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Obnovitev élanstva v strokovnem drustvu MIDEM in iz tega
izhajajo¢e ugodnosti in obveznosti

Spostovani,

V svojem ved desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo priviaéno in koristno vsem ¢lanom.Z delovanjem drustva ste se srecalli
tudivi in se odlogili, da se v drustvo vélanite. Zivijenske poti, zaposlitev in strok-
ovno zanimanje pa se z leti spreminjajo, najrazli¢nejsi dogodki, izzivi in odloCitve
so vas morda usmerili v povsem druga podrocja in vas interes za delovanje ali
glanstvo v drustvu se je z leti moéno spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu Se vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne ¢ase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam ¢lanstva postal dolg, oéitno pa je, da mnogi nekdaniji ¢lani ni-
majo ves interesa za sodelovanje v drustvu, se je lzvrsilni odbor drustva odlocll,
da stanje ¢lanstva uredi in vas zato prosi, da izpolnite in nam posljete
obrazec priloZen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vaSega Clanstva. Kot
&lan strokovnega drustva prejemate revijo »Informacije MIDEM«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali srecate stare znance in nove, povabljene predavatelje s po-
dro¢ja, ki vas zanima. O svojih dosezkih in problemih lahko porocate v stroko-
vni reviji, ki ima ugleden IMPACT faktor.S svojimi predlogi lahko usmerjate
delovanje drustva.

Vasa obveza je placilo ¢lanarine 25 EUR na leto. Clanarino lahko plagate na
transakcijski racun drustva pri A-banki : 051008010631192. Pri nakazilu ne
pozabite navesti svojega imenal

Upamo, da vas delovanje drustva $e vedno zanima in da boste ¢lanstvo ob-
novili. Zal pa bomo morali dosedanje ¢lane, ki ¢lanstva ne boste obnovili do
konca leta 2003, brisati iz seznama ¢lanstva.

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubljana

Ljubljana, april 2003

[zvrsilni odbor drustva
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NEW MnZn FERRITES AND THEIR APPLICATIONS

' Andrej Znidarsi¢ in ?Miha Drofenik

'|ISKRA FERITI, d.o.0., Ljubljana, Slovenia
Univerza v Mariboru, Fakulteta za kemijo in kemijsko tehnologijo, Maribor, Slovenia
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Abstract: MnZn ferrites, ceramic with special magnetic properties, are widely used as core materials for inductive components in electronics. The
demands of future electronic systems require solutions that improve efficiency, reduce weight and not add pollution to the environment. The requirements
for component design are a smaller size, weight reduction, performance increase and durability. This paper describes the applications and properties of

new designed matireals12Gi, 27G, 55G, 75G and 65G.

Novi MnZn feriti in njihove aplikacije

Kjuéne besede: magnetna keramika, MnZn feriti, magnetne lastnosti, elektricne lastnosti, mikrostruktura, aplikacije

Izvledek: MnZn feriti so keramiéni materiali z magnetnimi lastnostmi in sestavni deli induktivnih komponent namenjeni razlicnim aplikacijam v elektroniki.
Trendi na podrocju elektronske industrije so usmerjeni v zmanj$anje teze osnovnih kompoment in izbolj$anju osnovnih magnetninh lastnosti. Zahteve po
zmanj$anju teze in prostornine novih induktivnih komponent narekujejo boljse lastnosti osnovnih materialov in vecjo trajnost. V &lanku so predstavijene

lastnosti novih materialov 12Gi, 27G, 55G, 75G in 65G ter njihova uporaba.

1. Introduction

Several improved materials will be discussed. It is impor-
tant to select materials that are suited to specific applica-
tions. Some materials with their properties are listed:

1.  EMI applications require a current compensated
chokes which are very important to eliminate the dis-
turbing interference sources. A ferrite material with a
high initial permeability, high impedance over a broad
frequency range and high operating temperature is
required.

2. Splitter applications in ADSL applications required a
plain old telephone system (POTS) splitter used to sep-
arate the high frequency data from low frequency voice
signals. The core material must have a high reversible
permeability at high magnetic field. in addition, a low-
er number of turns and smaller cores are required.
This behavior can be achieved by high initial permea-
bility and high saturation of the ferrite materials.

3. As electronic modules become smaller and lighter,
the power supplies must likewise be reduced. The
core losses, consisting of hysteresis losses, eddy
current losses and residual losses, vary considerably
with operating frequency and magnetic flux density.
The losses can be reduced by a uniform microstruc-
ture and high material resistivity. But low mechanical
stress, low magneto crystalline anisotropy and low
magnetostriction are also required.

4. DSL applications require a fast data transfer without
distortion. Inductive components are used in the
customer™s premises modem and central office line
transformers to realize a distortion free digital signal

transmission along the copper wire of the conventional
telephone network. The main target for the inductive
cores is along reach (higher than 5 km) at a high data
distance.

2. Ferrite technology

The first step is the production of granulated ferrite pow-
der. The weighed raw materials iron oxide, manganese
oxide and zinc oxide are mixed and then palletized with a
small amount of water. The red pellets with a pellet size of
3-5 mm are calcinated in a rotary kiln at about 1000°C.
Here the oxides react partly to the magnetic ferrite with
spinel structure. After that the black pellets, water and some
inorganic additives (amount from 0.01 - 0.1wt%) are add-
ed into an attritor for fine milling. The inorganic additives
are necessary to improve the sintering behavior and/or the
magnetic properties. The second part of the technology
important to improve properties in associated with core
shapes, sintering of them in the temperature range 1200
- 1400°C and grinding of final cores.

3. Design principles

The performance of ferrites is not determined only by a
high initial permeability. Other characteristics such as low
losses, high saturation flux density, high sintered density
and frequency characteristics are also important. In many
cases, these requirements are not satisfied at the same
time, so a compromise material has to be selected in such
cases.
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Fig. 1: Composition diagram for MnZn ferrites

The high initial permeability of materials depends to a large
extent on the mobility of the Bloch's domain walls. To ob-
tain high permeability it is important to lower the anisotro-
py and the magnetostriction. During the development of
high-permeability MnZn ferrites much effort was devoted
to the parameters which govern the bulk properties such
as composition, microstructure and porosity /1/. To
achieve a high permeability the composition of MnZn fer-
rite must be selected from a relatively narrow composition
range, figure 1, region W, where a zero crystalline anisot-
ropy and a zero average magnetostriction can be expect-
ed. Studies of the grain-boundary chemistry in combina-
tion with grain-boundary structural analysis revealed that
the grain boundaries are characterized by ZnO evapora-
tion and the presence of a glassy phase and the segrega-
tion of various cations /2/. Firing conditions and additives
are also important for achieving good properties. Well-ad-
justed sintering conditions support the development of the
proper microstructure and the resulting magnetic proper-
ties. All these points have to be optimized in order to ob-
tain desired magnetic properties.

Ferrites for power applications must be compositionally
batched, figure 1 Bsat region, and processed for low loss-
es. Low power loss MnZn ferrites should have uniformly
sized grains and high saturation density. The use of addi-
tives, a well-controlled process and a suitable sintering
profile must be selected to decrease the power loss of
ferrites. Additives and impurities are responsibie for the
grain-boundary chemistry and have a remarkable effect
on the grain boundaries properties, particularly on the grain-
boundary resistance /3/. In orderto obtain a sintered body
of uniformly sized fine grains, which would be suitable for
achieving low power losses, grain growth should be sup-
pressed especially in the initial stage of sintering process
/4,6/. The selection of high-grade raw materials, with a
defined low level of impurities, is of special importance in
the production of MnZn ferrites for optimized microstruc-
ture properties. Addition of Ca and Si are well known to
control the micro structural properties. Both ions strongly
influence the microstructure of MnZn ferrites. Furthermore,
the total resistance of MnZn ferrites increases due to the
precipitation of silicate phases at the grain boundaries. This

has the advantage that CaO and SiO2 are doped in a de-
fined amount in the ferrite mixture and their effect can be
optimized in order to control the grain size and resistivity.
In addition to the concentration of impurities, the reactivity
of raw materials is a fundamental importance to control
and optimize the production process /5/.

The total usable flux, AC + DC, in single ended power sup-
plies is becoming important. The usable flux of a ferrite
material is closely connected with the saturation flux den-
sity Bs, which in turn depends on the composition and
density of the ferrite. For practical purposes, the composi-
tion of a ferrite material has to be considered as a compro-
mise between application temperature (the position of
the secondary permeability maximum corresponding to the
position of minimum core losses) and required saturation
flux density (which falls as temperature rises). Detailed in-
vestigation of core loss mechanisms has made it possible
to develop new ferrite materials for various applications.

High saturation power ferrite 55G

55G is intended for output chokes in power supplies. The
requirement of a high saturation level to accommodate a
high dc current is necessary to avoid saturating the core.
The energy storage value of a choke is proportional to the
square of peak flux density and determines the core vol-
ume required. Whenever space is limited, this is an impor-
tant consideration. The new Iskra Feriti material 55G is
usable to 500 kHz and above /8/.

Table 1: 55G Material characteristics

Parameter measuring conditions value
i [] 25 °C, 10kHz, 0.1 mT 1800 + 20%

Bs [mT] 25 °C, 10 kHz, 1200 A/m =510

100 °C, 10 kHz, 1200 A/m > 430

120 °C, 10 kHz, 1200 A/m =400

T¢ [°C] =240

55G (T221407)
£=400kHz; B=50mT
g \‘
E
E
Z N :
- ] N I

L
2 % ® 50 10

temperature [°C]

Fig. 2: Power losses versus temperature

Preferred applications are:

- High current output chokes - wherever space is at
premium like a low profile converter modules, core
volume can be reduced. The advantage increases with
temperature.
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- High voltage ignition transformers - for example in
electronic lighting ballast where high flux density oc-
curs during ignition, but losses have to be low during
steady state operation.

- Gapped toroids where high-energy storage is required.

High frequency power ferrite 75G

The increase in electrical applications for the automotive
market is stressing the 12 volt system. The way {o solve
the insufficient electrical poweris to increase the 12V stand-
ard 1o a 42V standard. The additional requirement to re-
duce weight and change to a drive by wire concept opens

the market for voltage converters. The operating frequen-
cy of these converters will be about 500 Hz to 1MHz. The
right material is a high frequency power grade, like our 75G,
Table? and Figures 6 to 9. The ferrite components that wilt
be needed for various applications could use 2 planar core
sets, one for transformer and one for the output choke for
the core solution.

Table 2: 75G Material characteristics

Parameter measuring conditions value
wi [] 25°C, 10 kHz, 0.1 mT 1300 %+ 20%
Bg [mT] 25 °C, 10 kHz, 1200 A/m =510
100 °C, 10 kHz, 1200 A/m =430
120 °C, 10 kHz, 1200 A/m =400
T¢ [°C] =240
75G (T221407)
=400kHz; B=S0mT
e \
7. AN ; /
5 AN ;
E” N 7
2. AN e
NS P gl
temperature [°C}

Fig. 6: Power loss versus temperature

75G (T221407)
f=500kHz; B=100mT
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N —

]
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2 1% 120 130
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Fig. 7:  Power loss versus temperature
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Fig. 8: Initial permeability versus frequency
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Some potential applications under the 42V system are:
- Lighter, smaller and more efficient air conditioning
- Higher efficiency, longer life, water pump

- Faster starter, superior charging starter/alternator
- Mobile office: fax, PC,....

Power material 65G - new level of power
density

The properties of 65G, a new high flux density power
material suitable for frequency up to 400 kHz is shown in
Table 3 and Figures 10 to 13. This material is primarily in-
tended for output chokes in power supplies where a high
saturation level is required to accommodate DC + AC cur-
rents at elevated temperatures. The energy storage vol-
ume of a choke is proportional to the square of peak flux
density and determines the core volume required. When
space is limited, this is an important consideration.

Table 3: 65G Material characteristics

Parameter measuring conditions value
Wi [] 25°C, 10 kHz, 0.1 mT 2300 = 20%
Bs [mT] 25 °C, 10 kHz, 1200 A/m =510
100 °C, 10 kHz, 1200 A/m =380
120 °C, 10 kHz, 1200 A/m =360
T¢ [°C] 2210°C
65G (T221407)
f=100kHz; B=100mT
N\
e H10 \
T A
g N\
g v N\
Ll 7
“ —
temperature [°C]

Fig. 10: Power losses versus temperature
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Fig. 11: Power losses versus temperature
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Fig. 13: Permeability versus frequency

Some potential applications are automotive electronics and
electronic lighting ballasts.

Innovative material 12Gi for (A) XDSL
interface transformers

The ferrite producer Iskra- Feriti has developed an im-
proved 12i ferrite material optimized for (A) XDSL applica-
tions. In comparison with conventional 12G ferrite materi-
al, the new 12Gi, Table 4 and Figures 14 and 15, allows
for increases in the data rate transfer and distance cov-
ered by (A)XDSL lines.
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The THD, Total Harmonic Distortion, of a ferrite compo-
nent should be low under operating conditions. THD is a
function of flux density (B), frequency (f) and temperature
(T). To evaluate the material quality with respect to THD an
audio analyzer was used on toroid samples. The improved
12Gi is optimized by low impurity raw materials, the addi-
tion of additives and improved processing and sintering
conditions.

Table 4: 12Gi Material characteristics

the high permeability and the high saturation at room tem-
perature lead to the improvement of the DC-bias behavior.

This innovative material will also be of interest for interfer-
ence suppression in automotive electronics and in frequen-
cy converters for industrial applications.

Typical industrial applications are found in pumps, fans,
conveyer belt drivers, textile machinery and printing press-
es.

Suppression of this interferences is now a statutory require-

Parameter measuring conditions value . . .
0[] 10 Kliz, 25 °C, 0.1 mT 10000 £ 20% ment and call§ for filters that ca.n cgpe with hlgh.power
Me[10°/T] | 10 kHz, 25 °C, 1.5-3.0 mT =015 outputs. The high power outputs inevitably cause high op-
tgd/i [10-6] 10 kP’Iz, 25°C. 0.1 mT <7 erating and ambient temperatures. The filters therefore
100 kHz, 25 °C, 0.1 mT <40 require ferrite materials with high initial permeability and
oF [106/K] 25-55°C -1-+1 high magnetic saturation. The new 27G material is partic-
TC[°C] = 130 ularly suitable for these extreme requirements.
Table 5: 27G Material characteristics
20000
15000 7 Parameter measuring conditions value
o i [] 25°C, 10 kHz, 0.1 mT 3800 £ 20%
000
15000 ,/ Bs [mT] 25°C, 10 kHz, 1200 A/m > 530
£ o . 100 °C, 10 kHz, 1200 A/m >410
2 o P am— L 120 °C, 10 kHz, 1200 A/m =370
2 0 P e T¢ [°C] =210
8000 P
7000
G0 |77
4000 95
3600 LIETC -I3ATC ASETC S8CC ISECC 2CC JSATC 438°C S54°C 658°C 1S9°C KE'C $8°C 10S4°C NISA'C gu‘ (=100KHz; B=100mT
temperature J[ 8
. » ;75 \ 5K1Hz; B=200mT
Fig. 14: Permeability versus temperature En
& g5
-1ob “ 25 40 60 80 \ 100
temperature [°C}

THD/ s, [dB]

-140

-160

* T T 1
1 10 100

B [mT]

Fig.15: THD/ua versus B for 12G and new
12Gi at 20 kHz

New material 27G for splitter applications

27G material, Table 5 and Figures 16 to 18, replaces 25G
material in splitter (POTS) applications. 27G material is the
first MnZn-ferrite which is available in production and com-
bines both a high permeability and high saturation,. Both

Fig. 16: Power loss versus temperature
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All materials were successfully introduced on production
and available in different core shapes.

3. Conclusion

The technical demand for improved soft ferrites has been
growing. The technical department at Iskra - Feriti, has
been busy developing and improving new ferrites to meet
these demands. These materials meet the demands in both
guantity and applications requirements that demand im-
proved performance. Raw materials, the improvements in
manufacturing technology and the ability to measure the
results, play a decisive role in improving the quality and
lowering the costs of ferrites. The results of these devel-
opments are expected to give new impulses for electro-
technical applications.
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Abstract: Some thick-film resistors based on RuOg, ruthenates or a mixture of RuOy and ruthenates, were evaluated. The resistors were fired at different
temperatures to determine the influence of firing temperature on the electrical and microstructural characteristics. The microstructures of the thick-film
resistors were analysed with scanning electron microscopy and energy-dispersive X-ray analysis. The temperature coefficients of resistivity, noise indices
and gauge factors were measured as a function of firing temperature, After a long term high temperature firing ruthenate based conductive phase
transform into RuO2 coinciding with a significant increase of the temperature coefficients of resistivity and decrease of the resistance. Glass phase in
thick-film resistors was analysed by EDS. All glass compositions are rich in SiO» with the molar ratio SiO» / PbO between 2 and 2.5. Subsolidus equilibria
in the RuO; - PbO - SiO; diagram were determined with the aim to verify the interactions between conductive phase (either ruthenium oxide or ruthenate)
and silica-rich glasses. The tie line between RuO; and PbSiO; indicates that the lead ruthenats are not stable in the presence of the silica-rich glass

phase.

