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This paper presents a new arrangement for the indicating measurement system utilized in the study of
internal combustion engines. In this experimental configuration, the current polarized by a piezoelectric
pressure transducer is converted into an analog signal proportional to the cylinder pressure variation
rate, which constitutes the primary information for combustion heat release analysis. The proposed tech-
nique reduces the uncertainty in the pressure derivative data, providing more accurate heat release
results than those obtained with the traditional transducer signal conditioning procedure, which requires
the numerical derivation of in-cylinder pressure data supplied by a charge amplifier.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction procedure that enhances the uncertainties present in pressure data
In-cylinder pressure measurements are fundamental for engine
combustion diagnosis and for indicated work calculation. In engine
combustion diagnosis, the apparent heat release rate and the com-
bustion reaction extent are the most useful quantities obtainable
from in-cylinder pressure data. The apparent heat release rate is
calculated by computing the amount of fuel chemical energy re-
lease necessary to obtain the pressure variations observed experi-
mentally, while the combustion reaction extent is evaluated
through the released fraction of the total fuel chemical energy
[1–4].

Heat release analysis is often complemented using optical tech-
niques [5–10] and its utilization as a diagnostic tool covers a wide
range of objectives, including the development of new combustion
systems, the analysis of alternative fuel burning, the validation of
mathematical models for engine simulation, the investigation of
combustion chamber insulation effects and the study of new injec-
tion strategies.

It is widely recognized that the reliability of heat release results
strongly depends on the accuracy of the engine indicating mea-
surements and especially on the accuracy of the cylinder pressure
derivative [2–4]. Traditionally, the pressure derivative has been
evaluated by numerical derivation of pressure data measured with
a piezoelectric transducer polarized by a charge amplifier, a
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and imposes spurious oscillations to the heat release results.
Taking into account the relevance of the accurate determination

of the pressure derivative to improve the heat release results, an
engine indicating procedure that allows the direct measurement
of the pressure variation rate is proposed in this work. Experiments
conducted with a direct-injection, turbocharged, high-speed diesel
engine show that the proposed procedure allowed a reduction in
the uncertainty of the pressure derivative data and in the noise le-
vel of the calculated heat release results, as compared with those
obtained from measurements carried out using the traditional
procedure.

2. Experimental apparatus

A ZÖLLNER ALPHA-160 dynamometer and an AVL Puma 5 auto-
mated test bed system were employed to control engine operation
and to evaluate its relevant performance characteristics. The tested
engine was a direct-injection, turbocharged, high-speed diesel
MWM 6.07T GMT-400, with the specification shown in Table 1.
The engine intake was connected to a surge tank and the intake
air flow rate was determined through the use of a rotary piston
gas meter. Additionally, fuel consumption was measured using
an AVL 733-S gravimetric fuel balance and water fed heat exchang-
ers were used to control the engine coolant and fuel temperatures.

A schematic representation of the engine indicating system is
provided in Fig. 1, and shows how this system was prepared to
operate with the two measurement procedures addressed in the
present work. An AVL 3066 charge amplifier was employed for
the transducer polarization during the measurement of in-cylinder
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Table 1
Engine specification

Configuration Four stroke, direct-injection
Turbocharger control Waste gate valve
Number of cylinders 6
Displacement (dm3) 4.2
Bore (m) 0.093
Stroke (m) 0.103
Rod length (m) 0.170
Compression ratio 17.8:1
Valves per cylinder (intake/exhaust) 2/1
Intake valves close (�after BDC) 32
Exhaust valve opens (�before BDC) 55
Fuel injection pump Bosch VE
Fuel injectors Five holes
Fuel injectors opening pressure (first/second stage)

(bar)
220/300

Maximum power (kW) 123
Maximum power speed (rpm) 3400

Fig. 2. Installation position of the pressure transducer.
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pressure, while a current-to-voltage converter was utilized during
the measurement of the cylinder pressure derivative. The circuitry
used in the construction of a current-to-voltage converter that is
appropriate for engine indicating measurements is presented in
Section 3.2. A piezoelectric miniature pressure transducer AVL
GM 12 D was used for cylinder pressure measurement as well as
for pressure derivative measurement. This transducer was flush
mounted above the piston bowl (see Fig. 2), thus preventing pres-
sure oscillations inherent to the squish gap and to mounting chan-
nels [11]. The angular position of the top dead center was
determined dynamically, using an AVL 428 TDC capacitive sensor.

