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Abstract: The control of internal combustion engines is becoming increasingly challenging to the
customer’s requirements for growing performance and ever-stringent emission regulations. Therefore,
significant computational efforts are required to manage the large amount of data coming from the
field for engine optimization, leading to increased operating times and costs. Machine-learning
techniques are being increasingly used in the automotive field as virtual sensors, fault detection
systems, and performance-optimization applications for their real-time and low-cost implementation.
Among them, the combination of long short-term memory (LSTM) together with one-dimensional
convolutional neural networks (IDCNN), i.e., LSTM + 1DCNN, has proved to be a promising tool for
signal analysis. The architecture exploits the CNN characteristic to combine feature classification and
extraction, creating a single adaptive learning body with the ability of LSTM to follow the sequential
nature of sensor measurements over time. The current research focus is on evaluating the possibility
of integrating virtual sensors into the on-board control system. Specifically, the primary objective is
to assess and harness the potential of advanced machine-learning technologies to replace physical
sensors. In realizing this goal, the present work establishes the first step by evaluating the forecasting
performance of a LSTM + 1DCNN architecture. Experimental data coming from a three-cylinder
spark-ignition engine under different operating conditions are used to predict the engine’s in-cylinder
pressure traces. Since using in-cylinder pressure transducers in road cars is not economically viable,
adopting advanced machine-learning technologies becomes crucial to avoid structural modifications
while preserving engine integrity. The results show that LSTM + 1DCNN is particularly suited for the
prediction of signals characterized by a higher variability. In particular, it consistently outperforms
other architectures utilized for comparative purposes, achieving average error percentages below
2%. As cycle-to-cycle variability increases, LSTM + 1DCNN reaches average error percentages below
1.5%, demonstrating the architecture’s potential for replacing physical sensors.

Keywords: machine learning; LSTM + 1DCNN; architecture; neural network; pressure

1. Introduction

Internal combustion engine testing is becoming increasingly difficult because of in-
creasingly stringent regulations on pollutant emissions [1-3] and increasing performance
demands from customers [4-6]. Hence, exploring modern combustion strategies such as
low-temperature combustions [7,8], expanding the use of renewable fuels [9], and increas-
ing the hybridization level of vehicles are mandatory to meet the demands of sustainable
mobility [10,11]. Concerning modern spark-ignition (SI) engines, the path to reduce fuel
consumption demands the adoption of high boost levels in conjunction with downsiz-
ing [12,13], as well as water injection [14,15] and lean and/or exhaust gas recirculation
diluted mixtures [16-18]. As a result, the engine complexity increases [19,20], and therefore
data analysis tools need to handle large amounts of data from various physical sensors
during engine calibration and runtime operations [21-23]. Improving engine performance
requires significant computational efforts [24,25], which results in longer operating times
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and higher costs [26]. As a result, automotive researchers aim to discover cutting-edge
technologies that can effectively monitor engine parameters [27-29] to improve perfor-
mance while lowering consumption, pollutant emissions, and operating longevity [30,31].
Machine-learning (ML) techniques are becoming more prevalent in automotive applica-
tions due to their real-time capabilities, low-cost hardware implementation, and compact
setup. These techniques are used for virtual sensors [32,33], fault detection systems [34],
and performance optimization [35]. By using interpolation-based techniques, they can
predict parameters and reduce the need for evaluating multiple operating points. This
leads to significant improvements in memory and computational speed [36—46]. Based on
the different ML approaches available, the LSTM + 1IDCNN method appears to be a reliable
way to conduct signal analysis. LSTM, which stands for long short-term memory, is a type
of recurrent neural network (RNN) [47] that can effectively handle long-term relationships
using ‘gates’ located in each cell. This is because it can model the sequential nature of
sensor measurements over time [42,43]. Shin et al. [44] employed a long short-term mem-
ory approach to predict soot emissions from a diesel engine during dynamic conditions,
specifically the worldwide harmonized light vehicles test procedure cycles. They compared
its performance to that of a deep neural network (DNN). The LSTM model demonstrated a
higher accuracy, with an R? value of 0.9761, in contrast to the DNN model, which achieved
an R? value of 0.9215. The LSTM model’s predictions showed mean absolute errors (MAEs)
ranging from 0.30% to 1.47% when compared to the maximum measured values in the
transient cycles. Remarkably, the LSTM model excelled in capturing local data variations
and peak values.

