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Grow of Embedded Electronic Systems increase validation activities

Even if the development process, skills and constraints are different between Automotive, Avionics and Railway domains, Embedded Electronics play an increasingly important role in road vehicles, aircrafts or rolling stocks. The growth of products with dominating software is at the heart of innovation with extensive use of functions implemented on real time controllers and electronic control units.

Historically, it has been proven that there is an unquestionable benefit derived from early validation of concepts and refining of requirements ultimately with the effect of reducing requirements volatility. The control engineer's challenge is to enable early virtual prototyping, collaborative simulation and integrated PLM design for a faster and more efficient development of the embedded software.

Modeling activities have increased significantly over the years and are now extended as a means of common communication across domains.

Modeling and simulation become central to the development of the control systems:  In the design activities, to describe concepts and functions for the validation of customer requirements,  In the integration and test activities, to build test benches for Hardware In the Loop (HIL).

MIL, SIL and HIL activities need to share models

While modeling itself is not new in system development, system engineers used to work for their own particular activitiessuch as specification, design or tests engineering -with their own specific tools.

Unfortunately, breaking things down by domains of expertise inhibits cross-domain collaboration which is such a critical component of innovation and efficient development.

Eventually, we can imagine that test engineers will take benefit of reusing existing models from design and software teams in order to build realistic test benches. This implies that people involved in MIL, SIL and HIL activities need to find a way to share their models. 

Share Models through disciplines become the key challenge

Modeling is used at each step of the development cycle with different goals: for dimensioning purposes in early phase, for validation of technological choices in a more detailed phase for instance.

Modeling is applied to the system itself and also to the environment (for example, model of the High Speed Train running with models of the line, of drivers and power distribution). This global system model and the associated validation by simulations enable a greater amount of the design space to be explored before committing costly resources on physical prototypes and final products.

One of the car manufacturer's challenges is to model and test an entire assembled car under life-like conditions. At system level, the scenario is for example to integrate models of power-lift gate, cabriolet top, engine gearbox, electronic drive, chassis control, combustion, climate comfort or energy management and number of control systems. The car makers are searching a technology able to receive mechatronics behavior (simulation) models from their system suppliers connected to conventional CAD models and to insure complete independence from the IT tool used to create the models (white or black box simulation).

Car manufacturers foster and demand the seamless and standardized exchange of tool independent behavior (simulation) models with development partners and engineering system suppliers. 

Functional Mockup Interface

A new standard, called Functional Mock-Up Interface (FMI), provide specifications to integrate models coming from different authoring tools. Originally, the FMI specifications come from the Modelisar ITEA European project (2008)(2009)(2010)(2011). Daimler initiated the development of the FMI primarily to simulate drivetrain tests, which ensure high shift quality for cars and trucks.

This R&D project was initiated with the objective of improving the design of complex embedded systems and the development of automotive software. A large number of software companies and research centers worked together in this cooperation project (managed by Dassault Systèmes). The goals were to support the Autosar standard (used worldwide in the automotive domain) and to propose a standardized interface to facilitate interoperability between the various disciplines/segments, allowing each team to work on its specific model and embedded software while cooperating in a complete and flexible system simulation.

Some details on standard aspects

The FMI standard consists of two main parts called FMI for Model Exchange and FMI for Co-Simulation (refer to Figure 3):

FMI for Model Exchange:

The intention is that a modeling environment can generate C-Code of a dynamic system model in form of an input/output block that can be utilized by other modeling and simulation environments. Models are described by differential, algebraic and discrete equations with time-, state-and step-events. The models to be treated can be large for usage in offline simulation; and it is also possible to use models for online simulation and in embedded control systems on microprocessors.

FMI for Co-Simulation:

The intention is to couple two or more simulation tools in a co-simulation environment. The data exchange between subsystems is restricted to discrete communication points.

In the time between two communication points, the subsystems are solved independently from each other by their individual solver. Master algorithms control the data exchange between subsystems and the synchronization of all slave simulation solvers (slaves). The interface allows standard, as well as advanced master algorithms: usage of variable communication step sizes, higher order signal extrapolation, and error control. 

Today deployment in Automotive OEMs

BMW, Daimler and Ford started in 2012 an initiative to establish FMI as the standard for simulation model exchange between OEMs and suppliers. These OEMs as well as Chrysler, Fiat, General Motors, Jaguar Land Rover, Nissan, Renault, Toyota and Volkswagen signed this initiative end of 2012 at GAAG (Global Automotive Advisory Group) conference.

The aim of this initiative is to establish the strategic and organizational pre-requisites for functional model exchange:  OEM and partners express in a "Letter of Intent" their aim to foster and demand the functional model data exchange. Long-term goal is to manifest the request within the OEM purchase specifications;  OEM and partners recommend the utilization of FMI supported tools for functional simulation at vehicle level.

