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Abstract

In today’s energy landscape, defined by the growing demand for sustainable energy
generation technologies and the parallel need to advance internal combustion engine (ICE)
architectures toward cleaner and more efficient solutions, the adoption of Free-Piston Linear
Generator (FPLG) engines emerges as a highly promising approach. This innovative system
enables the direct conversion of combustion-induced piston motion into electrical energy,
eliminating the need for traditional crankshaft and connecting rod mechanisms. The FPLG
concept facilitates efficient utilization of a broad spectrum of fuels—including methane,
ethanol, LPG, gasoline, biodiesel, and hydrogen—by supporting variable compression ratio
operation. This feature enhances operational flexibility and fuel adaptability, positioning
the technology as a viable candidate for future energy transition scenarios. The absence
of rotating mechanical components significantly reduces frictional losses, contributing to
an overall increase in system efficiency. To accurately characterize and optimize engine
performance, an extensive series of one-dimensional (1D) numerical simulations was
performed under both free and controlled operating conditions. The resulting data enabled
the development of semi-empirical models capable of predicting the dynamic behavior of
the engine across a wide range of working scenarios. Finally, through a detailed parametric
analysis, the optimal operating conditions were identified to maximize both net electric
efficiency and electrical power output. These findings provide a solid ground for the design
and implementation of FPLG engine systems in advanced power generation applications.

Keywords: IC engines; decarbonization; sustainability; fuel-flexible; control; engine modeling

1. Introduction

The internal combustion engine remains the dominant propulsion technology for
transportation, off-road machinery, and distributed power generation, mainly due to its
robustness, maturity, and high energy density. However, increasing concerns related
to climate change, air pollution, and fossil fuel depletion, together with progressively
stricter CO, emission regulations, are driving a fundamental rethinking of conventional
engine concepts. In particular, recent European Union legislation mandates near-zero
CO, emissions for new passenger cars and light commercial vehicles from 2035 onward,
effectively prohibiting the use of ICEs fueled by conventional fossil fuels. As a result, the
role of the ICE must evolve to support the global energy transition, especially in sectors
where full electrification remains impractical.
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Despite significant advances in conventional engine technologies, further improve-
ments in efficiency and emission reduction through incremental developments are becom-
ing increasingly limited. Consequently, research efforts are shifting toward alternative
fuels, advanced combustion concepts, and innovative powertrain architectures that can
extend the relevance of ICEs in a low-carbon energy system. Future engine technologies
must achieve high efficiency, fuel flexibility, low emissions, and effective integration with
electrified power systems, while maintaining competitive power density and reliability.

In recent decades, the use of natural gas as a fuel for internal combustion engines
has represented an important step toward decarbonization. The current state of the art in
dedicated mono-fuel natural gas engines provides a solid technological basis for further
research on hydrogen applications [1]. As a carbon-free fuel, H; is widely considered one
of the main pathways for supporting the transition toward a sustainable energy system [2].
Hydrogen has emerged as a particularly promising alternative fuel for internal combustion
engines due to its carbon-free combustion, wide flammability limits, high flame speed, and
availability from renewable sources [3]. Hydrogen combustion can significantly reduce
greenhouse gas emissions and virtually eliminate carbon-based pollutants, thus offering a
viable pathway toward low-carbon propulsion while leveraging existing ICE infrastructure.

Due to political and economic drivers, biofuels, particularly ethanol, continue to
increase their share in the automotive fuel market. A faster expansion of bioethanol engine
technologies, along with a corresponding increase in market penetration, is expected with
the development and commercialization of second-generation bioethanol processes. Long-
term projections by the U.S. Energy Information Administration indicate that E85 could
account for approximately 37% of domestic ethanol consumption in the United States
by 2035.

The use of ethanol and ethanol-gasoline blends as transportation fuels shows signifi-
cant potential. Several emissions are reduced when ethanol-containing fuels are used, with
well-documented decreases in hydrocarbons (HC), carbon monoxide (CO), total hydrocar-
bons (THC), and non-methane hydrocarbons (NMHC). While some pollutants, particularly
nitrogen oxides (NOy), may remain unchanged or even increase, these effects can be mit-
igated through advanced engine technologies and optimized calibration strategies that
exploit the specific properties of ethanol.

Recent modeling studies [4] suggest that ethanol could provide significant greenhouse
gas (GHG) reduction potential in Europe, provided that engine hardware is designed to
fully exploit its advantages, particularly its high octane number. Nevertheless, the large-
scale deployment of high-ethanol-content fuels still requires further investigation, and
several key research areas must be addressed to support both technological development
and informed policy decisions.

A comparison between iso-octane and the tested fuels (NG, Hj, and ethanol) is re-
ported in Table 1.

In the context of carbon peaking and carbon neutrality targets, the continued advance-
ment of internal combustion engine technologies, particularly those utilizing clean fuels,
remains a key research pathway toward sustainable, high-efficiency, and low-emission
energy conversion systems. While alternative fuels such as NG, hydrogen, and ethanol offer
significant decarbonization potential, their effective utilization requires engine architectures
capable of accommodating wide variations in combustion characteristics and enabling
flexible and efficient operation.

However, conventional ICE architectures, dominated by complex and heavy crank—
link mechanisms, inherently limit further improvements in power density, combustion
flexibility, and overall energy conversion efficiency. In particular, the geometrically fixed
compression ratio of conventional engines restricts their ability to optimally adapt to fuels
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with markedly different auto-ignition tendencies, flame speeds, and knock resistance.
These limitations can be mitigated through alternative engine configurations, such as free-
piston linear generators. By directly converting piston motion into electrical energy, FPLGs
eliminate the crankshaft mechanism and enable flexible operation under both conventional
and advanced combustion modes.

Table 1. Comparison of fuel properties.

