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courses, access to the local area network as well as access to the
internat and e-mall facilities.

The development of the case study has been conducted at the author's
emplover's premises, i.e. at Meissner, Johannesburg. Resources
utilised there, include development tools for the micracontrolier used, a
three-phase Inverter, use of personal computers and the use of
laboratory facilities.
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1.3

1.4

systems development. This project is limited to small embedded
systems development, where the software constitutes a small par of
the overall system and is usually executed by small programmabie
devices, such as microcontroffers. Typical applications that fall under
this catagory are automotive electronics, power electronics and
household appliance control. The scope of the project is captured in
the three tasks below:

« To define embedded systems and assess the difficulties currently
experienced In their development

s To provide and document a practical example of embedded system
developmant

¢ And finally to formulate a development approach for embedded
systems, based on the previous two activities.

The development of a microcontroller system to control a thres-phase
inverter for an uninterruptible power supply (UPS) is used as & case
study for the project. Note that aithough the case study is performed as
far as possibie In a realtype environment and conditlons, lts dave-
lopment is not the main foous of this project. The purpose of the case
study is to provide practical experience Into the development of
embedded systems, It Is used as a practical foundatlon for the
formulated development approach.

Main Delivarables of the Project

The main deliverables for the project are structured around the three
tasks identifted above. In particular, the following products are
provided:

+« Documentation in support of the literature survey

o Full documentation of the case study development

s A review of embedded systems devalopment

Reaources and Environment of the Study

The resourcas for this project ars captured in the Project Management
Plan, documant 3DE 005. As a general remark, we note that most of
the literature research woark has baen carried out at the University of
the Witwatersrand, Johannesburg. The university provided access to
all library services, the facility to attend any relevant conferences and
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1 Definition of the Project

1.1 Statement of the Problem

The software development for small embedded systems is often
regarded as constituting a very small part of the overall tasks involved
in the making of the final product. Traditionally, embedded software
has consistad of only a few lines of codes, mostly written in assembler.
However, advancement in microcontroller technology is constantly
extending the computing power and speed of the devices while
raducing their physical size, tast and power consumption. The new
developments in hardware technology are extending the use of
microscontrollers into more and more complex embedded applications.
The popularity of embedded systems In turn, is drawing more players
into the market. However, the evoiution of the market is not being
accompanied with an equal maturation of the organisations. The
developmant of small emhedded systems is still mostly being carried
out without any defined process, with very little emphasis on quality
managemen’ practices.

On the other side, there is a tendency in the embedded systems
community to acquire the same development tools and facililies that
are used in larger data processing software applications. For example,
there is an increasing use of high-level languages in embedded
systems. [t is helieved that thia is the way to manage the increasing
complexity of embedded systeme software, The question is: with the
investigation of more complex applications and with the Introduction of
new tools, can embedded systems development stlil be carried out in
the same unstructured approach? And if rtot. are models surrently used
for large data processing proiecis applicable to embeddad systems
development?

In essence, the problem examinad by this study, Is the reconcillation of
the formal developmer. processes with the technical realities of
embadded systems.

1.2 Scope of the Project

The objective of the project is {0 study the problem exposed above.
The project starts with an investigation of current software practices.
Based on the practices identified in this exercise, a practical embedded
system deveiopment is undertaken. The practical development is not
strictly structured around any specific model, so as to encourage the
formulation of an approach that will take Into consideration the need for
a disciplined approach as well as the technical realitles of embedded
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In the second part a complste embsdded system development is presented.
The case study involves the development of a microcontroller system to control
the three-phase inverter of a UPS. This section Is supported by documents
SDE 104, 105, 108, 107, 108, 110 and 112, SDE 104 is the requirements
analysis. SDE 105 some of the inverter control techniques and the phase-
locked loop mechanism. it follows directly from the technical nature of the case
study and supports the functional specifications, captured in document SDE
106. The analysis and design, both Implemented using an object-oriented
approach, are documented in SDE 107 and SDE 108 respectively. SDE 110
records the listing of all the major Herations of the design. It also describes the
hardware platform. Lastly, SDE 112 documents the results of the final testing
exercise.

The final section consists of a single document, SDE 113. This document
ravises the subject of embedded systems in the light of the case study
development, Combihing the experience gained in this exercise with the results
of the literature surveys performed in the first part, a risk-based, hardware-
software co-design approach for embedded systems davelopment is formulated
and described. The document ends with a reflection on some of the possible
future developments in the domain of embedded systems.



FOREWORD

The format for this Mastets Dissertation differs from the conventional format in
that it comprises a short body (in the form of a project overview, document
number SDE 114, and two papers, document numbers SDE 115 and SDE 119)
and a number of appendices. The substance of this project is in documents
comprising the appendices. It is therefore considered helpful to provide the
reader with guldance regarding the order in which these should be reviewed.

A Jefinition of the project, together with its objectives and scooe, are provided
in the project overview (document number SDE 114).

For a broad perspective on this project and its major contributions, the reader is
directad to the two papers entitled "A Risk-Based Approach to Embedded
Systems Development’ (SDE 115) and "Space Vector Modulation Inverter
Control: An Object-Oriented Application” (SDE 116) respectively. Although the
projact investigates many aspects of emberided systems, e.q. aspects common
to software development in general, deve'opment stratag’ss, object-oriented
techniques, as well as practical development lssuas, SDE 115 and SDE 116
attempt to provide the reader with a global view while evaluating the effect of
individual factors.

Document SDE 117 raviews the contribution of each of the technical product
towards the objectives of the study and then draws concluding remarks about
the whole project. It also provides guidance to future work.

A list of the doocuments (iextbooks and articles) referenced In this dissertation,
together with some additional reading sourcas are provided in SDE 118,

The appendices are discussed below:

The Master Document List (MDL), document number SDE 001, is a register of
all documents created within this project. The documents are classlfied s
management products, technical products, and guality assurance products. All
the documents listed in the MDL were important In defining the project and in
supporting its deveiopment. However, for the purpose of the dissertation, only a
selection of the most pertinent and contributery documents have been included.

The Projact Management Plan, document number SDE 003, provides an
overview of all the resources managed In the development of this project. it
captures the main tasks performed against a time scale.

The remaining documents are technical products and can be divided into threa
parts. The first part documents the results of the literature survey, firstly on
software development in general and then more specifically on embedded
systems. This section is supported by documents SDE 102 and SDE 103
respectively.
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ABSTRACT

This report examines the major factors infiuencing the development of
embedded systems. The discussion covers, among other aspects, features of
embedded systems that are common to software development in general, the
main characteristics of embedded systems, some of the current development
strategies, the micronontroller market, language issues and dsvelopment tools.

Following the assessment study and a practical embedded system
development, the report concludes that aithougn embedded systems are
typified by relatively few lines of codes, their complex nature necessitates the
application of a disciplined development approach. The report presents a risk-
based hardware-soflware co-design development approach ih an attempt to
reconcile the existing formal development models to tive technical realities of
embedded systems.

A practical embedded system case study is presented, It involves the
development of a microcontroller-based system for the three-phase inverter of
an uninterruptible power supply (UPS).
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subproprams, prowpad topether because of their common
involvement in the start up process. To co-ardinate the
acttvitios of those two classes, o third class, systemConfig,
ig Introduced. It uses both classes. All three classes are
duseribed in the CRC cards below,

staettlny InokinTalily
Responsibilitiss: Responsibilities:

Contains subprograms
responstble for setting,
the gystem at start up
and for ganerating au

Provides o look=up table
of switching, times
values (for usMag 1)

P SN U R B ol Rt e TP L R

The phasesiocked loop idea, as we saw i, can Dbe
decomposed in two abstractions, phoselatectur and
phaseDiffReducor. The first monitors phasa diffarence, the
geeond sels o phase difference reduction mechanism by
adjusting the inverter output fraguency. The two ar
described below.

phasaliatacter nhaseDiffRaduger
Resgpongibilities: Reponsibititias:

keeps track of the differ-
enes botwaen reserve and

Raduces the phase diffe-
rance batwoen reserve

inverter atipi. ond inverter output,
C'ollaborators: Callabarators:

~ phasaDif{Reducer, - pilSupervisor,
fSensor, vSensor, pasnlatestor
vectarMagnitede

Configares tho systemn, i.2. the software and the micro-
eontroller appropriaiely.

Collaborators;

= loakUpTabla, startUp

NMI routine upon 0 Tollaborators:
overload condition,
~ syztemBonfig,
Collaborators;: switchingTimes
« gystemContip
systenContin
Rasponsibilities;

The ca-ordination of the phose differencs detection and
reduction processes is alloeated 16 o third closs,
pliSuporviser.

Figues 6 shows tha elass diagram for these thrae classes.
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Figure 60 The tnitinlisation proecdure classes
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ehSunervisor
Responsibifities

Cosordinntes the setivitios of the phasa difference detee.
tion and reduction mechanisms.

Collaborators;

- phuse(iiTieduter, aagleDisplacamant

“Virsion 1 00 01 Guptember 100G

The phage-locked loop cinsses are shown topother with
the classes of the main cycle In figare &

As discussed previously, the generation and update of
e ontput part values are managed by o ticwer iterrupt
ovele. A single tinter could be wsed for the four periads
i o samphog, time interval (figare 4 aboved. Howovar,
ninee the microvontrofler contning five timers that ard
pllerwise unused, we decwde to use four of theny, ane
four vach period. Thes creatas o botter separation of
eoncert, and A ne eos This docision givaes us four
tier cliriogs, timarT3laterrugt, timerTdintercups,
timerT Unterrupt and timerTZintersupt. ALl four classes wre
related to o parent abstract class, timerlnterrupt. The
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Design Strategies

Hardware twplemented phase-locked loop usually make
use of a vollage-eontrolled oscillator (VOO Wt &
software schome, phase differonce contred can be
achieved by monitariag, the instantameous voltape
difference boetween reserve and inverter output, and the
diractian of the twe waveforms.

The switehing ot in figure 4 shows that the sequenece of
the output states has {0 be reversed after each sampling,
itterval, except on a soctor changre when the sequence is
unchanped. The sector location of Ls* is known from
wonitering the absolute angwlar displacement, 6,
ralative to LNy, © is reset aRer overy complete revolution
of Us*,

A quick iteration through the design-coding.-testing loop
reveals Jt a purely onsline computation approach is
wot fansible, because of the stringent realtime
constratits, [nstend, a combined fookeup tnble and on-
line comp-utation method is used. The look-up tale
stores the values of the parameters ta and tb (equations 4
and 33 over a given numbar of values of @, at a value of
usMap of 1. Only values of ¢ cnging from 0 to 60O
degrees need to be stored sitoe all six sectors are
symmetrical displaced. Tho computation loop then
adjusts the values of ta and tb by the factor usMag, which
i8 caleulated at ecach sumpling interval from o
knowledge of the astual inverter owtput voltame. The
eomputation foop olse computes the wvalue of &
Lequation (9) ).

Three waitt activitias have been identified so far: () the
camputational activity, (2) the fesdback (A uctivity
and (3) the update of the output port value. In order (o
onsure o faithiul PWiM repeesentation at the output, the
output port should never b idle, evenr wion the other
two activities are taking place. We wse the donble-
buffering, {7] technique to achieve this concurrent
behaviour in @ single-riicroconiroliar system. The
computational nctivity i performed in the faragrotnd,
whereas the generation and update of the value held by
the output part is pecformed by timer subreutines whieh
can interrupt bath the computation loop and the A/D
canversion subroutine at any time. Thu computation
loggy, which wa call the s cvele, foads updated values
of the timer and port repister variablos 1o the timor
subrowtines loop, designated a8 the merrapr Gole, @
ench sampling interval,

The design is implemented on the leebit Hitachi
H8/30:48 micpocontroller. The main characteristics of
the microcontroller (8} particularly refevant to our
Jdasign dre:

LIPS

GDEHEWW.100

» 128 Kbytes af ROM (internal)

o 4 Kbyles of RAM (internal)

¢ Maximom clock rite of 16 MHz
s Five 16-bit timer channets

¢  Eight Hebit re-olution A/D converter ehannels

Analysis nnd Design

The abstractions of the system are captured in etass-
Responsibilities-Colinborators  (CRCY  cards.  Each
abstraction or class is kept as simple as possible to
arteouraye future re.use. Classes, {n the Booeh notation,
are reprosemad us clouds with a broken fine boundary.
Theee fundamental relationships are used ta ralate the
glasses: “inberits from’, *has a' and ‘uses’. The three
relationships are ifiustrated borween (he two cidsses, A
and B, in fpsra § balow. The arrow indicntes that elass
B ‘inherits fron’ ¢lass A The Nilled eirele indieatas
that class A ‘has* or containg closs B. Lastly, tie cmpty
circle, indicates that elass A "uses' elass B,

PR TR
‘ 1

t-f' tlape A la) I [ chmB
. l! [ — ., |I
‘ 1
:\ ..-’J it O \*\ £t

Figure 5
ctusges

The three mnin velationships among
Four main closs cateporivs tor clisters of clagsesy are
identifiod in our probiem.

& The initinlisation procadurs

b The phase-locked loop process

¢ The interrupt eyele

. The matn ¢vele

The initinlisation procedure handles all awuters relevit
to initialising both the 8VM ulporithm and the
microcontroller reypister variables. For the initinlisation

peacess, two abstractions are recopnised, startlp and
lookUpTabde. starttlp is a1 cliags utility, i.e. it containg free

Viesion 1 00 01 Soptember 1060
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SVM is based on the concept that a balanced set of
three-pliase ac voltapes can be ropresented by a single
composite voltagre wvector, s of agnitude usMag,
where,

115 = usMag o™ tl)

Its application to three-phase inverier cottrol relies on
the foet that there ore enly eight possible switching
states for a three-phase inverter. The eight switching,
states transinte into eipfy discrete voltages (U - U} in
and U do not contribute to the output voltage. They
correspond to (he state when either all the top ewitches
aor all the botto switchies of the {nventer are off. The
remaining six veetors are digplaced by 60 disprees
around the camplex plane. The situation is depicted in
fipure 3 below.

Us, M
| / u;
u4 [ . . % A 4 u1
' Ho |,
u, | Ho*
Mg’ ‘Ug

Flgure 3: Phasor representntlon of (he switchiog
veetors and the desired vector Es*

Frani figure 3, it i9 clenr that at any instant of time, a
veetor in the plane can b synthesised by switching the
adieining voltage voctors of the ralovant seeter. Wa ¢ il
the rotating veetor that hias to ba synthesiseo, the dieired
vaelot, Lis*,

For example, 10 syathasise Us*, when it iy in the firsy
sactor, 45 in figmre 3, the swatching, sot v fpure 4 widl
bie used.

A gwitehing, 52t 15 contprised of a forward switehing,
sequence (first half figure 5) and o reverse switching
sot isecond nll figure §). At is known as the sampling,
imarval. The two redundant valtape veetors Uy and 14"
teorresponding, te vectors Ly and 11 ) are introdueed to
ensure a binaey Gray code switehuny, sequenes. This has

T PR T & T L T T S

TOEITOWW 1t

for effect to redues the harmonics in tite inverter outpwd
wiveforms 1.

t_f.; .I.T| .U_u ,U“+ .U_.;" .I_f,‘ .,Uj .I-.Ill-

€ AL - e AL it e 3

Figure 43 A typical switching set

If Ua and b are wwo adjoining vectors of a paneral
gaetor, then the desired veetor, Lis™, will be given by the
tin.e averape of the two switching voltage vectors and
the time spent in the zero switching stite:

Ugta+ thith+ Lt = Ug At (2}

whore ta, tb and 1, are the time duration spent in the
voltaye veetors states U, Th aud Uy cospectively. That
05,

ety AL 3

Van der Brock o al [0) provide the solution to
equations (23 and ¢3) as,

s O’ usMag At (Cos e INEGY Sina)
- VL3 usMag At Sin o (5
ty "At-ta-th ()]

whore o i3 the angle between Us* and Ua ¢Un, being,
taken s the adjoining vector on tha lefy.

Equatiots ¢4), (31 and (6) show that if the pdrametars,
usMap and « are known, the ume fo ba spent in the
refevant ewitehing states can be caleulnted, Sinew ench
switehing stite I8 in twn refated to o speeific switching
configuration of the taverer bridge. the “on’ und "off*
timas of cach switch of the bridpe con be obtained. The
enderasult of tiposing this switching pattern on the
inverior, is o PYWM owput waveform that provides o sot
of threespluise dae voltapes, afer that the highworder
harmohics content lawve beon filtered ant

In the context of SVM, the main function of the
microcontroller  system will be to goneste  the
apprapriate owput pulses (hipgh ond low) for the
appropricte switching thnes 13, b and 1., in order to
constroct 8 PWM wutmat,

“Varainn 100 G1 Geptamber 1666
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ARCHAER oTRYE
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REGTREN INVERIER

b { ([ 1
uarseny

Figure 12 Block diageam of the on-Jine UP3

«  inverter
. SPhace
o Guput

Figure 2: Threc-phase faverter hridge

Under o fallure of tha utility, power to the lond ie
maintained throuph tho oneroy stored i the batteries,
The back-up time dopends on the load and the energy.
stoting copacity. Howaver, frrospective of those two
factors, the de voltage form the batteries will drop after
1 ceriain time a8 thoe onergy lovel drops, The UPS should
engure that this dzop in de voltage is not reflected ot the
UFS output, until the shatdown point of tha unit. This
involves a feedback configuration, whoreby fAuctuations
in the inverter output are monitored and nceounted for
by varying the pulsewidth of the PWM signals.

In order 10 protect the lcad againgt o fuilure of the
inverter bridge Hsell, there is a second wtility sowrco,
called the reserve. Both the reserve and the inverler
output are fed to a static switch. Under normat tanning,
conditions the statie switeh feeds the lowd with the
inverter output. Under oo inverter fiture, the 1nad is

immediately transferted to the oltarngtive source, io
reserve. Iv i5 important that the running of the load 14
not affected by that transfee, Therefore, the transfor
siould oceur with the least perceptible brenk in the
output.

Transfecring the load suddenly form inverter outpot to
resarve can have adverse consequonces to the lead if the
phase differonce batween the two sources is too largs.
Consequently the UPS should constantly monitor and
ndjust the froquancy and phase of the inverter output to
matel the resorve waveform, within o pre-defined
frequency window. This technique is conitionly known
08 phase-locked loop,

To summarise, the role of o microcontroller system for
a threesphase UBS invertercontrol application are:

a  to genernte PWM drive pulses to the switches of
the three-phiase inverter bridge

b, to provide voltage fecdback and rogulation

. lo synthesise n phase-locked loop algorithm within
a pre-defined frequency window

In this study we investigate the use of SVM in
supporting those features,

Principles of SYM

SVM has been woll documented in the liternturo
[1{4}{6]. Here wo will only provide o briof averviow of
the subject.

shEIEWW L0
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Space-Vector Modulation laverier Control: An Object-Oriented
Application

H Bapoo
AIKER

Abstract

This paper presents an object-oriented approgeh to designing a Space-t'eetor Muodufation (8104 contral pvtem for a
three-phase uninterrupfibie power supply (UPS) inverter. SUM is used to gencrate the pulsewidth mudidation (PAD
cantrel drives for the inverter switehes. in a combined lonk-up table and on-fine compaitation technigue. The design =
carried aut filly in the language C and aperates an the Hiteche 16-bit 118 3048 miveocontrollor. The final system
performs well, at a switching freguency of' 4 kil It provides both voltage amd frequency onsline regulation.
Diffiendtios in performing a fill ubject-orfenied design implementation on embedded sysiems in general are alyo

discusyed.

Introduction

Space-Veetor Modulation s an etractive technique for
gonerating PWM pulses in o solvvare implementation
approach. Some of the advamtages thiat this method
offers are:

e [tz implomiontation invelves faw equations

s 1t contains fow variobles « angle of displacomant
and veetor magnitude are the twoe main ones

s The equations to be soived are al tinear

In oaddition, SVM is a low larmonic generation
technique that has beon successfully implemented both
in opplientions using look-up tables to store the
operaitng, conditions [11[21 and in oneling, tealtune
techniques using transputers {3]. It hag Leeame
prominent ospectally in  Diph performanee  Field
Crionted Controlled AC drives [i] and has aleo been
used in fully software-controlled rectifiers [4).

In gpito of those advantages, the SVM nlgorithm in an
oreline computation approach can  become  quite
complex. The probicm gots cven more complicoted in
the context of the UPS, which requireu voltage Teedback
and adjustments as woH as phaspetracking, The harde
real time constraintz smposed by the need for o high
avacching froquensy, opueavates the whole jssue.

The complaxity, relisbility and real-timo issues frced by
this projeet ore common (o embodded eystems
dovelopment in goneral. The whole project wos
doveloped using o risk-based, hardwarcssofivare co

design  development approach. The approaeh s
exantined in document SDE 115, The scops of this
paper i limited to thwe analyeis and design phases,
which ara both parformod in an object-oriented (OO)
method.

Obicct-orionted technicues ecan prove to be quite
effe.dve in onalysing and desipning complex systems,
aven for small cmbadded soflware systems. Thoy are
particularly good at eapluring the main entities (or
objeets) of the system. at showing their {nter-
relatianshins and in displaying the dynamic semontics
of the problom. In peddition they can easdy integrate the
hudware  cloments of the preblem inte  the
representations.

This paper prosents the object-oriented design of a
micracontroller-control gystam for o three-phase UPS
imverter, using SVM. The Booch [5] methiodology «nd
solation are used in support of the objecl-srionted
analysig (OOA) and the siject-oriented design (OQDN.

The UPS Stracture
Figure | shows the basic structure of an on-line UPS.

UBS's are wsed in power !scheup and profection
schemes. An otwlive UPS rectifies ae from the ntility
(maing) to de, which 15 stored in bavteries. Also feeding
from tho de bus, is an inverter bridgs that converts the
de into ac. Typically, a¢ to de conversion is performed
through hipgh PWM switching of the voltage between tho
two polarities of the de bus. Control of the three-phase
invertor is the subject of this present study. The inverter
bridpe is pieturad in figuro 2,

SDE116WW.AQ0
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In addition the process ensured that the hardware
interface platform was ready before the software was
completed,

The final system rans on a single 16-bit Litachi 18/3048
microconteoller ot & PWM switehing thequency of 4
kilz. Althouph this frequency is relatively slow for fhst
switching devices lke insulgtecd-pate bipelar devices
{1GNBTs), the complete system implements wl the
additiona) eontro! feawires that wre osually associated
wilh the inverter of a UPS, lke phase-locked loap
control, inverier shutdown facility, avertoad aronitortng
and static switch control,

Althouph vur approach produced encouraging, resuits on
the inverter control projoet, it remains to be validated on
0 wider range of anibeuded systems projects. Further

stidies on iy approach might examine the possibility off

ineurporatlng time and cost metrivs. Any future work on
sofiware development processes will have (o b more
attentive t the developer and hisMer needs.
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by those activities should not be underestimated,
Adapting stundneds to a new project is certaindy not a
minor task and should be viewed as a phiso of the
development itself, instead of being regarded as an extra
faceot that consumes development time.

Control of changes Is nlso tme consuming, It, wo should
be viewed as an investment b the life-cycle of the
software and usually lws to be carried out sirletly.
However this i3 an ares where the development of
embedded  systems might differ  slightly,. ‘The
development model that we present holds a design-
eoding-testing [terative loop. To apply striet control over
all those minor tentatlve lopps will tend to defent their
very purpose, which is to cbtain quick feedback about
specific aspects of the desipn. In that  rospeet,
enforcement of a striet QMS might have detrimentol
effect upon the desipn and the ardour of the wam {iself.
In additivn, the first few ouiputs of those loops might be
of minor importance o the later development of the
software. Their inelusions in the documentation will
have the further drawback of inerensing e volume ol
doeumentation and of obseuring the move important
ieatures,

A loose fret of chanpe eontrol is vontrary to good QMS
practiee but it has the advantage of piving the developer
wiore freedom, with reduced interruptions. In foct, cach
iterafion through the loop ¢on be seen alinost as o
broinstoming exerclse, However to allow complete
freedom, without sny documentition. duoughout the
process wille afer o number of itetations, start to
ponerte fepative retuens on this precess, This will
ustally huppen as the develuper stavts to forpet some of
the fietors thay evolved during  earlier  iterations,
Therefore it Is necessary w diseipline the developmnent
effart, while stbl providing it with a freedom margin
necded for its success, A bakiwe has 1y be struck
betwveen e fwo eoncerns. A selutivh will be to
duocumuent only selected revisiuns af the eely stuge of the
design, Unly when a predetermined perfurmance level is
achivved or whett major charavieristios of the sofiware
ure revealed, s the desipn process halted and the
revision upadided.

Contribution from Existing Development
Processes and Strategics

The madel presented has been influeneed by a number
of develapment processes i stratepies, Dy partiealar:

o 1 barrows the ides of Tihras of modules snd e
vedey Tedenien Timit test from Stavenho et al. {§]

s Like the goudesion appeoaction of  Chiolo et al. [
and Woll [9) i plocesses flwe Tandware  and
staflawvare eletsents simublaneousiy

SOEVGNW 0T
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o L adopts Zave's (1] idea of including the
enviromment inko the specilications

s It seee ns both uncertainty and ehange, like the
prototyping approagh

o Like Bochm's spital model [2], it is visk-hased and
iterativa in nature

Results

The model was lupgely developed through a cuse study
on reabtime embedded systems  development. The
project uscd ay a cose study aimed ot controbling a three-
phitse inverter (ACDC convertery for an usicterruptible
puwer supply (UPK) system, using o mierocontroller set-
up. The system was particularly  charaeterised by
stringent 1inye constraints arisioyg from the teed to switch
the insulitedspate lhpol transistors (ower switches) of
the inverter bridge at high frequency.

The nuende] wis particulacly sueeessiul in identifying the
rish faetors early in the process:

o sinpsoidal PWM, the preferred inverter control
wehiuque on the LS under consideration was
tdentified as not being suitable for & software
approach due to the non-lienr equations that hive
to te solved. Instead VM was wsed. Aldiough
invalving trigonometrie Ruetions, the equationy
ussocited with 8VM ate nll linear.

Bl fivst fow iterations of the desiprecading=testing
teap quickly revealed the impracticality of a purely
sejsientin approgels. The eutput pert cannot remain
idle while the wvaines are computed. A double-
huffering. methad was peed instead. Cotnputations
are now perkattied in e Forepround while the
il manaremuent of the augput part s carried out
by limer subreutines which Dstesrupt the main
comgration patine repubarly.

o Durther iterations of the loup shawed that evep with
SVM. a direet on-line computation approach was
not [easible, beeause of the eomplesity and time
limitations invalved. lstead o look-upstable method
wis sl Oneline: computitions were limited 10
sdjursting: those skared vaties o the reguirements of
the system.

¢ [he provess was alse suceessful at painting owt
quichly bww meh the use of loating point
variables was shaving down the ealenbigions. 1his
proplem wini selved by applyving sciled arithmene
techevivues it by wxing bivaey maniputations,

o
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Finally, when alt the modules have been tested, both
separately ond as a system, the software {s integrated
with the hardware, The whole system is then verifled
and valldoted.  Suceess i aneeting the overafl
reguirements means the end of the development siage
and will carry the system into the maintenance stage of
its iifescycle. If however the requirements gpecifications
are not met, then the problem is agaln reforred back to
the functional specifications level, where the te¢hnical
siratopfes and the hardware/soRware partitioning can be
reviewed, This iterative process is repeated a fixed
nutnber of times. Afier that, if dhe requirements are still
not smet, the problem has 10 be referred tu the
requirements anclysis stape, At this point, the constraints
on the design are drelared ke be too tght and have 10 be
relaxed.

Characteristics of the Approach

The main characteristies of the development approach
sre summarised below:

a. U follows o natueal iterative probleme-solving
pattern. [t recopnises both the inclination of the
developer to first address those aspects that are
unclear or in witivh e or she is not conlldent, and
the iteralive reasoning paltern that we usually apply
when trying to solve a problem. Being close to the
intrinsic problem-solving provess, means that the
madel eould he more easily adopted by the
embedded systems duveloper community ot larpe,
whhout necessitating o sustained waining progess.

b, It bullds the confidence of the Jdeveloper us the
process propresses. As we saw previously, te high
risk clements wisockited with embedded systems
projects means that the develnpere is usuadly under
giionmous  pressures amd has mbny  reservatlons
feven if not epeniy expressed). By giving the
developer the treedom 1o jump straight to o
particulor problem area, the model refivves mueh of
the psychological pressures wmd - inergases e
chanees of success, I other words the progess is
nefifeving its objective, which is e faeiliale the
developmud.

Willt the deslpn-coding-testing stralepy, the [ oeuss
can hoild the final system pradually, fe. soparitely
Juveloped  and  lested  susdules  are  imeprited
mopressively, On o manaperial level, this means
that  the  provess  matesdly  accommodates
utitioing of tasks o Qilvest developers ot
wams.  Seprmte modules can be develaped
stmuttaneously, 1o addition, tw  separtion ol
coneerns nplivs tha e programmer {oe teim) wha
s bewn alloeided o particuliar fask deey not have o
be conversant will all tw details ol the problem,
Fur example, semessie  inplementine e AT

f‘.
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module in an inverer control project, does not have
to understand the princlples of PWM, although both
nre integral aspects of the control of the inverter, In
terms of the abject structure, the only Information
external to the module that the developer needs to
krow are the preconditions and the posteonditions
of that module,

d. Testing is performed early in the developmem
process, That means thot the project s heing
constantly wverified amd vahidated throuphour ils
development. This can largely contribute to
software reliabllity and quelity.

¢.  Continuous verification and validation can be else
beneficial from the customer viewpoint. The
customet, whose requirements are ofteh uncleat,
will become aware of the limltations carly In the
process. Compromises ond  alterations in  the
speciftentions ean be affected at lower expenses,

. The small intermediate delivernbies produced by the
process will alse be appreeiated by the management,
who will hive o ety visibility of the system
henee a better conrol.

g As already mentioned, this approach promotes re
use of code by building o library of tested modules,

. The process encompasses the hardwore develos
pment while keeping the sollware developitent s
independent as possible. . parallel  hardware!
saftware development (o8 compared (o a sequentad
approicht) has less bottleneek stopes,

QMS Considerations

An adequate quatity managemend system (QMS) can
considerably vontribute 10 the suceess of o project. It
promotes standied practliees which tosters an eltfective
communicition. B is especially effective in managing
chimges brought o the praduct. In that cespeet ity
cottribution exends o the whele Hecyele of the
progluct.

The main overhend mssoeimted with the application of 4
quality  masmagement system appears i the time it
coistenes, The areas wherg lime on QMS activities are
mastly consumed are:

o in the initial set-up ol the stundinds ot progeet
® i mananing chanpes

In the varly stagey of the project, new sloetimesls have fo
e created, templates have e be set up o adjusted, and
all the embers af the leen mast became acguisinted
with the slimbards. The time and commitnient demanded

R I ]
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system; two fuctors that {its well in the pencrsd
philosophy of our model. Also at this stape, the time

scheduling of the aperations should be defined, This is
particutarly important when severat functional partitions
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Figure 11 A risk-based, software-hardwore co-design appronch to developing embedded gystems

shate one hardware wnit. All e Information about the
abstractiong, thelr hiter«relativnships, theit locations amd
the dynamic setnatics of the probleot ean be effeetively
eaptured in the auadels of objectoriented develupnent
(logtenl and physical meodels, static aml  dynamic
models) [8]. Anothwr benefit of an ohjoutorietited
upproach o emtbedded systems development bs that it
can naturally incomorate the hardware elements of the
systent into the desceiption, thus providing a more
decurate vepresentation ol the probiem,

Onee e abstrogtions  have  been  defined,  the
development process proceads with Lhe implomentation
and testing ol the modules, sturting with those thist
contain the highest element ol risk. Being buill from
simall modules, sueh an approaeh will quickly penerate a
fibrary of tested madules, that con be referred 10 in
hore desipas.

White the hardware plidforny is being developed, the
modules pepetated by the seftware desiph ean be tested
on an inecireuit enmlator (JOT. The testing phase should
reveal whether ach desiened modile meets the spave

Viraon 100 03 September 1005

aml fime constraints, In addition to the funetional
peqtiretients, I the tequirements are not mel. the desipn
has W be reviewed; i the design-coding=testing loop is
repeated. it is important to relale any change w the
deslan buck Inta the object-orlented  developnient
mcrdels, 50 as to keep (rack of ow the changes nfet the
offier elements ol the system. [ after o pre-deteymined
aumber of ieradons through the designecoding-esting
loop, tw requirements of the module are sl nol met,
thert the problem should Be reviewed at the functiona)
speeifieations kevel. It s purely o space or liming
profleny, e hardwire/sollware partitioning can be
revised, Alternmtively, the suitability of the technical
stridepios tez. VM or sinusoidal PWM) has to be
reviewed, and i neeessary o different lechodeal approach
Tius ta e investigated,

As the development of the hardware is gonipleted, spme
of e moduies can be tested direetly on the frdware
platfarm (via the 1C1 L Binst), This applies especially o
those modules that cannot be tested without externad
physical  inputs,  like  wwloguedoddigital (AN
conversion madides,

Y VA
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needed in embedded systeny desipn, iy the freedom to
focus on specific risk aspects of the problem in shon
design-coding-testing loops, This sugpestion calls for a
modwlar approach, whereby the developer bullds the
final system around loosely coupled modules, like those
found in object-oriented teclhiniques.

Thus fire, three atfribuces which a development madel for
embedded systems projects should have, have been
identified in this paper:

»  Hardwire/Soltware co-design approach

«  Modular approacht

¢ Short designecoding-testing iterative loops

In table | those three features are used to evaluate the
sultabllity of six development processes for embedded
systems. Each proeess is rated ogainst those features
according w how prominent those fedtures ar in the
process (High, Low or Absent),

Tairle t: Evalunting the suitabllity of other processes
for embedded sysiems developuent

Frentire
Development Shaet Moditdar | TIWSY
Madel/Approach {rerative | upproach | Codeslgn
joaps Rppranch

Wateriall model (3] Low Alsent Absent
Buaelin's Spleal medel [2] tligh Faw Absent
Frotatyping methad Tl Law Absent
CTeodo s ol al, TIW/SW Lo | Lo Tow Thgh
deslan (4

TXIVOIRO S o 1f. Wiect-haset] Low Figeti Absent
paraltel approseh [5)
CHEK's CSPF o fon i bow 1igh Low
Iy realsime  embedded
syslems o]

The Development Approach

Building on ihe tree critebia duseribed above and
drawing ffum existing formal <levelopment practices, a
Piskebpsed  approach  for small  embedded  systems
developiment was shaped. 1he wmodel s outlined in
fipure 1. B starts with & requirements analysis, which is
typically @ document draws up by the  custonier
desgribing what the system should do and haw it should
belave, In our model, it is umderstoml as a pre-

e
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cottraciual document that, although formal, can be
subjected to chunge and negotiation as the project
evolves,

%

In order to relate the customer specifications lo the
software developers, o {inctional specifications docu-
mert shouid be prepared. This document should include
i description of *-¢ environmernt in which the system s
to operate, .. exercise will ereate a picture of the
system Bt a hiphet level of abstraction than what s
strictly expressed by the problem itself, At this stage as
well, any technical strategy or method relevant to the
design should be defined. This task might involve some
further investigation Into the technical aspects of the
problem. For example, if the project is to develop a
microcoentrolizr system to control a three-phase inverter,
otie has to decide, at the Ainctional speeifications stage,
on the methed (Space-Vector Moduelation (8VM),
Sinwsoidal Pulse-Width (PWM) Maodulation, Optimal
Technique, ete.) of controlling the inverter. Une miglit
argye that this would be the customer's responsibility,
Tt to do 50 would be 1o nssume (hat the customer knows
wihtich techutique is best saited for n microconiraller
system appronch. Techilques used in digitl electronics
ore not necessarily appropriate for software solutlons.
For instance, in the inverter control example, sinuso.dal
PWM is o widely used technique. ¥ has heen
successfully implemented in digial electronics uslng op-
amp  cirewits, However becouse of the non-linear
equations that have to bhe solved In the process, {a
constraint that I3 olbviowsly not experienced in a
hardware solution} this approach is not appropeiate for a
saltware implementation. Such considerations, which ft
might be argued are outside (he scope of the software
design, wre commanly fneed by embedded systems
developers and explain why many of them come from an
Blewtrienl  Bngineering  background, Always at the
functional specifientions level, following e declsion
ubout the lechnical strategles, the software/hardwaore
pavtitioning of the tasks has to be dellied. This declsion
should he bused on factors sueh os cost, companent-
connt, time constraints, reliddlity (ssues and  sporee
limitations. Sometimes beeause of reliability and safety
considerations a task performed by the software has o
be also implamented by the hardware, Several “hardware
leedick™ and other reliability Jdesign philosaphiss are
diseussed by Snth and Womd [7].

At this stuge the solware and hardware designs diverge.
For the sallware, the next step Is the analbvsiy ind design
ol e systemt, Those two phases are combined @ fipure
[ oundder the Beading “object-uricatation  operition™.
Strdetly speakiig the design can be carried oul in any
desipn methodology,  structured  or  ohjeet-oriented.
However in owr vase siudy abject-arjentation appears (o
he  pantienlidy  suilable,  Object-orientation  aaturally
provides o modular (objeet) approach @ the design and
aliars diflerent levels of abstraction perspectives of the

S m o eea e e e A me—
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different products like teleph wmes, tralns. washing
machines, Indvstrial controllers and antomobiles)

= The matwity of the orpanisations developing
embedded systems varles vastly, making il diffienlt
to develap a process suitable to ail,

*  Although embedded systems are geteratly
characterised by the constraints and concerns listed
abave, the actunl degree of importance of cach of
those factors can vary considerably between
projwets, making it recessary to appraach cach
project differently,

« The importance of the role of the microcontroiier in
the overall systern can ltself wvary  lorgely.
Consequently the nllocated time and budget for
embedded systems projects vary accordingly.

Objective of o Development Process

Predictability is generally consldered as an important
feature of a development process, It should be possible
to meet requirements on time, whhin cost constraints,
achleving all 1equired functionality and within a quality
feamework. Yet the primary objective of a development
process, as we see it, should be to facillate the
development of the system and the task of the developer.
We see the process 08 n menns to support the developer
and not the other way round. Consequently a
development model should be toilt around the needs of
the developer and the reclinienl realities he/she faces.

