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Abstract: Under increasing time-to-market pressures in thetiéc drives industries, the development
time of new algorithms and new control systemsuditig their debugging time must be minimized.
This requirement can be satisfied only by usingefi-defined system-level design methodology and
by reducing the migration time between the algamitdevelopment language and the hardware
specification language. In this study, we propasapply the SpecC methodology to the design of
control systems for power electronics and electtitcves. We first begin with an executable
specification model of the control device. Then, describe the different steps and transformations
used to convert this model to a communication madel finally into an implementation model ready
for manufacturing.
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INTRODUCTION and the design decisions are made heuristically.
Consequently, resulting products are usually not
Nowadays, motor control is being a vast marketoptimal and the time-to-market is relatively large.
and the motor control industry is being a strong To resolve these problems, we suggest to apply
aggressive sector. To remain competitive, the itigus the SpecC methodolofy’ to the design of
has to develop sophisticated control systems waieh embedded control systems. This methodology
often composed of standard processop®, (UC,  presents two main advantages: (i) productivity gain
DSPJ*? and specific hardware components (ASSPby using automatic refinement tools and (ii) faster
FPGA, ASICY®. Design of these systems represents alesign space exploration by using intermediate
difficult and studious task. Traditionally, enginee models that are at higher levels of abstraction and
work on implementation of new control algorithms provide rapid and useful feedback.
directly on an existing control device. Such prtgec The benefits of the SpecC methodology have
typically require 6 to 12 man-months and are coragos previously been demonstrated on several industrial-
mainly of: (i) implementation of the developed strength data-dominated, multimedia exanmiflesn
algorithm on the processor (after coding); (ii) this study, we present the successful use of this
configuration and programming of the processormethodology for control-dominated system desigris Th
peripherals for I/O operations; (iii) developmeiit, approach will be discussed using an applicatiothef
needed, of other interface circuits; (iv) test anddirect-current (DC) motor control. A generalizatioh
debugging of the obtained control system (usuajly b this study to any other control system can be done
using emulators); and finally, (v) validation ofeth easily using the same steps discussed below.
system by experimentation. All these tasks needed i
order to adapt the new algorithm to a given controlSpecC methodology: The SpecC methodology is a set
board are usually done manually. As a result, eeith of models and transformations between models (Big.
the system performance nor the design time igAll models are written in a system-level design
significantly optimized. language (SpecC) and are executable descriptions of
A new trend is to use configurable logic circuits the same system at different levels of abstraciion
(FPGA, CPLD, etc.) with processor units on the saméhe design process. The transformations are asserie
board. The use of these circuits allows rapid andf well-defined steps through which the initial
efficient adaptation of the used board to newspecification is gradually mapped onto a detailed
applications. However, partitioning between theseimplementation description ready for manufacturing.
processing elements is still done in an ad - hog. wa After each design step, design models are analyzed
Therefore, important delays can be introduced theo to estimate certain quality metrics such as
design process, mainly if the first decision aboutperformance, cost and power consumption. Analysis
partitioning of the application is not correct. and estimation results are reported to the user and
To summarize, the design of the control systemdack-annotated into the model for simulation and
remains a delicate task, which is usually done raiywu  further synthesis.
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Synthesis Soecificat Architecture exploration is an iterative process
Flow pecification culminating in an architecture model that represent

refinement of the specification model. Each cantdida
architecture is estimated to evaluate satisfaatibthe
design constraints. If constraints are not met,
Architecture component reallocation is performed and a new
exploration architecture with different components, connedfivit
partitioning, or scheduling is generated and evatlia
The architecture model describes the system
functionality as well as the overall structure lo¢ ffinal
Communication implementation for the design. Communication in the
Synthesis architecture model is described using abstract ajlob
— channels on the message-passing level.
ommunication . . . "
Communication Synthesis refines the abstract
i communication between components in the architectur

Back end . i i i
Implementation model into an implementation over actual busse Th
task of communication synthesis includes insertibn

Mplementaton communication protocols, synthesis of interfaced an
transducers and inlining of protocols into synthable

components. In the resulting communication model,

Manufacturing communication is described in terms of actual wires
and timing relationships defined by the bus prokaco

The communication model is the final output of the
Fig. 1: SpecC methodology system-level design process which describes thersys
structure as a set of components connected thrpingh
and wires of the set of system busses.

