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Abstract— This paper reviews the state of the art of Fiel@pportunities in the field of digital implementatiofor
Programmable Gate Array (FPGA) design methodologietidustrial control systems. This is especially truéth
with a focus on Industrial Control System applicatis. software solutions such as microprocessors or {BRsal
The paper starts with an overview of FPGA technojogSignal Processors) [3]. However, specific hardware
development, followed by a presentation of desigiechnologies such as Field Programmable Gate Arrays
methodologies, development tools and relevant CAQrPGAs) can also be considered as an approprifutoso
environments, including the use of portable Hardvear in order to boost the performance of controllersdeked,
Description Languages and System Level Programmingthese generic components combine low cost developme
Design tools. They enable a holistic functional apach (thanks to their re-programmability), use of corieeh
with the major advantage of setting up a unique nedidg software tools and more and more significant irsgégn
and evaluation environment for complete industrialdensity [4]-[8]. FPGA technology is now consideiey an
electronics systems. increasing number of designers in various fields of
Three main design rules are then presented. Thesm a application such as wired and wireless telecomnatigios
algorithm refinement, modularity and systematic se [9], image and signal processing [10], [11], whele
for the best compromise between the control perfarme always more demanding data throughputs take adyath
and the architectural constraints. An overview ofthe ever increasing density of the chips. Still rengecently,
contributions and limits of FPGAs is also given, lfowed other application fields are in growing demand, hsuas
by a short survey of FPGA-based intelligent contesk for medical equipment [12], robotics [13]-[15], autoivet[16]
modern industrial systems. and space and aircraft embedded control systenjs by
Finally, two complete and timely case studies aréhese embedded applications, reduction of the power
presented to illustrate the benefits of an FPGA<Lonsumption [18], thermal management and packddiel
implementation when using the proposed system miogel reliability [20] and protection against solar reas [21]
and design methodology. These consist of the Direéf® Of prime importance. Finally, industrial eléwf control
Torque Control for induction motor drives and theontrol ~ Systems are also of great interest because of vee e

of a diesel driven synchronous stand-alone generatgth Increasing level of expected performance, whilthatsame
the help of fuzzy logic. time reducing the cost of the control systems [22jis last

sector is especially targeted by the case studiesepted
Index Terms: FPGAs, Industrial Control Systems, VHDL, briefly in this review paper. Indeed, FPGAs haveeadly

Design Methodologies, Programmable Architectures, & been used with success in many different elecystesn
applications such as power converter control (PWM
|. INTRODUCTION inverters [23], [24], power factor correction [2Bhultilevel

converters [26], [27], matrix converters [28], [29oft

Fast progress of Very Large Scale Integration (YLSéwitching [30], [31], and STATCOM [32]) and electi
technology and Electronic Design Automation (EDApachines control (induction machine drives [33]}[3BRM
techniques in recent years has created an opptyrfonithe grives [40], motion control [41], [42], multi-mactes
development of complex and compact high performanggstems [43], Neural Network control of inductiorotors
controllers for industrial electronic systems [Mowadays, [44], Fuzzy Logic control of power generators [45heed
the design engineer is using modern EDA tools ®at&, measurement [46]). This is because an FPGA-based
simulate and verify a design, and, without commiftito jmplementation of controllers can efficiently answerrent
hardware, can quickly evaluate complex systemsideas and future challenges of this field. Amongst theme, can
with very high confidence in the “right first timeforrect quote:
operation of the final product. - Decrease of the cofidr at least three reasons: the use of an

Speed performance of new components and flexibilif¢chitecture based only on the specific needs @& th
inherent of all programmable solutions give todagnm ajgorithm to implement, the application of highlgvanced



and specific methodologies improving implementatimne configurable logic blocks (combinatorial and/or weqtial),
also called time to market and the expected developmenlinked to each others by an interconnection netwdnlch is
in VLSI design that will allow integrating a fulloatrol entirely reprogrammable. The memory cells contrellbgic
system with its analog interface in a single clilsp called blocks as well as the connections so that the coeptocan

System-on-a-Chip (SoC); _ . _ fulfill the required application specifications. \@eal
- Confidentiality a specific architecture, integrating theonfigurable technologies exist. Amongst them, dhiyse
know-how of a company, is not easily duplicable; which are reprogrammable (Flash, EPROM, SRAM) dre o

- Embedded systemsith many constraints as in aircrafinterest since they allow the same flexibility &sittof a
applications, like limited power consumption, thefm microprocessor. Therefore, the rest of the papkriigicuss
consid(_eration, reliability and Single Event Ups&EU) only the SRAM-based FPGA technology [6]-[7], by fae
protection; most widespread [47]. However, the Flash-basechtdolyy

- Improvement of control performanceFor example, [g] although it does not allow the same number of
execution time can be dramatically reduced by @&ty yeconfiguration cycles by an order of magnitudeisitof
dedicated parallel architectures, allowing FPGAe0aS|yerest for some stringent niche applications saslspace
controllers to reach the level of performance e@irttanalog g4 aircraft industries. Indeed, Flash technologgserves
counterparts without their drawbacks (parametdtsdriack q configuration of the FPGA when the power isafél, as

of flexibility). Besides, an FPGA-based controllean be . consequence, the chip is ready to operate asa®iiris

adaptgd ir] run-time to the .needs.of the P'a”t I:r)adycallly powered up. The generic architecture of a SRAM-thase
reconfiguring it. These points will be discussedtar in FPGA is presented in Fig. 1 [48].

Se_?_tr'](.m V.t' le ai ¢ id . f the i The most recent FPGAs are produced using a 65-nm
FPG,IAS article g'mf. ? provtl ? an ?verwevgao e FPeG opper process. Their density can reach more than 1
h'tstm n usdrla Ccon r(: Syz.zmj" Der!erlc CAE%”“OH equivalent gates per chip with clock system
architeciures  an ~omputer ae esign equencies of more than 500 MHz. However, it ipamant
environment characterizing them are presented. fiderod L . o
to note that this kind of information is only acate for a

using portable Hardware Description Languages (tjlairs short while, as technology continues to move fodwarhe

discussed, then, the holistic approach is explailiexktends . y
the traditional use of High Level Programming L two main FPGA manufacturers are Altera and Xili6[7].

and HDLs [2] to encompass the holistic modeling of EEEEEE Configurable
industrial electronic systems. The outcome is aigdes B npuOutpu

environment that allows all functional aspectshaf system a Block
to be considered simultaneously, therefore incrngashe m Configurable
determinism of the system, minimizing response tinel L] Logic Bloc}
maximizing operational performance in order to echi [ |

Interconnectio

[ |
nn [ | Programmabl

Network

high efficiency and power quality, while simultamesty
allowing the rapid prototyping of digital contralte on
FPGA hardware development platforms.

Major design rules are given, consisting of control
algorithm refinement, application of a reuse metiogy,
which allows capitalizing the design efforts andimgzation The FPGA generic architecture is composed of aimatr
of the modules in terms of performance with thephafithe of configurable logic blocks (CLBs), where the niemiof
Algorithm Architecture “Adequation” (A). The authors o\ and columns are now reaching, for the lardestces,
then analyze, in the present industrial environmeh€ 19-4116. This matrix core is bordered by a ring of

contributions "’lllnd thi "T}‘its of using FP_GAﬁ_ inrgll configurable input/output blocks (IOBs), whose nemban
system controllers. short survey on intellige " reach 1000 user IOBsFinally, all these resources

based controllers is also presented. communicate amongst themselves through a progratemab
Finally, two case studies are discussed to illtstra 9 9 prog

benefits of an FPGA-implementation when using tHgte'\r/lconnectlonﬂnet\_/;/or:k. Iso b b d insideeth
proposed design methodology: i) Direct Torque Gantr ore recently, 1t has also been observed Insidsetne

(DTC) system for Induction Motor, ii) Fuzzy Logidgital architectures, the introduction of some dedicatedks such
controller for a diesel driven stand alone poweregator. 25 RAM, DSP accelerators (hardwired multipliers hwit
corresponding accumulators, high-speed clock manege

Il. DESCRIPTION OFFPGAS AND THEIR DEVELOPMENT Circuitry, serial transceivers), embedded hard @seor
TOOLS cores such as PowerPC or ARM [6]-[8] and soft pssoe