Interakcije med prevodno in stekleno fazo v debeloplastnih
uporih med procesom zganja

Kjuéne besede: debeloplastni upori, karakterizacija, rutenijev oksid, rutenati, fazni diagrami

lzvleCek: Karakterizirali smo nekatere debeloplastne uporovne materiale na osnovi RuOg, rutenatov ali zmesi RuO; in rutenatov. Uporte smo zgali pri
razlicnih temperaturah, da bi ugotovili vpliv temperature Zganja na elektri¢ne in mikrostrukturne karakteristike. Mikrostrukture debeloplastnih uporov so
bile preiskane z elektronskim vrsticnim mikroskopom in rentgensko analizo. lzmerili smo temperaturne koeficiente upornosti, indekse tokovnega $umain
faktorje gauge v odvisnosti od temperature Zganja. Ugotovili smo, da v debeloplastnih uporih, Zganih dolgo ¢asa pri poviSanih temperaturah, rutenat
preide v rutenijev oksid. Pri tem se zelo zniza plastna upornost in povisa temperaturni koeficient upornosti. Stekleno fazo v debeloplastnih uporih smo
analizirali z EDS (Energy Disspersive X-ray Analysis). Ugotovili smo, da so vsa stekla bogata na SiO, z razmerjem SiOz / PbO med 2 in 2,5. Preiskali smo

fazna ravnoteZja v sistemu RuQ; - SiO; - PbO. Rezultati so potrdili, da rutenat ni stabilen v prisotnosti stekel bogatih na SiO».

introduction

Thick-film resistors consist basically of a conducting phase,
a lead-borosilicate-based glass phase and an organic ve-
hicle. The organic material is burned out during the high-
temperature processing. The ratio between the conduc-
tive and the glass phases roughly determines the specific
resistivity of the resistor. In most modern resistor composi-
tions the conductive phase is either RuO» or ruthenates;
mainly, as reported in the literature, lead or bismuth ruth-
enates. The main change during firing is the transition from
a mixture of glass grains and, usually, much finer grains of
the conductive phase in a thick-film paste, into conductive
chains through the sintered glass in the fired resistor. Dur-
ing the firing cycle all the constituents of the resistor paste
react with each other and the melted glass also interacts
with the substrate The resistors are only a relatively short
time (typically 10 min) at the highest temperature (typically
850°C). Because of this the reactions between the con-
stituents of the resistor material do not reach equilibrium
so that the required characteristics of fired materials (e.g
long-term stability, low noise indices and a low tempera-

ture coefficient of resistivity) are, in a way, a compromise
as a consequence of this frozen non-equilibrium /1-5/.
The aim of this paper is to present the results on some
thick film resistor material, fired either at the required 850°C
for 10 min or at higher firing temperatures for significantly
longer times. The aim was to gain some insight into the
changes in the electrical and microstructural characteris-
tics, and gauge factors if the resistors are fired long enough
at the high temperature to allow the reactions within the
resistor to reach the equilibrium. Thick-film resistors with a
nominal resistivity of 10 kohm/sq. (Du Pont 8039 and
2041, and Heraeus 8241) were evaluated. The conduc-
tive phase in 8038, 2041 and 8241 resistors is based on
(Bio-xPbx)Ru207./4, a mixture of RuO2 and Pb2Ru2Qe s,
and RuOz», respectively /6,7/. Data on the conductive
phase and the qualitative results of an energy-dispersive
X-ray analysis (EDS) of the glass composition of the thick-
film resistors are summarized in Table 1. All glasses con-
tain, as main elements, lead, silicon and aluminum oxides.
Boron oxide, which is also present in the glass phase, can-
not be detected in the EDS spectra because of the low
relative boron weight fraction in the glass and the strong
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absorption of the boron K line during EDS analysis in the
glass matrix.

Table 1. Conductive phase and gualitative results of EDS
microanalysis of elements detected in glass phase of thick-
film resistors /17/.

Resistor ~ Conductive phase Ma in elements Other elements
detected

8039 ruthenate Si, Pb, Al Zr

2041 RuO 2+ ruthenate Si, Pb, Al Mg, Zn, Ca, Ba

8241 RuO 2 Si, Pb, Al Zn, Cu

The X-ray analysis of conductive phase in investigated thick
film resistors will be given. The change of conductive phase
(from ruthenate to the ruthenium oxide) at high firing tem-
peratures, depending on the composition of glass phase
will be discussed.

Experimental

Thick-film resistors with dimensions 1.6x1.6 mm? were
printed on 96% alumina substrates and fired for10 min at
850°C and for 6 hours at 950°C. The resistors were ter-
minated with a Pd/Ag conductor that was prefired at 850°C.
Cold TCRs (from -25°C to 25°C) and hot TCRs (from 25°C
to 125°C) were calculated from resistivity measurements
at - 25°C, 25°C, and 125°C. Current noise was meas-
ured in dB on 100 mW loaded resistors by the Quan Tech
method (Quan Tech Model 315-C). Gauge factors (GFs)
were measured. The resistors were examined by X-ray
powder-diffraction (XRD) analysis A JEOL JSM 5800 scan-
ning electron microscope (SEM) equipped with an ener-
gy-dispersive X-ray analyser (EDS) was used for the micro-
structural analysis.

Results and discussion

Sheet resistivities, cold (-25°C to 25°C) and hot (25°C to
125°C) TCRs, noise indices and gauge factors of the in-

vestigated thick-film resistors that were 10 min at 850°C
and 6 hours at 950°C are shown in Table 2.

After firing at 950°C for 8 hours, the resistivities of all the
resistors significantly decreased to around 5% of the re-
sistivities after firing at 850°C for the 2041 resistors, and
to 1% or less for the 8039 and 8241 resistors. The GFs of
all the resistors, as well as the sheet resistivities, decreased
with increasing firing temperature. The TCR values of the
resistors after firing at the “normal” temperature of 850°C
are below 100x10°8/K. After firing for 6 hours at 950°C
the absolute values of the TCRs of the 8039 and 8241
resistors increased significantly. The noise indices de-
crease with increased firing temperature. The 2041 resis-
tor material has the lowest noise, around or under -20
dB, regardless of the firing temperature.

X-ray diffraction (XRD) spectra of ruthenate-based “equili-
brated” resistors showed that at higher firing temperatures
the ruthenate decomposes forming RuO., while the con-
ductive phase in RuO2-based resistors stays unchanged.
Thisis shown in Figs. 1.a, 1.b and 1.c for 10 kohm/sq. Du
Pont 8039 and 2041 thick film resistors, and Heraeus 8241
thick-film resistors, respectively /6/. As mentioned before,
the 8241 resistor is based on RuO; and the 2041 material
is based on a mixture of (mainly) ruthenate and RuO.. The
resistors were fired for 10 min at 850°C and for 6 hours at
950°C. After 6 hours of firing at 950°C the ruthenate peaks
of the 8039 resistors disappear while the spectrum of RuO2
based 8241 resistors remains unchanged. Presumably
because of the interaction with the molten glass the ruth-
enate decomposes.

The decomposition of the ruthenate phase in the ruthen-
ate-based 8039 resistor after high-temperature firing and
the formation of RuO2 was confirmed with SEM. Micro-
structures of the 8039 resistors that were fired for 10 min
at 850°C and for 6 hours at 950°C are as an example in
Figs. 2.a and 2.b. The microstructure of the 8039 resis-
tor, fired at 850°C (Fig. 3.a) consists of light sub microme-
ter-sized particles of a conductive phase in a grey glass
matrix. The dark particles are SiZrO4. After 6 hours firing

Table 1: Sheet resistivities, cold and hot TCRs, noise indices and gauge factors of the thick-film resistors, fired 10 min at

850°C and 6 hours at 950°C

Resistor T firing  Resistivity Cold TCR Hot TCR Noise GF
O (ohm/sq.) (10-6/K) (10-6/K) (dB)

8039 850 7,3 k 50 90 -14.3 11.0
950, 6 h 37 1845 1810 -29.9 1.5

2041 850 6.6 k -35 20 -23.3 11.0
950,6 h 280 -90 -85 -32.0 7.0

8241 850 54k 20 60 -4.5 15.5
950,6 h 36 1950 1990 -25.5 2.0
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Fig. 1a: XRD spectra of 2039 thick-film resistor, fired for
10 min at 850°C and for 6 hours at 950°C.
Spectra of ruthenate (RU) and of RuO2 (Ru02)
are also included.
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Fig. 1b: XRD spectra of 2041 thick-film resistor, fired
for 10 min at 850°C and for 6 hours at 950°C.
Spectra of ruthenate (RU) and of RuO2 (RuQO3)
are also included.
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Fig. 1c: XRD spectra of 8541 thick-film resistor, fired for
10 min at 850°C and for 6 hours at 950°C.
Spectra of ruthenate (RU) and of RuO2 (Ru02)
are also included.

at 950°C the ruthenate particles in the 8039 resistor have
nearly all disappeared.

Adachi and Kuno /8,9/ studied high-temperature interac-
tions between Pb0O-B203-SiO2 glasses and PboRu2065

R

Fig.2a: Microstructure of a‘cross-section of the thick-
film resistor 8039, fired for 10 min at 850,
Alumina substrate is on the right. Light particles
are conductive phase - (Bio.xPbx)Ru207.x4.

Fig. 2b: Microstructure of a cross-section of the thick-
film resistor 80389, fired for 6 hours at 950°C.
Alumina substrate is on the right. After firing at
950°C the ruthenate particles in the 8039
resistor have nearly all disappeared.

or RuQOq2. They showed that in glasses poor in PbO the
PboRu20e s disappears and the RuO; is formed while for
PbO-rich glasses the RuO; reacts with the PbO from the
glass and forms PboRuzOs 5. Their results are summarised
in Fig. 3. Three regions are marked in the PbO-B203-Si02
phase diagram. In the first region in the silica rich part of
diagram ruthenates decomposes into RuQOa. In third re-
gion (PbO rich) ruthenates are stable while RuO, reacts
with glass forming Pb2Ru2Qs 5. In glasses with roughly 1/1
SiO» / PbO ratio (second region) the RuO; and the ruth-
enate coexist.

To confirm these findings, the subsoclidus ternary phase
diagram of the RuO3 - PbO - SiO2.system was investigat-
ed. The glass phase in different commercial thick-fiim re-
sistors was analysed by SEM and the PbO/SiO ratio was
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determined. All analysed glass compositions are rich in
SiO2 with the molar ratio SiO2 / PbO between 2 and 2.5.
The molar ratio SiO2 / PbO in glass phases of thick-film
resistors is also graphically shown as a short bold bar near
SiO2 in the PbO-poor part of the RuO» - PbO - SiO; sys-
tem in Fig. 4. The PbO-rich part of phase diagram, which
was not investigated, is shown with dotted lines. No terna-
ry compound was found in the system. There is no binary
compound between RuOjy and SiO». The tie lines are be-
tween Pb2Ru206 5 and PbSiOs, and between RuO; and
PbSiOs. The results therefore indicate that the lead-ruth-
enate-based conductive phase in thick-film resistors is in-
deed unstable when in contact with the silica-rich glass
phase, as shown by dashed lines in Fig. 4.

Fig. 3:  The PbO-B203-SiO2 system (after Adachi and
Kuno /8/). Lead ruthenate is stable in the region
Il and unstable in the region I.

PbO

" PbSIO,

.. PbSIO
" PbSIO,
A PbSIO,

Resistor
glass

RUO2 Sioz

Fig. 4: The proposed subsolidus ternary phase
diagram of the PbO-poor part of the RuO2 - PbO
- SiO2. The molar ratio SiO2 / PbO in glass
phases of some thick-film resistors is shown as
a short bold bar near SiO2 in the PbO-SiO2»
system.

10

Prispelo (Arrived): 21.07.2003

Acknowledgement

The financial support of the Ministry of Education, Science
and Sport of the Repubilic of Slovenia is gratefully acknowl-
edged.

References

/1.7 J. W. Pierce, D. W. Kuty, J. L. Larry, The chemistry and stability
of ruthenium based resistors, Solid State Technol., 25, (10),
(1982), 85-93

/2./ R. W. Vest, "Materials science of thick-film technology", Ceram.
Bull.,, 65, (4), (1986), 631-636

/3./ T Inokuma, Y. Taketa, "Control of electrical properties of Ru02
thick film resistors”, Active and Passive Elect. Comp., 12, (3),
(1987), 155-166

/4.7 O. Abe, Y. Taketa, M. Haradome, The effect of various factors
on the resistivity and TCR of RuO2 thick film resistors - relation
between the electrical properties and particle size of constitu-
ents, the physical properties of glass and firing temperature,
Active and Passive Elect. Comp., 13, (2), (1988), 76-83

/5./ M. Hrovat, Z. SamardZija, J. Holc, D. Belavi¢, Microstructural,
XRD and electrical characterization of some thick film resistors,
J. Mater. Sci.: Materials in Electronics, 11, (3), (2000), 199-208

/6./ M. Hrovat, D. Belavi¢, Z. Samardzija, J. Holc, A characterisation
of thick film resistors for strain gauge applications, J. Mater. Sci.,
36, (11), (2001), 2679-2689

/7.7 M. Hrovat, A. Bencan, D. Belavi¢, J. Holc, G. Drazi&, The influ-
ence of firing temperature on the electrical and microstructural
characteristics of thick film resistors for strain gauge applications,
Sensors Actuators A, 103, (2003), 341-352

/8./ K. Adachi, H. Kuno, Decomposition of ruthenium oxides in lead
borosilicate glass, J. Am. Ceram. Soc., 80, (5), (1997), 1055-
1064

/9./ K. Adachi, H. Kuno, Effect of glass composition on the electri-
cal properties of thick film resistors, J. Am. Ceram. Soc., 83,
(10), (2000), 2441-2448

Marko Hrovat, Janez Holc, Janez Bernard,
Andreja Bencan, Jena Cilen$ek

Jozef Stefan Institute,

Ljubljana, Slovenia

Darko Belavi¢

HIPOT-R&D d.o.o., Sentjernej,
Slovenia

Sprefeto (Accepted).25.02.2004



UDK621.3:(53+54+621+66), ISSN0352-9045 Informacije MIDEM 34(2004)1, Ljubljana

PROBLEM NEPONOVLJIVOSTI SIMULACIJ
ELEKTRICNIH VEZIJ

Matej Salamon, Tomaz Dogsa

Univerza v Mariboru, Fakulteta za elektrotehniko racunalnistvo in informatiko,
Maribor, Slovenija

Kjuéne besede: simulatoriji elektri¢nih vezij, benchmark testiranje, neponovljivost rezultatov, kacti¢éna vezja, Chujev oscilator, nepravilnost.

lzvledek: Najkvalitetnejsi simulatorji SPICE, kljub svoji relativni zrelosti, zmeraj ne zagotavijajo pravilnih rezultatov, na kar opozarjajo $tevilni znanstveni
prispevki /1/,/2/,/3/,/4/,/5/,/8/,/7/.

Na$ prispevek opozatja na Se eno kriticno nepravilnost omenjenih simulatorjev - neponovijivost rezultatov simulacij. Ugotovili smo, da se lahko ta pojavi,
kadar simuliramo vezje z istim simulatorjem, instaliranim na platformah z razli¢nimi procesoriji. Zaradi tega je smiselno preveriti, ali danasnji simulatorji
zagotavijajo ponovijivost rezultatov in kvantitativno ovrednotiti njihovo morebitno neponovijivost. V ta namen smo predlagali primerno testno vezje in tri
stopenjsko metriko za ocenjevanje neponovijivosti, ki jo je mogoce uporabiti tudi pri ocenjevanju kakovosti simulatorjev.

Problem of Non-repeatability of the Circuits Simulation

Key words: circuit simulators, benchmark testing, non-repeatability of resuilts, chaotic circuits, Chua’s oscillator, anomaly.

Abstract: SPICE circuit simulators are indispensable tools for integrated circuits design and for variety of scientific research activities. In spite of their
mature age this simulators can give erroneous results /1/, /2/,/3/,/4/,/5/,/6/,/7/.

If we repeat the simulation on a different computer with the same simulator it is expected that results will not differ significantly. This property is called
repeatability. There are a variety of situations where repeatability could be a problem. Repeated simulation can be performed with the same simulator on
the same type of a computer, or with a different simulator on the same or on a different type of a computer, or with the same simulator installed on a
different computer. We have focused on repeatability testing of different SPICE simulators installed on different platforms running transient analysis.

If the repeatability is not assured it is reasonable to evaluate the non-repeatability. Since deviations can occur between reference and repeated results in
different ways, we have proposed three different non-repeatability measures. First order non-repeatability measure is used for the evaluation of time value
deviations of time-domain waveforms. Second order non-repeatability measure evaluates dissimilarities of time-domain waveforms, and third order meas-
ure evaluates the deviation of global circuit behavior. To address this problem a functional testing of simulators were used.

Testing simulators with circuits of CircuitSim90 benchmark suite did not expose any repeatability problems. We have discovered that chaotic circuits are
more efficient for the detection of non-repeatability because they are hypersensitive to the initial conditions. Chua’s oscillator was selected as a represent-
ative member of chaotic circuits.

We have found out that some simulators did not ensure repeatability of results if they have been installed on different platforms. It was also discovered that
the non-repeatability was most frequent if simulators were installed on the platforms with processors made by different manufactures. The consequences
of non-repeatability were: significant time value deviations of time-domain waveforms and dissimilarities of their form. The type of processors however
does not have significant influence on the circuit's global behavior.

The reasons for this anomaly and possibilities of its elimination were also addressed. The reason could be one or more errors in simulator’'s code or in the
compiler, which allows different interpretations of the same processor instructions on different types of processors.

vergence) ampak pridobiti Sirsi vpogled v kakovost simula-
torja. Primerjalni testi se lahko uporabijo tudi za merjenje
uspesnosti novih in izboljsanih algoritmov /12/ ter za od-
krivanje nepravilnosti simulatorjev, ki so se zmeraj prisotne.

1. Uvod

Najkvalitetnejsi simulator elektricnih vezij, ki se uporablja v
industriji, razli¢nih znanstveno-raziskovalnih in izobrazeval-
nih institucijah, je simulator SPICE (Simulation Program with

Integrated Circuit Emphasis). Njegovo jedro, ki je javna last,
je bilo razvito med leti 1972 in 1992 na Kalifornijski Univer-
zi Berkeley, v sodelovaniju z Bellovimi laboratoriji. Vgrajeno
je v stevilne komercialne razlicice, katerih kakovost lahko
primerjamo s pomodjo standardne benchmark zbirke Cir-
cuitSim90 /8/. Najpogosteje primerjamo hitrosti simula-
torjev in njihovo uspesnost pri reSevanju konvergencénih
problemov /9/, /10/, /11/. Namen primerjalnih testov pa
ni samo primerjanje izbranih karakteristik (npr. hitrosti, kon-

V letu 1993 sta Angelo Brambilla in Dario D’Amore opozo-
rila na nepravilne rezultate, ki se pojavijo z analizo prehod-
nega pojava pri zelo preprostih linearnih vezij. V prispevku
/1/ ugotavljata, da je razlog za nepravilne rezultate hiba
trapezne integracijske metode, nikakor pa ne njena imple-
mentacija ali topologija vezij ter uporabljeni modeli. Opo-
zorila sta na frekvencno popacenje ¢asovnih odzivov in lazni
prehodni pojav.

11
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Velikokrat se zgodi, da resitev ne konvergira, kar povzrodi
prekinitev simulacije. Ti problemi nastopijo zaradi itera-
tivnega iskanja resitev, predvsem pri enosmernih analizah
in analizi prehodnega pojava. Charles Hymowitz v literaturi
/4/ opisuje redevanje tovrstnih tezav.

Avtoriji prispevkov /5/ in /6/ opisujejo problematiko nu-
meri¢nega integriranja na primeru vezja s pozitivho povrat-
no vezavo. Analiti¢no dolo¢en ¢asovni odziv je neomejen,
rezultat simulacije pa kaze, da je odziv omejen. Kot glavni
vzrok nepravilnosti navajajo nepravilno izbran korak numer-
icnega integriranja, kar pa je mogoce odpraviti.

