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Abstract

:

The increasing requirements to further reduce pollutant emissions, particularly with regard to the upcoming Euro 7 (EU7) legislation, cause further technical and economic challenges for the development of internal combustion engines. All the emission reduction technologies lead to an increasing complexity not only of the hardware, but also of the control functions to be deployed in engine control units (ECUs). Virtualization has become a necessity in the development process in order to be able to handle the increasing complexity. The virtual development and calibration of ECUs using hardware-in-the-loop (HiL) systems with accurate engine models is an effective method to achieve cost and quality targets. In particular, the selection of the best-practice engine model to fulfil accuracy and time targets is essential to success. In this context, this paper presents a physically- and chemically-based stochastic reactor model (SRM) with tabulated chemistry for the prediction of engine raw emissions for real-time (RT) applications. First, an efficient approach for a time-optimal parametrization of the models in steady-state conditions is developed. The co-simulation of both engine model domains is then established via a functional mock-up interface (FMI) and deployed to a simulation platform. Finally, the proposed RT platform demonstrates its prediction and extrapolation capabilities in transient driving scenarios. A comparative evaluation with engine test dynamometer and vehicle measurement data from worldwide harmonized light vehicles test cycle (WLTC) and real driving emissions (RDE) tests depicts the accuracy of the platform in terms of fuel consumption (within 4% deviation in the WLTC cycle) as well as NOx and soot emissions (both within 20%).
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1. Introduction


The upcoming EU7 emission regulations increase the challenges in powertrain development by requiring on-road emission testing under different ambient conditions and distances, as well as a large number of emission species to be considered at further lowered limits [1,2,3].



The required CO2 emissions reduction to limit global warming entails considerable costs for vehicle manufacturers. Original equipment manufacturers (OEMs), Tier 1 suppliers, and engineering companies are challenged to invest in innovative and efficient technologies. These technologies usually result in a significant increase in the complexity of the hardware, the embedded software, and the large number of calibration parameters. However, cost minimization conflicts with the need for technology development to fulfill both legal and customer requirements [4,5]. Consequently, advanced simulation and virtualization methodologies are emerging as viable alternatives to pursue technological innovation while reducing development costs and time.



1.1. Motivation for HiL-Based Simulations


Front-loading powertrain hardware testing tasks in a virtualized environment has become a commonly used technique that enables seamless system testing [6,7,8]. The ability to pre-test the interactions between the various components of a powertrain system is of fundamental importance. A simulation of the interfaces between multiple sub-systems and hardware in a closed-loop testing environment is a suitable method to disclose performance shortfalls and estimate the maturity level of models and control strategies [9]. System optimization and function development in an early stage represent an advantage of X-in-the-loop (XiL) simulations. The reliability of development iterations increases when prototype hardware starts to be included in the development tasks, since its complex dynamics effect the overall system balance [10,11]. In model-in-the-loop (MiL) systems, the plant and the relevant control functions are completely virtualized. In HiL platforms, the control system, as well as sensors and actuators, are available as real hardware. HiL is particularly useful when accurate simulation models are not yet available for all relevant control functions and hardware components. HiL test rigs allow for control unit validation and calibration using the targeted ECU or multiple control units. Thereby, based on HiL results, only relevant variants can be selected for further chassis dynamometer or on-road tests, leading to a reduction of time and costs [12].




1.2. Challenges in Virtual ECU Calibration


In the context of the ECU development and calibration, particular attention is required for the selection of the modeling approaches to be used. In fact, replacing any powertrain component with a model requires technical expertise for the accurate modeling, the framework set-up, and the measurement data management. Further, the balance between accuracy and real-time (RT) capability of the models is crucial to ensure proper interactions with the hardware in the testing environment. In light of this, it is a clear necessity to select a proper powertrain modeling approach and the best-practice simulation tools in order to fulfil the desired level of accuracy and time targets in conjunction with the current project milestones [10,13].



Engine and emission models are the core of HiL-based virtual calibration test beds. Consequently, there is a need to continue the development of modeling techniques and to make further progress in representing the real physics of the engine. However, the need to optimize time and costs, and therefore to accelerate the development process, necessitates the investigation of more practical approaches for model calibration and simulation. For HiL-based applications, various modeling approaches are actively used in research and industry depending upon the requested level of detail. The simplification of 1D detailed models to RT-capable solutions for transient simulations is an established practice [14,15,16]. The potential of the crank-angle resolved combustion models in conjunction with a 0D air path has been demonstrated [14,17,18]. Furthermore, one approach allowed the execution of detailed models in RT, while fully preserving the predictivity of combustion and emission models as a proof-of-concept for virtual calibration applications [19,20]. Physics-based mean value approaches have been used to predict the engine behavior throughout the operational driving cycle while enhancing its adaptability through the use of multi-scale or mixed modeling accuracy [21,22]. The implementation of computationally inexpensive algorithms, and the search for lean approaches to optimize the model calibration effort, emissions prediction, and processes, are actual topics of research [23,24,25,26,27,28,29]. On the other hand, the integration of chemistry-based simulation processes to improve accuracy and to enhance the extrapolation capability in extreme ambient conditions has made its way also in both research and industrial applications [30,31,32,33].



Current limitations of these state-of-the-art approaches include the high demand for measurement data needed to calibrate the models, with a particular focus on transient cycles. Consequently, the accuracy of the simulation framework is penalized by the limited amount of available data, especially at early stages of a project. Moreover, the accuracy is dependent on the complexity of the models, which is inevitably linked to the calibration effort. Finally, the extrapolation capability of chemistry- and physical-based models is penalized by their high computational demand, limiting the RT capability to perform HiL-based simulations. In the context of the research project Co-Simulation Platform Connecting Chemistry and Powertrain Dynamics to Traffic Simulation (ConneCDT) [34,35], the work presented here focuses on the application of tabulated chemistry data for emissions prediction in the MiL/HiL platform to enhance the synergies of HiL simulations and chemistry for transient emissions assessments.