A. FPGA Generic Architecture Description cores S.UCh as Nios [6] or.Mic.:roquze [71, [7.0]' aé\lsgry
] ] ~interesting for control applications is the recemegration

FPGAs belong to the wide family of programmabléidog ot an analog-to-digital converter in the Fusion poment

components [4]{8]. An FPGA is defined as a mawiX fom actel [8]. However, this SoC trend, does neplace

Fig. 1. Generic architecture of an FPGA.



the former generic architecture but it can be saena description of the circuit;

complement to this original matrix. - Register Transfer Level (RTLWwhere the circuit is
- Configurable Logic BlocksTheir structures include 2,  described in terms of its components; _

4 or more logic cells, also called logic elemerithe - Physmal_ Ievel_where the circuit is physically described

structure of a logic cell, which can be consideasdhe basic by taking into account the target hardware

. : - haracteristics.
rain of the FPGA, is presented in Fig.2. ¢ . . L
g P g At each level of abstraction, the future integratéduit

Output carr Combinatoriz is described in HDL, such as behavioral VHDL or
L > outpu synthesized VHDL. This last description gives araatx
representation of the operators and variables ef fitmal

Inputs_, LUT D Flip-Flop outpu S
[3:0 Flip-Flog priop ot circuit.
In order to simulate and validate the digital citeu
carry functionality, various test benches are written ardcuted.

Patt

Moreover, thanks to the advent of analog HDLs sash
mont Clock Spectre HDL, VHDL-A, VHDL-AMS [54], it is also
carry possible to simulate at each level of abstractibe t
functionality of the circuit, while taking into agont its
analog environment [55]. Another promising approictine
It consists of a 4-bit look-up table (LUT), whichrcbe polistic one that promotes the use of a unique rifg&m

configured either as a (16x1) ROM, RAM or aanguage during the whole development procedurd. [56
combinatorial function. A carry look-ahead datahpiatalso This will be described in more details in the negttion.
included, in order to build efficient arithmetic eptors. Fig. 3 presents the hierarchic flow of the top-dodesign
Finally, a D-Type Flip-Flop, with all its controlnputs method and its HDL model environment. Recently, ARPG
(synchronous or asynchronous set/reset, enabl&wsal manufacturers [6]-[7] have designed software pagkabat
registering the output of the logic cell. Such achiéiecture enable both the simulation and the automatic tadiosl into
corresponds to a micro state-machine, since thisteegd hardware of a design. Such software runs insidevihgab-
output can be configured as an input of the sagie kxell. Simulink environment for example.

Fig. 2. Logic cell structure

B. Hardware Description Languages and FPGAs Mixed Simulatior p— /
Originally, FPGAs were only used to integrate glogic Environmen Leve pecleas

usually devoted to TTL basic logic circuits. Appitmons Analo(\f‘\\

were described with the help of simple CAD schemati @

tools. Today, FPGAs are more and more used to mgé¢ \

Behaviora

complex functions. For example, it is not unusual t/ ; raiad

implement in a single FPGA a complete digital syste,-"
including an Arithmetic Logic Unit (ALU), memories,i %>
communication units, and so on. P
This evolution has its origin in the recent advanae
VLSI but it is also due to the development of appiate

RO
design tools and methods, which were initially reed to a s

the world of the Application Specific Integratedre@its ™. P:_“e'jfa ASIC
(ASICs). These tools are mostly based on Hardware ﬁ
Description Languages (HDLs) such as Very high dpee 7

integrated circuits (Vhsic) Hardware Descriptionngaage Fig.3.  Top-down design approach.
(VHDL) [2], [49] or Verilog [50]. The existence dEEE
standards [51] has spread the use of HDLs and |luased

the creation and the development of high perforrmaaD means results that are seen in a S‘m“"”" simluiqibcactly
tools in the field of microelectronics. Thus, thesijner can match those produced by hardware implementatioch &n

take advantage of HDLs to build his own circuitusing a approach offers an FPGA-based rapid prototypingoia

hierarchical and modular approach defined at difietevels E:Soge It j:gﬁ;goaehrgsen:ﬁg:g tgzte;hz Col?ggpvtvig]b':l:é&
of abstraction using the design “top-down methogglo g y pp

. . . s DSP processors [58]. No doubt that this kind ofigoh will
[52]-{53]. _The Correspo.ndmg design flow is padited into be more and more utilized in the near future forapid
the following four steps:

- System level where specifications of the circuit ar evaluation of new control algorithm performanceweéuer,
given: ¢ P Shis approach is so far still limited to the apptions that do

. . . ... . not require the use of complex sequencers. Indeautyol
- Behavior level that consists in the algonthmlcunits are stil difficult to achieve with the pr |

(!

RTL or Synthess
Leve

FPGA

Simulation results are "bit and cycle accurate"isTh



toolboxes [59]. As a consequence, the resultinglaare time to correct any design problem and it ensuregraor

architectures are not area optimized, a fact nog¢@table in free design before permanent ASIC implementatione T

an industrial approach. prototype board can also be used for the hardvestang of
other system components. A modern hardware-ingbp-I|

[lIl. INTEGRATED SYSTEM MODELING AND DESIGN testing approach is also facilitated by this enwnent,

allowing effective testing of circuit designs. Thisethod

Traditionally, mathematical models have been depedlo uses a hardware-in-loop-simulator (HILS) that usks
to evaluate the functionality of global engineermygtems. outputs of the circuit under test as inputs anddpeces as
However, the practical development of each partthef outputs the signals that need to be fed to thaiititsder
system needs then to be separately addressed.offbis test as inputs. These signals are similar withdtgisen by
involves the use of other CAD tools and/or différethe sub-system replaced by the HILS in real-timeragion.
software platforms, with the design itself beingeleped in More on HILS can be found in [60]-[62].

a different environment. Recent advance in CAD The DK4 design suite from Celoxica, for examplépwas
methodologies / languages has brought the fundtiotdandel-C (high level language similar with C) fuinogl
description of design and practical hardware imgleration modeling of an electronic system. Handel-C produaes
closer. System level modeling languages (such asiélaC, Electronic Design Interchange Format (EDIF) outptien
System-C) and Hardware Description Languages (sischcompiling the design for the hardware target. ThénX
VHDL, Verilog) enable the underpinning mathematicgilacement and routing tools are used to transteeEDIF
description and the electronic design implementatm be format into hardware layout, enabling rapid hardwar
simultaneously addressed in a unique environmeimplementation onto development boards containing
supported by a range of major Computer Aided Erging FPGAs. The compiler can also generate Hardware
platforms. Synthesis tools can compile such desigttsa Description Language format code such as VHDL vilig
variety of target technologies. combinations with other hardware elements in Soigths.

A holistic system level approach to the design amtbrtability without design modification of the ingphented
development of an electronic system enables a ¢oprd system on different PLD/FPGA/ASIC hardware target i
design methodology, which begins with modeling @eai at provided using Platform Abstraction Layer (PAL)
an abstract level, and proceeds through the iterateps Application Programming Interface (API). Thus, Heh@
necessary to further refine this into a detailesteay. A test can be used as modeling tool and then Xilinx |reieet
environment is developed early in the design cydethe Design Environment [6] enables FPGA real-time asialy
design evolves to completion, the language is théeipport The general benefits of holistic modeling, combiméth
a complex detailed digital system description anel test the advantages of HDLs and FPGAs, enable novel lexmp
environment will check compliance with the originabut fast classical / neural / fuzzy FPGA contraewith
specification. Concepts are tested before investisenade industrial applications, to be modeled, simulatedd a
in hardware / physical implementation. In termshofistic evaluated with efficient use of resource.
modeling of complex electronic systems, system lleve
modeling languages offer advantages such as: IV. FPGA-BASED CONTROLLERDESIGNRULES
= Simultaneous consideration of the mathematical @spe

of engineering systems (functional / behavioral FPGA technology allows developing specific hardware

description) and the detailed electronic hardwasigh, architectures within a flexible programmable ennirent.

