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5 Phase-locked-loop

The phase-locked-icop algorithm that will be used is shown in figure 8. It is
derived directly from the discussion In section 5§ of the Functional Specifications
document, SDE 108, The phase and frequency controller determines whether fRes
is within the predefined window and whether fRes and flnvActual are in phase. It
outputs a command frequency signal, flav, to the SVM timing algorithm. Changing
finy Is the only way to affect the frequency or the phase of the SVM output wav..
Compare this figure to figure 2 of SDE 103,
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Flgure §: Phaso<lacked-loop operation Interfaclng with SVM

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

6.1 Phase Difference Reductinn Mechanism

Direct frequency tracking can easily be peformed by having flnv to simply be equal
to fRes, the Reserve frequency signal. Phase tracking s more delicate and could
be achieved by allowing finv to jump between predefined limits. The limits will be
so chosen as to increase the frequency difference between tRes and the actual
Inverter frequency, HiwActual. In other words a frequency difference is used to
implemant a phase reduction mechanism. The idea being that the faster waveform
will eventually cateh up on the slower one. In an out of phase conditlon, if {Res is
fower than the nominal value, tNominal, then flw should he changed to the higher
frequency limit, fiMax. (f instead (Res is higher than fNominal, then finv should be
changed to the lower limit tMin. In the first case flavActual is increased to a
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established in section 4.3 of the Functional Specifications, where the mapping
between the sectors and the switching vectors was listed. As far as the design
Is concerned, this wlill mean that at each sampling interval the sector location of
Us*, Is {o be established prior te declding upon the switching vectors. Note that
states U0 and U7 always occur, lrrespective of the sector.

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

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

Tahlo 1: dapping of Switching statos onto the output port

PIN P15 P14 P13 P12 P11 F1.0
LOGICAL 1 0 0 ] 1 1
STATE

VOLTAGE +5V GND GND GND +5V +5V
LEVEL

5,7.2 Identified Classes

The responsibiiity of issuing the right switching vectors in the right order can be
asslgned to a new c¢lass, switchingVestors, with the following features:

e x

switehinnVnetars
Rosponaibilities.

- s¢iacte the carrect switching veetors
according te the sactor location of Us*

~ ¢hoose their correct order of oocurrance
accarding to senuence

Gollahorators;

= Ag established praviously, switchingVeciers
collaborates with saguencoMoniter and
soetarMarnior

= Like switchingTimes it noods to make it
regults accessible 1o dataltalay
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E]

switching tlmes, the switching times too should follow the same pattern. The
following sequences are identifled for the switching times,

tOHalf - ta - th - tOHali :Forward S'wltching Sequence \
tQHalf - th - ta - t0Half :Reverse Switching Sequence

5.6.3 ldantified Classes
As shown above, the determination of the switching times Involves several

activities and as such is best assighed to a class, switchingTimes, which will
have the following CRC representation:

switahtagtimos
Raspongibilltieg,

~ retrigves values from the leek-up-table

- computes the switshing times ta and th

« asslgn thom to variables fiTemp and
tkTemp in the correct order

= gomputes the time spent, (DHalfTemp, In
the state uZero

Collabhorators:

- As gstablished before, class switchingTimes
collaborates with ciasses aagloisplacomant,
gaquoncoMonitdr, lookUpTotla and voctarMegnitude

- In addition, it should moke Ite computed
| values availabla to the ciass responsible
of linking the main eycle ta the i terrupt
eycla. We shall nome this class. dotoRtelay

5.7 Switching States
5.7.1 Desgcription

At any sampling interval, the switching states will depend upon the particular
sector in which the desired switching vector Us* is located. This was already
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working with floating type variables. Simple floating point operations can take as
much @s ten times more exacution tme than the integer type equivalent
operations. A similar prolonged microprocessor time is required to perform any
sophisticated operation like "floor” or "fmud",

From those abservations the following declsions are made:

a, The switching times are to be precalgulated, using e usMag value of 1, for
a predetermined number of values of slpha, 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 caloculated at
each sampling interval. Note that the RAM size of the microcontrolier will
set 2 limit to the possible number of subdivisions of a sector, We name the
number of subdivigions of a sector, maxSectarDiv.

b. Uss of floating point numbers are to be avoided.
c. Only the simplest C functions are to be used.
d. Segmentation of tha program into functions is to be kept to a minimum,

. Compllation | to be performed using the speed option, to reduce the
latency accompanled hy function calis.

f. Parameter passing within time critical loops should be discouraged. Instead
global variables are to be used In these instances.

Many of the points identified above, conflict directly with good programming
practice. However, as this exercise showed, this is a regratful but unavoldable
consequence of real-time applications and the limitations imposed by the
micracontroller and its campiler. In order to compensate for the inevitable lack of
clarity that will result from the above decisions, additional effort is to be spent on
the documantation support.

5.8.2 The Switching Time Qrder
As shown in section 4.8 of the Functional Specifications, SDE 108, the switching

sequence reverses after each sampling time, except at sector transitions. In
order to ensure that the alternating switching vactors are assigned to the right

e
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following structure:

sonuonsaManitor \

Responsibliitias:

- Updatas soquanca

Collaborgtors:

- To know when a sector change oscurs,
sequencobanitor will have to coliaborate
with class sectorMunitor.

- saquencolanitar wilt be used by both
classes switchingTimes and switchingYectors in
the determination of the arder to output
thelr respective paramateors.

5.6 Switching Times

The switching times are computed from the equations (1), {2) and (3) of section
4.7 of the functional specificatlions, Those equations are reproduced hera for
convenience,

th = 9/M¥ usMay*tSampling(Casar « 1}v3*Sinax) (1)
th = BY3II**ushtag " tSampling* Sinex (2)
tG = tSampling - ta - th {3)

68.6.1 Practical Chservations About Process Time

Before declding on the best method of performing the calculations, a simple
gxercise was set up. A small program (SDE0201.C) was written to perform the
calculations above. The program was run on the simulator to obtain an idea of the
abllity of the compiler and the microcontroller to handle the calculations. The code
listings are available in appendix A. The exarcise quickly reveals the impracticality
of dning those calculations on-line. It takes the microgontrotlar several seconds
to perform the three equations above, while the allowoble time, as set by the
samphag time, is of the order of hundreds of microseconds! Furthermore the
exercise shows the poor performance of the microcontroller when it comes to
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anglaDisplasemant
a sibilities;

- determines tha angular displacement

phota

= detarminas the angular displacemant
nlpha
ollabarators:

~ will need flnv and gounter for the
caloulation of angular displacement. fny
can only be provided by the class
respansible fo, the phase lock-loop.
counter will Be provided by class
countarMonitor

- on the other side, anglelisplacsmant wilk be
usod by class switehingTimas which noads
alpha to retrieve the corract values from
the look-up-table. anglaDisplacemont 2 also
oxpocted 1o be used by countarManiar
whan determining whether tountor will be
reset o O or 1.

56 Soquence Update

5.5.1 Description

From the discussion in section 4.8 of the Functional Specifications, SDE 108, we
sonclude that the sequence can take only two values, +1 for a positive setquence
and -1 for a negative seguence,

Also from section 4.8 of SDE 108, emerges the importance of ensuring that
sequence toggles hetween those two values after each sampling interval, except at
a sector transition when it shouwld remain unthanged.

5.5.2 ldentified Classes

The above task can bo assigned to & class sequonceMonitor that will have the
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Us". Closely coupled to those activitles is the process of updating counter. Those
activittes are captured [n three classes: angleDisplacement, sectorMonlter and
counterMonitor respectivaly.

saggorMonltor anyntorMonitor
bilies: Responsibilities:
-« Manltors and returns the sectar location - updates covntor
of Us* - rasets sounter

- Indicates a change of sactor
Collabaratars:
Collaborators:
- eollaborates with anglaDisplacement
- will requive phots from snglobisplacement gird

will be vsed by counter and the class - uges ~ecturMenitor to know whan to resot
rasponsible for determining the switching caunter
vectors, which we wili nama class
switchingVectors
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plane. At this point countsr 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 phets will automatlcally 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 aiways land on the U1 switching vector, in which case
counter will take the value zero. However in order to improve the acouracy of the
algoritim, w-s decide to include another variable, gamma, which corresponds to half
the minimiin anguiar displacement, lsmda , taken at the nominal Inverter output
frequency.

lamde = (360*fNaminal*tSampling}  (2)

gamma = lamda/2 (3)

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

counleray
i

caynior
area

Figure 4: Resot valuos of sounter

5.4.2 |dentified Classes

Two major activities are identified in this section, both related to the location of
the desired vector Us™. The first one is about the monihoring of the angular
displacement of Us™. the second is anout the monitoring of the sector logation of

SOF107WP 100 Version 100 17 July_ﬂfali Hoge 4



SDES Software Design Specificationg-Part 1 Doc. No. SDE 107

« callbrates usMag

- computes and returns the current velus
of usMay

Collaborators:

~ 8Ince usMag has a direct bearing upon
the switching times, fike lookUpTabla, it will
collaborate with class switchingTimes.

- It will require a knowledge of vinvActual to
perform the calculations

5.4 Sector Location
5.4,1 Description

sector is derived dirsctly from a knowledge of the angular displacement, pheta,
measured with respect to the first switching vector position, U1, Phote liself
depends on the the command Inverter frequency, Hav, and on the time, tActual
elapsed from when the desired vector was last at the first switching vector
position, U1.

pheta = 2 *Hnv* tActual (N

Time tActual is incremented by the value of the sampling time, tSampling, after each
san.pling 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 runs through
the loop.

A sector corresponds to a 60 degrees interval, therefore every 60 degree
increment of phets, 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 vecior, Us*, has done a complete revoiution around the complex
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Figure 3: vinvAgtual vis usMag

The range of vinvActual is vNominal +/- 10%. At a switching frequency of 6.25kHz,
taking vNominal as 230V gives vinvMin = 207V and vinvMax = 253V

Substituting those values, together with ustMagMin = 0.5 and usMagMex = 0.866604,
Into the equations above yields usMagNominal as 0.685898

5.3.4 ldentifled Classas

The process of determining the value of usMag can he captured by a single class,
vectorMapnitude, which will have the following features:
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5.3.2 Choosing A Lower Limit for usMag

Theoretically usMay could be allowed to drop to zero, at which point all IGBTs will
naturaliy be turned completely off. However for an efficient system we do net want
the |GBTs to spend too much time in the idle state (off states) at the nominal
Inverter output voltage, vNominal. The switching times are dependent upon the
vafue of usMag as shown in equations (1), (2) and (3) of section 4.7 of the
Functiona! Specifications, SDE 108, Ti.e higher the value of usMagheminal, which
is the corresponding value of usMag at vNominal, the less time will be spent in the
off states. We observe that since usMagNominal lies between usMagMin and usMagMax,
the higher the value of usMagMin the higher usMagNominal wil! be. Taking this factor
into consideration we choose usMaghin to be 0.5,

5.3.3 Algorithm to Determine the Carract Value for usMag

We have established that usMag is proportional to vinvActual. We also need to
ensure that the on-times decreases as the vinvActua) Increases and increases when
vinvActusl decreases. This brings us to the relationship depicted in figure 3.

The relationshlp betwean vinvActual and usMag is given by,

vinvActual = m*usMag + ¢ {1)

or usMag = {vlnvActual-clim {(2)

where the ¢lope, m, is given by,

m = {vlnvMax - vlavMin} [ {usMapMin « usMagMax) {3)

and the Intersection with the vinvActual axls, ¢, is given by,

¢ = vinvMax - m*usMaghin (4)

i

e
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5.3 The Magnitude of the Desired Vector, usMag

The magnitude of the desired vector, usMag, allows control over the magnitude of
the Inverter output voltage. It shouid be related to the actual Inverter output
voltage, vinvhstual 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 cther factors
force an adjustment of this range.,

5.3.1 Choosing A Higher Limit for usMag

As usMag increases, so does tj and tk, That means that tOHslf, the time spent in the
zero switching states U1 and U7, will decrease. As will be discussed later in
section 7.1, tOHalf itseif cannot be allowed to decrease below tUpdate, the time
required to implement the last assignment operations in the main cycle. This
minlmum value for tOHalf, t0HalfMin, will set a higher value for usMag. A quick
exercise on the simulator reveals that tUpdate is equal to 6 microseconds. Including
a safety margih of 1 mlcrosecond gives tOMinHalt as 7 microseconds,

Using equations (1). (2) and (3) of section 4.7 of the Functlonal Specifications,
SDE 108, to solve for usMag gives:

usMag = (tSampling-2*tOHalf)/{tSampting{Ka({Cosa-1/v/3Sina}+ KhSinox)) (1)
where ka = 8IN-
and kb = 6v3 M?

We observe that t0Half is a minumum at the middle of a sector, i.e at ulpha = 30
degrees. From this consideration we can derlve the higher limit for usMag,
usMagMax, as follows:

usMagMax = (tSampling-2* tOHalfMin){(tSampling{Ka{Cos30-1/v'38in30) + KbSin30jt (2)

Equation {2) shows that usMagMax depe..'s on t0HalfMin and tSampling. Both those
parameters wilt be constant for a given deslgn and therefore so will be usMagMaz.
For example taking tOHaifMin as 7us and tSamgpling as 160us (eyuivalent to a
sampling frequency of 6.25kHz) gives a value of 0.866604 for usMagManx.
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Appendix B:  Code Listings For SDE0601.M

% phesalt.m

% Author: H.B

% Groation Data: 211 1185
% Ruvislon 001

% pragram to illustrate an activo phaso lock mechanism.

% Hara ylnw is the dnverter aiput and yRas is the Raserve supply,

% The frequency window is taken to he 49-51Hz, with 50Hz as tha neminal froquency.

% Tha prafiram considers the casa whera the Raserve frequéncy has gana out of limits

% {eausing flny 10 ba sot to the numinal velue) and now is back within the Yimits, but

% is 180 degress eut of phasa with the inverter ousput.

% Tha alm is to reduce the phase differares to a minimum,

% The pragram shaws that thig can ba achievad hy incraasing the frequency diffartnce

% by changing finv] betwoen yinv and yRos ta a magimum withaut poing cutsida the {toquancy
% limits of yiny, The idna is that the dilterenco in fragusncy will cause tho foster

% wava 1o stowly cateh vp an tha stawer wave,

% The convantion used is the follawin f fRes is nss or pqual 1o 5Oz, then flnv is set ta
% 48H¢ tloweas lsmt) alse flny 18 set fc % tHz thigher fimit]

% The worst case wilk b whan tha two waves ara 180 dagrees out of ghase, i.a the
% maximum phase ditferance 1o bo redueed, and with {Ros being 50 Hz, i.e the less fraquency
% difforanice margin available to porform the task.

flny=45; % floe 561 ta the Jowar enit becouse FRes = < B0
winye=2*pi*flny;
phitny = 801180 pi;

fRns =~ 50;
whos=2"pi*fRos;
nihiftos=270{160pi; % phitnv and phiftos ansure ¢ 180 dog phase diff, at the start

1=]0;16-3:0008-3;

vy e sindfwlny* 1+ philnvy;
yRas = zinfwites ')+ phiflas);

plotit,yiny,'y',5,yRes, 'm’);
grics

xlabief('time in seconds’);
ylabel'mageituda’)
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Appendix A:  Code Listings For SDE0201.C

” SDECO201.0 "
{* Program to caleutato ta, th and t0 of the SV equations *f

I* Authior: Honsraj Bapoa *!

J* Craation Date: 12/08/96 *f

I* Revision Number 2,01 *

#pragma language = extended

Hinglude <math.h >

void main fvoid)

#dofine tSampling 1E3 i* {Sampting = 1 kliz *
fdofine 0i 3,14159266350

Fonfine ko 8.673651564

#dofing kb 8,954

flant algha, ta, th, 10;

tae ka*{cosiolphald HsgridN* sinfalphall;

the kb*sin(aiphe);

t= tSampling-ta-th;

}
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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 cther, although
each of them is targetted at a different aspect of the lnverter.

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

State of the switches before the next 1 0 0 O 1 1
sommand slgnal

Next command signhal 1 1 g 1
State of switches during {Delay 1 0 0 1
State of switches after tDelay t 1t 0 0 1
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8  Transitory States and lgbt Turn-Off Time Considerations

As obsersed in section 4.8.3 of the Functional Specifications document, SDE 1086,
transitory states are needed In order o ensurg a Gray code switching sequence.
Another important concern brought forward in section 3.1 above, was about the
turn-off time of the IGBT and the precautlon to take to avold this time delay to
cause short cireuit of the DC hus.

A close look at the transitory states in section 4.8.3 of the Functional
Specifications 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 aiways be one switch that will be turned off completaly before
the other is switched on.

Those transitory states can elther be Implemented by simply including Instructions
in the timer subroutines to switch the output port in the corresponding states or
else through a hardware arrangement, Dwing to the critical aspect of those two
Issues, aespeclally that of the turn-off time, we choose the hardware solution for
this design attempt.

The hardware arrangement consists of a simple time delay circuitry that only
operates on 'switch on' command signals. The 'on' sighals are always delayed by
tDelay which is slightly more than the turn-off time of the IGBT, while the 'off
sighals are unaffected by the cireuitry. A uelay in an 'on' signal means that the
actual state of the switch the signa) is directed to, wil! remain unchanged during
the period thelay. This arrangement is common to most drive circuits and is a very
effective way of aliowing 'off' signals to execute befoie 'on' signals, thus
cancelling the tum-off time effect. Table 2 shows the effect of delaying the 'on'
signals for the case of signal command 110 001 (U2), assuming the inverter is
in the state 100 011 (U1) when the signal sommand is issued.

Comparling table 2 below with iable 3 of section 4.8.3 of the Functional
Specifications document reveals that the state of the switches during tDelay is
identical to the transitional state, U1-2, attached to the same state transition {U1-
Uz2).

What this whole study reveals is that implementation of the transitional states
and implementation of a delay mechanism to counteract the effest of the turn-off
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dataRelay

- asslgns cotrect values to the swilching
times parameters g, tk and 10Kalf

- do the same for the switching stetes
parameters uj, uk and uZar

Collahorators:

= will obtaln the temporary switching times
paramaters {Tomp, tkTomp and 0HaliTomy
from class switchingTimes

- tha temporary ewitching states
paramaotars ditamp, uktomp and uZecaTomp
will be abtained franm closs switclingVusters

- dnaftoley will have tuv interface with the
intercupt clasces in soma way
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Flgure 8 Synchronialng the main eycie to the interrupt cycle

This approach however puts a restriction on the smallest valug t0Half, can take.
t0Half cannot be allowed to take any value below tUpdats, the minimum time needed
for the assignment of new values to the switching parameters to ocour, This
condition Is necessary to ensure that by the end of a sampling Interval all the
activitles - in the main oycle - related to this interval, have been completed. The
lower limit on t0Half is ensured by usMagMax as axplained in section §.3.1 above.

7.2

Identifled Classes

The task of passing switching data (times and vectors) to the interrupt cycle can
he assigns+ to the class dataRelay, whose specifications are summarised below.
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7 Synchronising the Main Cycle to the Interrupt Cycle
74 ﬁescriptlon

In order to ensure meaningful resuits, i.e. a genuine SVM output, the main cycle
should be synchronised to the interrupt cycle. It is assential that the interrupt
eycle be fad 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 maln cycle itself, f.e. It controls access to
the main cycle. The condition for access being that the timer TO must have been
started. Prior to that, access to the main cycle Is denled. In this way the start of
the main cyole is synchronised to the timerT3interruptRauting.

The necessity of the second check point arises purely from a logical
consideration. It has been agreed that at the beginning of sach sampling interval
a new set of valuas for the switching parameters will be available to the interrupt
oycle, However during this same sampling interval other switching vaiues will be
caloulated, It 13 essential that the interrupt cycle uses the values provided right
at the beginning of the sampling interval and not those calculated during the
Interval itseif, Failure to respect this condition will result in an output containing
mixed values, those for the actual interval and those for the next infarval, in other
words, we will fail to produce a PWM output.

A sacond chack point and a dummy set of variables for the switching parameters
can solve this problem. This is commonly known as the doubla-buffering method.
Tha dummy switching vectors variableg, ujtemp, uktemp and uZereTemp and the
dummy switching times varlables, {[Temp, tkTemp and tOHalfTemp hold temporary
values for their real counterparts. They are the only ones that appear during the
whale computation section of the main cycle. Only In the last section of the main
cycle are those temporary values assigned to the real switching paramsters
conterparts, uj, uk, uZern, tj, tk, and tOHalf, all used by the interrupt cycle. The second
check point, CP2, appears at the beginning of this last assignment section.
Accoss to this last section s only permitted once the last subroutine of the
imterrupt cycle, timerT2InterruptCycle, has been exaecuted. In this way there is no
chance of the interrupt cycle using parameter values calculated for the next
gsampling interval. A typical scenaric is portrayed in figure 8.
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6.4 ldentified Classes

Two important abstractions are identified in the phase-locked-ioop process. The
first is about phase difference detection, to which the class phaseDetector will be
assigned. The second abstraction Is about phase difference reduction upon an out
of phase condition, to which the class phaseDiffReducer will be assigned.

phaseDntpetor
Responathilities;

- avaluates the voltage diffarance and
compares the wave directions, between
Resarve and Inverter oulput, in order to
determine whether an out of phase
condition exists or not.

Collabprators,

- will have to collaborate with classe:
vBanadr and fSensor to obtain the voltage
and frequency values of Raserve and
Invertar, It ¢an as wali pass the value of
viavAstual tO vaclorfagaitude

ihaseDiffRaducar
Responsibilities:

- gats fnv In sUCh & way as to causs a
reduction In phase between Inverter end
Reserve.

Collabneators,

- None at this stage, but it (s avident though
that finv as sat by phaseDiffAoducy, should be
avaliable to engleDisplncement in some way

SOLTO7WI 100
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- Diraclion  +wva Direclion

Figure 7{a): Wave direction convention

VEHIT = 0, but yet
the two wavas ore
out of phase

A

Figure 7(h): Danger of uslng vRIff anly as an Indicatlon of phase difforence

6.3 The Zero Crossing Point

It was established in the functional speclfications that {ransfer from Inverter to
mains, under an out of phase condition, can only be allowsd at the next zero
crossing of the Reserve supply (see saction 5.3, 8DE 106).

It Is important to determine, for the software, what constituies a zero crossing
point.  Strictly speaking the zero crossing point is the point when vRes is equal to
zero. However since vRes is sampled at a fixed rate, this point could be missed
by the microcontroller. To increase the chance of the sofware of determing when
the zero crossing peoint is reached, we give this point a range from zero to
vResCross, where vResCross 18 a very small value, say 0.01 of vNominal. Any value of
vRes within this range will be intepreted by the software as a zaro crossing point.

v
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This exercise demonstrates the frequency dlfference technigue as an excellent
method of reducing phase difference In a minimum of time,

6.2 Phase Detection Mechanism’

The pruposed way of determining phase difference betwaen Reserve and Inverter
output is by working out the. voltage magnltude, vDiff between the two and by
comparing thelr wave directions, vResDirection and vinvbwaction respectively. Wave
direction itself can be determined by the difference between two consecutively
sampled values of the wave, viavt and vinv2 for the Inverter outptt and vRes1 and
vRes2 for the Reserve, in other words,

vDiff = vinvActual - vRas (1)
vResDiff = vRes2: vRes1 (2)
vinvDitf = vinv2 - vinvl {3)

In each of the cases (2) and (3), a positive difference implles a positive direction
and a negative difference means a negative direction. The convention used for
the direction is shown In figure 7{a}.

vDitf and the direction parameters are complemetary in determining phase
difference. To use only vhiff 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 zerc at each intersection
points. |f the waves are sampled at any of those intersection points, thay will
incorractly be assumed to be in phass.

