
6 Phase-locked-loop

The phase-locked-loop algorithm that will be used is shown in figure 5. It i~
derived directly from the discussion in section 5 of the Functional Specifications
document, SDE 106. The phase and frequency controller determines whether fRes
is within the predefined window and whether fRes and f1nvActualare in phase. It
outputs a command frequency signal, flnv, to the SVM timing algorithm. Changing
flnv is the only way to affect the frequency or the phase of the SVM output Ws.v .....
Compare this figure to figure 2 of SDE 1~C.
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Figura 5: Phasc-lccked-loop operation Intorfacing with SVM

We now proceed to study in detail how to implement the phase detection and
phase reduction mechanisms of the phase and frequency controller in a software
algorithm.

6.1 Phase Difference Reduction Mechanism

Direct frequency tracking can easily be peformed by having flnv to simply be equal
to IRes, the Reserve frequency signal. Phase tracklnrj .IS more delicate and could
be achieved by allowing flnv to jump between predefined limits. The limits will be
so chosen as to increase the frequency difference between !nos and the actuai
Inverter frequency, flnvActudl. In other words a frequency difference is used to
implement a phase reduction mechanism. The idea being that the faster waveform
will eventually catch up 011 tile slower one. 111 an out of phase condition, if tAos is
lower than the nomlnat value, fNominol.then flnv should be dlanged to the hlgl1er
frequency limit, flv1ux.If instead fRos is higher than fNominal,then flnv should be
changed to tho lower limit IMin. In the first Ca8(~ flnvAc\uolis increased to a



established in section 4.3 of tho Functional Specifications, where the mapping
between the sectors and the switching vectors was listed. As far as the design
is concerned, thls will mean that at each sampling interval the sector location of
Us", is to be established prior to deciding upon the switching vectors. Note that
states UO and U7 always occur, irrespective of the sector.

Also, just like in the case of the switching times, the swltchlru, vectors order are
to be reversed after each sampling interval, except at a sector transition.

A switching vector in that instance will simply be mapped to the actual physical
state of the output port of the microcontroller. As an example, if port 1 is chosen
as the output port, the voltage levels at port 1 for a switching state U1 (100 011)
will be as shown in table 1.

---PIN P1 5 P1 4 P13 1'12 I'll 1'1.0- " - ILOGICAL 1 0 0 0 1 1
STATE ~~
VOLTAGE +5V GND GND GND +5V +5V
LEVEL -

Tablo 1: ,'J1applngof Switching statos onto tho output POI't

5.7.2 Identified Classes

The responsibility of issullig the right switching vectors in the right order can be
assigned to a new class, switchinoVectors,with the following features:

• selects the correct switching vectors
accordil19 to tho sector location of Us'

• cheese their correct ardor of occurrence
according to SOl\lIonco

• As estabtishod previcusly. sWltchmgVoctors
ecnaberatca with sn{jlloncoMollitor and
soctorMOIlltor

• uko switch:ngTllnos It needs to make its
results nccesslblo to clntflllol(lV~,-="_"""""""""".-=",,,. ·..._~~~'T1....'n"" ...:e'11t»·" ..l.·
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switohing times, the switohlng times too .should follow the same pattern. The
following sequences are identified for the switching times,

tOHalf • ta • tb • tOHali
tOHolf • tb • ta . tOHalf

,
:Forward Switohing Sequence
:Reverse Switohing Sequence

5.S.3 Identified Classes

As shown above, the determination of the switching times involves several
activities and as such is best assigned to a class, switchingTimes, which will
have the following CRC representation:

• retrieves vaiues from tho loek-up-table
• computes the switching times to and tb
• assign them to variables tjTompand
IkTompin tne correct orcer

• computes the time spent, tOllnlfTcmp,In
the state uZero

• As established before, class switchingTimos
collaborates with classes onoloOisplocomonl,
soquoncoMonito" lookUpTabloand voctorMoonltudo

• In addition, it should [1101<0 Its computed
values avanacto to the (;IOS6 responsible
of Iinl<In9 tho main cycle to tho; )tel'rupt j
cycle. We shall name this class. dotoRolay

tSlQ!le::;trtm_,....-=lt;~y~~.. . ·f!~

6.7 Switching States

5.7.1 Description

At any sampling interval. the switching states will depend upon the parttcular
sector in which the desired switchin~J vector Us" is located. This was already
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working with floating type variables. Simple floating point operations can take as
much as ten times more execution time than the integer type equivalent
operations. A similar prolonged microprocessor time is required to perform any
sophisticated operation like "floor" or "fmod".

From those observations the following declslons are made:

a. The switching times are to be precalculated, uSing a usMag value of 'I, for
a predetermined number of values of alpha, covering a full sector. Those
values are to be calculated in the initialisation period and are to be stored
in an array which can be accessed by the main cycle. In the main cycle,
those values will be scaled according to the value of usMag calculated at
each sampling interval. Note that the RAM size of the mlcrocontroller will
set a limit to the possible number of subdivisions of a sector. We name the
number of subdivisions of a sector, mox$cctorDiv.

b. Use of floating point numbers are to be avoided.

c. Only the simplest C functions are to be used.

d. Segmentation of the program into functions is to be kept to a minimum.

e. Compilation: to be performed using the speed option, to reduce the
latency accornpanled by function calls.

f. Parameter passing wlthln time critical loops should ge discouraged. Instead
global variables arc to be used in those instances.

Many of the points identified above, conflict directly with good progratliming
practice. However, as this exercise showed, this is a regretful but unavoidable
consequence of real-time applications and the llrrutatlons imposed by the
mlorcccntroller and its compiler. In order to compensate tor the inevitable lack of
clarity that will result from tho above decisions, additional effort is to be spent on
the documentation support.

5.6.2 The Switching Time Order

As shown in section 4.8 of the Functional Specifications, SDE~106, the switching
sequence reverses after each sampling time, except at sector trnnsltlons In
order to ensure that the alternating switcl1ing vectors are assigned to the right



following structure:

• updates ..~quonco

- To know when a sector change occurs,
sequoncoMonitor will have to collaborate
with class soctorMunitor.

soquancoMonitor will be used by both
classes switchinoTimos and switchinoVoctors in
the determination of tho order to output
their respective parameters.

5.6 Switching Times

The switching times are computed from the equations (1), (2) and (3) of section
4.7 of the functional specflcattlons. Those equations are reproduced here for
convenience.

ttl '" '9Jn('usMag"tSampling(CosC( . llv'3*SinC()
til '" 6v3Jn2*usMag*tSampJil1g·Sil1c(
to ea (Sampling' ta • til

(1)
(2)
(3)

5,6.1 Practical Observations About Process Tlme

Before deciding on the best method of performing the calculations, a simple
exercise wa.r; set up. A small program (SDE0201.C) was written to perform the
calculauons above. The program was run on tile simulator to obtain 011 idea of the
ability of the compiler ~lI1dthe rulcrocontroller to handle the calculations. The code
listings are available in appendix A. The exercise quicl<ly revoats tho impracticality
of doing those calculations en-line. It takes the mtcrocontrollcr several seconds
to perform the three equations above, while the ollownbl'J time, as set by the
sampling time, is of the order of hundreds of microseconds! Furthermore tho
exercise shows the poor performance of tile microcontroller what) it comes to
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- determines the angular displacement
photo

• determines the angular displacement
alpha

CoIIRborator_s;

• will need flnv and counterfor the
calculation of angular displacement. flnv
can only be provided by the class
responsible fa. the phase lock-loop.
counterwill be provided by class
countorMonitor

• on the other side, anoloOislllacornontwill bo
used by class switchingTimoswhich needs
alpha to retrieve the correct values from
the leek-up-table. onoloDisplacornontiq also
expected to be used by countorMonitor
when determining whether countnrwill be
reset ~o 0 or 1,

5.5 sequence Updato

5.5.1 Description

From the discussion in section 4.8 of the Functional SpeCifications, SDE 106, we
conclude that the sequence can take only two values. +1 for a positive sequence
and ·1 for a negative sequence.

Also from section 4.8 of SDE 106, emerges the importance of ensuring that
SOqU0I1CO toggles between those two values after each sampling interval, except at
a sector transition when it should remain unchanged.

5.().~~ Identified Classes

Tile above task can be assigned to ~ class sflQuoncoMonitor that will have the
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Us". Closely coupled to those activities is the process of updating counter. Those
activities are captured in three classes: angleDisplacement, sectorMonitor and
counterMonitor respectively.

nnr.tllrMohltor,

Responsibilities:

M Monitors and returns the sector location
of Us·

• Indicates a change of sector

• will require photo frorn ongloOisplacomont and
will be used by countor and tho class
responslble for determining tho switching
vectors, which we will nome class
swilchinoVoctors

Responsipilitl~.

• updates cernter
- resets counter

• collaborates with angloDisplacomont

• uses ",octorMonitorto know when to reset
counter
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plane. At this point counter has to be reset in order to limit its value which, if not
checked, will cause overflow errors. By resetting counter, the time tActual and the
angle pheta will automatically also be reset. The reset value of counter will depend
upon the location Us* lands after the' sector 6 to sector 1 transition. One solution
is to assume that it will always land on the U1 switching vector, in which case
counterwill take the value zero. However in order to improve the accuracy of the
alqorlthrn, w! decide to include another varIable, gamma,which corresponds to half
the rnlnlmu i1 anqular displacement, lamda , taken at the nominal Inverter output
frequency

lamda '" (360*fNominal· tSampling) (2)

gamma'" lamda/2 (3)

If the desired vector, Us*, lands anywhere between an a.iqle 0 and gamma, then
countor is reset to zero, else counter takes the value 1. We assume that the position
after a complete revolution will be less than twice alphaMin. This assumption is
reasonable for the kind of small deviations in flnv that are allowed in the present
case.

11m3

COlu,tNU 1

I1fDil

I:ounlor ': 0

Figure 4: Rosot values of countor

5.4.2 Identified Classes

Two major activities are identified in this section, both related to tile location of
the desired vector Us*. The first one is about tho rnonbortnq of the angular
displacement of Us'. the second is about the monitoring of the sector location of
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fimill_onsjbilitjes:

M calibrates usMag

• computes and returns the current value
of lIsMag

Collaborators.;.

M Since usMnghas a direct bearing upon
the switching timeo, like lookUpTablo,it will
collaborate with class switchingTimas.

• It will require a knowledge of vlnvActualto
perform the calculations

5.4 Sector Location

5.4.1 Description

sector is derived directly from a knowledge of the angular displacement, pheta,
measured with respect to the first switching vector position, U1. Phote itself
depends on the the command Inverter frequency, flnv, and on tile time, tActual

• elapsed from Ni1en the desired vector was last at the first switching vector
posltlon, U1.

pheta= 2n*flnv· tActual (1)

Time tActual is incremented by the value of the sampling time, tSampling, after each
sa"plirlg interval or each run around the main cycle loop, This can easily be
monitored by a counter, counter, that will keep track of the number of rLlIIS through
the loop.

A sector corresponds to a 60 degrees interval, therefore every 60 degree
increment of photo, starting at vector U1, will cause a sector change.

The sector 6 to sector 1 transition requires special attention, This transition occurs
when the desired vector, Us", has done a complete revolution around the complex
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c

Slope m

vlnv c m'usMog .. C

Figure 3: vlnvActual vIs usMO!i

The range of vlnvActual is vNominal+/- 10%. At a switching frequency of 6.26kHz,
taking vNominalas 230V gives vlnvMin = 207V FInd vlnvMax ::: 253V

substituting those values, together with usMagMin ::: 0.5 and usMagMax= 0.866604,
into the equations above yields usMagNominalas 0.685898

6.3.4 Identified Classes

The process of determining the value of usMagcan be captured by a single class,
vectorMagnitude,which will have the following features:

SDE107WP 100 Page 21Version 1 00 1'1 July'199G
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5.3.2 Choosing A Lower Limit for uS,Mag

Theoretically m:Magcould be allowed to drop to zero, at which point all IGBTs will
naturally be turned completely off. However for an efficient system we do not want
the IGBTs to spend too much time in the idle state (off states) at the nominal
Inverter output voltage, vNominal. The swltchlno times are dependent upon the
value of usMag as shown in equations (1), (2) and (3) of section 4.7 of the
Functional Specifications, SOE 106. "i.e higher the value of usMagNominal,which
is the corresponding value of lIsMag at vNominal,the less time will be spent in the
off states. We observe that since usMagNominallies between lIsMagMinand usMagMax,
the higher the value of usMagMinthe higher usMagNominalwill be. Taking this factor
into consideration we choose usMagMinto be 0.5.

5.3.3 Algorithm to Determine the Correct Value for usMag

We have established that usMag is proportional to vlnvActual. We also need to
ensure that the on-times decreases as the vlnvActlial increases and increases when
vlnvActualdecreases. This brings us to the relationship depicted in figure 3.

The relationship between vlnvActualand usMagis given by,

vlnvActual CI m*lIsMag + c (1)

or lIsMag c (vlnvActual·c)/m (2)

where the slope, rn, is given by,

m '" (vlnvMax • vlnvMin) I (usMagMin. usMagMax) (3)

and the intersection with the vlnvActualaxis, c, is given by,

c c vlnvMax. m*usMagMin (4)

SDE107WP 100 VerSlol' 1 00 1;' July 1(lOG Pogo 20
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5.3 The Magnitude of the Desired Vector, usMag

The magnitude of the desired vector, usMaO,allows control over the magnitude of
the Inverter output voltage. It should be related to the actual Inverter output
voltage, vlnvt',i;tulli itself, in order to correct for any deviation of the latter from the
nominal value, vNominal. Those deviations might be caused by fluctuations in the
DC supply, or changes in the load applied 'to the Inverter.

Theoretically usMag can vary between 0 and 1, but as we shall see ether factors
force an adjustment of this range.

5.3.1 Choosing A Higher Limit for usMag

As usMagincreases, so does tj and tk. That means that tOHalf,the time spent in the
zero switching states U1 and U7, will decrease. As will be discussed later in
section 7.1, tOHillf itself cannot be allowed to decrease below tUpdate, the time
required to implement the last assignment operations in the main cycle. This
minimum value for tOHalf, tOHalfMin, will set a higher value for usMag. A quick
exercise on the simulator reveals that tUpdateis equal to 6 microseconds. Including
a safety margin of 1 microsecond gives tOMinHalf as 7 microseconds.

Using equations (1). (2) and (3) of section 4.7 of tile Functional Specifications,
SDE 106, to solve for usMaggives:

usMag= (tSampling,2*tOHalfl{(tSampling[l(a(CosQ·l/v'3Sincx)+KbSincx]) (1)

where
and

ka '" 91n:
kb c 6v'3 n2

We observe that tDHal! is a minumum at the middle of a sector, i.e at alpha = 30
degrees. From this consideration we can derive the higher limit for usMag,
usMagMax,as follows:

usMagMax= (tSampling·2+ tOHalfMinll(tSampling[Ka(Cos30·1(v'3Sin30)+ KbSin30J) (2)

Equation (2) shows that usMaqMaxdep= 's on tOHalfMinand tSampling.Both those
parameters will be constant for a given utlsign and therefore so will be lIsMagMax,
For example taking tOHalfMill as 7fJs and tSampling ·)S 160fJs (equivalent to a
sampling frequency of 6.25kHz) gives a value of 0.866604 for usMagMax.

Vorslon 1 0017 July1B(lG----~SDE107WP 100
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Appendix B: Code Listings For SDE0601.M

% phosoll.m
0/0 Author: H.B
% Creation Doto: 2111195
% Revision 0.01

% program to illustrate an activo phase lock mechanism.

% Here ylnv is the Inverter output and yRes is the Reserve supply.
% The frequency window is taken to bo 49·51Hz, with 50Hz as the nominal fro~uoncy.
% The program considors Iho case whore Ihe Reservo froquency has gone out of limits
% (causing flnv 10 bo sot to the nominal valuel and now is hack within Ihr 'i'11iIS, but
% is 180 dogrees out of phasn with the invertor output.
% Tho 0101 is to reduce the phase difforonce to a minimum.
% Tho program shows that this can be ac'uavcd by increasing the frequency differ£nco
% (by changing flnvl between ylnv and yRos to a maximum without going outside the frequency
% limits of ylnv. The idea is Ihat tho difference in frequoncy will cause tho taster
% wave to slowly catch up on tho ~Iower waro,
% Tho convontion u~od is tho followi:,'J if fRos is loss or equal to 501lz, thon flnv is sol to
% 49Hz (lower limill also flnv is sat tl L IHz (highor limill

% Tho worst caso will be when tho two wovos aro 180 dogmos out of phase, i.o tho
% maximum phase difference to be reduced. and with !Hes being 50 liz. i.o ths loss froquoncy
% difforenco margin availublo to porform tho task.

flnv .. 49; % flnv sot to tho lowor IilTlit becausa fRos ra c., 50
wlnv .. 2'pi'flnv;
philnv .. 9011 80' pi;

fRos" 50;
wRos .. 2 'pi' mas;
phiRos .. 270/1BO·pi; % philnv ond plliRos ensure a 180 dog phase dlff. ilt tho start

1,,10:1 E·3:600E·31;

ylnv" sinl1wlnv' II + philnvl:
yRos" sin((wRos • t) + phiBosl:

plcttt, ylnv. 'y'. t, yRos, 'm']:
grid;
xlabol('timo in soconus'l:
ylahol('mognitude'l

Doc. No. SOE 107- -
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Appendix A: Code Listings For SDE0201.C

" SDEC0201.C '/

/' Program to calculato ta, tb and to of the SVM equations '(

/' Author: flansraj Balloo '(
(' Croatian Dato: 12/09/95 '(
/' f1ovision Numbor 0.01 ./

Upragma languago " oxtonded

!lincludo < math.h >

void main Ivoid)
{

!Ide fine tSampling , E·3
!ldolino pi 3.14159265359
lido fino ka 8.6736515E·4
lido fino kb 9.9E·4

I' rSampling .. , kllz 'I

float alpha, to, tb, to;

u- ka 'lcoslalphaH 1/sQrtf311'sin/nlpha));
tb- kb'sinlalpha);
to" tSompling·ta·tb;
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time of the IGBTs, lead to the same state transitions at the IGBTs. As such,
implementing the one function, by necessity, implies doing the other, although
each of them is targetted at a different aspect of the inverter.

Table 2: Effect of the hardware-built delay on the switching state transitions

State of the switches before the next 1 0 0 0 1 1
command signal

Next command signal 1 1 0 0 0 1

State of switches during tDelay 1 0 0 0 0 1.-
State of switches after tDelay 1 1 0 0 0 1
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8 Transitory States and Igbt Turn-Off Time Considerations

As observed in section 4.8.3 of the Functional Specifications document, SDE 106,
transitory states are needed in order to ensure a Gray code switching sequence.
Another important concern brought forward in sectlon 3.1 above, was about the
turn-off time of the IGBT and the precaution to take to avoid this time delay to
cause short olrcult of the DC bus.

A close look at the transitory states in section 4.8.3 of the Functional
S,)ecifications reveals that by their very existence the transitory states exclude the
possibility of having a short circuit on the DC bus due to the switching actions.
That is, if the transitory states are implemented correctly, in any leg of the
Inverter, there will always be one switch that will be turned off completely before
the other is switched on.

Those transitory states can either be implemented by simply including instructlons
in the timer subroutines to switch the output port in the corresponding states or
else through a hardware arrangement. Owing to tile critical aspect of those two
issues, especially that of tile turn-off time, we choose the hardware solution for
this design attempt.

The hardware arranqerneut consists of a simple time delay circuitry that only
operates on 'switch on' command signals. The 'on' signals are always delayed by
tDolay which is slightly more than tile turn-off time of the IGBT, while the 'off'
signals are unaffected by the circuitry. A uelay in an 'on' sigmll means that the
actual state of the switch the signal is directed to, will remain unchanged during
the period tDalay.This arrangement is common to most drive circuits and is a very
effective way of allowing 'off' signals to execute before 'on' signals, thus
cancelllnq tho tum-off time effect. Table 2 S!10WS the effect of delaying ttw 'on'
(lignals for tile ease of signal command 110 00'1 (U2). assllmlng the Inverter is
in the state 100 011 (U1) when :110 sigmll command is issued,

Comparing table 2 below with i,lble 3 of section 4,8,3 of the Functional
Specific,ntlons document reveals that t11Q state of the switches during tOulny is
identical to tho transitional state, U1·2. atteched to tllO sumo state transition (U1.,
U2).

Wlwt this whole study reveals is that lrnplomentation of tho transitional states
and implementation of a delay mecharusrn to counteract tile offect of the turn-of



" assigns correct values to the switching
times parameters Ij, Ik and tOHn11

" do the same for tl1e switching states
parameters uj, uk and uZoro

.collaborators:

• will obtain the tcmporory switching times
parameters liTolTll), tkTomp and tOHailTomp
from class switchingTlmos

• the temporary switching states
parameters ujtomp, uktomp and uZoroTomp
will be obtained fr'lm closs switchingVontors

" datoRolny will have t\.: interface with the
Interrupt clasces in some way

II
1;
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Figura 8: Synchronising tho msln cyc/o to tho Interrupt cycle

This approach however puts a restriction on the smallest value tOHalf, can take.
tOHalfcannot be allowed to take any value below tUpdate,the minimum time needed
for the assignment of new values to the switching parameters to occur. This
condition is necessary to ensure that by the end of a sampling interval all the
actlvlties ~ in the main cycle - related to this interval, have been completed. The
lower limit on IOHolf is ensured by usMnoMox as explained in section 5.3.1 above.

7.2 Idontifiod Classes

The task of passing switching data (times and vectors) to the interrupt cycle can
be assi~lner:l to the class datoRolay,whose speclflcatlons are summarised below.
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7 Synchronising the Main Cycle to tbe Interrupt Cycle

7.1 Description

In order to ensure meaningful results, l.e. a genuine SVM output, the main cycle
should be synchronised to the interrupt cycle. It is essential that the interrupt
cycle be fed the correct values at the correct time.

Synchronisation is achieved by using two check points in the main cycle. The first
one, CP1, is at the entry point of the main cycle itself, l.e. it controls access to
the main cycle. The condition for sccees being that the timer TO must have been
started. Prior to that, access to the main cycle is denied. In this way the start of
the main cycle is synchronised to the timorT3lnterruptRoutine.

The necessity of the second check point arises purely from a logical
conslderatlon. It has been agreed that at the beginning of each sampling interval
a new set of values for the switching parameters will be avallable to the interrupt
cycle. However during this same sampling interval other switching values will be
calculated, It is essential that the interrupt cycle uses the values provided right
at the beginning of the sampling interval and not those calculated during the
interval itself. Failure to respect this condition will result in an output containing
mixed values, those for the actual interval and those for the next interval. In other
words, we will fail to produce a PWM output,

A second check point and a dummy set of variables for the switching parameters
can solve this problem, This is commonly known as the double-buffering method.
The dummy switching vectors variables, uitemn,uktnmp and uZoroTomlland the
dummy switching times variables, tjTomll,t!<Tempand tOHalfTomphold temporary
values for their real counterparts. They 81'S the only ones that appear during the
whole computation section of the main cycle. Only in the last section of the main
cycle are those temporary values assigned to the real switching parameters
conterparts, uj,uk. uZoro,tj, tk, and tOHal!,all used by the interrupt cycle, The second
check point, CP2, appears at the beginning of this last asslqnrnent section.
Accoss to this last section is only permitted once the last subroutlne of the
interrupt cycle, timerT2lnterruplCyclo,has been executed. In thls way there is no
chance of the interrupt cycle using parameter values calculated for the next
sampling interval. A typical scenario is portrayed in figure 8.
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6.4 Identified Classes

Two important abstractions are identified in the phase-locked-loop process. The
first is about phase difference deteqtion, to which the class phaseDetectorwill be
assigned. The second abstraction is about phase difference reduction upon an out
of phase condition, to which the class phaseDiffReduct-.rwill be assigned.

phosoOotoctuJ.

Bespooslbilities;

• evaluates the voltage difference and
compares the wave directions, between
Reserve and Inverter output, in order to
determine whether an out of phase
condition exists or not.

- will have to collaborate with classes
vSunsor and fSensorto obtain the voltage
and frequency values of Raserve and
Inverter. It can as well pass the value of
vlnvA~tuQI to voctorMagnitudo

~JJj)se OiffRodu cor I
Ifu!sQonsibiliti~s:

• sets !lnv in such a way as to cause a
reduction in phase between Inverter and
Reserve,

poliabomtoJs; .

• None at this stage, but it is evident ti1Clugl1
that flnv as set by phasoOiffRoducor,should t-e
available to angloOisplncomontin some way
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Figure 7(b): Danger of using vDlff only as all Indication of phase difference

Figure 7(<1):Wave direction convention

vDlf( e O. but yot
tho two waves oro
outorphaso

6.3 The Zero Crossing Point

It was established in the functional specifications that transfer from Inverter to
mains, under an out of phase conditicn, can only be allowed at the next zero
crossing of the Reserve supply (see section 5.3, SDE 106).

It is important to determine, for the software, what constitutes a zero crossing
point. Strictly speaking the zero crossing point is the point when vResis equal to
zero. However since vResis sampled at a fixed rate, this point could be missed
by U1e microcontroller. To increase the chance of the sofware of determing when
the zero crossing point is roached, we give this point a range from zero to
vResCross,where vResCrossis a very small value, say 0.01 of vNorninal.Any value of
vRaswithin this range will be intepreted by the software as a zero crossing point.

Pago 34
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This exercise demonstrates the frequency difference technique as an excellent
method of reducing phase difference in a minimum of time.

6.2 Phase Detection Mechanism'

The proposed way of determining phase difference between Reserve and Inverter
output is by working out the- voltage magnitude, \lOiff between the two and by
comparing their wave directions, vResDirectionand vlnvlnrection respectively. Wave
direction Itself can be determined by the difference between two consecutively
sampled values of the wave, v!lhIl and vlnv2for the Inverter output and vResl and
vRes2for the Reserve. In other words,

vDiff to vlnvActual. vRes
vResDHf a vRes2· vResl
vlnvDiff to vltw2. vlnv1

(1)
(2)

(3)

In each of the Gases (2) and (3), a positive difference implies a positive direction
and a negative difference means a negative direction. The convention used for
the direction is shown in figure 7(a).

vDiff and the direction parameters are complemetary in determining phase
difference. To U8e only vDiff as a representation of the phase difference is not
enough and might lead to erronous assumptions. This is obvious in figure 7 (b)
where the two waves are out of phase but yet vDiff is zero at each intersection
points. If the waves are sampled at any of those intersection points, they will
incorrectly be assumed to be in phase.

In terms of those new parameters, an in-phase condition is a state where:

a. both Reserve and Inverter have the same wave directions
b. vDiff is smaller than a limiting value vOiffMall

vDiffMax is taken as 5% of vNominal.Under those conditions, on an Inverter to
Reserve transition, the worse step change that can be observed at the output will
be only about 12V.

S[)ff.10·/WP 100
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Figure 6(b): Illustrating the phase dlfference reduction mechanlsm » selected section: out
of phase condition (Inverter Voltage M Blue, Reserve Voltage. Green)

Figure 6(c): Illustratiing the phase difference reduction mechanism· selected section: in.
phase condition (Inverter Voltage. Blue, Reserve Voltage. Green)

Version 1 00 17 July 19!1(j Poge 32SD(~10'lwr 100
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below in figure 6 and the code listings are available ill appendix B. Tile program
considers the case where the Reserve frequency has gone out of limits (causinq
rtnv to be set to the nominal value) and is now back within the frequency lin,its but
is 180 degrees out of phase (worst case) with the Inverter output. fRlls is
considered to be 50Hz. In order to create the maxlmun difference in frequency
between Reserve and Inverter, flnv is set to the lower frequency limit, fMin .::: 49Hz.
Figure 6(a) shows the result ever a time span of 0.6 seconds. As depicted closely
in figure 6(b) a phase diff€'I'ence of 180 degrees exists between the two waves
at start. This phase difference is quickly reduced as a result of the frequency
difference created, and after only 0.5 seconds the weve» are exactly in pha.se.
The fact that the two waves are seen to drift apart after the 0.5 seconds point is
only because the slmulatlon only looks at ttl€) phase catching action and not at
the whole phase-locked-loop mechanism. In tne real algorithm the phase
reduction mechanism will be discontinued as soon as phase-lock is reached.

Figure 6(a): Illustrating the phase difference reduction mechanism (Inverter Voltaqe » Blue,
Reserve Voltage - Green)

vors.on 100 17 July 1996 Page 31
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~.------..........----------............... --~----.....-------- ...............--------~

Contains a few subprograms responsible
for setting the system at start up and for
generating an NMI routine upon an
overload condition.

Operations;

• void sOIRogs( I
· void computeKTerms II
• void stortlntCvclo II
· void ovorloadlnterruplRoutino II

None.

[M]
[M)
[M]
[M)

void stnrtUp::\setRons ( I
{
II 1183048Rogisters initialisation
ITU.JeRO a 32;
..... otc.

void startUp:: computol<Torms ( I
{
iI Computo tho constant terms used in tho prooram
1<0 " 9/(pi'pil;
..... etc.

void startUp:: stnrtlntCyclo !)
{
ITU TSTfI '" 8; II start timorT3
}

intorrupt INMIJ void startUil::
ovorloadlntorrulltRoutino ( I
{
for (; ;)
P1DR " 0;
}
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that it contains a number of common classes.

2.2.2 Initialisation Class Decomposition

Referring to section 4 of part " of the Software Design Specifications, SDE 107,
two main classes are lc.mtlfled:

startUp
lookUpTable

To co-ordinate the activities of those two classes a third class will be included,
systemConfio, which will use both of th~ above classes.

The structure and the activities of those classes are defined below. Notice that
the class startUp is a class utility, in the sense that it contains free subprogru
grouped together because of their common involvement in the start up activities.
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identified during the analysis phase. A format similar to the eRe cards will be
used, except that this time each class will be accompanied with C++ listing to
provide elementary exec.uable releases. Those fraqrnents of codes will help to
bridge the gap between the conception of the object structure and the actual
coding which is finally performed in C. Each operation will be adorned with an
identifier, [M], (8], or (11, standing for modifier, selector or iterator.

2.2.1 Top-Level Class Decomposition

Following the deocmcosltlcn performed in part 1 of the Software Deslpn
Specifications, SDE 107, four main clusters of abst, 1ctions emerge:

The Interrupt cyole
The tnttiatlsatlon Procedure
Management of the phase-locked-loop
The main cycle

Each of the above group can be represented as a class category, related as in
figure 2 below:

~~ .. , -J

Interrupt Cyclo

Main Cyclo

PU MonDoor Initlolll)otion

Figure 2: ClOGS DlofJrnm • Top t.ovot

Note that Glass category initialisotion is adorned with tt1€! keyword "global", meaning
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Flguro 1: Simplifiod Process Diagram· UPS lovol

2.2 Class structure

Tile class decomposition will follow from tile abstractions and tile scenario
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2 Static Model

2.1 Process Archlt. ..cture

The first step ts to define the hardware on which the software will execute. In this
exercise, the !;;ystem shall be captured at a level of abstraction that exceeds the
boundaries of the actual design. This offers a better perception of the system as
a whole, as it locates the present design within the broader context of its
environment.

The general hardware aspects of the UPS (sensing and control features) were
discussed in the Functional Specifications, SOl:. 106. This exercise serves to link
all those components into a framework. The proposed hardware platform can be
summarised as follows:

a. The Gontrol of the UPS shall be carried alit by three control boards, each
with an H8/3048-class processor. One processor will be assigned to the
rectifier control, the second one to the inverter control, and the last one will
be responsible for the LCD display and the MMI.

b. Sensing shall be carried out as in appendix 1 of the Requlremsnts Analysis
documei.t, SDE 104.

c. Selection of either Reserve or Inverter at the UPS OL, put, shall be
performed' by tile Static Switch. This funotlon does not show the kind of
complexity inherent in the other sections dlsoussed and as such it does not
require the power of n mlcrcccntrctler.

Figure 1 depicts the distribution of the hardware elements in the system. Each of
those elements were described in SDE 104. As is typical in process diagrams for
proovctlon systems, we do not (and cannot) Sl10Wavery device and connection;
e.g. the Static Switch and its connections were omitted. The diagram fccusea on
tile mlcrocontrollere and in particular on the inverter control aspect, which is Ole
primary objective of this project.
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1.5.5 Other Documents
a. SDE 105, Requirements Analysis
b. SDE 106, Functional Specifications
c. SDE 107, Design Specifications - Part 1

1.6 Assumptions

It is assumed that the reader is familiar with:

Inverter systems and the concept of Space Vector Modulation

Object Oriented Design and with Booch notation

1,7 ISO 9001 and ISO 9000-3 Requirements Traceability

ISO 9001 (1994) Clause 4.4· Design Control

ISO 9000M3 (1991) Clause 5.6.2 - Design
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1.4 Audience

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

• Full-time staff members of SEAL

• 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 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 QMS Document Creation Template, OS 002, Revision 0,01, 5 April

1994
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
None

Vcrslon 100 HI July HJ9G Pago 2



SDES Software Design Specifications-Part 2 Doc.No.SDE 108

1 Scope

1.1 Introduction

Building on the analysis exercise performed in part 1 of the Software
Design Specifications, SDE 107, part 2 proceeds to develop fully the
models of Object Oriented Analysis and Design. The design completes the
process of object-oriented decomposition and provides a logical, physical,
static and dynamic models of the system under consideration. In addition,
the design phase provides the skeleton of the C++ listing of each
mechanism and scenario captured.

1.2 Purpose

The purpose of the design phase is to:

• Create an arohltscture for the implementation phase.

• Establish the common tactical policies that must be used by disparate
elements of the systems.

• Identify the risk of eEI,,1lI<eyarchitectural interface so that resources can
be meaningfully allocated as evolution commences.

1.3 Definitions

samBDirection:direction comparison between Reserve and Inverter

temp: variable used to assist the swapping of ujTol11p and ul<Tomp when there
is a change of in the sWitcl1ing direction

vResBig: a positive number bigger than the highest value vRes can take, i.e.
higher than vResMax

vResSmall: a negative number smaller than the smallest value vRes can take, i.e.
smaller than vResMin

SDE1Q8WP 100 \i'i'irSI0J1100 18 July lDSG Pago 1
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but we choose to Include all three of them, because the operat'r.ns currentVoltage
and currentFrequoncy are slightly more type-safe.