in the same unique environment, normally suppdoied  This specific feature of the FPGAs gives desigrensew

range of Computer Aided Design platforms. degree of freedom comparing to microprocessor
* Ability to handle all levels of abstraction. Thes&m can jmplementations, since the hardware architecturethef

be simulated as an overall model during all staggbe control system is not imposed a priori. However riany

electronic controller design, which can be subsetiyie cases, the development of this architecture iratiuitive

targeted for SoC silicon implementation. and not adapted to the implementation of more andem
= Fast implementation and relatively short time takaa complex algorithms. Thus, in order to benefit fratre
= Easy h_ardware implementation of Artif_icial Intektigce. advantages of the FPGAs and their powerful CADgotle
* Versatile reusable models / design modules g&gjoner has to follow an efficient design methodgl Such

generated, in accordance with modem principles Qfmethodology rests on three main principles: thetrol

design reuse. : ; . o
! . algorithm refinement, the modularity and the bestability
Simulation results are valuable to check the beftanf a between the algorithm to implement and the chosen

model, but on many occasions I S the hardwar@aﬂbn hardware architecture. These three concepts araletet
of a controller that provides significant infornaati before thereafter

the decision is taken to invest in an ASIC. Theagest and '

fastest way to validate the design of an optimizegital A Algorithm refinement

controller is via a prototype board containing re- ) ] ) o
programmable devices such as FPGAs. This shortems t Algorithm refinement is a necessary step when désig



with FPGAs. It is possible to implement floatinghpto
arithmetic on FPGAs [63], but resources use
optimized in this case because of FPGA sea-ofHogils
architectures (see Fig. 2). So, in order to redoost,
manufacturers require from end-users to designralbers
using fixed-point arithmetic. In this context, casficient
architectures must result from a balance betweanirao

is not

X
Q.= 22‘1* 4
The scale facto®,, has to be selected with relevance by
the designer so as to avoid overflow errors anthénsame
time keeping an acceptable dynamic range. Besiie#g
the conversion process, the designer can also i§nipe
implemented equations with an adequate choice afesc

x=XQ, with

performances to respect and complexity of the hareéwfactors [34]. In this case, the original squaret faator has

architecture to minimise. This leads to formulat® twork
directions:

- Simplification of the computationMany authors,
especially in the early days of FPGAs, when thesitgrof
the chips was limited, proposed smart solutionsavtoid
including greedy operators like multipliers in thdesigns.
Amongst the most commonly used techniques
simplification, CORDIC can be mentioned, an acrorfpm
COordinate Rotation Dlgital Computer [64]. CORDISE a
very efficient algorithm, only based on adders/tsadiors
and shifters for computing a wide range of trigoetnic,
hyperbolic, linear and logarithmic functions. Aneth
interesting family of algorithms is the distributadthmetic
one [65], that can make extensive use of look-ugeta

disappeared, simplifying once again the computation
Notice also, the regularity of the operations toelecuted,
Aj(6) variables are all sine functions and both dotdpod
(one per row) have exactly the same computing sireic
This property gives the designer more possibilitiefs
factorization when building the final architectfgelV.C).

of - Search for optimized fixed-point format&s just
mentioned earlier, when developing designs with ARG
search for the best trade-off between the sizéheffixed-
point format of each control variable and the respd the
control specifications is needed. To this purpose,
methodology is presented in [66], which is basedtlum
control system L1 or |1 norms for computing the rayppiate
number of bits to represent each quantity of a rodiet

(LUTs), which makes it ideal for implementing DSRcoefficients and variables). This methodology fEplaed

functions in LUT-based FPGAs.

Finally, as explained thereafter, the designer ako
take advantage in remodeling the target algorithiwrder to
reduce the number of operations to be implemented.

In order to illustrate these design rules, the ensttare
proposing as example a simple function to be impleed.
It consists of an (a,b,c) to (d,q) transformatiam three-
phase electrical systems. The coordinate transtoymas
used to transform the actual quantities of a tliptesse

with success to the implementation of a magnetiaribg

FPGA-based control system. In this example, it lsoa
proved that a delta form realization requires leasgdware
than a shift-form realization and provides a closer
approximation to the original analog compensator.

In order to represent all the data values with flicsent
computation accuracy, Menard et al. propose in [&7]
methodology for an automatic determination of thed-
point specification. Firstly, the dynamic rangeeafch data

electrical system <Xy, X;) into a dq reference frame that ig¢ the control algorithm is evaluated with the heipthe

rotating at an arbitrary anglé, while keeping the
instantaneous power equivalent. It gives

X, 1/42 1/42 1/42 ] @
2

X4 |= \/; codd) codf-2m/3) cod@+2m/3) |Ox,

X, -sin(@) -sin(¢-2m/3) -sin(@+2m/3)| | x,

Interval Arithmetic theory to define the minimalmber of
bits needed to represent the data integer partn,Tte
accuracy is evaluated on the basis of an analydigpioach.
In the digital signal processing domain, the masnmon
used criterion for evaluating the fixed-point sfieation
accuracy is the Signal-to-Quantization-Noise-RESQNR).

By making the assumption that the studied threesghd he originality of this approach is that it propssan

system is balanced (no zero-sequence componerd),
transformation can be simplified and expressed as

g e

This first level of simplification allows reducinthe

(2

number of operations to be implemented. The form

expression is then converted into-aits fixed-point format.
This format must be the result of a compromise betwthe

required computing accuracy and the available harew

resources, as it can be seen later on. It gives:

FENs A

where eaclX n-bit signed fixed-point value is equal to

®)

analytical evaluation of the SQNR expression faredir
systems and non-recursive non-linear systems.

B. Design methodology based on reuse modules

For complex designs, modular conception is generall
used to reduce the design cycle. This methodolsdased
on hierarchy and regularity concepts. Hierarchyssd to
Glvide a large or complex design into sub-partsledal

modulesthat are more manageable. Regularity is aimed to

maximize the reuse of already designed modules [68]
With the increasing progress of CAD tools,
improvement in terms of development time reducties
more in the capacity of the designer to know howl&ssify
and reuse his model module, than in a perfect kexgé of

the

his CAD tools. Nowadays, the manufacturers and the

designers of circuits even propose to recoverar {69] or



restricted access [6]-[8], several design moddis) aalled

Intellectual Property IP modules. Besides, the derity of

some modules, such as processor-cores [70], can
important. This design approach is based on thsafslity

of IP modules [71].

an operation and each edge represents a dependéncy

data between two operations.
be

X
,I,%[s 0r-1]

A12(0)

X Asi(0
fis 0 n-1) 21(n[z 0r]

A module can be defined as an element of a library, nison1
available to the designer, which can be directlerired
without having to design it [52]. Therefore, theuse
methodology consists in selecting, throughout yrtesis
process, elements of a library that are usefutferdesign in
progress. These modules, extracted of the desiyn fire
distributed between various levels of abstractidre
procedure is very similar to those used in DSP
developments, with soft-macros [72]. Fig. 4 presemio
types of reuse or IP module libraries that candrestituted,
one at behavioral level and the other one at RVelle

System
Level

v

Behavioral
Level

Fig. 5. DFG of the coordinate transformation aildpon.

- Design of the Aoptimized architectureThe repetitive
patterns of the DFG presented in Fig. 5 can then be
advantageously factorized by using therfethodology [73]
in order to match the required hardware constraiftgs
leads to several data-path possibilities. Operatiame now
replaced by operators. Indeed, each operator iadlud a
data-path has a cost since it consumes hardwaoeroes.

In the case of the coordinate transformation aigovj four
different ALU data-paths can be derived from thé A
factorization process, as it is shown in Fig. 6.

Reuse and IP
Behavioral Model
Blocks

Reuse and IP module libraries.

Reuse and IP
RTL or Synthesize
[ Model Blocks

Physical
Level

An(0) A2i(0) Xa

Xy A12(0) A2A0)

Fig. 4.

Au(O)A(0) Xa  Xp Az(6) A2(0)

C. Algorithm Architecture “Adequation” Methodology

To be efficient, the modular design approach must b,
based on reliable modules. However, in many catesred
modules do not already exist and they have to lie Hus

therefore crucial, when designing them, to be hklpg an
efficient methodology that allows taking into acobuhe [Reg] [Reg]
numerous constraints of such systems. M M
The goal of the Algorithm Architecture “Adequatiofdr ‘ !
A® methodology), when applied to FPGASs, is to find ant ALU-1 Xa  ALU-2 Xq

optimized hardware architecture for a given apflca
algorithm, while satisfying time/area constraint33][

“Adequation” is a French word meaning efficient ofaig.

