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Abstract. The Modeling and simulation play an important role in automotive engineering ap-
plications. Several well-known system based simulators (based on causal modeling) such as Mat-
lab/Simulink and standard Scilab/Scicos allow Engineers to investigate and design control strategies
for complex systems. There are also component based simulators (based on acausal modeling) such
as AMESim give good insight for the design with the physical components. In this paper, we evaluate
at IFP the potential of Modelica as an object-oriented programming language in modeling the vehicle
engine. The model of the engine components is validated using real data logged from a spark-ignited
two cylinders engine as well as models developed with other simulators. After modeling the engine, the
Modelica model will be simulated in Dymola (V6.1) and Scicos simulators to perform a comparison
between these two Modelica simulators.
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1 Introduction
Nowadays, it is out of question to design and implement an industrial system without performing a thorough
analysis before building the real system. The analysis mainly consists of modeling and simulation of the system
in normal and very often in severe critical conditions to predict the behavior or the performance of the system.
Hence, a good modeling methodology as well as a suitable simulation environment is indispensable. There are
two main approaches for modeling a physical system: system based modeling and component based modeling.
In the first approach, the physical equations of the system are manually rewritten in explicit form, i.e., in ODE
(Ordinary Differential Equations) form. Then, the overall model is built by connecting basic causal modules, i.e.,
blocks with explicit input and outputs. �������� is an example of a tool based on this modeling approach. This
modeling approach becomes inappropriate as the system size and its complexity grow. Furthermore, a physical
system is very often naturally expressed in form of DAE (Differential-algebraic Equation) depicting a collection
of relationship between variables and some of their derivative. These models cannot be expressed in explicit form,
and even if possible, it can destroy sparsity and prevent the exploration of system structure. Physical equations are
expressed with variables that usually have a physical significance. If the equations are changed into explicit form,
less meaningful variables may produce. Furthermore, replacing a component or even changing a parameter value in
a component can alter the relationship between variables and require different explicit models. Unlike the system
based modeling, component based approach does not suffer from these shortcomings and offer several advantages.
In the latter approach, the original model is built with components and physical equations are directly written in the
model, so it is easier for the scientist or engineer to explore the model and see the effect of modeling changes and
parameter variations. These advantages enable researchers to focus their attention on physical problems of interest.
Also, there are numerical benefits for working directly with physical equations. Since equations can be expressed
directly as DAE’s, no more user manipulation is required and the equations can be solved by DAE solvers. There
are several modeling languages based on this approach such as EL1, EMSO2, and Modelica3 [5] languages. These
languages provide the framework for developing model of physical components and then interconnect them to
build a model with higher complexity.

Modelica is a relatively new object oriented language designed for modeling hybrid physical system with compo-
nent based approach. In order to model a complex system in Modelica, first the model of the composing compo-
nents are developed and then the components can be connected to construct the whole model. At IFP, engineers
have been starting to evaluate the Modelica language in modeling and simulation of complex engine systems.
In this paper the construction of a powertrain Modelica library for MVEM application containing all the basic
components of internal combustion engine, i.e., intake and exhaust manifolds, restriction pipes, valves, turbine,
compressor, exchanger, cylinder, crank shaft, and various control volumes. Each component is singly tested and

1www.ecosimpro.com
2www.vrtech.com.br/rps/emso.html
3www.modelica.org
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validated with a reference component model in the AMESim simulator which has been already validated. After
building the engine components in Modelica, the turbo charged engine is constructed using the components in the
library, and all the parameters are set to match with the real engine data. The whole model is then validated by
comparing the simulation results with the engine test-bench measurements. The purpose of this work is not to
achieve the best possible model of any specific engine, but to bring forward the concept of making a Modelica
library which will enable the design of complex systems much faster.

An important characteristic of Modelica is the fact that the developed model can be simulated independent of the
simulator. This allows the user to test and simulate the Modelica model with any Modelica simulator without
being dependent on a particular simulator. IFP4 has been involved in a few national and European projects with the
objective of extending the usage of the Modelica language in modeling and simulation. One of these projects is the
�����5 project launched by ANR6/RNTL to develop a free and open-source Modelica compiler for Scicos7 and
AMESim8 simulators. The outcome of this project is a Modelica compiler9. At present, this compiler which is used
by Scicos and AMESim supports most important features of the Modelica language. Several industrial applications
have been developed with Scicos/Modelica at IFP [10, 8, 9], EDF10 [11] and PSA11. Another important ITEA2
project is ���	
�
�� that has the objective of developing Modelica libraries. In this work, in order to simulate
the Modelica models, we use these two Modelica simulators i.e., Scicos [2] and Dymola12 and the advantages and
flaws of each one will be numbered.

