Dossier
This paper is a part of the hereunder thematic dossier
published in OGST Journal, Vol. 68, No. 1, pp. 3-178
and available online here

© IFPEN

Cet article fait partie du dossier thématique ci-dessous
publié dans la revue OGST, Vol. 68, n°1, pp. 3-178
et téléchargeable ici

DOSSIER Edited by/Sous la direction de : A. Sciarretta, F. Badin et J. Bernard

RHEVE 2011: International Conference on Hybrid and Electric Vehicles
RHEVE 2011 : Conférence internationale sur les véhicules hybrides et électriques
Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 68 (2013), No. 1, pp. 3-178
Copyright © 2013, IFP Energies nouvelles

3 > Editorial
13 > Analysis and Experimental Implementation of a Heuristic Strategy

for Onboard Energy Management of a Hybrid Solar Vehicle
Analyse et expérimentation d’une stratégie heuristique pour la gestion
d’énergie à bord d’un véhicule hybride solaire
G. Coraggio, C. Pisanti, G. Rizzo and M. Sorrentino

23 > Open Issues in Supervisory Control of Hybrid Electric Vehicles:

A Unified Approach Using Optimal Control Methods
Questions ouvertes sur la supervision énergétique des véhicules
hybrides électriques : une approche unifiée par la théorie de la
commande optimale
L. Serrao, A. Sciarretta, O. Grondin, A. Chasse, Y. Creff, D. Di Domenico,
P. Pognant-Gros, C. Querel and L. Thibault

35 > Optimization of Hybrid Power Trains by Mechanistic System

Simulations
Optimisation de groupes motopropulseurs électriques hybrides par
simulation du système mécanique
T. Katrašnik and J.C. Wurzenberger

51 > A Phenomenological Heat Transfer Model of SI Engines – Application
to the Simulation of a Full-Hybrid Vehicle
Un modèle phénoménologique de transfert thermique au sein de
moteurs à allumage commandé – Application à la simulation
d’un véhicule full-hybride
R. Dubouil, J.-F. Hetet and A. Maiboom

65 > Battery Electric Vehicle (BEV) or Range Extended Electric Vehicle

95 > Dual Mode Vehicle with In-Wheel Motor: Regenerative Braking

Optimization
Véhicule bi-mode avec moteurs roues : optimisation du freinage
récupératif
G. Le Solliec, A. Chasse, J. Van-Frank and D. Walser

109 > Engine Downsizing and Electric Hybridization Under Consideration
of Cost and Drivability
Réduction de taille moteur et hybridation électrique avec
considérations de coût et de performance de conduite
S. Ebbesen, P. Elbert and L. Guzzella

117 > Representative Midwestern US Cycles: Synthesis and Applications
Cycles représentatifs du Middle West américain : synthèse et
applications
T.-K. Lee and Z.S. Filipi

127 > A Review of Approaches for the Design of Li-Ion BMS Estimation
Functions
Revue de différentes approches pour l’estimation de l’état de
charge de batteries Li-ion
D. Di Domenico, Y. Creff, E. Prada, P. Duchêne, J. Bernard and
V. Sauvant-Moynot

137 > Experimental Assessment of Battery Cycle Life Within the

SIMSTOCK Research Program
Évaluation expérimentale de la durée de vie de la batterie dans
le programme de recherche SIMSTOCK
P. Gyan, P. Aubret, J. Hafsaoui, F. Sellier, S. Bourlot, S. Zinola and F. Badin

(REEV)? – Deciding Between Different Alternative Drives Based on
Measured Individual Operational Profiles
Véhicule électrique à batteries (BEV) ou véhicule électrique à
prolongateur d’autonomie (REEV) ? – Choisir entre différents
entraînements alternatifs sur la base de profils opérationnels
individuels mesurés

149 > Smart Battery Thermal Management for PHEV Efficiency

S. Marker, B. Rippel, P. Waldowski, A. Schulz and V. Schindler

165 > Parameterization and Observability Analysis of Scalable Battery

79 > Assessment by Simulation of Benefi ts of New HEV Powertrain
Configurations
Évaluation par simulation des bénéfi ces de nouvelles chaînes
de traction hybrides
N. Kim and A. Rousseau

Une gestion avancée de la thermique de la batterie basse tension
de traction pour optimiser l’efficacité d’un véhicule hybride
électrique rechargeable
L. Lefebvre

Clusters for Onboard Thermal Management
Paramétrage et analyse d’observabilité de clusters de batteries
de taille variable pour une gestion thermique embarquée

Xinfan Lin, Huan Fu, Hector E. Perez, Jason B. Siege, Anna G. Stefanopoulou,
Yi Ding and Matthew P. Castanier

Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 68 (2013), No. 1, pp. 35-50
Copyright Ó 2013, IFP Energies nouvelles
DOI: 10.2516/ogst/2012100
IFP Energies nouvelles International Conference
Rencontres Scientiﬁques d'IFP Energies nouvelles
RHEVE 2011: International conference on hybrid and electric vehicles
RHEVE 2011 : Conférence internationale sur les véhicules hybrides et électriques