In the backend, the result of the synthesis flow is
handed off to the backend tools, as shown in theido
part of Fig. 1. For the software part, compilers ased
to translate the software C code for the chosen
processor. For the hardware part, high-level syishe
Fig. 2: General diagram defining the control algori ~ tools implement the behavioral C code describirg th

Qi the speed reference;e the current functionality assigned to custom hardware and the
reference;a: the pulse width of the control functionality of transducers which are necessany fo
signal; \;: the voltage applied to the motog; | connecting different processors, memories and IPs.

the motor current an€.,,; the motor speed) After software compilation and hardware synthetis,
final implementation model is generated.
The specification model describes the functionality Theimplementation model represents a clock-cycle

as well as performance, power, cost and othefccurate de§cription of the whole system. _This
constraints of the intended design. It is a purelyd®scription, in turn, then serves as the basis for
functional description and does not include anyMmanufacturing of the system using traditional tdois
premature allusions to implementation details. logic synthesis and physical design.

During ar.chitect.ure exploratio_n the specification . EMBEDDED CONTROL LER DESIGN
model is refined into an architecture model. This
includes the following design steps: (gllocation  Description of the case study: The studied process is
which determines the number and types of systemeomposed of a Direct Current (DC) motor, a four-
components such as general-purpose or customuadrant chopper, a current sensor (LEM) for the
processors, memories and busses, which will be tased current capture and an optical incremental encoder
implement the system behavior; (ii)behavior (OIE) for the speed capture.
partitioning which maps the behaviors (or processes) The used control algorithm is composed of two
that comprise the system functionality onto thecontrol loops: an outer motion control loop with a
allocated processing elements; (iii)variable ~ functioning period '}, and an inner current control loop
partitioning which assigns variables to memories; (iv) With a functioning period J(Fig. 2).
channel partitioning which assigns communication The speed regulator computes the current reference
channels to busses; and (Wcheduling which  value | from the speed referend®. introduced by
determines the order of execution of the behavior¢he user and from the motor speed valdg. The
assigned to either the standard (software) or owsto current regulator computes the pulse widtlof the
(hardware) processors after partitioning. control signals fromyd; and the motor current,l
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Specification: The specification model of the studied
system is composed of three modules encapsulated in
SpecC behaviors (Fig. 3a): @TL_Alg for the control
algorithm, (i) ACQ for the information acquisition
and (iii) PWM for the generation of control signals.
Each of them can be split up into different sub-
behaviors associated with different clocks. As an
example, Fig. 3b shows the control algorithm spfit
into two sub-behavioravl_CTL which represents the
speed regulator andC_CTL which represents the
current regulator.

The SpecC specification describes the control
device functionality in a clear and precise wayt ases
a modular and hierarchical representation. Theltiegu
model is executable and allows the validation & th
developed algorithm by simulation. Using the SpecC
specification, we were able to evaluate severd¢gint
variants of the control algorithm in a matter ofirm

(w)