Natural Gas Ethanol (E100)
Property Iso-Octane [3] (CH,) [3,5] Hydrogen [3] [4]
Molecular weight (g/mol) 114.236 16.04 2.016 46.07
Normal density (kg/m?) 692 0.75-0.8 0.08 785-810
Boiling point (°C) 99 —161.5 —253 78.4
Mass diffusivity in air (cm?/s) ~0.07 0.16 0.61 -
Minimum ignition energy (m]) 0.28 0.28 0.02 -
Minimum quenching distance (mm) 3.5 2.03 0.64 -
Burning limits (vol%) 1.1-6 5-15 4-75 3.3-19
Lower heating value (MJ/kg) 44.3 49.81 120 26.8
Higher heating value (M]/kg) 47.8 55.5 142 ~29.7
Stoichiometric AFR (kg/kg) 15.0 17.2 34.2 8.97
Octane number (RON) 100 ~130 >130 108-110
Auto-ignition temperature (°C) 415 537 585 425

In recent years, several comprehensive literature reviews on free-piston linear genera-
tors (FPLGs) have been published [6-11]. In summary, an FPLG integrates a free-piston
engine, a linear generator, and a rebound device into a single system. Its operating princi-
ple can be described as follows: high-temperature and high-pressure gases are generated
within the combustion chamber of the free-piston engine, driving the piston assembly,
which is directly coupled to the magnetic rod of the linear generator. The linear generator
subsequently converts part of the linear kinetic energy of the magnetic rod into electrical en-
ergy. Compared with conventional reciprocating engines, FPLGs offer several advantages,
including a shorter energy transmission chain and higher power density [12].

According to [9], these advantages primarily stem from the elimination of the crank-
connecting rod mechanism, which reduces mechanical friction losses, shortens the energy
conversion chain, and simplifies the mechanical structure. The free-piston configuration
also enables variable compression ratio operation, thereby facilitating multi-fuel capabil-
ity, as the engine compression ratio can be adjusted according to the fuel requirements
and the target combustion mode (CI, SI, or advanced concepts such as Homogeneous
Charge Compression Ignition (HCCI), as well as to the fuel octane or cetane number).
Moreover, the faster expansion stroke and shorter high-temperature residence time near
top dead center (TDC) contribute to higher thermal efficiency and reduced NOy emissions.
Owing to their compact structure and direct mechanical-to-electrical energy conversion,
FPLGs are considered promising candidates for modular systems and hybrid-electric range
extender applications.

Despite these advantages, FPLGs also present several significant challenges. The
absence of a crankshaft mechanism results in unconstrained piston motion, leading to
complex control requirements to maintain stable TDC and bottom dead center (BDC)
positions, as well as a consistent compression ratio. Furthermore, the lack of flywheel
energy storage makes engine starting and cold-start operation particularly challenging.
Combustion stability remains a critical issue, since cycle-to-cycle variability can significantly
influence piston trajectory and overall system performance. In dual-piston or opposed-
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piston configurations, additional synchronization challenges arise, as imbalances between
cylinders may lead to dynamic instability and degraded performance.

The main FPLG architectures are summarized in [9]. In particular, two-stroke FPLGs
can be designed using port scavenging instead of valves, which simplifies the system
and enables variable scavenging timing due to the absence of a crank mechanism and the
resulting flexibility in the bottom dead center position. For all configurations, this flexibility
allows adjustment of stroke length and compression ratio, thereby enabling adaptation of
the power output. These additional degrees of freedom are expected to improve efficiency
at both full load and, especially, part-load conditions, while also facilitating the effective
utilization of a wide range of fuels.

Experimental research on FPLGs remains limited due to the significant challenges
associated with control, particularly with regard to cycle-to-cycle variation, which requires
robust control strategies to mitigate its effects [10]. Consequently, numerical studies play a
crucial role in the development and optimization of this type of engine.

Among the available literature, Huang et al. [13] employed numerical CFD modeling
to overcome the limited availability of prototypes, investigating hydrogen addition to
methane in a glow-assisted ignition FPLG. This approach enabled detailed performance
and emissions analyses, showing, for example, that the heat release rate (HRR) increases
with hydrogen addition. High hydrogen concentrations can lead to overly advanced
combustion, resulting in increased compression negative work. Furthermore, hydrogen
addition substantially increases in-cylinder temperatures, leading to higher NOy emissions
while reducing CO formation. These insights provide valuable guidance for the design and
planning of subsequent experimental campaigns.

Among the considered configurations, the opposed-piston layout stands out as partic-
ularly promising, especially when combined with advanced combustion strategies enabled
by a variable compression ratio, offering significant potential for high thermal efficiency.

Schneider et al. [14] analyzed the implementation of HCCI combustion, enabled by
the capability of the FPLG to vary scavenging timing and compression ratio. This advanced
combustion mode increased the indicated efficiency from 37.6% to 46.9%, due to the very
fast combustion achieved through mixture self-ignition and reduced wall heat transfer
resulting from lower combustion temperatures, which together enhance piston work.

In their study, Zhang et al. [15] achieved an indicated thermal efficiency of 39.7% in
a gasoline-fueled opposed-piston free-piston engine by optimizing the fuel spray angle.
Building on this work, Liu et al. [16] highlighted the importance of optimizing the scav-
enging process. Using a single-channel approach, they reduced the combustion duration
by 59.8%; however, this resulted in a lower indicated efficiency due to limitations in the
fresh charge, yielding a value of 37.2%. In contrast, a dual-channel configuration achieved
a higher indicated efficiency of 40.9%.

In addition, the opposed-piston configuration, with appropriate synchronization of
the piston units, allows complete compensation of mass forces. Combined with a compact
and flat design, the FPLG is well suited for use in hybrid vehicles [14].

The present paper focuses on the application of a 1D model, developed and validated
in [17], for the performance and efficiency characterization of an opposed-piston FPLG unit
under different compression ratios and fuel characteristics. The paper presents a systematic
and comprehensive investigation of the fluid-dynamic and thermodynamic behavior and
performance, which is currently lacking in the literature. In particular, the objective of the
paper is to demonstrate that comparable levels of power and efficiency can be achieved
with different fuels, highlighting the flexibility of FPLG operation. The study was carried
out using the Gasdyn software. First, a Design of Experiments (DoE) methodology was
applied to systematically investigate the behavior of the free-piston linear generator under
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different operating conditions. This approach ensures uniform coverage of the design space
while avoiding redundant parameter combinations. Subsequently, a correlation analysis
was performed to quantify the magnitude and structure of the combined effects of the
selected input parameters on engine performance. This analysis enables the identification of
dominant trends, interdependencies, and potential synergistic or antagonistic interactions
among the variables.

Based on these results, a performance and efficiency assessment was conducted for
three different fuels (NG, Hp, and ethanol) while varying key parameters, particularly the
compression ratio (CR).