Optimization of Hybrid Power Trains by
Mechanistic System Simulations
T. Katrašnik1* and J.C. Wurzenberger2
1

University of Ljubljana, Faculty of Mechanical Engineering, Aškerč eva 6, 1000 Ljubljana - Slovenia
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Résumé — Optimisation de groupes motopropulseurs électriques hybrides par simulation du système
mécanique — L’article présente un modèle de simulation au niveau mécanique destiné à la
modélisation de topologies de véhicules hydrides et conventionnels. L’article décrit l’interaction
dynamique entre différents domaines : moteur à combustion interne, dispositifs de post-traitement
d’échappement, composants électriques, chaı̂ne cinématique mécanique, circuit de refroidissement
et les unités de contrôle correspondantes. Afin d’obtenir un rapport correct entre précision,
prévisibilité et vitesse de calculs du modèle, un découplage innovant du domaine temporel est
présenté, lequel est basé sur l’application à différents domaines, d’étapes d’intégration spécifiques
au domaine et sur un couplage inter-domaines cohérent ultérieur des flux. En outre, une structure
de calculs efficace permettant la simulation du transport d’espèces gazeuses actives et passives est
introduite de manière à combiner l’efficacité des calculs à la nécessité d’une modélisation du
transport des polluants dans le circuit des gaz. L’applicabilité et la versatilité du modèle de
simulation au niveau mécanique sont présentées au moyen d’analyses des phénomènes transitoires
provoqués par l’interdépendance élevée des sous-systèmes, c’est-à-dire les domaines. Les résultats
obtenus pour les véhicules hybrides sont comparés à ceux obtenus pour les véhicules
conventionnels afin de mettre l’accent sur les différences des régimes opératoires de composants
particuliers inhérents à une topologie particulière du groupe motopropulseur.
Abstract — Optimization of Hybrid Power Trains by Mechanistic System Simulations — The paper
presents a mechanistic system level simulation model for modeling hybrid and conventional vehicle
topologies. The paper addresses the dynamic interaction between different domains: internal combustion engine, exhaust after treatment devices, electric components, mechanical drive train, cooling
circuit system and corresponding control units. To achieve a good ratio between accuracy, predictability and computational speed of the model an innovative time domain decoupling is presented,
which is based on applying domain specific integration steps to different domains and subsequent consistent cross-domain coupling of the fluxes. In addition, a computationally efficient framework for
transporting active and passive gaseous species is introduced to combine computational efficiency
with the need for modeling pollutant transport in the gas path. The applicability and versatility of
the mechanistic system level simulations model is presented through analyses of transient phenomena
caused by the high interdependency of the sub-systems, i.e. domains. Results of a hybrid vehicle are
compared to results of a conventional vehicle to highlight differences in operating regimes of particular components that are inherent to particular power train topology.
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INTRODUCTION
Global concerns on sustainable energy use and environmental protection call for innovative power train technologies. Among the alternative power trains being
investigated, the Hybrid Electric Vehicle (HEV) consisting of an Internal Combustion Engine (ICE) and an
Electric Machine (EM) are considered as a viable short
to mid term solution due to the use of a smaller battery
pack and due to their similarities with conventional vehicles. HEV incorporate multiple energy sources and multiple energy converters featuring many available patterns
of combining the power flows to meet given load requirements. Additionally, due to the multiple power sources,
there exist several power train topologies and a broad
variety of different strategies to control the power
sources, resulting in different vehicle performance and
operation characteristics. Moreover, dynamic interactions among various components and their multidisciplinary nature additionally increase the complexity of
the system analyses.
For such complex systems, the application of system
simulations is indispensable during the early development phase. It allows a cost and time efficient identification of the most promising solutions and therefore it
helps reducing the amount of expensive experimental
validation on test benches. To efficiently support the
development during early concept and design phases it
is required that simulation models feature a high level
of predictability and high computational speed. Especially the predictability strongly influences the potential
of system simulations to support the development of
power trains in very early development stages where
measurements are not yet (fully) available. The application of predictive approaches also significantly reduces
the time needed to set up the models, since potentially
only a limited number of physically based parameters
needs to be adjusted, which reduces the workload compared to the effort required to populate map based models and to train surrogate models. Moreover, physically
based models also ensure adequacy of results when optimizing power trains, since a mechanistic modeling basis
enables adequate response to changed parameters of
individual components and adequate interaction
between the components on the system level.
The addressed facts also clearly favor the application
of mechanistic system level simulation models for simulating transient drive cycles. On the system level, there is
a great challenge in establishing an appropriate balance
between the level of detail of the model and its prediction
accuracy [1]. This is particularly challenging for models
of internal combustion engines [1]. Frequently, nonmechanistic engine model approaches like maps [2, 3]