Posledica nepravilno izbranega koraka integriranja je lahko
ne le frekvenéno popacenje /1/, ampak tudi lazno kaoti¢no
obnasanje vezij. Zaradi prevelikega dopustnega koraka
numeri¢nega integriranja se lahko pojavi frekvenéno
popacen odziv Ze pri preprostem linearnem LC vezju /2/,
/3/. V primeru nelinearnega vezja (Colpittsovega oscila-
torja) pa je odziv celo lazne kaoti¢ne narave.

Ce ponovimo simulacijo, pri¢akujemo, da bomo dobili sko-
raj identiCne rezultate. To lastnost imenujemo ponovljivost
simulacije. Ponovno simulacijo lahko izvedemo z istim sim-
ulatorjem na istem rac¢unalniku, z istim simulatorjem na
drugem radunalniku, ali s podobnim simulatorjem na istem
ali drugem racunalniku. V prispevku se bomo omejili na
situacijo, ko ponovno simulacijo izvedemo z istim simula-
torjem na drugem racunalniku.

V tem prispevku se bomo ukvarjali s vprasanjem, ali danasniji
simulatorii elektricnin vezij zagotavijajo ponovljivost rezultatov
simulacij. Problematika ponovijivosti rezultatov simulacij je
opisana v drugem poglaviu, v katerem je predlagana tri sto-
penjska metrika za kvantitativno ocenjevanje neponovijivosti
rezultatov. V tretiem poglaviu so opisani rezultati testiranja.

2. Neponoviljivost simulacije

Predpostavimo, da s simulatorjem A simuliramo vezje. Re-
zultate te simulacije poimenujemo referenéni rezultati in jih
oznadimo z A. Rezultate, ki jih dobimo s ponovno simulac-
ijo istega vezja, oznaéimo z B. Ce se ti rezultati razlikujejo
od referenénih za manj kot dopuséamo, je ponovljivost
zagotovljena. Kadar rezultati simulacij A in B odstopajo za
ve¢ kot dopuséamo, govorimo o neponovijivosti rezulta-
tov. Ce primerjamo rezultate analize prehodnega pojava
(TRAN), se odstopanja med A in B kazejo na tri nacine:

1. Z razli¢nimi vozlisénimi potenciali. Oblike ¢asovnih
potekov so identiéne. Bistvenih razlik v globalnem ob-
nasanju testnega vezja ni.

2. Zrazliénimi vozlisénimi potenciali in razlicnimi oblika-
mi Casovnih potekov. Bistvenih razlik v globalnem ob-
nasanju testnega vezja ni.

3. Zrazliénimi vozlis¢nimi potenciali, razli¢nimi oblikami
¢asovnih potekov in z razli¢nim globalnim obnagan-
iem testnega vezja.

Z ozirom na navedene nacine odstopanj, smo predlagali
tudi kvantitativne ocene za: neponovijivost trenutnih vred-
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nosti signalov - neponovljivost |. stopnje (M7), neponov-
ljivost oblik signalov neponovljivost Il. stopnje (M2) in nep-
onovljivost globalnega obnadanja vezja - neponovijivost Il
stopnje (M3). Naveden vrstni red ustreza stopnjevanju nep-
onovljivosti rezultatov simulacij.

2.1 Mera za neponovljivost trenutnih
vrednosti signalov

Rezultat analize prehodnega pojava je m ¢asovnih potek-
ov napetosti in tokov. Posamezni ¢asovni potek je opisan z
n trenutnimi vrednostmi. Casovne poteke napetosti in tok-
ov, ki jih dobimo s simulacijo A, zapi§imo z vrsti¢nimi vek-
torji v matriki X:

Xy xi () x () x (t,)

X = X.z _ ngl) xz(.fz) XZ(.tn)
: (1)

Xm ‘xm (tl ) xm (Z‘?_) xm (tn)

Z matriko Y na podoben nacdin oznadimo rezultate simula-
torja B. Namen ocene neponovijivost |. stopnje je ovred-
notiti odstopanja trenutnih vrednosti ¢asovnih potekov tok-
ov in napetosti, ki jih dobimo pri simulaciji A in s ponovno
simulacijo B. Odstopanja trenutnih vrednosti ovrednotimo
s pomocjo razdalj med vrstiénimi vektorji matrik X in Y.
Razdaljo med k-tima vrsti¢nima vektorjema xk in yk izradu-
namo s pomocjo enacbhe:

A%,y =D |2, ) = v (1), )
i=1

Komponente vektorja x naj bodo referenéne, komponen-
te vektorja yx pa tiste, ki jih z referenénimi primerjamo. Vsaka
komponenta vektorja yk se sme razlikovati od komponente
vektoria xk za najveé Ax. Ce je Ax dopustno odstopanje
komponent vektorja yx od komponent vekiorja xk izrazeno
v odstotkih, je dopustna razdalja med k-tima vektorjema
Xk in yk dologena z enadébo:

A ¢
100 2 ’C ‘
100 z}xk (, )I s sicer

pri ¢emer je { minimalna, od ni¢ razliéna, v radunalniku
predstavljiva, vrednost.

3% ()=0 i=12...n

® = @)

Privzemimo, da je dopustno odstopanje Ax za vse pare
primerjanih vrsti¢nih vektorjev matrik X in Y enako. Rezul-
tati simulacij A in B so ponovijivi le, e so razdalje med
vsemi primerjanimi ¢asovnimi poteki manjse ali enake do-
pustnim:

€ 2d(X;,¥)AEy 2d(X,,¥,) A AE, 2d(X,,,Y,,).  (4)

Kadar ta pogoj ni izpolnjen, so rezultati simulacij neponov-
ljivi. Za kvantitativno oceno neponovljivosti I. stopnje pred-
tagamo naslednjo mero:
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Vrednost M1 je tem vedja, ¢im ved je odstopanj med tre-
nutnimi vrednostmi ¢asovnih potekov in &im vedja so. Ce
Zelimo primerjati neponovljivost, ki se pojavi pri razliénih
testnih vezij, moramo M1 ustrezno normirati. Normiranje
lahko izvedemo tako, da posamezno oceno M7 normira-
mo z normo vektorja dopustnih razdalj:

m m

z €k 100 Z Z[xk(t )1 . (6)

k=1

Ce izberemo zadostno majhen Ax in ne pride do neponov-
liivosti, potem bo tudi zagotovljena ponovljivost oblik in glo-
balnega cbnasanja.

2.2 Mera za neponovljivost oblik signalov

M2 se nanasa na obliko ¢asovnih potekov napetosti oziro-
ma tokov. Ker so lahko rezultati simulacij A in B oblikovno
podobni tudi, ¢e so vzorci trenutnih vrednosti primerjanih
Gasovnih potekov med seboj nekoliko zamaknjeni, smo za
ocenjevanje oblikovnega odstopanja uporabili maksimal-
no vrednost kriznokorelacijskih funkcij rxkyx(f) vseh m cas-
ovnih potekov.

Casovna poteka xx in yx sta maksimalno korelirana, ko
kriznokorelacijska funkcija rxkyk(j) zavzame maksimalno
ekstremno vrednost. Ce je ta +1 obstaja med xk in yk popol-
na pozitivna koreliranost, ¢e je ta vrednost -1, obstaja med
njima popolna inverzna koreliranost, ¢e paje 0, med xk in
Yk ni linearne povezave.

Casovna poteka xk in yk sta oblikovno tem manj podobna,
éimbolj je maksimalna vrednost kriznokorelacijske funkci-
je rxkyk(f) oddaliena od vrednosti +1. Ce je maksimalna vred-
nost kriznokorelacijske funkcije rxkyx(j)<0, sta Easovna pote-
ka xk in yk oblikovno nepodobna.

Oblikovno nepodobnost primerjanih ¢asovnih potekov
lahko ocenimo s pomocjo naslednje mere:

M2=1-——1- ¥y (7)
m i

pri emer je ry maksimalna vrednost kriznokorelacijske funk-
cije:

max xkyk(j)) maxQ'xkyk(]))>0
510 e ()0

za j=-(n-1),~n-2),...,0,1,2,...(n-1). (8

Neponovljivost oblik signalov je tem vedja, ¢im vedja je vred-
nost M2, ki je lahko iz intervala [0,+1].

Primerjana ¢asovna poteka Xk in yk sta podobna, Ce je vred-
nost rx vecja ali enaka minimalni dopustni vrednosti rmin,

ki lahko zavzame vrednosti iz intervala (0,+1]. Ce to velia
za vse primerjane ¢asovne poteke:

Frin ST Alin S Ao AT i SFy (9)

se oblike napetosti oziroma tokov, dobljenih s ponovno
simulacijo, bistveno ne razlikujejo od referencnih.

2.3 Mera za neponovljivost globalnega
obnasanja

Namen ocenjevanja neponovljivosti lil. stopnje je ovredno-
titi odstopanja med globalnim obnasanjem testnega vezja
pri referenéni simulaciji A in ponovni simulaciji B. Globalno
obnasanje testnega vezja ocenimo na osnovi hjegovih
znadilnih lastnosti - bistvenih lastnosti, s katerimi je mogoce
okarakterizirati in oceniti njegovo obnasanje. Tipi¢ne
znadilne lastnosti so: pasovna Sirina, vhodna upornost,
preklopna napetost, harmonska popacenja, frekvenca os-
ciliranja itd.

Odstopanja med globalnim obnasanjem testnega vezja pri
simulaciji A in ponovni simulaciji B bodo tem veéja, &im
vedja bodo odstopanja med njegovimi istovrstnimi znadiln-
imi lastnostmi. Ker imajo lahko razli¢na vezja razli¢ne in
razlicno stevilo znacilnih lastnosti, je mera za neponovljivosti
IIl. stopnje odvisna od vrste vezja.

Ker smo pri testiranju ponovljivosti uporabili kaoticna testna
vezja, smo to mero natanéno definirali za tovrstna vezja. Za
znacilno lastnost smo izbrali mejo med kaotiénim in ne
kaoticnim rezimom delovanja.

S pomodjo simulatorja A dolo¢imo m bifurkacijskih tock:
ai, az,...am, Ki nastopijo pri bifurkacijah s podvojitvijo peri-
ode in jih odc¢itamo iz bifurkacijskega diagrama (slika 1).
Ta predstavlja odvisnost maksimalnih vrednosti izbrane
spremenljivke stanja v vezju od bifurkacijskega parametra
tj. parametra, s katerim lahko vplivamo na kvalitativhe spre-
membe v obnasanju vezja.

~ o supnfacija A
e tPOR RCA B

g
°

i, i@, LI, pavemtet

Slika 1: Bifurkacijska diagrama, ki ju dobimo s pomodjo
rezultatov simulacij A in B.
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Mejo med kaoticnim in ne kaoti¢nim rezimom /13/ doloda
enacba;

1
a.=(a,-a) 5 1| % (10)

Pritem je 5, Feigenbaumova konstanta, ki jo izraSunamo
s pomocjo izraza:

a, —da a. —d
. k— -1
é) = lim k Ly om o ) (11)
k Apyl ay Dt Ay

Na podoben nacin dolo¢imo mejo kaotiénosti b, ki jo
izracunamo iz podatkov, dobljenih s ponovno simulacijo.

Za oceno nepodobnosti med globalnim obnasanjem test-
nega vezja predlagamo naslednjo mero® :

a, —b,
M3: 100 [%]_ (12)

a

oo

Nepodobnost globalnega obnasanja testnega vezja je tem
vedja, ¢im vedja so odstopanja med mejnima vrednostma
aco in beo,

Predpostavimo, da je globalno obnasanje testnega vezja,
doloCeno s simulacijo B $e podobno globalnemu obnas-
anju dolo¢enim s simulacijo A, ¢e meja med kaotiénim in
ne kaoti¢nim rezimom delovanja vezja v obeh primerih ne
odstopa za vec¢ kot A[%]:
aw~a ASwaam-ka‘”'A
100 100

Ce pogoj (13) ni izpolnjen, je globalno obnasanje testnega
vezja popolnoma nepodobno kar pomeni, da so rezultati
simulacij totalno neponovljivi.

oo

(13)

3. Testiranje ponovljivosti rezultatov
simulacij

Testirali smo ponovijivost rezultatov simulatorja, ki je bil in-
Staliranih na platformah z razli¢nimi procesorji. Ker je bila
uporabljena ista izvrsna koda, smo pri¢akovali, da bodo
rezultati ponovnih simulacij popolnoma enaki referenénim.
Ugotovili smo, da vezja iz standardne benchmark zbirke
CircuitSim90 niso zaznala nobene neponovijivosti. Ker so
kaoti¢na vezja hiperobdutljiva na zacetne pogoje, smo za
testiranje ponovljivosti izbrali Chujev oscilator (slika 2).

Ugotovili smo, da je detekcija neponovljivosti uspesna le:

1. Ce je obnasanje testnega vezja kaoti¢no in,

2. Ce je izbran dovolj velik ¢as trajanja analize prehod-
nega pojava.

Dejanska neponovijivost lahko ostane nezaznavna:

1. e je osciliranje Chujevega oscilatorja periodi¢no, ali

2. ce je kljub kaoti¢nemu rezimu delovanja, izbran
prekratek Cas trajanja analize prehodnega pojava (glej
sliko 3).

F2
1600

|
g
; Lo [ZR .

Lt
TanH
)3

1
1352

22k

Slika 2: Chujev oscilator/14/ - testno vezje za testiranje
ponovljivosti rezultatov simulacij.

----- Intel Pentium 1V
— AMD Quron

L L 1 2
4 0.005 0.01 0.015 0.02 0.025
t[ms}

Slika 3: Divergenca &asovnih potekov napetosti na
kondenzatorju C2 v Chujevem oscilatorju,
(R2=1600%2), simuliranem na platformi s
procesorjem AMD Duron in Intel Pentium IV, je
zelo océitna Sele po priblizno 17.5ms.

Podobne rezultate smo dobili tudi z drugimi kaoti¢nimi vezji.
Testiranje smo izvedli na raznih platformah in z razliénimi
verzijami simulatorja SPICE proizvajalcev: Intusoft, OrCAD,
PENZAR Development, Linear Technology Corporation,
FERI Ljubljana - skupina CAD in Mentor Graphics. Le pri
nekaj simulatorjih se problem neponovijivosti ni pojavil.

3.1 Ocene neponovljivosti trenutnih
vrednosti signalov

V poglavju 2.1 smo privzeli, da bodo rezuitati simulacij
ponovljivi, ¢e nobena od razdalj med referenénimi dasovn-
imi poteki in casovnimi poteki, ki jih dobimo pri ponovnih
simulacijah, ne presega dopustne. Pritestiranju smo privze-
i, da je dopustno odstopanje trenutnih vrednosti primer-
janih ¢asovnih potekov Ax enako +0.01%.

Ocene neponovljivosti rezultatov simulacij, ki smo jih dobili
pri testiranju enega izmed simulatorjev SPICE, instaliranega
na platformah z razli¢nimi procesorji, so zapisane v tabeli
1 in so podane v normirani obliki M7/M1".

1 Ker v primeru predlaganega testnega vezja mejna vrednost bifurkacijskega parametra a.. ne more biti ni¢, smo M3 definirali kot relativna

odstopanfa med vrednostma aw in be.

14



M. Salamon, T. Dogsa:
Problem neponovljivosti simulacij elektri¢nih vezij

Informacije MIDEM 34(2004)1, str. 11-17

Tabela 1: Ocene M1/M1" za enega izmed simulatorjev SPICE, in§taliranega na platformah z razli¢nimi procesorji.
Referen¢na
platforma A s Platforma B s procesorjem
procesorjem
Cyrix Intel Intel Intel Intel
(IBM) gMD y t}/len DXP Pentium Pentium Celeron Pentium
6x86MX uron o MMX it (Willamette) v
Cyrix (IBM) 6x86MX - 12099.93 | 12099.93 11905.79 | 11905.79 11905.79 11905.79
AMD Duron 12082.59 - 0 11782.12 | 11782.12 11782.12 11782.12
AMD Athlon XP 12082.59 0 - 11782.12 | 11782.12 11782.12 11782.12
Intel Pentium MMX | 11991.36 | 11883.84 | 11883.84 - 0 0 0
Intel Pentium 111 11991.36 | 11883.84 | 11883.84 0 - 0 0
Intel Celeron
(Willamette) 11991.36 | 11883.84 | 11883.84 0 0 - 0
Intel Pentium IV 11991.36 | 11883.84 | 11883.84 0 0 0 -

Ocene v tabeli 1 kazejo, da daje simulator:

1. neponovljive rezultate, &e je instaliran na platformah s
procesorji razli¢nih proizvajalcev;

2. ponovijive rezultate, ¢e je instaliran na platformah s
procesorji istega proizvajalca - vrednosti M1/M1" so
enake nic.

3.2 Ocene neponovljivosti oblik signalov

Z ocenjevanjem neponovljivosti Il. stopnje smo ocenili ob-
likovho nepodobnost primerjanih ¢asovnih potekov. Ker
postane morebitna divergenca primerjanih ¢asovnih pote-
kov ocitna Sele po priblizno 50ms smo privzeli, da sta dva
Casovna poteka od tedaj oblikovno podobna, ¢e je maksi-
malna vrednost pripadajoce kriznokorelacijske funkcije
vedja ali enaka 0.8. Ce je pri tem pogoj (9) zmeraj izpol-
njen, simulator zagotavlja oblikovno podobne ¢asovne
poteke.

V tabeli 2 so podane ocene neponovijivosti ll. stopnje za
enega izmed simulatorjev.

Glede na dobljene rezultate lahko zaklju¢imo, da simulator
zagotavlja oblikovno podobne ¢asovne poteke napetosti
in tokov v testnem vezju le, Ce je instaliran na platformah z
procesorjem istega proizvajalca. Vrednosti v tabeli 2 nam-
re¢ kazejo, da je v teh primerih vrednost M2 enaka ni¢, v
ostalih primerih pa pogoj (9) ni izpolnjen.

3.3 Ocene neponovljivosti globalnega
obnasanja

Ocena neponovljivosti lll. stopnje vrednoti odstopanja v
globalnem obnasanju testnega vezja. Po definiciji, opisani
v poglavju 2.3, odstopanja ocenimo z odstopanjem meje
med kaoti¢nim in ne kaoti¢nim rezimom delovanja.