Fig. 3: Specification model: overview of tHeC CTL

behaviors
BC CTL P Architecture exploration: For the design of control
) devices, the 1/O modules are_usually |mpleme_nted as
@ PELASIC PE2DSE hardware modules (ADC, Timers, etc.) while the
m L control algorithm is implemented in a standard
[;:ﬂ E’_C?J Fi processor. However, this solution is not always
N N TR o adequate for real time requirements of sophistitate
algorithms. In these cases, we have to move thieatri
BC_CTL tasks (such as the current regulator) of the cobntro
i . algorithm from the processor into custom hardware.
o PE2DSP According to these considerations, we explored
several architecture solutions for the implemeatatf
Crut *EM—CTL the algorithm ranging from a pure software solutom
. pure hardware one. However, as a compromise between
real-time performance, flexibility and user-frieimgiss,

we only considered mixed solutions which include HW
Fig. 4: Architecture models after behavior partititg and SW components. Specifically, Fig. 4 shows e t
possible candidate architecture models we developed
PE1-ASIC PE2-DSP for the DC-process controller.
. T At this stage of architecture exploration, SpecC
tools allow estimation of certain quality metriesch as
@:ﬂ [;;Q [;\:@ performance, power consumption, etc. Results showed
a i (C_CTL) (M CTLJ that the execution time of C_CTL is reduced by 88%
- (from 5 ps down to 0.6 pus) when moving C_CTL from
software to hardware. Furthermore, C_CTL takes up
Fig. 5: Communication model after protocol in ligin  70% of the DSP utilization (compared to 2 us exeaout
) i time of M_CTL), i.e. moving C_CTL into hardware
_ The interconnection  of ~the  cOMPONeNtS sy the processor for other tasks and/or dovep
implementing these regulators to the physical B8Ce g5.ings. We therefore selected the second araieect
(chopper, motor and sensors) is done Wging oqel (Fig. 4b) which is composed of: (i) a hardsvar
Input/output (I/O) interfaces. For the studied DC component RE1-ASC) implementing the 1/O
process, we use a Pulse Width Modulation modulg,,qules and the current control module; aid(
(PWM) to generate two complementary conFroI Sig”alsprocessor core  (DSP56600 core) for both of the
from the a value. These signals are applied to thespeeq control module and the interface with ther use
control of the chopper functioning and therefore th (pgo>-pgp).
motor speed. The current and speed digital vallygs ( In order to simplify the communication between
andQ;,) are obtained from the sensor output signals byrocessors, we selected a communication archiectur
using capture modules (AGQand ACQ,) which  with only one bus and one bus master (DSP) where
translate information from the logic and analog dam synchronization between slaves and masters is
to the digital one. implemented using interrupts.
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Fig. 6: RTL processor implementing t8e CTL module
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Fig. 7: RTL processor implementing the EXCH module

1 communication model is generated using two steps:

oo protocol insertion (protocol of the DSP 56600) and
protocol inlining into the ASIC.

The resulting communication model is shown on
Fig. 5. Note that we added a hardware exchange
module EXCH) to the C CTL module for
implementation of its communication with the DSP.

tis)
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IMPLEMENTATION AND VALIDATION

o
=2

b
5

Overview of the implementation: At the end of the
SpecC synthesis flow, the final communication
s EERR e S | I model is handled off to the backend toblst
o n.:z nf4 n?s n.:s 1 12 ] nfz nj4 n.‘a njs 1 T2 each software part, C code is generated and
1 ' compiled into a program that runs on the
corresponding processor. For each hardware part,
high-level synthesis is performed to create RTL
models which are processed using traditiofagic

At the beginning of each new.Tperiod, the ASIC synthe_zsis and place_ & route tools. The msipf
interrupts the DSP and both start the exchangeepsoc (e high-level synthesis process are RTL processor
Acquisition of Q, values is done by the master at theStructures — which  are ~ composed of a custom
beginning of each Jperiod. controller associated with a custom Datapath. For

examples, Fig. 6 and 7 show the RTL processors
Communication synthesis; We used the DSP 56600 synthesized for theCc_CTL and theEXCH hardware
bus protocdf! for both the ASIC and the DSP. The modules, respectively.
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Fig. 8:Co-simulation results of the C_CTL hardware
module
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Fig. 9:Implementation characteristics of different
hardware modules 0 . . . .