Establishing the Foundation of the
Approach

Daespite the diffieultics mentioned above, we ¢on aitempt
to skstch a penergl pattern that embedded systems
developments showid foliow, by dmwing on their
similarities,

In particular, we believe that o development modef for
embudded systems HAS to accammadate the lTollowing
fctors:

s Hardware Interection snd the environment ol the
embedded system

v Risk factors

By its very delinition, an embedded sysiem consists off
un inteltigent device buried in o latdware etviroment.
Being olten allocated monitoting and control tasks ity
interface with the environment is eritieal. The design of
this interfice, between the seltware and the rest of the
systemy, s pael of the embedded system alesign, The
interf we uiten lakes e [orm of sensing and actuatar

Vo 100 01 Seplember 19006

cireuits, topether with isolation and power supply
circuits. The whole interface design, which we will refer
to as the hardware design (in the context of embedded
systems) is often built on a printed-circuit board (PCB).
Failure to recognise the importance of this interfuce
design early in the process invarinbly leads to {1) poor
hardware-safiware partitioning of tasks, (2) bottlenecks
when the hardware is needed to test the sofiware, and (3)
a difficult sofiware-hardware integration, Those
considerations indicate strongly that the hardware
interfiice has to be developed along with the software,

Risk factors are any elements that can cause the fipal
system to fall to meet the requivements specifications.
Sommerville [1] views risk as simply something which
can g0 wrong and that is often a consequence of
itadecerate information, Risk elements in embedded
systems arise as a result of the complex nature ol the
tasks they are often required to handle, The hardware
interface design ltself adds to the risks factors. Mnre
important are the increasing number of new application
areay in which embedded systems sre used. These new
orens  ore  often  swrounded by unknowns ond
uncertainties. High degrecs of tisk and complexity in »
systemn, are often what motivated the decision to emplay
embedded systems technology in the first place,
Therelore, it is essential that the development madel for
embedded systems be built around the notion of risk.

1t Is interesting to observe how the developer responds to
risks. Rigk factors in a design put a lot of pressure on the
developer. The embedded systems developer, often an
Electrical Engineer by training, is concerned with all
aspecets of the problem and it is a naturat tendency for
him/Mer to isolsie major risk Issues and tackle thess
quickly at the outset of o project. The ewmphasis ' ¢ 1
on both the urge to address jsolated [ssues and to ex,. e
solutions to them guickly, Few development processes
aceommodate tor this natural tendency. In faet many of
them tend o oppose this approach in thele offort to
“diseipline” the process,

Since not all risk elements are kaown prior to the
development and since ane rlsk factor might hide
another risk fhaetor, it Is important for the process 1 be
iterative, In addition our natural appronch to problems
sobving is rarely purely sequential. 1t ofien follows short
mul guick  conception-nplementation-testing  jterative
[nops.

Tu @ lurge extent the prototyping approach and the spiral
model (21 v w0 cantrent the problems of visk ad
ueerlainty.  However  even  those  processes e
conceried wilh working versiots of the camplete system
or part thereol. The emphasis is more on the overall
system than on the separate entitivs, The result is that
again the developar his o address a farge number of
isatwes dl every iteratfon thretgh e process, What is

T Poge 2
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A Risk-Based Approach to Embedded Systems Developmen?

H Bapoo
MIEEE

Abstract

Muany of the practices commonly employed in the software development process apply equally well for embedded
systems. However, embedded systems have their own characteristics. Failure to recognise these atiributes will
invariably lead te paor design performances. This paper outlines the distingtive fearwres of embedded systems and
proposes modifications to the commonly used software develupment process which would accommodate these features.
More spocifically, a risk-based, hardwarc-saftware co-dusign approach is presented,. The approach builds on an agiual

regl-time embedded system project,

Introduciior

Small embedded systems have (radltionally been
developed with litile reference to formal techniques or
sround loosely followed general design procedures.
There ate two main reasons for this. Firstly, hecause of
the relatively small size of the code, developers have
beert deceived into thinking that small embedded
systems can be developed without any formal
development process. The tendency is to judge the
complexity of a software system only by ifs size and to
fail to recognise such factors ns the role the soflware is
to play in the system, complexity of the control function,
safety nnd reliability considerations, and maintainability
issues. The scecond reason is the Failure of general
seflware development processes to  recognise the
characteristics of embedded systems. Consequantly, in
many cases where n formal developmient process s In
place, developers tend to pay lip-service to the process.
Freguent reviews amd dosumentation re-siruciured ot the
end of the project, pive the impression that the
procedures are being followed,

Embudded systems oflen play a criteal role in an
application and are subjected to frequent upprades and
modifications. They cnn thus gonsiderably henelit from a
disciplined development approach, This paper identifies
some of the difficulties in formulating a development
process that {8 applicable to all embodded systems.
Drawing frowi several paradigms, it presents a model
that nattempts to mateh the technical replities of
embedded  systems  development  with  the  intrinsic
problem-solving approach of the developer.

Characteristivs of Embedded Systems

Many ol (he established practices commonly used in
soflware development, such as the spiral modei  the
operational - model,  prototyping  and - others,  are
applivable to ewbedded systems projects. Hlowever, the
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engineering nature of their applications, combined witk
several other factors, make embedded systems software
differenr framn “un processing sofiware, Failure (o
recopiita wase differences will invariably lead to poor
destgn performances. We start by identifying some of
those distinetive fratures.

Embedded systems projects are often characterised by
the following factoes:

«  High reliability concems
s  Renl-time consiraints

« Stringent physical resource requirements - often o
cesult of their pliysieal focution

e Limited development resources - slnce they often
constitute a small patt of the overall system

o Low power consumption constrainis
o Large vaviety of artachments with tie environment
v Complex interface with the enviromment

»  [Nlliculty i testing the end-produet - often a result
of their physical location and the end=purpose of the
averald svstem {e.g. balliste-missiles)

o Low cost per part constrainl - since embuedded
systems produsts ate semetimes produced in large
nunbers

Fram an assessmaent of the nature of embedded systens
ard the characteristies of their developtuent, it hecames
apparent that the formulation of o developtiient progess
that is appropriste lor all embedded systems s not
feasible. Fhe mais reasons are:

o The farge diversity in the applications of embedded
swstems  (einbedded systerns are found in very
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A guality management system was seen as an essentlal element of a
design. It was particularly was found to be effective in providing
transparency into the development progress and in encouraging a good
communication. We believe though, that for embedded systems, a flexible
guality management system Is desirable, especilally in the first few design
iterations. This is particular important fo promote the creativity of the

developer,

Object-oriented proved to be very helpful in analysing and designing the
system. It could be a major solution for the complexity and maintainability
issUes faced in embedded systems development. Coding in object-
oriented languages for embedded systems is still a problem, but this
limitation will be lifted in time with the infroduction of more powerful
devices and more efflcient compllers,

Where to From Here

This study has clearly revealed the importance of a change in atiitude
among the embadded systems development community. Though often
electrlcal engineers by training, embedded systems developers will have
to become conversant with the software development strategies and try to
adapt those modals in the context of their own field of applications. Fallure
to recognise tne need to discipline and document the approach will
promote a field that Is strongly based on individual efforts. This Kind of
enviranment is usually characterlsed by wasted efforts in re-designing
axisting software. The Integration of new comers in such organisations Is
also generally a very long and painful process. Organisations should not
wait for the need for a disciplined and documented approach to be
spurred by the customer, They should view the maturation process as an
opportunity of gaining a competitlve edge In the industry,

In terms of future works on the findings of this study, firstly the proposed
developrment approach needs to be tested on a wide range of smbedded
systems applications. Future ressarch work might also investigate the
possibility of Incorparating software metrics Into the mode!, in an altempt
to create a more predictable system. Finally a support environment for the
whoie development system could be developed. CASE tool support could
be especially helpful In automating the coding and testing phases. Any
future work on development processes In general will have to be more
attentive to the developer and his/her needs. As de Marco' expiains,
software development is fundamentally a research and development

' De Marco, T. {(March 1995), Blusprint for Sucpess: Inhovale and invest in Peopla,

IEEE software, voi. 12, no. 2, pp. 108-109.
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1.3

1.4

SDE 113 reviews the main aspects of embedded systems developmert.
in particular it re-examines the issue, of development processes and
quality management systems. In this document as well, some practical
issues about embedded systems development are complied,

The two techrical papers presented in this dissertation, SDE 114 and
SDE 115, merely summarise the findings of this study.

Satisfaction of the Study’s Objectives

In terms of the objectives set out, the study has been successful. It has
thoroughly described the major aspects of embedded systems. An
excellent example of an embedded system development was provided in
the case study, Each phase of the development of the case study has
heen documentad. Embedded systems development was critically
reviewed, and firally an adaptive development approach for embarded
systems was presented.

Congiuding Remarks

This study has highlighted the differences In embedded systems
development as compared fo data-processing software development. It
has shown that embedded systems are not simply cut-down varsions of
larger software developments but that they have their own characteristics.
In particular, we found that embedded systems developments involve
diffioult compromises among multiple stringent consiraints, and a judicial
partitioning of hardware-sofiwara tasks, The study has Identifisd the need
for a risk-based, hardware-software co-design approach to sult the
technical realities of embedded systams. However, it was stressed that a
universal development process for embedded systems projects was very
difffcut to achleve because of the large varigly of applications of
embedded systems.

Through this study we found that the technical complexity of embedded
systems often nocessitates an In-depth Investigation of the technical
aspects of the problem prior to initiating the design. This step is
particularly important in choosing the right technical strategy for the
design. The choice should be based on the application but should also be
software approach-based. The technicai specifications of the chosen
strategy are compiled into the functional specifications document.

It was argued that designing in short deslgn-coding-testing loop provides
an afficlent development approach that carries low risks and promotes re-
use of codes. This approach presents benefits both at the managerial
level and at the custorrer level for the visibility it offers into the product life
cycle.

Bago 2
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1.2

Discussion and Conclusions
Re-examining the Objectives of the Study

So that the conclusions and arguments In this final document can be
viewed In the right perspective, the main objective of the study ls re-
stated: To attempt to reconcile the existing formal development models to
the technical reallties of embedded systems development.

Three main tasks have been assigned to this project:

» To define embedded systems and assess the difficulties currently
experienced in their development

+ To provide and document a practical example of embedded system
development

e To formulate a development approach for embedded systems, hased
on the literature survey and on the practical exerciss

Review of the Technlcal Rocuments

The sssentlal documentation supporting this study s caplured In the
appendlcas.

SDE 114 provides an overview of the project. it defines the project, its
objectives and scope.

The two management products, SDE 001 and SDE 005, {ogether provide
& dascription of the tasks and wocuments atiached to the project.

Aspects of embadded systems development that are ctmimon to software
development in general are documented in SDE 102, This document also
describes soma of the mast prominent software development processes,

8DE 103 focuses on embedded systems. This dosument revenls that the
main characteristics of embedded systems development are the risk
elements Involved and the strong hardwaie implications. R provides
gvidence that the applications of embedded systems and the
microcontroller markot In general are expanding.

The documents SDE 104, 105, 106, 107, 108, 110 and 112, all support
the case study development. The case study provided an excellent
example of a reaktime embedded system. it was instrumental in drawing
the development appreach proposed Ih document SDE 113,

SDE11"WW 100 Varsion 1.00 27 Augusl 196 Pnge 1
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Frigure 13 (&) Fillered output of the drive putses for
tis bottom half of the inverter Dridge

Figore 13 (2): Frequency spectrutn (up to § kHz) of
the fliltered drive pulses

Figure 13 (f): Frequency spectrum {up te 50 kHz) of
the filtered drive pulses

Coneluding Remark

Al SVM three-phass invertor control systom for a UPS
was dosigned using object-oriented techniques. The final
system runs & o ewitching frequoncy of 4 kHz
Although this switehing frequoney is adeguate for low-
switching frequency devices like bipolar transistors, it
does not take advantage of thie capabilitios of the highe
gwitching frequency deviges (=10 kHz) like IGBTS:.
However, ot the switehing frequency of 4 kiz, the
software, vritten fully in o highvlevel language (C), is
olgo carrying out all the monitoring and control features
assoeiated with the inverter of the UPS. Those iaclude,
overload monitoring, phasedocked loop control, statie
switeh control and output voltage reguiation. Higher
switchiny, frequencies could ba achisved by using a 32+
bit microcontroller running ot 2 higher clock frequency;
e the  33bit SH?7700 famity of Hitachi
mierocontrollers [il] run at a clock frequency of 60
MHz (ag compared to 16 MHz for the H8/3048). This
would be a more expensiva alternative but it will
cortainly 1R the switching frequency above the 10 kiiz
thireshold,
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The PWM drive pulzes are generated by the

mierocontrolier at port 1, pins { to 5. Those pulses are

fed to the IGBTs of the inverter bridpe (fgure 2)vian

o wo
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Figure 12 Block diagram of the microcontroller
liverter control system

drive circuitry, which provides {solation between the
control circuilry and the inverter. The drive circuitry
also steps up the microcontroller outpur pulses from O
SVt 0-12V.

The systotn operates af a switching Frequency of 4 kHz.

Figure 13 (0} and (b) show o sample PWM drive, as
penersied Dy the micracomtroller. The frequoncy
spoctrum of the signal in figure 13 () roveais hanmonic
contents ot frequancios other than at multiples of the
switchlng frequency and its side-bands. This sub.
harmonie tehavicur is common to SVM and ling beon
obsarved in other SVM invorier control atlompls, such
like the one by Fukada [10).

Applying o gimple lowspass filter (R= 4K7, O=0.1uF} lo
the outmut drives, projects the fundamental enmponont
mare clearly. The filtered output of the taree drive
signnls for the botwom half of the inverter bridge is
sliown in figure 13 (d). It shows all threo wavefornis as
contatning a 30 Hz fundaments! frequency and baing
displaced by 120 deprees. Rigure 13 (o) and (D) display
the frequency speetrom of the filtered output,

Figure 13 (a): Sample PWM ouput of the micro
controller

Figure 13 (b): Sampic PWM output of the micro-
controtier - close view

Figure 13 (b): Frequency spectrum of the unfiltered
micreontroller outpud
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Figure 11: Interrupt oycle flow chard - derived from
figure 9 and 7

Softwnre Iniplementation

Having performed the objact-orichied anolysis and
dasign, the next logieat step is the coding process in on
object-orionted language (QOLY. However (he H8/3048
microcontrellor does nol support any object-oriented
ionguogs like O+ This is a problam commonly
encountered in embedded svstoms dosigna. It can be
circumvented Ly wsing oan “embedded PC" micro
controller such as the Intol ISGEX, whigh is based on
the PC platform. Another less common solution ig to use
seftware  (rongipfors, like O+ to € trauslators.
Alternatively the object-oriented design can b dircetly
implemented in €. Rumbaugh « ol. [9) outlines on
approgsh to map object-ariontod foatures in €. Howover
this solution is wsunlly achioved ot (he expense of a
mere fengthy program, highoer complenity in the data
structures and in the progrom in general. A real-lime
embedded systents projeet such a8 oues  connat
neconunadnte those panadties.

In the present design the language restriction was
simply circumvented by first deriving flow charts from
the stala transition diagram of fipure 9. The flow chart
diagrams are shown in fipure 10 and 11, From those
two disgrims, the software is implemented in C. The
penaity of using this approach instend of coding directly
in an OQL, is tho failure to provide o direct mapping
balween the object-eriented design and the program.

In the light of this project, some of the obstacles
comman to opplying an object-orionted appronch to
embedded systems designs wore encountered:

s OOL compilers for microcontrollers are not easily
available

+  OO0Ls tend to make a larger use of mentory

o As g result of more lines of codes ond more
complicated datn structures, OOLs (end o increase
sxeenlion time

+  ‘Testing the software is more difficult since many of
the common embedded systenis testing tools, like
the in-circuit amutator (ICE), do not support OOLs.

« There is a lock of experience in the programming
lanpuage. QOLs are penorally very complicated and
their use are diffionit to learn,

» There is n scarcity of documentation and axamples
on the applieations of OQ in real-time cmbedded
systenis.

o  Changing to objoct-oriented methods is not just
moving (o o different language. 1t is o completoly
new way of looking at 1he problem domain. The
concepiuai leap that is demanded certainly requires
changes in old proctices of the whole design
process, o cost that not many organisations are
ready to bagr at this stage.

Those obstacles do not howover kessen the benefits that
ohject-orieniniion techniques can bring to the dasimm,
QOA and Q0D can provide considecable insight and
clarity 1o embedded systams destgng which ofton have
comiples  dynamic semanties. A clear ond oxplicit
represeniation con by beneficlal to seltware maintenance
and the relinbility of the propram, irrespertive of the
implementation language. The ebject-oriented dingram-
matic ropresetitotions also allows intervention In the
software dosign withowt an in-depth knowledge of the
prablem dontain. Ag soon as the problow is caplured in
the CRC sards, mweh of the design can be undertaken
by somieons whe only hove o basie understanding, of the
prebiem domain.

Experintental Results

The basie hordware system consists of the H8/3048
micrecontroller and an interfhes card that both hosts the
microcontrolior and acls as an intorface botweent tho
devico aud the inverter system. Figure 12 outlines the
basie set up.
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Pigure 93 State transition disgram of the overall process

outpuk porl. Synchronisation is ensured by inclding, o
watitlng state into the main cyelo state. The beginning,
of each ren through the main cyele loop s
syhehronised with the end of the first interval stage of
the interrupt cycte. That is, the main cycle waits for
the first inlorval stage 1o complets before colenlating o
new ael of data. Similarfy, before making (e next set
of daia (switching times and states) available 1o the
interrupt eyele, the main cvele again goes inle
waiting state. This time it waits until the fourth
interval of the intorrupt eycle is completed. In this way
we oliminate the risk of mixing data betwoen sampling
intervals. The processing state of the nwin cycle is
whate miost of the computational netivity wkes place.
Thig is whers the plinse-locked loap caleulations are
petfortied and where the switehing paranieiers are
compuied,

The four itterval states of the interrupt eyele state
correspond 10 the four periods of ench sampling
intorval (figure 4 above). Ench timer intecrupl routing
stops the timer that has called it, updates the output
port according to infarmation obtained from the main
cyele, and lastly sets the next tinwer for tha next period,
Data is fed by the main cyele to (o interrapt eyels at
tive ond of cach complete sumpling interval. As the
next (mer is set, control passes from the interrupt
cyele to the main gyele whare the processing activity is
resumod. The interrupt routing of the faurth interval
satg timer T3, which eventually causes control (o pass
back again to the first interval stae, thus elisuring o
infinite loop.
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Figure 8: Class diagram for the main eyele

Earlier we mentioned thit a double-buffering method
is used to ensure that the ontput port is never idie
while the switchitg times and states are being
determined. This method requires that the two states,
main evele (responsible for computation) and interrupt
cycle (responsible for the output port management) are
wall synchronised. Othorwise there is the risk of the

Dynamic Semantics of the Design

The dynamie sanantics of the desipn is reprosented by
o state transition dingram, in figure 9.

The abrorith.m starts by the initiolisation stage where

the system i configured properly. At the end of this
stoge, timer T2 i 8ot to activate the interrupl cyele
{oop and contral passes to the mpin eyche s

imerrupt cvele obtaining the wrony data, with the
result that we do not ablain a PWM waveform at the
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ySensor {Sonsar cycle. Thase tasks can be allocated to three classes:
switcling Timas, switchingVectors and dataRelay,
Respon Sbilities: Reponsibilities:
Neeps track of the Keeps track of the
current voltape current frequency switchingTimes switchingYeotors
Collaborators: Collaboratore: Responsthilities: Reponsibilities:
- sensor, phaseDetector - sansof, phasalietectar
Calculates the switching geiects the correct
tittrex and their order of switehing vectors and
oeeutrence, thetr correct arder of
As discussed previously, the dasired vector Us* has two OCEUITENCE.
main parameters, its magnitude and the angle a. The Collaborators:
task of evaluating those two parameters can be captured - sactorMonitor, Collaborators:
in three closses, angleBisplacament, vecterMagnitude and angleDisplacement. - gactatMaonitor, datafefey
sectarfonitar. All three are presented betow. vectorMagnituda,
.| fookUpTabla. dataRelay
ann(aCisnlasement woetorMagituds
dataRelay
Respansibilities: Reponsibilities:
Responsibilities:
keeps track of the Dutermines usMag
angular displacement of Assigus correct valuss to the switching paramaters nsed
tha desired vector Ls* Collaborators: by the interrupt cycle,
= phasalietector,
Collaborators: switchingTimes Calfabarators:
- sacterMonitor, - switehing¥eotors, switchingTimes, timevinterrupt
switchingTimes, pliSupervisar

Figure 8 below shows the elass diagramn for the main

sactarManitor ' cycle. Natice that a faw other classes, from otler class
*ag have bean ineluded in the diageam, in order
Responsibilities: lie boundaries of the main cycle.
Reeps track of the sector location of the desired vector
Ut
Collaboratars:

~ angleDisplacement, switchingTimes, switchingVecters

Working out the switching paramelors, involves
fatching the Tight timing values from the look-up table
and adjusting those valuss nceording to the eurren
valuge of usMag. It also involves choosing the right set of
switching, wectars from a knowledge of the saetor
location of the degired vegtor Us*. Finally the switching
paramaters have to be relayed te the timer interrupt

SDEVICWW N0 Vergian 1,00 01 Septermber 169G Page 7
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classes are described below. Notice the closed loop
behaviour of the timer interrupt ¢lasses to ensurd a
contingous PWM ontput,

timeelnterrnt
Responsibilities:
superelass to all “timet® classes
Collaborators:

«timerTdinterrupt. imer TOlnterrupt, timar T interrupt,
titmerT 2lnterrupt, datafefay

imarT3Interrunt timor T8interrugt
Responsibilities: Ruponsibilities;
Stops timer T3, Stops timer T,
configures the sutput configures the output
port and sats timer T0, part and sets timer Tl
Collaborators; Callaborators:
« timerinterrupt = timerinierrupt

timerT1Interrunt

timerT2intarrugt

Respansibilities: Reponsibilities:

Stops timer T1, Stops timer T2,
configires the output configures the output
port and sets titmar T2, port and sets tinwer T3
Collaborators: Coliaborators:

- timetintercupt

= timerinterrupt

Fa P N

humunmmru"l
f‘m:ﬂdm-mu \
P
Pt N jt.mrﬂmmﬂ} \..-
flmmmm 1
~.
"y J \ o ~!

e # ™

e
L

Figure 7; Diagram for the timer interrupt classes

The main areas of concern of the main cycle are:
s sensing activity

»  evaluation of the attributes of the desired vector Us*
{vector displacement and magnitude)

s Wark out of the switching parameters (switching
states and switching timas)

In the sensing activity, four parameters need to be fod
back to the micro-contreller: the reserve and inverter
output voltages, and reserve and inverter output
frequenc:  Voltage sensing i3 captured In one «lass,
vBansar ' 'aeg frequency sensing is coptured in eings
fBensor. A third class, sensor, acts as an abstract
superclass to the other two classes, v8ensor and fSznsor,

Figorn 7 outlines the inteceupt cyele class diagran.

3ensal
Responsibilities:

Attaches a senser to an input port, calibrates the sensor
and the ealeulated value when prompted

Caollaborators:

- y3anser, [Senenr
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matter and is not a production activity. The most important elements of
research and development are the people. Connequently, any future work
on development strategies, will have to be weighed against and triggered
by consideration of their psychology and their probleins.

Another interesting study would be to investigate a formal means of
capturlng the justification of design decisions in object-ariented
applications. Classes specifications and the whole object-oriented
structure in general aie quite well plctured in the Classes, Responsibllities
and Collabotators (CRC) cards, and the four models of object-oriented
development (Jogical and p™ysioal, static and dynamic), However during
this project it was observed that the reason behind a partlcular cholce of
abstraction or the relationship bhetween the objects was leit to the
developer to be documented in histher own ways, This situation can lead
to two problems. Firstly, since it is not a formal prerequisite of the
mathodolgy, ,ustification of design decisions are often not even
documenteu. Secondly, whenever It is documentsd, the lack of standard
supporting the exercise, makes It prone to subjective factors such as
writing style (too succint or foo verbose). The end result is a poor
communication of ideas. Deflnitions and speciflcations of the elements of
a design are Important, but often a persoh external to a project is also
concerned about the reason/s the designer made certain declslions. When
those questions cannot ba answered, a considerable amount of unknown
risks can be carried out if modifications are undertaken, or wasted efforts
can result if the declslon is to avoid making changes and to bulid a new
design. Of course, the independent modules generated by an object
oriented design, can always be re-used, simply with a knowledge of their
specifications and definltions, but such information might prove to he
insufficient to encourage modifications with confidence on a whole design.
Development tools, like Rational Rose /C++,, try to circumvent this problem
by giving the developer the possihility to add comments to the classes and
the relationships, but still, this approach s not formal enough and has the
further Inconvenience of losing the additional information into the web of
classes and objests. The normalisation or standardisation of & method to
capture design decisions in object-oriented design, is a potential area for
improvement which might lead to an even wider use and acceptance of
object-orlentation in genaral.

Fage 4 Votsian 1 00 27 Auguat 1996 SDF417WW. 100



Pagn G

SOE 001 N Master DocumentList o SDES _
Dogument Name Dotument |Revislon | Revielon | Document | Date [Minute File Reference
Nurnber Nuaber Date Status approve | Refer
dby | ence
Board
Minutes: Meoting on gde 506 1.00 85/02/20 ’ Approved | 85/02/28 | 2.1.3 | \18085-13ga\minutes\980217-1.min
8502717 with the Product
Manoger
" Agendin Meoting un il 806 100 |oomame | Apmoved | osiors | 212 | VBS5-13wavminaes\080228-1 agd
H5/02/28 with the Produc!
Mandger
Mitdes: Mewting o sde 607 oo | esoant | Appoved | 050206 | 213 | V08B-tSaeiues\BBURZEA min
B5I02/28 wilh the Product
Managoer
~ Agenda: Meeting ot e 508 Yoo | o686 | Appoved | 850306 | 212 | e95-1gwawminales\980306-1.00d |
RE/0R/08 with the Product
Mannger
" Minuites: Meting on gdo 809 100 | 06/08/07 | Apmoved | 8604 | 213 | V8BE-18\GavminAos 980806 1min
85/03/66 wilh the Product
Manager
Agandu:_f\ﬁé-éting an T sdti-siﬁw i {.00 55.564!07 Approveu ' 957'541077 2 1.{ X\TB’;; ;aiﬁ'a\minules\gsom'?-‘i agd o
BB/04107 wilh tho Preduct
Manager
e T TR e T S T T S . R s T S NT=—RCEPT E=rT AT am [ T R kI
Minutas: Meeoling on gto 511 1.00 08/04/10 Approved | 95/05/26 {  2.1.8 | \1985+13\qovminuies\980407-1.min
a8/04/07 wilh the Product
Manoger
Agenda; Mooting on w0812 | 100 | 08/05/26 | Approved | 85/05/26 | 2.1.2 | \8em-13qaminules\o80628-1.69d
B85/05/28 with the Froduct
Manager
vorion 1.01 B Docembor 1805 EDEIWW 101



SDES Master Document List e _SNE 001
Docwment Nane Document {Revigion | Revigion | Document bate [Minute Flle Refererica
Numbaer Number bata Status | approve | Refer-
dby |eance
Board

Discuaslon and Conglusions | sde 117 1.00 86/08/27 | Approved | 98/08/726 1 2.4 | \1995-13\p\sdot17ww.100

Biblography [References sdo 118 | 1u6“ “Vosioan1 ;{fi'ﬁﬁwu” '96/06/20 | 2.4 | MIUGE-13up\sdod18ww.100
Fron (iges of Disse mmm v 148 100 |osoonor | Approved | 90/08/26 | 2.4 | 11895 13\tp\cdo11w1oa”' |
“Disposition of Comments | sde 120 001 | oevaen | P VBBB AP T 20w 001

Registﬁl

QUALITY ASSURANCE PRODUCTS

Agenda Moting wiy kv 500 von Doeou Dapmowd | ooous |12 | \1995 18venmantesi080181-1 agd
85/01/31 with the Product

Mandager
" Minutes: Meoling on Twosot | 100 | esmaiot | Appoved | esmzms | 213 | viees-isqaiminutes\ss131-t. min -
95/01/31 with the Product

Manager

woonde: Moot on "1 stogoz | 100 [oenzme |Appoved | osozis | 212 [ Viedsswpvninuic®S0206-taqd |
B5/02/06 with (he Produst

Manager

Minutes: Mosting on "sdo 503 100 | os0ai07 | Approved | 95/0217 | 248 | VIOBB-13\ovminutoa\ 8802081 min
8E/02/06 with the Product

Managor

Agcnda: Mesting on siogor T Too ToEoan | Approved | 6810217 | 242 | MooBddgo\miniosBs0zi7d ogd
PE/02M T with the Product

Manager

SREOTWWY 101 Varsion 1 01 Bﬂmumbﬁt 10% o . .Pugnﬁ



SDE 001 ] N o Master DocumentList N SDES

B R E R tE ok

Document Name Document |Revision | Revigion | Document | Date (Minute Fila Reforence
: Numbor Number Pate Status approve | Refer-
d by ence
Board

Enthedded Systems: A sde 103 1.00 06/08/25 | Approved | 96/08/12 | 2.3 | \I985-13\ip\sdo103wp, 100

Literature Survoy

“Requiroments Analysia ade 104 “ioo loomems | Approved |oemsnz | 23 ﬁéa&-mmummm 100

lhwr‘t{'t f‘{:mmiTt*t Imlquvu miv 1@5 1.00 | ﬂnfﬂﬁ!""ﬁ .A]ipﬂw{‘d R Elﬂf@ﬁﬂﬁ ?3 . 1‘49&» S\Ip\sd‘:\—‘IBSme?gbx T N
and Phascslockod loop

Funationol Spcitications | e 106 tor  Looomin | Appoved | oeonn2 |23 | 11095.13up\sde108wn 100

" Boftwwe Design o 107 oo | osemie | appoved | oveams | 24 | vessaswpsderonwntos |
| Speciﬂc'ulmns Pam

" goftware Dosign s 108 100 | paio7ne | Approved | 060038 | 24 | \085.13upede108wp.100

Specificalions - Partz

“Frogress Ropol | sde108 | 001 | owamo Appmwﬂ 66/03/26 | 23 'J \1905-13\p\udc 100ww, 100

""" Goftmare o Aordwor imp | sdo 110 | 100 | 0808725 | Approved | geoenz | 23 (VieeS-iavpsdottowwioo |
lamentatian Dosumuntalion

Projoct Prosontation (GBAL) | sdo 111 | 001 |eaoani |Drat T T eesavpedat 1w 00l

" Tosting Decumantation "'vua 112' 1 teo ucosms | Appoved | cemenz | 23 \1eaé;i_a\fpi.qdn11zww1uo T
Emboddod Gystoma: A | sdo113 | 100 | 50108/28 | Approved | 96/08M2 | 28 | \I9053Mpledotiawke 100

Roview

Projoct Overviow | ostera 100 aéfﬁéfé% Approvod | 66/08726 | 24 | Vio95-1aMpsdot14ww 100 h
M.G6. Poper 1 Tedo 118 | 100 |oai00/01 | Approved | 00/08M | 24 | ViGoE-1avpledol1Bww.100 ]
M.Sc. Paper 2 “Tetetie | 100 |semeor Af;ipmvod BGI0B/20 | 24 \1355;13\19\03.1.ew.u100 o

LR

M ommem nom o b UEEEISSEARIEAT - TRNS D0 De Baf TOZDNITITT T RSSO w7 s n mwewsTomDow:oom R R E P

Pago 4 Voroion 101 4 l}m’-nmnm 183 SOERIWW. 101



SUEBMWW LD

Vorgion § 01 8 Docombor 10960

SDES I __ Master DocumentList SDE 001
2 Master Document List
Document Name Document (Reviston | Reviglon | Dotument Date  [Minute Flle Refarence
Numbor Number Date Status approve | Refer-
dby | ence
L Board
SEAL QWS uocumsms. svs'ram navawpmsmf' B o T
“Master Documert List | s 001 100 | eamomt | Appoved | oaioso3 | 26 | \ises-1aimplede0tww 100
" Pucument Creation culir 002 100 |owooot | Amioved | seioees | 26 |Vie9siswnplede0ozww1od
| Ternplate
T ouality Flan sede 103 Tqg0 lecmom [ Appoved | ooz | 26 | viees 13\mp\snécoawm‘ S
 Product Destription wie 004 100 | cerom1 Appuoved 0ol06/03 | 28 | veds13mpiedeCOdww oo
[~ Project Management Plan | sdo 005 | 100 | o@0so1 | Appmwd | eei0ema | 2o \iaes:is’imp\sdwnsﬁwmo'
confi{;:rhtlar\ Munugemem _5de 00& © 1.00 96/08/01 Appmved N 96!08!03 | 26 \1995-=13\mp\3de€?3ww 100 )
Plan
BirKler Lahel T sgeooe ] 100 éawﬁﬁrd{‘ Anpmved“ | aséb'e_zgéw?fa“ i1§5§:?éiiﬁpiudaoaauw 1no T ]
TEcHIchL PRODUBTS ot L Tk 3 R HRAT T - AT N E TTRE ST e T 2 TR T S ML, SR R i e e R
Res™ h Proposal (WITS) | sde 100 100 | esosme Apprév'ed Tosioai08 | 23 | \998-13up\sdotOOwp.100
Project Proposal (Volssnor) | _sdo 101 100 | es/3/03 Appmvﬁd esioama | - | \Vioos-1avpiedet10twp. 100
Soflware Development A sda 102 100 | 66/08/26 Appmved o6/08H2 | 23 ‘ \1885-13\pwde102wp. 100 )
General Survay of tha
Litarature

Pago 3



Doc. No, SDE0OT

1'6

1.8.1
1.6.2

1.7

1.8

TR S e IRRRNT WA T o

Page &

Master DocumentlList ~~ ~~ SDES

o Tha Engineering Manager, Meissner
Applicable Documents

Specifications

Standards

a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, 21
June 1994

b. SEAL QMS Document Layout, Presentation and Typesetting Guide, QS
003, Revision 0.02, 7 Juns 1694,

Assumptions

It is assumed that the reader is familiar with the 180 9000 serles standard
for quality systems management.

Requiremetits Traceability

This dosument addressas the following requirements:
a. IS0 2001 (1994) 4.5 Document and Data Contral
b, 1ISO 9001 (1994)  4.18 Quality Records
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1 Scope

1.1 introduction
An essential feature of a quality management system I3 that it documents
the procedures used to implement and maintain the system. This
document is the Document Master List which provides a directory of all
documents which have the status of Draft, Provisional or Approved.

1.2 Purpose
This Document Master List provides the cross reference to all documents
comprising the 3DES QMS project.

1.3 Applicability
This document Is an sssential reference to all documents supported in the
SDES QMS projec..

1.4 Definitions
» 81 " Software Devalopment for Embeddad Systams
+ SEAL: Software Engineering Applications Laboratory (University of

the Witwartersrand)
1.8 Audience

R R =

The audience for this document comprise the various stakeholders of the
SEAL, including:

+ The product devealoper
s The product manager

o Al fuli-ime and parttime post-graduate students assoclated with
SEAL

s Membars of the SEAL Management Board
+ Head of the Department, Electrical Engineering

» Individuals who will perform internal and axternal surveiliance audits of
the SEAL Quality Management System

. TR i m ST MR S M rpe i S
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Change Forecast

This document will be updated each time a new dosumented elament {s
added into the SDES QMS project.
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lhe Un.Of Natal on 95/08/29,
re: query on S.V.M
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B5/08/31. ro; BEAL sewer
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Correpondenca to Prof. “osam oo Teswom Jorat |- T T\ieestawaesosoted |
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of 8513pl.par
Note from Prof. Walker. ve; |  stle 544 001 |edosiot |oraft |- | - | \I996-18\qe\g50001-2.txt
reply to sde-643
Nota (o Prof. Weker on sdo 546 0.01 | 06/09/04 | Draft DT [essaaweesonod i
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Wilken of T.E.C on 95/08/16
re: Support from Hitachi
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Projoct

Gourse Titlo

Cifered by | Course dato Attended/
Nember Comploted?
' 00D techniques individual © | 95/06/27
H.Bapoo l.earning how to use the Training will | 95/06/14 « yes
Rationnl Rose software beleftto the | B5QG/27
individuat
H.Bapoo | Software Projest Eles. Eng. S5\0B\28 - yes
Management -ELEN 534 DeptWiT8 96\08130
H.Bapoo | Learning of C and C+ Trawning will | 5/04/25 - yos
be left to the
individual
H.Bapoe | Study of the H3048 Training will | 95/08/04 - yas
architéctura ba laft to tne
individual
H.Bapoo | Study of the softwaro Training will | 95/08/10 - yas
agpacts spocific to the bo left to tho
H3048 ( Assarnly [anguage, | individuaol
C spocliies, G-campilot)
HBopep | Leaming how to uso the Traving will | B5/08/22 yas
H3048 amulator and itg ba left io the
nccampanying software individual
H.Bapge | Realtime Computer Gontrel | Blec. Eng. 86\02\20 - No - Course
- ELEN 541 Dopt, WITS | 86\03\07 canceliad
M.Bapoo | Intelgont Control Elog Bng. | 96\06\01- | Na-Course
Toehniquos - ELEN 642 Dopt. WITS | 06\06\18 cancelied
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Who Cantact Detalls{postal SDES rolo
address, phong, fax, e«
mall addresses)
g-mail Bapoo@odie.
eo.wils.ac.za
4.6 Human Resource allc-cation
The allocation of individuals to specific tasks is given in WBS and
Schedule.
4.6 Hardware and Softyare Resources.
The following hardware and software resources are raguired:
Hardwarelsoftware ltoms Quanity { Data roqulrad Date suppiled
PG at workkploce 1 §8162/1 850201
Qffice space and PG (n the SEAL 1 05102/01 Not avalloble
Lab
Access to the Wits Eloctrical | as5/103/01 95\03\01
Engineering computer natwork
H3048 C.compilor t 85/08M10 95\08\10
H3048 emulator 1 88/08/22 95/06/22
Borlond C++ package 1 B6/08/29 9810829
Dovelopment toels 1o dewnload the | 1 960615 P6/06/15
compiled program ento the '
microgontreller
{Thrga-phascUPS 1 98/05/1 B6/05/01
Access to laboralory facilltios, 1 0614201 " T asr12s01
ineluding uee of oscillossopa, digital
muttimetars and other standard
laboratery equipmonts
4.7 Training Noods [dontification.
The following training is required for this project:
Projoct Course Title Offorad by | Courso dato Attonded!
Mombor Compieted?
.H.ﬁ.npao . Aﬁvanceﬂ Enéihéenng ' iﬁ.{lm:'.\ L;.'ng‘ h 9%\05\0; - 45:0‘3 T
Software Dosign -CLENSIZ | Dopt, WITS | 950619
 H.Bapoo | Fwithoe study of OOAand | Tramingwil | 0605120~ |yos
. belefitote | L
Page B WVursion 100 1 Siepdmiminee 19495 SDE (RIS 100
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4 Product Development Plan
4.1 Work Breakdown Structure
4.2 Bopendencies
4.2.1 internal dependencies
This is a one-man (one developer) project and has no intarnal
dependencies.
4,22 External dependencics
Wil require the use of diverse hardware and software tools, on specific
datas, as detailed in section 4.6.
4.3 Required Human Rosourcos
The following resources are required to develop the product:
Numbor Resourse Commltment
1 Praduet Manager 100% throughout tha projoct
1 Praduet Dé;voloper 100% thrgugheut the projest
4.4 Available Human Resourcos

The following human resources are available as on 95/03/01:

Who

Mo E AR Sa el L

B Dwalkaizky

}{Bapog U

B R

Contact Detalls{poatal
addross, phono, fax, o-
mall adddroesoes)

SDES rolo

Flectricol Enginoering
Bopartment, University of
tho Witwartergrana
]|

e-mail Dwolatzkinede
0 WItS. .ac za

lsandea 1600
tal +37 11 302-1642
fax. +27 11 302.65343

Praduct Managér

Tl 1T AT

Prd&ﬁét_novmﬁpbf '

HDENEWY 100

Wotswn 3 00 1 Heptombior 194
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SDE 005

3.3.2

P B

Product Manager

Keep track of all documents associated with the project

\

Monitor progress and resource utliisation of the Product Team, and
Initiate corrective action where necessary,

Identify required resources and make these avallable to the team.
Act as the focal reporting point for the product

Ensure that Product Reviews are held as planned,

Interface to the SEAL Management board.