The pressure and the pressure derivative signals were sampled
at a 0.5� c.a. resolution and were averaged over 56 consecutive cy-
cles, using an AVL Indimeter 617 indicating data acquisition sys-
tem with 12 bit resolution. The measuring chain formed of the
piezoelectric transducer, the charge amplifier and the data acquisi-
tion system was calibrated prior to measurements, following the
quasistatic procedure described by Lancaster et al. [12] and using
a Web Mebgerätewerk dead-weight tester with INMETRO trace-
Fig. 1. System for measuring in-cylinde
ability. Further details regarding calibration of the proposed
arrangement of the indicating system are provided in Section 3.2.

In order to compare the proposed and the traditional engine
indicating procedures, the same conditions of coolant temperature,
fuel temperature, air flow rate, intake and exhaust manifold tem-
peratures and pressures, engine speed and engine brake torque
were used. Accordingly, heat release calculations from experimen-
tal data provided by both procedures were performed using the
same values of cylinder wall temperatures and adjusting coeffi-
cients of the heat transfer correlation.

3. Signal conditioners for the piezoelectric pressure transducer

Engine indicating measurements for combustion diagnosis re-
quires a durable transducer with high linearity, adequate fre-
quency response and high resistance to thermal load, therefore,
in-cylinder pressure measurements are usually carried out by
r pressure and pressure derivative.



Fig. 3. The piezoelectric pressure transducer.
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means of piezoelectric crystal transducers. Fig. 3 illustrates the
principle of operation of such a pressure sensor. The pressure var-
iation rate (dP/dt) experienced by the transducer diaphragm is
transmitted to a piezoelectric crystal through intermediate ele-
ments, causing its deformation at a rate of de/dt. Due to the piezo-
electric effect, this deformation polarizes charge q in the
transducer electrode originating an electric current i, which consti-
tutes the transducer output signal:

i ¼ �dq
dt
¼ �Gs

dP
dt

ð1Þ

where Gs is the transducer sensitivity.
Piezoelectric transducers only respond to pressure variations

and, for this reason, the evaluation of actual in-cylinder pressure
necessitates the determination of an appropriate pressure data base-
line for each engine cycle. In this study, the data baseline was deter-
mined by choosing a pressure value at the intake valves closing that
guarantees zero heat release rate during the first 80� c.a. of the com-
pression stroke. This procedure follows the recommendations of
Lapuerta et al. [13], who demonstrated that the pressure reference
level is the only input parameter that significantly affects the heat re-
lease results during the initial phase of compression.

The accuracy of a piezoelectric pressure transducer deteriorates
when it is exposed to a variable heat flux, as occurs during the
Fig. 4. Transducer signal conditioni
combustion process [14]. As the sensor temperature varies, ther-
mal strain arise in the sensor diaphragm and shell, changing the
sensitivity of the piezoelectric element and producing a distortion
in the transducer output signal, which is known as temperature
drift [15]. Therefore, it can be seen that reducing the effects of tem-
perature drift on the output signal is an important issue for the
improvement of engine indicating techniques.

It is usual to divide temperature drift into a short-term and
long-term component. Short-term drift, known as thermal shock,
results from the heat flux variations within each cycle and causes
pressure readings to be slightly higher than the actual cylinder
pressure during combustion and slightly smaller during the
remaining part of the power stroke. It cannot be readily identified
or suppressed during signal processing, and may endanger the reli-
ability of cylinder pressure data [11,14–20]. In this study, the
extension of the short-term drift was assessed using the test proce-
dure proposed by Randalph [19,20], and it was found to be compat-
ible with data reported for transducers similar to that employed
here [20].

The second component of the temperature drift, the so-called
long-term drift or load-change drift, results from gradual variation
of the transducer temperature due to changes in the engine oper-
ating conditions. As will be seen in the following sections, long-
term drift affects in different ways the pressure data obtained from
ng through a charge amplifier.
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each of the transducer signal conditioning procedures considered
in this study.

