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Variable Smoothing of Optimal Diesel
Engine Calibration for Improved
Performance and Drivability during
Transient Operation

Varun Pandey’ , Stijn van Dooren? , Johannes Ritzmann? , Benjamin Pla' , Christopher
Onder?

Abstract

The model based method to define the optimal calibration maps for important Diesel engine parameters may involve
three major steps. First, the engine speed and load domain—in which the engine is operated—is identified. Then,
a global engine model is created, which can be used for offline simulations to estimate engine performance. Finally,
optimal calibration maps are obtained by formulating and solving an optimisation problem, with the goal of minimizing
fuel consumption while meeting constraints on pollutant emissions. This last step in the calibration process usually
involves smoothing of the maps in order to improve drivability. This article presents a method to trade off map
smoothness, brake specific fuel consumption (BSFC), and nitrogen oxides NO, emissions. After calculating the optimal
but potentially non-smooth calibration maps, a variation-based smoothing method is employed to obtain different levels
of smoothness by adapting a single tuning parameter. The method was experimentally validated on a heavy-duty Diesel
engine, and the non-road transient cycle (NRTC) was used as a case study. The error between the reference and actual
engine torque was used as a metric for drivability, and the error was found to decrease with increasing map smoothness.
After having obtained this trade-off for various fixed levels of smoothness, a time-varying smoothness calibration was
generated and tested. Experimental results showed that, with a time-varying smoothness strategy, NO, emissions
could be reduced by 4%, while achieving the same drivability and fuel consumption as in the case of a fixed smoothing

strategy.
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Introduction

The control structure of modern Diesel engines consists of
feedforward and feedback controllers. Fixed look-up tables,
commonly referred to as calibration maps, are employed in
the setpoint generator and feedforward controllers 2. The
goal of engine calibration is to obtain optimal and smooth
maps. The article by Castagne et al.> gives an overview of
several calibration methods. The authors explain traditional
local approaches, characterised by a phase of smoothing
after local optimal settings are found, as well as global
approaches, which directly include engine speed and load
parameters in the engine model. In the article by Arya et
al., the authors propose an automated smooth calibration
generation method, which is a subset of the global approach
and shows improvements in engine performance and map
smoothness.

The process of model-based engine calibration has been
broadly divided into three steps by the authors in>%. The
first step is to select steady-state operating points which
are representative of the engine operation. Then, a global
engine model is developed and validated using measurement
data from steady-state experiments. Finally, optimisation
and smoothing are carried out for a representative driving
cycle, with the goal of minimizing fuel consumption, while

meeting constraints on pollutant emission and ensuring good
drivability.

The term drivability is often defined only qualitatively.
Assis et al.” define drivability as the capability of the engine
to deliver the torque requested by the driver in a way which
is pleasant to the driver. From a vehicle perspective, the
driver subjectively provides feedback regarding drivability
during the vehicle development phase. Pedal tip-in and tip-
out are the typical drivability testing scenarios. The authors
show that, even though the torque produced by the engine
is desired to be equal to that demanded by the driver, it may
result in undesirable behaviour due to powertrain excitation’s
during large torque steps. The authors propose a rail pressure
control strategy to dampen the impact of sudden jumps
in the engine torque. Nessler et al.® define drivability as
the transition felt by the driver between engine speed and
load points during real vehicle driving, which means that
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a constant power supply is necessary during acceleration
phases while avoiding sudden reduction of torque in order
to have a good drivability. The authors propose to reduce the
gaussian curvature of the optimal calibration maps in order
to obtain smoother maps. In the articles by Nishio et al.’
and Niedernolte et al.'?, a constraint in the step size for each
parameter is applied to generate drivable calibration maps.
However, some loss of optimality has been shown by the
authors in terms of engine performance due to the manual
elimination of the peaks in the map. This method requires all
other parameters to be adjusted in a consistent way in order
to achieve the target torque. However, no relationship has
been shown between map smoothing on the torque reference
following capability and the engine performance.

From an engine perspective, other than calibration map
smoothing, some transient compensation strategies are also
applied in'!" in order to obtain smooth transients, which in
fact is another method of improving drivability. Adaptation
of exhaust-gas recirculation (EGR) and fuel injection has
an impact on transient emissions and drivability, as shown
in the article by Zentner et al.'?. The authors propose an
EGR and injection limiter to reduce NOy emissions and to
improve drivability and the drivability was characterised by
the transient response of the engine during load steps.

