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Abstract 

Powertrain electrification is currently considered a promising solution to meet the challenge of CO2 reduction requested by future emission 

regulations for the automotive industry. Despite the potential of full electric powertrains, such as Battery Electric Vehicles (BEVs) and Fuel Cell 

Electric Vehicles (FCEVs), their diffusion has been severely limited by various technological aspects, market drivers and policies. In this scenario, 

there is a growing interest in Hybrid Electric Vehicles (HEVs) powered by spark-ignited Dedicated Hybrid Engines (DHEs), mainly because of their 

high efficiency and very-low pollutants. However, since DHEs are usually operated at relatively high loads, with advanced combustions and high in-

cylinder pressure and temperature peaks, reliability over time becomes a crucial aspect to be guaranteed by the engine management systems. This 

work presents development and validation of an innovative control-oriented model, suitable to predict the maximum in-cylinder pressure of SI 

engines. The procedure is based on information that can be measured or estimated, in real time, on-board a vehicle, and the computational cost is 

compatible with modern engine control units. To verify accuracy and robustness of the methodology, two different SI engines have been analyzed 

over their whole operating range: a turbocharged Gasoline Direct Injection (GDI) engine and a Naturally Aspirated (NA) engine. After calibrating the 

model parameters using both average and cycle-by-cycle data, the accuracy of the maximum in-cylinder pressure estimation has been evaluated 

always returning errors lower than 3 % between measured and estimated maximum in-cylinder pressure. 

1. Introduction 

Nowadays, the increase in global temperature, together with the rise of transported people and goods has forced transport legislation boards around 

the world to establish strict regulation on pollutants and CO2 emissions. To achieve the Paris Agreement’s goals, Greenhouse Gas (GHG) emissions 

from global road transport need to be dramatically reduced [1, 2]. As a result, decarbonizing the transportation sector is necessary. Following these 

guidelines, automotive industries developed new technologies and concepts to comply with the “Zero-Emission Challenge” for passenger cars. 

Several works demonstrate that electrification will play a key role to tackle the problem of CO2 emissions, starting with the adoption of Hybrid 

Electric Vehicles (HEVs), called “near-zero Emission Vehicles”, and then looking towards the “zero Emission Vehicles”, such as BEVs and 

hydrogen FCEVs [3]. As well known, despite BEVs and FCEVs have the potential to achieve the GHG emissions reduction needed to meet the goals 

established by the Paris Agreement [1], battery-pack related challenges (energy storage, aging, and weight), lack of charging/filling infrastructure and 

cost have hindered a wide diffusion of these technologies. However, based on the recent evolution of materials and industrial processes, it is 

reasonable to expect that these solutions will partially replace internal combustion engines, both in heavy and light-duty vehicles [4], in the long run. 

In this scenario, current research is focusing on the development of alternative ICE-based technologies that support GHG reduction in the short/mid-

term. Powertrain electrification and the adoption of synthetic fuels and hydrogen will be crucial to improve the overall efficiency and reduce 

emissions. Typically based on Spark Ignited (SI) engines, modern Hybrid Electric Vehicles (HEVs) combine the benefits of internal combustion 

engines, such as long driving range, with the high efficiency of electric motors. The improvement in fuel consumption and GHG emission of HEVs is 

clear and widely documented in the literature. Sens et al. [5] demonstrated the benefits, in terms of CO2 reduction, provided by HEVs with different 

configurations, i.e., different locations of the electric motor in the powertrain architecture. Regarding the ICE, Conway et al. [6] quantified the 

efficiency improvements given by increased compression ratio, optimized turbocharger sizing and reduced enrichment (lean combustion process) of a 

SI engine coupled with a 48V electric motor. However, to further improve powertrain efficiency, current research has been focused on the so-called 

Dedicated Hybrid Engines (DHEs), characterized by very high efficiency in a limited operating region and designed to operate with an electric 

motor, which provides propulsion when the ICE is traditionally inefficient. Several works demonstrated that the Brake Thermal Efficiency (BTE) of 

DHEs can achieve 45% with a very low CO2 emission (<20 g/km) [7-9], complying with the HEVs production and homologation requirements. 

Extreme engine downsizing with high compression ratios [10, 11], Miller-cycle operation [12, 13], very high Exhaust Gas Recirculated (EGR) ratios 

[14, 15], use of active and passive pre-chamber combustion system [16-18] and advanced combustion approaches such as Gasoline Compression 

Ignition (GCI) [8, 18-21], Spark Assisted Low-Temperature Combustion (SA-LTC) [22] and compression ignited Low Temperature Combustion 

(LTC) [23, 24] are the state of art of the technologies used to develop DHE.  

Since DHEs are typically based on advanced SI engines with high compression ratio, the mitigation of abnormal combustions (knock and pre-

ignition) represents one of the biggest challenges to improve their reliability and controllability. Different approaches have been proposed to reduce 

the knock tendency, such as Low-Pressure [25, 26] and High-Pressure EGR (LP-EGR and HP-EGR respectively) and Water Injection (WI) [27, 28]. 
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Despite such solutions significantly reduce the probability of abnormal combustions, they also have a strong impact on combustion stability, 

controllability, and cycle-to-cycle variability. Therefore, running the ICE close to its maximum efficiency (advanced center of combustion, possibly 

in the maximum brake torque, MBT, condition), might lead to unexpected abnormal combustions, with extremely high maximum pressure peaks, 

extremely dangerous for the reliability of piston and crank-slider mechanism. As a result, modern DHEs are usually operated with a closed-loop 

combustion controller, which keeps the center of combustion (CA50) as close as possible to MBT [29, 30]. However, MBT might not always be 

reached, mainly due to high in-cylinder peak pressure or knocking, which could compromise engine reliability. Therefore, combustion management 

plays a crucial role in realizing the potential benefits of DHEs (high efficiency and low pollutants).  

The most common approaches to realize real-time combustion management achieving both efficiency and reliability goals for DHEs, are based on 

closed-loop CA50 control. The easiest way to provide combustion feedback (such as, CA50, Pmax, and Knock Index) is through the in-cylinder 

pressure sensors [31, 32]. When high knock intensities or maximum pressure peaks (coming from a direct measurement) exceed the limits defined by 

the manufacturer, the controller can dynamically change the CA50 location to meet torque demand while respecting engine reliability limitations. 

Despite their effectiveness, the high cost and low durability of cylinder pressure sensors make such approaches unsuitable for the needs of large 

automotive manufacturers. As a result, remote sensing methodologies have been investigated in recent years to replace the combustion feedback 

coming from the in-cylinder pressure signal. Several works demonstrated that an effective estimation of the combustion feedback can be obtained 

through a proper processing of signals coming from standard on-board sensors, such as instantaneous crankshaft speed [33, 34], engine block 

acceleration [35, 36], ion-current sensing [30], and acoustic emissions [37, 38].  