3.1. The conventional technique for transducer signal conditioning

Fig. 4 shows a simplified scheme of the experimental assembly
normally utilized for engine indicating measurements, which is
based on an integral method of transducer signal conditioning. A
high insulation shielded cable conducts the charge polarized by
the transducer toward the charge (piezoelectric) amplifier. This
equipment produces an output signal proportional to the time
integral of the input current. Thus, the in-cylinder pressure P is re-
lated to the output voltage of the charge amplifier vch through the
following expression:

ðP � PrefÞ ¼
vch � Ga

Gs
ð2Þ

where Pref is the in-cylinder pressure at the beginning of the inte-
gration operation and Ga is the gain of the charge amplifier.

The charge produced by the piezoelectric pressure transducer
is very weak, reaching only a few dozens of pC/bar, so that leak-
age current in the measuring system has a significant impact on
the integrated signal, causing a slow and continuous decrease in
the output voltage, and resulting in underestimated pressure val-
ues. In order to reduce this negative effect to a tolerable level it is
Fig. 5. Transducer signal conditioning thr

Fig. 6. Calibration pressure signal for
necessary to use a high impedance charge amplifier, as well as to
maintain the electrical connections of the measuring system spot-
lessly clean. This instrumentation non-ideality combined with the
integration of the long-term drift error (load-change drift) causes
instability in the pressure data baseline. In literature, this insta-
bility is known as pressure data baseline drift or shift
[11,17,18,21] and due to its effect the baseline may be rapidly
displaced by several bars. Therefore, in-cylinder pressure mea-
surement requires the periodic reset of the charge amplifier to
avoid saturation.

When this technique for transducer signal conditioning is em-
ployed it is usual to obtain the pressure derivative through numer-
ical manipulation of pressure data. In this study, this was
accomplished using the following expression, which is based on
fourth order finite differences [22]:

dP
dhj
¼ Pj�2 � 8Pj�1 þ 8Pjþ1 � Pjþ2

12Dh
ð3Þ

where Dh is the crank angle step between two consecutive pressure
readings (0.5� c.a.). In an attempt to avoid the numerical derivation
of the pressure data, Marzouk and Watson [18] tested the electronic
derivation of the pressure signal provided by a charge amplifier.
These authors did not obtain satisfactory results for the pressure
variation rate, underestimating its peak value during premixed
ough a current-to-voltage converter.

the current-to-voltage converter.



Fig. 7. Reference curves for pressure and pressure derivative data (2600 rpm and 80% of full load).
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combustion. This was due to the inadequate frequency response of
the analogical differentiation circuit, which severely affected its
performance when processing the high frequency spectral compo-
nents of the pressure signal.

3.2. The proposed procedure for transducer signal conditioning

Measuring in-cylinder pressure derivative demands the con-
version of the current supplied by a piezoelectric pressure trans-
ducer into a voltage signal. The frequency response requirements
in engine indicating measurements make it necessary to perform
this conversion in a low input impedance device. Otherwise, an
equivalent RC circuit formed by the transducer self-capacitance
and by the input impedance of the signal conditioner may lead
to attenuation and phase shift of the pressure derivative signal.
As shown by Payri et al. [23], the shape of the combustion heat
release rate is very sensitive to phase angle errors in the indicat-
ing data.

The current-to-voltage converter circuit shown in Fig. 5 attends
the gain and the frequency response requirements for engine indi-
cating measurements. This equipment has low input impedance, as
given by the ratio of the gain adjustment resistance RA to the open
loop gain of the operational amplifier A1, thus avoiding the influ-
ence of the piezoelectric transducer self-capacitance. The mea-
sured pressure variation rate is given by

dP
dt
¼ vcv

Gs � RA
ð4Þ

where vcv is the output signal of the current-to-voltage converter.
When this procedure for transducer signal conditioning is used,

the pressure data may be obtained through numerical integration.
In this study, a fourth-order Runge–Kutta method was used.



Fig. 9. Deviations due to the measurement system noise and to the in-cylinder flow (2600 rpm and 80% of full load).