or surrogate models [4] are used to model the internal
combustion engines. Such models might have significant
limitations when applied to transient conditions that are
far from steady-state [1, 5, 6]. However, also more
sophisticated methodologies for estimating transient
engine performance from steady-state maps [1], might
not be sufficiently accurate, since during transient operation performance and particularly emissions of the
engines significantly differ from the corresponding
steady-state values as presented in [7-9]. This is even
more pronounced for turbocharged engines with
Exhaust Gas Recirculation (EGR). It is therefore advantageous to use mechanistic engine models, since they
inherently consider changes in engine controls, thermal
behavior of the engine, variations in gas state and composition as well as turbocharger lagging if turbocharger
is included, which enable more adequate modeling of
engine performance and production of emissions.
Recently, many commercial and non-commercial system level simulation models and modeling approaches
for modeling hybrid and plug-in hybrid vehicles have
been presented [5, 6, 10-13]. The models in the cited studies differ in the level of details of components models and
also in the overall model structure, however a common
approach of all cited studies is that they do not rely on
mechanistic engine models. This influences their accuracy during the transient drive cycles and their predictability if modifying control strategies and particularly
if scaling the components.
The presented system level model of the hybrid vehicle
comprises different domains as shown in Figure 1: internal combustion engine, exhaust aftertreatment devices,
electric components, mechanical drive train, cooling circuit system and corresponding control units. This
requires a careful selection of the physical depth of the
models used to describe phenomena in different domains
with the aim to harmonize their accuracies, which enables
optimizing the performance of the overall model. Moreover, the characteristic time scales of the addressed
domains differ significantly, which typically results in a
stiff system of equations [14]. Therefore the performance
of the model is further enhanced by introducing tailored
solver techniques suited to account for characteristic time
scales of individual domains. These domains represent
sub-matrices in the overall system matrix, which are integrated with time steps that correspond to characteristic
time scales of the phenomena in the domains.
To expose the complex interaction between domains
presented in Figure 1, the paper presents the analysis
of the performance and emissions of a hybrid electric
vehicle. Results of the hybrid electric vehicle are
compared to the results of a conventional vehicle to
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with the emission regulation, Diesel engine powered
vehicles are analyzed in this study. Moreover, a turbocharged Diesel engine with EGR that is equipped with
a Diesel Oxidation Catalyst (DOC), Diesel Particulate
Filter (DPF) and Selective Catalytic Reduction converter (SCR) offers a good basis to present interdependency of the domains.
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To enhance the performance of the overall hybrid vehicle
model it is necessary to analyze the characteristic time
scales of different domains and the nature of their interaction. This forms the basis of the innovative time
domain decoupling that allows for substantial reduction
in the computational time of the overall model.
1.1 Mechanical System

Temperature
Cooling model

Heat flow

Solid
structure
Oil circuit
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Water circuit
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Figure 1
Interaction of integrated plant model with engine control.

The mechanical system of the vehicle (Fig. 2) is represented as the multibody system, which is mainly
described through rotational degrees of freedom [15].
If explicit time schemes are used, which is the case in
the presented analysis, time step lengths in the order of
1 ms are commonly used to integrated the mechanical
system [15]. This is reasonable, since the typical response
times of the mechanical system in vehicle driving dynamics are much larger compared to the stated integration
time step. The mechanical system is represented by the
following equation system (more details on the mechanical model are given in [15]):


M
C

highlight potential differences in operating regimes of
particular components that are inherent to particular
power train topology. Therefore, care is devoted to phenomena caused by the high interdependency of the
domains, which also highlights the applicability and versatility of system level simulations featuring the mechanistic modeling depth. In this context, cross-influences
between control strategies, electric components, EGR,
turbocharging, heating up of the engine and catalyst
light-off are investigated in the light of energy consumption and exhaust emissions.
As Diesel and lean-gasoline engines potentially have
substantial fuel economy benefits over the conventional
gasoline engines, there is a growing interest in the use
of lean-burn engines in hybrid and plug-in hybrid vehicles [5, 6]. Due to this and due to the fact that Diesel
engines need to be equipped with the sophisticated
exhaust gas aftertreatment devices to be able to comply

    
a
0

¼
D
m
F
B

ð1Þ

where M is the diagonal mass matrix, B describes the acting of the moments between the components on the components, C describes the constraints between the
mechanical parts and D is the relation between the
moments. a represents accelerations, m describes
moments in the system and F covers the moments calculated in the components which act on the mechanic
system.
1.2 Electrical System
In hybrid electric vehicles, the electric part of the
power train is strongly coupled to the mechanical system (Fig. 2). However, typically electrical system
responds much faster compared to the mechanical system [15]. On the system level, the inductivities might be
neglected [15]. Considering the latter simplification and
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Figure 2
Topology of the hybrid electric vehicle model with indicated domains; grey – mechanical system, orange – electrical system, pink – external Matlab/Simulink controller and red – internal combustion engine shown in Figure 3.

introducing voltage as an additional variable the governing equations of the electric system might be reformulated through a single derivation to yield an index
of one [15]. Due to the above characteristics an explicit
integration of both, the mechanical and the electrical
equations is not sufficient for a stable and accurate
numerical solution [15]. In order to optimize the performance of the model it is thus beneficial to solve first
for the mechanical system and then for the electrical
system with assuming a frozen mechanical state [15].
This time integration step can be seen as a mixed discretization in which the mechanical variables are discretized explicitly and the electrical are discretized
implicitly.