Note that it is different from the English word ‘&glacy”
which involves only a sufficient matching.?As based on
graph models to exhibit both the potential paraitelof the
algorithm and the available parallelism of the pmegd
architecture. The implementation is formalized énns of
graph transformations. The (a,b,c) to (d,q) tramsédion

Au(0) Az1(0) Xa  Xp Arx(0) A20) [ A1s(0) A21(0) Ar(6) A2z(0) Xa  Xb

bt

Mux Mux

Demux

case is treated in order to illustrate the effextass of this
methodology.

Xa  ALU-4 Xq

- Data Flow Graph: Having finalized the algorithm
refinement procedure, the Data Flow Graph (DFGhhef
algorithm is directly derived from (3). The DFG
establishes all the potential parallelisms of thgo@thm.
Fig. 5 shows the data flow graph correspondinghi® t
coordinate transformation algorithm. Each nodees@nts

Fig. 6. ALU data-paths of the coordinate transfation.

Notice that, for simplicity reason, only the tramshation
and computation parts of this algorithm have beeatéd in
this example. A methodology could be also applied with



success to sine function generation, also incluthedhe
(a,b,c) to (d,q) transformation algorithm. There thfferent
data-paths are compared taking into account

performance in terms of latency, speed and sizeiarerder
to get the best tradeoff between all these comsrdin order
to compare these data-paths, corresponding artimiéscare
synthesized in behavioral VHDL and implemented itite
same target (Xilinx, SPARTAN 2 XC2s100 PQ208). s i
shown in Fig.7, three resolutions were studied Kit2- 14-
bits and 16-bits). As expected, ALU-1 is the gresti
solution in terms of consumption of hardware resesrbut
at the same time, it is the fastest one. On theradtand,
ALU-4 is the slowest data-path solution but it ems the
most optimized solution in terms of the consumptimin
hardware resources. In fact, it represents only third of

ALU-1 architecture. ALU-2 and ALU-3 present

compromise solution between computation time anfg

hardware resources requirements. So, the desigaer
choose the most suitable architecture solution raaog to
the hardware requirements and expected
performance.

(Latency/Maximum clock frequency) in ns
150

""" + (12bits)
O (14 bits)
x (16 bits

100 +

ALU2 & ALU3

50

ALU1

0 I I L I L I L I L
30 40 50 60 80 90

Number of used SLICE blocks in %

Fig. 7. Performance of the different ALU after dyesis.

100

V. CONTRIBUTIONS ANDLIMITS OF FPGAS USEDIN
ELECTRICAL SYSTEM CONTROLLERS

A. Domain of use of the FPGAs

When designing industrial electronics circuits, esal
criteria have to be considered. Some of the mgsiifgiant
are: the cost, the power consumption (essentitlarcase of
embedded systems), the application performanceabode
all, the suitability for the chosen hardware tedbgyp to
match the requirements of the algorithm to impletnen

This last point will be developed for the case loé
control of electrical systems. As mentioned
introduction, currently the two main hardware solus for
implementing a controller are DSPs and FPGAs. Thezg
according to the nature of the algorithm to implat{ge. its
DFG), the designer has to choose between these
possibilities. The graph in Fig. 8 illustrates irgaalitative
way the reasons of such a choice.

contrdd

The x-axis of this graph represents timing constsaof
the algorithm. These constraints mainly rely on tiype of

thduita dependency. The higher this dependency ismtite

sequential the algorithm is. It is then obvioust thaftware
solution (DSPs) is perfectly adapted to this ca3m.the
other hand, if the DFG reveals many possibilitiels
parallelism (low data dependency and competitictwvéen
operations), it is then the hardware solution (FBGWwWhich
becomes the most interesting.

@
(b)
©
@)

: high data dependency

- high level of parallelism of the algorithm

: few functions and / or homogenous functions

: lot of functions and / or heterogeneous functions

()

ty

ax

cS
£
z

Alg

FPGA

©

@

Algorithm Timing constraint: (b)

Fig. 8. DSP and FPGA domains of use.

However, timing constraints are not sufficient tdlyf
characterize an algorithm - its complexity is aksdkey-
element. This is the reason why it is reportedhenytaxis of
the graph. Algorithm complexity is evaluated in tways:
the number of operations and their regularity. btjean
algorithm presenting a significant number of operat is
not necessarily complex if the majority of thesempions
are identical. It is then easy to design an effici®LU that
is optimized for the treatment of these specifierations.

In the field of digital control of electrical sysbs,
algorithms are almost all included in the intergecarea of
these two technologies. However, in many cases,
implementation in a DSP is preferred. Accordingusp the
reason is historical. Software solutions are oatet they do
not frighten the designers because they are based o
programming. However, this apprehension of cirdeisigns
is less and less founded given the progress ofgudesi
methodologies and CAD tools. When using HDLs, FPGA
implementations are also relying on portable code.
Moreover, the reduction of the execution time of an
algorithm in the case of a DSP implementation idy on

the

t obtained by a long work of optimization of the
in thgorresponding assembler code. Such an optimizagioro

less consuming in terms of development time thantithe
needed for the design of an efficient architectudnen using
the A’ methodology. However, gain in this last case terof
ctacular in terms of execution time. Of coursgner
aspects must also been considered, such as acissaey



B. Benefits of using FPGAs for Control of Electticacarefully designed, the delay can be reduced tchalh
Systems switching period €&50us), which greatly improves the
dynamic performance. Direct control of the power
As a complement of the former section, authorsname converters can be achieved but expected resultsfdess
trying to outline the benefits of using FPGAs fantrolling quality than those obtained via an analog controlle
industrial electrical systems, driven by a powemeater. A Fig. 9.c corresponds to an FPGA-based controllele D
typical example consists in the current control RAWM to their ability to transcript on the hardware at@tture all
inverters. The demonstration is based on the wbéit the potential parallelisms of the control algorithFPGAs
FPGA-based controllers to execute quasi-instantasigo can only take a fraction of the switching periocei@cute in
their tasks, as shown in Fig. 9. In this figurgpd represents real-time a full complex algorithm. A direct conseqce of
the analog-to-digital signals time conversiong & the this extreme rapidity is the consummation of adangmber
execution time of the control algorithm and, ® the Of the internal resources of the chip, increasmghe same
sampling period that is usually taken equal toswiiching time the cost [33]. However, by using optimization

period of the power converter or to half of it. techniques such as>A73] and/or pipelining, the designer
can easily build a balanced architecture, whiclpeets the

area limitation and preserves the rapidity of etecuof the
control algorithm E&1-2us for AC motor drive control).
(@) Therefore, the obtained computing timg for FPGA-based
> controllers is far below the one reached with agpammed
(k-1)Ts (KTs (k+1)Ts solution.
Such instant reactions make FPGA-based controllers
b) L very close in their behaviors to their analog ceuparts.
(k-1)Ts (K)Ts

They preserve their advantages (no calculationydéeigher

X (k;ﬁ > bandwidth) without their drawbacks (parameters tiddf
+ S

poor level of integration). Hence, this quasi-aggbwoperty
Taoe could be sufficient to promote this technology for
implementing more and more industrial digital cohtr
(c) L systems.
However, a more careful look at Fig. 9c, shows
(-1)T, K)Ts (k+1)Ts important time left within each sampling period, emhthe
controller has finished its computing tasks and dialy to
handle the PWM signals generation. As a consequentg
a little part of the FPGA is active during this &éneaving
the component largely underexploited. This impdrtan
servation has been made by some authors in ftegvan
it very few clearly highlight it [75]. In most caseit leads
them to propose several interesting improvemerds e
are now trying to classify.