Pri ocenjevanju neponoviljivosti lll. stopnje smo se omejili
na prve tri bifurkacijske tocke. Za bifurkacijski parameter
smo izbrali upornost R2, za opazovano spremenljivko stanja
pa napetost kondenzatorju C2. Upornost R2 smo sprem-
injali na intervalu 1820Q<R2<18608 po koraku 0.2Q inv
dobljenih ¢asovnih potekih napetosti na kondenzatorju C2,

Tabela 2: Ocene neponovijivosti Il. stopnfe za enega izmed simulatorjev, inStaliranega na platformah z razliénimi
procesorfi.
Referencna
platforma A s Platforma B s procesorjem
procesorjem
Cyrix AMD AMD Intel Intel Intel Intel
(IBM) Duron Athlon Pentium Pentium Celeron Pentium
6x86MX XP MMX 111 (Willamette) 14
Cyrix (IBM) 6x86MX - 0.8437 0.8437 0.8354 0.8354 0.8354 0.8354
AMD Duron 0.8437 - 0 0.8117 0.8117 0.8117 0.8117
AMD Athlon XP 0.8437 0 - 0.8117 0.8117 0.8117 0.8117
Intel Pentium MMX 0.8354 0.8117 0.8117 - 0 0 0
Intel Pentium I11 0.8354 0.8117 0.8117 0 - 0 0
Intel Celeron
(Willamette) 0.8354 0.8117 0.8117 0 0 - 0
Intel Pentium IV 0.8354 0.8117 0.8117 0 0 0 -
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Tabela 3: Ocene neponovijivosti lll. stopnje za enega izmed simulatorjev SPICE, inStaliranega na platformah z
razlié¢nimi procesorji.
Referen¢na
platforma A s Platforma B s procesorjem
procesorjem
Cyrix AMD AMD Int.el Int?l Intel Im‘.el
(IBM) Duron Athlon XP Pentium Pentium Celeron Pentium
6x86MX MMX 1l (Willamette) v
Cyrix (IBM) 6x86MX - 9.665 10* | 9.665 10 | 9.665 10* | 9.66510° | 9.66510° | 9.66510*
AMD Duron 9.66510 - 0 0 0 0 0
AMD Athlon XP 9.665 10 0 - 0 0 0 0
Intel Pentium MMX | 9.66510" 0 0 - 0 0 0
Intel Pentium I 9.665 10" 0 0 0 - 0 0
Intel Celeron 4
(Willamette) 9.665 10 0 0 0 0 - 0
Intel Pentium IV

poiskali lokalne maksimume. Njihovo odvisnost od vred-
nosti upornosti R2 smo opisali z bifurkacijskim diagramom.

S pomodjo enadbe (12) smo ocenili neponovijivosti lll. stop-
nje, ki so zapisane v tabeli 3. Z ozirom na pogoj, opisan z
enacbho (13), smo predpostavili, da so rezultati, ki jih daje
simulator na referenéni platformi A in platformi B totalno
neponovijivi, ¢e je odstopanje med mejno vrednostjo bi-
furkacijskega parametra a.. in b vecje od A=+10%.

Na osnovi rezultatov ocenjevanja neponovljivosti lll. stopn-
je smo ugotovili, da simulator, instaliran na platformah z
obravnavanimi procesorji, ne daje totalno neponovljivih
rezultatov, saj je pogoj (13) v vseh primerih izpolnjen.

4, Sklep

V prispevku smo se ukvarjali s vprasanjem: ali danasnji sim-
ulatorji elektricnih vezij zagotavijajo ponovljivost rezultatov
simulacij? Ponovijivost rezultatov simulacij je zagotovijena
takrat, kadar dobimo pri ponovitvi simulacije rezuitate, ki
so znotraj dopustnih odstopanj. Odstopanja med referenéni-
mi rezultati in rezultati ponovne simulacije se kazejo v ra-
zliénih trenutnih vrednosti, v razlicnih oblikah potekov na-
petosti oziroma tokov in v razli¢cnem globalnem obnasanju
vezja. Za te tri primere smo definirali ustrezne metrike, s
katerimi lahko tudi ocenjujemo morebitno stopnjo neponov-
ljivosti.

V prispevku smo se omejili na situacijo, ko ponovno simu-
lacijo izvedemo z istim simulatorjem na drugem radunaln-
iku, Racunalnika sta se razlikovala samo v vrsti mikroproce-
sorja, uporabljala pa sta isto izvrSno kodo simulatorja. Kljub
tej razliki, ki naj ne bi vplivala na rezultate simulacije, smo
ugotovili, da v nekaterih primerih prihaja do neponovljivosti
rezultatov simulacij. Ugotovili smo, da z vezji iz benchmark
zbirke CircuitSim90 ni mozno zaznati neponovljivosti. Le
pri simulaciji kaoti¢nih vezij se je pojavila neponovijivost
trenutnih vrednosti in oblik signalov.
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Na osnovi rezultatov testiranja ponovijivosti lahko zakljuci-
mo, da nekateri danasnji simulatoriji elektricnih vezij, na
platformah z dolo¢enimi procesorji, ne zagotavljajo ponov-
ljivih rezultatov in, da je neponovljivost mogoce zaznatile s
pomocjo hiperobcutljivin testnih vezij. Ker benchmark zbir-
ka CircuitSim90 tovrstnih vezij ne vsebuje, predlagamo
njeno razsiritev s kaoticnim vezjem.

Vzrok za neponovljivost rezultatov je lahko ena ali ve¢ na-
pak v programu simulatorja ali prevajalniku programa, ki
dopuscajo razlicno interpretacijo istih procesorskih uka-
zov na razli¢nih procesorjih. To je mogoce, saj se proizva-
jalci danasnjih procesorjev do potankosti ne drzijo |IEEE
standardov za aritmetiko s plavajoc¢o vejico. Zraven tega
nekatere lastnosti te aritmetike niso natanéno specificirane,
kar dopusca razlicnost implementacij. Proizvajalci proce-
sorjev v svoje izdelke vgrajujejo tudi lastne dodatke, ki jih
trenutni standardi ne obravnavajo.

Obstoj neponovljivosti rezultatov simulatorjev SPICE pred-
stavlja njihovo novo nepravilnost, ki pa v mnogih primerih
ostaja uporabniku prikrita.

5. Literatura
/1/ A. Brambilla, D. D’Amore: The simulation Errors Introduced by
Spice Transient Analysis, |IEEE Transaction Circuits and Sys-
tems-l: Fundamental theory and applications, letnik 40, ét. 1,
januar 1993, str. 57-60.

B. Persi¢, I. Medi¢: Chaotic Results of SPICE Simulator, Pro-
ceedings of ECCTD '97, str. 1226-1230, Budapest 1997.

B. Per8i¢ N. Basari¢: Frequency warping and chaotic behav-
iour generated by Spice, Informacije MIDEM, letnik 31, &t. 1,
marec 2001, str. 26-32.

C. Hymowitz: Step-by-step procedures help you solve Spice
convergence problems, EDN Magazine, marec 1994,

P. Kinget, J. Crols, M. Ingles, E. Peluso: Are Circuit Simulators
Becoming Too Stable, IEEE Circuits and Devices Magazine,
letnik 10, &t. 3, str. 50, maj 1994.

B. PerSi¢: Primer napadnega delovanja numeriéne integraci-
je simulatorja SPICE, Elektrotehniski vestnik, letnik 62, &t. 2,
leto 1995, str. 117-125.

/2/

/3/

/4/

/5/

/6/



M. Salamon, T. Dogsa:
Problem neponovljivosti simulacij elektri¢nih vezij

Informacije MIDEM 34(2004)1, str. 11-17

17/

/8/

/9/

/10/

/11/

/12/

/13/

T. Tuma, F. Bratkovi¢: Simulacija numeri&nih napak pri
matriénih operacijah, ERK'93, Zbornik sedme Elektrotehnidke
in raéunalniske konference, zvezek A, str. 59-62.

Computer-Aided Design Benchmarking Laboratory: http://
ftp.cbl.ncsu.edu/www/CBL_Docs/csim30.htmi

J.A. Barby, R. Guindi: CircuitSim93: A circuit simulator bench-
marking methodology case study, Proc. |IEEE Int. ASIC Conf.,
Rochester, NY, str.531-535, september 1993.

J. E. Harlow lll: Overview of Popular Benchmark Sets, |EEE
Design & Test of Computers, letnik 17, $t. 3, julij-september
2000, str. 15-17.

Intusoft: Benchmark Run Times, http://www.intusoft.com/
benchmarks.htm.

T. Dog$a: Dodatni primerjaini testi za simulatorje SPICE, Infor-
macije MIDEM, letnik 31, $t. 2, str. 88-93.

R. C. Hilborn: Chaos and Nonlinear Dynamics, An Introduc-
tion for Scientists and Engineers, Oxford University Press,
2000, Second Edition.

/14/

M. P. Kennedy: Three steps to chaos. II. A Chua’s circuit prim-
er, IEEE Transactions on Circuits and Systems |: Fundamental
Theory and Applications, letnik 40, $t. 10, oktober 1993, str.
657-674.

dr. Matej Salamon
izr. prof. dr. Tomaz Dog$a

oba UNIVERZA V MARIBORU
FAKULTETA ZA ELEKTROTEHNIKO,
RACUNALNISTVO IN INFORMATIKO
2000 Maribor, Smetanova 17, Slovenija

e-mail: matej.salamon@uni-mb.si, tdogsa@uni-mb.si

Prispelo (Arrived): 13.11.2003

Sprejeto (Accepted): 25.02.2004

17



UDK621.3:(53+54+621+66), ISSN0352-9045 Informacije MIDEM 34(2004)1, Ljubljana

SEAMLESS HW/SW CO-DESIGN FLOW

Joze Dedi¢, Andrej Trost, Andrej Zemva

Faculty of Electrical Engineering, University of Ljubljana, Slovenia

Key words: design space exploration, directed acyclic hyper-graph (DAG), HW/SW co-design, partitioning, scheduling

Abstract: Computing applications complexity has raised to the level where managing the design flow in the classical way, while satisfying various con-
straints, is becoming extremely hard to cope with. We see two main reasons for that. The first reason is partial consequence of Von Neumann architecture
inheritance which imposes throughput restrictions /1/ with its imposed program sequentializing. The CS curriculum and rich set of tools are both suited
to that model. Now, speedups are possible by providing additional HW components operating concurrently. We expect that the work will be done in the
direction of a revised application development design flow approach which would trade the execution time for complexity. The second reason is the
consequence of the IC manufacturing technology improvement with its increasing level of integration which enables a steep system level complexity
increase in a wide range of applications. Many of them also face short time to market. CAD tools are not in pace with this increasing complexity, thus
putting pressure onto design teams. The design cycle round time shortening is possible by different levels of modeling, where each of them features
design decision estimations. This paper presents the HW/SW co-design architecture exploration space and gives an overview over the related method-
ologies. Based on the study of these methodologies and our experience with an ad-hoc approach, we present a seamless HW/SW co-design flow. The
flow forms the basis for the development of a CAD tool helping designers to considerably benefit from the HW concurrency and offering an efficient

system level approach.

Enovit naértovalski potek so¢asnega nacrtovanja strojne in
programske opreme

Kjuéne besede: hkratno nacrtovanje strojne in programske opreme, razmescéanje, razvrséanje, usmerjen graf vezja

lzviedek: Kompleksnost racunalnisko podprtih aplikacij je narasla do nivoja, ko je klasi¢en potek naértovanja, ob hkratnem upostevanju vseh omejitev,
postal zelo tezko obvladljiv. Tukaj vidimo dva glavna razloga. Prvi razlog je delna posledica Von Neumannove arhitekturne zapuscine, ki z vpeljano pro-
gramsko sekvenénostjo omejuje podatkovno pretocnost /1/. Radunalniska veda in nabor orodij sta oba prilagojena temu modelu. Pohitritve so sedaj
mogoce z dodajanjem vzporedno delujocih strojnih komponent. Nadaljnie delo vidimo v smeri predrugacenega naértovalskega poteka razvijanja aplikac-
ije, ki bi ceno povedane hitrosti izvajanja aplikacije placal s povedanjem arhitekturne kompleksnosti. Drugi razlog je posledica tehnoloske izboljsave
izdelave integriranih vezij, ki z vse vecjo integracijo omogoca eksponentno narascanje sistemske kompleksnosti na sirokem podrocju aplikacij. Dodaten
pritisk pri razvoju aplikacije pa je lahko tudi kratek ¢as do trga. CAD razvojna orodja pa ne uspejo drzati koraka v kompleksnosti, tako se povecujoce se
breme prenasa na raziskovalno ekipo. Skrajsanje nacértovalskega razvojnega cikla je mogocée z modeliranjem na razli¢nih nivojih, ki podpirajo moznost
ocenitve naértovalskih odlogitev. Clanek predstavi arhitekturni nabor primeren za hkratno naértovanje strojne in programske opreme in poda pregled
sorodnih metodologij. Na osnovi Studije teh metodologij in izkusenj pridobljenih z ad-hoc pristopom predstavljamo enovit nacrtovalski postopek socas-
nega nacrtovanja strojne in programske opreme. Nadértovalski potek vidimo kot osnovo za razvoj CAD orodja, ki bi nacrtovalcem omogodil efektivno
izkoristiti prednosti soGasnega delovanja strojne opreme in bi nudil efektivni sistemski pristop.

aging the HW/SW co-design exploration space is even

1 Introduction
harder. In order to meet the optimization challenge, the

Size and complexity of high performance signal, image and
control processing algorithms is increasing tremendously.
Classical SW approaches with traditional von Neumann-
like architectures are far from being optimal. Their major
strategy to overcome complexity and increase throughput
is increasing the processor clock speed and SW optimiza-
tion methods /1/, /2/. Moreover, the algorithm complex-
ity and real-time constraints in reactive embedded systems
can be so demanding that classical high end SW proces-
sor at a reasonable clock speed can no longer manage
the task /3/. The only possible solution to the problemis a
unified HW/SW co-design approach. Nevertheless, when
studying HW/SW co-design, some other issues of similar
importance arise. When partitioning between HW and SW,
the following design metrics have to be accounted for: cost,
size, performance, power, time-to-prototype, time-to-mar-
ket, correctness, safety, and maintainability /5/. As some
of these design metrics compete among themselves, man-
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designer must be comfortable with a vast variety of HW
and SW implementation technologies enabling him/her to
find an optimal solution for a given application and con-
straints. A rich expertise in both SW and HW domain is
required for this purpose.

After the heterogeneity problem is solved, the next to be
copped with is the system level complexity problem. The
process of applying the application description onto archi-
tecture can be an extremely complex task when details
are to be described in a non hierarchical way. Support for
different level approaches has to be provided for. System
tevel design decision choices should be available as late
as possible within the design cycle, thus enabling the ex-
plore-propose-validate-refine process to achieve its best,
while the accuracy of a model gradually increases. This is
not the case in the classical approach where HW (proces-
sor) is designed in advance, hopefully powerful enough,
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and SW (application) is adapted to it. Each designer in-
volved with designing a fairly modest system, from the ini-
tial specification to the final implementation, has to deal
with complexity when interconnecting heterogeneous com-
ponents. The explore-propose-validate-refine process can
be a very tedious work, especially when a variety of possi-
ble implementations should be explored to best satisfy
design metrics. In the first approach aiming at lowering the
designers’ stress while simultaneously increasing produc-
tivity and the largest manageable system complexity, the
design work is partitioned among multiple designers. Two
problems arise. First, when partitioning work on smaller
subsets, the designers specialize into a relatively narrow
segment of the whole system. This gives rise to the prob-
lem of how developing individual parts of the system with-
out having a clear idea of the overall system integrity. Sec-
ond, adding system designers to the project does not work
as expected. Believing that the designers productivity is
independent of the project team size is not in place. Sim-
ple man-month relations are not valid when the project team
size increases. After some point, enlarging the number of
designers working on the project does not contribute to
the design cycle shortening/5/.

All these facts show the importance of research studies
for guiding development of CAD tools to support the entire
design flow based on heterogeneous architectures and to
provide system level support. Such CAD tools are neces-
sary to cope with the exponentially increasing system com-
plexity. Already existing CAD tools provide a semi-automatic
interactive environment where most important scheduling
and partitioning decisions are the designer’s choice. As
seen currently, a fully automatic approach is impossible
for the present.

The rest of the paper is organized as follows. Section 2
describes diverse architectures enabling efficient HW/SW
co-design exploration. Analyzed are also their weakness-
es and strengths. Section 3 presents some of the work
related to HW/SW co-design approaches and methodolo-
gies. In section 4 we propose a seamless HW/SW design
flow based on the study of these methodologies and our
experience with ad-hoc approaches of application parti-
tioning and system level integration /15/. In section 5 we
introduce our ad-hoc application partitioning with which
we acquired knowledge needed for mastering heteroge-
neous architectures and HW/SW partitioning. Section 6
concludes this paper.

2 HW/SW co-design exploration
opportunities

HW/SW design deals with balancing the architecture re-
sources of a digital system in the search for an optimal
implementation. With the term architectural resources we
denote all kinds of storage resources (memory, registers),
programmable resources (FPGAS), partially programmable
resources (application specific and general purpose SW

processors), nonprogrammable resources (single purpose
processors) and communication resources (interconnec-
tions, buses) which provide space for flexible exploration.
All resources should be taken into account and trimmed
carefully to achieve optimal design metrics. Design met-
rics that we are focusing on in our work are cost, time-to-
prototype and performance improvement. Meeting these
criteria leads us to some compromises that still permit us a
level of flexibility large enough to explore a variety of imple-
mentation options. Some possible exploration environ-
ments that enable HW/SW co-design study are:

- FPGA-only HW environment with a processor imple-
mented as a softcore. Microprocessor architectures
implemented as a softcore (ARM, ARC, MIPS, Pow-
erPC, etc.) offer limited performance. There are many
technical reasons for this. Far ahead in usage are Xil-
inx's Micro Blaze {for the Spartan and Virtex family of
FPGAs) /12/ and Altera’s Nios (for Cyclone and Stratix
FPGAs) /13/ sold as IP cores. These processors can
achieve the maximum clock speed in the range of
100MHz and can occupy quite a large portion of
FPGA; the more complex the processor is the slower
the speed is. OSs can be very simple and provide
only some basic functionality thus making the porta-
bility of application harder. Advanced OSs require a
more powerful processor, more FPGA resources, but
also decrease the maximal clock speed.

- Standalone processor with FPGA logic as its periph-
ery /14/. Embedded systems are a very good exam-
ple of it. Their maximal performance is attained if FPGA
is connected directly to the processor's bus to opti-
mize data transfer rates. A lower overhead for access-
ing external HW provides more partitioning possibili-
ties. Despite their greater complexity and an additional
HW overhead, an extensive computation power can
be attained. The various OSs are well supported for
many processors on the market with compilers, cross-
compilers and debuggers. Many of them can be ob-
tained free of charge. The initial cost includes build-
ing such an embedded platform and porting some OS
to make the platform alive and stable.