Tra class diagram for the three classes is shown in figure 6.

2.2.5.2

Figure 6: Closs Diagram· Sensor Class Hierarchy

Evaluation of the Attributes Of the Desired Vector Us"

Four classes are involve in this actlvltv:

angleDisploGoment
coun torMonitor
sectorMonitor
VGctOrivi ,onitude

Before we proceed into devel, ,:ling each one in detail, let us see how they relate
to each other in figurc' 7.

.~. ~
i vrlLtl'IM.\OI\llu(]OI dIII,lIQt1Ia{dn;1:1fI'IClll\ "

t
I

\

~. \
/ \,

\,
I
I
.'

Fl£luro 7: Class Diagram· Dorivod Attrtbutcs (prollminary configuration)

i'
I
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Iloat vSol1sor:: currontVoltaoo ( }
{

&ttrihl!J~E voltago 0 colculatodVnluo ( );
return voltage;

fluut voltago; };

.8esponsibilitifl.B ..

keeps track of the current vOltage,

, float currontVoltaoo ( I [5)

vSonsor:: vScnsor ( unsigned int 'vPort I : sonsor
(unsignod int • vPorti
{};

return fmlluoncy;
float frOllunncy; };

""""""- .. _.".,..... __ .... """' .. """' .. 1 #..... ,,,.,,"""'et __ ,... """""""' ....._ .."""_,"'"'''''''''' __ -eJ

I<O(lPStrack of tho current frequency

float currontFroquoncy () [S]

fSensor:: fSonsor I unsignod lilt '!I'ort I : sonsor
(u~sionod int • fPart)
{ };

lIoot fSonsor:: currontFroquoncy ( I
{
froquOllGY " cnlculntodVoluo ( ); ,

Although the calibration operation 110S been included in class sensor, til is operation
will not be carried out at this stage, Typically such an operation will be carried out
via tile keypad and display unit, where a value of ectualvalue will be entered for
each sensor; l1cluoIVo!uo being the value of tile sensed parameter at tile time of
testing, To avoid possibilities of unpredictable behaviour wi,lie the unit has not yet
been calibrated, octuolVoluo and sOllsorSlopo me initiolised to :WI'() In other terms the
invertor cannot run prior to the sensors being calibrated

Notice that tho operations currontVollofJO ano curronthBquol1CY havo been introduced
Tll0S0 operations am semantically similar to the oolvrnorphte function clirrontValllo,
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Three main areas of concern are recognised:
sensing activities
evaluating the attributes of the. desired vector Us* (vector displacement and
magnitude)
Working the switching parameters (switching states and switching times)

E~ch segment will be developed separately.

2.2.5.1 Sensing Activities

Section 5.1.2 of part 1 of tile Software Design Specifications, SDE 107, partitions
the sensing activities into three classes, with thE~ class sensor as an abstract
superolass to the other two classes, vSpl1sor and fSensor. Having separate classes
to handle different sensing parameters, improves the typing and reduces the
chances that the objects of those classes are Interchanged.

Class sonsor will have two operations, onllbrutesenser to calibrate the sensor and
currentVnlue to scale and to return the sensed parameter.

The structure for the three classes are developed below.

~------------------.----------~------------------------.-------.~

attaches tho sensor to on input tlort
roO'~lOr, calibrates tho sensor and returns
1M calculated value when prompted.

. virtual void colilHotoSonsor ( Iloat
IIlIlArtunlVnluo) [M]
. virtual flont currentvnlue ( I [MJ & [S]

Attribll\fl..'l,

float ilctualVoluo n n, sonsorSlopo .. 0;
unslunn<i 1111'ponlloOlst01:
float r;urrnntVolllO;

gQQ~trllc\QJ~.
c sonsor:: sensor ( unsiunod 1111• porlRogld )

{
llortRogistor " porlRogld;

»

void snnsur« colihrotoSonsor ( floot
InltActunlVoluo I

or 11lnlVoiuo ' initActuolValllo;
~onsorSlopo " octliolVoluo I 'nortR00Istor;
};

1I00t sonsor:: clirrontVolun ( )

l:alclilalDuValllil c- 'pl)rlllDfJlGlN • nensorSlopo;
return r:alculatodValuo;
}:



Notice that setTimorAndPart is declared as pure virtual in timorlnterrupt. This is
because, as painted above, each of the classes will have a different sotTimarAndPort
operation and therefore it is best to leave the declaration of this operation to each
of those classes.

timerT31ntarruptRautine,timor'rOlntorruptRoutine,timerTllntorrup tROll tine and tir.l(lfT2InterruptRoutine
are lterators that permit the operations of their respective objects to be accessed
in the right order.

Through class trner.ntsrrupt it can also be observed how the switching parameters
are passed to the interrupt oycle via the class dataRelay.This aspect will be
discussed in more details shortly.

The class diagram for the interrupt cycle is shown below

r--------------------.------ .

..•. ..~(
./ timor! 011110""[11'
( /
........ I

\ .'
\ f'"

.' r tlm(1rT2Inlorr~lPt" \
t_. I~I

..
'0"'"

Figuro 6: Glass Diagram. Tho tntorruot cyc/o

2.2.5 The Main Cycle Class Decomposition

The main cycle contains mom abstractions than tile other catcporles. In order to
sirnplify the repreeontation of this category. we shall first proceed by sllbdlvlding
its elements into loosely coupled and cohesive layers of abstractions or modules,



stops timor T1 and configures tho output
port for tho next umo mtcrval.

• IimorTllnlorruptnolllino (I [I]
, vOid sOITirnorAndPQi t ( ) [MJ

&JJril~
Nono

QQ[1f:lJWct9J~
timorTllntorrupt:: timorT1 Interrupt ( ) : timatlntnrrupt ( 1
{};

void tlllloITllntorruIH:: notTlmorAndPort ( I
{
ITU GHA2 .. gotTk { I;
P10n .. gotUk ( );
IlU T8TH .. 4;
};

Intorrupt lIiU IMIA f I void tlmorTOlntcrrllllt::
t1morTOlntorruptRoutlno {I
{
stopTimor ( I;
sotrilnorAndPorl I I;
);

stops nmor T2 and configures tho output
port for 1)10 next umo interval

· IIlIIorT2lntorrull(fioutino (I [IJ
· vOid ~otr,morAndPort ( ) [MJ

Alh It~ll\Q~l..

NOl10

Qfl_Ilf3!J'J.lj~lg1.
tIll1OrT2IntorrllPI:: timorT21ntorrupt II : limorintcrruill ( 1
{ };

void tllllorT2Intorrupt:: satTlmorAndPort ( I
{
ITU r.nA3" 001l01i01f II;
1'11111 " OOILJZt1fO ( I;
11Ii T8TH "B:
};

Interrupt lITIl IMIA21 void tirnorT2Intorrullt::
timorT21ntorruiltnOlltino ( 1
{
~;tIlJlT III1IH( I;
:ntTmlllr(\ntl('ort (I;
};
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i!mnrT3lntnrruPJ

stops timer T3 and configures the output
port for the next time interval.

Operotio.illL

· timerT31nterruptiloutioo !) [I)
• void sotTimorAndPort I) [M)

,f\ttrlbutes,;,
None

.Q.QlJli tnLQiQL.
timorT3intorrupt:: timorT31nterrupt ! ): timorlntorrupt ! )
{ };

void tlmorT3Intorrullt:: sotTImorAndPort ( )
(
ITU ..GRAO" goltOHalf ! );
ITU T8TR '" 1;
} ;

Interrupt IITU IMIA31 void tllnorT3Interrupt::
timori JlntorruptRoutlno !)
{
stopTirnor ! );
sotTimorAndPorc I);
};

stops timer TO and confiqurea the output
port for the next time interval.

· timorTOlntorrUIJlRolltino () [I)
· void sotTimorflndPort I ) [MJ

t\ti@.l!ttl!i:.
None

gJ Er:l!!ttrucJor:
1,1 timer" Olntorrupt:: limnrTOlntorll'pt I) : timorlntorrupt I)

{};

void timorTOl.ltOrrllllt:: sotTill1orAndPort ! )
{
ITll GRA 1", gotTl1 );
PIon", QOIUI ( );

I"~ Ill) TSTR '0 2;
};

IntorrulltllTU IMIMI void tlmorTOlnl·mullt::
timorTUlntorrlllllRoutino I )
{
stollTirner I );
sOlll1llOrAndPort II:
};
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2.2.4 The Interrupt Cycle Class Decomposition

The interrupt oyole as described in section 3 of part 1 of the Design
Specifications, SDE. 107, consists of four classes, each one controlling a different
timer interrupt. From the analysis study it is manifest that the task of each timer
interrupt routine can be grouped under two operations:

stopTimer,responsible for stopping the timer. This function will be exactly
the same for all the timer interrupt routines.

setTimerAndPort,responsible for setting the timer and port for the next
interval. Each subroutine will have a different setTimcrAndPortoperation,
since each one will be setting a different timer and a different port, using
different parameters.

The commonality among the classes suggests that they are unified under an
abstract class, timerlnterrupt.The ciassc of the interrupt oyole can now be
described as follows:

void tlmorlntorrupt:: stcpflmur ( )
{
ITU lSTH " 0;
lill TSI1X &" 1;
};

tirnorlntorrullt:: tlmcrlnterrupt ( I: dotoRoloy I )
{
};superclass to all "timor Intorrupt" claascs .

• vOid stopTimor I I [MJ
, virtual void sotTimorAmJf'ort ( I " 0; [MJ

None
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In class phaseOotector,voltageDiffevaluates the difference between Reserve and
Inverter output while directioncompares the direction of the two. outOfPhaseuses the
results of those two operations to return the phasing status. Note the aggregation
relationship between phaseDetectorand the classes vSensor and fSensor. This
relationship allows phaseDetectorto check the voltage and frequency characteristics
of Reserve and Inverter. Since the instances of vResand vlnvActualare declared in
til is class, those parameters - also needed by class vectorMagnitude• am made
available outside the scope of phaseOetectorvia the selectors getvResand getvlnvActual.
The structure of directionfollows direotly from the phase detection mechanism
described in section 6.2 of part 1 of the Software Design Specifications, SDE 107.

reducoPhaseDiffof class phasoDiffReducormerely sets flnv such as to force a reduction
in phase between Reserve and Inverter output.

reducePhaseOiffshould only be called on an out of phase condition. This is the
responsibility of the Iterator phasoLockLoopof class pliSupervisor.pliSuporvisorinherits
from phasoOiffReducllr.This grants it access to all the public operations of the two
other classes, including the attribute flnv declared as t·rotected in phasllDiffReducor.
fResOutOfRangois called upon an outOfPhaseConditionto set Ilnv to fNominaland to verify
the status of the inverter. Finally gotflnv makes flnv, the ultimate output of the
phase-locked-loop mechanism, accessible outside the scope of its parent class.
The relationship among those three classes is depicted in the figure 4 below,

I
\.

Flguro 4: Class Diagram - Managing tho Phuso-lcckcd-loop
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IlhnsoDiffRoducor

Besponsibillties~

reduces the phase difference between
Reserve and Inverter output.

Q.pslratiops:

• void roducePhasaDiff f I [M]

protoctod Iinv

90nstructor
phnsaDilfl1oducar:: phaseD iff Reducer 1180n50r&,
vSonsor&l: phaseDetoctor (180nsor&, vSansor&1
{};

void IlhasoDiffRcd'Jcor:: roducoPhasuDlff ( I
{

i s8witchlni1ibit u truo;
il !fRn~ JrrentVo!togo II <: a IMinl
flnv ,. 'Mux;
0150

flnv a fMin;
};

pllSllporvi~or

decides upon the course of action following
feedback on the phases and frequencies of
Reserve and Inverter output.

· void fIlosOutOfRango I ) 1M}
• roid phaseLockLoop II (11
• Iloat gotflnv II (81

IlIiSullorvlsur:: pliSullorvisor IISon80r&, vSonsor&l:
phlisoDifffloducor 1180nsor&, vSonsot&1
/I pliSlIf)OfVisor. Inhorits lrom phasoDiffRoducor
{
};

void dlrJullorvlsor:: IRosOutOfRongo ( I
{
sP',~ilchlnhibit " truo;
"IlV " INominal;
il IIlflnv.currontFroquoncy ( I <: fMin I II I
flnv.currontFroquoncy ( I :> fMaxll && H
vlnv.currontVoltaoo II ;. vMnx III /I i.o if mv not OK

) P1DR" 0;
while IvRos.currontVoltogo ( I ;;. vRosCrossl
{ };
sSwitchlnhlbit " lolso;
};};

void 1)IISuporvlsor:: phnsoLockLoop ( I
{
if {(ffles.curronrFroqtlonev { I «, IMinl II
IfI1es.currontFrOlldncy ( I > IMoxll
fHodOutOlHongo;
etso flnv n Illns:
II (outOfPltnsc { I truol
roducoPhnso(liff II;
olsc sSwltchlnlllblt c> folso;
};

Ilont pIlSuporvlsor:: gotflnv ( )
{ return flnv:
}: ,
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phaseDetoc!or

Responsibilities:

keeps track (If the phase difference
between Reserve and Inverter output.

.9peratjoDs;

[MJ· void voltagoDiff ( 1
• void direction (I [M1
• Boolean outOfPhaSB ( I (MJ & [S]

eonst int posOiroct 1;
canst int nagDiroet ·1;

void IlhaseDetoctor:: voltageDlff ( 1
{
vom " vlnvActual.eurrentVoltaoa ( 1 '
vRes,CurrenlVoltaga ( );
}

void phasol)otflctor :: direction ( 1
{
vRos1 .. vRes2;
vlnv 1 a vlnv2:
vRas2 " vRos,currenlVoltaga ( I;
vlnv2 '" vlnvActual.currantVoltago (I;

, if HvRes ' vRos 1) > 0) vResOlrectfon ., posDirect;
olse vRos,)irection c ncgDirect;
if Hvlr.v2 vlnvl} > 01 vlnvDirection c posDircct;
also vlnv[11roction c nogDiroct;
if ( vResDiroclion .. vlnvOirection )
samoDiroction .. truo;

, elsa snmoOiroction ., falso;
}:

void (lhasoDotoctor:: outOfPhaso ( )
{
\ IloooOiff I );
olroctlon ( );
if f{ vOilf :> vDiffMox) II IsnmoOiroction a falso))
return truo;
also return fa Iso;
»

l\ttributes;

floal vRosl, vRes2 .. vBig, vlnvl, vlnv2 " vSmall,
v01l1
Int vResDiraC\10n, vlnvDiroction
Boolean sarnoDiroclion

In Header file:

class phnsoDotor.tor{
public:

protocted:
fSonsor& fRos (ADDRA), IlnvActuaIIAUUftll);
vSonsor& vRes(ADORCI, vlllvActual(ADDRDI;

};
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Operation stltRegs initialises the rnicrocontroller registers. startlntCycle initiates the
interrupt cycle. By capturing overloadlnterruptRoutine,the interrupt routine upon a
300% overload condition, as a Non-Maskable Interrupt (NMI), we ensure that this
routine will' have priority upon all other interrupts. This guarantees the prompt
response specified in section 4.9 of the Functional Specifications SDE 106.
genTablegenerates a look-up-table of switching times. Those values He accessible
via getTa and getTb.

The class diagram for the class category initialisation is shown in figure 3, below.

~--""-I lookUpTablo )
(... I
./"'- - ,_I./ ,-,"-:

r :» -,/
I sYGlomConflo \

( (
... , I
\ »" -.,;

.... oc-'"

Figure 3: Class dlaqram - Initialisation

2.2.3 Phase-locked-loop Class Decomposition

As described in section 6.4 of part 1 of the softwar« Design Specifications, SDE
107, two main abstractions emerge from the rnanaqement of the chase-locked-
loop:

phaseDotoctor
phaseDiffRodlicer

In order to co-ordinate the activities of t;10S(~ two classes a third class, ~IISll!1ervisor,
will be introduced, Tile structure of the t!lrf;e classes are shown below.
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lookUpTnblo

i'(esponS!jbjlities;

nrovldes a look-up-table of switching times
( ...t a usMag value of 1 )

Opecatloo!l;.

· void gonTable 11 [M]
· void gatTa II [S]
· void gotTb ( ) [S]

6ttrjbutes:

fioat phi, phiRad, ka 1, kb 1

int t. i

void loakU!ITable:: genTable ( I
{
ka1 a ka * tSampling I tCloek;
kb1 a kh * tSampling / tClaek:
for ( ia 1, phi" 0; j < .. (MaxSectorOiv . 1), phi <60;
i+ +. phi +" alphaMinl
{
phiRad ~ pi * phi / 180;
trmO! a floor ( Ica1 • cos (phiRadl . 1/sqrt(31 • sin
IphiRadll:
t[jJll! a floor ( kb1 • sin (phiRad));
}

~ void lookUpTabIJ:: gotTa (lnt J )
'. {

return t[ilIO!;
}

void lool(UIITablo:: uotTb (Int II
{
raturn t fi)[11;
}

systomCol!1ln

configures the system, i.e the
microcontroller and the software,
appropriately.

· void configSystem I) [IJ

&l.HrtQJJ!Q,!l.:.
Non~

void systoIllConflg:: conflgSystoln ( I
{
startUp ropStllrtUp I );
lookUpTablo ropLookUpTablo I);

ropStortUp.satRegs II;
ropStortUp.complJtoKTatmsl);
repLookUpToblo.gonTablo I I;
ropStartUp.startlntCycle I):
}
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Flguro 13: Modulo Archttocture Of Tno Prograrn
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2.3 Modulo Architecture

Part of the architectural ,-l(:"r;isionsmust involve the physica: packaging of the
classes described in the previous section. In figure 13 the module architecture of
these classes is illustrated. Tre particular partitioning chosen is again based upon
loosely coupled and strong cohesion factors. A goad module architecture is
particularly useful when making changes, as it can significantly reduce the number
of physical files upon which there will be intervention. The less files are modified,
the less are the risks of making errors and the less time is waeted in compilatinn.

The current program is fairly small and as such physical partitioning follows much
the same pattern as that captured in the class category division. Only the class
category main oycle has been further divided into three layers;

sensing- classes involved in sensinq activities
usparam- classes involvod in determining the attrfbutes of thl: desired vector
Us'"

swparam ~ classes involved diroctly With the switching parameters, on the
main cyolo side

This partitioning was atready discussed in section 2.2.5 above.

The grouping of classes sensor. vSonsor and (Sensor into a separate module paints
out another advantage of module partitioning. Grouped into a module those
classes snccuraae f(N1Se as they can easily be exporteo into other appltcaticns,
such as the control of tile rectifier.

Following C++ conventions, each module interface is placed in a soperate header
file, witt' a suffix .17,while tho modulo implementanons arc; carrteo out 111 .cpfJ files.

Notice tho presence of two hsudor files, iol,83048.11 and inI183048.11.Those files
act lH<einterfaces between tho microcontrcllor hardware and tho software They
merely contain variable coe! untlons and initialisations and have no
nnplementauon codes. 1'110 file io1183048.11certains tile definitions of the internal
mgistors of tho HB/~3048mlcrocontrollcr. Vanaetes of this fila have atready neon
encountered when eJoalinnwith operations that read or write VOIUllS from or to tllC1

mtcrccontrotlor rowstem; (~,g, tho lise of tl1Cl II U TSTH rnniHtnr to stop tho tuners
rho other header filo. inhB3048,h contatos thtJ vector nddroseos of nil tI)(l
interrupts supportoo by tho Illt:'ll~hl HHn04B mtcrocontroller

:aH tOlIWP (11)1
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Figure 12: Class Diagram. Overall Archltccturo of tho ctaso Cutogory main ayalo

.,
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2.2.5.4 Overall Class Architecture of the Main Cycle

The elements of the three modules developed above can be displayed in a single
diagram as shown in figure 12. Notice that a few classes from other class
categories have been included in this diagram in order to show the boundaries
of the main cycle.
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t:AlcSwitchingTimesof class switchingTimescalculates the switching times. Let us
ccnslder the invariants associated with this operation: its preconditions t.icluoe the
assumption that the values of alpha,sequenceand usMaohave been updated. Its
postoonditlons include the assumption that the values returned are in the correct
order.

Similarly the preconditions of vectorUpdateof class switchingVoctorsinclude the
assumption that the values of sequence,sector and soctorChangerefleot the current
status. Its postconditions include the assumption that the vectors returned
matches the actual sector location and that they follow a Gray code order.

assignValuesof class dataRelaymerely assigns the temporary or dummy switching
variables to their genius counterparts. The dummy variables are declared as
protected attributes in their respective classes so that they can be accessed by
dataRoloyvia the inheritance links. A fL'rther remark about dataRolayis that through
its constructor, the switching variables can be initialised. This enables the
interrupt cyole itself to be configured at the initialisation stage, when an instance
of dntoRoloyis declared.

The rest of the member functions are quite straightforward arid their
characteristics have already been discussed in sections 5.6, 6.7 and 7.'1 of part
1 of the Design Specifications, SDE 107. The corresponding class diagram for the
three classes dlsoussed in this section is shown below in figure 11.

,=" '0.'
; 1l'\III'hll1aTln)Of). \

I
I
\
I

\/.,
./

/
.,c.

"
\
\

Figuro 11: Glnss Dlaqram » Output Stago of tho main cyot»
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ResPQD§ibillli~
assigns correct values to the switcfllng
parameters used by the intorrupt cycle,

Q!')O rqjjpJ1!1;.
void asslgnValuos [MJ

· int gatTi ( I [8J
· Int getTk ( I [S)
· int OOITOHol1 (I [51
· int gotU; ( I [SJ
· Inl gotUk ( I [S]
· inl OOIUzoro ( I [SI

inl Ij, Ik, tOHoll, ui, uk, uZo,o

daloRoloy:: dalal10lny I inl Ijlnil, int tklnlt, mt 101101l1nll,
lnt ujlnll, int ukl • '.IZorolnlt I: swilchingTImos ( I:
switchingVoctors ,
{
tj" tjlnil;
ti( " tklnit;
1011011 '" 101l01l1nll;
UI u ujlnil;
uk '" uklnil;
uloro ulorolillt;

1 };

void dotaRolny:: nsslgnVa(uo~ : )
{
uj to ujTomp;
Ii" tjTomp;
uk ... ukTomp;
tk co tkTomp;
uZora '" uZoro Temp;
1011011 '" tOHolITomp;
};

Int datnRolny:: gotTi ( I
{
return Ij:
};

int dotnnoIIlY:: gotTI! ( I
{
return tl(;
}:

lnt dntoRolny:: 90lTOHoil ( I
{
return 1011011;
};

Int tlntnRoloy:: ootUI ( I
{
return u;:
}:

lilt dntnnolny:: notUl! ( I
{
roturn 111<;
};

lnt dnlnllolny:: uotUzoro ( I

retum UIOTO;

};
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void swltchlnuVootors:: voctorUpdnto ( )
{
actuaISO·'nr c galSoctar II:
actllolSoq " galSoquonca II:
if I ootSoctor Chongo II D true I
voctorSoloct II:
olso
voctorSwapPIllO ( I:

""""" ••"""""' ••,.'''''.'''''''= •••••''=....'••_,::o_ ...'''''''•.,,__~!..w}=: _,.___j

swltchlnnVoctors

RespODslbilities~

selects the correct switching sequence and
their correct order of occurrence,

OperntlOD.S~

· void voctorSwapping I ) [M]
· void voctorSoloct I ) [M1
· void voctorUpdato I) [11

private:
temp, actliolSoctor, uctualSoq:

protoctod:
unsigned int ujTomp, ukTomp, uZeroTomp:

Qonstrtlctor:

~witchlnoVoctors:: switchingVoctors II: sactorMonitor I )
{}:

void swltchlngVoctors:: voctorSwopplng ( )
{temp D ujTemp;
ujTomp .. ukTemp:
ukTemp c temp;
}:

void swltchlnnVoctors:: voctorSoloct I )
{
if I actliolSeq " 1)
{
,. soloct voctors IujTomp and ukTomp ) according to a
forward sequence "'

. }:
olso

,. soloct vectors I ujTomp and ukTomp ) accordinil to a

rovorso soquonco "'

}:
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2.2.5.3 Manipulation of the Switching Parameters

Manipulation of the switching parameters involves three distinct processes:

calculation of switching times
determination of switching vectors
assigning the dummy switching variables to their genius counterparts, used
in the interrupt oycle

Those processes are characterised by the following abstractions, in respective
order:

switching Times
switchingVectors
data Relay

The structures of those classes 81e shown below:

I!lIYltchln!lTllnM

calculates the switching times and their
order of occurrence.

void swltchlngTimos:: chocllTnblo ( lookU,1Tnblo
&ropLaoIIUpTnblo, nngloDlsplncomont
&roJl2AngloDlsJl'o camont)
{
i a Irop2AnoloDisplocomont.currontAlpha I II olphoMin I;
to ra ropl,ookUpTablo.got Ia (i);

tll " ropLookUpTolllo.OotTb Iii;
};

, void swltchll1!lTlm~s:: calcSwltchlnoTIOlOS { 1
(

soctorMonitor ropSoctorMonitor;
ClIrrnntlisMoo I I;
if I ropsoctorMonitor.gotSoQlIonco ( 1 u 1 I
{
tjTomp u to • lisMan;
tkTomp tll' usMan;
};
olso

IITemp til' lISMil!l;
tkTomp In • llsMao.Cnnstruetnr

SWl!chlllg luuns.: sWltcllinoTlIllUs ( I : vm:torMaUIlitutiO ( I };
{ }; Illllalfll)lllp liliamplllll)' Illml1ll tl<lmnpl J?;

1_~""""'"""".'''''\w' •.."''''''"""",,,"_m,,,,,,,,,,,,,,",,,,,,,,,,,,,,,,",,,,I ...,J.~.t.•••,,,,,,,,,,~".",,,,.,.,,,,,~,,,,,,,,,,,,,,,,,,,..:I

void chockTablo i lookUpToblo &roplookUIlToblo,
ongloDisplacoll1ont rop2AnoIoDispiacomont I [M] & [S]

, void calcSwltchinoTimos ( soctorMonitor
&ropSoctorMonitor I

privata:
Int I. to. til

Ilrutllctod:
int tlToll1p. tklomp. tDHiI'fTnlllll
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soctorMonitOJ:

Besponslbillties:

keeps track of the sector location of the
desired vector Us·.

OperatloQs:

· int getSoclar ( I [M] & [S]
· Boolean gOlsoctorChango (I [Sl
· Int gotSoquonco ( I [8]

unsigned int soctor;
Booloan soctorChango;
int soquenco:

int soctorMonltor:: getSoctor ( I
{
angleDisplacemont rep 1AngloDisplacomont :
sactorUpdato g Imod (
rop 1AngleDisplacement,currontPheta ( I, 60 I:
II ( soctorUpdate > sactcr I
sectorChango " truo;
also

soctorChanga " lalso;
soquenco a soquonco;
};
il (soctorUpdato > 6) sector m 1;
olso soctor ea soctorUpdato;
return sactcr:
};

Bnnlann soctoI'Monltor:: gotSoctorLhungo ( )
{ return soctorChango;
};

Int 8octorMonltor:: gotSoquonco ( I
{raturn sequence:
};

The two operations of vectorMagnitude are straightforward, one calibrates the
operation while the other computes usMag, Note that ,usMag is declared as
protected. This is because vectorMngnitudo is only used by class switchingTimes and
11611C9 it is more effective to make usMag directly accessible to switchingTimosvia the
inheritance channel.

The operations currentAlplHIand clirrontPhotn follow from the dtscusston in section 5.4
of part 1 of the Design Speciflcntions, SDE '107. In addition, following the
dlscusslon earlier in this section, currontAlpho now calls rosetCounter upon a change
of revolution, Operation resotCountor,which is now simply another member function
ongloDisplacomont,in turn checks for the value of alpha first.

Operation gotSector is the only modifier of the class soctorMonitor. It updates both
sector and sequenee.It further determines i) cl,ar1r~Q of sector condition, gotSoctorCht1ngo
and gotSoquoncoare two selectors returninq the values of soctorChongoand sequnnca
respectively,



f
.-..!

SDES------- Sof1:~....are Design Spaclficatlons-Part 2 Doc. No. SOE108_",__.. .. .. _- ,-..; .. ..... -."'-,"-.,,,,,.,,.--~.,,,,,-- ..-,~---
angleDisplacomont
vectorMagnitude
soctorMonitor

The structure of those three classes are developed below:

angloOlsplacemonl

Responsibilities:

keeps track of the angular displacement of
the desired vector Us',

Operations:

• float currentPhotn II
• float currentAlpha I I
• void resatCounter I I

[M] & (S]
(.v1] & [S1
[M)

Listing:

float angle Displacement:: currentPhota I )
{
pliSupervisor ropPIiSuparvisor ;
tActual c++ counter • tSampling;
phata c I 2' pi 'tActual 'repPIISuporvisor.getflnvl ) );
if I phata > c 3601
rosetCounter;
return photo;
};

\lold ongleDlsllldccmcnt:: curran Alpha I)

alpha " fmod Ipb .a, fJI;
roturn alpha;
};

Attributes:

float tActual, phatn, alpha;
unsignedint counter;

void nngleDlslllacOOltlnt:: rosotCounter ( )
{
if (alpha .;: gamma)
counter » 0;
0'50 counter " 1;
};

""""--- ....... .......... ~~IUllfIm ..'M;tor1memwW,.ttrjIW"il!lctOi)'W.,ttmiiOn' ...._rtnnwM.'O\iUrM!!!l

void voctorMo!)nitlltio:: clirrontllsMng II
AUr.!J)U!Oil. Iprivato:f1()atm,c; Ilhasellllt(!l'torropPhnsuOetoctor; ~
protoctod: float llSMaIJ;wwre""m_'~""~w ",,,.~~u~~I:rlh~,S,~~t:t:\~:,:::::~t.:::,:~::J:~ulwl,'~~.~.:~@,.,j

R@'§QQQsibiliti('ls.•
determines usMno

QnQm!iQJ'!~;
void clirrontlisMnn I)
void cahhrotolisMao I )

[MJ
[MJ

veld vQctorMnunltudo:: c!lllhrntollsMonl )
{
III ,I vlnvMox . vlnvMinlI lusMogMin . usMogMaxl;
t: ' vlnvMox . m • usMagMln;
}:
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switchingTimesand switchingVectors.

Figure 9 shows that the class switchingVectorscollaborates with both sectorMonitor and
sequenceMonitor while the latter itself needs sectorMonitor to determine whether there
has been a sector change. This diagram is too strongly coupled. A better
separation of concern can be reached by integrating sequenceMonitor into
s(jl;torMonitor. This will lead to the structure shown in figure 10.

".. .... _ ..... ; ....,
,,. ..........; ..........-= I -,

" ,octo,Man«or \ ".oqucn(oMunllor )

( f-/----<:f.. I
......, - I

\ , --) .,)'-"\ --
._,~ "..../ I "."" "-...,

/ ,..,. - ~... I I\WltchlnaTlmOD \
I nWJlchmoVcclorn \ , I
I I ( I
( ( '... I
"'" \ "I\) \ ...~.__ .-

I pA " "" - J \ .. til'" ,. ;" .....

Figure 9: Class Diagram· Derived parameters (prolimlnary configuration)

..... - ..... " ~\, .....
GWilchUlgTm,oG \

I
I
\
I

I
/
(

~----------------.---------------------------------
Figure 10: Class Diagram· rJol'lvoci Parameters (final configuration)

We are now left with only three classes for this module:
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This exercise reveals two factors:
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a. class vectorMagnitudeis not directly related to the other classes, This would
tend to cast it out of this module, However, due to the commonality of the
nature of its function with the rest of the members, it shall be left in this
module,

b. The relationship among the other classes seems clumsy, First we note a
two-way association relationship between angleDisplacemantand counterMonitor.
This is beG61USe angleDisplacement needs counter to determine phsta, while
counterMonitor needs angleDisplacementto determine counter on a change of
revolution, Secondly countorMonitor uses sectorMonitor to determine when a
change of rr-volutlon has occurred. However this function could have easily
been carried out by angleDisplacementitself from a manipulation of pheta whioh
is its own attribute, This study suggests that a better slmpllflcanon would
result if counterMonitoris in fact integrated in angleDisplacornent.This is depicted
in figure 8,

1'----"· ...\,....._
I onoloOIQplaCDlllonl \

/ I
( I

<., -, \\'/\
I ....-~ ..........-

, nOtlorMOI1llor ,

( "" I
\ -_ ...
\_ ..... *'"'

.1'-- _",-,_
I vor,lo,MoOniludo .... \
" I(' I
' ...., I

\ ,,- __ J..... ..-..

Figure 8: Class Diagram· OOI'lvodAttrlbutos (final configuration)

This exercise further demonstrates the power of 000 and in particular that of the
Booch methodology In revealing redundancy and awkwardness in the design
structure, Even if one is not familiar with the particular problem domain, it is fairly
easy to spot those lnconelstencles and to take corrective actions early in the
design process, simply by analysing the dlstnbution of ctassec.

MOVlllg a little forward in the design we can nnd yet another possibility tor similar
simplifications; this tlme between the classes sectorMonitor, soqllcncoMonitor,
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determination of the attributes of Us* and the calculatlon of the switching
parameters are shown in two separate dlaqrerns, figure 19 and figure 20.

:soclorMonllor rop1AngieDIspincilmoni rcpPIiSupClVioor :ycctorMounlludo rnpPhaooOelcclor

$oclorMonllor asks

anoleOlsplQcomont fur pheln

1: eurrontPhOla ( )

currontPhota Itsolf first

nOodo nnv (rom pliSupolVlsor

2 ontOny ()

I( tho cnlculotr~ pheto Is

> 360 (now rov.) tho coumor

is roaut

3: rosotcounter ( )

yoctorMonltor caito upon

phnsoOotcctor (or tho vauo

Of vlnvActuoi. nils value 10

used to compulo tho next
value of usMog

4: golVlnvAclual t) ...

L___ . ,

Figura 19 (a): Interaction Diagram· Updating The Attributes Of Us'

:\ rOGt:!!L:illlfl!ljr\)...
.,.