The article is structured as follows: first, a data-efficient calibration of a mean value engine air path model is presented; next, the parametrization of the chemistry-based combustion model using only steady-state conditions is displayed. Consequently, the combustion model and the air path model have been integrated in the complete powertrain framework in co-simulation for the prediction of combustion processes; finally, the time- and data-efficient framework is tested for its performance and emission prediction capability in driving cycles. The focus is on the prediction capability of the models based on the steady-state parametrization in transient simulations, showing their prospective for virtual calibration applications.





2. Real-Time Powertrain Models


In the following sections, the reference engine, vehicle, and fuel are described first, followed by the selected modeling approaches for the air path and combustion.



2.1. Reference Powertrain, Vehicle, and Fuel


The reference diesel engine used for the calibration of the plant models is a Euro 6b, 4-cylinder, 2.0 L direct injection, compression ignition (CI) engine with both high-pressure (HP) and low-pressure (LP) exhaust gas recirculation (EGR) systems. The engine layout with the sensor location is depicted in Figure 1. The available sensors allowed for the measurement of pressures, temperatures, mass flows, and species concentrations in the exhaust gases.



The reference vehicle is a D-segment passenger car with 1500 kg curb weight. The vehicle is equipped with a 6-speed manual transmission and a Rear Wheel Drive (RWD). The specifications are listed in Table 1 and Table 2. Table 3 lists the properties of the fuel used during the measurements.




2.2. Engine Air Path and Powertrain Modeling


The Automotive Simulation Model (ASM) for diesel applications from dSPACE is used as the basis to simulate the air path, including the turbocharger, in close interaction with a model for in-cylinder combustion and pollutant formation. Figure 2 depicts the schematics of the engine air path model.



The model consists of a mean value approach that combines physical equations and map-based solutions depending on the necessities. The Simulink-based model is characterized by a white-box approach based on physical relations for a good extrapolation capability. The customization of the model is achieved by a full access to every available component. Certain subsystems include alternative approaches with different depths of accuracy and, consequently, require variable effort for calibration. This enables the necessary modifications and integration, such as the LP-EGR line and a customizable turbocharger model. The driver, the driveline, and the engine aftertreatment (EAT) models have been described in previous work [24]. For the sake of completeness, an overview of the structure of the air path model will be provided in the following sections. Table 4 briefly describes the modeling approach for each component with some remarks to be considered for the validation of the results.



The air path model includes a throttle, HP-EGR and LP-EGR systems, and an exhaust throttle valve. The three-way valve of the reference engine has been modeled by the LP exhaust throttle to give correct back pressure values in the exhaust path, and the LP-EGR valve controls the LP-EGR mass flow. The engine air mass flow is evaluated in the LP exhaust manifold, which subtracts the LP-EGR mass flow from the one through the throttle valve. Three cooling systems are active in the air path model: the intercooler and the two EGR coolers.



In addition to the physics-based approach, the exhaust manifold includes the possibility to select a map-based solution. The turbocharger (TC) model includes two modeling approaches: a map-based approach and an advanced one that includes dedicated models for the compressor, turbine, and shaft.



For the evaluation of the turbine mass flow and efficiency, the component has been customized to offer two different possibilities. In Method 1, the mass flow depends on the VNT position and the pressure ratio over the turbine. The inputs for the single efficiency map are the turbocharger speed and the mass flow. Method 2 consists of multiple efficiency and mass flow maps as a function of the TC speed and the pressure ratio, interpolated depending upon the VNT position. The TC efficiency is then used for the calculation of temperature and power. Additionally, heat losses for the turbine can be calibrated to ensure an accurate reproduction of the temperature behavior around the TC housing.




2.3. Stochastic Reactor Model with Tabulated Chemistry for Real-Time Emissions Prediction


The 0D modeling for the prediction of the in-cylinder processes employs a variant for the stochastic reactor model (SRM) that is tailored for the simulation of direct injection CI engines. The model is a part of LOGEengine simulation platform [36]. The presented description has been freely adopted from previous work and publications [32,36,37,38,39], which provide a more comprehensive description of the modeling.



The SRM is a 0D model of physical and chemical processes occurring during the combustion cycle. It is expressed within the probability density function (PDF) approach for turbulent reacting flows that allows for the precise treatment of chemical reactions. The SRM considers gas contained within the cylinder as an ensemble of notional particles. The particles can combine with each other and exchange heat with the walls of the cylinder. Each particle has a chemical composition, temperature, and mass that correspond to a point in the gas-phase. These scalars are treated as random variables quantified with probabilities and determine the composition of the gas mixture. Thus, the in-cylinder mix is represented in gas-phase space by a PDF, and the particles are realizations of the distributions. The PDF transport equation provides the solution for scalars, enthalpy, and species mass fractions [36,40].



The mixing time history is the main input parameter for the SRM. It must be modelled because the mixing process cannot be predicted by the 0D model. In the current version of the SRM, the mixing time is derived from the K-k-based modeling of the turbulence as introduced previously [32,36]. For the formation of the particulate emissions, the detailed soot model described in earlier work [41] is used within the chemistry look-up table. The model distinguishes between particle inception, condensation, coagulation and agglomeration, surface growth, fragmentation, and oxidation with oxygen and hydroxyl radicals. The modeling of NO emissions is based on a transport equation describing the changes over time of the NO formation rate according to the thermal model. CO, CO2, and unburned HC emissions are directly retrieved from the chemistry look-up table [37].



Reaction kinetics for predicting the combustion process and emissions formation are used in the form of tabulated chemistry. The tabulated chemistry approach implemented in the SRM relies on a parameterization of the combustion progress as a function of EGR rate, pressure, temperature in the unburned zone, and equivalence ratio. The idea behind this approach builds on the assumption that an appropriately chosen progress variable can be used for the reconstruction of the thermochemical state on the whole reaction trajectory within the combustion progress variable model (CPV) [42,43,44]. In the present work, the progress variable is defined based on the latent enthalpy (enthalpy of formation). The combustion chemistry and emission source terms are precalculated and stored in a look-up table that is accessed during calculation run time. Regardless of the size of the reaction mechanism, the use of tabulated chemistry significantly reduces the computing cost to the point where it reaches engine cycle simulation in real time [44].