Norouzi et al. [45] utilized a deep recurrent neural network with LSTM layers to
develop a model for predicting the emissions and performance of a 4.5-L four-cylinder
Cummins diesel engine in an industrial setting. They subsequently used this model
for implementing a nonlinear model predictive controller (NMPC). The LSTM achieved
higher R? values of 0.9761 compared to a DNN (R? = 0.9215) used for comparison and
closely matched the NMPC performance, achieving NOx reductions of up to 63.4% (at
1200 rpm). Importantly, LSTM-based controllers significantly reduced the computational
time compared to conventional controllers while maintaining performance.

One-dimensional convolutional neural networks (1D-CNN) have been proposed for
various applications, such as data classification, early diagnosis, structural health monitor-
ing, anomaly detection, and detecting defects in electrical motors [48,49]. The 1D-CNNs
have a simple and compact architecture that performs only scalar multiplications and addi-
tions during real-time 1D convolutions. This results in significant time savings and allows
for low-cost hardware implementation, as noted in reference [50]. CNNs, or convolutional
neural networks, are widely utilized due to their ability to combine feature extraction and
classification in a single adaptive learning system. Fukuoka et al. [51] predicted the wind
speed of Tokushima city using a mixed 1D-CNN LSTM structure. Wind speed is usually
measured over a period, so the proposed method uses historical data to make current pre-
dictions. Rosato et al. [52] developed a novel deep learning approach that integrates long
short-term memory networks and convolutional neural networks to tackle the challenge
of predicting energy time series for a real-world solar power plant. After evaluation, it
was found that the suggested framework is a practical and durable option for forecasting
applications. Its significant advantage is that it uses efficient and intelligent approaches
to benefit from diverse physical data sources. Our research group, referenced as [33], de-
veloped a hybrid structure using LSTM and 1DCNN to explore the feasibility of replacing
a physical sensor, such as a torque meter, with a virtual one. The successful execution of
this objective could have significant cost-saving benefits and prevent damage to the test
bench components caused by the resonance phenomenon, as noted in references [53,54].
The structure accurately replicates the natural frequency of the recorded signal, ensuring
that the absolute difference between the predicted and recorded values always remains
below the acceptable threshold of 10%.
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Considering ICE, the accurate analysis and prediction of engine performance param-
eters are crucial for optimizing fuel efficiency, reducing emissions, and improving overall
reliability. Time-series data collected from sensors and engine control systems provide valuable
insights into engine behavior and can be leveraged to enhance engine performance.

In this context, an ML approach was used in the present work to predict in-cylinder
pressure traces of an SI engine with the aim of determining if such a method can replace
physical sensors. In road cars, the use of an in-cylinder pressure transducer results in
the approach not being economically viable. Using machine-learning technology can be
essential in preserving engine integrity without the need for structural modifications [36].
Murugesan et al. [37] investigated the capability of an ANN approach with an integrated
back propagation (BP) algorithm in predicting the in-cylinder pressure of a single-cylinder
Greaves GL-400. The ANN model’s predictive capabilities, including its performance in
both interpolation and extrapolation scenarios, and its robustness, are thoroughly examined
through a range of error and performance analyses. Based on the error analysis conducted,
the constructed ANN model demonstrates exceptional accuracy in predicting experimental
outcomes, boasting a correlation coefficient close to the unit value and a mean squared
error of 0.0012. A study by Jane Robert et al. [38] introduces a pioneering approach
to achieving near-real-time predictions of in-cylinder engine parameters, with a strong
emphasis on enhancing energy efficiency within systems. Notably, this method relies on
MATLAB/Simulink, diverging from conventional practices that often demand extensive
pre-characterized datasets. The research results underscore the system’s adaptability to
fluctuating operational conditions, offering the potential for significant advantages over the
prevalent look-up table approximations commonly used in advanced vehicle and engine
control strategy development. This innovative implementation significantly enhances our
capacity to optimize engine performance while minimizing data-intensive requirements,
thus advancing energy management within complex systems.