1.3 Internal Combustion Engine
Internal combustion engines (Fig. 3) typically feature
three different characteristic time scales. The shortest
time scale is associated with the in-cylinder phenomena,
wave dynamics in the engine manifolds and torque oscillations at the engine shaft. A larger time scale is associated with filling and emptying the engine manifolds
during transient operation of turbocharged engines or
during changed throttle position. The largest time scale
is associated with the thermal response of the engine.
The highest accuracy of the model would certainly be
achieved if the complete engine will be modeled considering the shortest time scale. However, this will lead to
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Figure 3
Topology of the engine model with indicated domains and different transfer paths; light blue – gas path of the engine, dark blue – fuelling,
grey – mechanical part, red crossed – heat transfer functionality, green – liquid cooling circuits, red – vehicle model shown in Figure 2.

computational times that are characteristic for 1D cycle
simulation engine models, which typically amount to
approximately 100 times the physical time for complex
multi-cylinder high speed engine topologies [16, 17].
Reference [18] presents a method of generating a realtime crank angle engine model from the base 1D cycle
simulation engine model. The real-time model features
reduced accuracy compared to the base model, whereas
its real-time capability is also limited to the specific
engine models.
In the present analysis, the complete hybrid vehicle
model considering all domains targets to run close to
or even faster than real-time. Therefore, the engine
model is subjected to further optimization regarding
computational speed. This is done by optimizing the
code but also by reducing the level of detail of the model.
The engine model therefore consists of a crank angle
resolved cylinder model embedded in a mean value based
gas path model (Fig. 3). Mean value modeling of engine
manifolds does not consider wave dynamics. This is an
acceptable simplification for modeling engines that do
not exhibit significant enhancements of volumetric efficiency due to wave dynamics as will be shown later in

the paper on an example of a passenger car turbocharged
Diesel engine.
Typical integration steps of explicit solvers that ensure
stable results of the mean value gas path models are in
the range from 1 ms for passenger car engines up to
5 ms or even more for certain commercial vehicle
engines. This is also in agreement with the data
published in [19-21]. As discernable from Figure 3, the
interaction between the gas path and the turbocharger
dynamics as well as the EGR flow are modeled on a
mechanistic basis in the mean value gas path approach.
This is crucial for simulating transient engine
operation [8].
To ensure a high level of predictability and accuracy
during transient engine simulations it is necessary to
model the cylinder with mechanistic models on a crank
angle basis [8, 22]. Such an approach enables an adequate interaction of the cylinder with the intake and
exhaust manifolds, since the exchange of mass, enthalpy
and species masses is based on the physical models.
Additionally, heat transfer and mass transfer due to fuel
injection are also modeled on the crank angle basis. This
is also beneficial for the adequacy of transient results,
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since variations in temperature of the solid structure and
arbitrary injection strategies are captured. In Figure 3,
the black rectangle indicates elements that exchange
crank angle resolved fluxes with the cylinder. Moreover,
since cylinders are calculated in a different time domain
than other engine components, the components marked
by the black rectangle exchange with the surrounding
cycle average fluxes that are evaluated based on the
crank angle resolved data.
An even bigger challenge compared to modeling
engine performance is modeling engine emission. During
the gas exchange phase a set of transient 0D single zone
equations is solved [22], whereas during the combustion,
balance equations for a generic two zone model are used
[9, 23]. The two zone approach serves as a basis for
evaluating a burned zone temperature, which is together
with species concentrations and the pressure used
to model a kinetically driven NOx, CO and soot
formation [23].
The gas property routines, which are used to evaluate
the physical properties of the gaseous media, are taken
from the database and depend on temperature, pressure
and gas composition. The database is prepared based
on the inputs of the fuel composition. In the present
model, the gas composition is given by the species mass
fraction of combustion products, burned fuel and fuel
vapor, whereas mass fraction of air is derived from
the conservation principle. These species are called
active species (wA in Eq. 3). Thereby only three species
need to be transported through the system to adequately model the gas properties and thus engine performance. This significantly reduces the computational
burden compared to transporting 8 or more species,
which are required to appropriately cover the gas composition in the case where mass fractions of chemical
elements are transported. In the model, additional passive species (wP in Eq. 3) are introduced in the gas path
model to adequately transport exhaust emissions
through the engine. The application of passive species
allows combining computational efficiency with the
need for modeling pollutant transport in the gas path.
In the analyzed case, we focus only on NO and NO2
and thus only 5 species, i.e. 3 active and 2 passive, are
transported through the engine, which minimizes the
size of the overall equation system.
Mean value engine models are generally based on the
bond-graph approach as presented in [22]. The transient
variation of the state in a single storage (volume) component can be expressed by:

B

X
dU
¼þ
F_ k
dt

ð2Þ

where B is the capacity matrix, U is the state vector and
F_ k represents the flux vector related to the k’th attached
bond (transfer component). Focusing on the description
of the gas path, the state and flux vectors comprise the
conservation variables for mass, energy and species. This
can be expressed by:
U ¼ ½m; u; wA ; wP T

