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ABSTRACT TOOLSYS is a joint effort of automotive industry and simulation software suppliers to investigate the capabilities of VHDL-AMS (IEEE 1076.1) as a unified format of multidomain system models. The main goal of TOOLSYS is to facilitate reuse and exchange of models, for example, between a car manufacturer and a component supplier, thus improving the efficiency of product development. An environment for model exchange and simulation, based on three domain specific tools, is proposed and the concepts are evaluated based on several applications. One of the applications consists of a car with an ABS braking system. Preliminary results based on the applications show that VHDL-AMS is useful as a unified model representation but more effort must be spent on modelling methodology and the numerical solvers. Introduction – The TOOLSYS Project TOOLSYS, means Open Toolset for Mixed Simulation of Multidomain Systems, is a Brite-Euram Project that was started in 1997. The project consortium consists of partners from automotive industry (Bosch, PSA, Volvo), suppliers of simulation software (ANACAD, IMAGINE), and research institutes (CNRS-LAAS, CEIT). The goal of the project is to improve product development efficiency by providing better tools for simulation of mixed domain systems. In automotive industry, new vehicle platforms are developed in co-operation between the car manufacturer and component or subsystem suppliers. The traditional way of doing joint development is heavily based on testing of several generations of prototype vehicles. System simulations may be used to improve development efficiency. However, it is also expensive and time consuming to develop good models. In many cases, partners in a joint development project have models available for the different components, but these cannot easily be combined into a systems simulation since they are, in general, developed in different tools and coded in tool specific, proprietary languages. VHDL-AMS VHDL-AMS is the popular name of a new standard, called IEEE 1076.1, for representation of discrete and continuous
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time dynamical systems. The new standard is an extension of the IEEE 1076-1993 (VHDL) standard, which is a hardware description language for digital circuit design and simulation. VHDL-AMS has powerful model structuring facilities. For example, it supports hierarchical modelling with non-causal definition of component interfaces. This means that is supports Differential and Algebraic (DAE) systems as the basic formalism for representing continuous dynamics. Model components can be defined without explicitly defining which ports are inputs and which are outputs. VHDL-AMS supports the definition of, natures, which is a way to define energy conservative component interaction in different engineering domains. VHDL-AMS also has powerful concepts for representing hybrid (mixed signal) models with discrete events, sampled systems, and continuous time components. (Moser and Mittwollen 1998). The TOOLSYS Methodology The TOOLSYS approach to mixed domain systems simulation is to use VHDL-AMS as a standardised communication language used for importing and exporting models between different commercial, domain specialised simulation tools (Moser 1996). The tools used in this study are AMESim1 for fluid power models (Imagine 1999), COMPAMM for multibody mechanical subsystems (Jimenez et al. 1990), and ADVance-MS2 for electrical subsystems (Mentor 1999). AMESim and COMPAMM have their own proprietary languages and represenations of models, while ADVance-MS uses VHDL-AMS as its native modelling language. The main project steps in TOOLSYS has been: 1.



to select a subset of VHDL-AMS suitable for expressing desired model properties,



2.



to develop the involved tools to import and export model components based on the chosen VHDL-AMS subset, and finally to implement a set of demonstrator applications to show that the concept works.



3.



One of the demonstrator applications chosen for the TOOLSYS project is a simulation of a car with an ABS 1 2



AMESim is a trademark of IMAGINE S.A. ADVance-MS is a trademark of Mentor Graphics



COMPAMM Vehicle model



AMESim Braking system



TLTOC Interface



ADVance-MS ABS Controller



TLTOC Translator



VHDL-AMS Figure 1 Architecture of the integrated environment. braking system. The application was chosen because of its industrial relevance and because it is complex enough to test the limits of the approach. The ABS system will be discussed in some detail below. Figure 1 illustrates the architecture of the integrated environment and the ABS demonstrator. Each of the three tools represent a component of the complete model: COMPAMM is representing the multibody vehicle model, AMESim is representing the brake system hydraulics, and ADVance-MS models the ABS controller directly in VHDL-AMS. TLTOC is a translator for a subset of VHDLAMS into C which can be compiled and linked into a COMPAMM or an AMESim model. The diagram also shows the export interfaces of COMPAMM and AMESim. Fully implemented, the architecture makes it possible to simulate the complete demonstrator system in any of the three tools. However, at time of writing, the experiments are being made using either AMESim or ADVance-MS as the simulation engine. ABS Simulation Overview The ABS controlled braking system model developed for the TOOLSYS project is based on the so called ESP system (Electronic Stability Program). It is the latest generation of controlled braking systems developed by BOSCH (van Zanten et al. 1998). The Anti-lock Braking System (ABS) is a technical support for the driver security. It allows to control the vehicle brake behaviour in case of an extreme brake reaction, and as a consequence to maintain the vehicle under control. When the driver reaction on the brake pedal is too strong, for example in case of panic, the braking force is so strong that wheel lock up occurs and the tyres lose adhesion on the road. The braking efficiency decreases dramatically and the vehicle starts slipping. The role of the ABS is to release the brakes a few milliseconds on locked wheels, and to reapply them when the wheels spin up again. Modern anti-lock brake systems are able to release the brakes before the wheel goes to lock up, and modulating the level of pressure to just hold the wheel near peak slip conditions. Since 1978, the date of the