;' iJolfinvil..

~------.----........----....----------- ....-.---------------.------------- .....--------.-----------------,
Figure 19 (b): ObJoct Diagram· Updating The Attrlbutos Of Us'
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This operation, like the next one determines the values of the switching
parameters. They both trigger a whole set of activities involved in first determining
tho values of the attributes of the desired vector Us". Because of their
commonality their interaction and object diagrams will be developed together.

vectorUpdotoprovides a new set of switctlir1g vectors. It calls gotSoctor from class
sectorMonitor.getSectorin turns calls currontPhotofrom class flJl0loDisplocornont.currontPhotll
first increments counter and then calculates and returns the new value of photo,
based on the incremented counter.

After computing the new value of photo, currontPhoto checks for a change of
revolution condition. If that is the case, counter is reset. But the reset value of
photo itself is only effective on the next sal1'1pling interval. Also note that gotSoctor
updates the switching sequence as well.

calcSwitchingTimos computes the switcl,ing times. It calls clJrrontAlllho from
ongloDislllacomentand compares it with nlphoMinto obtain the value of tho running
counter i which allows it to retrieve the correct switching times, using gotro and
gotTb, both frorr class lookUIlToblo.

The previous cperavon of main,vDctol'Upduto(), updutodphotoand by tile carne instance
enabled alpha to be updated when currol1tAlpho is called. TI,i~ IS an important
conslderatlcn and it explains why vectorUpdato1.5 invoked before cnlcSwitchingTirnfw

calcSwitciJinoTimesalso calls currontusMagfrom class voctorMngnitudo,TI'I:) latter calls
oetlnvActunl from class phosoOotoctor, which provldos tile liP -to-date va:Lle of vlnvActuol
prevlcusly calculated on the call to vll1vActuol,currontVQl!noo see
ropPIiSuporvisor.phosoLockLoop() above.

This value of lIsMaO(from currontusMao) is multiplied by tile switching times obtained
from tile look-up ..table to derive the actual switching times values.

TI)e diagram for the last two operations can now be drawn As ~11()I1tionodearlier.
both vectnrllpdutc and calcSwitchinoTll11osfirst call upon other operations to determine
tile attributes of tile desired vector Us', For a simpler representation tho
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r------------,--.----~'-
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Figura 18 (0): tntoractlon Diagram. Phaso-lockod-loop Process
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..
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...

Figura 18 b): Object Dlngram • Phase-lockod-loop Process
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vlnvAcluol vRcs,phoaeOotoClor fRo~ nnv

Do(ormiNo tho value of IRos
1: currontFroqum1cy ()..

2: currontFroquoncy ()
Dotomlino lho vnlu~ of nnv ...

Determlno Iil0 vmuo of vlnvActunl
3: currcntVoltaoo ( )

<I' ('urrolltVollaOD ( )
Do(ormlno tho vmuo of vF<oa ..

Figura 17 (a): lntoractlon Diagram· Sansing Activity
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..
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Figura 17 (b): ObJoct Diagram· Sonslng Activity
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ropSyotomConfig 1: sotRoga ( )
2: cornputoKTormr.()
4: otmllntCyclo ( )

boo

rOpS1rlr1
• Up:otortUp

3: gonToblo ( )

II
ropt.cokup
1'llblo:look

Flguro 16 (b): ObJoct Diagram. Initialisation Process

phoseLockloop from class pllSupervisor performs the phase-locked-loop and generates
a value of flnv. It calls fHes.currontFf'oquency from class fSonsor whloh provides the
actual Reserve frequency by calling currontVoluo from class sensnr. If at this stage
the frequency is out of limits, the necessary steps are taken by fResOutOfllonoo of
class pliSuporvisor itself. phosoloc:I<Laop also calls olltOfPhoso from class phosoDotnctor
whioh calls voltoooDiff and direction. voltagoDiff calls currentVoltago of both the instances
of class vSonsor, I.e. vRes and vlnvActuol. LiI<e rSensor, vSonsor calls curmntVoluo from olass
sensor to obtain the sensed values, voltogoDiff uses tl10S0 two values to determine
the voltaqe difference between Reserve and Inverter output, diroction compares the
direction of Reserve and Inverter. direction too, invokes currontVoltngo.

The dynamic semantics here are best captured lIsing two sets of diagram. The
first set in fig ure 17 (a) and (b) describes tho sensing activity while the second
set in fig ure 18 (a) and (b) depicts tho pbase-locked-tcop process.
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3.2 Dynamic Semantics of the Individual Elements

In this section we go down into the ramifications of the objects associatea with
each of the process Illustrated in the interaction diagram in figure 14 (a), in order
to ctl~lture the dynamic behaviour of each of the objects. The same logical order
of operations. as presented in the function main will be followed.

configSystem from class systemConfig sets up the rnicrocontroller registers, then
generates the took-up-table and finally initiates the interrupt cycle. It calls:

setRegsfrem class startUp
gonTable from class loolcUpTable
and startlntCyclo from class startUp

The corresponding interaction and object diagram for this set of activities are
shown in figure 16 (a) and (b) .

......----------------------
10pSyotomConfio ropStartUp:otortUrl ropLookUpTQblo'!OOkUpTObIO

Configura tho rmcroccrurosor roOlGlO1O
1 GotHoo~ ()

Computo tho conotnnt tNIl10
2: computokronna ( ) ...

80nomlo tho took up tobin
J. oonToblo I )

Inltlato tho Intorrupt cycto

Flguro 16 [a): Interaction Diagram· tntttallsatton Procoss
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All the sensing, cnecking and computation acttvltles have one thing in common
in the sense that they are all prooessing data. Not surprisingly they constitute the
core activities of the epptlcatlon, We shall name the state when the
mlcroconf oller ~s involved into one of the pror::essing activities the proceesinq \
state. Similarly every time values are being assigned to the interrupt cycle, the
microcontroller will be in an assigning state. This state differs from the prooessinF;
state in that here data is merely being passed along, without belnq manipulated.
A third state will be required to designate the status of the main oyole at the
check polnts, where its actlvltles are temporarily halted. This last condition will be
described as a waiting state. This state is only relative to the main oyole activities
and should not be confused with an idle state of the microcontroller. In this
application, due to the continuous activities of the interrupt cycle, the
mlcrocontroller, under normal conditions, is never idle. Figure 15 captures the
state transitions in the main oyole. Notice that the mein cycle goes into a waiting
state both before and at the end of a processing state.

~----------------------------------.----------------

Moln Cyclo Stoto Aoolgnlng Stato

Waltino etatc

• AOGi[Jl1montoCompleted

flrocOQoing Gomplotr.o

I'rormmit\!J suno

Figure 15: stato Diagram· main cyc/o process
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Configure tl1(' system

1: configSyntom ( )
I...
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...

Figure 14(0): Interaction Diagram· The main ayc/e as run in the function main
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Figure 14(b): Object Diagram· Tho main cyc/o, as run in tho function mnln
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II preprocessor directivas
II define pi 3.14159
# define MaxSectorDiv 240

U define tClock 62.5E·9
U defino tSampling 1.6F.·4
U define !Initial tSampling I 4
Udefine vBig 400
U define vSmall 0

II include files
Uinclude < ioh83048.h >
I/inciude <..: inhB304B.h >

3.1.5 Schematic Representation

tnt main ( I

II creating objectc
systomConfig repSystemConlig;
dataRelay repDataRelay (llnitisl, tlnltlal, lInitial, 49,35,
71;
pllSupervisor repPlISupervisor;
switchingVectors repSwitchingVectors;
switching Times repSwitcliingTimG!;;

/I initialisation
repSystemConfl~.configSystem ( 'I;

IImain cycle
for; ;

whilo (ITU,rSTR I" 22!i) Illirst chock point
{};
rep PlISupolvisor.phaseLockLoop ( );
repswitchinuVectors.vectorUpdate ( I;
repSwitchingTimes.calSwitchingTimes ( I;
while ( ITU~TSTR I Q 232) /I second check point
{ };
repDataRoiay.assignValues ( );
};

return 0;

Tile corresponding lnteractlon diagram and object diagram for the main cycle
,...')cess are shown in figure 14 (8) and (b) respectively. Notice the simplicity that
OOD generates at the main function level. Although each of the operations shown
triggers a series of complex activities, it is possible, by viewing the system at a
high level of abstraction, to ignoi8 those complexities while still maintaining insight
into the process.

Pngo 3G
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performing the phase-locked-loop
calcuiating the values of the attributes of the desired vector Us*
updating the sequence polarity
upd&,ting the switching vectors and their order of occurrence
calculating the switching times and their order of occurrence
passing the calculated values to the interrupt cyote

This set of activities will have to be repeated at every sampling interval. In
addition the software will also have to handle out of limits conditions like out of
frequency range and overload.

3.1.3 Synchronising the Main Cycle with the Interrupt Cycle

In our last treatment of the synchronisation problem, in section 7 of part 1 of the
Design Specifications, SDE 107, it was concludeo that two check points 'vvi" be
necessary. Tile first one, located at the entry point of the main cycle, ensures that
a new run through the main cycle and the interrupt cycle always coincide. This
condition can be maintained by allowing a new run through the m9in cycle only
whp'1 the first timer interrupt routine of a new sampling interval has been
completed, i.e. when the timer TO has been set (ITU_TSTR ::: 225).

The second check point maintains the integrity of the data used by the interrupt
cyot». It is located at the end of the main cycle and it checks for tile execution
of the last timer interrupt routine of the sampling interval, i.e it checks if timer T3
has been set (ITU_TSTR = 232). After this last subroutine has been completed,
the switching values for the next sampling interval can safely be passed to the
interrupt cycle without the risk of mixing of data occurring.

3.1.4 The Function main

The ideas expressed above are summarised in the structure of the function main
below. All the elements of the function have been treated separetely above. The
initialisation value of repDataRelayfollows from the discussion in section 5.3 of part
1 of the Design Specifications, SDE 107.

SDI}108WP 001 Version 0 01 18 July 19911 Pagll 35
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3 Dynamic Model

We now proceed to develop the dynamic semantics of the problem. Following
Booch method, this task will be performed through two additional diagrams:

state diagrams
interaction diagrams

Due to the strong relationship between interaction diagrams and object diagrams,
the latter will also be developed in the process, as the dynamic model is unfolded.
It should be clear though, that object diagrams represent soapshQts in th ie of
transitory stream of events over a certain configuration of objects and as such are
very much part of the static model and not of the dynamic model.

3.1 The Main Cycle: An Overview

At this stage the outline of the function main can be sketched. It Will have the
following important activities:

running the ln.tiallsation procedure, including the initiation of the interrupt
cycle
co-ordinating the activities of the main cycle
synchronising the main cycle with the interrupt cylJ!e

3.1.1 Initialisation Procedure

The first task can be eusily accomplished by running configSystemof systemConfig.We
recall that configSystelllis an iterator operation that manages the whole initialisation
procedure.

3.1.2 Co-Ordinating the Activities of the Main Cycle

Co-ordinating the activities of the main cycle implies running the operations in
such a way as to ensure that both the preconditions and the postconditions of all
the objects are satisfied. This will become clearer as the model is developed, but
already it is evident that the function mainwill nave to prompt the following
activities (other than the initialisation) in the following order:

sensing the voltage and frequency parameters

Version 0 01 18 JlIly 1996SOE10flWP 001
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rnlcrocontroller. In the present application it is used by the timer inten upts and by
the NMI.

The module sdeprj.cpp contains the privil61ged non-member function main and is
the root of the program. Description cf the function main is postponed to section
3.1.4 where its role in co-ordinating and synchronising the operations is
considered.

2.4 Object Architecture

An object diagram shows the interaction among the class instances. It is used to
trace the execution of a sce-rarlo just like an interaction diagram. Object diagrams
and interaction diagrams are alternate representations of a scenario. For the
purpose of this case study, the object diagrams and the interaction diagrams will
be developed simultaneously in the next section.

SDE108WP .)01 VerS/I)1l0 01 18 July imHl
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• Members of the SEAL Management Board

• • Head of the Department, EI~ntrical Engineering
"

J · Individuals 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 QMS Document Creation Template, OS 002, Revision 0.01, 5 April

1994
b. SEAL QMS Document Layout, Presentation and Typesetting Guide, OS

003, Revision 0.01, 1 April 1994

1.5.3 Procedures
None

01 1.5.4 Guidelines
None

1.5.5 Other Documents

a. SDE 108, Software Design Specifications - Part 2

1.6 Assumptions

It is assumed that the reader is familiar with inverter systems and the
concept of Space Vector Modulation, In additton the reader should be
acquainted with the design developed in the scnware Deslqu

Specifications, document SDE 108,
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1 Scope

1.1 Introduction

Coding follows directly from the deslqn specifications. It builds on the
structures and the executable releases derived in the design exercise to
produce an executable version of the program. The t:lsk is especially
concerned with the integration of the different modules into a working
software version that will meet all the specifications developed so far.

1.2 Purpose

This document aims at providing a traceability between the design exercise
and the source code. By capturing the major software versions developed
so far, it provides more insight into the problem and explains why certain
design decisions were made

1.3 Definitions

For the purposes Of this document, the definitions given in document SDE
108 apply, together with tile following:

IGBT : Insulated Gate Bipolar Transistor

OOD : Object-Oriented Design

OOL : object-orteutee Language

PWM : Pulse-width Modulation

1.4 Audience

Tile audience for this document comprise the various stakeholders of the
SEAL, inclLiding:

• Full-time staff mernuers of SEAL

• All full-tlrne and cart-tune post-graduate students associated with Sr~AL
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3.3 The Overall Process

Finally, the initialisation process, the r;nain oyote and the interrupt cycle can all be
captured in a single state diagram as in figure 23. There. the event-ordered
behaviour of the whole process can be followed.
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Intorrupl duo to IImor T3,
Stop timor T3,

Slart IImer TO

Intorrupt duo to timor TO.
Slap timer TO.

Slart timor Tl

Inlerrupl due to UmorTl ,
Slop IImor T1.

Start timor T2

Interrupt duo to timor T2,
Stop timor T2.

Start timo:T3

:UmorT3lntorrupt :timorTOlntorrupt :timorlntorrupt:tlmorTllntorrupt :timorT2lntorrupt

1: stepTimer ( ) ...
2: setTlmerAndPort ( )

...
3: stopTlmcr ( )

4: sotTlmerAndPort ()

...
5: stop nmer ( ) ...

0: sotTlmorJlndPolt ()

...
7: GtopTimer () ...

8. sotTimerAndPort ()

..

FIgur(; 22 (a): Interaction Diagram· The Interrupt cycle

2: OOlTlmmflndP(llt ( I

tlrnnrTGlnlOftupl

IllTHttlnlnlrtlpt

B th ITtmmAnilPIlI1 ( I..

tlnlllr12lt1h'lwpt
111,1{'rl11111l'!tl1pl

Figure 22 (b): Objoct Diagram· Tho Interrupt cycle
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The dynamic representation developed in soction 3.1 of part 1 of the Design
·Specifications, SDE 107, can now be rf"imed and adapted into a state diagram
as shown in figure 21. In addition, w€. can also draw the interaction and object
diagrams as in figure 22.

..
rt tnt Ih'lUUf\U I'xcc

Interrupt Cycle Stato

TIm., T:3lnloffupl

_.
T31nl t1()utlno txec Tlmot TO InlDrrt'pt

rlrat Intervul State Second Inlorvol stcto
nrnor TO IrHornlPI Raul/III)-

Completod (T1 rial)tlrt1ttr 13 !ntotrupt R~uUlll)
Complulmj trc Gal)..

TImor Ttl ON ellto

...
Timor T1 ON Gt!'l\O

TlmotTtlntolftlpl

Third Inlorval smtc Fourth Intorvnl Slate
ThnQr T1 ir\ItHT\lpt FtOUtJM

(;omplotl3d(T;i!fiot)
llmor T2 II1\ol1\1P1 rtcunne

ComplQlod (T3 Ciot)..
Tlm('ltt2CJN Gll'Ito

..
Tlmot 13 ON [>toto

Figure 21: State Diagram· Tho interrupt cycle
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4: voclorSelect ( )
5: vcclorSW<'pplng ( )..

1: golS.ctor ()
2: got6equonco ( )

3: gotSoctotChanga ( )

ropSactolMonltor

rapSwltchlngVectoru

."

10: gOISoquonce ( )

fOpSwllching rinles

o currDntH~Mj)g ()

:VllctorMBgnltudo 7 golTu (Inl)
B: golTb (Inl)

"0: currenlAlph(.l \ )

II
rcpt.ookuo'rubto

Figure 20 (b): Object Diagram· Calculating The Switching Parameters

repDataRel~.assignValues( );

assignValuesassigns the temporary values (ujTemp,uk'lemp, uZtJroTemp,tjTemp, tkTemp and
tOHalfTemp)calculated after operations vectarUpdate and calSwitchingTimes were called,
to their genius counterparts (uj, uk, uZera, t], tk and tOHalf).

The interruet cycle.

On top of f~1I the operations mentioned above, running in the background is the
interrupt cycle. Its evolution is governed by timer interrupts that follow each other
in a repetitive loop. This cycle was initiated in the initialisation procedure - see
repSystemConfig.configSystem( ).

Each of the four timer interrupt classes, timerT3lnterrupt, timerTOlnterrupt, tirnerT11nterrupt
and timer'l Zlnterrupt, calls the operation stopTirnor of class timerlnterrupt. They also
obtain all the necessary parameter values (uj, ti, etc.) through their inheritance link
with class tlmerlntarrupt, itself inheriting from class dataRelay.

SDlEl08WP ()01 Pano 46
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repSWItchlng
Timea

ropSwltohlngVI'otors Invokos

JoIS"Clcr( )

thon asks for Iho sequence

then checks for chango of

sector cendillon

If sector has changed

soloct now voctors

else
Just swap Iho veclom

ropSWIlchlngTlmoG Invokos
currenlAlpho( )

with Iho now alpha, the rlghl
ta Is folched from tho tnblo

as well as tb

cliITentusMog Is Invokod to
obtain the now value of usMug

Iho sequonce IS roqulrod
10 output Iho computod
switching liflle, in Iho

ritlhtordN

rcpSWItchlng
Voolors

repSector
Monilor

rep2Anglo
Dlsptacemont

:voctor
Magnilude

...

1: gelSoctor () ....

2' gctSequenoo ( ) ..
3: gelSectorChango ()...

4: veclorSolocl ( )

6: veclc,rSwapplno ()

..
0: curronlAlpha ( ) ...

7 ",r-o (lnl)

9 curronlusMog

10 golSaquonce ( ) ..

Figure 20 (a): Interaction Diagram· Calculating T'te Switching Parameters
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Appendix C: Source Code for SDEC0401.C
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Appendix B: Source Code for SDEC0301.C
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Appendix A: Source Code for SDEC0201.C
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3 Hardware Implementation

A ~rinted·circujt board (PCB), was daslqned for the purpose of this application.
The main purpose of this Inverter COl frol card' is to hold the mlcrocontroller and
its support elements. It is a two-laye. card consisting essentially of:

a power supply circuitry
\he mtcrcccntrouer
il)t~rfacing circuitry between the mlcrocontroller and the sensed parameters
IIlterfl.'l( '19 circuitry between the mlorocontroller and the c rive circuitry. The
i.a circuitry is located on a separate card.

Figura 2 shows the block di 19ram of the Inverter Control card. Sensing and
output r,f the drive signals '-lie performed via the connectors Xi, X2, X3 and X4.
'file actual dimension of the card are 2341111'11 x 160mm. The PCB dimensions
wei': Sf) chosen so as to fit into the card cage of the targeted UPS (MP 3000
MKII). The schematic file for this card, designed tlsing the CAD package 1'ango
Pro, is available in the file SDEI0501.SCH. In order to reduce the cost of this first
prototype, the card was not fitted with a ground plane.

X~

i
~

Orlvo --I>Xl Inlorfaca
Genoad ! Circuit'
Pummoloro

Plol4 pControlior 1'1.1 X3

and 1'1,<: ~ Olivo -P>Support P13 IntorfilCO

Pl.4 Circuitry
CIrcuitry

I'tO I, X~

I I ~ DrlvoI Int/JrlaCIl --t:>
Circuitry

Figura 2: Block dlagrom of Invertor Control Carcl

, Tho uuorfuce with tho drive cirCllit OS wolt as several other domgn renturcs on tho cord woro borrowod
from tho PhOf,O Control Cord. PCB (10[,030. (losignod by Nool Hulloy, MOiSGl1()r,in 1004
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to pay for the processlnq speed limitations of the mlcrccontroller and is common
to real-time embedded systems. Iri fact it is not rare to see applications where
hard real-time algorithms are implemented directly in assembly language; visibility
in those cases is even worse.
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SDEC04()8,C Same as version 1,1 but with the real The output waveforms were
sensing and AID conversion as tested unstable, Frequent up and down
In SDEC0501,C integrated to the "swaying" movements were
program, 8,ampllng frequency. 6,25 observed, combined with frequent
I<Hz overshoots. This suggests that

tho switching frequency of 6.25
kHz Is too high for this version.
Actually the addition of the AID
conversion and the associated
new calculations increases the
execution time by about 40
microseconds.

SDEC0410.C This version contains several changes Program performs successfully
to version 0.8. A hysteresis algorithm nils version satlsfles all tho
was included to avoid unwanted functional specifications of the
changes In the sensed parameter. In projsc« It is tho first approved
order to cater for tho hysteresis VUI sian of the software.
algorithm and othor minor changes, the
sampling frequency was lowered to 4
kHz. This version also contains an
inverter-off subroutine. -~

SDECOe·01.C This program is to tost the ND Program ran successfully, with
conversion (scan modo) and sensing of variation in input voltage being
tho mlcrocontrolier. It also includes the followed by tho AID data
immediate calculations to be performed registers. The time taken to
on those parameters in each sampling complete the AID convsrslcn alld
interval. Those calculations are the to perform tho computation of
computation of lJsMog and that of L1sMagand pheta. was about to
pheta. Variations of the sensing 40 rnieresoconds Also small
parameters was Simulated using a variations in the rogistGl' Values
voltage divider network and wore observed for fixed Input
potontlcmeters. voltagos at difforent runs of the

conversion loop.

Going from the earller versions to the later ones, a gel1eral trend towards more
Simplicity is observed, both in the langu8fJe and the structures used, This is
achieved by broakinq the high abstractions of the language into more basic
algorithms. Although reduction in execution time, which is the prime objective of
this exercise, is achieved, the costs in avoiding a lIigl191' level of abstraction.
appear in the length and the clarity of the program. Going down the list. from one
version to the other, the proqrarn becomes more obscure; 11igl,·level functions
(like fmod) are translated into several lines of code. The mapping between the
design 811d the coding becomes marc rind more difficult to follow. TI1is is the price
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SDEC0404.C This version Is similar to version 9.3, Program ran successfully,
but with several changes to eliminate performing the on-fine
the few float operations left, especially calculations well on time, at each
those operations that involve photo and iteration of the computation loop,

\
alpha1.In addition the number of
divisions per sector, maxSoctorOiv, was
increased from 60 to 240, hence giving
a higher accuracy of the switching
times values. Sampling Frequency: 5
kHz

SDEC0405.C Following the time saving achieved in Program ran successfully, but
version 0.4, this present version results show that it is performing
operates at a higher frequency, 6.25 at its limit in terms of available
KHz. In addition this version contains execution time per sampling
transitory states to ensure a full Gray interval. In fact when tested at
code flow. usMag and vlnvare now 7142 Hz the software failed to
properly computed, Instead of being produce the right output pattern.
merely assigned values as in the
previous versions. Sampling
Frequency: 6.25 I<Hz

SDEC0406.C This version Is si: liar to version 0.5, Program ran successfully, as in
but without the additional transitory version 0.5. When later tested on
states that ensure a full Gray code U1eemulator, typical PWM drive
flow. This function as well as tile tlme pulses switching between +/. 12V
delay to cancel tile effect of tOff of /. ", could bo observed at the output
switches is to be taken care of by the of tne IG8T drive cards. This
hardware In addition it contains a result demonstrates clearly tho
subroutine for the 300% OL case and succesfull implementation of SVM
Instructions to send a signal on a II1tO prodUCing PWM pulses for a
Stal,ic SWitct1 Inhibit condition. three-phase systom.
Sampling frequency: 6.25 kHz

SDEC0407 C Same as version 0 6 but wlth several Program performed successfully,
ctlangos to accommodate for the suggesting that U1esensing and
sensing of Roserve and Invertor AID conversion coulc be
parameters, and their AID conversions It1togratoci
Note that the real sonsing and AID
conversions are not yet performed at
this stage. Sampling frequency 6.25
kHz ..
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2.2 Summary of Software Revisions

,
Coding was performed in an iterative loop involving deslqn and testing as well.
The major developments in the design-coding-testing loop (those that justified a
revision update) are summarised in table 1. Each revision is shown it its
complete form in appendix A to L.

Table 1: Summary of intermediate software revision

Source Code Description Brief Performance Result

80EC0201.C To calculate ta, tb and tOHalf of the Time taken for calculations was
SVM algorithm in the order of milliseconds

suggesting that the idea of
having full on-fine computation is
impractical.

S06C0301.C To test the interrupt cycle algorithm Ran successfully, without any
overflow errors or other
lnterruptlons.

80EC0401.C To perform the full SVM control - Program failed to complete the
without the phase-locked-loop calculations in one sampling
algorithm. All timing calculatlcns are interval. This confirms the
performed on-line. Sampling findings of version 0.1
Frequency: 1 I<Hz

",<.;-;n_

S06C0402.C In this version the switching times are The program ran successfully
first generated and stored In a took-up- with all calculations being
table In the initialisation stage. Also the performed within one sampling
use of sophisticated C functions, like interval. The ITU registers and
fmod and floor, were eliminated in the tt1El output port register were
main cycle loop. Sampling Frequency: updated appropriately.
1 kHz

SDEC0403.C This verstcn has fewer float Program ran successfully"
manipulations in the main cycle loop. although the number of lines of
Furthermore many of the expresalons code i1as now been increased
defined as tldofinodirectives were considerably and more variables
eliminated. Sampling Frequency: 5 kl-lz have been added .

. \1m;;I~Hi l) 01 ,~5Auqu[;t 1nuG
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2 Software Implementation

2.1 Flow Diar ram Representation

Tile propram was written in C instead of an OOL like C++. This is mainly a
consequence of the compiler limitation, mentioned already in section 3.2 of the
Functional Specifications, SDE 106.

As an intermediate abstraction between the object-oriented representation and the
exercise of coding in a non-OOL (C), the flow diagram in figure 1 was developed.
It is mainly derlved from the state transition diagrams and the class diagrams
presented in SDE 108. The flow diagram is a helpful tool for brid~ling the gap
between OODs and non-OOls implementation.

The flow chart in figure 1 relates to version 1.0 of the software. It uses
pseudocode to show the different activities. Including codes in the chart, is a
convenient way of depicting the activities but those codes are not necessarily a
true image of the actual coding in the program. In the actual program, different
codes might be used to implement the same functions to meet time and space
constraints: e.g. in the actual program the function fmod is replaced by a set of
instructions in order to reduce the execution time. The actual codes are displayed
in appendix K.

SDE110WP ioo Vl'n>lOIl () 01 ;>fj August 1!)'l(f Pagu 4
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1.7 ISO 9001 Requirements Traceability

ISO 9001 Clause 4.4,5 ~ Design Output

---,.~~----~--"----:-,........,.- .....".."..,...".,.,...,....---,,...,.,.,,.=SOE110WP100 Version 0 01 251\u9usl HI,m Page 3
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Appendix E: Source Code for SDEC0403.C
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Appendix D: Source Code for SDEC0402.C
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Appendix G: Source Code tor SOEC0405.C

COle04D1

(-VfIlIQ1105',
I' Au'ltlor 1I1n~1I1 B.~oo *1
jl Ollt 02{UIrOG·1

I' O'UI!P\I~II

hIIQ\ljInQ lilt 11m. min, I;hll~id IhUlllOn 0., ihu punAI union
Q~O'IIUII • hi;"" 11.~u.nn 815 Kill ItItddlllcn Itlll ~1U1~ntenl'tftt
It,nltto'. tUIU 10tniijlf ,lull Gny u~.ltow 'I1M,~ud ~tnv III now
~ICPJtly ClIIll~Ulid,Inlh.d 01 I!ttAQmlll!Y IUlun" 'lluilllll! til.
fJl"I'IO~' VflII~n'

l'II11\11U

I'raqf.fTI Illite IlOIllIl!rr """ ,I wml'~; .. hm 0/ pllm )lJllllJn • utlcil

"'hilt ,UllIn II III Gull AlllliU ~IiflllII ud \l1,hllll m nOIy,l
~e~ltflf ",flfnllmlt lIIffftij~1 '1 m~1I 11"IUff/ 11z11IIIlJI d'lllllIt/l"II~
,II. houll Ullicunlnt. ol,k, 1~1t.~,.. 11m "Ird utltunl Wilt tloth
tbUlvtd 10H ~rdi!llf II. IU 111n.thi~tllllll1" InlfUjfflf if:) flu
GI:I:ut,d j' til, ""~11 ~lll~!'IiU !c~p II 11111hh\O (om,II'.4 ,1111hln•
HIflPlln~Dltl~d ftlilllDtllnlin\ 4i1.. I\~wn'i In!fIWtIiht prluM ffmpllnq
hmu;v C ,-I.ti" II l1tmlM~ Utt WII,n Itn I' ,U~!11th' Hltwl"
hilt~ 10 P1G~IIClIIu tcllH\ 9WM c~IPU\ DIlUrn

"OIl~I!I.lln~UI~',• wtnd,d
'Ind~~•• la~BJ[!4Q /I •
',n.\y~ • ._' mt.030Qlh ,

l'IMbltlhtllttolflltn4ldhumd,'1
JtMW""I"fIJI"'~tllll 'I

1'lnl'lIu~1 UHOI 14d'I.1I1 dl'''' 'I

IdIl,~t ~j , UI!in:O~4
,"IdII'nlIU·, _f2Mij'l
Id,lin, MAl~; 'fonDlY 140

If At. 'CGc. tlf~ti,ncr at IGM111','

l'Utl,n'If,ltI\~hn9 \I ~':
'~tllnll~nmjnll~'jl)
'a~II~' miD 400
14,1,0, ,~mlll 0
Pd"ln, yhl~n~n,).',10
'dill~1~IMHMLflll~
Wilil'IIIM'4MUUnctin'H

IfOllt(inr\.b!'iflJ
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Iih!l1~" \lb'~IM'Q\:-- -,10
IHlt~P IIIU'II,MIQI, .. 10

1t".lIlhmp
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IIkhmp. I,m~

!"W'P11111IthInQ "I
"ntlDU"

I'ordtr'r

III!Jhmp ... Olllhm~"IMJfI
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10U.II .. HlIUlfhmp

/1 lI~oaMOlht '/
I"Dttlnilll,'1
,I H\~U'I
:·fOI,h'/
it inllll~pl ')

" 'lqall!~1h1/

Inlll/llpi litH IMI"11¥QI4 "ml" ,1In1frr\l~.n~lillll''nidi
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lIiMig .. 5,81f. ,. 11m n!il,; tIt Uli!lJ!.t'f II tliMJV 'Il~ 'I
mllllVi .. &00, J' Ilhlirwt bql OMllllty '" limpid thOit

I\'jO tode Imtl hlUII~' f~mDytd 'I

uunl.,·uull'" * I,
IA;1"Ullnllt' In,

I'Goto'j
"~ut .. n\{lbn, ~tllod"

1lllmtltl¥tcUUli ~untltlU ,61011 I' rllllll~t\ loop Inwh. Jllqulftn 11'1
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I' Oh'''~; h'IthllQI UCIOI ,ht~Q" 'I
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1,·'111101
tb·t!dlll
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I' IIC~ut~..... H
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Appendix F: Source Code for SDEC0404.C

f' P"Gum I, ntl.,m 'h, fldl 6VMmllol.1 th.lnVI,ltt "

"V*IIitnO.·,
jIAIIlhill,lhfttlljhm'/
/'011,00111/05'1

I' aU(I~,II~n
thltvI!IIOflll'!lI'jllltavtuiOnO,3,blltwilh.multhlntuI0
tlif1llnut th.ltw lIoti t~IIII1G1I' 1111,fI~ttiltly Ihm Optllll0nt thU
In¥o!~''hill 'lid "phil. hll~41lion Ih n~mbtl.I.IYUion. p" utier.
MAxSttlOnOIY, WU iMluII4ltom 60" UO, hlnu Glv!nq I tliolUI Utl.lI':.
Grf~.fWlfCM~qtlmu fllliU

'I

I' nU!l11a
tilt pro,um un tu;:auM, .nd thO'N,d • .IlgniUUnl dWtllt In
C~IlIVllllli~1II111lf!f 11$ ml:tflfmdt 1, h,nt, IM'!O ,,,,IM;!l' 101
Inmnhiohlopt'tlintumplinQlnqulflty

'~IIQm.lln~~.;." tllu~td
11Iic'ude t:.1,kU1044h~
',nttu~' (,lnhUOOlh:~

,'(nIbIl thtul'OIU1tn~fd\ttWOldl·!
Jt tM.'nIIU~IUtrld.lnl "
It 1~ltIIUpl¥tUGI .d~'lHu !lllnt 'I

IdtllntIII 3.\41L02G54
'~II,ntIClmU!it9
'~'IlntMA~StCJOnD!V,'0

It'dfhn'ISlm~!lnQ It 3'1
&4thn.lHol'flln.lnQO

,num uun ,,~.)

I~It:MAX!;[I;Hlilnl"'II~1

11,'11\1 hi 'b \bl. t~,OI,nynun'J Iln.AI~bI!14d
1111'mll~'" "UI •• ~4[I

I' 1111 .,"J ;'1'1' 11i)'~1

I' ~~rn1I'O b'lrkftl I,ll m4,n ".~!l.
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PIOn.y\.

uu T31n ••
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PIDR • ulm, It OU1~UIIPP'OPIl"'II;n'l OJ

nu fGIIl • 0 jl lUll TUlur 13 '/
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U4tJill:t Ii I.