Mariani et al. [39] used extreme learning machines (ELM) to simulate a spark-ignition
engine’s cyclic behavior on octane fuel. Experimental runs at various speeds and crankshaft
angles yielded a mean effective pressure reflecting cyclic variability (average over 100 cycles).
ELM models achieved rapid predictions, surpassing iterative mathematical models. The
optimized ELM models accurately approximated the mean effective pressure, consistent with
experimental data.

The LSTM + 1DCNN approach utilized in the present work to predict the engine’s
internal pressure was trained and evaluated utilizing experimental data obtained from a
port fuel injection (PFI) three-cylinder spark-ignition (SI) engine operating under various
conditions. CNN-LSTM networks offer a unique advantage by combining the local feature
extraction capabilities of convolutional neural networks (CNNs) with the sequential mem-
ory modeling of long short-term memory (LSTM) networks. This fusion allows them to
effectively capture spatial and temporal patterns in data, making them ideal for tasks like
spatiotemporal forecasting, outperforming other Al approaches in scenarios where both
spatial and temporal information are crucial [40].

The signals were acquired via a fast-combustion analysis system. Three operating
points characterized by different cycle-to-cycle variabilities have been considered and the
LSTM + 1DCNN performance compared with other three different artificial structures,
i.e., back propagation and LSTM, to compare the advantages brought by the proposed
model. The optimized structure exploited the capability of LSTM to capture long-term
dependencies and temporal patterns with the ability of IDCNN to detect patterns within
smaller signal segments. The results of the present work showed that the proposed
LSTM + 1DCNN architecture proved to be particularly suitable for predicting signals
featuring high variability, since it is able to effectively capture and predict the target trends.
The LSTM + 1DCNN enhances the performance of the other architectures tested and always
achieves percentages of average error below 2%. In particular, when the cycle-to-cycle
variability increases, the committed error drops below 1.5%, thus certifying the capability
of the proposed algorithm to replace the task of physical sensors.
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2. Materials and Methods
2.1. Experimental Setup

A series of tests were conducted on a 999-cc, three-cylinder engine with SMART
turbocharging, 12 valves, and pent-roof combustion chambers, as indicated in Table 1 [41].
The engine uses port fuel injection (PFI) technology and is designed to run on gasoline
(E5) with a RON of 95 and MON of 85, which is commonly used in the European market.
The gasoline is injected at a 4.2 bar absolute pressure and ignited by traditional spark-
ignition systems. The use of an electric motor enables control of the engine’s speed,
whether in motored or firing conditions. The engine control unit (ECU) oversees all
engine parameters, while data acquisition systems from the National Instrument acquire
signals from thermocouples and pressure sensors. To conduct the analysis, a Kistler KiBox
combustion analysis system with a maximum temporal resolution of 0.1 CAD is used.
The system collects data from various sources including the in-cylinder pressure from the
piezoelectric sensor (Kistler 5018) positioned beside the flywheel, the ignition signal from
ECU, the absolute crank angular position measured by an optical encoder (AVL 365C),
and the pressure signals from the piezoresistive sensors (Kistler 4624A) located in the
intake and exhaust ports. When the engine is running, a piezoelectric sensor measures the
indicated mean effective pressure (IMEP) in the combustion chamber beside the flywheel.
AdaMo Hyper was the program used to record all the related quantities. To see the
layout and experimental configuration of the test bench, refer to Figure 1a,b respectively,
for illustration.

Table 1. The primary characteristics of the engine [41].

Displacement 999 cc
Cylinders 3 Cyl./4V per Cyl.
Bore 72 mm
Stroke 81.8 mm
Compression ratio 10:1
Power 84 CV at 5250 rpm
Torque 120 Nm at 3250 rpm
Dynamic fuel meter i Fuel tank — —j
Coo}ing i Q’ Pressuredifuel :L _________________________ g’
— E

Eddy current Brake l""
dynamometer —_——

Electric motor

3

intake

DAQ NATIONAL
INSTRUMENTS

extractior

exhaust

(@) (b)

Figure 1. (a) Layout of the test bench. (b) The practicality picture of the test bench.
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2.2. Definition of the Case Study for In-Cylinder Prediction
2.2.1. Definition of the Involved Parameters

The authors evaluated the performance of various algorithms in predicting the in-
cylinder pressure traces of a SI engine. This was realized at three different operating points,
each of which was characterized by an increasing engine speed and CoVyyp during full-
throttle operations. The combustion stability was assessed using the coefficient of variance
(CoV) of the indicated mean effective pressure (IMEP). This is the ratio of IMEP standard
deviation to the IMEP mean value. Table 2 displays the average main characteristics of the

tested operating points.