2. Reference Engine and Model Description

The engine considered in the present work is an opposed-piston two-stroke engine
with ‘uniflow’ scavenging, which has been proposed as a possible range-extender solution
for passenger cars [17]. The main geometric characteristics of the engine are summarized in
Table 2. The nominal engine displacement is 250 cm?, including the volume swept by both
cylinders. Consistently with the previous study, the system includes an electrically driven
supercharger with an isentropic efficiency of 75%. The choice of constant efficiency was
made to avoid introducing a dependency of the results on a specific turbocharger, thereby
improving the generality of the analysis. In practice, the actual supercharger efficiency
depends on the corrected mass flow rate and pressure ratio. It is worth mentioning that
the variation in the compressor operating point is significantly lower than in turbine-
driven compressors, due to the fixed compressor speed imposed by the electric motor.
For this reason, the constant efficiency assumption does not prevent the model from
capturing the main performance trends. Finally, it is worth pointing out that direct fuel
injection is performed after exhaust port closure, so as to minimize fuel slip during the
scavenging process.

Table 2. Main thermal engine geometry data.

Parameter Value
Nominal total stroke 99 mm
Nominal total displacement 248 cm?
Nominal compression ratio 12

Intake ports distance from TDCpom 37.23 mm
Intake ports height 12.27 mm
Intake ports total width 109.92 mm
Exhaust ports distance from TDCpom 35.15 mm
Exhaust ports height 14.35 mm
Exhaust ports total width 101.88 mm

Figure 1 reports a scheme of the numerical model applied in this paper for the investi-
gation of the behavior of the free-piston engine. The model was developed and validated
in [17]. It is based on the application of Newton’s Law and requires the combination of
several sub-models for the evaluation of the forces acting on the piston. More in detail:

e Thermo-fluid dynamic model of the IC engine, including the 1D simulation of the
unsteady flow in intake and exhaust manifolds;

*  Model for the evolution of the pressure inside the gas spring;

*  Model for the description of the electric circuit of the linear generator and its interaction
with the piston kinematics.

The 1D thermo-fluid-dynamic model was developed with the support of 3D CFD
simulations. Although a complete description of the model development and validation is
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available in [17], a few details are reported here. Since the 1D discretization cannot capture
the complex wave patterns induced by ports and junctions, an iterative 1D-3D procedure
was implemented until convergence was achieved. The 3D model was run using the piston
position obtained from the 1D model as input, and the system discretization in the 1D
model was modified to reproduce the wave patterns predicted by the 3D model. The latter
was also used for the steady-state evaluation of the discharge coefficients of each port.

He—&—)
\ o/
2 2
{—»\/—-.____1 1 _.A@—-—h
'\% /
)7

\
Figure 1. 1D model implemented in Gasdyn.

L

A non-predictive combustion model based on the Wiebe formulation was applied.
The combustion duration and the Wiebe exponent for the NG case were defined based
on the results of 3D reactive-flow simulations. It was verified that the shape factor and
exponent of the Wiebe formulation have a negligible influence on the results. Regarding
the combustion duration, a sensitivity analysis was carried out, with the following results:

The combustion duration (0-100%) was varied in the range of 1-5 ms, and a negli-
gible effect on MFB50 was observed. This is due to the action of the PI controller on the
ignition position, which in turn adjusts the TDC position, as discussed below. As shown
in Table 3, the predicted indicated efficiency is almost independent of the combustion
duration, whereas a +67% variation in the latter results in a 10-15% change in the PFP.
For this reason, the analyses presented in Section 5 were carried out by keeping the Wiebe
parameters constant.

Table 3. Sensitivity analysis on combustion duration for pi,are = 1.5 bar and GLC = 250 Ns/m with
NG fueling, A = 1.

Combustion Ignition

Duration [ms] i -] Position [mm] MFB50 [mm] Pmax [bar]
1 0.276 34 2.0 133.8

3 0.276 6.1 2.1 128.5

5 0.278 9.0 2.3 119.0

Regarding heat transfer, in the absence of significant soot production, radiative heat
transfer can be neglected [18,19], allowing the Woschni coefficients to be kept constant
across different fueling conditions. This assumption is justified by the observation that
in-cylinder and combustion-induced fluid velocities are not significantly affected by the
fuel type.

Given the absence of a traditional crank—slider mechanism, the piston displacement
depends on the forces acting on it:

https:/ /doi.org/10.3390/en19092064
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mij'p = Fp — ng — Fel — Ff (1)

where m,, is the piston mass and ¥, is the piston acceleration. The forces acting on the piston
include the pressure force generated within the cylinder (Fy), the friction force (Fy), the gas
spring force (Fys), and the electromagnetic force produced by the linear generator (F,;).

The gas-spring force is obtained by assuming that the corresponding chamber pressure
follows the following polytropic-like relation:

pV" = poVy ()

where 7 is a user-defined polytropic index, py is the initial gas spring pressure specified at
the beginning of the simulation, and Vj is the corresponding initial volume.

Both the linear-generator force and the mechanical friction force are assumed to be
proportional to the piston velocity, according to

Ff = —Cfvp (3)

Fo = _Celvp (4)

where v, is the instantaneous piston velocity, Cy is the friction coefficient and C,; is the
generating load coefficient (GLC). This coefficient depends on the electrical characteristics
of the generator and represents a key parameter governing the energy conversion process.
Assuming a constant GLC implies that the electrical load is purely resistive and that the
magnetic circuit operates in its linear region [20].

During the simulations, the engine compression ratio was controlled by means of two
proportional-integral (PI) controllers:

e The first controller adjusted the ignition position (i.e., the piston position at which
combustion is triggered) in order to achieve the target TDC position;

*  The second controller adjusted the initial gas-spring pressure, pg, based on the differ-
ence between the actual and the target BDC positions.

It is worth noting that two definitions of the compression ratio were adopted in this study.

*  The volumetric (nominal) compression ratio is defined as the ratio of the maximum
to the minimum chamber volume, i.e., the combustion chamber volume at BDC and
TDC, respectively;

¢ The ‘effective’ compression ratio is defined as the ratio between the chamber volume
at exhaust port closure and the minimum chamber volume.

The effective compression ratio is always lower than the nominal one and more
accurately represents the actual compression stroke experienced by the air—fuel mixture. It
is worth noting that the TDC controller alone would be sufficient to control the effective CR.
However, control of the BDC position is required to avoid excessive piston stroke, which
would lead to reduced scavenging efficiency, lower engine frequency, and, consequently,
lower rated power.