""~,.. "
(Qunl.,- "
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,\ppendix I: Source Code for SD'l:C0407.C
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I I' GQt~ln;bruhllat ',I [U~Q'nc ••• II tlun;f of IUfaf I~~p'/

'JTt/J\jI.lu"iI".h~I:" .~IG
IU,,~p ~ (!b'ijl~hQI~ :, In

IWlf;~(1WQfl

I /'aDt~lno~1It\tllal 'IWI1thllH'~ll U~Jf/l,U 1 'I
till I IU11.mp3~, ukltmp.4U,~lIlq I' UIU! UPIQPllltl 'I
(1112 (ullln~.4UII\ltll1ll"2Un'\,1 ,',wlltfl1na'/
elit l (ulhIM~.n \it"mj'l ..20~"'k,1 I' ''''~I''j
Ult 4 IUlltln~·n, ~\hrn.ll.\4.bruk,)
tUtb (~lhlTl~.\4 'J\hml\"Ubruq
tU. B t~I"I1IP• .t~ u\l.~\p.3~,bruq
I /'dw~~ hmhl "" "l'IlldIIUC'~I) Jt~u.I)U 1 '/

11U j'uqv,Mt .. \ 'r

r' ~pl~lnobll(\~II~f "Iu' IP~IIIMf nat'qull to 1 "

tlltmlt .. mttI;iIM'fl,~ ,,10
nhltl~ 'lU'utMIQI"' .111

IW,\(hiIOUali

cth I (UltUllP.U IIntml'-3IJ,bIlU) I' f"IHI IPPIO~1111I'I
CUt 7 (ulhm~4~1, IIH'II'.~.U~rW' I' IIurdMq ,,'
CUt' tqlr.m~.)D IIkt.mjl.,I,hIUk) I' VOtlOIS 'j
UII 4 hul'thp.U ~\ll111p.~G,br"k;}
nil ~ IUIIII~P.0\2. uHtmp.IUrut}
m,G (ulhmD.J5,uUf~lp •• ~,trut.)
) i' ,JO'I~~ bIUU1Ipl'lwllch:lt~tuli' U~UU~' nul u~.llr I'!

flit

I" i.l!lll1l;.Ij)~IMln\1

ta-ri,!iOI
1\.1[,'\11

,I opuln~ bl.,~"lnl lal~~ld n~U~",I'
Ilhm;t. i!t'uIMIQI •• Ilj

IHttllll" Illl'UlMI~( •• 10

'IU !' U~IIIIII~'I~(I,••

• Q~ln,nobill_" !Mlni'n h\i'1\11"'~I,
Ilhl"!i" '1\!'uII,lIQI • ·1[1

Ikft",o. 'll'UIMJ~! .. HI

Itl'l\P ~ uI1l.'l',1

~t',m!l • ',/.1""'11
i,_llmO • le"'~

• IW'~I ,,'<'Irtirl'iI "

I ~t" I", I •

ilOE110WP :-m-) ----- VOisiol1 0 01 25 August Hl9G
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PIQllrI·165, j'AUPGIII plnlltlfcIOtlfP""j

P6DDR·1.

11UGnu· 16000 J' Sn Inlftitilld"lyollml belGltGllUnglnlo
thtmlinl,op '/

PIOR .. uZtl~. "Sit ra,l 11lI1\l111~10 Ultll"

GlNtMlE l~OKUP Tilnl£ "'

(0' 11-0, .r~~...a, 1< .(MAXB{CranDlV I/. ./~/!.eOI),It t, .1ph, •• ,!phMill)
(
IlphR&d·p",lph.JIOIl
IlntAlp"'~ld • Ilnlllph_Rldl,
IIIllO) t, IJoall~.I·{COl[ll.11h"I.41 onlDlvllyROGtl'SlUAlphlRldll;
I\lnll·ltml~bl·lin.Alpbinldl.
}

I' tthlinino thtllllloWino. hUlun ,bon loop ;iY .. wlong v.l~u lot
t10UOL IIllOl1UL ud 11120\[11 ' Ihlt.,! two whn \ll!ng I MAxs£crCROIV
0100 Rtmn unhol'l'o NoU Ihm nlm onl, Ipply lei I MAkS£CTonDlY vI
OhnlY,'1

I{OlWI- 233.(,
1112n1101·1347.I'04U,'/
UUJI1U·13U,I'0423.'1

,'U59D',
1'~695,11
1'269~, 'I

,'4IiGD,';

,Iphl-I), j' 'lUI Ilphl 11111th. Ibo~t caltul.Uon loo~ ')

nU.Ism-a. j'mnTlmt,13'/

MAfNtOOP

!alt.,)
(

I'CondllloAtOJlloUld Will 101hut 1110
U~UUH I t WIll 'Dltampl"lg~ 01 ljlOl.ltupt IOuhn\'/

I' tlunglUqurncl 'I

'hmlft .. COunlft t I,
lAtt-CDunlU ' IS,

!'Golo'l
I' ntll unlph~g pU!o~'1

I'~IM'Q .. 1'138'1," j' 11111'fIIU'III, IUlqnld 10 IIIMI9. IOu ynU .nd vlny',
Inll • 600,IIAI' .. ~nG, I' bulaMllhil~ III nnl~lld thou ./
v!n'f.231~~nfl.2'a, i' ted.lmn mlillh 'I
ylluZ-t:l. yfrt.2.13f. I"trn~nd '/

'In~lono" 'flnp; e; 16.
ul~h~ • Mnvhno ejm, I' (gmp~llnQ IIIM.g ')

!'ft"~1 .. ~,I}

Ilphtil ' J~9 99,')
," ....... ' .... 'J

, '.II.j

1ti:1QIIJ~411t.. (~hU auu~Oool.
II~hl .. ~h" mloll)~~.!,160UfjOOll

m!QIU~~.lt.tI'to'Updlt.'1

I!lphol. ' _l6U~QOOOI
(
II Illrllll. "Olmmll

co~n'01.l~
lilt

1:lphl, 10Uil01100l
(

II 1phll~' h'U(W~aOI Mi 'plill' ,.h(j(lfll.illlh lli~~11 • IIlill.IOIJlHlllt]1l ItdO.lIV1.u ;0 i I
II q:hell' 11IUI}(i{llllli h\ Ijlhtl, •• i,'IIUtll,'j/p,' j"I:~I) • p~",UU!)!JI!JlI} m!DIIIj,'~,!~• ,J i

Ill'~~"I, • /4tIOOUO\)1 &II, l~'!ill' ,.!tlIIllUIII!\l',' !111:h,' • (11Itll ICUIlUllll1) l.tIQlllp~11f • 4)

" "phu, .WIJ"JliIlUOI Po'" 'Ilh,," '. }4lilll'llllll' lllr~I' • 111,,1. HOlinn~11 w,~.lI~~llf • ~ !
,I 1;~hlll" jbUllU\)QUI1.,." I!,~II' • -li1l)1)l1;IIIU lllp~.I. phIl. JIHlIJllI1LIti ml\itIJpdll, • Ii)
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J'J!hiU,(Hk,loDflUllll:ll.·!
inl.Swjltll!Ahlhil,(nylnhibil,~nt,OimMh:
Inlwnll.yR.,t,'iftll2.tln.,YlnYI,.lqyZ.tnHCtUf",,,O/ff~t.nfqOil(:1.
1I!IIJ!lt)~du.1. ~lnMlnJ vl~vMII, IMin.IMII
IAI vDIII, yrUOill, .. lnvQ,II, vlnv(llncticll, v(!LUt.lu;

/ ••••• ",. U ,I •••••• HlIIU UHH ,.,

~AIN
...... I ,., •••• ' •• "'., 'UUI •• " f

C.l". _old l'iuln t~Oidl
( J'oUAlnoblldlltotmljnlQap'J

nUnnlftoVIUlblulnllilhUlion ..

1lI1•• O. "tit Indul!,4 MilO III '~J.IO Sit Ib, ,!.Ie. "'hlft 4tbu;glnl'/

ISllIlIIhnQ·16E4,
IS.lloaIUSlmpllll;'IOOQIl11l;
u~unct .. ,I;
uclol-I;
toUnI,,··1;
III","P .. 4&, UH.~ • l~, ultloTtmp .. 1.
ul .. ~9, Ilk .. ;);,lIltIO .. 1.

h .. 911PI'~!).
.~ to Bt,qll(31JIPI'~I),
hi. U·'S.mphnQIICfHt.
\hl .. \b'I~,~!phnD/tCIQtk
dntDl.n,nootJ.lp1!lrlI31l

11pUMln .. ~OIIllIlSatl~IOI1,

'1~",Mnl .. ,ljlh,MIIl'IDOOOU.

~!n'lMl!'I.'01; vlntMIl .. ~S3 I' I' 10':11.1~~uI2l()V OJ
ml .. HvlnvMu VlhyMI~III\lIt.\IGMln luMI~MIIl!
m .. ml,
t ..hlnvMu'nll'uIM'~Mlnllll~~16,
"e .. cl'1l5;J6 I,

ISl'liItMn~IM· 1111'
F~Dn .. 1.
lnyln!ubil. hili
~1!'J2.YDI~
'1lnvJ. v:>mlll,
~n.. clon" OOl'diotl\l!lll.
p~fafrw.I,"'iDlltcI .. ,
tMln·"90.IMu.!)lO.
vOiliMu ·Oot''1liomlllll.

nu rrnu , 32 I' Sllu' GilA tompl'. mIlch II tlUtln~ Gaul"
5.1H! [nUth') CI~,k 1!IiMII,I'1

tru tr."! • 31
IIU JCJI.1 .lJ
IIU ItR3 .. 32
uu l~n4 .. :12

ITU.TlORO .. 2 " Sel.cll,ftA u Ih ~UI~\1ttnm~1tt 1t~'ll"
II' ou!pllllIl~t lIUl..A mn u (.nfl tQmlUl~ mtl,1I
Gf!R ~Gmpm no a~\~~' 'I

\HI ncm .. 2
tTUtlOR1.l
\11.11101'13.2
IlU tIOM .. ~

IlU HII'Il) .. \ • ("tOlt IfAIt. ,nlltlupll~ Otl:UI w~ln ,I 'I

'I"Utlll'!!'l IM;4'

!ttl nell! ~ !
ItU Ilrl12. I
ITUTl£l13·\
rTU Hf(t4.ll " VI,,~lf flll~'tll;I~' tI~utl!' IIf Im\f] T.t •

• '1Iulll\bl ,nCl<!lUIJ1.rhll "~lllliIl1U

~tf~, H!fr"d Ih (I,'; 11M,! tll.~I~~·

lPHA.U
Iron (I
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Appendix H: Source Code for SDEC040S.C

j' rlGorlrnlDplll~lmthi lullSvMtoftUclallhlln¥Ol\rt "

I' VtuID~1Q '/

" AUlhollhftlllj Blpa~ '/
" 01\1 ~2102fSG'/
" Slllut Arpro~;d "

"OuCllpuon
Simi II VIII!'M 0 S, bullntlt!dtll~t ImpllmlnlltlDt altha :!OO%OllnlrrlUPI
Ind Iiw,1l II • li~n_lllnIID In i)ulpul ~i~~n I 'IIIIIC SWIlth Inhibit
tCindlli~n A, hl~': Ih StIlle SWllth I"hlb!! II., it Iii 011In aul DI
phllt UndltlGn, In c~~,Uon thl IrulllOIY .Intu .n4 Iht tim. dll'~ to
cantil III, ,lIltl 01 lb. IUIn all tim. 01 Ih. IGOr. hm h.. n ICm~vid Thou
11,l6b, Uhnt"~Dlbythtlllrdwllt

,I Ami"
TIl, plop'lm rUM Jutttulu1J, Jbgl~-O~Iht IlnlulllOt end 1111.mllitlotl

"

Iprl~m'I'lwtq;"ilf'ndfll
'"I,ludl ~: 101103048 11:->
.t11dud.~'rn~&laOJh)

/' In.bI, 'bI I)U tl ulMdoll ~,~w~J~J ':
1- IM'WII JI~II\e111lIinl 'J
/'mlmupl ~fClcl,dduJUld,II!, 'I

Wf,n_~13UI591a54
!',d.ltnttCI4tkGlSt"!
'i!,f,htMAXS£Cr<JllmVZ4G

J' AI .(10'~ Irtqu.n(yoll~MHI'1

l'U,MIISlmpllllgfCJ'/
,fd.lintINaml1ul&OIJ
,d.fIM VOl; 400
fd",n. ,5m11l0
.dtf,n._Nal1ll111173Q
.dtl,ntIlIM.lQMlnO\1
'dtl,HUIMIgMuQOIlOG04

Ilo,IIClar\·USI!I

,nlUj 1I\,whlo,h,Ik.IQlhlt

I' I ~llIn~d 10ifnI 'I

'IHIII ~.I III ~!l1 o~I[Jl10ynanl1 1,·1.AI"lIalhd
flo,l ft'li <~( 1~ljj,y.140

SDEll0WP 100 versron 0 01 25 August 1996 Page 3ii



SDES Software & Hardware Implementation Doc. No. SDE 110

"Hy"t\".:I':~I\Ojllll1l(wnuD!lI:.mlftQiII21)
,YnuA.~un .. ~nll!,oon',
wnHhnv • wnuAonn·.VGllIlf f ~VClnu.
I

1/ /(flil,CM'~: iII</lOI"I)III~!,nDI/I ,..mMDI"2J)
(wlnvADOn .. yhWAOOn1.
Ylnwtno·tlnAOIWlV.i.M."CVSfnJl.
I

/0 t~mpu\lnoutM', 'I

!flpllll,I:lBDOCOOOOO)
I
!1(j1'~ff,dOaaOODOIH ;,!,hll:n," ~hm. ml~l!)p~m" I.)
Illl~bUl~: 12000000001t.& \~hU.;" ·~OOOOCOOOII(.Iph,long .. ~~I\' 600000000. mIBIU~~iI' .. 2.)
If ((p!l.m .. IQaOaOOOOOIM (pllm ~ -12000000001) {llphlq/li .. ,trm UDDDOOOOD, IIlIoll.lj)4." .. 3,)

I
till

I
II Hphl'~' Hoooaoooo! M. (~hlt." ·1110110COOOOIl,.'phllDnQ • pi lit 180\l~OCOoa, 1It141(Jpdm .. 4,)
II Ilphtllt, 3QOOOOOOOOI"'& IphUI:-' .UOOOQOODOll ('T~hl\ono" piliU 24~or 11\, IWOIUpdlt. Ii fI,)
II!lphllt~ ucnoooooo)", {phl'I~) .3000000000H1"~hlO~' • IIWI3000\lUu~OO, U(IQ.U~dllt • (I,)
,Il~hlt•• ,OOOOQOOOO)!
I'~hl~ng • ph", 3000000000 ,i(\D'U~4m • I,
"IIID"IlQ~'" "Q,mmJ)

(~~nltI. 0

r' tlilhll • A Iq..-· t 11111vlClc' Qllht p!UlnIIUI~11 100000'/

,I !WIOI I,. Itnel\)~';I"1 I' ettlel chlnQt' '/
j'op.nin,btl;hliolum,clllnat' 'I

,OI,'\lhlanQIIDlIoM,nlGnQI
\I·,II\ll1i
Ib·p,illi

\f:)~lnCI' IIqu*n~1 I' nlll,n,bu "qY,fin tin. nat 'Un~.¥jilin Ihlll II
IUClolthlnOI'1

jllll~u.nu •• II
I " N),~Jf)~ blltUII~1 "I1J.~u'nt ••• II thtfigt 01 ""DI I~QP"

fll«m~• Ilf'U'~"i'" .11)
\IT.illp'ilb·ul,.,lagl"',IB

i·DVfl\lnQ~ .. (Uj(OI·IWlltll(lWaf! 'IttYfnlt '"

IUt 1 ~'lIhmp'lb, U~hlllp·~U.hluq l'lttu'IPrlanlllhl'l
~Il' ~ {~lllmp4U ukhl'l1l!:.2I,blU\,1 I' Iwm!lIng'
IU, J 1\lITtmp.n lI~h\t1P.~D.bIll\) i' ntliU'

m.~ (I'jhn,~.a u\hmp'UbTli\,)
"'t'i IUlilmlt' I', ukhm~·U~II.~1
,1I,!l 1~I1tr,p.4]~\hmll·J~b1tt\}
) I' t!alln~ bltt~" 10' 'IWIII.~tlwal! U~utM' 1 "

~II, i' IIqu~n,f'l' J

,0 O~lnlnQ~rl(hll" 'clU' Itql1fM' lint f~u,1 M I 'I

Ilhrtp. ;lb'jJI~I'Q)' ,HI

""''Il~' II.'uIMU' , ,U\

11111 (l'lh,nlt.~\l u\hmp'~"'blfltl
(II,.' Ilil1fmlhl! ~H,mp.A'J./m.))
tUt 'J hl.m(l'ill lI\flmp.nbIUn
tlUI! (~Ihlnp.!.f lIH,<niliJJIIIlIUt

,III" {",I. ",." u\lII~I"Ublh'I
,II,t. \"lfl'1'll'I', u_hmp.,P611t1j

• ihll'flg bll,ht lUI '1I"tIldnltl~II' Itquln'll~UI QQ\I"lq I '
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lanruIM'f,
l1oumlhM",
I~~g~U'~hQ,

U~'IORt4IRI"fillip. l\lflr", tOnlllhll';l, 1~'~
UftliQIIUtonOU,lb;

YhtlQntdut vRul. ~lh'2; ~!nvl, v{4d.~tld'Mu,
Inl tUtll, rll"D'mllD/l, l'lIlJDUIrIIC/). ~nuDltI vj;'J,II, ,IMD,lt vlOllt Jl.~IO.II~1. U~O!l"I.

'M,,~~t4»1!~n.,elml, wl1fJ(:lIthlll,llnlUIQI. IMuUtIOl, INr:u'nlnllfItlOf, ,t.1lnhtlCf WMII'~I,'"'
\lfillQnd l~~O"Mlnhml. HMuh,tOf. UkOIt',i~'1. Itndutcf,
tnt ,SWltthlnhlbll.lnvl~hlblt

ltRllQndlMl1luAllUnl. lOuADon.a 1!~,Aoonll\n,Auon·o
11\11"'10Ifl. f[~ Ollt,
I/WmISUU,t'S.nl'
~nI,p~ldI~ngHI, H2

)~nii ',m., WStnn \In,lcnp. dlulon~
1Jnll;r,dlnIYl~wAODnl. 'flnvAOUR .0, v(luAllU1tl.n"hDon.o
I!nlmVSfUt,

Irtum (/.)If. tru".

1"'01.' .. '"1.'1" •••• " •••••••••••••• , •• " ••• ·.•.•••••••••••••••••• , ...

"" .. ' •••••• " •• 10 •• '.' •• ,., ••••••••• • •• • ••••••••••••• • ...... ul' •• i

nldlnlll.hIt110IllYOI~1

~QI~ phUitnUuD l;o,dl

C lut ~Gldrrwn (r~ldl
;' Cjl'~'~Q ~1.(hllCf mlln b~p 'i

1.I4!11llH1J!

'~I i.1

!ltfljl,!lp!i'OIAPtlfl111!"A11illl

II'I,Ii,ll • 11,,~~fI(I(I' fl",.Ii(Wn

./ltlll,I,. ~'I,:hHml,~1,,41J1)Jj
~lr,.I;,1I... 1,,~~!li\Ul .ln~~1 'Ill

,1,1111111111, m;,dll!l\i :llIlullil!

(1i!~\MljHl. ff(Dll\f!(illt!
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Appendix K: Source Code for SDEC041 b.C ., Fiirst Approved
Version

CO[CC410

" '10,11111:10 pfllOl1l\ Ik, lull SVM ,el\tI~1 ollll'lnHlh, '/

,tVtlllon 10"
/JAYlhclllmIiIIUpoo'/
1'0,., 661IJ5120',

/1 DIIU!~\lon
In 11111n"i~n.lh. unlUblhl~ ,hlfln4ln Ihl nulpull'lmlOIr.1 Inrll~n
OajWUto.'u~ by

• I~dlnotn !lUltrllll PIUU'UU I~ prtnnl unwlMI\{ flu~I\lIMM' 0' Ib,
unltdurlll1ltm

" nuull
Till fU'plIl wmlclm II.bllllld njJ!lJdt'i~J t
lht hldU~.loU WOIt! PI~~IUW fh. tOMlal.lgolllhulI\ mllQ IWIltl!
Inhj~11'\G~.II, tnw'tl QU, Ut 11110 plll~Hn'd con,etl,
'I

'~Uon\IIIII;U.h .. tlun~"
"n(lud, ~iQII1~~OIII.'
'Intludt':lnhU003h:,

I' (ubltlhllJtlolllltndidkIYWOld, '/
,'mll,nll ft~llllIttllnt 'f
I' InUllu~l yltIOII~~r'IIU dlilll II

Id,rlltl pI ~ 141&I1:US4
'ml~' tCt~nU bt 0
Ullin, MAxstcTonDIV2~G
u,rlnt tSlm,lInll 2 fit 4
I4U,nl VOl; 40U
Id"m,dmIIlO
Utr'd.,Namm'(2)~
Idlfl~f tMl1f40
Idt/'HIMulJl

i' d,flflt!#wtt 11Il1l!01 Ilt~vllur wlM ..w 'I
I' d~hnt~~~tlIIn\llollrl~u'nty wlnd~1'I'I

'dl"~t INtfriuu,~a
Id,I,nl vtnvM,n,07 j' ~llin,,~ul'lllIlq~ 'I
Idtl,~, ~'nwMuHt1 " d.l,nt lnv~I'lllQW II
Utlll\' ,M,n40 ,'rnm,m~m al~'lhtl tht IWlltllingIllntl '''lnOWI~ 10U~I ';
'~"in'vnI14QI " \10 n,'mnuYCIl'Q' 'I

'dtM, IIIMIOMIIf 0 ~
ld.f,ntUlM'oMu OOCGIiO~

14lllnlltllnD,lll ~O
U.llfi,mlnOIIl~Ml

1lI,1i~1 un M,Or Old!
Idf',flI(llqUfUl1t
'~tMtAW f,tHlPOI1:l
IdJl,fi'ltnAUfOII!

unllQ~1d ,nll1rulll'
ILll JIDhlMIn

IOIlHlpTlbllWl!ltbllt

iM l:M.u~ilfrt!il[)!~:I.I)
IIHI h hI \b 101 a'tUI,"yllo~11

«t ',~unlll

~~I'Qf','d I~~~ ~hfl4 "illlflijl'lj '1i'/!,MIMaroj

U~"ij,;,d 1M 041111111
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!M¥lnMII.U~'

nU)li1R .. 0, /1 CIC~III um., nUIIUH_',

~lli!thnl'tong:,.nuCrOl·1
(
)
ISwIlt1l!JllJjlill.fJbt,
1'50R r. C, )' Clnt'I.S~lIttlllnhjblllt~nI' ~11~In 0 I' pO'i r. 'I
IflU
(J ,I!hf MIt "~r(l'U"tlljIlO 1/)'JIIUJUllllfI '!tlny'tlCf hltultll by 'tliIUM~ Ihlllll;JCtonllo!1u Ilull I)
1,1 tIm brl('~ lallnw!U h!lult',
) I' dUf hliHtll~llIlu o~1~llltl1l1'j

Hnt If IIluADOn WI!UIN liMitS, FtManM PUASf elUCK (VOlHG[ DIrF[ntNCl ClUCK

11It
t I' O~lnbruhl fe, !nu 'll'llh'ft Imlll '/

,I If· aUT at rliMt WOllACE mrt I. ~lnronM PnACl Oln m~ut:tloN 'I

1/1 tUft braHt1 tof .,0111 :'1'fOI!lMIl n~llnllhUt'1
,SwiublnlllM ."u.
I'~on• I. I' CI~d ,SwllthlnlllbllllQfill un pin 0 Oi ,QII rJ "
Lllln'IAO~rt~- "'kon~nllrtcloll
/lrtf'Wql.hMft',ctfl
fll~
Ilnrnl~I.HMiiltwu
Ilf dall~q6.;tlU '0,.0111-"IMMu tlal fl1~~Uf "

)' . (lGt If nnsr rUA!i( Ok. WirufiM (XHlA VIIASCCfI('( (~atrA(if {lIllICrWNI

11Ui
(I';p!nbrt:hllu'IOII'H'I
II hnUOIU;I'~n ""'fln_Du"ll~nl

Iit "mrn In'l~wlU ~ylp~I'11,U'IphUi 'I
Iln_hcl~1 • Hl"tnuAOon I m
1~"'I!,M~hlbll -hIlt,
r~Dn - 0
I

il"
(i' O~tnt!fH" I~r (/IIP~llltdi!f~II~1f '/
I$YI\"'\\~'lbll u[ill'

rGon" , /" G,n41r;~IHhlnMI ,onllonplnOoloD"lj'i
1f(/fltIAOOfl •.• 'N, ~,'frcr~ri
IIndul;I,,\rll'*lh
lin
Iln~fIUQr.'f"tnr"tol,

) /' d~llno ~lH\tlIQI ~Olll~\I;
) I' {1~ll"ObrHhllQ' Ihu w"nlnhm" '/

"I Indol ~~IUlat\lcop 'i

I

In!lllu~t I~MIIVOid O_UIOI~lnlll,~pIIIQ,d'

I

I'IM L I 1" Ih'lloop It PJI u • tem;n.n, orl1 lUI IflI,no ~UlP~IU •

I
PWfI.O I' 'h, eM, WIr I, "II OJI ul Ih"IQ~p ,I 1111'11' !llfI'llJL!v'DMI~II"

I

CllltQ'~ • IIUI

IlitlAi11ill • ~illlllA , Il
11",AliIHl."uilnn ,Ii

,IJ~ll~q" l/ijIJ.i)jl) • > hl'~~';H\P • ,y I''''
Jlji·';rt, U • du, Ald· ,idA,I .•tHl ",II'i'd"., ,·llf'I"',"
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ItU lena-a2 ]' &tlnl GRA call'~'" mULh II 'l .. rln~ Soule.
Stilt! tnlfl~tltjn\ II(MII,I'I

Iwrenl.3}
ITU 'Cill • 3~
nu rens .. 31
ItU Tcni • 12.

ITIJUOflO·j. ,;",;1,;'i," l't'lOUli1~ltonljlmug\'lu
, It O~III~llIlh. llOCA ~\n 1\ onA tQ~II~ 1!l,1I,h
!iI1Du~"mno'ullllll'l

ITUltOR1·2
ITU tlon2 • ~,
iJV"flOn3. "
ITU1l0n'.I,

IU11(no.1 I' tlllbtllMtA tnl.IIllpt 10 ~UUI who !III

Itqijlllldb,lf,\lA'j
IJV'1!1I1.I,
I1Ulltn2 .. I,
ItO f[(R3" I,
ItU 1IUl4.0 [I Drub!t ,II iMlflU~lltqullII by timet U 'I

I' 6.JHI U'tlll" CCIl II • unf bit fil~ll.tllh~
IdQtlttWt4 Ont!'llpnAMtnlbldII

IPRA·Q
I~no • 0 rO e,l '!llnUrtu~1I CII~III,Imllo telt no",)'/

jl All ron I pm) Itl lor GU\~~' "

ITU GIIA3 .. I~OOO r' fi,1 111lMlhlld.l.y 0' l(lffh/ul.qf!(l~aIM~
thl mlln la~JI ')

l,tNtnAft lOO~U~1Ann

/" /I-a fl~h'.O I~, "IMAX~(C'Onl)JV I), .rpble_ CO, "t, IIJlhl' "1\~hIMm~

I
tl~btnu .. PI"I~h'IIGO
Ill10Alphlnd .'IRI'lphll1UI,
1!11\0!• Uw cu t 'Iml&!~~.n'd~ cnlrh.OyOool3'tlnlAI~lalhdl' Ulhrn1lMt,
,'JIll" I!~Ct Ilttl'J1uAlllb.nU'I'D:mlJIM."i

I

I lidillftln~ lh Ic\l~WlnQtutu II .bD~tInll QI.U 'ttIOIl~valijU h'
IllJuu 11I,Q]:Of tnd 111201111 1111luilWO vvhM IIl1nQ' MAKSltl(!nnl~
" no llmD!lIiI!~II'WI! Hm Ih~u u1un .onl, '~Jll, 101• t.lAx.~lCtorUil'i 01
no ~r.ly ';

1\0'\01. UQU j' 23n" laltl~~tltl'l
111)01101" 05U j' \)16. III n :f,~11I 't
11120)111" OM4 J' t31b, 1010 t~\l1l '/

lJulllJlj-U 1'1U1I fH111t1.1 II

Y~I~~~.ut~'HIl~~lvrrldl

I

,/lfI~~all " VnuIllllg •• n
~1fJ1r,hnr1_ ~lndMQ ' 'Ii

,11f1I'vllll~
~1~~I .. yln.2
~nU~.,nfl:'ho"
Yf/tf2_flilr~~m
,Dill .. llnv~,hQtI_l1uf,h~I'
IllyO,1l·01
yD,II. ~Ol"

II I!iIlAlill!l nut M liMiT': ',I 1 1~1.. 1f1ff1i 1111\111(1(1'. to fjill,1IfI~t ~AiIIl

'~~ihhl:;I)'~'I .tl~,
r ~inn , I
!IMJldrl •• H'.lffiulI1

" /illi l.hJI11H, ",hI J; 1~J1'11i~,ill'lill -1M", J,IU;I, ~Ii'v' h~'ll' li,,,M, 111_l',I\,III li",I,I"
, I' IlpO:! til' 'If III 1"~ltllt 1I,1\lF"I
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I1Ullifn·4

I

(
ItU Tsm .. 0, jl !i1~pllmll n 'I

IrU_TSlll&. ~ I, /' 'dMltft4qtMlII ~1/lltm;pl(O~J1'1 tII~pl If

Plon.ulflo. j'OulpUIIPPItPItIl.II;n&t',

IlU IS1n .. 0 .• IU,' tlmt' 13"
I·

l'IU\UpTt~t'llfml'f
h.O.'(pl'PII
~~ .. 41_1~/ljJ1_'IP1'PIJ
III ... 1'1~.mp!"\G!I(tQ~k
'bl .. 'b·I~.n!llhnQ:tCIH'
CMOI,.n~neu3.. l;II~llllii

/' mtal~"onllu~.I.Httt 'I
mltlMao .. 1.IIIlMu _i1WMm~i!UIM'QMlnIIIMIQMtl1
~(MhQ.. "Q~r!MnvM'f ItIUfMi;'Q'fM'QMI~)'nf21

il VclllQtunl1n~U,ml'l
mVCinlf .. (,lnyMu ~ln~Mi~lil4fI 0 tl
tVSlnu" hI~~MI1'1IbV&tlUt'UW ~12
n~InI'Oo ~nll'mv~,ntl'6U/llm

i' r,t~Uin~YU~llng !tlml 't
IhrCU.I'" !lMuIM(n\;'14t10bl
t'~.nu .. IMII ",'/itnu'4!1
HI .lDlit,a'III~II~Q·~nfJ·Ili't'JlJl·lrliH\]'
H1·l00·1~.mr.hnO·trs.nn·1l1.

!' ~!I~u~mlnl phUliC.Uuop 't/mll! 1'1013 .. ;'10 II 'IOt/'llm'yl,~n AUconvulII '!