In this sequel, we first use the Modelica language to model a spark-ignited engine with a medium complexity.
Then, after giving a brief description of the components of the engine, the overall engine model will be given. This
model is then simulated with two Modelica simulators.

2 Modeling the engine library
In order to model the engine, the connector definitions together with the underlying models and functions for
thermodynamic property calculations had to be developed from scratch. Once the fundamental base models are
developed, a wide variety of systems could be built by reusing the base ones. The Modelica library of engine
currently contains various engine components including control volumes, restriction pipes, pipe split, pipe con-
verge, intake manifold, exhaust manifold, throttle, inter cooler, turbine, compressor, combined turbo charger, turbo
charger with waste-gate, cylinder, crankshaft. Interested readers are refereed to [8, 15, 14, 6, 1, 3].

In order to model the gas and fuel thermodynamic behaviors we need their specific heat coefficients. For single
species gas, NASA polynomials are used to reconstruct specific heats and enthalpy of a [4]. For fuels, Heywood
polynomials are used to describe specific heats [6]. In engine applications (temperature less than 3000K), the
NASA and Heywood method give good results.

The first step in building up the thermodynamic models for the powertrain library was to decide on the connector
definition.For thermodynamic systems, the state of the working fluid is represented by pressure and temperature.
In addition, the composition of the working fluid is represented by a vector containing the mass fractions of each
gas species. In addition, each connection represents a path for energy and mass (of each gas species and the total
value as well) to move through the system. Considering all these characteristics, the following codes give the
definition of the thermodynamic connector of the system in Modelica.

��������� ����	�
���
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Taking into account one of the requirements of Modelica programming that the number of equations and the
number of variables must balance. When two components are connected, the variables defined in the connector can
not be calculated twice in each component. Thus all the thermodynamic components in this library can be classified
into two main categories, capacity type and restriction type, in which capacity variables (pressure, temperature and
mass fractions) and restriction variable (mass and heat flow) are calculated respectively.

4www.ifp.fr
5Simulation pour le Procédé et l’Automatique
6French National Research Agency
7Scicos is a free and open-source modeling and simulation software available at www.scicos.org
8www.lmsintl.com
9The compiler was developed at ��� �����	
����

10Electricité de France
11Peugeot Citroën
12www.dynasim.com
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2.1 Capacity base model

The capacity base model which represents a control volume is idealized to model mixing of in-flowing gases as
constant giving uniform pressure and temperature throughout the volume which functions like a buffer of mass
and energy. Any component containing a volume (intake and exhaust manifold, converge and split pipes and
exchanger) is extended from this base model. The model is implemented with mass and energy dynamics. The
states are total stored energy U and the vector of stored mass M. Pressure, temperature and mass fractions of each
gas species are calculated by the following equations:

Ṁ = ṁ1 + ṁ2
U̇ = ḣ1 + ḣ2
U = M Cν T
ρV = M R T

(1)

2.2 Restriction base model and pipe

The restriction base model represents a choked tube. The density difference at both ends of the restriction is ignored
since the pressure difference is small enough to consider the working fluid is incompressible. A simple restriction
pipe and a valve model are extended from this restriction base. In order to have a more elaborated model to make
it closer to the real situation, a more detailed restriction pipe is modeled. In this model the Reynolds number is
computed, friction factor in a thermal-multigas pipe as well as enthalpy and mass flow are considered.

2.3 Exchanger

The cooler extracts heat from the gas by setting it in thermal contact with a cooling medium. The exchanger model
is extended from the volume base, and all the equations in the volume base are inherited, and thus represents a
control volume of capacity type with heat transfer effect. The following equation represents the heat transfer rate
based on the temperature difference between the component and the cooling medium.

U̇ = G Aeq (Tcoolant −Tgas)

Aeq is the equivalent area of the cooling medium. The heat transfer coefficient G is a measure of effectiveness of
the thermal contact. The coefficient can be either parametrized or be determined by the flow through the cooler
and the speed of the cooling medium via a two-dimensional map.