Although effective, remote sensing strategies provide indirect feedback on the combustion process and often require physical relationships to 

correlate combustion-related parameters with sensor output. Due to the complex data processing required to perform such task, the estimation of in-

cylinder pressure (and Pmax) is still considered one of the most challenging correlations in remote sensing. Since knock and Pmax are the most 

important combustion feedback for engine reliability, several authors have developed different methodologies to obtain such information. Zhao et al. 

[39] demonstrated that both the location of the in-cylinder pressure peak and the maximum pressure rise rate (MPRR) can be effectively obtained by 

coupling a mathematical model of the reciprocating inertia force excitation with high-frequency processing of vibration velocity signal. Despite 

remarkable achievements in MPRR estimation, the absolute value of Pmax can not be obtained, making the approach unsuitable for compliance with 

the more common Pmax limit. Ghamry et al. [40] studied an indirect methodology for in-cylinder pressure measurement using acoustic emission. 

The authors modeled the entire pressure waveform using two methods: a polynomial fit during the compression stroke, and an autoregressive 

technique for both the compression and expansion strokes. The integration of these two modeling approaches and the high computational cost of the 

autoregressive methodology are the main barriers to implementing the model in standard ECUs for real-time applications. 

Cruz-Peragon et al. [41] presented a genetic algorithm (GA) based method to determine the instantaneous in-cylinders pressure of internal 

combustion engines. The authors obtained the pressure trace from two validated GA sub-models that reproduce the engine behavior. The results 

confirmed the accuracy of the proposed methodology in different engine platforms. However, due to the requirement for a strong understanding of 

engine behavior (especially because GA models need to be trained and validated), the authors identified end-of-line testing as the main application of 

the model. In addition to genetic-algorithms, several authors investigated the potential of artificial neural networks (ANNs) for predicting the in-

cylinder pressure trace. Among them, Yang et al. [42] designed and calibrated three different ANNs. The aim of their work was to obtain both cyclic 

Pmax and IMEP prediction using engine related parameters (i.e., injector current, maximum motored pressure and cylinder pressure before the first 

main injection). Two nonlinear ANNs and an auto-regressive moving average methodology were tested and proved to be promising, but not enough 

accurate for real-time engine control. In addition, many authors demonstrated the potential of hybrid remote sensing approaches (physical signals 

processing and machine learning) to improve the accuracy of CA50 estimation. As an example, Pla B. et al [43] highlighted the benefit of coupling a 

supervised machine learning technique with the information coming from vibrational sensors for better combustion feedback estimation. 

Scocozza et al. [44] proposed a data-driven experimental model capable of estimating the Pmax as a function of mainly two parameters, combustion 

phase and engine load. While demonstrating effectiveness for both cyclic and average Pmax estimation, the large amount of experimental data 

required to calibrate the model was the main problem for its application to standard engines. 

According to the literature, although many efforts have been made to obtain Pmax using different approaches, none of them meets the needs of real-

time combustion controllers. To fill this gap, this paper describes a control-oriented physical Pmax model aimed at integrating reliability limitations 

in existing control strategies for DHEs. After obtaining a simplified formulation of the energy conversion function during a standard spark-ignited 

combustion process using stock sensors already present in conventional engines and physical relationships, the approach has been validated operating 

two different engines: 2.0L turbocharged GDI engine, and 1.0L NA engine. The calibration of the simplified energy conversion function for each 

engine under study has been performed using a small amount of operating conditions representative of the way energy is converted into pressure 

during the combustion process. Then, Pmax has been estimated over a wide set of experiments, running also EGR and WI, proving its accuracy both 

considering cycle-by-cycle and averaged values. Thanks to its low computational cost, the proposed model can be readily integrated into a standard 

ECU and employed as an external reliability limitation (Pmax limit) within the combustion controller. This limit ensures that the minimum 

achievable CA50, as defined by the engine manufacturer's reliability specifications, is enforced for improved closed-loop control. This 

implementation utilizes remote CA50 estimation methodologies, allowing for improved closed-loop management without direct combustion 

feedback. Moreover, the approach can be interesting even if the in-cylinder pressure measurement is available on-board, such as in high performance 

racing engines or ICE-based stationary power generation, because it might be used to detect measurement drifts over time or sensor failures 

comparing measured and estimated (through the proposed model) Pmax. 
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2. Experimental setup 

The experimental data used to develop, calibrate, and validate the presented model, were collected running two gasoline SI engines installed in a test 

cell:  

• Engine 1: 4-cylinder 2.0L Turbocharged GDI equipped with LP-EGR and WI. 

• Engine 2: 3-cylinder 1.0L Naturally Aspirated with HP-EGR. 

The main technical characteristics of the engines under study are summarized in Table 1. 

 Engine 1 Engine 2 

Engine displacement 1995 cc 999 cc 

Number of cylinders 4 3 

Bore 84 mm 70 

Stroke 90 mm 86.5 

Compression ratio 10:1 10.5:1 

Valves per cylinder 4 2 

Additional systems LP-EGR + WI HP-EGR 

Table 1. General characteristics of the tested engines. 

To monitor the combustion process and calculate the main combustion indexes, such as center of combustion (CA50), Indicated Mean Effective 

Pressure (IMEP), and Pmax, in-cylinder piezoelectric pressure sensors have been installed in each cylinder of the two engines. The pressure signal 

has been acquired at 200 kHz and real-time analyzed using AVL IndiCom. To communicate with the Engine Control Units (ECU), an ETAS module 

coupled with INCA software has been used. This system allowed performing sweeps (starting from the manufacturer calibration values) of the main 

control parameters which affect the in-cylinder peak pressure (and consequently the knock tendency) such as Spark Advance (SA), throttle position, 

intake manifold pressure, Lambda (λ), EGR, and WI ratios. Furthermore, to thoroughly investigate each engine operating point, all the engine-

mounted sensors have been acquired at lower frequency (100 Hz) using INCA and the engine performance i.e., Brake Mean Effective Pressure 

(BMEP), torque, and fuel consumption have been logged by the test bench control system. The ECU variable Net Load (NL, defined in Equation 1) 

has been chosen as engine load index. Such index, defined as the product of the Manifold Air Pressure (MAP) and the volumetric efficiency (𝜂𝑖𝑛𝑡), 

represents an estimation of the in-cylinder pressure in correspondence of the intake valve closure, and it is mainly affected by the pressure drop 

through intake runners and valves and by the displaced volume reduction due to EGR and WI (if present). All the above-mentioned fresh air 

reductions have been precisely quantified by the manufacturer and included in the volumetric efficiency 𝜂𝑖𝑛𝑡.  