"FMI isn't just a change of protocol, but a change of company culture"

The GAAG-representatives ask their IT-System-Vendors to support FMI import and export. It is intended to improve substantially the exchange of behavioral models leading a further step into the direction of model based systems engineering.

Adoption by major modeling tool providers

Currently, more than 50 products from software companies (MSC Software Corporation, LMS IMAGINE S.A., Dassault Systèmes, IPG Automotive GmbH, Cybernetica AS, National Instruments, Waterloo Maple Inc, MathWorks Inc, QTronic GmbH, FunctioBay Inc, SIMPACK AG, ITI GmbH, TLK Thermo GmbH...) provide already a FMI export features and for some of them, a FMI import and/or are able to master the co-simulation.

Figure 4: FMI service & functionality coverage

The list of products compliant with FMI (import and/or export, slave and/or master) is accessible at the following link https://www.fmi-standard.org/tools.

Could FMI be used for HIL activities?

We described in previous parts the interest of connecting models in order to build a virtual product combining subsystems in which various disciplines are involved and also the environment of the global system. Early validation is then achieved by simulations campaigns. The next step is now to smoothly include real time aspects and hardware constraints. The HIL platform shall replace the environment of the System Under Tests (SUT) and also has to manage real-time simulation architectures, physical interfaces/networks and lot of test configurations.

OEMs in Automotive, Avionic and Railway have long used test benches. After number of projects, they have developed their own test platform and a lot of specific environment models. For each new project, they generally develop new models or ask Tier1 suppliers to provide this kind of expensive models (compliant with customer specific interface constrains of their simulation framework).

With the new FMI technology, the test bench becomes "generic" and more "open" to various kinds of IDE,languages and models. Old but precious models written in FORTRAN or new ones coming from Dymola TM , ControlBuild TM or other tools can be integrated in the same test bench and run together. There is significant value for the supplier that complies with the FMI rules rather than the specific integration constrains of each customer. The model developer continues to use his favorite authoring tool and use the dedicated option "export as FMI function" to deliver the FMU.

Proposed methodology for gradual integration and progressive validation

A simulation framework for the development of HIL test benches shall provide high level features:  Define the logical architecture by assembling FMI models;  Define or import the hardware architecture (control system);  Link models of the logical architecture to the physical architecture;  Define System Under Tests and deploy the simulation models to the selected test bench. A first activity is to convert existing models to the FMI standard. The FMI web site gives help for the transformation of sources models (C for example) to FMI (or to "modify the makefile" for providing the .dll or the .lib of the FMI component). Currently, a large range of tools are incorporating the FMI approach for exporting models (including the solver).

Integration of FMI models and makes the connections to build composites models

A fully functional model is composed by integration of a set of function models or subsystem levels. The simulation designer selects the FMI models as resources of the test bench and instantiates them in a dedicated editor (ControlBuild of HIL experience platform). XML files of the FMI provide the interfaces (input & output data, control & status data) of the model to the simulation framework.

The test engineer can connect models together using their published interfaces and then define values of some parameters (including execution mode and time cycle). Each composite model can be simulated for a level by level validation of the integration. These assemblies become new reusable models for a higher level of the system and also for other projects. We can describe the hardware of the Embedded Electronic (EE) control system, the interfaces and the networks. One way is to use the HW configuration tool provided by the integration framework. Another way is also to import the ICD of the car vehicle from XML files (description of all the targets, of their attributes/parameters and of all the interfaces and networks messages). When the hardware architecture is described, the test simulation developer can map each control model of the system on each controllers / partitions. At this step, we are able to simulate the complete control system.

Definition of the Test bench and selection of the System Under Test

The following step is to move from full virtual to hybrid (virtual + real) simulation. For that, the integration framework gives configuration tools for defining the hardware architecture of the test bench able to satisfy the validation of the System Under Test. The Hardware architecture of the test bench has also to be described in terms of physical resources (IO Interfaces and Networks) and simulation targets.

When the System Under Test is defined (i.e. a sub part of the virtual model of the system), the test designer has to allocate the plant models of the system on one simulator/task of the test bench. He has also to map the simulated controllers on the test bench architecture and define the communication configuration: 1) Exchanges between two tasks inside a given simulator (automatically managed and addressed by the code generator), 2) Exchanges between two simulators (automatically managed and addressed by the code generator) and 3) Input and Output from one real controller to the simulators (the designer has to assign each signal on Fieldbus/Networks, I/O card or remote I/O equipment).

Deployment of the FMU on the simulation targets and configuration of the communication layers

When allocation and communication configuration are completely done, the simulation framework will install the FMU on the right simulation target and generate the code for mastering the co-simulation and also for the execution of all the internal & external communication.