Fig. 8. Spectral distribution for simulated in-cylinder pressure derivative (2600 rpm and 80% of full load).
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Fig. 10. Pressure derivative experimental data and its spectral composition (2600 rpm and 80% of full load).
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The use of the current-to-voltage converter avoids the need of
special care with insulation resistances and leakage current, en-
abling the current polarized by the transducer to flow to ground
via a low resistance path. In this case, the non-idealities of the sig-
nal conditioning circuit cause an effectively constant offset of the
pressure derivative baseline, which can be suppressed with the uti-
lization of an ultra-low bias current operational amplifier. Addi-
tionally, the long-term drift also makes the pressure derivative
baseline deviate from its original position; however, this effect dis-
appears as the engine operates in steady state. Thus, the circuit
shown in Fig. 5 eliminates the need for periodic reset during
measurements.

In order to ensure adequate accuracy of experimental data, the
measuring chain formed of the piezoelectric transducer, the cur-
rent-to-voltage converter and the data acquisition system was cal-
ibrated using the loading/unloading quasistatic procedure with a
deadweight tester, as described by Lancaster et al. [12]. The pres-
sure variation rates experienced by the transducer during this cal-
ibration were significantly smaller than those of in-cylinder
measurements, a fact that justified applying a gain of 40 dB to
the output signal of the current-to-voltage converter. Correspond-
ing pressure data was obtained through numerical integration and
this data allowed the determination of an equivalent gain of
5012.52 bar/(s V), as well as a linearity of ±0.322% for the entire
measuring system. Fig. 6 shows the obtained pressure curve when
the transducer was loaded with 19.61 bar (20 kgf/cm2) from an ini-
tial pressure of 117.68 bar (120 kgf/cm2).

4. Engine indicating signal and noise characterization

Cylinder pressure data measured by a transducer can be
understood as being the sum of two components: (i) a smooth
curve, corresponding to the instantaneous average pressure
through the entire cylinder volume; and (ii) a spurious component,



Fig. 11. Combustion driven spurious component in experimental pressure derivative data (2600 rpm and 80% of full load).
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originated by both the turbulent flow of gases inside the cylinder
and the acoustic pulsations associated to combustion. According
to the hypothesis of the single zone combustion model, the first
component must be used to characterize the thermodynamic
state of the gases in the cylinder, constituting the information
of interest for heat release analysis. The second component is
small when compared with the first one and its intensity depends
on the transducer location in the combustion chamber. In addi-
tion to these two components of the measured pressure, the
experimental data also include noise generated by the measure-
ment system during the conditioning of the transducer output
signal. Thus, for accurate heat release analysis it is necessary to
isolate the volume-averaged pressure component from both the
flow and the combustion driven spurious components as well
as from the measurement noise.
Typically, the isolation of the smooth volume-averaged pres-
sure component has been accomplished by means of numerical
treatment of experimental data, which is usually applied after data
averaging over several consecutive cycles. A diversity of methods
can be used for this numerical treatment, including FFT filters, win-
dowing filters and smoothing splines. However, the choice of a
proper data treatment methodology for the engine indicating mea-
surement procedure proposed here requires at least a basic knowl-
edge about the behavior of the above-mentioned components of
experimental data. The strategy adopted to assess this behavior
consists of estimating at first the smooth curve that corresponds
to the average pressure through the entire cylinder volume, which
is named the reference curve (Section 4.1) and, then, employing
this curve to estimate the spurious components of the experimen-
tal data (Sections 4.2 and 4.3).



Fig. 12. Noise in individual cycles and its reduction by cycle averaging (2600 rpm and 80% of full load).
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4.1. Reference curve for the volume averaged cylinder pressure

Reference curves for both in-cylinder pressure and in-cylinder
pressure derivative data were estimated by means of a computer
routine that uses a single zone combustion model. In this routine,
the heat release rate was represented by two Wiebe functions [24]
whose adjusting constants were determined by curve fitting to
heat release rate data calculated from experimental data.

Fig. 7 shows reference curves and experimental data obtained
with each one of the signal conditioning procedures, for the case
of an engine running at 2600 rpm and 80% of full load. The pre-
mixed burning causes a steep slope in the pressure curve, subse-
quent to ignition (circled area in Fig. 7a), whilst in the pressure
derivative curve it is reflected as a prominent peak (circled area
in Fig. 7b). By comparing these two representations, it becomes
evident that the premixed combustion is more visible in the pres-
sure derivative curve, a fact that led to the choice of the pressure
derivative as the basic representation for the analysis of the data
given by the indicator system.