Fig. 9. Timing distribution (a) General purpose ragontroller, (b)
DSPcontroller, (c) FPGA-based controller

Fig. 9.a corresponds to the use of a general parp
microcontroller. In this case, the main limitatifarctor is the
computing power of this component. Sampling perisd
fixed according to this limit, leading to one andhalf
switching_ period of delay (one pe_riod due to t_he - Over-sampling A first approach consists in over-
computation  delay ~ and a half-perlod delay WhICQampling techniques as proposed in [25], whereattihors
corresponds to the usual statistical delay duehéoRWM integrate the current in a PFC controller at a desy 4
signals application). Thi§ reduces the bandwidthth_r_f times higher than the sampling frequency, yieldingre
closed loop system ar_ld in some cases, may destaliie accurate results for this current regulation. Theedaken to
control!ed Process. Signal wa\_/eforms are.also \EIgr simplify the computation (reduction of the numbef o
[74]. Finally, it should be mentioned that direcintrol of multipliers) is also to be mentioned. In [76], Chapet al.
power converters (sliding mode, bang-bang contiod) not propose a quasi-analog digital DTC, wh,ere the terqu

recommended in this case. egulation is updated every 2us; a protection nmedsl

. Fig. 9.b _corresponds to.the case of a DSP control ded, which prevents switching on the same invéte
implementation. This case gives much better resiodts the

former one. Indeed, thanks to their adapted arctoite, - Predictive contral In [77], Ling et al. propose the

these components allow controlling the current of §mplementation of a complete Model Predictive Cohtr
electrical machine or a load in a few dozens ofrmic gyrateqy applied to an aircraft example. It is & rinticed

seconds. As a consequence, the lack of rapiditthef that the algorithm is using floating point arithiewhich is
controller is no longer the limiting factor of tletosed-loop  gtj|| rare when working with FPGAs.

system. Limitations take their origin in the swita losses
of the power converter, leading to a sampling fesmy of - Current measurement improvemerits [78], Fratta et
around 10-20kHz for medium range power systems.\Whgl. propose an ideal PWM ripple filter, obtained dwer-



sampling the measurements of the controlled curtben VI. FPGAS IN INTELLIGENT AND COMPLEX CONTROL
computing its average value inside a time slidingelow SYSTEMS
and re-introducing it in the current loop. Careful
comparisons are also made with an alternative DSP The use of modern Electronic Design Automation
implementation. packages for electronic systems design facilitagesy
In [79], authors present an FPGA-based implemantatimplementation of complex control algorithms andifiial
of an SRM current control which allows avoiding iantintelligence (Al) into hardware. Hence, a wide ranof
aliasing filters. Indeed, by choosing the perfawttant of complex and intelligent controller designs have rbee
sampling, a true average current may be measured. recently developed, with applications in industrj
significant number of them target FPGAs, due to rdqad
- Control of multi-systems with the same controller prototyping features and the flexibility offered BPGAs,
[80], Garcia et al. have implemented an FPGA-basedpecially through the recent availability of migrocessor
controller for a 16 phases DC/DC converter. Thgdsed or DSP cores, allowing hardware software co-desigd
application is automotive. This kind of example viery implementation. Some areas using FPGAs for the
demanding: as it is low voltage, the sampling festpy can implementation of complex controllers are highlight
be very high and the controller has to manage ud@o below and a case study of an Al (fuzzy logic) coltér will
interleaved channels. Such power segmentation $8 abe dealt with in more detail in a separate section.
required in aircraft applications for reliabilitgasons. These
examples can be considered as typical niche apiplsafor A  Neural Networks implemented in FPGA
FPGAs. ;
. According to a recent report of an European Netvadrk
o e e B e o Eicelonce '[85 e near ana longem T
implementations of hardware-based neural netwoilksoe/

sampling period of 50ys. shaped in three ways: i) by developing advanceknigaes

Finally, as FPGAs can handle very fast computing afP’ Mapping neural networks onto FPGAs, ii) by deping
the main limitation of the power converter beinge thNNovative learning algorithms which are hardware-
switching losses of the transistors, some autharge h realizable, iii) by defining high-level descriptiorof the

proposed some improvements to the classical PWafesfy neural algorithms in an industry standard to alléwil
in order to reduce the switching period. It corssist the simulations to be carried out and to allow fabimaty the

single switch commutation technique that avoids tHROSt appropriate technique and to produce demaostraf
application of a deadtime when a commutation occthgs, the technology for industry.

using this technique, one can implement a fasteentiloop Such designs will be of use to industry if the cobt

(up to 40kHz for medium power) [81]. adopting this new technology is sufficiently lowr fthe
company and if the technology is made accessibtbdm.

C. Dynamic Reconfiguration of FPGAs The cost of implementing new technology in an ASs

each year. Europe lags behind Japan and the USAein

Reconfigurations of control algorithms in run-timan C : . . . .
. application of intelligent techniques, especiallyconsumer
be done by software W'.th DSPs. C_onvgrsely, SR’I'\'\/HjaseIectronics. Considerable expertise in the designearal
FPGAs allow dynamical reconfiguring of hardwar

architectures. This possibility has already beergely Retworks and their application to industry is aakié in

. o S 4 universities throughout the European Union. Strong
explored n computer vision gppllpatlon_s [82]. Bies, as collaboration exists in this field, especially be@am
explained in [83], reconfiguring induction motor ntul universities, as expressed through existing ESPRIT
algorithms in run-time, depending on the operapogt of programs lech as NEuroNet [86]
the machine, can improve significantly the pe.rfommaof .. Hardware-based neural networks are important to
the whole system. Authors had also experimented Wfﬁdustry as they offer a small-size and low-power
success a first dynamically reconfigurable archibex . .

; i . consumption compared to software running on a
dedicated to the tests of evolving PWM strategi®4].[ b P g

Another int i fd . f . it workstation. Therefore such neural network congrglican
hother Interesting use of cynamic recon |gurat¢rm_|_5|ss be embedded in a wide range of systems both lange a
of reconfiguring the control system when a majdtufa

. A . small. The benefits of neural networks to indusiaye been
occurs [85]. The reconfiguration is then necesgangtill

. . recognized especially in Japan, where a numbeorgmer
control the p[ant evolution or at least to canbel process in goods are making use this technology. A recent jren
safety conditions. . , . lproduct has been a microwave oven (Sharp), whiels as

I-!owevgr, the. dynamic recqnflgurauon ..Of hardwa fleural module developed in the UK. Other consumer
configuration, which can be partial or total, idl dargely

L . . : licati f related technol include fi ito
underexploited in the field of industrial controlstems. A applications ot refated technology Inciude uzzgi

. - . . modules in cameras and in vacuum cleaners. Sotution
major reason is the poor reconfiguration speediliis may should be tailored to the needs of industry by juliog a
change in the near future.

choice of implementations from software modulesouigh
FPGAs and semi-custom chips to full-custom VLSI.



Libraries of neural functions should be made atdélan other papers on Neural Networks are more frequently
software and libraries of cells (digital, mixed aathlog) for present in regular issues of this journal ([90]}]94

hardware. Software libraries exist for the traditib neural

network models, for example for use with MATLAB. B. Fuzzy Logic Based Control Systems

For industry tq take.up university-based desighsse Today, fuzzy logic based control systems, or sympl
designs must be in an industry-standard form, f@mle £,y | ogic Controller¢FLCs) can be found in a growing
VHDL or C++ functional code, they should be mod#ad nymper of products, from washing machines to spemsb
they should be parameterized to allow customizatiothe  from air condition units to hand-held autofocus eams. The
industry’s needs. The following European comparées success of fuzzy logic controllers is mainly due their
known to have investigated the use of hardwareebasaral ability to cope with knowledge represented in ayuiistic
networks: Ericsson (UK, Sweden), Philips Researftrm instead of representation in the conventional
(Holland), Siemens (Germany, UK), 3M Laboratoriemathematical framework. Control engineers have
Europe GmbH Neuss, XIONICS Document Technologi¢sditionally relied on mathematical models forithiesigns.
GmbH Dortmund, Robert Bosch GmbH Reutlingerjowever, the more complex a system, the less eftethe
Spectrum Microelectronics Siek (Germany), Fiat Ig)ta mathematical model. This fundamental concept pexvithe
Domain Dynamics Ltd (UK) [86]. Specific applicatiameas Motivation for fuzzy logic and is stated by Loftadeh as the
include the control of telecommunications netwosgeech Principle of Incompatibility [95]. There are five main
processing and recognition, speaker identificatiand elements in a fuzzy logic controller: Fuzzificatiomodule

micro-electromechanical systems. The industry whi¢fuzZifier), Knowledge base, Rule base, Inferenogite,

already applies neural technology, or is likely Henefit Defuzzification module (Defuzzifier). Automatic afges in

rom 1, s areacy pan-European, For exanple, Sistias S GeSGn parametes of any of e e clemersate an
activities in both Germany and the UK, Ericsson h P Y y y Y

arameters are non-adaptive. Other non-fuzzy elemen
activities in Sweden and in most European statdgfamUK % P y