IMlnrtl'G,alJw:~O'101hnlll.
IMUfUlOI.ItOO1,U'10nMI,IJ
INoitll~l\h~'cl • nCQII~G 'IQ2hn,,~
HMuh(lCf. (lrf"IOU'H "'IH1
mlmftflCla,UI'WJJ'Ofiiyllll)·U2
\lN~lI\lnal·IH1'10~3'2hrhll'm

I' M"rtll'MO~1!uml'l
'1~lhl' • n3C!l!:;lmp',n~ i4'tU~lhl

It~bIM,o. 611'ITIU',HIO!U,w
,!pll,MmIDna' f!pll,MIIl'Wl)Ov!)l'i,\

!' nr~n fa, I~t 4,U r. nUffIGn "
AD I ~ [I • IJ • t I,t, A\l~iltI. a "I

Anlll.O • dIUhIIWQtnU'tlC~""

AlIl:~I1.In ,'nlti' .n'~:1 A,lllllttrIU"t

1t",tlll"m;I",
III", '1I'lI1n.Q!I'i'~

HII" III \1'1 \hl"'l~11 yl ~t~~il n •

loqu!nll.l
,,"Gr,.1

l ~~""'" I
UI • ,,~ u~ • 11') !I;'~llI • I

uihl1',p' .'1 \I\hn-",. .', 1:Ir~hinll" t
".Un",II,;.\,n",.III',II,II·1!'''''I'

" uillt! I,,, lh~I,~IU! ,'I I ej! "

1';rj'l, hli\t,~" • II~'

,(;1t!·l':011""

.1'1111'1\:1\. II Ul '.lj''11,;1,''',1 ,

t';!itH~,1 " 1 uri'!",! • I

~litlll,!l1 • (I ill '.'1 ,:;';11'
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I I' OP,""10 brukcllCllQfwud Uq~tnu"
I,hmp .. tll'uM&g)") :..10
nr.mll- tlb'IIIM'Ql~ ~IB

,lit /'ItWltlfqulnc.'/
I "cp.nl~Qbmhl hllntru .wllthln~ I,
IITil1l9."b'III"hgl)l~IG .
tH,mp. (jl·\II"hq!.~:o 16

I.m~ .. u\hmp.
IIITtItll' .. lI~hmp,
u\limp. 'fmp,

,"Will IWrlthlng"
/'VUIOUI/

" or~tI "

if II/limp~: IMlftl tjT.mp.IMin,
11 hH,mp.: IMIM nhmp.IMin /' U p'lunl unplldltllbl.,mll. 1M 10 mlllnG • 1\11111101 0 mud,"1

"nmlllllfIOll,Jlhml'"

rl(ulmTtmp ... ll
uillohm~. 56
,Iu
ull1Ohmp .. "

" ~11I~g.'I
1',h.IUO',

j'ncla,'/

",hit.utu TSfRt.2W

I
)

" 'f'fill ~nhl "

/'hUW4UQulnet'!
J' ut wnilcnAl1 ,"tlIU, IllIftlol f21MIIIUpili Cempt,lId 'I

ijl" vjl.mpI,. "hmP.
/' ~pdlhnQ Ih 'I

ut.dfl''lll'
n .nhmp

ultloOlOlh1ohll'lP
IlJllalf .. ((I'{'lth"I~.

l'IMtI!U~' "I

I""qolllhm"

I' "Ollngbuthll~r rnllfl 'I

I
I1U latn • 0 I' Stall Ilmll 13 'I

i' NDU "'II'lilt ttl iOt' IIQ111., \h' I bot 01 lilt ren! 11nol nUJlUly
hm line. allklllUQI WI dQ nOI hnlln mind ,n, 1I1kll hl~hlf

IIri4r"f UlI.rrilvtlUI ;;lIilnlftlU~ll/lIltIJIJOIn'III"IfI!P'

H111(1'C\lI'~1 Ihl luG, o~!'lnt.IIUPI will bo IIi~h Ml1klblllhll"~~'
INMn 1n6 to II till elIJI' In tMtJlupl tt Inv 'Ilfl. W,lhlllllll ~Il 01
lhrCCn"ulolMI'1

I\U GflAO .,011.11 1"OIJnlVlu'u •• 'IHlfr.O'1

uu '!ITO. , 1'1"'1 IlmlllQ ','
)

Ifl) f'Hfl '0 j' ~I,p 'ImlllQ I,

/Itt "lIU .. If l'IUdtllt'rU'~.O'ti'Ml ','
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U~tllfI"Q,
til.
cOui\U!·I,

if{j1Mh<l!aaaaaIJ~UI

I
It/,hfl.<'OOOOOOOI)~t·!,Ir.l,,,,""',..,ml,,Upd'I'·"}
1I11~hlU< 11000000001 t.& trhUl > .00000000011 (.l;hllut .. philt 000000000. ml~IUpd.tt .. ',J
I' IIphm< "OOCUOOl)~)&& IpJI"p -\200000000)1 {.JJlllIhftt .. p'h."1200~aoooo.um,Updl" .. 3,)
I
~"
I
II Hpllmc:24000COOOOIIUdpllt,P" UOOQOljQOO)),,!ph,lang .. phn.uoooooooa, UUllu,dm .. t}
\I ([phtt.<:lOOOCOOOCOl && t~htl.,. ·2400DCOOOUll(ll~hluO .. ,hllt14000liOOCQ, fttlOl!Jpdllt .. 6.1
IIli~h'II<3aCOOOOOOOIU \phill., .3UOOooOOOO)) t.lphltgftQ .. ~h'l.lOO~OOOOOO, IftlOIUpdtlt .. $)
II lpbtli',,3000000000l{
.1,lIaien, " jlhUllOOOOOOOOQ. ntloHh4111 .. I,
tllkl,hllent<·QlmIlll)

1111

C~III1ItI.I,

j' 11phl .. AnGI. 'lft fitll ml~' Oflf1t ~"nnIIHidl t 100000#1

II umolh ItUQlu,dulr I' SHin'~Ing.t 'I
" o~'iilnQ~mht 1~llltlii' thlfil" 'I

J' Utttlll'll.lb IJ~/j)lh.loGk\,lJl bhl,

,. !.lllh(~no!.lphlM,nh~t\
U·Il,ll01
111-11,1111

1I~~mt. UQU.Mt j' 'tmlmllu I IIUlMt dtlt ~OlfilinG' "hln Ih'It I'
tlltltl,hlngl'

,I (I.~uonti "' .. II
{ I' ~Ptftl1\Qblldu Ie' ',I (n~uen~1'". II ~hln~'lIllttlO' IOOIi','

'Ihma. !U'~IMt-a\'):a 10.
UTt'll~ ", l1~'IIIMup :110

IWllthU.,'ofJ
( II ojlt",no bUl\tII~' "'WI!LlliUt!Un "~Ulntt 11/
Wf I (ulhm,.'~. dhm,.UIIIIH ~ II "I'tl ,PjlJcpJI,lfIj
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w. 4 (~lhn""'20. U"ttl\{\.IUlu~,1
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un G {uI1,m~.42 ~H'IIlII.3~ bluq
) I' tlaMQblhUI leI 'IWII{~,m'~H II~Uln!.1 'I

1111 l'IUUlnr •• l'/

( It ~~tn'n~bllthl 10' 'till' 'fqulnrl o~l.q~IIIQ 1 11

hhmp • ubtutMa~~ •• 'Iii
'lhm~. III'UIMIQI ,', 16

h'illthlml~lt

~m 1 hlllmp.4~ u\1tnm.l~ 11,.. ,-) " ~;11W'~~I~P"Ut 'I
etlt ~ (lttf,mp-n tll"/llII ..4Db"'~·1 • J",I){)llilO 'J

uu' (~Ilttflll'~~'~\1tnll"lltlfl\) I' nduli'
WI" IIl/l"Ilf.14 ~~'fm/)','D~,u~,)
un '1 t~lhl~~.4~ U\TIIIID. U 1,111\ I
W, 5 fl,)1IffilU~rl ij'h~'11.4J blll\)
I it tl~l,nQ b',th, 1~' '."",I,h'ltllo,I' IIQIl,n,1 n~ll~L'.IIQ 1 'I
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tUOIIIMIQ,
nutmU!I.laQ,
IUltUIMlg.

'IWllChinoflmU'W ·f.. 'I

URlI~nldjill tlhmp," ,trlV, tOllfllhmjl. 151m,
ij~tivnld1~~91"Ib,

Iillul, ~~,IIZm, II, It, tClhll;

UllliQud !nl vtluSIlDlt ~ln¥Slloll. ,nul, _"n:, ijP.I, .t~¥2. vOIIlMu.
!BIVO!/{. VOUO!tWlall, ,'/lValrfel/lllt- .n"DIII. ~)II~O(1I. puDut:t MoDllnl

urt!IGMdInl .n"e,OU. tMIRhtlOf, IMllfHlol. nWnmllhtlof
1In1lgnld lang UMinhtlOI. UMllhtiOI. HNol!'4i11L fll\yli.IQI

1~II~wllthlnhiM.ili¥lt.hillll

1In11Q",dlnl HluADon. nll~Auon
fIUllllrStm,c'S.nu.
UMIQM4Ion;UI, \fl,

Ion; ,(Ir.,lIlt. \VSlnll, vln~hno, ~rfllcnQ.
lIutmV!ltnu.

Inum Ihln till').

In!OVtII~I~• hln.

/" , UI " •• _.I" •••••••••••• , ••••••• III .

".,""'tt ••••I,.tt\"", ••" ,•••••.•••.,

lClrl jnjllthl.Il~~ l~cldt

¥D,d ~hUlh~H~tP 1vOldf

C III' vOidmtlnh~I~1
( /' \i~~hln~ hlUhl 101m.'11IIQop -.

,"Ul/llODJI

101).)

AOC~1l " 1:3, II t, ut AIOunwtl~n Ail) ton¥~I"O!! I' tltprfJ u Iltt tnd01ud\ Am l~tOHU,ll"ijll~' •

I'.MI mu t51n I. U5f I' LQn411'~~ 10 ~ICluJ",.,llcl 1;111niP
u~u,n" ,,\,<,,1 fof t"_~I~ll1lun~r f.1II1IIf1U!t1 foul<llf '1

" lilll~ •

" In IllplnlhWI""'u IU 'U1d"lU ,lj\~' 1 In:! 10', '~llil'~I1t •/

"
11'lu' lI~dll' • 'g~It' Iddl!IIJUII!
.I~h.' • Ghll. u,lllllfflhl.'lili1J(1j'lf(1

tI(lUII)p~.tt.n(\(,,!I~d'I •• I

,lljC(I,,,,.1I1I(,llilllll
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Appenr'Ix J: Source Code for SDEC04G8.C

SOtCC40D

It ~f~~rlm IQ pulorm Ih lutl GVM ((nllol ~f thtlnYlflfl "

j'Vnllu08'1
"Auth" IflnnIIC.~C1I '!
" OIU.·aOI0512I"

" OUCllPtlClI

thIlYtlIIOllllllmllltltYtlilti\01,lIlCIptth.tthitlinltt:,eAIO
(O!lHUIon II lul1r impltmtllU~ Ihtl I. th' linllunnill, UlilOn ollh,
plGQllm ~htrt ' .. db,\ Dllh. hl,W-' 'ofillllgi .nd ".~u.n"y,Ind !tllm
nlligl and ",qutney hU ",u itllplltnltud .nd tM'~I'I.d WI!hthe lut 01
Ihopropnm

,'nllll\l
fbi IIIOqlllll umpl)td 'l'!d un "'~P'lj1 OilIbt in '"CIII\ ,muIUel, It
without OlntuhnQ ,ny tum !IGWIYIt th' output Iloul. WI" un,lIbl.
Sma tim fll.et Wff 11111I/bltmd DII Ih, p"tIO!)) W'''~M, II un b,
outullu4 Ihat Ihll I' • luull GII~~iftO thl AIO ,onnllioll loulinl
Add1ftVth. Ar{Jro~,"'jarr,udjflUlltth."rqpfl,unmn;o'lh,pICP"m
mlwowln

I By CIU11ngIItllll bijt h'~UIIII t'llnOII Oil!!' IlIlnd plUmtlm 1MU
tmln t,¥~n lit 1yp~Cilfr only dUI 10 I~' 111\" IIn,I(I¥I(Y 0' Iht
Itnllng f, .• ~1\ GI ~ICI~1t 01 shUh! iMIlLlnl, In 1hl ~~p~!'t. nllt
Ilnij!~ lunUl • th" In IIvtltn'IIIIQGlllhl'l'l (loftwu. 01 hudwill
Ill\pltm,",t6tb4Idd.d

II Owadding I~ Ih UHijll~n !itTlt ~llh. ploQum \I 'Nil ~tludw IJbulVtd
In nUI~n 1 0 tht 1111plUltln Wli IlIln opllltino ,1111 Iiml1. Wlthlll
thl Mil t0l\1l1llnl1 Tbll wo~!d IUnUI '"111\" umphno h'~Ulnty h
I~wtnd

,)htludl ".rnllhh~

'~UQIf\' lln~~'Q' ~ "IIndtd
Il1Irlllll '-I~!l30UI ~~,
'Intludl ~ 11'111030(11 II;J

I' (nl~!' III. \1'- 111Ultttdtd hr'ljrllh 'I
j'j/lltllUlllplllmdtln, 'I
l'tnltIlUpIUClol.dd1mud,lnl'l

I4,Iln, ~I 3 UI~926~~
Id,fine t\.lGet 625{11
U.ltnIMAH,lcton01~ 240
I6tfl~' 1~11I1~!,nGIf J
'dtllnlyn,o"OO
Idolmi y~m.tJ 0
IHh~tYNomlnl12J[I
'4.lln.IM,~ 4!l
WI,fteIMIlUI
'dthntINQ"lIn,tf.O
Id,tlnl yt~,M'~ ;01

If ddlU IO~1I Ilmil cf f.tq~I~'w Wlnd'~w "
"dtl,n",~pu'"nllolltlqUt1',"ywlndilW •

td,Iln.,ln,Mu lr11 I' dtlllltln,fll,rlO'N 'I
f4.IIII, IMln O\U I' mlnu!',um valu. Iblll~' t\'jllt~ln~',mu 1!I111,11'1.d'u 'IU 'I
'~.t,n8111Qt4~' I' Ml 1l.ltltn,1 VOt1t~1'I
Ullin, IIlt.h~M'~ U ~l

Id.I~. \l1t.h~Mu llll[ET.ilH

lIflfl~ntJ lillI/IIi/Iii

!till! II~hMln

,i11\MAl:,j.:TI,ltllly;,'1

neu \I \II I ~t k~I O~ltll1Llnout1

'ill , Il~ilt~1

U'I\,~'"f,J Iw~ I:hll. ,I)lhll n!!Q II~h.I,' 11I1i~

!,f,I'J"el,.,HQI"''''1
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Nt.lllnlflluptSuhtOUl1nt-··

Inle:l~pI1NMIl ¥QI~ ow.rloadJMtnupl (wold)
(

l'tDf!_' I' jl!i, 14gjlif IWIU' comm'lIl M'r 1111'''lIlIiPUlpO',,''
(
"on.o. J1lh.tlllY't'l.VIOQ.1GUlolthrllaopuIOIiUllh.mlClGu""otlll '.
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f':lh';tOlT(CTlDNINlttAlISA.T10N

~RuShnrl" ,nnlnll;.;o.9
vlnwShon .. Yln~l~nQ:> ~o.
vltul·vflut
y!nwl·Y[nw2.
yn'12·,R'ISII~II.
ytny2·'1fnwSiurt
.0.11 .. vln.!=~·~rl~n~IShort.
II IvDiII 0:: 0)
yOif(··vO,ff,

t!ItVRuOUlthon .nIQDu-et
VlHD'II. Yh\v~Vlnyt
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1 Scope

1.1 Introduction \

This document lists the steps and procedures taken to verify the
correctness of the software and the system in general. The software is
tested on its own as well as when integrated to tile hardware platform.
Testing here is performed according to the strategy laid down in section
5.4 of the Literature Survey on Embedded Systems, SDE '103. Except when
otherwise stated, the test results in this document refer to the latest
revision of the software, version 1.0.

1.2 Purpose

The purpose of the testing activity is to determine whether tile software is
behaving according to the specifications. In particular the system is verified
against the requirements analysis specifications and the functional
specifications.

1.3 Definitions

PWM : Pulse Width Modulation
FLL : Phase-locked loop
SVM : Space Vector Modulation

1.4 Audience

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

• FUll-time staff members of SEAL

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

• Members of the SEAL Managc~rnent BCHUd

• Hettel of til€.! Department, Electrical Engil10cring

• Individuals who will perform lnterua] and external surveillance audits of
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The components on the board were veriiied against the bill of material!") listed In
appendix A.

r---'
Have the right components been used Yes-
Is the clearance between the components No, the clearance between 1027 and C60
OK and between 1026 and 057 Is too small

Are the components In the right orientation No , the base and the emitter of all the
(where It matters) transistors are in the wrong position. The

problem lies in the file specification of the
component in the schernadc-pob program.

Table 7: Component check

In addition, further verification of the tracks and the components revealed the
following discrepancies:

The pins of DL.1 should be swapped and the logic on pin 53 of the
• mlcrocontroller should be reversed. This is because port 5 can only provide

current sinking, i.e. it can only switch on an LED when rorflr ~'rJ as an
input pin,

IC6, the hex non-inverting buffer is suppiled by the wrung power supply,
12V instead of 5V. For the purpose of the prototype this can be solved by
severing the tracks and making the proper connections with a piece of linl<
wire.
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H'OOOOO

H'OOOF3

H'OOOFF

H'02D67

H'1FFFF

H'FEF10

H'FF3D1

H'FF800

H'FFCFF

H'OOClOO

H'FFF1C

H'FFFFF

On.ChlpROM

Memory Block

UnUGod

- Used

I~.....'... .... Partially
Usod

Figure 4: Memory Map for SOEC0410.C

Further details of the compilation and linking results can be obtained from the
generated map file, sdec041 o.rnap.

4.2 Hardware testing

Static analysis as applied to the hardware Is limited to a basic check on the
component and the track layout. This Is typically performed with a meter and an
external DC power supply UI,It. Table 6 shows the result of a power supply check.
Table 7 shows the result of a component-check on the board.

SOl!112WP 100

Table 6: Power supply check

+12VA (+/.~V) PO;:~ SUPPlio~ ,- tI
+12VB (+/·1V) power supply OK I.;
+SVA (+/.O.5V) power supply OK tI

+5V8 (+/·O.SV) po~r supply OK__ ...-LJ
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4 Static Analysis

4.1 Software Testing

Static analysis of the software is performed by the compiler. Accordingly the
assessment below is the result of the compilation activity.

The specifications of the compiler are as follows:

Micro Series H8/300 C Compiler V 3.11 A/386
Front End V 1.14 A
Global Optimiser V 1.01 D

The result of the compilation is shown in table 4 below.

Table 4: Compilation Results--
Errors none

I'\'arnings none
1---.
Code Size 1)180

Canst? ~t SI;:;o 252
-=

staue Variable SIZO data: 1218
IRam: 0

All the sizes are in bytes. This shows that the mlcrocontroiler is operated well
within its space limitations.

The linker used was the Micro Series Universal Linker V 4.46 L/DXT. Table 5
shows the result of the linking activity. Figure .t depicts the memory map of the
microcontroller with the software downloaded. It shows that all the code and data
segmonts are well contained within tile memory boundarles of the processor.

Tallio 5: Linking Results
,

F:I rcrs none--
Warnings none
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Figura 3(a): Typical Pulse Train In sector 1 as Derlvod From Figura 2
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Figura 3(b): Typical Pulse Train In sector 2 as Derlvod from Figura 2 •
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Figure 3(0): Typical Pulse Train In Sootor 3 as Dorlvod Fl "1mFI~lJi'o 2



Tablo 3: Chockllst to vorlfy tho correctness of tho algorithm In synthosislng SVM

Does tho output start on a forwarcj ./
soquoncG

Does the output (ollow a Gray code patlam ./

Is tho Gray cedo pauom maintained on Q ./
sector chango

Docs tho switching time values vary ./
according to tho SVM equatlons

Arc tho vartablos reset apprcpnntoly on a .;
chango of revolution---

Another perspective of the same pattern flow, as obtained when going through the
software algorithm, is projected in figure 3. Fijure 3 depicts tile voltage levels in
each of tim three legs of the inverter, taken WIth respect to the negtltive DC bus.
It captures tl1e general pattern in tho first three sectors. From this picture the
PWM effect of applying SVM is clearly Observed. This exercise serves to further
validate tho eoftwa: e algorithm. It is also worth noting that H1e pattern shown in
figul'e 3 should actually correspond to the physical drive pulses applied to the
IGBTs. Checking if the actual drive pulses correspond to tile expected PWM trail,
of pulses will constitllte an important precautionary step before applying DC to tho
bus when performing dynamic tests.
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In the first sampling interval the pattern at the output is not consistent
with SVM. This is as expected since this first interval is only used to
configure the variables properly (see section 4.3, SDE 107).

\

The second sampling interval, which should be the first real SVM output,
produces a forward sequence output in accordance with the specifications
of SVM.

The switching vectors appear in the right order, with uZero remaining
unchanged when moving to the next sampling interval.

The sequence toggles after each sampling interval.

The value of ta decreases while that of tb increases until the middle of a
sector is reached, at which stage the trend reverses.

FigLlres 3 (b) and (c) investigate the behaviour of the algorithm under a change
of sector. The following points are observed:

The sequence remains unchanged on 8 sector transitio l

The sequence toggles again after the first sampling interval in the new
sector and the same variation as observed in (a) is noted, except that the
initialisation stage is not repeated.

In addition, by following the sequence of events (from tho flow chart or the state
diagram) it is easy to verify that U19 counter is reset on a change of revolution.
As the counter is reset, so will phnta, on the next sampling interval.

It is left to the I«ader, as an exercise, to verify the above observations. Following
this ~ '('.)1 r;j,:e vvv can fill in a checklist to confirm the correctness of tile algorithm
in wntt'v'sn~:; 19 SVM. The checklist is shown below in table 3 and is derived
dil ectly from the functional specifications of 8VM as laid in document SDE '106.
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Flguro 1: Flow Chart Diagram of tho main cyoto
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3 Symbolic Evaluation

Like the code inspection and walkthrough testing, this test involves analysing the
program at a purely theoretical level. In the present context this test is used to
establish the suitability of the chosen algorithm at synthesising an SVM pattern.
Although this test is not concerned about timing measurements, it is possible and
quite useful to make general observations about the synchronlsation and the timed
frame of the events.

I he overall state transitic . diagram (see section 3.3, SDE 108) or the flow chart
diagram of the program (reproduced in figure 1.0 below) can be used to verify the
correctness of the algorithm. This test is tedious but provides deep Insigl1t into the
mechanism of the algorithm. It is particularly helpful in early versions of the
software. prior to the integration stage. Once the viability of the algorithm has
been established with this test. the test can be omitted for higher versions of the
software to reduce the time spent on testing Typically, on higher versions, testing
is limited to tile static and dynamic types. In the present case symbolic evaluatlon
tests were performed up to version 0.6. The rest of this section exposes the result
of tile symbolic evaluation as performed on version 0.6. Note that the only major
difference between version 0.6 and '1.0 is that in version 1.0 the sensed
parameters are physically sampled, whereas version 0.6 only uses dummy values
for those parameters. Therefore, the flow diagram in figure '1.0 which defines
version 1.0, could also be used for version 0.6 for the purpose of tile symbolic
evaluation test.

By going through the different transitions of the algorithm as laid in figure 1, the
pattern in figure 2 is obtained. In figure 2 successive SWitching states are
represented by voltage levels lust to depict the transitional change. This should
not be confused wlth tile 10~1icallevel of the output pins. lIZaro, uj and uk are all
switching vectors representiug the state of six different switches. Each of those
switches can take two 10gl.;dl levels, on or off (OV or +5V). To project a simplified
view of the actual situation, figure 2 dlsplays uZaro as a zero voltage level while

uj and uk are shown as voltaqe levels that swing between positive and negative

values. The different polarity is used to indicate the difference in state and also
to capture the sequence movement. The convention used here is that a I,igb level
followed by a low level represents a totwon! sequonce, wllile a low level followed
by a '1igl1 level represents a revorse sequence.

From figure 2 (a) the following observations can be drawn:
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2 Code Inspection and Walkthrough

2.1 Software Inspection

This exercise constitutes the weakest level of testing (see section 5.4.1, SDE
103). In terms of the software it is limited to the programming style at a general
level. The checklist in table 1 was applied for this level of software testing.

Table 1: Checklist for testing the general prograrnming style

Is there consistency in the naming convention ./

Is there a consistent indentation ./

Is the language and its structures used ./
effectively

Is there efficient use of comments ./

2.2 Hardware Inspection

Hardware inspection at this stage is limited to tile card on which the
microcontroller is mounted.

A basic inspection test of the inverter control card follows in table 2 below.

Table 2: Pasle Inspectlon of the Inverter Control Card_.
General appearance of the card Good-
Does the card fit into the cord caqe Yes

Are the pads and drill holes sizes rigl1t Yes

Is the silkscreen right No • Some of the component legends
have not been printed and some others
overlap

Are the track sizes rigl1t Yes --
The artwork files were amended to make the necessary corrections to the
silkscreen.
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b. SDE 104, Requirements Analysis
c. SO!:: 106, Functional Soecifications
d. SDE 110, Coding Documentation

1.6 Assumptions

It is as..urnecr that the reader Is familiar to the requirements and functional
specifications of the project.

1.7 ISO 9001 Requirements Traceability

ISO 900'1 Clause 4.4.7 " Design Verification
ISO 9001 Clause 4.4.8 " Design Validation
ISO 9001 Clause 4.10 ~ Inspection and Testing
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the SEAL Quality M..m ....gement System

• Engineering Manager, Meissner

• Product Developer

• Product Manager

1.5 Appl' !.;abIE'J Documents

1.5.1 Specifications
None

1.5.2 Standards
a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, 5 April

'1994
b. SEAL OMS Document Layout, Presentation and Typesetting Guide, QS

003, Revision 0.01, 1 April 1994

1.5.3 Procedures
None

1.5.4 Guidelines

[1] IGBT User Guide, Toshiba Electronics Limited, Version 1.0, Ref. No.
X35/03, June '1992

[2] Diana G., ;"Qusry about SVM Imfj!eme,'ltation - e-mail Message",
SDE 586, 1 July 1996

[3] Fukuda S., Iwaji y, Hasegawa H., "PWM Tecnnlque for Inverter with
Sinusoidal Output Current", IEEE Transactions on Power Electronics,
Vol. 5, No.1, January 1990

[4] Super-H. SH 7700 Hitachi Series Microcontr "lilers, Semiconductor
and IC Division, Hitachi Ltd .. Japan, 1995

1,5,5 Other Documents

a. SDE 103, Literature Survey on Embedded Syst ems



In order to verify the phase-locked-loop algorithm, changes in the Reserve
frequency were simula~.;d by varying the potentiometer !Hos. Figure H-15 and H..16
pictures the filtered output at limiting values of fRes. We can make the following
observations:

The inverter frequency follows the fRes command within the frequency
window Figures H·15 pictures the hlphsr end (48.5Hz) and figure H·16
pictures the lower end (46.7Hz). Compare those results with the waveform
in figure H·6 (48 Hz) which is taken 1t nominal frequency, Although
(because of the low-order harmonics present) the observed frequency
limits do not correspond exactly to the command values of 51Hz and 49 Hz
respectively, the trend in the frequency aelustnrent is clearly observed.

Throughout the adjustment of fADS the rPagnitude of the waveform remains
unaffected.

As fAos is taken outside the frequency window, tile static switch inhibit LED
comes on and the inverter waveform [u ups back to that in figure 1,-6,
which is taker, at nominal values of frequency and voltage. Tracl<ing is
restored and the static switch inhibit LED is cancelled as !Bos is brought
back within the acceptable frequency range.

6.3.4 Magnitudo Adjustment Test

The voltage feedback loop was tested similarly to tr10 frequency feedback lcop.,
except that this time vlnv was adjusted while all other parameters woro kept at
OHair nominal values. Figures 1'1-17 and H~18 pictures the filtored waveform at
limiting values of vlnv. We car. make tl)o following observations:

The magnitude of the waveform varies inversely as the voltagE: simulated
by vlnv. At the low-end of vlnv the observed maqnltud« IS 11.20V Wiiilo
at the l1igh end of vlnv tile observed magnitude:. is 6.88V Compare those
values to tho 1'l"I8s)nitude of 8.3GV, taken at nomlnat condlttcns in fi!~ure '"',,6.

Wflen vlnv is driven out of the above limits, tile filtered waveform
dlsappenrs completely. indicating that tho software I)("IS recogntsod an
inverter failure condinon and has cancolled all the drivf'~ signn!~.;.

Tile frequency of tho filtered output romrnns unchnnqeo tllrOllfll10llt the test.

,'I,



SDES Tosting Documentation Doc. No. SDE112
__ ...... _~", •• ,.'''_. _~_~. _""',.".,''''' - - _.~ ~_~ __ ,.'_. _,, __ ._"" • ..._"'T. __ .~- ... ___.,._

6.3.2 Three-Phase Output

The waveforms as ooaervec from the filtered output of the drive circuitry are
shown in figures H-4, ~, ti, H-6, H-7 and H·8. FFT plots of the waveforms are
shown in figures H-9, H-10 and H~11. The following remarks are applicable:

The fundaments: sinusoidal content is clearly observed in all the time plots.
The exact frequency is shown to be 48 Hz instead of 50 Hz. This is only
a result of the rudimentary filtering used. On average the frequency is
observed to be much closer to 50 Hz.

Figure H-4 and H-5 show the three-phase voltages as being displaced by
1200 as in characteristic in a three-phase system.

Changilig the nominal frequency parameter fNominal to 60 Hz causes a
corresponding change iii tile filtered output of the pulses as shewn in
figure H"7.

Tile waveforms were all obtained from the bottom switches of the bridge.
A check on the ordering of t'ie waveforms allows us to conflrrn tile
correctness of the software and ~he interface circuitry in delivering the
waveforms in the right order at the right gate inputs. This is further
confirmed in figure H-8 where drive pulses for IGBTs in the same leg are
seen to be displaced by 1800 as would be expected.

The same. general trend as observed in the FF' of the unfiltered pulses is
observed in the case of tl'l€l filtered output, In addition, in figure H~9 the
funoamental and the third harrnontc are clearly depicted. TI19 dramatic
change in the magnitude of tile higtlsrQorder harmonics, as observed in
figure H-11, demonstrates the considerable improvement that a simple
low-pass filter con bring.

The effect of higher switching frequency can be observed in figLlres 1"1-12,
H·13 and 11·14,which eo.responds to version 0.0 of tile software. Revision
0.6 operates at 0.25 I~Hz, instead cf 4 kHz. but docs not suppcrt any
feedback. The wavetorms in this CClSO are observed to be a lot smoother,
witt) smaller l1igl'l"ordor harmonics, for the same filt(Jring arrangement.

6,3.3 Frequency AdjLlstmallt TOBt
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high frequency contents that obscure the fundamental component. Although still
containing low-order harmonics, which explains the distortion of the filtered
waveforms, those filtered pulses are ~I':lntredmore on the fundamental component
than en the switching frequency component, and henoe are more adequate for
testing some of the control features. They are net to be confused though with the
output of the inverter Itself, which is conventlcnally subjected to a more
sophisticated filter system that yields a much smoother output.

6.3 Analysing the Results

In this aectton the output results of the test, as complied in appendix H, are
analysed and compared with the expected results. Unless otherwise stated all the
results in appendix refer to version 1.0 of the software which operates at a
switchit1g frequenoy of 4 kHz. The results below are either taken at the
microcontroller output pins or across the gate (G) and the source (S) of the 188T
switches (SVV).

6.3.1 ThE' PWM Drives

The pulses as observed straight from the output of the microcontroller are shown
In figure H-1 and H-2. Figure H·3 provides an FFT plot of the waveform. We can
make the following observations:

The PWM pattern is clearly apparent in the first two pictures.

The trausitions between tile supply voltage (5V) and ground are sharp as
required for IGBT swltcl1ing.

Figure H·3 reveals a high 50 Hz content and harmonics contents at multiple
-alues of half of the switching frequency and its side-bands

Usually U,e harmonics for a PWM waveform occur at integral multiples of the
switching frequency. The presence of lnterrnedlate harmcnlos is one of the
characterfstlcs of SVM. It can be explained by the nature of SVM itsplt. GVM is
not c~fixed switching pattern method and is not synchronous, i.e. the cl;mi(.; ',md
the fundamental component are not at a fixed or predetermined rdtio [2). As a
result SVM tends to generate the sub-harrncntos observed in figure 1"1·:3.In tile
literature [3], SVM is often referred to as D sub-harmonic modulation method
(SHM).
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fRGs: Reserve frequency
flnv: Inverter output frequency
\,IRes: Reserve instantaneous voltage
vlnv: Inverter output instantaneous voltage

Each of the above parameter can be adjusted between ground (OV) and the
supply voltage (5V), In the treatment that follows, for frequency monitoring O,5V
corresponds to 49Hz and 4,5V corresponds to 51 Hz, and for voltage monitoring
Q,5V corresponds to 207V and 4,5V corresponds to 253V.

"Fondbnr.k" Cord
DO!l102A

Emulator
Pod

Potol1tiometer tGBT lIrlvl1 Curd III

Figure 5: Sot-up for tho dynamlc test (with the In-circuit omufater)

The pulses are generated by the mlorccontroller at port 1, pins 0 to 5, Those
pulses are fed to the IGE.rs via the drive clrcuitry. The separate drive circuitry
provides isolation between the control circuitry and the high power on tho inverter
bridge, It also converts the OV/+5V pulses from the mlorocontroller card to
standard ·12V/oj·12V pulses required to switch tile IGBTs [1], The pulses
generated by tile microcontroller are ricl1 In narmontcs, a charactertstic of PWM
pulses. In order to facilitate the examination, some of the tests were p~rformed
on filtered forms of the pulses generated by the drive cards, Those waveforms me
referred to as filtereci waveforms. '1'110 filter in this; case was a simple first-order
low-pass filter (corner frequer-cy: 213 Hz) aimed only at removing some of the



6 Dynamic Analysis ~ Live Testing

6.1 Introduction

In this part of the dynamic test, 'live' data is applied to the program and the
software system is subjected to stress tests and environmental tests. All the
sensing are physically implemented and no dummy values are used. In order to
reduce the complexity and the cost of the testing exercise, the tests were not
performed at high DC voltage. This does not affect the verification and validation
of the software which is uniquely concerned with the generation and control of
PWM pulses for a three-phase inverter system. The present exorcise aims at
making sure that the designed system (software and hardware) is fully fitted for
its purpose. Generation of high voltages and the design of the UPS system fall
into the power electronics province and are left as future development exercises
(see SDE 104, section 2).

Preceding the final version 1.0 is version 0.8. Revision 0.8 is an intermediate
revision between version 0.7 and version 1.0. It is a complete version of the
software, and runs at 6.25kHz, with feedback. Experiment shows that the output
of this version was unstable. This prompted a reduction in the sampling frequency
and the implementation of a hysteresis algorithm to reduce unwanted fluctuations
in the sensed parameters values. Version 1.0 which operates at a sampling
frequency of 4kHz, runs satisfactorily and satisfies all the requirements imposed
on this project, It is the first approved version and it constitutes tile final revision
for the software of this case study. The rest of this document lists the resulta of
the dynamic tests performed on tills revision of the software.

6.2 Testing Procedure

The tests are performed with tile in-circuit emulator connected to the inverter
control card, itself connected to the IGBT drive cards. For the purpose of thls test,
feedback of the frequency and voltage parameters are simulated by a
potentiometer network, fed by the analogue supply voltage of tile microcontroller.
Variation in the parameter values are then simulated by adlustment of the
potentlometere Tile set-up is shown in figure 5 below. Relate this diagram to the
schematic of the inverter bridno in figure 2 of SDE 104, Referring to the legends
on tho "f(~edback" card, each of uio potentrorneter, labelled fRos, flnv, vRcs and vlnv
respectively, simulate [l different parameter as follows:
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Following tile decision to have transitory states and the time delay to cancel the
effect of the turn off time (tOff) of tile IGBTs, to be implemented by the hardware
and not by the software, this version operates without the transitory states. In \
addition, an NMI interrupt routine was included to cater for the case of a 300%
overload and provision was made to send a signal on pin 0 of port 5 under a
Static Switch Inhibit condition, Otherwise it is exactly the ~ame as version 0.5. A
routine check was performed on it by letting it run on the simulator. No abnormal
behaviour was observed.

This version demonstrates unquestionably the ability of tile software t, implement
SVM. When later tested on the ICE and the controller card, tile physical PWM
output pulses of the microcontroller could be clearly observed (see section 6).
This last test serves to confirm the ability of SVM in producing PWM output
patterns.