first ABS mass productions, several models of brake systems have been developed including other functions such as ESP (Electronic Stability Program). The ABS system controls each wheel brake cylinder separately and thus can adjust the vehicle dynamic very precisely within an emergency braking phase. The ABS/ESP can be divided into two parts: the controller part and the hydraulic part. The controller part acts on the hydraulic unit in order to provide the appropriate braking reaction. In order to provide the appropriate hydraulic response it receives and processes vital information from the wheel, from the master brake cylinder, from the engine and from the vehicle itself. Due to the complexity of the system, two simulation tools were chosen to model it: COMPAMM for the vehicle model and AMESim for the other components. In the first part we will describe the modelling realised in AMESim, we will then describe the vehicle model realised in COMPAMM and finally we will discuss the results obtained for the global system. ABS Controller and Hydraulics Model AMESim is an hydraulic simulation tool and it features a graphical interface in which the system is displayed throughout the simulation process. It uses symbols to represent individual components within the system. This gives an easily recognisable pictorial representation of the system. A component symbol refers to a procedure coded in C or FORTRAN that represents the behaviour of the component. Normally behaviour is represented by ordinary differential equations but it is also possible to use algebraic equations and solve for implicit variables. During the TOOLSYS project the TLTOC and AMEcapture facilities were developed. These facilities allow AMESim to support a subset (defined within the TOOLSYS project) of the IEEE1076.1 Standard. Thus we were able to use VHDL-AMS models coming from different simulation domains and import them into AMESim. Four subsystems are modelled in AMESim: the engine, the wheel brake cylinder, the master cylinder with booster and the ABS system. The wheel brake cylinders were also modelled in a simple way: no thermodynamic or thermal consideration were taken into account. They are modelled as two pistons with very short displacement range. When the pressure of the brake fluid increases, the force created on the piston is transformed into a negative torque which is transmitted to the wheels. The master cylinder model with booster is delivered by PSA and can be divided into two parts: the vacuum brake booster and the master cylinder. The vacuum brake booster amplifies the foot pressure applied when actuating the brakes, and so reduces the manual effort required to operate them. The vacuum brake booster uses the negative pressure generated by a vacuum pump to amplify the force produced at the pedal. The master cylinder with booster has one



input: the force of the driver’s foot on the pedal, and one output: the hydraulic pressure in the master cylinder. The ABS control unit model presented gives a precise approximation of what the serial code ABS function is doing and is a good starting point to build a ABS system simulation model within AMESim. The controller inputs are the pressure from the master brake cylinder and the four wheel speeds. Based on this information, the controller delivers the appropriate current to the valve actuators. The Hydraulic part of our simulation consists of valves, lines, and pressure source which reproduce the behaviour of the hydraulic unit in a real condition: the inertia of the hydraulic networks, the cavitation phenomena and the solenoid behaviour are reproduced. The system has more than 100 states (generalised valve position and fluid pressure). The model was simply developed by using the standard AMESim components and the VHDL-AMS models of the Robert BOSCH standard library. Between the hydraulic model the and ABS controller model it was necessary to insert an interface to transform the control signals into electrical signals. This was also done by importing VHDL-AMS models which insure the conversion of the appropriate signals. The Vehicle Dynamics Model The dynamics of the vehicle and chassis affects the behaviour of the ABS system and it is an important component in a simulation to evaluate the braking performance. Also the tyres, and the model of tyre to road adhesion, is important. In the ABS demonstrator, the vehicle is modelled as a 3-dimensional multibody system using the tool called COMPAMM.