- The PC environment and some additional custom HW
/15/. PC does not represent any overhead as a re-
sult of its popularity and availability. Executing SW is
stable and a variety of development tools exist. If com-
munication method is not of primary interest (PCi
bus), it offers a great set of architectural resources
when combined with a resource-wealthy add in PCI
board. Also, when moving to another set of architec-
tural resources, it allows for a great amount of code
reusability (SW or HW IP). Some HW scalability is also
supported in the PC environment through PCI exten-
sion slots.

- New extensions to HW/SW co-design are offered by
programmable SoC platforms. They comprise pro-
grammable arrays, hard wired microprocessors and
rich set of fast communication peripheries. Their rep-
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resentatives are Xilinx Virtex 1l Pro /12/ and Altera
Excalibur /13/. Virtex ll Pro consists of up to four
PowerPCs. They are integrated within a regular FPGA
structure by sacrificing some silicon that would other-
wise be used for CLBs and interconnections. Excali-
bur offers an ARM9 processor and programmable
array integrated within the same IC, with a smaller lev-
el of integration than the former. In this way, HW/SW
cohesion can be applied very efficiently and the whole
design can be finally fitted in one chip.

As a result of the overall complexity of the whole system
design, regardless of the environment chosen, stable and
efficient SW tools are required to efficiently manage appli-
cation mapping onto available architectural resources.

3 Related work

There is currently a lot of activities related to HW/SW co-
design methodology underway. Many of the research
groups focus on some particular stages in the design proc-
ess or even optimize some of these stages to best suit
their finite extent of supported architectures. Such closed
areas of increased interest can be the system level speci-
fication and modeling, partitioning and scheduling, com-
pilation and synthesis, co-verification and co-simulation,
automatic code generation for HW and SW interfacing, and
automatic code generation for the task manager. The com-
mon denominator among them is splitting the input descrip-
tion into subtasks and describing data dependency be-
tween them. For that purpose most of them use some form
of directed acyclic hyper-graph (DAG) /3/, /6/. Nodes in
the graph represent subtasks (more or less complex oper-
ations) and edges represent data dependency between
them. Many automatic scheduling and partitioning tools
uses DAG (or some extension of it) for applying some opti-
mization methods to obtain satisfactory mapping of appli-
cations onto architecture. The task of optimization meth-
ods is to find an optimal partitioning and scheduling sce-
nario for subtasks extracted from the input specification.
Common partitioning and scheduling problems belong to
the class of NP-hard and intractable problems. Research
studies have been done on algorithms involving heuristic
search /7/. Heuristic optimization methods are guided by
applied cost functions to evaluate implementation space
realizations.

Numerous researches have already been done in the field
of HW/SW co-design. Here we report only the work that
we find particularly interesting for our study.

Wiangtong, Cheung, and Luk /6/ presented a semi-auto-
matic co-design environment for a system consisting of a
single general purpose processor and multiple reconfig-
urable HW units. Their study involves building HW/SW ar-
chitecture suited for dataflow dominated applications. The
proposed design flow enables input application descrip-
tion in high level language (HLL). Mapping the input de-
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scription into DAG is done manually. Authors implemented
automatic generation of the underlying code and taking
care of necessary application sub-tasks communication
by wrapping tasks in standard frames. Independent tasks
are executed on several processing elements. They are
controlled by an automatically generated task manager
program running on the SW processor. Because of the
task's standard frame overhead, this method is appropri-
ate for coarse grain partitioning. Authors presented a study
of heuristic methods suited for partitioning and scheduling
/7/. They applied them onto DAG and thus made a next
step towards a fully automatic design flow.

AAA methodology /3/ extends DAG and adds ability to
specify loops through factorization nodes. This leads to an
algorithm model called factorized data dependence graph
(FDDQ). Graph factorization consists of replacing a repeat-
ed pattern by only one instance of it. Because of exten-
sion, it is suitable both for data and control flow dominated
applications. FDDG may be specified directly or it may be
generated from HLL (Esterel, Signal). Methodology main
efforts are towards graph transformations. Optimization
consists of finding defactorization transformations within
implementation space. This gives best results in terms of
cost function (heuristics guided by their cost function). AAA
uses a single factorized graph model from the algorithm
specification down to the architecture implementation
through optimizations expressed in terms of defactoriza-
tion transformations applied to the algorithmic graph. Au-
tomatic generation of a HW implementation from an algo-
rithm specification based on FDDG is supported by em-
ploying a set of rules for data and control path. The algo-
rithm employs synchronization rules and a delocalized con-
trol approach (as opposed to the above mentioned meth-
odology). Support for real-time extension is studied, too.

A very important area of HW/SW co-design is task com-
munication in terms of resource sharing, which often does
not get enough attention compared to its influence on the
overall system performance. Communication channel is a
resource, similarly as other processing elements, and must
be scheduled. When several tasks use the same commu-
nication resource, the channel activity also causes task
delays which must be taken into account when task sched-
uling. /9/ gives an overview of this topic, proposes rules
and explores genetic algorithm heuristics to schedule tasks.
While achieving shorter execution time, implied rules im-
pose only a small overhead to the whole scheduling and
partitioning process.

Work has also been done in the direction of finding a lan-
guage that would meet the needs for describing HW and
SW so as to enable compilation and synthesis, and sup-
port various level application modeling. Several mature lan-
guages exist that were originally suited for SW(C/C++) or
for HW(VHDL/ Verilog) design. They all exhibit some weak
points when bridging the heterogeneity gap. Some spe-
cial points of interest are: support for HW description, con-
currency support, system level description and modeling,
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gradual model refinement, and verification. SystemC /10/
solves this problem by introducing specific class libraries
which are ANS| C++ compliant. SystemC benefits from all
C++ object oriented attributes and leverages it by intro-
ducing concurrency, notion of time and support for HW
data types. Extensions are realized through running an
executable system description under the SystemC simula-
tion kernel. SystemC tends to become a standard as a lan-
guage-based modeling tool for system-level design; OSCI
has already submitted it to the IEEE for standard approval.
System(C itself should not be considered as a methodolo-
gy. It is a modeling language from which HW/SW co-de-
sign can benefit. Another very important feature is system
verification support. Support is enabled through Cadenece
SystemC verification extension built on top of SystemC li-

brary /11/.

4  Seamless design flow

If we outline some properties, which in our opinion the
designer-friendly and applicable HW/SW co-design CAD
tool should have, we quickly find some weak points of
methodologies in many of the currently active research
studies in the field of HW/SW co-design. The CAD tool,
which we are steaming to, should take the advantage of
mature languages and just fill the gap caused by heteroge-
neity. Input description languages that are already widely
accepted and have arich set of underlying supporting tools
should not be disregarded and, for the same reason, new
description languages should not be forced by any means.
Awork around could be implementing some additional fea-
tures to the already existent languages (by means of librar-
ies or language extensions of a reasonable level) or build-
ing some supporting environment to extend the language
description capability. Tools for building SW executives
(compilers) are already well optimized, and designers are
trained to use them efficiently. Tools for building HW net-
lists (synthesis tools) are also very powerful. In this paper
we are introducing a seamiess environment where these
sets of already existent tools can be used in a uniform way
to support design flow from the system level description to
distributed executives and net-lists. Effort should be made
in the direction of automatically crossing the HW/SW bar-
rier and at the same time reusing powerful aspects of tools
on both sides.

The gap between HW and SW is currently handled by the
system designer, who is doing a tedious work of the ex-
plore-propose-validate-refine process. The model accura-
cy is gradually increased when more details are added.
This consequently prolongs the time needed for the sys-
tem model development and simulation. To reduce the time
required for design space exploration evaluation of design
choices should be supported earlier in the design proc-
ess, which leads us to system level exploration.

Figure 1 outlines the traditional design flow. This approach
is also known as Y-chart approach /16/. It introduces the
main idea that seamless HW/SW co-design environment

should provide for a sufficient support. The input specifi-
cation consists of an architecture and application descrip-
tion as well as application constraints. HW/SW co-design
approach main object is finding the best mapping of appli-
cation onto available HW resources, while satisfying con-
straints. As the Y-chart suggests, the process of finding
the optimal mapping consists of iterating cycles. The proc-
ess of evaluating different possible solutions that are can-
didates to realize the application within given constraints is
named design space exploration. The design space con-
sists of a variety of spatial and temporal mappings and, as
mentioned before, this problem can easy become unsolv-
able. Dashed arrows suggest the order of design space
exploration. First, the design space built from a given ar-
chitectural and application description is explored. If no
solution within the design space satisfies constraints, the
next step is to revise the application description in terms of
algorithm speedups. The whole design cycle from the pre-
vious step is repeated. If widening the design space still
does not produce satisfactory solutions, this is an indica-
tion that, within given architectural resources, application
mapping cannot be made by realizing constraints. Another
important aspect of the Y-chart is reusability since it ena-
bles mapping of multiple target applications onto candi-
date architectures in order to evaluate performance.
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Figure 1: Y-chart approach

Our approach to HW/SW co-design partially follows the
traditional Y-chart approach guidelines. It mostly extends
it as it is in detail explained in Figure 2. The application is
in the foreground. Optimal partitioning and scheduling are
obtained by employing gradual model refinement.

The application description is split into the system level
description and full-detail level description. At the system
level description we benefit from SystemC system level
modeling and model refinement. The system level applica-
tion description satisfies two purposes. First, information
about tasks and data dependency between them is cap-
tured to construct DAG. Second, the system level descrip-
tion is used as a simulation skeleton to guide heuristic
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methods so as to find the optimal spatial and temporal dis-
tribution. The task description can be very loose at this
stage. The full-detail level is not needed at this stage and
can be postponed.

Architecture is described by a set of available system re-
sources, providing necessary external tools for synthesis,
compilation, verification and simulation, providing IP blocks
of more or less complex operators in terms of library, spec-
ifying standard frames to enable automatic generation of
task communication and automatic generation of control
logic for task scheduling, and specifying communication
channels.

Similar to the application description, the architecture de-
scription is also split into two parts. The term architecture
description means all kinds of specifications that smooth
the higher level description compilation or synthesis onto
target architecture (C/C++, VHDL, or an even higher level
task representation abstraction). The coarse grain archi-
tecture description is provided with external tools that ena-
ble smooth transition from the HLL HW and SW code to
the netlist (synthesis) and executable code (compilation)
and provide its testing, simulating, verifying, debugging and
profiling. Clearly defined architecture limitations that sen-
sibly limit the design space size are also a part of the coarse
grain description; e.g. a number of processing elements
suitable for SW execution, amount of available memory,
number of system buses... Library provides synthesizable
and compilable description of standard elements, supports
automatic generation of the underlying code and provides
support for IP reuse. Library consists of blocks of HW and
SW descriptions of various complexity levels. These can
be all kinds of wrappers, supporting smoother integration
of the user defined code (with HW or SW tasks), commu-
nication channels {implementing SW drivers and HW pro-
tocols), and various complexity level operators (from sim-
ple adders and multipliers to more complex cores such as
DCT).

Although the split architecture description may look some-
how artificially made, it is a necessary design approach,
because programmable gate arrays enable realization of
virtually any function, endlessly extending the design space.
The coarse grain description is used for quick infallible
partitioning and scheduling decisions, rejecting unfeasi-
ble schemes. Providing library of synthesizable cores wraps
the endless design space to a final extension and enables
IP reuse.

Constraints are used to build cost functions needed by
heuristic methods to identify the best solution within the
design space and to evaluate the result from heuristics.
Constraints can be given in any combination of resource
utilization, power consumption, and application execution
time. Constraints must be later given appropriate weights
to obtain the cost function to guide heuristic search meth-
ods.
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Given the necessary input specification, the system level
application description is studied and data dependency
between tasks is obtained to build DAG. The main feature
of DAG is determining the dataflow dependency to over-
come the sequential nature of the application description
and to discover parallelism possibility. Tightly connected
to building DAG is rearranging parts of the graph by appiy-
ing different algorithms, i.e. by increasing the parallelism
rate and granularity modification /3/.

After application is split into subtasks and potential paral-
lelism is discovered, DAG partitioning and mapping take
place. Application is partitioned on the basis of the input
specification about HW only, SW only and HW or SW tasks,
and the design space, to be explored later, is defined. While
partitioning and mapping, architectural resources informa-
tion is needed to obtain a set of operators capable of exe-
cuting application operations to be mapped. Up to this point
the design space consists of a variety of combinations,
covering every possible mapping of every subtask to ap-
propriate available resource. In the case of implementa-
tion of HW resources with programmable circuits, the de-
sign space is infinite, thus practical limitation is set by a

—— e — o — — — — g R - - - —

Figure 2:

HW/SW co-design design flow

finite number of library components. Finding the optimal
solution within the design space takes time that is expo-
nentially dependant on the design space size when solved
with feasible computers. Even in the case of a modest



J. Dedig, A. Trost, A. Zemva:
Seamless HW/SW Co-design Flow

Informacije MIDEM 34(2004)1, str. 18-25

application, the problem quickly becomes unmanageable.
Here, the system level approach enables us to-explore only
defined subsection(s) of the entire system, thus isolating
the detailed level description of a partition and schedule
enabled task from the rest of the system, described only
for a necessary interaction. In the next step, scheduler
extends the design space even more. Solving this kind of
optimization problems belongs to the class of NP prob-
lems. Keeping the design flow time under control, heuris-
tic methods are necessary. These methods will select a
point from the design space and estimate its result ade-
quation guided by the cost function. The way how the de-
sign space is explored depends on the chosen heuristic
method /7/.

The partitioning step is tightly integrated with scheduling
step heuristic methods and rules. The scheduler task is to
find optimal temporal distribution which would produce the
shortest application runtime. Temporal mapping is applied
to subtasks that share common resources. The execution
order depends on data dependency extracted from DAG
and when determining the execution order, rules are ap-
plied which take into consideration resource conflicts and
task delays caused by them /9/. Two resource allocation
policies /4/ can be applied; dynamic and static. This pa-
per addresses only the static one. To find optimal schedul-
ing, each task must be described by its communication
and processing time. This time can be obtained either as
the input given approximately or as a more realistic feed-
back from subsequent stages. In Figure 2 it is depicted by
dotted arrow labeled task model refinement.

After tasks are spatially and temporally mapped, the map-
ping efficiency can be estimated using SystemC system
level model executive. It is indicated by a solid arrow la-
beled ¢. The input specification for SystemC executive is
built from the system level application description input,
modified by graph transformation algorithms and spatial and
temporal mappings. Estimations are getting closer to real-
istic values when task descriptions are becoming gradual-
ly refined, which is the primary feature of SystemC. Parti-
tioning and scheduling heuristic algorithms iteratively ex-
plore the design space until an optimal solution is found
(depicted by a dotted arrow labeled a). If iterative heuristic
algorithms fail to find a solution within the design space,
the input description must be reviewed (depicted by a dot-
ted arrow labeled b).

Gradual application system level model refinement intro-
duces optimal spatial and temporal mapping for a given
input specification. If results conform to constraints, the
subtask descriptions should be refined to a full-detail level
according to the winning partitioning scheme. Currently,
we assume mixed SW and HW language description
(C/C++, VHDL). At this point, architectural information is
used to wrap detailed described subtasks into standard
frames thus enabling automatic task connectivity and au-
tomatic control generation. Compilation and synthesis are
done with the usage of external tools connected into a

seamless design flow through command line extension.
When constraints are satisfied, this is also the subsection
of the design flow where the entire HW and SW code is
generated for every programmable part of the architecture.
After a synthesizable and compilable code is obtained for
every task, it can be verified and simulated with the use of
external tools. Task level verification and timing simulation
can be applied using external tools, which will serve as an
exact guide to the partitioning and scheduling algorithm.

5 JPEG design Example

As previously described, the design flow gradually evolved
by taking into account the related work in this area, lever-
aged by our experiences obtained with an ad-hoc approach
of partitioning and system level integration. Experiences
with real-life applications were the motivation key while
evaluating the related methodology successfulness, and
later they were golden guidelines when developing our own
design flow within a seamless environment.

Following the architectural classification in section 2, our
targeted exploration architecture fits into the second group
of co-design exploration suitable architectures (processor,
accompanied with array of programmable logic). The plat-
form is based on the Intel Strong ARM microprocessor,
supporting a variety of peripheries which eases communi-
cation and extends its flexibility /14/. HW programmability
is achieved by introducing FPGA connected directly onto
the microprocessor's bus. The platform supports the Linux
operating system. Integration of SW executive and neces-
sary control logic with the rest of programmable HW re-
sources is supported through kernel drivers. While improv-
ing the design flow, we also made a move towards the PC
based HW/SW co-design platform /15/, presented as the
third possible architecture in section 2.
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Figure 3: JPEG encoding steps

In order to carefully study the whole design flow, we decid-
ed to manually realize all design steps by implementing the
JPEG coding / decoding image processing application
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/17/. The JPEG image processing overall complexity is
well suited for a wide range of processors and their per-
formance improvement can be substantial, provided that
an optimal HW-SW co-design solution is found. Figure 3
shows JPEG compression steps, suitable as a starting point
for the system level application description. This figure also
exhibits the high level input application specification tight-
ly connected to our basic idea of the high level task de-
scription. A closer examination of encoding steps already
reveals not easily observable possibilities of design deci-
sions, explicitly at the system level. Although the compres-
sion flow exhibits pure sequential data processing, the
exploration space can be still revealed. Shaded nodes in
Figure 3 straightforwardly resemble the JPEG compres-
sion flow. Only broken line circuited explanations comment-
ing data dependency are here important. Dependency
comments explain the minimally required amount of data
provided by the previous task and needed to start the next
one. If every task requirements were an entire image ar-
ray, then the application task flow would be seen as strictly
sequential. Here, we can discover/apply a mixed sequen-
tial, parallel, and in some stages even pipelined behavior.
An optimal system level partitioning and scheduling deci-
sion would consider the required/available amount of mem-
ory between tasks, number of necessary task repetitions
linked to the task execution time, and possible resource
conflicts. Figure 3 expresses a close resemblance to DAG;
the application is logically coarsely partitioned into sub-
tasks, represented with nodes, and tasks data dependen-
cy is represented with arrows. After the tasks resource
usage is evaluated, guidelines for finer task re-partitioning
are obtained, leading into a successively refined partition-
ing scheme.

Following the Figure 2 design flow, a coarse grain archi-
tecture description is provided by means of a gcc compil-
er and gdb debugger, limitation of only one SW processor,
and a certain amount of the available memory. A detailed
library description is provided by a Wishbone compliant
1D DCT core, Wishbone communication structure, and
device driver (SW/processor to HW/FPGA communica-
tion). Since we chose a point from the design space man-
ually, the only constraint that makes sense is HW and SW
resource usage limitation.

