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courses, access to the local area network as well as access to the
Internet and e-mail facilities.

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

•
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systems development. This project is limited to small embedded
systems development, where the software constitutes a small part of
the overall system and is usually executed by small programmable
devices, such as microcontrollers. Typical applications that fall under
this category 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

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

• 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 three-phase
inverter for an unlnterruptible power supply (UPS) is used as ~ case
study for the project. Note that although the case study is performecl as
far as possible in a real-type environment and conditions, Its deve-
lopment is not the main focus of this project. The purpose of tile case
study is to provide practical experience into the development of
embedded systems. It is ussd as a practical foundation for the
formulated development approach.

1.3 Main Dellverablos of tho Project

T'1e main dettveraoles for the project are structured around the three
tasks identified above. In particular, U1CJ fo IIow it,SI products are
provided:

• Documentation in support of the literature survey

• Full documentation of the case study development

• A review of embedded systems development

1.4 Resources and Environment of the Study

The resourcoc for this project are captured in the Project Management
Plan, document t~DE 005. As a general remark, we note that most of
the literature research work has been carried out at the University of
the Witwatersrand, Johannesburg. The university provided access to
all librmy services, the facility to attend any relevant conferences and
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1 Definition ot the Project

1.1 staternent 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 consisted 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
reducing their physical size, (....est and power consumption. The new
developments in hardware technology are extending the use o'f
microcontrcllers into more and more complex embedded appllcatlcne.
The popularity of embedded systems in turn, is drawing more players
into the market, However, the evolution of the market is not being
accompanied with an equal maturation of the organisations. The
development of small embedded systems is still mostly being carried
out without any defined process, with very little emphasis on quality
manaqernerr: practices.

On the other side, there is a tendency in the embedded systems
community to acquire the same development tools and facilities that
are used in larger data processing software applications. For example,
there is an increasing use of high-level languages in embedded
systems. It is believed that thllt is the way to manage the increasing
complexity of embedded systems software. The question is: with the
investigation of more complex applications and with the introduction of
new tools, can embedded systems development still be carrted out in
the same unstructured approach? And if not. are models currently used
for large data processing projects applicable to embedded systems
development?

In essence, the problem examined by this study, is tile reconcluatlon of
the formal develcpmer.; processes with the technical realities of
embedded syaterns.

1.2 Scope of the Project

The objective of the project is to 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 development is undertaken. The practical development is not
Stl ictly structured around any specific model, so as to encouraps the
formulation of an approach that will take into consideration the need for
a disciplined approach as well as the technlcal realities of embedded
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In the second part a complete embedded 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
SOE 104, 105, 106, 107, 108, 110 and 112. SOE 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 SOE
'106. The analysts and design, both implemented using an Object-oriented
approach, are documented in SOE 107 "nd SOE 108 respectively. SOE 110
records the listing of all the major iterations of the design. It also describes the
hardware platform. Lastly. SOl: 112 documents the results of the final testing
exercise.

The final section consists of a single document, SOl: 113. This document
revises the subject of embedded systems in the light of the case study
development. Combining 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 development is formulated
and described. The document ends with a reflection on some of the possible
future developments in the domain of embedded systems.
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FOREWORD

The format for this Masters Dissertation differs from the conventional format in
that it comprises a short body (in the form of a project overview, document
number SOE 114, and two papers, document numbers SOl:: 115 and SDE 110)
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 guidance regarding the order in which these should be reviewed.

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

For a broad perspective on this project and its major ccntrlbutione, the reader is
directed to the two papers entitled lOA Rlsk-Based Approach to Embedded
Systems Development" (SDE 115) and "Space Vector Modulation Inverter
Control: An Object..Oriented Application" (SDE 116) respectively. Although the
project investigates many aspects of embetded systems, e.g, aspects common
to software development in general, deve'opment stratJG/es, object-oriented
techniques, as well as practical development issues, SDE 115 and SDE 116
attempt to provide the reader with a global view while eVl.1lluatlngthe effect of
individual factors.

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

A I1stof the documents (textbooks and articles) referenced in this dissertation,
together with some additional reading sources 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 classified €.S
management products, technical products, and quality assurance products. All
the documents listed in the MDL were important in defining the project and in
supporting Its development. However, for the purpose of the dissertation, only a
selection of the most pertinent and contributory documents have been included.

The Project Management Pion, document number SDE 005, provides an
overview of all the resources managed in tile development of this project. It
captures the main tasks performed against (;1 time scale.

The remaining documents are technical products and can b\;) dividc~dinto three
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 influencing 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 mlcrooontroiler market, language issues and development tools.

Following the assessment study and a practical embedded system
development, the report concludes that althouq: I 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-software co-design development approach in an attempt to
reconcile the existing formal development models to the technical realities of
embedded systems.

A practical embedded system case study is presented, It involves the
development of a mlcrocontrcller-based system for the three-phase inverter of
an uninterruptible power supply (UPS).
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subprograrns, !',rouped to!',l!th~r because of the II common
involvement in the start up process. To co-ordinate the
ncuviues of those two classes, 1I third class. systemGonfig,
is lutroduced It uses both classes All three classes are
described til the C'RC cards below

r ~.~~~~c~~Bl1!I:oI;~,.
Responsibilities'Responsibilities

Provides a look-Ill' table
of switching tunes
values (for usMao I)

Contains subprograms
respousrble for setnng
the system at start up
and for r,l)t1cr,ltinr. an
NMI routine upon an
overload condition,

':"ollaborllto!s

• sy~tomConfio.
switchinuTimcsCollaborarors

• systcrnConfio

f~~'-~~=~~~\~ilfm~'--'~~=-'--~~~=~l
Responsibilities:

Conflgures the system. i e the soft, vnrc and the micro-
controller al'propl'jately.

Collaborators:

• lookUpTablo. startllp

Fit~\lN (1 shows the class dia!jrm1\ for those tnrcc ctasses

F
I

/

/
/

" \
"•,
)

Fi~IUI'~ (It The Inltlullsntlun 111'OCl·t!UI'l' classes

Tilt! phase-locked loop idea. (IS we saw It. can be
decomposed in two abstractions, phascDetectu( and
phnseOiffRcduGor, The first monitors phase differeuce, the
second sets a phase difference reduction mechanism by
adJllstinr; thl.) invertor output frequency. The two are
described below

Responsibilities: Reponsibilities:

keeps trnel, of the di Ifer-
ellC''' between reserve and
inverter output

Reduces the phase difTe·
renee between reserve
and inverter output.

Collaborators Collaborators

- phnsoDiffRoducor.
fSensor. vSol1sor.
voclorMaonitudo

• pliSuporvisor •
phnsoOetector

The co-ordination of the phase difference detection and
reduction processes is allocated to a third class,
pllSuporvisor.

Responsibilities

Co-ordinates the activities of the phase difference dC\ClC·
tion and reduction mechanisms.

Collaboratcrs:

• IlhosoOiiflloducer. angloOisnlaccmont

The phase-locked loop classes arc ShO\\l\ togethel' \\llh
the classes of the main cycle in figure S.

As discussed prevtously, the !',ollerHllOIl and update or
the output port values arc manne;\)d by a timor interrupt
cycle. A smt',I\) tuner could be used for the four periods
I II a slImphl1!'. umo interval tfit',\1!'\),~ allt)\'\)) HO\\,)V(lf,
since th\) rnicrcecntroller contains five timers that mil
otherwise UIlIIR,)t.!, WI.) deCld\l to usc fl"11' of tuent, one
four each pl~l'Io11 ThIS creates a better separation of
concern, and at IlO cos, This decision glVQS \IS four
tuner cia%l!s, tilllorT3lntorrllllt. tillwrTOlntcrrullt,
timorTlll1tmrullt and timorT2lntorrupl. All four classes arc
related to a parent abstract class, timerlnterrupt. The
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Desigu Strategies

Hardware illlplelllf1llted phase-locked loop usually make
usc of a voltage-controlled oscillator (veO) III a
software scheme, phase difference cnntrol can be
achieved by morutortm; the instantaneous voltago
difference between reserve lind inverter output, and thi!
direction of the two waveforms.

The switchinr, Si.'!till filjurc 4 shows that the sequence of
the output states has to be reversed after each sampling
interval; except 01\ a sector change when the sequence is
unchanged. The sector location of ps'" is kIl0\\11 from
monitoring; the absolute angular displacement, 0,
relative to .tIl, 0 is reset after every complete revolution
<.'f~Is"'.

A quick iteration through the desig,n·codillg~ testing loop
reveals dun a purely on-hue computation approach is
not ftlnsiblc. because of tho stril1Lvmt real-time
constraints. Instead, a combined look-lip table and on-
line comp-utnticn method is used: The look-up table
stores the values of the par.nueters ta nnd tb (equations 4
and 5) over a given number of values of «. nt a value of
usMug of l. Only values of (/. j,tl1ging from 0 to h(\
degrees need to be stored SH .ce all six sectors nrc
symmetrical displaced. Tho computation loop then
a(Ulists the values of tn and to by the factor usMog, which
IS calculated at each sampling intervnl from a
knowlecge of tho actual inverter output volta!~~ The
computation loop also computes the valuc~ of tIl
(equation (6) ).

Three !lIain activitles have boon identified so far (I) tho
computational nctivity, (2) the feedback (ND) ucttvitv
and (3) the update 01' the output port value. In order t~
ensure a faithful PWtvI representation at th~ output. the
O\ltput port should never be idle, even when the other
two activities nrc taking place. We usc the doubl\l·
buffering [7] technique to achieve this ecneurrcut
behaviour ill a Sillljl\N ieroccntrolter system. Th\)
computational activity is oerfonncd in thl.}' ror~!'rollnd1 ,.:.) ,

wI\I.}N(lS the )!,ClllQr<1tioll and update of the value held by
the output port is performed by timer subroutines \\hicil
can interrupt both tho computation loop and the ND
conversion subroutine at any time. The computation
loop. which we cull the muin cycl«, f\)()~~supdated values
Jf the inner and port register vartables to tlte tuner
f;ubroutll\cs loop. d~signatcd as thl~ II1M'I'II/'f cyc!«, at
each SHlIlpli Il!~ interval.

The d~'si!~11iii Implemented on the l o-bit Hituclu
HSt:IO·IS rntcrocontrollor. The main charactcnsucs of
till' nticrocontrcllcr [SJ particularly relevant tl) our
deSign arc:

• 1211Kbytes of ROM (internal)

• 4 Kbytcs of RAM (internal)

• Muximum CIOl:krate of I (1 MIll

• [o'IV.. !(l·bit timor channels

• Ei!jht W·bt! 1< olution AID converter channels

Anlllysis nnd Design

The abstractions of the system are captured in class-
Re.~pol\slbtltties·Col!aborators (CRe) cards Each
abstrnetion or class is kept as simple as possible to
encourage futuro re-use. Ctasses, III the Booeh notation,
are represemed as clouds with a broken ltne boundarv.
Th,,;(' fundarnenm! rcluticnslups nrc used to relate tl~o
elnsses: 'inherits from'. 'has a' and 'lISOS'. Tho three
relntionslups arc illustrated between tho two classes, A
und B, in f1gUN 5 below. Tho arrow indicates Ihat class
B 'inherits from' class A Tho filled circle inthcates
that class A 'has' or contains class a. Lastly. tue empty
circle, indicates that class A 'uses' class B.

, ..~!'.'\ ",,_-.,-, .l-,
/ -''>I. I

I
I

c'~onA
) ... /
I

, clMI(l
( I (

" \
.___

"

" I '.
,/ 0-- \

I I

\" "

Fi~ul'e $: The three 11111111l'clntiollshlllS "l1Ion~
classes

Four main class cnt~r,ori~':; (or clusters of C}(ISf,CS) arc
identiflcd in our problem:

(\ Tho initi:llisalioll prcecdnrc

b. TIN phase-locked loop process

c. The llltOltllpt cycle

d T hemill n evcle

Tho lIlitinllsatlotl procedure luuulles nil nuuters relevant
II) initlallsing both tho SVtv! nlr,orithlll and tho
nucrocontrollct re[',iSll.!r variables. For the tnuialisauon
process, two abstraetions arc recogntsod, ~IilrIUp i\nd
lookllilTlIhle. stortUfi is a class utility, i~\it eontains free
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S\,M is based on the concept that a bnlanced Set of
three-phase lIC voltag~s can be represented by II sine,ll'
composite voltage vector, {is of magnitude usMag,
where,

Un usMoU1'\1"11 til

Its apl)lication to three-phase inverter control relies on
the fact that there nrc only eir;ht possible sWitching
states for a three-phase invcrrer The eight s\\1tchil\!~
states translnte into eig,ht discrete voltages (UII • po) in
the same complex plane as .lJS Two of those vectors, UII

and ~l.do not ccntribute to the output volta/'.1.· They
correspond to the state when either all the top switches
or all the bottom switches of the inverter me off. The
r~tIIainillL1.six vectors arc displaced by oo degrees
around the complex pla!!1) The situation is depicted in
tiBum;) below.

FitlUl'l' J: l)IIIISOI' represeruntlon of the swltcllln~
vcClol's aud th", desired vectol'lIsR

Prom fi~uril 1, it IS clear that at <IllYinSI'lIlt of time, a
vector ill the plane ClW h.. symhl!st[,\!d by s\\;tchintj tit\)
adjoining; volta!)\) vectors of the relevant sector. \\'1) c.1I
the rOI\\tll\g vector t\\\\t has to be synth~siscu, the d,~~tl'lld
vector, Us"',

For exnmple, to synthesise U:.*, when it IS III Ih\1 tina
sector. us in figur,~ I, tht1 s\\ltchm!', set III fi!',\I!\1 ,~ ",111
hi) mice!

A 5WIICh!ll!', set IS ('olll(lw;etl of a fOJ ward switch IIll',
SQqUelIlC(! tfirst hllif .fir,Ufe ~ J and ,I reverse s\\ltching
set (second h:tlf -flguro 5), ,\t w 1\110\\11 as the samphll/',
interval. The two redundant vollilge vectors Uil anc! lV
(corresponding to vectors Ii" and U· ) nrc imroduccd to
ensure a binary Gray COd\1 switching sequence. This has

for !llTtlGt to reduce the harmonics III thl,) inverter output
waveforms [I].

1< ,'\t At

Figure 4: A tYJlical switching set

If Un and qb are two adjoinin~ vectors of a !jelloral
sector, thou the desired veetor,1!siIC, will be given by the
till c uvorar,e of the two switchinlj veltage vcetors and
thll tune spent in tho zero switching state

lin ta t t lb tb + u" I" (2)Us,\t

when) ra, tb and tn arc thc time duration spent in the
volta!',e vectors states Ua, f.[b and u, rcspecrivclv. That,~,
ta·~ tb + til l\t

V.l:1 cler Brock ct 171. [b) provide the solution to
cquauons (2) and (.J l \lS,

ta 9/rc~ usMug.'lt (Cos (,I." 1/"(3) Sill (,I.) (4)

(51

II) At-ta-tb (6)

WhON (~ is the angle between tJg* anci Va (U~), oolllg
taken as the adjoinil1r, vector on the left 1

Equations {oil, (.'i) and (b) show Ilwt if tho parameters,
lisMan and tJ. UN known, the time to be spent in the
rolevaot s\\;tchil1!) states can be calculated, Since t;'ach
~\\itchil\g slate is in turn r~lat(ld to a specific S\\iIChinlj
ceuflguration of the inverter bridr,Cl, the 'on' and 'olf
times of each switch of the bridl',\) can be obtutncd Till!
end-result of impor.ing this S\~ilching pattern on tho
inverter. in " PWM output wavefcnu that provides a Silt
of three-phase ii" voltages, aner thm the high·or~"~r
harmonics content have been filtered all!

III th~ context or SVM, the main function of the
nueroccutroller system \.i11 be to generate the
appr0F'lah' output pulses lhi[',h and low) for the
uppropnate s\\1tching times ta, tb and t", in order to
construct a PWM lllltPIlt.
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Figure 2: Three-phnse illvcrtcl' bl'ltlg~

lJndGf a fuil\lro of the utility. power to the load it
maintained through the OllotAty stored in the batteries.
The back-up time depends Oil tho load and the e(\(lrf~v·
storing capacity. However, Irrespective of those two
fuetors, tho de volloge form the batteries will drop aficl'
II certain time as the ellor[~ levet drops, The UPS should
ensure that tlus llmp in de voltage is 1101 reflected at the
UPS output. until tile shutdown point of the unit. This
involves n fecdback configuration. whorel.ly fluctuauous
in the inv(lrter output are monitored oml accounted for
by vnrying tho pulse-width of the PWM signals

In order to protect the lend ngninsl a failure of the
inverter bridge itself. there is a second utility source.
called tho reserve. Both the reserve nncl tile inverter
outpu: arc fed to a static switch, Under normal running
conditions the sUllic switch feeds the load wllh the
inverter output. Under an inverter failure, tlw load IS

immediately transferred to the alternative source, l.o,
reserve, It is important that the running of tho load is
not affected by that transfer. Therefore, the transfer
should occur with tho least perceptible brenk in the
output

Trnnsferring the load suddenly form inverter output to
reserve can have adverse consequences to the load if the
phase di!l~rence between tho two sources is too largo,
Conscqllcmly the UPS should constantly monitor and
odjllst th~ frequency and phase of the inverter output to
mnteh the reserve waveform, within a pre-defined
frequency window. This technique is commonly known
as phase-locked loop,

To summarise, the role of n mlerccontrollee system fOt'
a three-phase UPS inverter-control application are:

a to generntc PWM drive pulses to till) switches of
the three-pnase invener bridge

b. to provide voltage feedback and regulation

c. to synthesisc a phnse-loeked loop algeritlnu withiu
a pre·oefincd frcqllcllcy window

In this study WI} investigate tho \lSC of SVM in
bupporting thoec Icatures.

I·I·inclplcs of SVM

SVM has been \\,~Il documented in the IitcrlllUrc
[1][4][6]. Here we will only provide a bricfovervic\V of
the subject.

Pogo :1
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Space-Vector Modulation Inverter Control: An Object-Oriented
Application

H Bapoo
MlHHH

Abstl'act

111is papor presents an o/?il.!d.l))'ilJllfed appI'Otl"" tel dlJsi~lIill}.11l Space-! 'I!"(())' Modulatioll (sr U) "11/1(1'(/1,\;I'.I'lcIII.fi)/' t1
three-phase IlIlintcrl'Uptlb/c power .\'111'1'1,\'(( '[>8) tnverter. 81 'M is used II) gencrote the 1'1I1,\'l!.Wldlh mudukuton (i'WM)
control dl'h'(!,\·./hl' the tnverter switchcs. ill a "wnl'III(1d louk-tll' tab!e and on-line c()mputatUlIl tcchntque 7111J design
"m'I'/l!ci 0111Jul(v ill the language (' and OI'IJI'llll!,l' 1111the J!71n<'l1l J 6-bil 1IR SiNH IIIW1'Ot'OJltl'(lI/CI', Theftna! sY.I'll!m
pel:f(JI'III,I' well, at a slI'itdling Jh~qlllJlI':\, t!!," kl!:: it fll'I)\'IC!t.w both ,"oltogl! anci ji'ct]u(Jllc.v on-line I'cgula/lo1/.
D!tlklillilJ,\' in ]l1J1:/iJl'lIIl11}.1 (l ful! o{YlJct·ol'll!l1led de,I'lglI IlIIp/<!IIIIl/1IGlicll1 01/ embedded ,\;~~~/e/l1s111HClh!I'U/ at't.! also
discussed.

Introduetion

Space- Vector Modulation is an Itttrnctivc technique for
gencratlag PWM pulsos ill a sou'vare Implcmcntation
approach. some of the advantages that this method
otfers are:

• Its Irnplementation invelves few equations

• It contains few variables • angle of displacement
and vector magnitude are the two main ones

• The equations to be solved nrc all lutear

In uc;ldition. SVM is n low Irarmonte generation
technique that has been successfully impletncl\tllc;l both
1Il npplictltiOlls using look-up tables to 510ro the
operating conditions [1J[2] and ill on-Ii no. real-tune
techniqucs \Ising trnnsputera [3]. It has become
prominent cspccmlly in high performance Field
Oriented C'olltrollcc;l AC drives [1] and has also been
used in fully sottware-controlled rectifiprs [4].

In spite of these udvuntagcs, tho SVM nlgorlthm ill all
en-line computation approach can become quite
complex. l'he problem gets own mom complicated in
tho COI\t()Xl of the liPS. which r~qllireJ voltage feedback
ami (ldjuGtmon!s us woll as phosootrm:king. The hurd·
roal umc cOl\strnil\l~ Imposed by tho need for (I high
SWliChU115 frequentlY, Ol%mv:.lteS tho whole issue

Tho complexity. reliability and real-tune issues fneed by
this proJPct (11'0 ecmmon 10 embedded svstents
dovlllopll1cnt III general. The whole prqject was
doveloped using a risk-based, hardware"softwure co-

design development approach. Tlte approach is
examined in document son I1S, The scope of this
paper is limited to the (lnnlysis and desil~ll phases.
which are both performed ill Oil object-oriented (00)
method

Oqiect-ol'icnted tecluuques can prove to be quite
effel..iv(' in analysing and dcsigmn8 complex systems.
even for small embedded softwarc systems. They arc
particularly good (It capturing the main entiues (or
o\.tiecIs) of the system. (It shOwing, their inter-
relationships aud in displaying the dynmnic scmantics
of the problem, In (lddition they can l'USlly integrate the
hardware elements of the pwblelll into the
representations.

This paper presents the olU~ct·oriented design of a
uuereecnrroller-ceutrol systlJm for a three-phase tJl'S
illverter, using ~VM, The Booch [5] methodology ,lnd
notation arc used in support of the objcct·ori(.mtcf.l
analysis (COA.l and the object-oricnted desigll (COD),

The UPS Structure

Figure I shows the baste stmcture of an on-line UPS.

UPS's are used in powor I 'CtNIP llnd prcteeuen
schemes, All en-line UPS rectifies ac from tho utility
(maim;) to de, which IS stored in battcries, Also fc~dil\g
from the de bus. is au inverter bridr,c 11I(ltconverts tho
de Into ac Typically. nc to de conversion is performed
through high PWM switching oftlto volwgo between tha
two polarities of tho dc bus, Control of the three-phase
IllVeftcl' is the sub,ject of this present btudy Tho inverter
bridge is pictured in figure :\,



In addition the process ensured that the hardware
lnterfucc plntform \VII!; ready before the sottwure was
completed.

'l'he fiuul system rum. on n single I(I-bit l litachi 11813048
micrccontroller at u (IWM switching frequcncy of <1
1\1lz, Alt!Hlugh this frequency is relatively slow for Ih~t
switchtng devices like lnsulatcd-gmc bipolar devices
(I<JBTs), the complete system implements all the
additional control fentures that arc lIslIlllly associate,'
with the inverter of n t IPS, like phase-locked lorlp
ccnuol, inverter shutdown !l1cility, overload monitoring
and static switch control.

AltlHlugh our approuch produced el\t:ollragin~'. results on
the Inverter control project. u remnin« Itl be validated 01\
II wider mnge or embedded systl,)l11~ projects. Further
Gtudie~ 1)11 this approach might examlne the possibility Ill'
inclIl'pl1l,(lling lime and cust mctries. Any future work lin
soltware development Pl'UCCSSI!S will have III he more
uuentlvc tu the developer and his/her needs,
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by those (\~tivith's should not he underestimated.
Adapting, standutds to a tH!W project is certainly not a
minor task and should be vlewed as II phase of the
development itself, instc(\\~ of being regarded as all extra
f[lcWI' that consumes development time.

Control of changes is aldO time consuming, It, too should
be viewed as an investment in the lifu-cycle or the
software and usually has to be carried out strictly,
However this is an area where the development of
embedded systems might dim'!' slightly, The
development model (hat we present holds a design-
coding-testing iterative loop, To apply strict control over
nil those minor tentative loops will tend to defeat their
very purpose, which is to obtain quick feedback about
specific aspects of the design, In that respect.
cnforcemenr of n strict QMS might have detrimental
effect upon the design lind the ardour of' the team itself,
In addition. the first few outputs of (IHI~c loop!; Illi!~ht be
of minor importance t') the later dovclnpment of the
software. Their inclusions ill the docurnenmtion will
have the further drawback of incl'easinl.~ the volume or
documcmatlon and of obscuring the more impcrtant
featul'efl,

A loose ('Mill ofchungc cor.trol is contrary to good QMS
practice but it has the advantugc of giving the develope!'
more freedom, with reduced interruptions. In 11\\;(, each
iteration through tho loop can be seen almost as a
bratnstormlng exercise, However to allow complete
freedom, without any documcnuuio», rhl'oughout the
process will, aner 1I number of iterations. start tn
gene nue ncgativl! I'CIlll'1\5 on this 11l'IH':~'~S, This will
Wo.llillly happen as the developer Sltlrb tIl forget MIll11! of
the Ihctl1l'~ that evolved liming earlier iterations,
l'hcreforc it h, necessary til discipline the development
I.!flhl't. while still providing it with II Ireedom margin
nCl.)lied lor its success, A halanl'c hit, III he struck
between the two concerns. A solution will he til
document only selected revistons a( thc cill'l~ slUg!! (If Ihe
desit!t1. (lnly wheu (\ predcrermlncd pertormnnce level is
achieved or when major (haral.'tcristil:~ or the sottwurc
urc revealed, is the design prllccsl, halted and the
revisinn updated.

Contrlbu tiun from Existing Dcvclcpmen t
Pl'()C~ISS~ISnnd Strategies

I he nunlel prc·.cl1tcd hil" been Influvnccd 11\ a number
01 develupmcut pn1l'C~,Sl'S and !,Iratel'ic!" In p:ulicular:

• II 1101111\\, the id\:\1 ul lihnll~ (It modules and the
1t'11\ l~d~",i!'lllill\il (e,( liom S(ll~l'n"lll't ill.l~1

• l.ikc tilt! cll'lbi,!'1l appw,ll'hl'" ot Chiodo ct al [.1(
and Wulf [lJj, I( 11IOl:l"",I', thv hHIII\\al~' and
'.IlIlWtllI'l'Il'I11l'l1h ,inHiltam'llll',I~

• II adopts Zave's [10] idea or including the
cnvlronmcut into the specifications

• It accc us both uncertainty anti change, like the
prolotyping approach

e Like Boehm's spirul rnodel [2), it is risk-based and
iterative in nature

Results

1'11t! mudd was largely developed through a case study
Oil real-urne embedded systems development, The
project u.cd as a elise study uimed III controlling a three-
phase inverter (A( '/1)(' converter) for an uninterruptible
power supply (UPS) system. lIsine, a rnicrocontroller set-
up. The systl.:m was particularly characterised by
stringent time constrnints ariSing troll! the need to switch
the insulated-gntc bipolar tl'ill1si~tlirs (puwel' switches) of
the inverter hridge at high Ih:qucllCY,

rile model was particularly MIC(;esslltl in idl.)lHi!Ying the
risl, luctors !Jarly in the process:

• sinusoidal flWM, the preferred inverter control
tecluuque on the ',II'S under consideration wa~
identilled as not being sultable for a software
upproueh due to the uon-lineur cquntions thut have
to hI.) solved, Instead SVM was used, Although
involving trigonumctrie luncuons, the equations
ussociatud with SVM arc nlt ttneur.

• 1he Ilrst lim irenulons of the dl.)sigll-l':lllJing.tcsthl!~
loop quickl)' revealed the iIJlPntcli~'ality of a purl.)ly
sequential approach. Tho output port cannot remaln
idle while tbe values are computed. A double-
hUITcrin!', methud was u'tlld instead, Vllll1pu!atiol1s
ure Il11W PI!I'IIII'nll:d in the Ihl'cgrmilld while the
uetual munagemcnt or the oiuput PIli'! is carried out
h: timer subroutines which intcrrup: the main
computation routine 1'l'gulul'ly,

• I III ther Ill'l ..uions or ihe IllUP showod that even wuh
SVM. n direct Oil-line compuuuiou approach "<IS

IIllI fi.'iH,ih!l:, bccuuse ul' the \:'llllph:xity and time
Iilllilillilll1s involved, lnsteud a look-up-tuble method
\\ ,IS U~l.:d, on-nne compututlons WI.:I'l' limited III
,ldlll~lin!" those stored values to the t'oqllirell1cnls of
the !,~~MlIl.

• I he PIN'Cs', W,I', ulsn SIII',l's,t'lIl at Jlllintill!' out
qUIt:kly hl1\\ much Ill\' use ul' I1nating polm
vari.thlc ... WII', slowim: down the cnlculuuons. Ihh
1'1I1(lkl1l \Vii'; solved by IlpplYlIlg sl'ah:d nrithmeuc
tl'l'hniqll\~s and hy lIsint~ hinary malllpliialtnns.

V,'L,tUn 1 011 tit :it'pl"tllitl't 1"'11;
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Finally. when all the modules have been tested, both
separately and as 1I system. the software is integrated
with the hardware, The whole system is then veri lied
and validated, Success ill meeting the overall
requirements means the end of the development stage
and will cuny the system into the mnintcnnnce stnge of
its lifc-cycle, If however the requirements speclflcaticns
are not met, then the problem is again referred back to
the Iunetlonal specifications level, where the technical
strategies lind the hardware/soflware partitioning can be
reviewed, This itcratlvc process is repeated a fixed
number or times. After thnt, if the requirements arc still
not met, the problem has to be referred til the
requirements analysis stage, At this point, (he constraints
01\ the design are declared to be too tight and have to be
relaxed.

Characteristics of the APPI'CHlCh

The main charncrcristic» of the development approach
ure summarised below:

a. It follows 1\ nuturul itora'Ive pl'llbll.!m"Slllving
pattern. It l'cc(1r.niseH both lhl! inclination of the
developer til lil'sl address those IIspects that arc
unclear 01' in which he or she is not cunfklenr, and
the Iterntlve rellsoning pattern that WIl usually apply
when trying to solve a problem. Being close to the
intrinsic problem-solving process, means that the
model could be more easily adopred by the
embedded systems developer comrnunity at large,
without 11I)ec~',itatillg a sustained tminil\g prIlI;CSS.

b, It builds the cnnfldcnee or the developer as the
process progresse«, r\~ we saw previously, the high
risk elements a~;S()ciiitl!d wlth cmblldtlcd systems
proiects means thnt the dllVI:III[l\!1' h, w.ually lIndel
enormous pressures and has mllll)! reservations
lovell if not upenly expressed), By !\iving the
developer the Ircedom III jump stl'aighl til 11

purtlculnr problem area, Ih.: model relieves much or
the psydlOlogkal pl't'~SllI'CS lind incrcasl,)~, the
chances 01 »ucccss. In other words the pnj~cs~. i,
achieving its llhj\!ctiw, whi\:h is to Ihcililal~' tlw
developmout.

c. With the design·codin!1-!Csling stI'ilIL'!'.y. the PI'JC"S~

can build thll I1nnl system gradually, i.e. scparatel~
developed and tested 1I10dllk'" ure inlel'.nll~'d
PIOI'.I'.:ssiwly. On a mnnuncrial [1.0\\.'1,this 111\).111:,
that the prllt:css tlllllll'ally ac.:<.·ol1ll11olhlllJ~,
pw·tilionil1[,! or 1<I',ks til dillercnt dcvl.'lopcp, III

teams. Sepilf'HIl' modules call hI.' dewlo)l\'d
sil1lltltane(lll~I), 111 addition. till' sepanuion or
concerns implh:s that the pnll'Jlll1lnWI (ll1' teum) who
has been allOl:alcd a pat'lintlar lil~k do,'" nol have til
be conversant Wilh all the dl,tail. or Illl' problem.
fill' cx.unplc, SOIlII'IIlW il11plel1lt'llIilH' llll' ,\ (l

module in an inverter control project, docs not have
to understand the principles of PWM, although both
nrc integral aspects of the control of the inverter, In
terms of the object structure, the only lnformatlon
external to the module that the developer needs to
know arc till.' preconditions and the postcondltions
ol'that module,

d. Testing is performed early in the development
process. That means thut the project is being
constantly verified and validated throughout its
development. This can largely contribute to
software reliability and quality.

e. Continuous veriflcntlon und validation can be also
beneficial from the customer viewpoint. The
customer, whose requirements nrc ofton Unclear.
will become aware of the limitations early ill the
process. Compromises and altcrutlons in tlte
specifications call be affected at lower expenses,

f. The small intermediate deliverahles produced by the
process will also be appreciated by the manngemcnt,
who will have a bcuer visibility of the system:
hence II better CIHlU'ol.

g. As already uicutioncd. this npproacb promotes rc-
lise of code by building n lihrnry of tested modules.

h. The j)1'OCCSS encompasses the hardware develo-
pment while keeping the software development (IS

independent as possiblc, ,', pnrnllel hardware I
soltwnre development (as compared to U scqucntlnl
appronch) has less bottleneck stages.

QMS Consldcmtlens

An adequate quality munagemcn; system {(JMS) can
c()nsidel'llbl>' contribute to the success Ill' II 1)I'(~jC~I,It
promotes stundurd practices whlch losters an eflcctlve
CIlIl1 III 1111lcution. It is especlully effective in managing
changes hrought til the product. 11\ (hat respect its
contrthuuon extends to the whole life-cycle Ill' the
product.

rite main ovcrhend assol:iatl.ld with the appliclitinn \1(' a
quality l1\illH\~'CI1l~l1t ,ystl'l1l appears ill the time it
COI1SIlIll~'S. The 'IIt'a .. where time nil t,,)MS activities nrc
ml1stly consumed arc:

111tht) l,'arly ,ta!'.l·' olthc project, new documents have to
he created, tl.ll1lplall'" have til lw Sl.'t lip Ill' l1d.iIl,(~d.and
all the memhers 01 (hc team 111II st become ncquuinicd
wilh till' ',Iillld,lllh I Ill' ume alld 1:01111111I1\\ 1.'11t demanded

V\~r'iI"" 1 IHI 01 ~i\'p1t'lllbl'l 1'1~!ti Pngn fi
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system; two factors that tits well in the general
philosophy or our model. Also at this stage. the time

scheduling of' the operations should he defined, This is
particularly important when several functional partitions
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Figure I: A rtsk-based, softwlIl'C-hlll'(hllll'l! co-design npPI'(HICh to developing embedded systems

share one hardware unit. All the information about the
abstrnctions, their lrucr-rclatiouships, their locations and
the dynamic scm antics of the prnblcm Call be clfcctlvcly
captured in the models of object-oriented dcvclopmeu:
(logical and physil:nl models, static and dynamic
models) (8), Another benefit of all object·orkollled
upproaclt !() emheddtld systems development is 111.11 it
can naturally incorporate the hardware elements or the
system into the description, thus prllvidillg a more
HeCUI'a!e reprcscututlou Ill' the problem.

Ouce the ilhsll'(II;tiolls huvc heen dl.!lined. the
dcvelopmen: 11I'IH.:ess proceeds with the implcllll.llHlItioll
nnd t\:~ling of the modules, startin!'. with those that
contaln the higlte~t element or risk. Being built frl1lll
small modules such un approach will quickly ,',I.mcratl.' u
lihrary lit' tl.'swd modules, that can be r~ll'rrl.'d hI in
future designs

Whilu tbe hardware platform is ht!ihp. developed, the
module» l'l.!ncl'atl.!tI by the soltwarc dcsi!~ncan b~' tested
Oil <111 in-circui: cmulutor (It 'L). The testil1!~ phuse should
reveal whether cadi (b,ipnl.'d module Illl'l't, till' ,.pal'"

._ "'. ",c-·",_", __'_, p "_""'_".~._,.,_.~_' ~-c~-.' ",

sor 1ifiWN 10n

and time constraints, ill addition to the functional
requlrcmcnts. If thc requirements nrc not met. the design
has to he reviewed; i.u. the dcslgn-coding-tcstlng loop is
repeated. It is importunt to relate any change to the
dl.)sign buck into the object-orlcnted development
models, ~o us to h'l.)p track or how till) changes nfr'et the
other elements ot' tl'c system. [I' utter a pre-determlned
number of itel'mions thl'ough the dcsign-cmllng-testing
loop. the requirements of the module arc still no; IIII)t,
then the problem should he l'cv;e\VL)l' at the functionn!
spl)clliciltillns ICYI)!. [I' it is purely u space or timing
pl'lll~lell1, til<: hardw,lre/softwnrc partitioning \:,11\ be
revised, Alternatively I the sliitability uf the technical
strategics (e.g. SVM OJ' SinllSl)idnl PWM) has ttl be
1'\:\'il.'\\\:II, lind if necessary u dilTlli'l.mt technical nppronch
has to he investigated,

t\~ the devciopmcnt of the hardware is t:llmpk·t~d, some
01 the modules cuu he testl)d dir..:t:tly on the hardware
plauornt (via the lei: at iiI'S!), This applies cspeclally to
those modules that ~\1l11111l he tested without external
physical inputs, like ilIhll()~'.lIc·ttl·digital (A/D)
conversion modules.

V''f''Hlll 1 00 III tl.'plnrnhpr 1'l'lfl 4
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needed in embedded systems design, is the freedom to
focus on specific risk aspects of the problem in short
design-coding-resting loops, This suggestion calls for ,<1

modular approach, whereby the developer builds the
final system around loosely coupled modules, like those
found in object-crieuted techniques.