 𝑁𝐿 = 𝑀𝐴𝑃 ∗ 𝜂𝑖𝑛𝑡 (1) 

To quantify the exhaust gases recirculated and the amount of water injected (if present) two indexes have been defined and implemented in the ECU 

by the manufacturer (for 𝜂𝑖𝑛𝑡 estimation). Equation 2 defines the water-fuel ratio r, where 𝑚𝑓 and 𝑚𝑤  are the mass of injected fuel and water per 

cycle respectively. In the same way, Equation 3 defines the EGR ratio 𝐸𝐺𝑅𝑟, where  𝑚𝑓𝑟𝑒𝑠ℎ 𝑎𝑖𝑟 and 𝑚𝐸𝐺𝑅  are the mass of fresh air and exhaust gases 

recirculated in the cylinder per cycle. Furthermore, the real-time availability of r and 𝐸𝐺𝑅𝑟 allowed proper controlling water and exhaust recirculated 

gases during the experimental activity, where large variations of these quantities have been performed, the goal being to validate the robustness of the 

Pmax estimation methodology over a wide range of operating conditions. 

  𝑟 =
𝑚𝑤

𝑚𝑓
 (2) 

 𝐸𝐺𝑅𝑟 =
𝑚𝐸𝐺𝑅

𝑚𝑓𝑟𝑒𝑠ℎ 𝑎𝑖𝑟

 (3) 

Figure 1 and Figure 2 show the schematic representation of the experimental layout (main sensors and actuators) of the tested engines. As reported in 

Table 1, Engine 1 is a turbocharged GDI engine equipped with cooled LP-EGR system in which the exhaust gases to be recirculated are extracted 

after the Three-Way Catalyst (TWC). To control air-fuel ratio and 𝐸𝐺𝑅𝑟, two linear oxygen sensors have been mounted after the turbine and in the 

intake manifold respectively. Water injection is performed using 4 additional injectors (one per cylinder) placed in the intake runners. Compared to 

Engine 1, the complexity of Engine 2 (Figure 2) is lower, mainly because boosting and WI systems are not present. Both engines are equipped with 

standard sensors and actuators mounted on-board the vehicle, such as throttle valve, EGR valve, manifold air temperature and pressure sensor, 

exhaust temperature sensor. 
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Figure 1. Schematic of the LP-EGR and WI systems of Engine 1 

 

 

Figure 2. Schematic of the HP-EGR system of Engine 2 

To obtain a comprehensive knowledge of the combustion process in the engines considered in this work, both engines have been tested in their whole 

operating range (defined by the manufacturer). Different combinations of speed, load, and CA50 have been tested as well as different 𝐸𝐺𝑅𝑟 and r (if 

present), and cyclic and average combustion feedback have been measured. The following section will describe the operating conditions during each 

experimental campaign in detail. By analyzing the experimental data, the Pmax physical model has been formulated using as input signals already 

present in the standard engine layout. Then, the model has been calibrated using the in-cylinder pressure feedback and then tested in the entire engine 

operating range.   
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3. Maximum In-Cylinder Pressure Estimation Model 

The most common operating process in modern SI engines for automotive applications is the four-stroke operating cycle, which converts the rise of 

in-cylinder pressure generated by the combustion into delivered engine torque [45]. 

The presented methodology for Pmax estimation focuses the attention on the stages in which intake and exhaust valves are closed, i.e., compression 

and expansion. Given a fixed amount of charge trapped in the cylinder (with a certain temperature), compression and combustion contribute to the 

achievement of the in-cylinder pressure peak. Although the impact of compression on cylinder pressure can be easily quantified (considering 

compression as a polytropic process [46]), a simplified model of the interaction between compression and combustion is not straightforward. As a 

matter of fact, combustion generates a pressure increase (with respect to the motored pressure trace) that strongly depends on the conditions in which 

the combustion process takes place, i.e., on compression and combustion location within the cycle. To clarify this consideration, the thermodynamic 

of the simplified (ideal) Seiliger-Sabathé cycle [45] can be analyzed. As it is well known, this cycle schematizes the combustion process as a two-

stage heat exchange, one at constant volume and the other at constant pressure.  

Referring to the indicated diagram reported in Figure 3, the first stage of the combustion process (2-3, constant volume) follows the compression 

from 1 (intake valve closure, IVC) to 2. The heat exchange at constant volume (2-3) is the one responsible for the in-cylinder pressure increase, while 

the following stage (3-3’, constant pressure) keeps constant the achieved pressure peak. Once 3’ is reached, the expansion process (3’-4) starts, and it 

ends at the exhaust valve opening (EVO, 4). The compression (1-2) and expansion (3’-4) strokes are considered as isentropic (adiabatic and 

reversible) transformations. Moreover, the physical properties of the working fluid, such as 𝑐𝑣 and 𝑐𝑝, are considered constant throughout the ideal 

cycle. 

 
Figure 3. Indicator diagram: ideal engine cycle 

 

Focusing the attention on the combustion process of the simplified engine cycle reported in Figure 3, the total energy introduced (𝑄𝑐𝑜𝑚𝑏) can be 

schematized, through Equation 4, as the sum of two contributions: energy introduced at constant volume (𝑄𝑣, from 2 to 3), which generates an 

instantaneous rise of the in-cylinder pressure when the cylinder volume is equal to the volume of combustion chamber (𝑉𝐶𝐶), and energy introduced 

at constant pressure (𝑄𝑝, from 3 to 3’) which keeps the pressure at a constant value while the cylinder volume increases. Since the Seiliger-Sabathé 

cycle is ideal, the total amount of energy introduced during the combustion process can be considered equal to the energy provided with the injected 

fuel (100% combustion efficiency), i.e., the product between injected fuel mass (𝑚𝑓) and lower heating value (LHV) of the fuel. Although real SI 

engines are characterized by a continuous heat release (no fraction of energy is released at constant volume), the Seiliger-Sabathé cycle was analyzed 

because it allows highlighting the effect of combustion timing on the impulsivity of the heat release (i.e., the fraction of heat released at constant 

volume). Moreover, being an ideal cycle, it allows the correlations between the pressure cycle and the control parameters to be made explicit 

analytically.  

  𝑄𝑐𝑜𝑚𝑏 = 𝑄𝑣 + 𝑄𝑝 =  𝑚𝑓𝐿𝐻𝑉 (4) 

2

3 3’

4

1

Vcc VIVC

Qv

Qp

PIVC

Pmax
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As already discussed, the observation of the indicator diagram in Figure 4a clarifies that the pressure increase due to the combustion process is 

related to 𝑸𝒗, the portion of heat released at constant volume. Such pressure increase starts from the motored pressure peak 𝑷𝟐, reached at the end of 

the compression stroke, that can be easily calculated through Equation 5 (isentropic compression with specific heat ratio 𝜸). 