As a fuel surrogate, the fuel model included a blend of n-decane, α-methylnaphthalene, and methyl-decanoate in a mass fraction ratio of 71.3%, 21.3%, and 7.40%, respectively. The gas-phase chemistry for the model was taken from the available fuel database. The applied mechanism contains 264 species and 4280 reactions [36,45]. Besides the oxidation of the main fuel species, the model additionally contains a thermal NO formation model and a detailed PAH model for the prediction of soot formation and oxidation. The properties of the selected surrogate fuel match well with the properties of the actual diesel fuel utilized during the engine measurements. The C:H:O ratio is 10.27:19.4:0.115 (14.1:25.9:0.13 for the actual fuel), the cetane number is 53.3 (53.1 for the actual fuel), and the lower heating value is 42.81 MJ/m3 (42.61 MJ/m3 for the actual fuel).





3. Model Parametrization and Simulation Environment


The following paragraphs introduce the MiL and HiL platforms, and provide a brief overview of the calibration process for the engine model. Additionally, the procedure for the calibration of the combustion model is described, and the interface between the air path and combustion model are specified. Finally, a standardized solution for coupling the air path and the combustion model is described for RT applications.



3.1. Co-Simulation Framework Setup


The framework containing the engine air path model and the 0D SRM is set up in Simulink. Additionally, the environment contains a model for the selection of the driving cycle to simulate the remaining parts of the powertrain including the driver, vehicle, and transmission models. Both HiL and MiL platforms are used for the validation of the results. The MiL configuration includes a virtual ECU controller which provides the actuators signals and receives feedback from the plant models. The simulation of the system is performed in VEOS, a PC-based simulation platform for models and network communications [46]. The HiL platform utilized in this study has been described in detail previously [24]. The HiL architecture consists of the aforementioned RT-capable models of the powertrain components, the physical hardware ECU, and the actuators. The ECU is directly connected to the HiL simulator SCALEXIO. Specific actuators, such as throttle valves, EGR valves, turbocharger, and injectors are physically connected to the ECU as hardware components.



3.1.1. Engine Air Path Model Calibration


For the calibration of the engine air path system, the following measurement data were used:




	
Engine mapping without EGR in warm conditions (Coolant temperature of 90 °C);



	
Engine mapping with EGR in warm conditions (Coolant temperature of 90 °C);



	
Full load curve in warm conditions (Coolant temperature of 90 °C).








The intentionally limited amount of data used for the calibration of the engine air path model has two reasons: first, because this type of relevant data is readily available for model calibration in vehicle calibration projects; second, to limit the dependence on test bench or chassis dynamometer measurements, while keeping the quality of model performances as high as possible. Any required coolant correction that is required for cold engine simulations is calibrated using available databases with the assumption of having similar impacts on the performances. In order to evaluate the performances of the combustion model, reference values of peak cylinder pressure (PCP) and indicated mean effective pressure (IMEP) have been obtained through a 1D detailed model calibrated on the same reference engine. The rationale is that these measurements are usually not included in a standard measurement campaign, and are therefore not available from real engine and vehicle measurements.



For the calibration of the air path, the equations used in the model have been extracted from each subsystem. If a quantity required for the calibration is not directly available from measurements, it was necessary to obtain it during a pre-processing step. Any requirement for refining the pre-processing results can be met during this phase. One disadvantage of this approach is that it requires an understanding of the models in order to prepare the calibration data. The effort required to extract the physical relationships from each subsystem, and the competence to use test bench measurements to evaluate them, is not negligible. The performance of the model is heavily dependent on the inputs used to create the parametrization. Additional skills would be required for the data refinement and the further extrapolation of the maps, if required. Inevitably, the processed maps may need further refinement and a post-processing phase. Besides the higher effort for the model analysis and data pre-processing, this approach proved to be effective to minimize re-calibration loops.




3.1.2. Combustion Model Parametrization


The parametrization of the 0D SRM targets the minimization of calibration effort while maintaining the accuracy required for virtual calibration over the engine operating field. Out of the complete engine mapping operation, a set of steady-state points is used for the training of the model. Figure 3 shows the operating points that were selected for the training out of all 227 operating points. In particular, the complete engine operating area is shown as a function of brake torque and speed, with a timeshare in the cumulated dwell time (in %) of a reference Real Driving Emissions (RDE) cycle.



The training points have partially been selected for being representative of the driving cycles available from the vehicle measurements. Specifically, a widely distributed number of operating points have been chosen for being able to represent the behavior of the entire engine map on HiL. Furthermore, additional points from high speed and high load areas have also been included in the training to increase the global robustness.



A multi-objective optimization approach for the parameterization of the 0D SRM has been applied to this research using the modeFRONTIER software [47]. The approach uses evolutionary algorithms and multi-criteria decision making to select one optimal parametrization of the 0D SRM to predict the whole engine operating range [48].



The optimization consists of three separated stages, each one targeting the minimization of specific errors. The first optimization stage minimizes the sum of least squares for the cylinder pressure profiles and the logarithmic sum of least squares for carbon monoxide (CO) and unburned hydrocarbons (uHC) concentrations at the exhaust valve opening (EVO) by modifying the K-k turbulence model parameters. The rationale of this approach is that the cylinder pressure profile results from turbulence–chemistry interaction during the engine cycle. With the knowledge of the cylinder pressure and the detailed chemistry of the surrogate fuel, it is possible to reverse engineer the turbulence within the cylinder by the parameterization of the physics-based K-k model. The second and third optimization stages target the parameterization of the tabulated soot source terms by minimizing the sum of least squares of soot mass at EVO and nitrogen monoxide (NO) source terms by minimizing the sum of least squares of NO concentration at EVO.



The preparation of the inputs to the optimization required to integrate missing information that are not available from real measurements from a 1D detailed model of the reference engine. This concerns, for example, the specific flow characteristics around the valves or the turbulence level of the combustion. In addition, the crank-angle resolved pressure and fuel injection rate profiles from test bench measurements have been examined using the thermodynamic heat release analysis in LOGEengine [36].