Spec Arch Comim Impl

Validation of the implemented hardware modules:

The implemented hardware modules have beelrig 10: Design model complexities
validated separately by co-simulation using Xilinx

System Generator and Matlab tools. Results ar@able 1: Refinement effort

compared to those of a software floating-point Modified ~ Manual Automated
implementation. Figure 8 shows the obtained redativ_ — "5”5%5 . Uger_/Re/f'”gs ,
pec— Arc ~Z WeeKs mins / <0.omin
errors on the current anq speed values and dematestr A", comm 200 0.5~1week 5mins / < 0.5min
the efficiency of the designed system. Comm— Impl 2000 4~8 weeks 40mins / <4mins
The different hardware modules have beenrotal 2750 5.5-11 weeks _ 50mins / <5Smins

implemented using Xilinx Virtex2XC2V250 type

FPGAs. The resulting design characteristics are The implementation results of the DC process

summarized in Fig. 9. controller demonstrate the importance and effiojewic
These results show that the designed hardwar€LSl technology in the development of real-time,

modules occupy less than 30% of the circuit surfacecontrol-dominated systems. Using the SpecC

We can therefore confirm that hardware methodology and associated EDA tools, the

implementation ~ of  digital  control devices is presented design was implemented as a circuit on a

nowadays very  advantageous given the highiingle FPGA component and completed in a matte
integration scales of FPGA circuits and thegf weeks.
performance of EDA tools. Moreover, with the evolution of semiconductor
technology and the development of efficient CADI$po
DISCUSSION the use of the FPGA circuits will become increaking

important, particularly for developing reconfigulab

Figure 10 and Table 1 show the results for theSOC (RSOC) specific to process control. These RSOC
design of the controller system from specificationinvolve the integration of different PEsu¢h as
model down to implementation model. processors and peripherals) and their intercororectn

To validate the models, we performed simulationsthe same reconfigurable compori¥rt!
at all levels. As we move down in the level of The use of co-design methodologies and RSOC
abstraction, more timing information is added,techniques and todts*® will be very advantageous for
increasing the accuracy of the simulation results. rapid and efficient development of digital control

As the results show, moving to higher levels ofdevices. In future work, we are planning to devedi@p
abstraction enables more rapid design spacepecific to the automation domain. Furthermore, avee
exploration. Through the intermediate models, viallma studying the efficient integration of such IPs iR80C
feedback about critical design aspects can be mdatai systems and system design methodologies.
early and quickly.

As code sizes for different models suggest, more CONCLUSION
lines of code are added to the model with loweelgv
of abstraction, reflecting the additional complgxit In this study, we applied the SpecC system-level

needed to model the implementation details intreduc design methodology to the design of control systéms
with each step. Table 1 demonstrates with the dise gower electronics and electric drives processes. We
available refinement tools that can automaticallypresented the study of a DC motor drive with a gnt
generate all design models from the initial speatfon  system based on a DSP for the motion control, alCAS
model, large productivity gains of 500x or more &@n for the current control and custom hardware modules
achieved (especially for the sophisticated controffor I/O processing. This study can be easily gdizam
systems). to other process control systems.
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We have shown the various steps that gradualls. Abu-Rub, H., J. Guzinski, Z. Krzeminski and H.A.

refine the initial specification down to a detailed
This model is then further
implemented using traditional CAD tools and FPGA

communication model.

circuits.

Using the SpecC methodology, we were able -

finish the complete design in a short amount ofetim

Results show that with the help of automatic refieat
tools, significant productivity gains can be acleigv
Furthermore, intermediate models at every staghef

7.

design process provide useful feedback about design

quality metrics for rapid,
exploration, allowing us to evaluate several aldoni

variants and candidate architectures. In summdug, t

early design space

8.

well-defined nature of the methodology’s models and

transformations helps focusing design efforts omtred

issues, provides the basis for design automatioisto 9.

and enables application of formal methods in theréu
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