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

a. hoth Reserve and Inverter have the same wave directions
b. vOift is smaller than & limiting value vDiFiMax

vDiftMax 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,
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miggnituds

........ SO DN O RO
AT
o004 n0s
time in seconds

Flyure 8{b):

llustrating the phase difference reduction mechanism - selected section: out
of phase condltion {Inverter Voltage - Blue, Reserve Voltage - Green)

magriude

hime in seconds

. e A A e 18

Figure §(c)t  Ilustratiing the phase diffarence reduction mechanlsm - salescted section: In-
phase condition {lnverter Voltage - Blue, Reserve Voltage - Greon)
SDE107WP.100 Varsion 100 17 July 1996
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below in figure 6 and the code listings are available in appendix B. The program
considers the case where the Reserve frequency has gone out of limits (causing
flv {0 be set to the nominal value) and is now back within the frequency limits but
Is 180 degrees out of phase (worst case) with the Inverter output. fRes 18
considered to be 50Hz. In order to create the maximun difference in frequency
between Reserve and Inverter, fliv is set to the lower frequency limit, iMin = 48Hz.
Figure 6{a) shows the resuli over a time span of 0.6 seconds. As depicted closely
in figure 6(b) a phase difference 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 waves are exactly in phase,
The fact that the two waves are seen to drift apart after the 0.5 seconds point is
only because the simulation only looks at the phase catching action and not at
the whole phase-locked-loop mechanism. In the real algorithm the phase
reduction mechanism will be discontinued as soon as phase-lock is reached,

maghimde

Lifre in saconiis

Flgure 6(a): lllustrating the phase difference reduction mechanism (Inverter Voltage - Blue,
Reserve Voltage - Green)
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28pa e85,

Countalns a few subprograms responsible
for setting ths system at start up and for
generating an NMI routine upon &n
overload conditlon,

Operations:

. void setRegs [ } M}
« void computeKTaems { } (M]
- volid startintCvela () M}

- void ovarloadinterruptRouting () [M]
Aftributes:

Nana.

i1

Listing

vold startUp:getRogs (

{

ji H83048 Rogisters initialisation
ITU_TCRO = 32

vold startUp: computoKTerms [)

{

| i Compute tha constent tatms used in the program
1 ka = Qifpi*pil

vold startUp:: startlntCyeln [}

{
ITY TSTH = 8;  {f stort timor T3

Intorrupt (NWI] vold startip:

1 overloadintorruptRoutin [}

{

for I3 3
PIDR = 0;
}

HIRT oW o0
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that it contains a number of common classes.
2.2.2 |nitialisation Class Decomposiiion

Referting to section 4 of part 1 of the Software Design Specifications, SDE 107,
two main classes are lcantlfied:

. starilip
. lookUpTahle

To co-ordinate the activities of those two ciasses a third class will be included,
systemConfig, which will use both of e above classes.

The structure and the activities of those classes are defined below. Notice that
the class startUp is a class utllity, in the sense that it contains free subprogra
grouped together because of their cormmon involvernent in the start up activities.
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identified during the analysis phase. A format similar to the CRC cards will be
used, except that this time each class will be accompanied with C++ listing to
provide elementary execitable releases. Those fragments of codes will help to
bridge the gap between the conception of the object structure and the actua!
coding which is finally performed in C. Each operation will be adorned with an
identifler, [M], [S], or {1}, standing for modifier, selactor or iterator.

2.2.1 Top<.evel Class Decomposition

Following the decamnosition performed in part 1 of the Software Desipn
Specifications, SDE 107, four main clusters of abs’, astions emerge:

. The Interrupt cycle

. The |nitialisation 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:

intairrupt Cyclo
Main Cyele
PLL Margmor Imtighsation
plaba)

Figure 2: Class Diagram - Top Lovel

Note that class category initinfisation ie adorned with the keywerd "glabal", meaning
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Figure 1: Slmplified Procoss Dlagram « UPS level

2.2 Class Structuro

The class decomposition will follow from the abstractions and the scenario
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2 Static Model
2.1 Procoss Archit. sture

The first step Is to define the hardware on which the software will execute. In this
exersise, the gystem shail 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
dissussed in the Functional Specifications, SDE 106, This exercise serves to link
all those conrtponents into a framework, The proposed hardware piatform can be
summarised as follows:

a.  The sontrol of the UPS shall be carried out by three contro! boards, aach
with an HB/3048-class procassor, Ona processor will be assigned to the
rectifier sontrol, the second one to the Inverter control, and the last one will
he responsible for the LCD display and the MMI.

b, Sensing shall be carried out as in appendix 1 of the Requiremants Analysis
documeant, SDE 104.

e Seloction of either Reserve or Inverter at the UPS ou put, shall be
performad by the Static Switeh. This function does not show the kind of
complexity inharant In the other sections discussed and as such it does not
require the power of a microcontroller.

Flgure 1 depicts the distribution of the hardware slements in the system. Each of
those elements were described in SDE 104. As is typical in process diagrams for
proauction systems, we do not {and cannot) show evary device and connection;
g.9. the Static Switch and lis connections were omitted. The diagram focuses on
the microcontrollers and in particular on the inverter control aspect, which is the
primatry objactive of this project.
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1.5.5 Other Documents
a. SDE 108, Requirements Analysis
b. SDE 108, Functional Specifications
¢. SDE 107, Daslgn Specifications - Part 1
1.6 Assumptions
It is assurned that the reader is familiar with:
. Inverter systems and the concept of Space Vector Modulation
. Object Oriented Design and with Booch notation
1.7 180 9001 and [SO 9000-3 Requirements Traceability

. SO 9001 (1994) Clause 4.4 - Daslgn Centrol

. 180 8000-3 (1991) Clause 5.6.2 - Design
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1.4 Audience

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

« Full-time staff members of SEAL

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

« Members of the SEAL Management Board
+ Head of the Department, Electrlcal Engineering

« Individuais who will parfarm internal and external surveillance audits of the
SEAL Quality Manzgement System

+ Engineering Manager, Meissner
+ Product Developer
+ Product Manager

1.6 Appilcable Documents

1.8.1 Specifications
None

1.5.2 Standards
a. SEAL QM8 Document Creation Template, Q8 002, Ravision 0.01, 5 April
1984
b, SEAL QMS Dosument Layout, Presentation and Typesetting Guide, QS
003, Revision 0.01, 1 April 1994

1.6.3 Procedures
Nong

1.6.4 Guidelines
None
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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
medels of Object Orlented Analysis and Design. The design compistes the
process of object-oriented decompasition and provides a logical, physical,
static and dynamic models of the system under conslderation. 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 architecture for the implemeantation phase.,

« Establish the common tactical policies that must be used by disparate
slements of the systems,

+ |dentify the risk of ea.n key architectural interface so that resources can
be meaningfully aliocated as evolution commences,

1.3  Definltions
sameDirectlon: direction comparison between Reserve and Inverier

temp: variable used to assist the swapping of ujTemp and ukTemp when there
is a change of in the switching direction

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

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

SDETCEWR 100 Varsian 1.00 18 July 1098 Poago
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but we choose to include all three of tham, bacause the operaticns currentVoltage
and currantFrequancy are slightly more type-safe.

Tra class diagram for the three classes is shown in figure 8.

f""'—-’\-...
/s {8ensor

/

P LN
gonser

Figure 6: Clags Diagram - Sensor Class Hlerarchy

2.2.6.2

Four ciasses are involve in this activity:

. anyleDisplacomant
. countarManitor

' sactorMonitor

. vectarvgnituda

Evaluation of the Aftributes Of the Desired Vector Us*

Before we proceed into devel. ping each one in detail, et us see how they relate

to each other in figure 7.
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Flgure 7: Class Diagram - Dorivad Attethutes {prefiminary conflguration)
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uSunsay 1 Canstruetar,
1
Responsibilities; vSonsar:: vSensor { unsignad int *vPort ) 5 sengor

keeps track of the current veltage,

Operatlons.

« flent cutrentValtagn {1 [S)

Attributes;

flout veltoge;

'5 Listing:
) float vSensor: surrontVoltege 1}

| voltago = colculatedValus [ 1

{unsignad int "vParth

{k

{

return voltage:

k

Responsibliities:

Dparations:

- Hlont curtentfrogeency {1} [S)
Alcibutes;

floar froquoncy;

koaps track of the current froquency.

=

Construator,

| froquoney = calculotodValue [
1 ratum froquenty;

I

fSansorz: Sonsor [ unsigand int *1Pert § : sonsor
lumsipnod int *{Part)

{k

fluat {8ansor:: surrontErequancy |}

{

Although the calibration operation has been included in clags sensor, this operation
will not be carried out at this stage. Typically such an operation will be carried oul
via the keypad and display unit, where a value of actualValue will be entered for
each sensor; actualValue being the value of the sensed parameter at the time of
testing. To avoid possibilities of unpredictable behaviour while the unit has not yet
been calibrated, actunlVelie and sensorSlope are initialised to zero. In other terms the
inverter cannot run prior to the sensors being calibrated.

Notice that the operations currentVoliage and currantFroquency have been introduced.
Those operations are semantically simitar to the polymeorphic funstion currontValug,

e, EERESRTI s v ILIe ema s e gaTIAT
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. Three main areas of concarn are recognised:

. sensing activities
. gvaluating the attributes of the desired vector Us* (vector displacement and
magnitude) ‘

. Working the switching parameters (switching states and switching times)
Each segment will be developed separately.

2.2,5.1 Sensing Activities

Sectlon 5,1.2 of part 1 of the Software Design Specifications, SDE 107, partltions
the senslng activities into three classes, with the class sensor as an absiract
superclass to the other two classes, vSensor and fSenstr. Having separate classes
to handle different sensing parametars, improves the typing and reduces the

shances that the objects of those classes are interchanged.

Class sansor will have two operations, calibretoSensor to calibrate the sensor and
currentValue to scale and to return the sensad parameter.

The structura for the three classes are developed helow,

ROgAAL 4 Consteyetor,
] sonsor:t sengor | unsignod int ®poriRapid §
Responsibilitios; {
1 portRegister = poriRepld;
attaches tho sensor to an input port h
repisrar, colibrates the sensor and returng
the caleulated value when prompted. | Listing:
Gporations. ] vold sonsor: aallbratoSansor  flont
1 inltAatuniValue )
- virtwal vait cafiveatoSonsor | float ]{
indArtuaiVolup)  [M] | artualVaive = initActualValue;
- virtunl float currentValup | [M] & {S] | sonsarSlogo + nctuelValue | *portRegister:
¥
Attrinutes;
flont sonsor:: currontValua { )
float actualValug = 0, sensarSlepe - 0 i {
ansigrad mt "parifagister; vilculatedValue = *portRogister * sensorSiope;
float cuergntVolug; relumn calcolatedValug;
Y
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v

Notice that setTimerAndPort is declared as pure virtual In timerntorrupt. This s
because, as pointed above, each of the classes will have a different satTimerAndPort
operation and therefore it is best to leave the declaration of this operation to each
of those classes,

timarT3InterruptRoutine, timerTOlnterruptRouting, timerT 1intarruptRoutine and timerTZInterruptRouting
are lterators that permit the operations of their respective objects to be accessed
in the right order.

Through class timor.nterrupt it can also be observed how the switching parameters
are passed to the interrupt cycle via the class dataRelay, This aspect will be
discussed In more details shortly.

The class diagram for the interrupt cycio Is shown below.

L T

<" SmorT Ainomugh N

¢ .

Figure 5 Glass Olagram « The Inferrupt cycle
2.2.5 The Main Cycle Class Dacomposition

The mair cycle containg more abstractions than the other categories. In order to
simplify the representation of thig category, we shall first proceed by subdividing
its elaments into loosely coupled and cohesive layars of ahstractions or modules.
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HenarT] Intatrmpt
Reaponsibilities;

slops timer T1 and configures the output
~ port for tha next time intorval.

Qparntiona;

« limarT {Intoruptfiouting £} [1]

Constiuetor:

timarT 1ntarrugts: timorT tintoreupt § § 5 timarintarrapt [)
{: ‘
Listing

vaid thmerT1Intorropts: sotTimorAndPort (}
{

ITU_GRAZ= gotTk { &

PIOR = gotlk { §;

stops tmar T2 and configures the cutput
port for tha noxt timo intorval,

Oparations,

 Limor THatorruptBoutine (1 {1)
- void sotTimorAndPort 1) [M)

Attabutes,
Nong

- void sotTimoeAndPoit () (M) [ iTU_TSTR = 4
1k
Altributos;
Nono 1 intarrapt (ITU IMIAT] vold timorTOlaterrupts:
4 timarT0InterruptRouting ()
{
stopTimar { |
satTimorAndPort { )
h
i
simerT2intntrupt | constructar,
timerT2Intarrupts: timoiT2Intorrupt () : timorintetrupt ()
Roapenathiliting, {h

1 Listing

vald timer?2lnterrupt: sotTimardndPort | )

{
Tl GRAJ= goitDHalf [ &

PIDR - gotUzore { )

1 196 1818 = &

)5

| tnterrupt [TV IMIAZ] void timorT2Intereupts:

timarT2interruptouting {1

{

100 Tinige { 3;
antTimpeAndMare {1;

b
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meeTHaterrunt
esponsibilities;

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

grations:

+ timerT3InterruptRouting [} 1)
- void sotTimerAndPart [} M)

;' Canstructar:
timerT3Interrupt:: timarT3ntarrupt { 1 : timerintareupt ()

{k

| Listing
!
1 woid timorT3interrapt: sotTimorAndPRoct {)
K

ITU_GRAQ= gettOHalf | );

ITU_TSTA = 1:

'.]:

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

Cpetations,

« timerTGintarruptRouting 1) [H

Attributes; intaerupt IITU 1MIA3] vold timerT3interrupts
Nona timorT3intoruptRouting [}
{
stopTimer { |;
A sotTimarAndPar: { J;
L
£l
{imagYOintorrupt ] Laanstryctor
1 Aimer* Olnterrupts: timeeTOInterupt { ) 1 timorintoreupt ()
Responsibilities., {k

{ Listing

i

vold timerTOlaterrupts: setTimarAndPort [)

1 ¢
1 1TU GRAY= gotTj 1 %

MDA = gotlj | &

- voit setTimarAndPort £1  [M) T TSTR =
i b
Attributes: :
Nong Intarcupt ITY IMIAD] voitl tmer TOInE2rrupts
timarTinterruptRontine ()
{
1 stppFimer | );
1 sotTimarAndPor { );
h
BT Vernion 0 01 18 July PR o
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2.2.4 The Interrupt Cycle Class Dacomposition

The interrupt cycle as described, in section 3 of part 1 of the Design
Speclfications, SDE 107, conslsts 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.

. setTimarAndPort, responsible for setting the timer and port for the next
intarval. Each subroutine will have a different setTimerAndPert operation,
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, timerintercupt. The classc: of the interrupt cycle can now be
described as follows:

timprinterrunt [} Gonstructor;
!.
Responsib|lifjes: ] timorinterrupt:: timarintarrupt ( & dotoftalay { )
{
superclass to all "timer interrupt” classes. b
Oparations.; ' Listing
- voud stapTimar [} {M) vold timerintorrupts stopTimor {1}
- yirtual vaitl seiTimorAndPort {} = & [M] 1 {
T ITUVSTR = O;
Attributes: { 15U TSEX &e ~1;
b
None y
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In class phaseDetsctor, voltageDitf evaluates the difference between Resetve and
Inverter output while direction compares the direction of the two. out0ffhase uses the
results of those two operations to return the phasing status. Note the aggregation
relationship between phaseDetector and the classes vSensor and fSensor. This
refationship allows phaseDatector to check the voltage and frequency characteristics
of Reserve and Inverter. Sirice the Instances of vRes and vinvActual are declared in
this class, those parameters - also needed by class vectarMagnltude - are made
avallable outside the scope of phaseDstector via the selectors gatvRas and getvinvActual,
The structure of direction follows directly from the phase detectlon mechanism
described in section 6.2 of part 1 of the Software Design Specifications, SDE 107.

raducoPhaseDiff of class phasoDiffReducer merely sets finv such as ‘o force a reduction
in phase hetween Reserve and Inverter output.

reducoPhassDiff should only be called on an out of phase condition. This is the
responsibility of the iterator phasalockloop of class pHSuperviser. pliSuperviser inherits
from phaseDiffReducer. This grants it access to all the public operations of the two
other classes, including the attribute tinv declared as rotected in phaseDiffReducer,
fResDutDfRange Is called upon an sui0fPhaseCondition to set finy to fMominel and to verify
the status of the inverter. Finally getilnv makes flav, the ultimate output of the
phase-locked-ioop mechanism, acceseibie outside the scope of its parent class.
The relationship among those three classes is depicted in the figure 4 below.

” "y
A TN
£ pheinDinlector "y
’ ¢

ERr L "“""4\
L6 phopolutRedurns

~..
4

r
1
i
R O
-
P YT A N
7 pluoporvsor g
.
f
LY

- i
] " I

Figuro 4: Class Dlagram - Managing the Phasoe-lockod-loop
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soDiffRadye Conatructor
phoseliffReducart: phasalitfReducsr {f8ensord,
asho t d vBonsordy: phaseDatector {F3ensor®, vBunsordl)
{%
raduces the phase diffarance between
Raserve and Inverter output. isti
Operations: vald phasoDitiRaducor: raduesPhasudIff {)
{
- yaid reducaPheseDif {} (M) sSwitchiniibit = te;
i (fRse urrentVoliage {1 < = fMin}
Attriautr. 1 flny < *Max;
[ olse
peotactad flnv i finy e fMin;
{1k
2
Suparylzar Lisking

esponsibillties:

dstides upon the course of action fallowing
faedback on the phases and frequangies of
Resarve and Inverter output.

Ciparations:
- vaitt fResCuiDfRenga i) [M)
- voitl phesetockloop (3 [I]

- float gatitav {3 [S)
Attributas:
Nzug

Construntar.

pliSunervispe:: pliSuparvisar (FSansard, vSonsors):
phaseDiffRedusor [{Songdr&, vSansor&)

it altSuparvisor inborits frem phaseDiffRoducar

{

h

————

1 whin (vAes.currantVoltago { | > vRoesCrassi

1 kk

1 i tiRes.currontFraguency { | < iMint ||

J {ReosOutOfRango;
b olso flny = fRos;

Ik

1

vold Yuparvisors (RosOutiRengo | )

{

s@wiuchinhibit = true;

Yay e HNominal;

it TitFinv.currentFrequency {1 < Edin} || ¢
fav.currantFroquency 1 ) > fMaxl &8 1l
vinv.currentValtage {1 > wiiax 1) 1l i.o if inv not OK
PIOR = 0;

{k .

38witehlnhibit = False:

vald pllSuparvisors phasalockloop { )
{

(fRes.currontFraudacy |} = EMaxl

it toutfPhiase {1+ tous)
reducoPhasalilf | 1;
olsa sSwitghinhikit = False:

fant pliSupervisor: gotfloy [)
{ roturn finy;

t
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phaselgtector
Bespansibillties:

kaeps track or the phase difference
between Reserve and Inverter output,

Oparatlons:

» voity voltageDitf [} (M}
« vold dirastlon {1 [M]
+ Boolean outOfPhase () [M} & (8]

]
3

float vRas1, vRes2w vBig, vinvl, vinv2 = vSmall,
vDift

int vResDirecsion, vinvDirogtion

Baotgsn sameDivactian

ea a

class phaseDetantor{
public:

protacted:
(Sengard fRas (ADDRAY, flnvActual [AULIHAY;
vBansor$ vRes{ADDRT), vinvActualiADDRDY

k

1

E

13

| Listihg

const int pasDivect 1;

¥ const Int nogDitact -1;

voil phasaDetector: voltageDiff {}
{ {

&1 w0iff = vinvActuel.currentVoltago { | -

vAes.CurrentVoltega {

}

void phasabatectar @ directlon | )

{

- YHos1 = vRasZ;

vinvl = vinvZ;

i vRes2 = vHss.currentVoliage { I
1 vinv2 « vinvActual.cureontVoltage ()

il [tvAes - vRes1} > 0) vAesOlraction = posDiract:
olse vitesdirsetion = naghirect;

if {lvinv2  viny1) = O) vinvDirection = posDiroct;
dlse vinvDitection = noglirect;

it | vResDitecticn ~ vinvDirectien }

sameDirection = truo;

else sameDiraction = false;

vold phaseDetoctors: outOfPhasa ( }

{

1 v atageDiff 1 );

4 diroction { k

| i i vDifE > vDiftMax) | | {semeDiroction = falsal)
1 toturn drug;

olza return fatse;

SDE108WR 001
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Operation sstReps Initialises the microcontroller registers. startintCycla initiates the
interrupt cycle. By capturing overloadnterruptRoutine, the interrupt routine upon a
300% ovarload condition, as a Non-Maskable [nterrupt (NM1), we ensure that this
routine will* have priority upon all other interrupts. This guarantees the prompt
rasponse specifled in section 4.9 of the Functional Specifications SDE 1086.
genTable generates a look-up-table of switching times, Those values ere accessible
via getTa and getTh.

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

f"'"'-,\-\
(" slarily

~

\

Fa y

» BysiemConfig /\
i

h] f
-

y -~

Figure 3: Class diagram - inltlalisation

2.2.3 Phasge-locked-loop Class Decomposition

As descrlbed In section 6.4 of part 1 of the Software Design Specifications, SDE
107, two maln abstractions emerge from the management of the phase-lockad-
loop:

. phaseDatector
. phaseDitfReducer

In order to co-ordinate the activities of those two classes a third class, ollSupervisor,
will be introducad. The structure of tha three clusses are shown below.
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luskUpToble ‘f-: Listing
esponsibllities; B void (nokUpTable: genTabla (]

provides a look-up-table of switching times
{ «t @ usMag value of 1)

eratfo
- vaid genTetle [} (M)
-yold getTe {1 [S)
~void gatTh{}  [S)
tributes:

float pi, phiftad, kat, kb

int 4|

b4 caturn AL

)

d (

8 kal = ka * tSamphng | tClock;

kb1 = kb * tSanigling | tClock:

f fori(j=T, phin0; | <~ (MaxSectorDiv - 1), phi<60;
|+ +, phiv = alphaMio)

H

N phiRad = pi * phi  160;

B Uif0r = floar { kat * cos {phiRad} - Tisqre{d} * sin

H' (phiRad);

iV = foor | kb1 * sin (phiRad));

i}

i vold tvokUpTablu: getTa ilnt § }

£ rotum t G
i )

{

void lookUpTable: gotTh (Int])
{

systemGon(lg
Responsibilitias;
configures the system, t.e the

microcontroller and the softwara,
appropriately.

Oparations;

Y Listing

T vold systamConflg: sonfigSystem { }

1 renLookUpnTablo.genTatle { J;

{
startUn rapStartip { &

laokUpTehla raplookUpTabla | &

repStarttp.setfaps { I;
repSiariUp.computoX Torms( );

- yoil configSystam () )] | repS1aniUp.startintGyela  I;
Aliributes: b
Hane

BBETo0 104 arsion 0 01 18 Jduly 19915
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2.3 Moduie Architocture

Part of the architectural Jegisions must involve the physical packaging of the
classes described in the previous sectlon. In figure 13 the module architecture of
these classes Is [llustrated, The particular partitioning chosen is again based upon
loosely coupled and strong coheslon factors. A good module architecture Is
particutarly useful when making changes, as it can significantiy reducae the number
of physical files upon which there will be intervention. The less flles are modified,
tha less are the risks of making errors and the less time is wastaed in compilation,

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 eycle has been further divided into three layers.