Thus fi\r, three attributes which a development model for
embedded systems projects should have, have been
identified in this paper:

• Hardwure/Softwnre co-design approach

• Modular approach

• Short design-coding-testing iterative loops

In table I those three features arc used to evaluate the
suitability of six development processes for embedded
systems, Each process is rated against those features
according to how prominent those features are in the
process (High, Low or Absent),

Table I: Evnlunting the st.ltllbllity of other P"OCI).~SCS

for embedded systems development

FCIIIIII'C

Develupmeut :-;1I'lrl '~Iolluhll' lI\\'/:-;W
l\lo()cIlAIJIII'Ollch iterative 1I111)1'Oach Codesign

IOOIJ~ npllI'onch

Wotcrl'llIlllllUcl [.1I [':;-;i, Alhent Abscn:

I ,11\

t:oi\- Ahsent

lowt'hillUU's cl (iT-iIWiS\\' {'n.
dcsign [41

Stoycnku's ct iiiol;j;.;r:ri.i';Cd
J1t1n1II~1 '1llJlrll:lch 15 J

The Development APP1'OllCh

BuilJillg 011 the three criteria descrilux! above and
druwlnj; from c\hlin!'. Iormul development practices. a
risk-based approuch 1'01' small embedded systems
development was shaped, 1he model is outlined in
ligurc I, It starh with a requirements analysis, which is
typically a documcut drawn lip hy the customer
describing what the system should dn and how it should
behave. In OUI' model, il ;.. understood a~ u 1'11.'"

UbUll !iWIN 1DO

High

coutractunl document that, although formal, can be
subjected to change and negotiation us the project
evolves,

\

In order to relate the customer speciflcatlons to the
software developers, a functional specifications docu-
ment should be prepared, This document should include
a description of" '! onvlromnent in which the system is
to operate, 'I,.1:> exercise will create a picture of the
system at a higher level of abstraction than what is
strictly expressed by the problem itself, At this stage as
well, any technical strategy or method relevant to the
design should be defined, This tusk might involve some
further investigation into the technical aspects of the
problem, For example, if the project is to develop a
microcontroller system to control a three-phase inverter,
one has to decide, at the functional specifications stage,
on the method (Space- Vector Modulation (SVM),
Sinusoidal Pulse-Width (PWM) Modulation, Optimal
Technique, etc.) of controlling the inverter, One might
argue that this would be the customer's responsibility,
but to do so would be to assurnc that the customer knows
which technique is best suited for a mlcrocontroller
system approach, Tcchnlqucx used in digital electronics
are not necessarily appropriate for software solutions,
For instance, in the Inverter control example, sinuso.dal
PWM is a widely used technlque. It has been
successfully implemented in digital electronics using op-
amp circuits, However because of the non-linear
equations that have to be solved in the process, (a
constraint that is obviously not experienced in a
hardware solution) this appronch is not appropriate for a
software lmplemenrarlon. Such con-.dcrntions, which it
might be argued nrc outside the scope of the software
design, nrc commonly faced by embedded systems
developers lind explain why I11UIl)' of them come from an
Fh.:ctl'iGal Enginl.lcring background, Always at thc
functional speclflcnrlons level, following the decision
about the technical strmegles, the sottware/hnrdware
p,II'titioning of the tasks has to be dcflned, This decision
should be bused Oil fuctors such as cost, component-
COUI\I, time constraints, t'tJlhhility issues and spnce
limitations. Somctlmcs because or reliability and sufety
cunsldcrutions a task performed b:, the software has III
be also implemented by the hardware. Several "hurdware
feedback" and other reliabllity design philosophies 111'1)
discussed by Smith und Wood [7],

Al this stag!.) the snltwarc and hunlwure designs diverge,
1'01' the sullwarc, the 1I!.!,t step is the unulvsis and design
u! the system. Those \\\11 phases are comblned in flgurc
I under till.' hl.'tlliing "objevt-orlertnuion operation",
Stliet I~ ~11(,'ill,iW the dl'si!.11l call Ill' ralTil'd out in any
dl".igll n\l.'tlllldI11(1)'Y, structured or object-oriented.
I lowever in 0\11' "hl: stud) objcct-oricnturion appears to
be panil:ulilrl~ suitable. Object-orientation naturally
provides a modular (ubi..:~tl approach to thl.' dllsign and
of/.'I'S dii'li.'I'l'1lI lewis ,;1' nbstraction jll.'l'spl.'ctives or the
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different products like teleph ines, trains, washing
machines, Industrial controllers and automobiles)

o The maturity of the organisations developing
embedded systems varies vastly, making it difficult
to develop a process suitable to all.

• Although embedded systems arc generally
characterised by the constraints and concerns listed
above. the actual degree of importance of each of
those factors can vary considerably between
projects, making it necessary to approach each
project differently.

• The importance of the role of the mlcrocontroller in
the overall system can itself vary largcly.
Consequently the allocated time and budget for
embedded systems projects vary accordingly.

Objective of a Development Process

Predictability is generally considered as an important
feature of a development process. It should be possible
to meet requirements on time, within cos' constraints,
achieving all rcqulred functionality and within a quality
framework. Yet the primary objective of a development
process, as we sec it, should be to facilitate the
development of the system and the task of the developer.
We see the process as a means to support the developer
and not the other way round. Consequently a
development model should be built around the needs (If
the developer and the technical realities he/she faces.

Establishing the Foundation of the
Approach

Despite the difficulties mentioned above, we can attempt
to sketch a general pattern that embedded systems
developments should follow, by drawing Oil rhelr
similm·ities.

In particular. we believe that a development mode! lor
embedded systems lIAS to accommodate the following
factors:

• Hardware lnterrctinn and the cnvircnmcnt or the
embedded system

By its very dcfinitioll. all embedder: system CllllShh or
un intelligent device burted in II hardware environment.
B!)illg olten ullocutcd monitoring lind control tasks its
intcrtucc with the euvironment is critical. lh~ design or
this intcrfncc, between the software and the I'~sl or the
system, is part of the Clllhl.!ddcd systl'11I lil'sign, lit I.'

interf In' 1l11l.'11 lakes till' lonu or Sl'IlSill!' and actu.itur

circuits. together 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 interface
design early in the process lnvariably leads to (1) poor
hurdwnre-soflware partitioning or tasks, (2) bottlenecks
when the hardware is needed to test the software, and (3)
a difficult software-hardware integration. Those
considerations indicate strongly that the hardware
interface has to be developed along with the software.

Risk factors arc any clements that can cause the final
system to fail to meet the requirements specifications.
Sommerville [I] views risk as simply something which
can go wrong and that is often a consequence of
inadequate information. Risk elements in embedded
systems arise as II result of the complex nature o:' the
tasks they are often required to handle. The hardware
interface design itself adds to the risks factors. More
important are the increasing number of new application
areas in which embedded systems are used. These new
areas are often surrounded by unknowns and
uncertainties. High degrees of risk and complexity in a
system, arc often what motivated the decision to employ
embedded systems technology in the first place.
Therefore, it is essential that the development model fOI'
embedded systems be built around the notion of risk.

It is lntcresting to observe how the developer responds to
risks. Risk factors in n design put a lot of pressure on the
developer. The embedded systems developer, often an
Electrical Enginect· by truining. is concerned with all
aspects of the problem and it is a natural tendency for
him/her to isolate major risk issues and tackle these
quickly at the outset of (I project, The emphasis t. e is
on both the urge to address .i501ntgtUsSlIcS and to ex, ore
solutions to them ,(LUL<lk~.Few development processes
accommodate for this natural tendency. In fact many of
them tend to oppose this approach in their effort to
"disciplluc" the process.

Since not all risk clerncnts arc known prior to the
development and since one risk factor might hide
another risk factor. it is important for the process I, be
ltcrurlve. In addition our nutnrul approach to problem-
solving. is rarely purely sequential. It olton follows short
and quick couccptlon-implcmcutation-tcsting iterative
loops,

To II large extent the (It'lltol:ping approach and the spiral
model [J J try to coutron; the prohtems or risk and
llnl'Cl'tainty, I lowever even those pl'OC\!S'I.!S arc
concerned with working versions of the complete system
01 part thereof. The cmphnsis is more on the overall
system than 01\ till: separate entiti~s, The result is that
n,t!nin the developer has to address a larue number 0['
i"',I1<", at every iteration thn1tlgh the process, What is

"_"'·"'·,··:C.'~"'''''''''·''·''V;O_··, __.~''-'·_·'
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A Risk-Based Approach to Embedded Systems Development
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Abstract

Many ofthe practices commonly employed in the software development process apply equally well /01' embedded
systems. However, embedded systems have their OW/I characteristtcs. Failure 10 recognise these aurlbutes will
invartably lead 1(' poor design performances. 711ispaper outlines the dlsttnctive features 0/ embedded systems and
proposes modiflcations to the commonly used software development process which would accommodate these features.
More speclfically, a risk-based, hardware-software co-design approach is presented. The approach builds on an actual
real-lillie embedded system project.

Introducdon

Small embedded systems have traditionally been
developed with little reference to forrnal techniques or
around loosely followed general design procedures.
There arc two main reasons for this. Firstly, because of
the relatively small size of the code, developers have
been deceived into thinking that small embedded
systems can be developed without any formal
development process. The tendency is to judge the
complexity of a softwere system only by its size and to
fail to recognise such factors as the role the software is
to play in the system, complexity of the control function,
safety and reliability considerations, and maintainability
issues, The second reason is the failure of genom I
software development processes to recognise the
characteristics of embedded systems. Consequently, in
many cases where a formal development process is in
place, developers tend to pay lip-service to the process.
Frequent reviews and documentation re-structured at the
end of the project, give the impression that IIlI.!

procedures arc being followed,

Embedded systems often play a critical role in an
appllcutlon and are subjected to frequent upgrades and
modificatlons. They can thus considernbly beuell; from a
disciplined development approach. This paper identifies
some or the dlfficultlcs in formulating n development
process that is nppllcable to all embedded systems.
Drawing Irum SI) vern I paradigms. it presents u model
that attempts to match the technical realities of
embedded systems development with thl.! intrinsic
probll)m-solvlll!l approach ol' the developer,

Churncterlstics of Em bedded Systems

Many of tilo established practices commonly used in
software development, such as tho spiral Ilwdoj tile
operarional model. jll'lltotyping und others, are
applh:ablc to embedded systems projects. Iluwcvcr, the

engineering nature of their applications. combined witr
several other factors, make embedded systems software
differew '''''Ill '.;LU processing software, Failure to
recogm ....... ,,~e differences will invariably lead to poor
design performances. We start by identifying some of
those distinctive features.

Embedded systems projects are often characterised by
the following factors:

• High reliability concerns

II Real-time constraints

• Stringent physical resource requirements - often a
result of'their physical location

• Limited development I'csllurces - since they ofteu
constitute a smull part of the overall system

.. Low power consumption constraints

• Large variety of attachments with the environment

• Complex Interface with tho environment

• Difliculty in testing the end-product - often a result
of their physical location and the end-purpose of the
overall system (e.g, balllstlc-mlsslles)

• Low cost pCI' part consunlnt • since embedded
systems products are sometimes produced in large
numbers

1'1'0111 an assessment or the uuturc of embedded systems
and the characteristics 0(' their development, it becomes
uppercut that the formulation of a development PI'OCI.!SS

that is appropriate for all embedded systems is not
fcnsiblc. I'he main reasons ure:

• lhe large diversit~ in the applications of ernhedded
sysll.'lllS ("Inbeddl.'d systems are found ill very

SDE11:NvVv
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A quality management system was seen as an essential 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
quality management system is deslrable, especially in the first few design
iterations. This is particular important to 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 introduction of more powerful
devices and more efficient compilers.

1.5 Where to From Here

This study has clearly revealed the importance of a change in attitude
among the embedded systems development community. Though often
electrical engineers by training, embedded systems developers will have
to become conversant with the software development strategies and try to
adapt those models in the context of their own field of applications. Failure
to recognise tne need to discipline and document the approach will
promote a field that is strongly based on individual efforts. This kind of
environment is usually characterised by wasted efforts in re-designing
existing software. The integration of new comers in such orqanlsatlons is
also generally a very long and painful process. Organisations should not
walt for the need for a disciplined and documented approach to be
spurred by the customer. They should view the maturation process as an
opportunlty of gaining a competitive edge in the industry.

In terms of future works on the findings of this study, firstly the proposed
development approach needs to be tested on a wide range of embedded
systems applications. Future research work might also investigate the
possibility of incorporating software metrics into the model, in an attempt
to create a more predictable system. Finally a support environment for the
whole 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 hislllsr needs. As de Marco 1 explains,
software development is fundamentally a research and development

1 De Marco, T. (March 1(95). Blueprint for Succos« tnnovnt« and Invest in Poople.
IEEE software, vet 12, no. 2. pp. 108·109.--------_._,---- --'_,-----
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SDE 113 reviews the main aspects of embedded systems develcpmert.
In particular it re-examines the issuelo of development processes and
quality management systems. In thh document as well, some practical
issues about embedded systems development are compiled.

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

1.3 Satisfaction of the Study's Objectives

In terms of the objective! 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
been documented. Embedded systems development was critical!!
reviewed, and fi:.ally an adaptive development approach for emb(-lrlrled
systems was presented.

1.4 Concluding Remarks

This study has highlighted the differences in embedded systems
development as compared to data-processtnp software development. It
has shown that embedded systems are not simply cut-down versions of
larger software developments but that they have their own characteristics.
In particular, we found that embedded systems developments involve
difficult compromises among multiple stringent constraints, and a judicial
partitiot11ng of hardware-software tasks. The study has identified tlie need
for a rlsk-baeed, hardware-software co-design approach to suit the
technical realities of embedded systems. However, it was stressed that a
universal development process for embedded systems projects was very
difficult to achieve because of the large variety of applications of
embedded systems.

Through this stLldy we found that the technloat complexity of embedded
systems often necessitates an in-depth inve~i'i1atlon of the technical
aspects of the problem prior to initiating the design. This step is
particularly important in chooslnp the right technical strategy for the
design. The choice should be based on the application but shoulc also be
software approach-based. The technical speclflcatlons of the chosen
strategy are compiled Into the functional specifications document,

It was argued that desi(lning in short designticoding-testing loop provides
an efficient development approach that carries low risks and promotes re-
lise of codes. This approach presents benefits both at the managerial
level onci at the custorrer level for the visibility it offers into the product life
cycle.

Vornlon 1 00 27 AUOllat 1006 son11 'lININ 100
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1 Discussion fmd Conclusions

1.1 Re-examining the Objectives of the Study

So that the ccncluslons and argurr)l!.\nts in this final document can be
viewed in UV:I right perspective, the main objective of the study is re~
stated: To attempt to reconcile the existing formal development models to
the technical realities 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

• To formulate a development approach for embedded systems, based
on the literature survey and 011 the practical exercise

1.2 Review of the Technical Documents

The essential documentation supporting this study is captured in the
appendices.

SDe '114 provides an overview of the project. It defines the project, its
objectives and scope.

The two management products, soe 001 and SOE 005, together provide
a description of the tasks and «ocuments attached to the project.

Aspects of embedded systems development that are common to software
development in general are documented in SDe 102. This document also
describes some of the most prominent software development processes.

SDE 103 focuses on embedded systems. This document revenls that the
main characteristics of embedded systems development a.e the risl<
elements involved and the strong hardware implications. It provides
evidence that the applications of embedded systems and the
mlrrocontroller market in general are expanding.

The documents SDE 104,105,106,107,108, '110 and 112, aP support
the case study development. Tile case study provided an excellent
example of a real-time embedded system. It was lnstrurnenta' in drnwing
the development approach proposed in document SOE 113.

S0811't'WW 100 vcreten 10027 AUOllot 1H~11 Pogo 1
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J,'lq\II'C 13 «(I): Filtered 1J1ltl1llt of the drive pulses Ior
tuc bottom hnlf of the inverter [wldgc

Figure 13 (1:): Frequency specnum (up (0 S IlHz) of
the Ilhered drive pulses

Figure 13 (0: F"cqucllcy spectrum (III) to 50 IlHz) of
the filtered d,'lve pulscs

Concluding Remark

An SYM three-phase inverter control system for a UPS
was designed using object-oriented techniques. The final
system runs at a swit.clting frequency of 4 kHz,
Although this switching frequency is adequate for low-
switching frequ(lIlCY devices like bipolar transistors, it
docs not tui(c advantage of til" capabilities of the high-
switching frequency devices (:'10 kHz) like !GBTs,
However. ot the switclling frequcncy of 4 kHz. the
software. vntten fully in a high-level languego (C). is
also carrying out all the monitoring and control features
associated with the inverter of the UPS, Those: idclucie.
overloud monitoring, phase-locked loop control. static
SWItch control and output voltage regulation. Higher
switching freq\1~ncies could be achieved by using a 32-
bit mlcrceontroller nll1ning at a highcr clock frcCJuel\CY~
e r; the 32·bit SH7700 fmnily of Hitachi
microccutrcllers [11 J run at n clock frequency of 60
MHz (as compared to 16 MHz for the H8/3048), ihis
would be a more cX}JCnsiv(l nlternativQ but it WIll
certainly lift the switching frequency above the 10kHz
threshold.
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The PWM drive pnlces are generated by the
micrceomrojter ot port I, pins 0 to 5, Those pulses are
fed to the IGBTs of the inverter bridge (figure 2) via a
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Figure 12: Bloc!( dlngl'l\ll\ of the 1I1101'OC0l1tl'0Ilcl'
Iuverter control system

drive circuitry. which provides isolation between the
control circuitry and the inverter The drive circllitry
also steps up the mierocontroller output pulses from O·
SV to O·12V,

The system operates al a s\\,itchiug frequency or 4 kHz

rigure 13 (n) and (b) show a sample PWM drive, us
gonerntcd by thl) nueroecmrollcr. The frequoncy
speetarm of the slgnal in figure 13 (c) reveals harmonic
contents at frequell.:les other than at multiples of the
switching frequency and its side-bands This sub-
harmonic behaviour is cerumen to SVM and has been
observed III other SVM inverter control attempts. such
like fho one by Fukuda [J0],

Applying a simple low-pass tilter tR::::41\.7, ('cO, l~IF) to
tho Olltl'JUt drives, projects tho fundnmcntal cempcncm
mere clearly, Tho filtered output of the t.lreo drtve
signals for the bottom half of the inverter bridge IS
shown in figure 13 (dl, It shows all three waveforms as
containing a SO Hz fundamentst frequency and being
displaced by 120 degrees, FIgure 13 (0) and (f) display
the frequency spectrum of the filtered output.

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

Figure 13 (b): Sample PWM olltllllt of the micro-
controtlec- close view

Figm'c 13 (b): Frequcncy spectrum of the unfiltered
micrcontroller output
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Figure 11: 11Iterl'ullt cycle flow char; - del'ived fro III
flgUl'c 9 and 7

Softwnre implementation

Having performed tho object-oriellted analysis and
design. thc next logical stcp is the coding process in an
object·orhmtcd lnnBlHlgo (COL), However tho 1018/3048
mlerocontrollcr docs 1101 support any ot~cct·oricnlcd
language like C+"" This is a problem commonly
enccuntetcd in embedded systems dcsigtlll, It can be
circumvented by using an "embedded PC" micro-
controller such as the Intel 386EX, which is based 01\
til!! PC platform. Another less common solution is to usc
softmrc translntors, like ('++ to (' translators.
Altematively the object-oriented design can be dirllctly
implementl.'ld in C. Rumbaugh et ul. [Q] outlines an
approach to map object-oriented features III t, Howeve»
this sclution is lls\lally achieved at the expense of a
more lengthy program, higher compl~jdlY in the data
structures lind in the program III general. A real-lillie
embedded systems prqieet such as ours canno!
ucconullo<Intc those penalties,

In the present design the language restriction woe
simply circumvented by first deriving flow charts Irom
the state transition diagram of figure 9, The 110\\/ chart
diagrams arc shown in figure 10 and 11, Prom those
two diagrams, the software is implemented ill C. Till!
pcnalty of lIsing thiS approach instead of coding directly
in an COL. is the failure to provide a direct nHlpPlIlg
between the object-oriented deslgn and the program.

In Ihe light of this project, some of the obstacles
common to applying an object-oriented approach to
embedded systems designs were encountered:

OOL compilers for microcontrollers are not easily
available

• OOLs tend to make a larger lise of memory

• As a resul; of more lines of codes and more
complicated data structures, OOLs tend to increase
execution time

• Tesunu the software is more difficult since many of
the co~\moll embedded systems testing tools, like
the m-oireuit emulator (lee), do not support OOLs.

• There is a lack of experience in the programming
language. OOLs arc genorally very complicated and
their usc arc difficult to learn

There is a scarcity of doclllllentation and examples
on tho applicatio;\s of 00 in real-time embedded
systems.

1\ Challgint~ to objoct·orillllted methods is not just
moving to a different language. It is a completely
new way of looking ut the problem domain The
conceptual leap that is demanded certainly requires
changes in old practices of the whole destgn
process; a cost that not many organisations arc
raady to b"ar at this stago.

•

Those obstacles do not how()vor lessen the bcnctlts that
object·orl(!I1tntion techniques can bring to tho design.
OOA and 000 can provide COllsiclcmblo insight and
clarity to ombedded systems designs which oncll have
(,;01\\1'10)( dynamic semauues. A clear and explicit
representation COil be beneficial to so!\ware maintenance
ulld tho reliubiltty of tho program, irrespCf'lIve of the
lI\\plellHmtn!ion language, The object-ol'louted diagram-
matic represcntauous else allows intervention in the
software design without an i1Nlel,th knowledge of the
problem domain. As soon as till' problem is captured in
the C'Re cards, much of the design can be undertaken
by SOIUCOl\C\ who only bnvc u basic understanding of the
problem domain.

Experlmentnl Results

The basic hardware system consists of the H8/3048
nucroeoutrollcr ll11dan interface card thnt both hosts tho
mtcroeentrollcr nnd acts as au il1lel'faco holmen the
device alld the inverter &ystcm. Fi!.wre 12 outlines the
basic set up.



SOES

,·'$,",C",,,,,,-.,,,,,,,,,.,;,,,_.,,-,c,<c,"''''-'''C"·
G[K11GWW 1(Xl

,Ii.'~;.',..

... 'ik' Yt
-;l ,! J' , ~
l_'IIJt

".1" ),~-e ,
'" i¥ ,. ~ a , e"

Space-Vector Modulation Inverter Control: An
Object-Oriented Application

it. 1

"

I' 1'.

H; t ~ r ',tfj":~:~l~r:~~",v'"¢ ~-_?~~J
1

i • , 1
i"
i" ,.,.),,,,in' ji .,

He

...
....
:

,':'

v

Fil!,II1'1' to: Maill ('I'd,. flull .harl ··t1I'I'iVl'tI Irnm l'ij.\III'I' I) IIntlS

Doc. No. soe 116



soes Space-Vector Modulation Inverter Control: An
Object-Oriented Application

Doc. No. SDe 116

---~~.--.-------.-.--.--~"-~---.-----------r
Interrupt Cyclo State
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iG'iglll'c9: Stlllc trunsntou dillgl'lIl11 of' the overatl nrocess

output port. Synchl'VIlisotion is ensured b;, including a
waiting state into the main cycle state, The beginning
of each run through the main cycle loop is
synchronised with tho end of the first interval St:1!',c of
the interrupt cycle, That is. the 1\10il\ cycle walts fol'
the first interval stage to complete before cnlculating a
new sot of data Slmllarly, before Illaking the next set
of duto (swilclung times and states) nvailnble to the
Intol'm"t cycle. the mnin cycle o!:,\nill goes 1IIto a
waiting state. Thi~ time it waita until the fourth
Interval of the tntcrrupt cycle is completed. In this wny
we eliminate tho risk of mixing data between sampling
Intervals Tho processing state of the main cycle is
where ruost of the ccmputationnl aetivny takes place.
This is where the phase-locked loop calculnticns are
performed and where the switchilll~ parumcicrs arc
computed.

The foul' interval states of the interrupt cycle statc
correspond to the four periods of each sampling
interval tflgure ·1above), Ench timor interrupt routine
stops tho timor that has called it. updates the output
port according to tnformntlcn obtained from tho main
cycle, and lustly sets the next timer for th~ next period,
D<1tais fed by the main cycle to the interrupt cycle at
the end of each complete sampling interval. As the
next timet' is set. control passes from the interrupt
cycle to tht) ilium cycle where tho processing activlty is
resumed Thc interrupt routine of the fourth interval
sets timer T,~. which eventually causes control to pass
back again to the first interval state, thus cnsnring a
infinilc loop

~<.-~~..--. -.----'~"'--------.----------vorsron 1 00 01 september 1tXl6 Pago 9SDE'I16WW1oo
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Figlll'C S: Class dlagl'lIm fOl' the main cycle

Dynamlc S('rn:lUtic,~ of the Design Earlier we mentioned th:1\ a dOllble·buITerinr; method
IS used to ensure that the output port is never tdlll
while the switching times unci states are beinr,
determined This method requires that the two states,
main cvcle (responsible for computatiou) and interrupt
cycle (responsible fOl' the output port !ll:1!mgcll1cnt) arc
well svnchrouiscd Otherwise there is the risk of the
interrupt cycle obtaining the wrong data. with the
result that we do not obtain a P\V~! waveform at the

The dvnalllil' ~1\llmlltlCS of the design is represented by
a slat~ transition diugrum, in figure q

The al"nI'll!.'" starts by the initialisation stage where
the system i: configured properly. AI the end of this
stage, timer 1'2 is set to activate the interrupt cycle
loop and control passes to the main cycle ';1.1'"
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Respo» .btUtie5

Keeps track of the
current voltage

Collaborators:
• sensor. phaselletector

Rcponsibilities

Keeps track of the

lcurrent frequency

Collaborators:
• sensor. phaseOetector

------------
As discussed previously, the desired vector Us" has two
main parameters, its magnitude and the angle ex. The
task of evaluating those two parameters call be captured
ill three classes. anoleOisplilcement. vectorMaonituda and
sectorMonitor. All three arc presented below.

annleOisplall.el'l1ont

Responsibilities:

keeps track of the
angular displacement of
the desired vector lJ~*

Collaborators:
• sectorMonitor,
switchingTil11es. pliSupervisor

Responsibilities:

Reponsibilities

Detenuines usMao

Collaborators:
• nhaselletecter,

'Wit'hh"Tim'~_J

Keeps track of the sector location of th~ desired vector
Us"'

Collaborators:
• anoleDislllacoment. switchingTil11(iS, switchinoVectors

Working alit lh~ sy,itching parameters. involves
fetching the right tillling values from th~' look-up table
and atljl1sting those values according to the current
value of usMag. It also involves choosing the right set of
switching vectors from a knowledge of the sector
location of the desired vector Us". Finally the s\\itchin!~
parameters have to be relayed rc tho timer mtcrrupt

Doc. No. SDE 116

cycle. Those tasks can be allocated to three classes
switchinuTimes. switchinoVectors and dataRelay.

..--~.---.--.-.-.-.
swL~Ghinl1Iiml1l1

Respcnstbilltics:

Calculates the switching
limes and their order of
occurrence,

Collaborators:
• sectorMonitor,
angleOispl~cement.
vectorMaonitude.
lookUpTable. dataRelay

switchinnVectors

Reponsibllities:

selects the correct
switching vectors and
their correct order of
occurrence.

Collaborators,
• sectotMollitor. dataRelay

Responsibilities:

Assigns correct values to the switching parameters used
by the interrupt cycle,

Collaborntors:
• switchingVectors. switchlngTimes, tlmerlnterrupt

FigHre 8 below shows the class diagram for the main
cycle, Notice that 11 few other classes. from other class

'es have been Included in the diagram, in order
h~ boundarios of the main CYC!il,
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classes are described below Notice the closed loop
behaviour of the timer interrupt classes to ensure a
continuous PWl'vl output.

Responsibilities:

Collaborators:

superclass to nil 'timer' classes

-timerT3Interrupt. timcrTOlnterrupt. tlmerf llnterrupt, J
timerT2lnterrupt. dataRelav

-
timerT3ln\errupt

Responsibilities:

Stops timer T3,
configures the output
port and sets timer TO.

Collaboratcrs:

• timerlnterrup\

timerT1lnterrupt

Responsibilities:

Stops tlmer T'l ,
configures the output
port and sets timer T2.

Collaborators:

- thnerintarrullt

timerTOlntmul!t

Reponsibilities:

Stops timer TO,
configures the output
port and sets tinter T I

Collaborators:

• timcrh,lerruf1t

I timetT21nterrlJ1l!

Rcponsibilittcs:

SlOPS timer T2.
configures the output
port and sets timer T3

Collaborators:

• till1urlnterrupt

Figure 7 outlines the interrupt cycle class dingrum

1GWW 1(X)
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Figure 7: Dlngram for the timer interrupt classes

l
The main areas of concern of the main cycle are:

G sensing activity

• evaluation of the attributes of the desired vector Us"
(vector displacement and magnitude)

• Work out of the switching parameters (s\vitching
states and switching times)

In the sensing activity. four parameters need to be fed
back to the micro-contrcller: the reserve and inverter
output voltages. and reserve and inverter output
frequeuc- Voltage sensing is captured in one class,
vSensor '. 1I1e frequency sensing is captured in class
fSensor. A third class, sensor. acts as an abstract
superclass to the other two classes. vSensor and fSensor.

Responsibilities:

Attaches a sensor to an input port, calibrates the sensor
and the calculated value wheu prompted

Ccllahcrutors:

- vSensor. fSpnonr

PagoG
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matter and is not a production activity. The most important elements of
research and development are the people. Cor"',equently, any future work
on development strategies, will have to be weighed against and triggered
by consideration of their psychology and their problems.

Another interesting study would be to investigate a formal means of
capturing the justification Of design decisions in ooject-orlented
applloatlons, Classes specifications and the whole object-oriented
structure in general are quite well pictured in the Classes, Responsibilities
and Coliabotators (CRC) cards, and the four models of object-oriented
development (logical and r'·ysicf.1I, static and dynamic). However during
thts project it waf~ observed that the reason behind a particular choice of
abstraction or the relationship between the objects was IEjft to the
developer to be documented in his/her own ways. This sltuatlon can lead
to two problems. Firstly, since it is not a formal prerequisite of the
methodolgy, Justification of design decision.') are often not even
documenteu. Secondly, whenever it is documented, the lack of standard
supporting the exercise, makes it prone to subjective factors such as
writing style (too succint or too verbose). The end result is a poor
communication of ideas. Definitions and specifications of the elements of
a design are important, but often a person external to a project is also
concerned about the reason/s the designer made certain declslons. When
those questions cannot be answered, a considerable amount of unknown
risks can be carried out if modifications are undertaken, or wasted efforts
can result if the decision is to avold making changes and to bulld 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 definitions, but such information might prove to be
insufficient to encourage modifications with confidence on a whole design.
Development tools, like Rational Rose /C++, try to circumvent thls problem
by giving the developer t~le possibility to add comments to the classes and
the relationships, but still, this approach is not formal enough and has the
further inconvenience of losing the additional information into the web of
classes and objects. The normalisation or etandardlsatlon of a method to
capture design declelcns in object ..oriented design, is a potential area for
improvement which might lead to an even wider USf) and acceptance of
oblect-orlentanon in general.

•
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It The Engineering Manager, Meissner

1.6 Applicable Documents

i.S. oj Specifications

1.6.:; Standards

a. SEAL OMS Document Creation Template, OS 002, Revision 0.01, 21
June 1994

b. SEAL OMS Document Layout. Presentation and Typesetting Guide, OS
003, Revision 0.02. 7 June 1994.

1.7 Assurnptlone

It Is assumed that the reader is familiar with the ISO 9000 series standard
for quality systems management.

1.8 Requirements Traceability

This document addresses the following requirements:

a. ISO 9001 (1994) 4.5 Document and Data Control

b. ISO 9001 (,1994) 4.16 Quality Records
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1 Scope

1.1 Introduction

An essential feature of a quality management system is that it documents
the procedures used to implement and mair,tain 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 OMS project.

1.3 Applicability

This document is an essential reference to all documents supported in the
SDES OMS projec •.

1.4 Definitions

• 51 ... Software Development for Embedded Systems

• SEAL: Software Engineering Applications Laboratory (University of
the Witwartersrand)

1.5 Audience

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

• The product developer

• ~'he product manaqer

• All fult-nme and part-time post-graciuate students associated with
SEAt

• Members of tile SeAL Management Boord

• Head of tt1~ Department. !Electrical Engineering

• Individuals who will perform internal and external surveillance audits of
tile SEAL QLI~'lityManagomont Systmm
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Change Forecast

This document will be updated each time a flew documented element is
added into the soes QMS project.
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MtH,r:;lql \ 1" fll iI! \1\/.111<1'1 R!'
\r.!, ''Iol t 1L 4; ~ ~

Mlllllk" M!'dllt:_] , I

ru~I(\PI1'l'~1,41h til" p. (lfillf"
rvtUhlU\ I

MI';' ..Il!' 1<' r I"l! .1I.dy h;,'
t~\III(\'J1I1U of Oflt;tlIO~,t\I!,I'

M('!iml(!0 from JCllot LflIl(ly
Ro Reply In [;(1(' GS1

Mf'!JGnfW to PlOf 1.•[llId)' Rt'
Roply to see 582

Message trorn RlI!.s<,1
Horsch. Ro; Query on FAO

Messago to G, DIf'f1n, Ro:
Query on SVM

Document
Number

sd(l578

RevISion
Number

001

0(\1

Ii 111

001

Rovlsion
Oato

Document
Status

Draft

f1r 1ftr,=(j

96/CG/03

1 flt,Hlr;t(l?

3/0n/O~~ [II ,If 1

96/06/24 Dr aft

Mossage from c.otono. Ro:
Reply to ado 585

Message from p, Ryol's. Ro
00 Applications

001

Draft

eO/OrlOS Draft

t 'I~ 1_.1; I

File Reforenco

8(10 S87

on co

\1"fl~' 1:'\\q:I\OGOGO~ 31xl

\ 1095" 13\(1(1\96062401, t xt

\1995·1$\(0\9\30628,1,txt

\1995·13\(;0\96010 1·1. txt

\1995·13\qa\960706· 'I,txt
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Oocul\1ent Name File Reference

", ", t
'liP • 1 i,1

fl('1/flt1I;'\l \\1111 tlH' I'll'''''' 1
MmlllUI'1

Document Oato I~',~~i;
Status approve Kofer-

d by ence
Board

Document
Number

Revision Revision
Number Date

fi(il' 573 0(')1 86/05/17 Dr;lft \1996,13\q(1\960517.1 txt

&dl' 6'7<1 o 01 96/06/17 Draft \ 1895.1~~\q[l\Oa0517·2 txt

S(W 675 001 8(3105/21 Draft \ 1985" 13\ql\\SS0521·1 txt

Ie =

sdo 670 100 136/05/31 Approved 96/06/03 212 \1m.lS.13\ql1\mlnl1tos\9GOe03a 1,notl

t I !

=-=-_ ........~=.,._-.:~7,.""= ..,;;:'~~· ==="'-= -'=;._:;;:,''':=~.:='~-==.",~",,'= .,0....,.=- ==--~=="",,=..;~-'==~=="<='~-"~='::_-_;-"'.< ~:;:_",~,...~-~"-==--- ....,.'•.===~,~~
Agenda: Meeting on sde SiO 1 co 96/04/2i Approved 06/04/20 2 1 2 \1995 13\qa\mlnutes\960429·1.age]
96/04/29 wtll the Product
Manager

Messago from Katlly Powers
of CygnLls. Ro: Reply to
soe S'l::l

Agendn: Mooting Oil
96/06/(')3 wth the Product
M(magor

__ ~=~ '=_~~=~'~="""==, =~=wo==,,="~"" ,~" .,' ""='~=7_'~"=

Messago to pror. Wulker Ro: sdo 577 001 96105/3'1 Draft
Next meeting and ~IEAL
courses

uf CYUnw), Rl'. $ofl\\olt'
SUPP0l1 fOI Erntw(jell'lj
Pmdll'"

Mcssa!)!' to Cy(Jllll" f~t'
Reply to SDIE672

Mnbtltloe nom V .'.111 I'll Ellis
of Intel. r~e: emhmJded
Products

11 .. 1 -i "

\ 1995.13\qa\960S31·1, txt
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Document Name

correspondence from C. du
Plessis Re: Reply to SDE
sea

, I. !, 'il f ', .. I
Wnll<('r r~{\' ClIH'ry on
PIO(JIC5b Hl!jIUlth

9G/C)3/25 vvlth ttll' PIO(htd
MOllao (II

NOli' Irom PI(lf.Wlllkt'l 1;:('
Roply to $05 563

Document
Number

Revision Revision Document Date Minute
Number Date Status approve Refer..

d by ence
Board

File Reference

!.ide 562

Minutes Meetillg 0[1
96/03125 \Mtll the Product
Managor

Neto from Or. D\f'X)llltlky Ro: sdo 5ffl 0,01
Postponnmmmt of mooting
dalo to 29 April 1996

I.

