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CHARACTERISTICS OF ARGON AND HELIUM PLASMAS
CREATED BY MICROWAVE DISCHARGE AT
ATMOSPHERIC PRESSURE

T. Belmonte’, R.P, Cardoso, C. Noél, G. Henrion, F. Kosior

Laboratoire de Science et Génie des Surfaces, Nancy-Université,
CNRS, Nancy Cedex, France

Key words: Microwave plasma, atmospheric pressure.

Abstract: A review of recent developments in the field of microwave plasmas created in noble gases at atmospheric pressure is presented. Several
possible designs of discharge configuration are presented and the evolution of plasma jet is explained. The contraction and filamentation of plasma is
explained and illustrated. Such plasma is characterized by a high temperature of both neutral and ionized gaseous atoms, which can easily reach several
1000K. The electron temperature is often between 15000 and 30000K, and the electron density usually exceeds 10%° m™, At such conditions, several
reactions untypical for low pressure plasmas occur. Among them, formation of dimmers is of particular interest. In some cases, the density of dimmers
such as Hex* may exceed the density of common He" ions.

Znacilnosti argonske in helijeve plazme ustvarjene z
mikrovalovno razelektritvijo pri atmosferskem tlaku

Kjuéne besede: mikrovalovna plazma, atmosferski tlak

lzviedek: V prispevku opisujemo zadnja dognanja na podrogju mikrovalovne plazme, ki jo ustvarimo v Zlahtnih plinih pri atmosferskem tlaku. Opisujemo
nekatere mozne konfiguracije razelektritve in razlozimo razvoj plazemskega curka znotraj razelektritve. Curek plazme se pri teh razmerah obi¢ajno zozi
znotraj razelekiritvene cevi, pojavijo pa se tudi plazemske niti, kar ilustriramo in razloZimo v tem prispevku. Takéno plazmo odiikuje visoka temperatura
nevtralnega plina in ioniziranih atomov, ki zlahka doseze ve¢ 1000K. Temperatura elektronov je pogosto med 15000 in 30000K, medtem ko njihova
gostota obigajno preseze vrednost 10°° m™. Pri takanih razmerah opazimo nekatere reakcije, ki niso znadilne za nizkotlacne plazme. Med njimi je posebej
zanimiva tvorba dvoatomnih molekul Zlahtnih plinov. V nekaterih primerih, kot npr. He,", lahko gostota taksnih molekul celo preseze gostoto obicajnih

helijevih ionov He™.

1. Introduction

High frequency plasmas are widely spread sources of active
species which can be used in various applications /1-42/.
When these sources are set up on processes working at
atmospheric pressure, lower cost treatments can be
achieved if efficiency is unchanged with respect to proc-
esses under low pressure. Therefore, there is a need to
better understand and characterize high pressure sourc-
es 1o optimize the treatments /43-59/.

Microwave plasmas in CW mode operate at high treatment
temperatures, namely a few thousands Kelvin. Several
sources are widely studied like surface wave excited plas-
mas /60-64/, waveguide-based microwave torches, like
the “Torche aInjection Axiale” /65-72/ and resonant cav-
ities /73-76/. In Fig. 1, three sources are presented show-
ing possible designs for atmospheric pressure microwave
plasmas. The plasma is either created in open air, con-
fined without wall contact or guided by a fused silica tube
where the electric field propagates. Some of these sourc-
es cannot operate at high power since fused silica which
is commonly employed as confinement vessel melts at
~2000 K. Discharges in rare gases are mostly studied,
especially in argon and helium. Beyond design and arrange-

ment of the sources, strong efforts, both theoretical and
experimental, were performed recently to better under-
stand the physical processes that govern these plasmas.
However, complementary studies are still necessary to
improve our knowledge on these small-scale plasmas
where huge gradients exist. Indeed, diagnostics with high
spatial resolution are needed. Some basic data for kinetic
processes and even for some species should be deter-
mined experimentally at high temperature. This would help
develop predictive self-consistent collisional radiative mod-
els in optically thick media.

In the present paper, we review recent advances in micro-
wave sources at atmospheric pressure. We describe the
difficulties to overcome in order to progress in the under-
standing of these plasmas. The outline of the paper is then
as follows: In section 2, a special attention is paid to re-
cent theories available to describe contraction of some rare
gas plasmas. A brief comment will also be given on filam-
entation. In section 3, we present the most relevant ques-
tion on basic data needed in the field of atmospheric mi-
crowave sources. Finally, concluding remarks are provid-
ed in section 4.
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Fig. 1: Some possible designs of microwave sources
operating at atmospheric pressure. (a) The
“Torche a Injection Axiale” /65/, (b) resonant
cavity /73/ and (c) surfaguide wave launcher
/60/. The plasma can be sustained in open air,
confined without wall contact or guided along
a dielectric, respectively.
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2. Contraction and filamentation in
rare gas plasmas

Contraction can be defined as the compression of plasma
into a filament located at the discharge axis. It can be ob-
served in various gases and excitation sources, not only
microwave (see Fig. 2). It is characterized by a local in-
crease in both the electron density and the gas tempera-
ture and by a decrease in the electron temperature. In the
other hand, filamentation is observed only in high frequen-
cy discharges only. One single plasma filament splits into
two or more filaments of smaller diameters /77, 78/ once
the electron density is sufficiently increased radially.

c} 200 Hz
1100 us
1300 us

1700 us

3200 us

Fig. 2: Illustration of contraction (left) and filamentation
(right) phenomena. Left figure is the time
evolution of a neon plasma column sustained
at atmospheric pressure at 200 Hz (after /78/).
Right figure is an argon plasma sustained in a
microwave resonant cavity at atmospheric
pressure pulsed at 2kHz (duty cycle is 41%).

Recently, study of contraction has gained interest because
of the potentialities of these plasmas at atmospheric pres-
sure. Two main mechanisms relying on the same idea, the
radial decrease in the ionization rate, can be evoked to
explain the contraction process. The first one deals with
electron-electron collisions. Energetic electrons which are
depleted by inelastic collision can be heated by electron-
electron collisions that tend to give a Maxwellian distribu-
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tion. However, this mechanism is only possible if the elec-
tron density is high enough, usually close to the discharge
axis. Then, at the edge of the plasma, the tail of electron
energy distribution function is likely depleted and the ioni-
zation rate decreases radially /79-80/. The second pos-
sible explanation is nonuniform heating of the gas along
the discharge radius. It creates contraction through its in-
fluence on the kinetics of dimer ions, which controls the
charged-particle balance. These descriptions rely on ba-
sic data that now need to be examined in detail for rare
gases. Helium and argon are considered next.

3. Basic data

A common difficulty present in available works deals with
the temperature dependence of rate constant of chemical
reactions over wide ranges. Indeed, depending on the
power delivered to the plasma, the temperature of the gas
can vary over large range of values. Moreover, due to high
temperature gradients, it varies spatially. The main conse-
quence of this change in the gas temperature is the con-
trol of the kinetics of excimers, whether they are neutral or
charged. There is no measurement on the excimer densi-
ty nor on their vibrational distribution above 1500 K. In Fig.
3, we give an overview of the gas temperature depend-
ence of the rate constant for the three possible recombi-
nation processes of Hex" ions /81-84/. Available data are
spread over a wide range of values and experimental data
are all given below 600 K.

Equivalent rate constant (cm3/s)

; k(He, +¢) —#—[37] —o—[38] @ [23]
10°4 : k(He, +e+e)xn —a—[37] = [39]
., 3 - k(He, + e+ He) x 1, -~ [37] 2 [40]
10 ¥ T T T T T T T H T T
0 500 1000 1500 2000 2500 3000

Gas temperature (K)

Fig. 3: Equivalent two-body rate constants for
recombination processes of Hex" ions as a
function of the gas temperature. An electron
temperature of 2 eV and an electron density of
10" ¢cm™ are chosen. Data deduced from
experiments are by /81/-/84/. Data used by
/67/ is added for comparison. Extrapolations
of available temperature dependences over the
range [300-3200 K] are also given (solid lines).
When available, the accuracy of the equivalent
rate constant is reported.

Let's consider for example the case of He* and Heo" ions
in helium atmospheric microwave discharges where sev-
eral difficulties arise. Dimer ions are mainly produced from
He" by a three-body collision:

He® + He + He — Hey" + He (1)

with a rate constant of 1.2 £+ 0.2 x 103" cm® s at 300 K
/85, 86/.

First, the temperature dependence of this process, extrap-
olated from data by Béhringer /85/ measured between
50 K and 350 K (Tg-60£910) is rather different from that
determined by Russel /86/ between 80 K and 300 K
(Tg0-38+0.08) However, the two sets of experimental data
differ by less than 30%. The accuracy of the measurements
within this range of temperature is probably not high enough
to determine correctly the exponent of the power law. The
former dependence was used for example by /67/ to de-
termine to role of dimer ions between 500 K and 3000 K.

He, (’z;)

.
.
Y

He (B'H)

N

\
s
S He,(0'1)

2’p

Energy (eV)
™

He (a’Z)

[ — (]
[oze] o f]
1L 1 L.

1.0 15 2.0 25 4y

r(A)

Fig. 4: Energy diagram of helium dimers. The doubly
excited state He,"" is an antibonding triplet state
intersecting the dimer ion close to the v=3
vibrational level.

Second, to estimate the ratio [Hez1/[He"], three main proc-
esses are considered by /67/ to account for the reaction
pathways possibly followed by Hez": direct electron recom-
bination, Hez" creation by reaction (1) and loss by the re-
verse process, dissociation of dimer ions by electron im-
pact being negligible. Assuming the Saha equilibrium, the
rate constant of the reverse process of reaction (1) is esti-
mated. This choice gives a ratio [Heo"1/[He*1-0.55 at 2500 K
for ne=10"* cm>, i.e. similar number densities for the two
species. The rate constant used for direct electron recom-
bination is 5.0 x 10° /T%® cm® s where T is the elec-
tron temperature in eV. This rate constant is given with no
gas temperature dependence. However, it does depend
on it as shown in recent works based on ring storage ex-
periments. Indeed, due to the unfavourable location of
the doubly excited potential energy curves (see Fig. 4),
the recombination route and rate (Eq. (2)) of ions depend

119
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both on the electron energy and the initial rovibrational dis-
tribution (/87-89/).

Hes (J, v)+ e —){He; ; He;*}% He™ + He
(2

Autoionization

A competing process has fo be taken into account, name-
ly the autoionization of the intermediate Rydberg Hes™ or
doubly excited He» neutral molecule, which can fragment
back into an electron and a molecular ion in the (J',v) rovi-
brational level.

The unusually low values of the direct recombination rate
found in experimental works are at least partially explained
(see /82, 90/ for details). The dependence of the rate of
the direct recombination process with the electron tem-
perature was determined to be «<Ts%° /90/.The gas tem-
perature dependence is not available on a large range of
temperatures. However, such dependence is available for
neon dimer ions /91/. Results obtained confirm a fall-off
in efficiency of the direct recombination for vibrationally
excited rare-gas dimer ions with increasing temperature,
the contribution of autoionisation being not negligible /92/.
Direct recombination should only be considered at low
temperature and high electron energy.

Therefore, the two-body recombination of electrons with
dimer ions should not be considered at high temperature
in the estimation made by /67/. In fact, this consideration
does not change significantly the predicted result. Despite
ambipolar diffusion prevails at 2500 K and is much lower
than direct recombination as used by /67/, the density
ratio Hez*/He" is nearly the same than that these authors
found. One of the two processes, the atom assisted asso-
ciation or its reverse process, has rate always much high-
er than the loss of Heo" by recombination or ambipolar
diffusion which are known to be slow recombination proc-
esses. Ifthe absolute value of the density of Heo" depends
on direct and reverse rates of atom assisted association,
the density ratio He2"/He" does not (see Egs. 10 and 11
p 466in /67/). In fact, to modify the temperature depend-
ence of the density ratio Heo"/He", one should either in-
crease the rate of the recombination or decrease the rate
of dissociation by atom impact. A last remark deals with
the role of associative ionization. Rate constants for these
processes at high temperature are unknown and the reac-
tion processes should be included in the calculation of the
density ratio Heo"/He" if they are not negligible.

Considering now the temperature dependence by Russel
/86/, if the balance of association and dissociation via atom
impact is in equilibrium, one should find a ratio Hex*/
He*~9.2 at 2500 K for ne=10" cm™, showing that at high
temperature, Heo" ions may possibly still prevail.

In argon, these same authors find a ratio Arz*/Ar" ~ 3.0x107°
at 2500 K for ne=10"® cm™, a result used by /63/ more
recently. This difference between helium and argon is at-
tributed to the dissociation energy of the dimers (2.4 eV

120

versus 1.3 eV), which is nearly twice higher for the former
and only partially compensated by the larger partition func-
tion of argon ion dimers. Here again, no experimental data
is available to determine how the Ar>*/Ar" ratio evolves
versus gas temperature.

The same kind of problem arises for excimer creation or
associative ionization despite theoretical data are availa-
ble in the case of this latter processes for some triplet states
of helium /87/. However, only experimental measurements
would confirm the validity of available estimations.

4. Conclusion

Atmospheric microwave plasmas are high-temperature non-
equilibrium media where complex phenomena that are still
under investigation occur. Better understanding these
media requires specific measurements to determine rate
constants at high temperature. Diagnostics with high spa-
tial and temporal resolutions are needed to provide basic
data that lack today to provide satisfying description of these
sources of active species.
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INTERACTION OF HIGHLY DISSOCIATED OXYGEN PLASMA
WITH POLYMERS AND THEIR COMPOSITES

P. Eiselt
Plasmabull Engineering GmbH, Lebring, Austria

Key words: Oxygen plasma, Composite, Polymer, Coating, Particle dispersion, Image analysis, Surface characterization

Abstract: Recent application of fully dissociated oxygen plasmas with a low density of charged particles for treatment of polymers and polymer-matrix
composite materials is described. Plasma is often created in a high frequency inductively coupled discharge to avoid ion acceleration. At the pressure of
few mbar the plasma density is often of the order of 10'® m™, and the density of neutral oxygen atoms of the order of 10%" m™>. The dissociation fraction
of oxygen molecules may approach 100%. Plasma with such characteristics causes modification of solid materials. It is extensively used for surface
cleaning and activation, selective etching and sterilization. The first effect of plasma treatment is surface activation. The wettability of materials is increased
dramatically enabling their painting, printing and metallization. The treatment time depends on the type of materials and plasma parameters. Optimal
wettability is often obtained in less than 1s of plasma treatment thus making the technology suitable for industrial use. Prolonged plasma treatment of
polymer matrix composites causes selective etching. Different components are etched at different rates. The highest is the etching rate of the polymer
matrix, while inorganic fillings are not etched at all. Oxygen plasma treatment of the composites thus represents a unique method for studying the
distribution as well as the orientation of different fillings in composites. The application of this technology is illustrated with several examples.

Interakcija visoko disociirane kisikove plazme s polimeri in
njihovimi kompoziti

Kjuéne besede: Kisikova plazma, Kompozit, Polimer, Previeka, Porazdelitev delcev, Analiza slik, Preiskava povrsin

lzvieéek: V prispevku je opisana uporabnost nizkotlacne popolnoma disociirane kisikove plazme za obdelavo polimerov in kompozitnih materialov s
polimerno matriko. Tak$no plazmo pogosto generiramo v visokofrekvenéni induktivno skloplieni razelektritvi, s dimer se izognemo pospesevanju ionov v
elektriénem polju. Pri tlaku nekaj mbar je gostota plazme reda velikosti 10'® m™, gostota neviralnih kisikovih atomov pa reda 102" m™®. Stopnja disociiran-
osti kisikovih molekul se lahko pribliza 100%. Plazma s tovrstnimi znadilnostmi povzroéa spremembo trdnih materialov in se Siroko uporablja za ¢isc¢enje,
aktivacijo, selektivno jedkanje in sterilizacijo. Prvi pojav, ki ga opazimo pri izpostavi trdnih materialov kisikovi plazmi, je povrsinska aktivacija. Omodijivost
tako obdelanih materialov se dramaticéno poveca, kar omogoda dober oprilem materiala pri barvanju, tiskanju in metalizaciji. Znadilni ¢as obdelave je
odvisen od vrste materiala in plazemskih parametrov. Optimalno omocljiivost pogosto doseZzemo Ze v ¢asu, manjsem od 1s, kar omogoca industrijsko
uporabo. Podalj$ana plazemska obdelava kompozitov s polimerno matriko vodi k selektivnemu jedkanju. Razliéne komponente v kompozitu se jedkajo z
razli¢no hitrostjo. Najvecja je hitrost jedkanja polimerne matrike, medtem ko se anorganska polnila sploh ne jedkajo. Plazemska obdelava kompozitov tako
predstavija edinstveno metodo za preiskavo porazdelitve in celo orientacije polnil v kompozitih. Aplikacija te tehnologije je ilustrirana z razli¢nimi primeri.

physical and chemical. Physical interaction is usually per-
formed with charged radicals that can be accelerated by
biasing samples, while neutral radicals usually do not have
substantial kinetic energy so the interaction is purely po-
tential and therefore very selective. Optimal oxidation se-
lectivity is therefore obtained with plasma of low ion densi-
ty and high neutral radical density.

1 Introduction

In the past decade, oxygen plasma has been successfully
applied to novel technologies such as plasma ashing, plas-
ma cleaning, selective plasma etching and plasma sterili-
zation /1-18/. All the technologies are based on control-
led oxidation of organic compounds. In contrary to stand-
ard oxidation that is carried on close to the thermodynam-
ic equilibrium, the oxidation in plasma is a well non-equilib-
rium process. The main advantage of the non-equilibrium 2
oxidation is the capability of controlling the oxidation rate
independently from the sample temperature. This is possi-
ble due to a low potential barrier for oxidation with reactive
particles from oxygen plasma. Oxygen plasma is a source

Inductively coupled RF oxygen
plasma

Plasma is usually created in a gaseous discharge. Elec-
trons are accelerated in electric field and thermalized at

of different reactive particles including excited molecules
and atoms, positive and negative molecular and atomic
ions, ozone and neutral oxygen atoms. The concentration
of these particles depends largely on discharge parame-
ters (i.e. type of discharge, discharge power and frequen-
cy, magnetic field, size and shape of discharge vessel, type
of material facing plasma, pressure and gas mixture, etc.)
Interaction of plasma radicals with solid materials is both

elastic collisions. Their energy distribution function is there-
fore rather Maxwellian with the temperature of several eV.
Electrons in the high-energy tail of the distribution function
have enough energy for direct ionisation of gaseous mole-
cules, while those in the low energy part of the distribution
function are only capable to excite rotational and vibration-
al excited states of molecules. In the case of oxygen mol-
ecules, the excitation energy for ro-vibrational states is well
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below 1 eV, the excitation energy for metastable molecules
02'A and 0,'Y is about 1 and 2 eV, respectively, the dis-
sociation energy is 5.2 eV, while the ionisation energy is
12 eV. Electrons with the average energy of few eV are
therefore likely to excite molecules into metastable states
and ro-vibrational states, while dissociation and ionisation
in less probable.

Excited particles tend to de-excite. There are many chan-
nels for de-excitation, some of them occur in the gas phase,
while the others take place on the surface of the discharge
chamber. In any case, the conservation of energy and
momentum as well as rules of quantum mechanics should
be obeyed. Vibrationally excited states are de-excited in
the gas phase primarily by vibration interchanges (V-V tran-
sitions) and super-elastic collisions with atoms (V-T transi-
tions) /8/. Neutral oxygen atoms in the ground state can
recombine to molecules only at three-body collisions that
are unlikely to occur at low pressure (say below few mbar)
so they are rather stable in the gas phase.

Surface de-excitations often play a dominant role in low-
pressure plasmas. The probability for ion recombination
as well as metastables relaxation is close to unity /19/,
while the recombination of neutral oxygen atoms depends
largely on the type of material facing plasma as well as its
temperature and morphology. The probability for recombi-
nation at heterogeneous surface recombination (O + O —
O») for many glasses and some ceramics is often low (the
typical order of magnitude in 10, while for many metals
and some porous ceramics it is of the order of 107", The
recombination probability does not depend only on the type
of material, but also on other parameters.

At low flux of oxygen atoms onto the surface, the recombi-
nation probability depends on the surface coverage with
O atoms. This phenomenon was often observed at high
vacuum, when the flux of O atoms onto the surface is be-
low say 10%° m™?s™". When the flux is increased, the sur-
face becomes saturated with O atoms and the recombina-
tion probability approaches a constant value, that has been
known as the recombination coefficient (y). The recombi-
nation coefficients depend on the material, the surface
morphology, and often also on the temperature. There
seems to be no general rule, but the recombination coef-
ficient tends to increase with increasing surface roughness
as well as increasing surface temperature.

The density of different excited species in plasma depends
on excitation and de-excitation probabilities. The excita-
tion probabilities depend mostly on electron density and
temperature, while the de-excitation probabilities depend
particularly on surface properties. By choosing smooth
materials with low recombination coefficients for recombi-
nation of O atoms it is often possible to achieve plasma
with a low density of ions but a high density of neutral at-
oms. It is often possible to obtain oxygen plasma with the
ion density below 10'® m™ and the neutral atom density
above 102" m™ /20-23/.
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High oxidation selectivity can only be obtained with cold
plasmas. Cold plasma is a state of gas with a low kinetic
energy of heavy particles, i.e. all particles except electrons.
There are some channels for heating heavy particles in
plasmas. Happily enough, elastic collisions between fast
electrons and heavy particies do not lead to substantial
kinetic energy exchange due to a small mass of the elec-
trons. The major channel for heating heavy particles at
collisions with energetic electrons is a dissociation event.
At direct electron impact dissociation, the excessive kinet-
ic energy of the electron can be observed as the kinetic
energy of newly formed atoms, which can move apart with
a substantial kinetic energy. Such energetic atoms get ef-
fectively thermallized at elastic collisions with other heavy
particles. A good way to avoid this sort of plasma heating
is application of plasma with a rather low electron temper-
ature.

Another mechanism of heating heavy particles is super-
elastic collisions between vibrationally excited molecules
and oxygen atoms. The reaction cross-section is large /
19/. The only way to avoid such collisions is application of
fully dissociated plasma where such collisions are unlikely
fo occur.

An important channel for heating heavy particles may be
acceleration of ions in electric field. The ions are acceler-
ated in electric field as are the electrons. As long as the
electric field frequency is low, the ions can follow any
change of the local electric field. The energy an oxygen
ion can pick from the electric field is

W = (e°E2)/(2maF). (1)

Here, e isthe ion charge, £ peak electric field, m ion mass
and w electric field frequency. The kinetic energy an oxy-
gen ion in a high vacuum can gain in electric field versus
the frequency is plotted in Figure 1. As long as the fre-
quency is low (say below 100 kHz), the ions are well ac-
celerated in the field. But as the frequency is increased,

1E+03

1E+02

1E+01

1E+00

W, [eV]

1E-01
E0 Average random energy at RT

1E-02

1E-03

1E-04

1E+04 1E+05 1E+08 1E+07 1E+08

Frequency [s-1]

Fig. 1. Maximal kinetic energy of oxygen ions
oscillating in a high frequency electric field of
100V/cm.
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the ions are not able to follow the field. At the frequency of
about few MHz, the kinetic energy an ion can pick from
the field is less that average thermal energy of an ion at
room temperature. This means that ions in the electric field
with a frequency above 10 MHz cannot pick energy worth
mentioning. As long as the electric field frequency is high-
er than 10 MHz, the ions thus cannot be accelerated in
the field and cannot contribute to neutral gas heating.

Upper considerations lead to the conclusion that best ox-
ygen plasma for selective oxidation of different materials is
created in a radio-frequency discharge. A high degree of
dissociation of oxygen molecules is obtained in a discharge
chamber made from glass, which has a smooth surface
and a low coefficient for recombination of oxygen atoms.
There are two extreme modes for RF generator coupling:
i) capacitive, and ii) inductive. In practice, the coupling is
often a mixture of both extremes. Inductive coupling is of-
ten obtained using a coil wounded around a glass tube. In
this case, electrons are accelerated in induced electric
field sustained due to alternating magnetic field in the cail.
The electric field in the axis is rather low, and is increasing
towards the edge of the glass tube.

Another extreme is capacitive coupling. In this case, the
charged particles are accelerated in the alternating elec-
tric field between two paralle! electrodes. A sheath with a
substantial potential is established next to the powered
electrode. As long as the sheath is almost collisioniess (i.e.
the mean free path is larger than the sheath thickness) the
ions entering the sheath from the gas phase are accelerat-
ed towards the electrode and do not transfer kinetic ener-
gy to other particles. They bombard the electrode and scme
are reflected as neutral fast atoms or molecules. These
fast particles do heat the neutral gas. The heat exchange
between positive ions and other heavy particles is increased
in the case the sheath is not collisionless. In such cases
there are more channels for kinetic energy exchange in
the gas phase. This often occurs at elevated pressure, say
above 0.1 mbar, where the density of atoms increases with
increasing pressure.

As the electric field frequency increases towards the mi-
crowave range, the ions can gain practically no energy from
the field, and also electrons cannot pick as much energy
as in the case of radio-frequency discharges. As a general
rule, the electron temperature in simple microwave dis-
charges is always lower than in radio-frequency discharg-
es with comparable power. More energy is transferred to
neutral gas heating so the microwave plasmas are never
as cold as the RF plasmas.

3 Plasma parameters

Parameters of low pressure plasmas created by inductive-
ly coupled RF discharge in a glass tube depend on dis-
charge power and pressure. Typical values are as follows:
neutral gas kinetic temperature is often equal to ion kinetic
temperature and is a bit more than room temperature - val-

ues between 300 and 500 K are common. The electron
temperature is often about 50000 K or more. At the pres-
sure of few 10 Pa, the density of electrons and ions is of-
ten between 10" and 10" m™, the density of neutral oxy-
gen atoms of the order of 102" m™ while the density of
metastable oxygen molecules of the order of 10'° m™. The
plasma potential is often of the order of 10 V and the Deby
length about 10 m. The density of neutral oxygen atoms
is certainly the most important parameter.

Several methods have appeared to measure the O density
in highly dissociated oxygen. The methods include optical
spectroscopy /24-27/, mass spectrometry /28-29/, gas
titration /22, 30/ and catalytic probes /31-42/. The latter
was found to have some advantages over other techniques,
as catalytic probes enable real/time measurements and
do not disturb the original concentration of O atoms. The
disadvantages include a poor understanding of surface
recombination phenomena and sensitivity to high-frequency
interferences. From the latter point of view, fibre optics
catalytic probes (FOCP) have a definite advantage: as any
connection is made optical, they are completely immune
to stray effects caused by high frequency electromagnetic
field /35-38/. On the other hand, the FOCPs cannot meas-
ure low densities of O atoms.

Figure 2 represents measured values of O density in in-
ductively coupled RF plasma created in a discharge tube
made from borosilicate glass. Measurements were per-
formed with a FOCP. One can observe that the O density
does not depend much on RF power as long as the pres-
sure is low. As the pressure is increased, the O density
increases monotonously until it reaches a broad maximum.
At high pressure, the O density decreases with increasing
power. The appearance of maxima on the curves present-
ed in Figure 2 is explained by different mechanisms of ox-
ygen atom production and loss. At low pressure the O den-
sity is limited by surface effects rather than the discharge
power. At high pressure the limiting factor is the poor den-
sity of electrons as well as their temperature. At even high-
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Fig. 2. Density of neutral oxygen atoms in a glass
discharge tube with the inner diameter of
3.6mm versus pressure. The parameter is the
discharge power.

125



Informacije MIDEM 37(2007)3, str. 123-131

P. Eiselt: Interaction of Highly Dissociated Oxygen
Plasma with Polymers and Their Composites

er pressure the gas-phase atom loss by three-body would
become important if the power were further increased. The
optimal conditions for a large O density are met at pres-
sure between about 50 and 100 Pa. In this range, the O
density depends largely on the discharge power: a higher
power causes a higher density. The pressure at which the
maximum appears depends on power: at higher power the
maximum is shifted to a higher pressure. In any case, the
theoretical limit of the O density is full dissociation.

4 Interaction of plasma radicals with
sample surfaces

The interaction of inductively coupled oxygen plasma with
solid materials is almost entirely potential. As shown in
upper text, the ion density is usually below 10'® m™ and
their kinetic energy at the sample surface about 10 eV. On
the other hand we have neutral atoms with the density of-
ten exceeding 10%' m=. The dissociation degree there-
fore exceeds the ionization fraction by 5 orders of magni-
tude. A large flux of O atoms onto a sample surface as-
sures rich surface chemistry if the samples are organic
materials. The first effect of interaction is surface function-
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Fig. 3. High resolution XPS C1s peak of
polyethyleneterephalate. a) before and b) after
plasma treatment for 1s. The O atom density is
6x10%" m. The peak A corresponds to C-C
bond, B corresponds to C-O bond, C
corresponds to O=C-C bond. D is the n* rsh up.
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Fig. 4. High resolution XPS C1s peak of
polyethersulphone. a) before and b) after
plasma treatment for 1s. The O atom density is
6x102" m3,

alization with oxygen-rich functional groups. Next effect is
slow etching of the organic material. Since the interaction
is almost purely potential, the etching largely depends on
the nature and structure of organic materials.

The appearance of the O-rich functional groups is best
monitored by X-ray Photoelectron Spectroscopy (XPS) /
43-45/. The resulting surface activation (change of sur-
face energy) is often measured by a contact angle of a
water drop, while the distribution of different particles (fill-
ings) in a polymer matrix composite is best monitored by a
Scanning Electron Microscopy /46-50/. The appearance
of the reaction products is often detected by Optical Emis-
sion Spectroscopy (OES) [/51/].

4.1 Surface activation

The first effect of oxygen plasma treatment of organic ma-
terials is surface activation. Figure 3 represents the effect
of oxygen plasma treatment of polyethyleneterephalate.
Figure 3ais the carbon C1s peak obtained by a high-reso-
lution XPS. The carbon is almost entirely bonded to other
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Fig. 5. High resolution XPS analysis of electrolytic
graphite. a) O1s peak before and after plasma
treatment for 20s, b) C1s peak before and after
plasma treatment for 20s.

carbon atoms and some oxygen is presented in the form
of ester group. The sample is exposed to inductively cou-
pled oxygen plasma for 1 second. The carbon peak after
this short plasma treatment is shown in Figure 3b. The peak
is now enriched with oxygen functional groups. The sur-
face of this material is saturated with functional groups in a
second - further treatment does not influence the con-
centration of the groups on the surface.

Next example of quick plasma activation is presented in
Figure 4. In this case, the organic material to be activated
is polyethersulphone - a polymer containing sulphur. The
C1s peak before plasma treatment is presented in Figure
4a, while after the treatment it is shown in Figure 4b. As in
the case of polyethyleneterephalate, the treatment time is
only 1 second. The surface is quickly saturated with oxy-
genrich functional groups such as C-O (peak B in the spec-
trum) and C=0 (peak C). The most energetic peak (D) is a
satellite peak (n — w*).
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Apart from organic materials, other forms of carbon are
also activated by oxygen plasma treatment, but the required
treatment time may be longer. Figure 5 demonstrates acti-
vation of pure electrolytic graphite. In this case, the re-
guired treatment time is about 20 s. Figure 5a represents
the high resolution XPS O1s peak before and after the plas-
ma treatment, while Figure 5b represents the C1s peak.
As expected, there is no oxygen bonded to untreated
graphite, but the 20 s treatment cause an appearance of
oxygen bonded in the form of C - O bond.

4.2 Polymer etching

As the surface is saturated with chemically bonded oxy-
gen, the next step is slow chemical etching of carbon ma-
terial. The etching rate depends on the type of material, its
temperature, and the flux of oxygen atoms on the surface
of the sample. The evidence of etching can be obtained
by Optical Emission Spectroscopy. A simple optical spec-
trometer is good enough to monitor the appearance of the
oxidation products. Figure 6a is a typical OES spectrum

a

Fig. 7. SEM image of a metal paint with a pearl effect.
a) untreated sample, b) sample treated in
oxygen plasma for 40s. The O atom density is
8x10%" m3,
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Fig. 8. SEM image of a powder coating. a) untreated
sample, b) sample treated in oxygen plasma for
300s. The O atom density is 6x10%9 m3,

from oxygen plasma before etching of organic materials.
The only features worth mentioning are the oxygen atoms
peaks at 777 nm and 845 nm. Other peaks are so small
that cannot be visible in Figure 8a. As etching of organic
materials starts, the OES spectrum becomes richer as
shown in Figure 6b. The peaks that correspond to CO
bands appear. Figure B¢ is a detail of the CO band corre-
sponding to the transition in the 3™ positive system, while
Figure 6d represents the emission due to CO transitions
in the Angstrom band. Optical emission spectroscopy
therefore represents a powerful tool for detection etching
of carbon-containing compounds. Since CO is normally
not presented in oxygen plasma in reasonable concentra-
tion, the appearance of the CO bands indicate etching of
carbon containing materials.