. sonsing - classes involved in sensing activitios

. usparam - classas involved in determining the attdbutes of the desired voctor
Us*

. swparam - classas involved directly with the switehing parameters, on the

main cycle side
This partitioning was already discussed in section 2.2.5 above.

The grouping of ciasses sensor, vSonsor and (Sensar into a separate module points
out another advantage of module partitioning. Grouped inte & module those
classes ancourage re-use as they can sasily be exported into other applications,
such 85 the control of the rectifier.

Following C++ cenventions, each module interface is placed in a separate header
file, with a suffix .h, while the module implementations are carried out 1 .cop files.

Notice the presence of two header filag, loh83048.h and inh83048.h. These files
act like interfaces betwoen the microcontroller hardware and tho software. Thay
merely contaln  variable declwatiens and  initinlisations and have no
impiamentation codes. Tha file ioh83048.h cortaing the definitions of the internal
registers of the M8/3048 microgontrallor. Vanables of this iile have already haen
ancounterad whan dealing with operations that read or write values fram or ta the
microcontrolior registers, a.g. the use of the I''U TSTR rogister 1o stop the timars.
The other header file, inh83048.h contning the vector addroseoes of all the

intorrupts  eupported by  the  Hitachi HB/3048 microcantrolier,

Hi ORI At UM TR T T T T G
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2.2.54 Qverall 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 boundarles
of the main cycle.
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salcSwitchingTimes of class switchingTimes calcuiates the switching times. Let us
consider the Invariants associated with this operation: its preconditions iaclude the
assumption that the values of alpha, sequence and usMag have been updated. its
posteonditions inciude the assumption that the values returned are in the correct
order.

Similarly the preconditions of vectorUpdate of class switchingVastors include the
assumption that the values of sequence, sector and sectorChange reflect the current
status. Its postconditions include the assumption that the vectors returned
matches the actual sector logcation and that they follow a Gray code order.

assignValugs of class dataRelay merely assigns the temporary or dummy switching
varlables to thelr genlus counterparts. The dummy variabies are declared as
protected attributes in their respective classes so that they can be accessed by
dataRolay via the Inheritance links. A further remark about dataRelsy is that through
ks oconstructor, the switching variables can be inltialised. This enables the
interrupt cycle itself to be configurad at the initialisation stage, when an Instance
of dataRelay 18 declared.

The rest of the member functions are quite straightforward and their
characteristics have already been discussed in sections 5.6, 5.7 and 7.1 of part
1 of the Design Speciflcations, SDE 107. The corresponding class diagram for the
three classes discussed in this section is shown below in figure 11,
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Listina:

i} vol dataRalay:: oaslgnValuee |}
(

A uj = viTemp;

% 1} = tjTomp;

R vk = ukTomp;

Ntk = tkTomp;

i vZero = uZoroTomp;

N 10Halt = tOHalfTemp;

B

assigns cotrect values to the switching
paramaters used by the interrupt cyole.

Oparaticns.

- yid assignVelues (M)
gttt (8]
-intpetTk () [8)
- it gotTOHelt () [S)
- int gatdlj () {51
- int gotUk { 1 (8]
-int gotlzere [} [S]

int dotaRelay: got¥i{}
g
selnrn t;

Attributes; 5

nt dataRelay: gatth ()
{ {

{ rotuen tk:

%

int tj, tk, tOHalf, uj, uk, uZoo
Crafeuntar

datoRatays: datafelay { int tinit, int tkiait, int 1Qa Init,

int wjfnit, int ukl
switchingVoc(ors |
{

1j = it}

1k = tklnit;

taHall = tBialfinit:

** yZarolait 1 switchingTimes { I;

tnt dataRolay: getTOHalt {1

{

return 10Hall;

Int dataRoloy: gatU] {}

uj + ujinit; { .
uk = ukinit; return uj;
uZara ~ u2grotnit; k

jF
Int datallelay: gotlk §}

{

roturn uk;

h

int dotaRelay: gotUzera |}

{

rLarg udaro;

I3
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gwitohlngVaeetors Listing:
sponsipjlities:
vold switchingVoetors: vactarSwapplng ()
{tomp = viTomp;

{1 u[Temp = ukTemp;

§ UkTemp = tormp;

selects the correct switching sequence and
their correct order of securtence.

Oparations: h ki
« void vectarSwopping {1 [M) volth switehingVectors: veetorSeleot ()
- yoid vectorSalact [ ) [M] 1 {
- voit vectorUpdata () m r it { actuplSaq = 1)
i {
Attrbutos:; ] 1* seloct voctors { ujTemy and ukTomp } according to a
1 forward sequenca *
peivata: £ J
Lo, agtuelSoctar, actualSey; ; Y
£ olse
peatected: B {

unsignad Int ujTerap, ukTemp, uZeroTemp: I* seloct vactors | ujTansp and ukTemp ) according ta a

rovorse sequence */

Censtructor: ] -

E

switchlagVoctoes:: switchingVectors { ): soctorMonitor {1 f;

i) ] vald switchingVoutara: veotortipdata [}
| {

actualSu~tar = gotSector{ k
aclupleq » getSequenca { I;

if | getSector Chonge { ) = trup)
vogtorSeinct | i

aisn

. voctorSwapping { I;

b
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2.25.3 Manipuiation of the Switching Parameters
Manlpulation 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 cycle

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

. switchingTimes
. switchingVectars
. dataRelay

The structures of those classes are shown below:

: Listing;

switehingTimos
Responsibilitlas, § vold swltehingTimes:: chaokToable { lookUpTable

&rapLookUpTablo, angleDisplacemont

caloulates the switching timas and their &rep2AngloDispincomant)

order of occurrence, 1

i 1 = {rop2AngleDisplecamant.currentAipha (1] alpheMin |
Operations; 1 ta = replooktpTabla.qesTa Ul

{ 14 = roplonkUpTeblo.getTh tiy
- yoid checkTable i IookUpTakle &replnokUsTakle, I1 k

wnploDisplagement sop2AngleDisptagemant § (M) & [8] ¢
4 voltl switehingTimas: calsSwitehingTimes | }

- voirl caleSwilchingTimes { soetarManitar {

SrapSectorMonitar ) | soctarbanitor copSectorMonitor;
1 currantusMog [ %

Altributos; I if 4 ropsectarManita.gotSoguanco [} o 1)
11

prjvﬂw_- ‘ thBmp utn! USMRU:

i i, 1, th | tkTomp - tb * ughtag;
| x

prateciad: | oise

int 1jFeryp, tkTamp, tOHa Tamg ]!

utamp - 1 ' usMuag;
tkTamp - 13 ¥ usMag;

Constructor )
switching [imag:: switchingTimes () : vet:tarMannituda 1 | '
' o : ! 10Hslf Temp - £ 1Samphog - OTemp thTomp) 1 2;

ik
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seetorMonlior ji Listing;
Bsnons 8- int saatorMonltor:: gotSocter ()

1 {

i snglalisptacement rep 1 Anglatisplacement ;

{ sactarUpdate = fmod (

H roptAngleDisplacament,currantPheta { ), 80

keeps track of the sector location of the
desired vector Us*,

Operatlons: it { sectarlpdate > sactor )
Bl soctorChango = Leue;
« Int getSestor { } [M] & [S] i olse
- Boatean geisectorChenge { ) [S) H {
- int gotSoquance { } (81 £l soctarChanga « folse;
M safuenca = -saUONCE:
Attributes: il 1

_ if [sectorUpdate > B) sector =1;
LY alse soctor = sectorUpdate:
Pl return sector;

b

unsigned int sector;
Bootean seciorChange;
int sequensa:

1 Boolonn ssetorMonitors getSostorGhange {1
{ roturn sactarChange;

b

{ Int sectorMonitar:: getSoquence {)
{raturn saquence;

t b

The two operations of vectorMagnitude are straightforward, one calibrates the
operation while the other computes usMep. Note that usMag ls declared as
protected. This Is hecause vactorMagnituda is only used by class switchingTimes and
hence it is more effective to make usMag directly accassible to switchingTimes via the
inheritance channel.

The operations currantAlpha and currentPhate follow from the discussion in section §.4
of part 1 of the Design Specifications, SDE 107. In addition, following the
discussion earliar in this section, currentAiphe now cails resetCountsr upon a change
of revolution, Operation resetCounter, which is now simply anothetr member functlon
angleDlspacament, in turn checks for the value of alphe first.

Operation getSectar Is the only modifier of the class seztorMonitor. It updates both
sactor and sequenns, [t further determines a change of sector condition. getSectorChange
and getSequenca are two selectors returning the values of seetorChange and sequence
respectively.

TOLTOHWT 56T Voramin D01 1ty 1109 )



SDES

Software Desigh Specifications-Part 2

Doc. No. SDE 108

. angleDisplacement
’ vectorMagnitude
. sectarMonitor

y

The structure of those three classes are devsloped below:

R ibllties:

keeps track of the angular displacement of
the desired vestor Us*,

Listing:

| iSupervisor rapPliSupervisor ;

float angleDIsplocoment:: currentPhota { |

{

tActual =+ + counter * 1Sampling;
pheta={ 2*pi*tActual *repPliSuparvisor.getilnvl ) |

Regpangibilliies,
determinas usMap

Opgrations:
- yoid gurrantusiiag § 1 [M]
- vai gahhratousbdag () M]

Attributes;
privelg:  flogl m, o
protagted: Toat ushag;

Opgratlons: if { pheta > = 360}
raselCountar;
- float curcentPhata { | {M] & [S] retuen phota;
- float currentAlgha () it & [8) h
- void resetCounter { ) iM]
vold anglsBlsmacoment: surron Alpho )
Atirlbutes: {
alpha = fmod ipk 18, B
fleat tActual, phets, alpha: raturn alpha;
unsignad int counter; I
void angleDispincomant:: resetCountor { }
{
if {alghe < gamma )
couptar « O;
B'se tounter = 1;
}i
vaeterMagnitde Ligting:

4 m o { vlnMax - vinviing | (usMagMio - usMapMaxi;

void vagtorMagultude:: allbratousMag [ )

{

t = vinvMax - m * usMagMio;

v

vold vectorMapaliude: surrontusiag (

{

phaseletociar rapPhaselletocton;
usMay - tropPhaseDetector.netvinviAciual § ) - b | m;

3
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switchingTimes and switchingVactors.

Figure 9 shows that the class swiichingVectors collaborates with both sectarMonitor and
soquenceMonitor while the latter itself needs sectorMonitor to determine whether there
has been a sector change. This diagram is too strongly coupled. A better
separatlon of concern can be reached by Integrating sequenceManitor into
suutorMonitor. This will lead to the structure shown in flgure 10. )
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Flgure 10: Class Diagram - Derived Parametors (final conflguration)

We are now left with only three classes for this module:
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This exercise reveals two factors:

a. class vectorMagnitude Is not direqtly related to the other classes. This would
tend to cast it out of this moduls. 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 relatlonship among the cther classes seems clumsy. First we note a
two-way association relationship between angleDisplacemant and counterMonitor.
This is beceuse angleDisplacement needs counter to determine pheta, while
gounterMonitor needs angleDisplacement to determine counter on a change of
revolution. Secondly counterMonitor uses saectorManitor to determine when a
change of revolution has ocourred. However this function could have easily
been carried out by angleDisplacement itself from & manipulation of pheta which
Is its own attribute. This study suggests that a better simplificauon would
result if countarMonitor is in fact Integrated in angleGisplacement. This is deplcted

In figure 8.
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Figure 8: Class Diagram - Botived Attributes (flnal configuration)

This exercise further demonstrates the power of QO and in particular that of the
Booch methodology in revealing redundancy and awkwardness in the design
structure. Even if ane is not familiar with the particular problem domalin, it is fairly
easy to spot those inconsistencies and to take corrective actions early in the
design process, simply by analysing the distribution of ¢lasses.

Moving a little forward In the desigh we can nnd yet another possibility for similar
simplifications; this time between the classes sectorMonitar, seguenceMonitor,
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determination of the attributes of Us* and the caloulation of the switching
parameters are shown in two separate diagrams, figure 18 and figure 20,

\
postorManiiar  repiAngleDisplacaman) topPRSLDOVISOT ‘voctorhdogrilnde rapPhatcatester
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onglaDigplacomant for pheta .

cumnrPheta Healf firat % gotinv ()

tads A fram pllSupanises
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Figure 19 (a): Interaction Diagram - Ypdating The Attributes Of Us*
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repSwitehingVectors vactorUpdate {}:

This operation, like the next ohe determines the valuss of the switching
parameters, They both trigger a whole set of activities involved in first determining
the values of the atiributes of the desired vector Us* Because of their
commonality their interaction and object diagrams will be developed together.

vectarUpdate provides a new set of switching vectors. It calls gotSectar from class
sactorManitar. getSsctor in turns calls currentPhata from class angloDisplasement. curroniPhata
first increments counter and then calculates and returns the new value of phets,
based on the Incrementaed countur.

After computing the new value of phetu, currentPheta checks for a change of
revolution condition. If that is the case, counter Is reset. But the reset value of
phota itself is only effactive on the next sampling interval. Alse note that gatSector
updates the switching sequence as waell.

repSwitehingTimes.caleSwitchingTimes. ()i

caleSwitchingTimes computes the switching times. It calle curontAlpho  from
angloDisplacement and compares it with alphsMin to obtain the value of the running
counter | which allows it to retrieve the correct switching timas, using getTa and
gotTh, both from class loskUpTable.

The previous operaron of main, voctorlpiatel ), updated pheta and by the sama instance
enabled alpha to be updated when currentAlpha i9 called. This is an important
considaration and it explains why vectorUpdate is invoked before caluSwitchingTimes.

ealcSwitchingTimes also calls currentusMay from class voctorMapnitude. Tha latter calls
getinvActual from class phoseDetoctor, which provides the up-to-date vaiue of vinvActual
previously  calculated on  the call to  vinvActuahcurroniVoltage -  see
rapPUSupervisor.phaselockLoopl | above.

This value of usMag (from currentusMag) is multiplied by the switching times oblained
from the look-up-table to derive the actuai switching times values.

The diagram for the last two operations can now be drawn, As mentioned earlier,
both vectorUpdate and calcSwitchingTimes first call upon other operations to determine
the attributes of the desired vectsr Us* For a simpler représentation the
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ropSystomSonfiy . 1: wotitngs ()
21 somputakTermed}
4: startintCyelo ()
(-9

repStard
] Up:etartlUp

3: genTable ()
4

raplookUp
Tabieilook

Figurs 16 {b): Objoct Dlagram ~ Initiatisation Process

repPliSupervisor.phasst.ockl.oop {1

nhasalockloop from class pliSuperviser performs the phase-locked-loop and generates
a value of flnv, It calls [Res.currantFroquansy from class fSensor which provides the
actual Resarve frequancy by calling currontValua from class sensor. If at this stage
the frequency e out of limits, the necessary steps are taken by fResOutOfRange of
class pltSuperviser itself. phasslockloop also calls outDfPhase from class phoseDatector
which calls voltageDiff and direction. veltageDiff calls currentVoltage of both the instances
of clags vSensar, @, vRes and vinvActua). Like [Sensor, vSensor calls cusrantValue from nlass
sansor to obtaln the sensed values. voltageDiff uses those iwo values to determine
the voltage differance between Reserve and Invertar output. directlon compares the
diraction of Reserve and Inverter. dirsction too, invokes currentVoltnge.

The dynamic semantics here are best captured using two sets of diagram. The
first set in figure 17 {a) and (b) describes the sensing activity while the second
set in figure 18 (a) and (b) depicts the phase-locked-loop process.
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3.2 Dynamic Semantics of the Individual Elements

In thie section we go down inio the ramifications of the objecls associatea with
each of the process fllustrated in the interaction diagram in figure 14 (a), in order
to capiure the dynamic behaviour of each of the objects. The same logical order
of operations, as presented in the function main will be followed.

apns Config.configSystem { 1

configSystem from class systemConfiy seis up the microcontroller registers, then
ganerates the look-up-table and finally initiates the inferrupt cycle. It calls:

' satRegs from class startlp
. gonTable from class lookUpTable
, and startintGycle from class startip

The corresponding interaction and object diagram for this set of activities are
shown in figure 168 (a) and ().

rapSystamGonfig rapStotUmatatlp raph.ookipTablalookUpTable

1. 60otRope
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2: eampuloKTorms {)
Camputp the constant lamp -

& ponTakla ()
Gonortain tho look up 1abln -

4 el
Inllate tho intorrupl eyeie slarietyela ()

Figure 16 {a)! Interaction Dlagram - Initinlisation Procoss
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All the sensing, cnecking and computatlon activitles have one thing in common
in the sense that they are all processing data. Not surprisingly they constitute the
core activities of the application, We shall name the state when the
microcontioller is involved into one of the processing activities the processing »
state. Similarly every time values are being assigned to the inferrupt cycie, the
microcontroller will be In an assigning state. This state differs from the processing
state in that here data Is merely being passed along, without being manipulated.
A third state will be required to designate the status of the maln cycle at the
check polnts, where its activities are temporarily halted. This last condition will be
described as a waiting stafs, This state is only relative to the main eycle activities
and should not be confused with an idie state of the microcontroller, In this
application, due to the contihuous activities of the interrupt cycle, the
micracontroller, under normal conditions, is never Idle. Figure 15 captures the
state fransitions in the main cycle. Notice that the man cycle goes into a waiting
stafe both before and at the end of a processing state.

Waiting stnin
b J

» Aagignmonia Comploted

Malnh Cyalp Statn Ansigning Stals

Pracossing Comploted

Pracansing State

Flgure 15 State Diagram - main eyelo process
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Flgure 14(a): interaction Diagram - The maln cycle as run in the function main
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1 ot main (]
Il preprocassar diractives {
# defina pi 3.147549 _
# deflne MaxSectorDiv 240 4 || creating objests
{ systamConfig ropSystamContig;
¥ dofine télock B2.5E-8 | dutaRelay rsplataRatay { tinitisl, taitial, tinitiel, 48,35,
# dafing 18ampling 1.66-4 ;
# dafine tinitlal tSampling J 4 1 0llSupsrvisor rapPitSupervisor;
¥dafine vBig 400 | switchingVectors repSwitchingVactors;
# define vSmali 0 1 switchingTimes rapSwitchingTimey;
{f initinfisation
[ inglude filos § repSystemConliy.configSystem { %
Hincluda <inhB3048.h >
fincluda < inhB3048.h> ' It main cycle
..... 1 far;;
i {
whilo (ITU_TSTR 1= 22G) J) flrst chack poiat
[ {k

4 rep PllSepervisor.phasal.ockLoop ()

§ repswitchingVactars.vectartipdate ¢ |

| repSwitchingTimas.calSwitchingTimes {

| while { TTU_TSTR 1=232 ) If sacond chack paint
t{k

ropOetaRaiay.assignValues | %

k

! raturn 0;

}

3.1.8 Schematic Representation

The corrasponding interaction diagram and object diagram for the main cycle
r ncess are shown in figure 14 (a} and (b) respectively. Notice the simplicity that
OO0D 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 lavel of abstraction, to ignore those complexities while still maintaining insight
into the process.
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. performing the phase-locked-loop

. caleulating the values of the attributes of the desired vector Us*
. updating the sequence polarity

. updating the switching vectors and thelr order of ocourrence

. caiculating the switching times and their order of occurrence

, passing the calculated values to the interrupt cyele

This set of activities will have {0 be repeated at every sampling interval. In
addition the software will also have to handle out of limits condltions like out of
frequency range anhd overload,

3.1.3 Synchrottising 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 concludea that two check points will be
necessary, The flrst 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 msain cycle only
when 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 chack point malintains the Integrity of the data used by the interrupt
cycls. it is located at the end of the main cycle and it checks for the 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 cyele without the risk of mixing of data oceurring.

3.1.4 The Function main

The ideas expressed above are summarised in the structure of the function main
below. All the slements of the function have been treated separetely abova. The
inltimiisation value of raplletaRelay follows from the discussion in section 5.3 of part
1 of the Design Specifications, SDE 107.
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3 Dynamic Model

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

. state diagrams
. interaction diagrams

Due to the strong relationship between interaction diagrams and cbject 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 snapshots in th e 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 funation maln can be sketched. It will have the
following important activities:

. running the initialisation procedure, Including the initiation of the interrupt
cycle

. co-ordinating the activities of the main cycle

. synchronlsing the main cyele with the interrupt cyvle

3.1.1 Initialisation Procedure

The first task can be easily accomplished by running configSystem of systemCanfig. We
recall that configSystam is 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 postcanditions of all
the objects are satisfied. This will become clearer as the model is developed, but
already it is evident that the function main will have to prompt the following
activities (other than the initialisation} in the following order:

. sensing the voltage and frequency parameters
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microcontroller. in the present application it is used by the timer intertupts and by
the NMI,

The module sdeprj.cpp contains the privileged non-member function main and is
the root of the program. Description of 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 oblect diagram shows the interaction among the class instances. It Is used to
frace the execution of a scenario just ltke an interaction diagram. Object diagrams
and interactlon diagrams are alternale representations of a scenario. For the
purpose of this case study, the object diagrams and the interaction diagrams wilt
be daveloped simultaneously in the next section.
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1.5

1.5.1

1.6.2

1.5.3

1.6.4

1.5.6

1I6

. Member; of the SEAL Management Board

» Head of the Department, Electrical Engineering

« Individuals who will perform internal and external surveillance audits c;f
the SEA!. Quality Management System

« Engineering Manager, Meissner

» Product Devsloper

« Produsct Manager

Applicable Documents

Specifications
None

Standards

a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, § Aptil
1994

b, SEAL QMS Document Layout, Presentation and Typesstting Guide, Q8
003, Revision 0,01, 1 April 1894

Procedures
None

Guidslines
None

Other Documents

a. SDE 108, Software Design Specifications - Part 2

Assumptions

it is assumed that the reader is famillar with inverter systems and the

concept of Space Vector Modulation. In addition the reader should be
acquainted with the design developed in the Software Desigh

Specifications, document SDE 108.
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1 Scope

1.1  Introduction
Coding follows directly from the desian specifications. It builds on the
structures and the exacutable releases derived in the design exercise to
produce an executable version of the program. The task Is especially
concarned 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.

1.8 Definitions

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

1GBT : Insulated Gate Bipolar Transistor
Q0D : Object-Qriented Dasign
OOL : Object-Oriented Language
PWM : Pulse-Width Modulation
1.4 Audience

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

+ Fulltime staff memiers of SEAL

+ All full-time and part-time post-gradusate students associated with SEAL
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3.3 The Overall Process

Finally, the initiallsation process, the main cycle and the Interrupt cycle can all be
captured In a single state diagram as in figure 23. There, the svent-ordered
behaviour of the whole process can be foliowed.

I
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The dynamip representation developed In scction 3.1 of part 1 of the Design
Spacifications, SDE 107, can now be reiined and adapted into a state diagram
as shown in figure 21. In addition, we can aiso draw the interaction and object

diagrams as in figure 22. !
interrupt Cygla Stata
tan s T2 Indaerupl
Y
Tainl Riwline Exon Timar TS mer/pL 10 In}, Rouilliva Cane.