  𝑃2 = 𝑃𝐼𝑉𝐶 ∙ 𝑟𝑐
𝛾

  (5) 

Here, 𝒓𝒄 is the compression ratio (which depends on the geometric characteristics of the engine), while 𝑷𝑰𝑽𝑪 is the cylinder pressure in 

correspondence of the IVC, where compression starts (that can be easily determined, for a real engine, from mapped volumetric efficiency and direct 

pressure measurement performed in the intake manifold). 

Once the motored pressure peak is determined, to calculate 𝑷𝑰𝑽𝑪 it is possible to consider that 𝑸𝒗 can be expressed as reported in Equation 6, where 

𝑻𝟐 and 𝑻𝟑 are the cylinder temperature in correspondence of 2 and, 3 respectively and 𝒎𝒄𝒚𝒍 represent the mass of air trapped in the cylinder. 

  𝑄𝑣 = 𝑚𝑐𝑦𝑙𝑐𝑣(𝑇3 − 𝑇2)  (6) 

As mentioned before, 𝑸𝒗 generates a pressure rise at a constant volume. Thus, 𝑻𝟑 can be obtained, applying an isochoric transformation, as reported 

in Equation 7. 

  𝑇3 = 𝑇2  
𝑃3

𝑃2
   (7) 

Substituting Equation 7 into 6 and writing 𝑻𝟐 as a function of 𝑻𝟏 (isentropic compression), it is possible to highlight the expression of the pressure 

ratio 𝑷𝟑/𝑷𝟐, yielding (Equation 8): 

  
𝑃3

𝑃2
= 1 +

𝑄𝑣

𝑚𝑐𝑦𝑙 𝑐𝑣𝑇1 𝑟𝑐
𝛾−1  (8) 

Based on the definition of the λ reported in Equation 9, the mass of air can be written as a function of a corresponding fuel mass (𝒎𝒇), simply using 

Equation 10, where 𝑨𝑭𝑹𝒔𝒕 is the stoichiometric air-to-fuel ratio. 

  𝜆 =
𝐴𝐹𝑅

𝐴𝐹𝑅𝑠𝑡
 (9) 

  𝑚𝑐𝑦𝑙 = 𝑚𝑓𝜆𝐴𝐹𝑅𝑠𝑡 (10) 

In addition, it is possible to define the parameter 𝑲𝟏 as the ratio between the amount of energy released at constant volume and the total amount of 

energy released (𝑸𝒄𝒐𝒎𝒃). It yields: 

  𝐾1 =  
𝑄𝑣

𝑄𝑐𝑜𝑚𝑏
   (11) 

Equations 4, 10 and 11 can be finally used to rearrange Equation 8 as follows. 

  
𝑃3

𝑃2
= 1 +

𝐾1𝐿𝐻𝑉

𝜆𝐴𝐹𝑅𝑠𝑡𝑐𝑣𝑇1 𝑟𝑐
𝛾−1  (12) 
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As it can be observed in Equation 12, once both engine layout and operating conditions (especially 𝝀 and 𝑻𝟏) are defined, the ratio between pressure 

peak and motored pressure peak is mainly affected by the fraction of energy released at constant volume (𝑲𝟏). Such behavior can be easily related to 

combustion speed and location within the cycle. Furthermore, when different characteristics of fuel, mixture preparation, charge motion, and engine 

geometry are considered, 𝑲𝟏 will be affected by different combustion dynamics, potentially resulting in changes to the pressure peak (Pmax). 

Equation 12 also suggests that, for a given engine operated with a certain fuel, the ratio remains approximately constant at different loads and speeds, 

while slight variations (with respect to reference air-fuel ratio and intake temperature) can be easily compensated.  

 

Figure 4. Indicator diagram: a) effect of CA50 on combustion process of the ideal Seiliger-Sabathe cycle, b) effect of CA50 on the real combustion process of 

the 4-cylinder turbocharged SI engine 

Although the above calculations are referred to the indicator diagram of the ideal Seiliger-Sabathé cycle, it is reasonable to expect that similar 

considerations might be valid also for a real SI engine with some limitations related to the non-idealities of the real energy conversion process. In that 

case, the fraction of energy released that contributes to the pressure peak rise (corresponding to the key parameter 𝑲𝟏) will be strongly dependent on 

combustion speed, i.e., on the location of the center of combustion (CA50) within the cycle. To better clarify this aspect, Figure 4b shows the 

comparison between the pressure traces at different values of CA50, obtained running the 4-cylinder turbocharged engine approximately in the same 

engine operating point (all the engine control parameters were kept constant, except the SA, which was used to vary the CA50). As expected, when 

the center of combustion of a real cycle is advanced (in the conventional operating range where knock is avoided) 𝑸𝒗 increases because of the higher 

pressure and temperature in the combustion chamber. As a result, in the same angular range (same volume), a higher portion of the air-fuel mixture 

releases energy, leading to shorter combustion duration and higher-pressure peak 𝑷𝟑.  

 

Due to the differences between real energy conversion (heat and mass losses) and ideal process, described by Equation 12, the fundamental 

parameter 𝐾1 can not be directly calculated to describe a real energy conversion process for all the engine operating conditions. Therefore, to 

overcome the limitation of the proposed ideal Pmax model formulation, a control-oriented approach suitable to describe the real energy conversion 

process as a function of the CA50 will be presented in the following section. 

4. Results and Discussion 

The above discussed physical considerations, based on the thermodynamic analysis of the Seiliger-Sabathe cycle, could be used to set up a Pmax 

estimation methodology if the 𝑷𝟑/𝑷𝟐 function reported in Equation 12 is properly identified. Since the proposed approach is based on physical 

considerations on engines thermodynamic (Seiliger-Sabathé cycle), it is reasonable to consider the Pmax model suitable to describe different SI 

engine layouts and gasoline-like fuels.  

