
INTRODUCTION
Stringent pollutant emission regulations have been the driving force 
behind the evolution of hardware and software of internal combustion 
engines. Especially NOx and particulate matter emissions and 
particulate number play a very important role in the advancement of 
diesel engine aftertreatment technologies. New emission legislations 
include test cycles with highly dynamic characteristics. Therefore the 
transient nature of test cycles has shifted the focus of diesel engine 
development process to transient operation where the majority of soot 
is produced [1]. Software strategies to regulate air-fuel ratio are widely 
used during transient maneuvers and these strategies are proven to be 
effective for the reduction of transient soot emissions [2]. Common 
calibration methodology to optimize air-fuel ratio limitation involves 
iterative testing and development processes with subjective evaluation 
metrics [3]. In this paper, a calibration methodology for air-fuel ratio 
limitation is proposed featuring transient testing, statistical modeling 
and multi-objective optimization phases.

Following chapter gives a motivation and background information on 
the paper subject. In the second chapter, proposed calibration 
methodology is explained. The details of each step of the calibration 
methodology are discussed in each subsection such as curve 
generation, modeling and optimization. In the third chapter, results 

obtained by using the proposed methodology are given along with the 
test setup and engine information. Conclusions and potential future 
work are presented in the final chapter.

Motivation & Background
Exhaust emissions are a focal point for the development of internal 
combustion engine technology. Most attributes of a modern diesel 
engine, such as fuel economy and performance, are directly affected 
by emission constraints. NOx, HC, CO and particulate matter (PM) 
pollutant emissions are regulated in diesel engines since the initial 
application of the Euro I standard in Europe. Particulate number (PN) 
are later added to the regulated pollutants from Euro VI onward for 
heavy duty vehicles and Euro 5b for light duty and passenger car 
vehicles in Europe. With the application of each tier of emission 
regulations, cycle tailpipe emission limits for these pollutants are 
dramatically reduced. In addition to the reduction of emission limits, 
new test cycles are implemented with more transient characteristics 
that are similar to real world driving conditions.

For heavy duty vehicles in Europe, European Transient Cycle (ETC), 
which is introduced with Euro III emission regulations became the 
first emission test cycle featuring realistic driving characteristics. 
Later World Harmonized Transient Cycle (WHTC) replaced the ETC 
test with the introduction of Euro VI regulations. For light duty 
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commercial vehicles and passenger cars in Europe, Worldwide 
Light-duty Test Cycle (WLTC) is expected to replace New European 
Driving Cycle (NEDC) test with the introduction of Euro 6.2 
regulations. WLTC test features very aggressive transient maneuvers 
in contrast to mostly steady state NEDC test and covers a much wider 
engine operating range, including full load operating points. In 
addition to these transient emission tests, on-road emission tests are 
also implemented for heavy duty (Euro VI onward), light duty and 
passenger car (Euro 6b onward) vehicles. In-service conformity and 
Real Drive Emissions (RDE) tests consist of on-road emission testing 
using Portable Emission Measurement System (PEMS) and they 
feature highly dynamic characteristics due to the nature of real world 
driving conditions. These transient tests add another dimension to the 
existing complexity of calibration development processes, further 
increasing the emphasis of transient operation from the emissions and 
fuel economy perspectives.

The use of exhaust gas recirculation (EGR) in turbocharged diesel 
engines is one of the most effective and widely-used methods to 
reduce NOx emissions in order to meet the strict regulations. NOx 
formation is reduced due to reduced combustion temperatures and 
oxygen ratios in EGR applications. However, particulate matter and 
soot formation is increased by this same mechanism causing a 
trade-off between PM and NOx emissions [4]. In a common real 
world driving profile, the engine mostly operates in transient 
conditions where the air-fuel ratio is much lower than steady-state 
conditions due to turbo lag, contributing more to soot and PM 
emissions, also leading to increased Diesel Particulate Filter (DPF) 
regeneration frequency and fuel consumption [1, 3]. Euro VI c heavy 
duty On-Board Diagnostics (OBD) emission regulations mandate the 
usage of soot sensors when engine-out soot emissions are above a 
certain limit. Therefore, the reduction of engine-out soot emissions 
enables the deletion of expensive soot sensors, providing cost and 
robustness benefit.