This article presents a single tuning parameter for the
trade-off between fuel consumption, NO, emissions and
drivability during transient engine operation. Drivability
is addressed as the capability of the engine to follow a
reference torque profile. A model-based optimal calibration
approach is used to obtain maps which meet a specified NOy
emissions limit while minimizing the fuel consumption.
Then, the tuning parameter is introduced to obtain different
levels of map smoothness, which is based on the classical
total variation method proposed by Rudin et al.'* and has
been extensively used in the literature '*!>. Finally, a time-
varying smoothness strategy is generated and tested, with the
goal to further improve engine performance and drivability,
as compared to calibration maps with a fixed level of
smoothness. The main contributions of this article are:

e A variation-based methodology is proposed to change
the smoothness of the calibration maps using a
single tuning parameter. The additional degree of
freedom can be used to trade off fuel consumption,
NOy emissions, and drivability. This flexibility can
be of great help for the calibration engineer, while
optimality is guaranteed at all times.

e A time-varying smoothness strategy is proposed to
further improve engine performance and drivability.
This is achieved by exploiting the fact that the driving
cycle consists of various phases with the engine
operation being more or less transient. By choosing
an appropriate smoothing strategy for each phase, the
NOy emissions can be reduced, while having the same
fuel consumption and drivability as in the case of a
fixed smoothing strategy.

The paper is structured as follows: after introducing the
experimental facility in section 2, the engine model and
model-based calibration approach are described in section 3.
In section 4, the proposed calibration map smoothing method
is explained. Section 5 presents the experimental results that

Heavy-duty Diesel engine
7 litres, 4 cylinders

200 kW @ 1900 rpm
Common rail fuel injection,
turbocharged, cooled EGR
Table 1. Engine characterstics

Type
Technical data
Rated power
Features

demonstrate the trade-off between engine performance and
drivability. In section 6, the idea and experimental results of
a time-varying smoothing strategy are presented. Finally, the
work is concluded in the last section.

Experimental Facility

The measurements presented in this study were obtained
from a dynamic engine test-bench at ETH Zurich. The
engine under consideration is a commercial heavy-duty
Diesel engine. Its main characteristics are listed in Table 1.
Naturally, the methodology presented in this paper is not
limited to this engine, but might be applied to any engine
configuration. For the rapid prototyping of the software
developed and tested in this study, a dSPACE MicroAutoBox
system was applied in combination with MATLAB/Simulink
from MathWorks, Inc. This device is also used for the data
acquisition of the various sensor signals. The engine speed is
controlled by a highly dynamic dynamometer which allow
for fast control of the rotational speed. With a maximum
torque of 1100 Nm, and a rotational inertia of 0.9 kng,
the maximum angular acceleration equals 1222 rad/s? or
11670 rpm/s. This is more than sufficient to accurately track
a transient engine speed setpoint/trajectory such as that of
the NRTC. Therefore, the engine speed can be considered an
exogenous input rather than an output of the system.

Engine Model and Model-based Calibration

For the calibration of Diesel engines, it is common practice
to model the input-output relationships statically '®!7.
Various software tools are available to support the
calibration engineer with the steady-state measurements
and subsequent modelling 82", After that, model-based
optimisation techniques are often used to find an engine
calibration that yields the lowest possible fuel consumption
while adhering to the limits on pollutant emissions?'>2,

For the engine in this study, the static engine model and
model-based calibration were obtained as described in 23.
The control inputs u consist of the amount of fuel injected
per cylinder and per cycle myy;, the start-of-injection uso;
in degrees before top dead centre, and the desired burned
gas ratio x4 in the intake manifold. Whilst the amount
of injected fuel is controlled to reach the requested torque
Teref, the two remaining control inputs u,; and xy, are the
degrees of freedom to trade off fuel consumption 7y against
engine-out NO, emissions rino, . This is done as in?* by
formulating and solving the following optimisation problem:

u* (we, Te, pno, ) = arg muin {(1 - pnoy) -1y + "

HNO, * MNO, }

The optimal control inputs u* for each engine operating
point depend on the weighting or strategy parameter yno, €



[0, 1]. Choosing a higher value for puno, results in lower
engine-out NO, emissions, but at the cost of a higher fuel
consumption. While the engine strategy can—and usually
is—fixed during the calibration process, the authors of >+
have shown that an adaptive operating strategy can be used
to adapt the raw emissions in a situation-specific manner.
The optimal values from (1) are stored on the engine
control unit (ECU) as static maps that serve as a feedforward
controller. An EGR controller controls the intake valve and
EGR valve position to reach the desired burned gas ratio.