The frequency domain representations shown in this study em-
ploy numerically obtained Lomb periodograms [25]. In these peri-
odograms, the spectral power was normalized with respect to the
variance of the analyzed data, and its value represents the degree
of participation of the signal associated to a given frequency in
the composition of the studied data.

In Fig. 8, spectral distributions of two pressure derivative curves
obtained through numerical simulation are compared. The first
curve, named reference data, was calculated using two Wiebe func-
tions, corresponding to premixed and diffusive stages of combus-
tion, respectively. The second curve, named diffusive combustion
data, was obtained suppressing the premixed combustion and only
one Wiebe function representing diffusive combustion was used.



Fig. 13. Indicating data obtained using the charge amplifier: 1400 rpm and 40% load.
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As can be seen in Fig. 8, these curves exhibit similar spectral power
distribution in the low frequency region (up to 1000 Hz); however,
in the region between 1000 and 5000 Hz the suppression of pre-
mixed combustion caused considerable attenuation of the pressure
derivative data. Thus, it may be concluded that the contribution of
the premixed combustion is located in this frequency range (from
1000 to 5000 Hz) and that the utilization of low-pass filters or
numerical treatment to smooth the transducer signal at frequen-
cies below 5000 Hz may cause distortion or even the elimination
of the influence of premixed combustion on experimental data. It
may also be observed that the effects of both the compression pro-
cess and the diffusive combustion play a major role in the spectral
distribution of the data of interest, occupying the frequency range
with highest spectral power values (below 1000 Hz).
These considerations are in agreement with the trends re-
ported in the work of Priede [26], where the sound produced
during the combustion process in a diesel engine was associ-
ated to the in-cylinder pressure rise rate. Priede observed that
the low frequency region of the cylinder pressure spectral dis-
tribution is similar to that obtained with a motored engine,
while in the high frequency region the spectral distribution de-
pends on the pressure rise rate subsequent to ignition, thus
being related to the premixed combustion. Payri et al. [27] re-
ported similar results, noting that the low-frequency region of
the pressure spectral distribution (under 200 Hz) is clearly
dominated by the pseudo-motored signal, while the medium-
frequency range (200 Hz-6 kHz) is dominated by the combus-
tion signal.



Fig. 14. Indicating data obtained using the current-to-voltage converter: 1400 rpm and 40% load.
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4.2. Measurement system noise and the flow driven spurious
component

The calculated reference curves were used to estimate the spu-
rious components of the experimental data, which was made by
subtracting the experimental data from the corresponding refer-
ence curves.

Uncertainties associated to the data acquisition system are
dominated by the truncation error of the analog-to-digital con-
verter, acting as a source of white noise in the acquired exper-
imental signal. Therefore, the measurement uncertainty due to
this noise (MU) can be estimated in terms of the analog-to-
digital converter accuracy, which corresponds to the least-sig-
nificant bit (LSB) for the measurement system used in this
work.
When a transducer is polarized by a charge amplifier, the influ-
ence of this uncertainty on the pressure derivative curve is indirect,
because the measured parameter in this case is the in-cylinder
pressure. Nevertheless, it is possible to estimate the measurement
uncertainty imposed by the quantization noise to the pressure
derivative (MUdP) using Eq. (3) and taking into account that for this
measurement the LSB value was 0.131 bar:
MUdP ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LSB

12Dh

� �2

þ �8LSB
12Dh

� �2

þ 8LSB
12Dh

� �2

þ �LSB
12Dh

� �2
 !vuut

¼ �0:25 bar=� ð5Þ

On the other hand, when the direct polarization of the transducer
is used, the pressure derivative is accessed directly and the mea-



Fig. 15. Indicating data obtained using the charge amplifier: 2600 rpm and 80% load.
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surement uncertainty imposed by the quantization noise to the
pressure derivative is given by the corresponding LSB value
(54.694 bar/s):

MUdP ¼ �54:694 bar=s ¼ �3:5� 10�3 bar=� ð6Þ

It must be noticed that the utilization of a current-to-voltage
converter allows the measurement uncertainty imposed by the
quantization noise to be reduced to only 1.4% of the correspond-
ing value obtained using a charge amplifier. As it will be dis-
cussed later, this fact has important consequences for obtaining
smooth heat release rate diagrams. Additionally, when signal
conditioning is carried out using a charge amplifier, the refine-
ment of the encoder resolution increases the measurement
uncertainty, whilst for the case of the proposed procedure the
measurement uncertainty does not depend on the encoder
resolution.