The first stage optimized the K-k turbulence model describing different processes of turbulence. The parameters of the turbulence model include squish, swirl, local tumble vortex velocity and size, compressibility, direct injection axial-flows, and dissipation [32,36,48]. Table 5 summarizes the main parameters of the turbulence model, with the relative optimized value.




3.1.3. Combustion Model Interface


The interface between the air path model and 0D SRM was designed to increase the flexibility of the platform. Table 6 and Table 7 depict the list of inputs and the selected outputs, respectively, of the combustion model in the co-simulation framework.





3.2. FMU for HiL-Based Applications


Due to the variety of requirements in different powertrain applications, multiple models of a component have to be developed by different programs and suppliers. To achieve system-level simulations, the different programs have to interact with each other. The FMI standard is a free standard solution, in which each software component or model can be connected together without disclosing what is inside. Each of the software component or models is called a FMU (Functional Mockup Unit). Consequently, the compiled model can be deployed to 3rd parties without disclosing any internals of the software components, keeping the standard Intellectual Property (IP) protected [49,50]. The FMU interface for the 0D SRM is a container based on the current FMI standards 2.0, which enables an interface using FMI between HiL and MiL platforms with RT 0D SRM. The 0D SRM is specifically tailored for the simulations of engine in-cylinder processes based on tabulated chemistry in RT.



The MiL/HiL co-simulation platform includes the powertrain environment, which provides the requested conditions to the combustion model. In the case of transient simulations, the framework provides the necessary variables to the 0D SRM through the FMI standard that are used to predict combustion performance and emissions for each cycle. The logic that allows for the continuation of the energy flow from cycle to cycle in a fixed-timestep simulation requires two conditions: first, the combustion model must store the last values of the crank-angle resolved kinetic energy; second, the conditions upstream of the intake valves have to be used by the 0D SRM for the evaluation of the conditions of the following cycle.



The co-simulation involves a main process in the 0D SRM that reads the input quantities from the air path model in each simulation time step. Within the main process, the 0D SRM is executed and is able to provide the results for the rest of the framework in real time. In particular, this enables continuous monitoring of the major pollutants emitted in real time.





4. Performance Evaluation


To evaluate the modeling approach, the multi-domain framework is utilized to simulate various drive cycles and to compare the results with measurement data. Two driving cycles are simulated: a WLTC and an RDE cycle measured with the reference vehicle and fuel.



4.1. Steady-State Simulation


4.1.1. Engine Air Path Model Validation


This paragraph focuses on the validation results of the engine air path model in steady-state conditions for a warm engine. The experience from virtual calibration applications allowed for the identification of sensitive fields that have significant potential to improve the performance of air path models (Table 8).



The turbocharger performance characteristics are shown because of their importance for a fair validation of the combustion model. Figure 4 compares the results of a steady-state air path validation for the intake manifold pressure (boost pressure) obtained with the different TC modeling approaches (map-based, Method 1, and Method 2) with measured values obtained with the reference engine on the engine dyno.



A good agreement between the measured values and the simulation results was found, particularly in the WLTC and RDE engine operating range. The steady-state results show that the boost pressure for the map-based approach achieves the accuracy targets generally assumed for virtual calibration applications.



With Method 1, where the mass flow is dependent on the VNT position and the pressure ratio over the turbine, and only a single efficiency map is used, the predicted boost pressure shows deviations at low engine speed and torque. With Method 2, the estimation of the boost pressure shows good results with a relative error below 20% over a wide operating range. Despite occasional inaccuracies, notably at high engine speeds and loads, the overall performance of the framework under steady-state conditions for all of the three approaches can be considered satisfactory, especially given the low calibration effort. The transient performances of the approaches are discussed in Section 4.2.




4.1.2. In-Cylinder Combustion Model Optimization Results


The optimization of the operating points selected for training the 0D SRM was performed for the three separated stages and evaluated in terms of combustion and emission prediction performances. In particular, Figure 5 shows the results of the optimization for the points selected (in Figure 3) in terms of PCP, IMEP, and NOx, as well as soot emissions, in comparison with the reference measurements.



The performance of the 0D SRM in terms of PCP prediction is representative of the behavior of the real engine. The overall IMEP prediction follows the trend of the PCP in quality. For the majority of the points, the IMEP deviation is within ±0.5 bar. However, a deviation in the performances can be observed for points 14 and 16. The maximum deviation for the PCP is 19% (Point 14), and is 20% for the IMEP (Point 16).



The optimization results for the NOx emissions closely match the trend observed in the reference data. In terms of soot prediction, besides being not trivial to replicate the phenomena for the creation of soot in a low-dimensional model, the magnitude of the tendency is reproduced; however, the results depict margins for improvements.





4.2. Transient Simulation


The models calibrated with the steady-state points have been tested in transient simulations characterized by vehicle idling, accelerations, and decelerations phases. The three different approaches for the modeling of the TC behavior have been compared to the reference chassis dynamometer measurements of the vehicle. Figure 6 represents the performances of the air path model in the time domain for a part of the extra high-speed segment of the WLTC cycle. In particular, it is possible to observe the details related to the intake manifold pressure, the temperature, and the turbocharger speed for the three simulated TC modeling approaches compared to the reference measurements. For all three approaches, the intake manifold pressure is well reproduced considering that no specific correction for the transient behavior is applied.



The intake manifold temperature evaluated with all the approaches is compared to the temperature from the vehicle measurements. The map-based TC modeling approach shows temperature deviations up to 40 °C, while for the two variations of the advanced TC, the maximum deviation is up to 25 °C. The reason for these differences is that the calibration of the heat transfer models used to simulate the thermal inertia was reduced. The TC speeds for the two variations of the advanced TC show good agreement with the measured data. The map-based approach does not include a model for the evaluation of the TC speed.



Figure 7 represents the prediction of the performances of the co-simulation framework over the complete WLTC cycle.



The results show a good overall agreement between simulations and measurements in terms of transient performances. Thereby, the calibration effort necessary to obtain these results was minimal.