With a minimal representation, the vehicle model has 30 states (generalised position and velocity of each degree of freedom). However, the internal representation in COMPAMM consists of a DAE system with approximately 240 unknowns. COMPAMM solves the equations using specialised numerical algorithms that takes advantage of the particular problem structure. It was decided in TOOLSYS that it is not feasible to export the raw equations directly since the importing general domain simulator would not be able to solve the equations efficiently and accurately. Instead, COMPAMM provides an API (Application Programming Interface) to the model which is incorporating the numerical routines to solve for the derivatives of the minimal representation state variables. Hence, the importing software regards the complete MBS model as a set of ordinary differential equations. The importing software calls the appropriate COMPAMM routine each time it needs to evaluate the derivatives or the outputs. The vehicle model is exported from COMPAMM by means of a VHDL-AMS wrapper. The wrapper consists of a VHDL-AMS entity declaration defining the inputs and outputs of the vehicle, and an architecture declaration defining the states variables and the state and output equations. The equations include calls to foreign functions that are implemented by the COMPAMM API. The VHDL-AMS code is automatically generated by COMPAMM based on the multibody definition. COMPAMM provides a way of defining multi-domain models as a set of interconnected components. A component can be a MBS or it can be any foreign code, for example, it can be a VHDL-AMS model processed by TLTOC.



COMPAMM accepts a geometric model defined as a set of rigid bodies connected together with different kinds of joints. The simplified chassis model used in this simulation consists of 24 bodies. The joints restrict their relative movement so the resulting MBS (Multi Body System) has 15 degrees of freedom corresponding to the position and orientation of the main vehicle body, the rotation of the four wheels, the vertical displacement of each wheel relative the body, and the steering wheel angle. The vehicle model includes a tyre model represented as an external C-function that is called by the MBS code. The model used here is a variant of Magic Formula (Bakker et al. 1989). It is a static, non-linear function that defines the frictional forces in the longitudinal and lateral tyre direction between the tyre and the road surface. The function depends on the normal force, the longitudinal slip and the slip angle of the tyre. In order to study the behaviour of the ABS braking system, it is of interest to simulate with varying road properties. This makes the tyre model also depend on the current position on the road. The interface between the vehicle model and the ABS braking system consists of the brake torques applied the to each wheel (inputs to the vehicle model) and the rolling speed of each wheel (outputs from the vehicle model).



Figure 2. Simulation of the vehicle MBS model. The graphs show the speed of each wheel when the brakes are applied during corenering. The left pair of wheels hits an ice spot and the rear wheel tends to lock.



Figure 2 shows the result of a simulation in COMPAMM of the vehicle model without the ABS system. In this case, the brakes are applied during cornering. When the vehicle hits an ice spot, one of the wheels tends to lock. Preliminary Results During the TOOLSYS project the implementation of the ABS system consisted of two phases: the first step was to develop all the components of the model written with the proprietary language of each dedicated simulator (AMESim for the hydraulic and COMPAMM for the multibody systems); the second step was to allow the exchange of these models using VHDL-AMS, either by rewriting them in VHDL-AMS or by creating a VHDL-AMS interface which allows the encapsulation of C code. In the first phase, a more or less complete but simplified system model was developed within AMESim. This model included the proper detailed model of the hydraulic components and a very simple vehicle model. This was relatively a straight forward since AMESim is well adapted to hydro-mechanical systems represented as analogue models with discontinuities. The implementation of the ABS controller in AMESim was more delicate. Since ABS controllers are implemented on digital hardware they are not continuous in time. In contrast they work time discrete with very small cycle times of only a few milliseconds. The original sampled controller model, directly based on the production code, had to be approximated with a continuous ABS controller model, in order to be integrated in AMESim. When all the components were connected the model had 115 state variables and the simulation took two hours to reproduce 3 s of the braking system behaviour. The test case uses for the simulation was a so called ‘winter test’: after the driver starts braking, the front left wheel gets onto ice. A few moments later also the rear left wheel gets onto the ice, whereas the right side keeps on a good dry road.



The results obtained from AMESim with a simple vehicle model are presented in Figures 3 and Figure 4. Figure 3 shows that the ABS system modulates the hydraulic pressure in each wheel brake cylinder and prevents perfectly the wheels from locking. Thus the car slows down quickly and without “pushing out”. Figure 4 is a comparison between the vehicle speed and the rear left wheel speed. The rear left wheel rolls on the ice and when the brake pads act on it, its velocity decreases very fast. When the brakes are first applied, the wheel speed decreases more or less in accordance with the vehicle speed in region 1 in the plot. When the brakes are applied to a too high level the rear left wheel speed begins to drop rapidly (point 2), indicating the tire has gone through the peak of the µ-slip curve and is heading toward lockup. At this point the ABS acts and releases the brake on this wheel before lockup occurs (point 3). Once the wheel speed picks up again the brakes are reapplied. The second step of the modelling exercise was to include the complex vehicle model developed in COMPAMM and to simulate the complete system on several simulation tools. The advanced vehicle model was developed and tested in COMPAMM and then exported with a VHDL-AMS wrapper as described above. For the hydraulic, electrical and mechanical components it was preferred to rewrite everything in VHDL-AMS to not have any proprietary functions in the code and make the import of the model into other tools easier. During this project, a library of more than 50 VHDL-AMS components was developed. These components were validated one by one on the electric simulator ADVance-MS and on the hydraulic/mechanic simulator AMESim. Thus the concepts of model exchange and non proprietary models was fully validated. Nevertheless, some difficulties arise when we built the ABS system model with all the elementary VHDL-AMS components and the encapsulated vehicle model. Indeed the electrical simulator is optimised for electrical network and performs a DC analysis before each simulation. The DC