ð3Þ



_ W
_ A; W
_P T
_ H;
F_ ¼ m;

ð4Þ

where m is the mass and u is the specific internal energy.
wA and wP represent vectors holding the mass fraction of
active and passive species, respectively. Active species
include combustion products, fuel burned, fuel vapor
and air, where mass fraction of air is derived from the
conservation principle. In analogy, the elements of the
_ the enthalpy flow H_
flux vector are the mass flow m,
_
_ P . More details
and two species flow vectors WA and W
on the gas path models and on the cylinder and emission
production models are given in [8, 9, 22-24].
If the cylinders are integrated based on the crank
angle, the integration time steps typically range from
approximately 10 to 100 ls for automotive engines. This
is at least an order of magnitude smaller that the time
steps required by the mechanical network as addressed
above. If the analysis does not cover vibrational modes
of the drive train, as it is common in system level simulations aimed at optimizing performance and emissions
of the vehicles, it is possible to exchange the data
between the engine and the mechanical system with the
frequency of the integration of the mechanical system
or even with the frequency of engine cycles.

1.4 Catalytic Converters
Transient 1D models can be seen as a reasonable compromise to describe either single catalysts or also entire
exhaust lines of lean operating engines (Fig. 4) with sufficient accuracy as presented in this paper and reported
in [9, 24]. Transient 1D balance equations for the gas
phase and the solid substrate can be applied under the
common assumption that radial variations (e.g. flow
velocity, species fractions, temperature) within a single
channel and also within the entire catalyst brick are negligible. The model equations (described in detail in
[9, 23, 24]) cover the effects of convection in the gas
phase, heat conduction in the substrate and heat mass
transfer between the two phases. Chemical reactions
comprising conversion and storage reactions take place
at active sites within the washcoat.
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Figure 4
Topology of the exhaust gas after treatment model that is connected to the turbine of the engine as indicated in this figure and in
Figure 3.

Many of the chemical reactions, which take place in
catalysts, feature an exponential temperature dependency. Therefore adaptive step size solvers are mandatory to efficiently solve balance equations of catalytic
converters. To optimize the overall computational time
of the model, gas path and catalytic converter equations
are not solved in a fully coupled system. Instead, an independent time domain of the catalytic solver allows
depending on the problem, either smaller or even bigger
integration time steps compared to the gas path solver.
The dynamic interaction of the gas path and chemical
reaction time scales thus optimizes the performance of
the overall model.
1.5 Heat Transfer
The heat transfer in the vehicle power train can generally
be categorized in heat transfer between components of a
particular domain, heat transfer between particular
domains and the cooling circuit domain and heat transfer between the domains and the surrounding as shown
in Figures 3 and 4.

Heat is always transferred via the solid structure
(Fig. 1). The time scale related to the thermal inertia of
the solid structure is generally much larger compared
to the integration time steps of the coupled mechanical/electrical solver, or of the catalytic converters solver,
or of the cylinder and of the gas path solver. Therefore,
the stability of governing equations of the solid structure
does not represent a limitation in terms of the overall stability of the model. Elements that belong to solid structure thus provide a good basis for cross-domain
coupling of domains with different time steps.
On a system level, it is common to model water and oil
circuits assuming incompressible fluids. These circuits
might in a single or multiple circuit topologies connect
different domains, e.g. engine cooling and lubrication,
cooling of electric components and cooling of oil in the
gearbox or clutch. Considering the characteristics of
water and oil cooling circuits in the automotive applications it can be concluded that they feature two characteristic time scales. The shorter one is associated with
establishing the mass flow pattern, whereas the longer
one is characteristic to the thermal response of the
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cooling circuits. Therefore and due to the fact that for
incompressible flows the energy equation is not directly
coupled to the continuity and momentum equation it is
common to solve them decoupled, where flow equations
might be solved as quasi-steady or transiently with small
time steps and energy equation is solved transiently with
larger time steps. Moreover, due to the fact that the characteristic time of the solid structure is also relatively
large, it is beneficial to apply adaptive step size solver
when solving the energy equations to reduce CPU load
during steady-state operation or during slow transients.
These approaches significantly contribute to optimizing
computational speed of the overall model.
1.6 Control Units
The overall behavior of the vehicle is determined by the
control units acting on different domains. There are two
kinds of control units in the system: continuous controls
and discrete controls. Continuous controls can either
directly depend on input values or they can be described
by a differential equation. Besides continuous states,
there are also discrete variables describing the state of
the vehicle, e.g. gear or slip-stick condition. Changes in
the discrete variables cause a state event and a change
in the system matrix given in Equation (1). Besides controllers that are already available in the software it is
additionally possible to dynamically link controllers
developed in the Matlab/Simulink.

that depends on x and time t. This coupled system of
ODE, as it is combined with algebraic constrain functions g(x), leads to an overall semi-implicit Differential
Algebraic Equation (DAE) system:
S  dx ¼ f ðx; t Þ
dt
0 ¼ g ð xÞ

ð6Þ

where the system matrix S may additionally depend on
the state x. The integration of the resulting DAE system in time domain is performed by tailored solver
techniques suited to account for characteristic time
scales of individual domains, which represent submatrices in the overall system matrix. These submatrices are integrated with time steps that correspond
to characteristic time scales of the phenomena in the
domains as analyzed in this section. Special emphasis
is taken to preserve flux conservation while coupling
different domains. This approach allows for significant
improvements in the trade-off between the computational speed and accuracy as well as predictability of
the model compared to the system level models where
the shortest time scale dictates the integration step of
the overall system.
The capability of the overall vehicle and power train
model to adequately simulate transient vehicle operation
was presented in [8], where chassis-dynamometer
measurements were compared to the simulated results
of the conventional internal combustion engine powered
vehicle equipped with a 6-speed manual transmission.