Table 2. Principal features of the operating point tested including the specific parameters measured

and the corresponding values at different engine speeds.

Engine Speedayg [rpm]

IMEP,yg [bar]

CoVimep [%]

1500
3250
2500

10.18
14.15
11.35

0.46
213
15.05

The KiBox analysis system continuously records with a max resolution of 0.1 CAD.
All the parameters recorded by the indicating analysis system are initially selected as
potential input parameters (Figure 2) to the tested architecture for forecasting the in-cylinder

pressure Pey;:

Pressure at the intake port in bar, Pjy.
Pressure at the exhaust port in bar, Pey,.
Position of the crankshaft during the engine cycle in the crank angle degree, CAD.
Rotational speed of the engine in rpm, EngineSpeed.

60

In-cylinder volume during the engine cycle in dm?, V.

cyl:

Peyl

Pressure [bar]

Pressure [bar]

Speed [rpm]

[CAD] (d)

Figure 2. Example of the acquired quantities as a function of the crank angle degree CAD. (a) In-
cylinder pressure Py, (b) Pressure at the intake port in bar Pj,, (c) pressure at the exhaust port in
bar Pe,y, (d) rotational speed of the engine in rpm EngineSpeed, and (e) in-cylinder volume V

Since not all the experimental features are recorded with the same sampling frequency,
preliminary actions are realized to align the acquired data to obtain the same sampling
frequency. The initial dataset of [6 x 3,614,400], corresponding to an acquisition ranging
from —360 CADaTDC to 359.9 CAD aTDC, is transformed into a dataset of [6 x 67,550].
The quantities are therefore considered starting from —44.5 CAD aTDC up to 89.5 CAD

==  Engine Speed

2600 =

2500 —

2400 =

— 180

-A.Aj
WA
Y

180

[CAD]

Volume [dm’]

== Pintake

360

[CAD]

0.50

(e)

Torqueayg [Nm]

= Veyl

AL A
vV N\

—180 0

[CAD]
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aTDC with a step of 1 CAD, ensuring a comprehensive analysis of each combustion cycle
focused on the complete development of the in-cylinder cylinder pressure.

2.2.2. Evaluating the Influence of the Input Parameters on the Pressure Prediction

By eliminating parameters with low correlation, it is possible to effectively reduce
the dimensions of the model and enhance its accuracy. For this reason, a preliminary
analysis through the Shapley value has been performed considering the entire dataset.
The objective of SHAP is to provide an explanation for the prediction of an instance by
assessing the contribution of each characteristic toward the prediction. By calculating the
average absolute Shapley values (ABSV), the authors were able to determine the impact of
individual measured quantities on the objective function [55,56]. The results (Figure 3) show
that CAD is the most influential parameter to be considered for the in-cylinder prediction,
followed by the in-cylinder volume V.. EngineSpeed and Pey, have a percentage of
impact equal to 10% and, conversely to the pressure at the intake port, must be considered
as input parameters.

P, []13
EngineSpeed :I 10.1
Pey [0 ] 107
Vo [T 25

Cc4AD ] 49.0

0 10 20 30 40 50 60 70 80 90 100
Percentage of impact [%)]
Figure 3. The Shapley analysis: a comprehensive understanding of the significance of each feature in
predicting in-cylinder pressure on a global scale.

To conclude, based on the analysis, Pj, can be eliminated as an input feature since it
has the lowest impact percentage on the Py prediction. This reduces the number of inputs
from 5 to 4. Previous works of the same research group [22,33] demonstrated enhancements
of the performance when the architectures operate with the exclusion of the less influential
parameters. Based on this, the present work shows only the architecture forecasting
performance with the four input parameters previously identified (i.e., V.y, EngineSpeed,
Pexn, and CAD). After analyzing the input parameters, a normalization process is carried
out to prevent prediction errors and ensure faster convergence of the architecture. This
process helps in avoiding discrepancies between input and output parameters. The values
are mapped to the range [0, 1] for a better understanding. After the prediction process,
the predicted data are de-normalized to offer a direct comparison with the original target
experimentally acquired.