As every portion of the design flow was processed manu-
ally and the turnaround time was expected to be rather
long, our focus was not on design space exploration, but
rather on realization of the entire design flow from descrip-
tion to realization. It was noted that by choosing just one
design point from the design space, only a suboptimal
solution could be obtained. The design space is explored
thoroughly as the entire flow is automated thus shortening
the time required for the design decision.

Rather than generating an executable application descrip-
tion for several partitioning and scheduling schemes with
the use of SystemC, we analyzed application execution by
hand C coding. By studying the JPEG coding algorithm, it

24

was easily established that DCT is computationally the most
intensive part of image processing. We decided to imple-
ment DCT in HW (VHDL) and the rest of application se-
quentially in SW (C). Considering our modest initial con-
straints, we were successful. However, despite straight-
forward partitioning scheme, it took us some time to hand
write the necessary code. Any modification at the system
level required from us a fair amount of tedious handwriting.
The main drawback of the ad-hoc approach is that a lot of
handwriting has to be done. Namely, not taking the entire
system integrity (e.g. communication resource conflicts)
into account makes the partitioning scheme inefficient.
Solution to this problem is automatization of evaluating suc-
cessively chosen design points.

6 Conclusion

We presented a HW/SW co-design methodology design
flow based on the study of current research activities in
this area and our experiences with an ad-hoc approach to
partitioning and system level integration. With the present-
ed ad-hoc approach drawbacks we highlighted features
that we found particularly important. We proposed a seam-
less environment supporting system level development and
automatization of repetitive tasks, and softened the solu-
tion to the issue of heterogeneity gap. The main idea is to
reuse the already existent tools. Our future research effort
will be towards blurring the gap caused by languages ca-
pable of describing heterogeneous capabilities.

Our future work will address the following two main issues.
First, the persistent need of increasing the system com-
plexity will widen the interest in IP-cores reusability. Our
effort will be laid in finding an efficient way of IP libraries
re-usage leveraged by user code development. IP librar-
ies can consist of any of fine grain and coarse grain oper-
ators, encapsulating wrappers enabling automatic appli-
cation subtasks connectivity, and communication channels.
The second area of our future work will be towards opti-
mizing specific parts of the design flow.
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NEPORUSNO TESTIRANJE PLANARNIH PARAMAGNETIKOV
IN FEROMAGNETIKOV

Damijan Miljavec, Rajko Susmelj, Konrad Lenasi

Univerza v Ljubljani, Fakulteta za elektrotehniko, Ljubljana, Slovenija

Kjuéne besede: neporusno testiranje, vrtincni toki, vrtilno magnetno polje, magnetna sonda, MKE, FLUX-2D;

Izvleéek: Delo obravnava problematiko neporusnega testiranja elektri¢no prevodnih plos¢ z metodo vrtinénih tokov. Metoda je osnovana na merjenju
sprememb magnetnega polja induciranih vrtinénih tokov v testirani plod¢i. Fizikalno, metoda neporusnega testiranja temelji na uporabi vrtilnega magnet-
nega polja. Posledi¢no, se zaradi tega polja inducirajo vrtinéni toki v plos¢i in njihovo magnetno polje nad povrsino plos¢e vpliva na induciranje napetosti
viskalnih tuljavicah. Sprememba magnetnega polja vrtincnih tokov nastane, ko poskodba plosée, bodisi razpoka bodisi korozijska razjeda, spremeni pot
vrtinénim tokom. Spremembo polja zaznamo s pomocjo iskalnih tuljav na povrsini ploscée. Stanje preizkusane plosée tako ovrednotimo na nacin brezkon-
takinega merjenja. Magnetne razmere pri testiranju z vrtinénimi toki smo analizirali s pomodgjo metode koncnih elementov (MKE), ki jo podpira programski
paket FLUX-2D /1/. S pomodjo modela magnetne sonde smo preiskovali vpliv lege in dimenzij utora v testirani plo¢i na inducirane napetosti 3-osnega
iskalnega navitja. Ovrednotili smo merilne rezultate v smislu sposobnosti zaznavanja zarez in dolocanja njihovih smeri dveh tipov iskalnih navitij: 3-osnega
iskalnega navitja in izvedbe s petimi z-osnimi iskalnimi tuljavicami. Teoreti¢ne izsledke smo testirali na aluminijasti in litoZelezni ploséi z vrezanimi zarezami.

Nondestructive Testing of Planar Paramagnetics and
Ferromagnetics

Key words: non-destructive testing, eddy currents, rotational magnetic field, magnetic probe, FEM, FLUX-2D

Abstract: The paper reports the principle of eddy current non-destructive testing of conducting plates. The flow paths of eddy currents induced in the
testing plate are perturbed by cracks and defects, and the result is reflected in the magnetic field above the plate surface. The change of the magnetic flux
density can be measured by search coil which is in vicinity with a specimen. The advantage of this method is that the cracks and defects can be evaluated

without contact in a short time.

Magnetic field distribution in electrically conductive plates was analysed with two-dimensional finite element method (FLUX-2D). The influence of the
position and the size of a slot on output signals of the three-axis search coil were investigated. The relationship between the ability to consistently detect
slots on one hand, and the electromagnetic properties of the specimen, the exciting frequency and the lift-off between the magnetic probe and the
sample under test on the other hand have been estimated. The numerical results reveal the fundamental behaviour of magnetic probe. The prototype of
the magnetic probe which generates rotational magnetic field in the testing plate was built-up. The mechanism of slot detection was elucidated, The
results of this analysis show that output signals of the three-axis search coil include a lot of effective information of the direction and the position of a slot.
Furthermore, experimental work has been carried out: the effects of the machined slots on aluminium and steel plate have been measured by the probe.
In order to obtain better detection results of a slot, a set of five z-axis search coils was also used in the magnetic probe. Experimental results have proved
that measurement system is useful in slot detection and recognition of slot direction.

Izbira senzorja, ki dolo¢a metodo neporusnega testiranja,
ie kliucnega pomena glede na vrsto okolja v katerega bo
postavijen, saj lahko okolje dramati¢no vpliva na njegovo
delovanje. Za preizkusanje sestavov iz prevodnih materi-

1 Uvod

Potreba po uéinkovitem avtomatiziranem neporudnem testi-
ranju ima za seboj moéno ekonomsko ozadje. Avtomatizira-

na inSpekcijska oprema odpravlja dolgotrajne postopke
vizualnih pregledov (nalogo odloCanja seveda prepusca
¢loveku) in nekajkrat prekasa njihovo ucinkovitost odkrivanja
poskodb. Posebej pomembno pa je, dalahko z instrumen-
talnimi metodami detektiramo in ovrednotimo skrite
poskodbe. Sem sodijo: skrite razpoke, skrite korozijske
razjede ali nezveznosti v kompozitnih materialih /2/. Po-
leg visjega odstotka odkritih poskodb omogocajo instru-
mentalne metode tudi enostaven nadin njihovega doku-
mentiranja. Z analizo zbranih podatkov testiranja serije enak-
ih izdelkov oz. naprav lahko dolo¢imo njihove najpogoste-
jSe poskodbe. Podatke o tipi¢nih poskodbah dolo¢enega
izdelka lahko uporabimo pri iskanju boljsin konstrukcijskih
resitev in proizvodnih procesov s katerimi poskusamo iz-
boljsati poskodbam najbolj izpostavljene dele.
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alov se v zadnjem ¢asu vedno bolj uveljavlja metoda
vrtincnih tokov (ang. eddy current testing). Metoda je os-
novana na merjenju sprememb magnetnega polja in-
duciranih vrtin¢nih tokov v testiranem objektu. Prednosti
te metode so, da so senzorji vrtincnih tokov neobdéutljivi na
umazanijo, prah, vlago, olje ali druge dielektricne materi-
ale v razpokah, ki jih zelimo oceniti /3/. Tako so ti senzoriji
primerni za delovanje tudi v okoljih z manj &istimi razmera-
mi. Omogocajo tudi testiranje z veliko hitrostjo, zanesljivo
delujejo v Sirokem temperaturnem razponu ter njihova izde-
lava je relativno poceni. Prednost je tudi njihova enostavna
vkljugitev v radunalnigki merilni sistem. Sirdo uporabnost
metode testiranja na principu vrtinénih tokov med drugim
omejuje zahteva po enakomerni nalegi senzorja na povrs-
ino testiranca. Tako teZje preizkusamo objekte z zakrivijeno,
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hrapavo ali kako drugace slabo dostopno povrsino. Ne-
zanesljiva in tudi ekonomsko neupravicena je preiskava
poskodovanosti predmeta zaradi splosne utrujenosti ma-
teriala.

2 Magnetna sonda

Pri neporusnem testiranju z vrtinénimi toki skusamo v testi-
ranem objektu dosedi &im vedjo gostoto induciranih tokov.
V ta namen sta vzbujalna para navitij names$cena na feritnih
jedrih, ki vzbujaino magnetno polje ojacita in ga usmerita v
plosco (slika 1). Med seboj pravokotno postavljena vzbu-
jalna para navitij napajamo z za 90° fazno premaknjenima
izmeni¢nima tokoma. V obmodju plosce pod sredino mag-
netne sonde se ustvari vrtilno magnetno polje. Le-to gener-
ira vrtinéne toke, ki se z njim sinhrono vrtijo. Poskodba
plosce spremeni pot vrtinénim tokom, kar se v zunanjosti
plosce odraza kot sprememba magnetnega polja vrtincnih
tokov. To spremembo lahko zaznamo preko spremembe
induciranih napetosti iskalnega navitja nad povrsino plosce.
Na spodniji levi strani slike 1 je narisano 3-osno iskalno
navitje: iskalne tuljavice so orientirane v smereh koordinat-
nih osi, tako da posamezna tuljavica zaznava le kompo-
nento magnetnega polja v smeri istoleZzne osi. Druga ra-
zli¢ica uporabljenega iskalnega navitja je prikazana na spod-
nji desni strani slike 1. To je set 5-ih z-osnih iskalnih navitij,
ki detektirajo spremembe magnetnega pretoka pravokot-
no na povrsino plodée. Z analizo induciranih napetosti
iskalnih navitji moremo doloditi prisotnost in usmeritev
razpoke v ploséi.

Uporaba vrtiinega magnetnega polja je klju¢nega pomena
za udinkovitejSe odkrivanje poskodb /4/.

Vrtincne toke v preizkusani plosci lahko vzbudimo tudi z
izmeniénim poljem. Vendar pa je detekcija napak v tem
primeru slabsa. Najvedja sprememba magnetnega poljain
s tem tudi induciranih napetosti iskalnega navitja namre¢
nastane takrat, ko je smer razpoke pravokotna na smer
vrtinénih tokov. Razpoka v tak8nem poloZzaju ovira vrtincne
toke na obmodju cele svoje dolzine. Obratno pa velja za
razpoke, ki so vzporedne s tokovnicami. Tako orientirane
razpoke v mnogo manjsi meri vplivajo na magnetno polje
na obmodju iskalnih navitji. V primerjavi z izmenic¢nim poljem
pozene vrtilno magnetno polje vriinéne toke v vseh smereh
proti razpoki. Tako zagotovo pride do stanja, ko se prisot-
nost razpoke najmocneje odrazi.

Ucinkovitost zaznavanja napak je odvisna tudi od frekvence
vzbujalnega magnetnega polja. Vedji odziv induciranih na-
petosti iskalnih navitji na poskodbo, ki leZi na isti strani
plosce kot magnetna sonda, dosezemo z vi§jo frekvenco
vzbujanja. Pritem se v plo&céi inducira vecja gostota vrtincnih
tokov in poslediéno naraste tudi gostota magnetnega polja
induciranih tokov na obmocju iskalnih navitji. Pri odkrivan-
ju razpok na nasprotni strani plos¢e pa moramo biti pozor-
ni na ucinek izrivanja toka. Stopnja koznega ucinka je pogo-
jena z vdorno globino /5/. Globina prodiranja § je poleg
snovnih konstant testiranca, to je specificne elektricne

prevodnosti vin permeabilnosti i, odvisna se od elektricne
krozne frekvence vzbujalnih tokov w:

& =42/owy - (1)

Zaradi opisanega uc¢inka moramo uporabiti dovolj nizko frek-
venco, da se tudi na nasprotni strani plosc¢e inducira za-
dostna gostota vrtinénih tokov. Zaradi manjSe gostote in-
duciranih tokov je razpoke na drugi strani plos¢e mnogo
tezje detektirati.

MAGNETNA
SONDA feritni jarem z y-osnima
vzbujalnima navitjema

{9 0.5, 2x60 ovojev)

feritni jarem z x-osnima
vzbujalnima navitjema
{6 0.5, 2%60 ovojev)

y-iskalno navitje iskalna navitja

(0.1, 300 ovojev)

x-iskalno navitje
(¢ 0.1, 300 ovojev)

SET 5-TH ISKALNIH
Z-NAVITI
(9 0.1, 5%x200 ovojev)

3-OSNOISKALNO 7 ' Q{y
NAVITIE  —%7 M

W o
z-iskalno navitje () Y
(® 0.1, 150 ovojev) — o

Slika 1: Konfiguracija magnetne sonde in iskalnih navitij

3 Dvodimenzionalna numericna
analiza

S pomocjo dvodimenzionalne metode konénih elementov
/8/ smo analizirali vpliv lege in velikosti utora (simulacija
razpoke) na inducirano napetost v x, y in z tuljavici 3-o0s-
nega iskalnega navitija. Na sliki 2 je prikazana postavitev

MAGNETNA SONDA

iskalno navitje ._ o feritno jedro
vzbujalno navitje ~ I
& smer premikanja

WV

[

A

Slika 2: Postavitev magnetne sonde, dimenzije testirane
plosce in lege merilnih tock.
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magnetne sonde, dimenzije testirane plosée in polozaji
merilnih to¢k (sondo smo premikali pre¢no na razpoko, to
je od -10 mm do 10 mm glede na njeno sredisc¢e).

Numeri¢no analizo smo opravili pri sledec¢ih razmerah:
gostota vzbujalnega toka 2,2x10° A/m?, relativna permea-
bilnost feritnega jedra 1000, preizkusali pa smo 5 mm de-
belo aluminijasto plos¢o z relativno permeabilnostjo pa=1
in specificno elektricno prevodnostjo v, =354x10° S/m
ter enako debelo litozelezno plosco relativne permeabil-
nosti tre=1000 in specificne elektricne prevodnosti
vr. =8%10° S/m. Rezultati analize, ki so predstavljeni na
slikah 3, 4 in 5, veljajo za primer ko je utor Sirok 8 mm in
globok 2 mm. S takim utorom smo simulirali stanje vrtil-
nega polja v plosci, ko inducirani vrtinéni toki tecejo pre¢no
na utor. V takem primeru dobimo najvedji odziv induciranih
napetosti viskalnih tuljavah na prisotnost utora. Frekvenco
napajanja smo prilagodili tako, da je globina prodiranja mag-
netnega polja (1) Se presegala debelino plosée. Pri analizi
aluminijaste plos¢e to pomeni napajanje frekvence 250 Hz,
pri litozelezni plo$éi pa 1 Hz. Na sliki 3 so prikazani poteki
induciranih napetosti v x- in z-iskalnem navitju pri razliénih
globinah utora na nasprotni (spodnji) strani aluminijaste
plosce. Pri gibanju magnetne sonde ¢ez utor doseze na-
petost Ui najvecjo spremembo takrat, ko sonda lezi nad
sredino utora. Takrat je zaradi prisotnosti razpoke vpliv
zmanjSanega polja vrtinénih tokov na x-iskalno navitje na-
jvecji. Pri inducirani napetosti z-osnega iskalnega navitja
pa se srediscni polozaj sonde glede na utor odrazi ravno
nasprotno. Inducirana napetost Uy, je vtem primeru enaka
ni¢, kotv primeru plosée brez utora. V tej, simetricni legi z-
tuljavice na razpoko se namrec¢ izni¢i magnetni vpliv
vrtincnih tokov (magnetni pretok polja vrtinénih tokov skozi
z-navitje je enak ni¢). Inducirana napetost Ui; pa je odvisna
le od magnetnega polja vrtinénih tokov. Vzbujalno magnet-
no polje nanjo neposredno ne vpliva. Temu je tako, ker je
z-0sno navitje postavljeno na sredini med poloma jarma in
je njena normala pravokotna na gostotnice vzbujalnega
magnetnega polja.

Na sliki 4 so predstavijene napetosti iskalnih navitij pri analizi
litozelezne plosée z utorom na spodniji strani.

Zanimiva je primerjava potekov napetosti Uik v primeru
litozelezne in aluminijaste ploscée (sliki 3.a in 4.a). Pri pre-
hodu magnetne sonde &ez utor v litozelezni plosdéi nape-
tost Uik naraste.

Porast napetosti je posledica stresanega vzbujalnega mag-
netnega polja Cez utor. Pri plos¢i brez utora se magnetno
polie v celoti zakljuéuje po ploséi in ne pride do pojava
stresanja polja. Zaradi tega je gostota magnetnega polja
nad povrsino plos¢e na obmodiju iskalnih navitij manjsa kot
v primeru plos¢e z utorom, posiedi¢no pa je manjsa tudi
inducirana napetost. Pri aluminijasti plosdi pa je stresanje
polja enako prisotno v primeru brez ali z utorom. Aluminij je
namre¢ za magnetno polje enako sprejemljiv medij kot zrak.
Ob prisotnosti utora se gostota magnetnega polja nad pov-
réino aluminijaste plos¢e zmanjsa zaradi oslablienega pol-
ja vrtincnih tokov in inducirana napetost Ui upade.
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Odvisnost inducirane napetosti z-iskalnega navitja od lege
utora se pri litozelezni plo$éi kaze na podoben nacin kot
pri preizkusanju aluminijaste plosce. Napetost Ui, zavzame
najmanjso vrednost v polozaju sonde nad sredino utora
(slika 4.b).

3 Rezultati meritev

Merilni sistem je sestavijen iz treh glavnih skiopov: napa-
jalne enote, magnetnega senzorja in sistema za zajem in
obdelavo merilnih signalov. Omenjeni sklopi so podrobne-
je predstavljeni na sliki 5.
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Slika 3: Inducirana napetost v x- in z- iskalnem navitjiu
glede na lego sonde in utora (razpoke) v
aluminijasti ploSci.

