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Abstract. A model-based technique for the control of BMEP (Brake Mean Effective Pressure) and NOx (Nitrogen Oxide)
emissions has been developed and then assessed on a FPT F1C Euro VI diesel engine for light-duty applications. The
model-based technique requires the adoption of a predictive combustion model to simulate the heat release rate and BMEP,
on the basis of the injection pattern, from which NOx emissions can be calculated. The heat release model is based on the
accumulated fuel mass approach which needs as inputs the start of injection of the different pulses and the injected fuel
mass quantities. The in-cylinder pressure is then simulated using a single-zone approach. The model-based controller
defines the optimal values of SOImain and qginj that allow the desired targets of BMEP and NOx to be reached cycle-by-
cycle. The controller has been developed and assessed by means of Model-in-the-Loop (MiL), by coupling a fast running
engine model developed in GT-Power environment with the combustion controller developed in Simulink environment.
Several load ramps for different engine speeds were simulated in MiL to verify the functionality of the controller. The
activity was carried out within a research project in collaboration with FPT Industrial. It was shown that the developed
algorithm has a good potential in controlling NOx emissions and BMEP and features real-time capability. Therefore, it is
suitable for the subsequent implementation on the engine through rapid prototyping.

INTRODUCTION

Although the negative political and social attitude against internal combustion diesel engines, they will remain the
main propulsion systems for the next ten to twenty years for light-duty and heavy-duty vehicles.

Emerging technologies such as electric vehicles require to develop and install charging stations among the territories
due to their reduced mileage; it is important also to reduce the weight of the architecture to install it on heavy-duty
vehicles.

Nowadays electric vehicles are diffused in the public transport system, where the urban cycle is known and the
charging level of the battery is set to cover it but the need to have charging points still limits the diffusion of these
vehicle architectures in private transport [1-3]. For this reason, ICEs (Internal Combustion Engines) will remain the
main propulsion system in the near future, for both conventional and hybrid architectures. The need to comply with
the more and more stringent regulations in terms of carbon dioxide (main responsible of the global warming effect)
and pollutant emissions has led the car manufacturers to develop innovative technologies for gasoline and diesel ICEs.
Concerning diesel ICEs, Exhaust Gas Recirculation (EGR) and Variable Geometry Turbochargers (VGTs) [4], high
pressure common rail injection systems [5-10], advanced combustion control and innovative combustion concepts
[11] represent some of these technologies.

Among the unconventional combustion process, premixed charge compression ignition (PCCI) is an unconventional
combustion strategy which, by means of an early pre-mixed charge and a high EGR ratio (up to 60%), allows NOx
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and PM to be reduced at the same time, even though high levels of combustion noise, HC and CO pollutant emissions
are to be expected.

Other possibilities are represented by alternative fuels such as CNG (Compressed Natural Gas) and biofuels [12],
innovative ATS (after-treatment systems) [13], engine downsizing [14] and technologies whose aim is to recover and
store kinetic energy, such as regenerative breaking or start and stop systems.

Emerging technologies are also autonomous driving and vehicle connectivity (V2X technologies), which are expected
to lead to significant advantages in terms of safety and pollutant reduction [15]. These technologies can be coupled
with model-based controllers of the powertrain.

Focusing on diesel engines, which are characterized by a high degree of complexity and a high number of actuators,
the potentialities which are offered by advanced model-based combustion controllers, in terms of pollutant reduction,
are interesting [16-18].

The diesel combustion process is, in fact, affected by a large number of parameters. Model-based controllers can help
to manage these parameters and to reach desired targets of performance metrics or pollutant emissions by adjusting
these parameters in real-time. Model-based combustion controllers can also lead to a more effective management of
the ATS, for example by means of a real-time optimization of the injection strategy.

With reference to in-cylinder combustion control, in the last few years, research has been focusing on the development
of sensor-based and model-based controllers which seem to have a good potential in terms of computational time,
especially when compared to traditional map-based approaches.

This has been made possible by the recent advances in the computational performance of engine control units (ECUs)
which are now capable of executing more and more complex algorithms in real time. This kind of controllers allows
the engine variables to be adjusted in real time, in order to control the combustion process and the ATS so that desired
pollutant emissions values and performance can be reached.

On the basis of the previous background, a real time model-based combustion controller is presented in this study,
which is capable of setting the hydraulic start of injection (SOI,) and the injected fuel mass quantity of the main pulse
(qmain) to achieve desired targets of NOx and BMEP (brake mean effective pressure), respectively, for a 3.0L FPT
F1C diesel engine for light-duty applications. The combustion model used in the controller was previously developed
by the authors in [17-20] for passenger car and light/heavy-duty applications. However, the main novelty of this study
consists in the testing and assessment of the controller by means of the MiL. (Model-in-the-Loop) methodology, by
coupling it to a GT-Power fast running model of the engine. This is a preliminary step to verify the functionality of
the controller before the implementation in the real engine, which will be carried out in the near future.

