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Abstract

:

A previously developed model-based controller of torque and nitrogen oxides emissions has been implemented and assessed on a heavy-duty 11 L FPT prototype Cursor 11 diesel engine. The implementation has been realized by means of a rapid prototyping device, which has allowed the standard functions of the engine control unit to be by-passed. The activity was carried out within the IMPERIUM H2020 EU Project, which is aimed at reducing the consumption of fuel and urea in heavy-duty trucks up to 20%, while maintaining the compliance with the legal emission limits. In particular, the developed controller is able to achieve desired targets of brake mean effective pressure (BMEP) (or brake torque) and engine-out nitrogen oxides emissions. To this aim, the controller adjusts the fuel quantity and the start of injection of the main pulse in real-time. The controller is based on a previously developed low-throughput combustion model, which estimates the heat release rate, the in-cylinder pressure, the BMEP (or torque) and the engine-out nitrogen oxide emissions. The controller has been assessed at both steady-state and transient operations, through rapid prototyping tests at the engine test bench and on the road.
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1. Introduction


Fuel consumption reduction has become a key aspect in the mobility sector, in order to reduce operating costs and face the impact of global warming. This is especially true for heavy-duty trucks, which typically perform long haul driving missions.



Recent technologies have been developed to reduce fuel consumption and include engine downsizing [1], alternative fuels [2], innovative combustion concepts [3,4], advanced high-pressure injection systems [5,6,7,8,9,10], model-based control [11,12,13,14,15], advanced aftertreatment systems [16], kinetic and thermal energy recovery [17], vehicle lightweight [18], electrification of the powertrain [19], and vehicle connectivity [20].



With reference to the previous solutions, model-based control will be a key-technology in the near future. In fact, this technology is suitable to be coupled with the emerging V2X systems, and will also be supported by the implementation of more and more powerful engine control units, as well as by the installation of new sensors on the vehicle.



The V2X communication technology is particularly attractive since it will allow the realization of intelligent transport systems, in order to reduce fuel consumption also on the basis of real traffic information. For example, in [21], the authors proposed a dynamic programming-based optimal speed planning algorithm for heavy-duty vehicles, which embeds a look-ahead function using traffic information. In that study, the authors showed that a significant decrease in fuel consumption can be obtained.



With reference to combustion control, model-based algorithms are attractive since they can be used to realize a real-time optimization of the engine performance. In addition, it should be noted that model-based controllers require a lower calibration effort than standard map-based systems. Model-based combustion control is expected to provide significant advantages for diesel engines, which are typically managed by a large number of control parameters.



Although the market share of diesel vehicles is decreasing in the last year for passenger car applications, it is expected that light-duty and heavy-duty vehicles will still be equipped with diesel engines in the next decades. With reference to the latter aspect, a three-year EU H2020 collaborative research project (IMPERIUM) started in 2016, with the aim of achieving fuel consumption and urea reduction of about 20% in heavy-duty trucks, while guaranteeing the fulfillment of the legal emission limits at the same time. Within the Euro VI regulation, heavy-duty engines are tested on the dynamometer over the WHSC (worldwide harmonized steady cycle) and the WHTC (worldwide harmonized transient cycle). The current legal limits for tailpipe NOx (nitrogen oxide) emissions are equal to 0.40 g/kWh over the WHSC and of 0.46 g/kWh over the WHTC. In addition, vehicle emissions are also measured directly on the road, by means of PEMS (portable emissions measurement system). The conformity factor concerning tailpipe NOx emissions is currently equal to 1.5.



The IMPERIUM consortium includes several partners from the academia and industry (see [13,14,15,16,17,18,19,20,21,22]). At the end of the project, three heavy-duty demonstrators were realized, in order to show the benefits achieved by means of the developed technologies. These benefits are realized through:




	-

	
The direct optimization of the control strategy for the main powertrain components (e.g., engine, transmission), in order to maximize their performance.




	-

	
The development of a model-based global powertrain energy manager supervisor, which optimizes the utilization of the different energy sources depending on the current driving situation.




	-

	
The implementation and use of “look-ahead” systems, such as eHorizon, in order to realize long-term optimization strategies.