Variable Map Smoothing

The optimal calibration maps obtained from the previous
section are usually non-smooth. The calibration engineer
may chose to smooth them manually or using available
tools as in 820, The methods are usually based on filtering
techniques, where the value of the filtered data point is the
average of the original data point and its adjacent points. A
group of adjacent points in the original data are multiplied
point-by-point by a set of coefficients that defines the smooth
shape, the products are added up and divided by the sum of
the coefficients, which becomes one point of smoothed data.
Subsequently, the set of coefficients is shifted one point down
the original data and the process is repeated. Mean filtering
methods are not well suited for specifically eliminating peaks
from the maps. Another method used for smoothing is based
on computing the second derivative (local curvature) at each
point and then calculating the average of the squared values
of the local curvature for the entire map.

The methods described above do not explicitly take into
account the cost of smoothing in terms of closeness to
the original map or the loss of optimality, but it is a
common practice to iterate these processes to minimize loss
of optimality. In this article, a variational method is applied
to obtain smooth maps. The method is based on a classical
variation model for image denoising, originally proposed by
Rudin et al. in'3. The problem has been formulated as the
following convex optimisation problem and solved by the
primal-dual method as demonstrated by Zhi et al. in '4:

min/{ (1 = prgm) - (u—u*)? + gy, - Vug, }dedy
()

where u are the control inputs of the smoothed two-
dimensional (x,y) calibration map and u* denotes the
optimal but non-smooth map, obtained from the model-based
calibration method described in the previous section. For all
the investigations presented in this article, a fixed engine
strategy pno, = 0.11 was used.

The first term in (2) accounts for the closeness of the
obtained smoothed map to the original optimal but generally
non-smooth map, and the second term contributes to the
total variation of the obtained map. The closeness to the
original map has been considered rather than the cost in
terms of fuel consumption and NOy emissions in (2). This
is done to separate the optimisation and smoothing phases
in the calibration process. The normalised total variation
in the direction of engine speed and torque is Vuy,.
The regularisation weight s, € [0,1] is used to tune the
smoothness level of the maps. When ps,, =1, only the
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Figure 1. Impact of smoothing on so: calibration maps

second term in (2) is minimised, producing the smoothest
possible map. For 4, = 0, no smoothing is applied, and the
resulting map is the original non-smooth map.

The continuous problem (2) can be discretised and solved
numerically as in (3), where n = 5 is the grid size of the map
under consideration:

n n

HLIHZZ { (1= prom) - (i g —ui;)* + pom - Vi }

i=1j=1

3
in which Vu; ; denotes the first order forward difference
operation, defined as:

U —
Vug = | W 4)
’ Ui j+1 = Uij

Five calibration maps with different values of pg,, €
{0,0.2,0.4,0.6,0.9} were calculated. Figures 1 and 2 show
the impact of varying pis,, on the calibration maps for start-
of-injection (u,; ) and burned gas ratio x,, respectively. The
original maps u* are shown in grey and can be considered
non-smooth. With increasing value of ps,,, the smoothness
of the maps visibly increases. As s, is increased from zero,
the maps initially get smoother where a maximum reduction
of the total variation can be achieved. When p,, is further
increased, also the remaining regions of the map become
smoother.

In Figure 3, the impact of pg, on the primary and
secondary terms of (3) is shown. As expected, with
increasing fts,,, the normalised total variation of the map
decreases at the cost of its distance from the original map.

Trade-off between Performance and
Drivability

The calibration maps in Figures 1 and 2 show that with an
increasing fism,, the start-of-injection (SOI) is advanced at
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lower engine speeds and torque, whereas SOI is retarded
at higher engine speed and torque. On the other hand,
the burned gas ratio is reduced at high engine torque and
increased for jis,, = 0.6 and 0.8, regardless of the engine
speed. The obtained calibration maps are stored on the ECU
as static maps to serve as a feedforward controller. Taking
the NRTC as a case study, the various maps are implemented
and tested on the engine test-bench. The results are presented
and discussed in this section.