2.2.3. Definition of the Final Dataset for the Pressure Prediction

Based on the results of the sensitivity analysis, Figure 4 provides a comprehensive
overview of the dataset, including the division of input and output parameters for each
analyzed case. As is possible to observe, the entire dataset analyzed is composed of the
three different operating points (Table 2) featured with 5 variables, each of which presenting
67,550 samples (Figure 4a). Vy1, CAD, Pey,, and EngineSpeed [4 x 67,550] define the input
parameters while the in-cylinder pressure Py [1 X 67,550] is the output (Figure 4b).
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Number of
variables
b

Entire dataset

CASE 1: 1500 rpm

1B x 675501

CASE 2: 3250 rpm
[5 x 67550]

CASE 3: 2500 rpm
[ 5 x 67550]

Input Olltpllt Trainiﬂg Test
Number of [4 x 67550] [1 X 67550]
ples INPUT INPUT
v Vi @ 4x[1x 54038] 4x[1x 13508]
cAD@
% ® Lo OUTPUT OUTPUT
i @ [ 1 x 54038] [1x 13508]
Engine Y
Speed

(a)

(b) ()

Figure 4. (a) Description of the complete dataset used in terms of the analyzed cases and the
considered number of variables and samples; (b) breakdown of the input and output parameters for
each analyzed case according to the preliminary sensitivity analysis; (c) segmentation of the dataset
for the training and testing sessions. In total, 80% of data were used for the training session and the
remaining 20% during the test session to predict the output, i.e., Pey).

In total, 80% of the data were used for the training session and the remaining 20%
[4 x 13,508] during the test session to predict Py [1 x 13,508] (Figure 4c). The performance
of the LSTM + 1DCNN structure was compared with those of three different Al architectures
on Case 1. Based on the obtained results, the other two cases, i.e., Case 2 and Case 3, were
used to investigate the LSTM + 1IDCNN behavior when operating with signals characterized
by a higher cycle-to-cycle variability.

2.3. Creating an Artificial Architecture to Predict In-Cylinder Pressure
2.3.1. Structure of the LSTM + 1DCNN Model

Figure 5a displays the predictive scheme of LSTM + 1DCNN used to predict the in-
cylinder pressure traces. A sequence input layer is used to pass the dataset to the network.
This layer inputs sequence data into the network by establishing its size and constructing
the corresponding structures. A one-dimensional CNN layer applies a 1D convolutional
filter to each input frame; it is made up of neurons and a ReLu activation function. The
average pooling layer calculates the average value of patches in a feature map, which
helps to down-sample the maps by using the mean value in 2 x 2 cell squares. After that,
another 1D convolutional level, similar to the previous one, is applied. Following this, the
feature maps undergo processing by an LSTM layer consisting of hidden units. Within the
LSTM network’s internal architecture (Figure 5b), gates play a crucial role. The forget gate
determines which information should be kept or discarded by taking into account both
the previous layer’s information (h;_1) and the current input’s information (x¢). A sigmoid
function evaluates this information and generates an output between 0 and 1, indicating
whether the information should be retained or not. This gate alters the previous cell state
value (C;_1). The input gate is responsible for choosing which information should be stored
in the cell state. It does this in a few steps. First, a layer called the “input port layer”
applies a sigmoid function (represented by o) to decide which values should be updated.
Then, a new set of candidate values (represented by a vector called C;) is generated using a
hyperbolic tangent function (represented by tanh). These two sets of values are combined
and updated using the ft function, which replaces the old cell state (C;_;) with the new
one (Cy). Finally, the updated cell state is multiplied by the gating function (f;). The output
gate stores a filtered version of the processed data, while the sigmoid determines which
parts of the cell state to output. The cell state undergoes a tanh operation to limit the values
between —1 and 1, and then it is multiplied by the sigmoid gate output. This process results
in only the selected parts being produced as output. LSTMs have a distinctive structure that
incorporates a forget gate activation, enabling the network to promote desired behavior
through frequent port updates at every stage of the learning process. Once the LSTM
is complete, the time-distributed layer distributes the feature map in a temporal vector
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sequence, and the regression output level calculates the mean square error loss for the
regression problem.

| W
Sequence Input Layer
Vi R
1D Convolutional Layer / Memerveel \
r 2 ®)——F)=
Pooling Layer Ceos e N > ‘ .
r N 2 3 §
LSTM Layer gl oy, H 0 g
Vo B
Time Distributed Layer ]
r N
1 1 1 1 h,
Regression Output Layer he_y /
N 2
(a) (b)

Figure 5. (a) Predictive scheme and (b) the internal structure of the LSTM and its division into gates.