11



22 33



Figure 3. ABS pressure management during the braking phase



Figure 4. Comparison of the vehicle speed with one wheel speed



analysis attempts to find a steady-state solution to the equation system. It turned out that the DC analysis numerical solver always starts by evaluating the model with all state variables equal to zero. This causes problems with the hydraulic model components which are discontinuous at zero pressure. The electrical simulator has also difficulties to reproduce some very stiff problems like the waves propagation in a pipe, cavitation phenomena or the moving mass with stiff end stops: those models cause often convergence problems and slow down the simulation. The import of the hydraulic and mechanical VHDL-AMS model within AMESim was realised without any particular difficulties as well as the import of the complex vehicle model. Some problems have also been observed with the import of the MBS model into another simulator. Normally, the model equations are evaluated so that derivatives and residuals are computed with numerical roundoff errors only. Normally, these roundoff errors are several magnitudes smaller than the truncation errors which occur when the state derivatives are computed by the embedded numerical MBS solver. Sometimes this will cause convergence problems in the top-level solver for the complete model. Practically, this means that the requested accuracy of the embedded MBS solver and the top-level integrator must be carefully tuned and the simulation is much less efficient. Some parts of this ABS demonstrator are currently running in ADVance-MS as well as in AMESim. However, some parts of the model still fail to run in a foreign simulator. One problem with the hydraulic model components is that they are not well behaved for negative pressures. Their native simulator AMESim is aware of this but the foreign simulator is not. This means that models must be made more robust in order to be exported to a foreign domain simulator. Conclusions Unified modelling is a key issue towards efficient model exchange. First of all, the unified modelling language has to support all the necessary modelling concepts with a mathematically founded semantics. Such a language allows us to generate code for different simulators which usually support only some proprietary language without any proper semantic definition. In TOOLSYS, we have chosen VHDLAMS as unified modelling language since it fulfils the mentioned needs and is now the non-proprietary IEEE standard 1076.1 TOOLSYS is still an ongoing project but some preliminary results can be concluded based on experience from the presented vehicle simulation application. VHDL-AMS is a powerful modelling language suitable for the kind of multidomain models considered in this project. It facilitates model reuse and exchange between partners and simulation tools. Nevertheless, we have also found that the user must pay special care to create robust models in order to run them on



simulators other than the domain specific simulator in which it was developed. The tool provider must also improve the flexibility of their solvers: all the particular features created for one domain, must have the possibility to be turned off and the robustness of the solvers must become wider. Further more, the numerical problems arising when one solver is embedded within another, must be further investigated. It may also be useful to explore the possibility to export the equations of an MBS system directly written in VHDL-AMS rather than exporting the model as an embedded numerical algorithm. References Bakker, E., H.B. Pacejka and L. Lidner. 1989. “Tyre Modelling for Use in Vehicle Dynamics Studies.”, SAE Paper No. 890087, 1989. Imagine 1999, AMESim, Fluid System and Powertrain Simulation, Manual, IMAGINE, 5 rue Brison, 42300 Roanne, France. Jimenez, Avello, Garcia-Alonso, Garcia de Jalon. 1990. “COMPAMM: A Simple and Effient Code for Kinematic and Dynamic Numerical Simulation of 3D Systems with Realistics Graphics” in Multibody Systems Handbook, ed. W. Schiehlen. Springer-Verlag, 1990. 285—304. Mentor Graphics 1999, http://www.mentorg.com/ams/ Moser, E. 1996. “Automotive Model Exchange Using VHDL-AMS Benchmark”. In Proceedings of the 1996 IEEE International Symposium on Computer-Aided Control System Design, 1996, IEEE, Dearborn, MI, 276281. Moser, E and N. Mittwollen. 1998. “The Missing Link in System Design - Experiments with Unified Modelling in Automotive Engineering”, In Design, Automation and Test in Europe (DATE'98), Proceedings, 1998, IEEE-CS. van Zanten et al. 1998, “Fahrdynamikregelung ESP”. Technische Unterrichtung, BOSCH. 1998.
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