1.7 Coupled Overall System
The model equations discussed above can be summarized to a global set of algebraic, ordinary and partial
differential equations. The latter are discretized in space
domain, following methods of lines to reduce all partial
to Ordinary Differential Equations (ODE). In addition,
second order ODE of the mechanical system are transformed into a set of first order ODE of a doubled size.
This is given by:
M  dx ¼ sðx; uÞ
dt
ð5Þ
du
¼x
dt
where the system inertias represented by the mass matrix
M times the rotational acceleration equal to all momentums. The mechanical system typically features additional linear constraints which can be substituted into
the system. This framework is in the context of the presented study used for the electrical circuits.
All different states can be merged into a common state
vector of unknowns x. Its time derivate multiplied with
the system matrix S equals a right-hand-side function

2 VEHICLE MODELS
The simulations of the hybrid electric vehicle are based
on the 2004 Toyota Prius model (Fig. 2). The model uses
realistic data of the vehicle, tires, mechanical driveline
components and electric components. For the purpose
of the presented analysis the original gasoline engine
was replaced by a turbocharged Diesel engine. It was
assumed that the new engine is compatible with the vehicle body.
Results of the hybrid electric vehicle were compared
against the results of the conventional vehicle powered
by the same engine that is once operated with and once
without start-stop strategy. The conventional vehicle is
equipped with a 6-speed manual transmission. To enable
a valid comparison between the hybrid and the conventional vehicle, a vehicle model featuring the same geometric characteristics and tires was used for simulating
the conventional vehicle. However, the mass of the conventional vehicle is 140 kg lower compared to the mass
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of the hybrid vehicle to account for the mass of the electric components.
The aim of the presented analysis was not in using
sophisticated calibration procedures to extensively
parameterize the model in order to very precisely reflect
performance and emissions of vehicles, whereas in addition a very sophisticated control unit models would be
required to achieve this target. The aim was rather to
use simple constant factors in specific semi-empiric models and to build basic control models with the goal to demonstrate a relatively high predictability and accuracy of
the model along with its capability to model cross-domain
interactions. This is of particular importance in early
development stages, where extensive calibration cannot
be performed due to lack of experimental data. Therefore
it is worth noting that accuracy of all results might be further enhanced by applying more sophisticated calibration
procedures and higher fidelity control models.

3 ENGINE MODEL
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A 1.4 L high speed direct injection turbocharged Diesel
engine with EGR was used in the simulations (Fig. 3).

The validation of the engine model is presented in [8, 9]
therefore only parameters that are meaningful for
the presented analysis are shown here. Figure 5a,b
shows very good agreement of the pressure traces in the
gas exchange and in the high pressure phase. Good agreement in pressure traces and good agreement between
measured and simulated volumetric efficiency (Fig. 6d)
confirm that mean value gas path model is applicable
for simulating engines that do not exhibit significant
enhancements of volumetric efficiency due to wave
dynamics. Figure 5c shows average in-cylinder temperature and temperatures in the burned and in the unburned
zone. Establishing heterogeneous temperature and species concentration field is thus a prerequisite to model
kinetically controlled emission formation. This is shown
in Figure 5d, where a first small increase in NOx mass
due to combustion of the pilot injection is followed by a
large increase in NOx mass due to combustion of the main
injection. Corresponding Brake Specific NOx emission
(BSNO) is presented in Figure 7a, i.e. 2 000 rpm full load.
Figure 6 additionally shows very good agreement
between measured and simulated Brake Mean Effective
Pressure (BMEP), Brake Specific Fuel Consumption
(BSFC) and boost pressure. The agreement in these
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Figure 5
Comparison of measured and simulated in-cylinder pressure a) and c) using a two-zone combustion model b) at 2 000 rpm full load.
Additionally, d) NOx mass is shown.
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Comparison of measured and simulated NOx emissions for full load operation and selected part load operation points.

parameters is even better than the agreement in volumetric efficiency. This might be attributed to the operational
principles of the lean operating engines, where small
deviations in fresh air mass do not significantly influence

the indicated work per cycle if an adequate fuel amount
is supplied and if the air-fuel ratio is sufficiently high not
to significantly influence the fuel conversion efficiency.
Figure 8 shows relatively good agreement between
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T. Katrasˇnik and J.C. Wurzenberger / Optimization of Hybrid Power Trains by
Mechanistic System Simulations