5.9 Testing SOEC0407.C

This vers.on is similar to version 0.6, but with the necessary modifications to LIse
-lata that will be sensed by the ND converter. Notice that AID conversion is not
yet performed here, only the different variables are scaled accordingly, so that
when t, 1\ ID conversion is to be performed, then the values delivered by the AID
interrupt ..dna is properly recognised and accepted by the rest of the program.
Those routines 01' areas of the program affected by the chanqes are:

a. The look-up-Table
b. The calculation of lIsMag (voctorMognitude)
c. The phase-lock-loop

As before, in place of the sensed parameters, inverter voltage and frequency,
reserve voltage and frequency, dummy values are used for testing purposes. The
values that are eventually output, i.e, the SVM pattern itself remains unaffected.

The program runs successfully, suggesting that the AID conversion can now be
implemented. At this stage, enough insight and confidence has been amassed in
the system. The highel versions of the software can now be tested on the ICE
connected to the target hardware. The tedious exercise of gathering variables
values (l~ breakpoints is not pertinent anymore. The ability of the proqrarn to
generate PWM drive pulses has been established, Any lrreqularltles that can
occur in U1e higher versions can bo monitored dlrectlv from the phystce: output
of the circuitry with Ionic probes, U?:r)s, oscilloscopes, etc,
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observations are made:

The timing values are correctly adjusted according to this new value of
usMag

At extreme values of alpha, i.e. when the desired vector Us" is close to a

sector boundary and when more time is spent in the uZero state, the last

timer interrupt (T2) occurs before the program has reached the second
checkpoint in the main cycle. This can easily be verified from the table in
appendix F, where it can be observed that tj is not yet updated on three
occasions • recall that the tj assignment has been shifted before the

second checkpoint.

Tile previous observation does not affect the switching pattern since within
the last timing interval all the remaining instructions in the main cycle are
executed, at all values of alpha. This can easily be proved from a verification

of the actual switching parameter values. Although the algorithm still
passes the test at 6.25 kHz, the results show that the software is
performing at Its upper limit, in terms of the swltchlnq frequency.

The time elapsed before the first breakpoint is now different from that
observed in the previous test, although its position has not changed and
the sampling frequency and the value of maxSectorDiv - which are
parameters that might affect the calculations in the initialisation stage .
have not changed. This again would tend to point at the lack of strict
accuracy of the timing of tile in-circuit emulator.

Version 0.5 was further tested at a switohing frequency of 7142Hz. The results
are tabulated in anpendix G.

As expected, under this condition, the software fails to produce the right output
pattern. First of all the last timer interrupt (T2) catches the program even earlier
in the main cycle, before tjTemp is computed. Secondly, Lmlike the previous
version when it was run at lIsMag equals 0.5, the last time interv('li is «ot sufficient

for the microcontroller to cover the remaining instructions left in the main cycle.
TI18t is, the next sampling interval starts without the celculations of the previous
sampling interval being completed. Synohronisation is lost and the software fails
to syntheslse an SVM pattern at the output port.

5.8 Tosting SDEC0406.C
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operations. maxSectorOivwas increased from 60 to 240, thus providing a higher
accuracy in the timing values. At this new value of maxSectorOiv,generation of the

look-up-table takes about 830 ms. Like version 0.3 it also operates at 5 kHz.

This present version serves to demonstrate that further improvement in accuraoy
and the sampling frequency are still possible.

5.7 Testing SDEC0405.C

Following the encouraging results in version 0.4. the sampling frequency was
increased to 6.25kHz. Further processing activities were added to version 0.6.
Those include the transitory states to ensure a full Gray code - see sectlcn 4.8.3,
SIIE 106 - and the on-line computation of usMag and vlnv. In addition this version
includes the full phase-locked-loop algorithm. Appendix E shows the simulation
results at usMagset to usMagMax(0.866604).

The above exercise found no irregularities in the behaviour of version 0.5. The
sequence is updated properly and sector changes and changes of revolution are
handled according to specifications. No timing problems are observed. In addition
we note that:

uj and uk have the same values. This is because, in order to make room
for the £l.esignments of tile transitory ctct=s, some of the a.ssignments
performed in the last section of the main cycro were shifted just before the
second checkpoint. Among the assignments shifted up, is the instruction
"u] tl ujTemp ''. This should not affect the timing pattern since by the time
this assignment instruction occurs, timer interrupt TO, which uses uj, has
long since occurred 811d been completed. The other assignments that occur
before the che ;i<poil1t are that of uzjTansand tj.

The switching time values are correct. This can easily be verified from a
look-up-table, similar to the one in appendix D, but which is generated for
a sampling frequency of 6.251<Hz and a value of maxSectorOivof 240.

The in-circuit emulator again shows a time offset of about 12 us.

As a further test on this version, the software is run at usMaoset to IJsMnoMin(0.5).

This value of usMan corresponds to the maxlmum allowable output voltage. when

llsM110is adjusted to a minimum, fordng the output port to spend more time into

Hie state IIZoro. The rosutts are displayed in appendix F. Tile following
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In an attempt to bring down the processing time, float manipulations were avoided
and the use of the #define macro directives was reduced to simple value
assignments (i.e. all expression assignments were removed), giving the third
version of the program.

This version operates at a switching frequency of 5kHz, with a value of
maxSectorUpdate of 60. Like its predecessor it was run with breakpoints (BFs)
applied at regular intervals. The table in appendix C shows the result of the
simulation test at different sampling intervals.

The following observations can be made:

The sequence is toggled after (..)ch sampling interval, except at a sector
change where it remains unchanged.

Values of ta and tb are chosen properly. This can easily be verified from
the contents of the look-up-table for SDEC0403.C, listed in appendix D.

The counter is reset on a change of revolution.

No timing problems are observed, i.e. all the processing are performed
within the expected and allocated time intervals.

The time taken to determine alpha and sectorUpdatehas been considerably
reduced. It is now about 201-ls. Similar reduction in execution time were
observed in computation where float manipulations were removed. As a
further example, the computation of tActual now only takes about 3 I-Is (as
compared to 58jJs before)

Computation of phntl1 takes about 59jJs.

On average the time measured between the sampling intervals is 212jJ8,
instead of 200j.ls as would be expected at a sampling frequency of 5 kHz.
It seems that the emulator has an offset of 10jJs in its timing. In-circuit
emulators inaccuracies are treated in section 9 of document SDE 103.

5.6 Testing SDEC0404.C

This program version is very similar to the previous version, version 0.3. The only
difference occurs In the value of rnoxSoctorDivand in further elimination of float
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points where the values are read and the timino checked.

Breakpoints are included both at each sampling interval and within a sampling
interval. The results in appendix B were taken at the heginning of different timer
interrupts within the first sampling interval, i.e. within the first pass round the loop
(pass =1). The timing results are all normalised according to the clock speed,
which is 62.5 ns for a 16 MHz crystal. Observe that the time interval between
each timer interrupt is equal to a quarter of the sampling interval as is expected
for the first sampling interval.

Following this exercise it was found that this second version runs satisfactorily.
produces the expected results, and meets the time constraints. In addition, the
following observations were made:

After the timer T3 interrupt routine, the program jumped back to the" while
(lTU••TSTRI .. 225) " loop and then proceeded out of that loop successfully.

After the timer TO interrupt routine the program jumped back in the main
cycle, at " tjTemp eo ta'usMag; " (no sector c!"1ange branc'i).

After the 1'1 interrupt the program jumpec back into the the second
checkpoint loop, " while (lTU~TSTR1",252 ) " and remained in it for a
while, since the last quarter of the sampling interval has not been reached
yet. This indicates that there is room for increasing the switching
frequency.

It takes about 50l-1s to execute the simple instruction " tActual "" counter
'tSarnllling; " Similar float manipulations were observed to be very time
consuming.

When phata equals to 359 degrees (worst case) it takes about '120).ls to
go through the algorithm that determines alpha and the value of
sectorUpdate.

The generation of the look-up table takes about 450ms.

TI19 assignment of switching parameter values to U1e interrupt cycle takes
about 7 us.

5.5 Testing SDEC0403.C
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5.2 Testing SOEC0301.C

This test was mainly used to verify if the algorithm used to update the switching
parameter values is a feasible approach. When run, .the program performed
without any break or overflow errors. The subroutines follow each other In the
right order, in an endless loop. The timer registers and the output port register
were updated accordingly. However, notice that the same set of switching
parameter values are used each time. This is because this version is not
concerned with the computation of the switching parameters, and so new values
are not calculated during sampling intervals.

5.3 Testing SDEC0401.C

This program was written to verify the conclusion reached in section 5.1.1 above.
It blends the first two programs together, in a first attempt to synthesise SVM
using full on-line calculations. The switching frequency is set to 1 kl-lz, As
expected this first version fail(~:) to produce an SVM pattern. The following
observations were made:

The program is still in the section V\here the switching times are calculated
even after a complete sampling period has elapsed and the l.iterrupt cycle
is Ieady for new switching parameter values.

Some C functions like fmod and floor use a lot of execution time. Some
of the C functions themselves contain calls to other subroutines: e.g.: floor

calls fmod.

5.4 Testins, SDEC0402.C

In version 0.2 tile switching time values are first generated in a look-up-table.
Those pre-calculations assume a value of LlsMag of 1. In addition in this version,
some of the most time consuming C functions were removed and replaced by
simpler (though I.'mger) routines. This version operates at 1 kHz with a value of
maxSectorDiv of 30 (see section 2, SDE11 0).

In order to check the validity of the software at dif~erent stages, the ohecktlst in
appendix B was used. The table in appendix B offers a qutok way of ensuring
whether the values taken by the variables are correct and whether they are
updated properly at the rigl1t time. In order to obtain running conditions closer to
the real case, the software is run in real-time mode and then stopped at critical
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5 Dynamic Analysis. Simulator Testing

During dynamic testing the program behaviour is observed while the program is
running. The dynamic testing has been divided into twc stages. The first one is
restricted to simulator testing, while the second one runs on the emulator
interfaced with the hardware platform.

A dedicated simulator for the mlcrocontroller was not available for this project.
Instead, simulation was performed by using the in-circuit emulator without
connecting it to the target hardware. This test has for main objective to test timing
issues. Through this test one can easily observe the effect of changes in the
algorithm on the execution time. It was a major contributor to the improvement of
the execution time of the processing operations. The test goes in detail, right at
the variable values, for the first few revisions of the program. Once this iteration
process has yielded a satisfactory working revision, the level of detail sought can
be 'reduced to a routine check.

5.1 Testing SDEC0201.C

This small program was only written to have an idea of the time it takes for the
rnlcrocontroller to perform the timing calculations. The program was run at
differe!,t values of alpha.The results are. tabulated below.

Table 8: Time taken to compute tho switching times

Instructions Execution tlme, measured at a value of alpha
of:-

0 nIB 3n/10

ta " ko' cos!olphaH 1IsqrtI3))' slI1!alpha)); 2ms 923i.JS 4ms 378i.Js 4ms 3871.1'.'

tb " kb' sin!alphal; trns 3661.ls 1ms 3661.ls trns 366i.Js~
to " tSompling·ta·tb; 1001-15 102i.Js 1041-15

The above exercise rules out the possibility of performing those calculations on-
line. To compute the sWitching times takes on average 5 to 6 ms. Even at a very
low swit~hing frequency, like 1 kHz (:::1ms period), on-line computation will not be
p··,$sible. This test strongly suggests alternatlve ways of obtaining the switching
times, like for instance by using a look-up-table.
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Appendix A: Bill Of Materials of the Inverter Control Card

Rof. pos. COMPONENT

Cl o 'uF,GMll

C2 o luF·GMO

r.3 o II1P·SMO

04 OOluF·SMO

C5 IOul-SMD

CO o O1uF,SMD

07 IOuF-SMO

CO o '\IF,SMO

en IOuF'uMO

ere o 0IuF,GM!l

GIl lOur,m,m

C1~ o 1uF\DMO

(:13 o lur:,,~M()

CI4 IGpF,5Mll

<;15 15pF-GMO

CIG o lul',GM!)

CH 2~ur

CIO (I luF GMtl

1110 2lu'-

DeSCRIPTION

(IOClrolytle

l-!o\,lrulyll(

SUPPLieR

[xlomOi

Exlornal

£Klomol

1.lornOI

e.lornol

txtomnl

t:",tlftHll

b:IOH'lU!

1'.xIOrna!

{xtomal

t)Lforno.!

(xlmfli.ll

t:xlUfIlOI

Lxtornal

(xtornQ!

!:~h \','<11 til, 1 I~"i itl,jl.li MI':, \Jl~I_I.",nr-.-- -.,---- ..~ _,__w~ I-' '__ '_'_
C C'

---- - ~----,.--,--- =~~

EIOWOlrIlD,'lo~,"1

C;IU 1",,(jMUr--·------r-------------+----------------------~--------------------~tKtlHllill

llC.lt'fIlal

(j 1uf{iMfI

-------------~----------------------
l xlOrthl1

1.'0111;)1

() 1ur tiMU

f lI,lftlfi;H

[11.11'11:,\\

I---·--t---,~----I·------------I_-·--------_I
1111 !,MP

~------_+--------~..------~-----------.------------._4-----------------------_4
1-----;-----,----1----,

CH 11luf ~-iMtl 1 lot, 1r~'I'\1 t Id(lfl,li
r------II-------+---~-- ..---- ----- -----_1

Cq
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that the integration of the software into its working environment does not
work although they have been successfully tested separately. It is thus
essential that a methodical and progressive method, such as the one
adopted, be used when testing the system.
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Maohine Interface (MMI) are all controlled by rntcroccntrollers.
Following this practical exercise, embedded systems as a whole is reviewed in
SDE 113. For the time being, we can note the following cbservatlons in terms of
the objectives of the case study towards the assessment of embedded systems
at large:

a. 'Ihe case study identified short design-coding-testing loops to address the
risk elements associated with embedded systems developments. Those
loops proved to be effective in providing insight in the problem and in
probing unsure regions quickly.

b. The benefits of a disciplined approach. It supported the progression of the
development towards the final goal of meeting the requirements within the
prescribed time. It provided a stable framework and a set of intermediate
milestones and gLlidelines to efficiently support tile management of time
and other resources.

C. The contribution of a quality manauernent systems in supportit19 the
development process was paramount. Through this study it became
apparent that the development of embedded systems is characterised by
a series of design changes which evolve as new constraints are
experienced and as the system is better understood. SLIOh changes have
to be properly documented if the integrity of the development is to
maintained.

d. Object-orientation adapts well to the problem presented by embedded
systems. Unlil<e other design methodologies its framework enccmpasses
naturally the software and as well as tile hardware elements of the
problem. It handles well the complexltles of embedded systems, such as
dependent events and concurrency. The four models (logiC .1 and physical.
static and dynamic) of objoct-ortentatlon Cl"\f~rs all the possible design
angles of the embedded system. At the moment, implementation of object-
oriented design in an oblect-oriented language is still a problem. Either
there is no OOL compiler for the miorocontroller or the time constraints
imposed on the design excludes the Lise of Added complexity of an OOL.

e. The final integration and testing exercise for an embedded systems
consumes a large proportion of H10 project time (about 2(YY<I). This is mainly
due to tile stronq hardware interaction present in embedded systems. This
increases considerably tile number of unknowns and increases tile chances
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7 Closing the Chapter on the Case Study

All the objectives of the case study were achieved. In terms of the requirements
specific to the case study itself, we note that:

a. PWM control pulses were generated by the microcontroller

b. The PWM pulses correspond to a balanced set of three-phase voltages,
displaced by 1200

c. The system provides automatic adjustment of the output voltage and is
regulated by a feedback loop

d. The output Is phase-locked to the Reserve within a pre-defined frequency
window.

e. The system generates a "Static Switch Inhibit" si9,"181upon an out of phase
condition

f. The PWM output can be immediately inhibited upon an overload condition
or upon an "Inverter Off" command.

In terms of the case study alone those results encourage further development in
the mlcrocontroller-controt of the inverter The relatively low switchIng frequency
of 4 kHz will be adequate for' power transistors but might not be SlJfficient to take
thl3 fLlII advantaqe of fast switching devices like IGBTs and power MOSFETs. For
those devices a different scheme, like the in-built PWM feature of the
mlcrcccntroiler mioht be more adequate. Another solution, if generation of the
PWM pulses by SVM is to be maintained, is to lise a more powerful controller.
The lntrcduotlon of new microcontrollers, like the Super-H 81-17700 Hitacht
mlorocontroller, Which boasts c clock frequency of 60 MHz [4] (as compared to
the 16 MHz clock frequency of tllS H8/3048) could improve the switching
frequency by more than three times·~.This will bring the switching frequency easily
in the range of the fast-switching power devices. As sketched in section 2 of SDE
108, the appticatlon of microccntrollers can also be extended to capture most of
tile control processes of the UPS. 111is would promote the idea of an "intelligent"
UPS, whereby the setting, data manaqement, decision making and tile Man-
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Table 13: completed Functional Specifications Matrix on Control Features· Scenario III:
Inverter Shutdown Condition

Roqulrernents Traceability: Section 2.f, soe 104

Step Action Expected Obsorvatton Requirement

Met: .// X

1 Trigger the Inverter- All drive pulses should be off ./
Off signal

2 Cancel the Inverter- All drive pulses should remain off ./
Off signal --

3 Reset the . ~
mlcrocontroller

4 Trigger the 300% All drive pulses should be off ./
Overload signal -

5 Cancel the 300% All drive pulses should remain off I ./
Overload signal
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Tabla 12: Completed Functional Specifications Matrix C'In Control Features » Scenario II: Out
of Phase Condition--

Requirements Traceability: Section 2.d, 2.e, SDE 104

Step Action Expected Observation Requirement

Met: .II X -
1 Set fResb010w the . -

Nominal value

2 Adjust vRnsor vlnvso stanc Switch Inhibit Signal must be Set (low
as to create about 1 signal) - Inhibit

.IV differ',lnce between
the two; L~. simulate
a large voltage Inverter output frequency should be at the

difference b~tween higher limit of the frequency window
.I

Reserve and Inverter

3 Reduce the Static Switch Inhibit Signal must be Off ./
difference between (high sl£lnal) • Inhibit lifted
viles and vlnv; i.6.
return to Normal Inverter output frequency should follow rHes ./
conditions command Input again

4 Repeat steps 2 and 3 The same behaviour should be 9bserved,
with files set above except that this time the inverter output

./the Nominal value frequency should shift at the lower limit of
the frequency window

5 Move vRnsand vlnv TIHJ same behaviour as in steps 2, 3 and 4
slightly on opposite should be observed, i e. the inverter
Side of the Nomina: frequency moves to t11E! limiting value
value; e.g. 245 end opposite to the side fRos is of the Nominal
2.1';'3· i.e. simulate value. Again, the inverter should be as ./
an opposlte direction according to rHos command, when the
condition parameters are adjusted back to the Normal

Conditions
M
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Table 11: Completed Functional Specifications Matrix on Control Featuras v Scenario I:
Inverter Failure Condition

Requirements Traceability: Section 2.0, 2.f, SDE 104

Step Action Expected Observation Requirement

Met: ./1 )<
I-
1 Move IResout of Static Switch Inhibit Signal must be Set (low ./

limits (test both signal) • Inhibit
limiting cases) Inverter output frequency should be at the if

nominal value, on all three phases

2 Vary vRes Waveform pattern should not change ./

3 Adjust vRosoutside - ~
the 2.4V - 2.6V range

4 Move vlnvout of Static Switch Inhibit Signal must be still be ./
limits; i.e. simulate Set (lOWsignal' . Inhibit
an Inverter Failure Drive pulses must be off - check at ./

mlcrocontroller output

t; Move vlnvback within Drive pulses sbould NOT be restored ./,:J

limits
Static Switch Inhibit Signal remains Set (low ./. signal)

6 Move vRoswithin 2.4V Static SWitch Inhibit Signal must be Off ./
and 2.6V range - to (high signal) - Inhibit Lifted
simulate a zero- Drives pulses should remain off
crossing ./

7 Reset the The same behaviour as when vlnvwas
microcontroller and adjusted should be observed
repeat steps 1, 3, 4,
5 and 6, but instead ./
of adjLlsting vlnv,
adjust lin,

Version 1 O() 2fj August 1996 Page 28SDE112WP 100
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Table 10: Completed Functional Specific<ltlons Matrix on General Feedback Features
r----

Requirements Tracea'illtty: soctton z.c, z.e, SOE 104_,

Step Action Expectad Observation Requirement

Met: .// X

1 Vary IRes within the tnver-sr output' frequency should follow that ./
frequency window of IRes command, IJn all three phases

No change In output voltage magr: tude ./
should be observed

2 Vary vlnvwithin the As vlnv is adjusted below the nominal value
voltage window the inverter output magnitude should

./increase

As vlnv is adjusted above the nominal value
the inverter output magnitude should

./decrease

1 smce no DC vol!aqe IS applied, Inverter output hilre refers to th(l flltprod output of the dnve purses

SDE112WP 100 Poge 2'1VorSIOI1 1 0025 August 1991)
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6.4 Summary of Results obtained

The test results can now be compared with the original functional specifications
for the project, as laid in section 6 of the Functional Specifications document,
SDE106. The completed Functional Specifications matrix below, shows that all the
requirements were successfully met. For more details about specific results, refer
to section 6.1 above ..

Table 9: Completed Functional Specifications Matrix on General Output Features

Requlrernents Traceability: Section 2.a, 2.b, SDE 104

~

Action Expected Observation II Requirement

-"
Met: .// X --

Reset the PWM pulses should appear across the gate
rnlcrocontrolter and source of each of the six IGBTs of th"l

./inverter bridge

A 50 Hz sinusoidal waveform should appear
at each output phase of the inverter

./

The PWM pulses should correspond to a
balanced set of three-phase waveforms

./displaced by 1200

2 Change the nominal The same output as in step 1 should be
frequency to 60Hz observed, except that the output frequency

./and run the program should now be at 60 Hz
" this test can be
limited to the ICE
testing

SDE112WP 100 Version 1 0025 August 1936 Paga 26
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Figure H-9: FFT Plot (up to 250 Hz).
SW1 (G1-51) • filtered output
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Figure H·11: FFT Plot (lip to 50 I<Hz).
5W1 (G1·51) • flltorod output
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Figure H·10: FFT Plot (up to 5 I<Hz).
SW1 (G1·51) • filtered output

un \

~------~------------------~
Figure H-12: Time Plot -vorstcn 0.6
(6.25kHz, no feedback). CHi: SW2
(G2·82); CH2: SW1 (G1·81); CH3:
SWO (GO·SO) • filtoreci output
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Flguro H·5: Time Plot. CHi: SW2
(G2·S2)j CH2: :3W1 (G1·S1)i CH3:
SWO (GO·SO) • filterad output
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Flguro H·7: Tlmo Plot. CHi: SWS
(G5.S5): fNomlnul=60 Hz • flltorod
output
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Figurll 1-1·6:Tlmo Plot. SW1 (Gi.S1) •
fllterod output
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Figura H·8: TIme Plot. CH1: SW5 (GS.
S6)i CH3: SW2 (G2·S2) • fllterod
output
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Appendix H: Dynamic Live Testing Results

The pictures below were captured using the Tektronix Oscilloscope: TDS 544A
(Serial Number: HV 110)

Date: 96/06/12 .. 96/06/13

Figure H·1: Time Plot. Microcontrollor
output pin 1'1.3·Ground • unfiltered
output (I)

Flgul'o H·3: FFT Plot. Microcontrollcr
output pin P1.3 -Ground • unfllterod
output

""1 [

I
II

! --11.""~1'....< • ., 1f I i·

I I I 1I ,
4 ", ...,'

Figure H·2: Time Plot. Microcontrollor
output pin P1.3·Ground • unfilterod
output (II)

. ,

1\ /', f', 1\ • ~ I " A. /'\ " I< ,"1 ,It·, / ' ; , ,1 I '\' j, / '\ l ',i 1 f \

'1,/ ,I \, 1 -; " Ii II II I.' \! 'J' ;,'
" l " r ~ " , fIt' t \
': ", I r \' '
, J', ,

1 i !
j I \ t,

i ,'\', '1 i " ') '; \ \
\ " j ". 1\ i' ) j\ I \ r\ i 'II

" .. t L I' \ \ ! I~..\ I', 1:,' . \. j '\

\' \,' \, "J V \' '.1 r' V 'ft

Figure 11·4: Time Plot. CH1: SW6
(GS·S6); CH2: SW4 (G4·84); CN3:
SW3 (G3.S3) • flltorod output

I 'I
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Appendix G: Simulation Test Results for SDEC0406.C (at
usMag = usMagMin)

--
Value rlold at tho beginning of timor T2 Intorrupt at pass:--

Varlablo 1 2 3 4

Time between 835 ms (first 151 152 152
BPs (I-Is) BP)

soquenco 1 .1 1 ·1
sector 1 1 1 1

counter 0 1 2 3

tActual 0 13 26 39--
pheta 0 234000 480000 702000
olphn 0 234000 408000 702000
(lnv 500 500 500 500
ujTomp 35 35 49 35
ukTomp 49 49 35 49
1--
uzercromr 7 56 7 56-
tjTomp 1021 46 971 143
tkTomp 0' 40' 997' 92'
: IllolrTomp 0 589 598 568
uJ 49 35 40 35--
uk 35 49 35 49
uZoro ., 56 7 56
tj 560 1021 46 OIl--
tk 560 40 907 92- -
WHaif 500 590 598 58a
to 2042 10'14 1(l43 1883
:--

._
Ib 0 02 165 287-
I 0 9 18 20
1--
uZjTrnno 48 :1 48 3- " --
ujkT,nno 33 :13 33 33.-,.~.-
utl.zTr,"!ns 3 4(l :1 till~

, Pornll1ctcrn not uptlaloc] yot
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Appendix F: Simulation Test Results for SDEC0405.C (at
usMag = usMagMin)

·L--- Value Held at the beginning of tlni&r T2 Interrupt at pass:

Variable !1 2 3 4 5 G

'§i'
'.

Time betwoon 173 174 1'13 174
BPs (ps) --
sequence I ·1 1 ·1 1 ·1

sector I 1 1 1 1 1

countor o 1 2 3 4 5

tActual 0 16 32 48 64 80
photo 0 288000 576000 8134000 1152000 1440000 --
alpha 0 21:l8000 576000 864000 1152000 1440000
flnv 600 500 50U 500 500 500-
uJTomp 3!i 49 35 49 35 19-
ukTomp 49 35 49 35 49 35
uZoroTomp 56 1 56 7 56 'I

tjTomp 1167 " 1093 199 1009 331"-
tKTamp 40 1133 135 10(>4 268 965 -_
IOHolfTomp 676 681 GOG 611. 641 632-
uj 3G 40 35 49 35 40 -
uk 30 40 35 40 35 49
IIZoro 7

.
56 7 56 7 56

Ij 1167 1167' 04' 100~1' 10(1;) 331- -
Ik 640 40 1133 1;~(j 1054 2()t1-
tOHolt 640 070 !l1l1 GGG 1)!l3 041
I- -
to 2334 220" 2187 21()fl 201£1 1()30~
tb 0 120 270 :1911 5~i7 G(;3
i 0 11 23 34 40 57.
uzjrruns 3 4(\ clll' 48 3 4S--
lIjkTranlJ 33 33 3:\ 3;\ 3:\ :1:\.-r----
ukzTrunG 3 48 3 41l ;1 48- -
lIzJ1"GnsT'Jrl1p ;1 4f1 ;1 4(1- __ - ~_a
lIJklrans 1'Jmr) :1;1 >~,.\ ,\:\ :1:\-_._.-
uilzTrannTornp 4tl '1 ,HI .1--_. -- ""-

. Parnll1nturs not uP(latod Yl't Cornpi1m Will, r"ble III 'lPPl'ndlx b
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II, 640 40 1964 233 1827 465 1672 223 1969 1889 122 2022
tOHolr ()40 240 242 216 194 173 157 218 245 214 240 249
to 2334 2267 2187 210:) 2018 1930 1829 117 2328 141 23;\4 2267
Ib 0 129 270 398 537 G03 709 2273 11 2260 0 129
I 0 11 23 34 40 57 (,0 230 1 228 11

II%jTran!l 3 4B 3 48 3 48 3 3 48 3 I 3-
ujkTrann 33 33 33 33 33 33 33 33 33 34 34 33-
uk:tTrono 3 413 3 • '8 3 48 3 3 46 3 4Q 3

verston r.eo 25 August 1DOO Pngo 44
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Appendix E: Simulation Test Results for SDEC0405.C (at usMag = usMagMax)

value Held at tho boglnnlng of timor T2 Intorrupt at pass:

Varlable 1 2 3 4 5 6 7 21 22 125 126 127

Time between 835 197 173 174 174 174 174 . 171 . 171 172
BPs (1J9) ms

sequonce 1 ·1 1 ·1 1 ·1 1 1 1 ·1 ·1 1

sector 1 1 1 1 1 1 1 1 2 G 1 1 ~.-
counter 0 1 2 3 4 5 G 20 21 124 0 1.
IActual 0 16 32 48 64 80 96 320 336 1984 2000 16
phetc 0 288000 576000 864000 1152000 1440000 1728000 5760000 G048000 35712000 36000000 288000
r--'
alphal 0 288000 676000 864000 1152000 1440000 1728000 5760000 6048000 5712000 a 288000
flov 500 500 500 500 500 500 500 500 500 500 500 500- ---
uJTomp 35 49 35 49 35 49 3!.i 35 49 35 49 35
uk'romp 49 35 49 35 49 35 49 49 21 42 35 49
uZeroTomp 56 7 56 7 56 7 S!l 56 7 66 7 5!l

tjTomp 2022 111 1896 344 1748 574 1585 101 2017 1958 40 1964
tkTomp 40 1964 233 1827 4115 1672 G\)2 W69 40 122 2022 111-
tOHalfTemp 249 242 216 194 173 157 141 245 251 240 249 242
uJ 35 49 35 40 35 4Q 35 35 40 35 49 35

uk 35 49 35 49 35 49 35 35 49 36 42 35
uZero 7 56 7 56 7 56 ., 7 fiG 7 56 7

I) 2022 111 1895 344 1748 574 1585 101 2107 1958 40 1964

SDE1 12WP,10;';;O----------;;OVo:':'rO:':'10::':':n"":1"'O;';;:O";';2;:""15A~
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1134J!OI" 1477, IIJ4J!11 a 1084

113511010 1424, 11351111c 1932

1{301l010 1310, 11301111a 1000

1(371101. 1310, 1(37111102027

1130110)• 1202, 1{3Slll) e, 2074

1{301l0) • 1207, 1{3alll) 0 2120

(140110) e 1152, 1(40111)' 2165

1141110)c 100O, 114111') 0 2210

1142110)n 1041, 11421111e 2254

114~1I0J n 065, 1(431111 • 2291

1{441101c 020. 1{441111a 2340

1(4511010 072. 1(4511') Q 2382

1[401101e 615, 1140J!1) 0 24n

11471101" 757. 1(47J!11" 2,104

1(481101 n 700 1{40J!11 "2504

1(401101 c 042. 1(<1'JJ!11a .542

1(501101c GOo. 1(~QI111" 2('01

115111010 527 1(511111c 2010

1152J!01 o 4GB \(521111 C' 2055

IIS3nO) 0 410. 11531111" ;'&90

115411010 352. 115<11111"2125

115511'.11u 203. 1(,,51111" 27(;0

IISOnOI " 235. 11[,lill1l 210J

1[[,71\01 1lC'o iI',711
'
1 ~n2fl

1{['01{01 ' 111 iI',(llIll ~O57

11[,0110)G 50 11[,911
'
1 <000

Testing Documentation Doc. No. SDE 112
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Appendix 0:

1101101" 2018

11'1101n 2000.

1121[010 2057.

1131101" 2825.

1[4110] 0 2793.

11~1I0)• 2700.

1(01101" 2725.

111110]" 2090.

116110)o 2055.

110:(0] 0 2010.

1[10110] " 2501.

1111110] , 2542.

1112110]" 2504.

1113110]= 2404.

11141101" 2423.

1(1f'I[O] " n02

1[IGI[U] " 2340.

1(10110] r: <olfA

1[191101 ' ~210

II~OIlOI ~1G5

11~11101 <wa
1[~'21101 2074

1(231101 ,'U2?

1[~GII(j1 HIM

Testing Documentation Doc, No. SOP-112

Look-Up-Table of Switching Times at a Sampling
Frequency of 5 kHz and a Value of maxSectorDiv
of 60 (A'lsuming usMag =1)

110)11) 0

1111111" 58

1[211'1" 117

11311'1" 176

1[411') 235

It,l[l) o 203

11611'1a 3Gl

1171111" 410

1101111" 4GO

1101111" 1,27

11101[11" ';B~

11'11[') 042

It1Jl!~1.: 751

"'4111) t: 015

1(151111,07;>

1(1<'(11 1041

I[H ,(11 lOG;;

1[2(111) 11;;;'

l[nUt] 12ht!

