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A recently developed strategy to calculate set points for controllable diesel engine systems is described,
further developed, and evaluated. The strategy calculates set points with an aim to minimize fuel
consumption for a given dynamic vehicle driving cycle, while keeping accumulated emissions below
given limits. The strategy is based on existing methodology for steady-state engine operation, but
extended to handle transient effects in the engine caused by dynamics in the engine air system. Using
the strategy, set points for the complete operating range of the engine can be calculated off-line and
stored in an Engine Management System, hence set points can be derived for any (steady-state or
transient) driving scenario. The strategy has been evaluated using a simulation model of a complete
diesel engine vehicle system. The model estimates fuel consumption, NOX , and soot emissions for a
dynamic vehicle driving cycle depending on set points for boost pressure, oxygen fraction in the intake
manifold, and injection timing, throughout the simulation. Using this simulation model, the strategy has
been shown to decrease fuel consumption for the New European Driving Cycle with 0.56%, the Federal
Test Procedure with 1.04%, and the Japanese JC08 cycle with 0.84% compared to a strategy based on
steady-state engine operation.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
A modern passenger car diesel engine is complex with several
controllable systems. Due to the many controllable systems and
the well-known trade-off between fuel consumption and emissions, it is a challenging and time consuming process to deﬁne
settings in the Engine Management System (EMS) for all controllable engine systems to achieve optimal operation of the engine.
Settings should be deﬁned such that fuel consumption for a
dynamic vehicle driving cycle is minimized while accumulated
emissions are below given limits. The controllable systems in an
engine can be divided into two main categories; systems that
inﬂuence the air path and systems that inﬂuence the fuel path of
the engine. A main difference between these categories is the
dynamic behavior of the air path, i.e. important variables such as
boost pressure and oxygen fraction are governed by differential
equations and hence depend on past control inputs. A diesel
engine is normally equipped with a turbo system. The turbo
system is a rotational system that is driven by the energy in the
exhaust gases. Due to the moment of inertia of the compressor,
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turbine, and turbine shaft, there are dynamics in this system. The
air system also consists of pipes and manifolds with certain
volumes, and dynamics govern the emptying and ﬁlling of these
volumes (Heywood, 1988).
The performance of an engine in a given application is evaluated by driving a complete vehicle according to a pre-deﬁned
cycle, while measuring total fuel consumption and emissions for
the complete cycle (Timothy, 2012). This means that to be able to
ﬁnd optimal control strategies and set points for an engine, the
complete vehicle system needs to be considered. Optimal EMS
settings for an engine in one vehicle application are most likely
not the optimal settings for the same engine in another vehicle
application, i.e. in a vehicle with different mass, different drag
coefﬁcient, etc.
Currently, engine control is mostly based on non-linear feedforward control implemented using two-dimensional bilinear interpolation maps, commonly denominated as grid maps (Robert Bosch
GmbH, 2003). The inputs to these maps are the injected fuel amount
and the current engine speed, and the outputs are set points for the
various controllable engine quantities, e.g. boost pressure, exhaust
gas recirculation (EGR) rate, and injection timing. Feedback controllers are used to obtain the predeﬁned settings for the air path. The
values in the grid maps are typically calibrated based on steady-state
engine operation. Methods for this are well developed and described
in the literature, and there are several examples of model-based
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methods for this (Brooks, Lumsden, & Blaxill, 2005; Burk, Jacquelin, &
Wakeman, 2003; Desantes, López, García, & Hernández, 2002;
Dimopoulos et al., 1999; Knaﬂ, Hagena, Filipi, & Assanis, 2005;
Montgomery & Reitz, 2000; Nozaki, Fukuma, & Tanaka, 2005;
Qiang et al., 2004; Rask & Sellnau, 2004). A common approach is
to approximate a given dynamic vehicle driving cycle as a limited
number of steady-state engine operating points, and to calibrate set
points in these operating points with respect to engineering targets
for the complete cycle. Early work based on this approach for
gasoline engine applications can be found in Rao, Cohen, Tennant,
and Van Voorhies (1979), Rishavy, Hamilton, Ayers, and Keane (1977)
and early work for diesel engine applications in Schmitz,
Oligschläger, and Eiﬂes (1994). An advantage with this approach is
that optimal set points for steady-state engine operation can be
calculated from the engine speed and the injected fuel amount only.
This means that optimal set points can be calculated off-line for the
complete working range of the engine with respect to engine speed
and injected fuel amount, and stored in an EMS using for example
grid maps. Therefore, the optimization results can be implemented as
a general EMS strategy that calculates set points for any driving
scenario.
During transient operation, the optimal set points are typically
not directly reached due to dynamic effects in the engine air path.
This, in turn, typically results in emission peaks during transient
engine operation. Additional compensations are then used to keep
emissions within a reasonable range. The calibration of these
compensations is currently a manual process and is largely
performed to meet regulations rather than to optimize the system.
Research within the topic of optimizing transient engine operation
has mainly been focused on ﬁnding optimal actuator trajectories
for speciﬁed single engine transients. Examples of methods for this
are presented in Sequenz, Mrosek, Zydek, and Isermann (2011),
Alberer and del Re (2009) and Benz, Hehn, Onder, and Guzella
(2011). These methods are not well suited for online implementation into a real EMS, since optimal trajectories for single transients
cannot be directly transferred to an EMS strategy that can handle
all possible transients in an engine.
The possibility to account for transient engine and vehicle
behavior during EMS optimization becomes more important as a
new global harmonized test cycle, the World-Harmonize LightDuty Test Cycle (WLTC) is being developed. The development of
this new test cycle is ongoing, but the test cycle will most likely
include a larger portion of transient driving compared to the
currently used test cycle in Europe, the New European Driving
Cycle (NEDC) (Timothy, 2012).
Some work has been performed to optimize the EMS in a diesel
engine for a complete driving cycle, taking both steady-state
and transient engine operation into consideration. Atkinson et al.
have used a model-based approach based on neural networks to
achieve a proof-of-concept of the beneﬁt of a model-based
transient calibration process (Atkinson & Mott, 2005; Atkinson,
Allain, & Zhang, 2008). Brahma et al. have developed a modelbased transient calibration process to optimize the parametrization in a standard EMS, taking both steady-state and transient
engine operation into account (Brahma & Chi, 2011a, 2011b). The
approach in their work is to complement the manual work process
of performing EMS calibration, rather than to replace it. Based on
an existing EMS calibration, simulation models and search algorithms are used to adjust the calibration such that emissions for a
dynamic driving cycle are decreased without increasing the fuel
consumption.
A novel strategy to calculate set points in a diesel EMS was
introduced in Grahn, Johansson, and McKelvey (2013). The strategy is based on existing methods for steady-state EMS optimization, but extended to handle effects during transient engine
operation caused by the dynamics in the engine air system. The