. ; . . which are also part of the control system includassrs,
hosts Ericsson's VLS| Design Centre. The main amasanalog-digital converters, digital-analog converteand

application are [86]: normalization circuits. There are two types of nalization

+ Communications systems, demodulators, intelligegicuits: one maps the physical values of the abritiputs
antennas, semiconductors for the space environment.onto a normalized universe of discourse and theratiaps

* Object identification, image compression, HDTVthe normalized value of the control output variabback
medical and biometric image analysis, thermal imagato its physical domain.
processing systems, materials analysis. FPGAs constitute an appropriate target for the

« Character recognition, speaker identification, speeimplementation of fuzzy-logic controllers, faciliéal by the
recognition and enhancement, handwriting recognitio flexibility of the design environment, enabling efit

« Information retrieval, exploratory data analysisatify implementation of the circuit's abstract model. Agth
control, function learning, automatic control, econic number of works have been published on fuzzy Ibgised
prediction,  electrical  consumption  predictiongontrol systems. One paper presents a method eimgloy
knowledge extraction, intelligent controls, autoimathardware/software co-design techniques accordingntca
verification of VLSI and WSI circuits. priori’ partition of the tasks assigned to the etdd

« Stochastic learning algorithms, Content Addressaiiemponents. This feature makes it possible to ¢athe

Memory, massively parallel processors, pulse-stre&®@ntrol system prototyping as one of the desiggestain
computation. this case, the platform considered for prototygiag been a

Some directions for implementation [86] are: development board containing a standard microctetro
« VLS| digital and analog hardware, analognd an FPGA. Experimental results from an actuatrob

implementation of neural networks, pulse-streagPplication validate the efficiency of this methtmizy [96].

systems, on-chip weight perturbation algorithms A paper, advocates a novel approach to implement th
«  On-chip learning, reinforcement training, feed-fara fuzzy logic controller for speed control of electviehicle by
training, stochastic training using FPGA [97]. The speed of the motor has to be

. Distributed and heterogeneous processor archieestu€ontrolled, which in turn controls the vehicle dgmes to
fault tolerant systems, optical neural techniques run the vehicle. So, the main aim is to determhmee rmotor

* Analog and mixed hardware implementations of neur%l?eed’ which driv_es the V(_ehicle. In this respeatapnete_rs
networks using time-continuous or coherent pulsdtiwi such as acceleration, braking, energy status, ayehterrain
modulation techniques are considered. This system, which functions adoaed

* Massively parallel computers, silicon implementasio Io_op system, also take_s the motor speed as amete_a}ong
of neural networks, neuro-fuzzy systems. with the above-mentioned parameters to estimate the

A wide range of research papers on Neural Networ\@riAation of tg% motor spt)eed [.97]i tati f a fupmn
based Controllers were published in prestigiousnals. paper [98] presents an implementation of a fuegyc

Some (like [87]) were collated in special issues 0(}Qntroller (FLC) on a reconfigurable FPGA systé&mnother

Transactions of Industrial Electronics [88], [8®ecently, paper explores the use of FPGA technologies to@mpht



FLCs. Two different approaches are described. Tirgt f(DMA) capabilities in the LabVIEW 8 FPGA Module, tda
option is based on the logic synthesis of the tmolefrom within the execution of the FPGA device can be
equations describing the controller input-outpufatiens. retrieved at speeds up to 50 MB/s, depending ortaiget
The second approach uses dedicated hardware terimapt hardware and host processor. DMA provides a dingctor

the fuzzy algorithm according to a specific arcttiee data on the FPGA to RAM on the host machine, iminigpv
based on a VHDL cell library [99]. APGA based fuzzy data-logging efficiency and making data immediately
sliding-mode controller, which combines bdkte merits of available for analysis and visualization. This higleed data
fuzzy control and sliding-mode control, is propogefll00], transfer provides real-time visibility into paramet and

to control the mover position of a linear inductiomtor variables within the FPGA [103].

(LIM) drive to compensate the uncertainties inchgdithe
frictional force.The uncertainties are lumped in the sliding-
mode controller and the upper bound of the Ilumpe
uncertainty isnecessary in the design of the sliding-mode Evolvable hardware offers much for the future of
controller but it is difficult to obtaiin advance in practical complex system design. Evolutionary techniques ordy
applications. Therefore, a fuzzy sliding-mode coltr is give the potential to explore larger solution sisadeit when
investigated, in which a simple fuzzy inference hardsm is implemented on hardware allow system designs ttaga
utilized to estimate the upper bound of the lumpédnanges in the environment, including failures ystem
uncertainty. An FPGA is adopted to implement thgirect components. Novel evolutionary algorithms are being
field-oriented mechanism and the developed cont@¢veloped and applied to intrinsic hardware evoltufiL04].
algorithms for possible low-cosand high-performance A major objective of this work is to produce an keNonary
industrial applications. system that can be readily implemented on COT Swemel

C. Hardware Implementation of Fuzzy and Neural Netw As an exa_mple of the new system, an FPGA-basedatiant
Controllers for a mobile robot has been developed by Prof. Ahglyell

. . apd his team at University of York, UK. The conkeol
A paper on problems of hardware implementation 8€

I ks (NN) in th bl nsists of look-up tables, which perform the maggfrom
neura _networ S (NN) in the re-programmable stnesiu sensor data to actuator, evolved using an effective
was written by A. Klepaczko et al. [101]. New cladghese

devi hich int © i i f BoC evolutionary algorithm. The experimental results an
evices, which integrale n one silicon warer entsot., Khepera robot show that the method can succes&utiive
facilitates NN construction and their applicatioithe

a robot controller for autonomous navigation to idvo

cooperation of Micro—ControIIer.Unit (MCU). and" F.PGAt:oIIision in an unknown or changing environment reve
helps to overcome space and mterconnect,on liroitat sensor faults occur prior to evolution or afterugcessful
The paper aims to prove that large multi-layer akeur

networks are achievable by associating programmiabjie member of a population has been evolved. [104]
array with a micro—controller, which supports spaoel
speed-efficient designs, in comparison to systeeadized )
only in an FPGA device or simulated only by MCU. ®fiu The design of controllers for smart structural eyst
attention has been devoted to the practical agjicaf the usually proceeds without regard for their eventual
NN in the System for European Water Monitorinﬁ“p|emer)tat'0nn thus resulting enherl in serioudqrenance
(SEWING) [101]. degradation or in hardware requirements that scprand
Another work is focused on custom architectures f@PWer, complicate integration and drive up cost Tvel of
Fuzzy and Neural Networks controllers [102]. It smets integration assumed by the smart patch further exkates
efficient architecture approaches to develop cdier® these difficulties and any design inefficiency mepder the
using specific circuits, using HDLs and synthesizinem to realization of a single-package sensor-controletuator

. Evolvable hardware

F. Controller designs for smart structural systems

get the FPGA configuration bit-stream. system infeasible. The research carried out autsntite
controller implementation process and relieves dhsign
D. Intelligent Data Acquisition Devices (DAQ) engineer of implementation concerns like quaniizgti

Instrumentgomputational efficiency and device selection. FRG#e

LabVIEW reconfigurable FPGAs to implement custoghhi spepifically targetgd as a hgrdware platform 'bgaaatbese
performance data acquisition on commercial offghelf devices are highly flexible, power efficient, ar!d
(COTS) hardware. Instead of a predefined subsddA® reprogrammalz_)le._ The proposed_ controlle_zr design
functionality, the intelligent DAQ uses an FPGA-bds methodology |s.|mplemented on a simple cantilevearh
system timing controller to make all analog andteld/Os test structure using FPGA hardware [105].

configurable for application-specific operation. By ) _

programming the FPGA, the custom high-performana®D G- FPGAs used in Motion Control Interface

tasks can easily be implemented. Additionally, beseaof New Ethernet-based FPGA-based controllers for motio
the parallel architectures of FPGAs, the high-penemce control are reported [106]. They include all hardwa
task implementation is achieved without performanfunctions, such as timing, synchronisation and gsemg of
degradation [103]. With the new direct memory ascecyclic and noncyclic data on the basis of two inated

Intelligent DAQ devices use National



Ethernet MACs. Cores for two controllers are adda
based on the low-cost Spartan-3 Xilinx FPGA platfoThe

The block diagrams of DTC and SVM-DTRFC are

presented in Fig. 10 and Fig. 11 respectively.