£irat nterval Stote Second Intervol State

Fimar Tl rkatiopl Rodoting
Tirnut T Mteiriip] Aovling Cumipholed] T4 el
Tompuwiod (16 Tel }
' ~
Y T O tats Tamt T4 GH State
Timtn T Iotoerigl
- Timat ¥3 kot T?.I‘nl Rt i Eamc
T4 1M fientina Daoe
Third Intarval Stats Fourth Interval Siota

Twmar T4 igymupd Rosline Tuvar TR Inld it Figiting
Campinted (T2 Fiol 1 Lompiied (T Gof )

i, IS

Timer T2 faN Elata ot T3 UM Fiata

Figure 21; State Diagram - The intarrupt cyels
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‘ a 1: galSesior { } ropSaciciiMontior
2: getBequance (}
3: goiSechorChangs (
. .
ropSwilthingVactons
L4
10; geiBaquence [ )
tepSvlnhing limas
9: cumrontishag {}
]
’ T .
wacterhiagrdiuda 7 oy !!.' pha 3
B: aiTh [l wth
¥ 'rnwmllnMHMam
|
ruplockypYaske

Figure 20 (b): Ohlact Diagram - Caleulating The Switching Parameters

repDataRelay.assignValues( };

asslgnVelues assigns the temporary values (ujTamp, ukTemp, uZeroTemp, tjTemp, tkTemp and
tOHalfTamp) calculated after operations vectarUpdate and calSwitchingTimes were called,
to their genius counterparts (uj, uk, uZere, tj, tk and tQHalf).

The_ interrupt cycle

On top of all the operations mentioned above, running In the background is the
interrupt cycle. Its evolution Is governed by timer interrupts that follow each othet
in a repetitive loop. This cycle was initiated in the inltialisation procedure - see
repSystamConfig.configSystem ¢ ).

Each of the four timer interrupt classes, timerT3Interrupt, timerTQInterrupt, timerT linterrugt
and timerT2intarrupt, calls the operation stopTimer of class timernterrupt. They also
obtain all the necessary parameter vatues (uj, 1j, etc.) through their inheritance link
with class timerinterrupt, itself inheriting from class dataRelay.
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Figura 20 {a}: interaction Diagram - Calculating The Switching Paramaters
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Appendix C: Source Code for SDEC0401.C
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Appendix

B: Source Caode for SDEC0301.C
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Appendix A: Source Code for SDEC0201.C
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3  Hardware Implementation

A nrintad-circult board (PCB), was designed for the purpose of this application.
Thie main purpose of this Inverter Cot 'rol Card’ is to hold the microcontroller and
its support elements. It is a two-laye: card consisting essentially of:

. a power supply circtitry

. the microcontroller
» interfacing circuitry betwesn the microcontroller and tha sensed parameters
. interfac ng cireuitry between the microcontroller and the crive elreultry. The

i+0 cireuitry is focated on a separate card.

Figure 2 shows the block diagram of the lnverter Control card. Sensing and
autput »f the drive signals 4ig performed via the connectors X1, X2, X3 and X4.
The actual dimension of the card arg 234mm x 160mm. The PCE dimensions
were st chosen 86 as to fit into the card cage of the targeted UPS (MP 3000
MKIil}), The schiematic file for this sard, designed using the CAD package Tango
Pro. Is avallable In the file SDEIOSAH.SCH. In order to reduce the cost of this first
prototype, the card was not fitted with a ground plane.

X

=
B
5
8

Sonood
_ Pammetors
m

. T
HConirofior g

and (M2 Diw
Bupport . P Inioifaca

Ciroulty 1.2

R

Figure 2: Block diagram of lnvaerter Gontro! Card

' Tha intarface with the drive ircult aa well as several othiar design features on the card were barrowed
from the Phogo Contrel Gord, PCB 905030, designod by Naet Hullay, Meisanar, in 1994
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to pay for the piocessing speed limitations of the microcontroller and is common
to real-lime embedded systems. In fact it is not rare to see applications where
hard real-time aigorithms are implemented directly In assembly janguage; visibility
in those cases is even worse.
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SDECO4N8.C | Same a3 version 1.1 but with the real The output waveforms ware
sansing and A/D converslon as tesied | unstable, Frequent up and down
In SDECOB01.C integrated to the "gwaying” movements wera
program. Sampling frequéncy: 6.26 ohserved, comblned with frequent
kidz overshicats. This suggests that

the switching frequency of 6.25
kHz Is {00 high for thie version.
Actually the addition of the A/D
converslon and the associated
new calculations increases the
exacution time by about 40
misrosesonds.

SDEC0410.C | This verslon contains sevetal changas | Program performs sucgessfully.
to varsion 0.8. A hysteresis algorithm This version satisfies all the
was included to avold unwanted functional spacifications of the
changes in the sensed parameter. In project, it & the first approved
order to catar for the hysteresis vaigion of the software.
algarithm and other minar changes, tho
sampling froguency was lowored to 4
kidz. This version also contains gn
invertor-off subroutine,

SDECOED1.C | This program 1s to test the A/D Program ran succaessfully, with
convargion (sean mode) and sensing of | variation in input veltage being
the microconirolier. It also inclutes the | followed by the A/D data
immaedlate caleulations to be perfarmed | registers. The time taken o
an those parametars in soch sampling | complete tha A/D convaersion and
interval. Thase caleulations are the ta parfarm the cemputation of
computation of usMag and that of usMng and pheta, was about to
pheta. Variations of the sensing 40 micreseconds. Also small
parametars was stmulated using & varlations in the register valves
veltage divider network and wora observad for fixad input
potantiomaters. voliagas ot different runs of the

sonversion loop.

Going from the earfier versions to the later onss, a general trend towards more
simplicity is observed, hoth in the language and the structures used. This is
achieved by breaking the high abstractions of the language into more hasic
algorithms. Although reduction in execution time, which is the prime objective of
this exercise, is achisved, the costs in aveoiding a higher level of abstraction.
appear in the length and the clarity of the program. Going down the ligt, from ene
version to the other, the program becomes more obscure; high-level funstions
{like fmod) are translated Into several lines of code. The mapping between the
design and the coding bacomes more and more difficult to follow. This is the price

BEETT. v Voo (T 36 Aleust 1000 pnan =
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SDEC0404.C

This version Is simllar to verslon 0.3,
but with several changas to eliminate
the fow float operations (oft, especlally
those operations that invdive pheta and
aiphal. In addition the number of
divislons per sector, maxSectarDiv, was
increased from 60 to 240, hence giving
a higher nocuracy of the switching
times values, Sampling Frequency: &
kHz

Program ran successfully,
performing the on-line
calculafions well on time, at each
iteration of the computation foop.

SDEC0408.C

Followlng the time saving achiavad In
version 0.4, this prasent version
oparates at a higher frequency, 6.26
KHz. in addition this version contains
transitory states to ensure a full Gray
code flow. ysMeg and vinv are now
properly computed, instead of being
merely assigned values as in the
previous versions. Sompling
Fraquency: 8.25 kkz

Program ran successfully, but
rasults show that it Is performing
at its limit in terms of avaliable
execution titme par sampling
interval. In fact when tested at
7142 Hz the software falled to
prodice the right ouiput pattern.

SDEC0406.C

This version Is sii llar to version 0.5,
but without the additional transttory
states that ensure a full Gray code
flow. This function as well as the time
delay to cancel the effect of O of ©* -
ewitches is to ba taken care of by the
hardwarg. In addition it contains &
subroutine for the 300% OL case and
Ingtructions to send a signal an a
Statje Switeh Inhibit condition.
Sampling frequency: 6.25 kHz

Program ran successfully, as in
varsion 0.5, When later tested on
the emulator, typical PWM drive
pulses switching batween +/- 12V
could be observed at the output
of the IGBT drive cards. This
rasult demonstrates clearly the
sugcesfull implementation of SVM
inte producing PWM pulses for a
thras-phase gystem.

SDECD407.C

Same as version 0.6 but with several
changes to accommodate for the
sansing of Reserve and Inverter
parometers, and their A/D conversions.
Note that the real sensing and A/D
convearsions are not yet parfarmed at
this staga. Sampling frequency: 6.25
kHz

Program performed successfully,
suggesting that the sensing and
AJD convarsion could he
integratac.
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2.2 Summary of Sbftware Revislons

Coding was performed ih an iterativ'e foop involving design and tasting 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 Rasult

SDEC0201.C | To caloulate 1a, tb and tOHalf of the Time taken for calculations was
SVM algorithm in the order of mitlisecands

suggesting that the idea of
having fuli on-fine computation is
impractical,

SDEC0301.C | To tast the intarrupt cycle algorithm Ran successfully, without any
ovetflow errors or other
intarruptions.

SNDEC0401.C | To perform the full SVM control - Program failed to complete the
without the phase-locked-loop caiculations in one sampling
algorithm. Al timing caloulations are [nterval. This confirms the
performed on-line. Sampling findings of version 0.1
Frequency: 1 kHz

SDEGCD402.C | In this versioh the switohing times argé | The pragram ran successfully
first gonerated and stored In a Yook-up- | with all caloulations baing
table in the initiallsation stage. Also the | performed within one sampling
use of sophisticated C functions, like interval. The ITU registers and
fmod and floor, were eliminatad in the the output port registar were
main cycle loop. Sampling Fregueney: updated appropriately.

1 kHz

SDEC0403.C | This version has fewer float Program ran successfully «
manipulations in the main oycle loop. although the number of fines of
Furthermore many of the expressions code has now been increasad
defined as #doline directives wara gonsiderably and more variables
aliminated. Sampling Frequeney: § kHz | have been added.

BOFT10WP 108 Version U 01 25 Avgust 1996 Pane b
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2 Software Implementation
2.1 Flow Diatr:ram Representation

The program was written in C instead of an OOL like C++. This is mainly a
consequence of the compiler Himitation, mentioned already in section 3.2 of the
Functional Specifications, SDE 1086.

As an intermediate abstraction between the objaci-orientad representation and the
exercise of coding in a non-O0L (C), the flow diagram in figure 1 was developed.
It is mainly derlved from the state transition diagrams and the class dlagrams
presented in SDE 108, The flow diagram is a helpful tool for bridging the gap
between OODs and non-O0Ls implementation.

The flow chart in figure 1 relates to version 1.0 of the soflware. It uses
pseudocode to show the different activities. Including codes in the chart, is 2
convenient way of deplcting the activities but those codes are not necessarily a
true image of the actuai 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.9. In the actual program the functlon fmod Is replaced by a set of
Instructions In order to reduce the execution time, The actual codes are displayed
In appendix K.

SOE11OWe. 100 Viersion & Gt 25 Auguat 1596 Page 4
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1.7 1SO 9001 Requirements Traceability

. ISO 9001 Clause 4.4.5 - Design Output

8

(%]
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Appendix F:  Source Code for SDEC0404.C
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Appendix . Source Code for SD=C0407.C
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Appencix J. Source Code for SDEC04G8.C
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1 Scope

1.1  Introduction
This document lists the steps and procedures taken to verlfy the
correctness of the software and the system in general. The software is
tested on its own as well as when integrated to the 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
otherwlse 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 the software is
behaving according to the specifications. In particular the system Is verified
against the requirements analysls specifications and the functional
specificationg,

1.3 Definltions
PWM : Pulse Width Modutation
FLL : Phase-locked loop
SVM : Space Vectar Modulation

14 Audience

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

« Full-time staff members of SEAL

« All full-time and part-time post-graduate students associated with SEAL
+ Membsers of the SEAL Management Board

« Head of the Department, Electrical Engineering

« Individuals who will patform internal and external surveillance audits of

HOETIWE 100 Vorsiah TEE OB Augqusl 19005 Pane 1
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Appendix L:  Source Code for SDEC0501.C
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The components on the board were veriiied against the bill of materials listed In

appendix A.

Table 7: Gomponent chack

Have the right compohents baen used

Yos

is th.e clearance between the compeonents
QK

No, the clearance hetwesn IC27 and C60
and between 126 and G57 is tao small

Are the compohents in the right orlentation
{whera It matters)

No , the base and the amitter of all the
transistors are in the wrong position, The
problem liea In the file speclfication of the
component in the schematic«pch program.

In addition, further veriflcation of the tracks and the components revealed the

following discrepancles:

J The pins of DL1 shauld be swapped and the logic on pin 53 of the
. microcontroller should be reversed. This is because port 5 can only pravide
current sinking, l.e, it can only switch on an LED when renfic  »d ag an

nput pin,

» IC8, the hex non-inverting buffer is supplied 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 plece of link

wire,

EDETIZWP. 100

Voraian 1.00 25 Augot 1056
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H'00000 -

H'OOOF Vector Araa

HODOFF -

H'02D67Y On-Chip ROM

HYFFFF

HFEF10 L

HFFant OmChip RAM

HEFB00 Mamury Block e e,

HFFCFF o i

H'got00 IR . S

HFFFIG e =g :
I o .=
R Riaiers

H'FFFFE RV RV, A :

Flgure 4: Memory Map for SDEC0410.C

Furthar details of the compilation and linking results can be obtained from the
generated map flie, sdec0410.map.

4.2 Hardware testing

Static analysis as appiled to the hardware is limited to & basic check on the
component and the track layout. This 18 typically performed with a meter and an
external DC power supply unit, Table & shows the result of a power supply check.
Table 7 shows the result of a component-check on the board.

Table 8: Power supply check
+12VA (+/1V) power supply OK

+12VB (+/-1V) powor supply OK

—

+6VA (+/-0,6V) powor aupply OK

'\|\\\

+HVE [+/-0.5V) power supply OK

BOETIZWR. 100 VOraion 1 00 26 AUgUe 1000 Papo 12



SDES Testing Documentation Doc¢. No. SDE 112

4  Static Analysis
41 Software Testing

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

The specifications of the compller are as follows;
Miere Series H8/300 C Comnpiler V 3.11 A/386
Front End V 1.14 A

Global Optimiser V 1.01 D

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

Tahle 4; Compliation Resulis

Errors none

Warnings none

Cote Siza A180

Constr +t Size 252

Statie Variable Size data: 1218
IRam: 0

All the slzes are in bytes. This shows that the microcontroller Is operated well
within its space {Imitatlons.

The linker used was the Micro Series Universal Linker V 4.48 L/IDXT. Table &
shows the resuit of the linking activity. Figure 4 depicts the memory map of the
microcontrofler with the software downloaded. It shows that all the code and data
segments are well contained within the memory boundarles of the processor.

Takle 5: Linkihg Results
frrors none

Warnings neng

BOETIZWE 100 Vorsion 1 00 25 August 1996 Page 11
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Tablo 3: Checklist fo vorlfy tho correctness of the algorithm in synthesising SVM

Doeas the output start on g forward ¢
. saquence '

Doas the ocutput foliow 8 Gray caode pattorn v

i3 the Gray code pattarn maintained on o V4

sestor change

Doas the gwitching timg values vary v
tocording to the SVM equations

Arg the variablos reset appropripiely en a 4
change of rovolution

Another perspective of the samo pattern flow, as obtained when going through the
software algorithm, is projected in figure 3. Figure 3 depicts the voltage levels in
each of tha three legs of the inverter, taken with respest {o the nagative DG bus.
It captures the general pattern in the firat three sectors. From this picture the
WM effact of applying SVM is ¢learly observed. This exercise serves to further
validate the softwaie algorithm. it is also worth noting that the pattern shown in
figure 3 should actually correspond io the physical drive pulses applied to the
IGBTs. Checking If the actual driva pulses correspond ta the expected PWM train
of pulsas will constitute an important precautionary step before applying DC to the
hus whan performing dynamic tests.

T Veraon 1 Y Rt e age 0
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v In t‘he 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).

L]
. 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 tight order, with uZers remaining
unchanged when moving to the next sampling interval.

. The sequence toggles after each sampling interval,

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

Figures 3 (b) and (c) investigate the behaviour of the algorithm under a change
of sactor, The followihg points are observed:

. The sequence remains unchanged on & sector transitio

. The sequance toggles again after the first sampling Interval in the new
sectar and the same varlation as observed in (a) is noted, except that the
initialisation stage is not repesated.

In addition, by following the segquence of evanis (from the flow ¢hart or the state
diagram) it Is easy to verify that the counter Is reset an a change of revolution.
As the counter is resat, so will pheta, on the next sampling interval.

[t Is l=ft to the 1ader, as an exerclse, to verify the above observations. Following
this « xmeive we gan fill in a checklist to confirm the correctness of the algorithm
in synthwsisig SVM. The checklist is shown below in table 3 and is derived
divectly from the functional specifications of VM as laid in document SDE 108.

HOETIRWR 0 Worsn 1 00 ' Avggunt T4t Bana 0
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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 synchronisation and the time-
frame of the events.

rhe 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
sorrectness of the algorithm. This test is tedious but provides deep Insight into the
mechanism of the algorithm. It is particularly helpful in early versions of the
software, prior to the integration stage. Once the viahility 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 the static and dynamic types. in the present case symbolic evaluation
lests were performed up to version 0.6. The rest of this section exposes the rasult
of the symbolic evaluation as performed on version 0.6. Note that the only major
differance 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 deflnes
version 1.0, could also be used for versian 0.6 for the purpose of the symbolic
evaiuation 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 staies are
represented by voltage levels just to depict the transitional change. This should
not be confused with the logical level of the output pins. uZero, uj and uk are all
switching vectors represantig the state of six different switches. Each of those
switches can take two logt.ql levels, on or off (OV or +BV). To project a simplified
view of tha actual situation, figure 2 displays uZero as a zaro voltage level while
uj and uk are shown as voftage levels that swing between positive and negative
values. The different polarity is used to indizate the difference in state and also
to capture the sequence movement. The convention used hare is that a high level
followed by & fow level represents a forward sequence, while a low level followed
by & high level represents a revorse sequence.

From figure 2 (a) the following obseivations can be drawn:
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2  Code Inspection and Walkthrough
2.1 Software Inspaction
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 styic at a general
lavel. The checkiist in table 1 was applled for this fevel of software testing.

Table 1: Checklist for testing the general prograrnming siyle

18 thare congistency in the naming convention 4
Is there a consistent indentation W
Is the language and its structuras used 7
effectively

Is there efflcient use of comments e

2.2 Hardware Inspection

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

A basic inspection test of the inverter cantrol gard follows in table 2 below.

Tablo 2: Pasic inspection of the Inverter Control Card

Qaneral appearance of the card Good

Does the card fit inte the card cage Yes

Are the pads and drill holes sizes right | Yes

Is the sitkscrean right No - Some of {he sompanent legends
have nut bean printed and some others
overlap

Ara {he track sizes right Yes

The arwork filss were amended to make the necessary corrections to the
silkscreen.

e
iy
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b. SDE 104, Reguirements Analysis
¢. SDE 106, Functional Specificatlons
d. SDE 110, Coding Documentation

1.6 Assumptions

It is asoumed that the reader is familiar to the requirements and functional
speciilcations of the project.

1.7 180 9001 Requirements Traceability
" SO 9001 Clause 4.4.7 - Design Verification

. 180 9001 Clause 4.4.8 - Design Validation
ISO 8001 Clause 4.10 - Inspection and Testing
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the SEAL Quality Manugement System
« Engineeting Manager, Meissnaer
» Product Developer
+ Product Manager
1.5 Appluable Documents

1.5.1 Specifications
None

1.5.2 Standards
a. SEAL QMS Document Creation Templats, QS 002, Revision 0.01, 5 April
1894
b, SEAL QMS Document Layout, Presentation and Typesetting Guide, Q8
003, Revision 0.01, 1 Aprit 1984

1.5.3 Procadures
None

1.8.4 Guidelines

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

[2] Diana G., "Query abowr SVM lmplementation - e-mall Message”,
SDE 586, 1 July 1996

[8]  Fukuda S., iwaji Y., Hasegawa H., "PWM Technique for Inverter with
Sinusoldal Output Current”, IEEE Transactions on Power Electronics,

Val. 5, No.1, January 1980

[4]  Super-H, SH 7700 Hitachi Series Microcontrallers, Semiconductor
and IC Divigsion, Hitachi Ltd., Japan, 1895

1.5.5 Other Documents

a. SDE 103, Literature Survey on Emhedded Systams
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In order to verify the phase-locked-loop aigorithm, changes in the Reserve
frequency were simulatad by varying the potentiometer fies. Figure H-15 and H.16
plotures the filtered output at limiting vaiues of fRes. We can make the following
observations:

. The inverter frequency follows the fRes command within the frequency
window Flgures H-158 pictures the higher end (49.6Hz) 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 2t nominal frequency. Although
(because of the low-order harmonics present) the observed frequency
lirnits do not correspond exactly to the command values of 51Hz and 49 Hz
respactively, the trend in the frequency adjustnient is clearly obsarved.

. Throughout the adjustment of fRes the magnitude of the waveform remains
unaffected.

. As fRes ls taken outside the frequency window, the static switch inhibit LED
comes on and the Inverter waveform jumps back to that in figure H-6,
which is taker. at nominal values of frequancy and voltage. Tracking is
restored and the static switch Inhibit LED is cancellad as fRos is brought
back within the acceptable frequency range.

6.3.4 Magnitude Adjustment Test

The voltage feediack loop was tasted similarly to e frequency feedback lvep.,
except that this time viav was adjusted while all other parameters were kept at
their nominal values. Figwes H-17 and H-18 pictures the filtered waveform at
limiting valuas of vinv. We can make the following observations:

. The magnitude of the wavaform varies invarsely as the voltage simulated
by vinv. At the low-end of vin the observed magnitude is 11.20V waile
at the high end of viav the observed magnitude is 6.88V. Compare those
velues to the magnitude of 9.36V, wken at naminal conditions in figure H-G.

. When vinv s driven out of tiie above limits, the filtered waveform
disappears completely, indicating that the software has racognised an
inventer failure condition and has cancelled all the drive~ signals,

. The frequency of the filtered output remains unchanged throughout the test,
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6.3.2 Three-Phase Quiput

The waveforms as opserved from t_he filtered output of the drive circuitry are
shown In figures H-4, vt 8, H-8, 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 applicabie:

. The fundamental sinusoldal content is clearly observed in all the time plots.
The éxact 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
120° as In characteristic in a three-phase system.

. Changing the nominal frequency parameter fNominal to 60 Hz causes a
corresponding change in the filtered output of the pulses as shown in
figure M-7.

. The waveforms were all obtained from the boltom switshes of the bridge.

A check on the ordering of the waveforms aliows us to confirm the
correctness of the software and ‘he interface clreuitry in delivering the
waveforms in the right order at the right gate inputs. This Is further
conflrmed in figure H-8 where drive pulses for IGBTs in the same leg are
seen to be displaced by 180° as would be expected.

» The same general trend as observed in the FF™ of the unfilterad pulses is
observed in the case of the filtered output. In addition, in figure H-9 the
fundamantal and the third harmonic are clearly depicted. The dramatic
change in the magnitude of the higher-order harmonics, as abserved in
figure H-11, demonstirates the conslderable improvemant that a simple
low-pass filter can bring.

. The effgct of higher switching frequency can be observed in figures H-12,
H-13 and H-14, which cuiresponds to version 0.6 of the software. Revision
0.6 oparates at 8.25 kkiz, instead of 4 kiHz, but does not support any
feadback. The waveforms in this case are observed to be a lot smoother,
with smaller high-order harmonics, for the same filtering arrangement.

$.3.3 Frequency Adjustment Test
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high frequancy contants that obscure the fundamental component. Aithough still
containing low-ordsr harmonics, which explains the distortion of the filtered
waveforms, those filtered pulses are “=ntrad more on the fundamental component
than en the switching frequency component, and hence are more adequate for
testing some of the control features. They are nct to be confused though with the
output of the inverter liself, which is conventionaliy subjested to a more
sophisticated filter system that yields a much smoother output.