As a matter of fact, the motored pressure peak (𝑷𝟐) can be accurately estimated, starting from the intake pressure at the IVC, approximating the 

compression stroke as a polytropic process (i.e., through Equation 5 and adjusting 𝜸 to properly fit the real transformation). To validate the described 

(CA50) (CA50)

Vcc VIVC

Pmax

PIVC

2

3 3’

4

1

Vcc VIVC

PIVC

Pmax

a) b)
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𝑷𝟐 estimation methodology and identify γ, while testing the engine in the whole operating range, consecutive misfires were operated (once cylinder 

at a time was deactivated). As a result, inducing misfire the real motored conditions were generated, and the 𝑷𝟐 estimation was validated. Once the 

motored peak was estimated, it could be multiplied by the identified 𝑷𝟑/𝑷𝟐 function to obtain the estimated peak pressure. For a real engine, the way 

energy is converted into pressure (quantified by 𝑲𝟏) depends on combustion speed and, consequently, on CA50. As a result, it is reasonable to expect 

that also the 𝑷𝟑/𝑷𝟐 function will depend on CA50. To accurately investigate this dependency and validate the proposed Pmax estimation approach, a 

large amount of indicated data (especially Pmax and CA50), calculated by the indicating system and acquired running the engines under study over 

their whole operating range, have been analyzed. 

4.1.  4-Cylinder Turbocharged SI Engine  

Combustion speed affects the way energy is released (𝑄𝑣 and 𝑄𝑝) during the combustion process. Therefore, to investigate the 𝑷𝟑/𝑷𝟐 function, a first 

experimental campaign has been performed. With the aim of characterizing the impact of CA50 and load on the in-cylinder pressure peak, the engine 

has been operated at a constant speed of 3000 rpm while both engine load and CA50 have been varied, from low to high load (NL=1, NL=1.5, and 

NL=2) and CA50 from 7 to 30 deg aTDC respectively. Figure 5 shows the cycle-by-cycle measured Pmax during the CA50 sweeps. Each measured 

pressure peak has been normalized with respect to the absolute maximum pressure value recorded in the considered sweeps. As expected, retarding 

the CA50, combustion becomes slower and, consequently, the maximum in-cylinder pressure decreases. During these tests, lambda and the intake 

temperature were kept approximately constant at 1 and 20 °C respectively. 

 

Figure 5. Database for Pmax model calibration at 3000 rpm: a) cycle-by-cycle maximum normalized in-cylinder pressure during CA50 sweeps; cycle-by-cycle 

Net Load and CA50 

To obtain the approximated energy conversion function, the motored pressure peak was determined through Equation 5. For real engines, 𝑟𝑐 

represents the cylinder volume at IVC (usually different from the bottom dead center) and the volume of the combustion chamber. Regarding 𝛾, for 

the engine under study it was set to 1.32, suitable to obtain the best fit between measured and estimated motored peak. To determine the 𝑃3/𝑃2 

function, the maximum pressure peak was then divided by the motored pressure peaks, estimated for all the operating conditions of interest. Figure 6 

reports the 𝑃3/𝑃2 ratios, for each cylinder of the engine, as a function of CA50 (in the operating conditions showed in Figure 5).  

a)

b)
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Figure 6. Cycle-by-cycle 𝑷𝟑/𝑷𝟐 ratio as a function of CA50 for the calibration database and energy conversion function (Pmax physical model) using the 4-

Cylinder Turbocharged SI Engine 

Figure 6 confirms that, even though different operating conditions are considered (different NL and CA50), when air-fuel ratio and intake 

temperature are fixed the energy conversion function is unique for the engine under study (and nearly identical for all the 4 cylinders). Figure 6 

clearly shows the strong correlation between cyclic 𝑃3/𝑃2 ratio and CA50 (each dot represents 1 engine cycle characterized by one value of 𝑃3/𝑃2  

ratio and CA50) for each cylinder. As it is evident,  𝑃3/𝑃2 can be easily described as a quadratic function of the center of combustion. It is important 

to note that the quadratic function obtained is an approximation of the pressure ratio expressed analytically with Equation 12, and that the change as a 

function of CA50 quantifies the change in the fraction of energy released at constant volume (expressed by the parameter 𝑲𝟏). The simple 

mathematical formulation (quadratic fitting) and the very low amount of data required to calibrate the model (in principle only one CA50 sweep is 

needed) makes the proposed approach suitable for industrial applications. 

As known from engine theory [33, 34, 47], in the case of delayed combustion the cylinder pressure curve may show 2 peaks in the expansion stroke: 

the motored pressure peak (due only to charge compression) followed by a second peak due to the heat released during the combustion process. If 

combustion is very retarded (CA50 values greater than about 44 deg aTDC for the engine under consideration) the second peak (combustion) may be 

lower than the motored pressure peak. In these cases, the energy conversion function (green dashed line in Figure 6) needs to be bounded at 1. Once 

the energy conversion function in reference operating conditions (i.e., at reference air-fuel ratio and intake temperature) has been calibrated through a 

mathematical fitting of the experimental data in Figure 6, the Pmax estimation check can be easily performed multiplying the estimated 𝑃2 (motored 

pressure peak, determined through Equation 5) by the value of 𝑃3/𝑃2 at the corresponding CA50.  

It is important to highlight that the cycle-to-cycle variability that characterizes SI combustion does not affect the accuracy of the proposed estimation 

methodology, because it is intrinsically considered in the correlation reported in Figure 6. As a matter of fact, the cycle-to-cycle variability is mainly 

generated by the non-deterministic nature of the combustion process propagation in the combustion chamber. Such aspect causes remarkable 

differences in terms of energy conversion: a more efficient/advanced combustion produces earlier CA50 and higher Pmax (the opposite occurs for a 

retarded combustion). Therefore, since the energy conversion dynamic for the engine under study is described by the quadratic function reported in 

Figure 6, all the engine cycles in each analyzed condition will follow such shape of high cycle-to-cycle variability (as explained before, the engine 

conditions with CA50 higher than 44 deg aTDC, where the motored pressure is higher than the maximum pressure, are excluded and the 𝑃3/𝑃2 ratio 

is always equal to 1). Furthermore, all the four cylinders follow the same trend in terms of energy conversion and slight differences between the 

𝑃3/𝑃2 ratios at same CA50 can be noted. 

 

Energy conversion 
function
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Once the approximated model has been obtained, to quantify the accuracy of the presented approach the comparison between measured and 

estimated normalized Pmax (with respect to the maximum in-cylinder pressure value during each sweep) has been performed. Figure 7 summarizes 

the results of the validation process for cylinder 1, reporting both normalized Pmax values and cycle-by-cycle percent errors, defined in Equation 13. 

 

  𝑃max _𝑒𝑟𝑟𝑜𝑟  = 100 ∙
(𝑃max _measured−𝑃𝑚𝑎𝑥_𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑)

𝑃max _measured
 (13) 

The average absolute percent error of approximately 3% reported in Figure 7 and the calculated Root Mean Squared of the percentage Error 

(RMSEp) of 1.3% quantify the accuracy of the proposed the Pmax physical model. 