4.3 Selective etching of composites

Composite materials with a polymer matrix are nowadays
widely used as bulk materials and films. They combine the
properties of polymers (easy instillation, low price) and the
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Fig. 9. SEMimage of similar samples produced by two
different producers. The plasma parameters
were as follows: treatment time 120s, O atom
density 2x10°7 m3,

fillers {good mechanical, electrical and optical properties).
Many materials referred as plastics are actually compos-
ites. The most usual fillers are pigments - they are used to
give the material its colour. Different fibres are used to in-
crease the material strength and toughness. Graphite is

UYWL\ Y A4 :
n(\*. o’.. v o K ad
"-..'Q:P.'P ¢ ':::.'

often used to increase electrical conductivity, while differ-
ent coatings and paints are actually composites with a va-
riety of fillers. A typical paint for metal, for instance is a
composite of et least 5 different fillers distributed in the
polymer matrix. The characteristics of the composites de-
pend on the type of polymer, the type and concentration
of the fillers, and the production procedure. They often
depend also on distribution and in some cases even orien-
tation of the fillers in the polymer matrix. The term “pig-
ment dispersion” in paint coatings describes the relative
amount of pigment aggregates and agglomerates in solid
media. It affects gloss and haze of the final coating and
may also change viscosity of the coating. Dispersion of
pigments is influenced by the properties of coating com-
ponents and by the production process.

It is difficult to detect the exact distribution of fillers in the
polymer matrix. Namely, the uppermost material is poly-
mer that hides the fillers. The best way of making fillers
visible is a gentle removal of the polymer. The treatment
should leave the fillers intact and should be performed at
low temperature to avoid any deformation of the polymer
matrix. The best way of doing so is to perform low temper-
ature etching by inductively coupled oxygen plasma. As
mentioned before, the interaction of such oxygen plasma
with the solid material is almost entirely potential: oxygen
atoms react with polymer matrix while leaving the fillers fairly
intact. The first example of such treatment is a coating with
mica flakes. Figure 7a is the SEM image of the untreated
sample, while Figure 7b represents the image of the same
sample exposed to oxygen plasma for 30 s. Comparison
of Figures 7a and 7b clearly shows a high etching selectiv-
ity obtained by inductively coupled oxygen plasma: the
polymer is effectively etched, while the mica flakes are left
intact.

Mild oxygen plasma treatment is even selective enough to
have different etching rates for two different organic mate-
rials. Figure 8 represents results of the etching of paint for
metal. Figure 8a is the SEM image of untreated sample,
while Figure 8b represents the same paint after plasma
treatment. While the original surface is perfectly flat (cov-
ered by the polymer), the surface of plasma treated sam-
ple is covered with small perfectly spherical features. These
spheres are actually organic pigments. The structure of

Fig. 10. SEM image of a sample before and after the image modification and outlined particles detected with

appropriate program.
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the organic pigments is different from the polymer matrix.
The oxygen plasma is obviously gentle enough to distin-
guish between the polymer and the organic pigment. While
polymer is etched at a high rate, the pigments are practi-
cally not etched at all, as observed by comparison of Fig-
ure 8 a and b.

The oxygen plasma treatment is used for study of fillers
type, size and distribution in composites in order to detect
small variations of similar products produced by different
procedures. Figure 9 represents SEM images of similar
products by two different producers. The similarity of the
products is so high that classical testing of the two materi-
als does not show any appreciable difference between
them. The oxygen plasma etching, however, reveals small
but important differences between the products in Figure
9 a and b. The product presented in Figure 9a is rich in
small particles with the dimension of about 1ém, while
these particles are absent in the product shown in Figure
8b. Plasma etching of such products actually enables the
reverse engineering. If the type and concentration of fill-
ers in a product are unknown, one can learn about them
by etching the material with oxygen plasma and image the
surface by a SEM.

Advanced software allows for quantification of the filler dis-
tribution in the polymer matrix composites. Figure 10 shows
the appropriated steps done to study the size distribution
of filler grains. The left figure is the SEM image of the plas-
ma etched material. The middle figure is the negative con-
trast black/white micrograph. The right figure 3 shows the
results of particle detection using the appropriate software
program. The results of the image analysis of these three
micrographs are presented in the Figure 11, where the size
distribution of pigment particles is shown. Large particles,
of diameter greater than 2 mm, were excluded from the
calculation because of their small population in the micro-
graphs. The results in Figure 11 are shown for three mate-
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Fig. 11. Particle diameter distribution in samples
produced by three different procedures marked
as Y1, Y2and Y3.
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rials with same ingredients but different production proce-
dure.

5 Conclusions

Highly reactive oxygen plasma is obtained in inductively
coupled RF discharges. The degree of ionization is often
of the order of 10°® while the dissociation fraction easily
exceeds 10%. The neutral gas temperature is kept close
to room temperature since there is practically no mecha-
nism heating the neutral gas. The high dissociation rate,
low kinetic temperature, low ion density and low plasma
potential allow for practically pure potential interaction of
plasma radicals with solid materials exposed to plasma.
The etching of samples is extremely selective: while or-
ganic materials are etched, the inorganic materials are not
etched at all. The etching rate depends on the type of or-
ganic materials. Simple polymers are etched at relatively
high rate while graphite is practically not etched at all. Even
different types of organic materials are etched at different
rates. While epoxy resign is etched at a relatively high rate,
the organic pigments are virtually untouched. This extreme-
ly high etching selectivity allows for development a meth-
od for determination of the distribution and orientation of
fillers in polymer matrix composites. Several examples of
the practical application of this technology are presented.
The choice of plasma parameters depend on characteris-
tics of particular samples. High etching rate is obtained
using plasma with a high atom density, but extremely high
etching selectivity is obtained using plasma with a moder-
ate O density.
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Abstract: As technology advances, options for realization of heterogeneous systems increase. Designers use a variety of hardware (HW) and software
(SW) co-design methodologies in order to meet application constraints as fast as possible. The paper presents a graphical modeling framework used for
high-level modeling and design-space exploration of heterogeneous systems. The framework provides designer graphical elements for using modeling
concepts from system modeling libraries. Graphical modeling relieves the designer of the manuaktyping source code and thus hides many details of
system-level design languages that normally need to be taken care of. The graphical framework also provides different constraint checks during modeling
and automatically generates an executable model for evaluation of a heterogeneous system. Our case study exemplifies the use of the framework and
shows what information is obtained from an executable model built on a high-level of abstraction. Evaluation of results serves as a basis for further design
decisions. Graphical modeling enables rapid changes in the model and thus speeds-up design-space exploration.

Graficno okolje za raziskovanje nacrtovalskega prostora
na nivoju sistemov

Kjuéne besede: abstrakcija, modeliranje, raziskovanje nadrtovalskega prostora, visokonivojsko nadrtovanje.

lzviedek: S tehnologkim napredkom se poveduje nabor moznih realizacij heterogenih sistemov. Nacrtovalci za ¢imprejénje izpolnjevanje nacrtovalskih
zahtev uporabljajo Sirok spekter metodologij za soCasno nacrtovanje strojne in programske opreme. Clanek predstavija graficno modelimo okolie za
modeliranje in raziskovanje nacrtovalskega prostora heterogenih sistemov. To okolie omogoca nacrtovalcu uporabo grafiénih elementov pri modeliranju
konceptov iz knjiznic za modeliranje na sistemskem nivoju. Graficno okolje nacrtovalca razbremenjuje ro¢nega pisanja programske kode, tako da mu ni
ved potrebno poznati todne sintakse ukazov programskih jezikov za modeliranje na sistemskem nivoju. Okolie med izdelavo modela preverja njegovo
skladnost z razlicnimi omeijitvami. Po kondanem modeliranju heterogenega sistema, za njegovo ovrednotenje okolje avtomatsko ustvari izvrsljiv model.
Uporaba okolja je prikazana na praktiénem primeru. Prikazano je, katere informacije dobimo iz izvréljivega modela zgrajenega na visokem nivoju abstrak-
cije. Ovrednoteni rezultati predstaviiajo podlago nadaljnjim nacrtovalskim odlogitvam. Graficno modelirno okolje omogoca hitre spremembe modela in
tako pospesi raziskovanje nacértovalskega prostora.

1 Introduction 2 Design space exploration

Advances in technology provide various options for reali-
zation of embedded systems. Designers are encouraged
to use a variety of HW and SW implementation technoio-
gies in order to meet application constraints and provide
quick time-to-market solutions. The increasing complexity
of modern embedded systems requires new design meth-
odologies and system-level design tools /1/.

Many research studies are concentrated on the issues of
HW/SW co-design, co-simulation and various optimization
techniques. The research activity is slowly drifting away from
modeling heterogeneous aspects of the system towards
system description on a higher abstraction level /2/.

This paper will present a design framework for system-lev-
el design space exploration. The presented framework is
used for a quick evaluation of design decisions in the first
stages of the design process. The evaluation is based on
the results obtained from a high-level model of the system
composed in a graphical framework.
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HW and SW components of digital systems are designed
by using specialized languages. The HW description lan-
guage VHDL /3/ or Verilog is used for design and imple-
mentation of HW components and the C or C++ is used
for SW description. These languages are mature and pro-
vide automatic implementation and various optimization
possibilities.

On the system level, we need tools and languages for
modeling systems composed of HW and SW components.
The result of research in this area is several system level
design languages (SL.DL) and HW/SW co-design method-
ologies /4/.

A typical design flow starts with a high-level system model
containing architecture description, functionality descrip-
tion and mapping information /5/. During design-space
exploration, the model is repeatedly evaluated and changed
until the application constraints are met. If the design meth-
odology supports different levels of abstraction, we have
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to repeat design-space exploration on each level. In each
level we add new information thus lowering the level of
abstraction. Finally, a description of HW and SW compo-
nents prepared for automatic implementation tools is ob-
fained.

2.1 SystemC Design Flow

The SystemC is a system-level description language based
on the C++ language. The programming language C++ can
be used also as an extensible object-oriented modeling lan-
guage. The SystemC extends the capabilities of the C++ by
enabling modeling of hardware descriptions /6/, /7/.

The SystemC language is implemented as a C++ class li-
brary. It adds important concepts to the C++ such as con-
current processes execution, modeling timed events and
hardware data types. The SystemC enables designer to
describe the whole system model in one language, verify it
by using the same language, and further refine it all the
way to the implementation level (typically the register trans-
fer level). A system can be modeled at the behavioral or
architectural level and then iteratively refined to the regis-
ter transfer level.

Building a detailed model of an embedded system in the
SystemC can be a very time-consuming task. In order to
speed-up the design space exploration process, we need
to identify important modeling concepts for the model eval-
uation at the current abstraction level. When a satisfactory
model is obtained, more details can be described (for ex-
ample timing and communication) and the design-space
exploration is repeated on a lower level of abstraction /5/.
Model refinement continues until all the details necessary
for implementation are obtained.

In this paper we will focus on design exploration on the
highest abstraction level. In the first stage of the design
process we can identify some concepts repeatedly need-
ed by designers for any new model. A model of an em-
bedded system is composed of HW (architecture) and SW
(functionality) units. SW units are running on the model
architecture using its resources. SW can be further mod-
eled as a composition of some tasks. A high-level archi-
tectural model contains execution (processing), commu-
nication and data storage units. To relieve the designer of
the burden of repeatedly implementing models of these
basic concepts in the SystemC, system modeling libraries
supporting them were developed in our Laboratory /8/,
/9/. They provide wrappers for modeling functionality and
architecture on a high-level of abstraction.

System functionality is intuitively described as a network
of tasks. The tasks are modeled in terms of architectural
resource usage and no actual algorithm is specified. Each
task is assigned an execution unit responsible for charac-
terizing the cost of executing services (e.g. time, energy
and size by means of logical blocks or transistors count).
Execution and communication units are parts of the archi-
tecture description.

A library with functionality wrappers provides mechanisms
for modeling parallel task execution. Event modeling is used
for triggering task execution. From the functionality point
of view, the task execution is limited only by their data de-
pendency. The maximum level of parallel operations that a
specific algorithm permits is first examined and later de-
creased by applying restrictions of execution units. When
more than one task specifies the same execution unit, it is
up to the execution-unit scheduling policy to determine the
outcome of such request.

An architecture-wrappers library provides support for high-
level modeling of architectural resources. Using these wrap-
pers, designers can instantiate and connect any number
of hardware units in their model and build an architectural
model. Concepts of execution and communication units
present HW resources and give the designer only informa-
tion about architecture resource utilization in interaction
with algorithm functionality.

One of the integral parts of our libraries is also a built-in
support for logging relevant information about the system
during execution of simulation. The system modeling librar-
ies enable a component-based construction of the system
model at a higher abstraction level. The concept of com-
ponents promotes reuse of the already developed models
which can leverage design productivity.
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Fig. 1. Design flow using a system modeling library

The design-space exploration flow starts by composing a
system model containing descriptions of architecture and
functionality by using prepared wrappers from the system
modeling library (see Figure 1). The model composition
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Fig. 2. Graphical framework for design space exploration

process can be divided into four steps:

- In the first step, the designer builds functionality. He/
she defines descriptions of each task (time estima-
tions for HW resource usage) and its time dependen-
cy (task-start triggers).

- in the second step, the designer determines the sys-
tem architecture.

- In the third step, the designer specifies mapping of all
tasks to appropriate architecture resources.

- In the final step, the designer defines the necessary
simulation settings (e.g. simulation step size, max. sim-
ulation time, which variables to log into waveforms,
and settings for reports of resource utilization).

The design flow continues with compilation of the system
model together with wrappers and the SystemC library. An
executable model is obtained which produces upon exe-
cution waveforms and resource utilization files.

In the next stage, data relevant for further design decisions
(e.g. resource utilization, task being idle because of re-
source contention) are evaluated. Evaluation results are
compared with the system specification constraints. if they
are not satisfactory, the designer repeats the design cycle
with a different system implementation.

During design-space exploration various system implemen-
fations can be relatively easy to build and feedback about
their evaluations results can be used for finding a path to-
wards a solution best meeting system constraints /8/, /9/.
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2.2 Graphical Design Flow

While the system modeling libraries provide a great sup-
port for simulation and evaluation, the designer still needs
to manually describe the system by means of coding. Con-
sequently, this means that coding has to be changed in
each repetition of the design cycle, which is an error-prone
process. For designers this still represents a heavy bur-
den for quick and efficient design space exploration.

To simplify and speed-up the process of building a system model
and enable its faster exploration we developed a domain-spe-
cific graphical modeling framework (GF). The framework ena-
bles a graphical creation of a high-level system model and in-
terpretation of the model into the SystemC source code. The
system architecture is described by inserting and interconnect-
ing reusable library components in a graphical framework. The
system functionality is defined in tasks written in the SystemC
and presented as blocks in the graphical framework. Connec-
tions are used for a graphical presentation of the tasks time
dependency and mapping to architectural resources.

The modeling framework also supports simulation settings,
selection of reports and variables being logged during sim-
ulation execution and definition of stimulators for simulating
external signals that this model is dependent of. The graph-
ical framework performs different syntactic checks during
model building and interpretation phase thus minimizing
designer errors. In this way it greatly helps designers to build
an appropriate model more quickly. Automation of compila-
tion and execution stages is also supported.



K. Perko, A. Trost:

Graphical Framework for System Level Design Space Exploration

Informacije MIDEM 37(2007)3, str. 132-141

3  Graphical modeling framework

Graphical modeling environments are used extensively in
different domain-specific areas (e.g. Matlab/Simulink for
signal processing).

When a system-model developer decides to switch from
the design language to a graphical framework, he/she can
take one of the two different approaches; either starts de-
veloping a new domain-specific GF from the ground up or
using one of the already developed generic graphical frame-
works that can be configured for particular domain-specif-
ic needs. Each approach has some advantages and dis-
advantages over the opponent.

The first approach allows the developer to fully control his/
her design. As developing such framework is quite expen-
sive, this approach is limited to applications with large po-
tential market. The cost of the second approach is lower
and the developer’s control over the framework is limited.
Only toolsets offered by a selected generic framework can
be used. This approach is much more appropriate for ap-
plications needing only a small amount of installations.

Open source graphical modeling environments found suit-
able for us are Eclipse Graphical Editing Framework /10/
and Generic Modeling Environment (GME) /11/. We de-
cided to use GME since it is more mature, offers very good
user support through online forum and provides tools for
easy integration of the interpreter for translating the graph-
ical model.

3.1 Generic Modeling Environment - GME

The Generic Modeling Environment (GME) /12/ is a con-
figurable toolkit used for creating domain-specific mode-
ling, model analysis, model transformation and program
synthesis environments. The configuration is accomplished
through meta-models specifying the modeling paradigm
(modeling language) of the application domain. The mod-
eling paradigm contains all the syntactic, semantic and
presentation information regarding the application domain.
It defines concepts used to construct models, their rela-
tionship, organization and graphical presentation, and rules
governing model construction.

The modeling paradigm is created by configuring a meta-
model using the GME meta-modeling language. Meta-
models are used to automatically generate target domain-
specific environment. An interesting aspect of this approach
is that the environment itself is used to build meta-models.
This top-level environment is called a Meta-metamodel.

The generated domain-specific environment is then used to
build domain models that are stored in the model database.
They are used to automatically generate applications or to
synthesize input to different Commercial Off-The-Shelf (COTS)
analysis tools. This process is called model interpretation.

Figure 3 depicts how GME is configured to suit domain-
specific modeling environment needs. The role of the meta-

Metamodeling

Metamodeling Language Framework
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Aspects Hierarchy

Specialization

Domain-specific Met __| Domain-specific
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i
Y
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[

Domain models

000

Modeling Framework

Fig. 3. Configuration of GME needed to obtain a
domain-specific modeling framework

user is to construct a domain-specific meta-model| with all
syntactic, static semantic and presentation information re-
garding this specific domain. The meta-modeling para-
digm is based on the Unified Modeling Language (UML)
/14/. The syntactic definitions are modeled using pure
UML class diagrams and the static semantics are speci-
fied with constraints using the Object Constraint Language
(OCL). This process needs to be done just once and the
developer of a domain-specific modeling framework takes
over the role of a meta-user. Users of this domain-specific
framework can build their specific models according to
rules defined in the meta-model.
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Fig. 4. Creating a domain-specific modeling
framework
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Figure 4 illustrates a snippet of the UML meta-modeling
paradigm and its actual corresponding presentation in
GME. The curvy arrows show how individual modeling el
ements and their relations are defined by different parts of
the meta-model.

GME has a built-in set of generic concepts: folders, mod-
els, atoms, connections, roles, constraints and aspects.
These concepts are the main elements used by the meta-
model developer. We will not make a detailed presenta-
tion of all of them as this would exceed the scope of this
paper. The reader can find it in /12/, /13/. We will just
focus on the concept of aspects. Aspects provide visibility
control. They are used to allow models to be constructed
and observed from different viewpoints. Existence of parts
of the domain in a particular aspect is determined by the
meta-model. Each part can be either visible or hidden. The
concept of aspects allows the user to employ just the parts
suited for a selected viewpoint and hide all the others irrel-
evant for it.

GME also provides high-level C++ and Java interfaces for
writing plug-in components to traverse, manipulate and
interpret graphical models into an appropriate text descrip-
tion suiting as input to COTS analysis tools. The interpret-
er needs to be written by the meta-user because interpret-

er must be able to translate graphical models built accord-
ing to the meta-model.

3.2 Building paradigm

To configure GME for specific needs of our high-level sys-
tem modeling, we built a meta-mode! containing informa-
tion of all the concepts supported in our system modeling
libraries. As mentioned above, the libraries provide wrap-
pers for creating abstract HW resource units (execution
and communication units) and wrappers for abstract task
creation. Tasks serve for creating a description of algo-
rithm functionality.

Figure 5 shows a part of our meta-model designed by us-
ing generic concepts of the GME environment and static
UML diagram. For clarity of presentation the only most
important concepts of our system-level modeling method-
ology are presented. The meta-mode! enables a model of
a typical embedded system on a high abstraction level to
be made-up as a composition of:

- at least one execution unit (ExecUnit),
- any number of communication units (CommUnit), and
- at least one task (Task).
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Fig. 5.  Snippet of our meta-model/

136




K. Perko, A. Trost:

Graphical Framework for System Level Design Space Exploration

Informacije MIDEM 37(2007)3, str. 132-141

The restrictions for the numbers of instances in the actual
model are set by multiplicity constraints (e.g. constraint for
the ExecUnit is set to: “1..*”). These three units are direct-
ly compatible with wrappers in our system modeling librar-
ies. The meta-model also defines possible connections
between these elements. The designer can make just the
connections permitted in the meta-model. The connections
shown in Figure 5 are:

- ExecUnit2CommUnit: with these connections the
designer defines the communication units available
for a selected execution unit. Generally an execution
unit can have more than one communication unit and
many different execution units can share the same
communication units. Instances of execution and com-
munication units connected together compose sys-
tem architectural resources.

- Task2Task: with these connections the designer de-
fines the order of task execution. The order is gov-
erned by the tasks’ data dependency and the direc-
tion from the source to destination has to be followed.
Instances of the tasks connected together with the
Task2Task connections compose system functional
description.

- Task2ExecUnit. with these connections the design-
er assigns execution units responsible for execution
of a selected task. Each task can be assigned to only
one execution unit.

- Task2CommUnit: with these connections the design-
er defines the communication units available for data-
manipulation operations of tasks. Generally, a task can
use more than one communication unit, but only those
available to the assigned execution unit can be used.
This means that the designer can select only between
those communication units that have been previously
attached with ExecUnit2CommUnit to the execution
unit. Actual constraints for creation of these connec-
tions are implemented in a syntactic check performed
before starting the model interpretation.

Two blocks representing the GME concepts of sets are
also shown in Figure 5. The sets are used for selecting
and grouping object instances in the system model. With
the set WaveformTrace the designer defines which HW
resources will be traced during simulation. Muitiple Wave-
formTrace sets with different members can be used. Each
of them represents a different VCD (Value Change Dump)
waveform file. A ConsoleLog set defines the HW resourc-
es used for printing the resource utilization log. This infor-
mation is gathered and printed after the actual simulation
ends.

Besides the presented blocks, the meta-model contains
also some other elements required for model construction
and simulation setup. All of them are listed in Table 1. The
event splitter and event joiner are used for defining the
order of task execution. The event joiner performs an ad-
dition of multiple input events when starting a specific task
depends on execution ending of multiple tasks. Event split-

ter triggers multiple tasks in a certain order and can be
used for modeling a SW scheduler. Start and stop events
are used for control of the simulation process. External
event-generator elements serve for imitating input signals
coming from the surroundings where our system will be
operating.

The concept of aspects in GME provides visibility control.

The aspects allow models to be constructed and viewed

from different viewpoints. They show only elements rele-

vant in a particular aspect. In our meta-model we imple-
mented four different aspects in which a model of an em-
bedded system can be viewed.

- In the task triggering aspect, the designer enters func-
tionality of the system by placing and connecting task
instances. The simulation setup elements (start and
stop events) and external-event generators are also
defined in this aspect.

- In the architecture aspect, instances of hardware re-
sources (execution and communication units) are
placed and connections ExecUnit2CommUnit are
defined.

- The mapping aspect serves for mapping tasks to ap-
propriate hardware resources. Only connections
among the already defined instances can be made.

- In the simulation setting aspect, WaveformTrace and
ConsoleLog set elements are instantiated and their
appropriate members defined.

Table 1 lists all of the implemented elements of our meta-
model in conjunction with the visibility aspects. Even if a
specific element is visible in more than one aspect, it can
be instantiated or modified only in its primary aspect. The
primary aspect is denoted with a shadowed cell.

"~ Aspect |Task Simulation
Visibility ™

Task

Event Splitter

. . Architecture |Mapping .
—.__|Triggering bping Settings

Event Joiner

Execution Unit
Bus

Start Event
Stop Event

External Event Gen.

Waveform Trace

Console Log (usage)

Table 1. Visibility of elements depends on the aspect

For connecting all the elements together, we defined prop-
er connections in the meta-model. As mentioned above,
we did not describe all of them since this is not crucial for
understanding the idea of our approach. At this point it
needs just to be noted that the possibility of making con-
nections also depends on the aspect. All the possible con-
nections implemented in our meta-model and the ability of
making them dependent on a particular aspect, are pre-
sented in Table 2.
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\ Aspect |Task . .
. - ) . Architecture | Mapping

Connection Triggering

Task2Task °

Task2Event Splitter o

Task2Event Joiner °

EventJoiner2EventSplitter °

External EventGenerator2 Task °

StartEvent2Task °

Task2StopEvent °

Task2ExecUnit °

Task2CommUnit °

ExecUnit2CommUnit o

Table 2. Possibility of making connections depends on
the aspect

3.3 Model interpretation

Very important part of our graphical modeling framework
is the model interpreter. The GME provides high-level C++
and Java interfaces for writing plug-in components to
traverse, manipulate and interpret models. The purpose of
the interpreter is to translate all information captured in the
graphical model into a textual description.

We designed an interpreter which produces a source code
description of the system components compatible with the
SystemC and our system modeling libraries. The interpret-
er is capable of handling all the concepts defined in our
meta-model. It is written in the C++ and based on the MFC
library.

Before an actual interpretation begins, different syntactic
and semantic checks are performed to verify the graphical
model. Errors are reported and the designer is guided to
repair the model. The interpreter generates the SystemC
source code together with appropriate project files for au-
tomatic compilation and linking. Finally, an executable de-
scription of the system model is obtained.

4  Case study

To see how our graphical modeling framework operates in
practice, system-level modeling of an existing real-time
embedded system will be presented. Since the embed-
ded system is actually already built, its performance can
be extracted from the implementation model or measured
in the system. Performance estimation before actual im-
plementation was not possible since no modeling frame-
work suitable for heterogeneous system simulation was
available at the time. We will show that using our graphical
framework for modeling the observed system on a high
abstraction level enables performance estimation before
the implementation is made. The framework allows very
easy exploration of different system implementations.

The case study presents an lllumination and Camera Con-
troller (ICC) /15/ used in computer vision applications for
high-speed control of illumination units and triggering line
cameras. This is a typical control-oriented embedded sys-
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tem where two position encoders are used for triggering
events and computing outputs in real time. A USB commu-
nication port is available for setting the operating parame-
ters.

Figure 6 shows a hardware platform for implementation of
the ICC. The available hardware resources include an AVR
microprocessor, CPLD, USB transceiver, RAM data mem-
ory and some other peripheral devices. As this system
operates in a time-critical environment, it is crucial to as-
sure that it operates as a hard real-time system. For all these
reasons it is reasonable to develop it at the system-level.
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Fig. 6.  Platform of illumination and camera controller

41 Model construction

Construction of the ICC model on the high abstraction lev-
el was performed in four aspects using graphical elements
from the meta-model.

In the first aspect, functionality of the ICC is defined. Func-
tionality of the system can be divided into eight different
tasks presented in Figure 7. Tasks TOH and T0S serve for
setting the operating parameters after system start-up and
for communication with the operator. Task TOH performs
communication with the USB transceiver and passing of
the parameters to task TOS which configures the micro-
processor. For simulating the parameter setting right after
power-up, a start event element Event_T0 is used.

Operation of the ICC is triggered by two external encod-
ers: absolute position encoder (APE) and incremental po-
sition encoder (IPE). We used two external event genera-
tor elements AbsEnclRQ and IncEnciIRQ for modeling APE
and IPE, respectively. Task 77 reads IPE events and trig-
gers tasks T2 and T3A. Task T2 reads new illumination
and camera control data from RAM and sends them to the
output bus. Since the IPE does not give an absolute posi-
tion, task T3A performs actual re-calculation of the inspect-
ed object position based on the data obtained from both
encoders. Task T3B reads the data from the APE and per-
forms transformation from the Gray to binary code. The
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new value of the object position is calculated in task T3C.
Tasks T3A and T3C generate output events when a spec-
ifled position boundary is reached. The events are com-
bined into the EventJoiner connected to task 73D. This
task generates page trigger signals for cameras and re-
sets the illumination control. The output event is in our
model connected to the Event Stop element for simula-
tion purposes.
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AbEFIORD T3B T30 Event_Stor

Fig. 7. Functionality description in the task triggering
aspect

The possible parallel execution of the tasks is limited by
their data dependency and available HW resources. The
hardware resources are defined in the architecture aspect
by placing instances of execution and communication units.
The microprocessor contains only one execution unit ca-
pable of executing many different software tasks. On the
other hand, the CPLD device can implement more special
purpose execution units operating in parallel, but is limited
with its size.

in the proposed model, tasks TOH, T1, T2 and T3B are
implemented in CPLD. The architecture description con-
tains four CPLD and one AVR execution unit instances, as
presented in Figure 8. The ICC platform communication
buses McuBus, DataBus and QutBus are also instantiat-
ed and connected to appropriate execution units.
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Fig. 8. Architecture of ICC on a high abstraction level

Mapping of the tasks to execution and communication units
is actually defined in the mapping aspect, as shown in Fig-
ure 9. Each task is mapped to one execution unit and zero
or more communication units. The actual use of the com-
munication units is defined in the task description. Tasks
TOS, T3A, T3C and T3D are assigned to execution unit
AVR representing the microprocessor in the actual ICC
system. All other tasks have their own execution units. It
should also be mentioned that task T2 can use two com-
munication units (DataBus and OutBus).

I
T3D T34
I

l
)

AVR T0S WcuBus

2
CNCHC

CRPLD_TOH Databus

EXEC.
UNIT | -

CPLD_T2 T2 OutBus

EXEC.,
UNIT l

CPLD_TH T1

EXEC.|
UNIT |

CPLD T3B T3B

Fig. 9. Mapping tasks on architecture resources

At this point et us briefly explain how the tasks are actually
described in SystemC. The task model is defined in terms
of architectural resource usage and no actual algorithm is
specified. Figure 10 lists a high-level description of task
T2. This task reads data from the data bus and sends it to
the output bus. In order to transfer a block of 8 bytes, the
process is repeated eight times.

for (int i=0; i<8; i++)
{ // 8x - for each D/A channel
m_pExecUnit ->GetData(this,4,false, s
(ICommUnit*) &DataBus, -1);
// gets data from data storage
// uses DataBus
// need four cycles
m_pExecUnit ->WriteData(this,1,false,
(ICommUnit*) &OutBus, -1);
// write data to D/A converter
// uses OutBus
// needs one cycle

}
Fig. 10. High-level description of task T2 in SystemC
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The predefined methods GetData and WriteData from our
system modeling libraries are used for modeling data trans-
fer. The designer needs to supply the pointer to an appro-
priate communication unit and estimation of the cycle du-
ration. Both data transfer requests are performed through
execution unit interface (m_pExecUnit). The libraries also
provide methods for modeling and estimation of computa-
tional tasks (e.g. Add, Mult, Wait) which can be used for
high-level task descriptions.

An image from the simulation setting aspect is shown in
Figure 11. A set named WaveVCD_MCU is selected and
its members (both external-event generators, execution unit
AVR and communication units McuBus and OutBus) are
shown. All the other architectural resources are shadowed.
In this way, the designer defines resources used for pro-
ducing VCD traces and console log files during mode! ex-
ecution.

EXEC.
UNIT
AVR
EXT.
EVENT
GEN.
IncEncl=Q OutBus
EXT.
EVENT
GEN. ‘ ’
AbsEnciRQ SRR McuBus

WAVE
TRACE

WaveVCD MCU

Fig. 11. Selecting hardware resources for waveform
traces

4.2 Results

System model evaluation results are obtained after inter-
pretation, compilation and execution of the designed graph-
ical model. Their analysis provides basis for further design
decisions.