The absence of an idle controller in the simulation of the detailed model used to generate the reference IMEP and PCP affected the offset observed in the idling phases. Deviations in the PCP can be observed at around 1250 and 1700 s. A zoomed section of the WLTC (Figure 8) highlights the reference valve position and the delta pressure through the LP-EGR valve. In particular, at high speed and loads, the simulated back pressure is lower than in the real vehicle measurements. Consequently, the simulated PCP is higher since the EGR rate is increased. This is the cause for the PCP deviation.



Figure 9 represents the WLTC performance data of the 0D SRM in terms of lambda (λ), CO2 mass flows, and cumulative values compared to the corresponding measurements.



The ECU values from the λ-sensor are adapted for overrun or idling phases where it can go to high values with an imposed limit of 16. The comparison of the sensor value for λ to the prediction of the 0D SRM is quite accurate. The differences shown, such as the difference shown at 450 s, are consistent with the behavior of the IMEP during the idle phase.



The overall deviation in the cumulative CO2 emissions is below 4%. When CO2 is calculated from the injected fuel mass flow, which is determined by the demanded torque of the ECU fuel path based on the acceleration pedal input, the deviation in l/100 km is lower than 3% at the end of the cycle.



The SRM transient reproduction of the CO2 emissions is well representative of the actual engine behavior and shows an acceptable simulation of the combustion process. The observed discrepancies in CO2 emissions are attributed to the inaccuracy of the EGR mass flow estimation that is used as an input to the in-cylinder combustion model. This issue will be investigated in more detail in future work.



Figure 10 represents the WLTC performances of the 0D SRM in terms of NOx and soot mass flows, as well as cumulative values, in comparison to the reference measurements. The results depict a good match between reference measurements and simulation results. The deviation in NOx and soot emissions is always below 10% until the extra-high segment of the WLTC. At high engine speed and high load, the deviation reached 20% for the modeling assumptions in the reproduction of the LP- and HP-EGR paths. The intrinsic absolute errors in HP- and LP-EGR valve positions caused by linearization is below 10% in a large operating area.



The operation of the reference engine is characterized by a strong LP-EGR throttling at high speeds and loads which is not fully considered by the combustion model. Since an accurate measurement of the EGR mass flow is not practicable during chassis dynamometer tests, the ECU model for the estimation of the EGR rate has been considered for the optimization of the combustion model. Consequently, any inaccuracies are carried over to the transient simulations.



In Figure 11, a zoomed section of the WLTC shows the performances in terms of λ, CO2, NOx, and soot mass flows. The results demonstrate the consistency of the simulation in the vehicle launch from standstill, during acceleration phases, and in phases when the acceleration pedal is released (motoring).



The 0D SRM is also able to predict the λ values during gear upshifting and highly transient phases, although the amplitude of the peaks during shifting could be improved since it directly affects the CO2 emission prediction (e.g., 1055 s). The overall trade-off between NOx and soot emissions is sufficiently represented. For the soot prediction, the magnitude of the predicted quantity matches the trend of the reference measurements, even though a further optimization of the EGR path calibration may be required.



Figure 12 highlights the validation results for the HP-EGR mass flow. It illustrates the error in the linearization of the HP-EGR valve, which is then propagated into the combustion model for the prediction of the emissions.



The two modeling approaches have been evaluated under real-world driving circumstances. The test drive was conducted in western Germany and eastern Belgium’s Eifel area, which is a low mountain range. The vehicle was equipped with a portable emission measuring system (PEMS) that enables the continuous monitoring of key pollutant emissions in real time.



Figure 13 shows details of the motorway segment from the RDE test cycle. In particular, the comparison between the reference and predicted NOx mass is depicted with a focus on the representation of transient peaks. Apart from an overall good representation of the transient NOx predictions, the combination of inputs to the 0D SRM (boost pressure, EGR rate, and injected mass) in sensitive phases with high speed, shifting, and an aggressive driving style may cause a missing reproduction of NOx peaks (like for 5385 s).





5. Conclusions and Outlook


In this work, a novel methodology is described that minimizes the technical effort required to develop a HiL-based virtual calibration platform for transient emission prediction. The platform adopts RT chemistry for emission performance evaluation and reduces the model calibration effort for steady-state phases. The detailed chemistry model has been simplified to a tabulated approach to reduce the computational costs of the simulation.



The presented technique presupposes that model calibration and optimization efforts should be minimized. In particular, this simplification has been targeted through a minimal parametrization of the combustion model. For the majority of the points, the deviation of IMEP is within ±0.5 bar. The maximum deviation for the PCP is 19%, and is 20% for the IMEP. In this regard, the impact of the number of operating points identified for the parametrization needs to be further investigated. The sensitivity of the number of training points on the accuracy is important to frame the robustness in different driving cycles. Therefore, for future applications, variations of the number and selection of training points need to be performed to further evaluate the robustness of the training approach.



The performance of the 0D SRM showed an acceptable representation of the trade-off between engine-out NOx and soot emissions (both within an accuracy of 20%), despite the limited amount of steady-state measurement data utilized for the calibration. In terms of soot prediction, the trend is reproduced, but the results suggest further optimizations of the model. The tailpipe emissions through the consideration of the exhaust EAT system in the framework have not been considered yet, but they are critical for the evaluation of virtual calibration use cases. Furthermore, the impact of LP- and HP-EGR paths on the emission prediction (in particular at high engine speed and load) as an input of the 0D SRM needs to be addressed in more detail. Moreover, the impact of EGR on the EAT, and the emission conversion process in the exhaust line, should be further studied to better evaluate the potential of the framework. In terms of fuel consumption, the accuracy is within 4% for the WLTC cycle. The overall effort required for the calibration and optimization of the framework, and the competence to use test bench measurements to evaluate them, is minimized, but is not negligible.



In order to assess the overall accuracy and the repeatability of the HiL simulation results, the performances in terms of RT capability need to be further investigated and analyzed. In particular, the impact of the sample time, simulation scheduling, and communication between the 0D SRM and air-path model through FMI standard requires further tests to achieve the maximum potential of the interface. Therefore, the settings of the co-simulation framework need to be tested for their impact on driving cycles simulation in RT to evaluate the accuracy of the overall system. In conclusion, the transferability of the developed platform cannot be clearly defined without first investigating the aforementioned aspects.