Figure 4 shows the instantaneous engine torque, start-
of-injection, burned gas ratio, fuel consumption, and NOy
emissions during the NRTC. The cumulative impact of the
control actions can be clearly seen in the instantaneous NOy
emissions in the bottom plot.

In order to compare the torque response of each calibration
map, the error between the reference and actual engine
torque is calculated for the cycle as:

error __
T =

> (T - T.) (5)

NRTC

The top plot in Figure 5 shows the reference torque profile
Tr<f. In the bottom plot, the normalised 7™ is shown for
the cycle. It is normalised by dividing 77" obtained with

a specific calibration by the error obtained with pig,,, = 0.
As expected, with increasing smoothness of the calibration
maps, the torque error is reduced in a consistent manner.

Hsm 0 0.2 0.4 0.6 0.9
BSFC 0991 0.99 0989 0992 1
NOx 0916 0938 0977 0979 1
Terror 1 0.977 0955 0.943 0917

Table 2. Impact of ps.,», on BSFC (normalised), NOx emissions
(normalised) and T.7°" for NRTC

In Figure 6, the trade-off between fuel consumption, NOy
emissions, and torque error is shown. For pg,, = 0.9, the
NOy emissions increase by 9%, fuel consumption increases
by 1%, and an improvement in torque response is observed.
Table 2 consolidates the parameters related to the engine
performance with different values of j,,. Based on this data,
the calibration engineer may chose the value of pg,, that
fulfils the performance requirements.

Time-varying Smoothness Calibration

A map smoothing method was developed and used to
obtain a trade-off between fuel consumption, NOy emissions
and 7. in the previous section. Based on the resulting
trade-off, a time-varying smoothness strategy is proposed
to minimise the NOy emissions while constraining fuel
consumption and T:™°*. A case study is designed to
assess the impact of time-varying smoothness on the engine
performance. From the set of five calibrations of the previous
section, g, = 0.2 is assumed to be the favourable choice
of a calibration engineer based on the emission and the
drivability constraints. At this setting, the engine NOy
emissions increase only by 1-2% while having similar BSFC
and 3% reduction in torque error compared to the optimal
maps. The objective of the case study is to obtain a sequence
of pgm for the NRTC to minimise NO emissions while
obtaining the same or less fuel consumption and torque error
as compared to the fixed smoothness strategy. To do this, fism,
is adapted in a time window of 100 s. In each time window,
Lsm 18 selected from the already tested set of calibrations
such that the cumulative NO, emissions in the window are
minimised while keeping fuel consumption and 75" less
than or equal to the reference calibration, which is pig,, =
0.2. This can be formulated as the following optimisation
problem:

i NOy
subject to me < me(usm =0.2) (6)

win win

Z Teerror < Z T;rror (Msm _ 02)

win win

where win = 100 s is the size of the time window, during
which the performance parameters are cumulated and based
on which the smoothing strategy is chosen. The resulting
time-varying calibration, i.e. sequence of pg,, is tested on
the engine test-bench on the NRTC.

The strategy obtained from (6) is shown in the top plot
in Figure 7. The normalised engine torque errors obtained
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Figure 4. Instantaneous engine torque, start-of-injection, burnt gas ratio, fuelling rate, NOx emissions measured at the test bench

with different smoothness levels

from the fixed and time-varying strategies are shown in the
bottom plot. The control actions and instantaneous engine
performance are compared for the two strategies in Figure
8. The NO, emissions are largely reduced from 300 to 500
s, with similar fuel consumption and improved drivability.
From 600 to 900 s, with s, = 0, the calibration is optimal
in terms of fuel consumption and NOy emissions. The non-
smooth maps have less impact on the drivability, as the
driving cycle is largely non-transient during this time period.