2.3.2. Definition of the Procedures to Determine the Structural Parameters of the
Proposed Models

The definition of the optimal neural structures is determined through preliminary
analysis considering the training sessions’ performance. To assess the effectiveness of the
model parameters, a loss function is used, and, in this case, the mean square error (MSE) is
the chosen function for the task (Equation (1)):

1 N . . 2
MSE = ﬁ Zizo( ;aredicted - Ylexp) (1)

where N represents the number of samples, Y q refers to the predicted value while

ioredicte
Yéxp refers to the target value experimentally obtained.

The network’s epoch iterations are set to 100, allowing the computation of the loss
function’s final value for each prediction model once the network training reaches its
maximum learning iteration. For the LSTM + 1DCNN architecture, the following structural

parameters have been investigated:

e  The number of neurons in the IDCNN layers N, varies from 50 to 200.

e  The number of neurons in the LSTM hidden layers Ny, varies from 50 to 200.
e  The batch size By varies from 8 to 64.

e  The model depth My varies from 1 to 5.

The Adam optimizer is applied to facilitate the updating of the weight matrix and
bias in the LSTM network model, along with an adaptive learning rate adjustment during
training. The performance of the proposed structure is assessed in comparison to two other
architectures: back propagation, LSTM, and NARX [22], which were optimized based on
extensive preliminary analysis similar to the LSTM + 1DCNN architecture. The optimal
solutions with the lowest loss function values were selected for predicting Py.

3. Results and Discussions
3.1. Performance on Training

Figure 6 illustrates the validation loss (val_loss) and training loss (training_loss) for
the best-performing LSTM + 1DCNN configuration, i.e., N = 100, N, = 150, Bs =16, M4 = 1.
The training results demonstrate that the model converges effectively without exhibiting
overfitting. In the context of debugging the 1IDCNN structure, it is crucial to observe that a
limited number of neurons can lead to underfitting, as it may not capture sufficient features.
Conversely, an excessive number can result in overfitting. Although the addition of pooling



Information 2023, 14, 507

90f17

layers can mitigate overfitting, an abundance of them reduces the feature dimensions
passed to the LSTM network. This reduction can hinder the LSTM’s ability to extract
time-series features effectively, ultimately diminishing the network’s capacity to fit the
data accurately.

0.045

0.040

training_loss
0.035

validation_loss
0.030 |

1o0.025

0.020 |

Loss

0.015 f
0.010 f
0.005

0.000 . . — ——
0 20 40 60 80 100

Epoch [#]

Figure 6. Trend of loss value of the LSTM + 1DCNN architecture which performed best during the

training session.

To sum up, the LSTM + 1DCNN structure is composed of a one-dimensional convolu-
tional layer with 100 neurons, a kernel size equal to three, and a ReLu activation function;
a max pooling 1D layer which uses a pool size of two and a stride of two; an LSTM layer
composed by 100 neurons; a time-distributed layer and a dense layer composed of one unit
to perform the regression task [33].

The performance of the proposed structures is compared with three other different
architectures, optimized with the same procedures as LSTM + 1DCNN, and composed
as follows:

1. The BP algorithm [57-59] consists of one input layer, and three hidden layers with
each layer having 100 neurons and one output layer.

2. The prediction model for the LSTM network [33] consists of an input layer, a hidden
layer with 100 neurons, an output layer, and a fully connected layer.

3. The NARX [22] structure is composed of [1:2] delays for each input and two hidden
layers composed of 50 and 100 neurons, respectively.

In general, all trends decrease as the epoch increases, and they tend to stabilize, on
average, after 50 iterations, thus indicating that the models converge without overfitting.
BP reaches the stabilization zone about 20 epochs after the other architectures, while NARX
presents the fastest converge speed, showing a training loss below 0.05 already at about
10 epochs. Moreover, once stabilized, it presents very low oscillations which suggests that
the model could be more robust than the others at this operating point.