0.01Noto to Or. Owololzky Re: mle 669
Allocation of PC In tile SeAL
Lab

Note to Or. Dmlatzky Ro:
Confirmation of date of
meoUna for the 29 April
1996

sdo 668 0,01

0.01 \ 1996·13\qo\960308.2. txt

~ '_ ~ ~ ~ ~ __ ~ WR •• ~m.

re/03/0S Draft

i Or.If" .: '.. ,"

1(;)0 88/03/21J I'llaft

"

11 :

:1 1 3 \WOI;\ 13\qn\lllII\1II(1!l\96032501 min

\ 1995·13\qa\OG041 0·1. txt

\HJ9S.13\qn\960420.1.txt
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Document Nama File ReferenceDocument Revision Revision Document Date Minute
Number Number Date status approve Refer~

d by once
Board

Agenda: Meeting on
95/12/08 with the Product
Manager

MillilL P ,1"",HHI

96/12/08 \1>111111Il' P(ocillel
MLlllaUCI

;\}"nj,l r~; ~i,

96/01/30 VV\Ul til!' Produet
Mmluucl

MIIllltL'U, MI dUI\1 (III

Oa/01130 with tf)(l Product
Manoger

Agol\dQ MI'diIlU 011
00/02/08 with tile Product
Monager

Minuto::;: Mooting on
I::0/02/0e with tho Product
MOnOi.!:JI'

Note from N Wllkon. ~o;
He/3048 ZTAT
Programming

cerrospondonce to C, cu
Plessis Ro: C+>I' 10 C
TI'(mslalor

sde 654

sdo S60

95112/08 \1995.13\qo\rnlnulos\95120a ..1,agd

21.3 \199S·13\qa\minulos\96020a-1 .mln

1.00

\,1 995-13\qo\960226-1 ,txt

\ 1995-13\qo\960308·1 ,txt

it" ,j

1 Ul'
!
llldll

0(310:'/09

__ ....I- ,L__..I.. \=-__ ~,J.. __ -'- '. __ M ._._._ ••• ~ __ ~ -J

(iBIO 113lJ

;\ppIOv{'d100 08102/08

0,01

100 96/02/16 Draft

96/02/26
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Document Name File Ref<~rencoDocument
Number

Revision
Number

Revision
Date

Note 10 Prof. Wnlkor on
95/09/04. re: SPM agendas

Cmr('t;pomit'flf'p II Prof
VV.I\l,l'l '" ';: I· ,,"" "":r Ad
(jOCUI1W! IHi

LllfIf'£'I't'!d i: j., rid
Walkel f o addi\lunnl l!lH:IY
on SeAL documents

COllespomlu itA' (UIIII

Fret.Walker ro: reply ICl (,Ul;

51\8

COlT(l~lJomlt'l\(:e from Prof
Wr"ker, 1'0: rfJply tf) sdo-546
and sde·541

Agenda: Meoting on
9&/0;:./11 With 11113f!'rodur:1
Manoger

s{je651

I ""1

95/09/04

(101

fW!M In 1

o o I

Date Minute
approve Refer-

d by
Board

n',rt~'"-'~'-~T'"~\;oo5.;3~"\!i50904.2.1x1---
t1rafl I· \1905·1 3'qn\950904.3 txt

I r'11;Ifl I

Document
Status

001 9(3/Q£)108 DI (lfl

1.00

Mln~ttos:MOJtlng on sdo 562
96/09/11 withlho Product
Managor

[

__ • __ w=== _

Nol~ to tho Product Manager sde 653
on 96/10/06. re: contribution
to Open-Day on 95/10/20

1,00 95/00/30 Approved

0.01 95/10/06

,.\pPIOVlHI

once

\ 1O!JG 1 :'\qll\osm JOS ··1.lxl

\ '1096· 13\q(1\950905-2, txt

95/00/11

95/12/08 2 1,3 \1895·1~~lqn\mlnutes\9S0911·1.rnln

\1995.13\qa\951 OOS-i.txt

__ --J
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Document Name File ReferenceDocument Revision ReVision Document Date Minute
Number Number Dnte Status approve Refor-

d by once
Board

I_~_~~ __ '__ ~ __"~= ~'~~=f.=~~ __ ~_'=c~~=F=,=====~·-_~·,,~m_~ =-~~~=~===~~-
corrcsponderce to Neville sde 537 0,01 95/08/25 Draft \1995-13\qa\950825-1,lxl
Wilker) of T.I:.C. re: support
from Hitachi

=:::."=._= ==C'~''''=='~'"'''''''''_'''''''''_'_~'/'"''·''''''''=''-''''''c.
correpondence to Prof. sde 643
Walker on 95/09/01. rs: copy
of 9513pl.par

1==- __. -= t::-Ao"",-~=~'¢ ',C'_'C'_.),<"_!;'-"""_,=_"-"==",,,,,,,","'X;-C",,'" .""""",==__"""=._,,"O',,=,=,;_,c,,,,=,,;o_·_,,,,,,,,,_,,,,=",,=.,,,,, _, ~.".

Nolo from Prof. Walker. re: sde 644 0.01 95/09/01 Draft
roply to sdo-S43

=~=-@ _m~="~ "~==~~---'~' ~~'=~=F~··~,.n._""'=-'-~-'.-._,,,_,.
Noto to Prof. \l\I"'kor on sds 645 I 0,01 95/09/04 Draft
95/09/04 re: rOply to sde·S42

(\'ll "'I ., l: ' f'l':;! r': 'f
Wnlker ro: minute', of SPM
Il1(WtiI)U on 95/08/28

i\thlit r~q" t. er'M 1111'1'11110
on 95/08/28

COIH'bPOI \l:t to G.Diana of
the Un. Of Natol on 95/08/29
re: qllOry on S.v.M

Noto from Prof. WalkoI' on
96/08,31. ro: SeAL server
Noto from Prof. WalkoI'
95/08/31. ro~archiving of
iiles on SEAL. server

sdt' 540

sdo 542

I 95/08/31

95/08/31 Draft

001

1'l!',!()0 tv',
I

1 "~/11f1{.'[,

IO!J!08/20

-'" "

95/09/01 Draft

•, I

0.01 Dml!

\ 1'lOS, 13\qn\950820-1, txt

\ 1995· 13\qn\9S0831-1. txt

0.01 I \1906.13\qo\05083 '1·2.txt

.-." •. --~." ·cfo·
\ 1995.13\qu\950901·1.txt

\ 1995.13\qO\950901·2.txt

_.~=._'''._= ~ '"'..~.,.....''''__ u~._=.
\ 1995-13\qo\950904-1. txt

0.01
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File ReferenceDocument
Number

Revision Revision
Number Onto

Document Date Minute
Status approve ~efer·

d by once
Board

corropendenco from Neville sde 629
Wilken of T.E.C on 95/08/14
1'0: Hitachi contact persons

f',,'::"I'PljijPtll'P 1·\ M:uio 1,\1(' 5~n
f::ll'lll of rhlnelll on 85109/14
1'0. Genoral query on tho
113048

CUlt l'H 101 lcil'l Il:t\ 10 N"':iII,' I .if!' r::-.' 1
WJlkf'1l of T E.C on 95/08114
Io reply to 6do-529

corroponeence from Neville san 532
Wilkl~n of T.E.C on 95/08/16
re: Hitacfli contact persons

conespondence to Novlllu sdo 533
Wilken of T C.O all 9lS/06/16
re: roply to sde·532

I " I

0.01 95/Cl8/14 Draft

corrospcndence from R.
Nolf of Hitachi on 95/08/21.
roo reply to sdo·S27

sde 534

0.01

001

0,Q1

correpondence to Robert sde 635 0.01
Nolf of Hitachi on 95/08/21.
fa : reply to sde·S34

correpcodence from Neville s:Jo536
Will<erl of T.E.C all 95/08/16
re: Support from Hltaertl

0.01

\ 1995· 13\qCt\950814-2. txt

StJEOO1WW 101 pugoe
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85/08/21

95/08/21 Draft
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SDES~

Oocument Name Oocument
Number

0,0,

Revision Revision
Number Date

Document DatI:! Minute
Status approve Refer"

d by ones
Board

File Reference

correpondence to Robert
Nolf of Hltaclli on 95/08/11
re: General qLIOIY on tile
H3048

sde 621Correspondence from Prof
Wnll<ar on SeAL server on
95/08/02

1"111,11'"'' F', 1,(,11 1\ >( tHHI'ljl

on lil(' 9M.lS/04" tOI tw;ully
pupesns

\.P 1h~d ~l,j~\ '1; !I,i lJ I

05/08/04 \NiHl til(' ?mtluet
Manager

correspondence from pfC)f.
Walke, . re: minutea of SPM
meotlng on 95/08/07

mit' 524

sde 5215

correpondonce from Neville sde 526
Wilken of r.ac on 95/08/10
re: Hitachi contact parsons

correpondence to Robert
Nolf of Hitachi on 95{08/14

sde: 527

sde 528

96/08/02 Draft

I "<1<1''1",

! ,

1 .oo

95/08/11

\ 1995·13\qu\950802·1 .txt

95/08/07

0,01 95/08/07

PIlOUS

\ 1{)9!.'·13\qa\950a07 ·1. txt

(1 13 \1905 13\q,l\lllillutas\95080401.rnin

95/08/10 Draft0.01

0.01

().01

\1995·13\qD\950811~1.txt

96/08/14 Draft \ 1995·13\qa\950814-1.lxt
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Document Name File Reference

Minutes: Meotlng on
95/05/26 vvllh the Product
Manager

cerespondencu to Rational
Sonware on 95/07/28. re:
reply to sdc·517

Document Revision Revision Document Date Minute
Number Number Date Status approve Refer.

d by once
Board

sde 513

sde 618

·.=="""'""'~·"'.C:-"=_'''''-=_''''~~c,., .•··:"_""",,,,,·;_·r-_'_C', ~~.:"_:'-:""""""'""_"-""'~"<;1$- r""""'"-'"'-''''':''

Aounda: MI'I'till[J 011 ~d, 511\
9S/QGI26 witt) the Product
Manager

Minllti.!l;), Mcdilill UII ~Jllo G10
95/06/26 with tile Product
Mtmager

H,'

corresponcence to Rillltilll1l sde !.'i16
software on 95/07/21, re:
C++ Translator

''''''''"'''''''''''_,_",.",_. __ .....".''''_''''''':c:.:<._·'''"c:·:.,,:''--,-~"''''':'.''~·::-C<~~· .. '-'t'''''' ~:~.::.

Correspondence from Cindy sde 517
Wilson of Rational Software
re: reply to sde·516

Correspondence from T. sde 519
Baxter of Rational Software.
re: reply to sde-S18

1.00 95/05/29 Approved 95/06/.26 2.1,3 \ 1995-13\qa\mlrules\950526-1.min

I" "

1 (~(\ 05/0(,,/;'11 i·!'PIO\/i'd 9G/OGI26 ::' 1 " \ 190!5 1?'\qn\rnir lu!t's\9!j06~16> HId<,

n5!f)8/04 ;; 1 J \1£185 13\qn\minulos\950G26 1 min100

95/07/21 Drllft0.01 \ 1995·13\qa\950721-1. txt

0.01 95/07/21 Draft \ 1995·13\qa\950721-2, txt

.••~"_~ ~_~~o<~,~ "' =,<o,"",~.~.~,,,m,".p .•• _.=..... " .....' ,~._~._.~_",,~_ , ._.'" ... ,.",~.. ,_.=.~_."
0,01 95/0"1/28 Dr<lft \,1995-13\qa\950'?28-Uxt

~-+-.--,---~.,,-----.----,-.~...
95/07/28 Draft0,01 \ 1995-13\qa\950728-2.lxt

Correspondence from Prof.
Walker on SEAL server on
95/07/28

1-- -+- __ ,._ ~"-- ...~I__=-.,~..- ""M' , ",-.-'"-,-.---- ---~--, ••~--"'-.,.-

sde 520 0.01 95/07/28 Draft \1995·13\qa\95072B.3.lxl
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SDES

r-------T-------~---------~----------~--------~--------_,Attondedl
Comploted?

individual \'-If-9-5-'''IO-e-12-7--------I
Project
Membor

Course Tltle Offered by Course date

HBapoo Training will 95/06/14-
be left to tho 95/06/27
mdlvldual

Learning how to usn the
Rational Rose software

yes

=="-~"--+=-<~~-===~.--= ~~-----4~-~-----.-
95\06\28 • yes
95\06\30

H.Bapoo Software Project Elec. Eng.
Management ·ELEN 534 Dept.WiTS

i-"~~= =~.~~~~ -~"~F=-----t~.~-. --+---
HBapoc Learning of C and C'H' Troming will

be left to the
individual

95/04/25 • yes

C:=;-~"",,=_=""-"="" "':;';"'__~~~"""'=.C~-"~·,",,===O· -=---=~~."'" .=~="=_~~~ =~_<ti:,~ c~"=
H.Bapoo Study of the H3048 Training will 95/08/04· yes

architecture be left to \1'\0
individual

",,"""'_._".•~=.==. _~~ .. ~"",=To"",,,,~_,.,.~_~ __ ~ ~=."-= = "__ ~~ __ .~=
H.8apoo Study of tllo software Troining will 95/08/10 • y'3S

aspects Sp(c)clflc,to tho bo left to tho
113048 ( Assemly language, individual
C specifics, c-ccmpuor)

--=-~==~~ ~~4= 0"'== =o===~" -.=,., .=~."."~'"=o===_·'.==,~_~=,=".~~
H.Dopoo I.oorning "ow to uso tho Training will 95/08/22 yes

H3048 ort1ulntor on(i Its bo loft to tllo
(lceomponying software individual

=~=~~--~"."==":=="=~====-~- ~-=-r===-~-~- ~---~--I
H,Bopoo Realtlmo Computer Control Elee, Eng. 9G\02\20· No • ecorse

• EI.t'i:N 541 Dopt. WITS 96\03\07 cancelled
=='"'==== =~=="==="'=~=-=='i=~~~~--~= "~.,,-.~ -~~~~-
H.Bapoo Inteillgont Control Eloc, eng, 90\05\01 • No· Course

Toennlquea 0 GLEN 542 Dopt. WITS 96\05\ 19 canceuoe

niH t'O'IVVW iou



Who Contact Details(postal soes role
address, phone, fax, e-

mail sddressea)_~~_~c_, ,~----==--~--, ~-"e ___

a-moil 8npoo@odie,
ee.wlts.ac.za

4.5 Human Resource alit eatlon

The allocation of individuals to specific tasks is given in WBS and
Schedule.

4.6 Hardware and Soft vare Resources.

The following hardware and software resources are required:

Quanlty nato roqulrcd Onte supplied
~~"",~~~.-r.=----=='==="""'"'t:=='=-011====O:= ==-~~=~====~
PC at workplace 95/02/01 95\02\01

t~'~·~·-··=~=-="",~"",_",~==..=.;:.===~=~=.'..?'==" ,,"=,="~.= .- ~~= ~~=·=;7=~
Office space and PC in the SEAL 05/02/01 Not available
Lab
I'~--~~'="~~----~~~'='~~=-{o~---~"~~~=~-~'~
Access to tho Wits Electrical 1 95/03/01 95\03\01
engineering computer :1otworl<
_~~_==#r=, ,-= ~ .-~=~~ ~~~---t======~
H3048 C·compilor 1 95/08/10 95\08\ 10
~=~=="'.~='" '''''-~o~,="==~~_,~,_o,~~=====~~= ,=,=-c, __,_==>~

H3048 emulator 1 95/08/22 95/08/22
=:' .=$""~~~""'".-".- ..'."=_.:::_=-,"-.,.~_"'_=_:",,;-===,,,, =.·$,-=.:"=-_'o=;':·===·=-~--====-;::;_~-~=-"---=::::;--"-"'==""
Borland C++ pa.;kogo 1 95/08/29 95/08/29