SERCON100 master and slave controllers are availabl

both integrated in a FT256 BGA housing so that mrmoon

hardware design can be realized. This makes a very

powerful, low-cost standard hardware platform alzl#,
which reduces implementation efforts and also esw
high acceptance by suppliers [106].

VIl FPGABASED DTC CONTROLLER

In this section, the authors present
implementations of Direct Torque and Stator Flux(Cal
(DTC) and Direct Torque and Rotor Flux Control (OF®

with the use of Space Vector Modulation (SVM) for
Indeed, due to their simila

induction motor drives.
structures but also their differences, these tgorithms are
good examples to show the effectiveness of an FB&&d

FPGA-based_]

B. Design of modular architectures

The discretization of the normalized control altjuris is

performed with the forward-difference (FD) approation.

A full description of these algorithms can be found111].

Then, algorithm refinement procedure is carried out
Voltage

& Switching G
C; |generatio
——

~ Rotor flux and tom,m:<
estimation <—

Ve

SVM

R
A

Fig.11.Block diagram of SVM-DTRFC strategy

functional modular approach to implement sensorless |n order to increase module reutilization, a modilad

control induction motor drives. Therefore, the ®@Ws standard design principle is applied. The functiona

solution is based on a custom hardware architectgigorithm decomposition leads to a set of specifit-

designed by assembling a set of functional builditagks.

These blocks are tested and organized in a libHry

Intellectual Property (IP) modules for easy re-(is@7].
Each block is geared towards a specific algorithmmcfion
(Flux estimator, Hysteresis controller, etc.). Aecial
attention is given to the algorithm refinement, ethallows
finding the optimum fixed-point data word lengthr feach
internal variable of the algorithm. Finally, expeéntal
results are shown, which validate the proposedcgmbr.

A. Principles of the proposed control algorithms

DTC and SVM-DTRFC algorithms have high torque

dynamic performances. In a first approximation, $\M-

algorithms or modules, which are summarized ingébl

TABLE I: Functional Algorithm Decomposition

Tranz{g::r;:tlon Estimation blocks | Control blocks
-(a,b,c) to (d,q) - Stator flux - Hysteresis
DTC (Magnitude, Angle) - Switching table
- Torque
SVM- |- (a,b,c)to(d,q) - Rotor flux - Hysteresis
DTRFC (Magnitude, Angle) - Switching
- Torque function
- voltage vector - SVM

As it can be seen from table |, there are sevenmaincon

DTRFC algorithm can be considered as derived frbe tblocks used by both control algorithms. For eachck|
well-known DTC algorithm [108]. While the basic DTCappropriate Data Flow Graph (DFG) has been estalis

technique
according to the differences between reference atdal
torque and between reference and stator flux liak&y M-
DTRFC strategy is based on torque and rotor flustrod

[109]. Moreover, in this case the Voltage Source InverterkKaa

(VSI) is controlled indirectly by using SVM in ansilar way
with what was proposed in [110]. This techniquenai a
smoother behavior of the torque regulation at stestate
operation than basic DTC.

o c [ d
E——— Switching

- - c Table
—0— T

0

Stator flux and torque
T estimation

Fig.10. Block diagram of the DTC technique

is to directly select stator voltage w@ect Fig.12 illustrates the DFG of theaxis stator flux estimator.

Vau(K)
by
< 25(+) (k)
1
isa(K

Fig.12. DFG of ther-axis stator flux estimator.

As for the magnitude and the angle of the stataiotor
flux vector, they are estimated using CORDIC [6A].
MATLAB program is used to search for the best chadit
terms of accuracy and number of CORDIC steps.dtieen
found that 10 CORDIC steps are enough for thisiegtbn.
As mentioned earlier, an interesting metric forleating the
precision of the digital algorithms developed witked-
point arithmetic is the Signal to Quantization MoiRatio
(SQNR) [67].



As an example, a set of evaluations performed thi¢h The resulted (RTL) model of the estimator archiiest
a-axis stator flux estimator are described, for Whize DFG presenting the VHDL entity, is shown in Fig.14.
is presented in Fig.12. The results are given lafetdl for a
SQNR constraint of 8aB. It is shown that the first solution,C. Experimental results
where all the signals have the same word-lengthrgt),
can be optimized using [67], while respecting tH@NR
constraint (3 row).

Experiments are carried out with a 1kW, 4 poles
induction motor. These two algorithms have been
implemented on a low cost FPGA device (XC2S100plda

Table Il: Optimal word length Il reports the very short execution time for edeRAGA-
Word length SONR based control algorithm. Fig. 16 (a) and Fig. 1pfilesent
iS, b, b, bs b, @, (dB) torque step-responses using respectively DTC anil-SV
24 24 24 24 24 24 84.2 DTRFC algorithms.
16 16 16 22 22 16 80.5 Table Il

Processing time for FPGA-based control algorithms
FPGA-based architectures Processing tins (

Simulation is then achieved und&imulink with the
Xilinx System Generator (SG) fixed-point toolboxgHA3

illustrates a simulated version of the DTC algonthy SG 253 DTREC 111‘2
toolbox. Good performance was obtained using the optimum . .
fixed-point formats established by the analytic rapgh '_'_ga't;'FIj)'(_'_'_'_'_'_'_'_'_';('k)_ '''''

ss(k)

|
67]. Th ling f is fixed to 20KHZ. i '
[67]. The sampling frequency is fixed to Estimator Seu 'ia‘Km'ib VI(kivsi(k)qu - 0:

a0 ] — =
ot

Fig.13. Diagram of the DTC controller (built withlXx SG toolbox)

The development of each module in terms of architec
is based on standardization principles. These iples are
regularity, understandability and reusability ofrealdy
designed components. A Register Transfer Level (RTL

|
|
|
I .
I le=isa(K)
|
|

library of standard Intellectual Property (IP) Wecis i
|
|
|
|
|
|

Rotor Flux and

. torque Estimator
| Dras

developed [107]. A detailed description of the flarnd
torque estimator module is now given as example:

- Description of the modulelrhis module implements a
torque and stator and rotor flux vector estimaforsa three
phase induction motor. The data path is obtaingtl thie
help of the A methodology [73]. As it can be seen in Fig.
15, the factorization process is applied to theediest PR 4
operators (multipliers).

- Module propertiesScalable module based on generic Fig.15 Estimator architecture factorlzed by the afsa® methodology

VHDL is developed. Module latency is 23 clock cgcle s [
g?gg/ll;(z)% Es(r}dxvg]e used resources are 29 % of atd@par A AT . T
s .
- Module Interface: ; - (
isa > Dsq g 2 / E’ 2
iss— | Flux and torqu _’Zsﬁ " l'j | A ’
Vsa gl Estimator [ J
v, > —p D 05
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clk:‘ —»-En @ tms) (b) (ms)

Fig.16. Experimental results torque step respohba t 4Nm,
Fig.14. Top view of the RTL model T, =50us, (a) DTC, (b) DTRFC



Torque dynamic is almost the same for both contrpl Fyzzifier- compares the input variables of the controller

algorithms (1ms). Itis to be noted that, in theecaf SVM-  yith a predefined set of membership functions asslgas
DTRFC, torque ripples are significantly reducedete_sted the appropriate membership values. Thus, the fezzif
readers can compare these performances to thoamedt ., arts crisp input signals into fuzzy values.

with a DSP-controller target [112]. However, dire P
comparisons between FPGA and DSP controllers maef (:fuzf;rzlfl)(/aslnference Machinelinks the controller to a set of

performance must be lead carefully. Indeed, to dially m Fuzzy Rule Baseis a set of intuitive or linguistic rules,

fair, among others, both targets must be of theesa bich f the basis of th irol strat
generation, the design effort must be similar, aodtrol which forms the basis of the control strategy.
features - accuracy and sampling period - mustibatical V- Defuzzifier -performs a function opposite to that of the

too. The authors do not aim to perform such a coispa in fuzzifier: it converts the control system’s fuzzytput into a

this paper, or to open a debate about the preferehasing Single crisp value that can be applied as conigoizs.