3. System Characterization Through Design of Experiments

The first part of the study consisted of a characterization of the engine behavior
by means of a Design of Experiments (DoE) analysis. This technique is widely used in
problems involving a large number of state variables. Moreover, it allows cause—effect
relationships between variables to be identified, thereby supporting the characterization
of engine performance and its dependence on design and operating parameters. Once
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the lower and upper bounds of the input variables were defined and the total number of
simulations was selected, the DoE tool generated a set of statistically distributed sampling
points within the prescribed domain. These points represent distinct operating conditions
at which the numerical model was evaluated.

In this work, three independent input variables were considered:

¢ Intake pressure;
*  Generating load coefficient;
*  Effective compression ratio.

A “full factorial’ exploration of the parameter space would have required n* simula-
tions, where n denotes the number of discrete values assumed by each variable within its
respective range. Instead, the adopted DoE approach significantly reduced the computa-
tional cost while preserving the ability to capture both the individual and combined effects
of the selected parameters. The operating ranges selected for each independent variable
are summarized in Table 4.

Table 4. Operating parameter ranges considered in the analysis.

Parameter Lower Limit Upper Limit Units
Intake Pressure 1.1 2 bar
Generating Load Coefficient 150 450 Ns/m
Effective Compression Ratio 8 12 -

The selected ranges of the input variables were considered appropriate for the objec-
tives of the present study, as they allow exploration of a sufficiently wide range of feasible
operating conditions. In particular, selecting a specific GLC value corresponds to assuming
a given value of the equivalent resistive load, which is controlled by the generator power
electronics in the real system.

The dataset obtained from the previously described simulation campaign was post-
processed and analyzed through a correlation analysis in order to quantify the strength
of the cause—effect relationships among the model output variables, as well as to identify
possible synergistic or compensating interactions between them.

Based on the results of the correlation analysis, suitable regression models were
developed to better understand the dependence of engine performance on the indepen-
dent variables (input parameters). In particular, these models enable rapid preliminary
screening of unfavorable parameter combinations, allowing certain design or operating
choices to be discarded at an early stage of the development process. For this reason, the
construction of surrogate models based on the available simulation data represents an
effective strategy to reproduce the relationships between the independent variables and
the performance outputs.

A fundamental prerequisite for a robust and reliable Design of Experiments is the
careful selection of the input parameters and the appropriate definition of their variation
ranges, in order to ensure adequate coverage of the design space. To this end, the Sobol
sequence [21] was adopted to generate a set of quasi-random sampling points. The Sobol
method, belonging to the class of low-discrepancy quasi-random generators, ensures a
uniform and space-filling distribution of samples, which is particularly advantageous for
high-dimensional problems. The Sobol sequence was selected due to its generally good
performance compared to other sampling methods [22].

Out of the 200 simulations initially scheduled, 151 were successfully completed, corre-
sponding to 75.5% of the total dataset. The remaining simulations resulted in numerical
failures, likely associated with intrinsically critical operating conditions, as discussed in the
following paragraph. A three-dimensional visualization of the tested points as a function of
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the three input parameters is shown in Figure 2a. The successful simulations are indicated
by empty circles in Figure 2, while red solid circles identify the simulations for which the
model did not converge to a stable solution.

o Successful simulations ¢ Failed simulalions‘
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Figure 2. DoE distribution for the 200 simulations. (a) Three-dimensional visualization of the sampled
design space as a function of intake pressure, GLC, and effective CR. (b—d) Two-dimensional projec-
tions of the sampled points highlighting the pairwise relationships between the input parameters:

(b) intake pressure vs GLC, (c) intake pressure vs effective CR, and (d) GLC vs effective CR.

Figure 2b highlights two distinct regions of the design space in which the simula-
tions systematically failed, specifically located at the top-left and bottom-right corners.
In these regions, the simulations were unsuccessful either because the piston stopped
before reaching port opening or due to excessively retarded combustion timing, which
led to a non-physical negative chamber volume. Although this behavior originates from
a numerical transient associated with the iterative solution procedure, it is indicative of
potentially unstable engine operation, considering that the Gasdyn solver is a state-of-
the-art tool specifically developed for stiff numerical problems involving gas-dynamic

discontinuities [23,24].

Stable engine operation is observed for operating conditions distributed along the
bisector of the first quadrant. From a physical perspective, this indicates that higher intake
pressures should be selected as the generator load increases. Conversely, Figure 2c shows
that unsuccessful operating points are scattered in the intake pressure vs effective CR
plane, suggesting no clear influence of this parameter on system stability. Finally, Figure 2d
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highlights stable behavior in the mid-range of GLC values, while limitations arise near the
bounds, as already observed in Figure 2b. Similarly, no specific influence of the compression
ratio could be identified, in agreement with Figure 2c.

4. Correlation Analysis

The data obtained from the Design of Experiments were processed by means of a
correlation analysis in order to identify the main cause—effect relationships among the
parameters. The analysis focuses exclusively on the three input variables defined in the
Sobol sequence. Regarding the dependent output variables, the performance parameters
listed in Table 5 were considered.

Table 5. Dependent output performance parameters.

Dependent Output Variable Notation  Units
Indicated Mean Effective Pressure IMEP bar
Indicated Efficiency it —
Brake Specific Fuel Consumption BSFC  g/kWh
Net Electric Power Py et kW
Maximum in-cylinder Pressure Pmax bar

Based on these data, regression models were developed to estimate the effects of
variations in the input parameters, as well as to support the definition of guidelines for
engine and generator design. The linear correlation between two variables can be defined
in several ways. One of the most commonly used methods is the Pearson correlation
coefficient (PCC) [25], defined as the ratio between the covariance of the two variables
and the product of their standard deviations. For each pair of variables (i, j), the PCC is

computed as follows:
cov(X;, Y;)
p(Xi,Y;) = W (5)

where:

* (X Y;) is the linear correlation coefficient between the variables X; and Yj;
e cov(X;, Y;) is the covariance between X; and Yj;
*  0x; and 0y, are the standard deviations of X; and Yj, respectively.

The Pearson correlation coefficient p(Xj, Y;) is dimensionless and ranges between
—1 and 1. Values between +0.5 and +1 indicate a strong positive correlation, with a
value of 41 corresponding to a perfect direct relationship. Conversely, values between
—0.5 and —1 indicate a strong negative correlation, with —1 corresponding to a perfect
inverse relationship. A value of p(Xj, Y;) = 0 indicates no linear correlation between the
two variables.