DO~I;;~~;;t~di~=t~do;;;!~adtho~=r=;"~"~='OO/OGi15===~t9l3iOOH5 - ,--"",~"~,
compiled program onto the • I
~~~:~~~or~~,, o==,_~~_,-~~ _-===~_~~~~nm_~ ~',==~= = <C,.=

IThree.phasoUPS OG/OS/v1 !J6/0S/01
-,=~-".=.~,==~ ~"'r"" -""~' ---""=--,,-,~ ,"-= ~~~--,=-0,""

Access to laboratory facilitlos, 1 05/1~/01 !'l!)/12/01
Includlt1g usa o.rosculoseope. digital I
multimotors and ether standard
laboratory oqUipmot1ts

Hardwaro/softwaro Itoms

4.7 Training Needs Identification.

Tt1@ following training is required for this project:

Prolect
Mombor

course 1ltlo Offorod by course date Attondodl
complotcd?

'1 rwr1lntl Will
t1U loft to tho---"'---."_ _..,.......,.,..,,....__ .,....,....

D5IDG/20 " yosr uunor Bluely of ()OA and

H. £lopoa Arlvllncocj finf)It100f'lf1!J
Boftwart! Dmllgn ,,[;U;,N5::1~~

O~;\Om01 .
m;\Oi\\Hl

H.BllpOO
:_--J..~__. _

yon



4 Product Development Plan

4.1 Work 8real<down Structure

4.2 Dcpendenclos

4.2.1 Internal dependencies

This is a one-man (one developer) project and has no internal
dependencies,

4.2.2 External dependencies

Will require the Lise of diverse hardware and software tools, on specific
dates, as detailed in section 4.6.

4.3 Required Human Rosourcos

The following resources are required to dldvolop tho product:

Number Resoureo oo;;;ltmont ~
="""_~-=n=,"'-"==:,~",=~=:=",,,~.=::.~,",,=~~=~= ~==.;=""" :;_~=""~~""",,,,",~~==~_ ...I

1 Product Managor 100% throughout tho prOJoct
===--.=~. c==~==..•.•·~<~"'~="'=~=~='~""'='===="='f"" .=.•=.==~=. - -.=.====.=~~

Product Oovotoper '100% throughout the proJoct

4.4 Available Human Resources

Who

The following human resources me availoble as on 95/03/01:

SDES reto

II. Bapoo

Contact Detalls(po9tnl
address, phono, fax, c-

mall uudroseos)

mOGtncol [;nglf)ooring
(.)opmtmof)t. UniverSity of
tho WltwmtorGrDnu

f'rodllct ManJgor

F'ro(Juct Dovolopor

tol

e muu [)WOllltlk@ocllo
00 wite ae zn

P (I Box GO;}

ISClIl(lo 1GOO
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• Keep track of all documents associated with the project

3.3.2 Product Manager

• Monitor progress and resource utilisation of the Product Team, and
initiate corrective action where necessary.

• Identify required resources and make these available 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 fer the timely delivmy of the product.

• Give direction to the Product cove oprnent team.
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3 r;i'Qj~.;~tManagement Plan

3.1 overvlew

The aim of this Project ;'~i?I,agement Plan is to define the structure of this
project and to crt 'lite tlw technical products.

This resource otan must be formally approved by the Product Manager
before worl< on the Technical products is undertaken.

3.2 Product Oovelopmant Team

The development team comprises:

• The Product Manager of tile Software Deveh..,prl1r.mt for EmboddCild
Systems project.

• The doveloper of this ercduceservlce,

3.3 Roles and Rcsponslbllltlee

3.3.1 Product Developer

• Establisl1 and maintain a product pion for devGlloping this
proriucttsorvlc«.

• Develop the software tmej hardware elements associated witl) this
project

• Ensme all Tochnlcai Exceptions om properly reported.

• Prepare Dotailed Worl< Plans as neceaeary.

• Prepare and present regular cncckpclnt Reports to tbe Proj(lct
Manager.

• Take directlon from tho Project Manager for matters related to the
project

• Carry out literature surveys 09 rOQlIirod by tho projoct.

• Act 08 tho Project [~(Jitorfor tho product.

• Propnro tim n~J(.mclaand minutes for each rnanling hold

WH oowvw 100
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2 Product Quali\y Plan
The team associated with this project is totally committed to quality and all
system documentation produced as part of the product will be reviewed
internally by the Review team and produced in accordance with the
standards and formats associated with the SEAL OMS.

The Quality Plan associated with this project is identified in SDE·003, as
defined in as 195 SEAL OMS PI'oJect Documentation and Support
Standard.
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1.6 Assumptions

It is assumed that tlle reader is farnflar with the ISO fjOOO series standard
for quality systems management.

1.7, ISO 9001 Requirements Traceability

a, ISO 9001 (198i') 4.1 Management Responsibility

b. ISO 9001 (1987) 4.2 Quality System

c. ISO 900'1 (1987) 4.3 Contract Review

d ISO 9001 (1987) 4.4 Design Control

GI. IS.C) ar01 (19(37) 4.5 Document Control

f. ISO 9001 (1&87) 4.8 Product IdontificarlOf, and Traceability

g. ISO JOOi (10f37) 4.9 Process Control

h. ISO 9001 (1987) 4.10 laspectlon and Testing

I. ISO 9001 (1f187) 4.13 Control of Non-conforminq Product

j. I~O 9001 {198f') 4.14 correcnve Action

1<.130 9001 (1987) 4.16 QLlUlity Roc:>rds

I. 18'0 9001 (1987) 4.18 Twining

Ullf O()fNW>J 100
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• fult-tlme staff members of the SE.AL

• All full-time 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 Uuality Management System.

• Engineering Manager, Meissner

• Product developer

• Product Manager

1.5 Applicablo Documents

1.5.1 Specifications

None

1.5.2 StMdards

a. SEAL OMS Document CrQation Template, as 002, Revision 0.01, 5
April 1994.

b SEAL OMS Document Layout, Presentatiof1 and Typesetting Guide, OS
003, Revision 0,01,1 April 1994.

1.5.~., Procedures

None

1,SA Gllidelino~

None

i.5.G Other Documents

a, SI)[;':. 100, Research Proposal (WITS)

b. SD~: 101, Project Pr,lposal (Meissner)
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1 Scope

1.'1 Introduction

This Plan provides an overview of the required resources to complete the
Software Development for Embedded Systems project. It will form the
terms of reference for all contributing parties during the project.

• This Plan outlines the human resources requirements.

• It provides a list of tasks to be performed and a time scale.

• It provides a means for capturing important project rnetrice regarding
estimated and actual effort to perform allocated tasks.

ThGl costs associated with the development of the product are oLlt~irfe the
scope of this Plan.

1.2 Purpose

The purpose of this Plan is to:

• Present a clear statement of all dellverables.

• Present a clear statement of work allocation and responsibilitie$ to be
undertaken by all parties.

Present details of resources associated with tills product.

1.3 Dofinitlons

SEAL: Software Engin<?ering Appllcatlons t.abcrato l g Faculty of
Engineering (Unlver~ityof tile Witwartersrand)

ups: Uninterrllptible Power Supply, used as a case study for this project

OOA: ObjectgOriented Analysis

000: Object·()rkmted Design

1.4 Audlenco

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

S()E005WW 10n V"mItJn 1 (1) 1 :,t'plt'mlmr 1!'Oll
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6 Work Breakdown Structure, Obligations and Schedule

ProJoct Artltact Doc. No Who Obligations Effort Start Date End Date
(days) _.
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~"'-
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document document and /15 /15 /15 /15
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document document and /15 115 115 115
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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 Developer

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

I) Progress to date

• Effort required to complete

• Problems encountered and action taken

5.3.2 Responsibllttles of the Product Manager

• The Product Manager will initiate corrective action as necessary to
keep the prolcet on schedule.

• The Product Mamlger will report the progress of the project to the SEAL
Mmmgornent Board.

5.4 Document control

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

II QS126 S[~AL OMS Document and Data Control

• as 195 SEAL OMS Ploject Dccume» lion Otnndard

• In acecrrrance the rea~jll'ement" (1,

numbered us SDE~·005.
195, tnls document will be

• Tho Muntlnomont anci Technical prcducts identified in the W8S in
Section 7 will be reflected in tho the Master Document List for this
projoct (S[)[~;·001).

5.S Chango Control

Any wOJI\ outmcin of tho Procillct Dm,Gription (SDf;i·004) will bo formallv
npprovo(J by tho Proioct Mnno('Jm
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5 Project Control

5.1 Planning

The planning of different tasks of this project will be performed by H'
Product developer under the approval of the Product Manager.

Any detailed plan will not be executed without the approval of the Product
Manager.

5.2 Reviewing

• All draft versions of the product will be reviewed by the Product
Manager.

• In addition, certain versions which are so specified ln the Work
Breakdown Structure will be reviewed by the members of other product
groups.

5.2.1 Planned Arrangements for Reviews

All project artifacts (i.e. Management, Technical, and Quality Assurance
Products) are subject to review. Management and Technical Products
may be subject to a number of revisions before a product is approved by
the Product Manage,. QA Products are not normally changed after being
produced and are simply approved by tho Project Manager. (Changes are
only made if there are factual errors in the first revlslon.)

The obligations of Project Manager and Product Developts) associated
with each review activity are listed in the ' )rk Breakdown Structure,
Obligations and Schedllie (Section 7).

5.2.2 Scheduling of Reviews

E'aeh Management and Technical Product identified in tI~(; WOI'I,
Breakdown StrLlcture (Section 7) will be I'eviewed by the Product
Mana~er. Thts will normally take place in a review meeting. These
meetings will be listed in the Project SchedLlle, and tYPically identified with
tile eroductts) (or was item(s)) under review.

5.2.3 Records of Rovtews

Records of review meetings am maintained as .ninutes taken at ti,e
meetinqs. These review meeting nunutos will be listod as entries it) tho C)A
Products in the Project Master Document List (SDE·001).

Paqp 111
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An outline of the spiral model is shown in figure 2.
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Figura 2: aootun's spiral model [6]

In contrast to the wnterfall model which is a document driven approach, the spiral
model is rlsk-drlven, An assessment of management risk items is performed at
regular stages in each cycle. N ~t1eGlI'ld of each cycle, followinfl a risk analysts,
a review procedure assesses whether to rn.ive on to the next cycle of the spiral.
Risl<, here is understood as simply something wnlch con go wrong [8], For
example, if the lnter tion is to use a new programming lanquaqe, a risk is that no
compiler is available. Risks me a censequeneo of inadoquate information ond are
resolved by initiating some action to dtsoever information which reduces
ltncortainty.

2.3 Prototyplng

Prctotypinq is the pr scess of building a worl<ing model of a eystcm or part of a
system. It is 0 familiar practice in enginooring, to obtaln an early version of a
product or system. Engineering prctotypos con vary in size (scaled down or fllil
size) and functionality (limited capability or n complete set of functions). In ony
case, the objective of prototyping m to clmify til(] characteristics nnd operation of
a product or system by constructing a vorslon tim! ~an bo oxorctsee. 1'110aim of
(rapid) protCltyping is to noeelercto tho lenrnino process about whether a system
design moots tile user needs, ano to do BO DB clleaply und raprdly as possible [9].



language.

Test: VerifictHion that the code executes without failure, and
valldation that the completed software is acceptable to
the users.

To this list may be added the phase of operatlons and maintenance (or evolution),
to represent the working life of the software.

Tracing the evolution of the Iife=oycle model reveals that it has been in place
since 1970 [2], with its baste structure established even earlier.

A principal virtue of the waterfall model has been to reccqntse the design as a
critical aotivity. Many examples have shown the expensive consequences of
premature coding without adequate ar1alysjs and design [2].

HOWGW9r, new evetuttens in the software development environment havo
challenged the adequacy of the conventtcnal method. Currently, there are four
times as many ecmputsrs as there are programmers, and aeeees to computers
and software is no longer limited to people With specialised sl<ills, as it was when
the waterfall model was originally developed [2]. A wide array of software
dovetcprnsnt support teo's are now being used for every phase in tho
ccnvantlcnal Hfeeoycle model. Of greater significanco, some current tools and
envlronments logically span several cenvontlonal phases, thp.reby challenging the
uaefulness of tho lifo-cycle's partitioning into phases. The thorne of those
ebservatlens is that tho lifemcycle mece: roflocts the time perlcd In whlch it
evolved. Dramatic changos stnee then nr prom[Jting a renesesamcnt of tho mcde:
to dctermtno if it is the appropriate paradigm. Some of tho criticisms of tho
waterfall rnedo: are: its sepnrstlon of specification from irnplementaticn Is
unrealistic [3]; it IS inadequate for domain-dependent software [4]; it fails to
accommodate end-user development and foils to rocogniso that users generally
do not knew tho system rcqutrements in advnncc [6).

2.2 Spiral Modol

Another approach to tho conventional watorfall Im,)(jol is a spiml mode: described
by aeehrn [6], The spiral rrwdol ronocts tho underlying concept that each cycle
involves a pronrossion tha: addrousou tho 8al'10 sequonco of stops, for cnch
portion of tho product and for ouch of its tovol of elaboration, from an ovoral:
concept of eporanon dOCUll1(}: it down to tho codinO of ouch indtvldua! program [7],



Figura 1: Tho cenvonuena: "Waterfall" sottworo novotopmcnt L,lfe-Cyclo MoClelI

Specificaticm: f\ statement of "what" tho acnworo will do, following a
detatlcd analysis of tho requirements.

Design: "How" tile software will moot tho rcqutrcmonts: the
structure of sonwaro units thnt perform sr,ocific
funcnons

Codo trnplernontancn of tho ciOBlnn In n prograrmnll1g

,_ ..__ ..._ .... _ ...~.- .

~a1! 10. WI' Hili



2 The Development Processes

Embedded systems has been traditionally developed by electrical engineers. The
software was previously limited to bit manipulation routines. However over the last
decade the software written by electrical engineers has grown considerably in
complexity. More sophisticated hardware and development tools, widespread use
of higher level languages ~ at levels way above the machine code assemblers·
and the increasing sophlstioatlon of the embedded system design and
development process have all had an impact on the raqulrernents for embedded
system software. These factors have also clearly had an impact on the embedded
system software developer. Though primarily electrlcal engineers by training, they
are becoming software engineers by necessity, as a result of the growing
awareness of the need to discipline the development process irrespective of the
size of the software. The present document provides an overview of the existing
software development methcdcloqles as well cIS other elements of the
development which me becoming growit19 concerns for the embedded systems
devalcper. The subjects tre(l,ted in this document are common (md applicable to
software development in general, but until recently they were not considered to
be of maier interest to the small embedded systems realm.

We distinglJish between fiV(1 main software development apprcaches:

Waterfall Model
Spiral Model
Prototyping
Operational Specification
Transformational lmptomentattcn

They oro discussed briofly below.

2.1 Tho Convontional Llfo-Cyclo Modal

Tilo oonventlcnal lifoucyclo (waterfall) model as presented by 80ehm [1] is shown
in figuro 1 as a series of phases with validation and feocHJaek at each phose. '1'110
waterfall rneeo: has been strctcncd. shrunk, and othorwrse Illodifiorl nince its
tnception. WI1CH)wo spouk of U10 convonnonal lifoocycle, wo incluc ~ ..III sucn
vanatiens that have preserved tim OS80llCO of tho watorfull model, l.o. that
software is developed by tho following sequence of oonmal activltlos:
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Software, Marcil 1995, pp. 108··109

[45] Verner J., Tate G., "Software Size Model", IEEE Transactions on Software
Engineering, Vol. 18, No.4, April 1992, pp, 265~27a
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Software, January 1995, pp. 115·116
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1.5,5 OthOl' noeumente
None.

1.f3 Assumptleus
None.

1.7 ISO 9001 Rr 1ulromontf, Tnlcoabillty

ISO 9001 clause 4.4,4 a Design Input
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• Product Developer

• Product Manager

1.5 Applicable Documents

1,5,1 Specificatior,$
None

1,5,2 Standards
a. SEAL OMS Document creation Template, as 002, Revision 0.01, £5 April

1994
b. SEAL OMS Document Layout, Preser1tation and Typesetting Guide. OS

003, Revision 0.01, 1 April 1994

1.5.3 Procedures
None

1,5.4 Guidelines
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1 Scope

1.1 Introduction

This survey provldas an overview of the current methods and practices
in dave loping software in general. It also covers the manaqern ant of the
software development process LIS a whole and the quality standards
associated with the process

1.2 Purposo

Tho objective of this exercise is to provide a sound background of those
important elements of the development of embedded systems that are
common to sottware development in general.

1.3 Dofinitions

COCOMO
OOA
000

: Constructive Cost Model
: Object-Oriented Analysis
: Object-O"ionted Design

1.4 Audlonco

The audience for this document comprise the various stakehelders Of the
SEAL, including:

• All full-time and part-time post..graduate students associated with SEAL

• Members of tho SEAL ManagGlmont lioarcl

• Head of t'ie Department, Electrical Engmoorin9

• Individuals who will perform intOl'n..1snd {jxtc.mwl survfllllnnco duciits of
tile SeAL Qllolity Mannqomont ~jvst'ml

• (:;ngin(~el'i"g Manager, Moissnor
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rnaterials that mel pertinent to the development of software in general.
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Fctu:t tolerant design techniques.
Abilitv to operate in dc)grnded mode under fault conditions.

The traditional approach to organising software quality 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
dev(;,lopment a separate dedicated quality function purely involved in that project
activity and nothing else. The result here, is a view of quality as part of the
'production process' 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 responsibility for quality
matters lies elsewhere.

One of the main problems of establishing a quality system is that the traditional
approach tends to erect barriers between the development team and the quality
function. As Smitl1 and Wood [18] put it, quality must be acceptec as part of the
working practice and only then will its level be raised. This is largely a matter of
motivation in that the average proqrammer or designer only sees the task in
narrow terms. He will view the task of programming (~l1d dasignil1g within a
tocallsed frarnework rather than in terms of the whole project. Only when the team
members 1001< at problems, and their solutions in overall ·~rms, will their
perception of quality and the means of incorporating it into the product be
achieved,

One possible approach is to introduce lot'" the proloct the concept of overall
quality lrnprovcment. This involves the hiea of quality circles, now popular In
manufaoturing industries [19]. Tho tcca is \0 make all team members responsible
for quality and thus distribute U1e functlo» throughout the project rat'ier than
identify a single responsibility.

By extending the principle to all activities (including testing), gretiter emphasis can
be focused on qualitYareltlteci aspects, The gl'lnoml level of motivation towarc )
achillvmg better qW31ityis improved since team members then have a far gmatof
understanding of the masons ffJr it and the benefits whicl1 will result

Currently qu~iJty systems concentrate on establishing the existence of atandards
and ccntrots and seek. by moans of audit, to verify that they are appltod. Tlwy
operate t)y sJxlclfying various mons for control and roqllil'ing that suttable audits
tako (linea to verify that they [110bl1ing appliotl. Tile role of quality management,
in these systems, iH to monitor oonfonnanco witl) procedures w1d standards by
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4 Managing Quality in Software Development

4.1 IJl'mnltidns

Quality is an elusive feature of a product. Tho main reason, stems from the
inability to s~ecify a requirement in its entirety. Tile perception of que y in
';)oftware is seen prtncipally ill terms of the time a software system operates
'correctly'.

The term quality refers to the whole concept of speCifying. designing and
implementing software and hardware which meets the requirements of the user.
It involves all stages in the 'lif(Hwcle' and thus addresses the various methods
and tools which can be used to achieve it

Quolity control is the activity of measurinq nchlovements and performanco against
some preceding sp<:.cification or standard.

Quality assuranco embraces the activiti~s which cheek that tho quality centre:
process is tal<ing place and that tim standards, methods and tools ore adequate.

The organisatiot1a~ split betw(Jen these activities varies between companies and
there is no cOFrect way of apportioning tnsl<s and rosponsibilities. What mutters
IS that the tasks are carried out.

The quality lnsks facing the Softwmo Enginoor ore:

Q. Verify the requlremont
b. Validate tho dosign
C POI form adequate toots,

4.2 Achiuvlng Quality settwaro

Vadcus teaturcs floftwnro hav« 0 direct benrmn em its quality, These include:

U!:)Qi)ility and case of dlagnoBIH.
Tracoability of requfrcmoms tl1rou(11l 00(10
Vigibllity of functions if I tim code:
ucoumcotetton clarity nnd oonststonev
sparo copnelty In tirninn and mommy resources



spocincatton.

3.6 Modulo Dofinitions

This is a more detailed lovel of design than tho module specifications. It involves
the actual coding of the module specification requirements and addresses the
testing and performance or the modules. It includes:

Diagrams
Source code listing
Test specification
Test procedure
Test results

This packag€) then constitutes a total description of the module and its design and
tout history.

3.7 Utility Roqu!i'omonts Spoelficmtlon9

This should contain a doscription of tho hardware requtrements includino the
operator interface. nareware memory requirements. proccseor hardware. oato
communications hardware, software SliPport pacl<agos, etc.

3.S Dovelopment Nctoboeks

It is on t:lxe0t!ent thing fur each designer to have a development nctebeek a a
looseloaf file containing his writton notes. liming!}. challges, corrcspcneonco. etc,
Tl1i§ ean bo an lnvnluablo aid to diogrmsis cj,Jring tasting when \110 masons for
certntn !lnm) of eeeo or semo chon!jog, hnvo boceme blurrocl in eno'o memory.

3.9 Requlromonto Matrlcos

Tlloso provido a gmphicol systom ~11mmJGoroforOflOing botwoe» !:{}OcificcHions as
woll us a mothod of checlm1D off oCinl'!rooulromont agoinnt tho to ,,t specifications.



The functional speolftcatlons document takes the requirements of the user
specification and describes the actual proeesslng functions which ore to be
carried out in order to achieve those requirements. It addresses language,
memory requirements, data bases, the partitioning of the system Into subsystems,
inputs, outputs, interface eemmunlcattcne, data flow, etc.

Tim important difference between tho functional ~pecifications document and the
user requtremcnts specification is that whereas the latter states wildt is required,
the former describes how it will be achlevcd i:1 terms of functions I~is usually
prepared by tim supplier in response to the user requirements speclflcetlcn and,
once agrlDed, becomes a part of the ccntractuat documentation against which
aceeptanee is ultimately reviewed,

During thF detailod prcceas of genorating tim functional specifications,
deficiencies and ambiguities in tho user requirements epeolftcatlon will mise.
Those must be negotiated and documented as monttonod above,

3.3 Softworo Dosigr, Spociflcatlon

Once the software and hardware funetionl'llity has been separated, one can
proceed to eonstdcr tho software aspects Sop(ij.:.~ely. <fills proceeds in a top-
down manner until subsystems or module specifications are dorived. according
to slze onci complexity. Whoroas tho functional specifications document adercsses
tho Qxternally apparent fupctions of the system. tho software design specifications
document uddrosece tim woy in which tneso functions will be implomontad in
aoftwaro.

3.4 Subsystoms spccttleatlons

If tho syatom io om nil onough it may lJo PCHHliblo to do without subsystems
spocifiGotions ond to mevo directly to modulo speclftenttens. In lorne aystems,
however, subsvstoms ultlmotoly (;OmHst of modules and tho subsystem spoclfl-
catlon doscrlbcs tl10 funottorts of tho subsystem, tho dOt~l flow between modules
and tho lnterfucos to ti1f) other subsystorus.

lhiB 18 tho 'fouminUon' of tho hlOflll'elly smeo It centams tho lmoltl of tlw system
cedo Tho modulo spomficotionn document dOBcriboB tho inputs ami outPlits of tllo
modutos nml tho IORIGto 1.10POIfonnnd by thorn Tho flowcluut will bo part of tim

!;Ilt 111.'W~' 1111)



3 Documentation Support for Software Development

The document structure supporting a development varies according to the process
in place. This section presents some of the most common documents attached
with software develcoment [181.

3.1 User Rcqulremonts Spocif!cation

This document describes the functions to be performed by tho system. it should
be complete and unambiguous and should be quantitative wherever possible in
order to facilitate the assessment of whether the requirements have been met.
Since the user requlremcnts specification is I) formal contractual document it is
important that its preparatlon is (l thorough nnd painstal<ing process involving all
intorested partles, A good structure is described in the lEE document [18J and
Includes:

D. An overview pmvidir)g {1 pmspoctive of tho system within the plant or tottil
envtronrnent In which it is to DO employed. It should indicate tho evera]
objoctives of tho system.

b. System objectlves sott,n!) out in full detflil the objective GS Umy relate to
the operating rcqulremonts.

c. system lntcrtaces outlining how It Is required to communicate with tne
world. TI1i9 includes botl) human and electrlcal/doto intmfocos.

fl. Syotom environment which covers all tho foatures which would offoct tho
• hardware and software design,

e, System ottributC:mdmwribing and li3tino tho pornmotors which eenstrnln tho
design.

f. Tost conslderutlous including diagnoGtic requiromcnts which will affeot
operation and mmntenanco.

9 A commercial soctiOI1 addressing lieOnGlng. etc,

Id(.!nlly the U5<Jr rcqulromonts spocification should bo 11 pro-centmctuel decurnont
since it specifl(J3 what tho oennuet will provtdo. In prccttec. however, it may wall
bc' subleet to nogotiotion oml cl)ol)Oo attor tho contract hns boon ostablmhod, i4
whioh case both pnrttos muet carefully ovnluato tho nortermunco, cost and
nehedulo irnpllcnttono

3.2 Funotional Spoclficutlons

t;UI11VWI'HIi.!
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not to the code.

The altered code is produced by a two-step process:

First, appropriate changes are made to the "formal development", which is
the record of'l.he sequence of transformations and decisions that were used
to convert the specification into ths original code,

second, the modified formal development is replayed to produce the
new version of the system,
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specification ha...many of the characteristics of a high-level design, and premature
design decisions may be 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
wlthout automated support, the operational specification has value by:

Separating the development process into problem-oriented and
tmp' -nentatlon-ortented phases.

Providing users witI'! an executable system model early in the process
that is useful for clarifying requirements and providing some early
validation.

2.5 Transformational lmplemontattcn

Transformational implementatlon is an approach to software development that
uses automated support to apply a series of transformation that change a
speclflcatlon into a concreto software system. Transformational programming, as
defined by Partsch [17], is a methodology of program ccnstrucnon by successive
apptlcetlcne of transrermatlcn rules (partial mappings from one program scheme
to another such that an element of the domain and Its image under the mapping
constitute a correct transformation). The transformational approach addresses the
labour lntenetveneas of software development by using speclallsed computer
software to transform successlve versions of the devolC'ping system mecnanlcally.
It is not now a lonemlly available altemativG for tile production of lorr,e software
systems.

f;'iglirEl 5 shows thot tho formal speoification is uio system baselrne. It is :

Tho obiect that is validated (l,]oinst user roqu'rements: under an ideell
realisat~cln of this paradigm a thnt .s, cdl transformation automated and
correctness-orescrvmq Q the specification is tile only object that needs to
be vaHdGltQd.

Tile starting point f"r tllo transrormntrcn pIHlSO.

Tbo object Oil wlllc,h 111C1intollam:o is porformod; any chango to the
funGtionino of tho system is expressed as ;J chanqo to tho spocification,



feasibility of the design to be implemented in the target har-iware-software
environment.

Preparing an operational specification requires using a different basis for
separating early development activities. The goal is to produce an operational
specification that deals only with prcb'cm-orlented issues and to express it in
some IElI1guage or form that enables it to be executed, evaluated or interpreted
to reveal the behaviour of the system. The resulting operational specification is
a kind of prototype: one that generally produces all of the functional behaviour of
the system but does sc by using different media that will be used in the delivered
system.

SlH1'l9 media for expressing operatlonsl specifications are: languages such as
GIST, PAISley, semantic models such as virtual processors, state machines and
Jackscn System Development [15J.

Figum 4 shows the new paradigm built around the preparation of an operational
specification. From the system requirements, however informal or incomplete, the
developers 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 validating that requtrernents are begin met.

The operational specification provides an opportunity to understand and clarify
user needs early. With the conventlonat life"cycle model, tne opportunity to
experience system bE?havlour is not avauablo llt1til much later in the process a

after tho implementation phase.

When the validation/revision loop in figuro 4 has resulted in a satisfactory
operational specification, developers can begin to consider the lrnplcmentatlcn-
oriented issues. One pcsslbtlity censlstont with perceivil1g ll1e operational
specification as a prototype, mentioned by Agresti [2], Is tel revert to tho
ecnventlcnat life"cycle model and bGl91intile cwsign phase, However, this option
usually fails to I;:apitaliso on the merits of the operational spec:ificcltion as all'9ady
offering the? ability to produce system behaviour, A more common stmtogy is for
oevolopers now to transform the behavtcur-prcductng mcchantams of the
operatienr« specification Into structures tllat respond to t1'1O rcwlltlos of tile target
cnvlrenment.

Tile main criticism of tho opornncncl approach [1(3] is that an executable
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investment of more effort?)

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

Studies by Gordon and Sieman [42] tend to show that the evolutionary approach
is more 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 can serve as a separate
route to software development through the refinement process at the top of figure
3. Alternatively, prototyping can be joined to the conventional life-cycle model in
a hybrid prototyping/waterfall paradlqrn.

2.4 Oporatlonal Spoc;rflcatlon

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 61arly in the development
process, during what is typically tho requirements analysis phase. [)Llrllig the
specification phase, the developers formulate a system to solve the problem and
specify this system in terms of trnplementatlon-lndepencent structures that
generate the behaviour of \I,J spocified system [14]. The operational specification
is executable by a suitable interpreter.

A I<ey feature of the conventlonat life-cycle model is its separation of external
system behaviour (the 'what" of requirements specification) from Internal system
structure (the "how" of doslgn). Separation of activities on this basis Introduces
many problems, to whiol, the approach of operational specification directly
responds [21. A second major problem with the rationale for separatlcn in the
conventional mcde' is that it leaves too many tssues to itilpinge on desi~n
decisions. "he desig nor needs to consider:

Problem-oriented tssues of decclmposing lIigh ..level funetlone into
suecessivclv lower levels,

Purely (lesign issues E,lIC!) as informntion"hiding ami abstraction,

lrnplernentatlon iSSllQS such ns system performance ccnstralnts ano tho
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The softwaredevelopment paradigm that incorporates prototyping, as described
by Agresti [2J is shown in figure 3. The starting point, at the left side of the figure,
Is some 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, obtained by interviewing prospective users. From
this expression of needs, the prototype developer determlnes the objective and
scope of the prototype. Often the prototype addresses aspects of the system ~
such as the user interface M that are difficult to specify thmugl1 ccnventlortal
means.

The methudology of prototyping emphasises creativity, and accepts both
uncertainty and cha,lge. It can bridge tile communication gap between the system
developer and the user [10]. However tile benefits of prototyping will only be
observed If the process is supported by effective manaqement [11]. Some key
management requirements of prototyping are:

Decide what is intended to be learnt from building the crototype [?]

Decide when should the modelling process end [11]

Securing the proper time and staff commitment [11]

In addition, the prototyping phllosophy and plans should be understood by both
designers and users [12]. Without proper planning and depending on tile scope
of the prototype, its development can be an expensive and time-consuming
process. Effective planning will help ensure that the prototype is deliv(:m~d in a
timely manner. There is nothing worse than A rapid prototyping that is not [2}.

'file development plan should maxlmlse the use of very high lev,1 language 01"

screen management utilities to accelerate prototype development. When th~'
objectives of the prototyping effort have been attained, a basic decision must be
made: either refine the prototype into the complete system or begin a
conventional development process, having benefited from building the prototype.
The declslon should be!'based on the costs and benefits of each alternative. Two
key factors are:

How rnu~~t'functionality is already present in the) prototype.

Will the design support a malntainaole system (Is the prototype worth the
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perspectives. In this section we 1001, at some of those perspectives.

Relating the topic to tne eM model (section 4.3), the core set of measures
recommended for initial measurement focus on factors ,of size, effort, schedule
and quality [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
table 1 below.

Table 1: CMM Levels and Softwaro characterlatlcs

Units of Measure Charactorlstics Addressed

Counts of source statements Size. progress, reuse

Counts of staff hours Effort, cost, resource allocation

Calendar dates Schedule

Counts of software problems, failures and Quality, readiness for delivery, lmprovement
faults trends

Smith and Wood [18] divide software mettles in four broad groups:

a. Code memes. These address the more easily qualified measurements at
the code level. They art) however, not available until well into the deslqn-
cycle and hence do not provide the complete answer. They include:

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

b. Structure metiics. These addresses the hig"er levels nf design and include:

Information complexity: a measure involving data flow and data
relationships between components.
Invocation complexlty
Review complexity
Stability

c. Hybrids memes Hybrid mettles are modifications of structure metrics
weighted according to various code-related measurements. Three hybrid
metrlcs are:

Weighted information flow
Weighted review complexity

Pogo as
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5.1 Limitations

In practice software metrtcs often fail to provide the expected predictability.
Several factors account for thls:

a. The use of only single independent variables. A simple model might
address the relationship between, say, error rate and a partleular
complexity measure. This approach fails to recognise the interrelationships
and trade-offs between parameters. One designer might achieve error ..free
code by patient documentation and review of his code, whereas another
might prepare code faster and expend effort on debug and test. The
resulting error rate migh~ well be the same although the metrlcs are not.

b. The use of only a single independent varrabl-i. In other words only one
metric is chosen to model the software performance. Multiple regression
techniques [251 might prove to be helpful in this instance. Multiple
regression anajysi~) 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 factor.

c. The assumption of linearity. This Jssumption has often led to the rejection
of a metric as a valid indicator of software quality. More sophisticated
models may be neoessary.

d. The assumption that the initial estimates do not affect the project. Most
estimation and analysis tools assume that a prolect's hlstortca! data will not
change irrespective) of the estimate managers make [46]. AbdeloHamld [46]
has found that systems react to mitial estlmates ~different estimates create
different projects. So fitting raw historical results to a new project may be
a bad idea if the historical data comes from poorly managed, inefficient
projects.

e. Misuse. Each metric describes a partlcular feature of the software. Judging
only on tho number or lines of source code wOklld lead to the erroneous
conclusion that the use of assembly language is more prcductive than 11igh
level language.

5.2 Catogorlsing Motrics

The various software measures can be orollped and exarnlned in diffel'6nt



5 Software Metrics

We have seen that the process of developing software is not just about coding"
it involves documentation, design, programming, file building, testing, training,
quality assurance and, above all, management. The processes that govern those
phases have been exposed earlier. 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 underlined in section 4.3 above, where the ability to capture relevant data
was identified as the main characteristic of level 3 of the eM model. As it Is, the
development of software has been characterised by cost overruns and schedule
slippage (18]. The main objective of software metrlcs and the main reason why
so much research is done on the subject, irrespective of whether it still appears
as an inexact SCience, is to obtain the ultimate control over the software process.
The ability to provide accurate measurements is what differs emplrlcal practices
to firmly founded sciences. The best argurnent on the subject comes from Lord
I<elvin [24]:

Whon you can measure Wt10t you are spoaking about and express it in numbers. YOLl know
something about it; but when you cannot measure It. when you cannot express it in numbers, your
knowledge IS of a meagre and unsatisfactory kind; it may be the beginning of knowledgo, but you
have scarcely in your thoughts advanced to the stage of science.

The need fol' a predictable process, as expressed in those famous words of Lord
Kelvin, is what is driving the software industry to strive to reach a stage of
maturity where 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?' TI1e answers to these questions become more
and more crucial to rnanaqers as tile level ot lnvestment in software projects
increases. All of these questions, in principle, can be answered with Cl single
quantity. The question is ~ can we supply such a number, or metric, for software?

Several measurement systems have been developed in an attempt to answer the
above queatlcn with some degree of accuracy In general we find that a
reasonable approach to tile subject is to build one's own database of results and
to proceed progressively. This approach etarts with studying the many software
projects in the past. gathering data and setting up models to try to predict tile
parameters required. Tile historical data provides a means of validating the
mettles against actual working systems.



reviewed.

e. To establtah that there are adequate controls over test and integration.

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

g. To establish that strong integration controls exist.

h. To establish that there is control over bought-In software.

Audits often relies on checkllsta, As with software metrics, it is important to view
checklists in the right perspective and to be aware of their ltmitattcns. Smith and
Wood [18] point out the advantages and disadvantages of the use of cbeckllsts.
On one hand they provide a means of ensuring that each question is remembered
and thus enable the auditor to select the most appropriate questions. Furthermore
the oheoldlsts can be revised and updated as additional lessons are learned and,
thus, one is always presented with the total of previous experience. On the
negative side, however, there is a temptation to expect yes/no answers and this
can lead to a false view of the situation. In most cases it is the reason for the
answer rather than ths answer itself which provides the real information. For
example, "ls a high or low level language being used?" has no right or wrong
answer. The reasons given for the answer are, however of ~reat importance,
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Fenton [491 mentions five other shortcornlnqs of standards:

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

When precision - and hence mandatory enforcement • is impossible,
traditional standards bodies use the terms "codes of practice" or
"guidelines". This lack of precision and support often frustrate tl1e 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
.echncloqy that has not been validated objectively.

Mar,y software standards attempt to address a too large portion of the
system-develcpment life cycle. Such standards are very difficult to apply
and often are left on the shelf,

4.5 Audits

Audit involves an assessment of the controls used in U'le design and management
process and an evaluation of their effectiveness.

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

B. 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 comprehenslvenese of the controls
and the integrity of the product.

d. To seek tho evidence that the standards are being applied and periodically
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quality measurement factors for software. It is discussed further in section
5.2.

Each country has a specific instantiation of the ISO 9000 series of standards, for
example in South Africa tho standard Is known as SABS 9000 while in the United
Kingdom it is known as BS5750. The requirements of the standard is partitioned
into 20 headings' (23]:

a. Manaqernent Responsibility
b. Quality System
c. Contract Review
d. Design Control
e. Document and Data Control
f. Purchasing
g. Control of customer-supptied Product
h. Product Identification and Traceability
i. Process Control
j. Inspection and Testing
k. Gontrol of Inspection. Measuril,g and Test Equipment
I. Inspection and Test Status
m. Control of nonconforming product
n. Corrective and Preventive Action
o. Handling, Storage, Packaging, Preservation and Delivery
p. Control of Quality Records
q. Internal Quality Audits
r, Trai'1inq
s. Servicing
t. Statistical Techniques

One of the complaints about the ISO 9000 series standard is that it is not
industry-specific [21]. It is expressed in general terms. and can be interpreted by
the developers of diverse products such as ba'l-bearlnos, hair dryers.
automobiles. sports equipment and televlslons as well as software. However, in
a sense. those are the same factors that make the strength of the ISO 9000
series standard. By focLlsing on the factors upon which a quality system should
be based irrespective of the organisation type and by not impOSing a spectflc
implementation method. it allows freedom of implementation techniques (acccrdlnq
to the industry type. geographical location and other factors) while providing a
"common language" for organisations of dlfferent inoustries.
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make it easier to communicate with future and present developers. In addition
they reduce the likelihood 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 terminologies and the ISO 9000 series of standards.

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

A standard, 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 ':\ text which descrtbes how a particular software
task is tl) be carried out.

A guideline is a text which provides advice on an activity. It is not prescriptive
as a standard or a procedure.

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

ISO 9001 Quality Systems - Model 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 which involves deSign.

ISO 9000-3 Guidelines for the Application of ISO 9001 to the Development,
Supply and Maintenance of Software. This is a specific document which
interprets ISO 0001 for the software developer.

ISO 9004-2 Quality Management and Quality System Elements - Part 2.
This document provides guidelines for the servicing of software and
facilities such as L1Sefsupport.

ISO 9126 Information Technology - Software Product Evaluation - Quality
Characteristics and Guidelines for Their Use. This document provides six

PagG an
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well-defined training programmes

An organisation operating at Level 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 be
introduced.

d. Level 4 - Managed
While the factors encountered at the previous levels should continuously
be refined, at Level 4, tile organisation concentrates its effort at building
a system driven by comprehensive process measurements and analysis.
This level is typically characterised by data gathering and analysis, quality
measures, quality estimates and quality plans. It is at this level that most
significant quality improvements begin.

e. Level 5 • Optimising
Once an organisation has established process measurements and quality
plans, it can use these tools to efficiently assess the tasks involved, learn
from the gathered experience and use this knowledge 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 is important to realise that level 5 is not an
,optimised state. There is no SLIChentity as an cptlmised organisation, for
process improvement Is a way of working rather than a destination, and as
such it is a continuous optirnising process.

Notice that many similarities can be drawn between ISO 9001 and the CMM. In
fact there has been studies to map tile twenty clauses of ISO 9001 to the CMM
key practices [43].

A possible pitfall when lIsing the CM model is to regard software development as
being a production activity, whereas, as De Marco (44] observes, it is more of a
research-and-development activity.

4.4 Standards and Softw3re Management

Software Quality Standards in general proviCi€:la framework for doing things that

SDE102W,'10()
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Even if the above plans exist their is no strict management of their
applications

Tools are neiti .er well integrated with the process nor uniformly
applied

Success depends essentially on individual efforts

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

b. Level 2 ~ Repeatable
At Level 2 a stable process of statistical control has been reached.
Commitments, costs and schedules estimates and plans are met. Changes
are done effectively. This level is rather characterised by a routine control
and implementation of the development process. The weaknesses of this
level can be summarised as follows:

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

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

Changes in the team or the management can cause severe
disruption

All the three weaknesses above arise because of factors that tend to
disrupt the routine trend 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 each stage of the development process is understood and
is no longer merely a routine exercise driven by project milestones. This
stage is charaoterlsed by:

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

Often the need for improvement and the achievement of a more mature
organisation are recognised while the goal itself or the meaning of improvement
is not clearly defined. Furthermore when involved in process improvement of
software development one problem often encountered is that of not being able to
measure progress. In those respects, the capability maturity model (CMM) [20]
provides an excellent framework. It draws a clear picture of the ultimate goal for
the orqanlsation and provides means of gauging progress along the way. The CM
model characterises the software process into five maturity levels. By establishing
their organisation's position into this maturity structure, software professionals and
their managers can more readily identify areas where improvement action will be
most trultful, The capability maturity framework is shown in figure 6.

Level 2

JRopaatab~;1

Figure 6: The Five Levels of the eM Model

The five process maturity levels are:

a. Level 1 ~ Initial
The first level is also known as the chaotic stage. It is characterised boy' tl i ~
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 carrymg out the requirements and its
conformance to standards.

Test and integration. 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 feedback. Repetition c f 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
arise from field failures, The more structured and formal the system of failure
feedback, the faster will 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. Field failure reporting from the user.

A large number of designers ignore the above approaches. 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. r.> 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] observe, because it means different things to