The test engineer can manage the simulators within the monitoring workstations. ControlBuild or the HIL experience platform enable to control the running mode (Run, Stop, Step, Freeze, Clock) of the global simulation or for each FMI (simulators) one by one independently of the location of the binaries (the distribution of the models on the HW architecture is transparent for tester). The test engineer is also able to force any data, signals or messages manually using mimics-panels or automatically using real time execution of test scripts. The simulation framework offers the possibility to store the events detected on a set of data & messages and to replay that off-line (analyze a situation) or on-line.

Can we apply the FMI standard to other disciplines?

While the emphasis has been on systems modeling using Modelica and Autosar for such software and standard (FMI specification driven by automotive use cases), we can illustrate that this approach is equally applicable to other industries like railway (Train Control & Monitoring System, Traction Brake, Doors, Passenger Information System…) or avionic (Flight Control, Fuel Management, Energy…).

Effective deployment in Railway

For years, railway OEMs made the test in the real train and on the physical line. Due to the complexity of the embedded electronic architecture and to the stringent safety constraints, train makers have to make integration and validation tests using test benches. But it is become more and more difficult because they have to deliver new trains all around the world: Time is dramatically limited and train makers have less possibility to test the complete embedded control systems in their factory.

They know how to validate one by one single equipment from a given supplier and it is obviously simple using light test benches. Issues are coming when train makers have to proceed to the complete integration of all electronic equipment of the train. Each equipment is running correctly in "stand alone" mode but a lot of errors occurs when all equipment are connected together in the rolling stock. It is not easy to find the origin of the fault (could come from a control unit himself, from a nonattended event from another one, from the failure of an actuator or a sensor or from a noncompliancy with management modes (wake-up, initialize, urgency, normal…). To improve the tests, diagnosis and validation (after correction) of these abnormal behaviors, test engineers have developed test benches at train system level only for critical project or large maintenance project (High Speed Train for example). This is not only driven by costs reasons, but primarily because it is a real challenge to get all of the 200 electronic control units (for example) of one rolling stock running simultaneously on a test bench! Train makers develop a new way for testing: the progressive integration. By this we mean first, integration and validation of individual ECUs and equipment, then, integration and validation of ECUs contributing to a function or a sub system, and finally, integration and validation of all train functions. Each integration step is implementing a real equipment.

The progressive integration requires features to easily reconfigure the test bench depending of the System Under Test. The test bench is not designed for a defined test configuration but to support a lot of test cases. For example, the door subsystem of a train is composed by 40 ECUs (usually one controller for one door). Test engineers need probably to integrate only 2 real doors controllers and simulate the 38 other and perhaps 4 real one some months after and just one during live of the system. Progressive Integration means that test engineer can enable/disable simulation models features depending of the availability of not of the real equipment to integrate in the test system (the System Under Test)

Figure 7: Progressive Integration -Automatic Reconfiguration of the test bench

The risk mitigation approach is unique: starting from the virtual model of the complete EE and environment architecture, our tools provide mechanisms to declare physical equipment as they become available for integration. The physical equipment is then connected to the integration test bench and disabled in the virtual model. Hence the virtual model progressively integrates the real physical elements, at the same time as it provides a virtual environment model for these same physical elements. Time allowed to modify the configuration is reduced thanks to the knowledge of the complete HW architecture (targets, address and messaging) of the system to the integrated models of the whole rolling stock system.

One main achievement is that control engineer move from a paper approach (even if some of them use also UML/SysML tools for high level system specification) to a Model-based Design. Tools like ControlBuild are widely deployed in the development process of the Train Control & Monitoring System (and other sub-system controllers). Test engineers can easily reuse models from the design teams. The deployment of the FMI standard in this domain allows test engineers to integrate high quality and more representative simulators in the test bench. This is a very big change in the development process: Equipment suppliers can now provide its software to the test engineer who can start some kind of integration test earlier in the project (with the software before the real hardware) The FMI standard simplifies the integration of the "software model" inside the simulation platform and, most important, protect the IP of the supplier.

Starting use cases in avionic industry

Aircraft OEMs uses test benches since a long time at different phases of system integration, the last level being the Iron Bird. An Iron Bird includes all actuators, sensors, electrical cables, hydraulic pipes, controllers interconnected like in the real aircraft but its flight is a virtual one. A lot of tests can be performed on these test benches even if there are some limitations. It is not easy to make some kind of failure (for example to break some equipment) for verifying if the avionic controllers cover the safety requirements, diagnose the fault or disable the problem.