Table 3 summarizes a part of the utilization log regarding
the microprocessor (AVR) and the bus McuBus that trans-
fers data to the CPLD device. The table is split into the
architectural part and functionality part (Tasks). The archi-
tectural part shows the resource execution time (RET), i.e.
summation of the time the services are required from a
specific resource. Complementary, the functionality part
presents the task active and wait timings {(in % of RET).
The numbers stated in the active column represent the
percentage of the time a specific task is being actively ex-
ecuted on a specific resource. Similarly, the numbers stat-
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ed in the wait column represent the time a specific task
has to wait for a specific resource to become available -
this is the time interval during which a task may be execut-
ed regarding data dependency, but its execution is not start-
ed because of the unavailability of HW resources.

Architecture AVR McuBus
RET([ns] 358 144 134 500

Tasks active wait Active wait
TOS [% RET] 26.8 0 59.5 0
T3A [% RET] 2.1 5.1 / /
T3C [% RET] 1.3 0 33 0
T3D [% RET] 69.8 0 37.2 0
total [ns] 552 644

Table 3. Utilization log for AVR and McuBus

Analysis of the results from Table 3 shows that the AVR
microprocessor is active for about 65% of the simulation
time and McuBus is active for about 24% of it. Task 73D
requires most of the processors active time (69.8%) and
produces 37.2% of the McuBus activity. Waiting can be
observed for task T3A (5.1%) caused by the resource con-
tention.

If utilization of a particular resource is not found appropri-
ate, the mapping on architectural resources can be revised.
If the real-time constraints are still not met, the functional-
ity description can be revised (e.g. revise algorithm).

The timing diagram, as presented in Figure 12, provides
detailed information for the model evaluation. The actual
waiting time during resource contention and task execu-
tion times can be observed and used for verification of real-
time constraints. Under resource contention, task T3A4, for
example, waits 2030ns for an execution unit to become
available, but it takes only 84ns to actually execute it.

5 Conclusion and future work

We present a graphical modeling framework used for high-
level modeling of heterogeneous systems. It provides
graphical design elements for using modeling wrappers
from system modeling libraries. Graphical modeling relieves
the designer of manual typing the source code and thus
hides many details of the SystemC code that normally need
to be taken care of. Thus the designer can put more effort
on actual modeling. Our graphical framework also provides
different constraint checks during modeling and integrates
support for simulation settings. When modeling is com-
pleted, an executable model is automatically generated to
simulate the system behavior on a high abstraction level.
Our case study exemplifies the use of our framework and
shows information obtained from the executable model built
on a high-abstraction level. Evaluation of this information
serves as a basis for model evaluation and further design
decisions. Graphical modeling enables rapid changes in
the model (e.g. changes in the mapping aspect can give
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Fig. 12. Timing diagram of selecied tasks execution
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Abstract: he major component of electro-motor drive is the power moduie producing a PWM signal to drive the motor from the Battery DC source. The
power consumption or the efficiency of the electric drive is dominantly the function of the high side and low side semiconductor switch which performs the
PWM current to the AC motorcoil. The design of such switch is therefore crucial for the drive performance.

In the paper the design considerations are discussed for the optimization of electrical mechanical and thermal performances of the three phase motor

drive power module.

The measurement resuits on the optimized module are presented together with the price/performance analysis of the power module.

Nacrtovalski vidiki za mocénostne krmilnike elektromotorjev

Kjuéne besede: trifazni krmilnik, tokovna stikala, PWM krmiljenje, optimizacija krmilnika

izvie¢ek: Glavni del krmilnika elektromotorja je moénostni modul, ki generira PWM pulzno-girinsko moduliran signal, ki napaja motor iz baterije. Poraba
modi oziroma ucinkovitost mo¢nostnega krmiinika je v veéini funkcija zgomijih in spodnjin polprevodniskih stikal, ki priklapljajo PWM tok na navitje motorja.
Pravilno nacrtovanje takega stikala je zato bistvena za delovanje krmilnika. V ¢lanku so predstavijene moznosti optimizacije elektriénih, mehanskih in
termicnih veli¢in in njihov uc¢inek na delovanje trifaznih krmilnikov za elektromotorje. Predstavijeni so rezuitati meritev z optimiziranim krmilnikom. Prav tako

je predstavljena cenovna analiza za izbolj$ave glede na osnovni sistem.

1. Introduction

The PWM signal is used to provide power AC supply to the
three phase coil of the AC motor /1/ as shown in fig.1.

- >[ v W
Battery ~ T J— f Y

le]

|
]
L
o
L.
S 2
L

“—4—l ]
- "
Control Logic —r“@ .....

Retation speed & Direction

AC Motor

Fig. 1. AC motor system

2. System partitioning

For low power motors the optimal solution is to combine
both the low power PWM control signals generation with
the power switches in a single ASIC.

142

This could work as long as the motor power is low enough
to be able to design the three low side and the three high
side switches on the same ASIC. In this case we need to
consider the ASIC power dissipation to be able to make a
decision if this approach can be a cost effective solution.
To analyze the cost-performance of a single ASIC the sim-
plified models can be used considering the maximal al-
lowed power dissipation of the ASIC, the cost of the mixed
signal silicon area, the cost of a single device silicon area,
the power dissipation of the bonding wires, the packaging
cost and the assembly cost.

The power dissipation of the ASIC is a combination of the
power dissipation due to the losses on the semiconductor
switch when conducting and the power dissipation due to
the so-called switching losses which are caused during
the switch conductance transition, and the losses due to
charging and discharging the battery buffer capacitor dur-
ing switching.

The switching losses can be as high as one third of the
total power dissipation so a conservative figure for the
maximal power dissipation expressed with maximal allowed
motor current is approximately

FI* =2P /3 2.1

on” max dm

where the ron is the resistance of the switch in ON state
including resistance of connections (bonding and bus bars),
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Imax is the maximal motor current and Pgm is a maximal al-
lowed power dissipation of the drive.

The silicon area is in linear proportion to the ron but is dif-
ferent for mixed signal silicon (Am) and single device sili-
con (Ad).

A simple rule of thumb gives us the following approximate
relations.

One sguare mm is required for a 50V drain-source break
down voltage to achieve 100mOhms on resistance. On
the other hand the same performance can be achieved
with only 0,7 mm? using single device silicon Ad.

Taking into account that the cost of Am silicon area is about
1.5 times the cost of Ad silicon area, this simply means
that the cost efficiency of the single silicon area is more
than two times higher.

Unfortunately the simple linear model for the silicon area
cost is not applicable for larger silicon area due to final
defect density of the silicon processing which further re-
duces the benefits of larger integration. It has been esti-
mated that using some simplification the break point be-
tween a single ASIC approach which combines the low
power drivers and the power switches is close to the area
of about 30 mm?.

In this case the required area for low power control elec-
tronic is about 9mm?, so the remaining 21mm? is used for
six switches with Ysn of about 30mOhms.

3. Analysis of maximal power
capability of single ASIC motor
drive

Using equation 2.1. the maximal current can be calculated:

[zmax = 2})({ /3 : 003 3.1

m

Pam can be calculated from the best possible thermal re-
sistance from the packaged ASIC to the ambient.

Fig. 2 shows the thermal profile of the ASIC packaged in a
power package with thermal resistance of 0.5 degree C/
Watt mounted to the heat sink with 230mm x 200mm x
40mm.

The maximal possible power Pgn can be calculated from
the temperature difference between maximal ambient tem-
perature and maximal junction temperature, taking into the
account the total thermal resistance of the set-up. In our
case the maximal ambient temperature is 120 degrees C
and the maximal junction on temperature 150 degrees C.
The worst case thermal resistance is 1 degree C/Watt,
which gives us the next power Pgn is 30W.

30W maximal power dissipation of the ASIC for three phase
AC motor can provide the maximal motor phase current

Temperature Measurement

Temperature {degCl

tnterval of 30sec

“T3-coctagbedy = v - T2-AVE

Fig. 2:  Thermal profile of the dedicated ASIC mode/

Fig. 3:  Single ASIC model set-up

according to equation 2.1, where the total power dissipa-
tion is the sum of the power dissipation of six switches, i.e.
two per phase. This leaves us with 30W/6 per switch, so
only 5W can be entered into equation 2.1.

The result is:

I..=+2-P,/3:0,03=104

This is therefore the limit for single ASIC power drive. De-
pending on the maximal battery voitage and transistor
break-down voltage the typical maximal electro-motor pow-
er would range from 300W to max TkW.

4. Design consideration for power
motor using external power
switches

From the above analysis it is clear that the most critical

figure which needs to be improved is the maximal power

dissipation. Here we have two measures which could be
improved.

The first one is the reduction of ro, resistance which can
be lowered based on large silicon area using low cost sin-
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gle device silicon, and which can be further minimized by
the use of parallel devices. However it is required that the
device is connected using low resistance connections. An
example of such low resistance is shown in figure 4, where
the transistor drain is soldered to 3mm thick copper bus-
bar and the source is bonded with thick multiple Al wires.
This arrangement using 5 transistors with the area of 30
mm? provides ron resistance of 500uOhms.

Fig. 4: Transistor connections

The second improvement is to reduce the thermal resist-
ance of the transistor junction to the ambient. Direct sol-
dering to the copper bus-bar reduces this thermal resist-
ance to less than 0,05 degrees C/Watt, so the only re-
maining critical thermal path is the heat-sink to ambient air
for passive. The photograph of the power drive three + 1
phase switch is shown in figure 5.

Fig. 5:  The photograph of the power drive

For this arrangement a thermal resistance for transistor
junction to the ambient has been reduced o 0,15 degree
C/Watt. Taking into the account the ron resistance improve-
ment from 30mOhms to 400uOhms, i.e. 75 times and the
thermal resistance improved which is approximately 7 times
the total maximal current increase is V757 =17 times, which
leads us to maximal current of about 220A.
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The power drive which has been designed based on de-
scribed principles is shown in figure 6.

Fig. 6: Power drive

The measurement results using the peak required current
for 60 minutes are shown in figure 7.

Tomperature measuremaent

rature {degC)

Time {min)

Fig. 7:  Measurement results of power drive: The upper
curve shows temperature behaviour of
transistor junction; the lower curve shows
temperature behaviour of the heat sink

5. Conclusions

The analysis of single ASIC power drive with integrated
power switch has been presented. The results of this anal-
ysis have been implemented on the design of power drive
with external power switches. The proposed design guide
lines have improved the cost-effectiveness by the factor of
around 1,6 times compared to leading manufacturers of
such devices /2/. The designed power drive has been
measured to show superior performance compared to the
existing power drives in the market /3/.
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Abstract: The paper addresses the security problems of boundary-scan design. Recently proposed security extension for IEEE Std. 1149.1 providing a
locking mechanism is discussed. Possible attack scenarios are analysed. Complete attack time is calculated for different lengths of Key/Lock registers.
For a large length of the Key/Lock registers it is practically impossible to perform a complete attack. Assuming that the attacker has some limited time
interval to perform the attack, the probability of compromising the system is explored and the probability of successful attack within a given time interval
is calculated. Test Access Port control logic with locking mechanism was implemented in Xilinx Spartan3 FPGA. The mechanism requires small hardware
overhead and can be easily included in the IEEE Std 1149 .1 test infrastructure.

Analiza moznih scenarijev vdora v sisteme z vgrajeno
varnostno razsiritvijo standarda IEEE 1149.1

Kjuéne besede: preizkusanje, standard IEEE 1149.1, varnost

lzvledek: V zadnjem ¢asu postajajo aktualni problemi zagotavljanja varosti v sistemih z vgrajeno preizkusno linijo (boundary-scan). Za vsako integrirano
vezje zvgrajeno preizkusno linijo in vsak sistem zgrajen iz tak$nih vezij namre¢ obstaja nevarnost vdora. Na panelni diskusiji konference ITC 2004, kijo je
moderiral E.J. Marinissen, so obravnavali moznosti vdora v sistem in kraje intelektualne lastnine preko preizkusne infrastrukture [1-5]. Predlagana je bila
resitev osnovana na kriptiranju preizkusnih podatkov, tako da se v integrirano vezje na vhodu preizkusne linije doda vezje za dekodiranje podatkov, na
izhodu linije pa vezje za kodiranje podatkov. Pomanijkljivost taksne resitve je v tem, da je Ze samo vezje za dekodiranje in kodiranje dokaj kompleksno
sekvenéno vezje in je zanj potrebno zasnovati vgrajen samodeijni preizkus. Kraja intelektualne lastnine pa ni edini problem povezan z varnostjo sistemov
zvgrajeno preizkusno linijo. Standardi IEEE 1149.1, IEEE 1149.4 in IEEE 1500 predvidevajo izvajanje preizkusa sistema preko namenskega preizkusnega
vodila. V nekaterih izvedbah je to preizkusno vodilo priklju¢eno na racunalnik, ki je daljinsko dostopen preko interneta. V taksnih primerih je omogo&eno
daljinsko preizkuSanje in vzdrzevanje sistema, hkrati pa obstaja moznost vdora v sistem s strani neavtoriziranih oseb. Ob vdoru v sistem lahko napadalec
sprozi izvajanje preizkusnega ukaza, ki zmoti normalno delovanje sistema in ima zato lahko katastrofalne posledice. Za preprecevanje dostopa neavtor-
iziranim osebam je bila predlagana [6] varnostna razsiritev standarda IEEE 1149.1. V tem prispevku analiziramo mozne scenarije vdora v sisteme z vgrajeno
varnostno razsiritvijo standarda. Obravnavana sta dva osnovna nadina vdora. Za razli¢ne velikosti varnostnega mehanizma so izracunane verjetnosti vdora
v danih ¢asovnih okvirih. Na kratko je predstavijena tudi prakti¢na izvedba mehanizma v vezju FPGA.

Beside possible theft of intellectual property, scan design
can be potentially misused for breaking in the system which
may lead to a serious damage. Scan design is often com-
bined with the test infrastructure of DFT standards |[EEE

1. Introduction

In recent years, discussion about the security problems of
systems incorporating scan design has emerged. Any chip

that uses scan design and any system built around it pro-
vides access to the system’s internal logic and may be vul-
nerable to hackers. Possible theft of intellectual property
via scan test infrastructure was discussed at a panel dis-
cussion at ITC 2004 moderated by E.J. Marinissen /1/.
R. Kapur proposed a solution based on data encryption to
protect the data in scan chains /2/, /3/. The application
of cryptographic algorithms in scan design chain is, how-
ever, not trivial. The logic implementing a cryptographic
algorithm is itself a complex sequential circuit which re-
quires some design-for-test (DFT) solution: a conventional
way to solve the problem is by organizing the flip-flops in a
scan chain. On the same conference B. Yang, K. Wu, and
R. Karri presented a paper in which they demonstrated
the vulnerability of the implementation of DES algorithm
with inserted scan chain using Synopsys Test Compiler
/4/. Some further research in this topics has been report-
ed recently by D.Hely et al. /5/.
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Std. 1149.1, IEEE Std. 1149.4 and IEEE Std. 1500. In
some implementations of remote system maintenance, test
access port (TAP) is interfaced to a computer connected
to internet. An attacker may crack the computer system
and get access to the test port. Executing EXTEST or some
other pin-permission instruction during normal system op-
eration could have catastrophic consequences in safety
critical applications. In order to prevent unauthorised us-
ers to access the system via IEEE Std. 1149.1 TAP, a se-
curity extension for |IEEE Std 1149.1 has been proposed
/6/. It provides a locking mechanism that can be activated
manually or automatically after a predefined time-out. The
security extension requires small hardware overhead and
allows full conformance with IEEE Std. 1149.1. The pro-
posed solution is also applicable to IEEE Std. 1149.4. Sim-
ilar to the approach reported in /7/, it can be included as
an extension in full conformance with IEEE Std. 1149.4.
In this paper we analyze potential attack scenarios for the
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systems with implemented |IEEE Std 1149.1 security ex-
tension. The results may be of interest to the designers
and managers when making decisions about the level of
security of the prospective products.

2. |EEE Std 1149.1 security extension

A chip with implemented IEEE Std 1149.1 infrastructure
and security extension is shown in Figure 1. The locking
mechanism is shown in more details in Figure 2. The se-
curity extension of IEEE Std 1149.1 includes two addition-
al instructions: LOCK and UNLOCK. When LOCK instruc-
tion is active the TAP control logic maps all instructions
{except UNLOCK) to a harmless BYPASS instruction until
the UNLOCK instruction with valid key code is applied.

Boundary Scan register

Vee = =3
(= = Gnd
- ™)
e B8 1
(== o
[ fr—
= L
= internal =2
= Logic —
L 28 ]
(== L
o B -]
a2 o
[ S -
Data registers
Locking mechanism
Bypass register
TDI =3+ Instruction register - TDO
TMS = TAP Controller = TCK

Fig. 1: IEEE Std 1149.1 infrastructure and security
extension

The process of locking the TAP controller consists of the

following steps:

1. LOCK instruction is entered into Instruction Register
via TDI and decoded.

2. Lock Register and Key/Lock Shift Register are ena-
bled.

3. The contents of the Key/Lock Shift Register is cleared
at active Capture DR.

4. Lock code is entered into the Key/Lock Shift Regis-
ter via TDI.

5. lLock code is transferred from the Key/Lock Shift
Register to the Lock Register and Key Register is
cleared at active Update DR.

| Lock register |

/}

comparator

[

Key register

Il

DI Key/Lock
shift register

! select
Instruction decoder| |ocked

TDO

multiplexer

Fig. 2: |EEE Std 1149.1 locking mechanism

Comparator compares the contents of Lock Register and
Key Register. If the contents are different, the Locked sig-
nal fed to the Instruction Decoder is activated. Conse-
qguently, the instruction decode logic maps all instructions
except UNLOCK to the BYPASS instruction. This mapping
is active until the Locked signal is released by executing
UNLOCK instruction with the current key code.

Notice that the contents of Lock Register and Key Regis-
ter are the same if the lock code is equal to zero. In this
case, the TAP control logic remains unlocked.

The process of unlocking the TAP controller consists of

the following steps:

1. UNLOCK instruction is entered into Instruction Reg-
ister via TDI and decoded.

2. Key Register and Key/Lock Shift Register are ena-
bled.

3. The contents of the Key/Lock Shift Register is cleared
at active Capture DR.

4. Key code is entered into the Key/Lock Shift Register
via TDH

5. Keycode is transferred from the Key/l.ock Shift Reg-
ister to the Key Register at active Update DR.

Comparator compares the contents of Lock Register and
Key Register. If the contents are equal, it deactivates
Locked signal and the next instruction entered via TDI can
be executed. If the contents are different (i.e., wrong key
code) the Lock signal remains activated and the TAP con-
trol logic remains locked.

3. Possible attack scenarios

We assume that the attacker has access to the Boundary-
Scan infrastructure and is familiar with the locking mecha-
nism described in the paper. However the aitacker neither
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knows the length of the Key/Lock registers nor the key
code.

We can distinguish between two kinds of attacks to the
locking mechanism:

1. Invasive attack, where the attacker's intention is to
interfere with the operation of the circuit regardless if
he/she leaves any traces of the attack (i.e., after the
attack it is possible to deduce that someone inter-
fered with the device).

2. Non-invasive attack, where the attacker first deter-
mines the lock code. The knowledge of the lock code
enables the attacker to cover the tracks of the attack
by locking the device with original lock at the end of
the attack.

3.1. Invasive attack

3.1.1. Invasive attack scenario

We assume that the boundary-scan logic is in the Run-
Test-ldle state. The attacker can easily change from any
state to this state by maximum 6 additional clocks: 5 clocks
to change to Test-Logic-Reset state (TMS=1) and one clock
to change to Run-Test-Idle state (TMS=1) and this addi-
tional transitions are negligible part in comparison with the
whole the attack.

For the invasive attack the attacker does not care about
the value of the lock code. He/she merely tries to over-
write it by executing the LOCK instruction after each UN-
LOCK attempt.

The attack consists of:
1. Determining the length of the Key/Lock registers.

The fact that the Key/Lock Shift Register is cleared at
active Capture-DR can be also used for determining
the length of the Key/Lock registers. The attacker
executes the UNLOCK instruction and feeds

values 1 to the input of the boundary-scan chain (TDI).
By counting zeros at the output, the length of Key/
Lock registers can be determined.

2. Repeating the following steps:

- UNLOCK instruction, where the attacker gener-
ates a guess value of the lock code and tries to
unlock the lock mechanism.

- LOCK instruction, where the attacker overwrites
the value of the Lock  Register with 0. (Since
the Key/Lock Shift Register is cleared at active
Capture-DR the value O is the best choice for
overwriting the Lock Register. In this way no Shift-
DR cycles are required.) If previous attempt was
unsuccessful the circuit remains locked and the
LOCK instruction is ignored.

It is worth noting that the attacker does not care in
which step the Lock Register was successfully over-
written. The only goal is to have the value O placed in
the Lock Register after the successive number of
UNLOCK/LOCK executions.
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3. Unlocking the circuit with O as the key and perform-
ing the malicious actions.

3.1.2. Invasive attack time analysis

Let L be the length of the Instruction Register and M the
length of the Key/Lock registers, respectively. Let us de-
note the frequency of the boundary-scan clock (TCK) by f.

Determination of the length of Key/Lock registers starts in

Run-Test-Idle state and stops in Select-lR Scan state of

the boundary-scan test logic. It consists of:

- transition to Capture-IR state (3 cycles - TMS="110"),

- loading UNLOCK instruction (L cycles - TMS="0..0"),

- transition to Capture-DR state (4 cycles -
TMS="1110"),

- loading values “1” to TDI and monitoring output TDO
(M+1 cycles - TMS="0..0"),

- transition to Select-IR Scan state (4 cycles -
TMS="1111").

Complete determination of the length of Key/Lock regis-
ters consists of

L+M+12 (3+L+4+M+1+4) cycles of boundary-scan clock.

Unlock attempt starts in Select-IR Scan state and consists of:

- transition to Capture-IR state (1 cycle - TMS="0"),

- loading UNLOCK instruction (L. cycles - TMS="0..0"),

- transition to Capture-DR state (4 cycles -
TMS="1110"),

- loading unlock code (M cycles - TMS="0..0"), (first
uniock code has one additional clock)

- transition to Select-IR Scan state (4 cycles -
TMS="1111").

Complete unlock attempt consists of L+M+9 (1+L+4+M+4)
cycles of boundary-scan clock.

Lock attempt also starts in Select-IR Scan state and con-

sists of:

- transition to Capture-IR state (1 cycle - TMS="0"),

- loading LOCK instruction (L cycles - TMS="0..0"),

- transition to Capture-DR state (4 cycles -
TMS="1110"),

- transition to Select-IR Scan state (4 cycles -
TMS="1111").

Complete lock command consists of L+9 (1+L+4+4) cy-
cles of boundary-scan clock.

In the final UNLOCK command the unlock code is O and

since Key/Lock Shift Register is cleared at Capture-DR

state there is no need to load unlock code. It consists of:

- transition to Capture-IR state (1 cycle - TMS="0"),

- loading UNLOCK instruction (L cycles - TMS="0..0"),

- transition to Capture-DR state (4 cycles -
TMS="1110"),
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- transition to Run-Test-Idle state (3 cycles -
TMS="110").

The length of the final unlock code is therefore L+8 cycles
of boundary-scan clock.

The length of the complete attack must cover all possible
lock codes. Since the length of Key/Lock registers is M
there are 2M possible codes and complete length of the
attack is

Length = 2ML+M+9+L+9)+L+M+12+L+8 =
oM(2L+M+18)+2L+M+20

The total time of the attack is given by

. 2"(M +2L+18)+ 2L+ M +20
= 7

Let us assume that the length of the Instruction Register is
8 bit and that the boundary-scan clock frequency is
100MHz. Some results for the time required for the com-
plete attack for different lengths of Key/Lock registers are
given in the table below.

M time

8 108 us

16 33 ms

32 2835 s

48 7.3 years
56 2056 years
64 573000 years

3.1.3. Incomplete attack and the probability of the
successful attack

For alarge length of the Key/L.ock registers it is practically
impossible to perform a complete attack. Suppose that
the attacker has some time interval to perform the attack.
Let us estimate the probability that the system will be com-
promised.

First we determine the number of unlock codes that the
attacker can exploit in a time interval of length t:
N t-f-2L-M-20
M +2L+18
The probability that the system will be compromised is

Nt f=2L-M =20
P T OV M 2L+ 18)

Let us, determine the probability that the system will be com-
promised if the time interval is one hour for previous example

M probability
32 100 %
36 7.5 %
40 0.44 %
48 0.0016 %
56 56 10°
64 2101

From the above equations we can estimate the lower bound
of the length of the Key/Lock registers that would assure
the required system security for a given time interval.

o = log, [ LS 7L =M =20
o pQL+M+18)

=log,(t- /= 2L — M —20)-
—log, p~1log, 2L + M +18)

The derived equation cannot be solved analytically. Yet,
the effect of the 2L+M+21 cycles is negligible and can be
omitted. Since we are determining the lower bound of the
length of the Key/Lock registers M we can replace the
term (M + 2 L + 20) by s smaller value (2 L + 20), which
gives

M(e.yt) = Ing(['f)“ log, p— 10g2(2L+ 18)

Minimal length of the Key/Lock registers for several prob-
abilities that the system will be compromised in one day
are given in the table below.

probability Mest
100 % 37.9
10 % 41.2
1% 44 .5
0.1% 47.9
104 51.2
107° 54 .5
107° 57.8

3.2. Non-Invasive attack

3.2.1. Non- Invasive attack scenario

Assumptions for non-invasive attack are the same as in the
case of invasive attack: the Boundary-Scan logic is in the
Run-Test-ldle state. If this is not the case the attacker can
easily change from any test logic state to Test-Logic-Reset
in 5 test clocks and to Run-Test-ldle in one additional clock.

The goal of the attacker is not just to get access to the
Boundary-Scan test infrastructure but also to cover his/
her tracks. This can be achieved only by determining the
lock code. In order to determine the lock code the attack-
er has to check if the boundary-scan test logic is unlocked
after every unlock command. This can be accomplished
by determining the length of the data path for any restrict-
ed instruction, which uses data register longer than by-
pass register. When the boundary-scan test logic is locked
bypass register is placed in the data path instead of the pro-
tected data register. The LOCK instruction is an obvious
choice since it can be used also to erase the lock code. As
was the case with the evaluation of the lock register length
the attacker can take advantage of the fact that the value of
the lock shift register is cleared prior the shifting.

The Non-Invasive attack consists of:

1. Evaluation of the key/lock register length as described
in the case of Invasive attack.
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2. Repeating of the following steps:
- UNLOCK instruction with the guessed value of
the lock code,
- LOCK instruction and check if the length of the
data path:

- if the length of the data path is 1 then the
boundary-scan test logic remains locked and
step 2 is repeated with new guess value,

- if the length of the data path is longer than 1
then the guess value is correct lock code.
Use O as the new lock code (unlock the
boundary-scan test logic) and stop the attack.

After the circuit exploitation with unlocked boundary-scan
test logic the test logic can be locked with the original lock
code in order to cover the track of the intrusion.

3.2.2. Non-Invasive attack time analysis

Let L be the length of the Instruction Register and M the
tength of the Key/Lock registers, respectively. Let us de-
note the frequency of the boundary-scan clock (TCK) by f.

Non-Invasive attack is performed in the following steps:

1. Evaluation of the length of the key/lock register starts
in Run-Test-Idle state and stops in Select-IR Scan state
of the boundary-scan test logic. It consists of:

- transition to Capture-IR state (3 cycles -
TMS="110"),

- loading UNLOCK instruction (L cycles -
TMS="0...0"),

- transition to Capture-DR state (4 cycles -
TMS="1110"),

- loading values “1” to TDI and monitoring output
TDO (M+1 cycles - TMS="0...0"),

- transition to Select-IR Scan state (4 cycles -
TMS="1111").

This step is done in L+M+12 test cycles.

2. Unlock aftempt starts at Select-IR Scan state of the

boundary-scan test logic and consists of:

- transition to Capture-IR state (1 cycle
TMS="0"),

- loading UNLOCK instruction (L cycles
T™S="0...0"),

- transition to Capture-DR state (4 cycles
TMS="1110"),

- loading unlock code (M cycles - TMS="0...0"),

- transition to Select-IR Scan state (4 cycles
TMS="1111").

This step is done in L+M+9 test cycles.
3. ltis followed by data path length check, which con-

sists of:

- transition to Capture-IR state (1 cycle -
TMS="0"),

- loading LOCK instruction (L cycles -
TMS="0...0"),

- transition to Capture-DR state (4 cycles -
TMS="1110"),
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- length check (1 cycle - TMS="0", TDI="1"):

a. if the length of data path is 1 (“1” shifted out
of TDO)
- make transition to Select-IR Scan state (4
cycles - TMS="1111"),
- repeat step 2 with new guessed unlock
code,

b. ifthe length of data path is greater then 1 (“0”
shifted out of TDO):
- load lock code 0 (M cycles - TMS="0...0",
TDI="0...0"),
- transition to Run-Test-Idle state (3 cycles -
TMS="110").

This step is done in L+ 10 test cycles, when the guessed
lock value is wrong and in L+M+9, when the guessed lock
value is correct.

After successful attack the Boundary-Scan test logic is in
Run-Test-Idle state and current lock code is O (i.e. test log-
ic is unlocked).

In the worst case for the attacker all 2" codes are tried
where 27" were wrong. The length of such attack is:

Length = 2" (L+ M +9+L+10)+

+(LAM+9+L+M9)+2 =

= 2" QL+ M +19)+ M +1
The total time of the Non-Invasive attack is given by

e 2" (M +2L+19)+ M +1
S

With the same assumptions of the length of the Instruction
register and boundary-scan clock frequency as in the case
of the Invasive attack the required time for the complete

attack with respect to different lengths of Key/Lock regis-
ters are given in the table below.

M time

8 110 us

16 33.4 ms
32 2880 s

48 7.4 years
56 2080 years
64 580000 years

3.2.3. Incomplete Non-Invasive attack and the
probability of successful attack

As was the case for Invasive attack it is practically impossi-
ble to perform complete Non-invasive attack of boundary-
scan test logic with large Key/Lock registers. It neither
makes sense, since the attack is stopped as soon as the
valid key is found. Therefore more useful measure of the
security strength of the circuit is given by the probability
that the system will be compromised in the given time span.

First we determine the number of unlock codes that the
attacker can exploit in given time interval t :
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ot f-M-1
M+2L+19
The probability that the system will be compromised is

N tf—M-1

P oW T (M 2L+19)

The probabilities that the system will be compromised in
the time interval of one hour for the previous example is
given in the following table

M probability
32 100 %
36 7.4 %
40 0.44 %
48 0.0015 %
56 55 10°
64 210°7°

From the above equations we can estimate the lower bound
of the length of the Key/Lock register that would assure
the required system security for given time interval:

M =log,| —L =M=
pQL+M+19)
=log,(t- f - M ~1)~log, p—log,2L+ M +19)
This equation cannot be solved analytically yet the impact
of M+1 is negligible and can be omitted. The term can be

replaced with smaller value since we are estimating lower
bound of the Key/Lock register length, which gives

M = 1ng(t‘f)— log, p~ log2(2L+ 19)

In the following table the estimations of the lower bound of
the Key/Lock register length are given.

probability Myest
100 % 37.8
10 % 41.2
1% 44.5
0.1% 47.8
107% 51.1
107° 54.5
10°° 57.8

4. Implementation

Test Access Port control logic with locking mechanism was
implemented in Xilinx Spartan3 FPGA. The mechanism
requires small hardware overhead and does not slow down
the conventional boundary-scan tests. The implementa-
tion details for configurations with three different lengths
of Lock Register / Key Register of are summarised in the
table below. For comparison, the configuration data of the
test logic without security extension is also shown in the

table. In all cases, the length of the Boundary Data Regis-
ter is 2 bits and the length of the Instruction Register is 4
bits.

without security|  included Lock Register / Key Register
extension 8 bit 16 bit 32 bit
number of slices M 48 61 92
number of stice Flip Flops 45 69 9 4
number of 4 input LUTs 61 86 107 149

5. Conclusions

Security extension of IEEE Std 1149.1 based on a lock-
ing mechanism was investigated: typical attack scenarios
were considered and analysed. Test Access Port control
logic with the locking mechanism has been implemented
in Xilinx Spartan3 FPGA. The mechanism requires small
hardware overhead and can be easily included in the IEEE
Std 11491 test infrastructure.
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Abstract: At the power supply of the low-voltage asynchronous motors (with homogeneous yokes) from the network, shaft currents resulting in damage
of bearings, can emerge. The main cause of these currents is the eccentric position of rotor in the stator bore (static and dynamic eccentricity). The
required condition for the emergence of these currents is nonlinearity of magnetizing curve of electrical steel of the motor stack lamination. The article
describes performed measurements on the four-pole motor. First, the measuring equipment: Rogowski coil and his mounting, AD converter NI-DAQPad-
6015 and power analyzers NORMA-DB000 have been described. Then, ways of measurements and processing of measurements have been explained.
Data obtained by measurements have been presented at the nominal load, for the star- and delta-connected stator winding, measured with AD converter
NI-DAQPad-6015 and power analyzer NORMA-D6000. Differences in measured results of shaft currents measured by the power analyzer NORMA-
DB00O0 related to measurements with the AD converter NI-DAQPad-6015 are explained.