Within the IMPERIUM project, a real-time model-based controller of BMEP (Brake Mean Effective Pressure) and engine-out NOx emissions was realized by the authors and applied to an 11 L FPT prototype Cursor 11 heavy-duty diesel engine. The controller is capable of controlling BMEP (brake mean effective pressure), or torque, and NOx emissions by acting on the quantity of fuel injected in the combustion chamber and on the start of injection of the main pulse. The baseline version of the controller was presented and tested offline in a previous paper [13].



The present investigation is focused on the implementation of the controller on the same engine through rapid prototyping, and on the subsequent assessment at steady-state conditions and in transient operation by means of tests carried out at the engine test bench and on the road.




2. Experimental Setup and Engine Conditions


The engine adopted for the present activity is an FPT prototype 6-cylinder Cursor 11 diesel engine. The engine features a displacement of 11.1 dm3 and 4 valves per cylinder. Moreover, it is equipped with a VGT (Variable Geometry Turbine) turbine and a high pressure common rail injection system. The maximum power and torque of the engine are 353 kW and 2300 Nm, respectively.



The rapid prototyping tests on the engine were realized at a highly dynamic test bench in FPT Motorenforschung AG, Arbon.



The schemes and detailed description of the engine and of the test bench, including the main measurement sensors and related accuracy, are reported in [13] and have not been shown here for the sake of brevity.



The developed controller was tested on the engine by using the ETAS ES910 (ETAS, Stuttgart, Germany) rapid prototyping device, which is equipped with a Freescale PowerQUICC™ III MPC8548 processor with 800 MHz clock (double precision floating point unit), and features 512 Mbyte of DDR2 RAM (400 MHz clock) and 64 Mbyte of Flash Memory.



With reference to the development and calibration of the real-time combustion model that is used in the model-based controller, a set of about 2200 steady-state points was used (see [13]), which includes a full engine map carried out with or without pilot injection/EGR (Exhaust Gas Recirculation), sweeps of SOImain (main injection timing) and pf (injection pressure) at fixed key-points, and sweeps of EGR and VGT position. The details of these tests and of the model calibration can be found in [13]. With reference to the input variables used to assess the combustion model, three cases were considered in that study:




	
Case 1: All the input variables were derived from test bench sensors (best case).



	
Case 2: The available ECU (Engine Control Unit) variables were used as model inputs, except for the intake O2 concentration, which was obtained from test bench sensors.



	
Case 3: Only the available ECU variables were used as model inputs.








It should be noted that Case 3 is the most significant one, when the controller is implemented onboard.



The experimental tests which are considered in this paper, instead, have been used for the assessment and validation of the controller, and include:




	
Selected steady-state points on the engine map (Figure 1). These tests were used to perform a preliminary check of the controller functionality when implemented in the engine through rapid prototyping. In particular, for these tests, targets of BMEP and NOx for the controller were set according to the baseline engine map. The steady-state points were chosen in order to explore a wide range of the engine map, but keeping at the same time a safety margin from the full-load curve.



	
Load ramp tests carried out at several engine speed conditions, with and without EGR, in which the controller was activated or deactivated. The EGR valve position was controlled in the engine to realize the nominal EGR levels according to a look-up table. For a given ramp test, different NOx targets (nominal, ±20%, −40%) were set when the controller was activated, in order to fully assess its functionality. The summary of the ramp tests is reported in Table 1, while Figure 2 reports the time histories of the accelerator pedal position for the ramp tests carried out under baseline engine operating conditions (i.e., without controller active). As can be seen, two types of load ramp tests were considered, i.e., variations from 0% to 60%–70% of maximum load with intermediate steps, and variations from 0% to 60% of maximum load with different ramp durations.








Conventional diesel fuel (according to EN 590 regulations) was used, which is characterized by a cetane number equal to 54 and a lower heating value of 43 MJ/kg.




3. Description of the Model-Based Controller of BMEP and NOx


The controller is based on a previously developed real-time combustion model, whose scheme is reported in Figure 3.



The combustion model is capable of simulating the following quantities:




	
Released chemical energy (Qch): The model is based on an improved version of the accumulated fuel mass approach [23,24,25,26,27,28].



	
Net energy of the charge (Qnet): It is calculated as the difference between the released chemical energy and the heat exchanged by the charge with the walls.