different people, quality is highly context-dependent, Just as there is no one
automobile to satisfy everyone's needs, so too there is no universal definition of
quality.

SDE102WP 100 vors.on 100 25August 1996 Prgo 25
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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 fa!! into two categories [18]:

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

b. Specification and programming methods and their associated automatic
tools which make it highly unlil<ely that certain types of software error will
be committed by removing many of the traditional steps in software design.

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

Configuration management. This is the essential 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 visibility to the
software on discs and PROMs other than via labelling and documentation.

Documentation standards. Since the only visibility to software is via
documentation, a formal structure of specifications, design documents (e.g.
diagrams) and code listings is essential. Naturally these should be appropriate to
the size of the software package.

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

Design rev' cNS. 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 charts. Code inspection and
walkthrough are a part of later reviews and involve aetailed examination of the
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Object-Oriented Analysis (Sally Shlaer and Stephen Melior)
Object-Oriented Design (Grady Booch)
Object-Oriented Requirements Specification (Baiilin)
Object-Orrented Systems analysis (Hewlett-Packard)
Object-Oriented Structured Design
ObjectOry (Ivar Jacobson)
Synthesis/Analysis (Meilir Page-Jones and Steven Weiss)

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

Funotional design: The systems is designed from a functional view-point,
starting with a high-leVl~1view and progressively refining this into a more
detalleo design,

Objectuoriented design: Objects have a set of attributes defining their state
and operations which act on these attributes.

The design process involves describing the system at a number of different levels
of abstraction, In reality design process are often not sequential, but go in parallel
with cllff3rent design 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 dosign to be tackled first so that management can
make more informed estimates of the system development time, This can be
reconciled with tile concept of prototyping introduced earlier,

Sommerville [8] maintains that there is no 'best' strategy for large projects and
that often functional and object-oriented approaches are complementary rather
than opposing techniques and each may be applicable at different stages of the
design process, An oblect-oriented approach to software design seems to be the
most natural at the highest and lowest levels of system design, At these levels,
an object-oriented approach leads to the production of independent components
which are usually more maintainable than functional components,

It is important to be aware of the limitations of those design methods. In practice,
tile guidance given by the methods is informal so that conformity of solutions is
unlikely, These "methods" are really standard notations and embodiments of good
practice, By following these methods and applying the 9uidelines, a reasonable
desigl1 should emerge but designer creatlvl., is still required to decide 011 the
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methodologies ca.n help to create a good product if used correctly, but they will
not necessarily prevent the developer from produolng a poor product.

There is a wide range of methodologies available {altl iough some are just
refinements on others). No single methodology oan be claimed to be perfect to
all problems. The solution, it appears, is to be familiar 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 methodologies and
diagramming techniques. The list is reproduced below:

Action Diagrams
Control Flow Diagrams

• Data Flow Diagrams
Decision Tables
Entity Relationship Diagrams
HIPO Charts
Jackson structoreo Design
Modern Structured Analysis
Petri Nets
Program Design Language
Problem Statement Language
Real-time Structured Analysis (Hatley and Pirbhai)
Real-time Structured Analysis (Wtud and Mellor)
statechsrts
State Transition Diagrams
Structured Analysis (DeMarco)
Structured Analysis (Gene and Sarson)
Structured Analysis (Yourdon)
Structured Analysis and Design Techniques (SADT)
Structured Analysis and System Sp€h~lfication (SASS)
struciurec Requirements Definitions
WarnierMOrr Diagrams

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

eRC Cards (Ward Cunningham)
Hlerarchical Object-Oriented Design
Object Modeling Technique (James Rumbaugh)
Objeot~Orienteu 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 deslgl1 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
more than one solution).

c. Describe each abstraction used in the solution.

In order to assist the design process, formal methodologies have been developeo.
Languages like I:nglisl1 are too verbose and imprecise to be good at
ccmmuntcatlnq the way systems work, and they do not provide a frameworl, for
doing thhgs consistently. In addition the very act of writing down formally the
mechanism of the design. helps in finding the shortcomings and weak-eases of
the d~siQln. Methodologies aim at solving the problem of writing down the way
that syst¢lms work or should work.

A formal definition of a methodology [29] is a collection of methods applied
across the software development life cycle and unified by some general,
philosophical approach. A method [29] is a disciplined process for generating a
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, a methodology, can be viewed as a formal structure or
language ter capturing sor '9 aspect of the system being described or the solutlcn
being propcsed [3uJ. For example, data flow diagrams describe the way that data
flows around the system; state transition diagrams describe tho possible states
and changes of state in a software system.

A design methodology fits within the broader framework of a development
process. Consequently a design methodology depends much on the other
aspects of the development of the software. For instance, on Its own, a
methodcllogy will not compensate for poor requirements. Like any tool,
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5.4 Software Packages, for Software Metrics

Several software packages which attempt scheduling models to provide software
metrics are currently available. SLIM, GECOMO, PRICE 8, ARTEMIS are a few
of the prominent names in this field [18].

Those packages seem to be more useful for large projects (e.g. over 100 000
source code statements). Some benefits is likely from the discipline needed to
collect and input the necessary data.

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

Certainly on larger projects (La. over 100 000 source code statements) some
beneflt is likely from the tools and from tile disciplines needed to collect and input
the necessary data.
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The nominal effort equations for the intermediate model are:

Organic
Semidetached
Embedded

MMnom ::::3,2 X KDSl10tJ

MM" ... :: 3,0 X KDSI112
MM'(JIIl ::: 2,8 X KDSj120

(7)
(8)
(9)

Tile total effort is then computed from

15
MM ::::MMnOftl x P (~ffort muitiplle»)

1=1
(10)

where the effort multipliers are obtained from table 3,

Carefully examining table 3 reveals some reasons why the development time of
embedded systems projects can eo easily be underestimated Suppose one
estimates the development time for the software in a new product based on
prevlcus experience, If the previous experience were not with embedded software I

one may not constder the added difficulty that will be encountered because of the
high reliability, very high execution time constraints, and very high main storage
com traints that are normally a part CJf embedded environment. The multipliers for
thes= 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 points noted from ~xamining table 3 are:

Tile use of modem programming practices and the use of software tools
can improved one's situation from the usual vl:.1rylow rating to a very higl1
rating, This result in an effort reduction of more than 50 percent.

The lise of good people can reap significant benefits, For example, very
highly rated programmers can cause the effort to be reduced by one-half
compared to using very poorly rated programmers, TI1us, when hiring it is
important to perform a cost/benefit analysis in making the tradeoff between
the cJl,lality and expense of applicants, Note that this does not imply
assign.llg only the "best" people to a project.

This model as any other ernplrical model, should be used only as a guideline, If
common sense dlctates that certain other factors are important in ill particular
environment, they should be considered, After some experience using the model,
it is appropriate to calibrate it to a particular environment.
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caution.

The intermediate COCOMO model [26] takes into account an additional fifteen
tactors that have been found to affect the cost of a software product. These
factors are listed in table 3.

. --
Cost Drlvors Rutlngs

Very Low Nornl- High Vary Extra
Low nal High High

Product Attrlbutos

Required Software Relltlbilily 0.·{5 0,88 1.00 1.15 1,40

Data Base Size 0.04 1.00 I 1.08 1.16..:- -
Product Comploxity 0.70 0.85 1.00 1.15 '1.30 1.65

compute} Attrlbutos- - -
Execution Time Constraint 1.00 1.11 1.30 1.66-- . --~....
Main Storage Constraint 1.00 1.06 1,21 1.56

Virtual Machine Volatility 0.87 1.00 1.15 1.30-
Computer Turnaround Time 0.87 100 1.07 1.15

Personnel Attrlbutos - I
.

Analyst Capability 1 46 1.19 100 0,66 0,71---
Appltcatlcns Experienco 1,29 1,13 1.00 0.01 0,82

Programmor Capability 142 1 17 100 0.86 0.70

vlrtuat Machine Exporience 1.21 1.10 100 0.90

Progr'Qrnmlng l.anguoge Experlonce 1,14 1.07 1.00 095

Proloct Attributes

Use of Modern Programming 1.24 1 10 1.00 091 0.82
Practices - ~-
Use of Softwaro Tools 124 1.10 1.00 091 0.83
1--- --
Roquirorf nevelcpmen; $cl1ecfulo 1 ~3 1.08 1.00 1.04 1,10

-,.__---. _~t.~

Table 3: Software nevetcpment Effort Multlpll~rs

In U,is model, the basic computations for man-months are modified by an effort
adjustment factor. This effort adjustment factor is tile product of values for euch
of the fifteen factors accounted for by tile model.
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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 = 3.6 x KDSI120 (5)
TDEV = 2.5 x MMo32 (6)

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

Key assumptions included in the COCOMO model are [26]:

The delivered source instructions are ~he program instructions including
formatting statements, data declarations, and control language statements.
They do not include comments or utility software. Utility code should
however, if it is developed using the same process as delivered program
software.

The development period covered by the model begins at the design phase
after the requirements have been specified and ends at the end of the
integration and test phase.

The requirements specification is not substantially changed after the
requ_irements phase.

This last assumption can frequently be the cause for the large discrepancy
between estimated completlon time and actual completion time, partlcularfy in
embedded systems typified by many mtcroccntrcller applications. Frequently, as
other components of a rnlcrcoontroller-baeec system are developed, problems
emerge and the solution selected is to change the software requirements to solve
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 recoqnlso and understand this problem [26].

The equations presented prevtously shoul« be used only for rOLlgh estimations.
In a study of sixty-three projects [26), the actual results showed that the estimates
were within a factor of 1,3 only 29 percent of the time and within lEI 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 project development modes: organic, semidetached and embedded.
In an organic development mode, the software is developed by a small group of
proqrarnmers who are experienced both in the particular type of applicatlon to be
developed and in the development environment. A semidetached mode of
development is an intermediate stage between organic and embedded. In a
semidetached mode either the project members are less experienced than in an
orqanlc mode or the project has a mixture of organic and embedded mode
characteristics. Embedded mode software is usually part of a large complex
project and must operate within tight constraints imposed by the other
components 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-scale systems on mainframe computers and do not account
for the extra difficulty encountered in an embedded environment.

The to» level organic COCOMO model provides the following estimates for the
effort and development time required for software prolects:

MM = 2.4 x KDSI105
TDEV ::: 2.5 X MMo38

(1)
(2)

In these equations:

KOSI is thousands of delivered source instructions in the software system.
MM is the required effort (in man-months) for tile software development
project.
TDEV is tile required development time (in months) for the software
development project.

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

In the serrudetached COCOMO model:

MM ::: 3.0 X KDSI'1,'
TDEV =: 2.5 x MM() ,I!'

(3)
(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 procedure: fragments
in Fourth Generation Lanquaqes (4GLs) and t"e number of conditionals or
branches in more conventional program units

cells, to lower level functions form high-level modules, including menus

filLs, 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 models 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 two 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 certainty." The hiah scope for error associated with
algorithmic models for absolute project cost estimation is also emphasised by
Sommerville [8]. He explains that one of the cause of such diverse results of cost
estimation Is the difficulty to estimate product size in the first place. However
algorithmic models can still provide a guideline, or some quantitative basis for
management on how to tackle a particular project. This aspect of the models is
valuable for reducing risk, even if the actual oost estimates produced by the
modal are inaccurate. The most reliable way to develop software cost estimates
currently, 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 data base of these project characteristics and cost, one
may improve cost estlmatlnq at a particular installation.

5.3.1 Boehm's Constructive 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 tile special characteristics of
embedded systems, instead of merely offering a single set of mettles 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 management viewpoint, the most common cause of problems in software
projects is the lack of a consistent, complete, and reasonable plan [26]. This is
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 [26]:

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

Second, after a project's feasibility has been determined, a detailed plan
is developed. This plan contatns 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
appropriate milestones. "Completion of 50 percent of the coding" is not a
useful milestone because it is not verifiable.

Unfortunately, there is no foolproof estimating techniques for planning software
development time and costs [26J. Most estimates currently used are based on
experience and historical data. Many large companies that have been developing
software for yea, s, build a data base as projects are developed to aid in later
estimates. Since many developers of embedded systems software are just
beginning to develop large amounts of software, they have no previous history to
'fall 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 til at experience into estimating the development of microcontroller
software in a new environment.

The main obstacle at obtaining accurate costs and time estimates seems to 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 models. They explain that size should not only be evaluated l..

number of lines of code (LOC) criterium. Some of the size drivers they propo 9t

are:

data elements, implying that the size of a module depends heavily on the
amount of data it processes
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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 software measurements is used, once correlations
have been estabfished between the variables of interest and the metrlcs, then the
problem lies in the repeatability of the model. It is tempting to assume, having
observed a historical connection between error and coding time, that a repeatable
model has been established. This is potentially 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 mettles it is important to
have sufficient failure data to enable the models to be derived. The manner of
data collection is important but unfortunately there is still very little interest shown
in collecting detailed information on the performance and failures of systems.
Furthermore, the metrlcs and modelling methods cannot be validated, let alone
generated, without adequate field failure data. Ideally the following data is
required [18]:

A description of the running conditions of the program
Data and time of the start of the run
Data and time of the incident/failure
Date and time of restart
Date and time of the normal termination had there been no failure.
Effect of failure on system performance
Data and I/O 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 arr~e that qLality
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 be possible. Software
metrics will have to be context dependent in order to suit the existing concept of
quality in any particular environment.

5.3 Time and Costs M9trics
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Weighted stability measure

d. Programmer-related metrics. Thetis are concerned with the capability of the
development team. It is measured both in relation with the complexity of the
application and the nature of the team and include the following
considerations:

Number of ohanges
Years of proqrarnrnlng experience
Mix of programming experience
Number of pages of documents

Earlier (section 4.4) we mentioned the ISO 9126 standard. The standard
recommends six software quality measurement characteristics that are outlined
in table 2.

Table 2: ISO 9126 Quality Characteristics

Quality Definition
characterlstlc

Functionality A set of attributes that bear on the existence of a set of functions
and their specified properties. The functions are those that satisfy
stated or implied needs.-

Reliabtllty A set of attribute that bear on tile capability of software to maintain
its performance level under stated condltions for a stated period of
time.

Usability A set of attributes that bear 011 the effort needed for use and on the
individual assessment of such use by a stated or Implied set of
users.

Efficiency A set of attributes that bea" on the relationshtp csrween the
software's performance and the amount of resources used under
the stated conditions.

Maintainability A set of attnbutes that bear on tne effort needed to make specified
modifications (Wllich may include corrections, improvements, or
ada .otations of software to environmental 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 t:.~
organisational, hardware or software environment).

As observed by Kitchenl1am and Pfleeger [48]. the ISO 9126 standard
recommends rneasurinq characteristics directly, but does not indicate clearly how

fmE102WP 100 version 1 00 25 Auoust HlDG



SDES

Table of Contents

Table of Contents, . II ••••• II ••••••••••• D •••• II ••••••••• Ii

Change History . IS ••••••• I II ••••••••• II •••• " • • •• lv
Configuration Control , " II .. • .. • • • • • • • • • • • • • • • • • • • • •• iv
Document History I ••••••••• , •••••••••• I • • • • •• iv
Revision History I ••••• I ••••• " " • I iv
Management Authorisation .•........•...•.•.. ,.......... iv
Change Forecast . • . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . • • . • .. iv

1 Scope II •••• II • I • II • I •• to •••••• (I II • I • • • 1
1.1 Introduction , , .. , , " . . . .. 1
1.2 Purpose ....•...........•. I •••••• , •• ';. I ••• I I • • • •• 1
1.3 Definitions. I ••••••••••••••••• I •••••••• II • • • • • • • •• 1
1.4 Audience ': , . , " . ,. 2
1.5 Applicable Documents ...............•.••.•..••...• 2
1.6 Assumptions., " e , • • • • • • • • • • • • • •• 7
1.7 ISO 9001 Requirements Traceability •.•...•.•...•.•..• 7

2 Defining the Embedded Systems Concept ..........• 8
2.'1 Definition i ••••• " " •••••••••••••• 4 " • • • • • • •• 8
2.2 Peculiarities of Embedded systems ................••• 10
2.3 Advantages and Disadvantages of Using Microcontrollers • 6

3 Real-Time Issues , .....•............ 16

4 Reliability I ••• I of • II: ••••••••••••••••••• 19
4.1 Reliability Design Philosophies •....•..•.....•....••• 19
4.2 Error Managell1ent .............•..........•....... 23

5 Software Testing 25
5.1 FauIts .......,.......... i • • • • • , • • • I • , • • • • • • I • • • • • 25

5.1.1 Causes of Faults " ' 25
5.2 Test Management I ••••••••• II • , , •• t ••••••• , • 27
5.3 Limitations of testing .•.................•.•..••..•. 28
5.4 Test Stratogy I ••• I •••• t • t •••• \I •• , • 28



SOES QMS
Embedded Systems .. A

Literature Survey

Technical Product

Version 1.00

Document Status: Approved



scale performs poorly in practice because he is missing some "minor" ability, such
as the ability to get along with the people he has to work with, a factor that is
always difficult to determine beforehand even when it is included in the test.

These are theoretical conjectures, However, as painted out by Weinberg [34],
nobody has put together a test with MY measurable validity, The closest thing we
have to a validation of a programmer's aptitude test are studies which show that
people who score high on the tests are better students in the ensuing
programmer's training, Wher1 it gets to the specificities of the actual programming,
however, there is often no correlation D or even a slight negative correlation M

between test scores and rated performance,

This sorry picture is not unique to programming, Intelligence tests generally - such
as the famous IQ tests - are able to predict success in school-type situations -
and in nothing else, In fact, as one wit puts it. intelligence tests measure the
ability to take tests, There is reason to believe that thls appraisal is not. feu from
the truth, For example, in IQ tests, speed is very much a factor, as it is in school
situations generally, f3~1t. in the office, tho difference between one hour and one
hour aM ten minutes is only ten minutes - not the difference between an A and
a C,

Another typical distortion of intelligence tests is in the emphasis they place on
short-term ti rather than long-term - memory, They could hardly be expected to do
otherwise, given the constraints under which they must be admlnlstered, In "real
life" it is selective memory which pays - tho ability to forget the unimportant al1d
retain the important over long pe;iods,

Lastly, one observes that the very existence of aptitude tests can distort the
results of the tests. In big cities, an eager parent can tske his child to a special
tutor who guarantees to raise his IQ by so many polnts for so many dollars, The
same techniques are used by certain programming schools to help their graduates
get jobs with those companies that rely hOi!\vily on aptitude testing, It would
appear that in such cases the existence of aptitude tests can restrain the
formation of tile developers and can be dotrtmental to the quality of the
developers, A ",hift in values is observed, as emphasls is changed to passing the
test and not in attaining tile objectives that tho test is aiming at. So, no matter
Il0W much WQ would llke to have a magic wand which would point out the best
prcqrarnmer prospects, it seems wo are just going to have to I08rn to do without
[34J.
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banking or avionics, while experts analyse the deep structure of the program, that
is the algorithmic structure providing its solution [41 ]l39][40] according to plans
and rules. However, Soloway and Ehrlich (40] have demonstrated that more
experienced programmers are no better than novices at comprehending a
program whose algorithmic structure violates these plans.

On the subject matter, VV.ainberg [34] observes that just like there is not a best
method of solving problem there is also not a bect set of characteristics of a
software developer. Instead there are different attributes that would appear to be
of higher importance at different stages of the software development. For
example, when making the overall design of a program, what we most need is the
ability to create new programming ideas and to screen them on the basis of broad
principles. If the design is to be developed by object-oriented techniques the
ability to capture key abstractions and to reject others less useful is essential.
Thus the programmer lacking in either Ability" creativity and selectivity - will be
handicapped in attempting to design programs. Whel'1 coding, however, different
abilities come to the foro. Instead of the broad. sweeping mind, the mind which
is clever at small things now excels. Then, when testing, the programmer must
switch to yet another group of gifts - particularly the eye for wholeness. Weinberg
calls this gestalt, which is a general feeling that something is out of place without
any particular localisation. Documentation as well requires some special skills. In
fact good documenters ~end to be rare. In the first place it shcurd be clear that
if th~ program Is not well written, there is not much that documentation can do to
resuscitate it. Since programmers usually document their own productlens •
especially for small embedded systems developments - the good docurnenter has
to be a good programmer to begin with • and then he must add the capacity to
express himself verbally and graphically.

The above dfscusotcn stresses the need for different skills and aptitudes in
developing software. This naturally tends to ~all for measurement or testing of
those skllls 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 dlverse activity, and any test that gives a Single "grade" is hardly adequate to
measure the aptitudes required [34]. Some tests have been designed to give
Illultiple scores, but even if these had individually valid measures. They would be
diffioult to apply sensibly, and the chances are that the averaqe personnel
manager would simply avoid sue:', difficulty. Moreover, just because of the
muttldtmenslonatlty, someone who is sorely deficient in one area may turn out to
be outstandirg in another· provided that the opportunity to use his strong oolnts
exlsts. On the other hand, sometimes a person who scores high on wery possible
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leading to the answer should be correct as well. The goal of formal logic Is to
represent problem solving as a formal relationship between beliefs and
conclusions· to find procedures that can guarantee correct solutions; in other
words, to find the legal mode of reasoning. One of the simplest forms of formal
logic is the proposltlor-al logic invented by Boole (Boolean logic).

Always on the subject c. problem-solving, one is often confronted with the difficult
decision of making assumptlcns. Mal<ing assumptions is often regarded as not
being 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 lmportant- probably without even thinking about it in
any conscious manner WI.: are led Similarly e stray by assuming that a certain
teeter is important, when it has no significance for the problem at hand. People
who spend much time debugging other people's programs soon learn not to listen
to ezplanetlons before tackling the problem, for these explanations tend to put the
listener or) the same false track of assumptions that prevented the speaker from
finding the bug for himself.

Could we say, them. that the first rule of problem solving Is "don't make
aasurnptlons"? We could say that. but we would be preclsely wrong. If we are to
be successful at solving problems, we must make assumptions. If we really face
each problem as entirely new, it would be impossible to Improve out
problem-solving performance. Intelligent behaviour, then, does not consist in
eschewing '" ssurnpucns, but in being sufficiently flexible to manipulate
assumptions as the cccaslons demands. It, other words, being intelligent, In the
oontext of problem solving. is not having some magic tormur« which one can
(~pply to every problem. It is. rather. having a number of "formulas" and not being
1)0 much attached witt' one tl1at it cannot be dropped for another [34].

'7.2 Appraising Programming Intelligence

Differences among programmers in skill and performance remain one of the most
Important determinants of software PI'Odllctivity [37). Therefore, it comes to no
surprise that there is a considerable amount of research (38][39][40] to determine
what are the cognitive abilities that make a good programmer.

Ono aspect of software development that cognitive science studies has brought
up Is the difference in approaches of novices and experienced programmers
towards programming. Novices comprehend a program through its surface
structure [41), that is. the particular application area of the program such as
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measure, we can easily fall into believing that U1eworst programmers are the best
~ because they work so hard at it.

Problern-avoldlnq 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 forqe, the puzzlement
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 been told that this factor is slqnlflcant, working out the solution is trivial. If we
present the problem to someone else, we will usually present him with that factor,
which immediately solves nlne-tenths of the problem for him. He cannot imagine
why we had such trouble, and soon we begin to wonder ourselves.

Caroll, 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 desired components into a hierarchical
arranqemen' of functions or data transformations. Once the requirements have
been delineated, they must be orpanlsed so U18t the tnherent structure of the
problem becomes visible. The next step is to construct a solution structure that
matches the prcblem structure. To the extent that these structures are logically
organised and match-d. thPl system will possess a structural integrity that will
expedite the implementation.

Two SChools nf reasoning approaches are generally recognised. Cognitive science
and logic [36].

Cognitive science is the experimental science whose sublect is human problem
solving. The focus of the cognitive science is on the human mechanisms for
problem solving. The ultimate poal 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
seen as a sequenoo of internal states successively transformed by a series of
information processes. An associated hypothesis is that information is stored in
several memories having differ'etH oapaclties and accessing cheractertsucs.

Logic is the science of human problem solving "as it should be". In other words,
logicians have always been concerned more with how ppople should reason than
with how they do reason. Getting the right answer is not enough· the argument



7 Psychological Factors in the Development of Software

The fact that the software development activity involve's decision making, creativity
and heuristics at the human level gives rise to strong psychological influences in
the development process itself. When in addition one considers that software is
often developed 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 "people", 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 to the
development. In fact, if we recognise that processes surrounds and emanates
from the people, it is logical to think that be focusing on tile people, we can
derive answers for the many questions we have about the other two PiS. Bach
[47] identifies the human processor, rather that the process, as being the central
issue. He claims that the process is 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 tho development at software are
recognised. The first is concerned with the way the human mind reaches for
solutlons when confronted with problems and choices. It affects directly the
development processes and methodologies. The second area where psychology
has a strong bearing is in determining and testing the cognitive abilities that are
required to perform different programming tasks. Those two areas are briefly
discussed below.

7.1 Problem-Solving

As a first reasoning step to problem-solving or alternatlvely a step prior to
problem-solving, should be problem-avoiding. As Weinberg [34] observes, a
programmer who avoids a problem altogether is more effective than one who
brings it upon himself, whether or not he ultimately solves it ~ Weinberg is
generally recognised as the one that formally started the psychology of computer
programming. This statement from Weinberg sl10uld seam quite obvious, but
hOWeV(1r,abstract ideas ebout intelligence rarely fall into accords with our beliefs
about concrete sttuatlcns. l.acking any objective measure, wo often judge how
difficult 0 prOfJram is by how 11ard a proqrammer works on it. Using this sort of
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outstanding order and pattern strategies (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 objects. When each instrument is considered as an object which
conceal hardware details, the instrument, design and the hardware design
can go in parallel.

A note of caution about reusable components is necessary. To be completely self-
contained, a component should not use other components which are externally
defined. 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 loss of component adaptability that
this entails.

The disadvantage of object-oriented design is that the identification of appropriate
system objects is difficult. Techniques for object-identification are available 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
suggested 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 designer and other
domain information must be used for object identification. 111 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, sommervlue [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 be implemented in plain
high-level languages like Pascal or C. Examples of object-oriented languages
(OOls) are 0++, ADA, Smalltalk and Eiffel.

Finally we note that object-orientation, 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 object-oriented software
development is iii response to a need ~ a need for less confusion, for less
repetitious work ~ and is a natural outgrowth of the human's mind tendency to
think in visual metaphors. That is why there is such emphasis on graphical
representation in the field. Object-orientation 11M one thing in common to all
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Object-oriented design is based on information hiding. It differs from the functional "
approach to design in that it views a software system AS a set of interacting
objects (entities), with their own private state, rather than a set of functions.

In the design process, the lowest system objects 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-orlented design is based on entities (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
rnessaqes rather than by sharing variables. This reduces overall system
coupling and there is no possibility of unexpected modifications to shared
information.

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

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
objects leads to the creation of loosely coupled systems. It is fundamental to
object-oriented design that the representation of an object is concealed within that
object and is not visible to external components. The system does not have a
shared state and any object can be replaced by another 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
independent.

Objects are appropriate reusable components.

For more classes of system, there is a clear mapping between real-worid
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The first stage of function-oriented design should be to develop a system data
flow diagram, These diagrams should not normally include control information but
should document data transformations,

Structure charts are a graphical means of showing the hierarchical 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
one of the following four types of data flow:

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.

cccrdlnate. 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 output 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 experience of the system designer,

Data dictionaries are useful in malnta. t5tem specifications, but are also
equally useful in the design process, Each icentlfled entity in the diagram should
have a data dictionary entry giving inforrr.atlon about its type, its function and
perhaps, a rationale for its inclusion.

By comparison with oblect-criented design, the design components in this
approach are cohesive around a function whereas object oriented cohesion is
around some abstract data entity.

6.3 Object-Orierttad Design

Pugo 4U
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system decomposition and to ensure that the, design adequately captures the
system specification. Design is a creative process which requires experience and
some flair on the part of the designer.

Finally the design 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 development phases. One way to ensure this interaction is through t roper
documentation. Accordingly, the configuration management must be su.. , it
should be easy to incorporate changes made to the design in R ':'. i:_ '1

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 Function-Oriented D~tI;ign

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 also maintain local state information but only for the duration
of their execution.

Function-oriented design conceals the details of an algorithm in a function but
system state information is not hidden. This can cause problem because a
function can 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 analysis and design, there is no r!~:;, tolt way of showing the subject
matters [31]. Processes are processes and modu'es are modules. However, the
layering concept is so powerful that many project teams slmply show the various
subject matters as processes at the higllest level: a copier process, a user
interface process and a device control interface. It can be dlfflcult, though, to
define precisely tile flows between these orocesses because the point of view
changes. From the point of view of the copier, a flow may correspond to the
number of copies, but from tllf'l oolnt of vlew of the user interface, we have button
pushes from the number pad on tile copier.

A functional approach to design is therefore most successful when the amount of
system state information is minimised and informatic.n 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 muc.. less definite than
r .qulrernents for applications systems. And while the performance requirements
for embedded systems may be couched in absolutes, the performance
requirements for support systems will be relative to resources and resource
utilisation, and the performance requirements for data-processlng systems will be
relative to load, resources, and psychological factors. The most complex systems,
such as nationwide airline-reservation systems, should probably be viewed as
having subsystems of all three types.

-
TYPE CHARACTERISTICS EXAMPLES --
embedded system special-purpose (application) Industrlal process-control

system
absolute performance
requirements flight-guidance system

data-prccesslnq system special-purpose (application) batch business program

relative per'ormance on-line database system
requrrements ,-

support system general-purpose operating system

relative performance software development tool
reouirornents

Table 2: A roqulrernents-level system classification [1]

2.2 Peculiarities of Embedded Systems

Although much of the development techniques usee in traditional sof; 'are
development hold true for embedded systems projects, mlcrocontroller softv are
often exhibits differences from the typical data processing programs, which
constltute a significant portion of traditional software systems. Those aspects
partlcular to embedded systems are treated below.

Micrucontrollor software frequently represents only a small port of a svstem
ccrnpcsed of several electrical, mechanical. and other components. The end user
need not (and often is not) aware that a mtcrocontrotler is integrated in the
system



industrial controller versus a train".

Among the 1110st prominent fields of application of embedded systems technology
\are:

the automotive industry
the defense industry
household products
Electronic displays

The autcmotlve market is the most important single driving force ir. the
mlcrocontroiler market [3], especlaily at it's high end. Several mlcrocontroller
farntlles were developed specifically for automotive applications and were
subsequently modified to serve other embedded applications {4], Table 1 below
cernonstrates the growing irnportancc of embedded systems technology in tho
automotive industry, Table 1 also shows the predicted data for the years to come.

Tablo 1: Avorage scrnlcenductcr content pOI' Pasnonqor Automobllo (In Oollars) [5]~- ~ .
Yom '90 '81 '92 '93 '94 '95 '9G '97 '98 '99 '00---
Semi-
conductor 595 634 712 905 1066 12~r7 1339 1410 1574 1852 2126
Contont
($) .. -

Automotive i$. not the only market that is growing, consumer oloctrcnlcs is also
a booming business. In the average North American's home there are 35
microcontrcllera. By tho your 2000 • that number is expected to grow to 240 [41.

Although the present study tecuses on Hl0 wider applications of embedded
systems which make use of small programmable devices such (IS microccntrollers,
embedded systems in tne broader meaning of the term can also include larqer
intelligent systems such as a personal computer [6], When the personal computer
is used by itself as a word processor, it would probably not be considered en
embedded system, If however it was dectcnted as the LIseI' intertace, da'a
processor and controller for a weather etauon, lightin~1' 11eating, ventilation, G ir
condlticn, firo suppreseron and bJrglar nlarm, them it could be conslderee Gill

embedded system. It would be an intot)rnl part of a larger 1101110 outer- OtiCI!1

system.



2 Defining the Embedded Systems Concept

\

2.1 Definition

First of all let us start by answering the question: what makes a system
"embedded" ? The term "embedded" was popularized by the U.S. Department of
Defense [1] in conjunction with its common languages (AC,'\) 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
computer system. In contrast, the common concept that unites the systems we
01,00ge to call "embedded" is process control: providing continual feedback to an
unintelligent environment.

Often real-time embedded systems are controllers, being part of an electro"
mechanical application. Such systems are reactive; they are slrnutated by the
envlronment with signals, end return -as their reaction- signals to the environment.
In the past these systems were usually built from analogue and digital hardware
components, Today software has become dominant; analogue filters are replaced
by digital ones, the anti-shuttering of tl switch is nut done by El capacitor, but with
al1 interrupt-routine and a timer-subsystem. The goals of these replacements are
usually to:

minimise the number of components
make tile design more reliable
make the system more mamtalnable
reduce the production cost of tho whole system

An "embedded system". then, is an electronic product that incorporates Eln

intelligent programmable device, llke a mlcrocentrcller. Most of the(;.·~products do
not 1001<like computera. Ofto" there is neither a display nor a keyboard. Virtually
all the electronic products that now surround us is based on a tiny computer
hidden inside the works. That covers products ranging from the cellular phone,
the television remote control, the Automatic Teller Machine (ATM) machine to
even tnnecucus products like tile electronic greeting card. EVen the mouse
connected to t11ePC has a tiny Qmbi.:1ddedprocessor inside,

As the gonoral manager of Intel's E~l11beddedprecesser Operaticn Tom F~ranz[2],
puts it, "untiko tho PC .ndustry. it's (embedded systems) a vory broad industry. It's
so diverse Q it's on industry whore you have appllcations such as terminals versus



[491 Poston R.M., "Testing Tools Combine Best of New and Old", IEEE
Software, March 199(;;, pp. 122·127

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

1,6 Assumptions

It is assumed that the reader is familiar with the major software
development processes and associated issues as exposed in the Literature
Survey on Software Development Processes, SDE 102.

1.7 ISO 9001 Requirements Traceability

ISO 9001 Clause 4.4.4 - Design Input
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: Processing Element
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: Reduced Instruction Set Computer
: Read Only Memory
: Specific Instruction Set Computer
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: Video Display \...lit
: Very Larqe SCuie Integration

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

• Full-tlm« 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, Electrical Engineering

• Individuals who will perform internal and external surveillance audits of
the SEAL Quality Manaqement System

• Engineering Manager, Meissner

• Product Developer

• Product Manager

1.5 Applicable Documents

'1,5.1 Specifications
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1 Scope

1.1 Introduction

Embedded systems are growing in popularity. New applications of
embedded systems are constantly being investigated. Accordingly they
ccnsutute 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 embedded systems projects different from data processing
applications software projects. Failure to 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 tile subject. It underlines the
peculiarities of embedded systems and probes tile new development areas
in that field.

1.3 Definitions

AID
ADO
ADT
AI
ATM
ASIP
CFSM
CISC
CSP
DSP
EMI
EPROM
EEPROM
FSM
ICE
L.CD

: Analog us-to-Dig lta:
: Abstract Data Object
: Abstract Delta Type
: Artificial Intel! wenee
: Automatic Teller Machine
: Application Specific Processor
: Codesign Finite State Machine
: Complex Instruction Set Computer
: Communicating Sequertial Process
: Digital Signal F'rocessing
: Electromagnetic Interference
. Electrical Programmable ROM
: Electrically Erasable and Programmable ROM
: Finite State Machine
: ln-Olrcuit Ernmulator
: Liquid Crystal Device
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b. Two onennets with ~self-test. Each channei is subjected to a periodlc 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 unhealthy. Depending on the
safety philosophy, the same can either revert to single-channel operation
and inform the operator that there IS reduced integrity or suspend
processing. The eelf-test has to be thorough since error states which
escapes detection will cause system failures.

c. Three channels with two-oui-oi-tnree voting. An expensive alternative which
compares three solutions and can permit nne out of the three to become
unhealthy. This solution can increase both safety and reliability due to the
two-out-of-three redundancy which applies 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 design and coding of
separate software for each of the repftcateo channels. This is sometimes called
N version pro9i amming [13] where two or even three separate duigns 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 lcok up under the same circumstances. Where there are two or more
channels, circuitry and/or softwere has to be deslr-ned in order to decide which
is the healthy channel In tl1e event of all error. With three channels, a two-out-of-
three voting arrangement can be employed. "

Since diverse software is obtained by carrying out separate design 8i1d coding
activities for the replicated channels, this will involve one or more of the following
features:

Different algorithms
Different storage media
Different CPU architectures
Different supply voltages
Different CPU clock rates
Different languages

Software diversity is extremely expensive and is unlikely to be applied except in
hiphly hazardous applications suet. as r.uclear or aerospace equtprnent. It is Mot
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Figure 1(d) : Software Diversion method

An approach to modelling software reliability involves an attempt to Identify
measurable complexity and size parameters (known as metrlcs) which can be
correlated with failure rates. The problem In this case is that the number of
complex interacting variables which govern software quality Is probably greater
than can be realistically modelled [10]. Unlik" hardware there is no simple
repeatable mc)del involving the failure rate of specific elements.

Using redundancy ls a comma" way of improving reliability, as we have already
shown. When using redundancy the following additional factors should be
considered [10]:

a. Two r;hannefs with a comparator. If the two channels do not agree the
processing cannot proceed since there Is no determination of which
channel is heailhy. An alarm or shut-down condltlcn should then be
Initiated. In this case tho overall reliability may be less than for a single
channel since twice tha number ('If failures will be likely. On the other hand,
safety is enhanced since, for an hazardous failure mode, both channels
need to fail.



solenoid whose contact causes some safety action. It is possible to imagine
the PES causing an unwanted operatlon or even falling to operate when
required. Due to uncertainty associated with software failures this solution
Is seldom favoured.

b. The system retains hard-wired control. Figure 1(b) also shows this
arrangement whereby the PES carries out functions whilst the solenoid is
still operated from tho input. Currently this solution is usually favoured.

c. Figure 1(c) shows an alternative application of the override principle. In this
case a hard wired monitor examines the outputs and disconnects the PES
from the solenoid In the event of predetermined undealrable combinations
of output.

d. Diverse software is employed whereby duplicated or triplicated systems are
provided such that each system is separately designed and programmGld.
Some measure of protection against software failure iB thus obtained and
the outputs from the diverse systems can be compared mnd voted. This is
shown in figure 1(d).

------.....---=--'----~----~
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L_J .1,

