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Abstract: Modelling has been traditionally regarded as a manual task. As such it has many drawbacks. Automated modelling is a research field developed to improve the model building process and to reduce human involvement. In this paper an automated modelling systems approach is given. Modelling of a system is based on system decomposition.  Bond graphs and block diagrams were chosen as the model representation language. The basic item of a model is a component represented as an entity that contains all the information on its structure, properties and behaviour. Editing of the model is done in a user friendly visual environment. The models are held in a database which supports common model management operations. The study of the system behaviour can be conducted by simulation. The approach has been applied to the modelling and simulation of internal combustion engines.

1. Introduction


Modelling is usually done manually and in an ad hoc fashion. It is a labour intensive and time consuming task and  the model is difficult to validate and reuse. Automated modelling tools can reduce human involvement in the modelling process, ensure automatic adhearance to modelling principles and ensure that the models developed are more likely to be conceptually correct. Bond graphs, systems decomposition and composition, simulation and qualitative reasoning are recognised as important techniques in automated modelling (Xia and Smith 1995(.


Bond graphs have been developed as unified approach to modelling of dynamic systems in engineering (Karnopp et al 1990(. They offer a uniform description of engineering systems and are gaining importance as a model representation language. 


There are many simulation software packages using bond graphs. Of these CAMAS (Broenink et al 1996( is more relevant to the approach given in this paper. It supports bond graphs and block diagram representation in multidimensional form and hierarchical modelling. CAMAS involves of different modules as separate programs. It normally runs on workstations, but there is also a restricted version for PCs (no multidimensional elements and no implicit integration methods). 

The BondSim system described in this paper is designed as compact modelling framework based on an object oriented approach in a visual environment (Damic et al 1996(. At the core of modelling philosophy is the concept of system decomposition and composition.  The model of a component, treated as an entity which contains all the information on its structure, properties and behaviour, plays a central role in it. Model representation is based on bond graph methodology and in addition block diagram-like description is also supported. The modelling system is designed in a visual environment, which supports graphical editing and the automatic generation of a model database. The system supports and automates various operations on models which help in the creation of models of engineering systems. The system supports simulation of model behaviour based on mathematical models in the form of differential algebraic equations. The approach has been applied to the study of torsional vibration of internal combustion engines. 

2. Model building methodology


The general approach to modelling is based on system decomposition. In the context of a given problem the world can be decomposed into the system and its environment. The system can be further decomposed to subsystems or components. Such components can correspond to actual engineering components or can be treated as conceptual elementary components describing basic physical processes in the system. The model of a system can be very crude, describing only the basic functionality. On other hand a more detailed model can contain several levels of model decomposition. Developing such models by hand is very difficult and so computer support is essential. The approach chosen to address this problem is based on the representation of models of components as objects in computer memory. The models are visually represented by bond graphs.


The components are represented using two objects. The first object defines only rudimentary information of the components such as name and ports that are used for interconnection with other components. This object is a particular instance of suitable defined component class. The component ports are also separate objects of the port class. Generally component interactions can be of two kinds - power transfer and information exchange. In order to model such interactions two more specialised classes are defined which are derived from general port class: power and control port classes. The former is visually represented by the usual half-arrow symbol and latter by full arrows. In Figure 1 on the left is visually represented the component Crank assembly having two power ports- and three control ports. The representation  corresponds to the common word bond graph. In the present approach it is only a visual representation of the interface object to the other object that contains component model description. 

The model of a component is a compound object defined in the corresponding model document (see Figure 1 on the right). The model of a component consists of document ports and other component objects. The document ports are used for internal connection to sub-components represented as described above. Connection is made by the bond lines that represent bond line objects. The bond lines define which component ports are inter-connected. The same document port can be used for connection of more than one internal component port. Thus the single port corresponds to the tree of internal component ports. 

To develop the model of a component, the component representation is defined first using visual editing techniques. The name of the component is entered first at the chosen position in the document window. The corresponding object is created by the modelling frame-work. During the process an internal unique ID number is created as well as other data such as the position on the screen, the font used, the file name which is used for saving the component model data, etc. After the component name is defined, suitable ports are inserted on the component boundary from the palette of component ports. The corresponding port objects are created automatically and inserted in the component object. The object created is used for creation of the corresponding model document object. The process is under the control of the modelling framework and is started using simple visual commands (i.e. by menu or mouse clicking). The model document object is shown in a separate window which has as title the component name and has document ports created which correspond to the component’s ports (see Figure 1). When the model document is closed it is saved in the corresponding file.


The component modelling approach described above enables creation of the model of an engineering system as an hierarchy of interacting component objects. At the end of such an hierarchy are elementary components which model the underlying physical processes. The models of such processes are based on corresponding bond graph elements (see Karnopp et al. 1990, Damic et al. 1995). The set of elementary components is enlarged to include signal processing in the form of block diagram like-objects and discontinuous process models as well. There are no separate controlled (modified) components. Simply by adding an input control port the component becomes controlled. Similarly, the control output port can be added to get access to some of internal component data.
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The elementary components are based on corresponding classes derived from the component class. The corresponding objects are represented as any other components, but use predefined component symbols (that can be readily changed). There is no separate model document. The model of the process “seen” at the port is stored in the port directly. To define the model equations the dialogue window technique is used. Thus elementary component ports represent the ultimate physical modelling interfaces to all connecting component ports lying at lower levels in the hierarchy. 