Figure 7 shows the results of the first comparison between the proposed algorithms,
at the operating condition of 1500 rpm and a low load, performed through the evaluation
of the training losses.
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In-cylinder Pressure [bar]

In-cylinder Pressure [bar]
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0.045
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Z 0030
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£

=
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= 0.015
0.010
0.005
0.000

BP

—— LSTM+IDCNN

Figure 7. Training loss for the tested architecture during training sessions at 1500 rpm and low

load conditions.

3.2. Performance on Test

Figure 8 displays the prediction of the in-cylinder pressure traces performed by each

neural structure.
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Figure 8. Test performance of the architectures compared through the plot of the observed trend and
forecasted one. Percentage error is depicted as well in order to highlight the quality of the predictions.

For the sake of clarity, since the prediction is performed on the last 100 cycles of
500, only eight events are depicted in the figure in order to better visualize the quality of
the prediction.

To compare the predicted range as a whole, the deviation of each forecast’s prediction
from the target across the entire range has been calculated using Equation (2).

Y;:)redicted 7Yi9><p

Yexp

N

] x 100 @)

1 N [
Err = N 21:1

In this test case, N represents the number of samples being considered and i represents
the ith sample. The average percentage error, known as Errayg, is calculated to assess the
overall prediction accuracy. In order to ensure high-quality predictions, a maximum critical
threshold of 10 is set for the computed errors.

All of the tested structures (Figure 8) are able to reproduce the trend of the in-cylinder
pressure over time. BP shows an Errayg below the critical threshold of 10% and equals 2.68%,
with 95 samples presenting an Err over 10% corresponding to about 0.8% of the predicted
samples. LSTM lowers the BP performance presenting an Errayg equal to 3.20%, with
about 3.55% of predicted samples exceeding the critical threshold of 10% corresponding
to 480 samples. LSTM + 1DCNN enhances the LSTM performance showing an Errayg of
1.51% with 10 samples exceeding a 10% error, i.e., 0.07% of the entire predicted samples.
The NARX structure performs the best in terms of average errors, showing Errayg values
equal to about 1.45%, but it shows 1% of samples exceeding 10% of Err, corresponding to
139 samples. Therefore, even if the LSTM + 1IDCNN error prediction is, on average, higher
than the NARX one, the structure outperforms NARX in terms of the number of samples
predicted with an Err below the critical threshold of 10%. The effectiveness of the two latter
forecasts is also highlighted by the comparison between the observed and predicted trends,
which almost overlapped with the target trend.

The accuracy of regression for each architecture tested in the prediction set is shown
in Figure 9. Models show great accuracy at the lower range of analysis (i.e., low Pcy).
Increasing the in-cylinder pressure value, BP and LSTM present a higher dispersion while
LSTM + 1DCNN and NARX exhibit uniform distribution across the interpolation line,
without any points displaying a wide range of deviation. In particular, these architectures
show the lowest dispersion degree with an R? close to the unit value. These results
demonstrate that LSTM + 1IDCNN and NARX possess a higher liner fitting and prediction
accuracy compared to other tested architectures. The presented results highlight the robust
learning capabilities of NARX and LSTM + 1DCNN structures and their ability to reproduce
the target trend well.
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Figure 9. Regression prediction chart of the different models tested. (a) BP; (b) LSTM; (c) LSTM +
1DCNN; and (d) NARX.

After analyzing the results obtained, both structures (NARX and LSTM+1DCCN) were
selected for the forecast activities of the other case reported in Table 2 (i.e., 3250 rpm), which
is characterized by a higher variability (higher CoVpypp) compared to 1500 rpm. Figure 10
displays the forecasted signals against the observed signals of both architectures. Both
models are able to reproduce the target trend well. NARX slightly lowers the performance
compared to the previous case, showing a small increment in the percentage error up to
2.16% (compared to the 1.37% at 1500 rpm), with 545 samples exceeding 10% of the error.
The LSTM + 1DCNN structure maintains a similar performance, showing an Errayg equal
to 1.61% with 0.8% of predicted samples exceeding the critical threshold of 10%.