One of the most effective soot reduction methods in transient 
conditions is to achieve leaner engine operation. One method to 
achieve leaner operation is to reduce EGR ratio, which is undesirable 
due to the high NOx penalty involved [5]. Another method is to 
reduce fuel injection quantity during transients, which can be 
achieved by filtering or limiting the fuel quantity demand. The effect 
of limiting the fuel quantity is significant in terms of tailpipe 
emissions, considering the most common vehicle maneuvers in a real 
driving cycle [2]. Among soot reduction methods, limiting the fuel 
injection quantity depending on the airflow mass or limiting the 
air-to-fuel ratio (AFR) is quite effective from cumulative drive cycle 
based perspective [3].

Model-based optimization of soot emissions is a promising approach 
for the reduction of engine-out emissions. Design of Experiments 
(DoE) followed by steady-state modeling and optimization is 
typically used. Model based calibration development methodology 
results in optimally selected calibration maps which are automatically 
generated using specialized software. Development processes that 
utilize Gaussian process modeling technique combined with 
optimization algorithms are widely used for stationary fuel economy 
optimization with emission constraints [6]. Promising results are also 

obtained by applying model-based calibration methods on cycle-
based fuel economy optimization featuring transient engine operation 
[7]. However, modeling of soot emissions has always been a 
challenging topic for diesel engine development [8, 9]. Steady-state 
modeling approach requires a large set of measurements on the 
engine dynamometer and the inherent complexities of soot 
measurement techniques poses further difficulties [10, 11].

A significant amount of research has been conducted for steady-state 
modeling of soot formation using the DoE methodology [12]. The 
selection of relevant inputs and use of proper measurement 
techniques make it possible to achieve satisfactory modeling 
performance for the calibration optimization process. However, 
steady-state models prove to be insufficient as the transient behavior 
of new regulation test cycles becomes more dominant.

In recent years, alternative approaches using dynamic modeling 
techniques have emerged for engine-out soot characterization. Deng et 
al. [13] proposes using a combination of neural networks and physical 
models for PM characterization which provide acceptable model 
quality in both steady-state and transient operations. Although dynamic 
PM models can provide a good alternative to the steady-state modeling 
approach, there are several issues concerning the overall calibration 
optimization process. DoE testing for dynamical models is complicated 
since the selection and appropriate excitation of input channels play a 
crucial role. Model tuning and optimization steps are also relatively 
time-consuming compared to steady-state models.

Recent literature in calibration methodology for air-fuel ratio limitation 
relies on conducting transient torque step tests and measuring soot 
emissions with the opacimeter device [14] and includes multiple 
iterations between dynamometer and vehicle tests. Model-based 
calibration development techniques are becoming increasingly popular 
for eliminating trial-and-error procedures [15]. The data-driven 
black-box modeling approach has proven to be effective for calibration 
development purposes as it is proven to be a versatile technique for 
modeling most of the diesel engine responses [16]. The Gaussian 
process modeling approach is particularly known to provide good 
modeling accuracy and robustness [17]. Another important 
consideration for the calibration of air-fuel ratio limitation is the 
smoothness of resulting calibration maps as engine speed and airflow 
mass vary. The calibrated map points should not change abruptly to 
avoid undesirable transitions between different speed and mass airflow 
operating points during vehicle operation. This condition restricts the 
calibration of maps into a constrained space which must be taken into 
consideration during the modeling and optimization process. 
Smoothness constraints are often applied during calibration 
optimization [15]. Application of smoothness after the optimization 
step typically results in the generation of sub-optimal calibration maps. 
Many commercial modeling and optimization tools provide map 
smoothness criteria for optimization purposes [6]. However, applying 
smoothness criteria only during the optimization phase is not sufficient. 
In order to obtain high soot data quality during transient DoE testing, 
the input selection procedure should also take smoothness into 
consideration. This results in more favorable engine operating 
conditions during DoE testing since the test maneuvers are 
implemented using smooth air-fuel limitation map candidates.
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CALIBRATION METHODOLOGY