Fig. 9a exhibits deviation curves of the experimental data
respective to the reference pressure derivative curve during
the compression process, when combustion does not occur
and, therefore, the spurious components of the experimental
data can be attributed only to the in-cylinder flow and to the
data acquisition system. It may be observed in this figure that
the utilization of a charge amplifier imposes oscillations, which
are within the limits of the quantization noise (±0.25 bar/�);
whilst for the case of the current-to-voltage converter these
oscillations exceed the corresponding limits (±3.5 � 10�3 bar/�).
Therefore, it is possible to conclude that the utilization of a
charge amplifier makes the effects of the noise generated by



Fig. 16. Indicating data obtained using the current-to-voltage converter: 2600 rpm and 80% load.
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the data acquisition system be predominant over the spurious
component generated by in-cylinder flow, whilst in the case
of the proposed procedure the oscillations registered during
the compression process are mainly driven by the in-cylinder
flow.

The spectral distributions corresponding to the deviation
curves shown in Fig. 9a can be found in Fig. 9b. These distribu-
tions characterize both the in-cylinder flow as well as the quan-
tization error, as sources of white noise (random noise), having
a considerable part of its spectral composition in the same fre-
quency range occupied by the data of interest. Such behavior
makes it difficult to use low-pass filters or numerical smoothing
without loss of useful signal, demanding especial care during
the choice of the smoothing parameters, which vary with engine
running condition [28].
Due to the strong presence of the quantization noise in the data
obtained with the charge amplifier, the remaining analysis of the
experimental data composition was based on the proposed exper-
imental approach.

4.3. The combustion driven spurious component

The ignition in diesel engines exhibits an eminently chaotic
character, being strongly influenced by the interaction of chemi-
cal and hydrodynamic phenomena occurring along the ignition
delay [29]. Because of this, a diesel engine operating in steady
state presents cycle-to-cycle variations in the amount of fuel
available for the premixed combustion as well as in the location
where the ignition occurs. In addition, the natural vibration
modes of the gas contained in the cylinder are excited by the high



Fig. 17. Indicating data obtained using the charge amplifier: 2900 rpm and full load.
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burning rates that occur in the beginning of the combustion
[26,30], generating pressure oscillations of large amplitude that
are rapidly dampened due to the high area/volume ratio of the
cylinder cavity [30]. Due to cycle-to-cycle combustion variability,
different modes are excited in each cycle, causing the oscillations
to vary in phase, characteristic frequencies and amplitude from
one cycle to another.

Fig. 10a shows the typical behavior of experimental pres-
sure derivative data, where the cycle-to-cycle variability associ-
ated to the premixed combustion and to the following acoustic
oscillations contrasts with the repeatability inherent to both
the compression process and the diffusive combustion. In the
periodograms presented in Fig. 10b, the combustion-generated
variability appears in the frequencies above 1000 Hz. This re-
sult is in accordance with the observations of Stahle et al.
[31–33], who attributed the pressure data spectrum above
1000 Hz to the random nature phenomena associated to the
combustion.

In Fig. 11a the deviations of the experimental data respective to
the reference pressure derivative curve are shown for two different
cycles during combustion. As can be noticed, after 25� c.a. the
amplitude of the oscillations is dampened to a constant level
slightly higher than that observed during compression, indicating
that the combustion process amplifies the influence of the flow
turbulence on the experimental data. The spectral analysis of this
deviation is shown in Fig. 11b, where the presence of a periodic sig-



Fig. 18. Indicating data obtained using the current-to-voltage converter: 2900 rpm and full load.
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nal in frequencies that should correspond to characteristic fre-
quencies of the cylinder cavity can be seen (9 kHz for cycle 2;
and 2, 6 and 11 kHz for cycle 13). Fig. 11a and b confirm that the
oscillations vary in phase, in characteristic frequencies and in
amplitude from one cycle to other. This behavior is used in Section
5 to remove the combustion driven oscillations by data
overlapping.