set points are calculated on-line in the EMS by solving a number of
optimization problems. The strategy was evaluated in Grahn et al.
(2013) using a simple engine simulation scenario. In this paper, the
strategy is further developed such that set points for the complete
working range of the engine can be calculated off-line, and stored
in an EMS using a structure similar to the map-based structure in a
standard EMS. The developed strategy is evaluated using a
complete diesel engine vehicle system simulation model driving
according to three different cycles, the New European Driving
Cycle (NEDC), the Federal Test Procedure (FTP-75), and the
Japanese JC08 cycle.

2. Optimization problem
The optimization problem for an Engine Management System
(EMS) can be formulated as to minimize fuel consumption for a
vehicle driving according to a pre-deﬁned driving cycle while
fulﬁlling constraints on accumulated emissions. To fully deﬁne this
optimization problem mathematically, the complete vehicle system needs to be considered, including driver, engine, EMS, and
vehicle. A common method to isolate the engine from this
complete optimization problem is to approximate the problem.
Typically, the optimization problem is approximated such that the
vehicle drive cycle is estimated as a given speed and the requested
torque proﬁle for the engine during the cycle. The simpliﬁed
optimization problem is then formulated as to minimize fuel
consumption for the engine while delivering the given requested
torque proﬁle. This approximation is used in e.g. Rishavy et al.
(1977), Rao et al. (1979), Schmitz et al. (1994), and has also been
applied in this study.
In this study, the considered EMS controllable parameters are
the set point for boost pressure, pbset , the set point for the oxygen
fraction in the intake manifold, r O2 set , and the timing of the fuel
injections, φ, throughout the driving cycle. Other controllable
quantities, such as injection rail pressure and injection strategy
we assume are directly given by functions of engine speed and
load and have been established based on prior test procedures.
The considered constraints are limitations on accumulated NOX
and soot emissions. The approximated optimization problem can
be formulated mathematically as
N

min

pb set ;r O2 set ;φ
N

∑ mf ðnei ; T ei ; pbacti ; r O2 acti ; φi Þ

i¼1

∑ f NOX ðnei ; T ei ; pbact i ; r O2 acti ; φi Þ r NOXlim

s:t:
N

i¼1

∑ f soot ðnei ; T ei ; pbact i ; r O2 acti ; φi Þ r sootlim

i¼1

ð1Þ

where N is the number of combustion events during the cycle,
pbset is a vector with set points for the boost pressure (Pa), r O2 set is
a vector with set points for the oxygen fraction in the intake
manifold (–), and φ is a vector with injection timings (Crank Angle
Degrees (CAD)). The vectors all have N elements, each corresponding to one combustion event throughout the cycle. The function
mf ðnei ; T ei ; pbact i ; r O2 acti ; φi Þ is the fuel amount (g) required to
deliver torque T ei (Nm) at engine speed nei (rpm), boost pressure
pbact i (Pa), oxygen fraction r O2 acti (–) and injection timing φi (CAD)
corresponding to combustion event i. The function f NOX ðnei ; T ei ;
pb acti ; r O2 acti ; φi Þ is the amount of NOX emissions (g), and the
function f soot ðnei ; T ei ; pbact i ; r O2 acti ; φi Þ is the amount of soot emissions (g) at combustion number i. NOXlim is the limit on accumulated amount of NOX emissions, and sootlim is the limit on
accumulated soot emissions during the cycle.
It can be noted that the optimization parameters are set points
for the boost pressure, pbset , and oxygen fraction, r O2 set , together
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with the injection timing. Feedback controllers in the EMS are
used to control the Variable Geometry Turbine (VGT) and the area
of the Exhaust Gas Recirculation (EGR) valve such that the boost
pressure and oxygen fraction in the intake manifold reach their set
points. Even though these controllers are used, the set points
cannot always be reached for each combustion, due to the
dynamic behavior of the gas exchange system. The resulting
engine torque and emissions for each combustion event are given
by the actual boost pressure, pbact , and oxygen fraction, r O2 act ,
together with the injection timing, engine speed and injected fuel
amount.

3. Optimization algorithm
3.1. Steady-state approach
A common approach to handle the optimization problem (1) is
to neglect the dynamics in the engine air system, hence assume
that the set points for boost pressure and oxygen fraction in the
intake manifold can be directly reached at each combustion event.
This leads to the following approximation of the optimization
problem:
min

pb set ;r O2

set

N

;φ
N

∑ mf ðnei ; T ei ; pbset i ; r O2 seti ; φi Þ

i¼1

∑ f NOX ðnei ; T ei ; pbset i ; r O2 seti ; φi Þ r NOXlim

s:t:

i¼1
N

∑ f soot ðnei ; T ei ; pbset i ; r O2 seti ; φi Þ r sootlim

i¼1

ð2Þ

This optimization problem is almost identical to (1), with the only
difference that the actual values for boost pressure, pbact , and
oxygen fraction, r O2 act , are replaced with the set points for boost
pressure, pbset , and for oxygen fraction, r O2 set , respectively, in the
functions for fuel, NOX , and soot emissions. This problem (2) can
be solved using a Lagrangian relaxation approach. Doing this, the
solution to the optimization problem can be obtained by solving N
smaller problems, i.e. one optimization problem for each combustion event. The optimization problem for each combustion event is
min

pb set ;r O2 set ;φ

ðmf þ λNOX f NOX þ λsoot f soot Þ

ð3Þ

where
mf ¼ mf ðne ; T e ; pbset ; r O2 set ; φÞ

f NOX ¼ f NOX ðne ; T e ; pbset ; r O2 set ; φÞ
f soot ¼ f soot ðne ; T e ; pbset ; r O2 set ; φÞ