	
In-cylinder pressure: A single-zone thermodynamic model [29] is applied, in which the net energy of the charge is used as input in order to calculate the in-cylinder pressure during the combustion phase. The in-cylinder pressure during the compression and expansion phases is obtained assuming polytropic processes. The PFP (peak firing pressure) and IMEPg (gross indicated mean effective pressure) metrics are then evaluated on the basis of the in-cylinder pressure [25].



	
Pumping and friction losses: A pumping model, which is based on the intake and exhaust manifold pressure levels, is used to estimate PMEP (pumping mean effective pressure), while FMEP (friction mean effective pressure) is evaluated by adopting the Chen–Flynn model [30]. The evaluation of PMEP and FMEP allows IMEPn (net indicated mean effective pressure) and BMEP (brake mean effective pressure) to be estimated.



	
Engine-out NOx emissions: The approach described in [13,31] was adopted. In particular, NOx emissions are estimated as the sum of two terms, i.e., the nominal NOx level, which is emitted by the engine when it operates with the baseline calibration map, and a NOx deviation term. The latter term is a function of the deviations of the intake oxygen concentration (δO2) and MFB50 (δMFB50) with respect to the values that occur with the baseline engine calibration map.








The previously described model has been used to develop the model-based controller of BMEP and engine-out NOx emissions. The scheme of the controller is provided in Figure 4.



The controller is included in a more comprehensive energy manager supervisor of the vehicle, which optimizes the operation of the different energy sources on the basis of the current driving conditions. This supervisor includes a look-ahead function, which exploits a dynamic eHorizon system, in order to realize a long-term optimization strategy. From the scheme reported in Figure 4, it can be seen that the BMEP/NOx controller receives from the vehicle energy supervisor the targets of engine-out NOx emissions (NOxtgt) and indicated mean effective pressure (IMEPtgt), and corrects the injected fuel quantity (qf,inj) and the start of injection of the main pulse (SOImain) in order to achieve the desired targets. To this aim, an iterative procedure is implemented, in which the correction of SOImain is based on the NOx error, while the correction of qf,inj is based on the IMEP error. The iterative procedure is completed within a single engine firing (120 degrees of crank angle), so that a cycle-by-cycle control is realized. A correction of the injection pressure pf, with respect to the baseline value which derives from the ECU maps, is also implemented. This correction has been adopted in order to reduce the soot penalties which occur when SOImain is delayed, as a consequence of a low NOx target request.



The core of the controller is a real-time mean value combustion model, that was presented and assessed in [13] for the same engine considered in the present study.



The controller structure is described in detail in [13], in which the correction schemes for SOImain and qf,inj are reported.



Finally, several features were implemented in the controller in order to improve its robustness, safety sensitivity in case of failure in the estimation of the input variables. These features include:




	
the adoption of upper/lower saturation for all the input quantities;



	
the adoption of upper/lower saturation of SOImain and qf,inj, in order to avoid the exceeding of the peak firing pressure and exhaust gas temperature limits, as well as to avoid excessive penalizations in terms of BSFC;



	
the adoption of an output buffer for SOImain and qf,inj, in order to remove high frequency oscillations deriving from input variable noise.








Moreover, the controller is deactivated when the values of engine speed and injected fuel quantity are below a user-defined threshold. This feature was added in order to improve functionality robustness during the engine start and when a transition occurs from positive torque to cut-off conditions and vice versa.



The developed controller has been implemented on the real engine through rapid prototyping (RP).



The rapid prototyping setup is shown in Figure 5.



It can be seen in the figure that the ETAS RP device receives the needed input signals for the BMEP/NOx controller (i.e., the actual/state variables) from the ECU via ETK, which is an ethernet-based communication interface. The algorithm then evaluates the values of qf,inj and SOImain that allow the desired targets of BMEP and NOx to be achieved (see Figure 3), and writes these values in the ECU via ETK. Therefore, the standard values which derive from the engine maps are by-passed. This has been made possible by the implementation of a modified ECU software, which includes several hooks for the variables to be by-passed. The injection pressure pf is also sent to the ECU in by-pass, since a correction with respect to the baseline ECU value is applied, in order to compensate for the soot increase that would occur when delaying the start of injection.




4. Results and Discussion


4.1. Real-Time Combustion Model


A detailed analysis of the accuracy of the real-time combustion model which was used in the controller was reported in [13]. Table 2 reports the RMSE (root mean square error) for the prediction of BMEP and NOx at steady-state conditions.