Analiza meritev tokov gredi nizkonapetostnega
asinhronskega motorja za pogon vilicarja z elektronsko
opremo

Kjuéne besede: nizkonapetostni asinhronski motor, tokovi gredi, meritve, elektronska oprema

lzvleCek: Pri napajanju nizkonapetostnih asinhronskih motorjev (s homogenimi jarmi) iz omreZzja lahko nastanejo tokovi v gredi, ki imajo za posledico
okvaro lezajev. Glavnivzrok teh tokov je ekscentriéni poloZaj rotorja in statorja (stati¢na in dinami¢na ekscentricnost). Potrebni pogoj za nastanek teh tokov
je nelinearnost magnetilne krivulje materiala - lamel paketa, tj. dinamo plo¢evine motorja.

V ¢lanku so opisane izvedene meritve na étiripolnem motorju za pogon viliéarja. Najprej je opisana merilna oprema: tuljava Rogowskega in njena vgradnia,
AD Kkartica NI-DAQPad-6015 in digitalni analizator NORMA-D6000. Nato so pojasnjeni nacini meritev in predvsem obdelava meritev.

Za izvedene meritve so prikazani rezultati meritev v nazivni tocki, za vezavo zvezda in trikot statorskega navitja z AD kartico NI-DAQPad-6015 in indtrumen-
tom NORMA-D6000. Pojasnjene so razlike merilnih rezultatov za vrednosti tokov gredi pri merjenju z AD kartico NI-DAQPad-6015 glede na meritve z
analizatorjem moc¢i NORMA-D6000.

All manners of shaft currents origins at low voltage induction
motors are not explained to the end, therefore it is neces-

1. Introduction

The phenomena of shaft currents at big synchronous and
induction machines was discovered and explained in the
last century. Air gaps in the stator yoke that exist in the
stator stacks put together from parts (segments) or com-
pleted stacks composed of steel segments can cause shaft
currents. They are closed in the circuit; shaft - bearing -
bearing shield - housing - bearing shield - bearing - shaft
and they damage the bearings.

The mechanisms of the shaft currents beginning at low
voltage induction motors that have as a rule homogene-
ous yoke are very complicated /1/. In this article it is pre-
sented that the nonlinearity of magnetization curve of iron
is a necessarily condition of the shaft currents origin.
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sary to determine, from the view of the shaft current meas-
urements, with frequency analyses the harmonic content of
the shaft currents and then to determine the ground as well
as the mechanism of the harmonic components origin.

In this article the measurements of shaft currents on one
four pole low voltage induction motor with the help of
Rogowski coil /2/ are analyzed. The method of shaft cur-
rents measurements with Rogowski coil is recommended
in /3/, where Rogowski coil was mounted around the shaft
of the rotor.

At shaft current measurements described in /4/ the
Rogowski coil was mounted (around the shaft) on the sta-
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tor and at measurements described in this article the
Rogowski coil was also placed on the stator.

At the end it should be reminded that we may not mistake
the notion of the shaft currents with the notion of the bear-
ing currents that are closed thru the bearings without re-
gard to mechanism of the origin and of the currents fre-
quency. The shaft currents begin by supply of the motor
from the network and should be named “inductive”, but
important harmonic components of these currents are in
the range form 0 to 1000 Hz. At the supply from the fre-
guency converter except low and high frequency shaft
currents (Circulating Bearings Currents), therefore “induc-
tive” currents also the “capacitive” bearing currents, be-
gin. Characteristic high frequency of “inductive and “ca-
pacitive” harmonics currents components in dependence
of the control and realization of the converter and motor
may exceed 100 kHz.

The consequences of the difference of the shaft currents
are necessarily the different ways in the calculation (differ-
ent machine models) and measurements of these currents.
The subject of this article are the measurements of the
shaft currents by supply of the low voltage induction motor
with squirrel cage from the network.

2. Measuring equipment for shaft
currents

By measurements of the shaft currents, the standard per-
formance Rogowski coil AmpFLEX A100 20/200 A, is
used and for data assembling from the Rogowski coil two
parallel devices are used: AD card NI-DAQPad-6015 and
power analyzer NORMA-D6000. Parallel with the shaft
currents measurements on two different ways the stator
currents of the motor were measured with the help of:
Rogowski coil and (AmpFLEX A100 20/200 A) and by
using current shunts (Triaxial shunt 6 A...300 A).

AmpFLEX A100 20/200A is a coil of Rogowski with flexi-
ble air core, of the extent of 45 cm, produced by Chauvin
Arnoux which enables the measurements of alternating
currents to 200 A. The coil has two measurement ranges:
to 20 A with output voltage ratio 100 mV/A and to 200 A
with output voltage ratio 10 mV/A. The accuracy of the
measurements is 1 % from 10 Hz to 20 kHz frequency
range and angle error 1°; the output impedance is 1 k€.

At measurements of the shaft currents the Rogowski coil
is placed in the inner space of the bearing shield of the
motor in such a manner that it symmetrically embrace the
bearing and the shaft is perpendicular on the area by which
the Rogowski coil is closed (Figure 1.), that is essentially
for the accuracy of the measurements /2, 5/.

At low voltage induction motors the distance between wind-
ing overhang and the bearing edge is only some centime-
ters. The vicinity of the stator winding and the Rogowski
coil is the reason why the additional shaft current is meas-

Fig. 1. Bearing shield with Rogovski coil and magnetic
screen from two iron sheets and isolation

ured by the coil owing to leakage flux of the winding over-
hang, which size by the observed motor is approximately
equal to the shaft current. To assure the correct shaft cur-
rent measurements by Rogowski coil itis necessary to avoid
the influence of the winding overhang leakage flux on the
measured current size.

BEARING SHIELD

STATOR

STATOR WINDING OVERHANG

ROGOWSKI COIL

Fig. 2. Position of Rogowski coil and magnetic screen
inside of the motor

With the intention to prevent the leakage flux breakthrough
into the Rogowski coil two iron sheets 1mm thickness are
mounted, they are galvanic separated between each
other (Figure 2.). With insertion of such magnetic screen
the leakage flux from winding overhang is chocked to the
level that is smaller then quantum noise (Figure 3.). Then
the voltage signal from the Rogowski coil, which represents
the contribution of the leakage flux of the stator winding
overhang, has the smaller size than the reading resolutions
(equation (7) in chapter 3. The method of measurements)
and after the AD conversion the signal size of the distur-

1563
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bance could not differentiate from the error owing to round
up the sample on the nearest quantum level.
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Voltage output form card NI-DAQPad-6015 by
determination test of winding overhang leakage
influence on the disturbances from Rogowski
coil (at rated current and without rotor)

Fig. 3.

NI-DAQPad-6015 is an AD card of the producer National
Instruments, which enables simple connection (plug and
play) with PC via USB connector with maximum sampling
frequency of 200 kS/s. The card has 16 analog inputs, 8
digital 1/0, 2 analog outputs and all connectors are BNC
type. The characteristics of the devices is 16 bits accura-
cy and the voltage range of the card is +0,05 V (resolution
1,52 uV) to +10 V (resolution 0,305 uV). The AD card as-
sembled data from four Rogowski coils. One measured
shaft current but three measured stator currents of the
motor. The voltage output from the Rogowski coil integra-
tor was of the span-width £3 V and so is this selected volt-
age range of the measured device. The AD card doesn't
have his own memory, so the data in the real time meas-
urement via USB are transmitted in the PC where they are
adjusted and stored by the help of the program package
LabVIEW.

NORMA-DB000 is the power analyzer suitable for all meas-
urements of the motors and generators. Beside of the cur-
rent and voltage measurements, simultaneously the torque,
speed, mechanical power and slip (fogether 12 input chan-
nel) could be measured. The high accuracy makes possi-

00

arJ\L\,ﬂ I‘E}f %Xw;m”(dhﬁ;stik gl mgﬂf&%@w}lﬁiﬂa%)afmum.m m iM‘[L&W m’é;\xw dalulil ,ﬂh idlnmmm’ui.aiﬂ

ble the precisely determination of the losses. The device
has its own memory and it is possible to make FFT analy-
sis of the measured signals on the site. With the analyzer
the data about shaft currents from the Rogowski coil, sta-
tor current of the motor which is measured with the help of
the current shunts, further about the motor speed, torque
on the shaft and the stator voltage of the motor are collect-
ed. All data are simultaneously collected and stored in the
device memory and from there the measurements are than
transmitted into the PC. The current and voltage channels
have the accuracy: £ (0,05 % from the measuring range,
+0,02 % from measuring magnitude), therefore this instru-
ment may be used in the lab test. Owing to the relative
small voltage signal from the Rogowski coil (which meas-
ured the shaft currents) into the ratio to the smallest volt-
age range of £25 Vin the measured signal a 20 dB bigger
noise as at AD card was present, which had the voltage
range of +3 V.

3. Method of measurements

Shaft currents measurements demand fulfilling of some
conditions so that later quality frequency processing of the
measured signal would be realized. Before the beginning
of the measurement it is essentially to determine the fre-
guency range, common measured time of the signal (Ts),
number of samples in this time (N), as well as the resolu-
tion of the measured signals.

By shaft current measurement the frequencies of some
important harmonic component should be expected in the
range from O to 1000 Hz. From the Nyquist theorem of
sampling of signals

fl.\lzz'./l‘nax (M

it follows that the sampling frequency (fn) must be at least
twice as big as the maximum frequency (fmax) that should
be expected, therefore it is necessary to do the measure-
ment with more than 2000 samples in one second. Fur-
ther, that in the FFT analyses it should be possible to dif-
ferentiated frequencies in the range of the 0,1 Hz (frequen-
cy resolution Af), it follows that by the equation

Fig. 4.
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Fig. 5. Shaft current in Y connection (NORMA-D6000) - frequency specter and time signal

1
Iy =—
Af
sufficient common measured time of the signal (sampling
time) is 10 second.

(2

The ratio between the sampling time and the number of
the samples in this time is called the time resolution (At)
and it represents time displacement between two samples

T
At=-=<
N

The signal, which is processed by the DFT/FFT analysis,
has limited time interval but it has to represent the signal of
the infinite duration i.e. the supposition is that the observed
interval has the periodical repetition and so the infinite du-
ration signal is formed. This leads in the FFT analysis to
the error and to the phenomena of the artificial frequen-
cies which result in the spectrum - leakage. The leakage is
manifested so that beside existent harmonic components
in the original signal, after the frequency treatment, har-
monic components appear which are not in the original
signal. In the specter this leads to: appearance of increased
noise, by which the less expressed harmonics are cov-
ered, or decrease of the amplitude of the salient harmonic
components.

)

Frequancy spectrum

With the aim to decrease the leakage inthe DFT/FFT anal-
ysis, filters called windows /6/ are used to be applied as
the standard. Practically many types of the windows exist,
but two types represent the extremes: Hanning's because
of the simplicity of the algorithm is mostly used and Black-
man’s, which gives smaller leakage, bigger accuracy of
the amplitude defining but it needs more memory space
as Hanning’'s windows. By all types of windows their influ-
ence has improved with reduced resolution of the signal
and this can be achieved in the given time of the sampling
signal (Ts) by increasing in relation to (3).

The number of the samples (Ns) in the time of sampling (Ts)
is called a sampling rate and represents the reciprocal val-
ue of the time resolution

1

/s :E

The sampling rate is limited by the possibility of measuring
equipment. For data sampling at measured equipment two
parallel devices are used: NI-DAQPad-6015 in NORMA-
D6000.

(4)

The Card NI-DAQPad-6015 has upper boundary sampling
rate £, = 200 kS/s (number of the samples in the sec) and

SIMax

this value is reduced reciprocal proportionally with the

Time [ms]

Fig. 6. Shaft current in A connection (NI-DAQPad-6015) - frequency specter and time signal
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number of the input signals, owing to the transmission of
data via USB in the PC. Regarding to », =4 input signals
(three stator currents and shaft current) sampled by this
card the maximum number of the samples is

fsmasz

L]

N. =

max

= 500.000 samples (5)

Due to the operation in the real time and possible choking
by the transmission and depositing of the data N = 400.000
samples is picked out in the total signal measurements time
which gives sampling rate

N
f :7: 40 kS/s (6)

s

for every single input signal.

The power analyzer NORMA-D6000 has the upper bound-
ary sampling rate f, . =50kS/s independently of the
number of the input signals but limited memory storage.
The power analyzer has, except of current measurements,
registered also the input voltage, speed, power and torque
of the motor so that on the occupation of 80 % of the mem-
ory capacity the chosen sampling rate is f, =12,5 kS/s,
which is 125.000 samples in the 10 sec sampling time.

The reading resolutions of both devices have been satisfy-
ing (n = 16 bits) which gives for the voltage inputs into the
devices the resolution
21 —Uu_.
Au — max min
ST @)
By the equation (7) for AD card NI-DAQPad-6015 is

3—-(-3
Au= ( 1):91,55 uV and for power analyzer NORMA-

216

DB000 Au= —232:1;(—5—21—5—) =763 uv.

In order that by the FFT treatment of the measured signals
the possibility of the appearance of the aliasing effect would
be neglected the low-pass filter is used. Considering that
the lowest sampling rate of the signals was by the power
analyzer NORMA-D6000, then definition of Nyquist fre-
quency by equation (1) for the filter frequency 6 kHz would
be taken. Blackman window is chosen owing to bigger
accuracy, but the problem of the limited memory space by
FFT treatment of the signal didn't exist. The chosen sam-
pling rates of both devices have assured 800 samples (NI-
DAQPad-6015) and 250 samples (NORMA-D6000) in the
period of fundamental harmonic component (50 Hz) that
was for the chosen frequency resolution A/ = 0,1 Hz a sat-
isfactory number of samples for the re-construction of sig-
nals at the inverse FFT analyze.

4. Analyses of the measurements
results

All measurements are executed on four pole squirrel cage
induction motor for forklift trucks /8/ with rated data in A
connection of stator winding:
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— voltage 22,5V

— current 190 A

— power factor 0,76

— frequency 50 Hz

~ rotation 1455 min™
—torque 31,5 Nm.

Shaft currents are measured in delta and star connection
at lo-load, at half load and full load. Owing to better differ-
entiation of the frequencies in the fig. 4, 5 and 6 the meas-
urement results are given at the rated point. As to result
from item 2 and 3 the time dependence of the shaft cur-
rents and frequency specter on fig. 4 and 5 are differenti-
ated only by the convertibility analog into the digital signals
- in the AD card NI-DAQPad-6015 and power analyzer
NORMA-D6000. For all that the level of the noise at the
power analyzer NORMA-D600O is substantial bigger (ap-
proximately 18 dB).

In the table 1 the comparison of the r.m.s. shaft current val-
ues for star and delta connection and for AD card NI-DAQ-
Pad-6015 and power analyzer NORMA-DB0O0Q is given.

NORMA-D6000
0,920 A
1,073 A

NI-DAQPad-6015
0,495 A
0,705 A

Y connection

A connection

Table 1. R.M.S. values of shat currents in Y and
A connection of assembled data by AD card
NI-DAQPad-6015 and power analyzer
NORMA-D6000

With the measurements by the power analyzer NORMA-
DB000 86 % bigger current is obtained in comparison with
measurements by the card NI-DAQPad-6015 for the star
connection and 52 % for delta connection. Mainly (but not
completely) these differences can be explained with dif-
ferent measurement errors by equation (7). The measure-
ment results are given on Figure 7 by card NI-DAQPad-
6015 and power analyzer NORMA-DB00Q in the star con-

"+ NI-DAQPad-6015
NORMA-DB00D
zone of measured uncerfainty

. Amp!:tude ‘[A]

Frequency [Hz)

Amplitude [A]

Shaft current  connection Y Rated output

Fig.. 7. Measurements error of power analyzer NORMA-
D6000 in comparison with card NI-DAQPad-
6015 of important harmonics of shaft current
in star connection
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nection forimportant harmonics in the range from 0 to 1000
Hz. The shaded zone is calculated so that with regard to
card NI-DAQPad-6015 measured heights (amplitudes) of
the current single harmonics are for the plus added errors
(Aicard + Ainorma), which come out from equation (7) and
for the minus errors (-Aigarg). Figure 7 shows that mainly
points measured by instrument NORMA-DB8000 are within
the zone owing to measured uncertainty.

25

ratio of harmonic components: connection Y / connection A

05 i l-b it
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Frequency {Hz]

Fig. 8. Ratio of amplitudes important harmonic
components of shaft current spectrum:
connection Y/connection A

Figure 8 shows the ratio of the amplitudes of the important
harmonics of the shaft current for star and delta connec-
tion. To clear up those results, the comprehensive theo-
retical analyze is required, which is not subject of this arti-
cle. Let us remind that theoretically determined mecha-
nism of the beginning single harmonic current component
and (theoretically) calculated frequency which differ from
the measured frequencies for less then 1 % are stated.
Likewise it is determined that in delta connection more dif-
ferent frequencies appeared as in star connection that is
confirmed by the measurements.

5. Conclusion

In the article the measurements of shaft currents on (one)
low voltage induction motor with electronic equipment are
represented. Special care is consecrated 1o the choice
and preparing of the measured equipment and the meth-
od of the measurements. Analyses of some results of the
measurements and the error of the measurements are done
and from this it can be concluded:

- that by relative small size of shaft currents (like in the
observed motor) the special attention must be paid to
the influence of the leakage field from winding over-
hang on the size of the measured shaft current (mag-
netic screen),

- that the equipment for the measurements has to be cho-
sen so, that the quantum noise after equation (7) is as
small as possible but the ratio of the voltage with respect
to the Rogowski coil current is as big as possible.

/17

/2/

/3/

/4/

15/

/6/

17/

/8/
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AN EFFICIENT UNIT-SELECTION METHOD FOR EMBEDDED
CONCATENATIVE SPEECH SYNTHESIS
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Abstract: This paper presents a method for selecting speech units for polyphone concatenative speech synthesis, in which the simplification of proce-
dures for search paths in a graph accelerated the speed of the unit-selection procedure with minimum effects on the speech quality. The speech units
selected are still optimal; only the costs of merging the units on which the selection is based are less accurately determined. Due to its low processing
power and memory footprint reguirements, the method is suitable for use in embedded speech synthesizers.

Postopek za izbiro govornih segmentov pri vgrajeni
polifonski zdruzevalni sintezi govora

Kjuéne besede: sinteza govora, vgrajeni sintetizator govora, izbira govornih segmentov

lzvledek: V prispevku predstavljamo postopek za izbiro govornih segmentov pri polifonski zdruzevaini sintezi govora, pri katerem smo s poenostavitvami
postopkov iskanja poti po grafu vplivali na hitrost postopka za izbiro govornih segmentov, vendar tako, da se to ¢im manj odraza na kvaliteti govora. Izbrani
segmenti so Se vedno optimalni, le cene lepljenja segmentov, na katerih temelji izbira, so manj natanéne. Zaradi racunske preprostosti ter majhnih
pomnilniskih zahtev je postopek primeren za uporabo v vgrajenih sintetizatorjih govora.

1. Introduction

Polyphone or corpus concatenative speech synthesis sys-
tems usually use extensive speech corpora containing tens
of hours of recorded, segmented, and labeled speech,
and use memory of several gigabytes. In such a corpus,
each basic speech unit or each speech segment consti-
tuting a specific series of basic speech units or polyphones
occurs repeatedly in various contexts and with different
prosodic characteristics /1/.

Limitations in computational processing power and mem-
ory footprint used in embedded systems affect the plan-
ning of the unit-selection process /2/. The selection of
speech units is the part of concatenative or corpus-based
speech synthesis that can exert the most influence on the
speed of the entire speech synthesis process.

It is necessary to find a favorable compromise between
the size of the speech corpus and the computational com-
plexity of the unit-selection procedure /1/. If the unit-se-
lection procedure is very simplified and thus also very fast,
a selection of units in a larger speech corpus can be per-
formed in the same amount of time. Oversimplification of
the procedure can, however, result in the selection of in-
appropriate speech units and therefore reduce the speech
quality despite using a larger corpus. In contrast, choos-
ing a complex unit-selection procedure can ensure an
optimal unit selection, but because of time restrictions this
can only be performed on a small speech corpus.

The paper is structured in the following way. In section 2,
unit-selection in polyphone concatenative speech synthe-
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sis is intfroduced as a graph-search problem. An overview
of unit-selection methods is presented.

The unit-selection procedure with which we succeeded in
accelerating the speed of the procedure without signifi-
cantly affecting the speech quality is presented in Section
3. This is achieved by simplifying the calculation of the
concatenation cost and thus creating conditions enabling
a specific structure of the algorithm for finding the optimal
path in the graph.

The evaluation of the speed and the speech quality of the
proposed unit-selection procedures is presented in
Section 4.

2. Unit-selection in polyphone
concatenative speech synthesis

The task of unit-selection procedures is to find the most
appropriate speech units in the corpus such that they pro-
duce a maximum-quality signal when merged.

Input data that the unit-selection procedure receives from
language processing modules in the speech synthesizer
are sequences of phonemes to be pronounced, whereby
prosodic parameters for the pronunciation of each pho-
neme are provided. These parameters contain data on the
fundamental frequency and duration of the phoneme pro-
nunciation.

Output data that the unit-selection procedure must convey
to the module for concatenating speech segments into a
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speech signal are sequences of specific fragments from
the speech corpus called polyphones, or the speech units
that the concatenation module will have to merge. These
sequences can also be equipped with prosodic parame-
ters for each fragment, which enables the concatenating
module to convert the original prosodic parameters from
the corpus such that they resemble the desired prosodic
parameters to the greatest extent possible.

2.1. Search graph for finding the optimal
sequence of speech units

The problem of finding the optimal sequence of recorded
units for quality speech signal synthesis can be presented
as finding an optimal path in a graph. This kind of presen-
tation clearly demonstrates the problem of selecting speech
units and, at the same time, enables the use of recognized
procedures for solving this problem. Each vertex of the
graph represents a basic speech unit from the speech
corpus. The basic speech segments may be allophones,
diphones, triphones, or any other basic speech unit. The
graph is divided into individual levels. The first level con-
tains the initial vertices; that is, all basic speech units in
the speech corpus that correspond to the first basic speech
unit in the input character sequence that needs to be syn-
thesized.

The edge between the vertices determines the possibility
of merging the basic speech units represented by the con-
nected vertices. In merging speech units, the unit of a high-
er-level vertex chronologically follows the unit of the lower-
level vertex. This is why the edges between the vertices
are directed. The vertices are interconnected such that
each n-level vertex is connected to all n+1level vertices.

In this kind of graph, finding the optimal speech unit se-
guence can be defined as finding the optimal path between
any initial vertex in the graph (first level of the graph) and
any final vertex in the graph (last level of the graph), where-
by the edges between the graph’s vertices determine the
possible paths.

To start searching for the best path in the graph, criteria
expressing the final goal of the speech unit selection must
be defined as numeric relations between the data repre-
sented in the graph. The final goal of the speech unit se-
lection is the maximum possible intelligibility and natural-
ness of the synthetic speech. In general, the following cri-
teria have been implemented to make the speech as intel-
ligible and natural as possible:

- The smallest possible number of speech unit concate-
nations,

- The smallest possible discontinuity of concatenated
units at the point of concatenation,

- The best fit between the concatenated units’ prosod-
ic features and the desired speech prosody.

| segment 1 | segment1 ] ... Tsegment N-1 | segment N |

input sequence

Fig. 1. Structure of the graph for finding the optimal
speech unit sequence; E'y are the graph initial-
level vertices, E'y are the graph final-level
vertices.

The first two criteria are evaluated by defining the concate-
nation cost for every edge between the vertices in the
graph, whereas the last criterion is evaluated by defining
the cost of fit of prosodic features for every vertex. The
cost of an individual path in the graph equals the sum of
the costs of vertices through which the path runs plus the
sum of costs of all the edges the path contains. The opti-
mal path in the graph is the path with the lowest cost.

2.2. The cost of fit of prosodic features

The cost of fit of prosodic features expresses the similarity
or difference between the prosodic features of a specific
speech unit from the speech corpus and the desired pro-
sodic features of the part of the speech signal that the
speech unit is to form. The required prosodic features can
be determined asin /3/ and /4/. The cost of fit of prosod-
ic features usually consists of the weighted result of com-
paring the speech unit duration and its desired duration,
and of the weighted result of comparing the profile of the
speech unit basic frequency and the desired fundamental
frequency profile. In most cases, the ratio in which the unit’s
duration and the fundamental frequency profile influence
the cost is determined experimentally.

In order to find the optimal speech unit sequence in the
graph, the cost of fit of prosodic features is determined for
each vertex. It is necessary to calculate this cost for each
vertex. Although speech corpora can be very extensive,
the calculation of the cost does not constitute a numeric
obstacle in finding the optimal path in the graph.

2.3. Concatenation cost

A speech signal is formed by merging or concatenating
speech units from the pre-recorded speech corpus. Dur-
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ing the process of merging, audible speech signal discon-
tinuities can occur. We try to evaluate the influence of sig-
nal discontinuity on the speech quality through the cost of
concatenation.

There are several possible approaches to evaluating the
influence of concatenation on the speech quality. The sim-
plest method is to define the cost as “0” for concatenating
speech units that directly follow one another in the speech
corpus, and to define the cost as “1” for all other speech
unit combinations. The use of the cost “0” in units that
directly follow one another in the speech corpus is logical
because they are already linked together and therefore
merging is not necessary. With the use of the cost “1” in
units that do not follow one another in the speech corpus,
all the concatenations were equally evaluated, regardless
of the characteristics of the units being merged. With this
kind of concatenation cost, the procedure for finding the
optimal speech unit sequence would select the sequence
with the smallest number of mergers, regardless of the type
of speech units.

A better evaluation of the influence of concatenation on
speech quality is achieved if the cost of speech unit merg-
ing depends on the allophones that are concatenated. Sim-
ilar to the previous approach, the cost “0” is defined for
the merging of speech units that directly follow one anoth-
er in the speech corpus.

The most accurate evaluation of the influence of concate-
nation on speech quality is achieved by taking into account
the phonological features of both units merged when cal-
culating the concatenation cost. In this, the differences in
the fundamental frequency, formant frequencies, the am-
plitude, noise factor, noise spectral features, and so on
can be taken into account. However, it should be noted
that the use of a large number of parameters requires the
determination of a large number of weights evaluating the
influence of the difference in every parameter on the cost
of merging. Determining these weights can be very time-
consuming and often includes long-term experiments,
empirical solutions, and suppositions. A great deficiency
of this method of determining the cost of merging is its
numeric complexity. With regard to the fact that concate-
nation costs are determined individually for every pair of
basic speech units from the speech corpus, they are im-
possible to calculate in advance.

To solve this problem, we propose a compromise solution
that is considerably faster, and nonetheless partly takes
into account the phonological features of concatenated
speech units, is determining the concatenation cost in
advance for the individual groups of basic speech units
from the speech corpus. In this approach, all the basic
speech units in a speech corpus are classified into groups
on the basis of their phonological features such that the
speech units within an individual group phonologically re-
semble one another to the best extent possible. This is
achieved by using clustering techniques. The concatena-
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tion costs are calculated in advance for all group combina-
tions and saved.

2.4. Related work

The optimal path in the graph can be reliably determined
by graph traversal whereby all the possible paths in the
graph are examined and the best one among them can be
selected. The number of possible paths between any ini-
tial and final vertex of the graph depends on the number of
graph levels and the number of occurrences of the basic
speech units in the speech corpus.

Considering that a recording of a speech unit in the speech
corpus can occur several thousand times and that input
sequences can consist of dozens of basic speech units, it
becomes clear that the number of possible paths in the
graph is very large. Therefore not all of the possible paths
in the graph are investigated, but various procedures are
used to simplify and accelerate the search. Some proce-
dures preserve the optimality of the solution, whereas oth-
er sacrifice optimality for the sake of faster operation.

The optimal sequence of speech units is determined by
minimizing the cost that reflects a decrease in the quality
of the synthesized speech due to spectral differences, dif-
ferences in the phonetic environment, and mutual merg-
ing of speech units. The system that was among the first to
use the selection of speech units of variable length was
the ATR v-Talk /5/. In addition to all the parameters used
up until then, Hirokawa also suggested the use of prosod-
ic differences in selecting the optimal sequence of speech
units /6/. In this approach, synthesized speech is created
by concatenating the selected speech units and changing
their prosodic features if necessary. The use of informa-
tion on prosody in the speech unit selection was proposed
by Campbell /7/, /8/.

The procedure for minimizing the sums of both costs em-
ploys a search based on dynamic programming or one of
its derivatives such as A*. Basic speech units or phonemes
are usually used as the basic search units. The existing
systems that synthesize speech by concatenating speech
segments from an extensive speech corpus use this pro-
cedure most frequently. The CHATR speech synthesis sys-
tem was developed on the basis of these methods /9/.

By increasing the number of parameters used in finding or
selecting speech segments, the size of the speech cor-
pus has to be large enough. With a sufficiently extensive
speech corpus, speech segments that resemble the re-
quired input prosodic parameters of the segments can be
selected from it. In this case it is not necessary to change
the prosodic features before merging the selected speech
segments /10/.

Many recent studies that deal with improving the procedures
for searching and defining the parameters were taken into
account when calculating the cost of segments /11/,
/12/. Modeling functions for calculating costs is a com-
plex issue.
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In the selection of speech segments, search procedures can
use additional labeling of segments of various lengths that
mark the critical parts where concatenation could result in
the potential distortion of the final speech signal /13/.

Another approach to speech unit selection is the use of
static modeling: FSM /14/, DCD /15/, GRM /18/, /17/,
and Bulyko /18/.

3. The speech unit selection method
with a simplified cost of merging

This section proposes a new and simplified speech unit
selection method that is very fast and thus appropriate for
implementing the concatenative speech synthesizer in
embedded systems.

The basic simplification in this method is that the cost of
merging two speech segments depends only on the pho-
nemes that are being joined by merging. If merging is car-
ried out at the center of the phonemes, such as in diphon-
ic synthesis, the cost of merging for each phoneme is de-
fined in the center of the phoneme.

if merging is carried out at the phoneme boundaries, the
cost of merging must be defined for all the sequences of
two phonemes that can occur in speech. These costs of
merging can be defined in advance and are not calculated
during synthesis. In addition to these costs of merging, it
is presumed that the cost of merging equals “0” if the seg-
ments that are being merged directly follow one another in
the speech corpus, regardless of the phonemes joined at
the concatenation point.
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Fig. 2: The costs of merging speech segments are
defined for the connections between the
graph’s vertices; k represents the level of the
graph. The costs of fit of the prosodic features
are defined for the graph’s vertices.

The graph used in speech unit selection is created as de-
scribed in the previous paragraph. It comprises N levels,
whereby each level corresponds to exactly one basic
speech segment in the input sequence that is to be syn-

thesized. At level k of the graph, which corresponds to the
speech segment Sk, gk vertices are located; at level k+1,
which corresponds to the speech segment Sk+1, Qx+1 ver-
tices are located; and so forth.

Every vertex E (1<i< q,) at level k of the graph repre-
sents a specific recording of the speech segment Sk in
the speech corpus. For every vertex Flx, the cost of fit of
the prosodic features of the corpus speech segment rep-
resented by the vertex is also calculated, as well as the
required prosodies for the speech segment Sk in the input
sequence. This cost is labeled CHE'y). The vertices are
connected by linking every vertex E'x (1<i < q,) at level k
with all the vertices Elk-1 (1< j < ¢,_,) at level k-1. The cost
of the connection between vertices Elx and Elx.1 equals the
cost of merging the speech corpus segments represent-
ed by the vertices. This is labeled Cr(Elk-1, E'y).

In finding the optimal path in the graph it must be estab-
lished which path between any initial vertex £y (1<i< q)
and any final vertex E'w (1<i < ¢,) of the graph has the
lowest cost.