6.3 Analysing the Resuits

In this section the output results of the test, as compiled In appendix H, are
analysed and comparaed with the expected results. Unless otherwise stated all the
results in appendix refer to version 1.0 of tha software which operates at a
switching frequency 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 IGBT
switches (SW),

8.3.1 The PWM Drives

The pulses as cbserved stralght from the autput of the microcontrolier are shown
in flgure H-1 and H-2. Figure H-3 provides an FFT plot of the waveform. We can
make the following cbservations:

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

. The transitions hetween the supply voltage {8V} and ground are sharp as
required for [GBT switching.

. Figure H-3 reveals a high 50 Mz content and harmonics contents at muitiple
‘alues of half of the switching frequency and its side-bands

Usually the harmonics for a PWM waveform ogcur at integral multiples of the
switching frequency. The prosence of intermediate harmonics is one of the
charscteristics of SVM. it can be explained by the nature of 8VM itselt, SVM is
not & fixed switching pattern method and is not synchronous, i.e. the carric: and
the fundamental component are not at a fixed or predetermined ratio [2]. As a
rasuit 8VM tends to generats the sub-harmonics observed in figure H-3. in the
litarature [3), 8VM is often referred to as a sub-harmanic modulatiorn method
(SHM).
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fhes: Reserve frequency

finv:  Inverter output frequency

vRes: Reserve instanteneous voitage

vinv:  inverter output instantaneous voltage

Each of the above parameter can be adjusted between ground (0V) and the
supply voltage (5V). In the treatment that follows, for frequancy monltoring 0.5V
corresponds to 49Hz and 4.5V corresponds to 51Hz, and for voltage monitoring
0.5V corresponds to 207V and 4.5V corresponds to 253V.

IGBT Miive Gard 1
Eeuator g Jsmemal. T SW4
Pod
prove To SWE
Bu-s‘;;’;{l’; -ub! )

1GBT Drive Card
(R e— To SWO

QAT Drive Cerd M

Potonliomeler g BT
I e §

AN [T A——

B e i) ! e To s
“Eondhock” Cnrd BOG102A

Figure & Sot-up for tha dynamle tost (with the in-sireult emulator)

The pulses are generated by the microcontrolier at port 1. ping 0 fo 5. Those
pulses are fed to the |GETs via the drive circuitry, The saparate drive clreuitry
providaes isolation between the control circuitry and the high power on the inverter
bridge. 1t also converts the OV/+5V pulses from the microcontroller card to
standard -12V/M+12V puises required to switch the IGBTs [1). The pulses
gencrated by the microscontroller are rich in harmonics, a characteristic of FWM
pulses. In order to facilitate the examination, some of the tests were performed
on filtered forms of the pulsas generated by the drive cards, Those waveforms are
rafarred to as filtered waveforms. The filter in this case was a simple first-order
low-pass filter (corner frequency: 213 Hz) aimed only at removing some of the
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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 ithe compiexity 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 uniguely concerned with the generation and control of
PWM pulses for a three-phase inverter system, The present exercise alms at
making sure that the designed system (software and hardware) is fully fitted for
fts purpose. Generation of high voltages and the design of the UPS system fail
into the power electronics provineg and are left as future development exercises
(see SDE 104, sectlon 2).

Praceding the final version 1.0 is version 0.8, Ravision 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 6.28kHz, with feadback. Experiment shows that the output
of this verslon was unstable. This prompted a reduction in the sampling frequency
and the implementation of a hysteresie algorithm to reduce unwanted fluctuations
in the sensed parameters values. Version 1.0 which operates at a sempling
frequency of 4kMz, runs satisfactorily and safisfles all the requirements imposed
on this project. It Is the first approved version and it constitutes the final revision
for the software of thig case study. The rest of this document lists the results of
the dynamic tests performed on this revision of the software.

6.2 Testlng Procedure

The tests are performed with the in-circuit emuiator connected to the inverter
control card, iiself connected to the IGBT drive cards, For the purpose of this test,
feacdhack of the frequency and voltage paramsters are simulated by a
potentiometer network, fad by the analogue supply voitage of the microcontroller.
Varlation In the parameter values are then simulated by adjustment of the
potentiometers. The set-up is shown in figure § below. Relate this diagram to the
schematic of the inverter bridge in figure 2 of SDE 104, Referring to the legends
on the "feedback" card, aach of the potentiometer, labelled fRos, Hinv, vRes and vinv
respactively, simwlate a different parametar as follows:

m—Wuﬁ#-w LS R e vn.T‘:_;;‘\I:‘:‘im
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Following the decision to have transitory states and the time delay to cancel the
gffect of the turn off ime (tOf) of the IGBTSs, to be implemented by the hardware
and not by the software, this version operates without the transiiory states, In
additlon, an NMI interrupt routine was included to cater for the case of a 300%
overload and nrovision was made to send a signal on pin 0 of port 5 under a
Static Switch Inhibit condition, Otherwlse 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 the software t.. implement
SVM. When later tested on the ICE and the controller card, the physical FWM
output pulses of the micracontroller could be ¢learly observed (see section §).
This last test serves to confirm the abillty of SVM in producing PWM output
patterns.

8.9 Testing SDEC0407.C

This version ls simiar to version 0.8, but with the necessary modifications to use
Jdata that will be sensed by the A/D converter. Notice that A/D conversion is not
yet performed here, only the different variables are scaled accordingly, so that
when t A/D conversion is to be performed, then the values delivered by the A/D
intetrupt . .Jne is properly resognised and accepted by the rest of the program.
Those routines or areas of the program affected by the changes are:

a. The look-up~-Table
b. The calculation of usMag {vectorMagnituds)
e 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 succassfully, suggesting that the A/D conversion can now be
implemented. At thls stage, enough insight and confidence has been amassed in
the system. The highey versions of the software can now be tested on the ICE
gonnacted to the target hardware. The tedious exercise of gathering variables
valugs & breakpoints s not pertinent anymore. The ability of the program to
generate PWM drive pulses has baen established. Any irreguiarities that can
oceur in the higher versions can be monitored directly from the physical output
of the circuitry with logic probes, LEDs, oscilloscopes. etlc.
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observations are made:

. The timing values are corractly adjusted according to this new value of
usMag \
’ At extreme values of alpha, [.2. when the desired vector Us* is close to a

sector boundary and when more time {s spent in the uZere state, the last
fimer Interrupt (T2) occurs befora the program has reached the second
checkpoint in the main cycle. This can easily be verifiad from the table in
appendix F, where it can be observed that ¢ is not yet updated on thrae
occasions - recall that the tf assignment has been shifted before the
second checkpoint,

. The previous observation does not affact the switching pattern since within
the last timing interval all the remaining instructions in the main cycle are
exgcuted, at all values of alpha. This can easily he 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 fimit, in terms of the switching 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 maxSectorBiv - 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 the in-circult emulator.

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

As expected, under this condition, the software fails to produce the right output
pattern. First of all the last timer inferrupt (T2) catches the program even earlier
in the main cycle, befora {{Temp la computed. Secondly, uniike the previous
version when it was run at usMag equals 0.5, the Jast time intervsi is niot sufficient
for the microcontrolier to cover the remaining instructions (eft in the main cycle.
That is, the next sampling interval starts without the calculations of the previous
sampling interval being completed. Synchronisation is lost and the software fails
e synthesise an SVM pattern at the output port.

5.8 Testing SDEC0406.C
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operations. maxSecterDiv was increased from 60 to 240, thus providing a higher
accuracy in the timing vaiues, At this new value of maxSectnDiv, generation of the
look-up-table takes about 830 ms. Like version 0.3 it also operates at § kHz.

This present version sarves to demonstrate that further improvement in accuracy
and the sampling frequancy are still possible.

8.7 Testing SDEC0405.C

Following the encouraging results in version 0.4, the sampling frequency was
increased to 6.28kHz. Further processing activities were added to version 0.5,
Thoese include the transitory states to ensure a full Gray code ~ see sectlon 4.8.3,
SNE108 - and the on-line computation of usMag and vinv. th additlon this version
includes the full phase-locked-loop algorithim. Appendix E shows the simulation
results at usMag set to usMagMax (0.8B86604),

The above exercise found no irregularities in the behavicur 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 vk have the same values, This is because, In order to make room
for the assignments of the transitory cities, some of the assignments
performed in the last sectlon of the main cycie were shifted just before the
sacond checkpoint. Among the assignments shifted up, is the instruction
"uj = ujTemp ". This should not affect the timing pattern since by tha time
this assighment Instruction oceurs, thoer intetrupt T0, which uses uj, has
fong since occurred and been completed. The other assignments that ocour
before the che kpoint are that of wzjTans and 3.

. The switching time values are correct. This can easlly be verified from a
look-up-table, similar to the one in appendix D, but which is generated for
a sampling frequency of 8.25kHz and a value of mexSacterliv of 240,

. The in-circuit emulator agaln shows a time offset of about 12 s,

As a further test on this version, the software is run at usMag set to usMagMin (C.5),
This value of usMeag corresponds to the maximum allowable output voltage, when
usMay is adjusted to a minimum, forcing the output port to spend more time into
the state uZers. The results are displayed in appendix F. The following

e iy az ke
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In an attempt to bring down the processing time, float manipulations were avolded
and the use of the Kdefine macro directives was reduced to simple value
assignments (i.e. ali expression assignments were removed), giving the third
version of the program,

This version operates at a switching frequency of SkHz, with a value of
maxSectorUpdate of 60, Like its predecessor it was run with breakpoints (BPSs)
applied at regular Intervals. The table in appendix C shows the result of the
simulation test at different sampling intervals.

The foliowing observations can be made:

. The sequence is toggled after cach sampling interval, except at a sector
change where it remains unchanged.

. Values of ta and tb are chosen properly. This can easily be verlfied 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, l.e. all the processing are performed
within the expected and allocated time intervals.

. The time taken to determine alpha and sectorUpidets has been considerably
redugced. It is now about 20us. Simitar reduection in executlon time were
chserved in computation whers float manipulations ware removed. As a
further example, the computation of tActuel now only takes about 3 us (as
compared to 68us before)

' Computation of phata takes about 59us.

’ On average the time measured between the sampling intervals is 212ys,
instead of 200us as would be expected at a sampling frequency of 5 kMz.
It seems that the emulator has an offset of 10Us In its timing. In-circuit
emulators inaccuracies are treated in section 8 of document SDE 103.

§.6 Tosting SDEC0404.C

This program varsion is very similar to the previous version, version 0.3. The oniy
differsnce occurs in the value of maxSectarDiv and in further elimination of float
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points where the values are read and the timing checked.

Breakpolnts 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 corystal. Gbserve that the {ime interval between
sach fimer 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 satisfactorlly.
produces the expacted results, and meets the time constraints. In addition, the
following observations were made:

. After the timer T3 inferrupt routine, the program jumped back to the " while
{TU_TSTR 1= 225} " loop and then proceeded out of that loop successfully.

' After the timer TO interrupt routine the program |umped bagk in the main
cycle, at " tjTemp = ta*usMag; " {no saector change branchy),

. After the T1 interrupt the program Jumpec back into the the second
checkpoint loop, " while {ITU_TSTR [=262 } ¥ and remained In It for a
while, slnce tha 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 50us to executa the simple instruction " tActual = counter
*tSampling; “ Similar float manipulations were observed to be very time
consuming.

. When pheta equals to 358 degrees (worst case) it takes about 120us to

go through the algorithm that determines alpha and the value of
sactorUpdata.

' The generation of the look-up tahle takes about 450ms.
’ The assignment of switching parameter vaiues to the interrupt cycle takes
about 7 ps,

8.8 Testing SDEC0403.C
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5.2 Testing SDEC030M.C

This test was mainly used to verlfy if the aigorithm used to update the switching
parameter values iz 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. Mowever, 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 intervais.

5.3 Testing SDEC0401.C

This program was written to verify the conolusion reached in saction 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 kHz, As
expected thls first version falle:d to produce an SVM pattern. The following
observations were made:

. The program is st in the section where the switching times are calculated
gven after a complete sampiing period has elapsed and the interrupt cycle
is ready for new switching parameter values,

. Some C functions like fmod and floor use a lot of execution time. Some
of the C functlons themselves contain c¢alls to other subroutines; e.g.: flaor
calls fmod,

84 Testing SDECD402.C

in version 0.2 the switching time values are first generated in a look-up-table,
Those pre-calcuiations assume a value of usMag of 1. In addition in this version,
some of the most time consuming C functions were removed and replaced by
simpler (though lhnger) routines, This version operates at 1 kHz with a value of
maxSectorDiv of 30 (see section 2, SDE110).

In order to check the validity of the software at different stages, the chacklist in
appendix B was used. The table in appendix B offers a quick way of ensuring
whether the values taken by the variables are correct and whethar they are
updated properly at the right time. In order to obtain running conditions closer to
the real case, the software is run in real-time mode and then stopped at oritical
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5 Dynamic Analysis - Simulator Testing

During dynamic testing the program behavinur is observed while the program is
running. The dynamic testing has been divided into twt stages. The first one is
restricted to simulator testing, while the second one runs on the emulator
Interfaced with the hardware platform, '

A dadicated simulator for the mictocontrolier was not available for this project.
instead, simulation was performed by using the in-circuit emulator without
sonnecting It to the target hardware, This test has for main objective to test timing
issues. Through thls test one can easily observe the effect of changes in the
aigorithm on the execution time. It was a major contributor to the improvement of
the executlon time of the processing operations. The test goes in delail, right at
the variable values, for the first few revisions of the program. Once this iteration
process has yielded a satlsfactory working revislon, the lavel of detail sought can
be reduced to a routlne chack,

51 Testing SDEC0201.C
This small program was onily written to have an idea of the time it takes for the
microcontroller to perform the timing calculations. The program was run at

different values of elphe. The resulis are.tabulated below,

Tahle 8: Time taken to compute the switching times

Ingfructions Exccution time, measured at a value of alpha
oft

0 nis 3n/1o
ta = ko'coslalghe)-{1isqritd) sinlalphally | 2mg 9238 4ms 378u8 4ma 387Uy

th = kb*sinlalghal; 1ms 366us 1ms 388us tms 386us

10 « tSampling-a-tiy; 100ps 1028 1048

The above exercise rules out the possibility of performing those calculations on-
line. To compute the switching times takes on average 5 to 8 ms. Even at a very
low switching frequency, like 1 kHz (=1ms period), on-line computation will not be
prssible. This test strongly suggasts alternative ways of obtaining the switching
times, like for instance by using a look-up-table.
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Appendix A: Bill bf Materials of the Inverter Control Card
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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 @ methodical and progressive method, such as the one
adopted, be used when testing the system,

+ i
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Machine Interface (MMI) are all controlled by microcontroflers.

Foliowing this practical exerclse, embedded systems as a whole Is raviewed in
SDE 113. For the time being, we can note the following ubservations In terms of
the objactives of the case study towards the assessment of emheddad systems
at large:

a. The case study Identified short design-coding-testing loops to address the
risk elements associated with embedded systems developments. Those
loops proved to he effective in providing Insight in the problem and in
probing unsure regions quickly.

b, The bensfits 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 guidelines to efficiently support the management of time
and other regources,

& The contribution of a quality management systems in supporting the
developmant process was paramount. Through this study it became
apparent that the development of embedded systems s characterisad by
a serles of design changes which evolve as new constraints are
experienced and as the system is better understood. Such ¢hanges hava
to be properly documentad if the integrity of the developrmaent is to
maintained.

d.  Oblect-orientation adapts well to the problem presented by embedded
systems, Unlike other design methodologies its framework encompasses
naturally the sofiware and as well as the hardware glemants of the
problem. It harndles well the complexities of embedded systems, such as
dependent events and concurrency. The four models (logr:.+ and physicali,
static and dynamic) of ohject-orisntation c¢evers all tha possible design
angles of the embedded system. At the moment, implementation of object-
orientad design in an object-orinnted language is still a problem. Either
there is no QOL. compiler for the microcontroller or the fime constraints
imposed on the design excludes the use of added complexity of an OOL.

. The final integration and testing exercise for an embedded systems
consumes a large proportion of the project time (about 20%)}. This is mainly
due to the strong hardware interaction present in embedded systems. This
ingreases gongiderably the numbar of unknowns and ingreases the chances
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7  Closing the Chapter on the Case Study

All the objectives of the case study were achleved. In terms of the requirements
speciflc 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 120°

c. The system provides automatic adjustment of the output voltage and s
regulated by a feedback loop

d. The output is phase-locked to the Reserve within a pre-defined fregnency
window,

e. The system genarates a "Static Switch Inhibit" signal upon an out of phase
condltion

f. The PWM output can be immediately inhiblted upon an overload conditlon
or upon an "Inverier Off" command.

In terms of the case study alone those results encourage further Jdevelopmant in
the mlcrocontroller-control of the inverter. The rafatively low switching frequency
of 4 kiHz will ba adequate for power transistors but might not be sufficient to take
the full advantage of fast switching devices like IGBTs and power MOSFETs. For
those devices a different schems, lke the in-built PWM feature of the
rmicrocontroller might be more adecquate. Anather solutlon, I generatlon of the
PWM pulses by SVM is to be maintained, is to use a more powerful controller,
The introduction of new microcontrollers, like the Super-H SHY700 Hitachi
misroconiroller, which boasts ¢ clock fraquency of 60 MHz [4] (as compared to
the 18 MHz clock frequency of the H8/3048) could improve the switching
froquency by mare than three tmes®, 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 application of microcontroliers can also be extended to capture most of
the control processes of the UPS. This would promote the idea of an “intelligent"
UPS, whereby the setting, data management, decision making and the Man-

* Neto thal the nowl quncraton of Hitae Super 3 nncroaontrolions, the SH-4 s soung 3t o clack Eoguency of 200 Mbz!
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Table 13: Completed Functional Speciflcations Matrlx on Control Features - Scenavio Il
Inverter Shutdown Gondition

Requiraments Traceability; Section 2.f, SDE 104

Step Action Expected Observation Raqulrament
Met: v/ X
1 Trigger the inverter- | All drive pulges should be off v
Qff signal _
2 Cancel the Inverter- | All drive pulses shouid remain off /
Off slgral
3 Resget the - -

microcantroifar

4 Ttigger the 300% All drive pulses should be off v
Overlead signal

5 Cance! the 300% Alf drive pulses should remain off v
Overlogd signal
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Table 12: Completed Functional Specifications Matrix on Control Features - Scenario Ii: QOut

of Phase Condition

Requirements Traceability: Section 2.d, 2.6, SDE 104

ar opposite dirgction
condition

according to fRes command, when the
parameters are adjusted back 1o the Normal
Canditions

Step Actlon Expected Observation Requirament
Mot: v/ X
1 Set fRes below the - -
Nomina) value
2 Adjuat vRos or viny so | Static Switch Inhibit Signal must be Set (low
as to create about 1 | signal) - Inhibit 7
V diffarance belween
the two; Lo, simulate
a large voltage Inverter output frequency should be at the
diffarence batwean higher {imit of the frequency window 7
Resaarve and inverter
3 Reduce the Statle Switch Inhiblt Signal raust be Off Vg
differance betwaen (high signal) « Inhikit lifted
vies and viny; i.e.
return to Normal Inverter output frequency should follow fRes v
conditians sommand input again
4 Repeat steps 2 and 3 | The same behavieur should be observed,
with {Res set above pxuept that this time the inverter output 7
the Nominal valua frequency should shift at the lower limit of
the frequency window
§ Move yRes and viny The same behaviour as in steps 2, 3 and 4
slightly on opposite should be observed. i e. the inverter
sida of the Nemina! frequency moves to the limiting value
valug; &.9. 245 and | opposity to the side fRes is of the Nominal
2.55 - {.p. simulale valug. Again, the inverter should be ag 7/

SUET1AWD 100
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Table 11: Completed Functional Specifications Matrix on Contro! Features - Scenario [
Inverter Fallure Condition

Requiremants Traceability: Section 2.¢, 2.f, SDE 104
Step Action Expected Observation Requirement
i Met: v/ X
1 Mave EHes out of Static Switch Inhibit Signal must be Set (low Ve
limite (test bath slgnal) - Inhibit
fimiting cases) Inverter cutput frequency should be at the e
nominal value, on all three phases
2 Vary vites Waveaform pattern should not changs V4
3 Adjust vRes outside - -
the 2.4V - 2.8V range _ _
4 Maove viny out of Statlc Switch Inhlbit Signal must ba still be 4
limits; i.e. simulate Set {fow slgna!* - Inhibit
an Inverter Fallure Drive pulses must be off - check at Vs
‘microcontrolier ocutput
] Move vinv back within | Drive pulses should NOT be restored 7
lirmits
Statis Switeh Inhibit Signai remains Sef (low v
. signal}
) Move viies within 2.4V | Static Switeh Inhiblt Slgnal must be Off V4
and 2.6V range - to {high signal) - nhibit Lifted
simulate a 28r0- Drives pulsas should ramaln off N
crossing
7 Reset the The same behaviour as when vinv was
micrecanirotler and adjusted should be observed
repeat steps 1, 3, 4,
5 and 6, but instead v
of adjusting viny,
adjust finy
SDETT2WP 100 Varsion T 00 25 AUJUSt 1996 Page 28
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Table 10: Completed Functional Speciflcations Matrix on General Feedback Features
Requirements Tracea™{lity: Section 2.¢, 2.d, SDE 104

Step Actlon Expected Obssgrvation Reguirement
Met: v/ X
1 Vary tRes within the {nvertzr autpul’ fraquancy should follow that Ve
frequancy window of fitles command, on all three phases
Mo change in gutput voltage magrn tude e
should be pbserved
2 Vary vinv within the As vinv is adjusted bslow the nominal value
voltage window the tnverter cutput megnitude should s
increase
As vinv is adjusted above the nominal value
tha inverter output magnttude should s

dacrease

! Since ro DC valtage 5 appled. myester putput hitre refars ta the ftterad output of tha dnve pulsas
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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 Funciional Specifications document,
SDE108. The completed Functional Specifications matrix below, shows that all the
requirements were successfuily met. For more details about specific results, refer
o section 6.1 above. -

Table 9: Completed Functional Specifications Matrlx on General Output Features

Requirements Traceabllity: Section 2.a, 2.b, SDE 164
Step Action Expectad Observation Requirement
Met: '/ X
1 Reset the PWM pulses should appear across the gate
microcontrofler and soures of each of the six IGBTs of tha s
Invertar bridge
A 50 Hz sinusoldal waveform should appear
at each oulput phase of the inverter s
The PWM pulses shoufd corruspond te a
balanced set of three-phase wavelforms v
displaced by 12Q°
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 80 Hz v
- this test can be
limited to the ICE
testing

SOELT2WP. 100 Version 1 00 25 August 1995 Bage 26
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Figure H«9: FFT Plot {up to 280 Hz).
SW1 (G1-81} - flitored output

Figure H-10: FFT Plot {up to § kHz),
8W1 {G1-81) - filterad output

Figtire H-11: FFT Plot {up to 50 kHz).
SW1 {G1-81} - flitored output
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{G2.82); CH2: 8W1 (G1-51); CH3:
SW0 (G0-50) - filterad output
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Figuro H-8: Time Plot . CHY: SW2
{32.82); CH2: SWH {G1-81); CH3:
SWD (G0-80} - filtarad output