It can be seen in the table that the BMEP prediction is not affected significantly by the type of input signals, while the NOx prediction accuracy deteriorates when using the ECU signals, as a consequence of a less precise estimation of the EGR rate than that obtained using test bench sensors.




4.2. Controller of BMEP and NOx: Assessment at Steady-State Operation


The controller was first tested at steady-state conditions for the engine points reported in Figure 1. The input variables derived from the engine sensors were used in the controller.



Figure 6 shows, for the different operating conditions, a comparison between the target values (blue bars) and the measured values (orange bars) of NOx emissions (Figure 6a) and BMEP (Figure 6b). The NOx emissions were measured using the test bench gas analyzer. The absolute values of NOx emissions were not reported for confidentiality reasons. The reported points are ordered from low power to high power.



It can be seen that the errors are in line with the combustion model accuracy shown in Table 2.



The root mean square error of the relative NOx error is of the order of 7.8%. With reference to the operation of the controller, it was verified that the average number of required iterations to achieve convergence is of the order of 6. It should also be noted that a maximum number of 8 iterations is set in the controller, in order to improve robustness and avoid time overrun.




4.3. Controller of BMEP and NOx, Assessment in Transient Operation: NOx Control


The controller has then been assessed over the transient tests reported in Table 1. With reference to the NOx control, considering that several conditions were investigated for each single ramp test (controller ‘ON’ with nominal target, controller ‘ON’ with NOx target deviations of ±20% and −40%), the detailed results of only two ramp tests (i.e., ramp test 3 and ramp test 4 in Table 1) have been reported in this section for the sake of brevity. These two ramp tests have been selected since they are characterized by different time histories of the engine load. In particular, with reference to ramp test 3, a load variation from 0% to 75% of the maximum torque was realized at N = 1900 rpm, with intermediate load steps. With reference to ramp test 4, instead, ramp load variations from 0% to 60% of the maximum torque (and vice-versa) were realized at N = 1100 rpm, considering different ramp durations. The time histories of the load are reported in Figure 2.



With reference to ramp test 3, Figure 7 reports the time histories of the measured NOx emissions (Figure 7a,c) and of SOImain (Figure 7b,d) for the cases in which EGR is closed and with nominal EGR level, considering different NOx targets. The absolute values of NOx emissions and of SOImain were not reported for confidentiality reasons. The nominal NOx target levels were identified on the basis of a look-up table, function of engine speed and load, which was derived on the basis of the measured NOx emissions at steady-state operation over the full engine map, with the baseline configuration of the ECU variables. In particular, in each chart four different cases were considered, i.e.:




	
Engine operation with controller enabled and nominal NOx target (blue lines).



	
Engine operation with controller enabled and NOx target increased of 20% with respect to the nominal one (magenta lines).



	
Engine operation with controller enabled and NOx target decreased of 20% with respect to the nominal one (green lines).



	
Engine operation with controller enabled and NOx target decreased of 40% with respect to the nominal one (black lines).








For the cases in which NOx target deviations of +20% and −20%/−40% were set, the percentage difference of the measured cumulative NOx emissions (ppm), with respect to the baseline case with nominal NOx target have also been reported. The NOx trends shown in the charts were measured by means of the engine NOx sensor. In all the charts, the origin of the y-axis is the same for all the related figures.



In general, it can be seen from the charts how the controller progressively advances/delays the values of SOImain in order to increase/decrease the engine-out NOx levels.



It can also be noted that the percentage differences of the cumulative NOx emissions, with respect to the baseline case with nominal NOx target, are in line with the targets, except for the case in which a NOx target of −40% is requested when EGR is closed (Figure 7a). In this case, in fact, the percentage difference of the cumulative NOx emissions is of the order of −28.2%. The main reason for this behavior is due to the fact that, for the considered case, the lower SOImain safety boundary is often achieved. This can be seen in Figure 8, which shows the time histories of SOImain for the ramp test 3 without EGR (a) and with EGR (b). In the figure, the actuated SOImain is indicated with black lines, the reference SOImain from ECU is reported with red lines, and the safety SOImain boundaries are reported with green lines.