Every power port contains a pair of power variables and control the port contains suitable control variables. In addition the power ports of inertia and capacitor components, as well as the control input ports of integrator components, have also corresponding internal state variables. These variables and suitable parameters are used in constitutive relations describing elementary component's functionality. The constitutive relations are described symbolically as 

variable = algebraic_expression                                                                                  (1)

using simple FORTRAN (or C) like language. The language supports common elementary functions such as sin, cos, asin, acos, ln, etc., as well as table defined functions. The relationships are also stored in the ports. 


The modelling system creates and maintains the model library. At the start of a new modelling problem it is registered in the library first. This is done automatically by the modelling system framework after a unique problem name is supplied on request from the system. This name is used afterwards for reference to the modelling problem. The also system creates  some other data such as the unique ID number, the file name of root model document and stores it in the problem library. After the problem is registered a new root model document object is created. 

3. System model analysis


The BondSim system is designed around the component model described previously. Much attention has been given to relieving the designer of many tasks. Thus creation of modelling objects and its storing is done automatically. Graphical editing is supported by suitable bond graphical building element pallets and drag and drop techniques. The system supports Windows style copy, cut, insert and delete operations. Thus any component from the library can be reused. This way of editing of the model of a system is relatively easy and user friendly. The system also supports printing and print previewing of system and component models as an aid in modelling or model documenting. 


After the system model database is created as described above the model is post-processed. The connections throughout the model are checked first. Some rules for proper connections are already built into the  modelling procedures. Others, such as unconnected ports, or checking the connection across model levels can be detected in this phase. After successfully completing this phase there is a  good chance that model created is the correct one. It is possible to apply other checks as well. Many authors advise some form of causality analysis for determination of model correctness (Xia and Smith 1995(. After the models are checked the model equations are automatically created which can be used for further processing including the simulation.


An important question is what form of model is to be used for simulation. There are various approaches to that problem (Gawathorp and Smith 1996( The approach taken here is based on model equations in the form of semi-explicit differential-algebraic equations (DAE). This form of models is quite general and is suitable for modelling of engineering systems. Unfortunately there is not yet general methods for solving such systems. The behaviour of DAE systems crucially depends on the index defined as number of differentiation and transformations necessary to transform the equations to the ordinary differential equation form (Brenan et al 1989(. To solve such systems special routines were developed in such a way as to be relatively robust for semi-explicit DAEs of index up to 2 and inaccurate initial conditions. In that range falls many engineering systems models of interest. Experience gained so far is encouraging. Results of the simulation are generated on line as appropriate plots.

4. Case study


In order to illustrate usefulness of the modelling approach to the real engineering problems the simulation of the torsional vibration of a four stroke-engine has been attempted. The model was developed using data reported by (Hesterman  and Stone 1994(. Also the behaviour of an experimental machine has been used for comparison. The model of the system developed is shown in Figure 2. 


The system consists of the crank assembly connected to the flywheel assembly and the output shaft. The flywheel assembly consists simply of a flywheel connected to the engine by a shaft modelled as a torsional spring (capacitance). The output shaft is modelled in the same ways but is unloaded (loaded with zero torque). The model of the crank assembly was already shown in Figure 1 and is based on a multibody model of the reciprocating mechanisms given in (Damic and Kesic 1997(. The model generates information on the piston position (the upper port) and on the engine angular velocity ( and angular position ( (the bottom ports). The model is simply reused with some minor changes in the model of crank assembly. The reduction gear and camshaft are modelled as inertia I. The pair of I and C components models crank shaft stiffness and bearing  inertia. The resistor R models friction in the system. 
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Figure 2 Model of engine for torsional vibrations analysis


The problem to be  analysed by simulation is the behaviour of the system to firing pulses in the range of frequencies up to 1000 Hz. To simulate the effects of pressure pulses the system is driven with torque of the form 

T = T0 +T1sin(n()                                                                                                     (2)

The constant term is used to generate engine rotation at approximately 183 rad/s  which  corresponds closely to rotation of the experimental engine. The variable terms simulate various firing frequencies. The value n is changed from 1 to 30 and amplitude is arbitrary selected at about 0.20 of the steady state value. 


The simulation generally agrees with the conclusions reported, based on the variable inertia approach (Hesterman  and Stone 1994(. The system responds to firing pulses in the range of frequencies between 650 and 800 Hz with peaks between 704 Hz (n = 25) and 730 Hz (n = 26). That is very close to estimated natural frequency of 711 Hz. Typical response corresponding to  n = 25 and output interval of 0.00025 s is given in Figure 3 . 

5. Conclusion

Automatic modelling is a promising tool for design. System decomposition and composition, bond graphs, object oriented technology, symbolic processing form a promising base for the development of models that behave quite close to real systems. It can be of great help to engineers engaged in the design of such systems. 
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The problem of torsional vibration of internal combustion analysis is conducted based on non-linear multibody model of the engine. Simulation results shows close correspondence to  the behaviour of real machine. 
Figure 3 Output : Engine speed vs angle of rotation near resonance
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