Sposobnost odkrivanja poskodb plosce s 3-osnim iskal-
nim navitiem in s setom 5-ih z-osnih iskalnih navitij smo
preizkusili na razlicnih umetno “pogkodovanin” vzorcih ploss
in pri razliénih merilnih pogojih. V 2 mm debelo aluminijas-
to plosco velikosti 200x280 mm, relativne permeabilnosti
A= 1 in specificne elektricne prevodnosti ya = 35x 108
S/m, smo vrezali tri utore dolzine 100 mm in 8irine 4 mm.
Utori globine 0.7 mm, 0.8 mm in 0.9 mm so enakomerno
razporejeni na povrsini plosce. V litozelezno plod&o rela-
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Slika 4a:Poteki inducirane napetosti v x- iskalnem navitju
v odvisnosti od relativhega poloZaja magnetne
sonde in utora (razpoke) v primeru litoZelezne
plosce.
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Slika 4b:Poteki inducirane napetosti v z-iskalnem navitju
v odvisnosti od relativnega poloZaja magnetne
sonde in utora (razpoke) v primeru litoZelezne
plosce.
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Slika 5: Merilni sistem.

tivne permeabilnosti p, =1000 in specifi¢ne elektri¢ne
prevodnosti yre = 35% 10° S/m ter dimenzij 200x420%3.15
mm pa smo vdelali pet zarez dolzine 110 mm ter Sirine in
globine: 3.3x2 mm, 3.3x1.3mm, 2.8x0.75mm, 2.8x0.5
mm, 1.8x0.2 mm. Obdutljivost 3-osnega navitja smo tudi
preverili s prehodom ¢ez 0.1 mm Siroko rezo med dvema
2.35 mm debelima plos¢ama iz Al-Fe litine.

Za doseganje dobrih merilnih rezultatov je najbolj odlodu-
joca frekvenca napajanja vzbujalnih tuljav. Najboljse rezul-
tate pri odkrivanju utorov na isti strani aluminijaste plosce,
kot je bila postavijena magnetna sonda, smo dosegli z na-
pajanjem frekvence 3 kHz. Utore na spodnji strani plosce
pa so se najjasneje “pokazale” pri frekvenci 1 kHz. Pri
litoZzelezni ploséi pa smo dobili dobre rezultate pri frekven-
¢i 250 Hz, seveda pri testiranju plosCe z zarezami na zgornji
povrsini.

4.1. Rezultati testiranja s 3-osnim iskalnim
navitjem

Prednost izvedbe 3-osnega iskalnega navitja je v tem, da

lahko enostavno dolo¢imo smer reze (razpoke) iz razmerja

signalov x- in y-iskalnega navitja. Na sliki 6 so prikazani

trije mozni prehodi x- in y-navitja ¢ez rezo:

a) y-iskalno navitje pravokotno preCka rezo, x-navitje se
giblje vzporedno proti njej,

b) obe navitji preideta rezo pod kotom 45°,

c) polozaj navitij je ravno obraten kot v primeru a).

Glede na prej omenjene prehode iskalnih navitij ¢ez rezo
dobimo tri znadilne poteke induciranih napetosti (slika 7).

' reza reza . reza
X
mllE - - ( .
=
3-osno

11
I

I

a) ;3313532 iskalno 3-08nQ|
navitje ©) iskalno
navitje navitje

Slika 6: Prehodi x- in y-iskalnega navitja ¢ez rezo med
dvema plosCama iz Al-Fe litine.

Inducirana napetost iskalnega navitja, ki se giblje pravoko-
tno na smer reze, doseze najnizjo vrednost v legi navitja
nad sredino reze. To velja za napetost x-navitja na sliki 7.a
in napetost y-navitja na sliki 7.c. V tem polozaju je meroda-
jna komponenta gostote magnetnega polja vrtinénih tokov
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12 23.5 35
poloZaja magnetne sonde [ mm]

Slika 7a:Inducirane napetosti 3-osnega iskalnega navitjia
v poloZaju a (slika 6) glede na prehod ez rezo
med plos¢ama iz Al-Fe litine.
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Slika 7c:Inducirane napetosti 3-osnega iskalnega navitja
v poloZaju ¢ (slika 6) glede na prehod ¢ez reZo
med ploS¢ama iz Al-Fe litine.

najmanjSa zaradi netekocih vrtincnih tokov na obmodju
reze. V primeru diagonalnega prehoda iskalnegih navitji Gez
rezo pa sta poteka induciranih napetosti x- in y-navitja ena-
ka, slika 7.b. Velika razlika napetostnih nivojev signalov x-
in y-navitjia na eni in z-iskalnega navitja na drugi strani je
posledica narave teh navitij. Vedji del magnetnega pretoka,
ki preide skozi x- in y-navitje, je stresani magnetni pretok
med vzbujalnimi navitji. Od tod tako velika inducirana na-
petost na obmocju plos¢e brez reze. Simetriéna lega z-
tuljavice med jarmoma sonde pa vpliv vzbujalnega polja
izni¢i, saj je normala na ravnino z-tuljavice pravokotna na
gostotnice vzbujalnega magnetnega polja.

4.2. Rezultati testiranja s setom 5-ih z-
oshih iskalnih navitij

lzvedba iskalnega navitja s petimi z-osnimi tuljavicami (sli-
ka 1) zelo dobro izpolnjuje prvenstveno funkcijo, to je de-
tekcijo poskodb testirane plo&¢e. Pri najustreznejsi frek-
venci napajanja je sprememba amplitude induciranih na-
petosti iskalnih navitij ob prehodu sonde ¢ez utor tako izrazi-
ta, da lahko nedvoumno razpoznamo prisotnost utorov na
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zgornji in spodnji povrsini aluminijaste plosce. Iskalno
navitje prav tako zanesljivo “odkrije” prve stiri najgloblje
zareze na zgornji povrsini litozelezne ploéée. Najmanjso
zarezo Sirine 1,8 mm in globine 0,2 mm pa zazna v 40%
poizkusov.

Pri odkrivanju smeri utorov (zarez) kot drugotni funkeiji
magnetnega senzorja s petimi z-osnimi iskalnimi navitji smo
zabelezili slabse rezultate. Pravilno informacijo o smeri za-
rez smo dobili le v priblizno 20% primerov testiranja alu-
minijaste ploscCe. Pri preizkusanju litoZzelezne plosce pa je
ta odstotek Se manjsi.

Krajevna razmescenost iskalnih navitij nam omogoca, da
lahko iz Casovnega poteka signalov dolodimo smer utora
ali zareze. V ta namen pri vsakem signalu dolo&imo tre-
nutek nastopa spremembe napetosti, ki oznaduje prehod
iskalnega navitja ¢ez utor ali zarezo. Trenutek prehoda smo
dolodili s pomocjo ekstremov motnje. Tak nadin doloc¢anja
trenutka prehoda iskalnega navitja ¢ez razpoko je seveda
uspesen le v primeru dobro izrazene spremembe in-
ducirane napetosti. Signale osteviléenih iskalnih navitij nato
razporedimo glede na ¢as nastanka motnje in s tem dobi-
mo informacijo, v kakSnem vrstnem redu so navitja presla
zarezo. Primer razvrstitve signalov je prikazana na legendi
slike 8. Signali so bili “posneti’ pri testiranju aluminijaste
plosCe z utori na zgorniji povrsini pri napajalnem toku 0.14
A, frekvence 3 kHz. Signale smo normirali z njihovimi pov-
preénimi vrednostmi z namenom, da lahko lazje preverimo
pravilnost razporeditve. Na podlagi razporeditve signalov
ugotovimo orientiranost razpoke (slika 9).
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Slika 8: Razporeditev signalov glede na vrstni red
prehoda iskalnih navitij ez utor v aluminjasti
ploSéi.

Na sliki 10 so prikazani Se poteki induciranih napetosti pri
prehodu magnetne sonde ¢ez zareze na zgornji povrsini
litoZzelezne plosce. Inducirane napetosti smo posneli pri
vzbujanju s tokovi 0.54 A, frekvence 250 Hz, ter jih zgladili
z racunanjem povprecnih vrednosti efektivne napetosti s
korakom dveh period. Zaradi prevelikega vpliva stresanih
magnetnih polj v okolici zarez nismo mogli doloditi orienti-
ranost leteh glede na iskalna navitja. Medtem, ko so pris-
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Slika 10:Inducirane napetosti seta 5-ih z-iskalnih navitij
pri testiranju litoZzelezne plo$ée z zarezami na
zgornji povrsini.,

otnost in velikost zarez zelo izrazena na obliki induciranih
napetosti (slika 10).

Na sliki 11 si lahko ogledamo izdelano magnetno sondo.

Slika 11:1zdelana magnetna sonda.

5 Zakljucek

S pomocjo metode konénih elementov (modeliranje s po-
modcjo programskega paketa FLUX-2D) smo analizirali
magnetna dogajanja v magnetni sondi. Pri tem smo osred-
njo pozornost namenili odzivu induciranih napetosti iskal-
nih navitij glede nalego in dimenzije utora testirane ploscée.
Rezultate teoreticne analize smo zaokrozili z merilnimi re-
zultati izdelane magnetne sonde. Analizirali smo geometr-
ijo vzbujalnega dela magnetnega senzorja. Vrtilno magnet-
no polje se je pokazalo za zelo ucéinkovito pri iskanju napak
preiskusanca, saj lahko le z enocosnim premikom senzorja
zaznamo prisotnost vseh moznih leg napak. Definirali smo
odloCujoci parameter za zagotavijanje kvalitetnih meritev,
to je vrednost frekvence vzbujalnih tokov. Primerjava rezul-
tatov meritev s 3-osnim iskalnim navitiem in setom 5-ih z-
osnih iskalnih navitji je pokazala prednosti in slabosti
posameznega merilnega sistema. Delo predstavlja tudi
osnovo za nadaljnji razvoj magnetne sonde oz. merilnega
sistema. Odprava pomanijkljivosti, ki so se pokazale pri prak-
tichnem preizkusanju, pa zahteva celovitej$i pristop k re-
Sevanju problematike metode testiranja z vrtinénimi toki.
Predvsem z namenom, da postane ta metoda zanesljivej-
8a in ucinkovitej$a ter uporabniku prijaznejse “orodje” za
vrednotenje stanja preizkusanega objekta.

6 Literatura

/1/ Flux 2D, User manual, Cedrat, France, 2002

/2/  D. Milavec, B, Sustarsi¢, T. Zeljko, K. Lenasi, Magnetne last-
nosti mehkomagnetnih kompozitnih materialov, Elektrotehnicni
vestnik 70(3): 109-114,2003 Ljubljana, Slovenija

/3/ G.Y. Tian, Z.X. Zhao, R.W. Baines, The research of inhomoge-
neity in eddy current sensors, Sensors and Actuators A 69, pp
148-151, 1998,

/4/ H. Hoshikawa and K. Koyama, A New Eddy Current Probe Us-
ing Uniform Rotating Eddy Currents, Materials Evaluation, pp
85-89, January 1998.

/5/ P. Kokelj, Elektromagnetne strukture, Fakulteta za elekiroteh-
niko, Ljubljana, 2000.

/6/ D. Maga, R. Hartansky, Numericke riesenia elektromechan-
ickych uloh, Trencianska univerzita, Ludoprint Trencin, 2001,
ISBN 80-88914-29-9

doc. dr. Damijan Miljavec,
e-mail: miljavec@fe.uni-lj.si
Rajko Susmelj, univ. dipl. in, el.

red. prof. Konrad Lenasi
e-mail: Konrad.Lenasi@fe.uni-lj.si

Univerza v Ljubljani,
Fakulteta za elektrotehniko,
Trzaska 25, 1000 Ljubljana

Tel. (01) 476 82 81

Prispelo (Arrived): 10.11.2003 Sprejeto (Accepted): 25.02.2004

31



UDKB621.3:(63+54+621+66), ISSN0352-9045 Informacije MIDEM 34(2004)1, Ljubljana

TIME-OPTIMAL MAGNETIZATION OF INDUCTORS WITH
PERMANENT MAGNET CORES

D. Nedeljkovi¢, R. Fiser, V. Ambrozic
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Key words: magnetization processes, pulse magnetizing devices, permanent magnets, ferrites

Abstract: Time-optimal accurate magnetization process for small magnetic cores in mass-production is presented. The procedure consists of magnetiza-
tion to the saturation level, followed by optimal partial demagnetization, which sets the stable operating point of a magnet within required inductance
tolerance (< 3 %). The basic topology of a pulse magnetizer/demagnetizer is described and some improvements in algorithm to calculate optimal demag-
netization voltage are suggested. Thus, proper magnetization of a core can be achieved in less than 4 s per piece. Additionally, the production waste is

drastically reduced.

Casovno-optimalno magnetenje dusilk z jedrom iz trajnega
magneta

Kjuéne besede: magnetilni postopki, impulzne magnetilne naprave, trajni magneti, feriti

lzvledek: V ¢lanku predstavijamo ¢asovno-optimalni postopek natancnega magnetenja v velikoserijski proizvodnji majhnih magnetnih jeder. Postopek
sestoji iz magnetenja do nasicenja, ¢emur sledi optimaino delno razmagnetenje, s &imer postavimo magnet v stabilno delovno tocko. Pri tem dosezemo
induktivnost dusilke, ki je znotraj predpisanih toleranc (< 3 %). Opisana je $e osnovna topologija impulzne magnetiine/razmagnetilne naprave, prav tako
pa je prediagan izboljgani algoritem za izradun optimalne razmagnetilne napetosti. S postopkom doseZzemo Zeleno namagnetenost v manj kot 4 sekundah

po Kosu, pri éemer pa velja omeniti tudi znatno zmanjsanje izmeta.

1. Introduction

in this paper we will focus on accurate magnetization (“cal-
ibration”) of the permanent magnet that is attached to a
coil with soft-ferrite core in so-called “linearity corrector”
(Fig. 1). The correctors are used for horizontal lineariza-
tion of a picture in CRTs and TV sets, where the coil's de-
sired inductance is selected by the dc current. The devia-
tion in physical dimensions of ferrite correctors from the
same manufacturing batch is up to 3 %, which resultsin an
inductance variation of up to 23 %. To provide their equal
performance in an application circuitry, it is more conven-
ient to magnetize each single magnet to appropriate level
in order to obtain magnet's desired effective height /1/.
Namely, mechanical grinding would be inadequate for
mass-production, because it is cost-and-time consuming.

Permanent magnet’s desired operating point can be
achieved by magnetization to the saturation level, followed
by one or more consecutive partial demagnetizations,
where gradually higher magnetic field strength is applied.
Thus, stable magnetization is provided, i.e., during normal
operation in an application circuitry, the magnet's operat-
ing point cannot be affected /2/. However, if eventually
too high magnetic field strength is used for demagnetiza-
tion, we cannot reach stable operating point by any partial
magnetization. On the contrary, the magnet has to be mag-
netized to the saturation level again and thereafter demag-
netized to the desired level by applying proper magnetic
field strength.

32

Soft-ferrite

I 3 " core

——— ——Coi

| Permanent
.~ magnet

__-Plastic base

Fig. 1. Linearity corrector consists of a ferrite
permanent magnet, attached to a coil.

Speed of described magnetization and demagnetization
procedures is very important, since they have to be per-
formed in the mass-production of linearity correctors.
Therefore, the most suitable principle to magnetize and
demagnetize such a permanent magnet, considering also
the power consumption, is the pulse method /3/, /4/,
where appropriate capacitor voltage is discharged on mag-
netizing/demagnetizing coil, into which the permanent
magnet (corrector) is placed.
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Fig. 2 shows the coil's inductance as a function of the dc
control current through the coil. Calibrated correctors (with
properly magnetized permanent magnets) should have the
same characteristics, as close as possible to the “refer-
ence corrector’ (left curve). The inductance limits are tight-
est in the reference point (with reference control current
le_rer), where 5 % or even 3 % accuracy is required. On the
other hand the relative limits are wider at no current (e.g.
10 %) or at higher current (e.g. 14 %). A characteristic for
corrector with saturated permanent magnet is also shown
(right curve) in order to illustrate, how the curve has to be
moved to the “left” by partial demagnetization(s) after prior
magnetization to the saturation level.
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f permanent magnet
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Fig. 2. Tolerance range for calibrated corrector and

characteristic of the saturated corrector.

2. Magnetization Method

Permanent magnets can be magnetized to the desired level
in many different ways. Under operating conditions it is
important, that the magnetization is stable, i.e. that exter-
nal magnetic fields do not affect the working point of the
permanent magnet. This can be achieved by magnetiza-
tion to the saturation level, followed by partial demagneti-

—
H

Fig. 3. (De-) magnetization curve and load line
determine the operating point of a permanent

magnet.

zation. An operating point of permanent magnet is defined
in an intersection between the magnetizing curve, that is
specific to the material, and straight load line po, which
represents the geometry of entire magnetic system (Fig. 3)
/2/. When the permanent magnet is magnetized to the
saturation level, the operating point is point O (Ho, Bo). An
external demagnetizing force H+ reduces flux density B to
the point 1p. After disengagement of this external field,
flux density follows the curve 1" (lower part of the recoil
loop) and reaches the point 1 on the line po. Now only
demagnetizing force H», which is stronger than previously
applied Hy, can move the operating point by the curve 1°
(upper part of the recoil loop) and demagnetization curve
to the point 2p; after its disengagement the new operating
point will be 2. Note that any partial magnetization cannot
move the operating point upward the load line, i.e., from
point 2 to point 1; full magnetization to the saturation level
is required instead, followed by partial demagnetization,
as described.

From the energetic point of view the most suitable princi-
ple to magnetize and demagnetize a permanent magnet is
the pulse method. Magnetization can be achieved by the
circuitry from Fig. 4, which releases energy, stored in "mag-
netizing” capacitor Cy, in an aperiodic current transient:

U
i, (t) =—M ™ ' sin(w £) for tSZ (1)
wL 4
‘ Uggo -5 -80-5) T
(H=—2e 4%e % for (>~ (2)
0= 4
with
o’ = ! s_ﬁ
°"1C, A 3,4
2n
=Jn? =52, I'=— 5,6
O =40, -6 P (5, 6)

When the “magnetizing” capacitor voltage is at its refer-
ence value Ucmo, charging is stopped and the charger is
disconnected. Thyristor Ty is triggered, allowing the cur-
rent i; to flow through the magnetizing inductor L, in which
the permanent magnet is placed, and the diode D. The
aperiodic transient is shown in Fig. 5. Load current reach-
es its maximal value at t = T/4:

T. Uy -5~
L e S (=)= 4 (7)
L 1€ 4) ~7
Tw
N
Charger 1 L
: Cvu—=—| u D
unit M R
. 4

ir
Fig. 4. Principal magnetization circuitry.
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Fig. 7. Current pulse for demagnetization.