Future work needs to focus on several additional aspects. First, the FMU interface for the 0D SRM will be extended to multi-cylinders simulation, multizone models, and exhaust manifold simulation. Second, a sensitivity study on the multi-objective optimization process will target different combinations of points and optimization strategies to further improve the results, with a particular focus on soot emissions. Finally, the developed framework will be applied to virtual calibration use cases, including the evaluation of the emissions prediction in extreme conditions such as altitude and cold simulations. Additionally, the robustness of the chemistry-based combustion model can support the development of on-board diagnostics and monitoring functions, as foreseen in the upcoming EU7 regulations. The possibility to change the fuel properties in the chemistry-based combustion model would allow for the investigation of different fuel blends and their impact on the reduction of pollutant emissions. The 0D SRM, in combination with artificial intelligence applied for function development, is a promising method to investigate the further decrease of costs and development time.
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Figure 1. Schematics of the model CI diesel engine. 
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Figure 2. Schematics of the engine air path sub-components. 
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Figure 3. Selected (16) operating points depending on engine speed, brake torque, and timeshare in the cumulated dwell time (in %) in the reference RDE cycle for the combustion model calibration. 
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Figure 4. MiL verification of the engine model compared to test bench measurements for the different TC modeling approaches tested (map-based, Method 1, and Method 2). 
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Figure 5. Performance and emission results from the three-stage optimization campaign of the 0D SRM. 
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Figure 6. Verification of the engine model compared to chassis dynamometer measurements with different TC modeling approaches. 
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Figure 7. Verification of the 0D SRM compared to reference measurements. 
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Figure 8. Verification of the 0D SRM compared to reference measurements. 
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Figure 9. Comparison of lambda, CO2 mass flows, and cumulative values between the simulation and reference measurements. 
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Figure 10. Comparison of the NOx and soot mass flows, as well as cumulative values, between simulation and reference measurements. 
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Figure 11. Comparison of λ, CO2, NOx, and soot mass flow values between simulation and reference measurements in a zoomed section of the WLTC. 
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Figure 12. Comparison of the HP-EGR mass flows and deviations between calculated values for the reduced area of the HP-EGR valve and the values from linearization. 
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Figure 13. Detail of the NOx mass flows between the simulation and reference measurements of the motorway section of an RDE test cycle. 
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Table 1. Specification of the reference engine.
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	Displacement
	2000 cm3



	Number of cylinders
	4



	Compression ratio
	16:1



	EGR system
	Dual HP- and LP-EGR



	Turbocharging system
	Single stage VNT 1



	Maximum engine power
	120~130 kW



	Maximum engine torque
	380~450 Nm



	Fuel system
	Common rail DI 1800 bar







1 Variable nozzle turbine.
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Table 2. Specification of the reference vehicle and transmission.
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	Vehicle category
	D-segment *



	Wheel drive system
	RWD 1



	Curb weight
	1500 kg



	Nominal peak torque
	400 Nm (1750–2500 1/min)



	Transmission type
	6 speed transmission (manual)







1 Rear wheel drive; * According to European vehicle categories.
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Table 3. Specification of reference fuel.
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	Density at 25 °C
	833.4 kg/m3



	Lower heating value
	42.61 MJ/m3



	C:H:O 1 ratio
	14.1:25.9:0.13



	FAME 1 content
	9.8%



	CN for CFR 2
	53.1







1 Fatty Acid Methyl Ester; 2 Cetane number according to CFR standard.
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Table 4. Modeling approaches for each component with some remarks.
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	Component
	Modeling Approach





	Air filter
	
	
Pressure drop across the air filter as a linear function of the mass flow through the component.








	Valves
	
	
Physics-based valve models describing an isentropic flow through an orifice with a variable cross-section.



	
Cross-section is implemented as a linearized function.








	Manifolds
	
	
Manifold components with physics-based approaches.



	
Equation of the energy conservation with a factor for the estimation of the heat losses over the walls.



	
Ideal gas law for the calculation of the pressure.








	Turbocharger
	
	
Map-based TC without turbine or shaft models.




	○

	
Turbine represented by maps for temperatures and pressures.




	○

	
Map-based evaluation of quantities over the compressor.









	
Advanced TC with turbine and shaft components for the power balance of the system.




	○

	
Semi-physical approach with physics-based equations in combination with map-based corrections.




	○

	
Frictions as calibratable in the shaft balance.




	○

	
Compressor as map-based component for compression and efficiency evaluation.














	Intercooler
	
	
Components as semi-physical models with map-based efficiency.
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Table 5. Input parameters of the turbulence model with optimized values.
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	Squish factor
	1



	Injection factor
	0.06178



	Mixing time factor
	14.8477



	Friction factor
	1.5



	Axial flow factor
	0.2



	Vortex size factor 1
	7



	Vortex size factor 2
	1.64157



	Angular momentum
	1 × 10−7
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Table 6. Model input specification with required units.
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	Injection pressure
	bar



	Fuel density
	kg/m3



	Engine speed
	1/min



	Liner/piston/head wall temperatures
	K



	Injections SOI 1 and EOI 2
	deg



	Fuel temperature
	K



	Start/stop crank-angle
	deg



	Injection mass
	mg/str



	Temperature at IVC 3,*
	K



	Pressure at IVC *
	Pa



	Equivalent ratio
	-



	EGR ratio at IVC
	-



	Temperature at EVO *
	K



	Exhaust manifold pressure
	Pa







1 Start of injection; 2 End of injection; 3 Intake valves closing; * At EVO only for the initialization of the simulation, then from the respective manifold.
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Table 7. Model output specification with required units.
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	Pressure at EVO
	bar



	Fuel/air/EGR mass
	kg



	Fuel/air/EGR mass fractions
	-



	Cylinder pressure
	bar



	Lambda
	-



	IMEP
	bar



	Brake torque
	Nm



	Injection mass
	mg/str



	Enthalpy
	J



	NOx/soot/uHC/CO emissions
	mg/s



	Q10/Q50/Q90 1
	deg







1 Degrees of 10, 50 and 90% heat release.
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Table 8. Modeling potential for air path models.
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	Aspect
	Impact on Accuracy





	Valve linearization
	
	
Accuracy reduction in mass flows for TC, EGR models.