Figure H-8: Time Plot, SW1 {G1-581) «
filtered output
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Figure H-7: Timoe Plot . CHY: SWS
(G6-85); fNominal=80 Hz - filtarod

Flguto H-8: Time Plot, CH1: SWE (G-
§8); CH3: SW2 (€2-82) - fllterod
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Appendix H:

Dynamic Live Testing Results

The pictures below were captured using the Tekironix Oscllioscope: TDS 544A

{Serlal Number; HV 110)

Date: 96/08/12 - 98/06/13

Figure H-1: Time Plot. Microcontroilor
putput pin P1.3-Ground - unfiltered
output (i}

Figure H«3: FFT Plot, Micracontroltar
output pin P1,3 -Ground - unflitored

outhut

flgure H«2: Time Plot. Microcontrollgr
output pin P1.3-Ground - unflitored
output {Ii)
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Flgure H-4: Time Plot . CH1: SBWS
(G5-88); CH2: SW4 (G4.84); CM3:
SW3 {G3-33) ~ flitared output
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Appendix G:  Simulation Test Results for SDEC0406.C (at
usMag = usMagMin)

Value told at the baglinning of timer T2 Interrupt at pass:
Varlablo 1 2 a 4

Time botwoen 885 ms (first 151 152 152

BPs (us) BF)

sB¢uence i =1 1 «1

sactar 1 1 1 i

counter D 1 2 3

tActuat 0 13 25 as

pheta 0 234000 468000 702000

nlsho ¢ 2340300 4680N0 702000

finy 500 500 500 §00

wTemp 38 35 L] 38

ukTamp 49 a9 a5 49

u2araTemt: ? 58 7 88

tiTomp 1021 43 971 143

tkTamp o* AQ* 807 ba*

+Halfemp 0 585 508 588

u 49 35 49 35

uk 35 46 35 49

uloro 7 66 7 §6

fj 580 1081 46 a¥1

tk 660 40 oa? o2

OHalf 560 580 608 588

to 2042 1914 1943 1883

th D 02 185 an7

i 0 9 18 28

uzjTrana a8 3 48 3

ujkTrang 1 33 33 33
::;Trnns 3 48 3 48

* Parampiees nat updated yat
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Appendix F:
usMag = usMagMin)

Simulation Test Results for SDEC0405.C (at

Value Held at the baginging of tniger T2 Interrupt at pasa:

Varinblo 1 2 3 4 6 ¢
Yime betwoon 851 ma 170 173 174 173 174
BPs (ps)
saquange ( -1 i .‘i 1 “
sbetar i 1 1 1 1 1
countor 0 1 2 3 4 5
tActual b 16 2 +8 84 80
pheta 0 288000 570000 884000 1152000 1440000
alpha 0 288000 576000 664000 1152000 1440000
flnw 600 800 500 500 ] 600
ujTemp 1] 49 35 L) 36 10
ukTamp 48 38 48 35 49 36
uZoroTamp 50 ! 46 7 56 7
ljTemp 1467 ut 1093 159 1008 331
tKTamp 4D 1133 135 1044 2088 B85
IOHaITamp G78 481 :1214] 0. B4 832
V] 38 40 4 49 b 49
uk a5 40 35 45 a5 45
vZpro 7 &8 7 56 7 66
{j 1167 tigr G4 10505+ 1003 331
Ik 640 40 1133 135 1064 eia
WMol 840 G756 GAY GGG GA) 649
1a 2334 2267 2187 2109 e 1430
th 0 128 270 s ba? 663
i 0 " 2 34 a6 57
uz{Trang 3 48 a4t 48 3 LE]
uikTrang 33 a3 13 k) a3 Ex
ukz¥rans 3 48 3 44 3 48
uzjTrana Tonn - 3 Al A g
ukTransTamp A KK k! kK|
ukeTrana Temy . A8 4 4 3

" Paramoters nat updated yet Compare wilh able in appendix b
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Ik 840 | 40 1964 233 1827 ag5 1672 223 1989 1889 122 2022
{0Halt 840 | 240 242 216 194 172 157 218 248 214 240 249

| e 2334 | 2287 2187 2109 2018 1930 1829 117 2320 141 2324 2267
i 0 120 270 308 537 663 799 2273 11 2260 0 120
i 0 11 23 34 a9 57 0o 230 1 220 1
uzjTrans 3 48 k] 48 3 48 3 3 48 3 3 3
ujkTrans a3 |43 33 33 33 a5 3 33 3 34 34 3
ukzTrang 3 48 3 8 3 a8 3 3 a8 3 40 3
SOETTEWR.00 Vorgian 1.00 25 August 1990 Page 44




SDES

Testing Documentation Doc. No. SDE 112

Appendix E:

Simulation Test Results for SDEC0405.C {at usMag = usMagMax)

Value Held at the beginning of timer T2 Interrupt at pass:

Variable 1 2 3 [ & 8 ? 1 22 126 128 127
Timo betweon | 836 | 197 173 174 174 174 174 . 171 . 171 172
8Ps (ps) ma
soquanca 1 “ 1 -4 1 - 1 1 1 r “ 1
soctor 1 ! 1 1 1 1 1 1 2 B 1 1
couttar 0 1 R 3 4 5 6 20 21 124 b 3
{Actunt 0 16 a2 a8 84 80 80 320 236 1084 2000 18
pheta o 208000 | 678000 | 864000 | 1152000 | 1440000 | 1726000 | 6780000 | G04B000 | 36792000 | 36000000 | 28000
alpha 0 208000 | 676000 | 864000 | 1152000 | 1440000 | 1728000 | 6760000 | 6048000 [ 6712000 | 0 286000
flry 800 | 800 500 500 500 500 500 500 800 600 500 500
uTemp 3 |40 35 48 35 48 35 36 49 3 49 )
ukTemp s |3 49 36 49 3 49 49 2 42 3 49
uZeroTomp 58 |7 66 ? 56 ? 66 56 7 88 7 56
1iTemp 2022 | 194 1885 344 1748 574 1685 101 2017 1968 40 1084
WTemp 40 1984 233 1827 496 1672 692 1069 a0 122 2022 4
OMalFTarmp a9 | 242 218 194 173 187 144 245 281 240 248 242
u) 8 | a0 35 49 38 40 35 35 an 38 48 38
ke 3 |49 35 a9 36 40 35 36 a9 36 42 38
uers 7 66 7 56 7 56 7 7 it 7 56 7
4 2022 | 144 1896 344 1749 874 1586 101 2107 1958 40 1964
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y3eyio] = 177,
HIB) © 1424,
U3G|jo] = 1370,
3701 » 1318,
{3040) « 1262,
waajlo) = 1207,
{401[0) = 1182;
W41110] = 1066,
Y420} = 1044,
AR} = 095,
144110] = 128,
4E110] o 872,
Y4BH0) = B35,
H4THa] o 787,
H4010] » 700,
fAeYQ] = 042,
YEBYQ)] o OS5,
1840 = 527
K540) © 408
Y5310] = 410,
#5410} o 362,
HbS{0] = 264,
5610} = 239,
M ERT
B0}« 17,

qeallv] = 66

I[34]04] = 1084
W3] = 1032
11361141 « 1980
1[a71i4] & 2027
U3B111) = 2074
U3%1) = 2120
11401} = 2165
A1) = 2210
4211} = 2254
143]1] & 2207
[44)1) = 2340
451} @ 2302
V4BI[1) o 2423
Y7 » 2G4
14B]1} » 2804
QAD1) = 2EAT
SO} = PAGT
1161)1) » 2048
sal & 2635
M3} =+ 2600
84} o 4126
qEs1| o 2760
TG} < 2703
USTYH) = 2A2G
qsEiY 2057

RG] - 2008

¥
=3

W112WI 100

Vorsam 1 00 38 Aunusi 199G

Toaqix 42



SDES

Testing Documentation Doc. No. SDE 112

Appendix D:

floe; = 2018,
Wiy = 2980,
t1allo] = 2657,
1340% = 2025,
A0 = 2753,
115107 2 2760,
Hajo] = 2724.
W7H0} & 2660,
1|BYa) n 2658,
118}[0] = 040
WH0)|o] = 2869,
YI1]0] » 2842,
1112][0) = 2604,
Y13)j0] = 2404,
d14ND) = 2423,
5] = o082,
{118JI0] © 2340,
Yrifog = Mol
I1BROY » 2284
115ji0] - 2240,
LIONEY - 2185,
H21TIY =~ 2120
221 - 2074,
R3N0] - 2027,
Hilioy - 4080,
12550 = 1E
120l = 184,
DE T ERT
B - 1705,
14T - 17,
qA00n] = 16hd
A4} = 16
LA TSR T

Ha] = h

Look-Up-Table of Switching Times at a Sampling
Frequency of 5 kHz and a Value of maxSectorDiv
of 60 (Assuming usMag =1)

oyl =0

11N = 58

ua) = 17

[T HERE!

1[4)) - 238

#5141 = 203

Rt = 302

11711 = 410

1611} = 468

Iogsi = 527

Ay 5By

GI4] © D2

(9] = Tao

] = #57

A}

: Mb

&) « ara

SALA] = D2A

"5 A M
12fy=

36 011 = 1053

L

+ 1041

2ol = 1157

2 -
gy -
L -
A -
st =
onfeg -

2y

a0

gl -

)

IITTE

0+

TESR

hFiL
12052
1314
1am
1424
Y
16504
1651
ThsA
Hipg
1740
1

LU EH]

SDEHI2WP 100
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Appendix C: Simulation Test Results for SDEC0403.C

.

valus Held at the boglnnkng of timor T3 [nterrupt at pass:

Varlable 1 2 I 3 4 5 § . 7 19 100
Tima betwaen 215ms | 218 212 n 212 H2 212 - -
8Ps (u=) {firat

&P}
sequence -1 1 -1 1 -1 1 -4 1 1
sactor 1 i 1 1 1 1 1 2 1
counter -1 4] 1 2 3 4 § 17 0
tAciual 0 0 20 4G 60 80 100 340 2000
pheta 0 0 38 7.2 10.8 14.4 18 81.2 380
alpha Q 0 38 7.2 10.8 it4 18 1.2 0
finv a 60 &0 50 50 50 60 50 50
ujTemp 49 35 49 a5 49 35 49 49 36
ukYamp 35 44 35 49 35 49 38 21 49
uZaroTemp 7 &8 7 66 7 56 ki 7 i)
YTemp 0 2398 144 2 480 1981 LLL] 2373 2308
tkTomp 0 50 2322 337 2921 664 1852 LY 50
f0HalfTemg 0 374 366 325 ?09 284 248 REL] 375
uj 45 35 45 36 49 36 45 49 15
uk 35 49 3% 48 35 ag E a1 49
uZero 7 65 7 56 7 58 7 7 56
] 799 2398 144 2211 480 10913 855 2373 2308
tk 7ho 80 232 237 HH 669 1852 A7 50
toHoif 769 376 366 25 249 269 246 aRg Y]
ta 0 2918 2828 2690 25B1 2423 2264 2888 2918
th 0 0 176 2410 585 815 1041 58 a
PI0R 7 56 7 58 b 56 ¥ 7 56
ITU_GRAD 794 ars 366 325 298 269 246 369 375
i 60 0 3 ? 10 L 18 1 o

* Sector Changa
** Ravolution Ghange
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Appendix B: Simulation Test Results for SDEC0402.C

Value Held at:
Beginning of timer T3 | Baginnlag of Hmer Beginning of tmer
Varlabla Imtercupt: ITU_TETR = | TO Intarrupt: T4 Interrupt:
1 ITU_TSTR = 2{ ITU_TSTR = 4;
{pass =1) (pags =1) {pasy =1}
Time etapsed sihca 480 ms 260 s 250us
tast breakpaint {First broakpolnt)
senuence -1 1 1
sactor 1 1 1
counter -t b] 0
tActual 0 b 0
pheta o] 0 4]
aipha o o 0
flnw 0 50 50
wjTemp 49 49 35
ukTamp 35 35 49
uZetaTamp 7 ki §6
tfiTemp 0 Q 11800
tkTamp 0 0 b
WOHalTamp 4] 4] 2055
uj 49 49 49
uk 3B 35 35
uZarg 7 7 7’
Y 4000 4000 4000
th 4000 4000 4000
tOHalf 4000 4000 4000
ta 0 145 145
i 0 a ]
ITU_T8TR HEQ (» HE) HEQ (» H'ER} H'EO (= H'E4)
PIDR 7 49 B
ITU_TSR3 HF8 .
ITU_TSRO - HF8 .
ITU_TSR1 - H'FR
ITYU_GRAD H'FAD
ITY_GRAI H'FFFF HFAD
ITU_GRAZ H'FAD
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™A ) 22607 PHP-Tranmalar MPS-TRSU0EE
TRE ENZR22A NPN-Tranwstar MPS-TRS00M
TR 2NZ223p NPN-Transstar MPE-TREDI0E _
A1 2N207 PNRTmnWMot MPSRB00G
TRi2 aNza0T PNE-Tranmsior MHE-TREODEE
TR13 2N2R22A, NPN-Tranziolor MRE-TRSAN0E
TR14 2N2222A NPN-Tronmator MPBE-TRSLDOG
TR1S 207 PMP-Trenaislor WS- TRENDGE
TR1B 2N2807 PHP-Tranmmot WPG-TRE00EE
muy zeren NPN-Transieicr MPBTRED00G
TRta ZHI2TIA NPHN-Tronsinlor MP9.-TRS000G
TR1g 2Nz20¢ PHP-Teansigtar Mi*S-TRE00G6
TR2D an2ag” PNP-Transwiar MPS-TRS008E
TR IN2232A NAN-Translo MPE-TRSO060
TR22 2N22720 NPH-Trenarslor MPE-TREODOG
TR 2N2O07 PHP-Tronswsior MPS-TRE00EG
THI4 2Nzant PHP-Traramlar MES-Then0ss
u1 HEmE Microeonurgliof Extorn!
- . Sochol for 113048 Exiarmia)
Al - Hondar 0P 90 Dogroos Exiornat
x . Hondor 1P 50 Dagreen MPSPLGIE
A3 - Hpader 16F 90 Dogroon MPE-FLGDIY
x4 . Hoagor 14F 80 Dogroas HMPE.PLORDIE
x5 - BP Comysacior MRS PLO00A7
XT 100142 Gryetol Exlamai
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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 refatively small
size of the cods, developers have been deceived into thinking that small
embedded systams could be developed without any formal development process,
The mistake here is to Judge the complexity of a software system uniquely by its
size and to fall to recognise such factors as the role the software is to play in the
system, somplexity of the controi function, safety and reliability issues, and
malntainabllity lesues. Embedded systems, by their often critical role in & system
and the frequent upgrades and modifications they are subjected to, can
congiderably benefit from a disciplined approach of development.

The question is: is there a speciflc 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 pracess s not feasible. The reasons are:

a. The large diversity in the applications of embedded systems

b, The maturity of the organisations developing embedded systems varlas
congiderably, making [t difficult to deveiop a process suitable to all.

g. Although embedded systems are generally characterised by constraints on
gpace, time, power consumption and by concarns such as reliability, safety
and cost, the actusl degree of importance of each of those factors can vary
largely between projects, making it necessary to approach each project
differently.

d. The importance of the role of the microcontroller in the overail system can
fiself vary largely. Consequently the allocated time and budget for
amhedded systems projects vary accordingly.

However despite those difficulties we can attempt to sketch some general patterns
that an ambedded systems development should foilow. In particular, a
development process for embedded systems HAS to accommodate the following:

SLETTIWP 100 Varsion 1 00 25 Auguat 3055 Pago 6
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¢. SDE 104, Requirements Analysis

d. 8DE 1085, Inverter Contro] Techniques and Phase-Locked-Loop
o. SDE 106, Functional Specifications

f. SDE 107, Deslgn Specifications - Part 1

g. SD* 108, Design Specifications - Part 2

h. 8DE 110, Software and Hardware Implementation Documentation
L. SDE 112, Testing Documentation

16 Assumplions
it is assumed that the readet is famlliiar with the contents of the literature
survey as laia out in douisents SDE 102 and SDE 103, and with the
development of the case study assoclated with this project.

1.7 (S0 8001 Requirements Traceability

. SO 9001, Clause 4.4.5 - Design Qutput

GOET T5WD 181 Varoion 1 G0 25 Awuct 1996 Bage s
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Washabaugh, Douglas M., Kafura D., Incremental Garbage Collection of
Concurrent Objects for Real-Time Applications. Proceedings of the 11th
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1.5.4

{1

{2l

&)

(4]

. Individuals who will perform Internal and external surveillance audits of
SEAL Quality Menagement System

+ Engineering Manager, Meissner
« Product Daveh Jor

+ Product Manager

Applicablo Documoents

Speclfications
None

Standards

a. SEAL QMS Document Creation Template, QS 002, Revision 0.01, 5 April
1094

b. SEAL QMS Document Layout, Presentation and Typesefting Guide, QS
003, Revision 0.01, 1 April 18694

Procadures
None

Guidelines

Honka M., Kattilakoskl M., "A Simul=lon-Basad System for esting Real-
Time Embedded Software in the Host Environment”, Microprocessor and
Microprogramming, Veol. 32, Part 1-5, pp 127-134

Stoyenko A.D., Weleh L.R., Chao Cheng B., "Response Time Prediction in
Object-Based, Parallel Embedded Systems”, Microprocessor and
Microprogramming, Vol 40, Part 2-3, April 1894, pp 135-160

Chiodo M., Glusto P., Jurecska A., Mareill M., Hsieh H.C., Sangiovanni-
Vincantelll A., Lavagho L., "Hardware-Soflware Codasign of Embedded
Systems”, IEEE Micro, Vol 14, Part 26-36, August 1994, pp 28-36

Wolf W, H., "Hardware-Software Co-Design of Embedded Systems",
Proceedings of the [EEE, Vol. 87, No. 7, July 1994, pp 967-980

SOETTaWE 100 Vorgion 1.00 25 Augugt 1090 Poge 2



SO EINREUUCU DY SLETEIS, A INeVIGYY ol ol £ WL ] W

1 Scope
1.1 Introduction

Following the practical development project, the subject of embedded
systems as framed in the literature survey documents (SDE 102, SDE 103},
ls reviewed, In particular, the development process and the g ity mana-
gemernt system are re-examined. In addition, drawing from the experience
galned 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 lg to lay out the essential conclusions and
cbservations regarding the whole study performed on software development
for embedded systems.
1.3 Deafinltions
. OO0 : Object-Orientationh
. O0A : Object-Crientation Anlaysis
2 Q0D : Objec.-Orieniation Design
. PWM : Puise-Width Modulation
. IGE : In-Cireult Emulator
. AEIC : Application Specific Integrated Clreuit
1.4  Audience

The audience for this document comprise the various stakeholiders of
SEAL, ncluding:

+ Full-time staff members of SEAL
+ All full-time and part-time post-graduate students assooiated with SEAL
+ Members of the SEAL Management Board

» Head of the Department, Electrical Engineering

SOET19WP. 100 Varion 1.00 26 August 1098 Fago 1
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Figure H-17: Time Plot. SWE(QL-86);
ulny = 0.5V - filtered output

Figurs H«18: Time PIat. SW5(G5-58);
vlav = 4,5V - filtered output
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Figure H-15: Time Plot . SW5 (G6-55);
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§  Object-Orientation and Embedded Systems t . Jjects
6.1  An Assessment
Object-oriented real-time embedded applications were rare cases years ago and

still tend fo be scarce. But since more and more software is put into controliars,
the demand for software that is easy t¢ :

' understand
. maintain
. reuse

is growing, like the commersial applications, irrespective of the size of the projact.
Booch [11] himsaif explains that even simple applizations can lend themselves
well to objact-oriented architecture,

The case study is a very good axampie of tha benefits that object-orientation can
bring to small embedded systems. At first glance, the cuse study might seem,
fairly simple, encompassing only a hanaful of classes. One might be tempted to
discard an object-orlented approach at all. This would be to misjudge the problem.
Firstly when judging the siza of the project one should look bsyond the
boundaries of the problem domain as specified In the functional specifications.
The problem should be seen In the context of the broader paerspactive of lis
application. Deing so for the case study, immediately raveals, firstly, a much more
romplex systam. Secondly, it also shows the benefits that an object-urtanted
approach couid yiela in facilitating the integration of the inverter contral dasign
within the whole UPS framawork, while aiso &ssisting and promoting maintehance
and re-use. The potential for re-use here. is corsiderable, especially whon
obsarving the similarily between the inverter and the restifier units.

Tha programming language though, is still a problem for embedded systems, af
far as object-oriented implementation is concerned. It has been postulated thit
the essence of object-oriented development is the identification and organisation
of application-domam concepts, rather than their final representation in
pragramming language, ob,ect-orianied or not [12]. Brooks [13] aaid that the hard
part of software development is the manipulation of its essence due to the
inherant compiexity of the problem, rather than the accidents of its mapping inia
g partic'tar language which are due to temporary imperfections in our tools that
ara rapidly heing cotrected. Those statements are certainly true, in the sense that
one should differentiate between object-orientation and object-orignted languages.
Object-orientation is a concrept that is translated into object-orientad analysis and
dusign technigues. Objact-onented languages (together with compilers) are simply
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without a continuous monitoring and mentorship by the management, CASE tools
will aimost always lead to reduced productivity and quality. Relating the subject
to the CM modol; 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. Increasingly, tool vendors
are setting up environments that address the way programmers develop sode in
the real world, which often doss not conforin to theorles about how such
development should be done. [10] . Often the tools are intended for large systems
where the penalty of longer, siower code is accepted in the Interests of faster
development and easler project management whean using a team of programmaers.
This may make a small system unworkable, aithough some of the principles can
be adopted where appropriate.

Thesofore, while Introducing CASE tools can be advantageous, especially in view
of expanslon and growth of the organisation, it should be more important for the
organisation to define the process that i best suited for its needs first.

ST T Ton Vo 3 B0 5 A T Page 1.
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4 Software Metrics and CASE Tools

In addition to what has already been mentloned about software metrics, we find
that it is appropriate to add a further cautionary remark. One should be aware
that tentative attempls of quantifying the deveiopment process might have harmful
consequences upon the process and the development team itself [8], Two
important points to take Inte considerations when trying to quantify a particular
aspect of the software process are:

. One must have good justifications for measuring that aspect. Thera 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 measuraments might be harmful,
especlally because human beings are very sensitise to the grading of their
work or their own abllitles.

. Any measurament tool or process needs to be thoroughly tested before
being mede available and belrg used as a determining factor,

Should those two criterla not be respected he results of applying measurements
toole might be disappainting. We agree with Schneidewlnd [31] who believes that
software metrics should be treated as part of an enginearing discipline and that
they should be evaluated (validated) to determine whether they measure what
they purport to measure prior t¢ using them, He adds that, if metrics are to be of
greatest utility, the validation should be performed in terms of the quality functions
{quality assassmant, contral, and prediction) that the metrics are to support,

On the subject of CASE tools, we find that many of the existing deslgn
mothodologies are strongly dependent upon them. This trend s well depicted in
Auver's et. al. [9] seven golden ruies to escape from the software arisis, which
strongly emphasise the importance of automating the development process.