The cost of the entire path is calculated by adding the costs
of merging or the costs of edges between the vertices tra-
versed (C.), and the costs of fit of the prosodic features or
the costs of the vertices visited (Cp). Thus, at every level k
(1< k< N)ofthe graph only one of the vertices Elll<i< q,)
must be selected, or only one of the speech segments in
the speech corpus that will be used in speech synthesis.

This vertex is labeled E; . The cost of the optimal path in
the graph can be expressed as:
N
C= min (CP(E;"(D)+Z(CP(EQ“’)+CL(EX“) Ef‘i”))j,
X0, x(2)..x(N) sy
The cost of the optimal path as the function of selecting a
vertex x(k) at the individual level of the graph is a decom-
posable function. If the cost of the optimal path between
the graph’s initial vertices and the vertex F'x at level k of
the graph is labeled ColE'y), and if the cost of the optimal

path between the graph’s initial vertices and any k-level
vertex is labeled Cy,, the following applies:

C, =min(C, (£:9))
x{k)
and
Co(ED)=Co(ED) +min(CL (ELES N+ C (B ))_
(D)

It can be seen that the function of the cost can be defined
recursively or that the cost of the path to vertex E'x at level
k of the graph depends only on the cost of the prosodic fit
for vertex E'x and the costs of optimal paths to the vertices
of the previous level (Co(E'x.1)), to which the costs of
merging are added.

In optimizing such a function, dynamic programming can
be used to find the optimal path in the graph. This method
simplifies the search for the optimal path by dividing it into
searches for partial optimal paths for every level of the
graph.
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In practice, the procedure is designed such that four pa-
rameters are defined for every vertex of the graph. The
first, parameter K(E'), is an index of the basic speech unit
in the speech corpus represented by the vertex. This pa-
rameter is already defined for the vertex at the start of the
procedure, when the graph is being created. The second
parameter equals the cost of it of prosodic features Cr(E),
which is also calculated when creating the graph. The third
parameter equals the lowest cumulative cost or the lowest
cost of the path between any initial vertex and the current
ColE'x) vertex. This cost is calculated during the optimal
path calculation procedure. The fourth parameter is an in-
dex of the vertex P(E’k) from the previous level of the graph
located on the optimal path between the initial vertices and
the current vertex. This parameter is also calculated dur-
ing the graph search procedure.

The procedure begins by defining the cost of fit of the pro-
sodic features of the same vertices for the lowest cumula-
tive cost of initial vertices:
C()(EIIV) =C,(E() (1 Siggq )

in the initial vertices, the indicator of the vertex from the
previous level of the graph is set to “0” because initial ver-
tices have no precursor. Then the lowest cost of the path
to individual vertices at the second level of the graph is
defined:

CB)=CUEymin(G(B,E)+CAE)), (1<i<g)

In addition, the (j) index of the vertex at the pervious level
of the graph located on this path with the lowest cost is
recorded. This procedure is repeated sequentially for all
remaining levels of the graph:

R By R . .
ColB)=Cp (E) +min(C (BB )+ Co(EL)), (1<i<g;2<k<N)
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Fig. 3:  The cost of the optimal path to vertex Ely
depends on the costs of optimal paths to the
vertices at the graph’s previous level ColElt )
the costs of merging Cr(E'x1, E'x), and the cost
of fit of the prosodic features Cp(E'x); k
represents the level of the graph.
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The cost of the optimal path is the lowest among the costs
of optimal paths to individual final vertices of the graph:

qx .
C =min(C,(E})).
=
The optimal final vertex is the final vertex with the lowest
cumulative cost.

After the procedure is concluded, the sequence of verti-
ces located on the optimal path is compiled by tracing in
reverse the indices of vertices at the previous levels of the
graph P(E') that were saved during the procedure.

With the simpilification of the cost of merging introduced in
this procedure, the concatenation costs can be determined
in advance, so that the cost of merging Ci(Elk.1, E'%) de-
pends only on the type (phonological group) of speech
segments Sk and Sk.1. This also means that all the costs of
the edges between the vertices of the graphs Elx.; and E'x
are the same for any j and /. This does not apply only if the
speech segments represented by vertices Flxs and Ely,
directly follow one another in the speech corpus. In this
case, the cost of merging equals O

C(S..»S) IEN-I(E)#1
q%@’):{ O I
)~ 1B )=1
KF) is the index or the conseogtive site of the speech
segment represented by vertex E/x in the speech corpus.

This means that the calculation of the lowest cost of the
path can be further simplified. The recursive equation for
caloulating the lowest cost of the path to vertex E'x is shown
in equation (1).

Taking into account the simplifications above, equation (1)

can also be expressed as:
R By C S, ,S. +Cz E/ ,[ E/ -1 El Z1
C()(Ei_)zq,([::)ﬂlllin{ LS SOHGELD S A/) (&) .
-~ C()(EL) ;[(Ek)'](E;H) =1

Ci(Sk-1, Sk) is always a positive number. Therefore, equa-
tion (2) can also be expressed as:

-1 ,
min[co(EkJ—x ),l’,r_lzi!n CASiS) + G ))’

CAE)=ColB) + if V5 IE)-1(E_)=1

(3)

otherwise

-1

min(C, (5, 1S+ ColB),

Because the calculation of the minimum in the equation
above does not depend on i, this calculation can be per-
formed only once for all the vertices incident to the same
level S of the graph:

i1 Gr1
€55 =min(C (S,.1.8,)+ ColEL)= G (S, S0 +min(Co(E)
Equation (3) can now be expressed as:

min(G,(EL).Co(S)) if M KE)-1(E. ) =1

CAED=Co(E)+{
- o {Co(Sk> otherwise
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Fig. 4. The cost of merging two speech segments
directly following one another in the speech
corpus equals 0; k represents the level of the
graph. The concatenation costs of all other
segments depend only on the type (group) of
speech segments that are being merged, and
are therefore the same for all the connections
between two levels of the graph.

It can be established that, by using the unit-selection pro-
cedure with the simplified concatenation cost described
above, only one calculation of the minimum is required for
every level of the graph, and only one sum and one com-
parison for every vertex of the graph. The time required to
calculate the optimal path increases almost linearly with
the increase in the size of the speech corpus.

4. Evaluation

4.1. Objective evaluation

Two versions of embedded concatenative speech synthe-
sis using two different methods for selecting speech units
were compared according to the quality of synthesized
speech and the computational speed.

The first version used a unit-selection method with a sim-
plified concatenation to select speech units described in
Section 3, while the second used a simplified method for
speech unit selection /19/. Using the second method,
the quality of synthesized speech was slightly lower than
the quality of the synthesized speech in the first proce-
dure.

The search time in both speech unit selection methods
increases linearly with the length of the utterance thatis to

Sentence length [No. of diphones]

| Search procedure

& simplified concatenation cost
! simplified

&

0 1000 2000 3000 4000
time [ms]

Fig. 5. Comparison of computational speed for two
unit-selection search methods. As anticipated,
the simplified method /19/ is faster because it
does not search through all the possible paths
in the graph, but limits itself only to the most
promising ones. The search speed increases
with the length of the sentence for which the
procedure must find a suitable speech unit
sequence in the speech corpus.

be synthesized, and also linearly with the size of the speech
corpus, which is an improvement compared to traditional
procedures for finding paths in the graph used in speech
unit selection of concatenative or corpus speech synthe-
sis. As anticipated, both methods operated increasingly
more slowly when increasing the sentence size for which
they were seeking the segments required for synthesis.

The simplified search method is faster than the search
method with a simplified concatenation cost because it is
less complex. As shown in Figure 5, it can find segments
for synthesizing shorter utterances twice as fast, and seg-
ments for longer sentences four times as fast.

4.2. Subjective evaluation

The proposed method for polyphone concatenative speech
synthesis was tested on an embedded device developed
for this purpose /20/. A synthesizer for Slovenian speech
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was embedded into an automatic system for providing in-
formation on honey yields at apicultural observation points.

The intelligibility and naturalness of the synthesized speech
was evaluated using an extensive experiment prepared in
line with ITU-T recommendations for testing the quality of
synthesized speech. The generalimpression of the speech
synthesizer was evaluated as 3.2, or "fair,” and corresponds
to the general impression of evaluations of state-of-the-art
embedded speech synthesizers for other languages that
usually receive grades of approx. 3.5 on the MOS scale.

Listeners evaluated the synthesized speech as intelligible,
appropriately dynamic and fast, and suitable for use in au-
tomatic systems for providing oral information via telephone
or the Internet.

5. Conclusion

This article presents a new method for selecting speech
units in polyphone concatenative speech synthesis, in
which simplifications of procedures for finding the path in
the graph increase the speed of the speech unit-selection
procedure with minimum effects on the speech quality.
The units selected are still optimal; only the costs of merg-
ing the units on which the selection is based are less ac-
curately determined.

Due to its low computational speed and memory footprint
requirements, the method is suitable for use in embedded
speech synthesizers.
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Abstract: The growth of the Internet as a vehicle for secure communication has resulted in Data Encryption Standard (DES) no longer capable of
providing high-level security for data protection. Triple Data Encryption Standard (3DES) is a symmetric block cipher with 192 bits key proposed to further
enhance DES. Many applications crave for the speed of a hardware encryption implementation while trying to preserve the flexibility and low cost of a
software implementation. This project used single core module to implement encryption in Triple DES Electronic Code Book (TECB) mode, which was
modeled using hardware description language VHDL. The architecture was mapped in Altera EPF10K100EFC484-1 and EP20K200EFC6872-1X for
performance investigations and resulted in achieving encryption rate of 102.56 Mbps, area utilization of 2111 logic celis (25%) and a higher maximum
operating frequency of 78.59 MHz by implementing on the larger FPGA device EP20K200EFC672-1X. It also suggested that 3DES hardware was 2.4
times faster than its software counterpart.

Elektronski modul za izvedbo Sifriranja v TECB nacdinu

Kjuéne besede: sifriranje, DES, 3DES, FPGA, sinteza, strojna oprema

1zvleCek: Porast zahtev po uporabi varnih internetnih storitev je privedel do spoznanja, da DES standard (Data Encryption Standard) ne omogoda veé zelo
visoke zascite podatkov. Prediagani trojni DES (3DES), ki je simetricna Sifra s 192-bitnim kljuéem, naj bi dodatno izboljsal DES. izvedba 3DES standarda
v strojni opremi omogoca visoke hitrosti Sifriranja in poskusa obdrzati fleksibilnost in nizko ceno programskin resitev. V deiu opisemo uporabo elektronske-
ga modula za izvedbo 3DES TECB ( 3DES Electronic Code Block ), ki smo ga modelirali z uporabo VHDL jezika. Arhitekturo smo preslikali v Alterini FPGA
vezji in dosegli Sifrirne hitrosti 102.56 Mbps, izkoristek povrsine 2111 logic¢nih celic (25%), in visjo delovno frekvenco 78.59MHz pri uporabi vedjega vezja
EP20K200EFCE72-1X. Ocenili smo, da je elektronska izvedba 3DES do 2.4-krat hitreja od programske resitve.

protocols, secure socket layer (SSL) protocol and ATM cell
encryption. During those years, bundles of software and

1. Introduction

In the wake of advancement in computer technology and
increasingly volatile information flow, we are faced with chal-
lenges of safeguarding information that is not meant for
public knowledge /1/. ltis common to see all sorts of elec-
tronic inventions such as the cellular phone, various devic-
es in the military system and smart cards today /2/.

The growth of the Internet has contributed to the increase
in the amount of data transferred daily across regions.
These data transmissions may contain funds amounting to
millions of dollars or government records. However, these
applications require high data security. The ease in obtain-
ing and duplicating these data through resourceful parties
/e.g. hackers/ has resulted in a decline in confidence
amongst Internet users towards online transaction. As such,
it is essential to ensure the privacy and authenticity of these
data. One of the existing methods that can be used to guard
the security and authenticity of data through the Internet is
through cryptography.

Data Encryption Standard, DES has been the world wide
standard for more than 20 years /3/. DESis usedin IPSec

hardware had been developed to implement this algorithm.
However due to the need of higher security, 3DES had
been chosen based on its close relationship to DES /4/.
Triple DES is an improved version of DES and provides
better security compared to DES. This is due to its longer
key length and more rounds of DES encryptions. DES only
has an effective key length of 56 bits, which is insufficient
to resist any brute force attack today /3/. Research has
shown that a key-breaking machine that costs less than
$1 million can find a key in an average of 3.5 hours and
the costis estimated to drop by a factor of 5 every 10 years
/3/. Even though 3DES is three times slower than DES, if
used properly, it can be as strong as the 2304-bit public
key algorithm because it has longer key length. With an
increase in its security standards and compatibility to the
DES software and hardware, 3DES is clearly a better
choice compared to other algorithms such as RSA and
ECC /5/.

Due to its symmetric nature, 3DES is a better choice in en-
crypting bulk data and is therefore less expensive /1, 6/.
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3DES uses only 128 or 196 bits symmetric keys and has
simpler algorithm. ltis less complicated, less computation-
ally intensive and does not introduce much overhead. Thus,
it requires relatively inexpensive hardware /1, 3/. 3DES is
faster than RSA. Due to its much longer key length, RSA
causes high-level resource utilization and is not suitable to
be used in mobile or wireless devices as these devices
have underpowered processors /6/.

In comparison to AES, 3DES is faster /7/. The limitation
of AES exists because the cipher and its inverse use dif-
ferent codes and/or tables. As such, it does not have bidi-
rectional architecture for encryption and decryption as that
of the 3DES. The inverse cipher can only partially reuse
the circuitry that implements the cipher, resulting in a larg-
er hardware presumably.

Hardware realization of cryptography has the advantages
of being more secured and faster in speed /8/. It gives a
higher performance as desired /9/. Even though software
implementation of cryptography uses general-purpose
processors that offer enough power to satisfy the needs of
individuals, hardware realization is the only way to achieve
speeds that is more significant than the general-purpose
microprocessor /10/. This feature is important for com-
mercial and communication purposes as this is shown in
/9/ that security related processing can consume up to
95% of a server’'s processing capacity. By using a dedicat-
ed hardware to run encryption application, more comput-
ing can be done within a stipulated period due to parallel
processing. Field Programmable Gate Array (FPGA) offers
a potential alternative to speed up the hardware realiza-
tion. From the perspective of computer-aided design, FPGA
comes with the merits of lower cost, higher density, and
shorter design cycle. The programmability and simplicity
of FPGA made it favorable for prototyping digital system.

In this paper, the framework of FPGA-based hardware re-
alization of cryptography using 3DES is proposed. With
this approach, both the speed and performance are pre-
served without the need to trade-off between these two
important criteria in encryption and decryption. In this
method, VHDL (Very High Speed Integrated Circuit Hard-
ware Description Language) is selected as the hardware
description language to realize the system.

2. Triple DES Algorithm

Triple DES encrypts a block of 64-bit data using two or
three unrelated 64 bits keys /5/. The internal operation
done on these data is similar to that of DES where the only
difference is that DES consists of 16 iterations whereas
3DES consists of 48 iterations. In other word, 3DES con-
tains three successive DES operations. Out of the 64-bit
key used in DES, the effective key size is only 56 bits. The
eighth bit in each byte is used for odd parity checking and
isthus ignored. As such the total effective key size for 3DES
is 168 bits.
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A DES encryption operation is divided into two stages in-
volving the key and the data. In the first stage, 16 subkeys
are created from the key whereas the encryption of data
message is occurred in the second stage.

During the first stage, permutation is initially done on the
64-bit key and resulting in a 56-bit permutated key. After
key permutation, this 56-bit permutated key is divided into
left and right halves Co and Dg, where each half has 28
bits. With Co and Dg defined, sixteen blocks Cp and Dy,
where n = 1, 2, 3,..., 16 are formed by left shifting Cpn.1
and D,.¢ (once ortwice). C, and D, are then concatenated
to form a 56-bit data, C,D,. This 56-bit data is then permu-
tated and resulted in 48-bit subkeys formed. After 16 iter-
ations, 16 sets of subkeys are created. These subkeys are
used for data encryption during the second stage.

During the second stage, permutation is done on the 64-
bit message data block, M. As this is the first permutation
process being done on the data, it is called Initial Permu-
tation. The permutated data are then divided into left half
Lo and right half Ry, each having 32 bits. It is followed by
16 iterations of operations, using function f, which oper-
ates on two blocks: data block of 32 bits and subkey block
of 48 bits to produce an output block of 32 bits.

Ln = Rp1 (1)
Rl7=Ln-1 +f(Rn~1, Kn)Wheren=1,2,3,..., 16 (2)

As shown in (1) and (2), during each of the 16 iterations,
the right 32 bits of the previous iteration, Ry.1 is used as
the left 32 bits of the current iteration, L. The right 32 bits
in the current iteration, Ry is obtained by implementing XOR
to the left 32 bits of the previous step with f function.

To calculate f function, each block Rp.1 is expanded from
32 bits to 48 bits and the expanded Rn.1, E(Rn-1) is then
XORed with the block of subkey Ky, i.e.,

Kn + E (Rp.1) = B1B2B3B4BsBsB7Bs (3)

where n =1, 2, 3,..., 16 and B, is a group of 6 bits. This
results in a 48-bit block, which is then divided into
B1B:B3B4BsBsB7Bgs. Each B; gives an address in a differ-
ent S box, S;. The 4-bit blocks for the entire eight S boxes
are combined to form a 32 -bit block.

Function f is obtained by implementing permutation on the
group output such as,

f=P(S1(B1)S2(B2)... Ss(Bg)) (4

At the end of the sixteenth iteration, the order of the two
blocks LisR16 is reversed to Risl1s before applying the
permutation on the reversed block. This is the last permu-
tation to be done on the data, thus being called the Final
Permutation.

Decryption in DES uses the same process as the encryp-
tion operation. The only difference lies in the order in which



M. B. |. Reaz, M. . Ibrahimy, F. Mohd-Yasin, C. S. Wei, M. Kamada:

Single Core Hardware Module to Implement Encryption in TECB Mode

Informacije MIDEM 37(2007)3, str. 165-171

the subkeys are used. In the decryption process, the sub-
keys are used in reverse order, meaning that K1 is applied
first with K being applied last.

Triple DES shows a high level of similarity in operation to
that of DES. Encryption and decryption in 3DES are done
by compounding the operation of DES encryption Ex(/) and
decryption D(l) operations. Encryption operation in 3DES
is defined by,

Encryption = Exs(Dk2(Ex1(1))) (5)
whereas the decryption operation is defined by,
Decryption = Dk1(Ex2(Dks(1))) (8)

From equation (5), it shows that the plaintext is first en-
crypted by K1 using DES. The encrypted data is then de-
crypted by K2 before being encrypted by K3. In contrast
to that, equation (8) indicates that the 3DES cipher text is
initially decrypted by K3 using DES, whereby the result is
then being encrypted by K2. The plaintext is recovered by
decrypting the output from second DES operation by K1.

Final permutation is actually the inverse operation of initial
permutation. As such in a 3DES operation, the initial per-
mutation of the second DES round cancels the final per-
mutation of the first DES round. This is the same in the
third DES round where its initial permutation cancels off
the final permutation of the second DES round, leaving
only an initial permutation and a final permutation during
the whole 3DES operation.

3. Design Flow of 3DES Single Core
Module

The specification of the 3DES core is set prior to the start
of the design process. Different 3DES operation mode
could result in different design complexity and different level
of security. As such, a trade off between these two condi-
tions must be taken into consideration during the design
stage. As to avoid complicated design, 3DES Electronic
Code Book {TECB) had been chosen as the mode of op-
eration in this project. This resulted in reduced area utiliza-
tion and compromised security level in the core design.

Due to varying number of bits being shifted during the differ-
ent iteration rounds, normal shift register could not be used.
A counter had to be added in the design so as to determine
the current iteration round. The input signals to the shifting
module were shifted appropriately depending on the output
of the counter. The output of counter must be passed cor-
rectly to the shifting module. Error in connections such as
MSB of the counter output being connected to the LSB of
the shifting module input could result in error in bit shifting.

During DES encryption operation, the subkeys were trans-
mitted in the sequence of 1 to 16 whereas during DES
decryption operation, the subkeys were transmitted in the
sequence of 16 to 1. The initial design in mind was to have

a multiplexer and a demultiplexer. The 16 subkeys were
multiplexed. This was then followed by demultiplexing these
multiplexed subkeys either in the sequence of 1 to 16 or
from 16 to 1. The sequence in which the subkeys were
sent out was determined by the select signal of the demul-
tiplexer. However, this design was difficult to implement as
complicated control signals were needed to obtain the 16
subkeys in the correct sequence. These subkeys had to
be stored in registers before being demultiplexed.

Based on this, the design of the full implementation of 3DES
encryption engine was produced as shown in Figure 1.
The multiplexers and demultiplexers in Figure 1 played the
role of realising the 16 iterations in a DES operation and
the 48 iterations in the 3DES operation.

b 64 bits Input

Subkey Parimuation

48 birs sublevs

Fig. 1:  Full implementation of 3DES

4. Simulation and Synthesis

4.1 Functional Simulation

Functional simulation was done to verify that the design
behaved as expected on the VHDL. coding using MAX PLUS
Il software. Since the delay of the combinational logic and
wires were not known, the signal suffered only a constant
signal change delay of 0.1ns. This delay must be taken
into consideration. As the design operated on positive clock
edge, this delay could cause the response of the circuit to
be delayed by 1 clock cycle. As such, the processes of
the other modules were also delayed 1 clock cycle so as
to synchronize the operation of the whole design.

The validation of the 3DES operation was done by refer-
ring to /11/, where the data message was encrypted based
on DES. Validation of the above design after 16 iterations
showed the same result as that of DES in /11/. To further
verify the design, a simulation done for the whole 3DES
operation showed that the encrypted input data could be
decrypted to recover the original data message. The two
aforementioned verification methods indicated that this
design implemented 3DES correctly. The timing diagrams
obtained from the simulation that was done during the ver-
ification process are shown in Figure 2 and Figure 3 for
encryption and decryption respectively.
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(1123456789 ABCOEF
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BO2345678912345

ACH3413249B3EF 38
N000000000000000 } 9048451 FE30662FS § 0000000000000000
Fig. 2:  Functional simulation of encryption operation
::'lt;,uns
Marne: x,,..fague; %490][!% 500.0ns 510.0ns 520.0ns En'LI}Dns

e QST i
e GO 1 , , : :
= E_D 1 k : :
=g READY 1 ' : : :
% EXT_IN G04B45 F EA0B6IFS
5 KEY A 13357 799B6C0DFF1
@ KEY_B BCHI 2345676912345
&= KEY_C ; ACH3413249B3EF33 : ‘
& RESULT . D00C000000000000 Y0123456789ABCDEF || DODANAOO0N0MNNNC

Fig. 3:  Function simulation of decryption operation

From Figure 2, the keys used in the encryption of data
message 0123456789ABCDEF were 133457799BB-
CDFF1, BC12345678912345 and
AC83413249B3EF38. The cipher resulted text was
904B451FE30662FB. During the decryption operation,
the cipher text was decrypted to obtain the original data
message of 0123456789ABCDEF as shown in Figure 3.

4.2 Synthesis and Optimization

With the functional simulation showing the correct behav-
joural result, synthesis was done using Altera Quartus 1
4.0 software on the core design implemented into FPGA.
Device family that could fit the design into it was chosen
and the timing requirements were set.

Different FPGA could result in different maximum frequen-
cy obtained. A larger FPGA device family such as
APEX20KE gave a higher maximum clock frequency than
FLEX10KE. This was an important criterion to be consid-
ered while deciding on the FPGA to be used even though
the design could be fitted into both. The smaller device
family had a higher resource utilization percentage. By
deciding to use a larger device family, speed optimization
had been given priority in view of excessive amount of re-
source in the FPGA selected.
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There was a trade off between area and speed. A higher
number of logic elements used that resulted in higher max-
imum operating frequency. Initial synthesis of the design
on APEX20KE family gave a maximum frequency of 72.77
MHz. However, after switching off the ‘Remove Duplicate
Registers’ and ‘Remove Duplicate Logic’ setting, the max-
imum operating frequency achieved approximately 77MHz.
The logic cells used that summed up to be 25%, which
was 2% more than the previous setting. By setting the
maximum frequency requirement to 80MHz, a higher val-
ue of 78.59 MHz was achieved. This was the highest max-
imum clock frequency value with APEX20KE family that
could be obtained from the optimization process.

4.3 Timing Simulation

Timing simulation was performed to verify that the module
functioned correctly and there were no timing violations in
the implemented design. The functional simulation was
done using MAX PLUS I software but the timing simula-
tion was done using Quartus il 4.0 software.

During timing simulation, the total delay of the wires and
combinational logic was taken into account. Initial testing
using the clock signal having frequency that was higher
than that of maximum operating frequency resulted in er-
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roneous output. The result obtained was not the encrypt-
ed data message. This was because the encrypted data
cannot be decrypted to recover the initial data message.
The total delay had exceeded one clock cycle period.

The clock signal period was then set to 13ns. This clock-
ing period was larger than the total wire and combinational
logic delay. Different sets of keys and input data blocks
were used during the simulation. It was found that the en-
crypted data could be decrypted to recover the original
data. Besides that, the reset pin had also been tested.
Reset signal was set to ‘high’ to reset the design.

4.4 Synthesis Results
Table 1: Synthesis results

Family APEX20KE
Device EP20K200EFC672-1X
Name Core

2111 /8320 (25%)
325/376 (86%)
2048 / 106496 (1%)

Total logic elements
Total 1/O pins
Total memory bits

Total PLLs 0/2(0%)
Total combinational functions | 2110

Total registers 408
Performance, .. 78.59 MHz
Clock period 12.724 ns

Table 1 shows the synthesis results of the 3DES encryp-
tion engine. The FPGA family that had been selected for
the realization of 3DES encryption engine was APEX20KE
(more precisely, EP20K200EFC672-1X).

Out of the 8320 logic elements contained in the device, a
total of 2111 logic cells were used. Atotal of 325 1/0 pins
were utilized, which is equivalent to 86 percent of the total
pins in the device. Out of these 325 pins, 65 pins were
output pins while the remaining 260 pins were input pins.
Out of a total of 106496 memory bits in the device, 2048
of them were utilized. This is equivalent to 1 percent of the
total memory bits resource. Besides that, the total number
of registers used in the EP20K200EFC672-1X device

summed up to be 408. A maximum clock frequency of
78.59 MHz was obtained. The clock signal that was used
in the device must have a period of at least 12.724 ns. Any
period below this value gave a faulty result.

4.5 Timing and Area Analysis

The results for timing and area analysis of the main mod-
ules are presented in terms of maximum operating frequen-
cy and logic cell (LC). The analysis was done using Quar-
tus Il software. The devices chosen for the implementa-
tion were EP20K200EFC67 2-1X of APEX20KE family and
EPF10K100EFC484-1 of FLEX10KE family. Comparison
was done between the two devices.

Tables 2 and 3 show the effect of registers and logic cells
duplication in EP20K200EFCB72-1X and
EPF10K100EFC484-1 respectively when the full 3DES
architecture was mapped into them. To implement these
features, the 'Remove Duplicate Registers’ and ‘Remove
Duplicate Logic’ settings were selected or deselected.

When the 'Remove Duplicate Registers’ and ‘Remove Du-
plicate Logic’ settings were selected during the hardware
implementation of the encryption module in
EP20K200EFC672-1X, this resulted in lower area utiliza-
tion of 1984 logic cells and lower maximum operating fre-
quency of 72.77 MHz. When these settings were dese-
lected, higher area utilization of 2111 logic cells and high-
er maximum operating frequency of 78.59 MHz was ob-
tained.

However, that is not the case when EPF10K100EFC484-
1 was used. Selecting the ‘Remove Duplicate Registers’
and ‘Remove Duplicate Logic’ setting resulted in lower area
utilization but higher maximum operating frequency.

Table 4 shows the synthesis results for the final design of
the project. Two devices were used, namely
EP20K200EFC672-1X and EPF10K100EFC484-1.
EP20K200EFC672-1X is a larger device compared to
EPF10K100EFC484-1.

Table 2: Effect of registers and logic cells duplication in EP20K200EFC672-1X

‘Remove Duplicate Area (LC) Clock Period | Maximum Operating
Registers’ and ‘ Remove (ns) Frequency (MHZz)
Duplicate Logic’
On 1984 / 8320 (23%) 13.742 72.77
Off 211178320 (25%) 12.724 78.59

Table 3: Effect of registers and logic cells duplication in EPF10K100EFC484-1

‘Remove Duplicate Area (LC) Clock Period | Maximum Operating
Registers’ and ‘Remove (ns) Frequency (MH2z)
Duplicate Logic’
On 1924 /4992 (38%) 17.5 57.14
Off 2080 / 4992 (42%) 17.6 56.82
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Table 4: Synthesis results

Device Area (LC) Clock Period | Maximum Operating
(ns) Frequency (MHz)
EP20K200EFC672-1X 2111/ 8320 (25%) 12.724 78.59
EPF10K100EFC484-1 1924 /4992 (38%) 17.5 57.14

When the larger device was used, it was found that the
final design had a higher maximum operating frequency of
78.59 MHz. It utilized more logic cells. However, when
the smaller device from FLEX10KE family was used, it only
had a maximum operating frequency of 57.14 MHz. Be-
sides that, the design used only 1924 logic cells of the
resource, which was lesser than the 2111 logic cells used
in EP20K200EFCB72-1X.

With this, it can be concluded that the mapping of the de-
sign architecture on different devices can result in differ-
ent maximum operating frequency and area utilization. A
larger device results in higher maximum operating frequen-
cy and larger area utilization. As such, considerable deci-
sion must be taken on whether a faster operation is need-
ed or a smaller device is required.

Figure 4 demonstrates the RTL view of the core entity. ltis
shown that core was formed by three smaller entities,
namely s_mac, key_block and inp_block. Each of these
entities had its own unigue function. S_mac controlled and
synchronized the operations of the other two entities while
key_block processed the three keys, producing the sub-
keys needed before sending them to inp_block. Inp_block
was the entity where the actual encryption and decryption
of the plaintext occurred.

Table 5: Comparisons between hardware and software
implementation

3DES (FPGA) | 3DES (software)
Key size (bits) 192 192
Data rate (Mbps)| 102.56 42.9

Table 5 shows the comparisons done on the performanc-
es of the hardware and software implementation of 3DES.
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Fig. 4: RTL view of core entity
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Triple DES was implemented into FPGA and as well as
MATLAB using an Intel Pentium Ill 866 MHz machine. It
shows that 3DES hardware was significantly (2.4 times)
faster than its software counterpart. The 3DES software
could only manage a data rate of 42.9 Mbps compared to
102.56 Mbps of 3DES hardware.

5. Conclusions

The hardware implementation of 3DES encryption engine
on FPGA chip was realized. The chip selected was
EP20K200EFC672-1X of APEX20KE family. It could en-
crypt data at a rate of 102.56 Mbps, with a maximum op-
erating frequency of 78.59 MHz and area utilization of 2111
logic cells.

The throughput of 102.56 Mbps in the current full imple-
mentation of 3DES core can be considered as low by in-
dustry standard. As such, to improve the throughput of the
design, pipelining of the iterations process can be imple-
mented. Registers can be added to store data during the
pipelining process. This will invariably reduce the maximum
clock frequency; however the number of clock cycles be-
ing used for one complete 3DES operation can be greatly
reduced, thus reducing the latency.

To allow more secured encryption process, additional
3DES operation modes can be added to the core module.
Currently, the encryption hardware only operates under
TECB mode. By including more modes of operation, us-
ers can choose to operate under certain mode, depend-
ing on their preference.
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GAIN CONTROL LOOP FOR A 2.4 GHZ VARIABLE GAIN LOW
NOISE AMPLIFIER (VGLNA)
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Abstract: The most critical point of a integrated receiver is the radio frequency (RF) input and the first stage of the receiver is a low noise amplifier (LNA).
Thus, LNAs with low power consumption and excellent properties in terms of gain, noise and linearity are highly in demand. Moreover, a variable-gain LNA
which can prevent saturation in the receiver when the input signal becomes relatively large has the advantage of no additional attenuator or variable gain
amplifier is required. Thus, power consumption, chip size and cost can be minimized at the same time. Hence, this work proposes a two-stage variable
gain LNA with large and continuous gain variation. By introducing a simple gain-control loop at the second stage of a cascade LNA, a continuous gain
tuning range of approximately 14 dB is achieved. The VGLNA is designed using 0.18 um CMOS technology and targeted for applications at 2.4 GHz. The
maximum gain and NF of this VGLNA are 23 dB and 1.12 dB respectively. The DC power consumption is reported to be 12.4 mW froma 1 V power supply.
Comparison is made with available circuits to show that this VGLNA has the advantage of a continuous tuning range and low NF, and this is accomplished
without degrading its performance.