It can be seen from Figure 8 that the lower SOImain safety boundary is often achieved, especially for the case in which EGR is not used (Figure 9a). As a consequence, in these conditions, the desired NOx target cannot be achieved.



The results concerning the ramp test 4 are instead reported in Figure 9. Similarly to Figure 7 and Figure 9 reports the time histories of the measured NOx levels (Figure 9a,c) and of SOImain (Figure 9b,d) for the condition in which EGR is closed (Figure 9a,b) or with nominal EGR level (Figure 9c,d), considering different NOx targets. For the cases in which NOx target deviations of +20% and −20%/−40% were set, the percentage difference of the cumulative NOx emissions (ppm), with respect to the baseline case with nominal NOx target have also been reported.



Also, in this case, it can be seen how the controller progressively advances/delays the values of SOImain in order to increase/decrease the engine-out NOx levels.



The percentage differences of the cumulative NOx emissions, with respect to the baseline case with nominal NOx target, are in line with the target requests also for this ramp test, except for the case in which a NOx target of −40% with respect to the nominal one, is requested. With reference to the case without EGR, similarly to the previous case, the main reason of this behavior is due to the fact that the lower SOImain safety boundary is sometimes achieved when a very low NOx target is requested. With reference to the case with EGR, the lower SOImain safety boundaries are not achieved. Therefore, the error is due to inaccuracies in the model. However, a significant contribution to these inaccuracies may be related to a difficult estimation of EGR in transient operation. This effect will be discussed in Section 4.5.



A summary is finally reported of the performance of the controller over the entire set of transient conditions, with specific reference to the NOx control. In particular, a cumulative NOx index was estimated by integrating the instantaneous NOx concentration for all the investigated tests, and the relative differences in the values of the cumulative NOx index, with respect to the baseline case in which the controller is activated with nominal NOx target, were calculated. The results are reported in Table 3. The values indicated with bold underlined text in Table 3 refer to test conditions in which the boundaries of SOImain are achieved for a significant portion of the test, while the values indicated with underlined text indicate the test conditions in which the boundaries of SOImain are achieved, but for a limited portion of the test.



It can be noted in the table how, in general, the controller is effective in reducing/increasing the cumulative NOx emissions, with respect to the reference case, even for the conditions in which EGR is enabled. It was in fact observed, for these cases, that larger deviations occur between the instantaneous NOx target levels and the measured NOx emissions, as a consequence of a difficult EGR estimation in dynamic condition that is given to the controller as input.




4.4. Controller of BMEP and NOx, Assessment in Transient Operation: BMEP Control


In this section, the performance of the controller has been investigated concerning the BMEP control. In particular, Figure 10 and Figure 11 report a comparison of the target and measured BMEP levels for all the transient tests reported in Table 1.



In general, the performance of the controller is very good for all the investigated tests. It can, in fact, be seen that the desired targets of BMEP are in general achieved, regardless of the NOx target and of the activation/deactivation of EGR.



Some deviations can sometimes be detected, such as those shown in Figure 10e,f during the time interval between 60 and 90 s. It was verified that these deviations derive from a combination of several effects, such as inaccuracy of the combustion model, inaccuracy of the injector maps embedded in the ECU, and inaccuracy of the EGR rate estimated by the ECU.



It can also be observed in Figure 11b that lower BMEP values are realized, with respect to the target, for the ramp test 4 with EGR at the end of the increasing load ramps. This behavior is likely to be due to a too low level of the intake O2 concentration, which leads to a non-optimal combustion.



The general behavior of the controller, however, is acceptable, since the injected fuel quantity is increased/decreased, with respect to the baseline level, in order to compensate for the different engine thermal efficiency when SOImain is delayed/anticipated in order to achieve the desired NOx targets. This can be seen in Figure 12a, which reports, as an example, the time histories of the measured injected fuel quantity for the ramp test 5 without EGR. It can be seen in the figure how the injected quantities are different for the different cases, and the realized BMEP levels are in line with the targets (see Figure 11c). For the sake of completeness, Figure 12b reports the time histories of the measured NOx levels, as well as the percentage difference of the cumulative NOx emissions (ppm), with respect to the baseline case with nominal NOx target.