[II

1111\(111<,'; I

Flguro 1(0): scttwaro controlling tho safoty·rolotod function dlroctly
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Figllro 1(1)): The system retains hard-wired control



4 Reliability

In section 2.2 above, the importance to bLlild reliability in domestic products and
embedded systems in general was raised. Capital at stake through large volumes
of the product and safety considerations make reliability an even more important
issue in embedded systems than in data processing applications [3]. It may be
anr10ying to receive an electricity bill for ten million rands. but it is more annovlnq
if the engineers lose control of the power station, or if they lose control of their
cars on their way to work and cause a collision. In that respect, small systems
can be used in applications where safety is critical, just as with large systems.
It is the software designer's responsibility to ensure that the software copes safely
with all that may be thrown at it.

Usinp software in potentially hazardous situations loads to two main dlfflculties
[10]:

a. Due to the complexity of software failure mcdos the possibility of hazardous
failurc-ls i.. groater.

b. SiMO the use of software makes failures difficult to predict, it is difficult to
pernelve if the integrity of a system is adequate.

A frequent misconception is that the elimination of errors dming design is tho sale
factor tn achieving quality software, This is too simplistic an assumption. In
practice all software is liI<ely to ecntaln residual faults. albeit at very low ievets,
after extensive debug and quality activities.

A number of design features involving both hardware circuitry and software
techniques can contrlbute sLlbstnntially to tile system rcliablllty. Some of these
features prevent faulta from occurring in the first place and others lmprt» J tho
fault tolerance of the system so as to render them non-critical.

4.1 Reliability DosiS"1 Philosophies

Smitll [l"d Wood id0ntify [10] four bas.o design phuosoptuos wllicl, aheuld be
oemsidered when incorporating senwaro elements into a safoty system.

(I, Tho software directly controls tho satoty-rotntec function rlglHO 1(a)
Sf10WS a contact providing an input to a proqrarnmnule otoctrcntc svstom
(Pf':S) WhICI" in turn. provides an output Tho PI'S output operates n



exceptional sensor value is detected; Control systems are systems which
continuously control hardware actuators depending on the value of associated
sensors. These system obviously have a great deal in common and differ only tn
the way In which systems actuators are Initiated. Often. in' embedded systems,
they will be found on the same platform.

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

Because the processes in a real-time system must cooperate. the real-time
system designer must coordinate the comrnunlcatlone between processes.
Process coordination mechanisms enaure mutual exclusion to shared resources.
In real-time embedded systems which involve data acquisition and processing. the
execution speeds and periods of the acquisition process and the processlng
process may b~;out of step. semetlmee, when significant processing is required.
the data acquisition will go faster than the data processing; at other times. when
only simple computations need be carried out. the prccesslnq will be faster than
the data acquisition. To smooth out the speed differences. most data acquisition
systems synchronise the two events using some kind of buffer mechanism or
algorithrn.



to synchronise a television picture waveform with a tolerance of less than 1
mlcroseoond, is operating in real. " .n 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 is a robot that
has to picl< 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
not be there anymore, and thus the job will have been done incorrectly, even
though the robot wen~ to the right place. If the robot is early, the piece will not he
there yet 8'1d the robot might block it.

Occasionally one sees reference to 'real-time' systems when what is really meant
is just 'fast' [12]. As pointed out above, the response times of resl-ame systems
can vary widely. Real-time is not necessarily synonymous with 'fast'; that is, it is
not the latency of the response per s~) that is the issue, but the fact that a
bounded latency sufficient to solve the problem at hand is guaranteed by the
system. Similarly 'real-time' systems am referred to when what is meant is
'on-line' or "an interactive system with better response time than we used to
have". Often this is just marketing tactics.

one will also occasionally see drscusslons of 'soft' versus 'hard' real-tlrne systems.
In many of these discussions, 'hard' real-time means the type of real-time system
dlsous: I above, and 'soft' real-time means systems which have reduced
constra., 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 ttmo constraints [12].

In a real-time system, events (or stimuli) often cause the system to move to a
different state, For this mason state machine; modelling has oeen widely used as
a way of expressing a real-tlme systems design. The state machine approach io
appropriate for the modelling of real-time systems where a particular input causes
a til read of actions to be initiated. State machlne models me goad, languagob

independent way of representing tile design of a real-time system ['11], However
the problem with the state; machine approach is that the number of possible states
tncreases rapidly. It is therefore necessary to adapt the approach for largl;)1'
systems so that "II states need not be inclucJod In a single dll!1grorn, One solution
is to usc thread diagrams.

Embodded monitoring anci control systems are on important class of rent-time
systems which contlnuously check sensors and tnko actions rlG)pondin~Jem tho
sensor rm~(iing, Monitorinn systems are systems VJhicl1tako actton when some



3 Raal ..Time Issues

\

As noted in section 2.2 above, embedded systems are often associated with real-
time applications; in fact etten those two terms "real-time systems" and
"embedded systems" are interchanged. This section looks at characteristics of
reei-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 it1 'real time' [3]. For
example, the equations describing the growth of a population of animals could be
run many times faster than the animals' bl'eeding cycle, while the dynamlcs of a
chemical reaetlon could be studied at a much slower speed than the natural
events. AI' electronic analogue which ran at the some speed as the natural event
it modelled was described as operatil19 in real time.

Modern real-time digital systems may not be modelling any natural event, so the
link between processing speed and the outside world does not exist. Nowadays
the term is used to describe systems wl,ich deal with data input from the external
world as it arrives, and send the appropriate responses to th.:. output at the
correct time. This is distinct from batoh procossing, where input data are saved
up for later processlnq as a group.

For the purpcee of this study the term '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 also upon the time at which the result
is produced. A formal doftnltlon is given by Sommerville [11]:

"A resi-nrne system is a softwnre system where the correct functioning of the system depends on
tho result produced by tho systems 011.(1. tt10 time at whtch those results are oroouced."

If the tirr~ing constraints of tile system are not met. system failure is said to have
occurred. This deflnltlon covers a wide range of applications. jI d..~,..',,:lsn
management system which allows an operator to l''f1odify data d" ectly trorn d

terminal could bo cnted '1'001 time'. Till; svsterns us,ed for booking airline tickets
would foil into this cateqory. [:qually, a digital video processlnp unit, which has



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 "unpredictability" of software has been leading to the introduction of
"hardware feedback" [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 can be largely attributed to the
immaturity of software engineering and to the fact that embedded systems has
long been 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

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

2.3 Advantages and Disadvantages of uSing Microcontrollers

From both reliability and operating standpoints there are advantages and
disadvantages arising from programmable devices. Smith and Wood [10]
summarise those features:

Reliability advantages:

Less hardware (fewer devices) per circuit due to high levels of integration
Fewer devtce types
Consistent architecture (configuration) leading to a common approach to
hardware design
Easier to support several models in the field with spares
Simpler to modify or reconnqure
Provides a runnil"lg log for investigation
Allows self-test

Safety advantages:

Removes human operators from hazardous areas
Provides sophisticated process interlocks
Interprets rates of change of process parameters and gives timely warning
of potential hazardous conditions
Provldes early warning diagnostics
Provides centralised dlsplsys and graphics on video display units (VDUs)

It

Reliability and safety disadvantages:

Difficult to 'inspect' software for inherent faults
Difficult to lmpose standard approaches to software desigt1
Difficult to control software changes
Testing and validation of hlqh-scale integration devices and their asaoclated
software is difficl11t owing to the higl1 package denSIty and consequent lacl<
of visibility and interface to tile functions
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cooling strategy. A part that requires forced air cooling - and the bulky, expensive"
noisy and unreliable accompanying fan - will be t.nsultable for most embedded
applications. Often, embedded systems are powered from batteries. To provide
for maximum battery life in these applications, the embedded systems architecture
should permit speed/power trade-offs and other o.lsign techniques to manage
power. In the same vein, the designer must provide support for dual power supply
system peripherals (3.3V and 5V). Designs that can tolerate some voltage
fluctuations are also 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 electrically programmable ROM (EPROM) and read/write random access
memory (RAM). The cost per system aspect is especially important when
considering that mlcrocontroller products often have sales or usaqe volumes in
the tens or hundreds of thousands (7] (such as calculators, automobiles, cash
registers, and games). Section 7.2 looks at the mlcrocontroller market.

Finally, embedded systems can be extraordinarily hard to test [1]. The complexity
of the system/environment interface is one obstacle, ar i the fact that these
programs often cannot be tested in their operational environments is another. It
IS net feasible to test flight-guidance software b) flying with it, nor to test ballistic-
missile-defense software under battle conditions.

To summarise, embedu=d systems are often characterised by the following
factors:

High reliability concerns

Real-time constraints

Stringent resource requirements

Limited development resources

Low power ccnsumptlon

Large variety of attachments with the environment

Complex interface witl) tho environment
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electrical noise. In spite of this, they are expected 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. It also
extends to the development itself. Unlike other software development, embedded
software is cross developed on a separate host rather than on the target
hardware on which it must ultimately run [9].This is because most embedded
systems do not support the peripheral devices and software tools needed 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 be developed
hardware, makes it even more challenging [9).

The continual demands of an unintelligent environment cause these systems to
have relatively rigid and urgent performance requirements, such as real-time
response requirements and "fail-safe" reliability requirements. Immediate response
to asynchronous external event typifies normal requirements. It seems that this
emphasis on performance ret;,jlremr ..snts is what really characterises embedded
systems, and causes us to be more aware of their roles in their environments
than we are for other types of system.

For example, users of domestic appliances incorporating embedded
rnlcrocontrollera are generally less tolerant of system bugs than computer
professionals, to whom they a', all in a day's work. People expect their cars to
transport them, their televisions to entertain them and their washing machine to
clean their clothes. They will probably only thitd< of the controllers when they go
wrong, and then their displeasure will not be limited to the program desigl,er.
They might decide 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 being the largest
consumer of microcontrollers, is demanding, Electronics must operate under
extreme temperatures and be able to withstand vibration, shock, and
electromagnetic interference (EM I). The electronics must be reliable, because a
failure that causes an accident can (and does) result in multl-milllon dollar
lawsuits [3]. Reliability standards are high - but because these electronics also
compete in the consumer market -they have a low price tag. Real-time issues and
reliability issues are discussed in section 3 and 4 respectively.

Low power is another important requlrernent for most real-tune embedded
applications [8]. Power dissipation affects board density, power supply needs, and
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The input to most embedded systems comes from some kind of transducer
monitoring a process, rather than entered at a keyboard or from punched cards
etc. Of course there 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 be serviced. The variety of attachments is one of the characteristics of these
systems. A large mainframe may operate with "'nly serial RS232 serial
input/output lines, 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 whioh case it needs
to be converted to digital form using an analogue-to-digital (AID) 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 direct result of the "process control"
concept, because the environment is liI<ely to consist of a number of objects
which interacts with the system and each other in asynchronous parallel [1].
Furthermore, it is probably the oomplexity of the environment that necessitates
computer support in the first place. This characterlstlc often makes the
requirements difficult to specify in a way that is both precise and comprehensible.

A software product such as a word processor or payroll package will usually be
used by someone deliberately using a computer to carry out a particular task.
They may have attended a training course end be familiar with the software'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 resetting the computer and starting again If all else
fails they may be persuaded to read the lns'ructlon manual.

Embedded systems do not often enjoy these luxuries. They tend to be subjected
to stringent resource requirements. These requirements, are mainly physical, and
depend upon H1e nature on the system being constructed. The stringent
requirements arise because embedded systems are often installed in places
where their weight, volume or power consumptlcn must be limited (such as
satellites), or where temperature, humidity, pressure and other factors cannot be
as carefully controlled as in the traditl()ndl macnlne room, They may be located
under a car bonnet or close to large electnc motors where they will be subject to
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systems, Jiang Zhu et al. [21} proposed a new graphical language for the design
and scheduling in hard real-time applications. 1heir graphical language has for
advantage to include deadline scheduling algorithms into the same representation.
It also integrme both data flow and control flow into the same diagram. Figure 4
shows the basic component of the design diagram.

Contr.JHn l
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~ Control·Out
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Figure 4: Basic Component of the Hard Raal·Time Schoduling Design Diagram

This approach tends to be more function-oriented. Furthermore, converting the
design diagram into a task set that will ensure that the design objectives are met
is a complex process. As Zhu et al. [21] themselves put it, decomposition of the
design into a task set is still fuz:y and is based more on heuristic methods and
rules of thumb.

Another approach at capturing the flow of events in embedded systems is
documented by Drusinsky [22]. Drusinsky uses Harel diagrams [23] (or extended
state diagrams). The need for more elaborate methods of ca,.)turing the flow or
events in embedded systems elise mainly from the change in complexity of the
interface of such systems witf1 the environment. The movement has been from
transformational systems to reactive systems. Transformational systems are those
invoked when the lnputs are ready and the outputs are produced after a
computation period [22]; see figure 5(8). Examples are voice compression
systems. Reactive systems on the other hand have inputs that are not ready at
any ~ivf.m point in time [22]; see figure 5(b). A typical reactive system is an
intelligent traffic-light controller which never has all its inputs ready -the inputs
arrive in endless and perhaps unexpected sequences.

"



system. However unlike the object-orlentatlon approach Zave's model is still
restricted to the requirements specifications and does not offer a direct path to
the design and implementation process.
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Figure 3: zave's partial model of a patlcnt-rncnltorlnq system

6.1.2 Dealing win, Timing ISSl'SS

One of the concern of embedded systems developers is how to deal with the real-
time Issues. There is more and more pressure to deliver sophisticated real..time
systems that can deal with complex, incompletely specified, dynamic environments
in an lncrsaslnqly autonomous fashion [19]. "10 do so requires til at tlme-
constrained problern-sclvtnp techniques be incorporated into real-time eystems.
As it is, there is currently no coherent theory of real-time problem-solving [20].
The existing real-tlrne problF'm·soiving systems are, at best. coincidentally real
time [19]. Strosnider and Paul [20] nresented a structured view of real-tlrne
problem-solving, based on Newc:>II·Simonproblem-space hypothesis. They 1001< at
the problem-level search space and at the l<nowledge retrieval level to reduce the
search variations in rear-time problem-solving, Althouqh still purely theoretical,
their approach is a constructive step towards reducing computation time in real-
time problern-solvlnp systems.

Always on the subject of meeting the time constraints on n,;nl· time embedded



6 Planning Embedded Systems Projects

6.1 Dovolopment Strategies

Little has been written on complete development processes specifically for
embedded systems. The tendency is to use the existing, general software
development processes like the ones mentioned in section 2.0 of SDE 102. What
lias been investigated, though, are techniques to make the different development
phases more suitable for embedded systems. Many of those techniques have
their roots in other domains closely related to embedded systems, like the artificial
intellig~nce (AI) community or the reel-time community, In this section we look at
some of those planning and development strategies.

6.1.1 Formal Requir~rnents Specifications Methods

A lot of research ls devoted into capturing the charactensttcs of embedded
systems down at the requirements level ['I ][16)[17][18], where already they differ
from other kinds of software developments. One such study was performed by
Zave [1]. It is based on an operational approach to development. Unlike
conventional requirements specifications methods, hers is strongly coupled with
the system's environment. Including an explicit model of the environment has
several advantages for requirement'S specltlcatlon. It provides more insight into
the interfacing of the system with the environment. which for embedded systems
is often complex, asyrtcnronous, highly parallel and distributed. Furthermore,
aseumptlons and expectations on both sides of the bOLmdarycan be documented.
The result is a speclflcatlcn which is far more precise and yet comprehensible
than could be obtatned by treating either slo a: of the interface as a "black box",
which is what happens when the environment is not modeled. Zave's approach
is depicted in figure 3 wl,icll shows a partial requirements model for a patient
monitoring system. The il1teructing environment-proposed system model is even
supported by a speclftcanon lar'lguage called PAISLey (Process-orfented
Appllcatlve and lnterpretabte Speclflcatlon Langllage) [1].

The modAl proposed by Zave bears some similarities to the idea of object-
orientation, in the sense that it captures the problem in terms of abetraottons and
not as functions. Notice that a similar integration of the onvlronment into the
specifications can also be achieved with object-orrentatlon SImply by lool<ing at the
problem at a higher levol of abstraction. Furthermore, object-onentatton too can
easily encompass tile hardware as well as tho software components of tho



In order to assist ttus critical testing phase, test tools, such as logic
analysers and in-circuit emulators have been developed, Test tools
and development tools in general are considered in section g,
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Flguro 2(b): Int(lgrdtion Tostlng of modules lIslng atubs . muttlpto modules

Modules or subsystems may perform correctly when tested alone but fail
in combination. Consequently dynamic testing should always be carried out
in depth and should include functional program testing such as:

I.

Stress tests. Stress tests (sometimes called endurance tests) are
black box tests which impose a range of abnormal and illegal input
ccnditicns so as to stress the capabilities of the software. lnput data
volume and rate, prccesstnq time, utltisatlon 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.

Envlronmonte! tosi« These will also include tests LInder conditions
of electrornaqnotic tnterferencc. Software systems are pnrticLllarly
prone to data corruption resulting from both mains and air-borne
interference and thorouph functiona: tests are needed
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different conditions. The following pattern is generally observed [10]:

a. Code inspection and walkthrough. This is the weakest level of test. It is
subjective and relies on the application of past experience 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 level
parametric test which validates the performance of the code in respect of
particular variables Iather than addressing the functional specification.

c. Static analysis. These are tests which do not actually execute the program
but examine the logic and paths within it. To some extent a compiler
performs a static test by checl<ing for syntax enr-rs and undeclared
variables. Static analyzers examine the code algebraically without the use
of actual input anc' output values. Static analysis packaqee are tests which
assess the structure of a program. They operate at source code level and
verify that the program is correct against its specification. Furthermore they
validate the program algebraically. An example of such a package is
MALPAS ( MALvern Program Analysis Suite).

d. Dynamic analysis. In this type of testing 'live' data is used to exercise tl1e
lnputs and outputs and thus test the actual performance of the code. It is
ths most important test, as it fccuses on tile performance of the product in
conditions as close as possible to the real-type situation. It is at this stage
that individual modLIles are tested and then integrated into the system. The
tests rely on the executing of the program either with simulated Of' real
inputs. The concept of integration testing of modules using simulated
modules, known as stubs is depicted in figm6 2(a). stubs are necessary
to provide a mlnlmum simulated interface to replace each of the as-yet
unooded modules. As additional modules become available they replace the
stubs as shown in figure 2(b).

It



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

5.3 Limitations of testing

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

The main limitation to sonware testi,1g is the inability to foresee all the
combinations of external conditions and logic states in the program. Timirtg
related faults prove the most difficult to reveal. Practical test limitations as
exposed 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 will depend on the test equipment and simulators provided.

b. The range of operator actions which can be foreseen and planned for in the
test procedure. These should include misuse tests but they will be limited
by the imaglnl':lbon of the test writer.

C. The extent of the operating instructions.

d. The choice of langLlage and compiler which will have an effect on the
difficulties actually experienced during testing.

Management constraints of time and cost will also limit the test effectiveness.
Since testing, however soon it commences, is the last activity before despatch,
and since schedules always slip then it will be the activity 1110stlikely to be
curtailed in favour of delivery.

5.4 Tost Stratogy

Typically a test strategy involves viewing the product at differer1t angles and LInder
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development process. Frequently the cost associated with producing fault-free
software, also presents itself as an indirect cause of faults. Sommerville [11]
observes 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 trying to reach
a compromise between cost and residual faults.

5.2 Test Ma.t .•gament

The whole structure and philosophy of the tests are dep8ndent 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 beginning.

The first document, as regard tesunq, 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, Simulation, lcadlnq and
other tests will also be given. This, and the subsequent test documents, should
not be produced by the designers but by a separate test authority. Other essential
documents will follow as the design proceeds. These lncluda [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
method 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 instructions down to the details of
connecting test equipment and the actual inputs to be applied and their
sequence. A gr,od test procedure should contain the anticipated result of
each test and a record sheet on which to record the results.

c. Test records. There silould be a test record for every test and, as
mentioned above, this may be part of the test procedure document.

d. Test utilities 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 describer. here.
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Using a model that is not a good fit to the physical situation
Incorrect document cross-references

Possible causes of inconsistent or incompatible requirements are:

Having two references give conflicting information
Inconsistent use of conventions
Unclear or illogical requirements
Omitted requirements (e.q.: handling of invalid inputs),

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

Unstructured approach to the design breakdown (l.e, detail is considered
first)
Lack of proper reviews
Lack of change control
Specification was misunderstood

c. Prom the coding exercise, faults may occur clue to'

Semantic errors involving incorrect use of statements
Logical errors in translating the design into code
Detailed syntax errors which may have escaped detection by the compiler
Poor data validation (e,g, no default condition after a data input)
Variables not initialised, or used incorrectly
Insufficient arithmetical accuracy
Insufficient range checks, (e,g, divide by zero)
Type mismatch (e,g, string used as a variable)
Residual errors in compilers

Another possible source of error is the corruption of the program itself [3], In most
small rr al-tlme systems, the program is stored in some kind of read-only memory
where it is relat'vely 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 executes the wrong instruction, and this may upset the proqrarn
sequence, The watch-doc circuit will trap this kind of behaviour and restart the
program from the beginning.

As the list above shows, at the origin of faults often lies a mismanaqement 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
reliability, it also demonstrates reliability 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 subject of testing, it is worthwhile to examine the nature
of the faults that the testing exercise aims at checking.

Faults may occur in both hardware and software. Software faults - often known
as bugs ~will arise as a result of particular parts of the code being used for the
first 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 instruction is thus incorrect and only when that
particular part of code is executed is the error revealed. However tile presence
of a fault in a program does not necessarily result in an error or failure. A long
time may elapse before that portion of code is used under the circumstances
which lead to failure.

An error may propagate to become a failure if the system does not contain some
error 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 ability 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 requirements specification is often a source of faults as a result of
incorrect or inconsistent requirements. Possible causes of incorrect
requirements are:

smEl03WP 100 Page 25
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Reinitialisation. 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 result of a particular calculation is not satisfactory
then an alternative 'calculation can be performed.

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

Exception handling. These consists of identifying con Iltlons which are
defined as exceptional and which require additional code to carry out the
processmq.

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

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

Manual recovery. In the event of failure, control of the system is returned
to an operator who attempts to control the system rather than leaving it to
automatic means.

SDETo3WP 100 \, ersion 1 0(, 25 August 10\)(3 Page 24
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in any case a total solution to the problem [10J. We have already seen that a
significant source of software faults is the activity of stating the requirements
specification. As a result identical faults can propagate through each of the
'separate' design activities and manifest themselves ln all the channels.

4.2 Error Management

As already mentioned, a fault-free software is often not achievable. At times the
problem might not even be at the software level, e.g. a sensing circuit that
suddenly delivers pulses at a faster rate than the microcontroller can read,
causing some of the pulses to be missed completely. Reliability considerations
demand that provisions are made to deal properlv 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 controlled 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 timer 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 is possible to check the state of a memory by reread. This
walking bit technique will minimise software corruptions faults by flagging
up failed memory. In the case on ROMs checksum techniques are needed
which will verify tile contents (which should not change) against
predetermined checksum values.

An extension of this philosophy is 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 recovery, The simplest example of error detection
software is the paritv digit, whereby an additional digit is included with
some value.

Ranqe checking techniques, discussed in section 5 of SDE 113.

Once an error condition is detected there should be built-in procedures to recover
from that condition with the least possible damage to the system. Seven
approaches to error recovery are recognised b~'Smith and Wood (10]:

Version 1 DO ;~5AUCJust1D~)f.iSDE10:lWP 100
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7 About Programmable Devices

7.1 The Devices

Embedded systems can be developed on different intelligent platforms. Below
is a list of the rnalor architectural types

a. Von-Neuman Architecture

Microcontrollers based on the Von-Neuman architecture [31] [34] have a single
"data" bus that ls usee! to .etch both instructions and data. Program instructions
and data are stored in a common main memory. When such a controller
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 controller's
operation.

b. Harvard Architecture

Microcontrollers based on the Harvard Architecture [34] have separate data bus
and an instruction bus. This allows execution to occur in parallel. As an instruction
is being "pre-fetched", the current instruction is executing on the data bus. Once
the current lnstructlon is complete, the next instruction is ready to go. This
pre-fetch theoretically allows for much faster execution than a Von-Neuman
archltecture, but there is some added silicon complexity.

c. clse

Almost all of today's microcontrollers are based on the GISC (Complex Instruction
Set Computer) concept, The typical CISC mlcrccontrotler has well over 80
instructions, many of them very powerful and very specialized for specific control
tasks. It is quite common for the instructions to "II behave quite differently. Sorne
might only operate on certain address spaces or registers, and others might only
recognize certain addressing modes. The advantages of the CISC architecture is
that many of the instructions are macro-like, allowing the programmer to use one
instruction in place of many stmpler instructions

d. RISC

r~edLlced Instruction Set Computers (RiSe) [31][32], as their name suggests, have
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Management frequently desires to see code as :OU1 indication of work
accomplishment, however, starting the code phase before proper design
and review usually leads to larger delays later in the project.

Inadequate Time for Testing and Product Integration

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

The hardware is developed as the software is developed, There is
not a stable base for software debug, thus lengthening the debug
time.
The microcontroller software is a small part of a large
electromechanical system. Software d,ebug IS constrained by the rate
at which the rest of the system is debugged.



6.3 Pitfalls to Avoid When Planning

Various aspects of microcontroller software development require special attention
during planning and exeoution to ensure that the project stays on schedule. Some
of these arp, listed below.

Because of the embedded nature of most mlcrocontroller applications,
requirements frequently change when the problems occur 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 Changing the software requirements late
in the software development cycle. The COCOMO model[30] accommodat- ~
this effect with a factor called "requirements volatllity", described in table
3.

.-
Rating ProJoct Rework duo to Roqulromonts Chatlgos Effort

Multlpllors

l.ow . Essentiallv None 0.91.._

Nornmat Small. nencnncat redirections 100
1---- -

High Occasional moderate redirections 1.10-
Very High Frequent modorate or occasional major redirections 1.38

Extra High Frequont major redirections 1.62--

Tablo 3: Roqulramonts Volatility Effort Multlpllors

Parkinson's Law Corollary [7] " Code will expand to fill the memory
avalteble.

Since the cost I.sr instruction can increase dramatically as the utlltsatlon
of memory approaches the limit, it is necessary to resist the temptation to
sneak in a few more features. In rnlcroccntroller system this is usually a
severe constralnt, unlike large computer systems where virtual memory is
often a solution.

How Much Code Syndrome

Design and review steps should not be rushed to begin caeling.
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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 useful when planning for
and making predictions on a software development, provided their limitations and
assumptlons are well understood.

As an example of how COCOMO can be applied to embedded systems, a
"typical" product development activity for real-tlme embedded mlcrocontroller
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 case. Carrying the analysis one step further, consider the case of the
development of 64 kilobytes of software (assuming that one higher level language
statement generates on the average 2 bytes of code):

=2.8 x KOSI' ;'ll

=2.8 x 32768' ,'0 assumtnp 2 bytes per higher level language
statement

= 184

MM
15

:: MMnui1lx P (effort multiplier)
1 ~

::: 184 x 4 53
:: 835

TDEV:.: 2.5 '.( MMo :j.'

::: 2.5 x 8350.32
= 21.5

The results show that the particular development requires:

Over 69 man-years effort
Over 21 months of calendar time

Understanding all the factors that affect rnicrocontrcller software development is
thus critical to planning the schedule of a rnlcrocontroller-baseo oroduct.
Accordingly, one should not expect to estnnato the cost or schedule for a project
for which the requirements nrc unknown or unclear.
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Figura 11: Softwaro synthasis mociol for objoct-basod, parallel embedded systems

a new module, T(~perform the mnalysis, an lmplernentatlon of a module is chosen,
and is assigned to a PES,The response time of tho module are then tested. If the
performance is acceptable the exercise is repeated wlth a different module, else
the module is modified or the process is assigned to another PE, The process of
varying lmolementatrons of components and varying the assiqnment is repeated
until the timing criteria are satisfied, or until some fixed number of attempts have
been made, at which time the system c1(1sign "fails" to meet the requirements.
Only a fixed number of designs is tried before tile system requlrernents are
deemed to be 'unreascnablc" and are therefore modified.

6.2 Applying SC.lftwaro Metrics to Embedded Systems Projects



the me too language. In the voliciat(i' step, the speclftcatlon resulting from tho
eSP/me too description is exercised. Feedback from this step can be used to
improve the original model, etther by correctlnq errors, l'\y remedying omissions
and inconsistencies or by exploring alternating designs.

A typical me? too specification is shown in figure iO.

,-----,-----------
Spoclflcatlons of Packots
objocts

DmltinatiL1ns ::: Strin!)
Contents ~~String
Pacl{c.H

exported cporaticns
make_packet: f)osth"lotiQn'Contol'lts ~ Pm::kD1

tha_dollt: Packet • Dostinatlon
tho.)TIosl'l: rocket • Contorts
null ••pkt } Packet

obloct reprcacntattous
Pacl<GtCl record (dNlt: Destination, cant: ccntents)

dollnltlcns
mnl<o_pocket(d,m) ::l ::': mk_pockot (d.m)
the_dpst (pk) ~, '" dost (pk)
tho••mess (pk) ~.. :;: mk_paclwt ("nowhere")

ond Packets

'-- __ , ,__ , ~.d

Figure 10: example of a mo too spoeft'icntlon - Spoclflcatlon of tho Packet ebjoct
'f

Another object-based approaoh to tho development of embedded systems i~
proposed by Stoyeml<oet ai. [29], This approach is restricted to parallel embedded
systems: l.e. the operations can be assigned to more than one processing
element (PE). The development model is outlined ln figure 11.

TI1<9first stage of the development is the specification of the requirements, This
is followed by tile design stage, The model assumes that 8'1 cblect-orlentatlon
approach is chosen for the design, where physical objects from the application
domain are modeled as abstract (lata objects (ADOs) or as abstract data types
(ADTs), The output of tho design stage is a set of ADO, ADT and prccese module
specttlcatlons, and a description of tile interactions of the mcdules. Given tile
specifications of the modules, libraries of prcvlously implemented modules ore
searched to determine wlnch modules can be reused first. before tmpternentlng
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6.1.4· Object-Oriented Approach

There are attempts of adapting object-orientation more closely to the
characteristics of embedded syste.ns. One such approach presented by Clark [28]
is based on the combrnation of Communicating Sequential Processes (CSP) and
the me too method of software dl:lsign. The final specifications are transformed
into an outline concurrent Ada program. me too is used to express the bJeot
representations and the operation definitions. It is a purely functional language
which make it easier to reason about operations than in an imperative language.

The me too 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 same, but deals with concurrent systems. The method is
based on tho operational approach (see section 2.0, SDE 102) to software
development. where an executable specification of a complete system is
construoted in terms of problem-ortentsd structures [28]. The method is outlined
in figure 9.

I

I.,
l:roalO {lUlhl'O rnncurrent Acta prQ!)rorll

... Idonlily O~JOCt3,cporauonn ami
procoaaon, fOllntrUf,t CGP donrrlpllon
and In(umL1liy dOGmOo olJ(Oroliun3

!lIve forl11olr()pr~~l\lll"tlon of obJcGto
ollli d(1finltliJlio for "pOli1tlnm

I
{-

Figuro 9: Tho eSP/mc too rnetncd

In the moc/o( step, a model of n real-wortc sltuatlcn is built by identifying a set of
objects which can communicate with one another by rnessaqe passing. In the
spocify stop, each object in the model is given a formal representatlon in terms
of sets, sequences etc. Operations all each object me defined constructively in
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b. Design Partitioning: The second step of the· design process is design
partitioning, i.e. choosing the software or hardware implementation of
each component of the system specification.

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

Each hardware partition is implemented as a fully synchronc-:-
circuit.

Each software partition is implemented as a C stand-alone program
(with an operating system skeleton that includes the scheduler and
I/O drivers) embedded in a microcontroller.

All partitions have the same clock

d. Software Synthesis: The CFSM subnetwork is mapped into a software
structure that includes a number of procedures and a simple operating
system. A two-step process implements the reactive behaviour:

Implementing and optimising the desired behaviour in a high-level,
teohnoloqy-lndependent representation of the decision process (called
s-qraph)

Translating the s-qraph Into portable C code and using any available
compiler to im~·lement and optimise it in t~specific, mlcrocontroller-
dependent instruction set. It

e. Modelling Data Flow: Although general in terms of expressiveness, Cr=SMs
are not specifically designed for computntlcn ..intenelve tasks, but only for
ccntrct-domtnated ones. The idea is that 0 CSFM specifies the reactive part
of tile behaviour, whereas standard functions can specify the details of the
algorithms associated with the actions invoked.

f. InterfaCing Implementation Domains: Event emission and detection are
implemented differently in each domain (software ano hardware) so that an
lntertaolnq mechanlern is needed. Chiodo et al. use a three-layer graphical
block to represent the three different kinds of lnterfaces (hardware-to-
hardware, software-to-hardware. hardware -to-software).
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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
rnach.nes called'Codesign Flnlte State Machine (CFSM). In that respect it bears
some resemblance to the other state machines representations like the one
prese'ited by Drusinsky [22] above (section 6.12). The codesign framework of
Chiodo et al. is depicted in figure 8 below.
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Figure 8: The CFSM framework

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 110tmeant to be used directly by designers.
Therefore the specifications are written in a higher level Icmguage -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 laid down separately. While this
approach is possible, failure to cor. ider tradeoffs between hardware capability
and application requirements during development can lead to designs that are
time-consuming, 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 tor-down sequence of steps which starts with a
common specification for both the hardware and software elements. After the
system 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.

Figure 7: A top-down hardwaro-softw ...ro co-design process for an embedded system

Another hardware-software co-design approach is proposed by Chiodo at al (27].
The approach of Chiodo et al. has for advantage of viewing the hardware platform
as being the interfacing between the software and the rest of the application
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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 trafflc-liqht controller. The
extended diagram is very similar to the state transition diagram used by Booch
t24].

A hlgh·lovollransltlan
that'lakos eff~ct from any
substato of On.J)alno 0 Arrowhead cctcurs for visual priorities

"<, Ui~~L1 ---t-~-~- ..--.~
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D" , lGreen2MQln) [9~~~1

~
Yellow All ~} __ .:~ ~

--... TlmeOu I ---,
-.--- ---"J L." - -._ TlmaOu.g9J~~~I~."'.Y§1 1.:. 1

Figure 6: An extended state diagram

6.1.3 Hardware-Software Co-Design Techniques

The strong hardware interaction of software with hardware in embedded systems
has pushed for strategies that encompass the hardware development along the
software evolution. The existing hardware-software co-design t( hniques though,
tend to focus on Very-Larue Scale Integration (VLSI) technology [25][26]
applications, 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 aoftware with U'e broader structure of the
application. This exercise typically involves hardware design considerations like
sensing and actuators mechanisms, electromagnetic noise concerns, 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-software co-design is as follows. By definition the
hardware and software elements of an embedded system are closely intertwined'
the size of the computing engine and the design of the hardware platform

Pago 3f1
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Figure 5: (a) Transformational systems (b) Reactive systems

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

a. FSMs are flat. They do not cater for top-down design and information
hiding.

b. FSMs are purely sequential, whereas appllcatlo.is are not. Modern
controllers need to react to signal to and from a plurality of entities in the
environment. '.

c. Text-based entry methods, which are by definition sequential, cannot
effectively capture concurrent behaviour (a common occurrence in
embedded systems). therefore, drawing state diagrams on paper and
entering them textually is no longer effective.

d. Tup-down design concepts require interactive software to 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 lanquaqe which has been promoted by the
British Ministry of Defence for real-time programming. It 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 still 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 try
to standardise the large range of lanquaqes 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 than intended. ADA
is a very large, complex language requlrlnq an investment in trainit1g that most
organisations are reluctant to make. It is designed for real-tlme programming. but
is not really suitable for small. embedded systems.

f, PUM

PLIM 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
reatures. I.JL/M is designed to take advElntage of the featLJres of the Intel
mioroprccessors and microcontrollers, and runs on that company's development
systems,

g. FORTH

FORTH, unlike most other high level lanquaqes. in neither compiled nor
interpreted like BASIC [40]. Instead it is a threaded interpretive lanquaqe. Most
operations involve a stack so that, for example. an instruction will add the number
on top of tile stack to tile number immediately below it. placing tile answer on tho
stack, Programs me written by defining rH~W 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.q. it has been extensively
used by makers of video arcade games). However, it is quite a difficult lanquaqe
to lise, at least until the programmer is thoroughly familiar with its idiosyncrasies.
Mflintaining software deve loped in f:()r~TH is not an easy task. It IS good to note



b. PASCAL

PASCAL [37] is a block-structured, compiled kmguage which is widely used in
industrial and commercial programs. PASCAL compilers are available for almost
all microprocessors and will run on most computers, but they are however much
less common for mlcrc-ontrollers. As a compiled langusge, PASCAL can produce
programs which execute much faster than an interpreter. The actual speed itself
depends large:.lyon the compiler used and on tile rnlcroccntroller 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 tl'V'=> language w designed to be run on a variety of different
computers, the programmer is insulated from the machine-specific features. The
same procedure call is used to write a line of text to the console device
regardless whether it is a video dlsplav unit (VDU) 01' a teleprinter. The PASCAL
system calls the appropriate device d.lver in each case without the prograrnr,"IN'$

intervention, The deslqner of eml)(.?)dded systems usually needs a close:
involvement with the hardware. There may be timers to control, converters to
drive and special interface requlremet.ts to be met.

c. C

C was originally designed as a tool for the development of computer operating
systems but, because of its power and flexibility, it is used in many other
applications. It is designed to be portable, so that only a small part of the
compiler has to be rewritten to transfer it to another microprocessor. ThIS in its(;~lf
gives it a considerable advantage over the other langLlages for embedded
systems applications, clnce it is oftam easter to find a C compiler for a partlcular
rnlorocontrclter than any other l1igl1level languages. In fact most of the C compiler
is itself written in C, 1'111.1 language tends to produce fast and compact code in
addition to being widely used. available and sucported, rnaktnq it suitable tor
many resl-ttme embedded applications,

COI1'I!)8I'edwith PASCAL it is a mere terse language. It uses terse symbols
e:,tensively, where PASCAL uses keywords. Tllis makes the transition from tile
English language to C more difficult, Coffers the programmer mora freedom in
writin£Jand has far less restrictions 01, tho programming stylo than PASCl\L, This
power of C moans that tho programmer 11c1S to be more careful about tll('~way the
program is writton

d. COR/'.L
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'call them from the higher level code. This technique can also 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 to be placed in-lin'e with the higher-order longuage code [13].
A method sometimes used to reduce the tedlcusneas of writing assembly codes