Kontrolna zanka ojacanja za 2.4GHz nizkoSumni ojacevalnik
s spremenljivim ojacanjem (VGLNA)

Kjuéne besede: spreminjanje ojacanja, visoko ojac¢anje, lineamost, nizko Sumno $tevilo, radijske frekvence, ojacevalniki s spremenljivim ojacanjem

lzviedek: Najbolj obdutjiva tocka integriranega sprejemnika je RF vhod z nizkosumnim ojacevalnikom (LNA). Zatorej je povprasevanje po LNA ojaceval-
nikih z nizko porabo ter drugimi odlicnimi lastnostmi, kot so ojadanje, nizek Sum in linearnost, veliko. Prednost imajo predvsem LNA ojacevalniki s spre-
menljivim ojacanjem, ki ne gredo v zasi¢enje, ko zunanji signal postane relativno moc¢an. Zatorej lahko porabo, velikost ¢ipa in ceno hkrati zmanj§amo.V
prispevku opisemo dvostopenjski LNA ojacevalnik z velikim in nepretrganim ojacanjem. Z uvedbo kontrolne zanke ojacanja v drugo stopnjo stopnicastega
LNA dosezemo nastavljivo nepretrgano ojacanje v obmodju 14dB. Tak VGLNA je nacértan v 0.18um CMOS tehnologiji s cilino uporabo na frekvenci
2.4GHz. Najvedje ojacenje in Sumno Stevilo sta 23dB in 1.12dB. DC poraba je 12.4mW pri napajaini napetosti 1V. Primerjava s podobnimi vezji pokaze
prednosti tako naértanega VGLNA.

power consumption which plays an important role in the
applications of portable communications systems /8/.

1. Introduction

The ceaseless advance of Complementary Metal-Oxide
Semiconductor (CMOS) technology such as the shrink of
the gate length and the improvement of the cutoff frequen-
cy makes CMOS more and more attractive for many radio
frequency (RF) circuits in the several GHz range /1-3/.
There is no doubt that a complicated RF system can be
realized in CMOS and some chips have been fabricated

It is not a simple task to design a LNA with high gain and
low NF by considering both linearity and input impedance
match, with low power consumption. Inductive degenera-
tion is adopted as the LNA architecture popularly because
it does not introduce extra noise source and it uses a source
degenerative inductor to realize input impedance match.

and reported /4-7/.

The first block of wireless receiver following the antenna is
a low noise amplifier (LNA) which plays a significant role as
its noise figure (NF) sets a lower bound on the NF of the
entire system. Moreover it should be able to accommo-
date large signals without distortion and must match the
input impedance. A good input impedance match is more
critical if a pre-select filter precedes the LNA since the trans-
fer characteristics of many filters are sensitive to the qual-
ity of the termination. The additional requirement is the low
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The theoretical analysis and calculation of NF of this topol-
ogy has been done using an extended MOS noise model
/8/. If the gain of LNA block is too low, noise level of this
block might dominates the overall NF and if it is too high,
the input signal would create nonlinearity. Inversely, if the
gain is too low, the mixer noise dominates the overall NF
and if it is too high, the input signal to the mixer creates
large intermodulation products. For these reasons, the
design of the LNA with a variable gain stage or termed as
variable gain low noise amplifier (VGLNA) is adopted not
only to achieve high gain and low noise but also high line-
arity. The function of the controllable gain is to prevent sat-
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uration in the receiver when the input signal becomes rel-
atively large.

Conventional design techniques for VGLNA can be seen
in using bypass switch /9/, which achieves gain variation
by on-off control of the bypass switch. However, continu-
ous gain control is difficult with this method. Thus unnec-
essary power would be consumed at low gain mode. Oth-
er gain variation methods reported is the current variation
according to target gain /10-12/. These methods reduce
its power consumption at low gain mode by controlling its
biased current of a LNA. However, this method suffers from
small gain variation or discontinuous gain control.

This paper focuses on the CMOS VGLNA designed for 2.4
GHz with a gain-control loop. The VGLNA can operate from
2.1 GHz to 2.5 GHz and can be used for Wideband Code
Division Multiple Access (WCDMA) and IEEE 802.11b/g
Wireless Local Area Network (WLAN) applications. By in-
troducing a simple gain control loop composed of a gain
control transistor and a capacitor, a continuous gain tun-
ing range of approximately 14 dB is achieved.

2. Variable gain block of a LNA

Fig. 1 shows the fundamental architecture of proposed gain
control LNA. The gain control loop is composed of a gain
control transistor (Mgc) and a capacitor Ct. If the Mg is
turned off, the gain control loop is like an open circuit and
the VGLNA operates with minimum gain. On the other hand,
if Mgc is turned on with sufficiently high voltage (like Vpp),
then Myc Operates as a bypass switch and it operates at
maximum gain. Therefore, a large gain variation range sim-
ilar to that of the bypass switch method is achieved.

il
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Fig. 1. Fundamental architecture of proposed variable
gain LNA.

The control voltage of the My is between threshold volt-
age and Vpp with Mgyc operating as a variable resistor. This
resistance value is equal to the channel resistance Rgc
which can be expressed as

R, =
YL ?K(V—V4—V ) (M

n " ov L c g5 th-ge

where V¢ and Vinge are the control or gate voltage and
threshold voltage of My respectively. Vgs4 is the gate-to-
source voltage of M4. From (1), Rgc varies inversely pro-
portional to the variation of V... As V; increases, the im-
pedance of the gain control loop becomes smaller, thus
the inter-stage matching changes. Therefore, the gain of
the second stage increases continuously as V¢ increases.
This is verified in the simulation results in Section 4.

The capacitor Ci is added to support the operation of Mg
as a variable resistor. It operates as a DC blocking capac-
itor, making sure that the Vps of My stays small. With the
Vps stays small, the Myc operates as a variable resistor.

3. Design of a Variable Gain LNA

Based on the variable gain block described in Section 2, a
2.4 GHz VGLNA is designed. The VGLNA is composed of
a cascode stage and variable gain block. Fig. 2 shows the
cascode stage of the designed VGLNA. The cascode stage
is made of transistors M1 and M2. On-chip inductors of Ly
and Ls are used respectively for matching the input stage
of the cascode stage and as a degeneration inductor to
suppress the NF of the VGLNA.

Fig. 3 shows the schematic of the variable gain block in a
VGLNA. The gain control characteristics of designed vari-
able gain block depends on the size of My.. Large size of
Mge gives large gain variation. However, too large of gain
variation would changes too rapidly making continuous
control difficult. Moreover, large size of My increases par-
asitic capacitance and may reduce the maximum gain. On
the other hand, if the size of the My is very small, the gain
variation would become small. This result might not satisfy
the linearity requirement of the following stage in a receiv-
er such as a mixer. Therefore, the size of the Mgc must be
selected within the proper gain variation range.

Wdd

"]

g
L 7

Fig. 2. The cascode stage of the designed VGLNA.
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4. Simulation results

The VGLNA has been designed for WCDMA and 802.11b/
g WLAN applications in 0.18 um CMOS technology. The
design has been simulated using Agilent's Advanced De-
sign System (ADS).

Fig. 4 and 5 show the S21, S11 and NF of the designed
VGLNA at high gain mode. With the power consumption of
12.4 mW from a supply voltage of 1.0 V, the VGLNA
achieves power gain of 23.29 dB at 2.4 GHz. The gain is
maximized at 2.4 GHz because input matching is optimum
at 2.4 GHz. The input return loss is -20 dB. The NF of the
designed VGLNA is 1.116 dB at 2.4 GHz for the maximum
gain mode.

As for the minimum gain mode, S21 and S11 are reported
to be 9.54 dB and -21 dB as shown in Fig. 6. Fig. 7 shows
the NF of the VGLNA at low gain mode which is slightly
higher with 1.123 dB. This result is acceptable in compar-
ison with other VGLNAs /13-15/. The designed VGLNA
can achieve low NF because the gain of cascode stage
mitigates the influence of NF at the gain control block.
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Fig. 4. S21 and S11 of the designed VGLNA at high
gain mode.
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Fig. 7. NF of the proposed VGLNA at low gain mode.

As shown in Fig. 8, the VGLNA achieves continuous gain
tuning range of 13.75dB from 23.29 dBto 9.54 dB at 2.4
GHz. The gain variation is similar to that of the LNA with the
bypass switch method /9/. In addition, the power con-
sumption of the following stages in a receiver such as mix-
er and automatic gain control (AGC) can be further reduced
by achieving the continuous gain control. The NF varies
from 1.116 dB to 1.123 dB at minimum gain mode. NF var-
ies very little in comparison with the gain changes because
the increase of NF is minimized by the gain of the first stage.

As for the linearity, the third order input intercept point (IIP3)
is simulated at low gain mode and it is -2.18 dBm at 2.4
GHz. Thus, the LNA can receive maximum input power of
802.11b WLAN without much distortion.
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Table 1 shows the comparison of performances for the
designed VGLNA with other variable gain LNAs. Though
gain variation range of proposed VGLNA is smaller than
other VGLNAs /9-11/ but it has a much better NF and con-
tinuous gain control is achieved. Therefore, overall per-
formance of the proposed VGLNA is better in terms of con-
tinuous tuning range and NF.

Table 1 Comparison of Variable Gain LNA Performances

This work| {9] [Lo) (1] ([t23 §[13}
(CMOS)
Technology (um) | 0.18 0.25 | - 0.25 1 0.18 | 0.18
Operating 2.4 2.4 0.9 5.6 5.7 5.2
frequency (GHz)
Gain (dB) 23.29 147 |26 19.5 16.5 | 20
Gain variation 13.75 29 29 19.5 8 20
(dB)
Continuous gain | Yes No No No Yes Yes
control
Minimum NF 1.12 2.88 | 2.1 3.1 3.5 3.5
(dB)
Biased current 12.4 11.7 15 10 3.2 17
(mA)

5. Conclusion

In this paper, a VGLNA for WCDMA and 802.11b/g is pre-
sented. The designed VGLNA composed of a cascode
stage and a variable gain block. The VGLNA achieves low
NF of 1.12 dB, gain of 23 dB and power consumption of
12.4 mW from 1.0 V power supply. By adding a simple
gain control loop composed of a transistor My and a ca-
pacitor, the VGLNA achieves a gain tuning range of 13.75
dB with continuous gain control. This is accomplished with
alow NF which is reported to be only 1.12 dB. This VGLNA
is able to mitigate the dynamic range and linearity require-
ment of the stages that followed such as mixer and AGC.
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Abstract: This paper describes an evaluation of the prosody modeling in an HMM-based Slovene speech-synthesis system that is suitable for embedded
systems due to its relatively small memory footprint. The objective-evaluation procedure is based on the results of the automatic recognition of syntactic-
prosodic boundary positions and accented words in the synthetic speech. We have shown that the recognition resuits represent a close match with the
prosodic notations, labeled by the human expert on the natural-speech counterpart produced by the speaker whose speech was used to train the
speech-synthesis system. Therefore, the recognition rate of the prosodic events is proposed as an objective evaluation measure for the quality of the
prosodic modeling in the speech-synthesis system. The results of the proposed evaluation method are also in accordance with previous subjective-
listening evaluation tests, where high scores for the naturalness for such a type of speech synthesis were observed.

Ocenjevenje prozodije za vgrajene sisteme za sintezo
slovenskega govora

Kjuéne besede: vgrajeni sistemi, sinteza govora, akusticno modeliranje s PMM, modeliranje prozodije, evaluacija sinteze govora, razpoznavanje pro-
zodiénih oznak, metoda podpornih vektorjev, jedro RGB

1zvle&ek: Clanek opisuje vrednotenje modeliranja prozodije v sistemu za sintezo slovenskega govora, ki deluje na osnovi prikritih Markovovih modelov
(PMM). Zaradi relativno skromne zasedbe pomnilnika programa za sintezo, je tak nadin zelo uporaben za realizacijo v vgrajenih sistemih. Objektivna
metoda vrednotenja je zasnovana na osnovi samodejnega razpoznavanja mest sintaktiGno-prozodicénih mej in poudarjenih besed v sintetiziranem govoru.
Rezultati razpoznavanja kazejo veliko ujemanje med polozZaji sintakticno-prozodiénih mej in poudarjenimi besedami, ki jih je ekspert oznadil na pripada-
jo¢em naravnem govoru govorca, katerega govor smo uporabili za uéenje sistema za sintezo govora. V tem smislu delez pravilno razpoznanih prozodicnih
dogodkov predlagamo za merilo uspesnosti prozodi¢nega oblikovanja v sistemu za sintezo govora. Rezuitati predstavijene evaluacije so tudi skladni s
predhodnimi subjektivnimi sludnimi ocenjevanii, ki so dala relativno visoke ocene v smislu naravnosti takega nadina sinteze govora.

els (HMMs) are widely used for the automatic segmenta-
tion and labeling of speech databases (e.g. /7/).

1. Introduction

Modern speech synthesizers are able to achieve high in-
telligibility; however, they still suffer from rather unnatural
speech. Recently, to increase the naturalness of speech-
synthesis systems, there has been a noticeable shift from
diphone-based toward corpus-based unit-selection speech
synthesis /3/. This has been made possible by the rapid
increase in the speed and capacity of computer resourc-
es. The main idea in unit-selection speech-synthesis sys-

However, to achieve a reasonable performance with such
corpus-based systems large computational resources are
required, and these are often not available when dealing
with embedded systems. Since our objective was to de-
velop a speech-synthesis system that should operate with
embedded-systems applications, we focused our research
on systems with a relatively small memory footprint.

tems is to dynamically select appropriate speech units (e.qg.,
diphones) from a large speech database, and in this way
reduce the need for signal-manipulation algorithms (e.g.,
PSOLA) which significantly degrade the quality of the
speech.

In such systems the emphasis is more on engineering tech-
nigues (searching, optimization, statistical modeling) than
on linguistic-rule development /8/. Many of these algo-
rithms are borrowed from the automatic-speech-recogni-
tion (ASR) community. For example, hidden Markov mod-
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In accordance with current trends an HMM-based approach
to speech synthesis for Slovene was implemented. In con-
trast to other corpus-based speech-synthesis systems, a
system using acoustic models trained on a large speech
database using HMM techniques provides a relatively small
memory footprint, comparable to - or even smaller than -
the footprint of embedded diphone-based systems /5, 17/,
and demands no special computational load.

Subjective listening-evaluation tests of the HMM-based
system showed a surprisingly high level of prosodic quality
for such synthesized speech, although no special proso-
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dy modeling was used in the system /14/. in our present
research we tried to apply the established methods already
used in ASR for prosodic-events recognition to evaluate
the prosodic content in the synthesized speech.

The rest of the paper is organized as follows. Section 2
overviews the main idea behind the HMM-based speech-
synthesis system. In Section 3 we present the prosodic
labeling and databases used for the training and the evalu-
ations. Section 4 gives a short description of the prosodic
features and classification procedure for the detection of
prosodic events in a speech-synthesis system. The results
of the experiments are discussed in Section 5. Finally,
concluding remarks and plans for future work are present-
ed in the last section.

2 HMM-based speech synthesis

The selected HMM-based approach for speech synthesis
differs from other approaches because it uses the statisti-
cal framework of HMMs not only for the segmentation and
labeling of the database but also as a model for speech
production. The method was originally proposed in /11/
and later extended by Yoshimura et al. /15/.

A schematic representation of building and using an HMM-
based speech-synthesis system is shown in Figure 1. The
top pane shows a training step of such a system, where a
statistical model of the speech is estimated (middle part).
In the bottom pane a synthesis step is shown, where the
speech signal is generated.
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Fig. 1: Schematic diagram of HMM-based training
and synthesis procedures.

For a reliable estimation of the parameters of the statistical
model a speech parametrization is required. Since we want
to be able to synthesize high-quality speech, the parame-
ters should contain enough information for the reconstruc-
tion of speech, which should be perceptually similar to the

original. Forthis purpose, the source-filter theory of speech
production /9/ is applicable. in order to follow this theory,
the parameters of the vocal tract transfer function and the
excitation (fo) need to be estimated. We used MFCGC and
log fo parameters along with their A and AA counterparts.

The procedures for estimating the parameters of HMMs
are well known from the field of ASR, and can also be ap-
plied in our case. A difference here is that additional pa-
rameters of the excitation should be modeled. For this
purpose, new types of HMMs are introduced. They are
called multi-space-distribution (MSD) HMMs, and are pre-
sented in /13/.

A detailed description of the speech parametrization and
the HMM structure that we used is given in /14/.

For duration modeling a possible solution is to incorporate
explicit state duration densities (non-parametric or para-
metric). However, this increases the storage and compu-
tational time significantly, and also increases the need for
more training material. To avoid those problems we make
a simplification and estimate the duration densities only
when the training process is already finished /15/. Evalu-
ation tests using this kind of duration prediction give com-
parable results / 14/ to the previously developed two-stage
duration model for speech synthesis using the diphone-
concatenation technique /4/.

The memory size of the statistical acoustical and duration
models, the pronunciation dictionaries and the object code
of the current version of the speech-synthesis system was
approximately 1.5 MB.

3  Prosody labeling

We have decided to investigate the possibility of generaliz-
ing the described speech-synthesis approach to enable
some simple prosody modeling. Therefore, the same
speech corporathat were used for the training of the HMM
acoustic models used in the speech synthesis were man-
ually annotated with syntactic-prosodic boundaries and
word accents in the utterances. These corpora consist of
578 sentences (37 minutes of speech) uttered by the
speaker 02m from the Slovenian Weather Forecast Speech
Database (VNTV) /7/. Recently, when SiBN speech cor-
pora were recorded and annotated /17/ we acquired ad-
ditional records of weather forecasts from the same speaker
consisting of an additional 253 sentences (17 min of
speech). These data were also prosodically annotated in
the same manner. The syntactic-prosodic boundaries along
the lines of /1/ were annotated for the transliterations of
speech utterances, and word accents were labeled via
acoustic perceptual sessions. We used the same prosod-
ic annotation as in our previously reported work /6/. Sim-
ifar annotations for Slovene speech were also used by
/10/. Three-class annotation was used in each utterance
for the prosody boundaries and the word accents. They
are listed in Table 1 and Table 2.

177



Informacije MIDEM 37(2007)3, str. 176-181

F. Miheli¢, B. Vesnicer, J. Zibert, E.. Néth: Prosody Evaluation

for Embedded Slovene Speech-synthesis Systems

Table 1: Syntactic-prosodic boundary labels

M3 : Clause boundaries
M2 : Constituent boundaries

likely to be marked prosodically
MO : Every other word boundary

Table 2: Word accent labels

PA : The most prominent (primary) accent
within a prosodic clause

SA: All other accented words are marked
as carrying a secondary accent

UA Unaccented words

An example of the labeled text utterance is given below’:

V prihodnjih SA dneh bo vroée PAM3. Ob koncu SAted-
na PA M2 pa se bo vrocCini SA pridruzila se M2 sopar-
nost SA M3.

English translation: In the following days it will be hot.
During the weekend the hot weather will be accompa-
nied by sultry conditions.

4 Prosodic features selection and
classification

Classification was performed using prosodic feature sets
derived from duration segmental characteristics on the word
level, speaking rate, energy and pitch. The duration and
energy features were additionally normalized by applying
normalization procedures based on statistical parameters
that were estimated from the training data /2/ (pp. 38-59).

The energy and pitch features were based on the short-
term energy and fp contour, respectively. Some of the fea-
tures that were used to describe a pitch contour are shown
in Figure 2. Additionally, we used the mean and the medi-
an as features /2/ (pp. 59-62).

We derived the same features set (95 features) that were
proposed in the experiments on German speech /2/ (page
103). All 95 features were computed on the Slovene
speech databases that were used in our evaluations.

The prosody events were detected by support vector ma-
chines (SVMs) /19/. In our previous studies a classifica-
tion with neural networks was also performed /6/, but we
gained a significant improvement in terms of recognition
scores when SVMs were applied. The LIBSVM software
/18/ was used for the training and recognition tests. We
used the RBF kernel with C = 2% and y = 2°. Note that all
the data were linearly scaled into the [-1, +1] range during
the pre-processing stages.

1 MO and UA labels are not indicated in the example.
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Fig. 2. Example of features used to describe a
pitch contour.

5 Experimental results

Our first experiments on the recognition of prosody events
were made on the same data set (02m VNTV part) that
was used for the training of the HMM-based Slovene
speech-synthesis system. We used the data text transcrip-
tion and the Viterbi forced alignment method to label the
speech on the phoneme- and word-duration level. After-
wards, 95 dimensional feature vectors were computed for
each word of the uttered speech. In total, 6363 vectors
with an accompanying 6363 syntactic-prosodic boundary
markers and word-accent markers were determined.

5.1 Cross evaluation on natural speech

The first evaluation was performed on natural speech. The
cross evaluation was accomplished by dividing the data
into 5 training and test subsets. The cross-evaluation re-
sults gave an 81% average overall recognition rate and a
75% class-wise recognition rate for the detection of syn-
tactic-prosodic boundaries, and a 69% overall recognition
rate and a 66% class-wise recognition rate for word-ac-
cent detection. The results proved the consistency of the
speech-data labeling procedure and the appropriateness
of using SVYM for classification process. The cross-evalua-
tion results from this step also served to determine the
applicable pair of RGB-kernel parameters reported in Sec-
tion 4.

5.2 Recognition of the prosodic events in
the synthesized speech counterpart

In our next experiment a new database consisting of the
synthesized speech generated from text transcriptions of
speech-data recordings used for the training of the speech-
synthesis system was acquired. In this way we obtained
the synthesized-speech database counterpart of the orig-
inal natural-speech database (02m VNTV part). We were
also able to use the same prosodic markers as in the pre-
vious experiment. To determine the prosodic feature vec-
tors for synthesized speech this database was also labeled
on the phoneme- and word-duration levels. Surprisingly,



F. Miheli&, B. Vesnicer, J. Zibert, E.. Néth: Prosody Evaluation

for Embedded Slovene Speech-synthesis Systems

Informacije MIDEM 37(2007)3, str. 176-181

the cross-evaluation check on this database gave entirely
comparable results to those obtained from the natural-
speech counterpart. And even when we were using the
natural-speech database for training and its synthesized
counterpart for testing, we still got relatively high recogni-
tion scores, with an 83.8% overall recognition rate, a 70.7%
class-wise recognition rate for prosodic boundaries, and a
77.5% overall recognition rate and a 89.9% class-wise rec-
ognition rate for word accents. The confusion matrices for
each class are given in Table 32 and Table 4.

Table 3: Confusion matrices for syntactic-prosodic
boundaries recognition in absolute and relative figures
for synthesized speech. The recognition system was
trained on the natural-speech counterpart.

actual/predicted | MO | M2 M3 | all actual

MO 3662 | 429 23 4114
M2 266 |1034 43 1343
M3 527 125 151 328

all predicted (3980 [1588 | 217

actual/predicted MO M2 M3
MO 89.0% [10.4% | 0.6%

M2 19.8% | 77.0% | 3.2%
M3 5.9% |38.1% | 46.0%

Table 4: Confusion matrices for word-accent recognition
in absolute and relative figures for synthesized speech.
The recognition system was trained on the natural-
speech counterpart.

actual/predicted | UA SA | PA |all actual

UA 3456 | 417 151 4024
SA 3411 955 137 1433
PA 200 | 188 518 906

all predicted 3997 | 1560 | 806

actual/predicted UA SA PA
UA 85.9% | 10.4% | 3.7%
SA 23.8% | 66.6% | 9.6%
PA 22.1% | 20.7% | 57.2%

Although, as already mentioned in the Introduction sec-
tion, subjective listening-evaluation tests of the system
showed a high level of prosodic quality / 14/, we were sur-
prised with these figures. The relatively high recognition
results could be due to the method used to acquire the
HMM acoustical models for sub-word units of the speech-

synthesis system. In our case, triphone units that repre-
sented an acoustic model of each phoneme of Slovene
with a specific left and right phoneme context were mod-
eled /14/. Since our training database was very domain
specific (nearly consecutive season weather forecasts)
consisting of only 770 different words, we could expect
that the training material for the specific triphone unit was
obtained in a large part from uttered word(s) in a specific
prosodic context. Based on this assumption, synthesized
words in the same context ~ we have used text transcrip-
tions of training speech material ~ possess similar basic
prosodic attributes in terms of duration, pitch and energy,
and could therefore enable an appropriate prosodic
impression.

Since in this case we got a very close match of the pro-
sodic features between natural and synthetic speech, the
question arises as to what degradation in terms of auto-
matic prosodic-events recognition could we expect if some
different text in the same domain of weather forecasts were
to be synthesized?

5.3 Recognition of the prosodic events in
synthesized speech from the test set

As mentioned in Section 3, we have recently acquired new
speech material from the same speaker that was used for
the training of our speech-synthesis system. This speech
material includes 267 different words (35%) that were not
uttered in the training database, and almost all the uttered
sentences - except some short sentences expressing
opening and closing remarks - were different from those
in the training set. This new database was prosodically
annotated. On the basis of its text transcription we were
again able to produce its synthesized counterpart, which
was additionally labeled on the phoneme and word-dura-
tion level. Afterwards, prosodic feature vectors for this new
synthetic speech data were computed.

In our next recognition experiments the database that con-
sisted of the synthesized speech from the VNTV database
was used to train the SVYM classifier, and this new data was
used for the recognition tests. In this case we still got a
relatively close match between the annotation of the syn-
tactic-prosodic boundaries and the recognition results,
which is shown in Table 5. The overall recognition rate
was 75% and the class-wise recognition rate was 66%.

2 In syntactic-prosodic boundaries recognition we did not count the recognition of the M3 marker at the end of each utterance,

since the recognition of this marker is trivial.

3 Asin Table 3, we did not count the recognition of the M3 marker at the end of each utterance.
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Table 5: Confusion matrices for syntactic-prosodic
boundaries recognition in absolute and relative figures
for the test part of the synthesized speech. The
recognition system was trained on the VNTV synthesized
speech.

As expected, the recognition results depicted in Tables 7
and 8 depend on the selection of utterances, showing a
decreasing recognition rate when more unseen events
(words) are included in the test samples. This is also an
indication that such a type of evaluation method is reason-
ably sensitive to small changes in synthesized speech.

With the recognition of word accents we encountered
strong confusion® between the primary accent (PA) and
other accented words (SA) in comparison with the human
labeler's annotations, and therefore a stronger degrada-
tion in the recognition scores, where we got a 62% overall
recognition rate and 53% class-wise recognition rate. Nev-
ertheless, the automatic distinction between the accent-
ed words and those without accent still remains relatively
high (Table 6), showing an adequate prosodic content of
the test part of the synthesized speech.

Table 6: Confusion matrices for word-accent recognition
in absolute and relative figures for the test part of the
synthesized speech. The recognition system was trained
on the VNTV synthesized speech.

actual/predicted UA PA and SA | all actual
UA 1250 417 1783
PA and SA 221 936 1157
all predicted 1471 1353
actual/predicted UA PA and SA
UA 70. 1% 29.9%
PA and SA 19.1% 80.9%

We also separately explored the recognition results for three
subsets of test utterances. The first set of utterances (Test
1) consisted of sentences where the speaker used words
that were already used in the training process. The sec-
ond subset was composed of utterances where at least
one word was different from the words used in the training
stage (Test 2), and in the third subset there were utteranc-
es that differed by two or more words (Test 3).

actual/predicted | MO | M2 | M3 | all actual Table 7: Recognition results for prosodic-syntactic
MO 1606 | 303 | 87| 1996 boundaries in synthesized speech for three different test
M2 160 | 328 50 538 subsets.
M3 31 36 86 153
all predicted 1797 | 667 | 223 Test | Number of | Recognition | Recognition
sets utterances overall class- wise
actual/predicted MO M2 M3 Test 1 103 76.0% 66.8%
MO 80.5% 15.2% 4.3% Test 2 150 74.8% 65.4%
M2 29.7% | 61.0% 9.3% Test 3 86 73.8% 62.7%
M3 20.3% | 23.5% 56.2%

Table 8: Recognition results of accented words (PA and
SA) in synthesized speech for three different test

subsets.
Test | Number of | Recognition | Recognition
sets utterances overall class - wise
Test 1 103 77.4% 78.5%
Test 2 150 72.9% 74.0%
Test 3 86 72.3% 73.3%

6 Discussion

On the basis of the presented results, the prosodic quality
of domain-constrained synthesized speech produced by
an HMM-based speech-synthesis system is relatively high,
even though no additional prosodic modeling was includ-
ed in the system. This could be an important issue when
dealing with embedded systems where an expansion of the
system model usually leads to an additional demand for a
larger memory footprint and more computational power.

A further improvement in the prosody modeling could be
achieved if the prosodic markers in the training set were to
be used to build different prosody-specific acoustic mod-
els of sub-word units. Note, however, that in this case the
text-to-speech system should be able to extract prosodic
markers from the text that is to be synthesized. Some pre-
vious studies indicate /1/ that automatic prosodic annota-
tion based on appropriate statistical n-gram modeling gives
reasonably good results and could be used for this task.
Our evaluations also showed that better results can be
expected for limited-domain speech synthesis, which is
also the most common synthesis approach when using
embedded devices.

4 This confusion could also partly depend on the in consistency of the human labeler, since there is a 4-year gap between the

labeling of the training and test sets.
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After analyzing the recognition results, the automatic rec-
ognition of prosodic events was also shown to be an effec-
tive tool for the objective evaluation of the performance of
speech-synthesis systems on the prosody-modeling level
and could therefore also be used for side-by-side compar-
isons of the different systems. The application of such a
type of evaluation in comparison with subjective evalua-
tion tests - where a set of representative listeners should
be gathered for each evaluation test, questionnaires pre-
pared, filled in and analyzed - is much less time consum-
ing and could be easily reproduced.

7 Conclusion

We have described experimental results from an automat-
ic recognition of prosodic events in the synthesized speech
produced by an HMM-based speech-synthesis system. The
results indicate that such kinds of tests could be used as
an objective measure for the evaluation of prosody mode-
ling in speech-synthesis systems. They also confirm a rel-
atively good impression of naturalness with HMM-based
speech synthesis, which was also noticed during previ-
ously performed subjective listening tests. The results of
this study also suggest that it could be worthwhile to make
use of the presented (or similar) prosodic annotations of
training speech corpora for constructing prosody-specific
sub-word acoustic models. However, the effectiveness of
such an approach is still to be confirmed empirically, which
we plan to do in our future experiments.
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OPTIMIZACIJA NAVORNE KARAKTERISTIKE ELEKTRONSKO
KOMUTIRANEGA MOTORJA V HIBRIDNEM POGONU
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'Univerza v Ljubljani, Fakulteta za elektrotehniko, Ljubljana, Slovenija
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Kjuéne besede: hibridno vozilo, elektronsko komutirani stroj, integrirani zaganjalnik-generator, navorna karakteristika, moénostni stikalni pretvornik,
krmiljenje EK motorja

lzviedek: V ¢lanku je predstavijena problematika zagona hibridnega pogonskega agregata, sestavlijenega iz enosmernega elektronsko komutiranega (EK)
stroja s trajnimi magneti (NdFeB) in Stiritaktnega motorja z notranjim zgorevanjem (NZ), Pogonski agregat je namenjen pogonu cestnega motocikla.
Zahteve po visokih zagonskin navorih motorjev z NZ, omejitve fizicnih dimenzij EK stroja in Sirok razpon vrtiine hitrosti narekujejo posebno pazljivost pri
nacrtovanju elektri¢nega stroja in v nadaljevanju tudi analizo krmilnih algoritmov EK stroja, predvsem v obmodju nizkih vrtitnih hitrosti. Obravnavana sta dva
pristopa k optimizaciji navorne karakteristike EK stroja in sicer slabljenje glavnega magnetnega pretoka v stroju in nastavijanje kota prevajanja tranzistorjev
mocénostnega stikalnega pretvornika. Predlagan je nov princip krmiljenja obravnavanega tipa motorja, ki vkljucuje oba navedena pristopa. Predstavijene so
primerjaine meritve ¢asovnih potekov vrtilnih hitrosti zagona motorja z NZ, med predlaganim in obic¢ajnim nacinom krmilienja EK motorja v hibridnem
pogonskem agregatu. Eksperimentalni rezultati potrjujejo izboljSave, ki jih doprinese predlagano krmiljenje EK stroja v motorskem reZimu obratovanja.

