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TWINS Experience Report


Concurrent software/hardware development for low-cost motion control board.

This report contains findings of a project that involved hardware-software co‑design for a low-cost motion control board. It separately addresses organisational, development process and technical points of view. It was found, during the course of the project, that the organisational model needed to be changed, in order to improve the technical decision making process. Also, a missing technical capability was identified that would have connected multi-domain simulation (Model Based Design) of dynamic systems on one hand, and verification of the finished product in the target simulator on the other hand. For this project, due to its relatively small size and the fact that actual physical prototypes of the appliance were available, it was found not economically feasible to construct such a link. However, had such capability existed before the project started, the computational effort involved in simulating a massively parallel target host limits the ability to simulate real-world motion control scenarios. Hence, validation took place in the simulator environment as well as actual physical prototypes of the applicance.
Organisational Background
A large manufacturer of domestic appliances (SYS) requested the development of a low-cost motion control board, capable of driving electrical motors and reading various sensors, and communicating with a central control unit equipped with machine vision (see Figure 1). The functional and non-functional requirements were made available in a product requirements specification document.
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Figure 1: logical architecture

An electronics hardware company (HW) proposed to produce the boards at a fixed price, jointly with a specialised firm for development of the embedded software (SW). Part of this proposal was the decision to host as much functionality as possible on FPGA, in order to minimise the number of discrete electronic components. It was estimated that 100k system gates would be sufficient to implement the initially required functionality.
In order to obtain a small time-to-market, the programmable logic hosted by the FPGA was to be developed in conjunction with the microcontroller software. Because the actual mechanical and electronic hardware would not be delivered until the end of the joint development effort, early verification was to take place in a commercially available Modelsim HDL simulator. 
Initially, the intention was to contract the entire development to the electronics hardware company, who subsequently would contract the software company. The technical decision making process followed the same pattern, but was hampered by technical disagreements on the interpretation of the intended logical architecture. Only after separate contracts were granted and technical leadership was (re)established by the manufacturer, a product specification document could be established that fulfilled the product requirements.

Before the work was committed, the technical roles were distinguished according to the logical architecture (see Figure 2), and its dividing line was more or less between the job control and trajectory control modules. Upon involvement of the contractors (control board hardware and software), lead technical roles were established according to their respective scopes. Also, the customer established a single point of contact for technical issues.
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Figure 2: organisational structure
Development Process
In a fixed-price contractual agreement, a contractor generally does not commit to customer requirements specifications. One reason is that these specifications are written in domain-specific language that needs to be translated into a product-specific language. Another reason is that the contractor is not the owner of the requirements specification, and is not in the position to resolve inconsistencies unless specifically asked to do so by the customer. The general solution to this quality issue is that the contractor writes a product specification document and convinces the customer that the solution fulfils the requirements. Such quality statement can be formalised via a traceability matrix that maps the product specification onto the requirements. In other words, it expresses the quality of the solution in an objective manner. Also, it allows possible deviations to be clearly described before commitment from both parties is obtained.
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Figure 3: quality across business interface
The development process initially followed a waterfall approach, with fixed phases for specification, design, realisation, and validation. Each of these had clearly defined deliverables. Early in the project, it was identified that integrating programmable logic and embedded software in a single step (big bang approach) would involve too much risk. It was decided to subdivide the deliverable into functional units that could be validated incrementally.

The actual process was carried out according to the initially agreed life cycle, with incremental programmable logic / embedded software deliverables being validated together. The mechanical hardware was not completed on time, which resulted in project delay. However, due to customer originated changes to the specification, project scope increased and no significant waiting time was introduced.

Technical Development
Accurate drive motor PID-control requires digital signal processing. Given the constraint of an FPGA-based solution –which precluded the use of DSP hardware-, it was decided to employ IP-core 8-bit RISC microcontrollers and dedicated multiply-accumulate vector processor for numerical fixed point calculations. The numerical ranges and precision of the algorithm were determined from a model, implemented in MATLAB-Simulink. This well-known simulation suite is capable of multi-domain (e.g. physical models represented in fixed-point numerical formats) simulation and Model Based Design of dynamic systems.
The Modelsim simulator environment is capable of stepping through HDL code, with access to all internal logic waveforms. Also, generated logic waveforms can be input to mimic the non-HDL environment. Note that the IP-core and its program code are also expressed in VHDL. Hence, a hybrid debugging environment is provided that allows for white box testing, including timing critical scenarios with FPGA clock cycle granularity. The computational effort involved (due to the massively parallel nature of the simulated system) severely limits the ability to validate real-world motion control scenarios (1 second real-time motion consumes approximately 1 week 1 GHz CPU-time).
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Figure 4: correspondence between simulation and real world environment
An important drawback of the simulator environment is that external models need to be implemented in HDL as well, which does not lend itself very well for this task In principle, it would have been possible to establish a coupling between MATLAB-Simulink and Modelsim, to arrive at an integrated modelling and simulation environment. This was not pursued for two reasons:

· Simulating real-world scenarios with Modelsim are computationally not feasible.

· The economical cost to establish a link between MATLAB-Simulink and Modelsim was considered because the benefit for the project was believed not to outweigh the cost.
The small microcontroller program code size (1024 instruction words) precludes the use of a high-level language compiler, not to speak about automatic generation of high-level language from model-based design tooling. Hence, the core software engineering task relied on assembly language programming, with its inherent disadvantages.
From a technical point of view, the project was carried out as planned. The originally proposed FPGA-based solution proved effective, even though 100k system gates was not enough to accommodate changes to the product specification that evolved during the project. Validation of HDL-code and microcontroller software in the simulation environment was generally sufficient, even though some issues were resolved only after the complete physical system was assembled and tested, near the end of the project’s life cycle. The reason for these late discoveries were the inability to validate real-world motion control scenarios in the simulator environment.
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