the test stand with the measurement signals recording and processing system: TSS—Farymann D10 diesel engine; PP — belt trans-
mission; G — direct current generator; GRZ — system of heaters [9]
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Fig. 2. a) Diagram of the laboratory test stand with the fitting spots of the sensors marked: 1 — Farymann D10 engine, 2 — engine speed and TDC sensor,

3 — exhaust valve opening sensor, 4 — A/C converter, 5 — recorder, 6 — analysis software, 7 — thermocouple in a ceramic sheath, 8 — pressure sensor, 9 —

water cooled thermocouple, 10 — exhaust gas channel, A — intake air, B — exhaust gas, C — fuel line; b) view of the laboratory test stand with the fitting

spots of the sensors of the recorded parameters marked: 2 — engine speed and TDC sensor, 7 — thermocouple in a ceramic sheath, 9 - water cooled ther-
mos-couple, 3 — exhaust valve opening sensor, 8 — pressure sensor
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The exhaust valve closing (opening) signal indicated in
Figs 3-6 is a hypothetical point of valve closing (opening).
This is caused by the imperfection of the method of recor-
ding of this parameter (Tab. 1). The determination of this
point within the engine work cycle is only for information
purposes and is of no significance for the diagnostic method
under development. Therefore, the values in the figures
deviating from 720°C.A. within a single work cycle of
a diesel engine, result from the above. They were left un-
modified due to a rather negligible informative value.

3. The influence of the distortions on the
fast-varying temperature signal

There are many factors influencing the signal of the
fast-varying exhaust temperature in the exhaust channel of
a diesel engine obtained in the laboratory tests. These are
mainly the internal and external distortions that come from
the following sources:

— unrepeatability of the injection and combustion process-
es for each diesel engine work cycle,

— wear of the engine components as well as the injection
system,

— immediate surroundings of the test stand (ambient air,
interference of physical fields, etc.),

— measurement chain (equipment and connection) and the
power grid,

— inertia of the temperature recording sensor (thermocou-
ple).

The listed factors may generate distortions of the tem-
perature signal making it impossible to properly interpret
the obtained curve. From the analysis of the research per-
formed thus far, it results that there is a deviation from the
average exhaust temperature reaching several degrees Cel-
sius (Fig. 3). One can also observe a difference of the varia-
bility of the temperature signal of the same exhaust flow
recorded with two different thermocouples: the water-
cooled and the one without cooling. The heating of the
thermocouple from the exhaust channel, in which it is fit-
ted, results in much higher temperature readings compared
to the water-cooled thermocouple. One can also observe
a less clear and longer-to-respond temperature variability
curve resulting from a greater inertia of the thermocouple
without cooling.
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Fig. 3. Curves of the temperature changes recorded in the exhaust channel

of the Farymann D10 engine with two type K thermocouples during

a single work cycle: 1 — temperature recorded with the exposed thermo-

couple, 2 — temperature recorded with the water-cooled thermocouple, 3 —

pressure in the exhaust channel, 4 — exhaust valve closing signal, 5 —
exhaust valve opening signal

In order to minimize the influence of the external fac-
tors on the results of the Farymann Diesel D10 engine ex-
haust temperature measurements on a laboratory test stand
(Fig. 2), the exhaust channel was modernized [14]. The
exhaust channel was made a straight fragment and the sen-
sor along with both thermocouples were fitted at the same
distance from the exhaust valve. Despite an improvement of
the technical conditions of the measurements, it is some-
times necessary to develop an appropriate method of mathe-
matical processing of the obtained results.

4. The proposed method of mathematical
processing of the fast-varying temperature
signal — filters in the Matlab environment

Performance of research on an actual object generates

a problem of receiving signals that contain distortions. The

making of a measurement and obtaining a file containing

measurement data is the preliminary stage of the research.

For the analysis of the results, it is necessary to apply pro-

per computer software that would allow elimination of the

distortions from the obtained curves. There is generally
available software such as Mathcad, Matlab, Microsoft

Excel or Analysis Toolpak that allows numerical data ana-

lysis. The review of the available software has indicated

that the most advantageous environment for scientific cal-
culations is Matlab with appropriate Excel support.

Tab. 1. The parameters of the Farymann D10 single cylinder diesel engine recorded on the laboratory test stand

Item Parameter Measuring device unit Measurement range

o § Exposed junction type K thermocouple o

L. Exhaust gas temperature — Ty, (junction diameter 0.2 mm, ceramic sheath) c 0-1000
Grounded type K thermocouple with the
2. Exhaust gas temperature — T, junction of external diameter of 0.5 mm, °C 0-1000
made from inconell
0-689475.73 Pa (0-100 psi),
3. Exhaust gas pressure in the exhaust channel — ps, Optical pressure sensor — Optrand C12296 \Y sensitivity 6.01-10° V/Pa
(41.43 mV/psi)

4 Engine speed (angular position °C.A.) —n Induction engine speed sensor and TDC min™ 0-3000

Top dead center — TDC sensor
5. Load Current of the generator (armature) — Iy Electric current meter A 0-15
6. Voltage at the armature terminals— Uy, Voltmeter Vv 0-250

. L Gap type opto-isolator with a comparator \ 0-5
7. Exhaust valve opening signal LM393 mm 10 (gap)
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The main task of a digital filter is the improvement of
the quality of the processed signal through its smoothing
while still maintaining its original shape. Upon the analysis
of popular digital signal filters, the authors decided on the
application of 3 filtering methods: Savitzky-Golay filtering,
median filtering and envelope filtering [16].