Torque Characteristic Optimization of Brushless DC Motor
in the Hybrid Vehicle

Key words: hybrid vehicle, brushless DC motor, integrated starter-generator, torque characteristic, switched mode power converter, BLDC motor control

Abstract: The paper outlines a case study on a brushless direct current (BLDC) motor for a hybrid propulsion system, with a particular focus on the motor
torque characteristic. The discussed hybrid propulsion system is in its origin intended to drive the motorcycle. The subject of our research is the Integrated
Starter-Generator (ISG) coupled to the internal combustion (IC) engine. Requirements for a high power density and an acceptable construction of the
electrical machine have led to the permanent~magnet BLDC machine with surface mounted rare-earth magnets on the external rotor. Very wide rotational
speed range of modern IC engines (up to 15 000 rpm), dictates particular properties and capabilities of the switch-mode power converter (SPC) (Fig. 1)
in order to support all operating modes of the ISG and to enable a bi-directional energy flow. High efficiency is of course an imperative. During the design
of the converter, our attention was paid also to efficient operation of the ISG at the operation range limits such as providing an efficient and fast starting
maneuver of the IC engine and extending the low-speed generator operation range /7/.

Stringent starting torque demands, electrical machine geometry limitations and a wide rotational speed range of the BLDC are reasons for control
algorithm analysis in the low speed operation mode to improve electric motor torque characteristic. Two approaches for the optimization of torque
characteristic are discussed in the paper: magnetic fiux weakening method and a modification of transistor conduction angle.

The flux-weakening method is a well known principle to extend the rotational speed range of the BLDC described by many authors /1-3/, which is
achieved with a phase current leading technique. The decreasing of the main magnetic flux is influencing on decreasing of the back EMF in the stator
winding which consequently increases the maximal possible stator current. On the other hand with this approach the main magnetic flux is decreased
which directly decreases the electromagnetic torque (Fig. 4). That is why the influence of the phase current leading is studied in detail to determine the
optimal angle of the phase current at rotational speed range directed by the starting manoeuvre of the IC engine.

To achieve optimal motor regime of the BLDC, modification of the phase current conduction is studied in detail. Two most common principles of BLDC
control are a 21t/ 3 angle switch-on mode (Fig. 5) and a © angle switch-on mode /1, 2/ (Fig. 6). The first control principle has a higher efficiency, whereas
with the second one we can produce a higher maximal electromagnetic torque. Conduction angles of switches between both control principles are
studied in detail to determine the optimal angle for switches of the AC/DC converter. Consequently that means that during one electrical turn the transistor
conduction angle is between 27/3 and nt (Fig. 7).

A novel control principle is proposed which includes both of the above discussed approaches and is based on laboratory measurements of the BLDC
motor (Fig. 7-10). Atorque characteristic comparison between a commonly used control method and the proposed control method is presented (Fig. 11).
Experimental results verify improvements on the starting procedure of the hybrid vehicle made by the proposed control algorithm of the BLDC (Fig. 12).

zanimi ukrepi za omejevanje onesnazevanja okolja se je
kot najprimernejsa izkazala zdruzZitev ve¢ razlicnih tipov
pogonskih strojev v skupni pogonski agregat. Moznih je
ve¢ kombinacij, med katerimi je tudi kombinacija motorja z

1. Uvod

Prve ideje o vozilih na elektricni pogon segajo dale¢ v leto
1830. Kot rezultat nenehnega razvoja motorjev z notran-

jim zgorevanjem (NZ), elektri¢nih strojev, akumulatorjev,
sklopov mocnostne elektronike, mikroprocesorske tehnike
in nenazadnje ¢edalje vedje okoljske zavesti ter s tem pove-
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NZ in elektritnega stroja, napajanega iz obnovljivega vira
elektricne energije. Ena izmed moznih izvedb hibridnega
pogona je tudi integrirani zaganjalnik-generator (IZG) na
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skupni mehanski gredi z motorjem z NZ. Pri izbiri ele-
ktricnega stroja za 1ZG so bile klju¢ne zahteve po obra-
tovalnih karakteristikah stroja v obeh moznih rezimih
delovanja, in sicer v motorskem in v generatorskem rezimu
/7/. Po rezultatih $tudije razli¢nih tipov elekiriénih strojev
se je kot najprimernejsi izkazal enosmerni elektronsko ko-
mutirani (EK) stroj (ang!/. BLDC) s trajnimi magneti iz redkih
zemel] na zunanjem rotorju, ki ob pravilni konstrukciji in
izbiri materialov nudi sprejemljivo specifi¢no mehansko oz.
elektricno mo¢. Zaradi velikega razpona vrtilne hitrosti sod-
obnih motorjev z NZ za cestne motocikle je za nacrtovalce
velik izziv konstrukcija elektricnega stroja, ki bi dosegala
optimalne obratovalne karakteristike tako v generatorskem
kot tudi v motorskem rezimu delovanja. Omenjena zahteva
in tudi sam princip delovanja EK stroja narekujeta uporabo
namenskega mocnostnega pretvornika za napajanje ele-
ktricnega stroja, ki mora optimalno delovati v vseh obra-
tovalnih rezimih 1ZG+ja in omogocati dvosmerni pretok ele-
ktricne energije (Slika 1).

Dvosmerni

DC/DC
! pretvornik

ProZenje

Ty T27T3,Ta, 75 Te

Slika 1. Mocnostni stikalni pretvornik za vodenje IZG.
Fig. 1: The switch-mode power converter topology.

Mocnostni stikalni pretvornik je sestavljen iz dvosmernega
DC/DC pretvornika, ki skrbi za nastavijanje ustreznih na-
petostnih nivojev v odvisnosti od rezima delovanja EK stro-
jain trifaznega pretvornika, ki omogoca delovanje stroja v
motorskem in v generatorskem rezimu. Pri zagonu motorja
z NZ je zaradi zmanjSanja parazitnega padca napetosti dvos-
merni DC/DC pretvornik premoscen.

Med nacrtovanjem celotnega hibridnega pogona, pred-
vsem pa mocénostnega pretvornika /8/, je bila posvecena
posebna pozornost obratovalnim karakteristikam ele-
ktricnega stroja pri mejnih vrednostih vrtilne hitrosti, kot na
primer optimizacija procesa zagona motorja z NZ in obra-
tovanje 1ZG v generatorskem rezimu vse do najvisjih vrtil-
nih hitrosti pogonskega agregata /7/.

Zahteve po visokih zagonskih navorih motorjev z NZ (za-
gon pri -10°C s poloviéno napolnjenostjo akumulatorja),
omejitve pri geometriji in fiziénih dimenzijah EK stroja ter
Sirok razpon vrtilne hitrosti narekujejo skrbno analizo na-
vorne karakteristike EK stroja. Analiza motorskega obra-
tovanja IZG je potekala predvsem v smeri dviga navorne
karakteristike v obsegu vrtilnih hitrosti, ki jih narekuje za-

gon motorja z NZ, kar pripomore k hitrejSemu, zanesljive-
j8emu in energijsko manj potratnemu zagonu. V &lanku sta
analizirana dva pristopa k doseganju predhodno zastav-
lienega cilja in sicer slabljenje glavnega magnetnega pre-
toka in nastavijanje kota prevajanja posameznih tranzistor-
jev trifaznega pretvornika.

V literaturi je pogosto navedena metoda slabljenja polja za
razsiritev obmocja delovanja EK motorja /1-3/, ki je
dosezena s tehniko faznega prehitevanja statorskega mag-
netnega pretoka. Zmanjsanje glavnega magnetnega pre-
toka vpliva na znizanje inducirane protinapetosti v stator-
skem navitju, kar posledi¢no povecuje maksimalno mozno
vrednost statorskega toka. Po drugi strani pa s tem zma-
njsujemo delovno komponento magnetnega pretoka, ki vpli-
va na generiranje elektromagnetnega navora. Zato je v
nadaljevanju podrobno raziskan vpliv faznega prehitevanja
statorskega magnetnega pretoka na elektromagnetni na-
vor enosmernega EK motorja med zagonom motorja z NZ.

Drugi ukrep za doseganje optimalne navorne karakteris-
tike EK motorja je nastavljanje kota prevajanja tranzistorjev
trifaznega pretvornika. V praksi sta najpogosteje uporablje-
na dva principa prozenja tranzistorjev in s tem dva nacina
krmiljenja enosmernega EK motorja /1, 2/: tako imeno-
vano 120° prozenje in 180° prozenje tranzistorjev. Pred-
nost 120° prozenja tranzistorjev je nekoliko visji izkoristek,
prednost 180° prozenja pa vecji maksimalni navor, ki ga
motor lahko razvije. Podrobno je raziskano podrodje, ki
zajema kote prozenja tranzistorjev med obema nacéinoma
prozenja z namenom, ugotoviti optimalen kot prevajanja
posameznih tranzistorjev. To pomeni, da bo dejanski kot
prevajanja posameznega tranzistorja znotraj elektricnega
obrata pri predlaganem nacinu krmiljenja med 120° in
180°, odvisno od trenutne vrtilne hitrosti EK motorja. Pove-
¢anje kota prevajanja posameznega tranzistorja ima za
posledico povecanje elektromagnetnega navora in zmanj-
Sanje izkoristka stroja.

2. TeoretiCho ozadje predlaganega
pristopa

A)  Slabljenje glavhega magnetnega
pretoka

Razsiritev podro¢ja obratovalnih vriilnih hitrosti elektricnih
strojev z metodo slabljenja glavhega magnetnega pretoka
v stroju je pogosto uporablien ukrep v elektromotorskih
pogonih /1-3/. Iz fizikalnih zakonitostih EK motorja izhaja,
da je kljuénega pomena odvisnost med amplitudo in-
ducirane protinapetosti v statorskem navitju motorja in vrtil-
no hitrostjo rotorja. Pozitivha napetostna razlika med enos-
merno napajalno napetostjo in vsoto induciranih napetosti
v dveh faznih navitjin (v primeru, da so navitja zvezana v
zvezdo) pogojuje velikost elektricnega toka v EK motorju
in s tem velikost razvitega navora. Z viSanjem vrtiine hitrosti
se napetostna razlika zmanjsuje, s ¢imer posledi¢no upa-
da elektricni tok in tudi navor motorija.
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Princip delovanja enosmernega EK motorja v podrociju sla-
blienja polia oziroma v podro¢ju konstantne modi je zelo
podoben vektorsko reguliranemu pogonu z asinhronskim
motoriem ali pogonu s tuje vzbujanim enosmernim motor-
jem. Pri vektorski regulaciji asinhronskega motorja je z d-
komponento statorskega toka (v smeri d-osi pri modelu
motorja v dg koordinatnem sistemu) neposredno doloceno
celotno magnetenje (vzbujanje) stroja, medtem ko pri enos-
mernem tuje vzbujanem motorju in tudi EK motorju z do-
datno komponento statorskega toka (vzdolzna komponen-
ta ig) le slabimo izhodiséni magnetni pretok v motorju, ki je
fahko rezultat tujega vzbujanja ali magnetnega pretoka zara-
di vgrajenih trajnih magnetov.

Za natan¢no analizo delovanja EK motorja v podrocju sla-
blienja polja je treba zapisati model EK motorja v dg koor-
dinatnem sistemu, vezanem na rotor motorja in sicer tako,
da je d os usmerjena skladno z rezuftancnim vektorjem

magnetnega pretoka rotorja ¢,,,. Pri EK motorju s sinusno
obliko induciranih napetosti in pri sinusnem vzbujanju sta
ig in iq konstantni vrednosti v rotorskem dg koordinatnem
sistemu. Pri EK motorju s trapezno obliko induciranih faznih
napetosti je modeliranje motorja in zapis v rotorskem dq
koordinatnem sistemu sorazmerno zahtevno. Trapezno
obliko induciranih napetosti v statorskem navitju lahko za-
piSemo z vsoto prispevkov osnovne in dodatnih visjehar-
monskih komponent statorske napetosti /6/. Pri simetric-
ni trapezni obliki inducirane napetosti s srednjo vrednostjo
ni¢ nastopajo v Fourierovi vrsti le lini visji harmoniki. V kon¢ni
obliki je model EK moterja zapisan v mesanem dq in of3
koordinatnem sistemu /6/.

Delovanje EK motorja s trapezno obliko inducirane nape-
tosti v podrodju slablienja polja lahko opiSemo na osnovi
modela motorja s sinusno obliko inducirane napetosti v
rotorskem dg koordinatnem sistemu. dg koordinatni sis-
tem je definiran tako, da vzdolzna komponenta toka iy
neposredno vpliva na vzbujanje motorja in sovpada z re-
zultanéno komponento rotorskega magnetnega pretoka

.., pre¢na komponenta i pa vpliva na proizveden navor
(Slika 2).

Ag
~WLyig,
A jRSi.Yq
Us ‘P JE
Ai=jiy,
e —

®mt d

Slika 2: Kazaléni diagram EK motorja.
Fig. 2: Brushless AC motor phasor diagram.

V optimalnem rezimu delovanja (maksimalen navor) EK
motoria je vzdolzna komponenta toka i, = 0. Rezim delova-
nja je mozen do vrtilne hitrosti, pri kateri je pri dani napajal-
ni napetosti regulacija zelenega statorskega toka Se izve-
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dljiva. Obratovanje EK motorja v podrocju slabljenja
glavnega magnetnega polja je razvidno iz slike 3.

\ szi.sq

(D)'()l d

Slika 3: Kazaléni diagram EK motorja v podro&ju
slabljenja polja.

Fig. 3:  Phasor diagram of the Brushless AC motor in
the flux-weakening area.

Statorski tok EK motorja lahko razstavimo na komponentiv
smeri d in q osi, pri éemer komponenta toka iy vpliva na
proizveden elektromagnetni navor, negativna komponenta
iy pa vpliva na rezultanéni magnetni pretok rotorja. Pri tuje
vzbujanem enosmernem motorju ima podobno viogo reak-
cija indukta. Posledica dodatne komponente toka iy in do-
pustne maksimalne vrednosti statorskega toka, dolocene z

[.r =~ izsq + i2.€(1 s (1 )

je zmanjsanje komponente toka iy, kar se odraza v zmanj-
Sanju navora EK motorja.

Poenostavljen diagram EK motorja s trapezno obliko in-
duciranih napetosti, ki zajema razmere s slik 2 in 3, kaze
slika 4. Pri obratovanju elektricnega motorja brez slablje-
nja polja je kot med vektorjema magnetnih pretokov rotorja

d,, in statorja ¢,,, stroja enak 90° (najvedii elektromagnet-
ni navor). Pri obratovanju s slabljenjem polja vekior mag-

netnega pretoka qim,l prehiteva vektor rotorskega pretoka
za ved kot 90°, kar je na sliki oznaceno s kotom &.

A q)r‘ot

Oy
- s: : q)stat

(ps[ | S :q)statl

Slika 4: Kazal¢ni diagram EK motorja s trapezno
obliko induciranih napetosti.

Fig. 4: Phasor diagram of the BLDC motor in the flux-
weakening area.

Vektor razstavimo na komponento qg;z, ki slabi magnet-

ni pretok rotorja in na komponento qi_s,, ki ustvarja ele-

statt
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ktromagnetni navor. Vidimo, da je slednji nekoliko manjsi

od ¢, kar bi pri nizjih vrtilnih hitrostih pomenilo tudi nizji
navor. Pri vigjih vrtilnih hitrostih pa zaradi posledi¢no niZje
inducirane napetosti teCe v motor vedji tok.

B) Nastavljanje kota prevajanja
tranzistorjev

Osnovna dva principa krmiljenja enosmernega EK motorja
sta 120° prevajanje tranzistorjev in 180° prevajanje tran-
zistorjev v enem elektri¢nem obratu. Pri prvem nadinu
krmiljenja so¢asno prevajata po dva tranzistorja in elektri¢-
ni tok tece skozi dve fazni navitji. V prikazanem primeru
(Slika 5) tece tok v navitje faze Ain iz navitja faze B. V nasled-
njem koraku (vrtenje v smeri urinega kazalca) bi tekel tok v
navitje faze A in iz navitja faze C. Komutacija toka iz enega
faznega navitja v drugega se vrsi vsakih 60° (elektri¢nih) in
sicer 30° pred najvecjo vrednostjo maksimalnega navora.
Na tak nacin dosezemo najvecji povpredni navor in naj-
manjso valovitost navora (angl. Torque Ripple).

A

C B

Slika 5: 120° prevajanje tranzistorjev.
Fig. 5:  2m/3 angle switch-on mode.

EK motor razvija maksimalen navor pri zavrtem rotorju {(ni
inducirane protinapetosti). Takrat lahko zapiSemo skupni
tok iz vira kot:
U
I = ,

vh RF . 2 y (2)
kjer je U napajalna napetost, Rr pa je upornost faznega
navitja.

Ce oznadimo koliénik U/Re = I, lahko zapidemo:

1
]\7}1 = E; (3)
Elektromagnetni navor motorija je zapisan kot:
M=k 'qg:'or Ximor’ (4)

kier je ¢ror magnetni pretok rotorja, v k pa zdruzimo vse
konstrukcijske konstante motorja. Ce zelimo izradunati ele-
ktromagnetni navor, moramo upostevati vse komponente
statorskega toka (slika 5):

M =k-o,, ([ siny +1,sind +I.sin}), )

kijer je y kot med vektorjema magnetnega pretoka rotorja
in magnetnega pretoka faze A (120°), § kot med vektorje-
ma magnetnega pretoka rotorja ter magnetnega pretoka
faze B (60°) in A kot med vektorjema magnetnega pretoka
rotorja ter magnetnega pretoka faze C.

rot

Tako dobimo najvedji navor motorja pri 120° prevajanju tran-
zistorjev:

M. . =k £sin120°+£sin60° =k-0,, [ﬁ (6)
) 2 2 2
Ce zavrtimo rotor za 30° dobimo najnizjo vrednost navora,

ki znasa:

3
e (7)
Razmerje med navorom, ki ga razvija motor in tokom, ki
teCe iz vira, je pokazatelj energijskega izkoristka motorja;
vecdje kot je razmerije visji je energijski izkoristek. Tako znasa
navedeno razmerje pri zavrtem rotorju in pri 120° preva-
ianju tranzistorjev:

M M

max — \E ; min — }_ (8)
k-o,, 1 k9,1, 2
Pri 180° prevajanju tranzistorjev so hkrati odprti trije tran-
zistorji, tok pa vedno tec¢e v vseh treh faznih navitjin EK
motorja. Na sliki 6 je prikazan primer, ko tok teGe v navitje
faze Ain iz navitij faz B in C. Na desnem delu slike je kazal-
¢ni diagram magnetnih pretokov v trenutku, ko motor raz-
vija najvedji navor.

A

I I
Moy =k 0, -(Esin 90° +sin 300): kb, T

vl

C B ¢ rez

Slika 6: 180° prevajanje tranzistorjev.
Fig. 6:  mangle switch-on mode.

Podobno kot pri 120° prevajanju stikal moramo priizradunu
najvecjega in najmanj$ega navora pri zavrtem rotorju upo-
Stevati vse tri komponente faznih tokov. Skupni tok iz vira
znasa:

(9)

Ce upostevamo razmere s slike 6, lahko s pomodjo enache
5 zapidemo najvedji navor motorja pri 180° prevajanju tran-
zistorjev:

2 . 1. .
My =k 0, »(1§51n90°+ [gsm30°+ [EsmlSO"):k O+ L

(10)

NajniZjo vrednost navora dobimo, po istem postopku kot
pri 120° prevajanju stikal, ¢e zavrtimo rotor za 30°;

B
5

(11)
Razmerje med najvedjim oziroma najmanj$im navorom in
tokom iz vira pri zavrtem rotorju in pri 180° kotu prevajanja
stikal znasa:

M, =k, -(zgsmw +1%sin0°+[%sin120"):k-q)m, 7.
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M i .
LMy 33 gy
k : q)ro/ ’ lvh 4

M 3
k ’ ¢ra/ ’ [\‘/1 2

max

3. Predlagan pristop optimizacije
navorne karakteristike

V prejdnjem poglaviu je podrobno obdelano teoreti¢no
ozadje predlaganih pristopov za optimizacijo navorne ka-
rakteristike EK motorja, iz katerih je mo¢ predvideti njihovo
odvisnost od vrtilne hitrosti motorja in od kota prevajanja
tranzistorjev trifaznega pretvornika. Slabljienje glavnega
magnetnega pretoka enosmernega EK motorja znizuje in-
ducirano protinapetost in s tem poveduje najvedji mozni
tok faznega navitja. Po drugi strani pa se z nizanjem vred-
nosti glavnega magnetnega pretoka manjsa tudi elektro-
magnetni navor. Zato je treba za optimalno delovanje EK
motorja poiskati ustrezen nivo slabljenja glavnega magnet-
nega pretoka v celotnem poteku zagona motorja z NZ. Sla-
blienje glavhega magnetnega pretoka pri enosmernem EK
motorju dosezemo s tehniko faznega prehitevanja stator-
skega magnetnega pretoka (Slika 4). To pomeni, da tran-
zistorje prozimo nekoliko prej od preklopa dajalnika pozi-
cije (obicajno trije Hall-ovi senzorji), ki je namescen tako,
da motor razvije maksimalen navor 30° po spremembi
njegovega logiénega stanja. iz enacb 6 in 10 je vidna raz-
lika v najvecjem navoru, ki ga enosmerni EK motor lahko
razvija v dveh razliénih reZzimih prozenja tranzistorjev
mocnostnega stikalnega pretvornika. 1z enacb 8 in 12 pa
je razvidno znizanje izkoristka motorja pri 180° prevajanju
tranzistorjev. 1z navedenih primerjav je mo¢ sklepati, da
optimalno delovanje EK motorja dosezemo s kotom preva-
janja tranzistorjev trifaznega pretvornika med 120° in
180°. Zato je treba poiskati optimalne delovne toCke v
celotnem obravnavanem podrocju vrtilnih hitrosti, kjer je
razmerje navor/izkoristek najvecije.

Optimalno delovanje EK motorja dosezemo z uposteva-
njem obeh obravnavanih principov krmiljenja, kar pomeni,
da se preklopi tranzistorjev ne vrsijo ve¢ ob spremembah
logi¢nega stanja Hall-ovih signalov Hy, 3 (Slika 7), ampak
SO pogojeni s kotom predprozZenja tranzistorjev trifaznega
pretvornika () (slabljenje glavnega magnetnega pretoka)
in kotom podaljSanja prevajanja tranzistorjev (o) pri doloceni
vrtilni hitrosti enosmernega EK motorja glede na 120° nacin
krmiljenja.

S | | N I |

’ L 2 ‘

Slika 7: Prozenje tranzistorjev v reZzimu slabljenja polja
in podaljSanega prevajanja tranzistorjev.
Fig. 7:  The proposed transistor switching.
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Zaradi nesinusne oblike inducirane protinapetosti in nelin-
earnosti enosmernega EK motorja je odvisnost navora
enosmernega EK motorja od kota predprozenja 3, od kota
podaljSanja prevajanja tranzistorjev ¢ in od vrtilne hitrosti
motorja analiticno zelo zahtevno opisati. Doloc¢itev optimal-
nega poteka navorne karakteristike oziroma najvecjega
navora v celotnem obsegu vrtilnih hitrosti zagona motorja z
NZ je obsegala laboratorijske meritve navornih karakteris-
tik. Na osnovi izmerjenih 3D karakteristik sta bila dolocena
kota «tin B za posamezne vrtilne hitrosti EK motorja.

lzmerjeno odvisnost elektromagnetnega navora od kota
predprozenja B in od vrtilne hitrosti pri kotu ¢ = 22,5°
kaze slika 8.

fy,
(”/'hin) 800 0

Slika 8: Odvisnost navora od kota f3in od vrtilne
hitrosti pri ¢ = 22,5°,

Torque dependence on 3 and rotational
speed at a = 22,5°

Fig. 8:

3D karakteristika na sliki 8 je le ena iz niza karakteristik, ki
so bile izmerjene pri razlicnih kotih . Iz merilnih rezultatov
je vidna pri¢akovana odvisnost navora EK motorja od vrtilne
hitrosti in od kotov ¢ in . Slika 9 kaze primer te odvisnosti
pri vrtilni hitrosti motorja 500 vrt/min.

e

40

) so O

Slika 9: Odvisnost navora EK motorja od kota o in
kota B pri vrtilni hitrosti 500 vrt/min.

Torque dependence on o and 3 at rotational
speed 500 rpm.

Fig. 9:
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Slika 10 kaZe odvisnost energijskega izkoristka motorja od
kotov cxin B pri vrtilni hitrosti 500 vrt/min. Iz slike je razvidno
znizevanje energijskega izkoristka pri povecevanju kota c.

) 40
& fo
[y 50 0

Slika 10:0Odvisnost izkoristka motorfja od kotov o in 3
pri vrtilni hitrosti 500 vrt/min.

Fig. 10: Efficiency dependence on ccand [ at
rotational speed 500 rpm.

Pri strategiji zagona motorja z NZ je treba upostevati tre-
nutne razmere, ki vplivajo na zagonsko proceduro (tem-
peratura bloka motorja, stanje napolnjenosti baterije,...).
Da dosezemo optimalno delovanje enosmernega EK mo-
torja kot tudi celotnega hibridnega sklopa, je treba uposte-
vati tako vrednosti najvedjega navora kot tudi izkoristek pri
doloceni vrtilni hitrosti. Tako sta predlagani dve zagonski
strategiji, ki upostevata zgoraj navedene zahteve. Pri hlad-
nem zagonu je smiselno upostevati kote pri katerih enos-
merni EK motor ustvarja maksimalen navor, kar pripomore
k zanesljivemu zagonu motorja z NZ. V drugem primeru,
ko je temperatura bloka motorja z NZ dovolj visoka, pa kr-
milimo EK motor tako, da dosezemo najvisji energijski iz-
koristek in s tem pripomoremo k ucinkovitejsi rabi elektricne
energije baterije hibridnega vozila (Tabela 1).

Tabela 1: Strategija zagona EK motorja pri dveh
obratovalnih pogojih motorja z NZ.

Table 1: Starting manoeuvre strateqy at two operating
modes of IC engine.

Optimalen navor Optimalen enerqijsk! izkoristek
nftiin] o B M{Nm] [ n%] | vdimin] o i MENmj [ %

800 30 506 | 132 | 640 800 30 508 | 132 6.40
750 30 506 | 265 | 2421 | 750 30 506 | 265 | 2421
700 30 506 | 428 | 4203 ¢ 700 30 506 | 428 | 4203
650 30 506 | 631 | 5633 | 650 30 375 | 348 | 5633
600 ki) 2061930 | 6793 I 600 15 25 1 309 | 7503
550 30 506 | 1247 | 7272 || 550 0 75 431 | 8369
500 30 506 1 1548 | 7194 ]| 500 75 15 1087 | 8427
450 30 500 | 1852 | 6862 | 450 0 15 1236 | 7932
400 45 506 | 2195 | 6394 | 400 i 15 1635 | 7380
30 45 45 2554 1 5830 4 350 0 15 2032 | 6723
300 45 45 2888 1 53451 300 75 251 2525 | 5931
250 30 375 | 3222 | 4551 4 250 75 25 | 2887 | 4962
200 0 0 35 | 3499 1 4041 1 200 15 25 | 3190 | 43
150 300 375 | 3738 | 3182 150 1.5 30 3470 | 3278
100 25 1 30 40.24 | 2361 | 100 25 30 4024 | 2442
20 10 18 4557 1 1648 1 50 10 18 4557 | 1618

0 0 0 6299 | 1128 0 0 0 6299 | 1128

4. Eksperimentalni rezultati

Izsledki teoreti¢nih raziskav so bili preverjeni na prototip-
nem hibridnem motociklu v katerem sta na skupni mehanski
gredi 1100 cm? stiritaktni motor z NZ in enosmerni EK stroj
v funkciji IZG z nazivnimi parametri P, = 900 W, Ragc=8
mQ, Lag,c =50 gH. Vse merilne, regulacijske in krmilne
funkcije so bile izvedene z mikrokrmilnikom PIC 18F452.

Slika 11 kaZze dvig navorne karakteristike in razsiritev ob-
sega vrtilnih hitrosti s predlaganim na¢inom krmiljenja enos-
mernega EK motorja ter primerjavo izkoristkov v obeh
rezimih delovanja glede na obic¢ajno 120° krmiljenje EK
motorja.

50 e 100
& M (oL = opt) W

| g M (o, B =0%)
| |
40 n (0. B =opt). *_ 80
e p =00
30 60
€ —
z 2
20 5 40 =
A
kY
&
10 \ 20
P 3
g_\\
0 i — o
0 200 400 600 800 1000

n [vrt/min]

Slika 11:Primerjava navora in izkoristka enosmernega
EK motorja pri ccin B = O ter optimalnem oin J5.

Fig.11: Comparison of torque and efficiency at o, 5 =
0° and at optimal ¢ and .

Iz slike je razvidno, da EK motor s predlaganim nacinom
krmiljenja doseze v povprecéju za 15% visji navor in dvig
zgornje meje motorskega obmocija delovanja za 30%, kar
je v skladu s teoreti¢nimi izsledki v drugem poglavju. Pri
nizjih vrtilnih hitrostih rotorja je izkoristek motorja pri pred-
laganem nacinu krmiljenja primerljiv z izkoristkom pri 120°
krmiljenju, tako zaradi kraj$ega kota podaljsanja prevaja-
nja tranzistorjev kot tudi zaradi manjsega vpliva slabljenja
magnetnega polja. Z visanjem vrtilne hitrosti povecujemo
komponento toka, ki slabi glavni magnetni pretok v motor-
juin hkrati prilagajamo kot prevajanja tranzistorjev, kar pos-
ledi¢no povecuje elektromagnetni navor obenem pa niza
izkoristek EK motorija.

Ustreznost predlaganega pristopa krmiljenja enosmernega
EK motorja je bila ovrednotena na podlagi primerjave Ca-
sovnega poteka vrtilne hitrosti zagona motorjaz NZ z obiéaj-
nim (120°) krmiljenjem in krmiljenjem po predlagani strate-
giji (Slika 12).

Valovitost vriilne hitrosti (Slika 12a) je posledica navorne
karakteristike motorja z NZ (stiritaktni motor). Doprinos pred-
laganega pristopa je bolje razviden iz primerjav povprecnih
vrednosti vrtilne hitrosti (Slika 12b), kjer je oditna razlika v
hitrosti narasc¢anija vrtilne hitrosti (pospeska) in tudi razlika
v dosezeni konéni vrtilni hitrosti hibridnega agregata.
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Slika 12: Primerjava asovnih potekov vrtilnih hitrosti
zagona motorfja z NZ.
Fig.12: IC engine staring maneuver comparison.

Med izvajanjem optimalnega zagonskega postopka se na
podlagi izmerjene vrtilne hitrosti rotorja dolocata kota o in
B. Do vrtilne hitrosti 50 vrt/min sta oba kota enaka ni¢, saj
je zaradi visoke dinamike spreminjanja vrtilne hitrosti gnane
gredi hibridnega agregata in zaradi enostavnega nacina
detektiranja pozicije rotorija EK motorja tezko pravilno aplici-
rati strategijo kotno premaknjenih proziinih pulzov za
posamezne tranzistorje mo¢nostnega pretvornika. Visoka
dinamika vrtilne hitrosti izvira iz visokih trenutnih vrednosti
navora motoria z NZ, kot posledica kompresijskih in ek-
spanzijskih ciklov. Nad 50 vrt/min sta kota nastavljena v
skladu s predlagano strategijo.