Be responsible far tha timely delivery of the product.

Give direction to the Product deve'opment team,

R 11 Meples b 100 VILH O 109
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3{1

3.2

3.3

3.3.1

B R

.SDEQ0S

Frofuct Management Plan
Gvorview

The aim of this Praject /Aenagemant Plan is to define the structure of this
project and to en-ate the technical products,

This resource plan must be formally approved by the Product Manager
heforg work on the Technical products is undertaken.

Product Development Team
The devalopment team comprises:

« The Product Manager of the Software Development for Embedded
Bystoms project.

s The developer of this productiservice.
Roles and Responsibilities

Product Developer

« Establish and maintain & producl plan for developing this
praductisorvice.

« Develop the sofiware and hardware elements associated with this
projoat.

+ Ensure all Tochnical Excaptions are praperly reported.
« Propare Detailed Work Plans as necagsary.

» Preparg and prosent regular Chockpoint Reporte to the Projoet
Managar.

« Take diraction from the Project Manager for matters related to the
projoct.

o Carry out litorature survays as required by tho projoct.
s Act as the Project Editor for the praduct.

s Propare the agenda and minutes for gach meeting held

SO G0 1D Virtuon 1 6nd U Bnplomlspe 5346 iy by
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2 Product Quality Plan

The team assocliated with this project is totally committed fo quality and all
system documentation produced as part of the product will be raviewed
internally by the Review team and produced in accordance with the
standarde and formats assoclatad with the SEAL QGMS.

The Quality Plan associated with this project lg identified in SDE-003, as
defingd in QS 195 SEAL QMS Project Documentation and Support
Standard.

Paae 4 Vestssan 10 4 Soslombuer 14k 0N 100
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e —————

. SDE 00§

1.6 Assumptions

It Is assumed that e reader is familiar with the ISO 9000 series stangard
for ynality systems management.

1.7 . 180 9001 Requlremenis Traceability
a. 150 9001 11087) 4.1 Management Responsibllity
b. 180 8001 (1987) 4.2 Quallty System
¢. 180 8001 (1987} 4.3 Contract Review
d. 180 9001 (1987) 4.4 Design Control
@, 150 aC01 (1987) 4.5 Document Control
f. 180 9001 (1987) 4.8 Product ldentification and Traceability
g. 150 3001 (1987) 4.9 Frocess Controt
h. 180 9001 (1987) 4.10 laspection and Testing
i, 180 9001 (1687) 4.13 Control of Non-conforming Product
;. 180 8001 (1287) 4.14 Corrective Action
k. 130 9001 (1987) 4.18 Quality Recards
[ 80 0001 (1987) 4.18 Training

. e " . [ P A R . e g

UDE 00 D Veon vt Sopdetibioe T804 Pime 3



BDEOOS . eeDlQject ManagementPlan SDES

1.5.1

1.6.2

e @

o fulltime staff members of the SEAL

« Al fulltime and part-time post-graduate students associated with the
SEAL

» Members of the SEAL Management Board
» Head of the Department, Electrical Engineering

« Individuals who will perform internal and external surveillance audits of
the SEAL Quality Management System.

» Engineeting Manager, Melssner
» Product developer

» Product Manager
Applicable Documonts

Spaocifications
Nona

Standards

a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, &
Aptil 1484,

b SEAL QMS Document Layout, Presentation and Typesetting Guide, Q8
003, Revision 0.01, 1 April 1894,

Procedures
None

Guidelines
Nane

Othar Documonts
a. SDE 100, Research Froposal (WITS)

b. SDE 101, Project Propnsal (Meissner)

S e D FREEIIE LT 8RS e i me
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1.1

1.2

1.3

A T e

Scope

Introduction

This Plan provides an overvisw of the required resources to complete the
Software Development for Embedded Systems project. {t will form the
ferms of reference for all contributing parties during the proieot.

» This Plan outlines the human resources requirements.

« |t provides a list of tasks {0 be performed and a time scale.

» it provides a means for capturing imporfant project metrics regarding
estimated and actual effort to perform allocated tasks,

The costs associated with the development of the product are oufeide the
scope of this Plan,

Purpose
The purpose of this Plan Is to:
+ Present a clear statement of all dellverables.

» Present a clear statement of work allocation and responsibliities to be
undertaken by all parties.

Present details of resources associated with this product.

Dafinitions

SEAL: Scftware Engineering Applications Lahoratc: ; - Faculty of
Engineering (Unlversity of the Witwartersrand)

UPS; Uninterruptible Power Supply, used as a case study for this project
QOA: Object-Oriented Analysis
OOD: Objaat-Oriented Design

Audianco

The audience for this document comprise the various stakeholders of the
SEAL, including:

S T T TP P S
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5.3 Reporting

Control is affected by both monitoring and reporting \upon progress to
management and members of the team,

5.3.1 Responsibilities of the Product Deveioper

The product developer will report to the Product Manager at intervals
dafined in the Minutes of Product Review Meetings detalling:

¢ Progress to date
« Effort required to complete
« Problems encounigred and action taken

53,2 Responsibilities of the Product Manager

+ The Product Manager will initiate corrective action as necessary to
kaap the projest on schedule,

» The Product Manager will report the progress of the project to the SEAL
Management Board.

54 Document control

Document control will be performed as per SEAL QMS policy and
procedures:

+  QS125 SEAL QMS Document and Data Control
¢ QF 105 SEAL QMS Project Document ‘ior: Standard

+ in ocecardance the requirements o 195, this doocument will be
numbered ag SDE-005.

« The Management and Technical producis identified in the WBS in

Section 7 will bo reflected in the the Master Document List for this
project (SDE-001).

5.8 Change Conirol

Any woth vutsidn of the Produst Doscription (SDE-004) will be formally
approved by the Projoct Manager.
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5 Proiect Control
5.1 Planning

The planning of different tasks of this project will be performéd by -
Product Jeveloper under the approval of the Product Manager.

Any detailed plan will hot be executed without the approval of the Proditct
Manager.

6.2 Reviewing

o All draft verslons of the product will be reviewed by the Product
Manager.

» ih addition, certaln versions which are so specified In the Work
Breakdown Structure will be reviewed by the members of other product
groups.

5.2.1 Planned Arrangemants for Reviews

All project artifacts (i.e, Management, Technical, and Quality Assurance
Products) are sublect to review. Management and Technical Products
may be sublect to a numbar of revisions before a product is approved by
the Product Manage:. QA Products are not noimally changed after belng
produced and are simply approved by the Project Manager. (Changas are
only made if there are factual errors in the first revision.)

The obligations of Project Manager and Product Develop(s) associated
with each review activity are listed in the . ork Braakdown Structure,
Obligations and Schedile (Section 7).

o

2.2 Scheduling of Reviews

Each Management and Technical Product identified in the Work
Breakdown Structure {Sectlon 7) will be reviewed by the Product
Manager. This will normally take place in a review meeting. These
meetings will be listed in the Project Schadule, and typically identified with
the product(s) (or WBS item(s})) under raeview.

523 Records of Roviows

Records of review meetings are maintained as minutes taken at the
meetings. Thesa review meating nunutes will be listed as entries in the QA
Products in the Project Master Documaont List (SDE-Q01).
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An outline of the spiral model is shown in figure 2.
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Flgure 2t Boohm's splral model {6]

In contrast to the waterfall model which is a decumant driven approach, the spiral
model Is risk-driven. An assessment of management risk items is performad at
regular stages in each cyele. A* the end of esach cycle, following a risk analysis,
a roview procedure assesses whether fo mave on to the noxt gycle of the spiral.
Risk, here is understood as simply semathing which can go wrong [8]. For
example, if the interdion is to use a naw programming language, a risk is that no
compiler is avallable. Risks are a consequence of inadequate infermation and are
resolved by initiating some action to discover informaiion which reduces
uncartainty.

2,3 Prototyping

Prototyping is the praecoss of huilding a working model of a system or part of a
system. It is a familiar practice in ongineering, to ebtain an early version of a
product or system. Engingering prototynes can vary in size (scaled down or full
slze) and functionalily (limitod capability or a complote set of functions). In any
caso, tho objective of protetyping is to clarify the characteristica and operation of
o product or system by construeting a version thal =an be exercised. The aim of
(rapid) prototyping is to acoelerate the learning process about whether a systam
design meots the usoer neods, and to do so as cheaply and rapidly as possible [9).
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Ianguage.

. Test: Varification that the code executes without failure, and
validation that the completed software is accentable to
the users.

To this list may be added the phase of nperations and maintenance (or gvolution),
to reprosent the working life of the software,

Tracing the evolution of the life-cycle model reveals that it has baen in place
since 1870 [2), with its basic structure established even earlier.

A principal virtue of the waterfall model has been to recognise the design as a
critical activity. Many examples have shown the expensive consequences of
promature coding without adequate aralysis and design [2].

However, new ovolutions in the software dovelopment environment have
ghallenged the adequacy of the gonventional methed. Currently, there are four
times as many computers as thare are programmers, and access to computars
and software is na longer limited to people with specialised skills, as it was when
the waterfall model was originally developed [2]. A wide array of software
davelopmant support toe's are now being used for evory phase in the
conventional life-cycle modal. Of graater significance, some current tools and
anvironments log:cally span saveral conventional phases, thertaby challanging the
usefulness of the life-cycla's partitioning into phases. The theme of these
obsarvaticns is that the lfe-cycle model roflects the time period In which it
avelved. Dramatic changes singa then ar~ prompting a reagsessmant of the model
to determine if it is the appropriate paradigm, Soma of the criticisms of the
waterfall model are: its separation of specifieation from implementation is
unraalistic (3 it & inadoquate for domain-dopendent software [4}; it falis to
aceommadate end-user development and fails to regegnise that ugers generally
do not know the systom roquirements in advance [8).

2,2 Splral Model

Anothar approach to tho gonventional waterfall model is a gpiral mode! daseribed
by Boohm [6]. The spiral mode! refleets the underlying concept that each cycle
involves a progressien that addresses the same soquence of steps, for each
portion of the product and for each of its love! of alaboratien, from an overall
cancept of operatian dosume:t down ta the coding of each individual program (7).
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Elguro 1: Tho Cenventlonal "Waterfoll” Software Doevelopment Life-Cysie Modal

. Specification: A statemant of "what" the seftware will do, following a
detailad analysis of the requiraments.

. Dasign: "How" the software will moot the roquirements; the
structure of software unite that perform sgecific
functions

' Codo: implementation  of tho design in o programming
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2  The Development Processes

Embedded systems has been traditionally developed by electrical engineers. The
software was previously limited to bit manipulation routinas. However over the last
decade the software written by elactrical engineers has growh considerably in
complexity. More sophisticated hardware and development tools, widespread use
of higher leve! languages - at levels way above the machine code assemblers -
and the increasing sophistication of the embedded system design and
development process have all had an impact an the requiremants for embedded
system software. These factors have also clearly had an impact on the embedded
system software developer. Though primarily electrical engineers by training, they
are becoming softwara engineers by necessity, as a result of the growing
awareness of the need to discipline the developmant process irrespective of the
size of the software. The present document provides an averview of the existing
software development methodologios as well as other elements of the
development which are besoming growing concerns for the embadded systoms
Jdaveloper. The subjests trezted in this document are common and applicable to
software development in general, but until recently they were not considered to
be of major Interest to the small embedded systems realm.

We distinguish between five main software development approachos:

. Waterfall Mode!

. Spiral Mode!

. Prototyping

. Oparational Specification

. Transformational Implementation

They are discussed briefly below.
21 The Convational Life-Cycle Model

Tive conventional life-cycle (waterfall) model ns prasented by Boehm [1] is shown
in figure 1 as a series of phases with validation and feedback at each phase. The
waterfal model has been stretched, shrunk, and othorwise modified rince its
inegption. When we speak of the conventional life-eyele, we inclua + ull such
variptiors that have presorved the ossoneg of the waterfall model, .o that
software is developed by the following soquence of general activitios:
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+ Product Developer
« Product Manager
1.5 Applicable Documents
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a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, & April
1884
b. SEAL QMS Document Layout, Presentation and Typesatting Guide, QS
Q03, Revision 0.01, 1 April 1964

1.5.3 Procudures
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1.6.4 Guidelings
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1 Scope

1.1 Introduction
This survey provides an ovarview of the current methods and practices
in developing software in general. It also sovers the managemant of the
software development process «s a whole and the quality standards
agsociated with the process

1.2 Purpose
The objective of this axerclse is to provide a sound background of those
important elements of the development of embedded systems that are
common to goftware development in general.

1.3 Dofinitlons

. COCOMO : Constructive Cost Model

. 00A : Object-~Oriented Analysis
» QoD : Object-Oriented Design
1.4 Audlohco

The audience for this dosument comprige the various stakeholders of the
SEAL, including:

+ Full-time staff members of £ EAL

« All fulltime and part-time post.graduate students associated with SEAL
+ Members of the SEAL Management Board

+ Head of the Department, Eleetrical Engineering

+ Individuats who will perform internal and externat swrveillance audits of
the SEAL Quality Management Systen

« Engineering Manager, Meissner
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. Fault tolerant design techniques.
. Ability to operate in degraded mode under fault conditions.

The traditional approach to organising software quallty takes on one of two
structures, The first is that of an organisational umbrella which provides a
corporate quality service to the company. The second is to attach to a project or
development a separate dedicated quality function purely involved in that project
activity and nothing elsa. The result here, is a view of quality as part of the
‘nroduction procaess' whereby it is bolted on the same way as other components.
it applies equally well to hardware and software that a typical project organisation
separates the quality function and leads to the idea that rasponsibllity for quality
matters lies elsewhere,

One of the maln problems of establishing & quality system is that the traditional
approach tends to erect barriers between the developmant team and the quality
funection. As Smith and Waod [18] put it, quality must be accepted as part of the
working practice and only then will iis fevel be raised. This s largely a matter of
motivation in that the average programmer or designer only sees the task In
narrow terms. He will view the task of programming and designing within a
localised framework rather than in terms of the whole project. Only when the team
membars look at problems, and their solutions in overall *srms, will their
perception of quality and the means of incorparating it into the product be
achioved,

One possible approach is to introduce int~ the project the concept of overall
quality improvement. This involves the idea of quallty circles, now popufar in
manufacturing industries [18]. The idea is (o0 make &all team membars responsible
for quality and thus distribute the function throughout the project rathar than
identify a single rasponsibhity.

By extending the principle to all activities (including testing), greater emphasls can
be focused on guality-related aspacts. The general level of motivation towart
achiaving better quality is improved since team memboers then liave a far greater
understanding of tha reasons for it and the bonefits which will result.

Currently quahty systems concentrate on establishing the existence of standards
and contrals and seck, by maeans of audit, to verify that thay are applied. They
operate by spacifying various aroas far controt and requiring that suitable audits
take place to vonfy thot they are being applicd. The rola of quality management,
in these systems, is to monitor confonnance with procoduras and standards by
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4 Managing Quality in Software Development
4.1  Datnitions

Quality Is an elusive feature of a product, The main reasen, steme from the
inabllity to specify a requirement in its entirety. The perception of que 'y in
software is seen principally in terms of the time a software system operates
'sortectly’.

The term qualify refers to the whole concept of specifying, designing and
implementing software and hardware which masts the requirements of the user.
It invoives all stages in the 'ife-cyele' and thus addresses the various methods
and tools which can be used to achiave it.

Quality eontrol is the activity of measuring achiovaments and performance against
some preceding specification er standard.

Quality assurance embraces the activities which choeck that the quality control
process Is taking place and that the standards, meothods and tools are adeguate.

The organisational split batween these activities varies between eompanies and
thare is no correct way of apportioning tasks and responsibilities. What matters
18 that the tasks are carried out.

The quality tasks facing the Software Enginaer are:

a. Verify the requirement

b. Validate the dosign

6. Porform ndeguate tests.

4.2 Achivving Quality Software

Various features «f software hava o direct bearing on its quolity. These includo:

Usability and caso of diagnosis,

. Tracaability of requiroments through eode.

. Vigiliility of functions in the codu,

’ [1ocumeniation elarity and censistensgy.

. spare capacity in timing and mamary resouicos.
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specification.

3.6 Module Definitions

This is & more detailed level of designh than the module specifications. It involves
the asctual coding of the module specification requirements and addresses the
testing and performance ot the modules, it includes:

’ Diagrams

. Source code listing
’ Toest specification

. Test procedure

’ Test resulis

Thig package then constitutes o total deseription of the module and its design and
tast history.

3.7 Utliity Requiroments Spaclfleations

This should centain o description of the hardware reguiremients ingluding the
operator interface, hardware memory roquiroments, processor hardware, data
commurications hardware, softwara support packagos, ete.

3.3 Dovolopmont Notobooks

It is an excellent thing for oach dosigner to have o developmont netebook - a
lousoleaf filo contalning his writton netos, listings, changos, corrspondenco, ote.
This ean bo an invaluable aid to diagnosis daring testing whon the reasons for
cortoin linos of eade or seme chanhges, have beeomo blurred in one's memory.

3.8 Requiromonts Matrices

These provide a graphieal systom of nrosg-raforoneing botwoen tpeeifications os
wall as a mothed ef chocking off cach requiremont against the tof apecifications.,
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The functional specifications document takes the requirements of the user
specification and describes the actual processing functions which are to be
carried out in order to achieve those requirements. It addrasses lanyuage,
mamaory requirements, data bases, the partitioning of the system into subsystems,
inputs, outputs, Interface communications, data flow, efe.

The important difference between the functivinal specifications decument and the
user requirements specification is that whereas the latter states whiai is required,
the former describes how it will be achievad In terms of fungtions 1' is usually
praparad by the supplier in response to the user requiraments specifisation and,
once agroed, bocomes a part of the contractual decumentation against which
aoseptance is uitimately reviewed.

During the detailed process of generaling the functional specifications,
deficiencles and ambiguities In the user requirements specification will arise.
Thage must be negotiated ond documerited ag mentioned above.

3.3 Software Doslgn Spesification

Once the software and hardware fupctionality has been separated, one can
proceed to consider the sofiware aspaests separstely. This proceeds in a top-
down manner until subsysteme or module speacifications are derived. according
to size and complexity. Whereos the functional gpecifications document addrosses
the extornally apparent furctions of the aystom, tho software design spegifications
documant addrpsses the way in which these functions will be implomented in
software,

3.4 Subgystoms spoclfications

if tho system is small anough it moay be possible to do witheut subsystoms
gpogifications and to movo dirgetly 1o moedule speeifications. In arge systems,
nowever, subsystoms ultimately ¢onsist of modules and tho subsystom speeifi-
gation describon the functions of the subsystem, tho data flow betweon modulos
and tho interfaces to tha athar subsystoms.

3.8 WModule Specifications

Thig is tho 'foundation’ of the hierarehy sinee it eontains tho basis of tho sysiom
gade. Tho modulo spoefications documont doseribeg the inputs and outputs of tho
maduies and the laqis to bo poerfarmoed by thom. Tho flowshart will bo pact of tho
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3 Documentation Su'pport for Software Development

The document strusture supporting a tevelopment varies according to the process
in place. This section presents some of the most common dosuments attached
with software develonment [18].

34 User Requlremonts Spocification

This document describes the functions to be parformed by the syster. it should
be complete and upamblguous and shouid be quantitative wherever possible in
order to facilltate the assessment of whether the requirements have baen mot,
Since the user requirements specification i & formal contractual documant it is
important that its preparation is o thorough and painstaking process involving all
Interested partiss. A good structure 18 described in the |1EE document [18] and
Includes:

o An overview providing o perspogtive of the system within the plant or total
onvironmant in which it is to be employed. it should indicate the pverall
oblectives of the system.

b. Syatem objoctives setting out in full detail the objective gs they relate to
the eperating regquiremoents.

e, Systom interfaces outlining haw It is required to eemmunicate with the
world. This Includes both human and elastrical/data interfaces.

d. System onvironmont which savers all the features which would affect the

. hardware and goftware dasign.

Q. System attributes doseribing and listing the paramoters which senstrain tho
design.

f. Test congiderations including diagnestic raquiromonts which will affect
aperation and maintanonco.

g. A commarcial soetion nddrossing licensging, ote.

idaadly the user requiremants spaeification should bo o pro-controstual dosumeont
ginea it spocifics what the contraet will provido. In pragtico, however, it may wall
be subjoct to negetiation and chango aftor the contract hos boon established, in
which easc both partios must earcfully ovaluate the performance, cest and
sehadule implications.

3.2  Funotional Spoclfications
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not to the code.
The aitered code is produsced by a two-siep procass:

. First, appropriate changes are made to the "formal development", which s
tha record of the sequence of transformations and decisions that were used
to convert the spacification Into the original code.

s Second, the modified format development is replayed ta produce the
new varsion of the system.
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specification ha. many of the characteristics of a high-level design, and premature
deslgn decisions may ba taken. However it is a fact that specification and design
are intertwined, and one cannot be considered in the absence of the other [3].

The steps involved in transforming the operational specification into a delivered
system will, Ideally, be assisted by automation in the future. However, even
without automated support, the operational specification has value by:

. Separating the development process into problem-oriented and
imp! mentation-oriented phases.

. Providing users with an executable system model early in the process
that is useful for clarifying requirements and providing some early
valldation.

245  Transformational Implementation

Transformational implementation is an approach to software development that
uses automated support to apply a series of transformation that change a
spacification inte a concrute software system. Transformational grogramming, as
defined by Partsch [17], is a methodology of program construction by successive
applicetions of transfarmation rules (partial mappings from one program scheme
to another such that an element of the demain and its image under the mapping
constitute a correct transformation}. The transformational approach addresses the
labour intensivenoss of software dovelopment by using specialised computer
goftware to transform successive varsions of the developing system mecnanically.
1t is not now a Lenerally available alteinative for the production of large software
gystams.

Figure § shows that the formal specification is tho system basaling. It is :

. The object that is validated eqainst user requiraments; under an ideal
realigation of this paradigm - that is, all tranaformation automated and
gorrectnugs-pregcrving - the specification is the only objeat that needs to
be validated.

. The starting point for tha trangformatian phase.

. The objeet on which maintenance is perfoermad; any chango to the
functioning of the system is oxpressed as a ehango to the specification,
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feasibility of the design to be Implementéd in the target hariware-software
environment,

Preparing an operational specification requires using a different basis for
separating sarly development activities. The goal is to produce an operational
specification: that deals only with prob'sm-oriented Issues and to express it in
soma language or form that enables It to be executed, evaluated or interpreted
fo reveal the behaviour of the system. The resulting operational specification is
& kind of prototype: one that generally produces &l! of the functional behavicur of
the system but does se¢ by using different media that will be used In the delivered
system,

Some media for exprassing operational specifications are: languages such as
GIST, PAISIey, semantic modals such as virtual processors, state machines and
Jackson System Davelopment [15].

Flgure 4 shows the new paradigm bullt around the preparation of an operational
speciflcation. From tha sysiem requirements, however informal or incomplete, the
tevelopers construct the operational specification. Because it is capable of
exhibiting behaviour, the operational specification can be exercised by both the
developers and the users to begin valldating that requirements are begin met.

The operational specification provides an opportunity to undorstand and clarify
user negds early. With the conventional life-cycle model, the opportunity to
experlence system behaviour is not available until much later In the process -
after the implementation phase.

When the validation/revision loop In figure 4 has resulted in & satisfactory
operational spedcification, dovelopers can begin to consider the implementation-
ariented [ssues. Onea possibilily consistent with pereeiving the operational
gpocification as a prototype, mentiohed by Agrestl [2], is to revert to the
conventional life-cycle model and begin the desigh bhase. However, this option
usually fails to capitalise on the merits of the oporational speclfication as already
offering the ability to preduce system behaviour. A mare common strategy is for
dovolopers now to transform the behaviour-producing mechanisms of the
operatianal specification into struslures that rospond to the realitios of the target
anvironmant,

The main eriticism of the operational approach [18] is that an executable
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investment of more effort?)

Figure 3 shows bhoth alternatives. In the case of a throw-away prototype, the
developers must still extract useful Information from it to contribute to the
requirernents specification and design of the complete system.

Studies by Gordon and Bieman [42] tend to show that the evolutionary approach
is mare popular than the throw-away approach. Furthermore, they describe throw-
away prototyping as being economically feasible for small contracts.

The prototyping paradigm illustrates that prototyping ¢an serve as a separate
route to software development through the refinement process at the top of flgure
3. Alternatively, prototyping can be joined to the conventional life-cycle modei in
a hybrid prototyping/waterfall paradigm.

2.4 Operational Spoecification

An operational specification is a system model that can be evaluated or executed
to generate the behaviour of the system. It can be viewed as a prototype [13). An
operational specification of a system is developed early in the development
process, during what ls typicaily the requirements analysis phase. During the
specification phase, the dovelopers formulate a system to solve the problem and
specify this system in terms of implementation-independent structures that
generate the behaviour of .2 spocified system [14]. The operational specification
is executable by a suitable interpreter.

A key foature of the conventional life-cycle model Is its separation of external
system hehaviaur (the "what" of requireaments specification) from internal system
structure {the "how" of design). Separation of activities on this basis Iintroduces
many problems, to which the approach of operational specification directly
rasponds [2]. A sccond major problem with the rationale for separation in the
sonventional mode! is that it leaves too many issues to lmpinge on desiyn
dacisions. The designer needs to congider:

. Problem-oriented issues of decomposing high-level functions into
successively lowear lavels,

. Purely design issuas such as information-hiding and abstraction.

. Implementation issues such as systom perfermance constraints and the
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The software development paradigm that incorporates prototyping, as described
by Agresti [2] is shown in figure 3. The starting point, at the left side of the figure,
is soma notion of the user's needs. This may vary widely in formality and
concreteness, ranging from a detailed requirements document to some vague
ideas about a proposed system, obiained by Interviewing prospectlve usars, From
this expression of needs, the prototype developer dstermines the objective and
scope of the prototype. Often the prototype addresses aspests of the system -
such as the user interface - that are difficult to specify through conventional
means.

The methudology of prototyping emphasises creatlvity, ahd accepts both
uncertainty and change. !t can bridge the communication gap batwesn the system
daveloper and the user [10]. However the benefits of prototyping will only be
observed If the process is supported by effective management [11]. Some key
management requirements of prototyping are:

. Decide what [s infended {0 be icarnt frony buiiding the oratotype (2]
. Declde when should the modelling process end [11]
* Securing the proper time and staff commitment [11]

In addition, the prototyping philosophy and plang should be understood by both
designers and users [12]. Without proper planning and depending on the scope
of the prototype, its developmant can be an expensive and time~consuming
process, Effective planning will help ensure that the prototype is delivered in &
timely manner, There is nothing worse than =~ rapid prototyping that is not [2].

The development plan should maximise the use of very high levsl language or
gereen managemant utilities to accelerate prototype development. When the
objectives of the prototyping effort have been attained, a basic decision must he
made: either reflne the prototype into the complete system or begin a
conventional davelopment process, having benefited from building the prototype.
The decision should be hased on the costs and benefits of sach alternative. Two
kay factors are:

. How much functionality is already prasent in the prototype.

. Will the design support a maintainable system (Is the prototype worth the
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petspectives, |n this section we look at some of those perspectives.

Relating the topic fo the CM model (section 4.3), the core set of measures
recommended for initiai measurement focus on factors of size, effort, schedule
and guality [50]. Saiedian and McClanahan [50] lists four basic software measures
for the CM model and relate them to the above factors. The list is reproduced in
tabie 1 below.

Table 1: CMM Levals and Softwars Characterlstics

Units of Measure Characteristics Addressed

Counts of source statements Size, progress, reuse

Counts of staff hours Effort, cost, resource allocation

Calendar dates Schedule

Counts 6of abftware problems, fafiures and Quality, readiness for dellvary, improverment
faults trends

Smith and Wood (18] divide software matrics in four broad groups:

a. Code melrics. These address the more easlly qualifled measurements at
the code level, They are however, not available untll well into the design-
cycle and hence do not provide the complete answer, They include:

. Lines of code: the number of lines.
. Cyciometric complexity: a measure of path and execution compiexity.

b. Structure melrics. These addresses the higner levels of design and Include:

. Information complexity: a measure Involving data flow and data
relationships between components.

. Invocation somplexity

. Review coniplexity

» Stability

C. Hybrids metrics. Hybrid metrics are modifications of structure metrics
welghted according to various code-related measurements. Three hybrid

metrics are:
. Weighted Information flow
. Weaeighted review complexity

SDETOAWP 160 Vorsion 1.00 24 August 1996 Pago M4



L

(I‘g
)
.g‘e‘-
{

SDES Software Development : A Literature Survey Doc, No. SDE 102

8.1 Limitations

In practice soflware metrics often fail to provide the expected predictability.
Several factors account for this:

a. The use of only single independent variables. A simple model might
address the relatlonship between, say, error rate and a partisular
complexity measure. This approach fails to recognise the Interrelationships
and trade-offs between parameters. One desigher might achieve error-fres
code by patient dooumentation and review of his code, whersas another
might prepare code faster and expend effort on debug and test. The
resulting error rate might well be the same although the metrics are not.

b. The use of only a singie independent variabla, In other words only one
metric is chosen to modsl the software performance. Multiple regression
techniques [28] might prove to be helpful in this instance®. Muliipe
regression anaiysis can derive a mathematical model that will take all
influential factors Into considerations and at the same time provide a
measure of the weight or relative importance of each contributing facter,

c. The assumption of linearity. This assumption has often led to the rejection
of a metric as a vaiid Indicator of software quality. More sophisticated
models may be necessary.

d. The assumption that the Initial estimates do not affect the project. Most
estimation and analysls tools assume that a project's historical data will not
change inaspective of the estimate managars make [48]. Abdel-Hamid [48]
has found that systoms react to initial estimates -different estimates create
differant projects. So fitting raw historical results to & new projest may he
a bad idea if the historical data comes from poorly managed, inefficlent
projects.

2. Misuse. Each matric describes a particular feature of the software. Judging
only on the number of lines of source code would lead to the erroneous
conelusion that the use of assembly language is more productive than high
leval language.

5.2 Catogorising Motrics

The various software measures can be grouped and oxamined in different
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5 Software Metrics

We have seen that the process of daveloping software Is not just about coding -
it Involves documentation, desigh, programming, file buliding, testing, training,
quallty assurance and, above all, management. The processes that govern those
phases have been exposed earller. A key ingredient to the improvement of those
processes is feedback, Only through feedback measurements can some of the
management questions be answered. The importance of software metrics was
already undetllned in section 4.3 above, where the ability to capture relevant data
was identifiad as the main characterlstic of level 3 of the CM model. As it is, the
development of software has been characterised by cost overruns and schedule
slippage (18], The main objective of software metrics and the main reason why
§0 much research is done on the subject, irrespective of whather it still appears
as an ihexact sclence, is to obtain the ulimate control over the software process.
The ability to provide accurate measurements is what differs empirical practices
to firmly founded sciences. The best argument on the subject comas from Lord
Kelvin [24]:

When you can measure what you are speaking about and exprass it in numbers, you know
somathing about It; but when you cannot measure it, whan you cannot exprass it in numbers, your
knowladge is of a moagrs and unsatisfactory kind; It may be the beginning of knowledga, but you
have scargaly In your thoughts advonced to the stage of sclance.

The need for a pradictable process, as expressed [n those famous words of Lord
Kelvin, is what ls driving the software Industry to strive to reach a stage of
maturity whare statistical process control can be effectively exercised. A
predictable system will be able to answer questions like 'How much will it cost
to develop?', 'How long will it take and with how many staff?', '‘What levels of
productivity can be expected?' The answers to these quastions bacome more
and more crucial to managers as the level ot Investment in software projects
increases, All of these guestions, in principle, can be answered with a single
guantity. The guestion is - can we supply such & number, or metric, for software?

Several measurement systems have been doveloped in an attempt to answer the
above question with some degree of accuracy. In general we find that a
reasonable approach to the subject Is to build one's own database of results and
to proceed progressively. This approach starts with studying the many software
projects in the past. gathering data and setting up models to fry to predict the
parameters required. The historical data provides a means of validating the
metrics against actual working systems.

o br ot
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reviewed,
e. To establish that there are adequate controls over test and integration.

f. To establish that there is a real capabllity, on the part of the team, to
implement the requirements into a system.

9. To establish that strong integration controls exist.
h. To establish that there is control over bought-In sofiware,

Auclis often relles on checklists. As with software metrigs, it 18 important to view
chacklists In the right parspective and to ba aware of their limitations. Smith and
Wood [18] point out the advantages and disadvantages of the use of cheucklists,
On one hand they provide a means of ensuring that each question is remambered
and thus enable the auditor to select tha most appropriate questions, Furthermore
the cheakliists can be revised and updated as addltional lessons are learned and,
thug, one is always presented with the total of previous experience. On the
negative slde, however, there is a temptation to expect yes/no gnswers and this
cun lead to a false view of the situation. In most cases it is the reason for the
enswer rather than the answer iliself which provides the real information, For
example, "Is a high or low level language being used?" has no right or wrong
answer. The reasons given for the answer are, however of great importance,
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Fenton [48] mentions five other shiortcomings of standards:

. Software standards tend to overemnhasise processes. He [49] argues that
software standards almost entirely neglects the product and concentrate on
the development process.

v When precision - and hence mandatory enforcement - is impossible,
traditional standards bodies use the terms “"codes of practice” or
"guidelines", This lack of pracision and support often frustrate the software
developer.

. A large number of requirements presented In software standards are
presented in such a way that it is impossible to determine conformance in
an objective sense.

. Some software standards prescribe, recommend, or mandate the use of
fachnology that has not been validatad aobjectively.

s Many software standards attempt to address a foo large portion of the
system-dovelopment life cycle. Such standards are very difficult to apply
and often are lsft on the shelf,

4.6 Audits

Audit involves an assessmant of the controls used in the design and management
process and an avaluation of ithalr effectiveness.

Audit is a worthwhile activity and should be used both within an organisation and
as a method for controlling vendors. The objectives of the audit are:

&, To establish that there Is adequate control over the software design
Process,

b. To establish that standards are being used for the documentation and
production of the software,

c. To assess, aided by checklists, the comprehensiveness of the conirols
and the integrity of the moduct,

d. To seek the evidence that the standards are being applied and periodically
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quality measurement factors for software. It ls discussed furiher In section
5.2.

Each country has a specific instantiation of the 1SO 9000 series of standards, for
axample in South Afrlca the standard is known as SABS 9000 while in the United
Kingdom it is known as BS5750. The requirements of the standard is pariitioned
into 20 headings [23]:

Management Responsibility

Quality System

Contract Review

Design Control

Dacument and Data Control

Purchasing

Control of Customar-Supplied Product

Product ldentification and Traceability

Procgss Control

Inspection and Testing

Control of Inspection, Measuring and Test Equipment
inspection and Test Status

Controi of nonconforming produst

Corrective and Preventive Action

Handling, Storage, Packaging, Preservation and Delivery
Control of Quality Records

Internal Quality Audits

Training

Servicing

Statistical Techniques

TP EePODIITARTSQ@REOE T

One of the complaints about the 1SO 9000 series standard is that it Is not
industry-sneclfic [21]. 1t is expressed In general terms, and can be interpreted by
the developers of dlverse products such as ball-bearings, hair dryers,
automobiles, sports equipment and televisions as well as software. Howaver, In
a sense, those are the same factors that make the strength of the 1SO 2000
serlas standard. By focusing on the factors upon which a quality system should
be based irraspective of the organisation type and by neot imposing a specific
[mpiementation method, it allows freedom of implemantation techniques (according
to the industry fype, geographical location and other factors) while providing a
"sommon language" for organisations of different industries.
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make it easler to communicate with future and present developers. in addition
they reduce the likslihood of the developer to make errors. Software Quality
Standards is a subject on its own. While it is the subject of a lot of debate, it is
taking a growing importance in the development of software. It is widely discussed
in the literature. Treatment of the subject, for the present study, will be limited to
the introduction of the major terminoclogies and the 1SQ 8000 series of standards,

Quality manuals are usually divided into standards, procedures and guidelines.
thee [21] defines those terms as follows:

A sfandard, in the context of software development, Is a directive which describes
how a particular document should be structured, and what data should be
contained in the document.

In contrast a procedure is 1 text which describes how a particular software
task is t» be carried out,

A guideline 1s a text which provides advice on an activity. It Is not prescriptive
as a standard or & procedure,

The IS0 9000 is becoming the main way customers ara judging the competence
of a software developer, It has been adopted for use by over 130 counirles [22].
A number of documents have been produced which relate the standard to the
software industry, Some of the relevant standards for the sofiware industry are.

. 180 9001 Quality Systems - Mode! for Quality Assurance in Design,
Development, Production, Installation and Servicing. This is a standard
which describes the quality system used to support the development of a
product wihich involves design.

» {SO 9000-3 Guidelines for the Application of ISO 8001 to the Devslopment,
Supply and Maintenance of Software. This is a specific document which
irterprets 1SO 0001 for the software developer.

, 180 9004-2 Quality Management and Quality System Elements - Part 2,
This document provides guidelines for the servicing of software and
facilities such as user support,

. 1850 9128 Information Teshnology - Software Product Evaluation - Quality
Characteristics and Guidelines for Their Use. This document provides six
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. wefl-defined tralnihg programmes

An organisation operating at Leve)] 3 will probably abide to its well-defined
development mechanism even when in a crisis situation; i.e, this stage is
marked by strong commitment and faith of all concerned parties into the
process. At such a maturity level, advanced technology can usefully he
introducad.

d. Level 4 - Managed
Whila the factors encountered at the previous levels should continuously
be refinad, at Level 4, the organisation concentrates its effort at bullding
a system driven by comprehensive process measurements and analysis.
This level is typically characterised by data gathering and analysis, qualify
measures, quality estimates and quality plans. it Is at this level that miost
significant quality improvements begin.

e Level § « Optimising

Once an organisation has established process measuremants and quality
plans, it can use these tools to efficiently assess the tasks involved, learn
from the gathered axperience and use this khowledge to make improvement
at the process level itself. This is the main difference between Level 5§ and
the other levels. The previous levels are also concerned with optimisation,
at various degrees, but they all focus on the product whereas Level 5
focuses on the process, It ls important to realise that level 5 Is not an
optimised state. There is no such entity as an ¢ptimised organisation, for
process improvement is a way of working rather than a destinatlon, and as
such it Is & continuous optimising process.

Notice that many simitarlties can be drawn between 18O 9001 and the CMM. in
fact there has been studies to map the twenty clauses of 1SO 9001 to the CMM
key practices [43].