The physical interpretation of this optimization problem is that for
all combustion events throughout the driving cycle, the set points
for the controllable systems should be calibrated such that fuel
consumption and emissions are minimized with given trade-offs,
the Lagrangian multipliers, λNOX and λsoot . The values of λNOX and
λsoot can be chosen such that the solution to the optimization
problem (2) is achieved (if the problem is feasible). Doing this, the
solution to (2) encompasses optimal set points for each of the
combustions in the speciﬁed driving cycle, when assuming there
are no dynamics in the engine. However, by also letting (3) deﬁne
set points for all remaining speed and load points in the envelope
of the engine, complete maps for the set points from speed and
load can be obtained. Therefore, set points for the complete
working range of the engine with respect to engine speed and
the requested torque can be calculated off-line by solving (3), and
stored in an EMS. The resulting EMS set points are typically
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deﬁned by grid maps of the following form:
pbset ¼ M p ðne ; mf Þ

r O2 set ¼ M rO2 ðne ; mf Þ

φ ¼ Mφ ðne ; mf Þ

ð4Þ

Doing this, the optimization approach can be implemented as a
general EMS strategy that calculates set points for any driving
scenario and is optimal for the selected approximated driving
cycle used to deﬁne the Lagrangian multipliers.
By using this strategy, EMS settings are optimized based on
steady-state engine operation only. During transient operation,
emissions and fuel consumption will be different compared to the
steady-state values. The main difference between steady-state
and transient engine operation with respect to emissions and
fuel consumption is caused by the dynamics in the air system
(Glewen, Foster, & Krieger, 2012). To account for this, additional
compensations for transient engine operation are added. The
calibration of these compensations is typically a manual and time
consuming process, and even though these compensations are
used, emissions and fuel consumption will most likely be different
for the real driving cycle compared to the driving cycle approximated as steady-state engine operation. Therefore, in practice, the
Lagrangian multipliers in (3) are typically chosen such that the
resulting set points in the complete operating range of the engine
yield a feasible solution to the original optimization problem (1).
The resulting values of the Lagrangian multipliers typically differ
from the values that solve (2).
A more detailed description of this procedure to optimize
settings in an EMS based on steady-state engine operation can
be found in e.g. Rishavy et al. (1977), and Rao et al. (1979).
3.2. Transient extension
The optimal solution to (2) is given by solving (3) in all engine
operating points. This means that if dynamics are neglected,
optimal engine operation throughout a driving cycle is achieved
when all combustion events are operated with the same trade-offs
between fuel consumption and emissions. The optimal solution
to (1), i.e. when dynamics are considered, most likely will not
fulﬁll the same criteria. However, it is assumed that a near-optimal
solution to (1) can be found if all combustion events (both during
steady-state and during transient engine operation) in a driving
cycle are operated with the same trade-offs between fuel consumption and emissions. The approach to fulﬁll this criteria is to
separate the set points based on their different corresponding time
scales. The idea is that set points for faster systems should be
adjusted based on actual values when slower systems have not
reached their set points. As described in Section 1, there are two
main causes of dynamics in the engine air system; the mechanical
inertia of the turbocharger system, and the gas dynamics due to
emptying and ﬁlling of volumes in the air system. Typically, the
mechanical dynamics associated to the turbo system are slower,
while the gas dynamics are faster. Therefore, the set point for
boost pressure is assumed to be associated with the slowest
dynamics, the set point for the oxygen fraction in the intake
manifold with faster dynamics, and the injected timing is not
associated to any dynamics.
The following strategy is applied to calculate the set points. The
optimization problem (3) is solved similarly as before. But instead
of using the complete solution to this optimization problem, only
the set point for boost pressure, pbset , is used, since the boost
pressure set point is associated with the slowest dynamics in the
system. Next, a second optimization problem is solved
min ðmf 2 þ λNOX f NOX 2 þ λsoot f soot2 Þ

rO2 set ;φ

ð5Þ
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The main difference between this EMS calibration approach
and the calibration approach based on steady-state engine operation described in Section 3.1 is that no additional compensations
for transient engine operation are needed. Set points for faster
systems are automatically adjusted during transient engine operation to account for dynamic effects in slower systems.

where
mf 2 ¼ mf ðne ; T e ; pbact ; r O2 set ; φÞ

f NOX 2 ¼ f NOX ðne ; T e ; pbact ; r O2 set ; φÞ
f soot2 ¼ f soot ðne ; T e ; pbact ; r O2 set ; φÞ

This optimization problem is similar to (3), but with the difference
that the optimization problem is solved only for the oxygen
fraction set point, r O2 set , and the injection timing, φ. The boost
pressure set point is not included in the optimization, instead the
actual boost pressure in the system, pbact , is used as a given input.
Finally, a third optimization problem is solved

4. Simulation model

mf 3 ¼ mf ðne ; T e ; pbact ; r O2 act ; φÞ

To evaluate the EMS optimization strategy a diesel engine vehicle
system simulation model has been used. The simulation model is
described in detail in Grahn (2012), but a brief description of the
model is given here. The simulation model consists of four submodels; a model for the driver, a model for the EMS, a model for the
engine, and a model for the vehicle. A schematic illustration of the
simulation model with its sub-models and the interfaces between
them is shown in Fig. 1.