For the purpose of analysis, the cycle can be divided into
four distinct phases, based on engine speed, torque, and the
amount of transient operation. The first phase ranges from 0
to 250 s and consists of medium load and medium transients,
phase 2 is between 250 to 450 s consisting of high load
and high transients, the third phase is between 450 to 900
s consisting of high load and low transients, and phase 4
is between 900 to 1238 s and has low load and medium
transients.
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Figure 5. Reference torque profile (top), reference speed
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tracking (bottom)
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Figure 6. Trade-off between torque error and engine
performance with different smoothing levels

Phase 1: With increased smoothness, xp, is decreased and
Ugo; Temains largely unaffected. Resulting in higher NOy
emissions with higher p,,. Therefore, the controller choses
to operate at ftg, = 0.2.

Phase 2: With higher map smoothness, xp, is reduced
while wug,; is significantly retarded, resulting in reduced
NOy emissions. On the other hand, reducing 3, has a
positive impact on torque reference following capability of
the engine. During high load transients, the fuel injection
is temporarily reduced to avoid high soot emissions?®.
This negatively influences the torque reference following
capability. Therefore, a smooth actuation of xp, and wuse; is
desirable during this period. Another factor which positively
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influences torque reference following capability is the
improved acceleration of the turbocharger with reduced x4
during load jumps. The controller increases fig,, to 0.9,
resulting in reduced NO, emissions and improved torque
reference following capability of the engine.

Phase 3: With increasing smoothness, ug,; is retarded
compared to the original maps. The NO, emissions are
reduced as seen in the bottom plot of 8§ at high loads where
Zpg 1s zero. The controller chooses i, = 0 because the
engine operation is less transient during this phase.

Phase 4: For medium loads at the end of the cycle, the
ZTpg and uso; are more or less similar for all levels of
smoothness. Therefore, the differences are minimal in the
engine performance and thus g, = 0.2 is chosen.

Figure 9 shows the engine performance obtained with the
time-varying smoothness strategy, as compared to the fixed
calibration strategy. With the time-varying smoothness, NOy
emissions can be reduced by 3-4% compared to the fixed
calibration, while maintaining the same fuel consumption
and torque reference following capability.
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Figure 9. Comparison of engine performance for fixed and
time-varying smoothness calibration

The result highlights the potential of variable smoothing
on a driving cycle. Although, this demonstration is made for

the NRTC it can be implemented in a prototyping system
in real-time to emulate the real world scenario by online
estimation of the error in torque, BSFC and NO, emission.
These estimations require a driving cycle prediction tool,
an engine model and a supervisory controller to chose the
optimal value of the proposed tuning parameter in real
driving condition.

Summary and Conclusions

Drivability is improved by smoothing of optimal calibration
maps obtained from model-based calibration. With smooth-
ing of the calibration, the maps move away from the optimal
settings. This results in a loss in optimality in terms of
fuel consumption and NOy emissions. This intervention is
necessary especially during high transient engine operation,
where a rough transition leads to poor drivability. A method
is proposed to smoothen optimal calibration maps which
are obtained from a model-based Diesel engine calibration
approach. The optimal non-smooth maps, xp, and Uge;
minimises the fuel consumption while constraining the NOy
emissions for the NRTC. The smoothing method uses a
tuning parameter s, to reduce the total variation of the
optimal maps to generate a set of smooth calibration maps.
Drivability is addressed as the capability of the engine to
follow the demanded torque profile and is shown to improve
with the map smoothness. A trade-off between fuel con-
sumption, NO, emissions and torque error is obtained on
the NRTC. Based on the results, an increase in s, from
0 to 0.9 results in 9% increase in the NO, emissions, 1%
increase in fuel consumption and 9% decrease in 7.77°". A
time varying smoothing method is proposed which adapts
Lsm 1N @ moving time window based on the cumulative fuel
consumption, the NO, emissions and the torque error. In
different phases of the cycle, the engine operates at different
transient intensities. Having a degree of control freedom
in map smoothness provide flexibility to adapt ., based
on the intensity of the transients. It has been demonstrated
that same levels of torque reference tracking performance
and fuel consumption can be achieved while reducing NOy
emissions by 3-4% with the application of time-varying
smoothness strategy as compared to the state-of-the-art fixed
calibration method.

An additional degree-of-freedom has provided more
flexibility to control the engine with the time-varying
smoothness strategy. The proposed method can be extended
to the real world scenario by including a driving cycle
prediction model, an engine model and a controller that can
optimally choose the proposed smoothness tuning parameter
such that the fuel-efficiency is maximised while limiting the
reference torque error and the NOy emission.
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