3 000
2 500
2 000
1 500
1 000
400

Sim
Exp

300
200
100
0
0

200

400

600
800
Time (s)

1 000

1 200

Figure 8
Comparison of measured and simulated parameters during
NEDC.

measured and simulated data during transient operation
of the engine. The agreement in transient results is not as
good as agreement in steady-state results, which can
mainly be attributed to the application of a simple engine
control unit model, however quality of the transient
results still presents a good basis for the presented
analysis.
For the purpose of the presented analysis it is also
important that the simulated emissions match reasonably well with the measured emissions. Figure 7 shows
a comparison between measured and simulated NOx
emissions for full load operation and selected part load
operation points [9]. It might be noted at this place that
a better agreement could be achieved by performing load
point dependent calibration of the model. However, to
ensure adequate comparisons during the transient operation the same calibration factors were used for the
whole engine operation map.
The validation of the models of catalytic converters is
presented in [9, 24], whereas details on applied exhaust
gas aftertreatment devices are given in [24].

4 RESULTS OF THE ECE DRIVING CYCLE
Results of the hybrid vehicle (denoted “hyb”) and of the
conventional vehicle operating with (denoted “conv
St/St”) and without (denoted “conv”) start-stop strategy
are presented and analyzed in this section.
The results are shown for the Engine Control Electronics (ECE) driving cycle. Due to the fact that for a
cold start run catalysts do not feature any significant
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conversion efficiency during the first ECE cycle for all
vehicles, since light off temperature is not yet reached,
all vehicles were run for four consecutive ECE cycles.
The results are shown only for the last ECE to preserve
readability of the figures. The hybrid vehicle was operated with the neutral State of Charge (SOC) of the batteries over the last, i.e. forth, ECE cycle, that is
analyzed in this section. Therefore fuel consumption
results adequately reflect energy consumption of the
vehicles.
Figure 9a indicates that all vehicles adequately follow
the ECE velocity trace. Within the context of the presented forward-facing vehicle model this confirms the
capability of the driver model and capability of the control unit models, which respond to the signals of the driver model, to adequately control the power flows of the
power units. From Figure 9c, it is discernable that in the
hybrid vehicle, the engine is turned on mainly only during vehicle acceleration and thus for a much shorter period compared to both conventional vehicles. Moreover,
in the hybrid vehicle, the engine is coupled to the wheels
over a planetary gear box, which enables operating the
engine at much lower engine speeds. However, this
results in larger values of the load signal (Fig. 9b) and
therefore in higher values of Brake Mean Effective
Pressure (BMEP) (Fig. 9d). Both obviously results in
higher values of the peak cylinder pressure (Fig. 9e) –
here, it might be noted that during engine off periods,
the peak firing pressure is not calculated and thus the
value from the last operating cycle is plotted. The operation of the engine in hybrid vehicle at lower speeds and
high loads results in high effective efficiency that is most
of the time above 35% (Fig. 9f). As a result, the hybrid
vehicle consumes less fuel than both conventional vehicles (Fig. 9g).
At this place, it is interesting to note that the effective
work (Fig. 9h) produced by the engine in the hybrid vehicle over the entire cycle exceeds effective works of the
engines in conventional vehicles. The values in Figure 9h
were obtained by integrating engine power over the
entire cycle whereby only non-negative values were considered. This is justified by the fact that in the conventional vehicles the engine also frequently absorbs
power during vehicle decelerations and it is thus not
adequate to consider such operation when evaluating
effective work produced by the engine. The effective
work of the engine in the hybrid vehicle is larger mainly
due to two facts. First, the hybrid vehicle features larger
mass and thus more work is needed for its propulsion.
Second, the transformation between mechanical and electrical energy, and transport and storage of electric energy
is associated with larger losses than transport of mechanical energy in conventional vehicles. If regenerative
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Figure 9
Comparison of engine and vehicle parameters for the ECE.

braking is not capable of compensating for all these
losses, which is the case in the analyzed example, engine
needs to produce more effective work to cover these losses
if the hybrid vehicle is operated with neutral SOC (more

details on the energy conversion phenomena in hybrid
electric vehicle can be found in [25, 26]).
Figure 9 indicates that conventional vehicles are characterized by low engine loads and thus low BMEPs during
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Comparison of: a) temperatures of the exhaust gasses in the exhaust manifold and b) temperatures of the liner at TDC.

steady-state cruising at relatively low vehicle speeds. This
results in frequent operation of the engines in low
effective efficiency regions (Fig. 9f) being the main reason
for their worse fuel economy. This is slightly improved if
the conventional vehicle is operated with start-stop strategy, which reduces fuel consumption during vehicle stops.