f soot3 ¼ f soot ðne ; T e ; pbact ; r O2 act ; φÞ

4.1. Engine model

minðmf 3 þ λNOX f NOX 3 þ λsoot f soot3 Þ
φ

ð6Þ

where
f NOX 3 ¼ f NOX ðne ; T e ; pbact ; r O2 act ; φÞ

Again, this optimization is similar to (3) and (5), but with the
difference that the optimization problem is solved only for the
injection timing, φ. The boost pressure and oxygen fraction set
points are not included in the optimization, instead the actual
boost pressure, pbact , and oxygen fraction, r O2 act , in the system are
used as given inputs.
The resulting set point for the boost pressure, pbset , is given from
the solution to (3), the set point for the oxygen fraction, r O2 set , is given
from the solution to (5), and the injection timing, φ, is given from the
solution to (6). The values of the Lagrangian multipliers, λNOX and
λsoot , are chosen such that the resulting set points yield a feasible
solution to the original optimization problem (1).
Given the optimized values of the Lagrangian multipliers, the
set point for boost pressure is a function of engine speed and
requested torque, the set point for oxygen fraction is a function of
engine speed, requested torque, and actual boost pressure, and the
injection timing is a function of engine speed, requested torque,
actual boost pressure, and actual oxygen fraction. This means that
set points for the complete working range of the engine with
respect to engine speed, requested torque, actual boost pressure,
and actual oxygen fraction can be calculated off-line by solving (3),
(5) and (6), and stored in an EMS using for example grid maps.
Therefore, also this optimization approach can be implemented as
a general EMS strategy that calculates set points for any driving
scenario. The resulting EMS set points can be deﬁned by grid maps
of the following form:
pbset ¼ M p ðne ; mf Þ
r O2 set ¼ M rO2 ðne ; mf ; pbact Þ

φ ¼ M φ ðne ; mf ; pbact ; r O2 act Þ

ð7Þ

As illustrated in Fig. 1, the inputs to the engine model are
actuator signals from the EMS model; the area of a Variable
Geometry Turbine (VGT), the opening area of an Exhaust Gas
Recirculation (EGR) valve, and the fuel injection. The engine speed
from the vehicle model is also an input to the engine model. The
outputs from the engine model are the engine torque together
with NOX and soot emissions.
The engine model is divided into two sub-models, a model for
the engine air system and a model for the combustions. A
schematic illustration of the two sub-models and the interfaces
between them is shown in Fig. 2.
4.1.1. Air system model
The air system is implemented as a mean-value model based
on a structure described in Wahlströ
m (2009). A schematic
illustration of the engine air system model with its components
is shown in Fig. 3.
The components included in the model, together with short
descriptions of them, are listed in Table 1.
The model catches the main fuel consumption and emission
affecting dynamics in the engine air system, i.e. the turbo system
dynamics, and the dynamics in the intake and exhaust manifolds.
4.1.2. Combustion model
Models for generated engine torque, NOX , and soot emissions
have been created using a data-driven model structure described
in Grahn et al. (2014b). The model structure is a regression model
with parameters from grid maps based on engine speed and
injected fuel amount, and is designed to account for effects during
transient engine operation caused by dynamics in the engine air

Fig. 1. Schematic illustration of the complete diesel engine vehicle system simulation model with its four sub-models and the main interfaces between them.
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Fuel injection
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Torque

Engine-out gas temperature
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Combustion
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Intake manifold oxygen fraction
Soot emissions

Engine speed

Engine speed
Fig. 2. Schematic illustration of the engine model with its two sub-models; the air system model and the combustion model.
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manifold
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valve

Turbine
shaft
EGR
cooler

Intake
manifold

Air filter

Compressor

Cylinders

Charge
air cooler

Fig. 3. Schematic illustration of the engine air system model with its sub-models.

temperature are estimated as

Table 1
Air system components.
Air ﬁlter
Compressor
Charge air cooler
Intake manifold
Cylinders
Volumetric efﬁciency
Exhaust manifold
Turbine
Noise silencer
EGR valve
EGR cooler
Turbine shaft

Isothermal oriﬁce
Mass ﬂow and efﬁciency
Isothermal oriﬁce and cooling efﬁciency
Control volume
Volumetric pump
Regression model
Control volume
Mass ﬂow and efﬁciency
Isothermal oriﬁce
Isothermal oriﬁce
Cooling efﬁciency
Moment of inertia and Newton's second law

system. A model for the engine-out gas temperature has also been
created using the same model structure. The engine-out gas
temperature is used in the model for the engine air system. The
models have all been created using steady-state engine measurement data from a Volvo 2.4 liter passenger car diesel engine. The
measurements have been performed such that the operating range
of the engine regarding boost pressure, oxygen fraction in the
intake manifold, and injection timing has been exploited as much
as possible using only steady-state engine operation. The produced
engine torque, NOX emissions, soot emissions, and engine-out gas

T^ E ¼ mf %

3

f T0 ðne ; mf Þ þ ∑ zi % f Ti ðne ; mf Þ
i¼1

!

3
f^ NOX ¼ mf % eðf N 0 ðne ;mf Þ þ ∑i ¼ 1 zi %f N i ðne ;mf ÞÞ

ð9Þ

3
f^ soot ¼ mf % eðf s 0 ðne ;mf Þ þ ∑i ¼ 1 zi %f s i ðmf ;ne ÞÞ

f^ GT ¼ mf %

3

f G0 ðne ; mf Þ þ ∑ zi % f Gi ðne ; mf Þ
i¼1

ð8Þ

ð10Þ
!