A possible pitfall when using the CM model is to regard software develo.ment as
heing a production activity, whereas, as De Marco [44] observes, it Is more of a
research-and-tevelopment activity.

4,4 Standards and Software Management

Software Quality Standards in general provitie a framework for doing things that
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. Even if the above plans exist their is no suwlct management of their
applications

. Tools are neltiier well  integrated with the process nor uniformiy
applied

. Success depends essentlally on individual efforts

The litmus test here is to observe how the organisation beghaves in a crigis
situation. If it abandons established procedures and essentially reverts to coding
and testing, it is likely to be at the Initial Process Levsl.

b. Level 2 - Rapeatable
At Lavel 2 a stabie process of statistical control has been reached.
Commitments, costs and schedulus estimates and plans are met. Changes
are done effectively. This level is rather characterlsed by a routine control
and implementation of the development process, The weaknesses of this
fevel can be summarised as follows:

. At this level the organisation is not mature enough to be able to
accommeodate for naw tools without major disruption.

. When faced with the development of a new product, e.g. a larger-
scale project, the team will probably be disoriented.

+ Changes in the team or the management can cause severe
dlsruption

All the three weaknesses above arise because of factors that tend to
disrupt the routine trand upon which Level 2 is based.

c. Level 3 - Defined
At this level, the organisation has a deeper insight into the process, i.e. the
mechanism of sach stage of the development process is understood and
is no longer merely a routine exercise driven by project milestones. This
stage Is characterised hy:

. Documentation of each stage of the process, i.e. greater visibility and
control
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4.3 The Capa_lbility Maturity Model

Often the need for improvement and the achievement of a more mature
organisation are recognised while the goal ifself or the meaning of improvement
is not clearly defined. Furthermore when involved in process improvement of
software development ene probiem often encountered is that of not being able to
measure progress, In those respects, the capability maturity madel {CMM} [20]
provides an excellent framework, it draws a clear picture of the ultimate goal for
the organisatiun and provides means of gauging progress along the way. The CM
model characterises the software process info five maturlty levels. By establishing
their organisation's position into this maturity structure, software professionals and
thelr managers can more readily identify areas where improvement action will be
most fruitful. The capabllity maturity framework ls shown in figure 8,

/
Levald .~

Managadj
Leveld

Level1
l Initia?

Figure 8: The Flve Levels of the CM Model

The five process maturity fevels are:

A, Level 1 - Initial
The first level is also known as the chaotic stage. It Is characterised by i3
following factors:

. The organisation operates without formalised procedures, cost
estimates and project plans
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code in order to assess its capability of carrying out the requirements and its
conformance to standards. '

Test and infegration. Testing involves a number of methods. It is important to plan
a structured set of tests which build on each other so that confidence in modules
leads to testing of subsystems (groups of modules) until the entire system is
integrated and ready for functional and environmental test. Types of test include:

. Formal proof of correctness

. Validation of code by inspection or walkthrough
’ Static tests

. Dynamic tests involving test data

Failure feetlback, Repstition ¢i a proven piece of code with the same inputs will
only continue to generate the previous result. Hence, software faults will only be
revealed by exercising the program in different ways. This arises in field use, as
a result of which reliability growth will be observed following modifications which
arlae from fleld failures. The more structured and formal the system of failure
feedback, the faster wilt be the reliability growth. There are three distinct areas
of failure data collection:

a. Informal reporting prior to an item becoming subject to configuration
control.

b. Failure reporting during test.

c. Fleld failure reporting from the user,

A large number of designers ighore the above abproaches. it is tempting to
proceed with coding when only a part of the total design is conceived. Indeed,
commercial pressures make this almost inevitable.

Many designers pay lip-service to the techniques of quality and go so far as to
install quality manuals and procedur. .. Frequent audits against these standards
and procedures give the impression of achieved quality [18].

Finally, it Is important to point out that quality Is essentially a complex concept.
As Kitchenham and Pfleeger [48] obsarve, because it means different things to
different people, quaiity is highly context-dependent. Just as there is no one
automobile to satisfy everyone's neads, so too there is no universal definition of
quality.
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means of:

. Establishing quality plans

. Quality management reporting
. Review meetings

. Quality audits

There are a number of activities and methodologies which contribute to software
quality. These fall into two categories [18]:

a. Quality which attempt to identify and remove errors, Thase disciplines also
minimise the probability of errors being committed.

b. Spedification and programming methods and their associated automatic
tools which make it highly unlikely that certain types of software error will
be committed by removing many of the fraditional steps in software design.

The former group, commonly referred to as software quality, includes the following
areas:

Configuration management. This is the ecsential quality activity of keeping control
of the issue and status of all hardware, documents, firmware and software,
Control of changes is additionally important since there is no visibiiity fo the
software on diacs and PROMs other than via labelling and documentation,

Documentation standards. Since the only visibillty to software is via
documentation, & formal structure of specifications, desigh documents (e.g.
dlagrams) and code listings is essential. Naturally these should be appropriate to
the slze of the software package.

Programming and design standards. The objective is to write clear strustured
software using well-defined modules whose functions are easily understood. There
Is no prize for complexity and there are various methods for developing structure,
including flow, hierarchical and structured diagrams as well as pseudo code,

Design rev';.vs. These are assessments of the design against the requirements.
Since the early design reviews are carried out before the product is ready for
demonstration or test they take the form of an assessment of the functions
provided by the design specifications and flow charis, Code Inspection and
walkthrough are a part of [ater reviews and invoive detailed examination of the
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. Object-Oriented Analysis (Sally Shlaer and Stephen Mellor)
. Object-Oriented Design (Grady Booch)

. Object-Orlented Requirements Specification (Baillin)

. Object-Oriented Systems analysis (Hewlett-Packard)

. Object-Oriented Structured Design

. ObjectOry (lvar Jacobson)

. Synthesis/Analysis (Meillr Page-Jones and Sieven Weiss)

Two major design strategles stand out, and are discussed separately in the later
sections:

. Funclional design: The systems is designed from a functional view-polint,
starting with a high-level view and progressively refining this into a more
detailed design,

. Object-oriented design: Objects have a set of attributes defining their state
ard operations which act on these atiributes.

The deslgn process involves describing the system at a number of different levels
of abstraction. in reality design process ars often not sequential, but go in parallel
with diffarent deslgn products developed to different levels of detail in the course
of the design process. It Is common to begin the next stage before a stage is
finished simply to get feedback from the refinement process. Project planning may
require difficult parts of the design to be tackled first so that management can
make more informed estimates of the system development time, This can be
reconciled with the concept of prototyping introduced earller.

Sommarville [8] malntains that there is no 'best' strategy for large projects and
that often functiona! and object-oriented approaches are complamentary rather
than opposing techniques and each may ba applicable at differant stages of the
design process. An ohject-oriented approach to software design seems to be the
most natural at the highest and lowest levels of system design. At these lavels,
an object-orianted approach leads to the production of independent components
which are usuaily mote maintainable than functional components.

it is important to be aware of the limitations of those design methods. In practice,
the guidance given by the methods is informal so that conformity of solutiens is
unlikely. These "mathods” are really standard notations and embodiments of good
practice. By following {hese methods and applying the guidelines, a reasonable
design should emerge hut designer creativi., is stili required to decide on the
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methodologies can help to create a good product if used correctly, but they will
not neceasarily prevent the developer from producing a poor product.

There is a wide range of methodologies available (altiiough some are just
refinements on others). No single methodology can be claimed to be perfect to
all problams. The solution, it appears, is to be famlliar with a range of them In
order to increase the chances of selecting the right one for the particular task. In
his treatment of methodologies, Sharp [30] lists some of the methodologles and
diagramming technigues. The list is reproduced below:

. Actlon Diagrams

. Control Flow Diagrams
. Data Flow Diagrams

. Decislon Tables

s Entity Relationship Diagrams
‘ HIPO Charts

. Jackson Structured Deslign

. Modern Structured Analysis

. Fetri Nets

. Program Design Language

. Problem Statement Language

, Real-time Structured Analysis (Hatley and Pirbhai)
' Real-time Structured Analysis (Ward and Mellor)

. Statecharts

. State Transition Diagrams

8 Structured Analysis (DeMarco)
v Structured Analysis (Gane and Sarson)
. Structured Analysis (Yourdon)

. Structurad Analysls and Design Techniques {SADT)
. Structured Analysis and System Spedcification (SASS)
’ Structurad Requirements Definitions

‘ Warnier-Orr Diagrams

in addition there are the object-oriented analysis and design techniques.
Some of the sommon ones are listed below:

. CRC Cards (Ward Cunningham)

. Hierarchical Object-Oriented Design

. Object Modeling Technique (James Rumbaugh)
. Oblect-Oriented Analysis (Peter Coad)

———————
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6 Software Design
6.1 Introduction

The design stage of the development process is itself the subject of a lot of
study. Its main features are exposed In this section.

Software deslan involves a number of different stages:
a. Study and understand the problem,

b. Identify gross features of at least one possible solution (if possible consider
mare than one solution).

c. Dascribe aach ahstraction used in the solution.

in erder to assist the design process, formal methodologies have bean developedi.
Languages ilke English are too verbose and Iimpreclse to he good at
communicating the way systems work, and they do not provide a framework for
doing things consistently. in addition the very act of writing down formally the
mechanisin of the design. halps in finding the shorteomings and weakresses of
the dasign. Methadologles aim at solving the problem of writing down the way
that systems work or should work.

A formal definition of a mathadology [28] la a collection of methods applied
across the software development life cysle and unified by some general,
phifosophical approach. A method [29] is a disciplined process for gensrating &
set of models that describe various aspects of a software system under
development, using some well defined notation {e.g. object-oriented design
method). Alternatively, s methodology, can be viewed as a formal structure or
language for capturing sor e aspect of the system being described or the solution
being proposed [3U). For example, data flow diagrams describe the way that data
flows around the system; state transition diagrams describe the possible states
and changes of state in a software system.

A design methodology fita within the broader framework of a development
process. Consaquently a design methodology depends much on the other
aspects of the development of the software. For instance, on s own, a
methodalogy will not compensate for poor requirements, Like any tool,
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5.4 Softwaro Packages for Software Metrics

Several software packages which attempt scheduling models to provide software
metrics are currently available. SLIM, GECOMOQ, PRICE S, ARTEMIS are a few
of the prominent names in this field [18].

Those packages seem to be mors useful for large projects (e.g. over 100 000
source code statements). Some benefits is likely from the discipline heeded to
collest and Input the necessary data,

Howsever, a number of useful studles and user surveys have revealed quite a
large variation in response. Whilst some projects have certainly henefitted from
the use of these tools, some usaers have reporied as much as a 50% discrepancy
in the values produced [18]. It seems that in spite of quite large data hases and
complicated parametric models it is still possible to produce projects which are
able to lie outside the boundaries of the models being used.

Certalnly on larger projects (l.e. over 100 000 source code statements) some
benefit is fikely from the tools and from the disciplines needed to collect and input
the necessary dats,

ittt AP
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The nominal effort equations for the intermediate model are;

Organic MM, = 3.2 x KRS (7)
Semidetached MM, = 3.0 x KDSIM? {8)
Embedded MM, = 2.8 x KDSI'2 (9)

The total effort is then computed from -

15 .
MM = MM n X P (?ﬁon muitiplie) (10)
where the effort multipliers are obtalned from table 3.

Carefully examining fable 3 reveals soma reasons why the development time of
embedded sysitems projects can so easily be underestimated Suppose one
estimates the development time for the software in a new product based on
previous experience. If the previous experiance were not with embedded software,
ohe may not congider the added difficulty that will be sncountered because of the
high rellability, very high execution time gonstraints, and very high main storage
cansfraints that are normatly a part of embedded environment. The muitipllers for
thess factors are 1.15, 1.30, and 1.21, which implies an 81 percent Increase in
effort over a nominal project for Just these three factors.

Two additional polnts noted from examining table 3 are:

. The use of modern programming practices and the use of sofiware tools
can improved one's situation from the usual very low rating to a very high
rating. This resuit in an effort radustion of mote than 80 percent.

' The use of good people can reap significant henefits. For example, very
highly rated programmers can cause the effort to be reduced by one-half
compared to using very poorly rated programmers. Thus, when hirlng it is
important to perform a cost/benefit analysis in making the tradeoff betwaen
the ouallty and expense of applicants. Note that this doss not imply
assign.ig only the "best" people to a project.

This moded as any other empirical model, should be used only as a guldaline. If
common sense dictates that certain other factors are important in a particular
envirgnment, they should be considered, After some experience using the mode!,
it is appropriate to calibrate it to a particular enviranmant.

SBUTOANIT TG0 Vorsion 100 25 Augus: 190 ont 43



SDES Software Davelopment : A Literature Survey

Doc. No, SDE 102

caution.

The intermediate COCOMO mode! [26] takes into account an additional fifteen
factors that have been found to affect the cost of a software product, These

factors are listed in table 3.

Tablo 3: Software Davelopnont Effort Multipliers

Cost Drivers Ratings
Vory Low | Nomi- | High | Vaery | Exira
Low nal High | High
Product Attributes _
Requlred Software Rellabillty 0.75 0.88 1.00 1.16 1.40
Data Base Size 0.04 1.00 1.08 116 |
Product Complaxity 0.70 0.85 1.00 1.18 1.30 1.66
0omp|itar Attributos |
Exacution Time Constraint 1.00 1.114 1.30 1.86
Maln Storage Constraint 1.00 | 106 | 1.21 | 1.56
Virtugl Machine Volatility 0.87 1.00 1.18 1.30
Computer Turnaround Tume 0.87 1.00 1.07 1.8
Parsonhel Attributos
Analyst Capabiilty 1.48 1.19 1.0¢ 0.886 0.71
Applications Experiance 1.29 1.13 1.00 0.81 0.82
Programmer Capobility 1.42 1.17 1.00 0.88 0.70
Virfual Machine Experience 1.21 140 1.00 0.80
Programming Language Exparienco | 114 | 107 | 100 | 088
Project Atirlbutes
Use of Modern Programming 1.24 1.40 1.00 0.91 0.82
Practices .
Uso of Software Toolg 1.24 1.40 1.06 0.91 0.83
Required Revelopment Schedula 123 1.08 1.00 1.04 110

in this model, the basic computations for man-menths are modified by an effort
adjustment factor. This effort adjustment facter ig the product of values for each

of the fifteen factors accounted for by the modal.
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program or reduced experience of the programmers increases the expected
estimated effort significantly.

in the embedded COCOMO model, which is of special relevance for this present
study:

MM = 3.8 x KDS|'% (5
TDEV = 2.5 x MM®® (@)

This model rightly recognises and accounts for the additional effort and time
required due to the additional constralnts imposed on an embedded system.

Key assumptions included in the COCOMO model are [28]:

. The delivered source instructions are the program instructions including
formatting statements, data declarations, and control ianguage statements.
They do not include comments or ulllity software. Ulllity code shouid
however, if it s developed using the same process as dellvered program
software.

* The development period covared by the model begins at the deslgn phase
after the requirements have bean specified and ends at the snd of the
integration and test phase.

. The requiraments specification Is not substantially changed after the
requ_lrements phass.

This last assumption can frequently be the cause for the large discrepancy
between estimated completion time and actual completion time, particularly in
embedded systams typifiad by many microcentroller applications. Frequently, as
other components of a microcontroller-based system are developed, problems
emerge and the solution selected is to change the software requirements to soive
the problem, A change in the software requirements after the design has begun
is .ne most common cause for software projects to be late. Unfortunately, many
managers do not recognise and understand this problem [26].

The equations presented previously should be used only for rough aestimstions.
In a study of sixty-three projects [26], the actual results showed that the estimates
werg within a factor of 1.3 only 29 percent of the time and within a factor of 2
only 60 percent of the time. These models should, therefore, be used with
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better estimates. Each model has three separate set of equations to account for
three types of projact development modes: organic, semidetached and embedded.
In an organic development mode, the software is developed by a smali group of
programmets who are experienced both In the particular type of application to be
developed and in the development environment. A semidetached mode of
development Is an intermadiate stage between organic and embedded. In a
semidetachad mode either the project members are less expetienced than in an
organic mode or the projest has a mixture of organic and embedded mode
characteristics, Embedded mode software is usually part of a large complex
projest and must operate within tight constraints imposed by the other
camponents of the system. Since much microcontroller software is part of an
embedded system this model is often most appropriate to adapt to the
microcontroller environment. Many of the other models have been developed
using data from large-gcale systems on mainframe computers and do not account
for the exfra difflcuity encountered In an emhedded environment.

The to level organic COCOMO model provides the following estimates for the
effort und development time required for software proiects:

MM = 2.4 x KD§|"% (1)
TDEV = 2.6 x MM®® (2)

In these equations:

KDS8! is thousands of dellvered source instructions In the software system.
MM is the required effort (in man-months) for the software development
project.

TDEV is the required development time (in months) for the software
development project.

This model is appropriate for small- fo medium-gize programs (64 KDSI or less)
In an environment where programmers have experience with the kind of project
to be developed.

in the semidetached COCOMO model:

MM = 3.0 x KDSI'* (3)
TOEV = 2.5 x MM % (4}

As expected those equations reveal that the additional complexity and size of the
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. complexity, indicated by the number and size of the procedural fragments
In Fourth Generation Languages (4GLs) and {~e number of conditionals or
branches in more conventional program units

%
, talls, to lower level functions form high-level modules, including menus

« - fils, relations, reads and writes, indicating file functionality

Notice how those size drivers can change our perspective of "small® embedded
systems projects.

An illustration of the difficulty of estimating software costs can be found in a
report by Mohanty [27]. Mohanty presented nineteen different published models
for estimating software costs and then used twelve of the modeis to compute the
cost of a hypothetical system. The estimated costs range from $362,500 to
$2,766,667 for the same software project. As Mohanty summarises, "it is highly
unlikely that any twn models will estimate the same cost for a given project. We
also observe that, even today, almost no model can estimate the true cost of
software with any degree of certalnty." The high scope for error associated with
algorithmic modals for absoluie project cost estimation is also emphasised by
Sommerville [8], He explains that one of the cause of such dlverse resuits of cost
astimation is the difficulty to estimate product size in the first place. However
algorlthmlc modals can still provide a guideline, or some quantitative basis for
management on how to tackle a partleular project. This aspect of the models is
valuable for reducing risk, even if the actual cost estimates produced by the
todal are inaccurate. The most reliable way to develop software cost estimates
ourrently, according to Sommerville {8] is to determine which factors influence and
how much these factors influence the cost of software development at a given
facility. By measuring the factors which have been incorporated into published
models and building a date base of these project characteristics and cost, one
may improve cost estimating at a particular installation.

5.3.1 Bosehm's Gonstructive Cost Model

As an example of a cost estimating model, Boehm's Constructive Cost Model [28],
COCOMO, which is actually a hierarchy of models, will be introduced. This model
has for advantage of taking into consideration the special characteristics of
embedded systems, instead of merely offering a single set of metrics for all
software projects. The top level model provides quick, rough estimates., The
second level model takes into account more factors in an attempt to provide
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From a manhagement viewpoint, the most common cause of problems [n software
projects is the lack of a consistent, complete, and reasonable plan [26]. This (s
true for a wide variety of problems ranging from schedule slippage to failure to
satisfy the customer's requirements. It is therefore essential that time and cost be
built into the planning process. There are two principal objectives to the planning
process [28].

v First, an overall project plan, which includes estimates of the effort, cost,
and scheodule required to develop and maintain the desired aystem. This
is used to determine the feasibility and desirability of the project.

. Second, after a project's feasibillty has been determined, a detalled plan
is developed. This plan contains a set of measurable milestones which will
be used to determine if the project is staying on schedule. To be useful a
milestone must be a demonstrable event. For example, "publication of
functional requirements” or "successful compilation of a module” are
apptropriate rilestones, "Completion of §0 percent of the coding" fs not a
useful milestone because it is not verifiable.

Unfortunately, there is no foolproof estimating techniques for planning software
development time and costs [26]. Most estimates currently used are hased on
experlencs and historical data, Many large companies that have been developing
software for years, build a data base as projects are developed to aid in later
estimates. Since many developers of embedded systems software are just
beglnning to davelop large amounts of software, they have no previous history to
fali back on, Even if some members of the staff have had previous experience in
estimating software costs in other environments, care must be taken when
translating that experience into estimating the development of microcontroller
software in a new environment.

The main obstacle at obtalning accurate costs and time estimates seems o be
the difficulty in accurately judging the size of the software in the first place [28).
Verner and Tate [45)] identify size as the most important single cost driver in
effort/costing maodels. They explain thal size should not only be evaluated w:
number of lines of code {LOC) ¢riterium. Some of the size drivers they propo at
are:

. data elements, implying that the size of a module depends heavily on the
amount of data it processes

Aam——a
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to do it. Rather, the standard suggests that if the characteristic cannot be
measured directly (particuiarly during development), some other related attribute
should be measured as a surrogate to predict the required characteristic.
However, no guidelines for establishing a good prediction system are provided.

No matter which approach to sofiware measurements is used, once correlations
have been established between the variables of interest and the metrics, then the
prablem lies in the repeatability of the model. It is tempting to assume, having
ohisetved a historical connection between error and coding time, that a repeatabie
model has been established. This is potentlally dangerous, as has been found In
the case of the somewhat similar hardware rate regression models [18].

As already mentioned, In order to construct meaningful metrics it is important to
have sufficient failure data to enable the models to be derived. The manner of
data coilection Is important but unfortunately there is stili very little interest shown
In collecting detailed information on the performance and failures of systems.
Furthermore, the metrics and modelling methods cannot be validated, let alone
generated, without adequate field fallure data. ldeally the following data is
required [18]:

. A description of the running conditlons of the program

. Data and time of the start of the run

. Data and time of the incident/failure

. Date and fime of restart

. Date and time of the normal termination had there been no failure.
. Effect of fallure on system performance

. Data and /0O load and any environmental factors

. Detailed narrative of the incident

Clearly this quality of data is only available from a highly formalised and
controlled maintenance reporting system. It costs money to collect that level of
information and, therefore, is only likely to be generated in a project where
management are suitably enlightened as to its benefits in terms of reliability
improvement in future maintenance planning. Furthermore, if we a¢'rze that quality
is a complex concept (see section 4.2), it becomes evident that finding a single,
simple measurement of software quality is just not going to ba possible. Software
maetrics will have to he context dependent in order to sult the existing concept of
quality in any particular environment.

8.3 Time and Costs Metrics
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. Weighted stability measure

d. Programmer-related metrics, These are concerned with the capabllity of the
development team. 1t Is measured both in refation with the complexity of the
application and the nature of the team and include the following

considerations:

. Number of changes

. Years of programming experience
. Mix of programming experience

. Number of pages of documents

Earller (section 4.4) we mentioned the 1SO 9126 standard. The standard
recommends six software quality measurement characteristics that are outlined
in table 2,

Table 2: ISO 9126 Quality Characteristics

Quality Definition
Characteristlc

Functionality A set of altributes that bear on the exlstence of a set of functions
gnd their specified properties. The functlons are those that satlsfy
stated or implied needs. :

Reliabiity A set of attribute that bear on the capabllity of software to malntaln
its parformance level under stated conditions for a stated paried of
time.

Usabliify A sat of atiributes that bear on the effort needed for use and on the
Individual assessment of augh use by a stated or implied set of
USers.

Efficiency A set of atiributes that bea~ on the retationship batween the
software's performance and the amount of resources used under
the stated conditions.

Maintainability A set of altributes that bear on the effort needed to make spagified
madifications (which may include carrections, improvements, or
adajtations of software to envirehmental changes In the
requirements and the functional specifications).

Portability A set of attributes that bear on the ability of the software to be
transferred form one environment to another (this includes {2
organlsational, hardware or soffware environmant).

As observed by Kiichenham and Pflesger [48], the ISO 9126 standard
recammends measuring characteristics directly, but does not indicate clearly how
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scale performs pootly In practice because he is missing some "minor” ability, such
as the ability to get along with the peopie he has to work with, a factor that is
always difficult to determine beforehand even when it is included in the test.

These are theoreticat conjectures. However, as pointed out by Weinberg [34],
nobody has put together a test with any measurable validity. The closest thing we
have to a valldation of a programmer's aptitude test are studies which show that
people who score high on the tests are befter students in the ensuing
programmer's training. When it gets to the specificities of the actual programming,
however, there is often no correlation - or even a slight negative correlation -
between test scores and rated performance,

This sorry picture is not unique to programming. Intelligence tests generalfly - such
as the famous IQ tests - are able to prediat success in school-type sifuations -
and in nothing else. In fact, as one wit puts it, inielligence tests measure the
ability to take tests. There is reason to believe that this appraisal is not far from
the truth. For example, in 1Q tests, speed is very much a factor, as it is in school
situations generally. But, in the office, the difference between one hour and one
hour and ten minutes iz enly ten minutes - not the difference between an A and
a C.

Ancther typical distortion of intelligence tests is In the emphasis they place on
short-term - rather than long-term - memory. Thay could hardly be expected to do
ptharwise, given the constraints under which they must be administered. In "real
lifa" it Is selective memory which pays - the ability to forget the unimportant and
retain the important over long pa;iods.

Lastly, one observes that the very existence of aptitude tasts can distert the
rosults of the tests. In big cities, an eager parent can take his child to & spaclal
tutor who guarantees to raise his iQ by so many points for so many dollars. The
same techniques are used by certain programming schoois to halp their graduates
get jobs with those companies that rely heavily on aptitude testing. 1t would
appear that in such cases the existence of aptitude tests can restrain the
formation of the developers and can be detrimental to the quality of the
developers. A shift in values is observed, as emphasis is changed to passing the
test and not in attaining the objectives that the test is aiming at. S92, no matter
how much we would like to have a magic wand which would point out the best
pragrammer prospects, it seems we ara just going to have te learn to do without
[34].
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banking or avionics, while experis analyse the deep structure of the program, that
is the algorithmic structure providing its solution [41)(38][40] according to plans
and rules. However, Soloway and Ehriich {40] have demonstrated that more
experienged programmers are no better than novices at comprehending a
program whose algorithmic structure violates these plans.

On the subject matter, Wainberg [34] observes that just like there is not a best
method of solving problem there is also not a besl set of charactesistics of a
software developet, Instead there are different attributes that would appear to be
of higher importance at different stages of the soflware development. For
example, when making the overall design of a program, what we most nead is the
abliity to oreate new prograrmnming ideas and to screéen them on the basis of broad
principles. if the design is to be developed by object-orianted techniques the
ability to oapture key abstractlons and to reject others less useful is essential.
Thus the programmer lacking in either ability - creativity and selectivity - will be
handicapped in atternpting to design programs. When coding, however, different
abllities come to the fore. Instead of the broad, sweeping mind, the mind which
ls clever at small things now excels. Then, when testing, the programmer must
switch to yet another group of gifts - particularly the eye for wholeness. Welnberg
calls this gestall, which is & general feeling that something is out of place without
any pericular localisation. Documentation as well requires some special skills, in
fact good documenters tend to be rare. In the first place it shouid be ¢lear that
If the program is not well written, there is not much that documantation can do to
resuscitate it. Since programmers usually document thelr own productions -
egpeclally for small emhedded systems developments - the good documenter has
to be a good programmer to bagin with - and than he must add the capacity o
express himself verbally and graphically.

The above discusaion elresses the need for different skills and aptitudes in
developing software. This naturally tends to call for measurement or testing of
those skills in the selection process of software developers. A note of caution is
necessary when aptitude tests are concerned, In the first place, programming is
a diverse activily, and any test that gives a single "grade” is hardly adequate to
measure the aptitudes required [34]. Some tests have been designed to give
rultiple scores, but even if these had Individually vaiid measures. They would be
difficult to apply sensibly, and the chances arg that the average personnel
manager would simply avoid suc difficuity. Moreover, just besause of the
multidimansionality, someone who is sorely deficient in one arga may turn out to
be outstandirg in another - pravided that the opportunity to use his strong points
uxists. On the other hand, sometimes a person who scores high on wery possible
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leading to the answer should ba correct as weil. The goal of formal logic is to
represent problem solving as a formal relationship between beliefs and
conslusions - to find procedures that can guarantee correct solutions; In other
words, to find the legal mode of reasoning. One of the simplest forms of formai
logic I8 the propositioral logic invented by Boole (Bonlean logic),

Always on the subject o: problem-solving, one is often confronted with the difficult
decision of making assumptions. Making assumptions is often regarded as not
belng wise as it can often lead to wrong conclusions, Overlooking a factor In a
problem Is just one special case of assumptions leading us astray. We assume
that a certain factor is not important - probably without even thinking about it in
any conscious manner. We are led simliarly estray by assuming that a certain
tactor is important, when it has no significance for the problem &t hand. People
who spand much time debugging other people's programs soon learn not to listen
to explanations before tackling the problem, for these explanations tend to put the
llstener an the same false track of assumptions that preventad the speaker from
finding the bug for himself.

Could we say, then. that the first rule of problem solving is “dor't make
assumptions"? We could say that, but we would be prealsely wrong. If we are to
be successful at solving problams, we must make assumptions. If we really face
each problem as entirely new, it would be impossible to improve out
problent-solving performance. intelligent behaviour, then, does not consist In
sschewing . ssumptions, but in being sufficlently flexible to manipulate
assumptions as the occagions demands. Ih other words, being intelligent, In the
context of problem solving. is nat having some magic formul> which one can
apply to every problem. It is, rather, having a number of "formulas" and net being
sa much attached with one that it cannot be dropped for another [34].

7.2 Appralsing Programming Intelligence

Differances among programmers in skill and performance remain one of the most
impartant determintants of software productivity [37}. Therafore, it comes to no
surprise that there is a considerable amount of research [38][39][40] to determine
what are the cognitive ahilities that make a good programmer.

One aspect of software development that cognitive sclence studies has brought
up iIs the difference in approaches of novices and experienced programmers
towards programming. Novices camprehend a program through its surface
structure [41], that is, the particular appiication area of the program such as
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measure, we cah easily fall into believing that the worst programmers are the best
- hecause they work so hard at it.

Problem-avoiding behaviour, then, is intelligent behaviour at its highest, although
not very intelligent If one is trying to attract the eye of a poorly trained manager,
It will always be difficult to appreciate how much trouble we are not having, Just
as it will always be difficult to appreciate a really good job for problem solving.
Once the problem solution has been shown, it is easy to forge. the puzziement
that existed before it was solved. For one thing, one of the most common reasons
for problem difficulty is the overlooking of some factor, Once we have discovered
or baeen told that this factor is significant, working out the solution is trivial. if we
present the problem to someone élse, we will usually present him with that factor,
which immediately solves nine-tenths of the problem for him. He cannot imagine
why we had such trouble, and soon we begin to wonder ourseives.

Carell, Thomas and Malhotra [35] describe the problem In moving from the idea
for a system to its final implementation as one that involves the transformation of
a linearly derived sequence of deslred components Into a hierarghical
arrangemen® of functions or data transformations, Once the requirements have
been dellneated, they must be organised so that the inherent structure of the
problem becomes visihie. The next step is to construct & solution structure that
matches the problem structure. To the extent that these structures are logically
organised and matchad, the system wiil possess a structural integrity that will
axpedite the implementation.

Two schools nf reasoning approaches are generally recognised. Cognltive scienca
and logic [36],

Cognitive sclance s the experimental science whose subject is human problem
solving. The focus of the cognitive science is on the human mechanisms for
problem solving. The ultimate goal of this field of study is an understanding of the
biological basis of cognition. The basic hypothesis is that human cognition is
information processing; according to this hypothesis, a cognitive process can be
s@on as a sequence of internal states successively transformed by a series of
Information processes. An associated hypothesis is that information is stored in
several mameries having different capacities and accessing characteristics.

Logic is the science of human problem solving "as it should be". In other words,
fogicians have always been concerned more with how prople should reason than
with how they do reason. Getting the right answer is not enough - the argument
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7 Psychotogical Factors in the Development of Soffware

The fact that the software development activity involves decision making, creativity
and heuristics at the human Isvel gives rise to strong psychological influences in
the development process itself. When in addition one considers that sofiware is
often deveioped by large teams, the issue of human psychology becomes even
more apparent.

The subject of psychological factors in this context, directly addresses the Issue
of human interaction with software development. The issue of "peopie”, though
often given less attention { as compared to the other two P's of software
development: Process and Problem), could be a lot more crucial fo the
devalopment. In fact, If we recognise that processes surrounds and emsahates
from the people, it is logical to think that be focusing on the people, we can
derive answers for the many questions we have about the other two P's, Bach
[47] idantifies the human processor, rather thet the process, as balng the central
fssue. Me clalms that the process ls useful but is not central to successful
software projects. De Marco {44] brings this concept further, suggesting that
people should be managed as a capital asset.

Two major spheres of influence of psychology in the development of software are
recognised. The first is concerned with the way the human mind reaches for
solutions when confronted with problems and choices. it affects directly the
davelopment processes and methodologles. The second area where psychology
has a strong bearing is In determining and testing the cognitiva abilities that are
required to perform different programming tasks. Those two areas are briefly
discussed below,

7.1 Preblom-<Solving

As a first reasoning step to problem-solving or alternatively a step prior to
problem-solving, should be problem-avoiding. As Weinberg [34] observes, a
programmer who avoids a problem sltogether is more effective than one who
brings it upen himself, whether or not he ultimately solves it - Walnberg is
generally recognised as the one that formally statted tha psychology of computer
pragrarmming. This statermnent from Weinberg should seem quite obvious, but
howavar, abstract ideas about intalligence rarely fall into accords with our beliefs
about concrete situations. Lacking any objective measure, wo often judge how
difficult a program is by how hard a programmer works on it. Using this sort of
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oulstanding order and paitern strategles (like the periodic table or the
classification of living species) in that it is intrinsic. That is its main advantage
over functional strategies which tend to force a set approach to design, an
approach that Is often in conflict with the natural perception of the human mind.
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entities (such as hardware components) and their controlling objects in the
system. Besides, hardware factors In a design can be represented by
hardware ohjects. When each instrument is considered as an object which
sonceal hardware detalls, the instrument.design and the hardware design
can go in paraliel.

A note of caution about reusable components Is necessary. To be completely self-
contalned, a component should not use other components which are externally
definad, However, this is contrary to good practice which suggests that existing
components should be reused. Thus, some balance must be struck between the
advantages of reusing components and the logs of component adaptability that
this entails,

The disadvantage of object-oriented design is that the identification of appropriate
system oblects is difficult, Technlgues for object-identification are avaliable but
none of them lead to a conform solution. Instead different solutions can be
obtained each time the techniques are applied. One of those techniques is
sugpested by Abott [32] and constitutes in describing the system In a natural
language and then in selecting the objects from the nouns and the operations
from the verbs. However, the inherent ambiguity of natural language descriptions
means that this should only be considered as a guide to the designar and other
domain information must be used for object ldaentification. In addition, object-
oriented methods are relatively immature and are changing rapidly and so are not
nearly as widely used as methods based on functional decomposition,

As far as language considerations are concerned, Sommerville [8] claims that
object-oriented design is a design strategy and is not, strictly speaking, dependent
on any specific implementation language. As such, it can he implemented In plain
high-evel languages like Pascal or C, Examples of object-oriented languages
(OOLs) are C++, ADA, Smalifalk and Eiffel.

Finally we note that object-orlentation, in the broader meaning of the term, is
more than a new design technique, and is certainly much more than a new
software language. it is a natural way of perceiving the elements around us, both
material elements and conceptual elements, This aspect of object-orientation is
well expressed by Williams [33] who says that objectoriented software
development is & response to a need -~ a nead for less confusion, for less
repetitious work - and is 8 natural cutgrowth of the human's mind tendency to
think In visual metaphors. That is why thare is such emphasis on graphical
reprasantation in the field. Object-orientation has one thing in common to all
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Object-oriented design is based on infarmation hiding. It differs from the functional
approach to deslgn in that it views a software system as a set of intsracting
objects (entities), with their own private state, rather than a set of functions.

In the design process, the lowest system objecis and the high-level objects are
often identified first. This situation is normal in object-oriented design which is
rarely a top-down process. Other objects are often defined to fill the gap in
between, out of more information about the data and process,

An object-oriented deslign is based on entitles (objects) which have a hidden state
and operations on that state. The design Is expressed in terms of services
requested and provided by interacting objects.

The characteristics of an object-oriented design are:

. shared data areas are eliminated. Objects communicate by exchanging
messages rather than by sharing variables, This reduces overall system
soupling and there is no possibillty of unexpacted modifications to shared
information.

. Objects are independent entities that may readily be changed because all
state and representation is held within the object ltself,

. Objects may be distributed and may execute either sequentially or in
parallel.

Perhaps the principal advantage of object-oriented design is that the nature of
ahjects leads to the creation of loosely coupled systems. It is fundamental to
object-orlented design that the representation of an object is concealad within that
object and Is not visibie to external componanis. The system does not have a
shared state and any oblect can be replaced by ancther object with the same
interface. To summarise, an object-oriented approach to design has the following
advantages:

. The developed system should be easier to maintain as the objects are
ndependent.

. Objects are appropriate reusable components.

P For more clagses of system, there is a clear mapping between real-world
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The first stage of function-orlented design should be to develop a system data
flow diagram, These diagrams should not normally include control Information but
should document data transformations.

1
Structure charts are a graphical means of showing the hierarchlcal component
structure of a system. They show how elements of a data flow diagram can be
realized as a hierarchy of program units.

For loosely coupled and highly cohesive units, each unit should be dealing with
ane of the following four types of data fiow:

. input. The program unit Is responsible for accepting data from a unit at a
lower level In the structure chart and passing that data on to a higher level
unit in some modified form,

¢ Output, The program unit is responsible for accepting data from a higher
level unit and passing it to a lower level.

. Transform. A program unit accepts data from a higher level unit, transforms
that data and passes It back to that unit.

’ Coordinate. A unit is responsible for controlling and managing other units.

The first step in converting a data flow diagram to a structure chart Is to identify
the highest level Input and oufput units. These units are those concerned with
passing data up and down the hierarchy but are furthest removed from physical
input and output. Identifying the highest level input and output transforms
depends on the skill and experlence of the system desligner,

Data dictionaries are usefu! in maintas, ystem specifications, but are aiso
equally useful in the deslgn process, Each identified entity in the dlagram should
have a data dictionary entry glving information about its type, its function and
perhaps, a rationale for its inclusion.

By comparison with object-oriented design, the design components in this
approach are cohesive around a function whereas object oriented cohesiun is

around some abstract data entity,

6.3 Object-Oriented Design
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system decomposition and to ensure that the design adequately captures the
system specification, Design is a creative process which redquires experience and
some flair on the part of the designer.