 
Figure 7. Comparison between cycle-by-cycle measured and estimated normalized Pmax for the calibration database. Model accuracy evaluation of the Pmax 

estimation: Pmax percentage errors evaluation. 

 

As suggested by Equation 12, the 𝑃3/𝑃2  ratio (for a certain engine) can be affected by intake temperature and 𝜆. However, once the correlation has 

been obtained in reference conditions, the effects of the above-mentioned quantities can be easily predicted and compensated. As an example, Figure 

8a) shows the impact of different values of 𝜆 on the 𝑃3/𝑃2  ratio in the engine under study (the quadratic function reported in Figure 8 has been 

obtained through the calibration process shown in Figure 6). Here, the reference condition (i.e., the one at which the function has been mapped) is 𝜆 = 

1. As expected, the 𝑃3/𝑃2  ratio becomes lower for leaner values of 𝜆.  
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Figure 8. Cycle-by-cycle 𝑷𝟑/𝑷𝟐 ratio as a function of CA50 changing λ: a) without and with b) lambda compensation at 3000 rpm and different net load using 

the 4-Cylinder Turbocharged SI Engine 

 

Although the obtained result suggests that a specific 𝑷𝟑/𝑷𝟐 function might be necessary for each value of λ, Figure 8b proves that the effect can be 

easily compensated using Equation 14. As a matter of fact, the 𝑷𝟑/𝑷𝟐 ratio in different operating condition (𝝀𝟏 and 𝑻𝟏), can be determined 

introducing a correction that depends on the deviation with respect to the reference 𝝀𝒓𝒆𝒇 and 𝑻𝟏𝒓𝒆𝒇 within the general formulation of the energy 

conversion function in reference conditions ((𝑷𝟑/𝑷𝟐)𝒓𝒆𝒇 described by Equation 12 and simplified by a quadratic function in Figure 6). 

  
𝑃3

𝑃2
= [(

𝑃3

𝑃2
)

𝑟𝑒𝑓
− 1] ∙

𝑇1𝑟𝑒𝑓

𝑇1
∙

𝜆𝑟𝑒𝑓

𝜆1
+ 1   (14) 

a) b)
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The flowchart reported in Figure 9 summarizes the procedure for estimating the maximum in-cylinder peak pressure during SI combustion. 

 

Figure 9. Pmax prediction strategy flowchart based on the developed proposed Pmax model 

To check the robustness of the proposed approach, the Pmax model was tested over the whole engine operating range (in terms of load and speed) 

with its “Baseline Calibration”, the one used on-board the vehicles equipped with the engine under study. It is important to mention that, during the 

experimental activity aimed at investigating the “Baseline Calibration”, all the engine parameters were kept constant at the values provided by the 

engine manufacturer (designed for road application in which r and 𝑬𝑮𝑹𝒓 were previously defined) in each operating condition. Figure 9 shows the 

operating conditions investigated during the experimental activity on Engine 1.  

Furthermore, to extend the operating conditions far from the engine baseline, the same testing methodology was used to investigate two additional 

operating modes: “WI database” and “EGR database”. In the WI database, r was varied from 0.2 up to 0.5 (WI was enabled only when NL > 1), 

while the “EGR database” was characterized testing values of 𝑬𝑮𝑹𝒓 ranging from 0.02 to 0.18. During the investigation of the two additional 

operating modes (“WI database”, and “EGR database”), the experimental data of interest were acquired while performing CA50 sweeps (the area of 

overlap between the “WI database” and “EGR database” indicates that both water injection and EGR were used at the same time, while the CA50 

was always changed ranging between 8 to 35 deg aTDC in each point). In these cases, only the region of mid-high loads, where the benefit of such 

methodologies is generally the highest, was explored. Figure 10 summarizes the operating conditions of all the experimental tests used to validate the 

Pmax model. Since the engine under study typically works with high levels of supercharging, which represent the worst conditions in terms of 

reliability (the engine might operate close to the Pmax limit), very low loads (“Excluded Zone”) were ignored during the Pmax model validation. 
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Figure 10. Engine operating conditions used for the Pmax physical model validation for the 4-Cylinder Turbocharged SI Engine 

Since the cycle-to-cycle variability does not affect Pmax estimation, the methodology was validated using the average indicating data (in each 

condition 150 engine cycles were averaged, and Pmax and CA50 were obtained) of each operating point (engine speed and Net Load identify the 

operating conditions, and additionally r-𝑬𝑮𝑹𝒓 if present, while changing CA50) in the above-mentioned databases (“Baseline Calibration”, “WI 

database” and “EGR database).  

Figure 11 reports the 𝑃3/𝑃2 ratio obtained using the experimental data (averaged data during each operating condition) of the above-described 

validation databases. The energy conversion function reported in Figure11 (quadratic function) has been obtained through the calibration process 

shown in Figure 6. Despite considering mean data for each cylinder (represented by the dots in Figure 11), the shape of the energy conversion 

function does not show significant differences with respect to the reference trend in Figure 6. This means that the identified Pmax model (reported 

with the green line in Figure 11) can be used to predict the maximum cylinder pressure also in operating points far from the calibration conditions 

(where r and different values of EGRr with respect to the baseline calibration are used). It is also interesting to notice that, as explained before, 

operating very retarded CA50 (approximately higher than 44 degCA), the 𝑃3/𝑃2 function remains approximately constant at 1. This confirms that, 

due to the high combustion retard, the firing pressure [47, 48] peak remains lower than the motored peak (which is the maximum pressure peak). 
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Figure 11. Mean 𝑷𝟑/𝑷𝟐 ratio as a function of CA50 for the baseline calibration, WI and EGR databases and energy conversion function (Pmax physical 

model) using the 4-Cylinder Turbocharged SI Engine 

Figure 12 shows the comparison between experimental and estimated Pmax in cylinder 1 by using the approximated Pmax model for the three 

different validation databases previously reported in Figure 10 (mean values are reported). Despite analyzing averaged data from different datasets, 

the model accuracy does not decrease with respect to the results obtained with the reference calibration data previously shown in Figure 6 (cyclic 

data were used to calibrate the quadratic function). The results of the “Baseline Calibration” database reported in Figure 12a confirm that the model 

can predict Pmax in operating conditions extremely different from the ones included in the calibration dataset (shown in Figure 6). Moreover, the low 

value of the percentage errors demonstrates that the energy conversion function is unique, for all the cylinders (Figure 10), over the entire operating 

range.  