4.5. Preliminary Tests on the Road: NOx Control


Preliminary tests of the controller of BMEP and NOx have also been carried out on the road after the engine installation on the vehicle demonstrator, in view of the final assessment of the IMPERIUM project. These tests covered a run from the city of Genova to the city of Asti (and vice-versa), and have demonstrated the basic functionality of the controller, since no crashes occurred in the software. Some preliminary results are shown in this section.



During the tests, the controller was de-activated when the engine ran in warm-up mode. However, the combustion model was running in background in these cases, and it was able to simulate the NOx emissions (thus working as a virtual sensor) using, as input, the control variables which were set by the ECU. Some results are shown in Figure 13, which reports the predicted (blue line) and measured (red line) engine-out NOx emissions along a time interval between t = 500 s and t = 1200 s over the Genova–Asti run, when the engine was operating in warm up mode. Figure 13a shows the instantaneous emissions, while Figure 13b shows the cumulative NOx index. Figure 13c,d report a detail of the results in the time interval between t = 500 s and t = 600 s. It can be seen that the accuracy of the model is very high, also considering that it was not calibrated in this working mode. It should also be remarked that the mission had a duration of 1.5 h and the reported time interval is representative of the accuracy of the model over the whole mission. Moreover, in general, the trend of the NOx emissions measured by the engine sensor shows a smoother and little delayed behavior with respect to the trend calculated by the combustion model. This could be due to the fact that controller estimates a “cylinder out” NOx concentration for each combustion firing, while the engine sensor measures the concentration in the exhaust manifold, after that mixing phenomena occur.



Figure 14 shows a time interval of the Asti–Genova run, in which the controller was activated (at t = 50 s) and the engine operated in normal mode.



Figure 14a reports the time histories of the requested NOx emissions (black line), of the measured NOx emissions (red line) and of the NOx emissions estimated by the controller (blue line). The NOx emissions estimated by the controller should always be coincident with the requested levels, except for the cases in which the safety boundary level of SOImain is achieved. Figure 14b, instead, reports the time history of the EGR valve position.



In the first part of the trace reported in Figure 14a, (indicated with ‘OFF’), the by-pass hooks were disabled and therefore NOx target was not realized, since the values of SOImain and qf,inj elaborated by the controller were not sent to the ECU. Subsequently, the by-pass hooks were enabled and NOx concentration quickly achieved the target. Moreover, considering the part of mission in which the optimizer is working, the results indicate that when the EGR valve tends to be closed, the accuracy in the instantaneous control of NOx emissions is very high, while it deteriorates when the EGR valve is activated.



This deviation is likely to be due to the fact that the controller requires the intake oxygen concentration as input, and in the present application this quantity was estimated on the basis of the EGR and air mass levels that are estimated by the air path sub-models embedded in the ECU. These models are accurate at steady-state operation, but were not yet calibrated in transient operation, and therefore, they cannot capture the highly transient phenomena which occur in the intake manifold in these conditions. A suitable calibration of the air path sub-models embedded in the ECU in dynamic conditions, or the installation of an intake O2 sensor may lead to a significant improvement in the performance of the controller when EGR is adopted.



However, by calculating the cumulative emissions, a relatively small error between the desired and measured NOx levels is detected, even considering the interval in which EGR is activated.





5. Conclusions


In this paper, a previously developed model-based controller of BMEP (brake mean effective pressure), or torque, and nitrogen oxides emissions (NOx) has been implemented and assessed on an 11 L FPT prototype heavy-duty Cursor 11 diesel engine. The controller acts on the injected fuel quantity (qf,inj) and on the start of injection of the main pulse (SOImain) in order to achieve the desired targets.



The activity was carried out within the IMPERIUM H2020 EU Project.



The controller has been assessed at both steady-state and transient operations, through rapid prototyping tests carried out at the engine test bench. Moreover, preliminary tests were carried out on the road using the vehicle demonstrator.



The main results can be summarized as follows:




	
Concerning the steady-state tests acquired at the engine test bench, the average values of the root mean square error (RMSE) are of the order of 100 ppm with reference to the control of NOx emissions, and of the order of 0.3 bar with reference to the control of BMEP. The root mean square error of the relative NOx error is of the order of 7.8%.



	
Concerning the transient tests acquired at the engine test bench, it was found that the control of BMEP is very accurate for all the investigated tests. With reference to the control of NOx emissions, it was verified that the cumulative NOx emissions are in line with the target levels when different NOx targets are set, and this confirms the effectiveness of the proposed approach.