is by writing a shell of the program in a high order language. This program is then
complted to an assembly file, which is finally massaged to obtain the desired
effect [13].

To summarise. high level languages should be used whenever their drawbacks
of memory size, execution speed and awkward inte:~aces will not impact on the
success of the design. The speed of code production, enforced design discipline
and reladve ease of malntenance are valuable essets, Assembly language design
is appropriate in email systems where memory space is severely tlmltedv as is
unfortunately the case for many embedded systems projects. Assembly langLJage
should also be used for time critical sections of code. In any case the choice
between high level langUAges and assernbly languages remains a difficult one.
As Adamsor, [3] puts it, the difference between writing in high and low level
languages is like the difference between working under a strict supervisor and
beil1g left in charge of the workshop. All things become possible, but 110tall things
are wisel

8.3 overvlew of some HlghMLevel Languages in the Context of Embedded
Systems

A brief evaluation of a few of the high lanQLHilgeswith respect to embedded
systems applications follows:

a. BASIC.

Altll011gh BASIC is widely known in the progmmming environment [36][36], it is
rarely used in embedded systems. The mason is again efficiency~related. BASIC
is an interpreted language. This means that the source code written by the
programmer is turn(?}d into machine code each time the program is run Tuls
contrasts with compiled languages which are translated into machine code by tile
compiler. The compiled code is then run whenever required. BASIC programs run
slowly because tllis translation h(;IS to be performed each time. If a loop is
executed ten times, the codes inside are interpreted ten tunes. and the comments
am read and discarded ten times. The entire source code must be present at run
tuno. and it will probably occupy much rnoro memory its machine code equivalent.



to maintain the software or perform quality control activities over the
prcqram. On the other hand, too great a reluctance to chanqe 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 language(.~ like Pascal or C.
High level languages offer a l1igl1er level of abstraction, demandlnp less
knowledge about the inner structure of the microcontroller and its memory
structure. Tiley produce milch more readable code, with fewer errors, leaving the
innermost details of the implementation to the compiler. The overall result is faster
development and easier maintenance.

On the other hand, writing in assembly languages is a lot more time consuming.
Assembly languages lack the tnherent structure of their hIgher level counterparts.
In addition mlcrocontrolters of difffNent makes have different assernoly langu.ages.
This will mean learning a new language for each new mlcrccontrouer.

From the above discusalon, there would seem to be a powerful argument tor
using l1igh level IElI1guages, hOW€WHrwhat is seen in practice is that a lot of
embedded systems projects Include codes written ill assembly langutlge. The
reascn is often efficiency related.

Cornpllers are generctl purpose programs, and the code they produce are longer
and slower t!:'lan that which can be written by a skilled assembly programmer.
Adamson [3) observes that a good compller may generate code 150"/0 longer
than tl.e 11andwritten equlvalont. More efficient use of execution time, memory
space and the mlcrocontroller resources in general. often make assembly
language a more suitable choice for real-time embedded systems. Very few
compilers allow thE'~progrommer to specify that certain items should be kept in a
register rather than a f~AM location for speed of access. Multiple operation on tile
same data item can lead to tile data continually being read from memory and
then written buck, when an assembly program would keep it in a register untl:
processing was completed. Most rnlcroprocossora perform register~based
operations fUAtIJr than those which roquire HAM accesses (notice that C allows
some varieblcs to be cJofined as roqistor rosidont). Thoro can also be difficulties
in lIsing specialised parts of the mil rocern-onors from 11i[Jhlovo: Inn[Juogos. The
biOh levo) I0l10uago deflniticn knows nothino of on-chip timers or interrupt flags,
and it may bo necessarv to define short dnver mcdutos ill assornblv InnOlll1go and

lt~iq" .~\'~'



8 Language Issues

Coding should follow I aturally from specification, since a computer program is
simply a detailed speol ~ation of the actions the computer must perform [3]. How
true this statement is in reality depends much on the methodology and the choice
of language for the particular application. Oesigl1 methodologies were treated in
chapter 6 of SOE 102. Here we focus on the programming lAnguage issues in the
context of embedded systems.

8.1 Factors to Consider When Choosing a Language

Strictly speaking most of the languages available for large systems, are applicable
to embeddf:c systems. However, in practice the peculiarity of embedded systems
often considerably restricts the choice of languages anc tencs to !~ive this choice
a much hi~ll,er importance, Factors that affect tile choice of language are, in
particular:

Time constraints. For hard real-time systems the choice of language often
decides of the fate a design.

Spac.:~ccnstralnts. The rosultlnq size of machine code is ofton of critical
tmportar.ce for embedded systems, especially when usmg singl<~ucl'lip
mlcrocontrollers.

Comoiler availability ccnstralnts. Even when time is not critical, the LIse of
scme languages might not be possible because f~ither the compiler for
that oartlcular IEl!1guageand mlcroccntrcllar is not very efficient a compilers
can :liffer largely in the way they handle the lnstructlona ~ or else simply
the development tools for the microcontrolter do not include a compiler
for that langllage (e.g. the 148/3048 does not support Pascal)

Compatibility constraints. It is always better to choose a language that is
supported l)y other elements of the development environment, 11I<e the in-
circult emulator or till) Simulator, iii other words a language that provldes
GOSH of lntoracttcn with the hardware platform.

Prcqramrners' previous exportc ico. It may not be worth looming [I now
longuage for one small dovelopmcnt project. Chango!') to tho programming
language aff(l(:t not only the programmer, but also nnyon., who may IU1VG
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units to achieve a higher dollar total. Figure 12 below shows the market share for
the 16~bit micrccontroller. It pictures Hitachi as being the leader in this product
range, with $300M in shipments.

Hitachi 33 0%

Intel. 20.0%

Othoro 10.0%

Figure 12: 1994 Worldwldo 16·blt Mlcrocontrollar Marchant Marl<ot [47]

Among the popular microcontrollers are the 8048 (Intel), 8051 (Intel and others:',
80c196 (Intel), 80186 (Intel) 80386 EX (Intel), 6805 (Motorola), PIC (Microchip),
28 (Zilog), COP400 (National Semiconductor), I-ID64180 (Hitachi) and TMS370
(Texas Instruments).

The 8051 is probably one of tile most popular 8·bit mlcroccntroller. Consequently
a considerable amount of software, documents and textbooks are available on this
device and its applications. This is not a factor to overlook when choosing a
microcontroller. PIC mlcroccntrollers have RISC architectures. They are also very
popular. sspeclally among the hobbyists. They are characterised by low cost.
small size and low power ccnsu.optlon. The 80386 EX is an embedded PC.
meaning that it is based on the PC platform. In this case it is based Ot1 the 386
microprocessor. This allows the designer to use PC expertise, PC development
tools. and desktop PCs for both software and hardware development.
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support (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 comes to no surprise that many companies are
involved in the field of embedded systems. 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; i.e. in addition to the microcontrollers, they also
produce or sell the support chips, the ICE and other support products. Those
companies tend to have a larger share of the market. Table 5 below provides an
idea of the involvement of the major companies in the mlcrocontror'er industry.

Table 6: Tho major companlos Irwolvod In tho rnlcrccontroller industry. In torms of number
of units sold. [4]

Company Units (K) • 1993-
Motorola 358.884

MitslIbishi 71,674 --
Nee 70,180 ._ .. ---
Hitachi 67,8'13

Philips 56,680

Intel 46.876

SGS·TIlomson 37.350
....,~-

Microchip 35.47"7 ".
Matsuabitta 34.200-
Toshlba 32.2CJ5

Notional Semiconductor 31,634-
2ilog 31,000

Texas Instrumonts 29,725 --
Siomons :'.0,814-
Sharp iz.sos- --

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 fewer



Tabla 4(a): worldwide Mlcrocontroller Shipments (In millions of dollars) [5)

'00 '91 '92 '93 '94 '95 '96 '97 '98 '99 '00

4·bit 1393 1597 1596 1698 1761 1826 1849 1881 1856 1816 1757
8·bit 2077 2615 2862 3703 4689 5634 6553 7529 8423 9219 9715
16· 192 303 340 484 810 1170 1628 2191 2969 36"18 4405
bit -. - --

Table 4(b): worldwide Microcontroller Shipments (in millions) [5]- 'r
'90 '91 '92 '93 '94 '95 '96 '97 '98 '99 '00-

4·bit i78 906 979 1036 1063 1110 1100 1096 1064 1025 970.
a·bit 5813 753 843 1C73 1449 1803 2123 2374 2556 2681 2700
16· 22 38 45 59 106 157 227 313 419 501 585
bit

Although not listed above, 32·bit devices have also been recently introduced on
the market. Ow 19 mainly to cost considerations, their utilisation is still limited to
a few applications where their increased computing power is necessary. Notice
that even the relatively low-performance 4·bit device is popular. This is certainly
a reflection of the popularity of mlorocontrolters in small control applications like
washing machines or toaster ovens. '16-bit or 32Mbitdevices for such applications
would certainly be an overkill. The choice of the device should be made in
accordance with the size and complexity of the application. Also notice that the
a·bit market just keeps growing, and will probably continue to grow. 8-bit devices
account for over 11alfof the market, and will eventually grab even more. This
explains why silicon manufacturers lelY SI:' much importance on their 8·bit
mlcrocontrollers, ever, if they are lntroduclnp high-end 32·bit devices. At times
they would even upgrade their 8-bit mlcroccntrcllers. adding features to it, but still
maintaining it as an S-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
rmcroprocessors are either reduced or simply discontinued (like the Intel 286
microprocessor) ,

When Judging the size of the market one should 110t be restricted to the
rnlcrocontrotlers. 'There are many other satellite Industries that thrive from the
main rnlcrocontroller industry. The other products Include n whole range of
software (compilers. sunulators. clebuggers, etc.), memory devices, hardware
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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 fur embedded systems applications. They contain devices and
peripherals which would be regarded as external in systems built around
microprocessors. Those feature are very helpful to the control enqlneer and
include watchdog timers, sleep/wakeup modes, power management, powerful I/O
channels, and so on. Some also have a built-in unlversal asynchronous
receiver/transmitter (UART) which transfers data using established protocols.
Those features are not 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 SIRe and RiSe above), and thus saving valuable real
estate, more and more of those features can be added, while maintaining the
economy of the microcontroller.

Single chip mlcrocontrollers (irrespective of the architecture) often combine many
of the sections of a single board computer into one integrated circuit. rhey still
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 tho overall cost of the system, with the
result that single-chip mlcrocontrollers arc:: often used in mass production
applications. Small size, low power consumption, and flexibility make these
devices ideal for unattended data monitoring and recording.

7.2 The Microcontroller Market

7.2.1 The Market Size and Product Range Distribution

The field of embedded systems generally presents itself as limited to small
systems, We have already mentioned that this is 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 confusec with the impressive size of the rnicrocontroller
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 mlcrccontroller applications. Table 4(8) and (b) also show the
predicted figures for the years to come.
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Flash provides a good better solution than regular EEPROM when there is a
requirement for large amounts of non-volatile program memory, It is both faster
and permits more erase/write cycles than EEPROM.

c. Battery backed-up static RAM

Battery backed-up static RAM is useful when a large non-volatile program and
DATA space Is 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 nonvolatile 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 microcontroller
allows the engine controller program to bel modified during routine service to
incorporate the latest features or to compensate for such factors as engine ageing
and changing emissions control laws (or even to fix bugs!). Reprogramnling of
the microcontroller could become a standard part the routine engine tune-up.

Almost every application could benefit from this type of program memory - If a
modem's hardware supported it, you could remotely upgrade the modem, or
incorporate new features such as voice control or a digital answering machine.

e. OTP - One Time Programmable

An OTP is a PROM (Programmable Read-Only-Memory) 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 b= chanced to a zero, but a bit that is a zero cannot be changed into a one.

In addition micrccontrollere and CPUs may have 4-. 8·, 16~ or even 32·bit data
buses, depending on the complexity of the system to be controlled. Specialised
processors are also available which include features specific for communlcattons,
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math-intensive algorithms. Today many embedded applications require both type
of processors, and semiconductor manufacturers have responded by introducing
microcontroliers with ott-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 new language like Occam [33].

Typically a given mlcrocontroller 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 rnasl ROM is that
programming, set-up, and engineering changes make it economical only when the
systems manufacturer purchases large quantities of ldenucally 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 quantities of mlcrocontrollers 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 proqranu-ed device is
received) can be very long (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 options below are not protected agaim:t
unauthorised intrusion (reverse engineering, modifications, piracy, etc.) Some of
the devices like OTPs (see below) offers additional protection as an option, either
by encryption or fuse protection. On masked ROM devices, security is not
needed; - the only way to read the implanted code would be by using a scanning
electron microscope - not a commonly available equipment.

In addition to the common RAM and ROM options there is now some new
methods of storing instructions and data. Below is a list of the most common
advanced memory options and their chars "cs,

a. EEPROM - Electrically Erasable Programmable 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
hold 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)

l11j[:103WI' -oo
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fewer instructions than most Illicroprocessors. 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 programmers concentrate on a subset
of the instructions. By designing the hardware to use a simplified range of
instructions, programming becomes more straightforward. Without the hardware
necessary for complex but rarely used instructions, execution cycle t1ne can be
reduced even if more instructions are needed to perform a given function. II
high-performance, 32-bit RISC microprocessors were designed for I e
workstations [8]. Now, they have penetrated the embedded market. The benerns
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 architecture, (separate buses for instructions and data) allows
simultaneous access of program and data, and overlapping of some
operations for increased processing performance

Instruction pipelining, which increases execution speed

Orthogonal (symmetrical) instruction set for programming simplicity; which
allows each instruction to operate on any register or LIse any addressing
mode; instructions have no special combinations, exceptions, restrictions,
or bide effects.

e. SISC

Specific Instruction Set Computer (SISC) are microcontrollers where more of the
general purpose instructions have been eliminated (similar to RISC). The original
idea behind the mlcrocontroller was to limit the rrJpabilities of the CPU itself,
allowing a complete computer (memory, 110, interr ;JlS, etc) to fit on the available
real estate. At the expense of the more general purpose instructions that make
the standard microprocessors (8088, 68000, 32032) so easy to use, the
instruction set was deslqned for the specific purpose of control (powerfu! bit
manipulation, easy and efficient 110, and so on).

Alternatively embedded systems can make LIse of programmable controllers and
processors developed for particular 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 a CPU optimiseo for a particular applicario: I. Whereas ruicrocontrollers
react to and control events, Digital Signal Processors execute repetitive



2 Background Information

As a first step' the general architecture of an on-line UPS will be .tscussed. This
serves to situate the inverter within the broader context of its environment.

nrCERVl
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Figura 1: Basic structuro of tho UPS

The system consists primarily of a scud-state inverter, a rectifier/battery charger,
a storage battery and a static transfer switch.

Under normal I'linning conditions, in an on-line system the critical load is
conttnucusly F\uPPlied by the inverter. The rectifier/battery charger derives power
from the commercial ac source and supply power to the inverter while
slrnuttcneouely float cIH:l,'ging the battery,

Upon failure of the commercial ac source the critical load is supplied by tile
inverter, which without any swltchlnq, obtains its power from the storage battery.
There is to be no interruption to the critical load upon failure or restoration of the
commercial ac source.

Upon restoration of tho ac commercial Be source, the rectifier/charger powers tile
inverter and simultaneously recharges the battery, This must be an automatic
functlon and should not cause any interruption to the critlcal load.

Tile very PUt'f)OSO of tho UPS impltes that it should constantly monitor tile
Reserve sup, 'yo In addltion. tim critical function of tho UPS indict1tos that it 11I:'Is
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1 Scope
\

1.1 Introduction

In order to provide practical insight into the development of embedded
sy~tems and as a means of investigating the applicability of formal
development processes and design methodologies on such systems, a case
study is examined. The case study chosen investigates the possibility of
USil19 a mloroccntroher circuit to control a three-phase inverter for an on-
line UPS. This example was chosen mainly because it captures well the
main features of a typical embedded system; features like real·time
constraints, reliability concerns and a strong hardware interaction.

1.2 Purpose

This document defines tile nature of the project and its scope. Typically,
the requirements analysls exercise is performed by the customer.

1.3 Definitions

SDES : Software Development for Embedded Systems
UPS : Unlnterruptible Power Supply
IGBT : lnsulateo Gate Bipolar Tranelstor
PLL : Phase-Locked Loop

1.4 Audience

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

• Full-time staff members of SEAL

• All fuu-nme and part-time post-graduate students associated with SEAL

• Members of tho SEAL Management Board

• Head of tile Department, Electrical f~ngin,")Qr'ing

• Individuals Wl10 will perform internal and external surveulance mrdits of
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Appendix A: Example of Applying COCOMO to an Embedded
System Project,

Table A.1:Effort Multlpllors for a "Typleal" Real-Tlmc Embedded System Development
Project

Cost ortvcr RQtlng Characteristics Effort
Multlplor

Rellobllily High MoJor financial loss If product rocoll Is caused by 1.15
software folium-

Data sase Size L.OW Most mlcrocontretler software uses smnll data bases 0.94

Product Very f~()onlront codo, Intorrupt·handllng, communication, 1.30
Complexity High command procesDlng

Execution Tlrno High 70 percent of available oxoeuuon limo used 1.11
Constraint -
Moln Storago Extra 05 percent of aVailable main storago usod 1.S6
Constraint High

Virtual Machine High Mojor chango In vlrtuat m, 'no ovory two months 1.1S
Volatility during product dovotcpment

Computor Nornl- Computer turnaround limo 10Gn than four hours 1.00
turnaround tlme nal

Analyst Capability Nomi· Avoraqo capability of tho team In Ilnalysls ability, 1,00
nnt efficloncy, and communlcotlon ability

Applications Nemt- Three yams avoraqe oxconcnee 1.00
experlenco nnl

ProgrommN Norm- Avomgo capability of team in programming ablltily, .1.00
Capability' nnt officiency, and communication ability--'-- ---
Virtual Machtnc Low LO(w than four months nvornqo experience with virtuol 1,10
Gxporlonco f'1<lcllino--
Prog, L,ongungo Nornt- Ono your uvoraqo cxoenenco With pronrommin(l 1,1)0
Exprcrlonco nul Inll!]Ungo - ..._._ ..
Usc of Modom L.ow bxpurllnontnl usc of (lOIlH) medern programming 1,00
Prooran1'iling praGlicuo
Pructioos ~_....,.- - .~---
Usc of Softwnro Vory BOSIG mrcroeontrouor tools nsoommer. linker. monitor, 1,24
Toots Low batch dublin aid:;- ~--
flO(lUlr(){j l.ow 15 IHm:Olll m:colm,lliull cnl narnd wllh TD[;V formula 1,00
[)I)vnloprnont
8elllH!ulo

""_~4'" - ~~~-= -,..,,_.~~--.:x ...=:r.="",-"", ••.-=". -·'~t'-·~"=~""-·":",=·_"'=--' ___~="'="==:m===.-==,. __,_'~>''''_''=_'::'= ---~
Prodllc;t of Lltort MlIlllpll!!r!i 4.53~_~_ _·'m.=~,_"_~~~,~~_=_,=,=.~.~'~_~.,,~_~._~~~== ---
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possible to test any section of code within the module. It is also possible to alter.
condition flags to test routes through a program without setting up a complicated
set of starting conditions 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) CJn
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 81487 [44], slmulatlon-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-
circuit emulator. From the emulation activity the analyser can provide information
on the reasons a program is taking too long to execute. It can identify the
modules that are slowing down the program and it can determine how intensive
is the program's use of data and 110ports. Slmulattcn-besed 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
untt testing and apart of integration and system testln., Integrated environment
tools attempt to extend the autornatlon or aernl-automatlon 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.
Repetltlon and tedium seems to be two elements that discourage human
operators to perform exhaustive software testing [47]. Creative people such as
programmers instinctively balk at tile idea cf spcndlnn long 110LII'S exercising every
function of an enormous program over and over with the only variety being
different input values to be compared with ciifferont expected outputs, As
expressed by Williams [47], if anything cries out for even further automation, it is
a way to thoroughly test software.
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resources are available it is certainly an excellent investment. The ICE will be
discussed in more details.

When using an ICE, tile microcontroller is removed from its socket on the target
hardware and is replaced by a plug (or pod) and lead connected to the emulator.
This in 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 occur
when the target microcontroller is used, so that external interfaces and other
components on the circuit board behave as normal. There are generally two types
of in-circuit emulators. The first type is based on a simulation of the
mlcrocontroiler ~rL)mdiscrete logic circuits. Various ·I.:qisters, memory blocks, etc.
are put into separate cin....uts which can then be rr .nitored, This approach is quite
difficult and often involves a lot of circuitry [3]. It 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. !::xtra
points are connected to internal data and address buses and other paints 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 mlcrccrocessor development work stations, with part of the
emulation circuitry contained in the unit. Most sophisticated systems will have full
desk top computer facilities, including interactive screen displays, disk drives,
printer ports and access to shared resources via a network.

A good in-circuit 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 H~orough testing, thus adding to the efficiency of development
process [3]. Tile facilities provided by in-circuit emulators vary. Some allow full
speed non-intrusive emulation with all external signals handled exactly as in the
real device. Others, not necessarily cheaper. run at reduced speed or do not
provide exact ernulatlcn of certain features. The features common to all emulators
are that they substitute the target mlcrocontroller with their own circuits 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
memory. There is also means of modifying the contents of specific locations.
Further control is provided by the sing:e··step mode where the system executes
one instructlons and then breaks to await a command.

Using these facilities, code modules can be written, prepared and tested
separately 01' topether. setting up initial conditions before running the module and
observing the results. By running from n lab(;~llod address to a break point. it is
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Structure-coverage analysers: Identify the statements, branches and paths
in the code that have been exercised.

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 microcontroller applications they are at times used to sample a
number of input lines at high speed, storing the result and then display it either
as a multi-channel timing diagram or as a state table.

b. Simulators

A simulator runs the microcontroller 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 prugram runs. A simulator
cannot support Idal rnterrupts or devices and often it runs much slower than the
real device the program is intended for.

c. Resident Debuggers

A resident debugger runs the pruqrorn on the microcontroller itself, while showing
the progress on the host machine (such as t' e PC). It has many of the same
advantages of the slmulator. with the additional benefit 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: a communications port
to communicate with the host, an interrupt to handle single stepping, and a
certain amount of memory for the resident part (on the target) of the debuqqer,

d. In-Circuit Emulator

In-circuit emulators (ICEs) permlt both monitoring and interaction with the
software. They provide full and total control over the tarqet, whlle at the same
time not requiring any resources from the tarqet. The emulator can either be a
stand alone with its own display, or it can interface with a PC. If the financial
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9 The Development Tools

\

Almost every phase of the software development is supported by tools. Poston
[49] lists some of the types of testing tools:

Requirements recorders: Captvre requirements in formal sceclflcatlon
languages

Requirements verifiers: Automate the verification of requirements, l.e.
checks for ambiguity, inconsistency and statement completeness in the
requirements.

8pecification-based test-case generators: Tests how closely the product
meets the specification through test cases based on statistical, algorithmic
or heuristics methods.

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: Identify the fuzzy areas in the program that are error-prone,
liI<e misplaced pointers, uninitialised variables and deviations from
programming standards.

Product-based test-case generators: Derive test cases from the analysis of
source code'.

Code instruruentor: Insert extra line of codes into file prcqram at strategic
paints to allow for measurement of structural coverage.

Capture relay tools: captures and r'::plnys the info: matlon flow through a
software system.

Test-harness: Test the interface of E'HC~' module (throuqh stubs or drives
that can slrnulate the parts of the scftware not available when testing).
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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 [41J, although popular, is oriented towards data processing rather than
control. FORTRAN (38] is still used on sor-ie embedded systems, although it is
being replaced by more structured languages in new designs. RTLl2 [42] and
MODULA-2 [43J are used less frequently, but like any language, each has its
advocates. Some manufacturers of embedded control systems use their own
proprietary languages, often for historical reasons. This practise forces the
customer to 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 their career prospects being
llmtted.

Very small programs are at times WI ltten directly in machine cede 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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1.5 Appllcable Documents

1.5.1 Specifications
None
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a. SEAL OMS Document Creation Template, OS 002, Revision 0.01, 5 April

1994
b. SEAL OMS Document Layout, Presentation and Typesetting Guide, OS

003, Rel/i~:on 0.01, 1 April 1994

1.5.3 Proced~res
None
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[1] Bose B. K., "Modern Power Electronics", IEEE Press, USA, 1992
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'1982, Paper CH1817n6/82/0000u0823, pp 823q830

[3] Vadivel S., Bhuvaneswarl G'" sridhara qao G., " A Unified Approach
to the RC:HaldTimeImplementation of MicruprocessornBased PWM
Waveform", IEEE Tmnsactions em Power Electronics, Vol. 6, No.4,
October 1991, pp 5660575
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1 Scope

1.1 lntroductlon

The nature of thA problem, as exposed in the Requirements Analysis (SDE
104), calls for an investigation of the methods available for controlling
three-phase inverters. Only when a suitable controlling technique has been
seleoted can we proceed in defining the functional specifications of the
software. In addition, in order to implement a puase-lccked-loop (PLL)
operation in software, its rnechanlsm has to be further lnvestiqated.

1.2 Purpose

This document serves to capture tho result of a brief survey of methods
available for controlling the three-phase inverter. At the end of the survey,
a suitable method is chosen. The document then proceeds in lelYing down
the main characteristics of the proposed technique. Lastly, ttl(~ principles
of PU, are introduced and its main characteristics are revealed.

1.3 Dofit1iti(.)I's

PLL : Phase-Locked-Lcop
PVVM : Pulse-Width Modulation
SVM : Space Vector Modulatlon
VCO : Voltage Ccntrelied Oscillator

1.4 Audlonce

TI,@audience for this document comprise tile vartcus stakeholders of the
SEAL, including:

• FLlII~ti1l1estaff members of SEAL

• All full-time and part-tirte post-qraduate students asscetateo with the
8r~AL

• I (oad af tho Dopartrnont. Elm:tnc:nl Engino('~riqn
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Appendix B: Limit Detectl.« "cttvitles in an On-Line UPS

Once the analogue and digital signals listed in appendix A are scanned, the
system should be able to recognise the following conditions:

1. Reserve AC Input Overvoltage (+15% of nominal)
2. Reserve AC Input Undervoltage (-16% of nominal)
3. Rectifier AC Undervoltage (-30% of nominal)
4. Inverter AC Overvoltage (+10% of nominal)
5. UPS Output AC Undervoltage (-10% of nominal)
6. DC overvoltape' (2.35V/Cell)
7. DC Undervoltage (1.72V/Cell)
8. Phase Rotation Error on Rectifier Supply
9. Phase Rotatton Error on Reserve Supply
10. 125% Overload Condition
11. 225% Overload Condition
12. Out of Sync Condition (+/- 1Hz from nominal)
1~. Power Supply Fail
14. Battery Discharge Condition
15. Low ittery ( 1.90V/Cell)
16.lmrnl' Stllltdown (1.79V/Cell)
17. 8attGry Shutdown Point"( 1.72V/Cell)
18. Inverter Frequency Fail
19. Inverter OK

'Two soporato protecuen systems Orr) roquuod hero: tho first one (2.35V/ColI) epe-utos With a
dolo" and tho seeono ono (( 41V/GolI) IS 0 f: mt oporntmf1 0110.

"Samo as DC uneJorvoltago Idually two Eiillltejl)wll POllltn (0 9 1 '12V/C,JII llnd 1 O!iV/Collj,
t;ontrollmj t)y two mdeponcent systems, S.IHlUldbe uliocl to protect tho !)nttery Tl10secone
protccnon system llhould cause tho battery brenl·,t!1 to tnp
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Purpose:
Sensing Meth d:

To send a signal on a fuse fail condition.
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.

S~nsing Method: thermostat located 011 the heat-sink of the power
switching devices.

d. 300% Overload Condition [I]
Purpose:
Sensing Method:

To send a signal under a 300% overload condition.
By monitoring the Drain to Source voltage of each IGBT.
This circuit typically has fast acting optocouplers with
high noise rejection.
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This sensed current is usually used purely for display
purposes.

Sensing Method: Current Transformers (with burden resistors) around the
UPS output cables.

g. DC Link Voltage [FJ
Purpose: Provides feedback of the DC Voltage level.
Sensing Method: sensing wires across the DC bus

h. Battery Current [FJ
Purpose: Provides feedback of the magnitude and direction of the

current flowing into or out of the battery.
Sensing Method: sensing wires across a shunt, in-line with the battery.

i. Input Frequency
Purpose:
Sti'!nsing Method:

[FJ
Used by the frequency synchronisation algorithm.
uses the phase to neutral voltage obtained from the
Reserve voltage sensor to obtain the frequency of the
Reserve supply.

j. Inverter Output Frequency [FJ
Purpose: Used by the frequency synchronisation algorithm.
Sensing Metnoe: uses the phase to neutral voltage obtained from the

inverter output voltage sensor tel obtain tile frequency
of the inverter OLltPLIt.

k. DC Logic Voltages [MJ
Purpose: For the proper functlonninq of the logic circuitry the DC

loqic voltaqes (High and Low) should be within tile
specified tolerance for each device affected.

Sensing Method: Use serlsing wires (or copper tracks) at the digital power
supplles and at key test points,

a. DC Cap FLI$C~ Fail {P]
Purpose: To send a Signal on a fuse fail c :H1clition,
Sensing Methocl sonsino wires across the DC··t)lIS fuse.

b. inverter Fuse F£1il [P}

II
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Appendix A: Sensed Parameters in an On-Line UPS

The sensed parameters can be grouped into two parts, analogue signals and
digital signals. Eloth 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: [MJ: Moderate (order ,;f seconds); [FJ: Fast (order of
milliseconds); [I}: Immediate (order of microseconds).

8nslogLle Signals

a. Reserve Voltage, phase UV, VW, WU and UN [MJ
Purpose: Provides foedback of the Reserve phase to phase and

phase to neutral volteqe,
Sensing Method: sensing wires and differential amplifier circuits.

b. Rectifier Voltage, phase UV, VW, WU and UN [MJ
Purpose: Provides feedback of the Rectifier pt1aS09 to phase and

phase to neutral voltage.
Sensing Method: sensing wires and differential amplifier circuits.

c. Inverter Output Voltage, phase LN, VW, WU and UN [FJ
Purpose: Provides feedback of the Inverter output phase to phase

and phase to neutral voltage.
Sensing Method: sensing wires and differential amplifier 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 Methoct: sensing wires and differential amplifier circuits.

13. Inverter Output current [FJ
Purpose: Provides feedback of the current drawn from the

inverter. Thts sensing is usee to recognise 125% and
300% overtoad conditions.

Sensir19 Method: Current Transformers (with burden resistors) around tile
Inverter output cables,

f. UPS Output Current [MJ
Puipcse: Provides feedback of tho current drawn from tho UPS,
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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
accounted 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 is within a predefined frequency window of 49Hz to 51Hz; i.e. the
rnicrocontroller system should provide a phase-lock-loop (PLL) control.

e. The rnicrocontroller system is to issue a signal to inhibit the static switoh
whenever Reserve is out of frequency limit or is out of phase with the
inverter output.

f. The control system should be capable of switching off all the IGBTs of the
inverter bridge !MMEDIATEL Y 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 microcontroller is reset. This will
allow for the cause of the fault condition to be investigated by the user.
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3 Scope and Requirements of the Case Study

The main role of ~he mlcrocontroller circuit should be to carry out the critical
function of driving and controlling the power devices of the inverter bridge. Figure
2 pictures a typical three-phase Inverter bridge. The mlcrocontrotler should
generate the PWM drive pulses that will control the inverter bridge. The drive
pulses are fed to the gate inputs GO-G5 of the IGBTs SWO-SW5. The project
aims essentially at investigating the design of embedded 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
aspects as transformer designs, filter clroult designs and high voltage testing in
general. Those aspects althouqh important in the design of a complete UPS
system are outside the scope of the present case study.

Figure 2: The Three-Phase Inverter Brldg(l

A breakdown of the main requirements of the system is provided below.

a. The mlcrcccntrcller should produce a PWM set of signals at the output
port.

•Vorsion 1.00 25 August 1Ef.JG PagoS
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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 typical conditions that are
monitored on an on-line UPS.

\.,
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locked loop mechanism described above and can be tackled in a similar way, The
role of the mlcrocontrol'er circuit would be to carry out the PLL action. It will have
to capture the necessary information from tile system and from those information
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

4.1 Principle of Phase-Locked-Loop

A phase-locked loop (PLL) is a mechantsm by means of which the phase of a
frequency-modulated oscillator output signal is forced to follow that of the input
signal [241 [25J.

The essential elements that comprise the PLL, as described by Klapper [261, are
the input phase detector, loop filter and amplifier, and the veo (Voltage
Controlled Oscillator), as shown in figure 2.

11j!'1i'
to> flIlA,,[

m If cron...
I> LGlJflf.llTlR

& AMPlif 1£ II

lil,

V<JITA(i{
t:lINlROlllll ...
(ILCllLATOfl

Flguro 2: Block diagram of basic PLL oporatlen

Tho basic operational requirement for tno loop i$ to track the phase of tile input
Signal. This is accomplished by producing in the phase detector a .voltage b(t)
proportional to the phase difference between the input signal and the VCO Signal.
This error signal is then amplified, filtered to remove excess noise and other
undesirable components, and later applied to the VCe) to effect input signal phase
tracl<ing. By tracklnq signal phase, frequency synchronism and frequency tracking
are achieved.

4.2 PLL in the Context of the UPS

Any transition between Inverter to F~OS0rve01 Reserve to Inverter has to be done
witt) the smallest possible phase cI1i:mge,otherwise'} a high potential difference will
appear at tho load during tho transltion. A smooth transition can be enaured by
l1Uvin~ltile Invertor output followinn Reserve in phase and frequency; hence the
importance of monltorinp synchronisation status, as expressed in eootlon 2,d and
2,0 of the r~oqLfiremonts Analysis, SDl~ '104. TIl(} prtnclplo is similar to tho phase-
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provide the appropriate switching voltage vectors and remaining in them for the
pre-determined times ta, tb and to, the inverter Ol.1tPUt will therefore closely
resemble the desired voltage vector. It must be realised that the inverter cannot
respond instantaneously to a command of change in lLs* and must walt until the
completion of a sampling interval to do so.

If the PWM pulses are to be generated using SVM t..chnlques then the func ..on
of the microcontroller will be to generate the appropriate output pulses (high and
low) for the appropriate switching times ta, tb and to. This together with the
additional control features laid in the requirements analysls (flee section 2, SDE
104) are in essence the technical requirements of this case ~)tudy.

It

rO£:"1OfjWP 100 Pogo 11
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.u.s* (representing the desired three-phase eo voltage set) can be synthesized by
switching the relevant voltage vectors Us and Ub, for appropriate periods of time.
This in essence Is the principle of SVM.

For example, to produce the desired voltage vector Us'" in figure 1, the following
switching set will be used:

A switching set is comprtsed of a forward switching sequence (first half) and a
reverse switching sequence (second half). L\t is known as the sampling Interval.
Uo' and Uo" are two redundant voltage vectors (of zero magnitude) introduced to
ensure a binary Gray code switching sequence. This has for effect to reduce the
harmonics In the inverter output waveforms (7].

Since It Is the time average of the two switchh1g voltage vectors Us and .\J.btaken
over the sampling Interval Llt. that yields the desired voltage vector .u.s'llwe can
write,

Mata '" .u.btb + Jloto
ta '" tb + to

= Us* Llt
I:: At

(2)
(3)

ta, tb and to are the respective on-times for the output voltage vectors .u.a,Ub and
llo.

Van dar Broeck et al, [22] provide the sotutlcn to equations (2) and (3) as,

ta = glITz UsMagAt (Coso- 11V(3)Sil1cx) (4)
tb = 6v'(3)/lF UsMagAtSincx (5)
to = Llt· ta .. tb (6)

Where ex is the angle between the desired vector .!J.s*and the switching voltage
vector Ua of the generalized sector. UsMag is the magnitude of Us*.

The on-tlme for each different inverter switching voltage vector Is given by
equations (4) to (6) which show that If the magnitude UsMag of the desired
voltage Us'" is defined along with angle 0:, the respective on-times ta, tb and to
may be calculated. By switcl1ing the inverter into the relevant switching states to

SDI!1OGWP 100
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3 Space Vector MN:iulation

3.1 Underlying Concepts

The underlying concepts of SVM are:

A balanc;ed set of three-phase ac voltages can be represented by a single
composite voltage vector, !ls, rotating in the complex-plane (22): where,

U.s :: Us exp(jwt) (1)

There are only eight possible switching states for a three-phase inverter,
which translates into eight discrete voltage vectors (!.lo - th) in the same
cornplex-plane,

Those concepts are illuatrated in figure 1.

tr'). -'hl

,Ut.
-I)

Figuro 1: Phasor reprosontation of tho switching vectors and tho desired vector ~s'

3..... Principle of SVM

From figure '1, it is easy to vieuause that, at any instant of time, the desired vector
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techniques using transputers [19]. It has also been implemented successfully in
mixed look-up tables lonftlin€l computations systems [20]. SVM has become
prominent, espectally in high performance Field Oriented Controlled AC drives (7].
It has also been used in fully aoftware-controlled PWM rectifiers [21]. This is .3

considerable advantage in the present study since it offers the possibility 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 conslderab!e. Comparison of
sinusoidal PWM and space vector PWM [22] shows that the inverter output
voltages and currents Is less for the space vector method.
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recognised that mlcrocontrollers can offer significant advantages to the .PWM
control in terms of parameter repeatability, protection, advanced diagnostics and
maintainability [13],[14]. The rnlcrocontroller makes possible monitoring and
diagnostic functions that were too costly to provide with hard-wired circuits. These
additional functions justify the cost of the mlcrocontrcller [14]. However, of the
wide array of PWM techniques, few lend themselves to the application of
microco 1h:)lIers and fewet still can be Implemented into on-line and real-time
cornput rtlon aiqorlthms,

For Instance the naturally sampled PWM method (or the sinusoidal PWM method),
one of the most popular method for industrial applications, is based on non-linear
equations which cannot be solved on-line and in real-time. Also in this category
is optimal-PWM which requires complex on-line numerical optimisation techniques
[7]. The solutions in such ce as, if microcontrollers are to be used, are either to
use hybrid software/hardware systems [15],[23] where the hardware is responsible
to handle the computation-intensive process or else to use EPROM look-up
tables. The problem with those approaches is that the computations are not
on-line. The system is not flexible and maintainable and in addition it fails to
exploit the full capabilities of the microcontroller. The justification of using a
microcontroller in such systems is usually not very strong. In addition, cl purely
look-up table method has large memory requirements, esp~cially at lower
fundamental frequency [10]. The few attempts at using slnusoldal PWM in on-line
computation techniques (combined with look-up tables) had very low switching
frequency limitations (lower than 1 kHz), making them not suitable for the control
of devices with high-frequency switching capabnlttes, SUGhas GTOs and lanTs
[15].

Some of the other techniques devised to circumvent tile large computations are
based on linear approximations [16]. Others try to SUbstitute the nonlinear
equations with less computation intensive equationa, like the orthogonal Walsh
series [17]. 'n the former case, althoLlgh these methods allow on-line
computations thoy usually nive rise to high harmonic content, especially at low
frequencies, as a result of the approximations they make. The method of equation
SUbstitution on the other hand gives rise to highly complex software and is not
commonly adopted.

Space Vector Moculation (SVM), H1emethod proposed for this case study, is a
low harrnonic qener.stlon method that is suitable for rnlcrocontroller lmplernentatlon
(7] SVM has been f~L'~~Cf.;sstullyimplemented both in ap;:Jlications u~linglook-up
tables to store the operating conditions [7] [18] and in on-line. real-time
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2 Overview of Inverter Control Techniques

Converters that convert dc to ac are known as lnverters. Inverters can be
classified into voltage-fed and current-fed types. A voltage-fed inverter is fed by
a stiff dc voltage, whereas a current-fed inverter is fed by a stiff de current source
[1]. 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 variety of industrial processes such as
unlnterruptible power supplies, static frequency changers and variable speed
drives [2]. This popularity is mainly due to the capability of these inverters which
perrnit the control of voltage, frequency, and harmonic content in a single power
stage employing only one DC source [3]. Based on those criteria the performance
of PWM inverters betters other methods of controlling the inverter [4).

Difierent PWM methods have been developed over the years The objectives
have been mainly to obtain maximum voltage gain [5] and to increase the "dead
'.Jand"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 sampled PWM
synohronous sampling
harmonic elimination
optimal PWM
Space Vector Modulation

The advantages of PWM technlques over more simple techniques (like the square
wave generation) are usually gained at the expense of more complex control and
power circuit configurations [8]; hence the trend in capturtnj; the inverter control
tcchntqu>s into microcontroller systems [9],[10],[11]. Microcontrollers were first
used in inverters to create novel methods of waveform generation in PWM voltage
source inverters [12]. These were mainly academic exercises which strived for
cutout 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 aclvantages. With the evolution
in mlcrocontrcller technology and rJS the price of the devices goes down, the
benefits of rnlorocontrollers to the USE)r becomes more apparent. It is now

Page (j
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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

[24] Blanchard A., "Phase-Locked Loops", John Wiley and Sons,
USA,1976

[25] Manassewistch V., "Frequency Synthesizers Theory and Design",
Second Edition, John Wiley and Sons, USA, 1980

[26] Klapper J., Frankie J., T., "Phase-Locked and Frequency Feedback
Systema", Academic Press, Inc., 1972, U.S.A

1.5.5 Other Documents

a. SDE 104, Requirements Analysis

1,6 Assumptions

It is assumed that the reader is familiar with inverter systems in general.

1.7 ISO 9001 Requirements Traceability

ISO 9001 Clause 4.4.4 - Design Input
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The six switching vectors, U1-U6, are positioned at 60 degrees intervals in the
complex plane, giving rise to six sectors, each flanked by a pair of switching
vectors. The sector 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
according to the sector as depicted in table 1 below.

Table 1: Distribution of Ua and Ub aocordlng to ecctors

I I -
SI:CTOR Ua Ub--I-.

1 U1 U2-
2 U2 U3
3 U3 U4
4 U4 U5

5 US U6
6 U(3 U1

4.4 Vector Magnitude UsMag

The Inverter output voltage is controlled in a feedback loop where usMogis the
command magnitude of the desired or command vector Us". usMag is Itself
determined from the actual Inverter output magnitude, vlnvActual,whioh is fed back
to the micrccontroller. The loop is to compensate for- Variations in the DC supply
or in the load itself, to ensure a constant Inverter output Voltage. usMagcan take
any value between usMogMinana usMagMax,which correspond to the highest inverter
output voltage and the lowest inverter output voltage permissible, respectively.

4.5 Anglo Alpha

alphais the angle Us'" makes with the vector Ua or the lowest switching vector in
'he particular sector Us" is found. The rate of change of alpha determines the
fundamental frequency of the Inverter output voltage.

4.6 Sampling Time and Cycle

The position of the desired vector Us' shcutc be adiuated at regular tntervals in