As widely discussed in literature, the use of EGR and water injection slows down the combustion process [25, 29]: increasing EGR or water ratio, the 

combustion will be retarded, and Pmax will decrease consequently. As described before, the strong correlation between 𝑃3/𝑃2 ratio and CA50 allows 

to intrinsically consider the impact of different combustion velocities (since CA50 is one of the model parameters) on Pmax. Figure 12b and Figure 

12c show the results obtained by applying the Pmax model to operating conditions included in “EGR database” and “WI database”. As already 

discussed, each operating in Figure 11 corresponds to a CA50 sweep run at fixed value of Net Load and engine speed while changing r (“WI 

database”) or 𝐸𝐺𝑅𝑟 (“EGR database”) in a range of 0.2 - 0.5 and 0.02 - 0.18 respectively. Based on the above considerations, the analysis of “EGR 

database” and “WI database” showed in Figure 12b and Figure 12c respectively, the low percent errors (+/- 5%) and RMSEp (approximately 1.2% 

and 0.2% respectively) confirm that the performance of the developed model is not significantly affected by these solutions.  

Energy conversion 
function
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Figure 12. Comparison between mean values of measured and estimated normalized Pmax and model accuracy evaluation (Pmax percentage error) for: a) 

Baseline calibration database b) EGR database and c) WI database. 

 

It is worth pointing out that Figure 12 shows the Pmax estimation in the cylinder number 1 of the turbocharged SI engine considered in this work 

using the approximated energy conversion function (Eq. 13) calibrated to describe the real behavior of all the cylinders. To further confirm the model 

applicability and reliability, Table 2 summarizes the maximum RMSEp in [%], obtained by modelling Pmax with the developed and previously 

calibrated model on the other three cylinders both in the calibration and validation databases. By looking at the results in Table 2, the low RMSEp 

values confirm the robustness also in case of different cylinders. 

 Cyl 1 Cyl 2 Cyl 3 Cyl 4 

CA50 sweep 1.3 0.1 0.3 0.7 

Baseline calibration 1.6 0.5 1.3 0.4 

WI database 1.1 0.3 1 0.2 

EGR database 0.2 1.1 0.3 1 

Table 2. Pmax physical model accuracy evaluation in terms of RMSEp using the 4-Cylinder Turbocharged SI Engine: RMSEp, reported in %, comparison 

for different cylinders and databases. 

  

a)

b)

c)
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4.2. 3-Cylinder Naturally Aspirated SI Engine  

As showed in the previous section, the proposed Pmax model (Equation 13) can predict the value of the cylinder pressure peak with high accuracy in 

a spark-ignited supercharged engine. To further extend the validity of the presented approach, it was applied to an engine with different layout and 

operating range. A wide experimental activity was performed on Engine 2 covering the entire operating range defined by the manufacturer using the 

standard engine calibration (characterized by 𝑬𝑮𝑹𝒓 in the range from 0.02 to 0.15). Following the investigation approach used when the “Baseline 

Calibration” was tested on Engine 1, the Net Load was gradually increased during the experimental activity starting from 1000 rpm. Then, once the 

maximum load of each operating condition was reached, the engine speed was increased by 500 rpm and the Net Load was varied up to the 

maximum value defined by the engine manufacture. Figure 13 reports all the operating points (identified by speed and Net Load) in which the engine 

was tested. 

Despite no CA50 sweeps were performed, since Engine 2 is usually operated with HP-EGR using the manufacturer calibration, the obtained database 

contained enough information to properly calibrate the energy conversion function even operating retarded CA50 (EGR delays the combustion 

process). In accordance with the analysis of the results obtained from the experimental activities on Engine 1, average data of Pmax and CA50 for 

each cylinder were considered. 

 

Figure 13. Engine operating conditions used for the Pmax physical model validation for the 3-Cylinder Naturally Aspirated SI Engine 

Figure 14 shows the experimental 𝑃3/𝑃2 ratio as a function of CA50 for the engine operating points reported (averaged data) in Figure 13. As it can 

be seen, also for Engine 2 the reported experimental points follow unique trend. Therefore, the mathematical formulation proposed in Equation 14 is 

still applicable as well as the quadratic function. After calibrating the energy conversion function (the model coefficients depend on the engine type), 

the estimation methodology was applied to the experimental database obtained testing Engine 2, the goal being to assess the performance of the 

algorithm on the naturally aspirated engine. Figure 15 shows the results obtained for cylinder 1 (averaged data for each analyzed condition).  
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Figure 14. Mean 𝑷𝟑/𝑷𝟐 ratio as a function of CA50 for the baseline calibration databases and energy conversion function (Pmax physical model) using the 3-

Cylinder Naturally Aspirated SI Engine 

 

As it can be observed, the validation procedure returned results similar to the supercharged engine: the comparison between measured and estimated 

normalized Pmax (with respect to the maximum experimental pressure recorded during the tests) and the evaluation of the Pmax errors (percent error 

approximately equal to +/-5% and RMSEp around 0.4%) prove that the presented approach is methodological, and can be applied to different SI 

engines, both supercharged and naturally aspirated, with different layouts and management strategies. Table 3 shows the RMSEp obtained applying 

the model also to the other 2 cylinders of the engine. As it can be noticed, the low RMSEp values reported in [%] confirm the validity of the model 

for all the cylinders (also without a time-consuming calibration campaign). 

 

Figure 15. Comparison between mean values of measured and estimated normalized Pmax and model accuracy evaluation (Pmax percentage error) using the 

3-Cylinder Naturally Aspirated SI Engine 
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 Cyl 1 Cyl 2 Cyl 3 

Baseline calibration 0.9 0.2 0.4 

Table 3. Pmax physical model accuracy evaluation in terms of RMSEp using the 4-Cylinder Turbocharged SI Engine: RMSE, reported in %, comparison for 

different cylinders 

The presented methodology proved to be suitable for the estimation of the in-cylinder pressure peak starting from the estimated cylinder filling 

(suitable to determine the in-cylinder pressure at the start of the compression process) and the CA50 of each cycle, and the accuracy of the obtained 

results seems to be compatible with the requirements for engine control. In addition, the computational cost of the algorithm is very low (simple 

mathematical formulation) and compatible with the real-time operation in a modern ECU. Based on these results, further activity is currently being 

performed to introduce the algorithm in the combustion control strategies of modern high-efficiency SI engines (especially DHE). In particular, there 

are multiple ways in which the algorithm can be used on-board. If the engine control knows the value of CA50 (estimated or measured), it can be 

used to determine the value of the pressure peak (useful, for example, to quantify the load/damage on the engine or, if the engine is equipped with 

cylinder pressure sensors, to diagnose any malfunction of the sensor itself). Alternatively, the approach discussed in this paper can be used to 

determine, given a limiting pressure peak value (and thus, given the cylinder filling, the value of the ratio between the limiting peak pressure and the 

motored peak pressure), the minimum tolerable CA50 value, thereby limiting the spark advance to ensure, under all operating conditions, that 

reliability limits are met. 