	
By analyzing the data acquired at the engine test bench, it was verified that if a too low or too high target of NOx emissions is requested, the limitation in the actuated value of SOImain is realized correctly. This limitation is designed for safety reasons (e.g., in order to avoid too high exhaust temperatures/peak firing pressure levels, or to avoid an excessive penalization in terms of engine thermal efficiency), so that the target cannot be achieved but the engine integrity is guaranteed.



	
Concerning the road tests, the basic functionality of the controller and the NOx control accuracy observed at the engine test bench were confirmed. It was also verified that, when the EGR valve tends to be closed, the accuracy in the instantaneous control of NOx emissions is very high, while it deteriorates when the EGR valve is activated. This deviation is likely to be due to inaccuracies in the estimation of the intake oxygen concentration on the basis of the air-path models of EGR and air mass embedded in the ECU.



	
The installation of an intake O2 sensor may lead to a significant improvement in the performance of the controller, concerning the instantaneous control of NOx emissions, when EGR is adopted.



	
During the on-road tests, it was verified that the controller could be used as an accurate virtual NOx sensor even when it was disabled over specific engine modes. This functionality can be very useful, especially in case the engine NOx sensor has not yet achieved warm-up conditions and cannot provide reliable measurements.
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Abbreviations




	ATS
	after-treatment system



	BMEP
	Brake Mean Effective Pressure (bar)



	CA
	crank angle (deg)



	DT
	dwell-time



	ECU
	Engine Control Unit



	EGR
	Exhaust Gas Recirculation



	FMEP
	Friction Mean Effective Pressure (bar)



	FPT
	FPT Industrial



	HCCI
	Homogeneous Charge Compression Ignition



	IMEP
	Indicated Mean Effective Pressure (bar)



	IMEPg
	gross Indicated Mean Effective Pressure (bar)



	IMEPn
	net Indicated Mean Effective Pressure (bar)



	IMPERIUM
	IMplementation of Powertrain Control for Economic and Clean Real driving emIssion and fuel ConsUMption



	m
	mass



	     m ˙   a i r     
	mass flow rate of fresh air



	     m ˙   E G R     
	mass flow rate of EGR



	MFB50
	crank angle at which 50% of the fuel mass fraction has burned (deg)



	N
	engine rotational speed (1/min)



	O2
	intake charge oxygen concentration (%)



	p
	pressure (bar)



	PCCI
	Premixed Charge Compression Ignition



	pEMF
	exhaust manifold pressure (bar abs)



	PEMS
	Portable Emissions Measurement System



	pf
	injection pressure (bar)



	PFP
	peak firing pressure



	pIMF
	intake manifold pressure (bar abs)



	PMEP
	Pumping Mean Effective Pressure (bar)



	q
	injected fuel volume quantity (mm3)



	Qch
	chemical heat release



	qf,inj
	total injected fuel volume quantity per cycle/cylinder



	Qnet
	net heat release



	Rhamb
	ambient relative humidity



	RMSE
	root mean square error



	SOI
	electric start of injection



	SOImain
	electric start of injection of the main pulse



	t
	time



	T
	temperature (K)