	Usage of Coolant temperature
	
	
Corrections required for cold engine applications in crucial air path subcomponents.








	Emission modeling
	
	
Corrections based on coolant temperature, dynamic influences, physical parameters.








	Cylinder filling
	
	
Volumetric efficiency influenced by multiple effects (e.g., temperatures).








	Manifolds
	
	
Sensor modeling for temperatures.



	
Possible reproduction of gas/sensor dynamics.



	
Impact of EGR on temperatures and fresh gas junction.








	Intercooler
	
	
Impact of low circuit coolant and impact from actuation of water pump on temperatures.








	Turbocharger
	
	
Compartment modeling for temperature prediction after turbine.



	
Optimization of inter/extrapolation capabilities.





















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Engine Speed

MEP /bar

Reference
—— 0D SRM Transient

1200

1400

1600

1800

PCP /bar





media/file4.png
Ambient conditions

—p . [emperature

—p - Pressure
-=p MMass Flow

o AirFilter
| 4
[
LP-EGR .| LPIntake
Manifold
LP-EGR  |e= LP-EGR
Cooler — Valve
|
¥
_ Exhaust | P-Exhaust
Throttle == Manifold

¥
>
_|
LA

Turbocharger

> Intake >
sl Y| Manifold _——
1 1
I y I
d Intercooler e
HP-EGR
Valve“
1
: :
! Exhaust |(«=—
---------- | » Manifold +-Ir—-
_________ - I

|9POA UOI}SNqUIo)





media/file18.png
Engine Speed
/ (1/min)

CO2/¢g

2200
1800 -
1400
1000 -
600

_ | -16

| \ \ ‘ -14

| 12

‘ 10

(1A ” * :

H" ‘J'-f'J ‘ J - L 4

|/ b T o L -2

0

3000 -14

2500- Reference -12

2000 — OD SRM Transient -10

1500- “m 2

1000 | 4

TN MR ‘mm-viﬂﬂ’“"“'“’ ’

0 1200 1400 1600 1800

t/s

Lambda / -

CO2/ (g/s)





media/file21.jpg
Engine Speed

02/ (g/s)

Soot / (mg/s)

onrawBS

5
2
3
2
1
[
1

I SNy

16
12
8
4
0
Reference
——— 0D SRM Transient

040

1050 1060 1070

1080 1090 1100 1110 1120 1130 1140
t/s

Lambda /-

NOx/ (g/s)





media/file26.png
/ (1/min)

Engine Speed

5370

|

—

5390

* IL‘ .
s | ] A AN \\ Akt A

5410

5430

5450
t/s

5470

Reference
——— 0D SRM Transient 120

5490

5510

—160
—-140

—-100
—80
-60
40
—20
-0
5530

NOx / (mg/s)





media/file3.jpg
12Oy uonsnquoy





media/file22.png
Engine Speed

/ (1/min)

2200
1800
1400
1000
600
16
1 :
8
| 4
0
12
© 10 Reference
= 8} ——— 0D SRM Transient
~ 67
N 4
S Z{M
0-
-0.10
—0.08
-0.06
-0.04
0.00
& O]
o 4-
£ 34
= 27
8 1_‘ A"\—»—‘
"’0'|'|'|'|'|'|'|'|'[|\A'A‘
1040 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140

t/s

Lambda / -

NOx / (g/s)





media/file19.jpg
3o 200
I
S € 100
£2 im
it
—amm 030
o 5 e -
: ’
g | o
: o oo
. o
2 o
Za 400
i 300
e 200
81 100
R R SR R S R s,

wox/(gfs)

Soot/mg,





media/file7.jpg
Engine Torque / Nm

Engine Torque / Nm.

350
20
20

30
a0
20
20
150
100

ES

Reference Engine
Boostpressure/ mbar

Sim. Ad. TC. etnod 1
Boostpressire / mbar

0
'500 1000 1500 2000 2500 3000 3500 4000 4500

Engine Speed / (1/min)

Sim Map-based TC
Boostpressure / mbar

Sim.Ad. TC, Methoa 2
Boost pressire  mbar

0
00 1000 1500 2000 2500 3000 3500 4000 4500
Engine Speed / (1/min)





media/file10.png
el el b ndiald

I Reference

150
100 +
50 ~

0 -

1eq / d2d

- 3

leq / 43I

2000 -

1500 -
1000 -
500 ~

wdd / XON

(]an43%/8) / 1008
0 O I N ©
o O O o o

L | | | |

11 12 13 14 15 16

10

Training Point / -





media/file14.png
Engine Speed

IMEP / bar

Reference

1 = 0D SRM Transient

et -

0 200 400

—I—I—I—I—I—I—I—I—I—I—I—[

A S —

600 800 1000 1200
t/s

|

1400 1600

b
1800

PCP / bar





media/file11.jpg
Intake Manifold

TC Speed / (1/min)

2500

£ 2000
8 1500 J\ﬁ
& 1000
&
500
160
Reerence
~Sim Map based TC 120
e smaTcweodz
Rem ;;:i\\ Sim . TC Method 1|80
[=aN / /
~ Sl
0
200,000
150,000
100,000 /\\ N\
s0000 i A~

fe00

1610 1620 1630 1640 1650 1660 1670 1680
tls

Intake Manifold

H
B
g
g
&





media/file6.png
t/ %

1 09 08 07 06 0504 03 O

2

6

18 16 14 12 10 8

++++++++++

T el S S S S SO S SR

O < n |
i i i

®+++++++O0++++@+

+ Operating Points
@ Training Points

+ 4+ +++++ A+ +

™

—

+ @ +++++..u.r_++++++++a
—

+ + 4+ +++++@++++++++ 1+
+ + + mw+++++++++++++--
i
i — o))
® + + -+ + + + @+ 4
™~ 00
¢ + + ++@F+ Tttt