2.4 Turbine and compressor

The compressor is a restriction type in which the upstream and downstream temperatures, pressures and the turbo
torque are considered as known. Mass flow and heat flow of the multigas mixture are then computed. In the model,
due to high complexity of the system two-dimensional tables are used. In this 2-D tables the the compressor
efficiency and mass flow-rate are computed as a function of turbine speed and upstream/downstream pressure
ratio.

The turbine model is also considered as a restriction type in which the mass and heat flow are computed. Similar
to the compressor, the efficiency and the mass flow rate is computed with 2-D tables. Neither the turbine nor the
compressor includes any inertia, so they should be connected to some rotational mechanical component like a stiff
inertial axle.

2.5 Combustion chamber

The cylinders are modeled as a MVEM (mean value engine model) which is a volume-less, steady flow pump
heating the gas and extracting energy. This is far from real situation in the combustion chamber where the mass
flow is highly turbulent as an effect of the intake and exhaust ports opening and closing. The fuel injection of this
model does not take into account of the cycle effect and valve timing evolution as in real engine where the fuel
is only injected once every cycle. The delay between input and torque output is not modeled either. Despite the
above assumptions, the simulation result is satisfying for the MVEM application.

A more elaborated combustion model incorporating 2-zone wiebe combustion model is being developed at IFP.
This model which includes valve timings, gas turbulence, mass and heat transfer and simple chemistry are used to
achieve more precise simulation result as well as to study the emission control of the engine.

2.6 Other components

Additional components are constructed by extending the base models or connecting certain models presented
above, which is the easiest way to create new components, including intake and exhaust manifold, branching
pipes, turbo charger and turbo charger with waste gate.
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3 Mean-value engine model

Figure 1: Engine model in Dymola

a b

a
b

In
O

ut
w Fl

an
ge

C

1
2

3

a
b

1
23

a
Fuel

w Flange

In
O

ut
w

Fl
an

ge

T

a
b

MScope

C PI

C

C

C

PI

C

Figure 2: Engine model in Scicos

Each of the components in the library has been tested and compared with the equivalent component model in the
AMESim simulator. Now it is the time to build the whole engine model. The test-bench engine is a direct injection
gasoline engine and its model is composed of intake manifold, cylinder, exhaust manifold and pipes, waste-gate,
turbine, compressor, exchanger and intake throttle. The complete engine model is thus built by connecting the
components. Since in this work we intend to simulate the engine model with several Modelica simulators, the
whole model is implemented in Scicos and in Dymola. The sketch of the model made in Dymola is given in Figure
1 and the same model in Scicos is given in Figure 2. All the components’ parameters are set according to the real
technical data of the engine, and the maps used in the model are calculated from the test-bench data. Fuel flow
rate, intake throttle, turbo waste-gate coolant temperature are control inputs of the model.

As shown in Figures 1 and 2, a PI controller are used to tune the lambda value of the combustion chamber by
adjusting the fuel injection rate around unity in all conditions. In addition, two other PI controllers is used to adjust
the intake throttle and the waste-gate openings in order to obtain a desired intake pressure. In this model only
the PI controller for the throttle is shown and the waste-gate is left fully closed. The real pressure in the intake
manifold is feedback to the controllers to tune the throttle and waste-gate openings.

In order to validate the model the lambda value governed by PI controller set to unity and the engine speed set to
3000 rpm which is in the normal engine operating range. The test strategy is to open the intake throttle gradually
while the waste-gate is fully open, and then close the waste-gate step by step when the intake throttle is fully open,
as shown in Figure 3. Several model variables such as intake and exhaust temperatures and pressures, engine
torque and turbine speed will be evaluated and compared with the experimental data from the test-bench.
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Figure 3: Throttle and waste-gate opening values used in the test

The output engine torque versus the intake manifold pressure at several operating points is plotted in Figure 4. This
figure represents the engine torque resulting from the engine model as well as the real engine torque measured on
the test-bench at several intake manifold pressures.

Figure 4: Comparing model and test-bench data for engine torque vs manifold pressure

There is a difference between the simulation result and the test data at higher intake pressures. The difference is
in fact due to several simplifications made in the model. The most important simplification is to represent the two
cylinders of the real engine by a MVEM cylinder, so only mean value is compared with the simulation results.
Furthermore some frictions are ignored. For our purposes the model is however good enough.