MODEL-IN-THE-LOOP TESTS

The MiL tests that have been considered in the present paper include transient conditions carried out under
conventional combustion mode.

In particular, load ramps (figure 1) have been performed for different engine speeds (1200, 2000 and 3000 rpm) to
verify the functionalities of the controller in every operating condition:

e  Controller ON or OFF

e Different values for the NOx target, considering appropriate offset values: 0, +20% and +40% with respect to
the original target map values
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FIGURE 1. Engine map areas (a) covered through load ramps (b).

DESCRIPTION OF THE COMBUSTION MODEL

The scheme of the combustion model is shown in figure 2. The model was previously developed in [17] for the same
engine, and it is based on a physics-based mean-value approach. Moreover, it features real-time capability when it is
run on an ETAS ES910 rapid prototyping device [17].

The model is able to simulate the heat release rate and in-cylinder pressure, as well as the related combustion metrics.
The heat release model is based on an enhanced version of the accumulated fuel mass approach [17]. NOx emissions
are estimated using a recently developed model that is based on MFB50 (crank angle at which 50% of the fuel has
burnt) [20].

INPUTS
RPM, Q¢ mains Teains NO, estim Engine out
INPUTS Haps model NO,
SOl maine SOl At main
Qs pilj 2 Prailr
RPM, Pirt,Tints Pexi Haps,
 Peabiny Teabins Mair, Q, model . B b g g
Mgr, NFC, CA, V, Vg (enhanced s

AFM ) |
Vj=# of pilot approach) S L RS -
injections

T ch

FIGURE 2. Scheme of the combustion model.

Virtual Pressure
Model (VPM)

Pressure
model

Pressure trace
(IVCto EVC)

The details of each sub-model and the equations to determine all the parameters are presented in [16, 19].

MODEL-BASED CONTROLLER

This study focuses on the assessment of a model-based controller of BMEP and NOx emissions through MiL.

The controller receives as input target values of BMEP and NOx emissions and corrects the values of the hydraulic
start of injection and the fuel mass injected quantity of the main pulse in order to reach the desired targets.

The controller computes the correction cycle-by-cycle for each firing cylinder starting from initial values of SOlmain
and qg;inj that are given by the ECU, as showed by figure 3.
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FIGURE 3. Model-based controller scheme.

For the sake of brevity, the iterative correction of SOImain and qginj on the basis of NOXeror and BMEPer, is only
represented by figure 3 but is explained in detail in [17].

MODEL-IN-THE-LOOP SETUP

In the Model-in-the-Loop phase the controller was first developed in the Matlab/Simulink environment and then
coupled with a fast-running (FR) GT-Power engine model to test its functionalities.

SIMULINK HARNESS
BMEP — NOx Controller

' i SOlmains At main
A9 mains ASOlinain
NO:

INPUTS OF THE MODEL

SO,

i
gy ¥inipulse] BMEP,.,.., IV
MFB5(
Prail P MaX,im
PintTinw Pexn n of iterations
igp, Mg GT-Power FR Engine Model
State variables
ﬁ OUTPUTS OF THE MODEL
(@) (b)

FIGURE 4. GT-Power FR engine model (a) with the scheme of the MiL coupling (b).

The GT-Power engine model, which is presented in fig. 4a, was considered instead of the detailed one in order to save
computational time for testing since it has fewer number of pipes and simplified EGR cooler and intercooler systems
with respect to the complete model, while the four cylinders are simulated with the same degree of detail, especially
for what concerns the combustion objects.
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In Fig. 4a it can be seen that the engine features a short-route EGR system, in which the desired EGR rate is set by a
PID controller which acts on the EGR valve diameter. It can also be seen that the model includes a VGT controller,
which acts on the rack position of the turbine (defining the orientation of the stator blades), in order to reach a desired
value of boost pressure.

The controller, developed in Simulink, is coupled with the GT-power engine model through the GT-Power Simulink
Harness block (Fig. 4b).

This block receives the inputs from the different objects of the FR model and sends, as outputs, the controlled
variables, i.e., SOlnain and qgnj, Which are passed to the injectors.

Focusing on Simulink Harness block (figure 4b), it receives the SOI and the qy;nj values of the three pulses into two
different 3-element column vectors from look-up tables as functions of engine speed and BMEP, performs the
corrections according to equations presented in [17] and sends the updated values to GT-Power back again in order to
reach the target values of BMEP and NOx emissions.

Target values can be inserted either manually or through a proper offset parameter value included into several Simulink
parameters.

RESULTS AND DISCUSSION

The model has been validated in transient conditions, considering the three load ramps reported in figure 1b for
different values of engine speed in order to cover the whole engine map (figure 1a).