Finally the desigh process should not be viewed as a separate entity. One should
always keep in perspective the interaction of the design process with the rest of
the developrent phiases. One way to ensure this interaction is through rroper
documentation. Accordingly, the configuration management must be su- ' it
should be easy to incorporate changes made to the design In a - .un
documents. If this is not the case, changes made to a design description may not
be Included in all related specifications. The design documentation may become
inconsistent. Later changes are more difficult to make (the component is less
adaptable) because the modifier cannot rely on the consistency of the design

documentation
6.2 Funsction-Oriented Dezign

A function-oriented design strategy relies on decomposing the system into a set
of interacting function with a centralised system state shared by those functions
[8]. Functions may alse malintain local state information but only for the duration
of their exescution,

Functlon-oriented design conceals the details of an algorithm in a function but
system state information 18 not hidden. This can cause problem because a
function ¢an change the state in a way which other functions do not expect.
Changes to a function and the way in which it uses the system state may cause
unanticipated interactions with other functions.,

in structured analysls and design, there is no = jcit way of showing the subject
matters [31]. Processes are processes and modules are modules, However, the
layering concept is so powerful that many project teams simply show the varlous
subject matters as processes at the highest level: a copier process, a uset
interface process and a device control Interface. It can be difficult, though, to
define precisely the flows between these processes bacause the point of view
changes. From the point of view of the copier, a flow may correspond to the
number of copies, but from the point of view of the user interface, we have button
pushes from the number pad on the copler.

A functional approach to design is thersfore most succassful when the amaount of
systam state information is minimised and informaticn sharing is explicit,
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Table 2 shows an informal classification of systems, based on properties that
show up at the requirements level. it pictures the embedded system In the context
of software development In general and provides an easy  ans of comparison,
Requirements for "support systems" are generally muci. less definite than
ragquirements for applications systems. And while the performance requirements
for embedded systems may be couched in absoiutes, the performance
requirements for support systems will be relative to resources and resource
utilisation, and the performance requirements for data-processing systems will be
rélative to load, resources, and psychological factors. The most complex systems,
such as nationwide alrline-reservation systems, should probably be viewed as
having subsystems of all three types.

Table 2: A roquiroments-level system classification [1)

TYPE CHARACTERISTICS EXAMPLES
embedded system spacial-purpose (applicatian} | Industrial process-contral
gystem
absolute perfermance
1 requiremants flight-guldance system

data-processing system special-purposs {application) | batsh business program
ralative perfarmance en-line database systom
requiraments

support system gencral-purpose oparating systam
relative performanca goftware davelopment tool
requiremonts

2.2 Peculiaritics of Emhedded Systems

Although much of the development technigques used in traditional sofu -are
development hold true for embedded systems projects, microcontroller softv.are
often exhibits differences from the typical data processing programs, which
constitute a significant portion of traditional software systems. Those aspocts
particular 1o embedded systems are treated below.

Microcontroller software frequently represents only a small part of a svstem
composed of several elactrical, mechanical, and other components. The end user
need not (and often is not) aware that a microcontroller is integrated in the
system,

ArmE T s R
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industrlal controller versus a train®.

Among the most prominent fields of application of embedded systems technoiogy
are '

«  the automotive industry
. the defense industry

. householid products

. Electronic displays

The automiotive market is the most important single driving force in the
microcontroller market [3], especially at it's high end. Several microcontrolier
famllies were developed specifically for automotive applications and were
subsequently modified to serve other embedded applications [4]. Table 1 below
aemonsirates the growing Importance of embedded systems technology in the
automotive industry. Table 1 also shows the predicted data for the years to come.

Tablo 1: Averago Semicondustor Gontent por Passengor Automablle (In Dolars) {5)
Year 90 a1 |82 ‘83 '94 ‘95 ‘96 97 ‘68 ‘99 '00
Sami-
conductor | 508 {634 | 712 | 906 1088 {1237 [ 1339 { 1410 | 1574 | 1852 | 2126

Content
($)

Automotive is, not the only market that is growing. Consumer electronics is also
a booming business. In the average North American's nome there are 35
micracontroliers. By the year 2000 - that number is expecled to grow to 240 [4].

Although the present study focuses on the wider applications of embedded
systems which make use of small programmable devicas such as migrocontroilers,
embedded systems in the btoader meaning of the term can also inc'ude larger
intelligant systems such as o personal computer [6). When the personal computar
i8 used by itself ag a word processor, it would probably not be considered en
ginbedded system. |f however it was dedicated as the user interface, daa
processor and controller for a weathor station. lighting, heating, ventilation, gir
eondition, firo suppression and buarglar alarm, then i could be considered an
embedded system. It would be an integral part of a larger home autor ation
system.
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2  Defining the Embedded Systems Concept
34 Definition

First of all let us start by answering the question: what makes a system
*embedded" ?, The term "embeddad" was popularized by the U.8. Department of
Defense (1] in conjunction with its common languages (ACA) development project.
"Embedded" refers to the fact that these systems are embedded in larger systems
whose primary purposes are not computation, but this is actually true of any
compLiter system. in contrast, the common concept that unites the systems we
choose to call "embedded" is process control. providing continual feedback to an
unintelligent environment.

Often real-time emhedded systems are controllers, being part of an electro-
mechanical application. Such systems are reactive; they are simulated by the
enviranment with signals, and return -as thair reaction- signals to the environment,
In the past these syslems were usually built from analogue and digital hardware
components. Today software has become dominant; anaiogue filters are replaced
by digital ones, the anti-shuttering of a switch is not done by a capacitor, but with
an Interrupt-routine and a timersubsystem. The goals of these replacements are
usually to;

. minimise the number of eomponents

. make the design more raliable

. make the system more maintainable

, reduce the production cost of the whole system

An "embedded system", then, is an eiectronic product that incorporates an
intelligent programmable device, like a microcontroller. Most of thete produets do
not look like computers. Often there Is neither a display nor a keyboard. Virtually
alt the electronic products that now surround us is based on a tiny computer
hidden insite the works. That covers products ranging from the cellular phone,
the telavision remote control, the Automatic Teller Machine (ATM) machine to
gven innocuous products like the electronic greeting card, Even the mouse
gonnectod to the PC has a tiny embedded processor inside.

As the general manager of Intel's Embedded processor Operation Tom Franz [2],
puts it, "unlike the I"C ndustry, it's (embodded systema) a very broad industry. It's
go divorse - it's an industry whore you have applications such as terminals versus
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[49] Poston R.M., "Testing Tools Combine Best of New and Old", {EEE
Software, March 1995, pp. 122-127

1.5.5 Other Documents
a. SDE 102, A Literature Survey on Software Development

1.6 Assumptions
it is agsumed that the reader is familliar with the major software
development processes and associated issues as exposed in the Literature
Survey on Software Development Processes, SDE 102,

1.7 1SO 9001 Requirements Traceability

. IS0 8001 Clause 4.4.4 - Design Input
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. MALPAS  : MALvern Programming Analysis

. OTP : One-Time Programmable

. PAISLey  : Process-Orlented Applicative and Interpretable
Specification Language

. PE » Processing Element
. PES . Programmable Electronic System
. RAM : (Read/write) Random Access Memory
. RISC : Reduced Instruction Set Computer
. ROM ! Read Only Memory
. 8ISC . Specific Instruction Set Computer
. UART : Universal Asynchronous Recelver/Transmitter
. VDU : Video Display « it
. VSLI . Very Large Scule Integration
1.4 Audience

The audience for this document comprise the various stakeholders of the
SEAL, including:

¢« Full-time staff members of SEAL

+« All full-time and parttime post-graduate students associated with SEAL
« Members of the SEAL Managemsnt Board

+ Head of the Department, Electrical Engingering

+ Individuals who will perform internal and external surveillance audits of
the SEAL Quality Management System

+ Engineering Manager, Meissner
+ Product Devsloper
+ Product Manager

1.6 Applicable Documeonts

1.8.1 Specifications
Nong
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1 Scope
1.1 introduction

Embedded systems are growing in popularity. New applications of
embedded systems are constantly belng investigated. Accordingly they
consutute a large part of software development projects. Many of the
practices uncovered in the Literature on Software Development, SDE
102, are applicable to the development of embedded systems. However,
the engineering nature of their applications, combined with several other
factors, make embadded systems projects different from data processing
applications software projects. Failure tu recognise those differences will
invariably lead to poor design performances.

1.2 Purpose
This document captures the main features of embedded systems and
answers the frequent questions on the subject. It underlines the
pecullarities of embedded systems and probes the new development areas

in that ficld.

1.2 Definitions

8 AID : Analogue-to-Digital

. ADO : Abstract Data Object

. ADT . Abstract Data Type

. Al : Artlficlal Intell gence

. ATM : Automatic Teller Maching

. ASIP . Application Specific Processor

. CFSM : Codesign Flnite State Machine

. CisC . Complex Instruction Set Computer
. CsP : Communicating Sequertial Process
' DSP : Digital Signal Processing

. EMI ; Electromagnetic Interference

. EPROM . Elestrical Programmable ROM
. EEPROM : Electrically Erasable and Programmable ROM

' FEM  Finite State Machine
. ICE . In=-Circuit Emmulator
. LCD : Liguid Crystal Device

s ‘enbct i e
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b. Two channels with self-fest. Each channel is subjected to a perlodic self-
test Initiated with the software. The most realistic type of test involves
temporary disabling of a channel's output and then injecting a simulated
signal to the input. In this way the function can be verified. If a single
channel fails the self-test it can be declared unheaithy. Depending on the
safety philosophy, the same can elther revert to single-channel operation
and inform the operator that there is reduced intagrity or suspend
processing. The self-test has to be thorough since error states which
escapes detectlon will cause system fallures.

¢, Three channels with two-out-of-three voting. An expensive alternative which
compares three solutions and can permit nne out of the three to become
unhealthy. This solutlon can increase hoth safety and reliabillty due to the
two-out-of-three redundancy which appligs to both hazardous and spurious
failure modes,

One approach to the common cause failure problem involves software diversity,
which is a particular form of redundancy involving the dasign and coding of
separate software for each of the replicated channels. This is sometimes called
N varsion progiamming [13] where two or even three separate designs are
implemented. These processors are coded to the same specifications, but by
different teams. It is therefore highly unlikely that more than one of the systems
can leck up under the same circumstances. Where there are two or more
channels, circuitry and/or softwere has to be desirned in order to decide which
is the heaithy channel in the event of an error. With three channels, a two-out-of-
three veoting arrangement can be emploved.

Since diverse software is obtained by carrying out separate design and ceding
activities for the replicated channels, this will invelve one or more of the following
features:

. Differant algorithms

. Different storage media

. Different CPU architectures
. Different supply voitages

’ Diffarent CPU clock rates

. Different languages

Software diversity is extremaly expengive and is unlikely to be applied excapt in
highly hazardous applications such: as reiciear or aerospace egiipment. It is not
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An approach to modelling software reliabillty involves an attempt to identify
measurable complexity and size parameters (known as metrles) which can be
sorrelated with fallure rates. The problem In this case Is that the number of
complex interacting variables which govern seftware quallly is probably greater
than can be realistlcally modeiled [10], Unilk. hardware there is no simple
repeatable modal Involving the failure rate of spacific elements,

Using redundancy Is a commean way of improving retlabllity, as we have already
shown. When using redundancy the following additlonal factors should be
consldered [10]:

a. Two nhannefs with a comparator. If the two c¢hannels do not agree the
processing cannot proceed since there s no determination of which
channel s heaithy. An alarm or shut-dowr condition should then be
initiated. In this case the overall reliabilty may be less than for a singie
channel since twice the number of fallures will be likely. On the ather hand.
safety Is enhancud since, for an hazardous fallure mode, both channels
need to fail.
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solenoid whose contact causaes some safety action. It is possible to imagine
the PES causing an unwanted operation or even failing to operate when
required. Dua to uncertainty associated with software failures this solution
is seldom favoured. '

b. The system retains haid-wired control. Figure 1(b) also shows this
arrangemeant whereby the PES carrles out functions whilst the solenold Is
still operated from the input. Currently this selutlon is usually favoured.

c. Figura 1(c) shows an alternative application of the override principle. in this
cave a hard wired monitor examines the outputs and disconnects the PES
from the solenoid it the event of predetermined undesirable combinations
of output.

d. Diverse software is employed whereby duplicated or triplicated systems are
provided such that aach system is saparately dasigned and programmad.
Some maasure of protection againgt saftware failure is thus obtained and
the outputs from the diverse systemis can be compared and voted, This is
shown in figure t{d).

" | l.'l:"q 1 LILJ Ny ”m . imm'lv‘wt

Figure 1{a): Software controlling the safety-rolatod functlon directly
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4 Reliability

In section 2.2 above, the importance to build reliability in domestic products and
embedded systems In general was raised. Capital at siake through large volumes
of the product and safety congiderations maks rallability an even more Important
Issue in embedded systems than in data processing applications [3]. It may be
annoying to receive an electricity bill for ten million rands, but it is more annoving
if the engineers lose control of the power statlon, or if they lose control of their
cars on their way to work and cause a collision. In that respect, small systems
¢an be used in applications where safety is critical, just as with large systams.
It is the software designet's responsibiiity to ansure that the software copes safely
with all that may be thrown at it.

Usinp software in potentlally hazardous situations leads to two main difficultios
[101:

a. Due to the complexity of software failure modes the possibility of hazardous
fallures .. greater.

b. Since the use of sofiware makas failures difficuit tn pradict, it is difficult to
perngive If the integrity of a system is adequate.

A fregquent misconception is that the elimination of orrors during design is the sole
factor In achieving qualily software. This is too simplistic an assumption. In
practice all software ig liksly to contain residual faults, albelt at very low Ievnls
after extensive dehbug and quality activities.

A number of dgsign features involving both hardware eircuitty and softwars
tochnigues can contribute substantially to the system reliability. Some of these
featurgs prevent faults from oceurring in the first plaee and athgrs improv g the
fault tolerance of the system so as to render them non-grifical.

4.1 Reliability Desig™ Phllosophies

Smith and Wood identify [10] four basic design philosophias which should be
considered when incorporating software clements into a safety system.

a. The software directly controls the safoty-related function Figure 1(a)
shows a contact providing an input to a progranmimabie electronic systom
{PES) whigh, in turn, provides an output. The PIS autput operates a
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exceptional sensor value is detected; Control systems are systems which
continuously control hardware actuators depending on the value of associated
sensors. These system cbviously have a great deal In common and differ only in
the way in which systems actuators are initiated. Often, in' embedded systems,
they will be found on the same platiorm.

The need o respond to stimull which occur at different times means that the
architecture of a realtime system must be organised so that control can be
transferred to the appropriaie program component as soon as a stimulus js
recewved. This is normally achieved by designing the system as a set of
concurrent cooperating process. Part of the real-time systam (sometimes called
the raal-time executive) [11] is dedlcated to managing these processes.

Because the processes in a realdime system must cooperate, the real-fime
system deslgner must coordinate the communications betwaen processes,
Process coordination mechanisms ansure mutual exclusion to shared resolrces.
In real-iime embedded systems whigh involve data acquisition and processing, the
axecution speeds and periods of the acquisition process and the processing
process may be out of step. Sometimes, when significant processing is required,
the data acquisition will go faster than the data processing; at other tirmes, when
only simple computations need be carried out, the processing will ke faster than
the data acquisition. To smooth out the speed diffarences, most data acquisition
systems synchronise the two events using some kind of buffer mechanism or
algorithm.
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to synchronise a television picture wavaeform with a tolerance of less than 1
microsecund, is operating in real . . 0 terms of embedded systems, operating
in real time can mean response times ranging from fractions of a second to
several minutes, depending on the applications. A good example 1s a rebot that
has to pick up something from a conveyor belt, The piece is moving, and the
robot has a small window to pick up the object. If the robot is late, the piece will
niot be there anymore, and thus the job will have been done incorrectly, even
though the robot went to the right place. if the robot i early, the piece will not be
there yet and the robot might block it.

Oceasionally one sees reference to real-time' systems when what is really meant
is just 'fast' [12]. As pointed out above, the response times of real-ume systems
can vary widely. Real-time is not necessarily synonymous with 'fast’; that is, it is
not the latency of the response per se that is the issue, but the fact that &
bounded latency sufficient to solve the problem at hand is guaranteed by the
system, Similarly 'real-time' systems are referred to when what is meant is
‘on«ling' or "an interactive system with better response time than we used to
have". Often this is just marketing tactics.

vine will also pccasionally see discussions of 'soft’ versus 'hard’ real-time systems.
In many of these discussions, 'hard' real-time means the type of real-time system
discus: ' above, and ‘soft' real-time means systems which have reducod
constras,.  on ‘lateness' but still must operate very quickly and repeatably.
However, the definition is controversial, as some mean by ‘hard' and 'soft' the
degree of time constraints [12).

In a realtime system, events (or stimulij often cause ihe system to move to a
different state. For this reason state machine modelling has been widely used as
a way of expressing a real-time systems design. The state machine approach is
appropriate for the modelling of real-time systems where a particular input causes
# thread of actions to be initiated. State machine medels are good, language-
independent way of representing the design of a real-tima system [11). However
the problem with the state machine approach is that the number of pogsible states
increases rapidly, 1t is therefore necessary to adapt the approach for laigar
systems so that all states need not be included in a single diagram. One solution
is to use thread diagrams,

Embedded menitoring and contrel systems are an important class of real-time
systems which continuously check sensors and take actions depending on the
sansor recding. Monitoring systems are systems which take action when some
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3 Real-Time Issues

As noted In section 2.2 above, embedded systoms ére often associated with real-
time applications; In fact often those two terms ’real-time systems" and
"ambtedded systems" are interchanged. This section iooks at charactaristics of
real-time embedded systems.

The expression 'real-time' Is widely used, without any clear definition of its
meaning, In fact there are several definitions of real-time, most of them
contradictory, There does not seem to be full anreement over the terminology and
this tends to make the topic controversial, The term ‘real-time’ is originated in the
field of analogue computing, where electronic representations of systems could
operate faster or slower than their real counterparts, or in 'real time' (3]. For
example, the equations describing the growth of a population of animals could be
run many times faster than the animals' breeding cycle, while the dynamics of a
chemical rsaction could be studied at a much slower speed than the natural
avants. An electronic analogue which ran at the same speed as the natural event
it modalied was described as operating in reatl time.

Modari real-time digital systems may not be modelling any natural event, so the
link hetween processing speed and the outside world does not exist. Nowadays
the tarm I8 used to describe systems which deal with data input from the external
worid as it arrives, and send the appropriate responses to tha cutput at the
correct time, This Is distingt from bateh processing, where input data are saved
up for later processing as a group.

For the purpose of this study the tarm 'real-time' will be used when referring to
systems where the correctness of the computations not only depends upon the
logical correctness of the computation but alse upen the time at which the resit
is produced. A formal definition is given by Sommervllie [11]:

"A rgaltime sysiem is o software system whare the correct functioning of the system depends on
the rasult produced by tho systoms and the time at which these results are produced."

If the timing constraints of the system are not met, system failure is said to have
oecurred. This definition covers a wide range of applications. A datilise
managament system which allows an operator to modify data diectiy from a
tarminal could bo calied 'real-fime’. The systems used for booking airline tickets
waould fall into this category. Equally, a digital videt processing unit, which has
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. Impossible to predict software failure modes and rates

. Exhaustive testing is impossible because of time constraints since the
number of permutations in software is extremely high

. More susceptible to common-mode failures

’ Easier to corrupt data and programs

The "unpredictabifity" of software has been leading to the introduction of
"hardware feadback” [10], that is to say diversity, in order to prevent software
failures from leading to hazardous situations. This is In no small measure a result
of poor record of software development. This c¢an be largely atiributed to the
immaturity of software engineering and to the fact that embadded systems has
long heen viewed (and still is by many organisations) as being too small to
warrant the implementation of software engineering practices.
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. Difficulty in testing the end-product

s Low cost per part constraint (since they are usually produced in large
numbers) h

2,3 Advantages and Disadvantages of Lsing Microcontrollers

From both reliabliity and operating standpolnts there are advantages and

disadvantages arising from programmable devices. Smith and Wood [10]

summarise those features:

Rellability advantages:

. l.ess hardware (fewer devices) per circuit due to high levels of integration

. Fewar device types

. Consistent architecture (configuration) leading to a common approach o
hardwate dasign

. Easler to support several models in the field with spares

. Simpler to modify or reconfigure

. Provides a running log for investigatlon

. Allows self-test

Safety advantages:

’ Removes human operators from hazerdous areas

' Pravides sophisticated process interlocks

. Interprats rates of change of process parameters and gives timely warning
of potential hazardous conditions

. Provides early waming diagnostics

, Provides centralised displays and graphies on video display unlts (VDUs)

Reliahillty and safety disadvantages:

. Difficult to 'inspect’ software for inherent faults

. Difficult to impose standard approaches to software design

. Difficult o control software changes

¢ Tasting and validation of high-scale integration devices and their agsociated

software is difficult owing to the high package density and consequent lack
of visibility and interface to the functions
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cooling strategy. A part that requires forced alr cooling - and the bulky, expensivs,
noisy and unreliable accompanying fan - will be unsuitable for most embedded
applications, Often, embedded systems are powered from batterles. To provide
for maximum battery life In these applications, the embeddad systems architecture
should permit speed/power trade-offs and other a:sign techniques to manage
power. In the same vein, the designer must provide support for dual power supply
system peripherals (3.3V and 5VY). Designs that can tolerate some voltage
fluctuations are alse an advantage.

The principal memory for program storage in many microcontroller systems is
read-only memory (ROM), due to its cost savings over other memory types, such
as elactrically programmable ROM (EPROM) and read/write random access
memory (RAM). The cost per system aspect is especislly important when
considering that microcontrolier products often have sales or usage volumes in
the tens or hundreds of thousands {7] (such as calculators, automobiles, cash
registers, and games). Section 7.2 looks at the micracontroiler market.

Finally, embedded systems can be extraordinarily hard to test [1]. The complexity
of the system/environment interface is one nbstacle, ard the fact that these
programs often cannot be tested in their operationdal environments is another, it
is not feasible to test fight-guidance software b, fiying with it, nor to test ballistic-
missile-defense software undar battle conditions.

To summarise, embeddad systems are often characterised by the following
factors:

. High reliability concerns

. Real-time constraints

. Stringent resource reguirements

. Limited development resources

. Low power consumption

. Large variely of attachments with the environment
. Complex interface with the environment
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electrical nolse. In spite of this, they are expecied to continue to function without
operator intervention, whatever mistake the user can make. The stringent
resources factor Is not limited to the operation of embedded systems. lf also
extends to the developmeit itself. Unlike other software development, embedded
software is cross developed on a separate host rather than on the faryet
hardware on which it must ultimately run [9].This Is because most embedded
systems do not support the peripheral devices and sofiware tools needad for
software development. In addition, the hardware platform that forms the Interface
between the software and the rest of the system is often not yet developed when
the software development starts. Developing software for yet to he developed
hardware, makes it even more challenging [9].

The continual demands of an unintelligent environment cause these systems to
have relatively rigid and urgent perforrmance requirements, such as real-time
response requirements and "fail-safe" reliability requirements, immediate response
to asynchronous external event typifies normal reqguirements. !t seems that this
emphasis on performance regiremsnts is what really charactetises embedded
systems, and causes us to be more aware of thelr roles in thelr environments
than we are for other types of system.

For example, users of domestic appliances Iingorporating embedded
microcontroliers are generally less tolerant of system bugs than computer
professionals, to whom they a~ all in a day's work. People expect their cars fo
transport them, thelr televisions to entertain them and their washing machine to
clean their clothes. They will probably only think of the controllers when they go
wrong, and then thelr displeasure will nhot be limited to the program desigr.er.
They might declde never to purchase that manufacturer's product again, taking
away thousands of rands worth of business.

The automotive market, which we find in section 2.1 as beiny the largest
gonsumer of microcontrollers, is demanding. Electronics must operale under
extreme temperatures and be able to withstand vibration, shock, and
electromagnetic interference (EMI). The electronice must be rellable, because a
failure that causes an accident can (and does) result in multi-million dollar
lawsuits [3). Reliability standards are high - but hecause these elactronius also
gcompete in the consumer market -they have a low price tag. Reai-time issues and
reliability issues are discussed in section 3 and 4 respectively.

Low power Is another important requireament for most realktime embeddsd
applications [8]. Power dissipation affects board density, power supply nesds, and
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The input 10 most embeddad systems comes from some kind of transducer
monitering a process, rather than antered at a keyhoard or from punched cards
etc. Of course thers may still be switch closures to be monitored, magnetic cards
to be read, touch screens to be Interrogated and a whole range of other devices
to he serviced. The variety of attachments is one of the characteristics of these
systems. A large mainframe may operate with ~niy serial RS8232 serial
input/output llnes, parallel printer ports and perhaps a network gateway, but a
small controller can be expected to take data from half a dozen different kinds of
source, each with its own characteristics and sneed of operation, and send output
in a variety of formats to a range of peripheral devices, Some of the Inputs can
be digital {(e.g. switch closures), others can be analogue, in which case it needs
to be converted to digital form using an analogue-to-digital (A/D) converter,

This leads to another factor common to embedded systems which is the
complexity of its interface with the environment. The interface between an
embedded system and its environment tends to be complex, asynchronous, highly
parallel, and distributed. This is another diract result of the "process control"
concept, because the environment is likaly to consist of a number of objects
which interacts with the system and each other in asynchronous parallel [1].
Furthermore, it is probably the complexity of the environment that necessitates
computer support in the first place. This characteristic often makes ths
requiremsnts difficult to specify in & way that is both precise and comprehensible.

A software product such as a word processor or payroll package will usually be
used by someane deliberately using a computer to carry out a particular task.
They may have attended a training course and be familiar with the sofiware's
operation, and they can respond to queries and error messages displayed on the
screen In front of them by typing data on the kevhoard. If the program enters an
unwanted state due to a mistake in entering a command they can recover from
the situation, if necessary by rosetting the computer and starting again. If all else
falls they may be persuaded to read the ins'ruction manual.

Embedded systems do not often enjoy these luxuries. Thay tend to be subjected
to stringent resource requirements. These requirements, are mainly physical, and
depend upon the nature on the system being constructed. The stringent
requirements arise because embedded systems are often instalied in places
whera their weight, volume or power consumptien must be limited (such as
satellites), or where temperature, humidity, pressure and other factors cannot be
as carefully controlled as in the traditiunal macnine reom. They may be located
under a car bonnet or close to large electric motors where they will be subject to
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systems, Jiang Zhu et al. [21] proposed a new graphical [anguage for the design
and scheduling in hard real-time applications. Their graphical language has for
advantage to include deadiine scheduling algoritbros into the same representation,
It also integrate both data fiow and control flow into the same diagram. Figure 4
shows the basic component of the design diagram.

r
|

Datodn .. ;.l Bunclion

.y Contret-Qut

L.

VateCrol

Figure 4: Basic Componeant of the Hard Real-Time Scheduling Desfgn Diagram

This approach tends to be more function-oriented. Furthermore, converting the
design diagram into a task set that wiil ensure that the design objectives are met
s a complex pracess. As Zhu et al, [21] themselves put It, decompaosition of the
design into a task set is still fuzzy and is based more on heuristic methods and
ruies of thumb,

Another approach at capturing the flow of events in embsdded systems is
documented by Drusinsky {22]. Drusinsky uses Harel diagrams [23] (or extended
state diagrams). The need for more elaborate methods of capturing the flow of
gvants in embedded systems arise mainly from the change in complexity of the
interface of such systems with the envivonment. The movement has been from
transformational systems to reactive systems. Transformational systems are those
invoked when the inputs are ready and the outpuis are produced after a
computation period [22]; see figure 5{(a). Examples are voice compression
systems. Reactive systems on the other hand have inputs that are not ready at
any givan point in time {22], see figure 5(b}. A typical reactive system is &n
intelligent traffic-light contraller which never has all its inputs ready -the inputs
airive in endless and perhaps unexpected sequences,
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system. However unllke the object-orientation approach Zave's model is still
restricted to the requirements specifications and does not offet a direct path to
the design and implementation process.
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Figure 3: Zave's partlal modof of a pationt-monitoring systom

8.1.2 Dealing with Timing Issuves

One of the concarn of embedded systams developers is how to deal with the raal-
time 18sues. There s more and more pressure to deliver sophisticated real-time
systems that can deal with complex, incompietely specified, dynamic environments
in an increasingly autonomous fashion [19]. To do so requires that time-
constrained problem-soiving techniques be incorporated into real-time systems.
As it Is, there is gurrently no coherent theory of real-time problem-selving [20].
The existing realtime problem-soiving systems are, at bast, coingidentally real
time [19). Strosnider and Paul [20] nrezented a structured view of real-time
problem-solving, based an Newell-Simon problem-gpace hypothesis. They look at
the problem-evel search space and at the knowladge retrieval level to reduce the
search variations in real-time problem-solving. Although still purely theoratical,
their approach is a construstive step towards reducing computation time In real-
time problem-solving systems,

Always on the subject of meeting the time constraints an real time embedded

s
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6  Planning Embedded Systems Projects
8.1 Dovelopmeni Strategies

Little has been written on complete development processes specifically for
embedded systems. The tendency is to use the axisting, general software
development processes like the ones mentioned in section 2.0 of SDE 102. What
has been investigated, though, are techniques to make the different development
phases more suitable for emhedded systems. Many of those techniques have
their roots In other domains clogely related to embedded systems, like the artificial
intelligance (Al) community or the real-time community. In this sectioh we look at
some of those planning and development sirategies.

6.1.1 Formal Requirements Spacifications Methods

A lot of research la devoted into capturing the characieristics of embedded
systams down at the requirements level [1}[16]{17}{18], where aiready thay diffar
from other kinds of software developments. One such study was performed by
Zave [1). Kt is based on an operalional approach to development. Unlke
conventional requirements specifications methods, hers is strongly coupled with
the system's environment. Including an explicit model of the environment has
several advantages for requirements specification. it provides mora inslght into
the interfacing of the system with the environment, which for embedded systems
is often complex, asynchronous, highly parallel and distributed. Furthermore,
assumptions and expectations on both sldes of the boundary can be dosumented.
The resuit is a speclfication which ls far more precise and yst comprehensible
than could be ohtalned by treating either side of the interface as a "black box”,
which is what happena when the environment is not modeled. Zave's approach
is depicted in figure 3 which shows a partial roquirements model for a patient
monitoring system. The interacting environment-proposed system mode! is even
supported by a specification language calied PAISLey (Process-orientad
Applicative and Interprofable Speclfication Language) {1].

The model proposed by Zave bears some similarities to the idea of objeci-
prientation, in the sense that it captures the problem in terms of abatrantions and
not as functions. Notica that a similar integration of the aenvironmant into the
specifications can aiso be achigved with object-orientation simply by looking at the
problem at a higher level of abstraction. Furthermore, object-grientation too can
c¢asily encompass the hardware as well as the software components of the
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In order to assist this critical testing phase, test tools, such as logic
analysers and in-circuit emulators have heen developed. Test tools
and development tools in general are considered in section 9,
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Moduic tu b sty

Figure 2 {a): integration testing of modules using stubs - single module
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Figure 2{b): Intogration Testing of modules using stubs - multiple modiles

Modules or subsysteams may perform correctly when tested alone but fall
in combination. Congequently dynamic testing should always be carried out
in depth and should include functiona! program testing such as:

. Siress tusts. Stress tests (sometimes called endurance tests) are
black box tests which impose a range of abnormal and illegal input
conditons so as to stress the capabilities of the software. Input data
volume and rate, processing tima, utilisation of data and memory are
all tested beyond the design capability. The length and depth of the
test will depend on the complexity of the product.

. Environmental tests. Thase will also inciude {ests under conditions
of electromagnetic interference. Software systems are particularly
prone to dala corruption resuiting from both mains and air-borne
interferance and thorouyh functional tests are nesded.
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different conditions, The following pattern |s generally observed [10]:

a. Code inspection and walkthrough. This is the weakest leve! of test. It is
subjective and relies on the application of past expeniance to the review of
code.

b. Symbolic evaluation. A path Is followed through the code and the effect of
various inputs on the corresponding outputs is tested. This is a low leval
parametric test which validates the parformance of the code In respect of
particuiar variables tather than addressing the functional specification.

g. Static analysis. These are tests which do not actually execute the program
but examine the logic and paths within it. To some extent a compliler
performs a static test by checking for syntax errers and undeclared
variables. Static analyzers examine the code algebraically without the use
of actual input and outpui values. Stalic analysis packages are tests which
assess the structure of a program. They operate at source code level and
varify that the program ig correct against its specification, Furthermore they
validate the program algebraloally. An example of such & package Is
MALPAS ( MALvern Program Analysis Suite).

d. Dynamic ahalysis. In this type of testing 'live' data is used to exarcise the
inputs and outputs and thus test the actual performance of the code. It is
the most important test, as it focuses on the performance of the product in
conditions as ciose as possibie to the real-type situation, It is at this stags
that individual modules are tested and then integrated into the system. The
tests rely on the executing of the program either with simulated or real
inputa. The concept of integration tasting of modules using simuiated
modulas, known as stubs is depicted in figure 2(a). Stubs are necessary
to provide a minimum simulated interface to replace each of the as-yet
uncoded moduies. As additional modules become available they replace the
stubs as shown in figure 2(b).

e Ty

B T T EET T " Veetaon 100 <h Aaquit 1500 TN




SDES Embedded Systems - A Literature Survey Doc. No. SDE 103

e, Test reports. There should be a test report for each test or group of tests.
The main benefit is that the report provides & medium for recording any
actions which arise as a result of the faults revealed, The actions, having
been formally recorded, can then be revlewed until they are discharged.

5.3 Limitations of testing

Test requirements as seen in the context of the llfe-uycle, evolves from the very
beginning of the design process. Testing is the exercise that ultimately assesses
the quality of the output product. Howsver, testing itself, has some limitatiors and
when analysing test results it is essential that they are viewed in the context of
those limitations.

The main limitation to software testing Is the inability to foresee all the
combinations of external conditlons and logic states in the program. Timing
related faults prove the most diffieult to reveal. Practical test limitations as
expesed by Smith and Wood [10] include:

a. The range of test conditions and loads which can be supplied, It may only
be possible to apply environmental conditions individually or In a limited
number of combinations. This limitation may also apply to the loading of
inputs which wili dapend on the test equipment and simulators provided,

b. The range of operator actions which can be foreseen and plannad for in the
test procedure. These should Include misuse tests but they will be limited
by the imagination of the test writer.

C. The extent of the operating instructions.

d. The choice of language and compller which will have an effect on the
difficulties actually sxperisnced during testing,

Management constraints of time and cost will aiso limit the test effectiveness.
Since testing, however soon It scommences, is the last activity before despatch,
and since schedules always slip then it will be the activity most likely to be
curtalled in favour of delivery.

5.4 Test Strategy

Typically a test strategy involves viewing the product at different angles and under
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development process. Frequently the cost associated with producing fault-free
software, also presents itself as an indirect cause of fauits. Sommerville [11]
ohsarves that developing fault-free software is very expensive and, as faults are
removed from a program, the cost of finding and removing remaining faults tends
to rise exponentially. it is therefore common to find organisations irying to reach
a compromise between cost and residual fauits.

6.2 Test Mar agement

The whole structure and philosophy of the tests are dependent on the
requirements specification and on the system configuration, The test plan and an
outline of tests methods must therefore begin to evolve, along with the hierarchy
of documents, right from the heginning.

The first document, as regard tesung, will be the test strategy, discussed In
section 5.4 below. This might be a separate document or may form part of the
quality plan. It will outline the various levels of test and how these will build up
to a final functional system test, Broad details of the test hardware and software
which will be needed to carry out the various integration, simulatlon, loading and
other tests will also be given. This, and the subsequent test documents, should
not be produced by the deslgners but by a separate test authority. Other essential
documents will follow as the design proceeds. These includa [10]:

a. Test specifications. One for each separate test activity of which there may
be several dozen. It will describe the functions to be tested and the test
mathod to be employed, including the range of values which will be
covered. The test equipment required is also described here.

b. Test procedures. The actual test insfructions down to the details of
connacting test aquipment and the actual inputs to be applied and their
sequence, A gn.od test procedure should contain the anticlpated result of
each test and a record sheet on which to record the resulis.

c. Tast records. There should be & test renord for every test and, as
mentioned above, this may be part of the test procedure document.

d. Test ulilities specification. Both the hardware and computer facilities needed
for all the tests are specified here. Any test software (i.e. program that
provide test data so as to simulate modules or hardv.are items not yet
designed) is also described here.
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. Using a model that is not a good flt to the physicai sntuation
. incorrect document cross-references

Possible causes of inconsistent or incompatible requirements are:

Having two references glve conflicting informatlon

. Inconsistent use of conventions
. Unclear or illogical requiraments
, Omitted requirements (e.g.: handling of invalid inputs).

b. From the design phase, faults may he caused as a result of:

. Unstructured approach to the design breakdown ({i.e. detail is considered
first)

. Lack of proper reviews

. Lack of change control

. Specification was misunderstood

c. From the coding exercise, faults may occur due to

. Semantic errors involving incorrect use of statements

. l.ogical errors in translating the design into code

. Detalled syntax errors which may have escaped detection by the compiler
. Poor data validation (e.g. no default condition after a data input)

. Variahles not Initlalised, or tised incorrectly

. Insufficient arithmetlcal acouracy

. Insufficient range checks. (e.g. divide by zero)

. Type mismatch (2.9, string used as a variable)

. Residual errors in compilers

Another possible source of error Is the corruption of the program ftself {3]. In most
small r¢ al-time systemns, the program Is stored in some kind of read-only memory
where It Is reletively safe from harm. Instructions are transferred to the CPU for
execution. Controllers often operate in electrically noisy environments, and
occasionally interference can affect this transfer. The result is that the
microcontroller executas the wrong instruction, and this may upset the program
sequence. The watch-dog circuit will trap this kind of behaviour and restart the
program from the beginning.

As the list above shows, at the origin of faults oftert lies a mismanagement of the
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5 Software Testing

Software testing is often the last defense against disasters caused by faulty
software development. When lives and fortunes depend on software, software
quality and its verification demand increased attention [14]. Testing not only
removes faults {the underlying source of software failure} and hence improves its
rellability, It also demonstrates rellability and safety by running software under
field conditions [15]. Software testing is an activity common to all software
development processes. It will be discussed here in the context of embedded
systems.

5.1 Faults

Prior to developing the subjact of testing, it is worthwhile to examine the nature
of the faults that the testing exercise aims at checking.

Faults may oceur in both hardware and software, Software faults - often known
as bugs - will atise as a result of particular parts of the code being used for the
flrst time or because of corruption due to some outside influence [10],

A fault (bug) may lead to an error. This is the condition whereby the system Is In
an incorrect state. A data value or instructlon is thus incorrect and only when that
particular part of code is executed is the error revealed. Howeaver the presence
of a fault in a program does not necessarily result in an error or failure. A long
time may elapse hefore that portion of code is used under the circumstances
which lead to fallure.

An grror may propagate to become a failure if the system does not contain some
arror recovery logic capable of dealing with and minimising the effect of the error,
A failure, be it hardware or software related, is the termination of the ahility of an
item to perform its specified function.

5.1.1 Causes of Faults
The possible causes of faults are numerous; some of them are listed below.
a. The requiraments specification is often a source of faults as a result of

incorrect or inconsistent requirements. Possible causes of incorrect
requirements are:
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. Reinltialisation. This involves resetting the system to.a known acceptable
state and reinitialising the processing. Variables are reset to predetermined
or known good values.