	Tamb
	ambient temperature



	TIMF
	intake manifold temperature



	V2X
	vehicle-to-everything technology



	VGT
	Variable Geometry Turbine



	VPM
	Virtual Pressure Model



	WHSC
	Worldwide Harmonized Steady Cycle



	WHTC
	Worldwide Harmonized Transient Cycle
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Figure 1. Summary of the steady-state tests used for the preliminary assessment of the model-based controller of BMEP (Brake Mean Effective Pressure) and engine-out NOx (nitrogen oxide) emissions on the engine. 
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Figure 2. Accelerator pedal position vs. time for the baseline load ramp tests. 
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Figure 3. Scheme of the real-time combustion model. 
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Figure 4. Scheme of the model-based controller of BMEP and engine-out NOx emissions. 
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Figure 5. Scheme of the rapid prototyping setup for the BMEP/NOx controller. 
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Figure 6. Comparison between the target values and the measured values of NOx emissions (a) and BMEP (b) for the rapid prototyping tests at steady-state operation. The absolute errors are also reported above each bar. 
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Figure 7. Comparison of the time histories of the measured NOx emissions (a,c) and of SOImain (b,d) for the ramp test 3 without EGR (Exhaust Gas Recirculation) (a,b) and with EGR (c,d). The origin of the y-axis is the same for all the related figures. 
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Figure 8. Time histories of SOImain for the ramp test 3 without EGR (a) and with EGR (b). 
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Figure 9. Comparison of the time histories of the measured NOx emissions (a,c) and of SOImain (b,d) for the ramp test 4 without EGR (a,b) and with EGR (c,d). The origin of the y-axis is the same for all the related figures. 
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Figure 10. Time histories of the target and measured levels of BMEP for the ramp tests 1 (a,b), 2 (c,d) and 3 (e,f). 
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Figure 11. Time histories of the target and measured levels of BMEP for the ramp tests 4 (a,b) and 5 (c,d). 
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Figure 12. Time histories of the measured injected fuel quantity (a) and NOx emissions (b) for the ramp test 5 without EGR. 
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Figure 13. Predicted and measured engine-out NOx emissions along an interval of the Genova–Asti run, when the engine run in warm up mode and the controller operated as virtual NOx sensor. (a,c) instantaneous NOx emissions; (b,d) NOx cumulative index. 
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Figure 14. (a) Predicted, measured, and target engine-out NOx emissions along an interval of the Asti–Genova run, when the engine ran in normal mode and the controller was activated; (b) time history of the EGR valve position. 
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Table 1. Summary of the load ramp tests.
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	Ramp Test
	Engine Speed
	Load (Accelerator Pedal Position)
	EGR
	Controller Activation
	NOx Target When Controller ON





	Ramp test 1
	N = 800 rpm
	0%–60% with intermediate steps
	ON/OFF
	ON/OFF
	Nominal/+20% − 20%/−40%



	Ramp test 2
	N = 1300 rpm
	0%–60% with intermediate steps
	ON/OFF
	ON/OFF
	Nominal/+20% − 20%/−40%



	Ramp test 3
	N = 1900 rpm
	0%–60% with intermediate steps
	ON/OFF
	ON/OFF
	Nominal/+20% − 20%/−40%



	Ramp test 4
	N = 1100 rpm
	0%–60% with different ramp durations
	ON/OFF
	ON/OFF
	Nominal/+20% − 20%/−40%



	Ramp test 5
	N = 1500 rpm
	0%–60% with different ramp durations
	ON/OFF
	ON/OFF
	Nominal/+20% − 20%/−40%










[image: Table] 





Table 2. Values of RMSE (Root Means Square Error) of BMEP and NOx for the real-time combustion model at steady-state conditions [13].
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	Input Type
	RMSE NOx
	RMSE BMEP





	Test bench sensors
	80 ppm
	0.28 bar



	Engine sensors except for intake O2
	80 ppm
	0.32 bar



	Engine sensors
	111 ppm
	0.32 bar
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Table 3. Relative differences in the values of the cumulative NOx index, with respect to the baseline case in which the controller is activated with nominal NOx target.
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	Input Type
	Controller ON, Nominal NOx Target
	Controller ON, NOx Target +20%
	Controller ON, NOx Target −20%
	Controller ON, NOx Target −40%





	Ramp test 1, EGR OFF
	Reference
	+17.44
	−15.77
	−26.62



	Ramp test 1, EGR ON
	Reference
	+13.29%
	−19.48%
	−30.53%



	Ramp test 2, EGR OFF
	Reference
	+21.33%
	−16.26
	−24.25%



	Ramp test 2, EGR ON
	Reference
	+13.28%
	−21.31%
	−31.83%



	Ramp test 3, EGR OFF
	Reference
	+21.17%
	−18.86%
	−28.24%



	Ramp test 3, EGR ON
	Reference
	+19.85%
	−22.71%
	−35.81%



	Ramp test 4, EGR OFF
	Reference
	+18.99%
	−17.89%
	−26.41%



	Ramp test 4, EGR ON
	Reference
	+14.03
	−14.56%
	−28.35%



	Ramp test 5, EGR OFF
	Reference
	+20.44%
	−18.51%
	−25.44%



	Ramp test 5, EGR ON
	Reference
	+16.39%
	−22.07%
	−33.62%
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