5. Zakljucek

V ¢lanku je opisana problematika motorskega obratovanija
enosmernega EK stroja kot izvrSilnega ¢lena integriranega
zaganjalnik-generatorja v hibridnem motociklu. Obravna-
vana sta dva ukrepa za izboljSanje navorne karakteristike
in sicer slablienje glavnega magnetnega pretoka ter nas-
tavljanje kota prevajanja tranzistorjev, ki sta se v praksi iz~
kazala kot izjemno ucinkovita. Najvecji navor, ki ga obravna-
vani stroj lahko razvije, se je v povprecju zvisal za 15%,
povecal se je tudi razpon vrtilnih hitrosti delovanja stroja v
motorskem rezimu s 600 vrt/min na 860 vrt/min. Posle-
dicno se je izboljsala dinamika zagona motorja z notranjim
zgorevanjem, kar je verificirano z meritvami na hibridnem
vozilu. Slabost predlaganega pristopa je nizji izkoristek, ki
je posledica slabljenja glavnega magnetnega pretoka in
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daljSega kota prevajanja toka skozi posamezna fazna navitja.
Predlagan pristop krmiljenja enosmernega EK motorja je
moc¢ uporabiti v aplikacijah, ki zahtevajo obratovanje z mak-
simalnim navorom, izkoristkom ali pa s kombinacijo obehv
celotnem obmocju vrtilnih hitrosti.
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DEFINICIJA KRITERIJSKE FUNKCIJE ZA RUBUSTNO
OPTIMIZACIJO LASTNOSTI OPERACIJSKEGA
OJACEVALNIKA

Janez Puhan, Arpéd Burmen, Saso Tomazi¢, Tadej Tuma

Fakulteta za elektrotehniko, Ljubljana

Kjuéne besede: ASIC, nastavijanje parametrov vezja, optimizacija vezij, kriterijska funkcija, robustnost

izvledek: Nadrtovanje analognega dela namenskega integriranega vezja (ASIC) je v grobem sestavljeno iz dveh korakov. Najprej nacrtovalec izbere
topologijo vezja, ki bo zastavljeni nalogi kos. Sledi nastavijanje parametrov vezja (npr. $irin in dolzin kanalov MOS tranzistorjev), dokler postavljene zahteve
niso izpolnjene. Drugi korak predstavija optimizacijski proces, v katerem se nadrtovalec odlo¢a glede na svoje znanje in izkusnje. OdioCitve nacrtovalca v
matematiGnem smislu predstavljajo kriterijsko funkcijo. V ¢lanku je predstavijen matematiéni zapis kriterijske funkcije za MOSFET ojacevalnik, ki poskusa
posnemati nacrtovalske odloéitve. Kriterijska funkcija je preizkusena na realnih primerih p- in n-kanalnega ojacevalnika. Rezultati racunalniske optimizacije
pokazejo, da je mogode z ustrezno izbiro kriterijske funkcije karakteristike klasiéno nacrtovanega vezja celo izboljSati.

Cost Function Definition for Robust Optimisation
of Operational Amplifier

Key words: ASIC, circuit sizing, circuit optimisation, cost function, robustness

Abstract: Designing of analogue part of an arbitrary application specific integrated circuit (ASIC) is a process which requires senior designer skills. It is
mainly composed of analysing designer ideas by computer simulator.

Initially an adequate circuit configuration has to be set, afterwards he/she just varies circuit parameters {e.g. MOSFET channel widths and lengths} in
order to achieve required attributes (circuit sizing). So the second stage of designer’s work is a kind of optimisation process. Key to the final solution is an
evaluation of the circuits tested during the process, which is done subjectively with regard to all his/her knowledge and experience. Translated to
optimisation process this represents cost function. Mathematical definition of cost function for MOSFET operational amplifier is presented. It follows the
designer's knowledge to avoid degenerated solutions. Robustness across a range of operating conditions is also taken into account. The definition is
tested on a real operating amplifier case with p- and n-channel input differential pair. The results obtained with direct optimisation method show that an
improvement over the human design can be achieved. Therefore it could represent a helpful tool for solving circuit sizing problem.

na simulacijah /10, 11/ ipd. Nadalje Stevilni ¢lanki s po-
drocja parametrske optimizacije /12, 13, 14, 15, 16/ na-

1 Uvod

Pri nacrtovanju analognega dela integriranega vezja
poskusamo zadovoljiti postavljene zahteve ali specifikaci-
je vezja. To so lastnosti vezja, ki so podane z realnimi ste-
vili, kot npr. ojacenje, fazna varnost, pasovna $irina ...

Ko vezje izpolnjuje vse zahteve v zadovoljivi meri, je posto-
pek nacrtovanja kon¢an. Razdelimo ga lahko v dve stop-
nji. Najprej moramo dolo¢iti konfiguracijo vezja, za katero
predpostavijamo, da bo z njo mogoce izpolniti postavijene
zahteve. Pri tem se moramo opreti predvsem na izkusnje
in teoreticno znanje iz analize znanih tipov vezij. V literaturi
zasledimo poskuse avtomatske sinteze topologije oziroma
konfiguracije analognega vezja /1, 2/, ki pa se v praksi
niso prijeli. V drugi stopnji se poskusamo s spreminjanjem
parametrov vezja (npr. s spreminjanjem dolzin in Sirin
kanalov MOSFET) postavijenim zahtevam ¢imbolj priblizati.
V praksi to navadno pomeni, da vezja z razli¢nimi nabori
parametrov preizkusamo s pomodcjo racunalniskih simulaci;.
Torej izvajamo optimizacijski postopek, ki je bil do sedaj
obravnavan s stali§¢ nominainega vezja /3, 4/ in toleranc
/5, 8, 7/. Natej osnovi so bila izdelana optimizacijska orod-
ja, ki temeljijo na analiticno dobljenih ena¢bah /8, 9/, ali

kazujejo njeno kljuéno vliogo pri avtomatizaciji na¢rtovanja
integriranih vezij.

Vendar nadrtovalci le redko posezejo po optimizacijskih
orodjih. Odgovor na vprasanje, zakaj je temu tako, se skri-
va v vrednotenju vezij s posameznimi nabori parametrov,
oziroma v odlo¢anju katero vezje je boljse. Clovek se o
tem odlodéa subjektivno na podlagi izkusenj, znanja in pre-
teklih poizkusov.

Tako se Ze v osnovi izogiba izrojenim resitvam, ki imajo neka-
tere zahteve izpolnjene veé kot zadovoljivo, ali pa niso ro-
bustne. Do sedaj so se s to teZzavo spoprijeli s postavijan-
jem razliénih eksplicitnih ali implicitnih omejitev /12, 13,
15, 17/, ter tako mocéno omeijili parametrski prostor. Tak-
Sne resditve za nacrtovalca niso priroéne. Potrebovali bi
matemati¢no definicijo kriterijske funkcije, ki bo optimizac-
ijski postopek vodila v pravo smer, ter se ne bo izgubljala v
posameznih izrojenih resitvah. Ob tem je potrebno dodati,
da je kriterijska funkcija Ze po svoji naravi vezana na dolocen
tip vezja, ¢e ne kar na doloCeno konfiguracijo. Tako je
potrebno za vsak tip (ali celo konfiguracijo) vezja (npr.
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ojacevalnik, sledilnik ...) definirati novo kriterijsko funkcijo.
V cClanku je podana definicija kriterijske funkcije za klasi-
¢cno konfiguracijo CMOS operacijskega ojadevalnika.

2  Splosna matemati¢na definicija
kriterijske funkcije

Kot je bilo povedano ze v uvodu mora kriterijska funkcija
ovrednotiti vse relevantne lastnosti vezja. V nasprotnem
primeru nas lahko optimizacijski postopek privede do ne-
smiselnih resitev. (Primer: ojacevalnik s &im $irsim
frekvenénim pasom, rezultat je vezje z zadovoljivo pasovno
Sirino, vendar zelo visoko tokovno porabo) Tako ima kriter-
iiska funkcija obliko vsote, v kateri se sestevajo prispevki
posameznih lastnosti.

Naj vektor p oznacuje n spremenljivih parametrov vezja.
Za vsak nabor parametrov dobimo m lastnosti vezja, ki jih
zdruzimo v vektor |.

l:l(p) l= [[1 ]2 B lm]T p = {17\7])2 s -pn]T (1)

Lastnosti vezja se morajo v konénem rezultatu ¢imbolj
priblizati postavljenim zahtevam, oziroma jih v celoti izpoln-
iti. Zahteve popisemo z vektorjema s = [s1, 82 . . . sm]' in
z=1z1,22 ... zm]' spodnijih in zgornjinh mej. Pri tem ima
lahko spodnja meja vrednost — «<, zgornja pa o<.

Naj bo g(x) poljubna zvezna monotono naraséajoca funkci-
ja za x> 0, ki gre skozi koordinatno izhodis¢e (g(0) = 0).
Definiramo funkcijo f(x), ki naj bo enaka:

Fe) 0 @< 0
Jx) = )
glz) z>0 (@)
Kriterijska funkcija E(p) naj bo vsota prispevkov posameznih
lastnosti, in sicer bolj kot je lastnost oddaliena od zahtev-
anega intervala, vedji je njen prispevek. Prav tako naj bodo
lastnosti med seboj enako uteZzene, kar pomeni, da odd-
aljenost merimo relativno.

e -5 0 () (957) @

=1

Pri tem je funkcija u(x) = |x| za vsak x 2 Q in u(0) = kon-
stanta vec¢ja od 0. Navadno vzamemo kar konstanta = 1.
Da bi bila kriterijska funkcija dokonéno doloéena si mora-
mo izbrati Se g(x). Najenostavnejs$a izbira je g(x) = x.

Vendar z optimizacijskim postopkom Se ne moremo priceti.
Definirati je potrebno spremenljive parametre vezja p, vse
relevantne lastnosti |, ter seveda zelene vrednosti s in z.
Vse nasteto se navezuje na izbran tip vezja, oziroma konk-
retno konfiguracijo vezja. V razdelku 4 bomo podrobneje
razc¢lenili CMOS operacijski ojacevalnik.

3 Robustnost

Optimizacijski postopek bo nasel minimum kriterijske funk-
cije (3), kjer bodo lastnosti vezja | izpoinjene v najboljsi
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mozni meri. Vendar bo to res le ob nominalnih pogojih izde-
lave in delovanja, kar pa ne zado$ca. QOjadevalnik z odliéni-
mi lastnostmi pri 25 °C, ki se pri 75 °C prelevi v oscilator,
je neuporaben. Zato morajo postavijene specifikacije vel-
jati preko sirSega obmodja, znotraj katerega se lahko vvna-
prej predpisanih mejah spreminjajo tako pogoji delovanja
(npr. temperatura), kot pogoji izdelave (npr. spremembe
procesa izdelave integriranih vezij). Oziroma vezje mora biti
nacrtovano robustno.

Spremenljive pogoje izdelave nam poda proizvajalec z r
nabori parametrov modelov polprevodniskin elementov. Po-
leg tega imamo Se t spremenljivih navzgor in navzdol ome-
jenih pogojev delovanija, ki definirajo mnozico D = R, Last-
nosti | naj bi veljale v vsaki to¢ki mnozice D za vsakega
izmed r naborov, kar je zaradi neskonénega stevila tock v
D nemogoce preveriti. Zato mnozico D diskretiziramo in za
vsakega izmed t pogojev izberemo v znadiinih in ekstrem-
nih vrednosti (npr. tri diskretne temperature). Mnozica D
sedaj vsebuje koncno Stevilo I, v todk ali kotov. Z up-
ostevanjem r naborov lahko robustnost vezja preverimo z
analizo oziroma dolocitvijo lastnosti I v 7 [T.., v; kotih. V tem
kontekstu lahko nominalne pogoje obravnavamo kot en kot.

Da bi optimizacijski postopek zanesljivo privedel do robust-
nega vezja, bi morali doloditi lastnosti | v vsakem izmed
r [T, v; kotov v vsaki iteraciji. To v praksi ni izvedljivo, kakor
tudi pri roénem naértovanju ne preverjamo vseh kotov po
vsaki spremembi. izkaze se, da je mogoce z optimizacij-
skim postopkom vseeno dosedi robustnost z naslednjim
hevristicnim postopkom. Sprva optimizacijski postopek iz-
vedemo v nominalnih pogojih in na koncu preverimo vse
kote. Za vsako lastnost, ki vsaj v enem kotu kréi specifika-
Gije, si zapomnimo tisti kot, v katerem je odstopanje na-
jveCje. Optimizacijski postopek ponovimo, vendar tokrat v
vsaki iteraciji poleg nominalnih lastnosti dologamo $e last-
nosti v najbolj tezavnih kotih. V najslabsem primeru mora-
mo tako v vsaki iteraciji vezje analizirati v m+ 1 < [T, v
kotih, kar je izvedijivo.

4 Lastnosti operacijskega
ojacevalnika

Da bi optimizacijska zanka dala smiseln rezuitat, moramov
kriterijski funkciji upostevati vse relevantne lastnosti oper-
acijskega ojacevalnika. Kot relevantne lastnosti lahko ra-
zumemo pomembnejse, oziroma kljuéne lastnosti vezja.
Ce katero izmed njih izpustimo, bo po optimizacijskem
postopku ta lastnost vezja postavljena bodisi povsem nak-
lju¢no, ali pa bo imela celo zelo slabo vrednost. V prvem
primeru je njena naklju¢na vrednost posledica tega, da iast-
nost ni bila vklju¢ena v kriterijsko funkcijo. V drugem, usod-
nejSem primeru, pa so se na ra¢un nase lastnosti posku-
Sale izboljsati druge vklju¢ene lastnosti. Kriterijska funkci-
ja se navezuje na dolo&en tip vezja. Slika 1 prikazuje test-
no simulacijsko vezje za preizkusanje operacijskih ojaceval-
nikov.
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Slika 1: Testno simulacijsko vezje

Pri naértovanju operacijskega ojacevalnika so pomembne
naslednje lastnosti: povrsina silicija, ki ga ojacevalnik za-
vzema, enosmerni odziv vezja (dc analiza), odziv vezja na
majhne izmenic¢ne signale v delovni tocki (ac analiza), sum,
ki se generira v vezju (noise analiza), ter hitrost vezja (tran
analiza). Povrsino silicija A dolo¢imo enostavno z vsoto povr-
$in posameznih elementov. Prva pomembnejSa odloCitev
nastopi po dc analizi, ki jo izvrSimo s spreminjanjem vira
vinp iz negativhega do pozitivnega nasi¢enja. Analogno
maso zagotavlja vir vagd = (vsp — vsn)/2. Ojacevalnik poj-
mujemo za neizrojenega, ¢e izhodna napetost vout objame
analogno maso, in hkrati je njegovo aktivno podrocje med
skrajnima vrednostima napetosti vinp. Oziroma veljati mora-
ta pogoja:

min(vout)< vagd < max(vout)

max | duout
dvout < -Illd‘X (flz/zﬂnp) (4)

(h)’L‘?Y,p min(vinp),max(vinp) 2

Ce pogoja (4) nista izpolnjena, potem vsem $e nedoloce-
nim lastnostim vezja (za zdaj $e vse lastnosti razen povrs-
ine) pripiSemo najslabse mozne vrednosti. To vodi v visoko
vrednost kriterijske funkcije, kar izrojenemu vezju tudi
priti¢e. Nadaljnjih analiz vtem primeru ne izvajamo. V nas-
protnem dologimo dc lastnosti (slika 2), ki so: razpon vpp,
ojagenie Vpp/ViNpp, Voftset, SiMetrija Voutoffset, tokovna poraba
ip in razlike napetosti vge—vih tranzistorjev v tokovnih zrca-
lih. Slednje podajajo podrocje delovanja. Tokovna zrcala
dolocajo delovno tocko, zaradi ¢esar moramo zagotoviti
zanesljive preslikave tokov, oziroma ti tranzistorji morajo
delovati v nasi¢enju.

Naslednja pride na vrsto izmeni¢na analiza v delovni toCki.
Tokrat zahtevamo monotono padajo¢o fazo prevajalne funk-
cije. Nemonotono padajoci fazni poteki lahko v optimizac-
iiskem postopku privedejo do le navidezno velike fazne var-
nosti, zato jih prepovemo.

s vouL
vinp
—vout

darctan —
ViR (3 (5)
df

vinp=0
vout(vin
voffset / (vinp)
/ T
/! ]
vout = vagd . /
voutoffset / oT
N2 vpp
s
/S S
/ |
/// !
e b
//
vinpp

Slika 2: dc lastnosti (DT . .. delovna toka, S . ..
simetri¢na tocka)

Ce je pogoj (5) izpolnjen dolo¢imo relevantne lastnosti v
frekvenénem prostoru, ki so: pasovna $irina fogg, fazna var-
nost pm, amplitudna varnost am, ter maksimalne vrednosti
za CMRR, PSRR; in PSRR;, za frekvence nizje od fir. Poleg
nastetih lastnosti vklju¢imo Se ojaCenje takoj za vhodnim
diferencialnim parom Giy. Nadrtovalske izkusnje nam
kazejo, da je modro ojac¢enje v vozliscu ty pri frekvenci, ko
ojadenje v t2 pade na polovico (sliki 4 in 5), drzati na
dolo¢enem nivoju.

Nadaljujemo s sSumno analizo, kjer nimamo posebnih zah-
tev. Relevantni Sumni lastnosti sta spekiralni gostoti suma
ojacevalnika pri frekvencah f11in fierm. Frekvenci sta izbrani
tako, da podajata informacijo o 1/f Sumu pri nizkih frek-
vencah in o termicnem sumu pri nekaj visjih frekvencah.
Poleg tega se izkaze, da je prav, ¢e nadzorujemo tudi raz-
merje med integriranim Ssumom diferencialnega para in pri-
padajo¢ega tokovnega zrcala ,l,‘;”lfé"—” . S tem poskusamo
relativno znizati Sum tokovnega zrcala, ki ga vidimo
navzven.

Zadnja pride na vrsto ¢asovna analiza. Vir vinp ima tokrat
obliko pravokotnega impulza, ki ojac¢evalnik potisne iz neg-
ativnega v pozitivno nasi¢enje in spet nazaj (slika 3). Meri-
mo hitrost odziva ojacevalnika, ki je izrazena s ¢asom nar-
aséanja tise in padanja ten. Casovna analiza je najzahtevne-
j$a in kot taka racunsko najbolj ocbremenjujoca. V optimiza-
cijskem postopku se zanesljivo pojavijo kombinacije para-
metrov, ki dajo zelo poc¢asna vezja. Da bi v teh primerih
lahko izmerili trise in tran, bi moral biti vhodni impulz zelo sSirok,
¢asovno analizo pa bi bilo potrebno izvesti za mnogo daljsi
¢as. Ker vhaprej ne vemo, katero vezje je pocasno, bi bilo
potrebno to narediti za vsako kombinacijo parametrov, tudi
za hitravezja. To je nesprejemljivo, zato po¢asna vezja enos-
tavno razglasimo za izrojena.

U > 0.95(max(vouty.) — min(voutq.))

(6)
vout(ty) < vout(0) + 0.05vVmm

Razpon dosezen v ¢asovni analizi mora obsegati vsaj 95%
razpona iz dc analize. Hkrati zahtevamo, da izhodna nape-
tost v koncénem ¢éasu tx pade na manj kot 5% napetosti v
pozitivnem nasicenju.
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Slika 3: tran lastnosti

Na tem mestu se postavi vprasanje, ali je vkijuditev casovne
analize v kriterijsko funkcijo sploh potrebna? V kriterijski
funkciji se ze nahajajo izmeni¢ne lastnosti vezja (ac anali-
za). Z viSanjem pasovne Sirine vezja avtomati¢no dvigujemo
tudi hitrost vezja. Vendar ne smemo pozabiti, da je izmenic-
na analiza narejena na vezju lineariziranem v delovni toc¢ki.
Tako nam izmenicne lastnosti vezja posredno nekaj pove-
do o hitrosti spreminjanja izhodne napetosti preko aktivnega
podrocja. Za merjenje casov narascanja in padanja pa je
klju¢nega pomena tudi podatek, kako globoko v nasi¢enju
se vezje nahaja in koliko ¢asa potrebuje, da se iz tega stanja
zbudi. Casovna analiza torej v kriterijsko funkcijo vnaga ve-
likosignalne lastnosti in je kot taka potrebna.

5 Rezultati na realnih primerih

Opisano kriterijsko funkcijo smo preizkusili na dveh realnih
primerih CMOS operacijskih ojadevalnikov (sliki 4 in 5).
Ojacevalnika sta bila nacrtovana v 0.8 um tehnologiji firme
Austria Micro Systems. Spremeniljivi parametri so bile vse
Sirine in dolzZine kanalov tranzistorjev v vezju, ter vrednost
upornosti in kapacitivnosti v povratni vezavi izhodnega tran-
zistorja.

wrdl AC L i

inp

o> ;—[1 HJTTHE Lig

vsn

Slika 4: Operacijski ojacevalnik s p-kanalnim
diferencialnim parom

Privzeti so konstantni pogoji izdelave (r = 1), kar ne okrni
nazornosti ocbeh primerov. Robustnost vezja smo preizku-
sili z naslednjimi spremenljivimi pogoji delovanja: napajal-
na napetost vsp — vsn, enosmerni vhodni potencial vagad-
cm, odmic¢ni tok ibias, rezistivni in kapacitivni del bremena
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rout in cout, ter temperatura. Za vsako izmed veli¢in smo

izbrali tri znacilne vrednosti (t= 3zai=1, 2. .. 6), in sicer
minimalno, nominalno in maksimalno.
vsp T
ﬁ[ ] L_ !
| | ! 1
il x ‘iJ HHL JHAL HH
E 14— [ FJ
_______________ ]
@ L

- OWT
i < out
| E o

N

Slika 5: Operacijski ojacevalnik z n-kanalnim
diferencialnim parom

Torej imamo 3% = 729 kotov. Da bi dosegli zadovoljivo ro-
bustnost, smo morali poleg lastnosti v nominainih pogojih,
v kriterijsko vkljuciti e fazno varnost pri maksimalnem ka-
pacitivnem delu cout bremena. S tem postanejo zadovoljivo
robustne tudi vse ostale lastnosti. V optimizacijskem postop-
ku smo tako v vsaki iteraciji izracunavali le dva kota. Rezul-
tati za oba primera so zbrani v tabelah 1 in 2.

Tabela 1: Rezultati za ojacevalnik s p-kanalnim
differencialnim parom

p-kanalni dif. par zaht. ref.  opt.
A pm? 10000] 11669 10000
Upp \Y 47 3.6 3.6
Vpp/ Vingpp 20007 1692 2052
Voffset uwv 100] 182 35
Voutoffset MV 200] 239 200
ip LA 500] 570 *618
Vgs — Vg, MV 6007 506 755
Joan MHz 207 17 20
G dB 077 -071 0 0.25
pm ° 707 69 70
am dB -30¢ -25 -30
CMRR dB -100] 96 *-92
PSRRp dB -100] -95  -100
PSRRn dB -60| -59 -82
noisery nV/VHz | 100 119 81
noiseirm nV/vHz 91 9.6 9.3
R 047 035 057
trise ns 400} 478 289
tfa,ll ns 200], 257 171

Vtabelah 1 in 2 so zbrane lastnosti, ki so bile podrobneje
opisane v odstavku 4. Vse nacrtovalske zahteve oziroma
specifikacije vezja so omejene le na eno stran. Znaka Tin
! povesta, da je to spodnja, oziroma zgornja meja. Zadnja
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dva stolpca podajata lastnosti referenénega in opti-
miziranega vezja. Referenéno vezje je bilo nacrtovano klasi-
&no ro¢no. Optimizirano vezje je rezultat optimizacijskega
postopka, zagnanega iz skrajne toCke parametrskega pros-
tora, ko imajo vsi parametri najmanj$e mozne vrednosti.

Tabela 2: Rezultati za ojaCevalnik z n-kanalnim
differencialnim parom

n-kanalni dif. par zaht,. ref.  opt.
A pm? 10000/ 14688 13315
Upp \Y% 47 39 *38
Vpp/ Vingp 40007 3145 5069
Voffset nY 80 89 67
Voutoffset TV 100, 122 100
iy LA 600] 634  *736
Vgs — Uy, MV 7007 311 697
Joan MHz 207 15 20
Gins dB 1] 1.26 1
pm ° 807 76 86
am dB 40] 32 25
CMRR dB -110]  -108  -110
PSRRp dB 500 <45 47
PSRRn dB 500 46 -46
noise;;;  nV/yHz | 100 133 123
noisem nV/vVHz 9l 94  *9.9
L. 51 4.95 5
Lrise ns 4000 440 260
t ol ns 600 671 368

Ze hiter prelet rezultatov pokaze, da je optimizirano vezje v
vedini lastnosti boljSe od referenénega. Slabse, vendar se
vedno zadovoljive lastnosti*, so se pojavile pravzaprav le
pri tokovni porabi in amplitudni varnosti (n-kanalni par).

6 Zakljuéek

Predlagana splosna formulacija kriterijske funkcije je lahko
uporabliena na poljubnem tipu, oziroma konfiguraciji vez-
ja. Robustnost vezja nadalje zagotovimo z razsiritvijo kriter-
ijske funkcije s tako imenovanimi tezavnimi lastnostmi v
skrajnih pogojih izdelave in delovanja. Pri tem so koti iz-
brani selektivno, kar pripomore k ucinkovitejsemu optimiza-
cijskemu postopku.

Kriterijska funkcija opisane oblike je bila preizkusena v op-
timizacijskem postopku na dveh industrijskih primerih
CMOS operacijskega ojacevalnika. Pred tem so bile seve-
da dolo¢ene vse relevantne lastnosti tega tipa vezja, kivod-
ijo v smiseln rezultat. Iz rezultatov je razvidno, da lahko pred-
stavlja splosno optimizacijsko orodje s tako definirano kri-
terijsko funkcijo uporaben pripomodcek pri nacrtovanju in-
tegriranih vezij. Kljub temu pa naértovanja na tej stopnji Se
ni mogoce povsem avtomatizirati. Kon¢na odlocitev je Se

vedno v nacrtoval&evih rokah, ki z rezultati optimizacijske-
ga teka ni nujno zadovoljen. Postopek lahko v tem primeru
ponovi s spremenjenimi zahtevami, ali pa na roke nadalju-
je iz optimiziranega vezja.

V kriterijski funkciji ostajajo nedolo¢ene relevantne in
tezavne lastnosti za posamezne tipe, oziroma konfiguraci-
je vezij, ki bi zagotovile smiseln in robusten rezultat. S Sir-
$im naborom lastnosti za ve¢ tipov vezij bi bilo mogoce
zgraditi splosnej$e orodje za nacrtovanje analognih in-
tegriranih vezij.

Avtorji se zahvaljujejo sodelavcem iz Laboratorija za mikroe-
lektroniko na Fakulteti za elektrotehniko v Ljubljani za ste-
vilne koristne napotke, katerih temelj je dolgoletno delo na
podroc¢ju nacértovanja integriranih vezij.

Raziskave je sofinancirala Agencija za raziskovalno de-
javnost v okviru programa P2-0246 - Algoritmi in optimiza-
cijski postopki v telekomunikacijah.

Literatura

/1/ H.Y. Koh, C. H. Sequin, P. R. Gray. OPASYN: a compiler for CMOS
operational amplifiers. IEEE Transactions on Computer Aided
Design of Integrated Circuits and Systems, vol. 9, no. 2, Feb.
1990, pp. 113-25

/2/ J. P. Harvey, M. |. Eimasry, B. Leung. STAIC: an interactive frame-
work for synthesizing CMOS and BiCMOS analog circuits. IEEE
Transactions on Computer Aided Design of Integrated Circuits
and Systems, vol. 11, no. 11, Nov. 1992, pp. 1402-17

/3/ R. K. Brayton, G. D. Hachtel, A. L. Sangiovanni-Vincentelli. A survey
of optimization techniques for integrated-circuit design. Proceed-
ings of the IEEE, vol. 69, no. 10, Oct. 1981, pp. 1334-62

/4/ W. Nye, D. C. Riley, A. Sangiovanni-Vincentelli, A. L. Tits. DELIGHT.
SPICE: an optimization-based system for the design of integrat-
ed circuits. IEEE Transactions on Computer Aided Design of In-
tegrated Circuits and Systems, vol. 7, no. 4, April 1988, pp.
501-19

/5/ S. W. Director. The simplicial approximation approach to design center-
ing. IEEE-Transactions-on-Circuits-and-Systems, vol. CAS-24,
no. 7, July 1977, pp. 363-72

/6/ K. J. Antreich, R. K. Koblitz. Design centering by vyield prediction.
IEEE Transactions on Circuits and Systems, vol. CAS-29, no. 2,
Feb. 1982, pp. 88-95

/7/ P. Feldmann, S. W. Director. Integrated circuit quality optimization
using surface integrals. IEEE Transactions on Computer Aided
Design of Integrated Circuits and Systems, vol. 12, no. 12, Dec.
1993; pp. 1868-79

/8/ M. del Mar Hershenson, S. P. Boyd, T. H. Lee. GPCAD: a tool for
CMOS op-amp synthesis. 1998 IEEE/ACM International Con-
ference on Computer-Aided Design, Digest of Technical Papers
(IEEE Cat. No. 88CB36287), ACM, New York, NY, USA, 1998,
pp. 296-303

/9/ G. Gielen, G. Debyser, K. Lampaert, F. Leyn, K. Swings, G. Van der
Plas, W. Sansen, D. Leenaerts, P. Veselinovic, W. van Bokhov-
en. An analogue module generator for mixed analogue/digital
ASIC design. International Journal of Circuit Theory and Appli-
cations, vol. 23, no. 4, July-Aug. 1995, pp. 269-83

/10/ E. S. Ochotta, R. A. Rutenbar, L. R. Carley. Synthesis of highper-
formance analog circuits in ASTRX/OBLX. IEEE Transactions
on Computer Aided Design of Integrated Circuits and Systems,
vol. 15, no. 3, March 1996, pp. 273-94

/11/ A. Dharchoudhury, S. M. Kang. Worst-case analysis and optimiza-
tion of VLSI circuit performances. [EEE Transactions on Compu-

193



Informacije MIDEM 37(2007)3, str. 189-194

J. Puhan, A. Burmen, S. Tomazi¢, T. Tuma: Definicija Kriterijske
funkcije za rubustno optimizacijo lastnosti operacijskega ojacevalnika

ter Aided Design of Integrated Circuits and Systems, vol. 14, no.
4, April 1995, pp. 481-82

/12/ M. del Mar Hershenson, S. P. Boyd, T. H. Lee. Optimal design of a
CMOS op-amp via geometric programming. IEEE Transactions
on Computer Aided Design of Integrated Circuits and Systems,
vol. 20, no. 1, Jan. 2001, pp. 1-21

/13/ G. Debyser, G. Gielen. Efficient analog circuit synthesis with simul-
taneous yield and robustness optimization. 1998 IEEE/ACM In-
ternational Conference on Computer-Aided Design, Digest of
Technical Papers{IEEE Cat. No. 98CB36287), ACM, New York,
NY, USA, 1998, pp. 308-11

/14/ 1. Mukherjee, L. R. Carley, R. A. Rutenbar. Efficient handling of
operating range and manufacturing line variations in analog cell
synthesis. [EEE Transactions on Computer Aided Design of Inte-
grated Circuits and Systems, vol. 19, no. 8, Aug. 2000, pp. 825~
39

/15/ R. Phelps, M. Krasnicki, R. A. Rutenbar, L. R. Carley, J. R, Hel-
lums. Anaconda: simulation-based synthesis of analog circuits
via stochastic pattern search. IEEE Transactions on Computer
Aided Design of Integrated Circuits and Systems, vol. 19, no. 6,
June 2000, pp. 703-17

/16/ K. Antreich, J. Eckmueller, H. Graeb, M. Pronath, F. Schenkel, R.
Schwencker, S. Zizala. WiCkeD: analog circuit synthesis incor-

194

porating mismatch. Proceedings of the IEEE 2000 Custom Inte-
grated Circuits Conference, (Cat. No. 00CH37044), IEEE, Pis-
cataway, NJ, USA, 2000, pp. 511-14

/17/ P. Mandal, V. Visvanathan. CMOS op-amp sizing using a geometric
programming formulation. [EEE Transactions on Computer Aid-
ed Design of Integrated Circuits and Systems, vol. 20, no. 1,
Jan. 2001, pp. 22-38

Korespondencni avtor:

doc.dr. Janez Puhan, univ.dipl.ing.el.

Fakulteta za elektrotehniko Univerze v Ljubljani
Trzaska cesta 25

1000 Ljubljana

tel.: (01) 4768-322

e-posta: fjanez.puhan@fe.uni-lj.si

Prispelo (Arrived): 31.05.2007 Sprejeto (Accepted): 15.09.2007