In Figure 5, the transient response of some interesting variables of the model in Dymola are shown. The top
subplot shows the output engine torque, the middle subplot shows the intake and outlet temperatures, and the
bottom subplot shows lambda value of the test at 5000 rpm and intake pressure set point 1.2 bar.

Figure 5: Simulation curves in Dymola

4 Comparison
With the clear equation based design on the component level, Modelica gives certain advantages over the Mat-
lab/Simulink and standard AMESim simulators in terms of software cost, model complexity, and CPU running
time. Several works have been done in IFP to perform a comparison between the causal modeling environment of
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Figure 6: Screen shot of the initialization GUI in Scicos

Simulink13 and Modelica, see for example [8, 9]. In this work we have concentrated on comparing two Modelica
simulation environments, i.e., Dymola and Scicos.

The developed engine model in Modelica contains more than 800 variables. The Dymola and Scicos compilers
perform symbolic manipulation to reduce the size of the model’s equation. The size of the engine model after the
symbolic simplifications is reduce to about 50 equations. Although the simulation results in two simulators for the
engine model are identical, each one has some advantages and some flaws in handling a Modelica model that are
listed below.

• In many applications the user needs a scientific computation environment like Matlab. Dymola provides an
interface with Matlab and Simulink. Scicos, being inherently developed in a Matlab-like environment, i.e.,
the Scilab environment, does not need such an interface and a direct communication with Scilab is possible.
This allows Scicos to develop mixed models, i.e., develop models with causal blocks and Modelica blocks
in the same environment [13] and can take the advantages of being in Scilab environment.

• Scicos does not support some features of the Modelica language. Most important unsupported features are
index reduction and the algorithm section. Fortunately most thermo hydraulic systems (including the engine
model) are index-one differential equations. Thus they can be simulated in both simulators. In the engine
model, we used algorithm to develop maps and interpolation methods in Dymola. Since in Scicos this is not
still supported we had to use some external C functions and use a DLL to import map data.

• Initialization of Modelica Models in Dymola or in general in Modelica is not easy and initialization method
is not very clear. In Scicos a specialized graphical user interface is used to help the user to select the variables
to be initialized and then the simulation can, for example, be started directly from the steady state. Finding
the initial conditions for a simulation is not in general an easy task for complex models, that is why Scicos
has incorporated several pure algebraic solvers for finding the consistent initial condition. In Figure 6, the
graphical user interface of Scicos for the engine model has been shown. In Figure 7(a), the simulation result
of a model starting from given initial values are shown and in Figure 7(b), the simulation result of a model
starting directly from steady state is shown. In these Figures the top subplot is the intake manifold pressure
and the other is the turbine speed [12, 7].

• Scicos can generate the analytical Jacobian which facilitates the task of the numerical solver and the numer-
ical solver is more likely to integrate the model. This feature permitted Scicos to simulate the engine models
faster than Dymola. This option should be turned off when the size of model is large.

• Dymola provides the simulation results for all of the variables in the model. Scicos, on the other hand, gen-
erates the outputs only for the variables selected by the user, i.e., variables interfaced to the Scicos standard

13Simulink has recently introduced a component based modeling in its environment
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Figure 7: Simulation result for different initial values in Scicos

environment. That means Scicos does not generate output results for all variables of the model. Although
inconvenient, this features of Scicos permits to obtain a more compact C code, thus a faster simulation.

5 Future works
As aforesaid, a good point in Modelica is the fact that it is independent of the simulation software. Thus develop-
ment of a model in Modelica does not induce a dependence on a particular simulation software. There are several
Modelica compilers/simulators on the market. Some are commercial such as Dymola and LMS Imagine.Lab
(AMESim) simulators, and some are free and open-source such as Scicos and OpenModelica14. In the next stage
of this work, we intend to test present model as well as future models with other simulators, in particular, AMESIM
and OpenModelica. The objective is in fact to understand the strong and weak points of each simulator.

6 Conclusion
With a full equation based design on the component level, the powertrain library is successfully constructed in
the Modelica language and the engine model is made by applying the components in the library. Since Modelica
models are independent of the simulator, in order to make a comparison we simulated our model with Dymola and
Scicos and we made a brief comparison between these Modelica simulators. The developed engine model, being
relatively simple, was not a good benchmark for testing the simulation time the compiler performances. In the
future works, we will develop more elaborated models to do a thorough comparison between the compiler and the
core simulators of these two Modelica simulators.
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