ð11Þ

where T^ E is the estimated produced engine torque (Nm), f^ NOX the
estimated NOX emissions (g), f^ soot the estimated soot emissions
(g), and f^ GT the estimated engine-out gas temperature (K) at
injected fuel amount mf (g), engine speed ne (rpm), boost pressure
z1 (Pa), oxygen fraction z2 (–), and injection timing z3 (CAD). The
functions f Ti , f Ni , f si , and f Gi , i ¼ 1…4 are all 8 & 8 grid maps with
engine speed and injected fuel amount as inputs, created by ﬁtting
the models to the engine measurements. Details for these models
regarding prediction performance and sensitivity to the number of
chosen grid points can be found in Grahn et al. (2014b).
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4.2. Engine Management System model
The inputs to the Engine Management System (EMS) model are
the pedal position from the driver, the engine speed from the vehicle
model, and the states in the air system from the engine model.
Outputs from the EMS model are the area of the variable geometry
turbine (VGT), the area of the EGR valve, the injection amount, and
the injection timing, see Fig. 1. The EMS model is divided into two
main parts. The ﬁrst part calculates the injected fuel amount together
with set points for boost pressure, oxygen fraction in the intake
manifold, and injection timing. The second part is controllers for the
VGT and the EGR valve to achieve the calculated set points for the
boost pressure and the oxygen fraction.
4.2.1. Fuel amount and set point calculations
The injected fuel amount is calculated linearly from the accelerator position ranging from no injected fuel mass to maximum
possible injected fuel mass when the accelerator pedal position
ranges from fully released (0%) to fully depressed (100%). The set
points for boost pressure, oxygen fraction in the intake manifold,
and injection timing are calculated in the EMS based on the two
different EMS optimization strategies described in Section 3.
The EMS strategy based on steady-state engine operation
described in Section 3.1 has been implemented using grid maps
with engine speed and injected fuel amount as inputs. A schematic
illustration of this EMS structure is shown in Fig. 4. Ten axis points
are used in both dimensions of all grid maps, equally spaced
between 750 and 2250 (rpm) for the engine speed and between
0 and 35 (mg) for the injected fuel amount. The values in the maps
are calculated by solving (3) in each grid point of the maps. The
models for generated torque, NOX , and soot emissions described in
Section 4.1.2 are used in the optimization problems. The optimization problems are solved using a grid search algorithm. Values for
pbset , r O2 set , and φ are gridded between their minimum and
maximum values, and the objective function in (3) is calculated
for each combination of these gridded values. The solution to (3)

Engine speed (rpm)
pbset (Pa)
Injected fuel (g)
p bset map

rO2set(-)
rO2set map

(CAD)

is given from the combination with lowest value of the objective
function. Using vector notation in MATLAB, this can be performed
very effectively. The optimization problem (3) is solved in approximately 0.1 s on a standard computer, hence all values in the
grid maps are calculated in approximately 10 s. The values of the
Lagrangian multipliers, λNOX and λsoot , are chosen such that
the constraints for NOX and soot emissions are fulﬁlled when the
complete simulation model is executed according to the predeﬁned driving cycle. This is performed in an outer iterative
process.
The transient extension of the EMS strategy described in
Section 3.2 has also been implemented using a structure based
on grid maps. The most straightforward way to implement the
transient EMS strategy would be to implement the boost pressure
set point as a two-dimensional grid map with engine speed and
injected fuel amount as inputs, the oxygen fraction set point as a
three-dimensional grid map with engine speed, injected fuel, and
actual boost pressure as inputs, and ﬁnally the injection timing as
a four-dimensional grid map with engine speed, injected fuel,
actual boost pressure, and actual oxygen fraction as inputs.
However, to decrease the required ranges of the maps, a slightly
modiﬁed EMS structure has been implemented. Instead of using
actual boost pressure and actual oxygen fraction directly as inputs
to the maps, deviations from base set points are used, i.e. the
differences between the set points calculated in (3) and the
actual values in the engine. Also, instead of storing the resulting
set points in the maps, the differences between the resulting set
points and the set points calculated in (3) are stored in the maps.
In this study, the values of the actual boost pressure and actual
oxygen fraction in the intake manifold are taken from the air
system model. In a real vehicle, the actual boost pressure is
typically available in the EMS via a pressure sensor in the intake
manifold, and the actual oxygen fraction in the intake manifold is
typically estimated using a virtual sensor (Robert Bosch GmbH,
2003). A schematic illustration of the implemented transient EMS
structure is shown in Fig. 5.
It can be noted, that this EMS structure can be interpreted as a
steady-state EMS structure combined with a structure for transient
compensation, similar to the structure in a common EMS (Robert
Bosch GmbH, 2003). Ten axis points are used in all dimensions of all
maps. The injected fuel amount is equally spaced between 0 and 35
(mg), the engine speed is equally spaced between 750 and 2250
(rpm), the boost pressure deviation is equally spaced between ' 105
and 105 (Pa), and the oxygen fraction deviation is equally spaced
between '0.1 and 0.1 (–). The values in the maps for boost pressure
set points, oxygen fraction base set points, and injection timing base
are calculated by solving (3) in all grid points in the maps. The values
in the oxygen fraction compensation grid map are calculated by
solving (5) in each grid point, and ﬁnally the values in the injection
timing compensation map are calculated by solving (6) in each grid
point. Again, the models for generated torque, NOX , and soot
emissions described in Section 4.1.2 are used to solve the optimization problems. Similar to the steady-state approach, the optimization
problems are all solved using a grid search algorithm. To calculate all
values in all grid maps a total number of 11,100 optimization
problems need to be solved. This is performed in approximately
15 min on a standard computer. The values of the Lagrangian
multipliers, λNOX and λsoot , are also here chosen such that the
constraints for NOX and soot emissions are fulﬁlled when executing
the complete vehicle system simulation model according to the
speciﬁed driving cycle.

map
Fig. 4. Schematic illustration of the EMS structure for the optimization based only
on steady-state engine operation. The structure calculates set points for boost
pressure, oxygen fraction in the intake manifold, and injection timing.

4.2.2. Air system controllers
The calculated fuel injection amount and injection timing can
be directly controlled by the EMS, and are used as outputs from
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pbact (Pa)

rO2set (-)
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base (CAD)

base map
+
+
rO2act (-)

+

(CAD)

compensation map

Fig. 5. Schematic illustration of the EMS structure for the transient extension of the optimization. The structure calculates set points for boost pressure, oxygen fraction in
the intake manifold, and injection timing.