The application of the correlation coefficient demonstrated that the input parameters
are independent and not significantly correlated with each other. This is important to
avoid redundancy in the effects of the input variables. Intake pressure and generating
load coefficient show a PCC of 0.35, indicating a weak correlation. This result is physically
consistent, as it reflects the higher energy demand associated with increasing load.

Figure 3 displays the Pearson correlation coefficient p for each input and output
considered. Based on the definition of correlation, the higher the absolute value of p,
the stronger the influence of a given input variable on the corresponding performance
parameter. Moreover, the analysis allows the effect of each independent variable on a
specific output to be identified. For example, the Generating Load Coefficient and the
intake pressure have a direct influence on the engine IMEP, with correlation coefficients
of 0.92 and 0.67, respectively. On the other hand, GLC has only a limited effect on the
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maximum in-cylinder pressure, py.x. This result is physically consistent when the action
of the PI controller on the TDC position is considered. In fact, a higher GLC leads to a
reduction in ignition advance, thereby compensating for the increase in pj .

Inputs - Outputs correlation

0.8
Pint 0.23 | -0.21 06
10.4
10.2

GLC Bk 0.9 0.9 0 -0.25 10

1-0.2

1-0.4

Eff. CR| 0.12 029 | -0.26 0.28 0.45 06

-0.8

IMEP i BSFC  Peinet  Pmax

Figure 3. Inputs-Outputs correlation for p > 0.2.

Overall, the Generating Load Coefficient plays a significant role in many performance
parameters, while the compression ratio has a secondary influence in most cases. However,
it is important to consider the combined effect of the input variables on the outputs, rather
than focusing solely on individual input-output relationships. In light of this, once the
impact of each input variable on a given output parameter has been quantified through the
PCC, this information can be used to construct regression models.

Two different analyses were carried out: the first considering only inputs with correla-
tion coefficients greater than 0.4, and the second including inputs with coefficients greater
than 0.2. Regression-based predictive models are widely used in the analysis and optimiza-
tion of free-piston engine generators, particularly within response surface methodology
frameworks, where quadratic models are often adopted to capture nonlinear interactions
between operating and design parameters [26]. The mathematical models selected for this
purpose are the following:

¢  Linear model:

n
y=co+ Y k- (6)
k=1
¢  Quadratic model:
n n 2
y:c0+2ck-xk+chk-xk+2ckl-xk-xl (7)
k=1 k=1 k<l
*  Polynomial model:
n
y=13 ¢ x ®)
k=1
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. Power-law model:
n

y=C-T]x5 ©)
k=1

where v is the analyzed output, ¢y is the intercept term, xy, is the k-th input variable, and
¢k is the coefficient associated with the k-th input variable. The parameter n denotes the
number of input variables considered in the fitting procedure. The coefficient cy; represents
the quadratic coefficient associated with the k-th input variable, while cj; is associated
with the interaction term between the k-th and /-th input variables. The parameter ey is
the exponent associated with the k-th input variable, and C is the multiplicative constant.
For each model, the corresponding coefficients were calibrated using the results of the
DoE simulations.

To assess the robustness of the predictive models, the dataset obtained from the
Gasdyn simulations was randomly divided into two subsets. The first subset, comprising
80% of the total data, was used as the training set to determine the model coefficients using
MATLAB v.2025 routines. The remaining 20% was used to validate the regression models
(validation dataset).

Two parameters were used to rank the performance of the models, namely, Coefficient
of Determination (R?) and Root Mean Square Error (RMSE). The R? coefficient is normally
defined between 0 and 1, and gives a measure of how the original scatter is close is the
regression curve. The RMSE value is a measure of accuracy consisting in the quadratic
mean of the differences between the actual data and the ones predicted by the model. Its
value is always non-negative and an ideal value of RMSE = 1 corresponds to a perfect fit
of the data. High R? and low RMSE are an indication of high rank of the regression.

For each output, the independent variables were selected based on a p threshold,
which was compared to the values in Figure 3. As stated above, two threshold correlation
values were considered, in order to select the independent variables to be considered,
0.4 and 0.2. This was chosen so as to verify the effect of the threshold definition on the
regression curve accuracy, although a correlation of 0.4 is generally considered to be low.
For each of the performance parameters listed in Table 5, the results of both analyses are
reported in Tables 6-9. The correlations showing the best results for the indicators have
been highlighted in green.

Table 6. R? values for each mathematical model for p > 0.4.

Parameter Linear Quadratic Polynomial Power-Law
IMEP 0.971 0.982 0.967 0.978
i 0.907 0.926 0.917 0917
BSEC 0.855 0.942 0.479 0.479
Py et 0.871 0.916 0.862 0.890
Pmax 0.682 0.661 0.685 0.676

Table 7. R? values for each mathematical model for p > 0.2.

Parameter Linear Quadratic Polynomial Power-Law
IMEP 0.971 0.982 0.967 0.978
1 0.990 0.999 0.997 0.997
BSFC 0.928 0.997 0.957 0.523
Py et 0.972 0.998 0.957 0.985
Prax 0.934 0.991 0.946 0.923
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Table 8. RMSE values for each mathematical model for p > 0.4.
Parameter Linear Quadratic Polynomial Power-Law Units
IMEP 0.412 0.325 0.442 0.358 [bar]
i 0.017 0.015 0.016 0.016 [-]
BSEC 22.32 14.13 4224 42.24 [g/kWh]
P et 0.677 0.548 0.701 0.626 [kW]
Pmax 11.79 12.17 11.73 11.89 [bar]

Table 9. RMSE values for each mathematical model for p > 0.2.
Parameter Linear Quadratic Polynomial Power-Law Units
IMEP 0.412 0.325 0.442 0.358 [bar]
i 0.006 0.002 0.003 0.003 [-]
BSEC 15.66 3.156 12.12 40.43 [g/kWh]
P et 0.316 0.091 0.390 0.228 [kW]
Pmax 5.388 1.937 4.846 5.817 [bar]

The results in the tables show very high values for the coefficient of determination
R?, particularly for the Quadratic model. This is also due to the use of a deterministic 1D
simulation environment to generate the dataset. Measurement errors and calculation chain
uncertainty of experimental data would have decreased the R? value of each regression.
Decreasing the threshold for p from 0.4 to 0.2 leads to markedly improved results. In
particular, the coefficient of determination for the maximum in-cylinder pressure increases
from 0.69 to 0.99, corresponding to an improvement of approximately 30% in prediction
accuracy. Regarding the choice of the model, the results indicate that, in nearly all cases, the
quadratic model provides the best results in terms of both RMSE and R?. This is observed
for both values of p. As far as the RSME results are concerned (Tables 6 and 7), some of
the parameters, such as, IMEP and #;, do not change by reducing p, or change to a very
minor extent. This is consistent with the correlation values reported in Figure 3. In fact,
a reduction of p to 0.2 does not allow the third variable in Figure 3 to be included for
the IMEP regression line definition. In the case of #; and BSFC, the p reduction allows
the effective compression ratio to be included, and the performance of the model are
significantly improved, despite the rather poor correlation of the performance variables
with CR.