. Alternate path. In the case of mathematical routines a second path, or try,
can be provided. If the resuit of a particular calculation is not satisfactory
then an aiternative calculation can be performed.

. Recovery blocks. These consist of blocks consisting of an acceptance test
for the calculation with ene or more alternate routines which are used if the
test fails,

. Exception handling. These consists of Iidentifying conlitions which are
defined as exceptional and which require additional code to carry out the
processing.

. Memotising executed cases. Here a record is made during certification of
code of the allowed paths for program execution. This information is storad
in some way and when the program is executed n its real environment the
actual execution Is compared with this allowed set. If an uncertified path is
executed then safety action Is taken.

. Error correcting codes. Here we try to detect and correct errars in sensitive
information by using different types of code, e.g. Hamming codes.

. Manual recovery. In the event of faijurs, control of the system Is returned
to an operator who attempts to control the system rather than leaving it to
automatlc means.
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in any case a total solution to the problem {10]. We have already seen that a
significant source of software faults is the activity of stating the requirements
specification. As a result identical faulls can propagate through each of the
'saparate’ design activities and manifest themselves in ali the channels.

4.2 Error Management

As already mentioned, a fault-free software Is often nof achievable. At times the
problem might not even be at the software level, e.9. a sensing cirouit that
suddenly delivers pulses at a faster rate than the microcontroller can read,
causing some of the pulses to he missed completely. Reliability considerations
demand that provisions are made to deal properly with residual errors. We have
already covered different configurations that can improve the overall reliability.
We shall now look at how the software itself should behave under an error
condition. In any event, the response of the software must be controlied and
should not cause the program to crash. As a first step, the software needs to be
able to recognise an error condition. Error detection is achieved by a number of
techniques:

. Watchdog tlmer techniques involve using the processor clock to monitor
outputs to verify that they are not stuck in one state.

. A large proportion of the hardware in a programmable system consists of
memory. It |s possible to check the state of a memoty by reread. This
walking bit technique will minlmise software corruptions faults by flagging
up failed memeory. In the case on ROMs checksum technigues are needed
which will verify the contents {which should not change) against
pretetennined chacksum values,

. An extension of this philosophy ls to provide code which can, having
diagnose that an error has been generated, correct the value or values in
store so as to effect a renavery. The simplest exaraple of error detection
software is the paritv digit, whereby an additional digit is included with
some vaiue.

' Range checking techniques, discussed in section § of SCE 113,
QOnce an error condition is detected there should be huilt-in procedures to recover

from that condition with the least possibie damage to the system. Seven
approaches to error recovery are recognised hy Smith and Wood [10]:
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7  About Programmable Devices
74 The Devices

Embedded systems can be developed on different intelligent platforms, Below
Is a list of the rnajor architectural types.

a. Von-Meuman Architeciure

Microcontrollers based on the Von-Neuman architecture [31] {34] have a single
"data" bus that Is used to etch both instructions and data. Program instructions
and data are stored in a comman main memory. When such a controlier
addresses main memory, it first fetches an Instruction, and then it fetches the
data to support the instruction. The two separate fetches slows up the controlier's
operation.

b. Harvard Architectura

Microcontrollers based on the Harvard Architecture [34) have separate data bus
and an instruction hus. This allows execution to oceur in parallel. As an instruction
is being “pre-fetched", the current instruction is executing on the data bus. Once
the current instruction is complete, the next instruction is ready to go. This
pre-feteh theoretically allows for much faster execution than a Von-Nsuman
architecturs, but there is some added silicon complexity.

G CISC

Almost all of today's mlerocontrollers are based on the CISC (Complex Instruction
Set Computer) soncept. The typical CISC microcantroller has well over 80
instructions, many of them very powerful and very specialized for specific control
tasks. It is quite commen for the instructions to ali behave quite differently. Some
might only operate on certain address spacas or registers, and others might only
recognize certain addressing modes. The advantages of the CISC architeclure is
that many of the instructions are macro-like, allowing the programmer to use one
instrugtion in place of many simpler instructions.

d. RISC

Reduced Instruction Set Computers (RISC) [31][32], as their name suggests, have
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Management frequently desires to see code as an indication of work
accomplishment, however, starting the code phase before proper design
and review usuaily leads to larger delays later in the project.

3

. inadequate Time for Testing and Product Integration

fn microcontroller software systems the time required for testing and
product integration is often larger than with traditional software systems

bacause:

. The hardware is developed as the software is developed. Thare is
not a stable base for software debug, thus langthening the debug
time,

. The microcontroller software is a small part of a large

electromechanical system. Software dabug is constrained by the rate
at which the rest of the system is debugged.
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8.2 Pitfalls to Avoid When Planning

Various aspects of microconiroller software development requite special attention
during planning and execution to ensure that the project stays on schedule. Some
of these are Iisted below.

. Because of the embedded nature of most microcontrollsr applications,
requirements frequently change when the preblems oceur in other parts of
the system. Developers must anticipate changes in their plans, or when
changes are made, the schedule and cost estimates must be updated. The
overall system architect should be aware of the cost changes to software
requirements and should weigh carefully the merits and disadvantages of
solving non-software problems by ¢hanging the software requirements late
in the software development cycle, The COCOMO model{30] accommodat= s
this effect with a factor called "requirements volatility", described in table

3.
Table 3: Requirements Volatllity Effort Multipliera
Rating Project Rework due to Requiraments Chauges Effort
Multlpliors
Low Essentially Nona _ 0.01
Nominal Small, noncriticat radiractions 1.00
High Occasiona! moderate redirections 1.19
vory High Frequent moderate or occasional major rediractions 1.38
Extra High Freguent nrajor rediractions 1.82
. Parkinson's Law Corollary [7] - Cede will expand to fll the memory
available.

Since the gost Ler instruction cen increase dramatically as the utllisation
of memory approaches the limit, it is necessary to resist the temptation to
sneak in a few more features. In migrocontrolier system this is usually a
severg constraint, unlike large computer systems where virtual memeory is
often a solution,

. How Much Code Syndrome

Design and review steps should not be rushed to begin coding.
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Most of what was already mentioned about project planning and software metrics
In section 5§ of SDE 102, applies for embedded systems. In fact, in our discussion
about COCOMO in section 5.3.1 of that same document, the case of embedded
systems was taken into account. Metrics can be very usefu! when planning for
and making predictions on & software development, provided thelr limitations and
assumptions are well understood.

As an exampie of how COCOMO can be applied to embedded systems, a
"typical product development aectivity for real-time embedded microcontroller
products in large companies was assessed by Rauscher and Ott [7] and is
summarized in appendix A. Note that the product of the effort multipliers is 4.53,
which means that the effort required is over four times the effort required for the
nominal casa. Carrylng the analysis one step further, consider the case of the
development of 64 kilobytes of software (assuming that ore higher level language
statement generates on the average 2 bytes of ¢ode):

MMy =2.8 x KDG}'%
=2.8 x 32768'™  assuming 2 bytes per higher level language
statement
= 184

MM = Mil\fir',mm X P (effort multiplier)
[}

= 184 x 4.53
835

TDEV

2.8 x MM"*
= 2.5 x 83560.32
= 21.6

The results show that the particular development requires:

. Qver 69 man-years effort
. Qvar 21 months of calendar time

Understanding all the factors that affect microcontroller software developmant is
thus eritical to planning the schedule of a microcontroller-based product.
Accordingly, one should not expect to estimate the cost or schedule for a project
for which the requirements arg unknown or unclear,

[ At = aaa
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Figure 11! Software synthosls modal for objoet-based, parallel embaddod systens

a new module. To perform the analysis, an implementation of a module is chosen,
and is assigned to a PE. The response time of the module are then tested. If the
performance is accaptable the exercise is repeated with a different module, else
the module is modified or the process is assigned to another PE. The process of
varying imnlementatons of components and varying the assignment is repeated
until the timing criteria are satisfied. or until some fixed number of attempts have
been made, at which time the system design "fails" to meet the requiremants,
Only a flxed number of designs is tried before the system requirements are
deemed to be "unreasonable” and are therafors modified.

8.2 Applying Software Metrics to Embedded Systems Projocts

L
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the me too language. In the validaie step, the specification resulting from tho
CSP/me too description is exercised, Feadback from this step can be used to
improve the original model, aither by corracting errors, by remedying omissions
and inconsistentles or by exploring alternating designs.

A typical me too gpecification is shown in figure (0.

Spoclflestlons of Packetls
objects
Dastinations = String
Contents = String
Packet
exported aperations
make_packet: Lestination*Contents » Packe?
tha_dest: Packet -+ Destination
the_maesa: Packet » Conterta
null_pkt » Packat
ahjoct reprasentatlons
Packet = rocord (dest: Destination, cont: contanta)
deflnitions
make packet{d,m) = = mk_pocket (d.m)
the, dest (pk) » = dest (pk)
the_mass {pl) = = mk_packet "nowharo™)
ond Packels

Flguro 10: Examplo of & mo too spoclficatien - Spacification of the Packet objost

Another object-based approach 1o the development of embedded systems is
proposed by Stoyanko et al. (28] This approach is restricted to parallel embedded
systems; lLe. the operations can he assigned to more than one processing
element (PE). The development model is outlinad in figure 11.

The first stage of the development is the specification of the requirements. This
Is followed by the design stage. The modei assumes that an object-origntation
approach ia chosen for the design, where physical objects from the application
domain are modelad as abstract data objects (ADOs) or as abstract data types
{ADTs). The output of the deslgn stage is a set of ADO, ADT and process module
epecifications, and a description of the interactions of the modules. Given the
specifications of the modules, libraries of previously implemented modules are
searched to determine which modules can be reused first, before implementing
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8.1.4 . Ohject-Oriented Approach

There are attempts of adapting object-orientation more closely to the
characteristics of embedded systens. One guch approach presented by Clark [28]
is based on the combination of Communicating Sequential Processes (CSP) and
the me foo method of software design. The flnal specifications are transformed
into an outline concurrent Ada program. me foo is used to express the bject
representations and the operation definitions. It Is a purely functional language
which make it eagler to reason about operations than in an imperative language.

The me loo method of software design has three steps: the model step, the
specify step and the validate step. The method is Iterative with feedback from the
specify and validate steps being used to refine the original method. The CSP/me
too approach is the samae, but deals with concurrent systems. The method Is
based on tha operational approach (see section 2,0, SDE 102) to software
development, where an oxecutable specification of & complete systermn Is
constructad In terms of problem-oriented structures {28). The method Is outlined
in figure 9.

e B0y ORjosty, operafiona any
protanaes, ronsiryrl GG daacripbon
inal infizrmAlly gaoacnln opoediions

five farmal roprogestidion of chjodla
and dofiniliang for nporations

axrisy S e W prlutyse

Citaln watinty cuneurrant Agt program

Flgura 8: The CSP/me too mothad

In the mode! step, a model of a real-world situation Is buitt by identifying a set of
objacts which can communicate with one another by message passing. In the
spocify step, each object in the model is given a formal representation in terms
of sets, sequences otc. Opoerations on each object are defined constructively in
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Design Partitioning: The second step of the. design process is deslign
partitioning, i.e. choosing the software or hardware implementation of
sach component of the system specification.

Hardware synthesis: The third step of the process I8 to implement each
CFSM in the chosen style. The synthesis algorithm is as follows:

. Each hardware partition iz implemented as a fully synchronc =~
cirouit,
. Each software partition is Implemented as a C stand-alone program

(with an operating system skeleton that includes the scheduler and
WO drivers) embedded in & microcontroller,

. Ali partitions have the same clock
Software Synthesis: The CFSM subnetwork is mapped Into a software

structure that includes a number of procedures and a simpie operating
system. A two-step process implements the reactive bahaviour;

. Implementing and optimising the desired behaviour in a high-level,
technology-independent representation of the decision process (called
s-graph)

. Translating the s-graph into portable C code and using any available

compiler to implement and optimise it in a specific, microcontroller-
dependent instruction set.

Modelling Data Flow: Although general in terms of expresslveness, CFSMs
are not specifically designed for computation-intengive tasks, but only for
control-dominated ones. The idea is that a CSFM specifies 1he reactive part
of the behaviour, whersas standard functions can specify the details of the
algorithms associated with the actions invoked.

Interfacing Implementation Domains: Event emission and detection are
implemented differently in each domain (software and hardware) so that an
interfacing mechanism is neaded. Chiodo et al. use a three-layer graphical
block to represent the three different kinds of interfaces (hardware-to-
hardware, software-to-hardware, hardware -to-softwara).
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system, and not just the ROM, RAM and other In.nediate peripherals.

The methodology of Chiodo et al. Is an extension of classical finite state
machines calted ‘Codesign Finite State Machine (CFSM). In that respect it bears
some rasemblance to the other state machines representations like the one
preseited by Drusinsky [22] above (section 8.12). The codesign framework of
Chiodo et al. is depicted in figure 8 below.
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Figure 8! The CFSM framaework

The main steps of the process are described below:

a. Specification Language Translation: Due to its relatively low-level view of
the system, the CFSM model is not meant to be used directly by designers.
Therefore the specifications are written in a higher level language -Esterel,
StateCharts, or a subset of VHDL - that directly translates into CFSMs,
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determines the range of available applications and, conversely, application
requirements may dictate the size of the engine and the hardware design. Change
one and the other is affected. For that reason the two should be co-designed,
developed in concert to ensure that the completed system not only functions
properly, but also meets performance, cost and reliability goals. More often,
though, hardware and software systems are iaid down separately. While this
approach is possible, failure to conr “ider tradeofis between hardware capability
and application requirements during development can lead to designs that are
time-gonsuming, expensive and that ultimately fail to perform as intended {25].

Wolf [25] presents an approach to hardware-software co-design of embedded
systems. The process is a top-down sequence of steps which staris with a
common speclfication for both the hardware and soflware elements. After the
systeir. architecture is defined, design of the hardware and software components
proceed separately before being integrated. Lastly the whole system is tested.
The process is outlined in figure 7 below.

Spacification
1 T
..~ System archileciure \ P
A'""m "~
h conmicot o60SS
be [Mour L gém pri j 03
tstar-transfar Struntpral modules
reg lnllra ] a&m% Eon ' u
logie dolilod higheleval langueage
g hﬂ;",‘:ﬁ” gh-lov fuag
i Shthirg 1

physical objocl ot

" * intogration 4

l

systom tosting

Figure 7: A top-down hardware-softwure co-deslgn process for an emheddod system

Anothet hardware-software co-design approach is proposed by Chiodo et al [27].
The approach of Chiodo et al. has for advantage of viewing the hardware platform
as being the inlerfacing between the software and the rest of the application

e,
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diagrams. An example of a state diagram is shown in figure 6, where it is used
to capture the events and states for an intelligent traffic-light controller. The
extended diagram is very similar to the state transition diagram used by Booch
124].

A high-lovel fransition
thet taken effact from any
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Flgure 8: An extended state dlagram

6.1.3 Hardware-Software Co-Design Technigues

The strong hardware interaction of software with hardware in embedded systems
has pushed for strategies that encompass the hardware development along the
software evolutlon. The existing hardware-software co-design t¢ hniques though,
tend to focus on Very-Large Scale Integration (VLSI} technology [28])[26]
appllcations, where the term hardware Is used to describe the direct platform on
which the software operates, like the CPU, ROM and RAM. They do not really
cover the exercise of interfacing the software with the broader structure of the
application. This exercise typically involves hardware design considerations like
sensing and actuators mechanisms, electromagnetic noise concarns, performance
trade-offs and compatibility lssues. However their approach is a very constructive
step in bringing hardware design considerations together with software design
decisions.

The argument for nardware-sofiware co-design is as follows. By definltion the
hardware and software elements of an embedded system are closely intertwined-
the siza of the computing engine and the design of the hardware platform
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Figure 5: {a} Transformational systems (b} Reactive systems

Finite state machines (FSMs) . e diagrams (FSMs visual counterparis) have
traditionally been used to specify and design reactive (sub)systems. They are well
known, well accepted, highly visual, and intuitive. However FSMs and state
diagrams have not changed much over the past 30 years and suffer from
[Imitations when applied to today's reactive embedded systems [22]:

a. FSMs are fiat. They do nol cater for top-down design and information
hiding.

b. FSMs are purely sequential, whereas applications are not. Modern
controllars need to react to signal to and from a plurality of entities in the
environment.

e Text-based entty methods, which are by definition sequential, cannot
effectively capture concurrent behaviour (a8 commen occurrence in
embedded systems). therefore, drawing state diagrams on paper and
entering them textually is no longer cffective.

d. Top-gown design concepts require interactive software 10 enable the user
to manipulate and browse through complex designs.

Because of such limitations, FSMs have been used sparingly in recent years [22].
Compensating for these limitations are extended state diagrams. While addressing
the hierarchy, concurrency, priorities, and synchronisation within state diagrams,
extended state diagrams retain the visual and intuitive appeal inherent to state
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- CORAL [35] Is a block structured language which has been promoted by the
British Ministry of Defence for real-time programming. 1t predates PASCAL, but
has many of its features, being originally derived from ALGOL [38]. The language
includes "bit" variables and section's of assembly code can be included within
modules. It was not well marketed outside the UK defence industry and is rarely
implemented on desk top computers, but stili has its uses. Programs In CORAL
are usually developed on large mainframes and then downloaded into the target
machine for debugging.

e, ADA

ADA [38] [39] was developed by the United States Department of Defense to iry
to standardise the large range of languages used in their systems. By Insisting
that it is used on all NATO contracts, they have been able to disseminate it into
many organisations [3], although the take up has been slower thar intended, ADA
I8 a very large, complex language requiring an invesiment in training that most
organizations are reluctant to make. It is desighed for real-time programming, but
is not really suitable for small, embedded systems.

f. PL/M

PL/M is a language developed for the Intel range of microprocessors. it is block
structured like most modern languages, and is similar to PASCAL In most of its
features. HL/M is designed to take advaniage of the features of the Intel
microproeessors and microcontrollers, and runs on that company's development
gystems.

g. FORTH

FORTH, unlike most other high level languages, in neither compiled nor
Interpreted like BASIC [40]. instead it is a threaded interpretive language. Most
operations involve a stack so that, for example, an instruction will add the number
ah top of the stack to the humber immediately below it, placing the answer on the
stack. Programs are written by defining new keywords using combinations of
existing instructions, gradually extending the language definition until it includes
the application program. Because of its speed and flexibility, FORTH is of
particular interest for real-time embedded systems {(e.g. it has been extensively
used by makers of video arcade games). Mowever, it is quite a difficult language
to usa, at least unti! the programmer is thoroughly familiar with its idiosyncrasies.
Maintaining snftware developad in FORTH is not an easy task. it is good to note
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b. PASCAL

PASCAL [37] is a block-structured, compiled janguage which is widely used In
industrlal and comimercial programs. PASCAL compilers are available for almost
all micropracessors and will run on most computers, but they are however mugh
less common for micronontrollers. As a compiled language, PASCAL can produce
programs which axecute much faster than an interpreter, The actual speed ltself
depends largely on the compiler used and on the microcontroller itself. However
in general we note that PASCAL compilers tend to produce lengthy code [3],
which does not encourage their use in embedded systems applications. In
addition, because the language 1 designed to be run on a variety of different
computers, the programmer is insulated from the meachine-specific features, The
same procedure call s used to write a line of text to the console device
regardless whether it is a video display unit (VDU) or a teleprinter. The PASCAL
system calls the appropriate device diiver in each case without the programrinr's
intervention. The desigher of embedded systems usually needs a cluser
involvement with the hardware. There may be timers to control, convertars to
drive and special interface requitemerts to be met.

c. c

C was otiginally designed as a tool for the developmernt of computer operating
systoms but, because of its power and flexibillty, it Is used in many other
applications. It is designed to be portable, so that only a small part of the
gompiler has to be rewritten to transfer it to another microprocessor. This In itself
gives it a considerable advantage over the other languages for smbedded
systems applications, gince it is often easier to find a C compiler for a particuiar
microcontreller than any other high level languages. In fact most of the C compller
Is itself written in C. The language tends to produce fast and compact code in
addition to being widsly used, available and supported, making it sultable for
many real-timie embedded applications.

Compared with PASCAL It is a more terse language. It uses terse symbols
gntensively, whare PASCAL uses keywards. This makes the transition from the
English language to C mors difficult. C offers the programimer more freadom in
writing and has far less restrictions on the progranming style than PASCAL. This
power of G means that the programmar has to be more careful about the: way the
program is written.

d. GCORAL
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-gall them from the higher level code. This technique can aiso be used to handle
sections of the program for which execution speed is critical. Some languages
such as ADA and versions of Pascal provide a pragma pseudo-op which allows
for assembly code o be piaced In-line with the higher-order language code [13].
A method sometimes used to reduce the tediousnass of writing assembly codes
Is by writing a shell of the program in a high order language. This program Is then
compilad to an assembly file, which is finally massaged to obtain the desired
effect [13].

To summarise, high level languages shoultl be used whenever their drawbacks
of memeory size, execution spead and awkward inte-faces will not impact on the
success of the design, The speed of code production, enforced design discipline
and relaiive ease of maintenance are valuable assets. Assembly language design
is appropriate in small systems where memory space is saverely limited, as Is
unfortunately the case for many emhedded systems projects, Assembly language
should also be used for time critical sections of code. In any case the choloe
between high level langunges and assembly languages remains a difficult one.
As Adamsor. [3] puts B, the difference betwsen writing in high and low lavel
tanguages Is like the difference between working undar a strict supervisor and
being left in charge of the warkshop. All things become possible, but not all things
are wisal

8.3 Overview of some High-Level Languages in the Context of Embedded
Systems

A brief evalustion of a few of the high languages with respact to embedded
systems applications follows:

a. BASIC

Although BASIC Is widely known in the programming environment [35]{36), it Is
rarely used in embedded systems. The reason is again efficiency-related. BASIC
is an interproted language. This means that the source code written by the
programmar is turned into machine code each time the prograrn is run. This
contragts with compiled languages which are {ranslated inte machine code by the
compiler. The compilet cods is then run whenever ragquired. BASIC programs run
slowly hecause this transiation has to be performed each time. If a loop s
executed ten times, the codes inside are interpreted ten times, and the comments
arg read and discarded ten times. The entire source code must be present at run
tiine, and it will prebably oceupy much more memary its machine code equivalent.
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to maintain the software of perform quality control activities over the
program. On the other hand, too great a reluctance to change established
ways of working ¢can result in a design whose performance is not as good
as it could have been. '

8.2 High-Level Languages vis Assembly Languages

The tendency is towards programming in high level languages llke Pascal or C.
High level languages offer a higher level of abstraction, demanding less
knowledge about the inner structure of the microcontroller and Its mamory
sructure, They produce much more readable code, with fewer errors, leaving the
innermost detalls of the implemertation to the compiler, The overall result is faster
development and easier maintenance,

On the other hand, writing in assembly languages is a tot more time consuming.
Assamibly languages lack the inharent structure of their higher level counterpars.
In addition microcontrollers of different makes have different assembly languages.
This will mean learning a new language for each new microcontroller.

From the above discussion, there would seem to be a powerful argument for
using high level languages, howaver what Is seen in practice is that a lot of
embedded systems projects include codas written in assembly language. The
reasan is often efficiancy related.

Compllers are general purpose programs, and the code they produce are longer
and slower than that which can he written by a skilled assembly programmer,
Adamsan [3] obsarves that a good compiler may generate code 150% longer
than tl.e hand written equivalont. More efficlent use of sxecution time, memory
space and the micrncontroller rasources in general, often make assembiy
ianguage & more suitabla choice for real-time embedded systems. Very few
compilers allow the programmer to specify that certain items should be kept in a
registar rathar than a RAM location for speed of access. Multiple operation on the
same data item can lead to the data continually being read from memory and
then written back, when an assembly program would keep it in a register until
processing was completed. Most microprocessors perform  register-hased
aparations faster than those which require RAM accessos (notice that C allows
some variablos to bo defined as register residont). There ean also bo difficultios
in using specialised parts of the mif roconiollers from high level languages. The
high level language definition knows nothing of on-chip timars or interrupt flags.
and it may be necessary to define short driver moduies i assembly language and
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8 Language Issues

Coding should follow 1 aturally from specification, since a computer program is
simply a detailed speci sation of the actions the computer must perform {3], How
true this statament is in reality depends much on the meathodology and the cholce
of language far the particular application. Design methodologies were treated in
chapter 6 of SDE 102. Here we focus on the programming language issues in the
context of ambedded systems.

8.1 Factors to Consider When Choosing a Language

Strictly speaking most of the languages available for large systems, are applicable
to embeddnd aystems. However, in practice the peculiarity of embedded systems
often consitderably restricts the choice of languages and tends to give this choice
a much higher importance, Factors that affect the choice of language are, in
particular:

* Time constraints. For hard real-time gystems the cheice of language often
decides of the fate a design.

’ Space constraints. The resulting size of machine code is nftan of critical
Importance for embedded systems, especially when using single-chip
microcontrollers.

. Comagiler avallabillty constraints. Even when time is not critical, the use of
somn languages might not be possible because either the compiler for
that sarticular language and microcantroiler is not very efficlent - compilers
can Jiffer largely in the way they handle the instructions - or else simply
the development tools for the microcontroller do not include a compiler
for that language (e.g. the H3/3048 does not support Pascal)

' Compatibility constraints. It is always better to choose a language that Is
supported by other elements of the development environment, like the in-
circuit emuiator or the simulator, in other words a language that provides
ease of interaction with the hardware platform.

Programmers' previous experic 1¢e. It may not be worth learning a now
language for one small development project. Changas to the pragramming
language affect not anly the programmer, but also anyon. who may have
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units to achieve a higher dollar total. Figure 12 below shows the market share for
the 16-bit micrecontrofler, It pictures Hitachi as being the leader in this product
range, with $300M in shipments.

Moo 33.0%

Intel 20.0%

Mioublohi 170% T + Matorola 6.0%

Flgure 12! 1894 Worldwide 18-blt Mlerocontrolier Merchant Market [47)

Among the popular microcontrollers are the 8048 (Intel), 8051 (Intel and others},
£0¢196 (intel), 80186 (Intel).803868 EX (intel), 6805 (Motorola), PIC (Microchip),
28 (Zilog), COP400 (National Semiconductor), HDE4180 (Hitachi) and TMS370
(Texas Instruments).

The 8051 is probably one of the most papular 8-bit microcontroller, Consequently
& conslderable amount of software, documants and textbooks are availabie on this
device and its applications, This is not a factor to overlook when choosing a
microcontroller. PIC microcontrollers have RISC architectures. They are also very
popular, aspecially among the hobbyists, They are characterised by low cost.
small size and low power consu.iption. The 80386 EX is an embedded PC,
meaning that it is based on the PC platform. In this case it is based on the 386
microprocessor, This allows the designer to use PC expertise, PC development
tools, and deskiop PCs for both software and hardware development.
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suppott (like ICEs and evaluation boards) and many others. Even other products
which do not appear to be derived form programmable devices at first glance, like
for example Liquid Crystal Displays (LCDs), are actually closely interlinked with
the microcontroller market.

7.2.2 The players

From the size of the market it comas to no surprise that many companies are
involved in the fleld of embedded systerms. As mentioned above the real size of
the embedded systems market extends well beyond the simple production of
microcontrollers, A few companies like Intel or Hitachi are even Involved in
different aspects of the industry, l.e. in addition to the microcontrollers, they also
produce or sell the support chips, the ICE and other support products. Those
companias tend to have a larger share of the market. Table § below provides an
idea of the involveiment of the major companies in the microcontroller industry.

Table & The major companles invelved in the micracontroller Industry - in terms of number
of units sold. [4]

Company Units {K) - 1993
Matarola 358,8u4
Mitsubishi 71,674

NEC 70,180

Hitashi 67,873 7
Philips 58,680

intel 46,876
SGS-Thomgon 37,350
Microc_hip 35,477
Matsushitta 34,200

Toshiba 32,208

National Semicenductor | 31,634

Zilog 31,000

Texas Instruments 29,726

Siemeng 20.874

Sharp 17,6086

One should keep in mind that units sold does not necessarily equal dollars. Since
some companies deal primarily in higher end devices, they need to sell fuwer
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Table 4{a); worldwide Microcontrolier Shipments (in mlllions of dollars) [5]

‘00 '91 '92 '93 ‘94 '05 ‘06 ‘a7 ‘08 ‘99 ‘00
4-bit {1393 | 1597 | 1506 | 1608 | 1761 | 1826 | 1840 [ 1801 | 1866 | 1816 11757
8-bit | 2077 | 2618 | 2862 [ 3703 4689 BB34 § 6553 | 7528 | 8423 | 8219 | 9715

18- 192 1303 | 340 (484 | 810 {1170 | 1628 | 2191 | 20869 | 3678 | 4408
bit

Tabie 4{b): worldwide Microcontroller Shipments (In millions) 5]

00 " ‘g2 ‘03 '84 ‘85 ‘08 ‘07 ‘98 9o '00
4-hit | 778 | 906 878 1038 | 1063 [ 1110 | 1100 | 1086 | 1064 | 1026 | 870

| 8-bit 588 |763 843 1073 | 1448 | 1803 | 2123 | 2374 | 2586 [ 2681 | 2700

18- 22 38 45 89 106 | 167 227 |[313 419 |50 586
bit

Although not listad above, 32-bit devices have also been recently introduced on
the market. Ow 1g mainly to cost considerations, their utilisation is still limited to
a few applications where their increased computing power is nesessary. Notice
that even the relatively low-performance 4-bit device is papular. Thia is certainly
a reflection of the popularity of microcontroilers in small control applications like
washing machines or toaster ovens. 16-bit or 32-bit devices for such applications
would certainly be an overklll. The choice of the device should be made in
accordance with the size and complexity of the application. Also notice that the
8-bit market just keeps growing, and will probably continue to grow. B8-bit devices
account for over half of the market, and will eventually grab even more. This
explains why silicon manufacturers lay so much importance on their 8-bit
microcontrollers, even If they are introducing high-end 32-hit davices. At times
they would even upgrade their 8-bit microcentrollers, adding featuras to it, but stili
maintaining It as an 8-bit device, with more or less the same execution speed and
the same memory limitations. This is very different to other field of software
applications like desktop computers where the production of lower end
microprocessors are elther reduced or simply discontinued (like the intel 286
microprocessor).

When judging the size of the market one should not be restricted to the
microcentrollers. Thers are many other satellite industrias that thrive from the
main microcontroller industry. The other products include a whole range of
software {compiers, simulators, debuggers, etc.), memory devices, hardwarg
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keyboard handling, signal processing, video processing, and other tasks.

Because of their very general purpose and because of the large number of
support hardware that they require, microprocessors are generally not used for
embedded systems applications. Microcontrollers, on the contrary, are more
adapted for embedded systems applications. They ocontain devices and
peripherals which would be regarded as external in systems buiit around
microprosessors, Those feature are very helpful to the control enginger and
include watchdog timers, sleep/wakeup modes, power management, powerful /0
chainnels, and so on. Some alsoc have a built-in universal asynchronous
recelverfiransmitter (UART) which transfers data usinhg established protocols.
Those features are hot covered in detail here but are generally well documented
in the hardware manual of the microcontroller. By keeping the instruction set
specific and reduced (see SISC and RISC above), and thus saving valuable real
gstate, more and more of those features can be added, while maintaining the
economy of the microcontrolier.

Single chlp microcantrollers (irrespective of the architecturs) often combine many
of the sections of a single board computer into one integrated circult. They stil
require a few external components to make a fully functioning real time controller,
but the number of support chips and consequently the space occupied is
drastically reduced, This has an effect on tha overall cost of the system, with the
result that single-chip microsontroliers are often used in mass production
applications, Small size, low power consumption, and flexibillty make these
davices ldeal for unattended data monitoring and recording.

7.2 The Microcontroiler Market
7.2,1 The Market Size and Praduct Range Distribution

The fleld of embedded systems generally presents itself as limited to small
systams. Wa have already mentioned that this s by no means a reflection of the
level of complexity it is called upon to solve or the level of safety and reliability
it is expected to assume. In addition, we find that the size of the applications
should also not be confused with the impressive size of the microcontroller
market. A mere glance at the figures in the tables below should demonstrate the
size of the market and in the same instance validates the amount of research
work in the field of microcontroller applications. Table 4{a) and {b) also show the
predicted figures for the years to come.

B 0w 10 = Vrarl 3 40F 2k Agcuet T T W



SDES Jinbedded Systems - A Literature Survey Doc. No. SDE 103

Flash provides a good better solution than regular EEPROM when there is a
requirement for large amounts of non-volatile program metnory. 1t is both faster
and permits more erasefwrite cycles than EEPROM.

A

c. Battery backed-up static RAM

Battery backed-up static RAM is useful when a large non-volatlle program and
DATA space ls required. A major advantage of static RAM is that it is much faster
than other types of non-volatile memory so it is well suited for high performance
application. There also are no limits as to the number of times that it may be
written to so it is perfect for applications that keep and manipulate large amounts
of data locally.

d. Field programming/reprogramming

Using honvolatile memory as a place to store program memory allows the device
to be reprogrammed In the field without removing the microcontroller from the
system that it controls. One such application is In automotive engine controllers.
Reprogrammable non-volatile program memory on the engine's microcontrolier
allows the engine controller program to be modified during routine service to
incorparate the Iatest features or to compensate for such factors as engline ageing
and changing emissions control laws (or even to fix bugs!}). Reprogramriing of
the microcontroller could hecome a standard part the routine engine tune-up.

Almost every application could benefit from this type of program memory - If a
modem's hardwara supported i, you could remotely upgrade the modam, or
incorporate new features such as voice control or a digital answering machine.

e. QTP - One Time Programmable

An OTP Is & PROM (Programmaide Read-Only-Memary) device. It uses standard
EPROM, but the package has no window for erasing. This is usually used for
limited production runs before a ROM mask is done in order to test code. Once
the program is written into the device with a standard EPROM programmer, it
cannot be erased or modified. Notice that strictly speaking any bit that is a one
can be changed to a zero, but a bit that is a zero cannot be changed into a one.

In addition micrecontrollers and CPUs may have 4-, 8-, 16- or even 32-blt data
buses, depending on the complexity of the system o be controlied. Specialised
processors gre also available which include features spacific for communications,
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math-intenslve algorithms. Today many embedded applications require both type
of processors, and semiconductor manufacturers have responted by introducing
migrocontrollers with on-chip DSP capability and DSPs with on-chip
microcontrollers {4], Where parallel processing is essential, transputers can be
used. However this usually means learning a hew language like Occam [33],

Typically a given microcontroller is available with different memory options - both
for ROM and RAM, Mask ROM is the most popular memory option for storing
instructions for large production volumes. One problem with mast ROM is that
programming, set-up, and engineering changes make it economical only when the
systems manufacturer purchases large quantities of identically programmed
micros. Even then, one has to consider the cost of making changes when
additional bugs are discovered. Using mask ROM can lead to a lot of waste,
where large guantities of microcontroliers running older software versions are
thrown away. Another factor is that of lead time (the time when the code is
submitted to the micro manufacture, to the time the programiied device is
recelved) can be very iong (can range form 8 weeks to as bad as 44 weeksl)

However a major advantage of mask ROM Is the protection it offers to the
software. Many of the other memory optlons below are not protected againgt
unauthorised intrusion (revorse engineering, modifications, piracy, stc.) Some of
the devices ke OTPs (see below) offers additional protection as an option, elther
by encryption or fuse protection. On masked ROM devices, security is hot
needed; - the only way to read the implanted code would be by using a scanning
electron microscope - not a sommanly available equipment.

In addltion to the common RAM and ROM options thers is now some new
methods of storing instructions and data. Below Is a list of the most common
advanced memory cptions and their chare . ‘igs,

a. EEFPROM - Electrically Erasable Prograrunable Read Only Memory

Many microcontrollers have limited amounts of EEPROM on the chip. EEPROM
seems more suited (because of its economics) for small amounts of memory that
held a limited number of parameters that may have to be changed from time to
time. This type of memory is relatively slow, and the number of erase/write cycles
allowed in its lifetime Is limited.

b. FLASH (EPROM)
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fewer instructions than most nicroprocessors, It is difficult to write compilers that
take full advantage of the powerful instructions available in a microprocessor.
Even if assembly language is used, most programmaers concentrate on a subset
of the instructions. By designing the hardware to use a simpiified range of
instructions, programiming hecomes more straightforward. Without the hardware
necessary for complex but rarely used instructions, exscution cycle tf ie can be
reduced even if more instructions are needed to perform a given function. b

high-performance, 32-bit RISC microprocessors were designed for * e o
workstations [8]. Now, they have penetrated the embedded market. The beneris
of RISC design simplicity are a smaller chip, smaller pin count, and very iow
power consumption. Among some of the typical features of a RISC processor are:

. Harvard architeciure, (separate buses for instructions and data) allows
simultaneous accéss of program and data, and overlapping of some
operations for increased processing performance

. Ingtruction pipelining, which increases execution speed

. Orthogonal (symmetrical) instruction set for programming simplicity; which
allows each Instructlon to uperate on any reglster or use any addressing
mode; instructlons have no speclal combinations, exceptions, restrictions,
or side effects.

e. 518C

Specific Instrustion Set Computer (818C) are microcontroflers where more of the
general purpose instructions have been eliminated (simllar to RISC). The original
idea behind the microcontroller was to limit the capabilities of the CPU itself,
allowing & complete computer (memory, I/O, interr:..i8, eto) to fit on the available
real estate, At the expense of the more general purpcse instructions that make
the standard microprocessors (8088, 68000, 32032) so easy to use, the
instruction set was designed for the specific purpose of contral {powerful bit
manipulation, easy and efficlent I/Q, and so on).

Alternatively embedded systems can make use of programmable controllers and
processors developed for particuler applications. Digital Signal Processing (DSP)
is an expanding field, with specialised integrated circuits available from several
sources. A DSP is an example of an Application-Specific Processor (ASIP) {25,
which is 8 CPU optimised for a particular applicatioin. Whereas niicrocontroflers
react to and control events, Digital Signal Processurs execute repetitive
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2 Background [nforration

As a flrst step* the general architecture of an on-line UPS will be »iscussed. This
server to situate the inverter within the broader context of its environment.
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Figure 1: Basilé structure of the UPS

The system consists primarily of a solid-state inverter, a rectifier/battery charger,
a starage batiery and a static transfer switch,

Under normal running conditions, in an on-line system the critical ioad is
continuously supplied by the inverter. The rectifier/battery charger derlves power
from the commercial ac source and supply power to the inverter while
simulteneausly float charging the battery,

Upon failure of the commercial ac source the critical load is supplied by the
Inverter, which without any switching, obtains its power from the storage battery,
There Is to be no intarruption to the critical load upon failure or restoration of the
cominargial ac source.

Upon restoration of the ac commersial ac source, the rectifier/charger powers the
Inverter and simultaneously recharges the battery. This must be an automatic
function and should not cause any interruption to the critical load.

The very purpose of the UPS implies that it should cunstantly monitor the
Reserve sup'y. In addition, the critical function of the UPS indicates that it has
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1 Scope
1.4  Introduction

In order to provide practical inslght into the developinent of embedded
systems and as a means of lnvestigating the applicability of formal
development processes and design mathodologies on such systems, a case
study is examined. The case study chosen investigates the possibility of
using a microcontroller circuit to control a three-phase inverter for an on-
llne UPS. This example was chosen mainly because it captures well the
main features of a typical embedded system; features like realtime
constraints, reliability concerns and a strong hardware interaction.