Operation of the engine at high loads is clearly
favored if the fuel economy is the main objective. However, high load engine operation, which is characteristic
for the engine in hybrid vehicle (Fig. 9b), results in very
low EGR rates (Fig. 10a,c), since sufficient amount of
oxygen should enter the cylinders to allow for complete
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Comparison of: a-c) NO and NO2 emissions and d-f) temperatures of substrates of catalytic converters at the inlet and the outlet;
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combustion and sufficiently low soot emissions.
Figure 10 a gives the mass fraction of the combustion
products in the intake manifold (Eq. 3), which accounts
for the contribution of the external EGR and minor
potential contribution of the backflow through the
intake valve. For the lean operating engines it is also necessary to consider the mass fraction of the burned fuel
(Fig. 10c) in the intake manifold (Eq. 3), since it
gives the information on the oxygen availability in the
recirculated exhaust gasses. Due to the operation of
the engine in the hybrid vehicle at high loads, i.e. high
cyclic fuel deliveries, and with low EGR rates, the temperature of the burned zone is significantly larger than

the one in the conventional vehicles leading to significantly higher engine out NO and NO2 emissions
(Fig. 10b,d).
Due to the operation at higher loads, the engine in the
hybrid vehicle also features higher exhaust gas temperatures (Fig. 11a), which will positively influence the conversion rates of the catalysts. From Figure 11b, it can
be seen that peak liner temperatures at the Top Dead
Center (TDC) are not significantly higher for the engine
in the hybrid vehicle due to longer engine off periods.
Figure 12 shows cumulative emission across the
exhaust aftertreatment devices and temperature of the
DOC and the SCR substrates. In Figures 12d-f, it can
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be seen that relatively large thermal inertia of the exhaust
line (Fig. 4) significantly damps temperature peaks from
the DOC to the SCR. This fact importantly influences
the conversion efficiency of the SCR. In the case of the
conventional vehicles, SCRs are not heated above the
light-off temperature during operation of the engine at
higher loads, i.e. vehicle accelerations (Fig. 12d,e).
As indicated in Figure 10b,d it can be seen that engine in
the hybrid vehicle produces much larger engine out NO
and NO2 emissions. Engine out emissions are very similar
to the DOC inlet emissions (Fig. 12a-c) and thus only DOC
inlet emissions are shown to preserve readability of the figures. The DOC is the first device in the aftertreatment line
and therefore it features sufficiently high temperature
(Fig. 12d-f) allowing significant oxidation of NO to NO2
for all vehicles, whereas conversion of NO to NO2 is more
pronounced for the hybrid case due to higher exhaust gas
temperatures. The DOC out emissions are very similar to
SCR inlet emissions and thus these results are again not
shown to preserve readability of the figures.
Due to a sufficiently high SCR temperature, high NO2
and sufficient NH3 concentrations it can be observed
that NO is very efficiently removed in the SCR of the
hybrid vehicle. In the SCR, NO2 is mainly removed in
the reactions with NO and NH3. Due to its high inlet
concentration in the hybrid case, NO2 is removed less
efficiently in the SCR than the NO due to slower rate
of the reaction between NO2 and NH3. Unlike, it can
be observed that for both conventional vehicles, the temperature of the SCR is too low to enable notable NOx
reduction. Instead only partial oxidation of NO to
NO2 is observed. Comparing Figures 12a,b, it can also
be observed that NOx emissions are slightly higher if
start-stop strategy is applied. This is mainly due to larger
NOx emission during engine starts.
This relatively simple example of analyzing fuel consumption and NOx emissions over the ECE driving cycle
already exposes the need for a very complex system simulation tool to perform optimization/parametric studies
that are needed in the development process of the
vehicle. In addition, a mechanistic basis enables modeling of the complete cause and effect chain from the
in-cylinder processes to the thermal response of the catalysts and their conversion rates within a coupled multidomain model. Moreover, mechanistic basis also enables
significant benefits over data driven models when performing parametric studies and studies related to the sizing the components. One of such measures that might
improve NOx emissions of the analyzed hybrid vehicle
in this specific operating regime would include reducing
the size and thus also the NO to NO2 conversion efficiency of the DOC. However in a development process
of the new vehicle much more complex multi-objective
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optimization processes are performed, which might be
effectively supported by the mechanistically based system level simulation tools.
CONCLUSION
A comprehensive mechanistic system level simulation
model of a hybrid vehicle was presented in the paper.
The model comprises all relevant domains, which are
necessary to adequately model performance and emissions of the vehicle. It was shown in the paper that mechanistic modeling approach provides a good basis for
development and optimization of hybrid and conventional power trains. This is justified by their high level
of predictability and their adequacy in modeling the
interaction of different domains during transient operating regime of the components. Moreover, mechanistic
models are unlike map based models also able to cover
highly transient operating regimes that significantly
deviate from the steady-state regimes.
An adequate coupling of the domains is crucial for
achieving a good ratio between accuracy, predictability
and computational speed. An innovative domain decoupling approach, which is based on the characteristic time
scales of different domains, is presented in the paper.
This approach allows for significant improvements in
the trade-off between the computational speed and accuracy as well as predictability of the model compared to
the system level models where the shortest time scale dictates the integration step of the overall system. The overall real-time factor measured for an offline ECE
simulation on a standard PC is in the range of 1.6 for
the conventional and 1.7 for the hybrid power train,
whereas real-time factors decrease below 0.9 if chemical
reactions in the catalysts are not considered.
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