one or another of these technologies. The papfarcissed In the actual Fuzzy Logic Control (FLC) module [45

on reviewing the use of FPGAs in industrial control the Vg voltage and the rate of change ofc\re used as

input variables. The output is the fuel flow ratentol

signal. The steps in designing the FLC are:

i. ldentify the variables

il. Formulate Fuzzy Rules and Fuzzy Associative Memory
This case study describes the analysis and design oTable The FVSG has 25 fulZZy rules that map the input

electronic control system allowing variable spepeération States to 25 output conditions'(@ C*). General form is:

of diesel driven .stand alqne .synchronous generd#sl Re: IF xqis A'1< and xis A, THEN ¢

[1]. The systemlls shown in Fig. 17. A control sokethat where: R (k = 1, 2, ..., 25) is th&" rule of the fuzzy

can isolate the final output frequency of the systeom the ] ] K

effects of speed variations is simulated and desigiThe SYStem ancandx, are the input variablesh | (i = 1,2 ;K

proposed design aims to improve the efficiency igsel = 1, 2, ..., 25) is th&™ fuzzy set defined in th&" input

engine driven generators by allowing optimum spesgace, €is the output condition inferred by tkB rule.

operation. Fuel economy and environmental protaciice iii. Define membership function for input variables
achieved.The a.c. generated voltage is rectified into d.c. (fuzzification)

power and then converted back into a.c. using sePlidth jy_ pefine membership function for fuzzy output sets.
Modulation (PWM) inverter before being applied toet
load. This configuration is widely used in varialdpeed
wind energy conversion systems [1], [113]. A suiafozzy
logic control system is designed to control thd ftadve of
the diesel engine based on the DC link voltage tinphe
overall function of the control system is to ensthat the
output voltage of the system maintains the desired
magnitude and frequency over a range of varyingtiartal
speed and loading conditions. Due to the difficuity
obtaining a precise model for the engine-genersagrfuzzy
logic is used in the control system, as it doesraqtire an
accurate mathematical model. A typical fuzzy cdragstem
can be divided into four main sections.

VIl Fuzzy LOGIC CONTROLLER FORSTAND ALONE
SYNCHRONOUSGENERATORS

V. Defuzzification.The defuzzification process chosen for
this controller is theveighted average meth{4b].

The FLC design is achieved in VHDL, which allovesg
description of the fuzzy implication techniques. rFo
example: PB (Positive Big) = max (@, C°) is described:
PB <= 0 when c1=0 and c2=0 and c6=0
else c1 when (c1>=c2 and c1>=c6) else
c2 when (c2>=cl and c2>=c6) else c6;

In this example, the rules state that the outpgmadiu is
Positive Big (PBWwhen output condition is'CC? or C.

TRHRE 7 3
Voe b 1k dh output
Synchronou c —
Generator - I
A z|g Ik F |J|=
) ) RECTIFIER PWM INVERTER
[Dlesel Engine ] | T T T e === . — 2 . AL - -
: FPGA Controller
I

Fuel|Control

Fig. 17. Fuzzy Logic Controlled power system
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Fig. 18 VHDL Simulation Results

The d.c. output voltage is simulated during a step The system provides a suitable platform for thelstof
increase of the load current. The results in F&yshow that efficient diesel engine driven variable speed gatoes.
the fuzzy logic control system is successfully eoting the
tendency to fall of the output voltageyV The system is
therefore able to cope with variations ig.Vesulting from
variable load and variable speed of operation. rAfte The aim of this paper is to present the contrimgiof
complete system was modeled and simulated using VHOFPGAs to the control of industrial systems. Afteshort
the circuit design of the controller was synthediznd description of FPGAs and their CAD tools, the aushoave
implemented into a Xilinx XC4010 FPGA for rapidfocused on the design methodology issue. Indeealtalthe
prototyping. By adjusting the speed of the engioethte simultaneous increase of the control algorithm demity
operating conditions, fuel consumption can be redughile and the chip density, using an efficient designhméology
the same torque can be produced. Fig. 19 showsoltege is essential in this context. To this purpose, adeliag
response when the controller is connected to thsy The technique is proposed for the holistic investigatid power
desired DC voltage is set at 250 V. electronic systems. This is based on System Lewele¥ing
Languages or Hardware Description Languages aodvsll
rapid FPGA prototyping of the control systems. Thgital

IX. CONCLUSIONSAND PERSPECTIVES

= 300 1 controller designs are developed from idea, throtiuh

% R Y — design and simulation stages, to complete systarasshort

o 200 ¢ time and in close interaction with the optimizedlist

§ 100 | model of the complex engineering industrial systenbe

5 o controlled. Further advantages are provided such as
©

multiple choices for the implementation target tealbgy, a
reliable framework for design verification, highnfémlence
in the correct first time operation and wide conipbty of
the design (as IP block) with respect to multiplesing
modern CAD tools. The latter allows the integratioh

. digital electronic controller models in complex
The graph shows that the controller is successiul %gdels P 8

stabilizing the generator system. Although thera isltage . . .
drop of gbout g14% Whenythe load resigtance is dee%é After thati three main design rules are pre;en‘ﬂa&. mamn
this effect is counteracted by the controller, #melvoltage Characteristics of the proposed architecture —design

0O 5 10 15 20 25 30 35 40 45

time [sec]

Fig. 19. Voltage response with control system.

level recovers to a steady value. The main achiemesnof

this system are:

» The configuration allows the final output voltage e
independent of the generator speed, thus allowirg
system to operate at the most efficient speed &treds.

» The control system maintains the output voltagehat
desired magnitude and frequency against changék;in
which arise from changes in speed and/or load.

methodology are: the algorithm refinement, the nhedly,
and the systematic search for the best comprongseelen
the control performances and the architectural tcaimss

{see AR section). Then, an overview of contributions and
limits of FPGAs has been proposed and comparisatis w

traditional DSP software solutions are also madhis T

section is followed by a short survey of FPGA-based

intelligent controllers for modern industrial sysie Finally,
full and timely examples are presented to illustréhe



benefits of FPGA implementation when using the pszal [5]
design approach. They include the Direct Torquet@bfor (6]
induction motor drives and the control of a synclous |7
stand-alone generator using fuzzy logic. It is destated [8]
that in both cases a low cost FPGA-based contraker [
greatly improve the control performance, especidlig to
the reduction of execution time, while keeping ghhievel
of flexibility.

In the near future, the complexity of the contrgdtems
will continue to grow. The tasks devoted to the tomn
algorithm will no longer be limited to regulatiorutowill
have to manage diagnosis and fault-adaptive onclimerol.
In this context, the research effort on the theang the [12]
applications of dynamic reconfiguration is crucial.

Another interesting direction of research is bagedhe [13]
following observation: a control algorithm, when
implemented in an FPGA, can have a very short di@tu
time due to the high degree of parallelism of itshédecture.

At the same time, the constraints imposed by thevepo [14]
electronic components imply a sampling period ibaffor
many applications, much higher than the executiog.tThe
resulting “wasted time” could be advantageously leged.
Several examples of relevant FPGA utilizations lnis t
context are presented in sectionBY.They consist of
predictive control, over-sampling strategies, mplénts
control, etc. All these very promising control pdicans
must still be improved. [17]

Another perspective on FPGA design is to propose a
prototyping development system of a fully integdate
controller from VLSI technology and SoC design thah (18]
include digital control and its analog interfaceer(sors,
ADC, power drivers, etc.) [8]. Finally, the co-dgsi[114]
issue must be addressed, since the borders besuéemre [1°]
and hardware are rapidly vanishing (one can already
implement up to 4 PowerPCs inside a single FPGA [dje [20]
main problem in this case is to propose automaifiesrof
partitioning, based on relevant quantitative inthcs.
However, it can be estimated that holistic modelingy
methodologies will be of great help for such taaksl also
for rapid controller prototyping in the very neatdre.
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