As far as embedded systems are congerned, design methodologies based
strongly on CASE tools, have one thing in common in that they fail to recognise
tha actual immaturity of the embedded systems community. Inducing automation
developmant fechniques into an enviionment that is still trying to define the
process can do more harm than good. Adamson notes that computer-gided
software dasign packajes can add to the inofficiency nf embedaud systems
projects [7]. This point of view is shared by Crockett {32]. who heliaves that
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set-up of the quality system, it should be viewed as an investment in the life-cycie
of the software. This, however is an area whare the development of embedded
systems might differ slightly. In the previous section we presented a development
approach that has an inner deslgn-coding-testing iterative loops. To apply strict
control over alt those minor tentative ioops will tend to defeat thelr very purpose
which Is to obtain quick feadback about speciflc 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 minar importance to the later
development of the software. Their inclusions in the documentation will have the
further drawback of increasing the volume of documentation and of obseuring 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 fteration through the loop can be seen almost like a brainstorming
exarcise. However to ailow complete freedom without any documentation
throughout the procass will, after a number of iteration, start to generate negative
raturns on this procass. This will usually happen as the developer starts fo 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 suacess. A baiance has to be struck between the two concerns. The solution
is simply to document anly selected revisions at the early stage of the design.
Only when a certain level of predelermined performance is achieved or when
major characteristics of the software are ravealed is the design process halted
and the revislon updated. Adamson {7] suggested a similar approath when he
pointed out that at first rough drafts may be produced and cirsulated. At some
point though, when there is general agreement on tha direction the design should
take, the design should be "frozen" . After that any changes must pass through
the forme! procedures.

With a careful management of the quality system, standards should not reduce
creativity. As Sharp [8] puts it, to say that standards reducas creativity 18 like
say-ng that the use of sentences and grammar stifles the creativity of writers.
Creativity in software enginearing comas from recognising new clagses of
problems that can be solved by computars and by putting together building blocks
to create new and elegent sofutions. Creativity is not manifested by a refusal t¢
foltew standards.
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butween the advocates of different programming styies. When this happens much
of the henafit of tha walkthrough Is lost. To be abie to undertake walkthroughs fn
the prasence of external partles - representatives of management and the quality
assurance depariment - without personal animosity and with all the efforts
soncentrated on the overall design, requires some maturity from the organisation.
The organisation should preferably be involved in a maturation process, such as
the one describad in section 4.3 of SDE 102.

A lot of people objact to foilowing standards [8]. They tend to believe ihat the
standards are not helpful to them. The validity of this statement depends upon
whether standards are belng looked from a project viewpoint or from a single
developer viewpoint, From the project viewpeint it Is cruclal. From the single
developer viewpaint it might be of less value, espaclally if the latter will be moving
onto completely new sofiware types once the present project s over or if he (or
ghe) plans to leave the company soon.

it s Important to be aware of the overheads associated with the appiication of a
guailty management systom. The cost of quality appears mainly In the time it
consumes. The areas whare time on QMS activities was mostly consumed on the
case study ara;

. In the initial set-up of the standards to tha project
. In managing changes

In the early stagos of the project, new 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 general have to be reviewad prior to even
starting the technical develepment. If the standards are new to the developers,
thay all have to become familiar to the standards. It is essential that the whole
team bo convarsant with the standards and not just one or two members whose
are ossigned the tesk of anfarcing tha standards. Igneransce or unfamillarity of the
standards among the feam, can iead to misunderstanding, disagreemenis and
time wasting. However ali those preconditions of applying quality standards
require o considerable amount of time and commitmant from all partias
gongernad. Thie time and commitment should not be underestimated Adapting
the standards te a new projoct is cortninly net n miner task and shoule Le viewed
as a phaso of the dovelopment itaelf, instoad of being soen ag an extra factor that
gonsumes dovoiopmant timo.

Control on changes too, are time censuming. Like the time spent on the initial
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3 Quality Management Systems Examined in the Context of
Embedded Systems

The case study was developad within the framework of the 1SO 9001 quality
standard. This sectlon Is a compilation of important factors experisnced 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 quallty standards that was experienced during the
project was that of providing an excellent communication tool. Good
communication makes the maintenance task easier and improvel rellahility. A
progtam is like a foreign language, and the more similar each programmer
speaks, the sasier it Is to understand another's programs. Standards offer
landmarks that ¢an be easily recognised by an outsider, This reduces the chance
of a minor change to one part having unforeseen consequences. i{ also makes
the maintenance englneer's job less tedious If he (or sha) can quickiy grasp the
structure and find the required section without wading 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 thet makes
this task simpler and more reliable is valuable. A systematic, well documented
approach to the design process, combined with a knowledge of the more comman
pitfalls, will help the designher to produce rellabie code which performs its function
well and gan be enhanced to meet future needs.

By encouraging documentaticn, standards encouragr. the developers to explain
how the final result was reached, Relating this to the CM model, we can say that
this aspect of standards encourage the organisation to operate at least at lavel
3, the 'defined’ level. This is particularly impottant for large projecis whers the
development is carried out by o igely. and not by a single developer. Large
projects are gerarally mare pron: te changes in the design team due to factors
such as ilinast s, resignali:ns, transfors or cureer changes.

The case study was subjected to several reviews throughout its development. The
design review activity was very helpful in identifying problems and was & major
contributor in keeping the design focused on the primary target. An important
observation made about design reviews is that thoy need to be thorough if they
are to bo useful, Often the management approach and the attitude of the team
in general will determine how mearingful the results of this test are. If care is not
taken, the atmosphare can easily develop into that of an examination or a battle
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by the process would also be appraciated by management who will have
a better visibllity into the system. In practice, the design of accurate and
stable requirements cannot be completed untlf users gein sorne experience
with the proposed software system, This Is contrary to traditional practices
which relies on the assumption that designers can stabllise and freeze the
raquirements. Again we find that the model captures well the intrinsle
approach to development, Instead of opposing it.

f, As ai.-xady mentioned, this approach promotes re-use of codes by building
a library of testad classes and moduiles.

g The process encompasses the hardware development while keeping the
software development as much independent as possibia, A parallel
hardware/ software development (as compared to a sequential
development) has 1258 bottlenack stages.

Note that the process evolved during the « .se study and as such It has only been
tested on a single appllcation. The case study showed thax the approach was
sultable for a real-time embadded systems development, but for a conflrmation
of this, the approach will have o be tested on a numbaer of different cases.

2.4  Contribution From Existing Development Processes and Stratagies

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 re'try!redesign limit test
from Stoyenko [2]

. Like the co-dasigh approach of Chiode {3] and Wolf [4], It processes
the hardware and software elements simultaneously

. It barrows the idea of Including the environment into the specifications fram
Zave [5]

, It accepis both uncertainty and change, like the prototyping approach

. Like Boehm's spira! modsl, 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 problem-solving paitern. When reaching for a
v solutlon 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 reglons 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 easlly adopted and
applied by a wider range of practitioners, without necessitating a sustainad
training process.

b, it bulide 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
{gvan if not openly expressed). This can lead to an unhealthy environment.
By glving the developer the freedom to jump straight to a particular problem
area, the process relieves much of the psyrhological pressures and
Increases the chances of success. In other words the process Is achleving
Its objectlve, which is to facilltate the development.

¢ The design-coding-testing process can bulld the system according fo
Increasing complexity, whersby separately developed and tested moduies
are integrated gradually. To the management, this means that the process
haturally 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 has been
allocated a particular task does not have to be conversant with all the
detalls of the problem. For example, someone implementing the phase-
locked-loop algorithm does not need to understand the princlple of Space
Vector Modulation. In terms of the object structure, -@ or she only nesds
to know the preconditions and the postconditions of the module.

d. Testing Is parformed early in the development prosess. According to Honka
[1] this can largely contribute to the software auality and raliability.

8. A further advantage that the management could find in this process, is its
ability to identify problems qtlickly, The custome:, whose requirements are
oftan unclemr, would also hicome aware of the limitations eartlier in the
process. Compromises and alterations in the specifications could be
affected at lower expanses. The smalf infermediate deliverables produced
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the unit, Usually It will also contain power supply cirnulis, izolation cireuits and
additional supporting circuitry for the microcontrolier (reset circulf, crystal
oscillator, stc.). The hardware interface development will therefore typieally invoive
the deslign 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 emulatgr. The testing
phase will reveal whether the designhed module meets the space and time
constraini., in addition to the functionality requirements. If the requirements are
not met, the design Fas to be reviewed; l.e. e design-coding-testing loop is
repeated, It Is important to relate any change t¢ the design in terms of the object-
orientation models of the system (i.e. the logical/physical modais and the static
and dynamic models) so as to keep track of how the changes affect the other
elements of the sysfem. 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 2 pre-determined number of iterations
through the design-coding-testing loop. the requirements on the module are stlll
not met then the poblem has to reviewed at the functional specifications level,
At this stage, If It is purely a space or timing problem, the hardware/software
partitioning can be revised. Alternatively, the suitability of the technical strategies
(e.9. SVM or ginusoidal PWM) has to be raviewed and if necessary a different
approach has to be investigatad. This approach is repeated for each module of
the system, starting with the ones associated with tha highest risk factors {and not
with the ones sitting oh top of a flow chart).

As the development of the hardware is completed, some of the modules can be
tested directly on the hardware (via the [CE at firat); especially thase 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. SBuccess In meseting the requirements will mean the end of the
development stage and will carry the system into the malntenance stage of its
life-cycle. if however the requirements specifications are not met, then the
prohlem (s again referred to the functional specificatlons level, where the technical
strategles and the hardwarefsoftware partitioning can be reviewed. This terative
process can he repeated a fixed number of timas. After that, if the requirements
are stil not met, the problem has to he referred 1o the requirements analysis
fevel. At this stage, the constraints on the design are declared to be too tight and
have to be rejlaxed.

2,3 Charactetistics of the Approach
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That might involve a survey and some research before making the declsion. 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
nacessarlly appropriate for software solutions. For example, sinusoidal PWM is
a widely used technique for generating PWM pulses. It has been successiully
implemented in digital electronics using op-amps 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
obvlously not experienced in a hardware implementation. Therefore, ultimately the
embedded systems developer will have to come from an engineering background,
typlcally an e'sctrical 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 strategles, always at the functional
speclficatlons level, the software/hardware partitioning of the tasks has to decided.
This dacision should be based on factors such as cost, compoenent-count, time
consfralnts and space imitations,

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
speaking 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, Qbject-orientation offers the abiiity to view the system at diffarent levels
of abstractions, Therefore we can start by viewing the system at a high level of
ebstraction and then once the abstractlons have heen defined, proceed to
implement and test only those abstractions th.at contain the highest elements of
risk, Belng bullt 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 simllar module that could be modified and adapted to the problem, [f no
similar module is found then the codes for it has to be written from seratch.

During the same time as the design and coding unfolds, the hardware interface
with the rest of the system should be developed. The hardware interface is the
part of the system (typically a printed-clreuit board) that holds the programmabie
device and halps to integrate it with the rest of the system. For example, in the
case of a thres-phase inverter for & UPS, the hardware interface will have for
tasks to ensure that the feedback signals from the inverter and the resi of the unit
are compatible with what the microcontroller can accept and also it will ensure
that the signals output from the microcontroller can communicate with tha rest of
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. Risk factors

. Hardware (nteraction and the environment of the embedded system

Basad un the work done on the case study, a general development approach to
embedded systems became especially attractive. The process Is describad below.

2.2 The Development Approach

Having identified the mein characieristics that are wanted of a development
process for embedded systems, we can take the idea further to reveal more
infarmation about the process.

Risk factors, as we see it, have o be tackled early in the desigr in order to avoid
wasting efforts on mappropriate solutions. it should also be remembered that not
all the risk elements of a design are known prlor to the development. Those
considerations lead us to think that the process has to be iterative in nature
Ihstead 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 bulld on loosely
coupled modules as in OOD.

The strang 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 an the hardware/software partitioning of
the tasks and allows for possibie adjustment of this partitloning as the system is
developed,

The complete process Is outlined in figure 1. It starts with a requiremzyt analysls,
which s typlcally & document drawn by the customer about what the system
should do and how it should behave,

in order to relate the customer speclfications to the software developers, a
functionat specificatlons document shouid be developed. This document should
include a description of the environment in which the system is to operate. At this
stage also, decisions should be made on the technical sirategies to be adopted
if applicable. For exampie in the development of & PWM inverter control system,
one has to decide upon the method (SVM, sinuscidal PWM, optimal techhique,
ete.) of generaling the PWM pulses right at the functional specifications stage.
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language.

8.2.2 Use of Subroutines

Optimisation is not limited to the compllation activity or the way In which data is
stored. The program itself can be written for speed or to reduce the amount of
memory it occupies. As often experienced though, spesd and space are
conflicting objectives. The use of subroutines is a well-known way of redusing
program glze One saction of ¢ode is called from several places in the program.
On the ather hand, code will run faster if it does not have {o jump to a subroutine,
pass parameters and Jump back to the calling program.

8.2.3 Reducing Execution Time in Loops

An example where executlon time reduction can be achieved - at the axpense of
lengthening the code - is the executlon of loops, If an operation has o be
performed several times, it will run faster if there Is no need to update a loop
counter and test the result on each pass. |f the operation is fairly short and is not
repeatad 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 lowp
decreases, 80 the poutential savings are greater. With this approach though, 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 vailues or a multl byte
number, one byte at a time from an axternal source. Qhviously this approach will
not suit every application.

8.2.4 Storing Pre-Calculated Valuss

Sometimes savings can be made by storing partia) caleulations which are used
by other parts of the program. Far example, if several routines 'n sequence each
muitiply the same numbers together as part of their individual caleulations, the
multiplications could be performed by one routine and the recult made available
te. the reat. This would take less time than saliing a suwrouting to recalculate the
valug each time, especially if multiplication is a software function rather than part
of the Instruction set. Look-up-tablos are based on this principle. They stare
pre-calculated intermediate results, which can then be adjusted or sized at need.
Notice also that assembly proyrammers and those using some versions of C have
the option of holding immediate resulis in registors,

As an example consider the follawing C program fragment:
DERTE T T
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techinique is to builid & heap or table of memeory blocks along with an associated
process 1D for the owner of the memory block. This data structure Is then
periodically checked to - &2 if memory has been allocated to a process which no
longer exists. If this Is the case, the memoty can be released.

Because of the overhead involved, this method shouid not he implemented in high
frequency cycles, and ideally garbage collection should be performed as a
background activity or not performed at all [21].

6.2 Optimisation Strategies

One of the featura of the risk-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 constralnts the module or abstraction undergoes
another turn round the loop. The purpose of going round the foop again, in most
cases, would be to optimise 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 avoidad by making more afficlant use of the high lavel language and by
the use of skilful algorithma. Some of thore techniques and observations are
exposed helow.

6.2.1 Code Generatian

Of similar importance to the written code Is the way in which the compiler maps
the code inte machine language. The output of tha compiler can be affected by
optimisation for speed, memory and register usage, jumps, ete. which can lead
to inefficient code and timing problems. Thus it is imperative that real-time
nrogrammers be masters of their compllers. When using high lavel language, the
compilation of the code should be optimised when&ver possible. Some compllers,
notadly those for €, affer a vhoice of levels of optimisation. The programmer can
specify the exteni to which the compiler should rearrange the code to give the
bast overall performance. Moving f:om a lower to = higher optimisation level, the
gompiled codes hecome more compact and run faster. However tha
straightforward mapping from the high level language to assambler is lost, as the
compiler wiiminates some of the coudss for the purpose of optimisation. The
assambier code becomes more difficult to follow. Nonatheless, this nead not he
n disadvantage if the tosting tools (simulator, ICE. ete.) support the high-level
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than when all the parameters are passed using calkby-value, since indirect
instructions are needed for any calculations involving the variables passed.

The declsion to use one method of parameter passing or the other reprasents the
tradeoffs betwesn accepted software engingering methodology and speed. Using
parameter lists Is advantageous because the interfaces between the modules are
clearly defined. Furthermore, in languages like Ada and Modula-2, whether the
parameters are {o be input, output, or both are specified. Unfortunately, parameter
lists can get long, and often interrupts are disabled during parameter passing (o
avold mixing values of different sequences in time). This Is effactively a series of
LOAD and STORE instructions (see discussion about management of the stack
above), thus potentially Increasing interrupt latency in a place where It is least
anticipated and in a way that Is hard {o spot. As was experienced in the case
study, contraiy to good software engineering practice [17], the raalities of timing
constraints in real-time embedded systems often leads to the frequent use of
global varlablas., Glohal varlables, whenever used should be clearly documented,

8.1.8 Dynamic Allocation

The abillty fo dynamically allocate memory is important in the constiuction and
malntenance of stacks needed by the real-ime operating system. While dynamic
aliocation s time-consuming, it 18 often nacessary. Languages that do not allow
for dynamlic aliocation of memory require a stack of fixed size. While It is faster
to maintain a fixed size stack, flexibllity is sacrificed, and the magimum size of the
stack must be known a priori.

8.1.9 Real-Time Garbage Coilection

in & memary-managament contexi, garbage is memary that has been aliocated
but Is r longer being used by a task (that is, the task has abandoned it).
Garbage can accumulate due to tagks terminating abnormally without releasing
memury resources {18}, in object-ariented systems, and as a normal byproduct of
nonpracedural languages [18]{20].

In C, for example, if memory is allycated using the mallot procedure. and thy,
peinter for that memory black is lost, then that block cannot be used ar piaputly
freed. The same situation can coour in Pascal, whan records created with the new
statement are not properly disposed of

The goal of garbage collaction algorithms i« to identify and free garbage. One
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Languages pass parameters batween procadures using either memory, registers
or the stack. languages like C often use stack based parameter passing. Each
parameter consumes memory on avallable stack, Sometimes there Is a frade-off
between stack space/nested depth antd whether or not to use a global variable,

In addition, high level languages aiso use the stack for temporary storage and
oxpression evaluation, as weil as saving register based variables between
procedurs 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 A/D Gonversion

When performing A/D conversion one must keep in mind the Nyquist rate, In
order to convert an analogue signal Inte a digital form without loss of information,
samples of the an<logue signal must be taken at twice the rate of the highest
frequency component of the signal. Thus, a signal at 50 Hz must be samplad at
100 times per second. This implles that software tasks serving the A/D circuitry
must run at teast at the same rate, or risk losing information.

6.1.7 Parameater Passing

There are several methods of parameter passing, including the use of global
variables, call-by-valua and call-by-reference. When choosing a partlcuiar method
one has to bear In mind tha implications upon memory usage and exacution time.

Global variables are those within the scope of all miodules of the software system,
This usually means that references to these varlables can be made In direct
mode, and thus are faster than references to variables passed via parameter lists.
Global varlables, although they introduge no subtle timing problems, can b
dangerous In that access o such variables may be made by unauthorised
modules, thus introducing L igs that are very hard to find.

Parameters which are passed by using call-by-value are typically copied onto a
swack af run-time, at considerable exesution time cost.

in call-by-raferance, supported by C++, the address of the parameter is passed
in the calling routine to the called procedure so that it can be altered there.
Execution of a procedure using call-by-refarence parameoters usually takes langer
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such as timers, counters and inputfoutput ports should be decided at an eariy
stage in the deslgn. If they have to be shared between medules, the rules
governing thelr use should be carefully defined. If two modules try to use the
sarme counter simuitaneously for different purposes the program will fail, aven 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-leve! language.

6.1.4 Interrupts

Interrupts can occaslonally cause data corruption and condition flags. As a strong
precaution it might be necessary to disable the interrupts when critical calculations
are belng performed, 'nterrupts should not be disabled for too long or else their
very purpose [s defeated, Especially when programming in assembly language,
where bullt in subroutines do not exist for saving register contents and flag valuas
on the stack , [t is Important that those aspects are "manually” implemented and
checked to ensure that the interrupt routine restores the microcontrolier to a tidy
condltion befora they terminate.

6.1.6 Stack Space Requlrements

Embaedded systems generally have minimal RAM avallable. This means that
special attention must be made to the faclors that affect the free space on the
stack. In particular the following aspects of the running software should be
watchaed closely;

s nested procedure calls
Each procedure call requires the placement of the program counter on the
stack, The obvious Implication of this is that there will be a llmit on the
procadure depth which can be imptemented.

, Interrupt Service Routines, register saves, context switching
The number of registars savad on interrupts differs between processors.
Nested mterrupts will rapidly consume large amounts of stack space. Those
space requiremants should be adaad to that of the nested procedure calls

and temporary register variables.

. parameter passing between functiong and proceduras
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Range chacking should be introduced w mprove the reliability of the software.
Owing to time constraints imposed on real-time embedded systems, it is often not
possible to provide range ohecking on ail variables each time they are used, The
solution in this case is to limit range checking only on data entering the system
and on crltical varlables. Two main type of range checking are Identifled by
Adamson [7], static check and dynamic check. Static check invoives merely
checking whether the valua of a particular data falls betweer, a predetermined
range, e.g. check If the frequency is between 49 Hz and 51 Hz. Dynamic chieck
often verlfles the value of a variable against its previous valua, 8.g. check that the
gansed speed of a car does not change by more that 16 Km per hour betwaen
samples, because of the inertla of the car, etc. The dynamic test is 2 more
strenuous test than the static test but It requires more knowledge of the possible
behaviour of the system belng controlled and a [iitle more processing time.

8.1.2 Hysteresls

The effects of noise can be conslderably raduced through range checking and
through the use of filters, discussed In section 7 below. However, not all data
which cause undesirable fluctuations of the variabies values are results of nolse.
In sume cases we might want to suppress the occurrence of genuine and
parsistent * "ues, especially those of small magnitude. As an example consider
the case o, Jmerleal display. [f the valus happens to be drifting around a
major transitional level, such as between 98 and 100, all the digiis could change.
This Is very Inconvanlent and distracting to the user, and has made some digltal
displays unpopular. In such a case, filtering will not be helpful because filtering
is only concerned with data fluctuations aceurring over short peried of times; the
aliowable time interval being controlled by the time constant of the fllter Itself. The
fiter is howaver helpless agaln persistent signals, even if they are of small
magnitudes. One way round thie problem is to introduce hysteresis. The sffect of
this Is that small changes are suppressed, but large changes cause an immedlate
rasponse. 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 the displayed figure, but
this need only he small. The uncertainty ¢aused by a fiickering display can he of
a similar magnitude.

3.1.3 Resource Conflicts

Naaourca corflicts shauld he ehacked for and avoided. The use of fixed resources
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6 Some Practical Issues and Techniques About Programmirg
for Embedded Systems.

Many of the established teghniques for writing effective and maintainable
computer programs apply squally to large data processing designs and small
embedded systems. Programs writien in a ciear, logical sty's will be easier to
debug than those which are a random coilection of code frarments, whatever the
applications. In addition to these general considerations, the distinctlve features
of sinall 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, 8DE 103 and section 5 ahove). 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 bslow. They
address some of the practical issues that confront the embedded -vstems
daveloper,

6.1.1 Preventing the Effects of Noise

The effects of Interference can be reduced by careful hardware design, but
software may alss have to allow for this. Noise on an input line can glve 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
errar recovery mathods listed in section 4.2 of SDE 103 are particulatly relevant
In that Instance,

Out of range values can arise from several sources, some of .vhich are:

. fauity sensors

. noisy environment

. from the codes itself as a result of coding error

. o redicted values, i.e. when the values are genuine but were not expected
WATRNP g VT 4 U0 o5 PUGE i e [ERIELr]
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whan calling methods or passing arguments, If the class hietarchy 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 avold accessing
internal attributes of other classes,

Maintainabllity: If changes are made to the object declarations, the
pragrammer must determine their effects on the code and modify the code
accordingly. An object-orianted language provides and enforces modularity
of classes that prevents changes from propagating through the enfire
program. The non-object-orisnted programmaer requires discipling to achleve
similar modularity without the help of the language.