the EMS model. The set points for boost pressure and oxygen
fraction in the intake manifold are used as inputs to the controller
part of the EMS model. The task of the controller part of the EMS
model is to set the area of the VGT and the area of the EGR valve to
reach the set points for boost pressure and oxygen fraction in the
intake manifold. The system that the controllers should act on is
also a sub-model in the complete simulation model, i.e. the air
system model described in Section 4.1.1. Therefore, model-based
controllers have been implemented for the VGT and the area of the
EGR valve. Details regarding the implemented controllers can be
found in Grahn (2012).
4.3. Driver model
The driver actuates the accelerator pedal to drive the vehicle
according to the predeﬁned driving cycle. The input signal to the
driver model is the vehicle speed, and the output signals are
the accelerator pedal position and the gear (Fig. 1). An input to the
driver model is also a vehicle driving cycle, which is deﬁned as a
target vehicle speed and gear along the time axis.
The gear output from the driver model is given directly from
the vehicle driving cycle, and the accelerator pedal position is
calculated using a standard PI controller. The difference between
the target vehicle speed and the actual vehicle speed (from the
vehicle model) is used as an input to the controller, and the
accelerator pedal position is the output. The coefﬁcients for the PI
controller were manually set such that the vehicle speed tolerances speciﬁed in EU (1970) were fulﬁlled.
4.4. Vehicle model
As shown in Fig. 1, the inputs to the vehicle model are the
torque from the engine model and the gear from the driver model,
and the outputs are the vehicle speed and the engine speed. The
model for the vehicle has two different modes, depending on if a
gear is engaged or not. When a gear is engaged, the engine speed
and the vehicle speed is connected via a ratio depending on the
gear. When no gear is engaged, the engine and the vehicle are
modeled as two separate systems. The vehicle, the engine, and the
combined system are all modeled using Newtons second law, i.e.

the acceleration of the system is calculated from the total force on
the system and the mass of the system. The forces and torques that
are included in the model are the driving torque from the engine,
the friction torque on the engine, the rolling resistance of
the vehicle, and the aerodynamic drag force on the vehicle. The
driving torque from the engine is an input from the engine model.
Models for the rolling resistance of the vehicle, the aerodynamic
drag force on the vehicle, and the friction torque on the engine are
estimated according to models described in Heywood (1988).
A detailed description of the implemented vehicle model can be
found in Grahn (2012).
5. Results
Studies were performed to evaluate the proposed transient
EMS optimization strategy, and to compare it with the strategy
based only on steady-state engine operation. The simulation
model of the engine has been created using measurements from
an engine designed for Euro V emission standards. Therefore, the
constraints on accumulated NOX and soot emissions were set to
fulﬁll Euro V requirements for The New European Driving Cycle
(NEDC). This corresponds to a limit on accumulated amount of
NOX emissions of 1.98 g, and accumulated amount of soot emissions of 55 mg for the total duration of the cycle. The steady-state
EMS optimization strategy and the proposed transient extension
strategy were both evaluated. For each strategy, the values of
the Lagrangian multipliers were chosen such that the emission
constraints were fulﬁlled for the NEDC driving cycle. Given the
resulting settings optimized for the NEDC driving cycle, the
performance of the two strategies were also evaluated using two
other driving cycles, the Federal Test Procedure (FTP-75), and the
Japanese JC08 test cycle. The three studied driving cycles, NEDC,
FTP-75, and JC08, are illustrated in Fig. 6.
5.1. NEDC driving cycle
Resulting fuel consumption for the NEDC driving cycle was
428.1 g for the strategy based on steady-state engine operation
and 425.7 g for the transient extension strategy. This corresponds
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Fig. 7. NOX and soot emissions during the NEDC driving cycle when the EMS
strategy based on steady-state engine operation is used.

to a decrease in fuel consumption of 0.56%. The accumulated NOX
emissions were 1.98 g, and the accumulated soot emissions were
55 mg for both strategies (the values of the Lagrangian multipliers
were chosen to accomplish this).
The resulting NOX and soot emissions during the NEDC driving
cycle for the two different strategies are illustrated in Figs. 7 and 8.
As seen in the ﬁgures, the emissions during the cycle are different
for the two different EMS strategies. The main difference is that
the emission peaks during transient engine operation are typically
lower for the transient EMS strategy. To highlight the resulting
difference between the two strategies, the differences between
accumulated NOX emissions, soot emissions, and fuel consumption
throughout the driving cycle are illustrated in Fig. 9. As seen in
the ﬁgure, there are differences in the emissions throughout
the driving cycle, but the differences even out for the complete
cycle. There are also differences between the fuel consumptions
throughout the cycle, and the accumulated difference for the
complete NEDC driving cycle is 2.4 g.

Fig. 9. Difference between accumulated NOX emissions, soot emissions, and fuel
consumption throughout the NEDC driving cycle when using the transient EMS
optimization strategy compared to when using an EMS optimization strategy based
only on steady-state engine operation.

To further illustrate the resulting difference between the two
different EMS strategies, the EMS set points during a small part of
the simulations are shown for the two different EMS strategies. For
the steady-state EMS strategy, the set points for boost pressure,
oxygen fraction, and injection timing, together with the actual
values of these quantities are illustrated in Fig. 10.
As seen in the ﬁgure, the boost pressure and the oxygen
fraction do not directly reach their set points during the transient.
The NOX and soot emissions, and fuel consumption during the
same time period are illustrated in Fig. 11.
The emissions during the period when the set points are not
reached are high, especially there is a big peak of soot emissions
during the time when neither the boost pressure nor the oxygen
fraction has reached their set points.
For the transient extension, the EMS set points during the same
time period are illustrated in Fig. 12. To emphasize the effect of the
transient extension, also the base values, i.e. the values before the
compensations (see Fig. 5) are shown in the ﬁgure.
The boost pressure set point, and therefore also the actual boost
pressure, show very similar behavior compared to the steady-state

111

M. Grahn et al. / Control Engineering Practice 29 (2014) 103–114

x 105

1.2
1
638

1.4

set
act

640

p (Pa)

p (Pa)

1.4

642

644

646

648

650

x 105

1.2
1
638

652

set
act

640

642

0.2

638

0.25

set
act

640

O2 (−)

O2 (−)

0.25

642

644

646

648

650

0.2
638

652

640

642

phi (CAD)

φ (CAD)

set
act
640

642

644

646

648

650

0
−10
638

652

644

646

648

650

652

648

650

652

base
set
act
640

642

644

646

Fig. 12. EMS set points and actual values of the controllable quantities during a
part of the complete NEDC driving cycle when the transient EMS strategy is used.
The upper graph shows boost pressure set points (blue) together with actual boost
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Fig. 11. NOX and soot emissions together with the fuel consumption during part of
the NEDC driving cycle when the EMS strategy based on steady-state engine
operation is used.