Figure 5 shows, for the three considered load ramps, the NOx trends for different engine speeds (1500, 2000, 3000
rpm). In particular, the NOx targets are reported with red lines, the NOx levels estimated by the controller (which
should match the targets if the controller has achieved convergence) are reported with blue lines, while the actual NOx
emissions deriving from the GT-power model are indicated with dark yellow lines. In general, the NOx targets are
defined on the basis of a map as a function of engine speed and BMEP. An offset parameter can be used in order to
increase/decrease the nominal NOx target by a defined percentage.
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FIGURE 5. Time histories of NOx engine-out emissions @ 1500 rpm (a), 2000 rpm (b), 3000 rpm (c).

It can be seen in the figure that the functionality of the NOx controller has been verified. With reference to the accuracy
of the controller, it should be noted that the sometimes a not negligible mismatch occurs between the target levels of
NOx and the actual levels estimated by GT-Power. This mismatch can be partly attributed to inaccuracies of the real-
time combustion model and partly to inaccuracies of the GT-Power model in estimating the NOx emissions. In fact,
the real-time combustion model used for the controller was calibrated in [17] directly using the experimental data
acquired on the real engine, and not using the data simulated by the GT-Power model. Therefore, this can introduce a
misalignment between the two simulation approaches in terms of NOx emission prediction. The mismatch may also
be related to a deviation between the actual EGR rate coming from the GT-Power simulation and the EGR rate
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estimated by the model-based controller by means of its EGR sub-model. This leads to a deviation in the intake O»
concentration estimation, with a consequent impact on NOx control accuracy.

It can also be seen in the figure that some spikes occur for the actual levels of NOx emissions deriving from the GT-
Power model. These spikes are also likely to be related to the a mismatch between the actual EGR rate coming from
the GT-Power model and the EGR rate estimated by the model-based controller, which is not able to capture the fast
variations which occur during the transition between different engine operating points.

The mismatch may also be related to the use of a fast-running GT-Power model instead of a detailed one. However,
the possible benefits deriving from the use of a detailed model could not be justified by the increase in the required
computational time.

A significant advantage, also in view of the implementation of the controller in the real engine, could be constituted
by the measurement of the intake oxygen concentration, to be provided directly as input to the model-based controller.
Figure 6 shows the time histories of BMEP. Also in this case, three lines are represented: the BMEP targets are reported
with red lines, the BMEP values estimated by the controller are reported with blue lines, while the actual BMEP levels
deriving from the GT-Power model are indicated with dark yellow lines.
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FIGURE 6. BMEP @ 1500 rpm (a), 2000 rpm (b), 3000 rpm (c).

Figure 6 shows that the functionality of the BMEP controller is verified.
Figure 7 reports, the trends of the SOImain correction (ASOlmain) identified by the controller, with respect to the nominal
values deriving from the baseline engine maps.
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Load ramp @ 1500 rpm
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FIGURE 7. ASOI of the main pulse @ 1500 rpm (a), 2000 rpm (b), 3000 rpm (c).

ASOI values are strictly related to the graphs of figures 5: if, in fact, NOx evaluated by the model are different from
the target, the controller anticipates the injection in order to produce more NOx emissions, while if the model produces
higher emissions in terms of NOx then the injection is delayed.

For the same ramps, figure 8 reports the injected fuel quantity of the main pulse, which is set by the controller, and
the correction Aq with respect to the nominal value.
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FIGURE 8. Fuel injected mass of the main pulse @ 1500 rpm (a), 2000 rpm (b), 3000 rpm (c).
Finally, the functionality of the controller has also been tested by introducing an offset with respect to the nominal

one (+ 2% and + 4% with respect to the map target values), and the results are shown in Fig. 9 in terms of NOx

emissions estimated by GT-Power and SOlnain values. It can be seen that as NOx target values grow, the injection is
anticipated.
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FIGURE 9. NOx — ASOlmain trends @ 2000 rpm for different NOx target values.

CONCLUSIONS

A model-based technique for the control of BMEP and NOx emissions has been developed and then tested through
Model-in-the-Loop phase. The controller has been improved first in the Matlab/ Simulink environment and then
coupled with a fast running GT-Power model of a 3.0L F1C FPT diesel engine for light-duty applications. The
assessment of the functionalities of the controller has been carried out considering load ramps for different engine
speeds in order to verify the response of the controller in all the cases, under conventional combustion mode. From
the results, it was verified that the controller is effective in achieving a stable and effective control of both BMEP and
NOx emissions. The controller is also very accurate concerning BMEP control, while some deviations occur between
target and actual levels concerning NOx control. These deviations are mainly related to a mismatch between the actual
intake O, concentration coming from the GT-Power engine model and the intake O, concentration estimated by the
model-based controller by means of its internal EGR sub-model. A significant advantage, also in view of the
implementation of the controller in the real engine through rapid prototyping, could be constituted by the measurement
of the intake oxygen concentration, to be passed directly as input to the model-based controller.

Future activities will focus on tests on the real engine (Rapid Prototyping), by implementing an oxygen sensor installed
in the intake manifold whose aim is to verify the response of the controller when dynamic effects of the intake oxygen
percentage variation are taken into account.
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