Figure 4 further illustrates some of the results obtained using the various models for
p > 0.2. Consistent with the aforementioned observations, the plots depict the training data
points in blue and the validation points in red. The x-axis corresponds to the parameters
obtained from numerical simulations, while the y-axis represents the results predicted
by the correlation model. The central black line denotes perfect agreement between the
actual results and the model predictions. The corresponding RMSE and R? values are
also reported.

Overall, the models developed in this section are capable of describing the influence
of the main design and operating parameters on the engine behavior with good accuracy.
With reference to CNG fueling and stoichiometric operation, the main outcomes from this
section are:

e the Generating Load Coefficient exerts a dominant influence on IMEP, indicated
efficiency, BSFC, as well as Net electric power;
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* the effective CR showed a minor effect on most parameters: this suggests that the CR
can be chosen based on the risk of abnormal combustion, taking the fuel properties
and the working conditions into account;

e for an optimization of the engine efficiency and specific power, the generating load
should be selected at its maximum value, for a given intake pressure.

Net Electric Power - Quadratic model Indicated Efficiency - Quadratic model
R? (Test data) = 0.998 5 R? (Test data) = 0.999 o
12 - | RMSE (Test data) = 0.091 [kW] R 0.4 -| RMSE (Test data) = 0.002 [
R?2 (Fitting data) = 0.997 & : R?2 (Fitting data) = 0.997
— 11 | |RMSE (Fitting data) = 0.105 [kW] | RMSE (Fitting data) = 0.003 [-]
Z
= 10 - 035}
] g o=
< 97 o g =
- & 2 03
= 8 y 9
s g =
3 £
3 B 025+
A~ 6F
I o N N
Test data o Test data
5 ° 2
o Fitting data 0 46@ o Fitting data
6 8 10 12 0.2 0.25 0.3 0.35 04
Actual P, ,0; [KW] Actual #; [-]
(a) Net electric power correlation (b) Indicated efficiency correlation

Figure 4. Comparison between numerical simulation results and correlation model predictions for
p > 0.2: (a) net electric power and (b) indicated efficiency. Training data points are shown in blue,
while validation points are shown in red. The black line represents perfect agreement between
simulations and model predictions. The corresponding RMSE and R? values are also reported.

5. Engine Performance Optimization

Following the comprehensive characterization of the engine behavior discussed in the
previous section, the modeling activity presented here aims to analyze engine performance
and efficiency, with the objective of optimizing the trade-off between these two aspects.
In addition, alternative fuels are considered in order to demonstrate the fuel-flexibility
potential of the free-piston engine.

Initially, variations in the air-fuel equivalence ratio, generating load coefficient, and
compression ratio are analyzed using hydrogen as the fuel. Subsequently, exploiting the
capability of the free-piston engine to operate with a variable compression ratio, several
fuels are compared, namely natural gas, hydrogen at A = 1 and A = 2, and ethanol.

5.1. Lambda and GLC Sweep Characterization in Hydrogen Combustion

Figure 5 illustrates the effects of the simultaneous variation in the air-fuel equivalence
ratio and the generating load coefficient on the main power-related and efficiency indicators.
The analysis is performed using hydrogen as fuel, at a fixed compression ratio of 13 and
a constant pressure difference Ap between intake and exhaust manifolds. Two different
intake pressure conditions are considered. In the plots, the dependent variables are reported
as a function of GLC. Different line styles and symbols identify the A values, while colors
indicate the intake pressure. The minimum and maximum values associated with each
curve represent the lower and upper limits of the load for a given combination of intake
pressure and A.

Figure 5a shows that the maximum achievable indicated efficiency increases with
increasing A. This behavior can be attributed to a more effective utilization of the avail-
able chemical energy, resulting from lower peak temperatures and reduced heat losses.
The higher efficiency observed at higher loads is due to the fact that the indicated cycle
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approaches the reference Otto air—fuel cycle. This is consistent with the results reported
in [17].
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Figure 5. Effect of the simultaneous variation in the A and GLC using hydrogen fuel. Results are
shown for a compression ratio of 13 and constant pressure difference Ap under two intake pressure
conditions: 1.5 bar (blue) and 2.0 bar (orange). The different A values are indicated by the line and
marker styles shown in the legend. Plots report: (a) indicated efficiency, (b) net electric efficiency,
(c) compressor absorbed power, (d) net electric power, and (e) trapped air mass.
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It is also observed that the achievable efficiency increases with increasing intake
pressure, due to the reduced relative contribution of heat losses at higher loads. Moreover,
the maximum achievable load varies with the selected A value. The trapped air mass mainly
depends on the intake pressure p;,; (see Figure 5e). An increase in A corresponds to a
decrease in the fuel mass injected into the cylinder and, consequently, to a lower fuel energy
per cycle. The increased air mass flow also leads to higher compressor power demand
(Figure 5c), which, at the same A, becomes nearly twice as large as in the lower-pressure
configuration. This also explains why the net electric efficiency (Figure 5b) shows trends
with respect to A and pj,; that are opposite to those of the indicated efficiency (Figure 5a).

Using increasingly lean mixtures does not result in a significant variation in the
compressor power. This is because the air-to-fuel ratio is controlled by the injected fuel
mass; therefore, variations in the trapped air mass are mainly due to differences in piston
motion and the resulting scavenging process. Figure 5d shows that leaner mixtures lead to
a significant reduction in net power output. This effect is primarily related to the lower
energy content of the mixture, as well as to the absence of a system for recovering exhaust
energy, as already discussed in [17].

5.2. CR Effect on Engine Performance Under Hydrogen Fueling

The results discussed in the previous subsection further confirm the advantage of
setting the maximum achievable GLC in order to maximize net power output and efficiency
for each operating condition. The simulations presented in this subsection were carried
out under these conditions, with the aim of investigating engine behavior under different
compression ratios and intake pressures.