1{,"'lIll 1417

lllill'l ':Ii',

...,.,.",...,.",.,...---_._-------"'-.,.,..---,-.SOl; 112Wfl 100 vors.on 1 00 ~l!)Augunl 1U96
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Appendix C: Simulation Test Results for SDEC0403.C

Value Hold at the boglnnlng of timer T3 Interrupt at pass:

I 3 -
Variable 1 2 4 5 6 7 19' 100"

Time between 215 ms 218 212 211 212 212 212 .
3Ps (~s) (first

BP)

sequence ·1 1 .1 1 ·1 \ ·1 1 1

sector 1 1 1 1 1 1 1 2 1

counter ·1 0 1 2 3 4 5 17 0.
tActual 0 0 20 40 60 80 100 340 2000

pneta 0 0 36 7.2 10.8 14.4 18 61 '2 360

alpha 0 0 36 7.2 106 14.4 18 1 2 0

flnv 0 50 50 50 50 50 50 50 50

ujTemp 49 35 49 35 49 35 49 49 35

ukTemp 35 49 35 49 35 49 35 21 49
uZeroTemp 7 56 7 56 7 56 ·7 7 56

t)Temp 0 2398 144 22·11 480 1991 855 2373 2398

tkTemp 0 50 2322 337 2121 6G9 1852 4" 50

tOHalfTemp 0 375 30G 325 299 260 246 3B9 375

uj 49 35 49 35 49 36 49 <lD 35 .-
uk 35 49 35 49 35 49 3f 21 49:)

uZero 7 56 7 5Ci 7 56 7 7 56
Ii 799 2398 144 2211 480 1991 855 2373 239B

tk 799 50 2322 337 2121 66B 1852 47 50

WHoif 799 375 J6G 325 289 269 246 389 375

ta 0 2918 2825 2690 2681 2423 2254 2888 2H18

tb 0 0 176 ~IO ~85 815 1041 58 0

P1DR 7 56 7 56 7 56 ., 7 56

ITU_GRAO 709 375 36G 325 209 269 246 38(1 375
i 60 0 :\ 7 10 14 III 1 0

• sector Change
.. Rovolutlon Chango

""Sr""JE""":"Ol"';>.w-:='p-:'l""m""j ------------, ---.-~
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Appendix B: Simulation Test Results for SDEC0402.C

Value Held at:

Variable
Beginning of timer f3 Beginning of timer 80glnnlng of timor
Interrupt: ITU_TSTR = TO interrupt: T1 Interrupt:
1i ITU_TSTR'" 2;- ITU_TSTR = 4i
(pass =1) (pass =1) (pass =1)

Time elapsed since 460 ms 250 ps 250).15
last breakpoint (First breakpoint)

sequence ·1 1 1

sector 1 'I 1

counter ·1 Q 0

tActual 0 0 0

pheta 0 0 0

alpha 0 0 0 .-
flnv 0 50 50

IljTemp 49 49 35
ukTemp 35 35 49
uZeroTamp 7 7 56

tjTemp 0 0 11890

tkTemp 0 0 J

tOHdlfTemp 0 0 2055

uj 49 49 49
uk 35 35 35

uZoro 7 7 7 •

tj 4000 4000 4000

tk 4000 4000 4000

10Haif 4000 4000 4000_.-
to 0 145 145

tb 0 0 0

ITU_TSTR HOEOH HOEll HOED(~ HOE2l HOEO(~ HOE4)

P1DR 7 49 35

ITU_TSR3 HOF8

I1LJ"TSHO HOF8

ITU,,.TSR1 H'FB

lTlJ ..GRAO H'FAO

ITlJ ..,GRAI H'I'FFF H FAa

ITll"GHA2 HTAO
........"
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TR8 2N2907 I ~ PN?· Tramilstor MPS·TRSOO66

TR9 2N2222A NPN·TrllnslSlor MPS·TRSOO06

TRIO 2N2222A NPN·Translstor MPS· TRSOOO6 .-

~

TR11 2N2907 PNP·TronSiSlar
\

MPS·TRSOO6G

TR12 2N2907 PNP·Translstor Mi'S·TRS0066

TR13 2N2222A NPN· TrunSiatar MPS·TRSOOO6

TRI4 2N2222A NPN· Trans,slor MPS·TRSOOOB

TR15 2N2007 PNP. TranolSler MPS· TRSOO66

TRIG 2N2907 PNP·Trans,slar MPS·TRSOO66

TR17 2N2222A NPN·TronslBtor MPSoTRSOO06

TR1S 2N2222A NPN·Transi!llcr MPS·TRSOOOS
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TR21 2N2222A NPN·TranSistar MPS·TRSOOOO

I-
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X!i 6P COnnCQClor MPS·PLGOO47
1---
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2 Software Development Processes Examined in the Context
of Embedded Systems

2.1 An Assessment

One aspect of small embedded systems that this study revealed IS that they have
traditionally been developed in an empirical way. Because of the relatively small
size of the code, developers have been deceived into thinking that small
embedded systems could be developed without any formal development process.
The mistake here is to judge the complexity of a software system uniquely by its
elze 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 issues, and
maintainability issues. Embedded systems, by their often critical role in a system
and the frequent upgrades and modifications they are subjected to, can
considerably benefit from a disciplined approach of development.

The question is: is there a specific development process that is appropriate for
all embedded systems? The nature of embedded systems and the characteristics
of their development as we saw it, would tend to show that the formulation of
such a process is not feasible. The reasons are:

a. The large diversity in the appllcatlons of embedded systems

b. The maturity of the organisations developing embedded systems varies
conslderably, making It difficult to develop a process suitable to all.

c. Although embedded systems are generally characterised by constraints on
space, time, power consumption and by concerns such as reliability, safety
and cost, the aotusl degree of importance of each of those factors can vary
largely between projects. making it necessary to approach each project
cJifferently.

d. The importance of the role of the microcontroller in the overall system call
itself vary largely. consequently the allocated time and budget for
embedded systems projects vary accordingly.

However despite those difficulties we can attempt to sketch some general patterns
that an embedded systems development shoulo follow. In particular, a
development process for embedded systems HAS to accommodate the following:

SDE113WP 10n VorSlorl 1 0025 August 1090 Pogo U
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c. SDE 104, Requirements Analysis
d. SDE 105, Inverter Control 'Techniques and Phase-Locked-Loop
e. SDE 106, Functional Specifications
f. SDE 107, Design Specifications· Part 1
g. SDt:' 108, Design Specifications - Part 2
11.SDE 110, Software and Hardware Implementation Documentation
i. SDE 112, Tel:. fing Documentation

1.6 Assumptions

It is assumed that the reader is familiar with the contents of the literature
survey as !did aut in dou: rents SDE 102 and SDE 103, and with the
development of the case study associated with this project.

1.7 ISO 9001 Requirements Traceability

ISO 9001, Clause 4.4.5 - Design Output
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[19] Washabaugh, Douglas M., Kafura D., Incremental Garbage Collection of
Concurrent Objects for Real· Time Applications. Proceedings of the 'Ii th
Real-Time Systems Symposium. Lake Buena Vista, Florida, December
1990, pg 21~30

[20J Allard J.R., Hawkinson L.B., Real-Time Programming in common LISP,
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• Individuals who will perform internal and external surveillance audits of
SEAL Quality Manaqernent System

• Engineering Manager, Meissner

• Product D~ve" Jar

• Produc; Manaqer

1.5 Applicable Documents

1.5.1 Specifications
None

1.0.2 StandJrds
a. SEAL OMS Document Creation Template, as 002, Revision 0.01, 5 April

1994
b. SEAL OMS Document Layout, Presentation and Typesetting GLtide, OS

003, Revision 0.01, 1 April 1994

1.5.3 Procedures
Nono

1.S.4 Guidelinos

[1] Hanko H., Kattllakcsk' M., "A Simul':lt,on~Based System for esting Real-
Time Embedded Software in the Host Environment", Microprocessor and
Microprogramming, Vol. 32, Part 1·5, pp 127-134

[2] stoycnke A.D., Welch L.R., Chao Cheng 8., "Response Time Prediction in
Object·Based, Parallel Embedded Systems", Microprocessor and
Microprogramming, Vol 40, Part 2·3, I~pril 1994, pp 135·150

[3} Chiodo M., Giusto P., Jurscska A., Marelli M., Hsieh H.C., Sangiovanni-
Vincentelli A., Lavagno L., "Hardware-Software Codesign of Embedded
Systems", IEEE Micro, Vol 14, Part 26-36, August 1994, pp 26-36

[4] Wolf W. H., "Hardware-Software Co-Design of Embedded systems'',
Proceedings of the IEEE, Vol. 8'1, No. '7, July 1994, pp 967-989
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1 Scope

1.1 Introduction

Following the practical development project, the subject of embedded
systems as framed in the literature survey documents (SDE 102, SOE 103),
is reviewed. In particular, tne development process and the q~, :ity mana-
gement system are re-examined. In addition, drawing from the experience
gained from the case study, some practical features of embedded systems
development in general are captured. The document ends with some
reflections on the future developments around embedded systems.

1.2 Purpose

The purpose of this document is to layout tile essential conclusions and
observations regarding the whole study performed on software development
for embedded systems.

1.3 Definitions

00 : Object-Orientation
OOA : Object-Orientation Anlaysis
000 : Objec.·Orier .tatlon Design
PWM : Pulse-wtdth Modulation
ICE: In-Circuit Emulator
A81C : Application Specific Integrated clrcult

1.4 Audience

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

• Full-time staff members of SEAL

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

• Mernbere of the SEAL Management Board

• Head of the Department, Electrical Engineering
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5 Object-Ortentatlon and Embedded Systems ~ .Jjects

5.1 An Assessment

object-ortentec real-time embedded applications were rare cases years ago and
still tend to be scarce. But since more and more software is put into controllers,
the demand for software that is easy tc :

understand
maintain
reuse

is growing, like the commercial applications, irrespective of the size of the project.
Booch [11] himself explains that even simple appllcatlons can lend themselves
wall to object-oriented architecture,

The case study is a very good example of the benefits that object-orientation can
bring to small embedded systems. At first glance, the cuse study migtlt seem,
fairly simple, encompassing only a handful of classes. One might be tempted to
discard an obiect-ortented approach at all. This would be to misjudge the problem.
Firstly when judging the size of the project one should look beyond tne
boundaries of the problem domain as specified in the functlonel speclflcat'cns.
The problem should be seen in the context of the broader perspective of its
application. Doing so for the case study, immediately reveals, firstly, a much more
romplex system. Secondly, it also shows the beneftts that an object-orlented
approach could yielo in facilitating the integration of the inverter control design
within the whole UPS framework, while also E1ssisting and promoting maintenance
and re-use. The potential for re-use here. is constderable. especially when
observing the similarity between the inverter and tile rectifier units.

The programming language thouqh, is still a problem for embeddeo systems, (If

far as object-oriented tmplernentatton is concerned. It 118S been postulated that
the essence of object-oriented development is the identification and orqanlsattcn
of appltcaticn-domam concepts, rather than their final representation in a
programming language, object-oriented or not [12]. Brooks [13] said that the haro
part of software development is tile manipulation of its essence due to the
inherent complexity of the problem. rather Ulan the accidents of its rnappino into
a partlcular language which arc duo to temporary imperfections in our tools that
are rapidly being corrected, Those statements are certainly true. in the sense that
one Sllould differentiate between object-onentatton and object-crtontoo Innguaoes.
Object-orientation is a concept that is trunslated into objcct-criented analysis and
dusiqn techniques. Objt1GHmontod lannUll!JC!:) ttoqothor Witt) compilers) are simply
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without a continuous monitoring and mentorship by the management, CASE tools
will almost always lead to reduced productivity and quality, Relating tile subject
to the CM model: only at level 3, after that the process has been defined and
understood can advanced technology be-usefully introduced, Another factor that
plays against software tools is their lack of standards, lncreaslnqly, tool vendors
are setting up environments that address the way programmers develop code in
the rE:lalworld, which often does not conform to theories about how such
development should be done, [10] , Often the tools are intended for large systems
where the penalty of longer, slower code is accepted in the interests of faster
development and easier project management when using a team of programmers.
This may make a small system unworkable, although some of the principles can
be adopted where appropriate,

Therefore, while introducing CASE tools can be advantageous, especially in view
of expansion and growth of the organisation, it should be more important for the
organisation to define the process that is best suited for its needs first.
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4 Software Metrics and CASE Tools

In addition to what he's already been mentioned about software metrtos, we find
that It is appropriate to add a further cautionary remark. One should be aware
that tentative attempts of quantifying the development process might have h;:.lrmful
consequences upon the process and the development team itself (8]. Two
important points to take into considerations when trying to quantify a particular
aspect of the software process are:

One must have good justifications for measuring that aspect. There is no
point in measuring something that is not pertinent or that is of minor
importance to the process and then to try to thrust those measurements
forward as being crucial. Arbitrary measurements might be harmful,
especially because human beings are very sensitise to the grading of their
work or their own abilities.

Any measurement tool or process needs to be thoroughly tested before
being made available and beirg used as a determining factor.

Should those two criteria not be respected 'ie results of applying measurements
tools might be disappointing. We aglee with Schneidewind [31] who believes that
software mettles should be treated as part of an engineering discipline and that
they should be evaluated (validated) to determine whether they measure what
they purport to measure prior tc using them. He adds that, if metrios are to be of
greatest utility, the validation should be performed in terms of the quality functions
(quality assessment, control, and predlctlon) that the metrlcs are to support.

On the subject of CASr: tools, we find that many of the existing design
methodologies are strongly dependent upon them, This trend is well depicted in
ALler's et. at, [9] seven golden rules to escape from the software crisis, which
strongly emphasise the importance of automating the development process

As far as embedded systems are concerned, deSign methodologies based
strongly on CASE tools, have one tiling in common in that they fail to recognise
ttle actual irnrnaturity of the embedded systems community, Inclucing automation
development tecnnlques into an envuonment that is ::still trying to define tile
process can do more harm than good. Adamson notes that cornputer-arded
software design paekajos can mid to the inefficloncy nf ernbedccd systems
projects ['IT This point of viow is sllafOeJ l)y Crockett [32], who believes that
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set-up of the quality system, it should be viewed as an investment in the life-cycle
of the software, This, however is an area where the development of embedded
systems might differ slightly. In the previous section we presented a development
approach that has an inner deslpn-codlnp-testtnq iterative loops. To apply strict
control over all 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 enforcement of a strict quality management system might have
detrimental effects upon the design and the ardour of the team itself. In addition
the first few outputs of those loops might be of minor importance to the later
development of the software. Their Inclusions in the documentation will have the
further drawback of lncreaelnq the volume of documentation and of obscuring the
more important features.

A loose change control is contrary to good QMS practice but it has the
advantage of giving the developer more freedom. with reduced interruptions. In
fact, each iteration through the loop can be seen almost like a brainstorming
exercise. However to allow complete freedom without any documentation
throughout the process will, after a number of iteration, start to generate negative
returns on this process. This will LlsLlally happen as the developer starts to forget
some of the factors that evolved during earlier iterations. Therefore it is necessary
to discipline the approach, while still providing It with the freedom necessary for
its success. A balance has to be struok between the two concerns. The solution
is simply to document only selected revisions at the early stage of the design.
Only when a certain level of predetermined performance is achieved or whe n
major characteristics of the software are revealed is the design process halted
and the revision updated. Adamson [7] suggestl?d a similar approach when he
pointed out that at first rough drafts may be produced and circulated. At some
point though, when there is general agreement on the direction tile design should
take, the design should be "frozen" . After that any changes must pass throuqh
the formal procedures.

Wit!' a CAreful management of the quality system, etandards should not reduce
creutlvity. As Stlarp [6J puts It. to say that standards reduces creativity is like
say ng that the usa of sentences and grammar stifles tile creativity of writers.
Creativity in software engineering comes from recognising n5W classes of
problems that can be solved by computers and by putting tcqothcr building blocks
to create new anr' elegant solutions. Creativity is not manifested by a refusal to
folk"w standards.
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between the advocates of different programming styles. When this happens much
of the benefit of the walkthrough is lost. To be able to undertake walkthrougl"\s in
the presence of external parties. representatives of management and the qLHality
assurance department - without personal animosity and with all the efforts
concentrated on the overall design, requires some maturity from the organisation.
The organisation should preferably be involved in a maturation process, such as
the one described In section 4.3 of SDe 102.

A lot of people objeot to foilowing standards [6]. They tend to believe (hat the
standards are not helpful to them. The validity of this statement depends upon
whether standards are being looked from a project viewpoint or from a single
developer viewpoint. From the project viewpoint it is crucial. From the single
developer viewpoint it might be of less value, especially if the latter will be moving
onto completely new software types once the present project is over or if he (or
she) plans to laave the company soon.

It is Important to be aware of the overheads associated with the application of a
quality management system. The cost of quality appears mainly in the time it
consumes. The areas where time on OMS activities was mostly consumed on the
case study are:

In the initial set-up of tho standards to the project
In managing changes

In the early stapes of tho project. now documents have to created, templates
• have to be set up or adjusted, parameters have to be defined and all the aspects
covered by the applicable standards in genQral have to be reviewed prior to even
starting the teehnlcct development. If tho stnndfll'ds oro now to the developers,
they all have to become familiar to tno standards, It is essential thmt the whole
team b(l cenversnnt WIth tile stnndarcs and not just one Of' two members whose
are assigned tho task of onforcing tllo atandards. Ignoranco or unfamiliarity of the
strmdrtrds among tho team, can load to misLmdorstonding, disagreements and
time wasting. However all those preconditions of applying quality standards
requtre a ccnsldorablo amount of time (md eomnutmcnt from all parties
ceneomoe. Thie, tlmo and commttrnent should not be lll1dOFUl1timatpd Adopting
tho stnodords to a now projo(,t IS cortainly 110t n minor task and SliOld(! lJo viewQd
ns (1 phnso of tho dovotepmcn; itS()lf, instoo(i of l)oinO soon as on extra foetor that
eonaumos dovolopmont ttmo

Control on cl1nnnm) too, are tuno eonnllmlll(J. 1.11<.0tho tune spent on tne initial

:!lll 1HWI' 11111
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3 Quality Management Systems Examined in the Context of
Embedded Systems

The case study was developed within the framework of the ISO 9001 quality
standard. This section is a compilation of important factors experienced on the
application of standards and some general reflections on the issue of quality
management systems, with respect to the development of software.

One of the main strengths of quality standards that was experienced during the
project was that of providing an excellent communication tool. Good
communication makes the maintenance task easier and lmprovei. reliability. A
program is like a foreign language, and the more similar each programmer
speaks, the easier it is to understand another's programs. Standards offer
landmarks that can be easily recognised by an outsider. This reduces the chance
of 1:'1 minor change to one part having unforeseen consequences. It also makes
the maintenance engineer's job less tedious if he (or she) can quickly grasp tile
structure and find the required section without 'Nading through pages of muddled
code. It is not uncommon for an organisation to spend twice as much on
maintaining a piece of software as it cost to produce It, so anything thCll makes
this task simpler and more reliable is valuahle. A systematic, weil documeoted
approach to the design process, combinerl with a knowledge of the more common
pitfalls, will help the designer to produce reliable code which performs its function
well and can be enhanced to meet future needs.

By encouraging docurnentatlcn, standards encourage the developers to explain
how the final result was reached. Relating this to tile eM model, we can say that
this aspect of standards encourage the organisation to operate at least at level
3, the 'defined' level. This is partlcularty important for large projects where the
development h:; carried OUt l' ( ,I teE.IT io:lnd not by a single developer. Large
projects are generally more pror.: Ie chanqes in the desigrl team due to factors
such as illnest \, resigilc:.oUins, transfers or o.ireer changes.

The case study was subjected to several reviews throuqhout its development. The
design review activity was V(3ry helpflll in identifying problems and was a major
contributor in keeping the design focused on the primary target. An important
observation mado about design reviews is that they need to be thorouqh if they
are to be useful. Often the manaqernent approach and the attitude) of the team
in general will determine how metu'inflful tile results of tlus test are. If cam is not
taken, the atmosphere can easily develop into that of an examination or a battle
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by the process would also be appreciated by management who will have
a better visibility into the system. In practice, the design of accurate and
stable requirements cannot be completed until users gain some experience
with the proposed software system. This is contrary to traditional practices
which relies on the assumption that designers can stabilise and freeze the
requirements. Again we find that the model captures well the intrinsic
approach to development, instead of opposing it.

f. As a.. 'ady mentioned, this approach promotes re-use of codes by building
a library of tested classes and modules.

g. The process encompasses the hardware development while keeping the
software development as much independent as possible. A parallel
hardware/ software development (as compared to a sequential
development) has :~$S bottleneck stages.

Note that the process evolved during the \ :';0 study and as such it has only been
tested on a single application. The case study showed that the approach was
suitable for a real-time embedded systems development, but for a confirmation
of this, the approach will have to be tested on a number of different cases.

2.4 Contributicm From Existing Development Processes and Strategies

This process has been influenced by a number of development processes and
strategies. In particular:

.
It borrows the idea of library of modules and the retry/redesign limit test
from Stoyenko [2]

Like the CO-design approach of Chiodo [3] and Wolf [4], it processes
tile hardware and software elements sjmultaneously

It borrows the idea of iMluding tile environment into the speolficatlons from
Zave [51

It accepts both uncertainty and chan.je, li!<ethe prototyping approach

Like Boehm's spiral model. it is risk-based and iterative in nature
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The benefits of this development are summarised below:

a. It fits the natural iterative problern-solvlnq pattern. When reaching for a
solution the human mind seldom holds to a strictly sequential process.
Instead it often follows a similar iterative pattern. It is also a natural
tendency of the developer of addressing those regions that are unclear or
where he or she is not confident in, first. Being close to the intrinsic
problem-solving pattern it means that it could be more easily adopted and
applied by a wider range of practitioners, without necessltatlnq a sustained
training process.

b. It builds the confidence of the developer along the process. The high
elements of risk associated with embedded systems means that the
developer is usually under enormous pressures and has many reservations
(even if not openly expressed). This can lead to an unhealthy environment.
By giving the developer the freedom to jump straight to a particular problem
area, the process relieves much of the psv <holoqlcal pressures and
increases the chances of success. In other words the process is achlevlnq
its objective, which Is to facilitate the development.

c. The design-coding-testing process can build the system according to
increasing complexity, whereby separately developed and tested modules
are integrated gradually. T') the management, this means that the process
naturally accommodate for partitioning of tasks to different teams That is,
several modules can be developed simultaneously. In addition, the
separation of concern means that the programmer (or team) who lias been
allocated a particular task does not have to be conversant with all the
details of the problem. For example, someone implementing the phase-
locked-loop algurithm does not need to understand the principle of Space
Vector Modulation. In terms of the object structure, I '6 or she only needs
to know tile preconditions and the postcondltlons of the module.

d. Testing is performed early in the development process. Aocording to Hcnka
[1J this can Imgely contribute to the SOftWEHP nuallty and reliability.

e. A further advantage that the management cOLIId find in this process, is its
ability to identify problems quickly. The customer. whose requirements are
often unclear, would also become aware of the limitations earlier in the
process. Compromises and alterations in the specifications could be
affected at lower expenses, The small intermediate deltverabtes produced
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the unit. Usually it will also contain power supply clroults, isolation circuits and
additional supporting circuitry for the mlcrocontroller (reset circuit, crystal
oscillator, etc.). The hardware Interface development will therefore typically involve
the design of the circuitry, the design of the PCB and the testing of the PCB.

While the hardware platform is being developed, the modules developed on the
software side can be tested on a simulator or an in-circuit emulator. The testing
phase will reveal whether the designed module meets the space and time
constrainL, in addition to the functionality requirements. If the requirements are
not met, the design riS to be reviewed; l.e, e design-coding-testing loop is
repeated. It is important to relate any change Ie 'the design in terms of the object-
orientation models of the system (l.e. the loqlcal/physlcal models and the static
and dynamic models) so as to keep track of how the changes affect the other
€llements of the system. This phase of the process will also provide the time
scheduling of the operations. This is particularly important when several functional
partitions share one hardware unit. If after 21 pre-determined number of iterations
through the design-cod lng-testing loop the requirements on the module are still
not met then the p.oblem has to reviewed at the functional specifications level.
At this stage, if it is purely a space or timing problem, the hardware/softwaro
partitioning can be revised. Alternatively, the suitability of the technical strategies
(e.g. SVM or sinusoidal PWM) has to be reviewed and if necessary a different
approach has to be investigated. This approach is repeated for each module of
the system, starting with the ones associated with the highest risk factors (and not
with the ones sitting on top of a flow chart).

As the development of the hardware is completed, some of the modules C8,n be
tested directly on the hardware (vic' the ICE at first); especially those modules that
cannot be tested without external physical input, like the A/D module. Finally the
software is integrated to the hardware and the whole system is verified and
validated. SUcce8s in meeting the requirements will mean the end of the
development stage and will carry the system into the maintenance stage of its
life-cycle. If however the requirements specifications are not met, then the
problem is again referred to the functional specifications level, where the technical
strategies and the hardware/software jJartitioning can be reviewed. This iterative
process can be repeated a fixed number of times. After that, if the requirements
are still 110t met, the problem 118S to be referred to the requirements analysis
level. At this stage, the constraints on the deslqn are declared to be too tight and
have to be relaxed.

2.3 Characteristics of the Approach
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That .might involve a survey and some research before making the decision. One
might argue that this would be the customer's responsibility, but to do so would
be to assume that the customer knows which technique is best suited for a
microcontroller system approach. Techniques used in digital electronics are not
necessarily appropriate for software solutions. For example, sinusoidal PWM is
a widely used technique for generating PWM pulses. It has been successfully
implemented in digital electronics using op-arnps circuits. However the same
technique is not appropriate for a software implementation, because of the non-
linear equations that have to be solved in the process; a constraint that is
obviously not experienced in a hardware implementation. Therefore, ultimately the
embedded systems developer will have to come from an engineering background,
typically an e'ectrlcal engineering background. He or she will also be expected to
work closely with the customer and the technical experts in the particular domain.
Following the decision about the technical strategies, always at the functional
specifications level, the software/hardware partitioning of the tasks has to decided.
This decision should be based on factors such as cost, component-count, time
constraints and space limitations.

The next step is the analysis and design of the system. Those two pbases are
combined in figure 1 under the heading "object-orientation application". Strictly
speal<ing the design can be carried out in any design methodology, structured or
object-oriented. However in our case object-orientation appears to be particularly
suitable. Object-orientation offers the ability to view the system at different levels
of abstractions. Therefore we can start by viewing the system at a high level of
abstraction and then once the abstractions have been defined, proceed to
Implement and test only those abstractions th.it contain the highest elements of
risk. Being built in terms of abstractions and modules, such an approach will
quickly generate a library of tested modules. Implementation will start by verifying
if the module to be implemented has not been previously developed or if there is
not a Similar module that could be modified and adapted to the problem. If no
similar module is found then the codes for it has to be written from scratch.

During the same time as the design and coding unfolds, the hardware interfaoe
with the rest of the system should be developed. The hardware interface is the
part of the system (typically a prlnted-clroult board) that holds the programmable
device and helps to integrate it with the rest of the system For example, in the
case of a three-phase inverter for a UPS, the hardware interface will have for
tasks to ensure that the feedback signals from the Inverter and the rest of tile unit
are compatible with what the mlcrocontroher can accept and also it will ensure
that the signals output from the mlcrocontroiler can communicate with the rest of
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Risk factors

Hardware interaction and the environment of the embedded system

Based on the work done on the case study, a general development approach to
embedded systems became especially attractive. The process is described below.

2.2 The Development Aprlroach

Having identified the main chara...terlstics that are wanted of a development
process for embedded systems, we can take the idea further to reveal more
information about the process.

Risk factors, as we sea it, have to be tackled early in the design in order to avoid
wastng efforts on illappropriate solutions. It should also be remembered that not
all the risk elements of a design are known prior to the development. Those
considerations lead us to think that the process has to be iterative in nature
instead of sequential. It has to offer the freedom to focus on specific aspects of
the problem at any stage of the process, meaning it has to build on loosely
coupled modules as in OOD.

The strong hardware interaction In embedded systems means that the hardware
interface nas to be developed along with the software. Building the hardware at
the same time also helps in the decision on the hardware/software partitioning of
the tasks and allows for possible adjustment of this partitioning as the system is
developed.

The complete process is outllnec in figure 1. It starts with a requin=-t"'1:',l',anatvsls,
which ts typically a document drawn by the customer about what the system
should do and how it should behave.

In order to relate the customer specifications to the software developers, a
functional specifications document should be developed. This document should
include a description of the environment in which the system is to operate. At this
'3tage also, decisions should be made on the technical etrateqies to be adopted
if applicable. For example in the development of cii PWM inverter control system,
one has to decide upon the method (SVM, sinusoidal PWM, optimal technique,
etc.) of generating the PWM pulses right at the functional specifications stage.

St1E113WfJ 100 vorston 1.0025 August 1996 Pogo 7
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language.

6.2.2 Use of Subroutines

Optimisation is not limited to the compilation ectlvlty or the way in which data ib
stored. The program itself can be written for speed or to reduce the amount of
memory it occupies. As often experienced though, speed and space are
conflicting objectives. The use of subroutines is a well-known way of reducing
program slza One section of code is called from several places in the program.
On the other hand, code will run faster if it does not have to jump to a subroutine,
pass parameters and jump back to the calling program.

6.2.3 Reducing Execution Time in Loops

An example where execution time reduction can be achieved - at the expense of
lengthening the code - is the execution of loops. If an operation has to be
performed several times, it will run faster if there is no need to update ::1 loop
counter and test the result on each pass. If the operation is fairly short and Is not
repeated too many times, it can be convenient to simply repeat the code. The
proportion of time spent on loop control increases as the length of the lo""p
decreases, so the potential savings are greater. With this approach thcuqh, the
number of passes through the loop must be fixed when the program is written.
This Is often the case when, for example, reading a set of values or a multi byte
number, one byte at a time from an external source. Ohviously this approach will
not suit every appilcatlcn.

6.2.4 Storing Pre-Calculated ValLI9S

Sometimes savings can be made by storing partiml calculauons which are used
by other parts of tile program. For example, if several routines in sequence each
multiply the same numbers together as part of their lndlvldua: calcutatlons, the
multiplications could be performed by one routine and the rer-ult made avaitable
tv the rest. This would take less time than calling a suorouune to recalculate the
value each time, especlany if multiplication is ::I software function rattler than part
of the instruction set. Look-up ,t.lLJles me based on this principle, They store
pre-calculated lntermedlate results, which can then be aeiusteo or sized at need.
Notice also that assembly prourammers and tl1080 llSinn some versions (,)f C have
the option of holc1irlCJ unmedtate results If) rectstors

!\s an example consider the fo!lowll1g C program frat)fllOnt
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technique is to build a heap or table of memory blocks along with an associated
process ID for the owner of the memory block. This data structure is then
periodically checked to ~I?:!l if memory has been allocated to a process which no
longer exists. If this is ths case, the memory can be released.

Because of the overhead involved, this method should not be lmplernented in high
frequency cycles, and ideally garbage collection should be performed as a
background aotrvlty or not performed at all [21].

6.2 Optimisation Stratogies

One of the feature of tne rlsk-based process presented in section 2 above, is the
design-coding-testing iterative loop. Besides meeting the functional specifications,
the modules generated by this loop has to meet the time and space constraints.
If they do not meet those constraints the module or abstraction undergoes
another turn round the loop "he purpose of going round the loop again, in most
cases, would 09 to optlmlse the module performance according to the time and
space constraints. As a last resort to meet the constraints, it may be necessary
to write the program in assembly language to make optimum use of the resources
available. However, experience has shown that the use of assembly language can
often be avoided by making more efficlsnt use of the 11igh'eve I language and by
the use of skilful alqorlthms. Some of there techniques and observations are
exposed below.

G.2.1 Code G~meration

Of Similar importance to the written code is the way in w'ilch the compiler maps
the code into machmo lan~ILlago. Tile output of tI,e compiler can be affected by
optimisation fOI' speed, memory and re~ister usaqe, jumps, etc. whic!, can lead
tv inefficient code and timing problems. Thus it is imperative that real-time
programmers be masters of their compilers. When using high level language, the
compilation of the cede should be cpttmtsed whenever possible. Some compilers,
notC:1olythose fer C, offer a choice of levels of optimisation. ThE! proqramrner can
specify tho extent to Wllicll the compiler should rearrange the cede to give the
best overall performance. ~llov!no f »m a lower to "1 higher optimisation IEm'lI, the
compllod codes become 1110ro eompact ano run faster. However the
strainhtforwCll'd mapping from the high level Inngllt1~Je to assembler is lost. as the
cornpiler uHminatos some of tho COU,:;lS for the purpose of optimisation, Tile
assembler code becomes mora difficult to fotlow Nonetheless, thts ne(~d not he
t1 disadvantage if the tOf?til1[J tools (simulator, ICE, etc.) support the 11igl,-IQV01

!Hlll1.lWf'10l1
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than when all the parameters are passed using call-by-value, since indirect
instructions are needed for any calculations involving the variables passed.

The decision to use one method of parameter passing or the other represents the
tradeoffs between accepted software engineering rnetbodoloqy and speed. Using
parameter lists is advantageous because the interfaces between the modules are
clearly defined. Furthermore, in languages liI<e Ada and Modula-2, whether the
parameters are to be input, output, or both are specified. Unfortunately, parameter
lists can get long, and often interrupts are disabled during parameter passing (to
avoid mixing values of different sequences in time). This is effectively a series of
LOAD and STORE instructions (see discussion about management of the stack
above), thus potentially increl3sing interrupt latency in a place where it is least
anticipated and in a way that is hard to spot. As was experienced in the case
study, centra: j to good software engineering practice [17], the realities of timing
constraints in real-time embedded systems often leads to the frequent use of
global variables. Global variables, whenever used should be clearly documented.

6.1.8 Dynamic Allocation

The ability to dynamically allocate memory is important in the construction and
maintenance of stacks needed by the real-time operatlnq system. While dynamic
allocation is time-consuming, it is often necessary. Languages that do not allow
for dynamic allocation of memory require a stack of fixed size. While it is faster
to maintain a fixed size stack, flexibility is sacrificed, and the maximum size) of the
stack must be known a prlorl,

6.1.9 Real-Time Garbage Collection

In Eol memory-management context, garbage is memory that has been altocated
but is r longer being used by a task (that is, the task has abandoned it).
Garbage can accumulate due to tasks termlnatlnq abnorrnany without releasing
memory resources [18], in object-oriented systems, and as a normal byproduct of
ncnprocedural languages [19][20J.

In C, tor example, if memory is all ')cated lIsing tho molloe procedure: and tht,
pointer for that memory block is lost, then that block cannot be used or PlOP,,! Iy
freed. The same situation can occur in Pascal. when records created wtth Hid new
statement are not properly di~p{)sed 01

Tile gOHI of qurbaqo collection aigOlitl1mg iR to idoJltify and free gart)Q~le, Om!
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Languages pass parameters between procedures using either memory, registers
or the stack. Languages like C often use stack based parameter passing. Each
parameter consumes memory on available stack. sornetlrnes there is a trade-off
between stack space/nested depth and whether or not to use a global variable.

In addition, high level languages also use the stack for temporary storage and
expression evaluation, as well as saving register based variables between
procedure calls. This impacts on the available stack size; thus in working out
stack requirements, this should be added to the maximum nested procedure
depth.

6.1.6 AID Conversion

When performlng AID conversion one must keep in mind the Nyquist rate. In
order to convert an analogue signal into a dIgital form without loss of information,
samples of the an, :ogLle signal must be taken at twice the rate of the highest
frequency component of the signal. Thus, a signal at 50 Hz must be sampled at
100 times per second. This implies that software tasks servinq the AID circuitry
must run at least at the same rate, or risk losing information.