approach. This is expected, since the boost pressure set point is
calculated based solely on the engine speed and injected fuel amount
for both strategies. However, for the transient strategy, it can be seen
that the oxygen fraction set point is adjusted when there is a
deviation between the boost pressure set point and the actual boost
pressure. Similar behavior is shown for the injection timing. The
injection timing is adjusted when there are boost pressure or oxygen
fraction deviations. The fuel consumption together with the NOX and
soot emissions for the transient strategy during the same time period
are illustrated in Fig. 13.
Comparing with Fig. 11, it can be noted that the soot emissions
during transient engine operation are signiﬁcantly lower when
using the transient EMS strategy, while the NOX emissions actually
are higher. It might seem strange that the NOX emissions are
higher during a transient when a strategy to handle transient
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Fig. 13. NOX and soot emissions, together with the fuel consumption during part of
the NEDC driving cycle when the transient EMS strategy described in this paper
is used.

engine operation is used. However, the optimization strategy takes
the complete driving cycle into consideration, and in this case it is
beneﬁcial to allow more NOX emissions during the transient in
favor for lower fuel consumption and soot emissions. NOX emissions are instead lower during other parts of the cycle, where it
causes less penalty on fuel consumption and soot emissions. This
example highlights the importance of simultaneous calibration of
both steady-state and transient engine operation.
When comparing the two different strategies, it can also be
noted that the optimized EMS set points, and therefore also the
fuel consumption and emissions, are different not only during
transient engine operation, but also during steady-state engine
operation. This is expected, since the different strategies are
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optimized with respect to the same given limits on accumulated
emissions. The set points from the two different strategies, and
therefore the emissions, are different during transient engine
operation. The values of the Lagrangian multipliers, λNOX and
λsoot , are chosen for the different strategies such that the given
limits on accumulated emissions are fulﬁlled, hence the resulting
values of the multipliers become different for the two different
EMS strategies. This, in turn, results in differences in the EMS set
points also during steady-state engine operation.
5.2. FTP-75 and JC08 driving cycles
Using the Lagrangian multipliers optimized for the NEDC driving
cycle, simulations were performed using two other driving cycles,
the Federal Test Procedure (FTP-75) and the Japanese JC08 test
cycle. For the FTP-75 cycle, the EMS approach based on steady-state
engine operation resulted in a fuel consumption of 731.4 g, NOX
emissions of 4.51 g, and soot emissions of 103 mg, while the
transient EMS approach resulted in a fuel consumption of 723.8 g,
NOX emissions of 4.35 g, and soot emissions of 94 mg. This
corresponds to a decrease in fuel consumption of 1.04%, a decrease
in NOX emissions of 3.6%, and a decrease in soot emissions of 8.7%
when using the transient EMS approach. For the JC08 cycle, the EMS
approach based on steady-state engine operation resulted in a fuel
consumption of 321.6 g, NOX emissions of 2.24 g, and soot emissions of 54 mg, while the transient EMS approach resulted in a fuel
consumption of 318.9 g, NOX emissions of 2.05 g, and soot emissions of 53 mg. This corresponds to a decrease in fuel consumption
of 0.84%, a decrease in NOX emissions of 8.5%, and a decrease in soot
emissions of 1.9%. For both the FTP-75 cycle and the JC08 cycle, the
fuel consumption decrease is larger than the decrease for the NEDC
driving cycle, and for both cycles, both NOX and soot emissions also
decrease. The reason for this is that both these cycles include a
larger portion of transient driving compared to the NEDC driving
cycle, increasing the beneﬁt of the proposed transient EMS strategy.
For both the FTP-75 and the JC08 cycles, the fuel consumption
decrease potential is even larger if the Lagrangian multipliers are
re-optimized for these cycles. For both cycles, the transient EMS
strategy was re-optimized towards the emission levels resulting
from the steady-state EMS strategy. Doing this, resulting fuel
consumption for the FTP-75 cycle was 723.1 g and resulting fuel
consumption for the JC08 cycle was 318.2 g. This corresponds to a
fuel consumption decrease of 1.13% for the FTP-75 cycle and 1.06%
for the JC08 cycle compared to the steady-state EMS strategy. The
results from these simulations are summarized in Table 2.

Table 2
Comparison between the EMS approach based on steady-state engine operation
and the transient EMS approach for three different driving cycles. Fuel consumption, NOX emissions, and soot emissions for the two approaches are shown for the
NEDC, FTP-75, and JC08 driving cycles. Results for the transient EMS approach are
shown when it is optimized towards the NEDC driving cycle, and also when it is
optimized towards the separate cycles respectively.
Cycle

Result

Steady- Transient
Difference Transient Difference
state
(NEDC opt) (NEDC opt) (re-opt)
(re-opt)