Improvements in simulation are enabling avionic companies to reduce their use of physical testing during the product development process while retaining physical validation of the end product for regulatory approval. The target is now to deliver a virtual iron bird. In this case, multi-disciplinary models are required. At major aircraft OEMs, the number of tools used for engineering simulation can vary from tens to hundreds. These challenges are made more difficult when transfers between businesses are required to execute a simulation. The key issue facing industry is to achieve transfer and traceability without full disclosure of intellectual property (IP). Businesses, even when working in partnership on a given program, need to limit the risk of disclosure of their proprietary know-how.

The objective of the FMI standard is not to change dramatically the methodology and the test bench architecture of all the avionic companies and equipment providers. The customer value of the FMI standard is to help the test engineers to reuse complex and realistic models from existing test benches (even if some of these models are very old) on new simulation framework and platform. One benefit is also to facilitate sharing a lot of models through avionics companies. Suppliers will continue to deliver professional services, realistic test benches and now virtual iron birds. Because the IP of the FMI model is protected, suppliers will also increase their portfolio by providing FMI models as products.

Main advantages of the FMI Standard

The main benefits of the FMI approach are both for end users (test engineers) and model suppliers. The infrastructure of test benches (model management and integration) can be standardized. This technology enables many OEMs to share high level models and suppliers to provide the same model to many companies better than a specific one for each end-user. Business benefits can be seen on the development cost reduction (using "generic" models libraries), on the maintenance cost reduction (unified FMI approach) and on the improvement of the quality, the representativeness and the power of testing tools.

The FMI technology provides added values for the validation of embedded control systems:  The simulation framework is "open" and easy to use. The test designer is able to reuse models provided by internal or external teams with authoring tools. The development of high-level test benches is only based on the integration of best and validated models.  The intellectual property (IP) of each provider is protected thanks to FMI technology. Each provider of environment or control models provides a binary library (.dll or .lib). Algorithms and code are unreadable for a tier company: only exposing / published interfaces are available.

Even if test designers work with "black boxes", the test engineer is able to associate to each FMI models its own monitoring views and test scripts independently of the simulator architecture and simulation targets. The test engineer is able to monitor, trace or force any signals and messages manually or using test scripts. It is easy to build a highly abstract view of the system, using graphical representations and dedicated mimics.

FMI Achievements and Perspectives for xIL

We have seen that the FMI standard is already used by train maker for integration test and validation activities. The FMI Standard help test engineers to faster build test benches reusing representative models from other teams (mechanical, electrical, hydraulics…). They manage and deal with their supplier to get earlier the final software (packaged as a FMI model) of a control unit and start earlier the test on low test bench architecture (before having the final hardware). The value is shared between the train maker and the supplier as errors are detected and corrected much earlier.

In avionic industry, some collaborative R&D projects, dedicated to the integration and validation of new IMA 2G, are already investigated the FMI standard because one of their targets is to reuse models coming from multiple disciplines, multiple authoring tools (also from sources like C or FORTRAN) and multiple partners (knowledge and IP). These are focusing on the IMA 2G test methodology and not on the way to develop plant models one more time.

In these industries (including automotive and shipbuilding), the configurations of the test benches(and virtual test benches) are not defined by one specific use case and can more and more easily be tuned depending on the test objectives and the target to test. Test engineers can integrate different levels of maturity of the system under test (MIL, SIL and HIL): the objective is to be able to validate the targets inside the virtual system as early in the life-cycle as possible. Replacing model / equipment by other one is possible using FMI Standard. The deployment of FMI standard in other industries than in automotive is also encouraged by software companies which are involved in cross industries. As we can see in Figure 9, the number of tools with FMI import/export features is increasing month after month.

Since the beginning, Dassault Systèmes adopts this standard and works on the compliance to the FMI standard of its modelling tools. Some of them already handle the co-simulation master role.
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 1 Figure 1: Model, Software and Hardware In the Loop validation activities
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 3 Figure 3: FMI for Model Exchange or Co-Simulation

  If we consider Hardware In the Loop activities, we have to take into account the following additional factors:  Depending of the level of test, the model of the environment of the System Under Test covers a function or all the system (all the functions and equipment of a train or an aircraft). We have to manage the modes and execution of a lot of interconnected models and simulators;  The behavior of the environment model has to provide the right feedback in the right time. The test models have to be closer to the reality than a model for design validation;  The model of the environment has to be connected to the System Under Test using physicals IO and Networks. The model has to deliver the right interfaces in compliance with ICD (networks, messaging and EE architecture);  The test bench has to simulate the plant (actuator & sensors) and also non-available controllers.
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 5 Figure 5: Development process of a test bench
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 8 Figure 8: Automatic deployment of the FMI model on the HW simulation architecture
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 9 Figure 9: More and more Software Companies provide tools supporting FMI Standard
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