The Savitzky-Golay filter is a digital filter applied for
a group of measurement points to smooth the curves i.e.
increase the signal noise ratio without significant distortion
of the signal itself. This is obtained in the process of convo-
lution by adapting subsequent subsets of neighboring data
points to the low degree polynomial with the method of
least squares. The method, based on established procedures,
was popularized by Savitzky and Golay in 1964 [18].

The median filter is a non-linear filter whose principle
of operation is selecting the median value of a sequence of
values in the ascending order of data of the processed point
and its surroundings. The advantage of the median filter is
that all of the values that deviate from the average are omit-
ted when new values of the measurement point are calcula-
ted. The envelope filter utilizes the signal envelope, i.e. an
instantaneous value of the signal amplitude as a function of
time that changes much more slowly than the signal itself.

5. The application of the filtering methods in the
mathematical processing of the laboratory test
results

The signal of fast-varying exhaust temperature obtained

during laboratory tests on a laboratory test stand (Farymann
Diesel D10) was subjected to mathematical processing.
After the application of the 3 filtering methods (Savitzky
and Golay, envelope, median) for the curves recorded by
both applied thermocouples (Fig. 4 and 5), clearer readings
were obtained that were free from the noise resulting from
external factors. One can see, however, a significant delay
of the exhaust temperature recorded by the thermocouple
against the records of the pressure pulses. The power grid
buzz was eliminated as the entire measurement chain was
powered from a battery.

160@7 | | ZJT @ 7@120 103
o 1ss Ll 1l 4y I A LY g e
= LA AT IR T e Wl Joos E
s = A Ay =
2145 i i l)/ N T ,,Zﬁ g
@ 140 +85 &

‘@. gl s v ¥ o ¥ o T 883 I8 »

= N N oo @ N o

Crank angle [deg]

Fig. 4. Temperature change curves recorded in the exhaust channel of the
Farymann D10 diesel engine with a type K thermocouple (exposed junc-
tion, ceramic sheath) during one of the work cycles filtered in Matlab: 1 —
temperature recorded with a thermocouple with exposed junction, 2 —
temperature curve after the Savitzki and Golay filter, 3 — temperature
curve after the median filter, 4 — temperature curve after the envelope filter
5 — pressure in the exhaust channel, 6 — exhaust valve closing signal, 7 —
exhaust valve opening signal
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Fig. 5. Temperature change curves recorded in the exhaust channel of the
Farymann D10 diesel engine with a type K thermocouple (grounded)
during one of the work cycles filtered in Matlab; 1 — temperature recorded
with a grounded thermocouple, 2 — temperature curve after the Savitzki
and Golay filter, 3 — temperature curve after the median filter, 4 — tempera-
ture curve after the envelope filter 5 — pressure in the exhaust channel, 6 —
exhaust valve closing signal, 7 - exhaust valve opening signal
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Fig. 6. Curves and changes of temperatures recorded with the two type K

thermocouples during a single work cycle after mathematical processing in

Matlab (envelope); 1 — temperature recorded with the exposed thermocou-

ple after mathematical processing, 2- temperature recorded with the water-

cooled thermocouple after mathematical processing, 3 — pressure in the

exhaust channel, 4 — exhaust valve closing signal, 5 - exhaust valve open-
ing signal

All the applied methods of signal mathematical
processing allowed an obtainment of curves of similar
parameters (Fig. 4 and 5). The signal obtained after
filtering is free from distortions resulting from the
influence of noise caused by external factors (Fig. 6),
which allows a more detailed interpretation of the
obtained results. Therefore, a significant usefulness
can be observed of the signal Matlab filtering method.

Two important problems remain for further con-
siderations. First, one can see a significant difference
in the readings of the thermocouples during the tests.
The influence of the water-cooling (along with the
heating of the channel walls) of the thermocouples on
their readings needs to be determined. Another pro-
blem that needs attention is the shift of the tempera-
ture amplitude against the pressure amplitude, which
results from the inertia of the thermocouple. It is, thus,
necessary to determine the method of obtaining of the
actual exhaust temperature, free from errors related to
phase delay and amplitude distortion [17] of the re-
corded signal against the actual curve.
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6. Conclusions

After the preliminary investigations, it is expected
that the fast-varying exhaust temperature may lead to
the obtainment of diagnostic information related to the
technical condition of the engine and the injection
system. In order to develop a diagnostic method based
on this parameter, one should allow for the require-
ment of high measurement accuracy, technology and
ergonomics. The costs of purchase and implementa-
tion of the precise measurement equipment also need
to be considered. One should mind the minimization
of external factors. An equally important aspect is the
selection of a proper method of mathematic pro-
cessing of signals recorded during laboratory tests,
including the determination of the time constant.

The proposed method of mathematical processing
of a fast-varying diesel exhaust temperature signal
consists in averaging of the signal with filters in the
Matlab environment. In the next step one should con-
sider developing a method of determination of the
actual curve of the exhaust temperature change. In
order to fully evaluate the usefulness of the developed
method it will be necessary to carry out engine labora-
tory tests for different load conditions and apply the
proposed method of signal correction for a wider
group of measurement data. If, after this stage, the
method is deemed useful, it may be used in further
research works for mathematical processing of signals
used in parametrical diagnosing of all types of piston
machines, which may even increase its usefulness.
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