Figure 6 presents the results obtained by varying the engine compression ratio in
combination with the intake pressure, while maintaining a constant pressure difference Ap
between intake and exhaust. Hydrogen is used as the fuel, and two combustion modes are
considered, namely a stoichiometric mixture and a lean mixture (A = 2).

Figure 6a,b show that both indicated and net electric efficiencies slightly increase with
increasing compression ratio. However, some intersections are observed due to differences
in the load coefficient that could be sustained under specific operating conditions, as shown
in Figure 6e. Consistently with the results in Figure 5, increasing the intake pressure leads
to a reduction in net electric efficiency due to the higher power demand of the compressor.

The indicated efficiency, on the other hand, is almost independent of intake pressure
in the lean combustion case, whereas a more noticeable reduction is observed under
stoichiometric conditions. This behavior is likely associated with the onset of engine
instability as the maximum GLC is approached, leading to an advanced ignition position
(Figure 6f) and a less favorable shape of the indicated cycle.

It is also worth noting that the indicated efficiency increases by approximately 10
percentage points when moving from stoichiometric to lean mixtures. Conversely, the
effect of A on net electric efficiency is mitigated by the contribution of compressor power,
whose relative impact differs significantly between the two cases. Further analysis of the
remaining plots shows that the power absorbed by the compressor increases with boost
pressure, while remaining largely independent of compression ratio (Figure 6c¢).

Regarding net electric power (Figure 6d), increasing the compression ratio leads
to a corresponding increase in power output. This effect is more pronounced under
stoichiometric conditions, due to the higher chemical energy content of the mixture.

Overall, the results in Figure 6 indicate that the main engine performance parameters
are primarily influenced by A when GLC is set to its maximum value. Consistently with
the results presented in Section 4, the effective compression ratio has a limited impact on
the results, allowing its optimization based on fuel characteristics and performance targets.
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Figure 6. Effect of variation in CR and intake pressure on the performance of the hydrogen-fueled
engine at the maximum achievable GLC. Simulations are performed at constant intake—exhaust
pressure difference Ap for two mixture conditions: stoichiometric and lean (A = 2). Line and marker
styles distinguish the two A conditions as indicated in the legend, while colors identify the CR. Plots
report: (a) indicated efficiency, (b) net electric efficiency, (c) compressor absorbed power, (d) net
electric power, (e) generating load coefficient, and (f) ignition position relative to the nominal top
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5.3. Engine Behavior with Different Fuels and Combustion Strategies

One of the main features of the FPLG is its capability to operate with different fuels
without requiring modifications to the system architecture. This fuel flexibility has been
widely highlighted in the literature as one of the key advantages of free-piston engines
compared with conventional crankshaft engines [27]. In the following, engine performance
at CR = 12 is analyzed by considering different fuel compositions (namely natural gas,
hydrogen, and ethanol) and A values (for hydrogen, A = 1 and A = 2 are considered). As
in the previous subsection, the generating load coefficient is set to its maximum achievable
value for each operating condition. Several operating points are investigated at different
intake pressures, while maintaining a constant pressure difference Ap between intake and
exhaust manifolds.

A preliminary observation is required before discussing this comparison in detail.
Figure 7e shows that the maximum achievable load varies with intake pressure and, more
significantly, with the selected fuel. This behavior is consistent with previous findings,
particularly when comparing stoichiometric and lean hydrogen combustion: in the former
case, the achievable electrical load is significantly higher.

A slight reduction in the maximum GLC at high intake pressure is observed for ethanol
and may be associated with a more pronounced decrease in scavenging efficiency compared
to hydrogen and natural gas (Figure 7f). This effect can lead to a higher fraction of residual
gases in the combustion chamber, thereby reducing the effective energy content of the
fresh charge. As a result, piston velocities and the work delivered by the piston decrease,
requiring a reduction in the generating load coefficient to ensure stable operation. The
resulting decrease in available energy also contributes to the efficiency loss observed for
ethanol at high intake pressures (Figure 7a). A similar deviation from the general trend is
observed in net electric power (Figure 7d), where ethanol shows a slower increase with
intake pressure compared to the other fuels.

Considering only stoichiometric conditions, ethanol and natural gas exhibit compara-
ble performance. Efficiency values (both indicated and net electric) are slightly higher for
ethanol at low intake pressures and for natural gas at higher intake pressures (Figure 7a,b).
A similar trend is observed for net electric power, which also reflects the reduction in
ethanol GLC at higher intake pressures.

Notably, lean hydrogen loses its efficiency advantage at high intake pressures. This
effect is further amplified by the lower maximum achievable GLC, resulting in lean hy-
drogen becoming less efficient than both natural gas and ethanol at an intake pressure of
1.9 bar, as shown in Figure 7b.

In summary, stoichiometric hydrogen combustion may be affected by abnormal com-
bustion, high combustion temperatures, and increased NOx emissions, and may therefore
require dedicated strategies, such as EGR, to be effectively employed. This would lead to a
reduction in the net power delivered by the generator. In contrast, stoichiometric natural
gas and ethanol provide comparable performance in terms of both power and efficiency,
with approximately 12 kW delivered at p;,; = 1.9 bar. The indicated efficiency is around
0.40 in both cases, while the net electric efficiency is approximately 0.33 at the highest intake
pressure considered.
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Figure 7. Comparison of engine performance for different fuels at a compression ratio of 12 and
maximum achievable GLC. Simulations are performed at several intake pressures while maintaining
a constant intake—exhaust pressure difference Ap. The fuels considered are natural gas, ethanol,
hydrogen under stoichiometric conditions, and hydrogen under lean conditions. Colors and marker
styles identify the different fuels as indicated in the legend. Plots report: (a) indicated efficiency,
(b) net electric efficiency, (c) compressor absorbed power, (d) net electric power, (e) generating load
coefficient, and (f) scavenging efficiency.
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To contextualize the results obtained for the FPLG system, a comparison with pub-
lished data on conventional range-extender ICE architectures was carried out. Table 10
summarizes the efficiency values reported in the literature for range-extender engines
fueled with different fuels, alongside the corresponding results obtained in the present
work. It should be noted that a direct comparison is hindered by the limited availability of
studies featuring similar engine configurations and operating conditions, as well as by the
use of different efficiency metrics across the referenced works. For this reason, the most
relevant efficiency parameter reported in each reference is presented, while both indicated
efficiency and net electric efficiency are reported for the present work, so as to provide the
broadest possible basis for comparison.