NEDC

Fuel (g)
428.1
NOX (g)
1.98
Soot (mg) 55

425.7
1.98
55

' 0.56%
0%
0%

–
–
–

FTP-75 Fuel (g)
731.4
4.51
NOX (g)
Soot (mg) 103

723.8
4.35
94

' 1.04%
' 3.6%
' 8.7%

723.1
4.51
103

' 1.13%
0%
0%

JC08

318.9
2.05
53

' 0.84%
' 8.5%
' 1.9%

318.2
2.24
54

' 1.06%
0%
0%

Fuel (g)
321.6
NOX (g)
2.24
Soot (mg) 54

–
–
–

6. Discussion
The described transient EMS strategy has been shown to be
able to decrease fuel consumption for a given dynamic vehicle
driving cycle with given limits on accumulated emissions, compared to a strategy that is based only on steady-state engine
operation. The resulting fuel consumption decrease of 0.56% for
the NEDC driving cycle, 1.04% (or 1.13%) for the FTP-75 cycle, and
0.84% (or 1.06%) for the JC08 cycle in this study can be compared
with the initial evaluation of the proposed EMS strategy described
in Grahn et al. (2013), where a fuel consumption decrease between
0 and 0.7% was achieved for a simple transient engine simulation
scenario, depending on the given limits on accumulated emissions.
The results in this study are within a similar range.
The fuel consumption decrease potential is dependent on
several factors. In this study it is shown that the decrease potential
is dependent on the studied driving cycle, and in Grahn et al.
(2013) it is shown that the decrease potential is dependent on the
given emission limits. Furthermore, the potential is most likely
dependent on the characteristics of the engine, the properties of
the vehicle, etc. Future work will be devoted to study the inﬂuence of these different factors on the fuel consumption decrease
potential.
Assuming that the prediction accuracy of the complete simulation model is very good, the optimization of the set points could be
performed off-line as in this study, and then implemented and
validated in a real vehicle driving according to the speciﬁed
driving cycle. However, prediction errors in the model lead to
deviations between the predicted and the measured result. Therefore, in practice, it is likely that the process needs to be iterated
using a real vehicle until ﬁnal results are satisfactory. The better
the model performance is, the fewer iterations will have to be
performed. This iteration procedure is already used today when
the optimization method based on steady-state engine operation
is used.
For given values of the Lagrangian multipliers, the values in the
grid maps for the steady-state approach are calculated in approximately 10 s, while the values in the grid maps for the transient
approach are calculated in approximately 15 min. At this stage, no
speciﬁc effort has been put in to optimize the calculations with
respect to calculation time, and the calculation times can most
likely be shortened. However, when used in practice, the most
time consuming process is to iterate the calculations with evaluation of the performance on a real vehicle. In this context, the time
to calculate the values in the grid maps is not a critical issue.
The prediction performance of the different sub-models inﬂuences different part of the optimization. The optimality of the ﬁnal
solution is only inﬂuenced by the accuracy of the combustion
models, i.e. the models for generated engine torque, NOX , and soot
emissions. All other sub-models, i.e. the engine air system, the
driver, the EMS, and the vehicle are only used to ﬁnd the optimal
values of the Lagrangian multipliers. Therefore, the prediction
performance of these systems will only inﬂuence the number of
iterations that has to be performed using a real vehicle.
In this study the models that are used for optimization are the
same as the models used for evaluation. If this strategy should be
implemented on a real engine, this would not be the case. Models
for the engine would be used to calculate the EMS set points, but
the ﬁnal emissions and produced engine work will be generated
by the real engine. However, the same models are used both
for the introduced transient strategy and the strategy based on
steady-state engine operation only, hence the comparison between
the different strategies should be valid.
The data-driven models for the combustions have been created
using measured engine data. To limit the number of measurements, the engine has been operated at 2596 different operating
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points, found according to D-optimal design methodology
(Montgomery, 2009). The collected data has been ﬁtted to models
describing engine torque, NOX and soot emissions. In order to
obtain more informative data for the limited amount of measurements, engine operation at high speed and torque was not
considered, but the focus was kept on the region where the
studied driving cycles reside. The performed measurements covered only part of the available speed and torque range of a Volvo
2.4 liter passenger car diesel engine. This, however, does not
infringe the generality of the proposed method. Utilization of the
entire available speed and torque range will be considered in
future studies when EMS set points are to be calculated for the
complete working range of the engine.
The resulting EMS set points from the optimization based on
steady-state engine operation can be calculated using only the
engine speed and injected fuel amount. Therefore, set points for
the complete working range of the engine can be calculated offline and stored in a real EMS using two-dimensional grid maps.
The calculation of the set points using the transient extension is
more complex, and two-, three-, and four-dimensional grid maps
are needed for online implementation for boost pressure set
points, oxygen fraction set points, and injection timing respectively. In a recent study presented in Grahn, Johansson, and
McKelvey (2014a), it is demonstrated that the strategy can be
modiﬁed such that it can be implemented using only twodimensional grid maps, without signiﬁcantly decreasing the
performance.
In this study, only three of the controllable EMS quantities have
been considered, i.e. boost pressure, oxygen fraction in the intake
manifold, and injection timing. In a modern passenger car diesel
engine there are several more degrees of freedom (Robert Bosch
GmbH, 2003). For example, the fuel injection can be separated in
several different injection pulses, each with controllable timings
and amounts. Since there are no dynamics associated to these
properties, the possibility to account for them in the optimization
strategy is straightforward. The only difference is that the combustion models need to account for changes in these parameters,
and that there will be more optimization variables in the local
optimization problems.
Engine warm-up is not considered in this study, although the
optimization strategy could be adapted to handle also this. One
solution for this would be to add the coolant temperature as one
more engine state, with even slower dynamics than the boost
pressure, and extend the described strategy to four steps instead
of three. This method requires that there are simulation models
available that account for the coolant temperature regarding
produced torque and generated emissions. An alternative would
be to simply use the same procedure as now, but choose values of
the Lagrangian multipliers such that the resulting solution is
feasible for a real vehicle during engine warm-up. Another alternative would be to use a strategy described in Altenstrasser et al.
(2012), where separate compensations on the set points, based on
the coolant temperature, have been implemented.

7. Summary
A strategy to calculate set points for EMS controllable quantities has been described, further developed, and evaluated. The
set points are calculated with an aim to minimize fuel consumption for a dynamic driving cycle, while keeping accumulated
NOX and soot emissions below given limits. The strategy is
developed to account for dynamics in the engine air system, hence
it calculates set points for steady-state engine operation, but also
automatically introduces compensations for transient engine
operation. Optimal set points for the complete working range off
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the engine can be calculated off-line and stored in an EMS.
Therefore, the optimization results can be implemented as a
general EMS strategy that calculates set points for any driving
scenario.
The strategy has been evaluated using a complete diesel engine
vehicle simulation model driving according to three different
cycles. The introduced strategy has been shown to be able to
decrease fuel consumption for all studied cycles, compared to a
strategy that does not account for dynamics in the engine air
system. For the simulation model used in this study, fuel consumption was decreased with 0.56% for the NEDC driving cycle,
1.04% for the FTP-75 driving cycle, and 0.84% for the JC08 cycle.
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