It is clear that the LSTM + 1DCNN structure is capable of maintaining its performance
when operating with signals characterized by more variability. This feature suggests that
the architecture could also be suitable for predicting the in-cylinder pressure traces of
unstable stationary operating points or transient cycles. For this reason, the last attempt is
performed by considering an operating point characterized by CoVyygp = 15% (Table 2).
A comparison with NARX performance is also presented to highlight the differences in
the forecasting behavior. As depicted (Figure 11), NARX maintains about the same perfor-
mance as the previous case (Errayg = 2.16% at 3250 rpm) showing an Errayg equal to 2.45%
with 166 samples predicted above the critical Err threshold of 10%. The LSTM + 1IDCNN
structure is able to follow the signal oscillations and it gains its performance by showing an
Errayg equal to 1.43% with 89 of the predicted samples presenting an Err over the critical
threshold of 10%.
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4. Conclusions

The present work evaluates the forecasting performance of LSTM + 1DCNN in predict-
ing the in-cylinder pressure traces of a three-cylinder spark-ignition engine, under different
operating conditions.

The aim is to explore the potential of using advanced machine-learning technologies
to replace physical sensors and evaluate the possibility of integrating virtual sensors into
the on-board control system. This would eliminate the need for costly and time-consuming
structural modifications. The results highlight the better quality of the LSTM + 1DCNN
in reproducing the trend target signals. In comparison to the other architectures used for
comparative purposes, the structure consistently shows the best performance, achieving
average percentages of errors below 2%. As the variability of the engine from cycle to cycle
becomes greater, the LSTM + 1DCNN is able to achieve average error percentages below
1.5%. To summarize:

Key Findings:

The study revealed that the LSTM + 1DCNN architecture achieves convergence dur-
ing training without overfitting, indicating its capacity to effectively learn from data
and make precise predictions. Furthermore, when compared to other architectures the
LSTM + 1DCNN consistently demonstrates a superior accuracy and robustness. These
results position LSTM + 1DCNN as a promising candidate for in-cylinder prediction in
spark-ignition engines.

Implications:

These findings have significant implications for spark-ignition engine research and
artificial intelligence. The development of an architecture capable of accurately predicting
pressure opens opportunities for cost savings and enhanced engine performance monitor-
ing. This innovation can lead to more efficient and dependable engine management systems.
Additionally, the demonstrated robustness and accuracy of the LSTM + 1DCNN archi-
tecture makes it adaptable to various real-world engine operating conditions, potentially
advancing diverse engine applications.

Future Research and Testing:

While this study represents a substantial advancement, further research and testing
are needed to validate and broaden the applicability of the LSTM + 1IDCNN architecture.
On-board implementation and testing under diverse operational scenarios are crucial to
fully explore its potential benefits. This includes testing the architecture with larger datasets
and various dynamic cycles.

In conclusion, this work presents a promising solution for replacing physical pressure
sensors and contributes to the broader field of artificial intelligence in engine research. The
LSTM + 1DCNN architecture’s robustness and accuracy position it as an attractive choice
for enhancing engine performance monitoring, paving the way for further advancements
in the field.

Author Contributions: Conceptualization, L.P. and ER.; methodology, FR.; software, ER.; validation,
L.P. and ER,; formal analysis, L.P. and ER.; investigation, ER.; resources, EM. and C.N.G,; data cura-
tion, ER.; writing—original draft preparation, ER.; writing—review and editing, L.P.; visualization,
L.P; supervision, EM. and C.N.G.; project administration, EM. and C.N.G.; funding acquisition, EM.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available from the corresponding
author. The data are not publicly available due to privacy-related choices.

Conflicts of Interest: The authors declare no conflict of interest.



Information 2023, 14, 507 15 0f 17

Nomenclature

Err Percentage Errors

Erravg Average Percentage Errors
ABSV Absolute Shapley Values

CAD Crank Angle Degree

CNN Convolutional Neural Network
CoV Coefficient of Variation

DNN Deep Neural Network

ECU Engine Control Unit

EGR Exhaust Gas Recirculation
ELM Extreme Learning Machines

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure

ML Machine Learning

NMPC  Nonlinear Model Predictive Controller
IT Ignition Timing

LSTM  Long Short-Term Memory
MON  Motor Octane Number
NARX  Nonlinear Autoregressive Network with Exogenous Inputs

Pevr In-cylinder Pressure
PFI Port Fuel Injection
RON Research Octane Number
SI Spark Ignition
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