1.2 Purpose

This document defines the nature of the project and its scope. Typleally,
the requirements anafysis exercise is performed by the customer.

1.3 Definitlons

SDES : Software Devalopment for Embedded Systems
UPS . Uninterruptible Power Supply
IGBT ' Insulated Gate Bipolar Transistor
PLL ¢ Phase-Locked Loop
1.4 Audience

The audience for this document comprisa the various stakeholders of the
SEEAL, including:

e Fulltime staff members of SEAL

All full-time and part-time post-graduate students associated with SEAL

-

Members of the SEAL Management Board

Head of the Department, Elactrical Engineering

+ Individuals who will perfonm internal and external survedlance audits of
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Appendix A: Example of Applying COCOMO to an Embedded
System Project -

\

Table A.1:Effort Muftipliors for a "Typieal" Real-Time Emhedded System Deovelopmont
Project .

Cost Deiver Rating Charaoterlstics Effort
Muitiplor
Rellability High Major finsnclal logs if product racalt 13 caused by 115
software fallura
Data Base Size wow | Most microconireller software uses smali data bases 0.94
Produgt Very Reentrant cods, Interrupt-handling, communleation, 1.30
Complaxity Higth cammand procassng
Executlon Time High 70 percent of avallable execution timo used 1.11
Canatralnl
Maln Storage Exlra 98 porcant of availablo moaln storaga uged 1,58
Genstralnt High
Virtual Machlne Hlgh Major chango In virtual mi.  ine overy lwo manlhs 1.16
Valatility during produc! dovelopmon
Campular Nemi- | Computer turnareund time tess than four hours 1.60
turnaround Uma nal _
Analyst Capability [ Nomi- | Avoroge capahility of the team In analysis abilily, 1.00
nal officioncy, and cammunication abllity

Applicatlong Nomi« | Throo years average experiance 1.00
Exporionco nil
Progtanmmer Nomi« | Avergge capability of toam in pregramming ablitity, .1.00
Capability* nal afficiongy, and eommunication abllity
Virtual Machino Low Lesa than four months avorago exporienco wilh virtual 1.10
Experianso maching
Prog. Languoge Nami- | Qne yoar avorage exporenco with programming 1.00
Exprorlanco nol language
WVso of Modarn -+ Low Expormontinl us, of somo modern programming 1.00
frogrameaing praclicus
Practicos
Uso of Softwaca Vaey Bagic migrotonirollor tools: assembior, linker, manilor, 1.24
Tools Low hateh dubug aids
Reguired Lovw 15 parcont aceelaratian vor pared with TOEV formula 1.08
Dovalupmant
Schenfule
Produst of Efiort Multipliesrs 4.63
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possible to test any section of cade within the module. It is also possible to aiter .
condition flags to test routes through a program without setting up a complicated
set of starting conditlons or stepping,through a loop a large number of times, By
writing data to the output ports, the external circuit can be stimulated in various
ways to test its performance. The effects of interrupts (external or internal) can
also be tested, although this can only realistically be done at full speed,

Other less common embedded development tools are software performance
analyzers like the Hewlett-Packard HP B1487 [44), simulation-based systems like
the MOSIM test environment [45] and integrated environment tools like Xray
MasterWorks [46]. A software performance analyser usually interfaces with an In-
elrouit emulator. From the emulatlon activity the analyser can provide information
on the reasons a program ls taking too lohg to execute. it can identify the
modules that are slowlng down the program and it can determine how intensive
Is the program's use of data and /O ports. Simulation-based systems promotes
testing in the host environment, i.e. as much as possible of software testing is
moved from the target environment to the host environment, That might include
unit tasting and apart of integration and system testiny Integrated environment
tools attempt to extend the automation or semi-automation of the software
development for embedded systems to the development, generation and
debugging of the codes,

However even with the existing tools software testing remains a tedious exercise.
This can reduce the concentration and enthusiasm of testing operators and
considering the importance of testing in embedded systems, this can be fatal,
Repetition and tedium seems to be two elements that discourage human
operators to perform exhaustive software testing [47). Croative pecple such as
programmiers instinctively balk at the idea of spondina long hours exercising every
function of an enormous program over and over with the only variety being
different input values to Be compared with different expected outputs. As
expressed by Williams [47], if anything cries out for gven further automation, it is
a way to thoroughly tast software.
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resources are available it is certainly an excellent investment. The ICE will be
discussed in more detalls.

When using an ICE, the microcontroller is removed from its socket on the target
hardware and is replaced by a plug (or pod) and [ead connected to the emulator.
This Int turn is connected to a computer which runs the application program. The
signals on the pins of the plug are intended to be Identical to those which oceur
when the target microcontroller is used, so that external interfaces and other
components on the cireuit board behave as normal. There are generally two types
of in-clrcuit emulators. The first type is based on a simulation of the
microconiroller from discrete logic clrouits. Varlous "wqisters, memory blocks, ete.
are put into separate ciru.wits which can then be r .nitored. This approach is quite
difficuit and often involves a lot of circuitry [3]. 1t is also more liable to produce
inexact or Inaccurate results. The second approach uses a bond-out chip, which
is simply a version of the microcontroller with many more connections. Extra
peints are connected to internal data and address buses and other poinis which
can then be monitored as they operate. Some in-circuit emulators interface to
standard desk top computers such as the IBM PC or compatible machines. Others
use proprietary micrcwrocsssor devslopment work stations, with part of the
emulation circuitry contained in the unit. Most sophisticated systems wllii have full
desk top computer facilities, including interactive screen displays, disk drives,
printer ports and access fo shared resources via a network.

A good In-girouit emulator can save a great deal of time when developing
software, Because of its interactive nature it can also lead to better designed
code and more thorough testing, thus adding to the efficiency of development
process [3]. The facilities provided by in-circuit emulators vary. Some allow full
speed non-intrusive emulation with all external signals handied exactly as in the
real device. Others, not necessarily cheapsr, run at reduced speed or do not
provide exact emulaticn of certain features. The fealures commeon to all emulators
are that they substitute the target microcontroller with thelr own circults and use
their own memory for the target program. Facilities are provided for the user to
insert break points Into the code and to display the contents of registers and
mamary. There is also means of modifying the contents of specific locations.
Further control is provided by the single-step mode where the sysiem executes
one instructions and then broaks to await a gommand.

Jsing these facilities. code modules can be written, prepared and tested
separately or together, setting up initial conditions before running the module and
observing the results. By running from a labelled address to a break point, it is
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-

Structure-coverage analysers: ldentify the statements, branches and paths
in the code that have been exercised.
LS
in addition to those general purpose testing tools, are tools that are particularly
pertinent to the embedded systems environment. Those are discussed below:

a. Logic Analyzers

Logic analyzers allow logic circuits to be monitored. They can be used to capture
data or events, to measure individual instruction times, or for timing sections of
code [13]. In microcontrolier applications they are at times used {n sample a
number of input lines at high speed, storing the result and then display it either
as a multl-channel timing diagram or as a state table,

b, Simulators

A simulator runs the microcontrolier software on a host machine (such as the PC).
Using a simulator, the program can be stepped through while variables values
and registers contents are monitored. It can also allow contents of registers and
variables to be changed, thus altering the way the program runs. A simulator
cannot support 1eal interrupts or devices and often it runs much slower than the
réal device the program is intended for.

S, Resident Debuggers

A resident debugger runs the prugram on the microcontroller itself, while showing
the progress on the host maching (such as t' 8 PC). It has many of the same
advantages of the simulator, with the additional henefit of providing insight as to
how the program runs on the real target machine. A resident debugger needs to
"steal" some resources from the target machine, including: 2 communications port
to communicate with the host, an interrupt to handle single stepping, and a
certain amount of memaory for the resident part (on the target) of the dabugger.

d. in-Circuit Emulator

In-circuit emulators (ICEs) permit both monitoring and interaction with the
software. They provide full and total control over the target, while at the same
time not requiring any resources from the target. The emulator can eithar be a
stand alone with its own display, or it can interface with a PC. If the financlal
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9 The Development Tools

Almost every phase of the software development is supporied by tools, Poston
[49] lists some of the types of testing tools:

. Requirements recorders: Captire requirements in formal s»ecification
languages
v Requirements verifiers: Automate the verification of requirements, l.e.

checks for ambiguilty, inconsistancy and statement completeness In the
requirements.

. Specification-based test-case generators: Tests how closely the product
mests the specification through test cases based on statistical, algorithmic
or heuristice methode.

. Requirements-to-test tracers: Automate the requirements-to-test tracing
activity.

. Expected-output tools: Predict expected output values prior to testing.

. Metrics reporter: Derive and displays metrics information from source code
data.

' Code checKer: ldentify the fuzzy areas in the program that are error-prone,

like misplaced pointers, uninitialised variables and deviations from
programming standards.

. Product-based test-case generators: Derlve test cases from the analysis of
source code.

. Code instrumentor: Insert extra line of codas into *he proyram at strategic
points to allaw for measurement of structural coverage.

. Capture relay tools: Caplures and rwplays the information flow through a
software system.

. Test-harnaess: Test the interface of each module (through stubs or drives
that can simulate the parts of the software not available when testing).

HOET0IWE 100 Vormnn 1D b Adqust 100 Pome Tl



SDES Embedded Systems - A Literature Survey Doc. No. SDE 103

that this very obscurity feature of program listings in FORTH, can be argued.as
constituting a useful form of encryption for commercial security.

h. Other Languages

COBOL (41], although popular, is orientad towards data processing rather than
control. FORTRAN (38] is stiil used on some embedded systems, although it is
being replaced by more structured languages in new designs. RTL/2 [42] and
MODULA-2 [43] are used less frequently, but like any language, each has its
advocates. Soime manufacturers of embedded control systems use their own
proprietary languages, often for historical reasons, This practise forces the
customer o return to the manufacturer for maintenance or Invest in training
courses for their own staff. It also makes it difficult for the manufacturer to recruit
experienced programmers, or to retain those who see thelr career prospects belng
limited.

Very small programs are at times wiitten directly in machine ccde or by entering
hexadecimal codes through array of switches, but this is tedious and unreliable
for anything longer than a couple of bytes.
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1 Scope
1.1  Introduction

The nature of the problem, as exposed in the Requirements Analysis (SDE
104), calls for an investigation of tha metheds available for centrolling
threa-phase Inverters. Only when a sulteble controlling technigue has been
s¢lected can we proceed in defining the functional specifications of the
software. In addition, in order to implement a phase-ocked-loop (PLL)
operation in software, its machanism has to be further investigated.

1.2 Purpose

This documeant serves to capture tho result of a brief survey of methods
available for controlling the three-phase Invertar. At the end of the survey,
& suitable method is ¢chosen. The document then proceeds in laying down
the main characteristics of the proposed technique, Lastly, the principles
of PLL are introduced and its main characteristics are revealed.

1.3  Definitlons

PLL : Phase-Locked-Loop

PWM : Pulse-Width Madulation

8VM : Space Vector Madulation

VCO : Voitage Controlled Oscillator '
14 Audlence

The audience for this document comprise the various stakehelders of the
SEAL, including:

Fulltime staff mambers of SEAL

Al full-time and part-tirie post-graduate students associated with the
SEAL

Members of the SEAL Management Board

+ Hoad of the Dopartment, Lloctrical Engingering
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Appendix B:  Limit Detecti~* *ctivities in an On-Line UPS

A

Once the analogue and digital signals listed in appendix A arg scanned, the
system should be able to recognise the following conditions:

. Reserve AC Input Overvoltage (+15% of nominal)
. Resarve AC Input Undervoltage (-15% of nominal)
. Rectifier AC Undervoltage {-30% of nominal)

. Inverter AC Qvervoltage (+10% of nominal)

. UPS Qutput AC Undervoltage (-10% of nominal)

. DC Overvoltage' (2.35V/Celi)

. BC Undervoltage (1.72V/Csll)

. Phasa Rotation Error on Rectifler Supply

8. Phase Rotation Error on Reserve Supply

10. 125% Overload Condition

11. 225% Overload Condition

12. Qut of Syne Condition (+/- 1Mz from nominal)
13. Power Supply Fail

14, Battery Discharge Condition

16. Low atiery ( 1.90V/Cell)

16. tmmu Shuidown (1.79V/Call)

17. Battery Shutdawn Point*(1.72V/Cell)

18. Inverter Frequency Fail

19. Inverter OK

@ ~ G &~ W N

"Two separato proteetion systems ar roquied horo; the first ano (2.36VIColl} operates with a
dulov and the seeand ono (2 41VIGell) is a Gist operating one.

“Samo as DO undervaltage. deally two Shutduwn Points {8 g 1 72ViICall and 1 86VICell),
fontrolled by two Indepondent systema,  should be used ta protect the battery. The seeond
protechion systom should couse the battery brogkey to trip
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Purpose: To send a signal on a fuse fail condition.
Sensing Meth-:d: sensing wires across the Inverter fuse.

c. Over-temperature Condition  [FJ
Purpose: To send a signal under a high temperature condition of
the power devices, The signal will be a high or low
digital signal.
Sansing Method: thermostat located on the heat-sink of the power
switching davices.

d. 300% Ovsrload Condition {1
Purpose: To send & signal under a 300% overload condition,
Sansing Method: By monitoring the Drain to Source voitage of each IGBT.
This circult typically has fast acting optocouplers with
high noise rejectlon.
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Sensing Method:

d. DC Link Voltage
Purpose:
Sensing Method:

h. Battery Current
Purpose:

Sensing Method:
i Input Frequency

Purpose:;
Sansing Method:

This sensed current is usually used purely for display
purposes.

Current Transformets (with burden resistors) around the
UPS output cables.

]
Provides festback of the DC Voltage level.
sensing wires across the DC bus

{Fl

Provides feedback of the magnitude and direction of the
current flowing into or out of tha battery.

sensing wires across a shuni, in-line with the battery.

{F]

Used by the fraquency synchronisation algorithm.
uses the phase to nsutral voitage obtained from the
Reserve voltage sensor to obtain the frequency of the
Reserve supply.

s Inverter Output Frequency Fl

Purpose;
Sensing Method:

k. DC Legic Voltages

Purpose:

Sensing Method:

Digital Signals

Used by the frequency synchronisation algorithm,
uses the phase to neutral voltage obtained from the
inverter output voltage sensor to obtain the frequency
of the inverter output.

M]
For the proper functionning of the logic circuitry the DG
logic voitagas (High and Low) should be within the
gpecified tolurance for each device affected.
Use sensing wiras (or copper tracks) at the digital power
supplies and at key test points.

a. DC Cap Fuse Fail [F]

Purpose:
Sensing Method:

B Inverter Fuse [Fail

e e e ARYTARD 5. .. e SR Fet R AR

ST TOaWH 160

To send a s:gnal on a fuse fail ¢andition.
sensing wir@s across the DC-bus fuse.

{Fi
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Appendix A: Sensed Parameters in an On-Line UPS

The sensed parameters can be grouped into two parts, analdgue signats and
digital signals. Both types are listed below. In addition the relative sampling rate
required for each sensed signal is indicated by a label in square bracket. The
labels are as follows: [M]. Moderate {order of seconds); [F: Fast (order of
mililseconds); [IJ: Immediate (order of microseconds).

Analogule Signaly

a. Reserve Voltage, phase UV, VW, WU and UN M7
Purpose: Provides f adback of the Reserve phase to phase and
phase to neutral voliage.
Sensing Method: sensing wires and differential amplifier circuits.

b, Rectlfier Voltage, phase UV, VW, WU and UN ]
Purpose: Provides feedback of the Rectifier phass to phase and
phase to neutral voltage.
Sensing Method: sensing wires and differential amplifier circuits.

o.  Inverter Output Voitage, phase UV, VW, WU and UN  [F]
Purpose: Provides feedback of the Inverter output phase to phase
and phase {o neutral voltage,
Sensing Method: sensing wires and differential amplifler circuits,

d. UPS Output Voltage, phase UV, VW, WU and UN [Fj
Purpose; Provides feedback of the UPS output phase to phase
and phase to neutral voltage.
Sensing Method: sensing wires and differential amplifier circuits.

8, Inverter Output Current {F]
Purpose: Provides feedback of the current drawn from the
inverter. This sensing is used to recognise 125% and
300% overload conditions,
Sensing Msthod: Current Transformers (with burden resistors) around the
inverter output cables.

f. UPS Quiput Curront M}

Puipose: Frovides feedhack of the current drawn from the UPS,
EDETEWD 00 I Y R T e 7
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b, The PWM output should correspond to a balanced set of three-phase
voltages, displaced by 120°.

c. Possible fluctuations in the actual inverter output voltage should be
accountad for by the software; i.e. the systen. should provide voltage
feedback and regulation.

d. The inverter should be locked In phase to the reserve supply when the
latter {e within a predefined frequency window of 4BHz to 81Hz; i.e, ths
microcontroller system shouid provide a phase-logk-loop (PLL) contral.

. The microcontroller systam is to issue a signal to inhibit the static switch
whenever Reserve is out of frequency fimit or is out of phase with the
Inverter output.

f. The control system should be capable of switching off all the [GBTs of the
inverter bridge IMMEDIATELY upon either an overload condition or upon
receiving of an 'inverter-off’ signal. Under both conditions the inverter
switches are to be maintained off until the microcontioller Is reset. This will
allow for the cause of the fauit condition to be Investigatad by the user.
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3  Scope and Requirements of the Case Study

The main role of the microcontraller clrcult should be to carry out the critical
function of driving and controlling the power devices of the inverter bridge. Figure
2 pictures a typica! three-phase inverter bridge. The microcontroller should
generate the PWM drive pulses that will control the inverter bridge. The drive
pulses are fed to the gate Inputs GO-G6 of the IGBTs SWO-SWS5, The project
aims essentially at investigating the design of embeddead systems, and as such
it will be restricted to the software aspects and the integration of the software
system into the existing UPS system. Hardware design and live testing will be
restricted to the necessary exercises that will ensure that the system will interface
correctly with a typical UPS system, The project will therefore not cover such
aspacts as transformer designs, filter circult desighs and high voltage testing in
general. Those aspects although Important In the design of a compiete UPS
system are outside the scope of the present case study,

g%ymm ﬁ@

....... , o Inverer
| —p 3Phase
. fommmy OpLLL

H?fﬂ "

Figure 2: The Three-Phase laverter Bridge

A breakdown of the main requirements of the system is provided below.

a.  The microcontroller should produce a PWM set of signals at the output
port,

SDETOIWE 100 Vorsion 1.00 2 August 169G Page 5
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to perform constant monitoring of all parameters liable to cause failure of the unit

itself. Appendix A provides a list of some of those parameters, it reveals the
importance of the sensing activity for a UPS. Following the sensing exercise the
system must be able to recognise error conditions, so that corrective actions can
be taken quickly. Appendix B provides a list of typleal conditions that are
monitored on an on-line UPS,
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locked loop mechanism described above and can be tackled in a simllar way. The
role of the microcontrolier circult would be to carry out the PLL. action. It will have
to capture the necessary information from the system and from those informatlon
it will then adjust the PWM drives so that the inverter output follows that of
Reserve within a pre-defined frequency window.
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4  Phase-Locked-Loop
41 Principle of Phase-Locked-L'oop

A phase-locked loop (PLL) Is a mechanism by means of which the phase of a
frequency-modulated oscillator output signal is forced to follow that of the Input
signal [24] [25].

The essantial eloaments that comprise the PLL, as desctibed by Klapper [28], are
the Input phase detector, loop filter and amplifier, and the VCO (Voltage
Controlled Oscillator), as shown in figure 2.

T Ll

" b PHACE " > 1400 FIL.TER [
UETIETOR & AMPLITIE %
A
0
VL TAGE: <4
CUNTROSAE T

GHELLATOR

Figura 2: Bioek diagram of basie PLL oporation

The hasic operational requirement for the loop ia to track the phase of the input
signtal. This is accomplished by producing in the phase detector a.voltage bt)
propertional to the phase differance betwean the input signal and the VCO signal.
This error signal is then amplified, filterad o remove excess noise and other
undesirable components, and latat applied to the VCO to sffect Input signal phase
tracking. By tracking signal phase, frequency synchronism and frequency tracking
are achieved.

4.2 PLL In the Contoxt of the UPS

Any transgition betweean Inverter to Reserve o1 Reserve to Inverter has to be done
with the smallest possible phase ¢hange, otherwise a high potential difference wili
appoar at the load during tha trangition. A smooth transition can he ensured by
having the Inverter output following Reserva in phase and fraguency; hence the
importance of monitoring synchronigation stafus, as expressed in section 2.d and
2.0 of the Requirements Analysis, SDE 104, The principle is similar to the phase-
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provide the appropriate switching voltage vectors and remaining in them for the
pre-determined times ta, tb and t; the inverter output will therefore closely
resemble the desired voltage vector. it must be realised that the inverter cannot
respond instantanaously to a command of change in Us* and must wait untll the
completion of a sampling interval to do so,

If the PWM pulses are fo be generated using SVM twwohniques, then the func..an
of the microcontroller will be to generate the appropriate output pulses (high and
fow) for the appropriate switching times ta, th and t,. This together with the
additional control features laid in the requirements analysis (see section 2, SDE
104) are in gssence the technical requirements of this case study.
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Us* {reprasenting the desired three-phase ac voltage sat) can be synthesized by
switching the relevant voltage vectors Ua and Ub, for appropriate periods of time.
This in essence is the principle of SVM.

For example, to produce the desired voitage vector Lis* in figure 1, the following
switching set will be used:

Ug. .U1 |U= ,Ug+ .Ug* |U2 ,U1 .l..’()“I

|« At b At |

A switshing set is comprised of a farward switching sequence (first half) and a
reverse switching sequence (second half), At is known as the sampling Interval,
U," and U,* are two redundant voltage vectors (of zerc magnitude) introduced to
ensure a binary Gray code switching sequence. This has for effect to reduce the
harmonies In the Inveérter output waveforms [7).

Since It Is the time average of the two switching voltage vectors Ua and Ub taken
over the sampling interval At, that ylelds the desired voitage vector Lis* we can
write,

Yata + Ubth + Uot, = Us* At (2)
ta+th + ¢, = At {3}

ta, tb and t, are the respective on-times for the output voitage vectors Usa, Ub and

U,

Van der Broeck at al. {22] provide the solution to equations (2} and (3) as,

ta= 9/ UsMagAt (Cosa- 1/v(8)Siny) (4)
th = &/(3)IF UsMagAtSina (5)
b= At-ta-tb (6)

Where o is the angie between the desired vector Ys* and the swliching voltage
vactor Ua of the generalized sector. UsMag Is the magnitude of Us*,

The on-time for each different Inverter swiiching voltage vecter is given by
equations (4) to (8) which show that if the magnitude UsMag of the desired
voltage Us* is defined along with angle o, the respective on-times ta, th and &;
may be catculated, By switching the inverter into the relevant switching states to
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3 Space Vector Modulation
31  Underlylag Concopts
The underlying concepts of SVM are:

. A balanced set of three-phase ac voltages can be representad by a single
composite voltage vector, Us, rotating in the complex-plane {22]; where,

Us = Us exp(jwt) (1)
. There are only eight possible switching states for a three-phase inverter,
which translates into eight discrete voltage vectors (U, - U;) in the same

complex-plans.

Those concepts are illustrated in figura 1.

el
S
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-~ I

p—
i
—
o

Figure 1: Phasor represontation of the switching vectors and tho desired voctor Us*

3.7  Principle of SVM

From figure 1, it is easy to visualise that, at any instant of time, the desired vector
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technigques using transputers [19]. It has also been implemented successfully in
mixed look-up tables /on-line computations systems {20]. 8VM has become
prominent, especially in high performance Field Oriented Controlied AC drives [7].
It has also been used in fuily software-controlied PWM rectifiers [21]. This is a
considerable advantage in the present study since it offers the possibllity of using
the same technique to control both the rectifier and the inverter of the UPS. The
possibility for software re-use in such cases is consideralle. Comparison of
sinusoldal PWM and space vector PWM [22] shows that the inverter output
voltages and currents is (ess for the space vector method.
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recoghised that microcontrollers can offer significant advantages to the PWM
control in terms of parameter repeatability, protection, advanced diagnostics and
maintainability [13],[14]. The microcontrolier makes possible monlioring and
diagnostic functions that were too costly to provide with hard-wired circuits. These
additional functions justify the cost of the microcontroller [14]. However, of the
wide array of PWM techniques, few lend themselves to the appiication of
microco: itrollers and fewer still can be implemented into on-line and real-time
computation aigorithms.

For instance the naturally sampled PWM method (or the sinusoidal PWM method),
one of the most popular method for Industiial applications, is based on non-linear
equations which cannot be soived on-line and in real-time. Also In this category
is optlmal-PWM which requires complex on-line numeatical optimisation techniques
[7]. The solutions in such ce: 3s, if microcontrollers are to be used, are either to
use hybrid software/hardware systems [15],[23] where the hardware s responsibie
to handle the computation-intensive process or else to use EPROM look-up
tables. The problem with those approaches s that the computations are not
on-line. The systern is not flexible and maintainable and in addition it fails fo
exploit the full capabllities of the microcontroller. The Justification of using a
microcontroller in such systems [s usually not very strong. In addition, & purely
look-up table method has large memory requirements, espacially at lower
fundamental frequency [10]. The few attempts at using sinusoidal PWM in on-line
computation techniques (combined with look-up tables) had very low switching
fraquency limitations {lower than 1 kHz), making them not suitable for the control
of devices with high-frequency switching capahilities, such as GTOs and 1GBTs
[181.

Some of the other techniques devised to circumvent the large computations are
based on lingar approximations [18]. Others try o substitute the nonlinear
equations with iess computation intensive equations, like the orthogonal Walsh
series [17]. 'n the former case, although thesa methods allow on-line
computations they usually give rlse to high harmonle content, especially at low
frequencies, as a result of the approximations they make. The method of equation
substilution on the other hand gives rise to highly complex software and Is not
commonly adoptad.

Space Vector Modulation (SVM), the method proposed for this case study, is a
low harmonic generation method that is suitable for microcontroller implementation
{7 8VM has heen successfully implemented both in apulications using look-up
tables to store the operating conditions [7] [18] and in on-ling. real-time
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2 Overviéw of Inverter Control Techniques

Converters that convert dc to ac are known as ihverters, Inverters can be
dlassified Into voltage-fed and curreni-fed types. A voltage-fed inverter is fed by
a stiff de voltage, whereas a current-fed inverter 1s fed by a stiff de current source
i11. The present survey focuses on PWM voltage-fed Inverters, the type of inverter
used on the UPS under consideration.

PWM Inverters are used in a wide varlety of industrial processes such as
uninterruptible powar supplies, static frequency changers and variable speed
drives {2]. This popularity is mainly due to the capability of these inverters which
permit the control of voltage, frequency, and harmonic content in a single power
stage employing only one DC source [3). Based on those critetia the performance
of PYWM Inverters betters other methods of controlling the Inverter [4].

Difierent PWM methods have been developed over the years The objectives
have been nainly to obtain maximum voltage galn [5] and to increase the "dead
wand" between the wanted (fundamental component) and the unwanted spectral
components [6] .Among the most common methods for voltage source Inverters
are [7]:

. naturally sampled PWM
. regularly sampied PWM

. synohronous sampling

. harmonic elimination

. optimal FWM

. Space Vector Modulation

The advantages of PWM techniques over more simple fechniques (like the syuare
wave generation) ara usually gained at the expense of more compiex control and
power circuit configurations {8]; hence the trend in capturing the inverter control
tcohniqu»s into microcontroller systemsa {9],[10],[11]. Microcontrollers were first
used in inverters to create novel methods of waveform generation in PWM voltage
source inverters [12). These were malnly academlc exerclses which strived for
output waveform perfection and did not materialise into production units [13). The
main reasons for this were the limitations Imposed on instruction speed by earlier
microcontrollers, the unit costs, and limited user advantages, With the evolution
in microcontroller technology and as the price of the devices goes down, the
benefits of microvontroliers to the user hecomes more apparent. It is now
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Comparison of Real-Time Sine-Wave Generation for PWM Circuits",
IEEE Transactions on Power Electronics, Vol 8, No. 1, January
1993, pp 46-54

i24 ) Blanchard A, "Phase-Locked Loops", John Wiley and Sons,
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{26] Klapper J., Frankie J., T., "Phase-Locked and Frequency Feedback
Systems", Academic Press, Inc., 1972, U.S.A

1.6,6 Other Documents

a. SDE 104, Requirements Analysis
1.6 Assumptlons

It is assumed that the reader is familiar with inverter systems in general,
1.7 IS0 8001 Requirements Traceability

. 1SO 8001 Clause 4.4.4 - Design Input
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The six switching vectors, U1-U8, are positioned at 80 degrees intervals in the
complex plane, glving rise to six sectors, each flanked by & pair of switching
vectors. The sacter location of Us* at any Instant, determines the switching
vectors at that particular instant. We can label the switching vectors in a general
sector as Ua and Ub, where Ua represents the lower switching vector and Ub
represents the upper switching vector. Ua-and Ub will take on different values
ancording o the sector as depicted In tabie 1 below.

Table 4; Distrlbution of Ua and Ub ancording to sectors

SECTOR Ua Ub
1 U1 uz2
P | U2 U3
3 U3 U4
4 U4 ug
§ us ug
] UG U1

4.4 Vector Magnifude UsMag

The Inverter output voltage is controiled in a feedback ioop where usMay is the
command magnitude of the desired or command vestor Us*. usMapg Is [tself
determined from the actual Invarter output magnitude, vinvActual, which is fed back
to the microcontrolier. The loop is to compensate for variations in the DG supply
or in the lead itself, to ensure a constant Inverter cutput voltage. usMag can take
any value betwaen usMagMin anc usMagMax, which coirespond to the highast inverter
output voltage and the lowest Inverter output voltage permissibie, respectively.

4.6 Angle Alpha

alpha is the angle Us" makes with the vector Ua or the lowest switehing vector in
‘he particular sector Us* Is found. The rate of chanhge of alpha dstermings the
fundamental frequency of the inverter output voltage.

4,6 Sampling Time and Cycle

The position of the desired vector Us* shouid be adjusted at regular intervais in
order to ensure that it revolves in the complex p. ne at the desired frequency.
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4 Specifications for the SVM Algorithm

Space Vector Modulation Is the adopted algotithm for the control of the inverter.
This choice follows from the technical appraisal documented in the SDE 108.

This section looks at SVYM from a software design perspective. The SVM algorithm
Is broken down to help distingulsh its main parameters and the functions or roles
of those parameters.

4.1 The Desired Vector Us*

Us* Is a vector representation of a balanced set of three phase ac voliages. Us*
revolves in the complex plane at the furs«mental frequenscy of the balanced set
of three phase voltages. Us* is represented by a magnitude usMag, and the angle
plpha It makes with the lowest switching vector. Typically the actual voltages as
observed at the Inverter output wlll differ from Us* because of varlations in the DC
supply and in the leoad.

4.2 The Switching Vectors

Elght switching vectors are identified, of which two, U0 and U7, are zero vectors
and do not contribute to thie magnitude of the desired vector Us*, The remaining
six vectors, U1 to UB, determine the magnitude and direction of the vector Us*
at any point In time. They are displaced at 60 degrees intervals in the complex
plane. The switching vectors represent the eight possible awitohing states of a
three-phase Inverter bridge. If a digital '0' represents an off position (of the switch)
and a digital '1' represents an on position, then the switching vectors can be
assigned binary numbers as follows:

Uo: 111 000
Ut 100 011
Uz2: 110 001
us: 010 101
U4 011 100
us: 00t 110
us: 101 010
u7: 000 111

4,3 The Bectors
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3 Specifications of the Microcontroller

The Hitachi H8/3048 microcontrofler has been chosen for this project. This choice
is discussed below.

3.4 ° Justifying the Cholce of Microcontroller

The main factors that lead to the choice of the microoontroller were, in order of
importance:

c. fts availability. The microcontrofler, as well as its accompanying support
tools and documentation, ars available in the company.

c. Its high performance features - see appendix 1. lts high proportion of ROM
and RAM combined with the fact that it is a 16.blt microcantrolier and has
a very high clock speed makes it a suitable choice for high-level language
programming In & realtime environment.

c. It supports a high-level language, namely C. (This feature is however now
common to many microcontrollers)

d. Its price 8 comparabie to other 18-bit microcontrollers on the market.
e, Hitachi is represented locally.
3.2 Adverse Aspects of the Microcontroller

Disadvantages that accompany the choice of that partisularly microcontrolfer can
be grouped as follows:

a. It is expensive as compared to the B-bit microcontrollers commonly used
in embeddad systems, like the Inte! 8048 or 8051,

b, it is a fairly new product. That means 1hat documentation (outside the ones
provided by the manufacturer) concarning its use and applications are
SCGree.

c. It does not support G++ ur any Objoct-Orientad language.
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Where a microcontroller Is assigned to the MM, it will typically have the following
responsibilities:

a. Data Presentation; Provide display information to drive a Liquid Crystal
Display (LCD) dlsplay and also to control the RS-232 serial pott, if one is
fitted.

b. Data Storage: Maintain loval storage of seiected data, This is particularly
important on faults conditions, when recording the time of occurrence, the
signal name, and when values are stored. Those data are generally stored
in a separate non-volatile type memory {(accessed by the microcontroller)
as an alarm condition.

2,2 The tnverter Bridge

Both a rectifler bridge and an inverter bridge are raquired. The subject of this
case study is the inverter. The inverter bridge wili be & standard DC-te-AC
inverter, consisting of an IGBT pack of six IGETs with free-wheeling diodes (see
figure 2, SDE 104). It will be controlled by the microcontroller via a drive card.
The drive card will act as an Interface between the inverter bridge and the
microcontroller card. It will provide isolation between the two cirouitry, Smoothing
of the PWM output will be achleved by means of capacitors across the bridge and
an output transformer.

I U ML BT
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2 Process Abstraction

Process abstraction Inv.ives the partitioning of the hardware elements of the
system, |t Is used to situate the inverter controller within the broader context of
the UPS and to identlfy the general potential functions of the microcontraller. This
exercise is particular useful when applving object-oriented technigques which
atten.pt to identify the potential ~reas oi re-use. in particular, it helps in the
capture of abstractions during the object orlented analysis (OOA) exercise,

2.1 Processor Activities
Three main potential use of the microcontroller are identified:

a. Data Acquisition: Capture analogue and digital signals from the sensors
{with possible preprocessing to eliminate signal artifacts),

b. Data Analysis: Analyse sensed data to assess thelr meaning; i.e. {o
determine whether the received data are within the specified limits or not.

c, Data Processing: Manipulate the received data to provide intslligent ouput
to drive the actuators.

In addition, in a fully microcontrolier-controlled UPS the man-machine Interface
(MMI) will be controlled by another micracontroller. Although outside the scope of
the present study, the MM is an important consideration for the URS, It also
affects the way that some of the parameters used by the inverter controlier are
obtained and callbrated. In particular we note the following basic elements of the
MM

a. A Clock: The clock will simply provide time and date tracking and will be
& standard on-hoard clock.

b, A Keypad' It will enable data inputs, such as limits for sensed parameters.
it wlll also allow selaction of a particular parameter to be displayed. it can
be a standard off-the-shelf keypad,

v An LCD Display: It will display the current selection and the current valueg
of the selected parameter. A 32x8B character LCD display shouid be
adequate.
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b. SEAL GMS Document Layout, Presentation and Typesetting Guide, QS
003, Revision 0.01, 1 April 1994

1.5.3 Procedures \
None

1.5.4 Guidelines
(1]  Hitachi H8/3048 Serles Hardware Manuat, Semiconductor and IC
Division, Hitachl Ltd., 1995, Japan. pp 2 17
1.5.5 Other Documents
a. SDE 104, Requirements Analysis
b. SDE 108, Inverter Contrel Technigues and Phase-Locked-Loop

1.6 Assumptions

It is assumed that the reader is familiar with irverter systems and the
concept of Space Vector Modulation,

1.7 18Q 8001 and [SO 9000-3 Requirements Traceability
. ISO 2001 Clause 4.4- Design Control

. 180 9000-3 Clause 5.3 - Purchaser's Requiraments Specification
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usMag:

usMagMax.
usMagMin:

vinvActual:

1.4 Audience

command magnitude value for the desired vector Us*
higher limit for usMag
lower limit for usMag

Actual Inverter voltage, sensed and sampled by the
microcontroller

The audience for this document comprise the various stakoholders of the
SEAL, including:

» Full-time staff members of SEAL

« Ali fuil-tima and part-time post-graduate students associated with SEAL

+ Members of the SEAL Management Board

« Head of the Dapartment, Electricai Engineering

» Individuals who will perform internal and external surveillance audits of
the SEAL Quality Managemant System

+ Engineering l\flanager. Melssner

« Product Developer

+ Product Manager

1.6  Applicable Documents

1.5.1 Specifications

None

1.8.2 Standards

a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, 5 April

1994

HOBETDR 101
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1 Scope

11 Introduction
Foliowing the Requiremants Specifization layout, the problem of Identifying
the actual processing functions Is addressed. This document looks at
issues such as the programming language, the partitioning of the system
Into subsystems, the Inverter control technique, inputs, outputs, interface
communications and data flow.