5. Experimental data treatment

Due to the behavior of the spurious components of the experi-
mental data, cycle-averaging carried out over a significant number
of successive cycles became an effective method of data treatment,
easing the effects of cycle-to-cycle variations, combustion driven
oscillations and measurement noise by data overlapping. This can
be seen in Fig. 12, which shows in its upper part the spectral com-
position of the spurious components of experimental data, whilst
in its lower part the spectral composition of single-cycle pressure
derivative data is compared to that of mean data (averaged over
a sequence of 56 cycles). Data corresponding to cycles with the
lowest noise level (13th cycle) and with the highest noise level
(second cycle) are shown in the left and in the right parts of this
figure, respectively.

6. Results and discussion

Figs. 13–18 show diagrams of cylinder pressure and its deriva-
tive obtained from the two studied transducer signal conditioning



Fig. 19. Normalized heat release rate and fuel mass burned fraction: 1400 rpm and 40% load.
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procedures. Curves obtained by cycle averaging over 56 consecu-
tive cycles are shown together with their 95% confidence limits.
The data reported in these figures correspond to three engine oper-
ating conditions: 1400 rpm and 40% load; 2600 rpm and 80% load;
and 2900 rpm and full load.

Both transducer signal conditioning procedures resulted in sim-
ilar values for the cycle averaged cylinder pressure and its confi-
dence limits (Figs. 13–18a), so that it may be concluded that
both approaches are equivalent when the cylinder pressure is the
data of interest. However, the studied procedures gave different re-
sults when evaluating pressure derivative, which is the data of
greater interest for heat release analysis. As can be noticed in Figs.
13–18b, the pressure derivative confidence interval obtained with
the current-to-voltage converter was smaller than that obtained
using the charge amplifier and subsequent numerical derivation,
the former reaching only about 1/50 of the latter during most of
the compression process as well as during late combustion, as pre-
dicted in Section 4.2. Yet throughout the main combustion as well
as soon after the closing of the admission valves, when noise is
generated by the diesel combustion and by the admission flow,
respectively, the confidence interval obtained with the current-
to-voltage converter was constantly reduced as the engine speed
and load increased.

Considering the extension of the confidence intervals of pres-
sure derivative data, it is expected that heat release results calcu-
lated from the charge amplifier data exhibit a more irregular and
oscillatory pattern than those calculated from the current-to-volt-
age converter data. It is worth mentioning that large oscillations in
the calculated heat release rate can result in negative values during
the compression as well as during late combustion, which makes



Fig. 20. Normalized heat release rate and fuel mass burned fraction: 2600 rpm and 80% load.
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no physical sense. These oscillations make it difficult to determine
the pressure data baseline, which in turn increases the uncertainty
in the assessment of the burned fraction of fuel mass. The data
shown in Figs. aa19–21a confirms that heat release curves calcu-
lated from charge amplifier data exhibit a higher noise level than
those calculated from current-to-voltage converter data, while
Figs. 19b, 20b and 21b give evidence of the differences in the cal-
culated burned fraction of fuel mass, which are caused by this
higher noise level.

7. Conclusions

A novel engine indicating measurement procedure for heat re-
lease analysis has been presented. This procedure is based on the
direct measurement of the current supplied by the transducer,
avoiding the use of complex polarization circuits such as those
based on the use of charge amplifiers. The proposed procedure per-
mits the direct measurement of the pressure derivative, which is
the main data for calculating combustion heat release rate.

The analysis conducted in this work allowed the estimation of
the experimental data smooth component, which is related to
the instantaneous average pressure through the cylinder volume,
as well as its isolation from the flow and from the combustion dri-
ven spurious components, and from the quantization noise.

It was verified that the conversion of the current supplied by a
piezoelectric transducer into an analog signal reduces the quanti-
zation noise of pressure derivative data by about 70 times. Further-
more, the association of this signal conditioning procedure with



Fig. 21. Normalized heat release rate and fuel mass burned fraction: 2900 rpm and full load.
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cycle averaging as data treatment methodology allowed obtaining
curves of heat release rate with reduced spurious oscillations.
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