6.1.7 Parameter Passing

There are several methods of parameter passing, includinn the lise of global
variables, call-by-value and call-by-reference. When choosing a particular method
one has to bear in mind the implications upon memory usaqe and execution time.

Gla/Jal variables are those within the scope of all modules of the software system.
This usually means that references to these variables can be made In direct
mode, and thus are faster than references to variables passed via parameter lists.
Global variables, although they introduce no subtle timing problems, can be
dangerous in tnat access to such varlablea may be made by unauthorised
modules, thus ir1troducing 1".lgs that are very hard to find.

Parameters which are passed by using cett-bv-vetu» me typically copied onto a
stack at run-time. at considerable oxecutlon time cost.

In coIlQby~((Jforanco. supported by (>1"1\ the address of tho parameter is passed
in tlw calling routine to tile called procedure so tilat it can bo altered there.
Execution of !.1 procedure LJsillg call-by-reference parameters usually takes longer
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such as timers, counters and input/output ports should be decided at an early
stage in the design. If they have to be shared between modules, the rules
governing their use should be carefully defined. If two modules try to lise the
sarne counter simultaneously for dl'ferent purposes the program will fail, even If
the Individual modules pass their tests. Resource conflicts are more likely to occur
when programming in assembly language or when programming partly in
assembly language and partly in a high-level language.

6.1.4 Interrupts

Interrupts can occasionally cause data corruption and condition flags. As a strong
precaution It might be necessary to disable the interrupts when critical calculations
are being performed. nterrupts should not be disabled for too long or else their
very purpose Is defeated. Especially when programming in assembly language,
where built in subroutines do not exist for sav,ng register contents and flag values
on the stack, it is important that those aspects are "manually" implemented and
checked to ensure that the interrupt routine restores the microcontroller to a tidy
condition before they terminate.

6.1.5 Stack Space Requirements

Embedded systems generally have minimal RAM available. This means that
special attention must be made to the factors that affect the free space on the
stack. In particular the following aspects of the running software should be
watched closely:

nested procedure calls

Each procedure call requires the placement of the program counter on the
stack. The obvious implication of thls is that there will be a limit on tre
procedure depth which can be implemented.

Interrupt Service Routines, register saves, context switching

TI19 number of registers saved on interrupts differs between processors.
Nested mterrupts will rapidly consume large amounts of stack space. Those
space recuiremonts should be adced to that of the nested procedure calls
and temporary register variables

parameter passing between funcucns and procedures
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Range checking should be, introduced tv Improve the reliability of the software.
Owing to time constraints imposed on real-time embedded systems, it is often not
possible to provide range checking on all variables each time they are used. The
solution in this case is to limit range checking only on data entering the system
and on critical variables. Two main type of range checking are identified by
Adamson [7], static check and dynamic check. Static check involves merely
checking whether the value of a particular data falls betweer. a predetermined
range, e.g. check if the frequency is between 49 Hz and 51 Hz. Dynamic check
often verifies the value of a variable ~9ainst its previous value, e.g. check that the
sensed speed of a car does not change by more that 15 Km per hour between
samples, because of the inertia of the car, etc. The dynamic test is t' more
strenuous test than the static test but it requires more knowledge of the possible
behaviour of the system being controlled and a little more processlnp time.

6.1.2 Hysteresis

The effects of nolse can be considerably reduced through range checking and
through the use of filter"" dlecussed in section 7 below. However, not all data
wl'Hch caus« undesirable fluctuations 01 the variables values are results of noise.
In come cases we might want to suppress the occurrence of genuine and
persistent' ..ies, especially those of small magnitude. As an example consider
the case 0, .nnertcat display. If the value happens to be drifting around :3

major traneltlcnal level, such as between 99 and 100, all the digits could change,
This is very inconvenient and distracting to the user, and has made some digital
displays unpopular. In such a case, filtering will not be helpful because filtering
is .only concerned with data fluctuations occurring over short period of times; the
allowable time interval being controlled by the time constant of the filter itself. The
filter is however helpless again persistent signals, even if they are of small
magnitudes. One way round this problem is to introduce hysteresis. The effect of
this is that small changes are suppressed, but large changes cause an immediate
respcnse. It works by setting a band of values about the current level. Changes
within this band do not change the output. As soon as the input moves outside
the band, the output changes and the band is made to lie around the new value,
This, however, leads to a reduction in the accuracy of tile displayed figure, but
this need only be small. The uncertainty caused by a flickering display can be of
a similar magnitude.

G '1.3 Resource Confllcts

neSOll(Ct;l corfucts should be eht)cl<ed for and [1VOI(iDd. 1'110use of fixed resources
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6 Some Practical Issues and Techniques About Programmir:\9
for Embedded Systems

\

Many of the established techniques for writing effective and maintainable
computer programs apply equally to large data processing designs and small
embedded systems. Programs written in a clear, logical sty'" will be easier to
debug than those which are a random collection of code frarimente, whatever the
applications. In addition to these general considerations, the distinctive features
of small real-time systems make special demands on the way in which the
program is written. The choice of implementation language has already been
discussed (see section 8, SDE 103 and section 5 above). Here we concentrate
on some of the practical programming considerations of interest to the embedded
systems developer. Many of them evolved during the case project.

6.1 General Considerations

General programming techniques and practices are discussed below. They
address some of the practical issues that confront the embedded "stems
developer.

6.1.1 Preventing the Effects of Noise

The effects of interference can be reduced by careful hardware design, but
software may also have to allow for this. Noise on an input line can give a
sudden wrong value. If it affects a control or address line, the program may shoot
off into some undefined state. As for push buttons and switches, the only safe
rule is to assume that someone will use every combination in the wrong way at
the wrong time. The software needs to perform rigorous range checking on all
critical variables and must be robust enough to stand up to all these effects. The
error recovery methods listed in section 4.2 of SD~: 103 are particularly relevant
in that instance.

Out of range values can arise from several sources, some ot .vhlch are:

fa~lIt'J sensors
noisy environment
from tile codes itself as a result of c~Jding error
II nredlcted Vt,IIJ8S, to. when the values are genuirw hut were not expected
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when calling methods or passing arguments. If the class hierarchy changes
then the programmer must manually reevaluate the traversals.

Error Protection: The programmer must ensure that all methods are
included in a dispatch method or dispatch structure. The programmer must
initialise a new object with its class. the programmer must avoid accessing
internal attributes of other classes.

Maintainability: If changes are made to the object declarations, the
programmer must determine their effects on the code and modify the code
accordingly. An object-oriented language provides and enforces modularity
of classes that prevents changes from propagating through the entire
program. The non-abject-oriented programmer requires discipline to achieve
similar modularity without the help of the language.
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-
c. Allocating objects Use a struct variable and initialise It at compile time (When an

object is no longer needed It must be deallocated using the C free
function)

d. Inheritance Embed the declaration for the superclass as the first part I:)f each
structure subclass decimation. The first field of each struct is a pointer to a

class descriptor object shared ly all direct instances of a class.
The class descriptor object is a struct containing the class
attributes, including the name of the class (optional) and the
methods for the class. Note: Inheritance structures are best
avoided If possible when programming in a non-OOL.

e. Polymorphism Again this feature is best avoided when programming in a
non-cot. The most general approach, however, is to define a
class descriptor Co 'iect for each class containing a pointer to the
method function for each operation visible from the class, including
Inherited operations.

f. Association Map the associations Into petnters or implement them directly as
Relationships association container objects.

g. Concurrency Couid be simulated by the use of interrupts and synchronisation
techniques such as the one used In the case example. Note: Most
languages cia not explicitly support concurrency.

h. Encapsulation Can be implemented by using the following stecs:
• avoid the use of global variables
- Package the methods for each class In a separate file.
- Treat objects of other classes as type "void"

Although the above mapping plan does provide a path for implementing 00 in
non~OOLG,we find that the resulting codes are often clumsy and longer. A strict
programming discipline could compensate for the loss of clarity and simplicity but
would not make up for the considerable consumption of execution time and
memory usage thet such an implementation would require. For example,
encapsulation, which is one of the major themes of object-oriented programming,
requires separate file for the methods of each class. Most emb ;dded systems
would not be able to support such generous use of memory, not to mention the
execution time overheads. In essence, the shortcomings of non-oct, appear in
their inability or reduced ability to match the following OOL features [12]:

Expressiveness: The ncn-object-oriented programmer must map
object-oriented operations, such as method calling or subclass declarations,
into explicit operations which are often clumsy.

Convenience: TI10 programmer must manually traverse tile class hierarchy
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irrespective of the final implementation language chosen. A clear and explicit
representation can be beneficial to software maintenance and reliability (both
important factors in the development, of embedded sy"" sms). During the lifetime
of an embedded system it is often necessary to modify the program to include
new features or change its response. This tasks is made much easier and less
prone to fatal mistakes, if the original design is laid out clearly, with interaction
between different parts of the program displayed in a well-defined way as With
class diagrams.

Lastly, when applying 00 techniques, it is important to realise that its application
in embedded systems carries a risk. The main risk here is that of getting carried
away in the Object-Orientation rules and structures and to make conformance to
the methodology, rather than the product, tile main goal. It does not make sense
to struggle to implement a complex inheritance link for an 8-bit microcontroller just
for the purpose of satisfying the methodology. The developer should keep in
mind that the methodology is only a tool to help build the product.

5.2 Available Methods of Writing 00 code for Microcontr,llIers that do not
Support OOLs

Presently, only a few microcontrollers support OOLs. This kind of feature is mostly
limited to the embedded PC type of microcontrollers, like the Intel 80386 EX. Two
main avenues are available for circumventing the language limitation for the rest
of the microcontrollers. One is by making use of software transistors, e.g. C++ to
C translators. However those products are not common and their use are not
widespread. Two such language development tools are efront [11], which runs on
a UNIX platform and PCY.A.CCfrom Abraxas, Inc [16] .. The second alternative is
to simply write the program in a non-oot.. This exercise is not straightforward and
demands some special efforts and a strict programming discipline. One approach
presented by Rumbaugh et. al. [12] is summarised in table 1 below. It indicates
how to implement some of the 00 functlcnallties using a non-Ool., taking C as
an example.

Table 1: Mapping 00 Features to a non-cot,

00 Feature Implomentation In a non-cot (e). - -
o. Classes Use a record structure (struct)
" . _._
b Passing Use tho pointer mechanism

arqumonts to
methods- - --_.,--,_
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As a result of more lines of codes and more complicated data structures,
OOls tend to increase the execution time

Testing the software is more difficult since many of the common
development tools like the ICEs do not support OOls

A lack of experience in the programming language. OOls are generally
very complicated and their use are difficult to learn.

A lack of documentation, examples, etc, on the applications of 00 in
real-time embedded systems. Existing documentation tends to limit the
study to the analysts and design phases. Tile actual implementation and
coding, together with the results are rarely produced.

Changing to 00 methods ;':' not just moving to a different language. It is
a completely new way of looklnq at the problem domain. The conceptual
leap that is demanded certainly requires changes in old practices of the
whole design process; a cost that not many organisations are ready to bear
at this stage.

In terms of the available object-crt=nted languages, tile C++ languag~:Jseems to
be tile only OOl that is worth cc.islderatlon for embedded Implementation of
embedded software, despite the fact that it is a iifficult language to learn. The
other OOls do not seem to be suitable or mature enough to be widely used by
the embedded systems industry.

Despite of all the obstacles listed above, the promise of object-oriented
programming ianguages in real-time applications lies in clearer design and better
maintainability. The shortcomings of object-oriented languages in real-time will be
overcome. For example, hybrid languages that reduces the amount of late binding
required are already being used [141, and better methods for automatic storage
management (as well as faster mlcrccontrolters) will make the Lise of interpreted
object-oriented languages like Smalltalk viable for LIse in real-time. One thin\:J is
certain, we can look forward to the increased LIseof object-orientation and OGls
in real-time applications.

Still, even before those new developments take place, 00 can be beneficial to
the embedded systems developer. As was demonstrated in the case study, 001-'\
and orJD can provide considerable insight and clarity in embedded systems,
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convenient means of translating the specifications into microprocessor
instructions. However in the ligllt of the case study, it would appear that for real"
time embedded systems, the languag,e issue is too much important to be treated
as lightly as in other 'Software applications.

Object-oriented languages provide many of the fer.,wres necessary to encourage
good software engineering technique. For example, polymorphism allows the
programmer to create a single function that operates on different objects
depending on the type of object involved; e.g. the function "move" would act
differently on a circle than on a rectangle, but the function of moving is the same
in each case. Object inheritance allows the programmer to define new objects in
terms of other objects so that the new objects can inherit the other's
characteristics. For example, an object of type "dog" would have at least the
same charaoteristics as an object of type "animals".

For these benefits though, an execution time penalty is often experienced. For
example, in one study, code written in objective-O, another object-ortentec variant
of C, was 43% slower than code written in conventional C [14]. In addition,
programs written in the (interpreted) language Smalltalk, are known to be
approximately 5 to 10 times slower than those written in conventlonal C [15].

The execution time penalty in object oriented languages, may be due, in part, to
their relative immaturity. But in compiled object-oriented language~~, it seems clear
that the requirements for late binding (run-time as opposed to link-time)
necessitated by the polymorphic and tnnentance structures are considerable delay
factors.

In both interpreted and compiled cblect-orlented lan9\.,<.~ges, additional delays
result from automatic storage management (including garbage collection _ see
section 4 below) needed by objects over their life-time. For example, Ingalls (15]
mentions that for programs written In Smailtalk, 10% of the execution time is
spent in automatic storeqe management.

We Cdn summarise the obstacles for the LIse of OOLs and 00 in general in
Embedded Systems as follows:

No compiler for the OOL is avaihble for the partrcular rnlcrocontrotler: e.g.
no C++ compiler IS available for the H8/3048 microcontroller

OOLs tend to make a larger use of memory
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systems.

Automatic code generating programs will ernerqe, further encouraging a shift of
emphasis from the coding stage to the design stage. With these, the software
designer will practically not write code at all, but will specify the required system
in a formal design language or set of diagrams. To some extent this move is
already being observed with tools such as Rational Rose/C++. Although at this
stage, the generated code is often of a rudimentary nature, the t~end is clearly
marked. Of course just like moving from assembly language programming to
high-level programming means losing part of the in-depth control over the
microcontroller functions, using automatic code generators will move the
programmer further away from the hardware structure. In that respect such tools
might take more time to become of interest to the embedded systems developer,
but just like with object-orientation, they will eventually be adapted to the
embedded systems
requirements.

As the need for clarity, maintainability and reuse imposes itself in the embedded
province more and more developers will be looking at the possibility of making
use of object-orientation. The trend will encourage more development in that field,
which will lead object-orientation techniques, languages and tools specially
architectured for the needs of the embedded systems development. Already there
are examples of this trend. For example, the design and programming language
Embedded Elffel (ee) is developed for real-time applications. The language
resembles the object-oriented language Eiffel as well as the synchronous
languages Esterel and Argos [29]. Along the same line, there will be more
devetopment in concurrent systems, as the need for hard real-time systems
increases. Here as wE~1100 will ploy a role because of its ability to represent
concurrent systems. Development has already st'3(ad in this direction too. As an
example we find new languages like Compositional C++ (CC++) [30], which is a
parallel programming language based on the sequential language C++. The
extensions in CC:++enable one to construct reliable parallel libraries that integrate
a range of parallel programming paradigms, such as task parallel and data
parallel programming styles.
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encourage is a shift of the creative emphasis to an earlier stage of the
developme, It process.

The wrong conception that people have about embecccd software development
has encouraged one-man projects, with emphasis laid on the product and on
short term targets. Indeed it is not rare to see whole embedded control systems
being fully developed by a single Individual who is as well responsible for the
hardware platform development. Such approach puts enormous pressures on thA
developer, with the result that often documentation and good practices are
ignored. For the project itself that also means that the result is limited to the
capabilities of a single individual, This is typical of organisations operating at
level 1 of the CMM (see section 4,3 of SDE 102), where failures and
shortcomings of a project are associated with individuals rather than to the
process itself.

As the embedded software industry matures one should expect to S'3e more
software being written by teams rather than lndlvlduals Team development
encourages information sharing and requires a strict discipline on the way
documentation is handled.

Along t:1e same line, rand closely related to the decrease in emphasis on the
coding process mentioned above, we can expect a move towards "designer
software" where the skills and reputation of particular software engineers become
selling points of products. The skills of software designers will focus more on
specifying a system to meet the client's needs, and less on the mechanics of how
the code will be implemented, In terms of maturity, this will move software
development closer to other engineering disciplines. An architect is not expected
to build the product he designs, the same for a car body desiqner. This allows
them to concentrate their ertorts on a limited aspect of the problem. Even though
software is a less tangiblf; output than the product of other engineering fields,
there is no inherent reasons why a slmilar move should not be observe in the
field of embedded systems and software in general.

There will be a continuing growth in tile power and the functlcnatlttes of sucport
systems for program development. More sophisticated tools will surface. In-circuit
emulators will become more powerful and more accurate. Already some in-circuit
emulators allow l'1igl,-level debugging. This will encourage the move away from
assembler langllage, A further development will be the introduction of tools that
can emulate parallel processors or several interacting mtcrocontrouera of different
types. ThIS will promote tile use of multiple rrucroccntrcllers in embedded
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Future developments in microcontroller hardware should allow more features to
be added for the same price. Development along this line would also reduce the
cost and size of a basic programmable controller, thus widening the range of
applications of microcontroller systems. Already microcontrollers are finding their
way into the home security systems, central heating controllers, video controllers
and even cameras.

Embedded systems will also find their use in the growing concern for
environmental care. Pollution level will have to be watched closely and more
precisely, as strict quality standards are enforced. This might involve monitoring
of several parameters and tal<ing decisions based on the values observed. The
control system might have to operate under severe environmental conditions, thus
lending itsGlf well for embedded systems techniques. As an example, the •.ghter
environmental controls on car exhaust emissions will increase tile need for closer
control engines. This will almost certainly lead to an increase in the use of
programmed engine management systems. Automobile systems, as mentioned in
section 2.1 of SOt: 103, already form one of the growing sectors of the electronic
market, and 811 increasing proportion of them involve programmable devicesl,

Always in the field of programmable product development, many of the digital
controllers will be incorporated into Application Specific Integrated Circuits, or
(AS1Cs). Already several well-known microcontrollers have been included in the
libraries of functional blocks available to integrated circuit designers. The software
may be included in R.OMon the same chip. Of course those systems will almost
certainly be difficult to debug and maintain once they have gone in production,
which is why their use should be limited to the most, common applications which
are not likely to change frequently.

In future less emphasis and effort is expected to be spent on coding. Not only Will
coding evolve more naturally from Hie design process, but less code will even be
written il1dividually. Instead ther» will be increasing use of predeflned modules
which will be combined to produce new systems. This is analopous to other areas
of engineering where production is limited to the assembly of parts and where
components that fit together, Ilke a nut and a bolt, are produced together instead
of being produced separately by different manutacturers. Tllis trend in the
software industry will promote a better compatibility and uniformity in the design
of software, thus reducing much of its subjectiveness. To some extent this already
happens. Some software houses buitd tailor made versions of tl19i,'products by
linking a subset of a large library of functions, Such development will not and
cannot remove tile creative aspect of software development, but what it will
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Future Developments

Embedded systems is a growing field. More and more applications of
microoontroliers are being investigated. Consequently it is a dynamic field where
we can expect many developments in the future. Some of those potential changes
are discussed below.

The computing power and additional features of the microcontroller is an area
particularly prone to evolution. As technology develops, costs fall and
expectations rise. In future we can expect more powerful controllers to be
introduced, in parallel with the spread of simpler microcontrollers to a wider range
of products. 1'lis in turn would affect the implementation platform. More
applications would be developed on 32·bit devices for instance. This would not
necessarily mean the end of the 16 ·bit or 8·bit devices (especially in household
appliances) but it is just that newer applications would require the processing and
data-handling speed, as well as the address space, of 32Mb it engines. In some
cases it is not merely raw power that will drive the choice of 32-bit devices, but
also the need for the programmer-friendliness and documentabllity that high-level
languages can provide. The trend to program it1 object-orbnt~d languages will be
another factor that will =ncoureee the use of more powerful controllers.

As the size and prlce of microprocessors continue to fall, there ls no reason why
designs should be restricted to make economic use of the CPU or to share the
prooessing power between several applications. If a system involves three distinct
tasks (llke rectlflcetlon, inversion and display), there is no ,·Odson why tl1ey should
not be run on three separate mlcrocontrollers. The practice is already observed
in $01';1(:) products - even the small printers used with many desk top computers
sometimes contain three mlcrocontrollers - al" J can be expected to become more
common in the future. With the economic need to concentrate processing power
in one place greatly reduced, control cOLIId be distributed around the system. thus
improving the rnodulerlty of the overall deSign.

With multiple processors, there is no need for the software to be designed as a
sot of procedures following each other in a defined sequence. Instead several
tasks can run at the same time, with the full faclht.os of thetr own controllers. This
will usually change tile design drastlcnuv for it would mean that insteacJ of being
restricted to the software model, methodoloples like object-orientation, could be
built into the distribution of controllers as well.
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For example, if the program resides In locations 0 to 2038, the emulator or
analyser can be configured to trigger if the microcontroller performs an opcode
fetch from any address outside the range 0- 2038. If the program crashes and
tries to fetch an instruction from an address outside of the normal range, the
emulator will trigger and provide a trace of what happened before the crash
occurred [28].

1.5 Real-Time Monitoring

Ultimately the developer is interested about the real-time [J,jlrormance of the
system. This can easily be performed by the emulator. More difficult is to monitor
changes in real-time. The varlabtss values and registers contents are only
updated when tile emulator is stopped. One solution is to use the emulator to
interrupt the program at a regular interval. At each of those interruption a small
routine is to be executed that dlsplaye the variables values and the registers
contents. While the emulator updates tho screen with the latest sample, the target
program continues to run. This method does have an impact on the execution
time or processing speed of the software, although the overhead is small and can
be negligible according to the application.

7.6 About Breakpoints

Breakpolnt-based debugging is 1110stuseful when trying to debug the basic logic
flow of the program. In effect it is a good means of crude validation. It Is a very
cost-effective way of obtaining confidence in the general alqorlthm ()f the software
before making further investment in the project. However, slncs breakpoints
interrupt tho flow of the program and alter the system timing, they drastically
change the real-time behaviour of the program, The fact that they offer a
microscopic view of the program operation. can obscure the big picture. In other
words their LIse should not be exaggerated and should preferably be limited to the
initial stages of dynamic testing.

7.1 Preventing Interferences· Hardware Solutions

Inputs and outputs can be filtered to smooth out sudden changes. For example,
tile level of fuel in a car's petrol tank will vary as the car drives over bumps and
around corners. The driver is not interested In this variation, but does need to
know the overall change as the fuel is used up. Noise can also arise at the
component-level. Modern chips are so fast they CElLlSe terrible undershoot and
crosstalk problems. An emulator, in particular. tries to minimise propagation
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want It to work. In other words, In the case of embedded systems the software
engineer needs co have a sound understanding of the target application, the
microcontroller architecture and the software development tools. This necessity
h) be very close to the hardware platform is characteristic to embedded systems
projects.

Unlike other software developments, in embedded systems, the use of high~level
langu.1ges does not exempt the developer from the need to have an in-depth
knov.ledqe of the architecture of the microcontroller. To some extent, even a
kn )wledge of the assembly language is as well necessary. The necessity for such
knt.\wledge becomes obvious when having to develop for size and speed, and
when debugging. On that subject, it is interesting to point out one advantage of
assembly language that is often overlooked. When programming in assembler one
Is bound to master the underlying architecture of the chip along the way.

7.3 About In-Circuit Emulators

WI1en choosing an emulator is often best \0 choose one that is developed by the
producer of the mlcrooontroller itself, if it is available. Since the producers are the
ones that should know the architecture of the microcontroller best, they are often
able to provide more accurate emulation of the device. One should be aware that
not all in-circuit emulators give an exact emulation of tile circuit they replace.
Voltage and timing margins may not be identical to the integrated circuit. This can
be a problem if the application's hardware design is marginal or if the nature of
the application itself can only allow marginal variations (like the control of an
inverter). Obviously timing is a more important consideration in real-time
applications. If the emulator cannot use the same clock frequency as tile final
product, or varlatlena are substantial, tile executlon time of all the instructions will
be affected. A program which works perfectly it, the emulator may run into timing
problems in the real circuit or vlce-verse.

7.4 Finding An Intermittent Bug

A very inconvenient bug to find is one where the program functions perfectly most
of the time, but occasionally loses control and crashes. By defit'ling a proper
triggering speclflcatlon for tile ICE: to detect the crash, it is possible to find out
what led to the crash. Since propram crashes often result in opcode fetch cycles
from lnva" I locations, the bug can sirnply be found by trrggering on a fetch cycle
outside the normal program address range,



SDES Embedded Systc~s: A Review Doc. No. SDE 113

How involved is the manufacturer in embedded systems; i.e. is he also a
supplier of general peripherals (AID, memory, voltage regulator, etc.)? At
times the manufacturer can also be a supplier of other products than are
often associated with microcontrollers; e.g. Hitachi is also a supplier of
LeDs and power electronics switching devices. When looking at
mlcrocontroller products in general, always enquire on the del'very lead-
time as well. Because of the speolallsed nature of some of the products
they are often not kept in stock.

Does the manufacturer support OTPs (one-time programmable), windowed
devices, mask parts?

One disadvantage of 11sing single~chip devices is that the performance of
algorithms implemented using the device is very seldom comparable to that of the
similar ln-butlt features; e.g. the in-built PWM feature in some of the micro-
controllers can be driven at very high switching frequencies (20kHz and higher)
but if one writes one's own program to generate the PWM t-lulses, one would
hardly be able to go above 5kHz, using the very same microcontrollers. In other
words the limitations of the mlcrocontrouers (clock speed, bus sizes, register
sizes, etc.) do not allow the possibility to emulate the same performance as the
in-built features, by using different techniques. This disparity Is seldom a problem,
since one is often more concerned with what the device can give rather than the
underlying design principles, but every now and then. one will come 'vJith new
ideas and alqorlthme that will clash with the existing features of the controller.
When this happens, one is often contrived to adapt to tile exlsting features. In
those instances the microcontroller acts as a limiting agent to the design and
creativity process.

7.2 Tho Need for Understanding tho Hardware Env"'onmont

Software designs for embedded systems is more closely related to the hardware
than is the case in larger data prr'}cesc:;ing appllcauons. This was already
established in SDE 103. Ultirnately this factor affects the programmer as well.

Underste'lI1ding the technology funcarnentale from an implementation perspective
is important. The 91"gineering probterns that need to be solved to deliver an
embedded system are often unique to the application and may not have been
anticipated by a tool developer. Ultimately, understandinq why sornethlng works
the way it does is the key to understandin9 110W to make it work the way you
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7 Some General Practical Considerations for Embedded
Systems Developrnents :

Apart form the programming issues, several other practical matters were faced
during the development of the case study. Some of those concerns are discussed
below.

7.1 Choosing the Miclrocon~roller

The choice of the mlcrocontroller is often critical. The associated development
tools are so expensive that one cannot usually afford to come back on the choice.
The same apply for the product ral'i:Je. Although most development tools are
compatible with a wide range of devices they do have limitation and obviously an
in~circuit emulator for an 8-bit family will not support the 16~bit family. Besides
investigating who else ts usinl~ these devices (and how many they are using) the
following conslderations are generally helpful:

Is the microcontroller company represented locally and how competent are
the local agent in the technical field? The use of e-mail and other fast
communication means tend to reduce the importance of this factor, out still,
a quick demcnstratlon on the spot can save a lot of unproductive hours and
frustrations. In any case, the close presence of competent support
Increases considerably one's confidence in embarking Into complex projects
with the device. The value of competent si.ppcrt is often only realised when
things are not working properly.

What development tools are available and how much do they cost? When
investigating this issue one should ascertain who will be' providing support
tor those products. This is particularly important when the development
tools (including the software) are not produced by tile rntcrocontroller
company.

What sort of documentation is available, in particular reference manuals,
application notes (botll programming example and hardware lmptementatlon
example) and books. One should also verify whether the examples provided
have actually been tasted and if so are the conditions under whict1 thts was
done clearly laid (in particular are tile compiler and linkel options
stipulated).
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variables which are only updated each time the slower cycle is completed. When
used in combinations with timer interrupts it can simulate a parallel processing
system. The double-buffering method, was demonstrated in the case study when
the main cycle was synchronised to the interrupt cycle. Notice that this method
makes US8 of global variables.

6.3 Summary

To summarise, the amount of processor time spent on calculations can often be
reduced by tailoring the design of the application, while still programming in a
.1igh-level language. Redundant calculatlons can be removed, and others
combined to produce the desired result without unnecessary intermediate steps.
Pre-calculation of constants can save time during the proqrarn's execution, and
a suitable choice of constants, where this possible, can replace slow division and
multiplication routlnes with faster Shifts. However, invariably, we note that those
techniques, aimed at producing a more efficient system in terms of speed, have
detrimental effects upon the program structure itself. As a result of keeping the
high-level functions as basic as possible, the program becomes lengthy and more
difficult to read, with tne more serious effect of decreasing the ease of
msmtenance. Ease of maintenance, it will be remembered was one of the prime
motivation of using high level languages in the first place, Such factors emphasise
the need for good documentation and a quality management system,
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and to optimise the software in general. Often those techniques will be enough
to meet the time constratnts imposed on embedded systems. However,
depencinq upon the constraints those techniques might only bring negligible
improvement to the system. Those are the cases where execution times need to
be halved or reduced to a large proportion, otherwise the system will simply be
of little or no value'. In such instances one needs more powerful techniques that
operate at the structu: al level of the program algorithm. Their applications might
even necessitate changes in the design algorithm.

Once such technique consists in rearranging the sequence of events [23]. The
waiting time for devices can at times be utilised more efficiently by rearranging
the sequence of events in an algorithm. Consider a task which performs the
following functions.

a. request a byte from a device
b. walt for the byte to be available
c. read the byte
d. yield to let another task run

The task spends most of its time waiting for the byte to become available. By
re-arranging the sequence, it is possible to signiiicantly reduce or eliminate the
waiting time, thus improving the system performance, and giving more processor
time for other tasks. The task is re-ceded as,

a. wait for the byte to be available
b. read the byte
c. request next byte
d. yield to let another task run

Now, whilst the processor is running another task, the device is acting upon he
request to get the next byte. By the time the task is re-activated. this byte will be
available. It does require an initial priming for tile first request.

A method that particularly proved to be efficient in the case study was that of
double-buffering [22]. Double-buffering or ping-pong buffering is a technique used
when time relative (also called synchronous or correlated) data needs to be
transferred between cycles of different rates, or when a fLIIIset of data is needed
by one process but can only be supplied slowly by another process. It is a simple
method which consists of making use of buffered (or dummy) variables in the
slower cycle, The faster cycle are fed with the genuine counterparts of the
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with multi-byte numbers. Shifts can be continued across bytes boundaries by
using the overflow or carry flag to hold the intermediate bit. The result of this is
that multiplication or division by powers of two can be replaced by the appropriate
number of shifts. There is no need to shift by more than eight places even when
iarge numbers are used, since a shift of eight leaves each byte except the last
with the contents of its predecessor. The seme effect can be obtained by leaving
the data in place but reassigning the mapping of bytes. The problem here is that
this technique is limited to operations by powers of two. In addition, to take
advantage of the byte structure (like when shifting by more than ten places)
requires including more control into the program. This inevitably increases the
complexity of the program.

6.2.8 Scaled Arithmetic

1
\
I
!

Due to their large consumption of time, floating point operations cannot be
afforded in real-time embedded systems. Yet they are often necessary. On the
other hand, integer operations are typically faster than float operations, for most
microcontrollers. A solution then is to multiply integers by a scale factor to
simulate floating point operations. This solution was one of the first methods for
implementing real-number operations on computer systems [22]. Notice that to
preserve as much of the accuracy of the float numbers, at times long integers
have to be used instead of short Integers. This increases the execution time but
is still acceptable since operations on long variables are generally faster than
operations on float variables. This technique was extensively used in the case
study to improve the switching speed.

6.2.9 Typing Considerations

.1
Strongly typed languages force the programmer to be precise about the way data
is to be handled. They prohibit the mixing of different types in operations and
assignments. With this in mind, one should be careful with languages :"'1" as C,
that are typed but do not prohibit mixing of types in operations. They can cause
rounding and truncation problems. In addition, C generally performs calculation
at the type which has the highest storage complexity. That is, it "promotes"
variables to the highest type necessary. This can generate "unseen" and
time-consuming instructions to perform the promotion.

6.2.8 More Advanced Strategies

The above techniques were simple methods of cutting down the execution time
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x= y+a+b;
y=a+b+z;

This could be replaced with:

t=a+b;
x=y+t;
y=t+z;

As a result the additional addition has been eliminated. This can result In
significant savh19s if a and b are floating point numbers and the code occurs in
a tight loop. This technique was often used in the case study (see SDE 110)
where constant terms which occur several times, like in a loop, where
pre-evaluated before the loop.

6.2.5 Choosing Variable Types Appropriately

The amount of calculation can sometimes be reduced by considering the way in
which the results will be passed. There Is no point in working out an answer to
eight decimal places if it is going to be rounded to a whole number at the next
stage of the program. However on the other hand too little precision or too much
truncation, too early in the program might considerably affect the reliability and
integrity of later results.

6.2.6 Choosing Constant Values Appropriately

When using a timer which counts clock pulses, the value read from the timer
often has to be converted into fractions of a second. Even if the conversion is
combined with another calculation, it can still involve an awkward division routine.
If other design considerations allow, the clock frequency can sometimes be
chosen to make calculations easier. For example if the desiqn calls for a clock
frequency of approximately 4 MHz, the choice of 4.194 304 MHz will reduce
calculations involving the counter/timers. This Is because 4 194 304 is equal to
222 and so division or multiplication by the clock frequency can be replaced by
shifts.

6.2.7 Making Use of Binary Arithmetics

Another way in which the time spent on calculations can be reduced takes
advantage of the binary nature of microprocessors. Most microprocessors can
perform shift operations more quickly than multiplication or division, especially
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