Process Overview
The calibration process for air-fuel ratio limitation starts with 
candidate curve generation for the DoE test. Candidate limitation 
curves of lambda values (for selected engine speeds) are generated 
using the space-filling method with smoothness constraints. Lambda 
is defined as the air-fuel ratio divided by the stoichiometric air-fuel 
ratio. A commercial software package is used in this step [18]. A DoE 
test consisting of multiple torque-step maneuvers is conducted on the 
engine dynamometer by applying candidate limitation curves for each 
selected engine speed. Test maneuvers are chosen as torque steps. 
Starting point of the torque steps are zero-load and critical cruise 
power operating points. The ending points are full load and high load 
operating points. Engine speed is controlled constantly at the target 
operating point value by the dynamometer during the torque-step 
maneuvers. All torque-step maneuvers are run by applying the 
candidate limitation curves at every engine speed operating points 
selected. The numerical integrals of engine-out soot emissions and 
engine brake torque are calculated for all DoE test maneuvers. 
Limitation curves that result in torque reduction at stationary 
operating conditions as well as those that cause torque oscillations are 
filtered-out to avoid modeling inaccuracies.

After the post-processing of DoE data, the modeling process is 
applied to predict the integral of engine-out soot emissions and 
torque. Inputs of the model are engine speed and lambda values for 
each Mass Air Flow (MAF) operating point. For example, if the AFR 
limitation map includes 16 axis points for an engine speed, model 
inputs would be consist of the corresponding engine speed value and 
MAF values that belong to each 16 axis points, making 17 inputs in 
total. Multi-objective optimization of the air-fuel-limitation map in 
terms of engine-out soot and torque delivery is then conducted using 
the generated model. To minimize the iterations between vehicle and 
dyno testing stages, multiple candidate limitation maps are generated 
by multi-objective optimization. These maps are generated for 
different engine-out soot emission levels and the vehicle performance 
evaluation process is carried out. Among the candidate calibration 
parameter sets that meet vehicle performance metrics, the one with 
the minimum soot emissions can be selected as the final calibration. 
Details of the calibration process are explained in the following 
sections. A flowchart of the calibration process is shown in Figure 1.

Figure 1. General process flowchart.

Curve Generation and Smoothness
Soot mass flow and engine torque are affected by a number of 
combustion parameters in addition to air and injection quantity (such 
as injection timing, rail pressure) which continuously vary during a 
transient maneuver. Thus, the optimal AFR limitation should be 
determined differently for each airflow value in the maneuver 
depending on the specific fuel-air calibration set points for that point. 
Therefore, in order to see as many scenarios as possible, tested 
limitation curves must be covering the potential airflow ratio 
limitation range for each air mass value. The maximum of potential 
air fuel ratio limitations are limited by the steady state operation 
AFR. Minimum value for the AFR limitation curves can be chosen by 
taking combustion stability into consideration, any AFR which is too 
low for stable combustion should be avoided.

DoE method is employed for the generation of candidate limitation 
curves for each fixed engine speed operating point. As shown in 
Figure 2, each MAF operating point is an input parameter of the DoE 
design. This allows the resulting DoE space to give candidate 
limitation curves for each engine speed. An overview of the curve 
generation process is shown in Figure 3. After generating the 
limitation curves within a minimum and maximum lambda range for 
each value of MAF, smoothness of the resulting curves are found and 
applied as a selection constraint for feasible candidates.

Figure 2. Transformation of AFR limitation calibration map to candidate 
limitation curves at fixed engine speed levels.

Figure 3. Overview of Design of Experiments process.
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