order to ensure that it revolves in tl19 complex p , 119at the desired frequency,
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4 Specifications for the SVM Algorithm

Space Vector Modulation is the adopted alqotlthm for the control of the Inverter.
This choice follows from the technical appraisal documented in the SDE 105.

This section looks at SVM from a software design perspective. The SVM algorithm
is broken down to help distinguish 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 vottaqes. Us*
revolves in the complex plane at the furr:,mental frequency of the balanced set
of three phase voltages. Us* is represented by a magnitude usMag, and the angle
alpha it makes with the lowest switching vector. Typically the actual voltages as
observed J:lt the inverter output will differ from Us" because of variations in the DC
supply and in the load.

4.2 The Switching Vectors

Eight sWitching vectors are identified, of which two, UO and U7, are zero vectors
and do not contribute to the magnitude of the desired vector Us", The remaining
six vectors, U1 to U6, 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 3witcl1ing states of a
three-chase Inverter bridge. If 21 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
U1: 100 011
U2: 110 001
U3: 010 101
U4: 011 100
U5: 001110
U6: 101 010
U7: 000 111

4.3 Tho Soctors
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3 Specifications of the Microcontroller

The Hitachi H8/3048 microcontroller has been chosen for this project. This cholce
is discussed below.

3.1 ' Justifying the Choice of Microcolltroller

The main factors that lead to the choice of the microcontroller were, in order of
importance:

c. Its availability. The mlcrocontrojler, as well as its accompanying support
tools and documentation, arc available in the company.

c. Its high performance features - see appendix 1. Its high proportion of ROM
and RAM combined with the fact that it is a 16-bit microcontroller and has
a very higl1 clock speed makes it a suitable choice for high-level language
programming Iii a real-tlme environment.

c. It supports a high·level language, namely C. (This feature is however now
common to many mlcroccntrollers)

d. Its orice is comparable to other 16·bit mlcrocorttrollers on the market.

e. Hitachi is represented locally.

3.2 Adverso Aspects of tho Microcontrollor

Disadvantages that accompany the choice of that particularly mlcroccntrctler can
be 9 rouped as follows:

a, It is expensive as compared to the a··bit nucrocontrollers commonly llS0d

in embedded sy.,tems, like the Intc,;l 8048 or 8051.

b. It is a fairly new product. That means that documentatlon (outside tht;) ones
provido(j by tho manufacturer) concerntnc its lise and applications are
scarce.

C. It does not support CH· or any Objoct·,Orionted lanquaqe:

11)11il.llIl;' 1'1'11,
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Where a microcontroller is assigned to the MMI, it will typically have the following
responsibilities:

a. Data Presentatlon; Provide display information to drive a Liquid Crystal
Display (LCD) display and also to control the RS-232 serial port, if one is
fitted

b. Data Storage: Maintain local storage of selected data. This is particularly
important on faults conditions, when recording the time of occurrence, the
signal name, and when values 81'estored. Those data are generally stored
in a separate non-volatile type memory (accessed by the mlcrocontroller)
as an alarm condition.

2.2 The tnverter Bridge

Both a rectifier bridge and an inverter bridge are required. Tile subject of this
case study is the inverter. The inverter bridge will be a standard DC·to·AC
inverter, consisting of an IGBT pack of six IGBTs with free-wheelinq diodes (see
figure 2, SDE 104). It will be controlled by the mlcrocontroller via a drive card.
The drive card will act as an interface between the inverter bridge and the
microcontroller card. It will provide lsolatloi between the two circuitry. Smoothing
of the PWM output will be achieved by means of capacitors across the brldqe and
an output transformer,
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2 Process Abstraction

Process abstraction lnvnves the partitioning of the hardware elements of the
system. It is used to situate the inverter controller within the broader context of
the UPS and to identify the general potential functions of the mlcrocontroller. This
exercise is particular useful when appiving object-oriented techniques which
atten.pt to identify the potential r.reas or re-use. In particular, it helps in the
capture of abstractions during the ohject oriented analysis (OOA) exercise.

2.1 Processor Activities

Three main potential use of the rnlcrocontroller 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 their meaning; i.e. to
determine whether the received data are within the specified limits or not.

c. Data Processing: Manipulate the received data to provide intelligent output
to drive the actuators.

In addition, in a fully mlcrocontroller-oontrolleo UPS the man-machlne interface
(MMI) will be controlled by another ntlcrocontroller. Although outside the scope of
the present study, the MMI is an important consideration for the UP.S. It also
affects the way that some of the parameters used by the inverter controller are
obtained and calibrated. In partlcular we note the following basic elements of the
MMI:

a. A Clock: The clock will simply provide time and date tracl<in9 and will be
a standard on-board clock.

b. A Keypad' It will enable data inputs, such as limits for sensed parameters.
It will also allow selection of a particular parameter to be displayed. It can
be a standard off-the ..sholt keypad.

c. An LCD Display: It will display the current selecnon and the current value
of the selected parameter, A 32x8 character LCD display should be
adequate.
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b. SEAL QMS Document Layout, Presentation and Typesetting Guide, OS

003, Revision 0.01, 1 April 1994

1.5.3 Procedures
None

1.5.4 Guidelines
[1] Hitachi H8/3048 Series Hardware Manual, Semiconductor and IC

Division, Hitachi Ltd., 1995, Japan pp 2 17

1.5.5 Other Documents
a. SDE 104, Requirements Analysis
b. SDE 105, Inverter Control Techniques and Phase-Looked-Loop

1.6 Assumptions

It is assumed that the reader is familiar with inverter systems and the
concept of Space Vector Modulation.

1.7 ISO 9001 and ISO 9000-3 Requirements Traceability

ISO 900'1 Clause 4.4· De~ign Control

ISO 9000-3 Clause 5.3 • Purchaser's Requirements Specification
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usMag: command magnitude value for the desired vector Us*

usMagMax: higher limit for usMag

usMagMin: lower limit for usMag

vlnvActuol: Actual Inverter voltage, sensed and sampled by the
rnlorccontroller

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 part-time post-graduate students associated with SEAL

• Members of the SEAL Management Board

• Head of the Department, Electrical Engineering

• lndlviduals who will perform internal and external surveillance audits of
the SEAL Quality Management System

.
• Engineering Manager, Meissner

• Product Developer

• Product Manager

1.5 Applicable Documents

1.5.1 Specifications
None

'1.5,2 Standards
a SEAL OMS Document Creation Template, QS 002, Revision 0,01, 5 April

1994
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'1 Scope

1.1 Introduction

Following the Requirements Specifi ratron 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 Functional Specifications is to describe how the design
will be achieved. It forms part of tile contractual documentation against
which acceptance is ultimately reviewed. It bridges the gap between the
requirements analysts and the design. It translates the requirements
analysis into a format comprehensible by both the user and the developer.

1.3 Definitions

flnv: command Inverter frequency value

flnvActuol: actual Inverter output frequency

fMax: higher frequency limit for the Inverter output, 51Hz for a 50Hz
system

fMin: lower frequency limit for the Inverter output, 49Hz for a 50Hz
system

fNominal: nominal output frequency of the Inverter, typically 50 Hz

fRos: actual Reserve frequency

fWindow: frequency window delimited by fMin and fMax

inverter failure: a condition where either vlnvActliol or flllvActul1l is out
of limits or both

tSarnplinti : sampling time
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Change Forecast

This document will be updated each time changes to till" runctionality of the
system are ei.fected.



SDES Functional Specifications Doc. No. SOl: 106

Change History

Configuration Control

Project: SOES

Title: Functional SpeclflcatlCl!,'~.-
~oc. R('ference: SOE 106 --

Created by: H. BClpOO

Creation Date: 31 August 1995

Document History

Version Date Status Who Saved as:

0.01 95/08/31 Draft H.Bapoo \1995-13\TP\SDE106WP.001--
0.02 96/03/19 Draft H.Bapoo \1995-'13\TP\SDE106WP.002

1.00 96/()S/30 Approved H.Bapoo \1995-'13\TP\SDE1 06WP.1 00

1.01 96/07/18 Approved H.Bapoo \1995-13\TP\SDE1 06WP.1 01

Revision History --
Version Date Changes- _.
0.01 96/08/31 New Document

" --
0,02 96/03/19 Further development of the specifications

1.00 96/03/30 Update to revision number and status following Board approval
and change of text font to comply wlth SEAL document
presentation gLiide, OS 003

1.01 96/07/18 Refinement lif the specifications. In particular, addition of tables to
surnmartse the specifications

Management Authorisation -
Version Date status Managemont Board Minute Reference

1.00 96/03/30 Approved Secllon 24 of SDI: 566

1 01 96/07/18 Approved Section 2.3 of Sde 592
.....>\t" --



4.8.3 Transitory States 11
4.9 Short Circuit Considerations ., 13

5 Phase-locked-loop .................•.......... 14
5.1 Interfacing Phase-locked-loop with SVM ......•........ 14
5.2 Frequency Window 14
5.3 Inverter Failure 14
5.4 Phase-locked-loop Specifications 15

6 Summary of the Functional Specificat;,:ms . . . . . . . . .. 17

Appendix
Appendix A: Main Features of the Microcontroller 22

0'



SDES----- ..~...- Functional Specifications Doc. No. SDe 106"--"--- ---

Table of Contents

Table of Contents \ ..
• • • • • • • • • • • • • III • • • • III • • • 1'1 • ~ • • • • • • • • .. II

Chanqe Hlstory .. " ., II • • • • • • •• iv
Configuration Control iv
Document History iv
Revision History ,............ iv
Management Authorisation iv
Change Forecast .. , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. v

1 Scope II ••• " ••••• " I ••• Ii .

1.1 Introduction. • . . . . . . . . . . ......................•
1.2 Purpose ........................•...............
1.3 Definitions ............•................•........
1.4 Audience .. , ... 10 • , ••••••••• ., ••••••• I ••••••• iii • , • ,

1.5 Applicable Documents .....................•..... , ,
1.6 Assumptions .
1.7 ISO 9001 and ISO 9000-3 Requirements Traceability .

:2 Process Abstraction .
2.1 Processor Activities .
2.2 The Inverter ('ridge .

3 Specifications of the Microcontroller , .
3.1 Justifying the Choice of Microcontroller .
3.2 Adverse Aspocts of the Microcontroller .

4 Specifications for the SVM Algorithm , .
4.1 The Desired Vector Us* .
4.3 The Sectors .
4.4 Vector Magnitude UsMag .
4.5 Angle Alpha .
4.6 Sampling Time and Cycle .
4.7 Switching Times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9
4.8 sequence Considel'ations 9

4.8.1 Witllin A Sector "",.,., , ,., .. , .. 10
4.8.2 On A Change of S6::,tor ..... " " ,., ..... 10

1
1
1
1
2
2
3
3

4
4
5

,t

6
6
6

8
8
8
8
8
8



SDES , ___;F:...U;;:.I;,;_1C.;;_t;.;.io.:..!1alSpecifications Doc. No. SDS 106

Table 8: FUnctional Specifications Matrix on Control Fcatures . Scenario II: Out of Phase
Condition

Requirements Traceability: Section 3.d, 3.0, sos 104

step Action Expected observation Raqulrement

Met: .// X-
1 Set fRes below the -

Nominal value- -
2 Adjust vRes or vlnv so Static Switch Inhibit Signal must be Set

as to create about 1 V (low signal) - Inhibit
difference between the
two; l.e. simulate a -
large voltage difference Inverter output frequency should be at

between Reserve and the higher limit of the frequency window

Inverter -
3 Reduce the difference Static Switch Inhibit Signal must be Off

between vRes and vlnv; (high signal) • Inhibit lifted
l.e. return to Normal

Inverter output frequency should follow
conditions

fRes command input again

4 Repeat steps 2 and 3 The same behaviour should be
with fRes set above the observed. except that this time the
Nominal vatuo inverter output frequency should shift at

the lower limit of the frequency window- ---
5 Move vRes and vlnv The same behaviour as in steps 2, 3 and

slightly on OPPosite side 4 should bo observed; i.e. the Inverter
of the Nominal value; frequency moves to the limiting value
e.p. 2.45 and 2.55 " t.o. opposite to the side fRos is of tile
simulate an opposite Nominal value, Again. the invertor should
direction condition be as according to fRes command. when

tho parameters are adjusted bock to the

I Normal Conditions- -
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Table 7: Functional Specifications Matrix 011 Control Featuros • Scenario I: Inverter Failure
condltlon --

Requlrements Tracoabillty: Section 3.c, 3.f, soe 104

Stop .l Action = - -
Expoctod Observation Requlromont

Mot: .// X

1 Move fRes out of limits stattc Switch Inhibit Signal must be Set
(test both limiting (low signal) • Inhibit --cases) Inverter utput frequency should be at tho

nominal value, on all three phases -
2 Vary vRes Waveform psttern should not or ongo- -- -
3 Adjust vRes outsldo the .

24V • 2.6V ranqo - --
4 Movo vlnv out of limits; StatiC Switch Inhibit Signal must be ':Jtill

I.e, simulate an Inverter bo Set (low ;1ignal) " Inhibit
Failure - -

Drive pulses must 1)0 off • checl< at
nucrcccntrelter output

5 Move vlnv back withln Drive pulnes should NOr bo restored
limits ,-

staue Switch Inhibit Signal rernamo Sot
(low signal)

,~
6 Move vRos within 2,,4V Static Switch Inhibit Signal must btl Off
I and 2,(3V range - to (hi911signal) • II'hiDit [.IHoLl

Simulate a zero- -
crossing

Drives pulses should romain off

7 Reset the The same behaviour as when vlnv was
microcontrcllor omi adjusted should bo observed
repeat stops 1, 3, 4, 5
and G, but tnstoac of
adjusting vlnv. adjust
flnv _~L. .
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Table 5: Functional Spocifications Matrix on GOllOral Output Foatures-
Rcqulromeuts Traceability: socuen a.a, 3.b, SOS 104-

Step Action Expected Observation Requirement

Mot: .;1 X
1 Reset the PWM pulses should appear across the

rnlcrocontrollor gato and source of each of the six IGBTs
of the invertor bridge

A 50 Hz sinusoidal waveform should
appear at each output phase of L I)
inverter

~.'''-

Tho PWM pulses should CUe respond to G
balanced set of three-phase wavefcrms
disptaced by 120-

~ Change tho nominal "he same output as In stop 1 stlOuld be
frequency to 60Hz and observed, except that tho Olltput
run tho progr ...m u this frequency sl10llld now bo at GOH~
test CUl1 1)0 limited to
the Ice lesting

Table G:flunctlonal Specifications Matrix on Goneral Feedback Featuros

Roqulrol'r1ents Traeeablllty: Section 3.0, a.d, SOe 104--*----~=-.--==--~
Step Action

Invertor output fro:'JtJoncy SllOul(J follow
tt)Cl: of fRos comrr'on(L en 011 throe

Roqulrcmont

Mot: .;1 X

,\,.; .tnv In ml)llHt,· ~ ,lllOVI' tlH' nnmmClI
v.: ,tlH~ invurtur ,JtPlIlm;lOl1lllllic
,.' , "Ill dnCfUIIl,,'

===~. ·~~e~~====,,_=_==b"~=..=__·.=="_~,""===.c.,=="=~='~~~=,~

Vary fRos within tho
trequcncy Window

2 Vary vlnv wlthll1 tho
voltago WII1(Jow

Expocted oaeorvattcn
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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 verlricatlon and validation of the
design without getting into the details, of the underlying prlnciploe , The tables are
to be completed at the end of the testing phase when tile final verification and
validation are performed. To satisfy all the expected observations in the tables
below will be analogous to meeting all the requirements of the case study. fRes
and flnv refer to the Reserve and Inverter output sensed frequency respectively,
and vRes and vlnv lofer to the Reserve and Inverter output sensed voltage
respectively.

';tlllll1oWl' WI 1'."1" III
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mlorocontroller. An Inverter inhibit occurs either:
a. on an Inverter failure
b. or under a shan-circuit condition
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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 achieved at the expense
of a break in the output, but this break will be less harmful to the load than a 180
degrees phase chanqe in the supply Voltage.

5.4 Phase-locked-loop Specifications

The phase-looked-loop specifications are summarised below:

1. Under normal running conditions the Inverter frequency should follow that
of Reserve within fWindow;i.e. flnv should be equal to fRes.

2. In case the Reserve frequency runs out of fWindowthen:
a. flnv should be set to fNominal
b. the static switch should be inhibited (to prevent transfer to Reserve)

The static switch is inhibited by a signal, sSwitchlnhibit, sent on one of the output
port of the microcontroller.

3. If an Inverter failure occurs LInder 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 Rclservt:: supply.

4. If fRes gets back within fWindowafter condition (2) has occurred
then, subjeo; tl") flnv being also in phase with fRos,
a. flnv should be made to follow fRes again
b. the inhibition 011 the static switch should be lifted

6. At all times, when fRos is within fWindow,either under normal rLlMing
conditions or after it has run out ::>frclnge and come back again, the phase
difference between the Reserve frequency, fRos. and the Inverter actual
frequency, flnvActllol,should be closely monitored.

6. Under an alit of phase condition the following steps should be taken:
a, the static switch should be lnlublted
b. a phase differ(:1nce reduction rnochanlsm should be initiated to get

the two signals. fRos and flnvActlllll. III phase again

7. Tile only way to lift the lnhlbition on the Inverter is by resetting the
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5 Phase-Locked-Loop

5.1 Interfacing Phase-Looked-Loop with SVM

The PLL implementation method devised will have to blend with the SVM
algorithm. Consequently 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
control over the output frequency through the command Inverter frequency, flnv.
This means that any phase or frequency changes requested by the PLL algorithm,
will have to be reflectl"ld by changes in flnv. The PLL algorithm will therefore need
to have direct control over flnv.

From thls 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 pheeo detection
meonenism and a phase reduction mechanism. How those rnechanlsm are
implemented is a design issue and will be tackled in the Design Specifications
document.

5.2 Frequency Window

In order to ensure a high quallty output, the Inverter should only follow the
Reserve within a predetermined frequency window (typically +/-1Hz of the nominal
value, fNominal).As soon as the Reserve frequency goes out of this window
determined by fMin and fMax, the inverter frequency shoLlld jump to tho nominal
value and stay there until the Reserve frequency comes back wltlun the window.

5.3 Invertor Failure

When the Inverter output is phase- locked to Reserve, a failure condition of the
Inverter should cause immediate transfer of the UPS output from Inverter output
to Reserve. By Inverter failure we understand that either the Inverter voltage or
frequency has run out of tlleir respectlve limits.

However during an out of phase situation. when the Invertor is rllnllin~l at the
nominal frequency value. a failum of Ow Inverter should be followocl by a break
until tho next zoro crossing of Reserve is fO£lCIHXL Only at that particular time can
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Tabla 4: Complete forward and reverse switching sequences of the first sector- --
SECTOR 1 • FORWARD SEQUENCE

U7 U7·1 U1 U1·2 U2 U2·0 UO (NEXT
INTERVAL)

UO

000111 000011 100011 100001 110001 110000 111000 111000

SECTOR 1 • REVERSE SEQUENCE

UO UO-2 U2 U2·1T U1 U1·7 U7 (NEXT
INTERVAL)

U7
111000 110000 110001 100001 I 100011 000011 000111 000111

In this example, one can again observe 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 transitory state when moving to another sampling interval.

The observations from this example lead to important specifications that can be
summarised as follows:

a,
b,

There is no transitory state between sampling intervals.
TI't~ middle transitory state (U1·2 in tile example) is the same for a forward
and a reverse sequence,

c. The transitory states 011 the sides, U7-'1 and U2-0 ill the example, swap
positions when the sequence changes.

4.9 Short Circuit Condition

Upon a short circuit condition, identified by the 300% overload detection circuit,
ali switches ar~.to be put immediately into the zero switching state, This idle state
can then only be changed by resetting tho mlcrocontrolter. !. .s is in accordance
with section 3.f of the requirements anatvsts. SDE 104.
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the states UO, Ua, Ub and U7. As such, no switching time is allocated to the
transitory states.

For example, with the transitory state included, the transition between U1 and U2
will be as follows:

100 011· 110 001
'" 100 001 .;r

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 will be the
transitory state from switching vector U1 to switching vector U2, similarly U2~1will
be the transitory state from U2 to U1.

Table 3: The transitory states » Forward Switching sequence

TRANSITORY BINARY
STATE REPRESENTATION

U1·2 j
100 001

U2·0 110 000

U2·3 010001

U3-7 000 101

U3·4 010 100
.~-"

U4·0 01 'I 000

U4·5 001 100

U5·! 000 110

US·S 001 010-
U6·0 101 000-.-,.~
U6·1 100010

U1·7 000 011_.
It can easily be shown that the corresponding transitory states, of a reverse
switchil19 sequence, are the same as their forward sequence counterparts, i.e.
U2·1 is the same as U1·2, etc, The following example depicts this behavlcur.
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MOVING TO SECTOR 2 FROM POSITION "'(a) ]
Pattern Flow ~ Binary 111 110 010 000 000 010 110 111
Representation

Pattern Flow· UO U2 U3 U7 U7 U3 U2 UO
Switching Vectors

Pattern Plow- (Ua/Ub) UO Ua Ub U7 U7 Ub Ua UO

Sequence Forward Reverse

MOVING TO SECTOR 2 FROM POSITION ·(b) ]L..-- ~_

Pattern Plow- BII1ary 000 010 110 111 1i1 110 010 000
Representation

Pattern Flow· U7 U3 U2 UO UO U2 U3 U7
Switching Vectors

Pattern Flow· (Ua/Ub) U7 Ub Ua UO UO Ua Ub U7

Sequence Reverse Forward

From the above analysts, the following observations can be made, when a
change of sector occurs:

a. Ua and Ub are not interchanged .
b. UO and U7 are interchanged as before

From that analysis we further deduce that UO and U7 are always Interchanged
after a switching Interval.

4,8,3 Transitory States

In the previous section only the first half of the binary representation of the
switching states were considered, Once we consider tl1e full binary representation
it becomes apparent that contrary to ihe rule stated previously, more that one bit
chanqes when going from one state to the other; e.g.: moving from U1 to
U2: 100 01'\ ~ 110001

In order to correct this dtscrensncy transitory switching states should be included
between each switching state transition. The sale purpose of tile transitory states
is to ensure a Gray code pattern. They only constitute a brief transition between

SDE106WP,101 Vorslon 1,01 1a July 100G Pago 12
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We note that a switching set covers two switching 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 bottom switches in
each Inv~'rter leg are all ON and the top ones are OFF (UO) to a state where the
bottom switches in each Inverter leg are all ON (U7). The reverse switching
sequence is just the trnplementatlcn of the forward switching sequence in the
reverse order; doing so ensures a binary Gray code switching sequence.

Some important specifications are retained from the above analysts of the
switching sequence. They are exposed below.

4.8.1 Within A Sector

For a normal switching pattern flow, l.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 UO and U7 are also interchanged

4.8.2 On A Change of Sector

The transition from one sector to another.deserves special considerations and will
be approached by taking an example. Remember that in any transltlon, only one
switch change is allowed. In the following example only the first three digits of ,the
binary representation of the switching vectors, i.e. only the bottom half switches,
are considered to simplify the issue.

___ • • .....J

PatternFlow· 81:) I 000 1.00 110 111*t") "
Reprl';'sentation.__. ~------- ..J----------l
Pattern Flow· U7 U1 U2 UO

Cwltchlng vectol'~

Pattern Flow· (LJa/Ub) . U7 Ua _Ub UO

Sequence _~_ _!o~~ __ --.l._

111 110 100 000· (b)

oo U2 U1 U7

U(I Ub Us U7

SoE1Ob"WP,101 Version 1.01 18 .July 1ErJG Pago 11
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This time interval corresponds to U",9 sampling tlme t3umpling.In anyone 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 proceseinp, where calculations are performed and conditions
tested

c. output operations, where the values of output parameters are updated
and/or flags are set (if for example certain limiting conditions were
determined in b).

4.7 SWitchirlg 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
sIJvitchingstate, Ua, Ub and the zero switching state respectively, are a!:; f0110ws
(see section 3.2, SDE 105):

ta :: 9tn2'usMag*tSampling(Cosa- 11v'3*Sina)
tb = 6v'31n2*u&Mag*tSampling"'Slna
to ::: tSampling- ta .. tb

(1)

(2)
(3)

4.8 Sequence Considerations

It is important to ensure that the switching process is w ·11defined as this helps
in the reduction of harmonics in the Inverter output waveforms. To guarantee this,
SVM uses the two redundant switching voltage vectors un and U7 and selects a
switching sequence which ensures that each Inverter-bridge switch needs only
switch once during each sampling interval; in other words a binary Gray code
pattern is to be used, like the following switohing set shows:

U,,' UI" UtI

I,~-,,-.-,.-~Sampling •• __.... _-> I< ...... - ..- tSl.lll1plino ._ .... -_ ..;:.I

where tSampling= sampling interval
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vResMax: Maximum allowable value of vfles.

1.4 Audience

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

• Full-time staff members of SEAL

• All full-tim€.land part-time post-qradua.e students associated with SEAL

• Members of the SEAL Management Board

• Head of the Department, Electrical Engineering

• Individuals who will perform internal arid external surveillance audits of
the SEAL Quality Management System

• Engineering Manager, Melss.ier

• Product Developer

• Product Manager

1.5 Applicable Documents

1.5.'1 Specifi(.);)tions
None

1.5.2 Standards
a. SEAL QMS Document Creation Template, QS 002, Rev.slon 0.0'1, 5 April

1994
b. SEAL QMS Document Layout, Presentation and Typesetting Guide, QS

003, Revision 0.01, 1 April 1994

1.5.3 Prooedures
None

1.5.4 Gllidelines
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usMaoNominal:corresponding value of usMagat vNominal

uZero: second zero switching vector of a sampling interval and also the first
zero switching vector ofthe next interval.

uZeroTemp: temporary value of uZera;also the next value of uZoro

vDiff: voltage difference between Reserve and Inverter; i.e. vlnvActue:-
vRos

vDiffMax: Maximum allowable value of vDiff, set to 5% of vNominal

vlnvl: value of vlnvActualat the previous sampling interval

vir .2: present sampled value of vlnvActual

vlnvDiff: difference between vlnv2 and vlnvt: i.e. vlnv2· vlnvl

vlnvOirection: Direction of vlnvActuol. (0 = negative direction, 1 = positive
direction)

vNominal: Nominal voltage of the system, typically 230V

vRes: Reserve voltage

vRosl: value of vRosat the previous sampling lnterval

vRos2: present sampled value of vRns

vRosCl'osS: a very small value close to zero, typically 0.01VNominol.It represents
a value close to the zero crossing point of the Reserve,

vRosOiff: difference between vRos2and vRos1; i.e. vRos2. vRos1

vRosDiroction: Direction of vHos. (0 ::: negative diroctlcn, 1 ::: positive
direction)

vRosMin: Minimum allowable value of vHos, Below that value a mains fAillll'o
condition IS rocoprused and power is drown from tho batteries
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tOMinHolf:

to:

tb:

tClock:

tOelay:

tj:

tjTomp:

tl<:

tklnmp:

tSol11Pling:

tUpdate:

Software Design Specifications.Part 1 o~c.No. see 107-_.__.__. -_._.. _. , ...~~.-.-,,---.-_._----_._
Lower limit for tOHalr. tOMinHalf CCI tUpdate + a safety margin
(typically 'J IJs). tOMinHalf sets an upper limit on IlsMag

computed switching time; 1.1l is assigned either to tjTomp or tl(Tomp
according to the sequence

ccmputed switching time; tb is assigned either to tjTomp or tl<Temp
according to the sequence

clock frequency of the mlcrocontroller

delay time to compensate for response time of the IGBTs

time allocated to uj

temporary value of tj; atso the next value of tj

time allocated to uk

temporary value of tk: also the next value of tk

samplil1g (or swit~hing) time

Time required for the mlcrocontroller to execute the last assignment
operatlons ~ after the L 1t subroutlne of the interrupt oycle has been
executed

uj: first non-zero switchir1g vector of the sampling interval.

ujtemp: temporary value of uj; also the next value of lIj

uk: second non-zero switching vector in the sampling interval

lIjtomp: temporary value of uk: also the next value of uk

usMag: command magnitude value for the desireo vector US"

usMoOMox: higllor lirnit for IISMllO

lIsMngMin: lower limil for ustvH10



ITU~TIOR3:

ITU•._TSRO:
ITU_TSR1:
ITU~TSR2:
ITU_TSR3:

ITU=TSTR:

larnds:

Timer I/O Control Register ~ Channel 3

Timer Status Reqistcr > Channel 0
\ Timer Status Register - Channel 1
Timer Status Register - Channel 2
Timer Status Register - Channel 3

Timer Start Register

one increment of alpha at fNominal

maxSectorDiv: Number of subdivisions of a sector. This number determines
the value of alphaMin,used by the look-up-table generation alqorlthrn.
The higher maxSectorDiv,the smaller is a)phaMinand U19 more accurate
becomes the switching times calculation IJlgoritl1m.

P1DDR: Port 1 Data Direction Rogister
PIOR: Port 1 Data Register

phata: actual anqular displacement from the GWltcl1ing vector U1.
(photo 0 w*t)

sector: a 60 degrees sector i'l the complex plane. The complex plane is
divided into 6 sectors, starting from the horizontal or switcl1inp vector
ur.

sequence: determines the direction of the switching vectors sequence within a
sampling interval. +1 if sequence is forward, -1 if sequence is
reverse.

SYSCR: System Control Register

tActual: time variable (in seconds). tActual is tho time dtspiacoment of Us* with
respect to tile switclling vector U 1.

tOHalf: half the time allocated to the zero switel1ing vectors
tOHolf c" (tSampling . Ij ·11()/2

tOHolfTemp: temporary vatuo of tOHnlf; also tile next value of tOHalf
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dissolved, following the design stage and the iterative software
development. Consequently, although the choice of classes need to be
tested 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 106
apply, together with the following:

alpha: angular displacement of Us'" from the lowest vector (Ua) of the sector
in which it is found (alpha", phata . sector·SD)

alphcMin:

counter:

gamma:

IPRA:
IPRB:

alpha Min = SO/maxSecDiv

holds the number of times the main cyole is executed,

aiphaMin/2

Interrupt Priority Register A
Interrupt Priority Register B

ITU_GRAD: Integrated Timer Unit General Register - Channel 0
IrU~GRA1: Integrated Timer Unit General Register - Channel 1
ITU GRA2: Integrated Timer Unit Gel1E!ralRegister - Channel 2
ITU,,,GRA3: IntE:)gratedTimer l..':lit Gel1E!ralRegister - channet a

ITU,)CRO:
ITU,)CR1:
ITU TGR2:
ITUJCR3:

ITU TIERO:
ITU TIER1:
ITU TIER2:
ITU TIER3:

ITU TIORD:
ITU nOH 1:
ITU TIOH2:

Timer Control Register - Channel 0
Timer Control Register - Channel 1
Timer Control Register· Channa: 2
Timer centro: Register - Channel 3

Timer Interrupt Enable Register· Channel 0
Timer lnterrupt Enable Register· Channel 1
Timer interrupt Enable Register· Channel 2
1nner Interrupt Enable Register" Channel 3

Timer 1/0 Control f~egister • Channel 0
Timer 1/0 Control Rel)lster • CIHlI1nel 1
Timer 1/0 Control Reqister .. Channel 2
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1 Scope

1.1 Introduction

This document is presents the result of Object-Oriented Analysis (OOA)
applied to the case problem. In OOA the functional specifications are
translated into a format that befits an Object Oriented Approach.

Analysis will be restricted 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 three
steps:

a. A study of the functional specifications and the identification of the
main features of the problem dormln.

b. For each such feature, attach a scenario that will provide insight as
to its role.

c. At the end of each discussion. capture CI class or classes for each
feature, summarise its main responsibilities and identify its
collaborators. This conforms to the eRC (Class, Responsibilities and
Collaborators card method mentioned by Booch [1]).

1.2 Purpose

The objectives of the analysis phase are to:

• Identify the classes % obj'?, ,..:that are common to the problem domain

• ldent , the mlt·s.; ",ld responsibilities of those classes

• Identify the primary and secondary scenarios

• perform a rlsk assessment

Note that the analysis phase does not nave to be exact. It is more intended
to sketch tl primary sl<eletol' of classes that will later be reinforced or
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Appendix A: Main Features of the Microcontroller

Below is a list of maln features of the Hitachi H8/3048 rnicrocontroller[1]:

a. 128 Kbytes of ROM (Internal) [16 Mbyte ext.]
b. 4 Kbytes of RAM (Internal)
c. Max. Clock Rate of 16 MHz
d. Sixteen 16-bit general registers
e. i6-bit Integrated Timer unit
f. 70 Input/Output pins
g. 8 Input-only pins
11, 30 Internal Interrupts, 7 External Interrupts
i. io-blt resolution AID Converter
j. s-su resolution D/A Converter
k. Serial Communication Interface
I. Watchdog Timer
m. PWM 9ens: ation feature



SDES

Table 9: Functional Specifications Matrix on Control Features • Scenario III: Inverter
Shutdown Condition

-"'-'-"~'=

Requirements Tracoaf-lllty: Section 3.1, SOE 104-, ._ --
3tep Autlon Expectod Observation Requirement

Met: ..1/ )<. ---_._ 1--•

1 Trigger the Inverter-Off All d ' e pulses should be off
signal

r---
2 Cancel the tnverter-ott All drive pulses should remain off

signa!
-

3 Reset the -
'11icrocontrolh"

1-. ~ ._
4 Trigger the 300% All drive pulses should be off

Overload signal --
5 Cancel the 3C10% All drive pulses should remain off

Overloao signal
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sensing parameters were identified in the Requirements 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 like vSensor and fSonsor, which sense the voltage and the frequency
respectively.

~------------------------~
Responsibilitif.l~

• calibrates tho sensor
• computes and returns the current value
of the sensed parameter

'. will be 0 supercluss to all classes
rcspcnslbte of sensing activities

• keeps track of tho current fruquoney

• is dorived from superclass sonsnr
• will be used LiY tho phaso-icckoe-rccp

algorithm
• tho mverter output voltago will be
requirod in dotorminhlf1 usMon

, . . 1J;t'l""";';''itttu¥''!ttG'=~~'''\

5.2 Phase-lcckcd-lccp

• keeps track of tho current vOltage

• is derived from supereluss sensor
• will bo used by the phaee-lccxcd-lcop

algorithm
• the invorter output voltaqo will bC' roquired

in dotormining lIsMao

The phase-lccked-loop is Q very important issue in the dove lopmont of an inverter
design for UPS uppltcaticns. It remains though. a separate concern to SVM ond
oSJsuch warrants a separate treatment. W ('11OC)Sl.'to include it in tile present
design because of its vital role in tile UPS and O(')CDUSe of its role In detorl11ining
tile commend Inverter frequency, Ilnv, used in tho SVM algorlthrn. Phnse-locked-
loop is treated in mom d:}','lil ill section G.O.
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5 The Main Cycle

'1 he main functions of the main oyole are:

a, To sample the actual Inverter output voltage and the Reserve frequency,

b. To perform the phase-Iocted-toop action.

c. To compute the correct value of ljsMog, the magnitude of the desired
vector.

d. To determine the sector lccatlon of the desired vector Us" in the complex
plane.

e. To determine the next switching sequence.

f. 1'0 compute the switching times one! io choose their order of occurrence
according to tile sequence.

g. To choose the correct switching states and their order of occurrence
according to sequence and sector.

Those issuea will be considered separetely.

5.1 Sansing Parameters

5.1.1 Description

Sensing of the Inverter output voltage, vlnvActuol. can be portorrnee by a
diffGlrentiator circuit that feeds an analoque-tc-dipital converter. This output can
then be fed to one of the input ports of the mlcroeontroller. Altomtltivlilly the
anEllo(ilieatoadigilal conversien cporat.on con be token care of by tho
mtcrecentrcuer itself. Sen!:ling of the f~eservo frequency, fRos, can be performed
via a frequency counter. ArJoil1 tho data can bo c,}lptured at one of the input ports
of tllf,:} rntcrocontrotler.

5.1.2 Identified ctassos

Movinq at the UPS level. wo find that sonslna is an Important activity, Saveral
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interpreted as an out of phase status.

4.5 300%Overload Interrupt Routine

Considering the ootentlal damage of short circuits, it is best to declare and make
the 300% interrupt .outlne available right at the beginning. 1·ypically upon a 300%
overload condition the software will go into an infinite loop whereby the output
port is set to zero. This wlll switch off all the switches, as specified in section 4.9
of the Functional Specifications, SDr: 106. The only way to exit the loop will be to
reset the mtcrccontroiler, meaning that the cause of the short circuit will have to
be investigated.

4.6 ldsntlfled classes

From the above discussion, two prominent abstractions appear:

the start LIPprocedure
the generation of a look-up-table

The eRC representation for the above two abstractions will be as follows:

• initialises the nilcrocontrollor registers
• ccmputes tho constant terms
• Initiates tho illtOrt'lipt oyola
• provides an interrupt routine upon an

NMI duo to 0 ~jOO % overload

• the compute constant terms will have to
1)0 mad') avollnblo to all tho relevant
claaaos where thoy are usee

• goneratos a lcck-up-tnble of switching
times

• makes U10S0SWltchmg times available

• will neoc to pass those values to tho class
rcsponalbto of complltlng U10 finol
switching umos. wl1i~h wo will name
sWltchinuTimol



~ uZera ::: (100 111 (7)
~ uj ::: 110 001 (49)
- uk ::: 100011 (35)

Strictly speaking a reverse sequence starts with lIZaro ::: I'll 000 (56), but in order
to ensure correct order for the next sequence, which is' a forward sequence, lIZaro
Is initialised to 7. Remember that going from one sampling interval to the other,
lIZaro stays the same, therefore initialiSing lIZaro to 7 ensures that the next
sequence will start correctly with uZero = 7. In other words the first sequence does
not respect the SVM algorithm and is only usee to ensure correct starting values
for the next sequence: the parameters of which are appropriately calculated in the
first run of the metn cycle. As far as the initial switchir1g times are concerned, we
choose an arbitrary 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 Initiating tho, Phase-locked-loop Process

\Jince at start up nothlnq is known about the phase of the Reserve supply with
respect to the Inverter supply, an important safety measure will be to assume and
simulate an out of onase condition. In this wc:.; the phase-locked-loop mechanlarn,
described furtner clown, will be initiated right at the beginning to lock the Inverter
supply to Reserve,

An out of phase condition can be initiated by:

a. inltlatinq 'ihe static swltch inhibit 6i9n(1I, sSwitchlnhibit, to 'true'

b. feeding the phase-locked-loop algorithm 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 be explalned in section 6.2, the dlrectlons of the two w:aves, Reserve and
Inverter, bro important in determining the phase difference. Wave direction is
determined by cctnparlnq the present value of vRos and vlnvActuol with the valu=s
they had in tho preceding sampling interval, vRos2 and vlnv2 ropecnvely, At start the
pnase-lcoked-Icop algorithm will have no real values for vHos2 and vlllv2. By
initiallising vRos2 to D ImrjCl value, vBig, 1[110(11' than its 11inilCHlimit value, vRosMox,
and by initinllising vlnv2 to a small value, vSrnoll, smaller than its lower hrnlt value,
vlnvMin, we will ensure an initial opposing wavo dlreotlon ccndrtion, which will be
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4 Initialisation Procedure

The Initialisation procedure will be responsible for cOl1figuring the system properly
to ensure a s nooth running of the operations. Five main ~asks are recognised and
are further developed below.

4.1 Configuring the Microcontroller

Before getting into the main cycle or the interrupt cycle the microcontroller and
its memory should be configured appropriately and memory space provided for
the variables. This is all done in the initialisation section, where constant terms
are defined, like the clock frequency tClock,e.g. /Ide fine tClocl<G2.6E·9,the global
variables used by the program are defined and register variables specific to the
microcontroller, like SYSCn, are initialised to configure the microcontroller according
to its present application. The relevant registers are defined in section 1.3 above.
Also in the initialisation procedure, a look-up table storing the switching times. as
described further down in sectlcn 5.6.1, should be generated.

4.2 Computing the Constant Terms

Considerable savings in execution time can be achieved by pre-evaluatinq the
constant terms (like 1(01, I(ul, etc.) used throuqhout the program; especially those
used in loope. Those terms could helve been pre-calculatec and included as pre-
processor directives (ildofine). However thls would reduce the fltJxibility of the
software, making it more difficliit to maintain. A better solution is to compute those
terms in the initialisation phase.

t

4,3 Initiating tho Intorrupt Cycle Run

Another function of the lnltiailaatlon procedure is to provide aocess to the closed-
loop of the interrupt eyelo. For the interrupt cycle to run it needs to be fed the
appropriate switcl1irig states and Bwitching times. Correct values of those
parameters will only be obtained after a complete run of the main cycle. The
initialisation procedure will only be responsible to set it running end not to provide
it with correct values.

We choose to start in sector 1, If wo want to stirt on a forward sequence after
the iirst run of tho Irwin eyo/e, then tho initialisatilll1 stop shoutd feed tho illtot'(upt
cyclo with reverse sequence values as follows
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3.2 Identified Classes

Following the above discussion, each timer interrupt will be governed by a
separate class, which leada to the following CRC representation:

--------------------------
llIDIlrJ3lnwrupj

ResQonslbWtias;

- stops timer T3
- sets timer TO
- starts timer TO
• returns control to the main cycle

• will have to obtain the now value for tho
timer register from tho main cycle

• stops timor 1'1
• sols output port to state uk
• sots timor 1'2
" starts timor T2
• returns control to tho mnin cycla

• will have to obtain tho now values for
tho timer registor and for the port
roqtster from tho main Gyclo

• stops timer TO
- sets output port to state uj
• sots timor T1
" starts timer T1
• returns centrct to tile main cycle

• will have to obtain It,.) now values for the
timer register and for tho port register
from t110main cycle

• stops timer T2
• sots output port to $t[l\~) uloro
• sets timor 1'3
• starts timor 1'3
• returns control to tho Illel/Il cyclo

• will have to obtain tile new values for tho

.=:::::J



SDES _ Softw'!_re Des ign Speclflca ti:::.o:..:ns::.~.;.P..::a::..rt;;_1.:..__......;:D:..;:o:..;:c~.N:..;:o:;..;._S;;.;;;D;.;;:E;;_.1.;_;O;..;_7

-- ----~----j

[;~ T-I;~-~~E-~~~-~-~-~~-~~~~-AG-E~~'--"

, 1<3-" -~----

[~~erTDln~UPI ]

J
tSampling [_~lm:~T~~t=J

~Imer~~

Figuro 2: Flow Diagram. Tho Interrupt cycle

Lastly, as stated previously, the interrllpt cycle covers the whole sampling tnterval
which it subdivides into four intervals, each one corresponding to a different
switching state and each one Initiated by ::) timer interrupt. One sbould not
confuse the time span which the interrupt cyole controls, which is the same as the
sampling interval, with the execution time spent by the four subroutines, which
represents only a fraction of the sampling interval. Each time a subroutine is
completed, l.e. each time another timer i~.set, executk i });'l~~:'.' : Rd, I., the maln
oyo!«, where most of U1G sampling time is spent.



3 The Interrupt Cycle

3.1 Description

The interrupt cycle will control four of the five timers of the Integrated Timer Unit
of the H83048 and will consist of four subroutines which we will label
timorTOlnterruptRoutine,timerTllntorruptRoutino, timerT21nterruptRoutine and timarT31nterruptRoutine.

Each subroutine, with the exeception of tirnerT3lnterruptRoutine, performs the following
tasks:

a. Clear or stop the timer responsible for the last interrupt.
b. Change the output port configuration to the next switching state.
c. Set the next timer for the appropriate time.
d. Return control to the main cycle.

The switching time and switching state into which tile subroutine configures the
mlcrocontroller are those calculated in the previous run of the main cycle This is
in accordance to section 3 above.

In addition, to protect the mlcrocontroller against short circuits due to overlapping
of tile switching waveforms, all the switches are to be first opened for a time
delay period before any switching transition is performed. 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 timerT31nterruptRoutino;l'?es not have to set the output port because there is no
change in tile switching state when gOing from one sarnpling interval to the other.
This was shown in section 4.8 of the Functional Specifications, SDE 104.

A flow diagram of the interrupt CYClE) is shown in figure 2. Note that the Interrupt
cycle has a closed-loop configuration. The last interrupt routine of the seq uence,
timerT21ntorruptRoutino, sets back the first timer of the sequence, timer 1'3. This
ensures that one switching sequence follows tile other endlessly. Direction of
sequence, switl~hing states and switching times are controlled by tile choice of the
state variables uj, uk, uZoro and the values of the time variables ti, tl< and tOHalr.
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One turn around the main cycle loop has to take less than the specified sampling
time, tSamplino,in order to ensure a totally new and correct set of parameter values
after each sampling interval.

The background aotivlties, will be contained 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 timer 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 interval. 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, tSamplino,in order to
ensure a faithful implementation of SVM.

This first exercise served to assess the time and space risks. Identifying the
technical risks early in the development helps te avoid some of the common
pitfalls and enables a better management of future strategic and tactical trade-offs
of deSign.
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Figure 1: Conflict between the Computation and Switching acttvlties

Two problems are uncovered through this analysis, First, the output ports of the
microcontroller are idle during computation activity because at this stage the
parameter values for the switching execution 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 lmr 'qcticality 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 be the ones calculated in the previous
interval. Hence the switching times are ready right at the beginning of a
sampling time interval. .y

An interrupt-driven, background-foreground activity setup should be used
to ensure that the output port is always active, even during computation
activities of the rnicrocontroller.

The foreground activities, will be contained in that section of the program that we
will call main cycle. It will be responsible for:

parameter capture, where values of monitored parameters are sampled

information processing, where calculations are performed and conditions
tested
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2 Time and Space Semantics

Two main activities are recognised in the implementation of SVM in real-ttrne, one
is the M.!.JJ.l1!!@!ionalgrocet=!.§.whereby the switching times and sequences ...re
calculated, the second is the contra! of tb..~..J)utQ.l!Lgori§. where the calculated
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 decide upon their time and space
semantics. Space and time limitations are strong 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
whole program code to fit onto the 128 kbytes of on-chip ROM and the data to
be stored In the .; :<bytesof on-chip RAM, i.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 primarily be governed
by the sampling rate or switching frequency. Higher switching frequency will
assume a faster . .ecution of the operations. For the present problem, a high
switching frequency Is desirable in order to reduce the low Older harmonics
content of the Inverter output. TI,e execution speed of the operations itself will
depend upon the efficiency of the compiler and the processlr.j speed of the
mlcrccontroller.

The first step is to adopt an appropriate time frame that will take into
consideration the computatlonal time and the output operations.

Adding the three switching times ta, tb and 10 shoulc give exactly tSampling. From
thts observation it becomes obvious that, assumlnp parallel processing is not
used, it is not possible in EI given CYCle,to determine the .:.;witchingstates and
times as well as to have the inverter bridge to stay in those states during the
same calcu'ated times. Fi~lure 1 depicts the situation.
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[1] Booch G., Object-Oriented Analysis and Design, Second Edition,
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1.q.5 Other Documents
a. SDE '104, Requirements Analysts
b. SDE 105, Proposfld Technique For The Control Of The Three-Phase

Inverter
c. SDE 106, Functional Specifications

1.6 Assumptions

It ic; assumed that the reader is familiar with:

Inverter systems and the concept of Space Vector Modulation.

Object Oriented Analysis techniques

1.7 ISO 900'1 and ISO 9000-3 Requtrements Traceability

ISO 9001 (1994) Clause 4.4 " Desiqn Contra!

ISO 9000-3 (1991) Clause 5.6.2 - Design

.,