1500 2000 2500 3000 | 3500 4000 | 4500

1000

400

O o o o c
n O U o
M N N <«

WN / anbio| aulbu3

Engine Speed / (1/min)





media/file15.jpg
Engine Speed
/(1/min)

WAL I

—— Reference
—— Simulation

Delta Pressure
LP EGR / mbar

T i

1850 150 1600 1650 1700 1750
t/s

1800

LP EGR Position /%





nav.xhtml


  energies-15-00261


  
    		
      energies-15-00261
    


  




  





media/file16.png
Engine Speed
/ (1/min)

Delta Pressure

LP EGR / mbar

2200

1800- o
1400
1000

~100

600
-7/5
-50
I -25
0
100
Reference
75__ ——— Simulation
50

1450 1500

25 | n
O_-L_..--__L. pR—

1550

1600

t/s

1650

1700

1750

1800

LP EGR Position / %





media/file2.png
------ Actuators Control

Three-Way Valve
<] Sensors

v
‘m Y\

..' “~Throttle Valve Charge Air Cooler § Compressor &
S

HP-EGR
Coolgr Bypass

Air Filter

HP-EGR Cooler
<]

 LP-EGR
~  Cooler

<l

y

Urea Dozer

HP-EGR Valve
Turbine

o)
o)
2]

|

]
(] » = L] []
INEEEEEEE-EEEEEEEEEEEEEEEEEEEESEEEEEEEEEEEEEEE e EEEEEEEEE-E R nhennn





media/file20.png
@ __ 2200-
U "
S £ 1800+
T 1400
= = 1000
~
ks 600
12 0.10
0] T e ansn
§D 2; ransien 1’ __0.06
5 ° — " -0.04
R T MY RET gy 1], e
| - - | ) \ -
0- ‘ A\ ' n—t ) | 0.00
5- - - 500
L 4 -400
£ 3- =1 | -300
> o] —200
) 2 L
3 1- | -100
R i o Al b SRR )0 SANS el Al KL NDIIDIRD |i )|
0 200 400 600 800 1000 1200 1400 1600 1800

t/s

NOx / (g/s)

Soot / mg





media/file23.jpg
Engine Torque / Nm

Red. Area /-

0 o
Reteree s
350 ~ HPEGR massh / (gh)
ot o
e s
b o
o -
2 I
pe! \ s
S0 1000 1500 200 2500 000 500 600 4500 500 100 1500 2000 2500 900 350 4000 4500
Enoine Speed (1min) S Speed (imin)

os;
o [T
981 2 Cneaiaion
02
0

I T

Valve Position / %





media/file5.jpg
t/%
616 14 1210 B 6 5 4 3 2 1 090807 060508030

+ Operating Points

@ Training Points

NN

00

Engine Torque / Nm

=}
3
@t

1000 1500 2000 2500 3000 3500 4000 4500
Engine Speed / (1/min)

0
500





media/file24.png
Engine Torque / Nm

Red. Area / -

400

350-
300-
250
200-
150-
1001

50-

HP-EGR massfl. / (kg/h) | 3207

©

Reference

40

400

300-
250-
200-
150-

0

0.8

e

I I ! I T [ ' I ' [ f I ' I
500 1000 1500 2000 2500 3000 3500 4000 4500

Engine Speed / (1/min)

0

Sim

%

HP-EGR massfl. / (kg/h)

35
30
25
20
15
10

ﬂ ;

Engine Speed / (1/min)

500 1000 1500 2000 2500 3000 3500 4000 4500

0.6
0.4-
0.2

0.0+
0

® C(Calculations
—— Linearization

Valve Position / %

99 60





media/file1.jpg
+weee Actuators Control
<Q Sensors
v v

Tt vove Chatgo A Codlr
<

HREGR
CoolerBypass,

Throw-Way Vatve

v

HP-EGR Coer
<






media/file25.jpg
Engine Speed

/ @/min)

r160
—— Reference 140
——— 0D SRM Transient 120
100
80
60
40
20
0
5370 5390 5410 5430 5450 5470 5490 5510 5530

t/s

NOx / (mg/s)





media/file12.png
Intake Manifold
Pressure / mbar

TC Speed / (1/min)

500

200,000

150,000~
100,000+

50,000~ / /ﬂ\f———\x—\

0

2500
2000

: =N
1 500J\ wf\\)g___\\
| \ ,
1000- |

Reference
— — — Sim. Map-based TC
Sim. adv. TC, Method 2

160
-120

80
40

N ——

' | ' | ' | ' | ' | ' | ' | '
1600 1610 1620 1630 1640 1650 1660 1670 1680

t/s

Intake Manifold
Temperature / °C





media/file9.jpg
PCP / bar

NOX/ ppm

MllReference  [T7]0D SRM Steady-State.

g L LTI )
S T T 1Y 1
el

99 [ Y Y

8 9 1 1 12 1 15
Training Point / -

IMEP / bar

Soot / (g/kgFuel)





media/file0.png





media/file8.png
Engine Torque / Nm

Engine Torque / Nm

400
350;
300;
250;
200;
150;
100;

50;

Reference Engine
Boost pressure / mbar

400
350;
300;
250;
200;
150;
100;
50;

Sim. Adv. TC, Method 1
Boost pressure / mbar

O ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
500 1000 1500 2000 2500 3000 3500 4000 4500

Engine Speed / (1/min)

400
350;
300;
250;
200;
150;
100;
50;
O,

Sim. Map-based TC
Boost pressure / mbar

400
350;
300;
250;
200;
150;
100;
50;

Sim. Adv. TC, Method 2
Boost pressure / mbar

O ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
500 1000 1500 2000 2500 3000 3500 4000 4500

Engine Speed / (1/min)

2850
2750
2600
2400
2200
2000
1800
1600
1400
1200
1000

2850
2750
2600
2400
2200
2000
1800
1600
1400
1200
1000





media/file17.jpg
Engine Speed

7(3/min)

co2/e

2200
1800
1400
1000

600

Reference

—— 00 SRM Transient

200

00

§ite

1000

1200

1200

1600

Lambda /-

02/ (g/s)