Table 10. Benchmarking of net electric/brake efficiency against conventional range-extender
ICE architectures.

Source Engine Type/Fuel Efficiency Metric Value
[28] 2-stroke, gasoline Gross indicated /brak 0.37-0.43/0.32-0.38
[29] 4-stroke, ethanol, CR 12 Brake efficiency 0.34-0.38
[30] 4-stroke, LPG Peak brake efficiency 0.274
[31] 4-stroke, Hy, A = 2 Range-extender efficiency ~0.20
Present work FPLG, NG/ethanol, A =1, CR 12 Net electric efficiency 0.33-0.36
FPLG, Hy, A =2,CR 12 Net electric efficiency 0.29-0.40
FPLG, NG/ethanol, A =1, CR 12 Indicated efficiency 0.38-0.40
FPLG, Hy, A =2,CR 12 Indicated efficiency 0.46-0.47

The results obtained for the FPLG system under stoichiometric natural gas and ethanol
operation are broadly consistent with those reported for conventional range-extender ar-
chitectures. The indicated efficiency of 0.38-0.40 compares favorably with the gross indi-
cated efficiency of 0.37-0.43 reported for an optimized two-stroke gasoline range-extender
engine [28] and with the brake efficiency of 0.34-0.38 obtained for an ethanol-fueled four-
stroke engine at a comparable compression ratio [29]. The net electric efficiency of 0.33-0.36,
which accounts for the power consumed by the electrically driven supercharger, is in
line with the brake efficiency figures reported for conventional architectures [28,29], and
substantially exceeds the peak brake efficiency of 0.274 reported for the LPG-fueled range-
extender engine [30]. Regarding hydrogen operation, the net electric efficiency of 0.29-0.40
achieved under lean combustion (A = 2) in the present work spans a wider range, reflecting
the strong sensitivity of performance to intake pressure already discussed in Section 4.
This compares favorably with the total range-extender efficiency of approximately 0.20
reported in [31] for a converted gasoline engine operating at A = 2. The discrepancy can
be attributed to the additional mechanical and electrical losses inherent in a converted
conventional architecture, as well as to the different definition of efficiency adopted in
that reference. It should, however, be noted that the results presented here are based
on numerical simulations, and experimental validation remains a necessary step before
definitive conclusions can be drawn. Overall, the benchmarking exercise confirms that the
opposed-piston FPLG concept is competitive with, and in several cases superior to, con-
ventional range-extender architectures in terms of both thermal and net electric efficiency,
while offering the additional advantages of fuel flexibility and variable compression ratio
operation without any mechanical reconfiguration.

6. Conclusions

The present work investigated the parameters governing the performance and effi-
ciency of spark-ignition opposed-piston free-piston linear generators through a numerical
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approach. Simulations were performed using a one-dimensional model suitably extended
to account for the effects of electrical load and gas spring pressure on piston dynamics.

A Design of Experiments methodology based on a Sobol sequence was adopted to
systematically explore the influence of design and operating parameters. This approach
enabled the identification of cause—effect relationships between input variables and engine
performance indicators.

The resulting dataset was further analyzed through a correlation analysis to quantify
the combined influence of the input parameters on the system response. This analysis
also allowed the identification of synergistic and compensating effects between variables.
The derived regression models provide a useful tool for the preliminary screening of
unfavorable parameter combinations, allowing unsuitable design or operating conditions
to be excluded at an early stage of the development process.

The potential of hydrogen as a fuel for FPLG applications was also assessed by
considering both stoichiometric and lean operating conditions. The effects of generating
load coefficient, boost pressure, and compression ratio were analyzed in order to evaluate
their impact on performance and efficiency. Furthermore, the capability of the FPLG to
operate with a variable compression ratio enabled a direct comparison between different
fuels, namely natural gas, hydrogen, and ethanol.

The main findings of this study can be summarized as follows:

*  The correlation analysis of the DoE simulations highlighted the dominant influ-
ence of the generating load coefficient on IMEP, indicated efficiency, BSFC, and net
electric power.

*  When the generating load coefficient is set to its maximum achievable value, the main
performance parameters are primarily affected by the air—fuel equivalence ratio A. The
effective compression ratio plays a secondary role, suggesting that it can be selected
based on fuel properties and combustion constraints rather than being a primary
optimization variable.

*  Stoichiometric hydrogen combustion may be affected by abnormal combustion phe-
nomena, high combustion temperatures, and increased NOx emissions, and may
therefore require dedicated strategies such as exhaust gas recirculation. This implies a
potential penalty in terms of net power output, which should be carefully considered
when evaluating hydrogen-based operation.

*  Stoichiometric natural gas and ethanol provide comparable performance in terms of
both power and efficiency, confirming the strong fuel-flexibility potential of the free-
piston engine concept. Approximately 12 kW can be delivered at p;,; = 1.9 bar, with
indicated efficiency values around 0.40 and net electric efficiency values around 0.33.

*  Opverall, the FPLG concept emerges as a competitive solution for range-extender
applications, capable of achieving performance levels comparable to conventional
architectures while offering additional flexibility in fuel selection and operating condi-
tions. Further research is required to improve control strategies and to enhance system
efficiency through advanced exhaust energy recovery solutions.
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Abbreviations

The following abbreviations are used in this manuscript:

1D One-Dimensional
3D Three-Dimensional
AFR Air-Fuel Ratio
BDC Bottom Dead center

BSFC Brake Specific Fuel Consumption
CFD Computational Fluid Dynamics

CO Carbon Monoxide

CO, Carbon Dioxide

CR Compression Ratio

DoE Design of Experiments
FPLG Free-Piston Linear Generator

GHG Greenhouse Gas

GLC Generating Load Coefficient

Hy Hydrogen

HC Hydrocarbons

HCCI Homogeneous Charge Compression Ignition
HRR Heat Release Rate

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure

LPG Liquefied Petroleum Gas

NG Natural Gas

NMHC  Non-Methane Hydrocarbons

NOy Nitrogen Oxides

PCC Pearson’s Correlation Coefficient

PCCI Premixed Charge Compression Ignition
PI Proportional-Integral

R? Coefficient of Determination

RMSE  Root mean Square Error

TDC Top Dead center

THC Total Hydrocarbons
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