5. Summary/Conclusions 

This work presents a model-based maximum in-cylinder pressure estimation in SI gasoline engines. To properly investigate Pmax production during 

the combustion process, two different gasoline SI engines (2.0L GDI and 1.0L NA) have been tested. To study in detail the combustion process, wide 

experimental activities have been carried out exploring the whole operating range of each engine. By the analysis of the collected data coming from 

standard and additional sensors, especially the in-cylinder pressure sensors, a strong correlation between Pmax, cylinder filling, intake temperature 

and center of combustion has been observed, suggesting that these quantities might be used as inputs for a Pmax model. 

Based on a thermodynamic analysis of the ideal engine cycle (Seiliger-Sabathe cycle), a physical Pmax model has been developed summarizing the 

ideal energy conversion function during combustion, which generates the major contribution in terms of maximum in-cylinder pressure production. 

The analysis of the experimental data confirms what was obtained with the analysis of the ideal cycle (Seiliger-Sabathe). In fact, under the same 

conditions of inlet temperature and air-fuel ratio, the relationship between the pressure peak and the motored pressure peak is unique and can be 

approximated with a curve that is a function only of MFB50. In fact, the change in CA50 changes the combustion speed and, consequently, the 

fraction of fuel burned at constant volume with respect to that burned at constant pressure.  

First, the model has been calibrated using a reference set of cycle-to-cycle data, acquired performing a complete “CA50 sweep”. Then, the complete 

Pmax estimation methodology has been applied to different datasets, showing high accuracy both in terms of percentage errors (2.7% for cylinder 1) 

and RMSEp (1.3% for cylinder 1). In particular, for the first engine under investigation, the approximated model has been used to estimate Pmax in 

operating conditions significantly different from the ones included in the calibration dataset. Three different databases of averaged data (“Baseline 

Calibration”, “EGR database” and “WI database”), covering the whole engine operating range, have been used. The high accuracy of the approach 

is confirmed by the obtained results, both in terms of maximum percentage error (3.4% for cylinder 1) and maximum RMSEp (1.6% for cylinder 1). 

Finally, to further validate the presented approach, the approximated Pmax model has been calibrated and tested using another SI engine (naturally 

aspirated). The reported results in terms of percentage errors (2.3% for cylinder 1) and RMSEp (0.9% for cylinder 1) confirm robustness, accuracy 

and general applicability of the proposed Pmax estimation methodology to SI internal combustion engines. The model, developed from analytical 

considerations applied to an ideal cycle, was calibrated through experimental data and validated over the full operating range of two engines, one 

supercharged and one naturally aspirated. The approach can thus be used to estimate the maximum in-cylinder pressure during the combustion of SI 

engines with different number of cylinders and firing orders, operated with high-RON fuels (i.e., gasoline-like fuels), EGR (low and high pressure) 

and water injection. 

As a future step of this work, the presented approximated Pmax model will be used in a real-time engine control unit. In particular, in a combustion 

phase controller, the discussed approach will be used to determine the center of combustion corresponding to the reliability limits (maxim allowed 

pressure peak) of high efficiency engines. Since the model has a low computational cost and requires signals already available in a modern standard 

ECU (𝑷𝒎𝒂𝒏, λ and 𝑻𝟏), through its inversion it will be possible to estimate the minimum target CA50 (which corresponds to the maximum energy 

conversion efficiency) compatible with the reliability limitation of the engine under study. In addition, the Pmax estimation algorithm will be used in 

a strategy for the automatic diagnostic of in-cylinder pressure sensor malfunctions, which is critical to ensure the reliability of modern high-

efficiency engines, managed through the closed-loop control of the measured CA50. 

Finally, further activities are currently being performed to generalize the model also considering very lean conditions and different combustion 

techniques, especially compression ignited engines.   
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BEVs Battery Electric Vehicles  

BMEP Brake Mean Effective Pressure  
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𝑪𝒗 Isochoric specific heat  

CA50 Mass Fraction Burned 50%  

𝑪𝑶𝟐 Carbon dioxide  
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DHEs Dedicated Hybrid Engines  

ECU Engine Control Unit 

EGR Exhaust Gas Recirculation 

𝑬𝑮𝑹𝒓 EGR rate 

FCEVs Fuel Cell Electric Vehicles 

GCI Gasoline Compression Ignition 

GDI Gasoline Direct Injection 

GHG Green House Gases  

HEVs Hybrid Electric Vehicles  

HP-EGR High-Pressure Exhaust Gas Recirculation  

ICE Internal Combustion Engine  

IMEP Indicated Mean Effective Pressure  

IVC Instant Valve Closing Angle  

𝑲𝟏 Constant volume combustion fraction  

𝑳𝑯𝑽 Lower Heating Value  

LP-EGR Low-Pressure Exhaust Gas Recirculation  

LTC Low Temperature Combustion  

MAP Manifold Air Pressure  

MAPO Maximum Amplitude Pressure Oscillation  

NA Naturally Aspirated  

NL Net Load  

𝑷𝒎𝒂𝒏 Manifold Pressure  

𝑷𝒎𝒂𝒙 Maximum in-cylinder Pressure  

PRail Fuel rail pressure  

𝑷𝟐 Pressure at TDC  
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𝑷𝟑 Pressure after constant volume combustion   

𝑸𝒄𝒐𝒎𝒃 Total combustion energy  

𝑸𝒑 Constant pressure combustion energy  

𝑸𝒗 Constant volume combustion energy  

RMSEp Root Mean Squared of the percentage Error  

SA Spark Advance  

SA-LTC Spark Assisted Low Temperature Combustion  

SI Spark Ignited  

THR Throttle Valve  

TWC Three Way Catalyst  

𝑻𝟏 Manifold Temperature  

𝑻𝟐 Temperature at TDC  

𝑻𝟑 Temperature after constant volume 

combustion  

 

𝑽𝑰𝑽𝑪 Volume at Intake Valve Close angle  

𝑽𝑪𝑪 Combustion Chamber Volume  

WI Water Injection   

𝒎𝑬𝑮𝑹 Exhaust gas recirculated mass  

𝒎𝒄𝒚𝒍 In-Cylinder trapped mass  

𝒎𝒇 Fuel injected mass  

𝒎𝒇𝒓𝒆𝒔𝒉 𝒂𝒊𝒓 Fresh air mass  

𝒎𝒘 Water injected mass  

𝒓 Water-Fuel ratio  

𝒓𝒄 Geometrical Compression ratio  

𝜸 Specific heat ratio  
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𝜼𝒊𝒏𝒕 Intake efficiency  

λ Lambda  

 

 

https://cris.unibo.it/