1.2 Purpose
The purpose of the Funcilonal Specifications is to descrihe how the design
will be achieved. It forms part of the contractual documentation against
which acceptance Is ultimately reviewed. it bridges the gap between the
requirements analysis and the design. It translates the requirements
analysis into a format comprehensible by both the user and the developer.
1.3 Definitions

flw: command Inverter frequency value

finvActual: actual Inverter output frequency

fMax: higher frequency limit for the [nverter output, 51Hz for a 50Hz
system

fMin: lower frequency limit for the Inverter output, 48Hz for a 50Hz
system

fNominal: nominal output frequency of the Inverter, typically 50 Hz

fRes: actual Reserve frequency

fWindow: frequency window delimited by [Min and tMax

inverter failure: a condition whare either vinvActual or fiavActual Is out
of limits or both

tSampling: sampling time

SOET0EWE 101 B Tarson 1 01 16 July 1090 Fang 2
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Change Forecast

This document will be updated each time changes {o the runctlonality of the
system are erfectad. '

SOE106WP 101 Version 1.01 18 July 1808 ﬁi_lgﬁ A
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Tahie 8: Funotional Specifications Matrix on Countrol Features -~ Scenarlo Il Out of Phiase

Condition
Requiraments Traceability: Sectlon 3.d, 3.e, SDE 104
Step Action Expectad Observation Requirement
Met: v/ X
1 Set fRes belaw the -
Naminal value
2 Adjust vRes or vinv so | Stalic Switeh lithibit Slgnal must be Set
as to oreate about 1V | {low signal) - inhibit
difference between the
fwo; Le. simulate a
batwesn Reserve and the higher timit of the frequency window
Invarter
3 Reduge the difference Static Switch Inhibit Signal must be Off
between vRes and viav; | (high signal) - inhibit lifted
L. :ﬁ:urn to Normal inverter output frequanay shiould fulow
conditions fRes command input again
4 Repeat steps 2 and 3 The same behaviour shouid be
with fRes sat above the | obagrved, axcapt that this Hme the
Nominal salue iverter output frequency should shift at
the jower fimit of the frequency window
B Move qus and viny The same behaviour as ih steps 2, 3 and
slightly on oppasite side | 4 should be obsarved: i.e. the iavarter
of the Nomina! value, fraguency moveas o the imiting value
e.0. 2.45 and 2.55 - [.e. | opposite to the side fRes 1s of the
simulate an opposite Nominal value. Again, tha inverior should
dirpetion condition ba gs according o fRes command, when
the parameters are adjusted back to the
Mormal Conditions

SO GWE tH
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Table 7! Functional Spesiticationa Matrix on Control Features - Scenarlo 1! inverter Fallure

Canditlon
~ Requirements Tracoablilty: Soction 3.¢, 3.f, SDE 104
Stop Actlon Expocted Obsorvation Roguiremont
Mot: '/ X
1 Move fRes out of imits | Static Switeh Inhibit Sighal must be Set
{test both limlting {low signal) = Inhlbit
cases)
Inverter . ulput frequancy should be at the
nominal value, on all thrae phases
2 Vary vRes Waveform pattarn should not ek ange
3 Adjust vRes outside the | -
2.4V - 2.6V range .
4 Maove vinv out of limits; | Statie Bwitch Inhibit Signal must ba still
i.e. simulate an Invortor | bo Set (low ignal) « Inhibit
Failure Qrive pulses must bo aff - check at
micrecontralier output
& Move vinv back within Drive pulses should NOT Do restorad
fimit Statie Switels Inhibit Signai remains Set
(low signat)
'8 | Move vRes within 2.4V | Static Switeh Inhibit Signal must be Off
i and 2.8V range - to {high signal) - Irhibit Lifted
simulate o zaro- Drivas pulses should ramain off
erossing
7 Reset the The same behaviour ne when vinv was
mi¢rocontrollar and adjusted should be obsorved
repoat steps 1, 3, 4, 8§
and 6, but instaad of
adjusting viny, adjust
finv
HITGGwWIF 101 Vison 107 18 iy s Rt
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Table §; Functlonal Speciflcations Matrlx on Genoral Qutput Features

Roquirements Traceability: Sectlion 3.4, 3.h, SDE 104

Step

Action

Bxpocted Observation

Ragqulramont
met: v X

Reset the
microcontrolier

of the !nverter bridne

PWM pulses should appear acroas the
gate and source of each of the six (GBTs

A Bl Hz sinusoidal waveform should
appear at each output phase of {2
inverter

The PWM puises should eurespond to g
balanged sat of three-phase waveforms
displaced by 120°

Change the nominal

2 Theo same oufput as in step 1 shaould be
froquency to 80Hz and | observed, excopt that the autput
runt the program - this frequency should now bo at G0 Ha
test can he limitad to
the 1CE lesting
Table 6:Funictional Spocificatlons Matrlx on Goneral Foodback Features
Roqulrerients Traceabliity: Soctlon 3.¢, 3.d, SDE 104
Stop Actlon Expoctod Observation Ragutrement
Mot v/ X
1 Vary fRag within the tnverter gutput freauency should follow
froquency windew that of fRes command, on all throe
pPNases
Ne shange in putg.t velinge magnitudo
aredld Do obaorves
2 Vary viny within tho As viny is adjustes Salow the nominal
voltagoe window v <0 Ihe nvorter ©utput magnitude
SRl Ingreasy
A oudny is adjusteor above the namingl
v the awarter - atpat magnitade
LELETS B8 [T e 1Y
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6  Summary of the Functional Specifications

For the purpose of testing, the functional specifications established in this
document are captured in scenarios listed In the tables below. Those scenarios
provide an easy way of performing an accurate verirication and validation of the
design without getting into the details of the underlying principles. The tables are
to be completed at the end of the testing phase when the fina! verification and
validation are petformed. To satisfy all the expected observations in the tables
below will be analogous to meeting all the requirements of the case study. fRes
and flny refer to the Reserve and Inverter output sensed frequency respectively,
and vRes and vinv 1ofer to the Reserve and Inverter output sensed voltage
respectively,
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microcontroller. An Inverter inhibit ocours either;
a. onh an inverter failure
b, or under a shore-gircuit condition

NG LERTI Ve 01 8 dery A0ws
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a transfer be allowed. This procedure ensures that the phase change in the UPS
output does not exceed 90 degrees. Unfortunately it is achiaved at the expense
of a braak in the output, but this break will be less harmful to the load than a 180
degrees phase change in the supply voltage.

84 Phaso-locked-loop Specifications
The phase-locked-loop specifications are summarised bslow:

1. Under normal running conditions the Inverter frequency should foilow that
of Raserve within fWindow; L.e. finv shouid be equal to {Res.

2. In case the Reserve fraquency runs out of {Window then:
a. finv should be set to fNominal
b. the static switch should be inhibited (to prevent transfer to Reserve)

The static switch is inhiblted by a slgnal, sSwitchinhibit, sent on ane of the output
port of the microcontroller.

3. If an Inverter failure occurs under the above state (2)
a. the Inverter should be inhibited
b. the inhibition on the static switch should be lifted on the next zero
crossing of the Feserve supply.

4, if fRes gets back within fWindow after condition (2) has eccurrad
then, subjeri to finv belng also in phase with fRes,
a. fiv should be made to follow fRes again
b. the fnhibitlon on the static switch should be lifted

8. At all times, when {Ros is within fWindow, either under normal running
conditions or after it has run out of range and come back again, the phase
difference between the Reserve frequency, fRes. and the Inverter actual
frequency, flavActual, should be closely monitorad.

8. Under an out of phase condition the following steps should be taken:
a. the static switch should be inlibited
b. a phase difference reduction mechanism should be initiated to get
the two signals, fRes and flnvActun), in phase again

7. The only way to lift the inhibition on the Inverter is by resetting the

P S
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5 Phase-Locked-Loop

1

61  Interfacing Phase-locked-Loop with SVM

The PLL implementation method devised will have to blend with the SVM
algorithm, Cohsequently this factor needs to be build in the conception of the PLL
algorithm, right at the beginning.

SVM has no parameter to control the phase angle directly. However it has direct
contral over the output frequency through the cammand Inverter frequency, flav.
This means that any phase or frequency changes requested by the PLL algorithm,
will have to be reflected by changes in flav. The PLL algorithm will therefore need
to have direct control over finv.

From this factor and the discussion in the previous section we can already shape
the structure of the PLL software algoritm. It will need to have a phase detfection
machanism and 8 phase reduction mechanism. How those mechanism are
Implemented 1s a design issue and will be tackled in the Design Specifications
document.

8.2 Frequency Window

In order to ensure a high quailty output, the Inverler should only follow the
Raeserve within a predetermined froquency window (typically +/-1Hz of the nominal
value, fNominal). As soon as the Reserve fraquengy goss out of this window
datermined by fMis and tMax, the invarter frequency should jump to the nominal
value and stay there until the Reserve frequency comes back within the window.

§3 Inverter Failure

Whan the Inverter outpuf is phass-locked to Reserve, a failure condition of the
Inverter should cause immediate transfer of the UPS oulput from Inverter output
to Reserve. By Inverter failure we understand that either the Inverter voltage or
frequency has run out of their respective limits,

Howevar during an out of phase situation. when the Inverter is running at the
nominal frequency value, a failure of the Inverter should be followed by a break
until the next zero crossing of Reserve is réached. Only ai that particular time can

B TOGW To1 Vorwnn 101 10 Jiily $050 - Fagt 16
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Table 4: Compiete forward and reverse switching sequences of the first sector
SECTOR 1 - FORWARD SEQUENCE

u7 U7-1 U1 U1.2 uz uz2-0 ug (NEXT
INTERVAL)
Uo

000111 | 000011 | 100011 | 100001 | 11001 110000 | 111000 111000

SECTOR 1 - REVERSE SEQUENCGE

uo uvo-2 U2 u2-1 U U1-7 u? (NEXT
INTERVAL)
u7

111000 ( 110000 | 110007 | 100001 | 100011 | 000011 | OQO111 000111

In this example, one nan again obsarve how the transitory states ensure that only
one bit changes when moving from one state to the other. The first state of the
next sampling Interval has been included in each case to show clearly that there
is no transliory state when moving to another sampling interval.

The obsarvations from this example lead to important specifications that can be
summarised ag follows:

a. There is no transitory state hetween sampling intervals.

b. The middle transitory state (U1-2 In the example) is the same for a forward
and a reverse sequaence.

c. The fransitory states on the sides, U7-1 and U2-0 in the exampie, swap
posgitions when the sequence changes.

4.9 Short Circuit Condition

Upoh a short cirouit condition, identified by the 300% overload detection circuit,
ali switches arw. to bhe put immediately into the zero switching state. This idle state
can then only be changad by resetting the microcontroller. - s is in accordance
with section 3.f of the requirements sinalysis, SDE 104,

HOET06WEY 1N Vergion 10H 1 Juty BN Page 14
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the states U0, Ua, Ub and U7. As such, no switching time is allocated to the
transitory states.

For example, with the transitory state Included, tha transition between U1 and U2
will be as follows:

100 011- 110 001
~ 100 001 ~

A simple analysis yields the remaining transitory states, listed in table 3. They are
labelled according to the state transition they are bridging; e.g.: U1-2 wili be the
transitory state from switching vector U1 to switching vector U2, similarly U2-1 wili
be the transitory state from U2 to U1,

Table 3: The transitory states - Forward Switching Scquerice

TRANSITORY BINARY
STATE REPRESENTATION

Ui-2 100 00
V2.0 110 000
u2-3 010 001
Ua-? 000 101
U3-4 210 100
u4-Q 011 000
4.5 001 100
us-¥ 000 110
Us-6 001 010
ue-0 101 000

B DB-1 100 010
U1-7 000 C11

It can easily be shown that the corresponding transitory states, of a reverse
switching sequence, are the same as their forward sequence counterparts, l.e.
Uz-1 Is the same as U1-2, ete. The following exampie depicts this behaviour,

SRE10GWE 107 Vorgion 101 10 July 19496 Fage 13
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MOVING TO SECTOR 2 FROM POSITION *a)

Pattern Flow - Binary 114 110 010 000 000 016 110 111
Representation
Pattern Flow - uo W2 Uz uy ur U3 uz Uo
Bwitching Vectors
Patiern Flow - {Ua/Ub) Uo Ua Uk U7 U7 Ub Ua UD
Sequetice Forward Raversa

MOVING TO SECTOR 2 FROM PRSITION *{b)

Pattern Flow - Bihary 000 0%¢ 110 1114 111 110 010 000
Representation

Pattern Flow - U7 U3 Uz U0 Uo uz us U7
Switching Vectora

Pafiern Fiow « (Ua/Ub) U7 Ub Ua WO ug Ua Ub U7
Seguence Reverse Fotward

From the above analysis, the following observations can be made, when a
change of sector ocours:

a,
b.

Ua and Ub are not Interchanged
U0 and U7 are interchanged as hefore

From that analysis we further deduce that U0 and U7 are always Interchanéad
after a switching Interval,

4.8.3

Transitory States

In the previous section only the first half of the bhinary representation of the
switching states were consldered, Once we consider the full binary representation
it becomes apparent that contrary to the ruie stated previously, more that one bit
changes when going from one state to the other; e.g.. moving from U1 to
U2: 100911 = 110 001

in arder to correct this discrenancy transitary switching states should be Included
batween each switching state transition. The sole purpase of the transltory states
is 10 ensure a Gray code patlern. They only constitute & brief transition between

BOETHEWP 101 Veraton 1.01 18 July 196G Pago 12



SDES Functional Specifications Doc, No, SDE 1086

We note that a switching set covers two swilching intervals, with one interval
corresponding to a forward switching sequence and the second interval
corresponding to a reverse switching sequence., In the forward switching
sequence, the switching state moves from one where all the botiom switches in
sach Inverter leg are all ON and the top enes are OFF (U0) to a state where the
bottom switches in each Inverter leg are all ON (U7). The reverse switching
sequence s just the implementation of the forward switching sequence in the
reverse arder; dolng so ensures a binary Gray code switching sequence.

Some Important specifications are refained from the above analysiz of the
switching sequence. They are exposed below.

4.8,1 Within A Sector

For a normal switching pattern fiow, i.e. within a sector, if Ua and Ub represent
the first and second vectors of a given sector, then after each sampling period
tSampling:

a. the position of Ua and Ub must be interchanged
b. the position of UD and U7 are also interchanged

4.8.2 On A Change of Sector

The transition from one sector to another.deserves special considerations and wilt
he approached by taking an examplae. Remember that in any transition, only one
swiich change is allowed, In the following example only the first three digits of the
binary repressntation of the switching vectors, i.e. only the bottom half switches,
are considerad to simplify the lssue.

Tahle 2: Analysing the affuct of secter chaiye - 1 switching sequence
It SEGTOR 1

Fattarn Flow - Blnary 000 100 110 191*w 111 110 100 OoO*™
Represantation
Pattern Flow « Uz U1 uz Uo Do w2z W J?7
Switching Vecters
Pattern Rlow - (Ua/lh) U7 dUa Ub U0 Uo Uh Ua U7
Sequence Forward Ravaran

BOBIDEWF.101 Vorsion 1.01 18 Juty 1698 Page 11
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This time interval corresponds to the sampling time tSampling. In any one of such
a cycle several activities are to be performed and can be divided into three
categories:

\
a. parameter capture, where values of monitored parameters are sampled

b, information processing, where calculations are performed and conditions
tested

c. output operations, whare the values of output parameters are updated
andfor flags are set (if for example certaln limiting conditions were
determined in b).

4.7 Switehing Times

The projections of Us* onto the bordering two vectors Ua and Ub give the
average values that must be produced by each switching voltage vector during
the sampling interval, Those values in turn represent the average time that the
inverter bridge should spend in each switching state. The time spent in each
switching state, Ua, Ub and the zero switching state respectively, are as follows
(s=e section 3.2, SDE 105):

ta = 9/M*usMag"tSampling(Cosc - 1/vV3*Sina) (1N
th = 6v3/M**usMag*tSampling* Sino (2)
{0 = tSampling - ta - th (3)

4.8 Sequence Considerations

it Is Important to ensure that the switching process is w Il defined as this helps
fi1 the redustion of harmonios in the Inverter output waveforms. To guarantee this,
SVM uses the two redundant switching voltage vectors UD and U7 and selects a
switching sequence which ensures that each inverter-bridge switch needs only
switch once during each sampling intarval; in other words a binary Gray code
pattern is to be used, like the following switching set shows:

Ul}' Uh Ui"! U?‘ U'l’i Ui?' U1! U"J'

| Qe amemmne Sampling »j« tSampling «--v-v-- >

whare tSampling = sampling interval

|
!
|

&%
o

L 1DBWE 103 Vetaan 101 18 July 1905 Page 10
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vRasMax: Maximum allowable value of vRes. -
1.4 Audience

The audience for this document comprise the various stakeholders of the
SEAL., including:

Fulltime staff members of SEAL

L d

« All fulltime and part-time post-gradua:e students associated with SEAL
« Members of the SEAL Management Board
+ Head of the Department, Electrical Engineering

« Individuals who will perform internal and external surveillance audits of
the SEAL Quality Managemant System

+ Engineering Manager, Meissaer
+ Product Developer
+ Product Manager

1.5 Applicable Documents

1.8.1 Specifications
None

1.5.2 Standards
a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, 5 April
1904
b. SEAL QMS Document Layout, Presentation and Typesetting Guide, Q8
003, Revision (.01, 1 April 1994

1.5.3 Procedures
None

1.5.4 Guidelines
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usiMagNominal; qorrespondlng value of usMag at vNominal

uZero; second zero switching vgctor of & sampling interval and also the first
zero switching vector of the next interyal.

uZeroTemp:  temporary valua of uZare; also the next value of uZera

vOitf: voltage difference between Reserve and Inverter; le. vinvActugi «
vRes

vBiffMax: Maximum allowable value of yDiff, set to 5% of vNominal

vinv1: valug of vinvAstual at the previous sampling interval

vir 2 present sampled value of vinvActual

vinvDiff difference batwean vinvZ and vinvt; i.e. vinvz « vinv?

vinvDirection:

viNominal:

vRas:

vRost1:

yRes2:

vRosGrass:

yResOiffs

Direction of vinvActual. {0 = negative direction, 1 = positive
direction)

Noeminal voltage of the system, typicaily 230V
Raserve voltage

value of vRes at the previous sampling intarval
present sampled value of vRas

& very small value close to zero, typically 0.01VNominal. It represents
a value close to the zaro crogsing point of the Reserve.

difference between vRes2 and vRes1; i.e. vResZ - vRos1

vResDirection: Direction of vRes. (0 = negative direction, 1 = positive

direction)
vRasMin: Minimum aftowable value of vRes. Bolow that value a mains fail'irg
condition is racognised and powar is drawn from the batteries
BhETOANI TO Jaren 3 G4 37 by 1006 " - ey
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tOMinHaif; Lower limft for tOHalf. tOMinHalf = tUpdate + a safety margin
{typically 1 us). tOMinHslf seta an upper limit on usMag

ta; computed switching time; to is assigned either to tjTemp or tkTemp
according fo the seguence

the computed switching time; th is assigned either to tjTemp or tkTemp
acgording to the sequence

tCGlocl: lock frequancy of the microcontrolier

tDalay: delay time to compensate for responge time of the 13BTs

tj: time allocated to uj

tjTemp: temporary value of tf; also the neat value of tj

the time allocated to uk

tkTomp: temporary value of tk; also the next value of tk

tSampling: sampling (or switzhing) time

tUpdate: Time required for the microcontroller to execute the last assignmant
operations - after the 1.3t subroutine of the interrupt cycle has been
axecuted

Ut first non-zero switching vector of the sampling Interval.

ujtamp: temporary value of uj; also the next value of yj

uk: sacond non-zero switching vector in the sampling interval

ujtemp: temporary value of uk; also the next value of uk

usMag; gommand magnitude value for the desired vector Us*

usMagMax:  higher limit for usMag

usMaghin. lower limi for ushag

K0T TO0
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ITU_TIOR3:
ITU_TSRO:
ITU_TSRY
TU_TSR2:
ITU_TSRA:
ITU_TSTR:

lamda;

maxSoctorDiv:

P1DDR:
PIDR:

pheta:

setton:

seguence:

SYSGR:

thctual:

tOKalf:

{OHol{ Tamp:

Timar [/O Cantrol Register - Channel 3

Timer Status Register - Channel 0
Timer Status Register - Channal 1
Timer Status Register - Channel 2
Timer Status Register - Channel 3

Timer Start Register

one increment of algha at fNominal

Number of subdivisions of a sector. This number determines
the value of slphaMin, used by the look-up-table generation sigorithm,
The higher maxSactorDiv, the smaller is alphaMin and the more accurate

becomes the switching times calculation aigorithm.,

Port 1 Data Direction Reglister
Port 1 Data Register

actual angular displacement from the switching vector U1,
{pheta = w*t)

a B0 degrees sector in the complex plane. The complex plane is
divided Into 8 sectors, starting from the horizontal or switching vector
u1.

determines the direction of the switching vectors sequence within a
sampling interval. +1 If sequonce is forward, -1 if sequence is

reverse.

System Control Register

time vanable (in seconds). thctun) is the time displacement of Us* with
respect to the awitching vector U1.

half the time allocated to the zero switching vectors
tOHf = {t3ampiing - tj -1k)/2

temporary value of (0Half; also the next value of (0Half

SOCTURNTGT
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dissolved, following the design stage and the iterative software
deveiopment, Consequently, although the choice of classes need fo be
tosted against the factors of state, behaviour and identity, this validation
exercise does not have to be rigorous, at this stage.

1.3 Definitions

For the purposes of this document, the definitions given in document SDE 1068
apply, together with the following:

aipha:

alphcMin;
sountor:
gamma:

IPRA:
IPRB:

ITU_GRAO:
ITU_GRA1:
ITU GRA2:
ITU_GRAS:

ITY_TCRO:
ITU_TCR1:
ITU_THR2:
ITU_TCRS:

ITU_TIERD:
ITS_TIERT;
TU TIER2:
(TU TIERS:

ITU_TIORO:
[TU_TIORY:
ITU TIOR2:

angular displacement of Us* from the lowest vector (Ua) of the sector
in which It Is found  (alpha = pheta - sector*60)

alphaMin = BQjmaxSecDiv
holds the number of {imes the main ¢yocle is executed.
alphaMin/2

Interrupt Priority Register A
Interrupt Priority Ragister B

Integrated Timer Unit General Reglster - Channal 0
Integrated Timer Unit General Reglster - Channel 1
Integrated Timer Unit General Register - Channal 2
integrated Timer Unit Genaral Register - Channel 3

Timer Control Register - Channel 0
Timer Control Register - Channel 1
Timer Control Registar - Channei 2
Timer Gentrol Register - Channel 3

Timer Interrupt Enable Register - Channel 0
Timer interrupt Enabile Register - Channel 1
Timer Interrupt Enable Reglster - Channel 2
Timar interrupt Enable Register - Channel 3

Timer O Control Register - Channel 0
Timer [/Q Control Reqister - Channal 1
Timer /O Control Register - Channel 2

SIET0PWE 100
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1.4

1.2

Scope

Introduction \

This document Is presents the result of Object-Orientad Analysis (OOA)
applied to the case problem. in QQA the functional specifications are

translated into & format that befits an Object Oriented Approach.

Analysis will be restricled to the control of the Inverter and will be
performed using Booch techniques and notation.

The strategy that will support the present analysis comprises of thrae
steps:

a, A study of the functional specifications and the identiflcation of the
main features of the problem domnin.

b, For each such feature, attach a scenario that will provide Insight as
to lts role.

c. At the end of each discussion, capture & class or classes for each
featurs, suminarise its main responsibilites and identify Kts
collaborators. This conforms to the CRC (Class, Responsibllities and
Collaborators card method mentioned by Booch [1]).

Purpaose

The objectives of the analysis phase are to:

ldentlfy the classes -n. ' obje. s that are common to the problem domain

ident’ ' the ralrs and responsibilities of those classes

ldentify the primary and secondary scenarios

perform a rigk assessment

Note that the analysis phase does not have to be exact. it is more intended
to sketch a primary skelaton of classes that will later be reinforced or

EnCTerar o0 Vergin 1 00 17 July 1095 e 3
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Appendix A:  Main Features of the Microcontroller
Below Is g list of main features of the Hltachi H8/3048 microcontroller[1]:

128 Kbytes of ROM (Internal}) [16 Mbyte ext.]
4 Khytes of RAM (internal)

Max. Clock Rate of 16 MHz

Sixteen 16-bit general reqgisters

16-bit Integrated Timer unit

70 Input/Qutput pins

8 Input-only pins

30 Intetnal interrupts, 7 External Interrupts
10-bit resclution A/D Converter

8-bit resolution D/A Converter

Serial Communication Interface

Watchdog Timer

PWM gens;ation feature

mET IO e R0 TR
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Table 9: Functional Specifications Matrix on Contrel Features « Scenario ll: fnvertor
Shutdown Condition

Reguirements Tracealkllity: Szetlon 3.f, SDE 104

Stap Actlon Expected Obseorvation Requirement
Met: v/ X
1 Trigger the Inverter-Off | Al @ . e pulses should be off
signal
2 Cancel the Inverter.Off | All drive pulses should remain off
signal
3 Reseat the -
migrocontrof..
4 Trigger the 300% All drive pulsaes should be off
Qverioad signal
6 Cancel the 300% All drive pulses should remain off
Overioad signal
SOETOWT .8 Verswon 1 8478 Ty 1996
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sensing parameters were Identified In the Reguirements Analysis, SDE 104.
Therefore it will be judicious to unify our sensor abstractions under a single
abstract class sensor which will serve as the Immediate base class for all sensing
classes llke vSensor and [Sensor, which sense the voltage and the Jfrequency
respectively,

anagr ySenaor

Responsibiitiag: Rasponsibilities:
- calibrates the sensor - keeps track of the currant voltage
- computes and returns the current value

of the sensed parametet Collahoratats;
Callaborators: - is desived from supetclagss sengor

- will be usod by the phase-lackad-loop

- will b a supercinss ta all classes algorithm

regponsiblo of sensing activities « tha inverter output voltaga will be required

in dotarmining ushag

o . —

1Sonant
Basponsibilitien;

= koaps track of the current fraquency

*

Collaharators,

« {8 detived from superclass sensot

« will bo used Ly the phase-lockad-loap
algorithm

« tho inverter eutput veltage will bo

requirgd In determining ushiag

6.2 Phasc-lockad-loop

The phase-locked-oop is a very important issue in the davelopment of an inverter
design for UPS applications. it remains though, a separate concern to SVM and
as such warrants a separate treatment. We choose to include it in tha present
design hecause of ita vital role in the UPS and because of its role in determining
the command Inverter frequenagy, finy, used In the VM algorithm. Phasoe-locked-
foop is troated in more d2.4il in sastion §.0.
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5  The Main Cycle

‘the main functlons of the main cycfé are;

Ll

To sample the actual inverter output veoltage and the Reserve frequency.
b. To parform the phase-losked-ioop action.

c. To compute the correct value of usMag, the magnitude of the desired
vector.

d. To dstermina the sector looation of the desired veetor Us* In the complex
plane.

8. To determine the next switching sequence.

f. To compute the switching times and o choose their order of ocourrence
according to the sequence.

8. To choose the gorrect switching states and their order of occurrence
according to saguence and sector.

Thoss issues will be considered separetely.
5.1 Sonsing Parameters
5.1.1 Dsescription

Sansing of the Invarter output voltage, vinvActual, can be performed by a
differentiator circuit that feeds an analogue-to-digital converter. This output can
then be fed to one of the input ports of the microcontroller. Alternatively the
analogua-to-digital conversion operation can be taken care of by the
microcontroller itself. Sensing of the Reserve fraguency, fRes, can be performed
via a frequency counter. Again the data can be captured at one of the input ports
of the misrosontrolier.

5.1.2 Idontified Glasses

Moving at the UPS level, woe find that sensing is an important activity. Several

- weear
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interpreted as an out of phase status.
4.5 300% Ovorload Interrupt Routine

Considering the votentia! damage of short clreults, it Is best to declare and make
the 300% interrupt (outine avallable right at the beginning. Typically upon a 300%
overioad condition the software will go Into an Infinite loop whereby the output
port is set to zero, This wiil switch off all the switches, as speclfied in saction 4.9
of the Functional Specifications, SDE108. The only way to exit the loop wili be to
reset the microcontroller, meaning that the cause of the short circult wiil have to
be investigated.

4.6 ldentifiod Classes
From the above discussion, two prominent abstractions appear :

. the start up procedure
. the generation of a look-up-table

The CRC representation for the above two abstractions will be as follows:

gtaetlip lnekUpTabia

Raspongikilitios; Basponsibilition;
= Initicdises the niieracontroller registars - gencrates a luok-up-toblo of switehing
- Compuies the constant terma times
~ initiates tha ittarrupt cyclo = makes thaso switching times availabla
= providos an Interrupt rovfing upon an

NME due to o 300 % overload Gallnharntora,
Colinbogatars; - will nood ta pass those valugs Lo tho class

rosponsible of cemputing the final

= the compute sonstant tarma will have to switching times, which we will name

be made aviilablo to all the relevant switelingTtmos

¢lagses whoio they are used.
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- GZRro = 000 111 (7
« U = 110 001 (49)
- uk =100 011 (35)

Strlctly speaking a reverse sequence starts with uZero = 111 000 (58), but In order
to ensure correct order for the next sequence, which is a forward sequense, uZero
is initialised to 7. Rememher that going from one sampling interval to the other,
uZoro stays the same, therefore Initialising vZero to 7 ensures that the next
saquence will start correctly with uZers = 7. In other words the first sequence does
not respact the SVM algorithm and s only used to ensure correct starting values
for the next sequence; the parameters of which are appropriately calculated in the
first run of the main cycle. As far as the initial switching times are concerned, we
chonge an artbitrary value of a quarter of the sampling time for each of the four
switching states. Again this is just to start the real algorithm.

4.4 Initlating the Phaso-locked-loop Process

dlnece at start up nothing Is known about the phase of the Resetve supply with
raspect to the Inverter supply, an important safety measure will be to assume and
simulate an out of phase condition. In this we:' the phase-locked-loop mechanism,
described further down, will be initiated right at the beginning to lock the Inverter
supply to Reserve,

An out of phase condition ¢an be initiated by:
a. initlating the static switeh inhibit signal, sSwitehlnhibit, to 'trug’

b. feeding the phase-locked-loop algorithim values such that it will see the
Reserve: supply and Inverter output as having opposite directions, no matter
what the actual state is.

As will he sxplained in section 6.2, the directions of the two waves, Reserve and
Inverter, are important in determining the phase difference. Wave direction ig
determined by comparing the present value of vRes and vinvAgtual with the valuns
thay had in the preceding sampling intarval, vRes2 and vinv2 repectively. At start the
phase-locked-loop algorithm will have no real values for vRes? and viwi. By
initialliging vRes2 to & large value, vBig, larger than its higher limit value, vResMax,
and by initiallising vinv2 to a small value, vSmall, smaller than its lower limit value,
vinvMin, we will ensure an initial opposing wave direction cendition, which will be

SOETO/WE 0l Vg 1 4R 14 dnily TERG ke 16
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4 Initialisation Procedure

The Initialisation procedure will be responsible for configuring the system property
to ensure a s mooth running of the operations. Five main tasks are recognised and
are further developed below,

4.1 Configuring the Microgontroller

Before getling inte the main cycle or the interrupt cyele the microsontroller and
s memory should be configured appropriately and memory space provided for
the variables. This Is all done In the initialisation section, where constant terms
are deflned, like the clock frequency tClock, e.g. #dotine tClack 62.6E.9, the glohal
variables used by the program are definad and register varlables specific {o the
microcontroller, like SYSCN, ate Initlalised to configure the microcontroller according
to its present application. The relevant registers are defined in section 1.3 above.
Also in the inltlalisation pracedure, a look-up table storing the switching times, as
described further down in section 5.6.1, should be generated.

4.2 Computing the Constant Terms

Considerable savings in execution time can be achieved by pre-svaiuating the
constant terms (like kal, kir1, etc.) used throughout the program; especially those
used in loops. Those terms could have bean pre-calculated and included as pre-
processor directives (#dofine). Howaver this would reduce the flaxibllity of the
software, making it mare difficult to maintain. A better sclution is to compute those
tarms in the Initialisation phase.

4,3 Initiating the Interrupt Cyclo Rup

Ancther function of the inltialisation procedure is to provide access to the closed-
loop of the inferrupt cyele. For the inferrupt cyecle to run it needs to be fed the
appropriate switching states and switching times. Correct values of those
parameters will only be obtained after a complete run of the main cycle. The
Initiallsation procedure will only be responsible to set it running and not to provide
it with correct values.

Wa choose to start in sector 1. If we want (o start on a forward sequence after
the qrst run of the main cycle, then the initialisation step should feed the inferrupt
gyclo with reverse sequence values as follows:

RIGAWE ton” h ' B I T B T ot v g
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3.2 ldentified Classes

Following the above discussion, each timer interrupt will be governed by a
separate class, which leads to the following CRC representation:

HmarTintarrups HimneT0ntarrupt
Respansibilities; Responsibilitias,
« gtops mer T3 -« stops timar TO
- gets timar TO - sets output port to state uj
- gtarts timer TO - sots timer T1
- returhs control ta the main gycle ~ starts timer T1

- returns control to the mair eycle
Collaboraters:

Collaborators;
- will hava to abtain the new vaiue for the

timar ragister from the main cycle - will have ta obtain the new values for the
timer rogistor and for the port ragister
from tha main cyele

tlinaeT ntnreunt timerT2intoerunt
Rospanajhilitlag; Respansihiliting;
- stops timer T4 - gtops timer T2
- gais oulput port to stafe vk -~ 5018 output port to state vlom
- satg timar T2 - 5ats timer T3
- starts timor T2 - starta timar T3
= raturns gantreal t0 tho main cyelo - returns control Lo the main cyele
Collabaraters, Callnhorators,
- will havi to obtain the new values for - will have to obtain the new values for the
the timer registor and for the port timer regigter and for the port ragister
rogister from the main cyelo from the main cyclo

SUEY0ANT T00 Wursion 1 00 17 dudy 1060 e ¥4
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TIMER T3 PRESET
{ FROM THE INITISLISATION STAGE )

—— s

A v

timerT3Interrupt

V
timerTOlnterrupt

é

tSampling
timerT 1Interrupt
timerT2Interrupt
V

Figure 2! Flow Diagram - The Interrupt cycle

Lastly, as stated previously, the interrupt cycle covers the whole sampiing interval
which it subdivides into four intervals, each one corresponding to a dlfferent
switching state and each one 1nitiated by » timer interrupt. One should not
confuse the time span which the inferrupt cyele controls, which is the same as the
sampling interval, with the execution time spent by the four subroutines, which
represents only a fractlon of the sampling interval. Each time a subroutine is
completed, i.e. each time another timer is set, executici. passe  bark tu the Mmain
cyole, whare most of the sampling time is spent.

LIETAWT TG0 Vorson 1 0o 1.y 19495 Paap 19
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3  The Interrupt Cycle
3.1 Description

The Interrupt cycle wilt control four of the five timers of the Integrated Timer Unit
of the H83048 and will consist of four subroutines which we will label
timerTOInterruptRoutine, timerT 1interruptRouting, timerT2intarruptRouting and timerT3interruptRouting,

Each subroutine, with the exeception of timerT3interruptRoutine, performs the following
tasks:

Clear or stop the timer responsible for the last interrupt.

Change the output port configuration to the next switching state.
Set the nexl timer for the appropriate time.

Return contro! to the main cycle.

noop

The switching time and switching state into which the subroutine configures the
microcontroller are those calculated In the previous run of the main cycle. This is
In accordance to section 3 ahove.

In addition, to protect the microcontroller against short circuits due to overlapping
of the switching wavefoims, all the swilches are to be first opened for a time
delay period befora any switching transition is perfortned. Only then is the next
switching state output, The time delay is slightly greater than the turn-off time of
the device, which for an IGBT is typically 0.2 microseconds.

The timerT3InterrupiRoutine foes not have fo set the output port because there is no
change in the switching state when going from one sampling interval to the other.
This was shown in section 4.8 of the Functional Specifications, 8DE 104,

A flow diagram of the Inferrupt cycle is shown in figure 2. Note that the interrupt
cyole has a closed-loop configuration. The last interrupt routine of the sequence,
timerT2intorruptRouting, sets back the first timer of the sequence, timer T3. This
ensuras that one switching sequence follows the other endiessly. Dirgction of
sequance, switching states and switehing times ars controlied by the choice of the
state variables uj, ok, uZero and the valucs of the time variables tj, tk and tOHalf.
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One turn around the main cycle loop has to take less than the specified saa_-npling
time, tSampling, in order to ensure a totally new and correct set of parameter values
afier each sampling interval,

The background activies, will be contalned in a different loop designated by the
term Interrupt cycle. It will consist of output operations regulated by timer
interrupts, The values of the output parameters will be updated every loop.

A single timar can be used for this problem. It can be set and reset at different
values at each interrupt. However, since we do not expect any of the other timers
to be used at this stage, the interrupt cycle will be driven by four different timers,
one for each of the four switching states In a sampling Intetval. This decision has
for advantage a bette: separation of concern and a more loosely coupled system.
The Interrupt cycle has to cover the whole sampling time, tSempling, in order o
ensure a faithful implementation of SVM.

This first exercise served to assess the time and space risks. Identifylng the
technical rlsks early in the development helps to avold some of the common
pitfalls and enables a bettar management of future strategic and tactical trade-offs
of design.
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H_..__.,.._. tSampling Hwﬂ

o

i<_...m_,,..,. t5ampling .w__.___.._....__.,bi

Figure 1: Conflict betwoen the Computation ang Switching activities

Two problems are uncovered through this analysis, First, the output ports of the
microcontroller are idle during computation actlvity because at this stage the
parameter vaiues for the switching exacution Is not known yet. Second, since the
switching execution has to cover a full sampling time, it overlaps onto the next
sampling Interval. This is a direct consequence of the time spent on computational
activities.

Both observations expose the imr acticality of a purely sequential approach.
The solution Is twofold:

. First the switching times and states used or output to the ports in any
sampling time interval should he the ones calculated in the previous
interval. Hence the switching times are ready right at the beginning of a
sampling time interval.

’ An interrupt-driven, hackground-foreground activity setup should be used
to ensure that the output port Is always active, even during computation
activities of the microcontrolier.

The foreground activities, will be contained in that section of the program that we
will call main cycle. 1t will be responsible for:

, parameatar capture, where values of monitored parameters are sampied
' infarmation procassing, where calculations are performed and conditions
tested

SOET0YWETO0 Varsion 1 G0 17 Jufy 1996 Page 4
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2  Time and Space Semantics

Two main activities are recognised in the implementation of SVM in real-time, one
is the computational process wheraby the switching times and sequences .re
caloulated, the second is the control of the output ports where the caloculated
values are mapped onto the output port.

Having established the existence of the main operations of the process and
having defined their roles, we have to declde upon their time and space
semantics. Space and time limitations are sirong elements of concern and risks
in real-time embedded systems.

As far as space considerations are concerned our first attempt will be to limit the
whale program code to fit onto the 128 kbytes of on-chip ROM and the data to
be stored in the 4 kbytes of on-chip RAM, {.e. our first attempt will be to operate
In single-chip mode. The advantage being a compact system that does not require
external memory,

The decision about the time to complete the operations will ptimarily be governed
by the sampling rate or switching frequency. Higher switching frequency will
assume a faster . tecution of the operations. For the present problem, a high
swiiching frequency is desirable in order to reduce the low order harmonics
content of the Inverter output. The execution speed of the operations itself will
depend upon the efficiency of the compiler and the processinj speed of the
mlcrocontroller,

Tha first step Is to adopt an appropriate time frame that will take into
consideration the computational time and the output operations.

Adding the three switching times 1a, th and t0 should give exactly tSampllng. From
this observation it bacomes cbvious that, assuming parallel processing is not
used, it is riot possible in & given cycle, to determine the cwitching states and
times as well as to have the inverter bridge to stay In thoss states during the
same caloulated times. Figure 1 depicts the situation.
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(1] Booch G., Object-Oriented Analysis and Design, Second Edition,
Benjamin/Cummings Publishing Co., 1894

1.55 Other Documents
a. SDE 104, Requirements Analysis
b. SDE 108, Proposed Techniyue For The Control Of The Three-Phase
inverter
¢. SDE 106, Functional Specifications
1.6  Assumptions
It is assumed that the reader is famlliar with:
. inverter systems and the concept of Space Vector Modulation,
. Object Oriented Analysis technigques
1.7 180 2001 and ISO 8000-3 Requirements Traceability

. ISO 9001 {1984) Clause 4.4 - Desigh Control

. iSO 9000-3 (1991) Clause 5.6.2 - Design
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