-
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it

e. | Allocaling objects | Use a struct variable and Initlallse it at compile time (When an
object is no lenger needed it must be deallocated using the C free

function)
d. | Inheritance Embed the daclaration for the superciass as the first part of each
strucwire subclass declaration. The flrst field of each stmet |3 a pointer to &

clags descriptor object shared L y all direct instances of a clags.
The class descriptor object is a struet contalning the clase
attributes, including the name of the c¢lass (optional) and the
metheds for the class. Note: Inherltance structures are best
avolded If possible when programming in a non-00L.

a. | Polymorphism Again this feature Is best avoided when programming in a
nen-O0L. The most general approach, however, is to deflne a
class descriptor ¢ sect for each class containing & polnter to the
method function for each operation visible from the class, including
Inherited operations.

f. Agsoclation Map ihe associations into painters or implemant them directly as
Relationships assoclation container objacts.
g. | Concurrency Couid be simulated by the use of interrupts and synchronisation

technigues such as the one used in the case example. Note: Most
languages do not expllcitly support concurrency.

h. | Encapsulation Can be implemented by using the following steps:

« avoid the use of global varlables

- Package tha methods for sach ¢lass In a separate flle.
- Treat objects of othear classes as type "vold"

Although the above mapping plan does provide a path for Implementing OO in
non-O0Le, we find that the resuiting codes are often clumsy and longer, A strict
programming discipline could compensate for the loss of clarity and simpilicity but
would not make up for the cansiderable consumption of execution time and
memory usage that such an implementation would require. For example,
ancapsulation, which Is one of the major themes of object-orlented programming,
requires separate file for the methods of each class. Most emb 2dded systeins
would not ke able to support such generous use of memory, not to mention the
gxacutlon time overheads. In essence, the shortcomings of non-QOL appear in
their Inability or reduced ability to mateh the following QOL features [12]:

. Expressiveness; The non-object-oriented programmer must map
object-orieniad operations, such as method calling or subclass declarations,

into explicit operations which are often clumsy.

’ Convenience: The programmer must manually traverse the class hierarchy

i e
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Irrespective of the final implementation language chosen, A clear and explicit
representation can be beneficlal to software malntenance and reliability (both
Important factors in the development of embedded sy~ :ms). 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 i 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 dispiayed in a well-defined way as with
class diagrams,

Lastly, when applying OO technlques, it is important to realise that its application
In embedded systems carries a risk. The maln risk here is that of getting cartied
away in the Object-Orientation rules and structures and to make conformance to
the methodoiogy, rather than the product, the main goal, it does not make sense
to struggle to implement a complex inheritance link for an 8-bit microcontraller just
for the purpose of satisfying the methodology. The developer should keep in
mind that the methodology is only a tool to help bulld the product.

8.2 Avallable Methods of Writing Q0 code foi Microcontrailers that do not
Support O0Ls

Presently, only a few microcontrollars support OOLs. This kind of feature s mastly
limited to the embedded PC type of microcontrollers, like the intel 80386 EX. Two
main avenuss are availabie for circumventing the language limitation for the rest
of the microcontraliers. One Is by making use of software transialors, e.g. C++ to
C translators., However those products are not common and thelr use are not
widaespread. Two such language development tools are cfront [11], which runs on
a UNIX platform and PCYACC from Abraxas, Inc [16).. The second alternative is
to simply write the program in a non-OQ0L., This exerclse 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 OO functionallties using a non-O0L, taking C as
an exampie,

Table 1: Mapping Q0 Features to a non-O0L

00 Feature implomentation {n a non-CQL {C)
& | Clossas Use a record structure (struct)
b Passinn Use the pointer mechanism
arguments to
methods
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. As a result of more lines of codes and more complicated data structuras,
OOLs tand to increase the execution time

. Testing the software is more difficuit 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 fearn.

. A lack of docurnentation, examples, ete, on the applications of QO in
real-time embedded systems. Existing documentation tends to timit the
study to the analysis and desigh phases. The actual implementation and
coding, together with the results are rarely produced.

. Changing to OO mathods i not just moving to a different 1anguage, It is
a completely new way of looking at the problem domain. The conceptual
leap that is demanded cettalnly requires changes In olt practices of the
whole design process; a cost that not many organisations are ready to hear
at this stage.

in terms of the avallabie object-oriented languages, the C++ language seams to
be the only QOL that is worth ucaslderation for embedded Implementation of
embedded software, desplte the fact that it is a Jifficult language to leam., The
other OOLs do not seam to be suitable or mature enough to be widely used by
the embedded systems industry.

Despita of ali the obstacles listed above, the promise of object-oriented
programming languages in real-fime applications lies in clearer design and hetter
maintainability. The shortcomings of object-orientad languages in real-time will be
overcome, For example, hyhrid languages that reduces tha amount of late binding
required are already being used [14], and better methods for automatic sterage
management (as well as faster microcontrollers) will make the use of interpreted
object-oriented (anguages like Smalitalk viable for use in real-time, One thing is
certain, we can look forward to the increased use of objest-orlentation and QClLs
in real-time applications.

Still, even before those new developments take place, 00 can be heneficial to
the emhedded systems developer. As was damonstrated in the case study, O0OA
and O0OD can provide considerable insight and clarity in embeddad systems,
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convenient means of translating the specifications into microprocessor
instructions. However in the lignt of the case study, it would appear that for reai-
time embeddad systems, the language issue Is {oo much impertant to be treated
as lightly as In other software applications.

Object-oriented languages provide many of the feuiures necessary to encourage
good software englneering 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
tarms of other objects so that the new objects can Inherlt *he other's
characteristics. For example, an object of type "dog" would have at least the
same characteristics as an object of type "animals".

For these benefits though, an executlon time penally is often experienced. For
example, in one study, code writien in obiective-C, another object-oriented variant
of C, was 43% slower than code written in conventional ¢ [14]. In addition,
programs written in the (Interpreted) language Smalitalk, are known to be
approximately 5 to 10 times slower than those written in conventional G (15}

The execution time penalty in object oriented languages, may be due, in part, to
thelr relative immaturity. But In compiled object-oriented languages, it seems clear
that the requirements for late binding (run-time as opposed tc link-time)
necessitated by the polymorphic and inheitance structures are considerable delay
factors.

In baoth interpreted and complled object-oriented languages, additional delays
result from automatic storage management (including garbage collection - see
section 4 below) needed by objects over thelr life-time, For example, Ingalls {15]
mantions that for programs written in Smalitalk, 10% of the execution time Is
spent in automatic storege management.

We can summarise the obstacles for the use of QOLs and QO in general in
Emhedded Systems as follows:

. No compiler for the OQOL is available for the particutar micracontroller; e.g.
no C++ compiler s available for the HM8/3048 microcontrolier

. 0O0Ls tend to make a larger use of memory
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systems,

Automatic code generating programs will emerge, 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 Ratlona) Rose/C++, Although at this
stage, the generated code is often of a rudimentary nature, the fend is clearly
marked, Of course just like moving from assembly [anguage 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 devesloper,
but just like with objsct-orientation, they will eventually be adapted to the
embedded systems

requirements.

As the need for clarity, maintainabillty and reuse imposes itself In the embedded
province more and mare 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 exampie, the design and programming language
Embedded Eiffel (ee) Is developed for realtime applications. The language
resombies the object-ariented language FEiffel as well as the synchronous
languages Esterel and Argos [29]. Along the same ling, there will be more
daevelopment in concurrent aystems, as the need for hard realtime systems
increases. Here as walt OO will ptay a role because of its ability to represent
concurrent systems. Development has already s!arisd In thls direction too. As an
example we find new languages Iike Compositional C++ (CC++) [30], which is a
paraliel programming language bassd on the sequential language C++. The
extansions in CC++ enable one {o construct reliable parallel ibrarles that integrate
a range of parallel programming paradigms, such ag task parailel and data
paraliel programming styles.
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encourage is a shift of the creative emphasis to an eadier stage of the
development process,

The wrong conception that people have about embedaed software development
has shcouraged one-man projects, with emphasis laid on the product and on
short term targets. Indeed It is not rare to see whole embeddad control systems
heing 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
capabilittes of a single individual. This s typical of organisations operating at
level 1 of the CMM (see section 4.3 of SDE 102), where fallures and
shortcomings of & project are associated with Individuals rather than to the
process iself,

As the embedded software industty matures cns should expect to £38 more
software belng writien by teams rather than individuals. Team development
encourages Information sharing and requires a striot discipline on the way
documentation is handled.

Along the same ling, and closely related to the decraase In emphasis on the
sading proness mentioned ahove, we can expect a move towards "designer
software" where the skills and reputation of particular software engineers bacome
selling points of products, The skills of software designers will focus more on
specifylng a system to meet the client's neads, and less on the machanics of how
the code will be implemented. In terms of maturity, this wili move software
development closer to other englneering disciplines. An architect is not expected
to build the product he designs, the same for a car body designer. This allows
them to concentrate their efforts on a limited aspect of the problem. Even though
software is a less tangible output than the product of other engineeting flelds,
there is no inharent reasons why a similar inove should not be obsarve In the
field of emhedded systems and software In general.

There will be a confinuing growth in the power and the functionalities of support
systems for program developmeni. More sophisticaiad tools will surface. In-cireuit
gmulators will become more powerful and more accurate. Already some in-circuit
emulators allow high-level debugging. This will encourage the move away from
assembler language. A further development will be the introduction of tools that
can emulate paraliel processors or several interacting microcontrotiers of different
types. This will promote the use of multiple microsontrollers in embedded
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Future developments in microcontraller hardware should allow more features to
be added for the same price. Development atong this line would alsc reduce the
cost and size of a basic programmable controlier, 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. Thie might involve monitoring
of several parameters and taking declsions hased on the values observed. The
cantrol system might have to operate under severs environmental conditions, thus
lending itself well for embedded systems tachniques. As an example, the ..ghter
environmental controls on car exhaust emissions will increase the need for closer
control engines. This will almost certainly lead to an Increase in the use of
programmed ongine management systems. Automaobile systems, as mentioned In
section 2.1 of SDE 103, already form one of the growing sectors of the electronic
market, and an increasing proportion of them involve programmable devices.

Always in the field of programmabie product developmeant, many of the digital
controllers will be incorporated into Application Specific Integrated Circuits, or
{ASICs). Already several well-known microcontrollers have been included in the
libraries of functional blocks available to Integrated circult designers. The sofiware
may be Included in ROM on the same chip. Of course those systems will aimost
certalnly be difficult to debug and maintain once they have gone in production,
which s 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 the design process, but less code will even be
written individually, Instead there will be increasing use of predefined modules
which will be combined to produce new systems. This is analogous to other areas
of angineering where production is linlted to the assembly of parts and where
components that fit together, like a nut and a bolt, are produced together instead
of being produced separately by different manufacturers. This 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 build tailor made versions of their products by
linking a subset of a large library of functions. Such development wili not and
cannot remove the creative aspect of software development, but what it will
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8 Future Developments

Embedded systems is a growing fleid. More and more applicatiohs of
microcontroliers are belng 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 microconiroller is an area
particularly prone to evolution. As technology develops, costs fall and
expectations rise. In future we can expect more powerful controliers to be
Introduced, in parallel with the spread of simpler microcontrollars to a wider range
of products. Tals In turn would affect the implementation platform. More
applications would ba developed en 32-blt devices for instance. This would not
necessarily mean the end of the 16-bit or 8-bit devices (especially In household
appliarices) but it is Just that newer applications would require the processing and
data~handling speed, as well as the address space, of 32-bit engines. In some
cases It [s not merely raw power that will drive the choice of 32-bit devices, but
also the need for the programmer-friendliness and documentablility that high-level
languages can provide. The trend to program in object-orianted languages will be
ahother factor that wili sncourage the use of more powerful controllers.

As the size and prive of microprocessors continue fo fall, there is no reason why
deslgns should he restricted to make economic use of the CPU or to share the
processing power between several applications. if a system involves three distinet
tasks (like ractification, inversion and dispiay), there is nu "eason why they should
not be run on three separate microcontroliers. The practice is already ohserved
In serae produsts - even the small printers usaed with many desk top computers
sometimas contaln three microconifoliers - arJ can be expected to become more
commen I the future. With the economic need to concentrate processing powaer
in one place greatly reduced, control could be distributed around the system, thus
improving the modularity of the overall design.

With multiple processors, there I8 no need for the software to be designed as a
sat of procedures following each other in a defined sequence. Instead several
tasks can run at the same time, with the full facilites of their own controfiers. This
will usually change the design drastically for it would mean that instead of being
restricted to the software model, methodologies like object-orientation, could be
built into the distribution of controliers as well.
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For exampls, I the program resides in focations 0 to 2038, the emulator or
analyser can be configured to trigger If the microcontroller performs an opoode
fetch from any address outside the range 0- 2038, If the program crashes and
{ries to fetch an Instruction from an address outside of the normal range, the
smulator will tilgger and provide a trace of what happened before the crash
occurrad {28].

7.5 Real-Time Monitoring

Ultimately the developer Is Interested about the realtime puisormance of the
system, This can sasily be performed by the emulator. More difficult Is to monitor
changes in realtime, The variablas values and registers contents are only
updated when the emulator is stopped. One soiution is to use the emulator to
interrupt the program at a regular interval. At each of those interruption a small
routing is to be executed that displays the varlables values and the registers
contents. While the emulator updaies the screen with the latest sample, the target
program continues te run. This mathod does have an Impact on the exagution
time or processing speed of the sofiware, although the overhead is small and can
be negligible according to the appleation.

7.6 About Breakpoints

Breakpoint-based debugging Is most useful when trying to debug the basis logic
flow of the program. In effsct it ls a good means of crude validation, It [s a very
cost-effective way of cbtalning confidence In the general algorithm of the software
befora making further Investment in the project. However, sincg breakpoints
Interrupt the flow of the program and alter the system timing, they drastically
cshange the real-time behaviour of the program. The fact that they offer a
microscopic view of the program operation, can obscure the blg picture. 1n other
words thelr use should not be exaggerated and should preferably be limited fo the
initial stages of dynamic {asting.

7.7 Proeventing Interforsnces - Hardware Sciutions

Inputs and outputs can be filtered to smooth out sudden ¢hanges. For example,
the level of fuel in a car's petrol tank will vary as the var drives over bumps and
around cornerg. The driver is not interested in this variation, but doas need ta
know the overall change as the fuel is used up. Noise can also arise at the
component-level, Modern chips are so fast they cause terrible undershoot and
crosstalk problems. An emulator, in particular, tries to minimise propagation
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want [t to work. n other words, in the case of embedded systems the software
engineer needs (0 have a sound understanding of the target application, the
microcontrolter architecture and the software development tools. This necessity
w be very close to the hardware platform is characteristic to embedded systems
projects.

Unillke other software developments, in embedded systems, the use of high-level
langunages does not exempt the developer fram the need to have an in-depth
knowledge of thae architecture of the microcontroller. To some extent, even a
knwledge of the assembly language s as well necessary. The necessily for such
knuwledge becomes obvious when having to develop for size and speesd, and
when debugging., On that subject, it is interesting to polnt out one advantage of
assembly language that Is often overlnoked, When programming in assembler one
is bound to master the underlylng architecture of the chip along the way.

7.3  About In-Circuit Emulators

When choosing an emulator is often best 1o choose one that is developed by the
producer of the microcontroller itsell, if it is available. Since the producers are the
¢nes that should know the architecture of the microgontrolier best, they are often
able to provide more accurate emulation of the devige, One should be aware that
not all In~-cirouit emulators glve an exact emulation of the clrcult they replace.
Valtage and timing margins may not be identical to the integrated cirguit, This can
be & problem if the appllcation's hardware design is marginal or If the nature of
the application itself can only allow marginal variations (like the control of an
Inverter). Obvicusly timing s a more important consideration in real-time
applications. If tha emulator cannot use the same clock frequency as the final
product, or variations are substantlal, the execution time of all the instructions will
bae affected. A program which warks perfectly in the emulator may run into timing
problems in the real circuit or vice-versa.

7.4 Finding An Intermittent Bug

A very inconvenient bug to find is one where the program functions perfectly most
of the time, but occaslonally loses control and crashes. By defining a proper
triggering specification for the ICE to detect the crash, it is possible to find out
what led to the crash. Since program crashes often result in opcode feteh cycles
from inval 1 locations, the bug can simply be found by triggering on a feteh cycle
outside the normal program address range.
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. How involved is the manufacturer in embedded systems; l.e. is he also a
supplier of general peripherals (&/D, memory, voltage ragulator, etc.)?. At
times the manufacturer can also be a supplier of other products than are
often associated with microcontrollers; e.g. Hitachi is alse a supplier of
LCDs and power electronics switching devices. When looking at
microcontrolier products in general, always enquira on the delivery lead-
time as well. Bacause of the speclaiised nature of some of the products
they are often not kept in stock.

, Does the manufacturer support OTPs {(one«time pregrammabie), windowed
devices, mask parts?

One disadvantage of using single-chlp devices is that the performance of
algorithms implemented using the device is very seldom comparabla to that of the
similar In-bulit features; e.g. the in-built PWM feature in some of the micro-
controllers can be drlven at very high switching fraquencies (20kHz and higher}
but if one writes one's own program to generate the PWM puises, one would
hardly be able to go above 5kHz, using the very same microcontrollers. In other
words the limitetions of the microcontrollers (clock speed, bus sizes, register
slzes, etc.) do not allow the possibility to emulate the same performance as the
in-built festures, by using different techniques. This disparity is seldom a probiem,
since one is often more concerned with what the device can give rather than the
underlying deslgn principles, but every now and then, one will come with new
ideas and algorithms that wiill clash with the existing features of the controller.
When this happens, one ls often contrived to adapt to the existing features, In
those Instances the microsontroller acts as a limiting agent to the design and
creativity process.

7.2 The Need for Understanding the Havdware Environment

Software designs for emhedded systems is more closely related to the hardware
than is the case in larger data prucessing applications. This was already
established inh SDE 103. Ultimately this factor affects the programmear as well.

Understanding ihe technology fundamentals from an implementation perspactive
is Important. The engineering peoblems 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, understanding why semething works
the way it does is the key to undecstanding how to make it work the way you

SDET1WE 100 Vorsikm 4 00,6 J\llﬁuﬁt 144y Page G



SDES Embedded Systerns: A Review Dog. No. SDE 113

7 Some General Practical Considerations for Embedded
Systems Developments -

\

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 Microgontroller

The choice of the microcontrolier is often critical. The assoclated development
tools are so expensive that one cannot usually afford to comie back on the choice.
The same apply for the product ra.ye. Although most development tools are
compatible with a wide range of devices they do have limitation and obviously ap
In-gircult emulator for an 8-bit family wlll not support the 16-bit family. Besides
investigating who elsa I8 using these devices (and how many they are using) the
followlng considerations are generally helpful:

. [s the microcontroller company represented locally and how competent are
the local agent in the {echnical field? The use of e-mail and other fast
communication means tend to reduce the importance of this factor, but still,
a gqulck demonstration 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 confldence in embarking into complex projects
with the device. The value of competent support is often only realised when
thihgs are not working properly.

. What development tools are available and how much do they gost? When
investigating this Issue one should ascertain who will be providing support
for those products. This is particularly important when the development
tools (Including the software) are not produced by the microconiroller
company,

. What sort of documentation is availlable, in patticular reference manuals,
application notes (both programming example and hardware implementation
example) and books, One should also verify whether the examples provided
have actually been tested and if so are the conditions under which this was
done clearly laid (in particular are the compiter and linke! options
stipulated).
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vatlables which are only updated sach 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 maln cycls was synchronised to the inferrupt cycle. Notice that this method
makes use of global variables,

63 Summary

To summarise, the amount of processor time spent on calculations can often be
reduced by failoring the design of the application, while still programming in a
Jigh-leve! language. Redundant caiculations can be removed, and others
combined to produce the desired result without unnecessary intermediate steps.
Pre~calculation of constants can save time durlng the program's execution, and
a suitable cholce of conatants, where this possible, can replace slow division and
multiplication routines with faster shifts. However, invariably, we note that those
fechniques, 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-ievel furiclions ag basic as possible, the program becomes lengthy and mors
difficult to read., with the more serious effect of decreasing the ease of
maintehance. Ease of maintenance, it will be remembered was one of the prime
motlvation of using high level languages in the first place. Such fagters emphasise
the need for goad documentation and a quslity managetnsnt system.

t
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and to optimise the software in genaral. Often those techniques will be enough
to meat the time cnnsiraints imposed on embedded systems, However,
depending upon the constraints thqse techniques might only bring negligible
improvement to the system, Those are the cases where exedution times need to
be halved or reduced to a large proportion, otherwise the system will simply be
of littie or no value. In such instances one needs more powerful techniques that
operate at the structuial level of the program algorlthm. Their apphcations might
even necessitate changes in the desigh 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.

request a byte from a device
walt for the byte to be avallable
read the byte

yield to let another task run

ao o

The task spends most of its time waiting for the byte to become available. By
re-arranging the sequence, it is possible to sigriticantly reduce or eliminate the
walting time, thus improving the system performance, and giving more procussor
time for other tasks. The task is re-coded as,

wait for the byte to be avallable
read the byie

request next byte

yield to fet another task run

oo oo

Now, whilst the pracessor 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 the 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 techniqua used
when time relative (also called synchronous or correlated) data needs to be
transferred between cycies of different rates, or when a full set of data is nesded
by ons process but can only be supplied slowly by another process. It is a simple
method which consists of making use of huffered {or dummy) variables in the
slowar 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 cverflow or carry flag to hold the intermediate bit. The result of this is
that multiptcation 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
large numbers are used, since a shift of eight leaves each byte except the last
with the contents of its predecessor. The same effect can be obtained by leaving
the data In place but reassigning the mapping of bytes. Tha problem here Is that
this fechnique 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, -

8,2.8 Scaled Arithmetic

Due to their large consumption of time, floating point operations canhnot be
afforded in real-time embedded systems. Yet they are often necessary. On the
other hand, Integer operations are typlcally faster than fioat operations, for most
microcontrollers. A solutlon 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 cperations on computer systerns [22). Notice that to
preserve as much of the accuracy of the float numbers, at times long integers
have to be used ingtead of short integers. This Increases the execution time but
is still acceptable since operations on long variables are generally faster than
operations on float varlables. This technlque was extensively used in the case
study to improve the switching speed.

6.2.9 Typing Considerations

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
assighments. With this in mind, one should be careful with languages vu.'- as C,
that are typed but do not prohibli 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 "unsesn" and
time~-consuming instructions to perform the promotion.

6.2.8 More Advanced Strategies

The above techniques were simple meathods of cutting down the execution time
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X= y+a+bh;
ya+hb+z,

This could be replaced with:

t=a+b;
xX=my+t,
y=t+z;

As a result the additional addition has been eliminated. This can result in
significant savings if a and b are floating point numbers and the code occurs in
a tight loop, This technlque was often used in the case study (see SDE 110)
where constant terms which occur severa! 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 teo much
truncation, too early in the program might considerably affect the reliabllity 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 ciock frequency can sometimes be
chosen to make calculations easier. For example If the design calls for a clock
frequency of approximately 4 MHz, the choice of 4.194 304 MHz will reduce
calculations Invalving the counter/timers. This is because 4 194 304 |s equal to
2% and so division or multlplicatlon by the clock frequency can be replaced by
shifts,

6.2,7 Making Use of Binary Arithmetios
Another way in which the time spent on calculations can be reduced takes

advantage of the binary nature of microprocessors. Most microprogessors can
perform shift operations more quickly than multiplication or divislon, especially
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