For demagnetization, dumped periodic transient can be
used and applied by circuitry from Fig. 6. After charging
the "demagnetizing” capacitor Cp to the desired value Ucpo,
the charger is disconnected and thyristors Tp1 and Tpp are
triggered simultaneously, resulting in a current transient,
shown in Fig. 7:

i ()= Yeno e sin(w 1) (8)
oL

The same charger unit can be utilized for both magnetiza-
tion and demagnetization. Due to the process requirement,
that the magnetization must always reach the saturation
level, while the demagnetization should be executed par-
tially and more precisely, it is reasonable to use two sepa-
rate capacitors. Namely, the energy, stored in a capacitor,
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is controlled through its voltage. Therefore the capacitor
with lower capacitance can store the same amount of en-
ergy at higher voltage, thus enabling wider voltage range
with better precision. Consequently, frequencies and time
constants (3, 5, 6) are different for demagnetization, where
capacitance Cp has to be considered before applying their
values in (8). Magnetizing inductor is nevertheless the same
for both actions.

3. Time-optimal magnetization
procedure

From Fig. 8 it is evident, that magnetic properties of mag-
nets, made of the same material and with the same re-
quired dimensions, can differ significantly. Demagnetiza-
tion curves for several linearity correctors of the same type
were measured through pulse demagnetization. Magnets
were magnetized to the saturation level and then gradually
demagnetized by increasing the applied capacitor voltage.
As it can be seen, the reference inductance L™ can be
achieved by applying very different demagnetization volt-
ages. Obviously the capacitor voltage, that would properly
demagnetize the particular permanent magnet, has to be
determined for each single piece separately.
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Fig. 8. Demagnetization characteristics for several
permanent magnets of the same type.
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Fig. 9. Determination of demagnetization voltage.



D. Nedeljkovi¢, R. Fiser, V. Ambrozi:

Time-optimal Magnetization of Inductors With Permanent Magnet Cores

Informacije MIDEM 34(2004)1, str. 32-36

Magnetization to the

o saturation level

o n=0
Up(0):=0

® L(0) measurement at

current I e

v
® AUp(n):= Upy(n)-Up(n)
Up(n+1):= Upy(m)y-AUp(n)

v

Up(n+1) adaptation
(if assigned)

v

® n=n+1

v

@ Demagnetize applying Up(n)
[i.e. Up{n+1) from step 5]

v

L{n) measurement at
current £ s

L(n) between
limits?

Yes No

Yes

Up(n+1) adaptation
assignment

L

® L measurements at other
currents /.

Fig. 10. Basic steps of magnetization procedure.

ltis possible to achieve the reference inductance L through
several consecutive demagnetizations, starting from satu-
rated magnet, by increasing the capacitor voltage in small
steps. But this would result in numerous demagnetization
steps, which would require too much time. Ideally, there
should be only one demagnetization step, since the speed
is paramount.

To provide an optimal number of demagnetization steps, it
is reasonable to measure the demagnetization curve for a
sample (or an average curve for several samples), which is
selected randomly among the magnets from the same
batch. The form of this sample curve is then used to deter-
mine suitable demagnetization voltages for all individual
magnets from the batch. The recursive principle is ex-
plained in Fig. 9 and Fig. 10, as follows: After the magnet
is beforehand magnetized to the saturation and then par-

tially demagnetized by demagnetization voltage Up(n) (sign
ain Fig. 9, step 7 in Fig. 10), its inductance L(n) is meas-
ured (sign b, step 8) and its approximate relation to the
sample curve can be established accordingly. Unknown
demagnetization curve can be treated like a shifted sam-
ple curve (dashed), with the shift being estimated from the
measured inductance of a magnet. Namely, the sample
demagnetization curve reaches the same measured induct-
ance L(n)(sign c) at demagnetization voltage Ups(n) (sign d),
which is for AUp(n} higher than the voltage Up(n). The same
voltage difference AUp(n) can be assumed at the refer-
ence inductance (sign e), i.e., the voltage, that has to be
applied to this magnet, is for AUp(n) lower than the voltage
Ups, which provided demagnetization of the sample in or-
der to reach the reference inductance L at reference con-
trol current Ic_rer. The new demagnetization voltage, which
can provide proper demagnetization of this magnet, is now
Up(n+1) (sign f in Fig. 9, step 4 in Fig. 10). Although the
actual curve does not match the “shifted” sample curve
entirely, the inductance after the demagnetization with voit-
age Up(n+1) would be set within required limits (sign g).

The most important is the demagnetization voltage
Up(n) = Up(1), which has to be applied for first demagnetiza-
tion step. In the best case, this demagnetization should result
with an inductance within tolerances of its reference value.
Therefore, the above-described principle could be used di-
rectly after the magnetization 1o the saturation level (step 1 in
Fig. 10); inthis case the demagnetization voltage Up(n) = Up(0)
that is used in further calculation, is zero (step 2), i.e., only
inductance L(0) after magnetization is measured (step 3). This
approach gives excellent performance on magnets whose
characteristics are close enough to the measured sample
curve, because only one demagnetization is needed. In prac-
tice this condition cannot be assured, so undesired exces-
sive demagnetizations can appear, i.e. the inductance L can
exceed its reference value L. Consequently, new magnetiza-
tion is needed, but with some magnetizing devices, which
require longer time to charge magnetizing capacitor, this has
to be avoided. The solution towards is to apply 75 % of volt-
age Ups for the first demagnetization, (step 5 in Fig. 10) thus
avoiding the excessive demagnetizations for the expected
range of magnets.

4., Conclusion

The magnetizing procedure, described in this paper, was
applied in mass production of linearity correctors with very
good results. The obtained total time for the magnetization
to the reference point was bellow 4 s. Beside the improved
accuracy of the magnet’s operating point, the production
waste was significantly reduced.
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Abstract: The paper describes a voltage amplifier that is capable of accurate amplifying voltages up to 300 V rms within the frequency range from 40 Hz
to 70 Hz with or without the presence of higher harmonic components up to 1.4 kHz. Its sophisticated topology consists of a supreme linear amplifier and
an inner hybrid power amplifier with an output transformer. The hybrid power amplifier, which acts as a self-oscillating system, is based on a parallel
connection of a superior three-stage class AB linear power amplifier and a switch-mode inverter. The latter provides a full load current while the former
filters the waveform ripple. In this way a power efficient system is obtained whose efficiency at a nominal output power of 60 VA exceeds 90%. The
experimental results demonstrate good performance of the proposed hybrid topology.

Precizijski hibridni oja¢evalnik za napetostne kalibracijske
sisteme

Kjuéne besede: napetostni ojadevalnik, hibridni mocnostni ojacdevalnik, visok izkoristek, nelinearno popacenje

Izvleéek: V &lanku je predstavijen napetostni ojacevalnik za precizijsko ojacevanje napetosti do 300 V efektivne vrednosti na frekvenénem obmocju od
40 Hz do 70 Hz z moZnostjo superponiranja vis§jeharmonskih komponent do 1.4 kHz. Celotna topologija je zgrajena okoli hibridnega mo¢nostnega
ojagevalnika z izhodnim, vedodcepnim transformatorjem. Slednji narekuje uporabo notranje regulacijske zanke za odpravijanje parazitne enosmerne
komponente napetosti. Hibridni moénostni ojacevalnik, ki deluje kot lastno-oscilirajodi sistem, sestavljata paralelno vezana linearni mo¢nostni ojacevalnik
in stikalni inverter. Tak&en moderen koncept zagotavija, da izkoristek pri nazivni izhodni moc¢i 60 VA preseze 90%, kajti celoten bremenski tok zagotavija
inverter. Linearni ojadevalnik skrbi le za odpravijanje visokofrekvencne valovitosti. Za linearizacijo odziva celotnega vezja je dodana zunanja regulacijska
zanka s »feedforward-feedbacke« principom povratne zanke. Posledica tega je majhno nefinearno popacenje izhodne napetosti. Poleg tega eksperimen-
talni rezultati dokazujejo stabilno kratkotrajno delovanje ojacevalnika, ter odli¢no obnasanje tudi v primeru, ko ga obremenimo z nefinearnim, pretezno
kapacitivnim bremenom.

calibrator is used to calibrate three-phase energy meters
in the phantom load test arrangement with the fundamen-

1. Introduction

Over the past two decades an extensive growth in the
number of nonlinear loads, such as rectifiers in electronic
equipment, and a rapid development of the static power
converters have been noticed. Because of the nonsinu-
soidal waveform of the current, which they draw from the
grid, and the grid impedance, which is not zero, the volt-
age waveform at the end user differs from the sinusoidal
one. Besides other undesirable phenomena, performing
voltage measurements in presence of harmonics is also
quite atask. However, they are not only the voltage meters
but also wattmeters and energy meters that are exposed
to the distorted environments. Especially the last ones are
the most widespread. To assure the ability of accurate
measurement in distorted conditions, treated meters must
be calibrated at the end of manufacturing process and
periodically, after they are put in use. This demands spe-
cial equipment, which is capable of performing the har-
monics analysis.

The focus of this paper is a precision voltage amplifier de-
signed for a portable three-phase power calibrator. The

tal power and also with harmonics power components add-
ed in accordance with the International Standard /1/.
Besides three voltage amplifiers, three current amplifiers
are needed. The voltage amplifier for one phase should
provide maximum power of 60 VA within the voltage range
from 30V to 300V rms. Moreover, the output waveform
should also be accurate in amplitude (£0.2%) and phase
(+0.1°), Within the frequency range from 40 Hz to 70 Hz
its distortion (THD) should not exceed 0.5%. To allow for a
harmonics analysis of the unit under test, the amplifier has
to amplify a frequency spectrum up to 1.4 kHz. The mag-
nitude of the first four higher harmonics should measure
up to 50% and the rest of the harmonics up to 10% of the
voltage magnitude at the fundamental frequency.

Tilt now, such stringent demands have been efficiently solved
using only the linear power amplifiers /2/. Their main disad-
vantage is low efficiency, which leads to excessive power
losses for which reason an efficient cooling system is re-
quired. This may result in an unacceptable contribution to
the volume and mass of the portable calibrator.

37



Informacije MIDEM 34(2004)1, str. 37-42

H. Lavri¢, D. Vondina, P. Zajec, F. Paviovdi¢, J. Nastran:

A Precision Hybrid Amplifier for Voltage Calibration Systems

To meet the above requirements, an advanced topology
combining a switch-mode and linear technique was devel-
oped. Such concept was first applied in low voltage audio
power amplifiers /3, 4/.

2. Description of the proposed
topology

The overall diagram of the precision voltage amplifier is
shown in Fig. 1. The key element of the topology is the
hybrid power amplifier (HPA) having its output connected
to the primary winding of the transformer. By means of a
local voltage feedback loop, HPA controls the voltage of
the transformer primary to be the exact template of the
signal applied on the noninverting input of HPA. The sec-
ondary of the transformer has three taps. In this way the
operation of the voltage amplifier is split into three ranges.
Output voltage uo, which is the voltage on the secondary
of the transformer, is controlled by a supreme voltage con-
trol ioop. In order to obtain stable operation, the feedfor-
ward-feedback principle is followed.

4 b -
st
HYBRID
“""u +  POWER Tr

AMPLIFIER
— HPA
Fupts)
P N
_tl ] so |1 !

Fig. 1:  Overall diagram of the precision voltage
amplifier

e

4,

2.1 Hybrid power amplifier

HPA is composed of a three-stage class AB linear power
amplifier (LPA) /5/ and a switch mode inverter, They are
connected in parallel as shown in Fig. 2. In this configura-
tion LPA plays the leading role because it directly controls
the voltage at the output of HPA. The inverter can be treat-
ed as a slave since its control signals are derived from the
output current of LPA.

Unpam | 3-STAGE
—H+CLASS ABJ

LIN. POW, [ 181
AMPLIFIER
" LPA

-Us

Fig. 2:  Block diagram of the hybrid power amplifier

If we assume that T+ is turned on (conducting) and T. is
turned off, the current through inductor Ly increases. De-
pending on the output voltage of HPA unpaout and load
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resistance R, part of it flows into the load and the rest sinks
into LPA. When a certain value of the latter (-/) is reached,
we turn T+ off and T. on. The current through L decreas-
es. After a while it becomes smaller than the load current
and LPA starts to deliver the deficit. At the value +/i;, we
again turn T+ on and T. off. The self-oscillating system is
thus obtained. lts frequency fs. is defined by

2
L. du
UZ —lu + __[_ X HPA ,out
f ~ N ( HPA out R d £
o 41,-L, Ug

(1)

The inverter can supply most of the load current as long as
the slew rate of the load current is smalier than the slew
rate of the inductor current. The inverter power bandwidth
PBiny, this is the highest frequency of unpa,out at which the
upper condition still holds, is

R 1
PB, = . -1
invy > 2
2TCLf \/(UHPA,HUI /US)2 ( )

where Unpaout is the amplitude of the output voltage and
Us is the supply voltage.

The LPA current is sensed as a voltage drop across the
emitter resistors in the LPA output stage. The signals (S,
Sm, S)) are then led through high-pass filters (Fig. 2) in or-
der to block the low frequency content that belongs to the
amplified signal. It is important that the crossover frequen-
cies of the aforementioned filters are matched. If they are
not, the load current ir and the inverter current i are out
of phase. In this case LPA not only filters the switching
frequency current ripple but also delivers part of the fun-
damental and higher harmonics components of the load
current. The differential amplifiers with an adjustable gain
adapt the signals to the threshold levels of the Schmitt-
triggers. These signals are further processed inside the
handshake logic in a digital way. An interlock delay between
the switching maneuvers of transistors is generated here.
Optional blocking of the inverter is also possible by an ex-
ternal signal SD.

2.2 Suppressing the parasitic dc
component

The voltage error, being the result of asymmetry and non-
linearities inside LPA, can lead to a considerable dc volt-
age component at the HPA output. If such dc component
were applied to the output transformer, its magnetic core
would become saturated and operation of the circuit would
be unreliable or even impossible.

In order to cope with the above problem, two methods were
investigated. The first addressed the use of an additional
dc voltage sensor in the form of a differential transformer
with an extracting circuit as proposed in /6/. Because of
its complexness and high cost, the solution was not ac-
cepted. An autonulling control circuit was applied instead.



H. Lavri¢, D. Vondina, P. Zajec, F. Paviovcic, J. Nastran:

A Precision Hybrid Amplifier for Voltage Calibration Systems

Informacije MIDEM 34(2004)1, str. 37-42

It consists of a low-pass first order filter and an integrator
(Fig. 1). The latter integrates the output of the filter, where
the low frequency content is present including the dc com-
ponent. The result is then subtracted from the signal of the
supreme control loop. The voltage drop, resulting from the
dc current through the transformer primary winding, is rel-
atively small because the resistance of the winding is small,
too. Better performance of the autonulling circuit can be
achieved by applying a higher voltage drop for the same
value of the dc current. Hence a resistor with a small re-
sistance (Rs = 0.1 Q) is added in series with the transformer
primary winding. Its impact on the overall efficiency can
be neglected. A high-pass filter, positioned right after the
superior amplifier, assures an autonomous operation of the
autonulling circuit.

2.3 Supreme feedforward-feedback
control loop

The use of a superior linear amplifier and a supreme con-
trol loop is of a paramount importance in providing a linear
response of the system. The output voltage u, of the am-
plifier is measured with a precision noninductive film resis-
tor divider. The high frequency response of the measured
voltage is attenuated as a result of its passing through the
transformer. If we want to obtain a stable operation of the
supreme loop, accurate information about the high frequen-
cy response in the feedback should be made available.
This can be done by using the feedforward path from the
output of HPA and thus bypassing the transformer. The
feedforward-feedback network should have a transfer func-
tion F(s) that can be written as

Fr(s)=Fp(s)+ Fpp(s)=1. (3)

In other words, the constant-voltage condition must be ful-
filled. This can only be achieved by using the first order
low-pass Fip(s) and high-pass Fxp(s) filters with matched
crossover frequencies. Equation (3) can be written as

1 5/ Oyp
F.(s)=
r(s) 1+s/o, 1+s5/0, “)
and finally with regard to @ p = WHp = ®,
1 S/ I+s/m
Fr(s)= fo__ fo_ %)

1+s/o l+s/o l+s/o

The crossover frequency has to be high enough to avoid
any remarkable impact on the linearity of the supreme con-
trol loop for the reason of the nonideality of the transformer.

3. HPA efficiency enhancement

Practically all power losses of the hybrid voltage amplifier
have their origin inside the hybrid power amplifier or more
precisely inside the output stages of LPA and inverter. If a
power efficient system with low THD is to be obtained, an
adequate ratio between the quiescent current of LPA and

the threshold current /1 has to be chosen. An additional
guidance for the design is the condition that the minimum
switching frequency of HPA must be beyond the percepti-
bility of the human ear, which is about 20 kHz. Consider-
ing the maximum loading of HPA, the minimum switching
frequency and the threshold current Iy = 100 mA, the in-
ductance Ly = 1 mH is obtained. This results in the invert-
er power bandwidth (2) much higher than the frequencies
of the amplified voltage and enables the inverter to provide
most of the load current. To have evidence of this, we need
some parameters that are given below.

The class AB linear power amplifier is designed to with-
stand the highest amplitude of its output voltage of 45 V at
the supply voltage of £50 V. The quiescent current through
the output power transistors is set to 25 mA. Under these
conditions the saturation and the clipping are eliminated.
Though the quiescent current of a relatively small value
generates small quiescent power losses, it is large enough
to minimize the crossover and switching distortion. The
power losses of HPA at a low output current are higher
compared to the LPA losses alone. Because of this the
hysteresis element is used to form the control signal SD.
The inverter is enabled only when the current through the
primary of the transformer exceeds 120 mA. When it falls
under 100 mA, the inverter is disabled again.

The whole range of the voltage amplifier operation is split
info three subranges with the nominal voltages of 75V,
150 V and 300 V. However, the output power of 60 VA is
to be provided in each subrange. When connected with
the aforementioned solution, this solution leads to a high-
er efficiency of LPA due to the longer operation with the
output voltage swing closer to +Us provided the desired
output voltage is amplified within an appropriate voltage
range.

Since the hybrid topology is an efficient exchange for the
pure linear topology, it is reasonable to compare their effi-
ciencies. Evaluation will be done in particular working points
where extreme values are expected. The first point is at
maximum output power Pr = 60 W and voltage amplitude
Unpa,out = 45 V. Under these conditions HMPA supplies the
load R = 16.88 Q. To answer the question what would be
the efficiency if at this working point the inverter were dis-
abled, we have to determine power losses on the power
transistors in the output stage of LPA. Power losses Pron
the upper transistor are generated as a consequence of
the voltage difference between the supply voltage +Us and
the output voltage of HPA

Upe o = U s e~ SINO ()
and the current through the load

u U
, HPA, HPA, .
[p =—— = O qin @, (7)
R

As the ratio between the amplitude of the load current /p
and the quiescent current is very high (2.67 A : 25 mA),
the quiescent current can be neglected. Calculation of Pr
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can be done in the same way as for the class B amplifier
where each transistor conducts only half of the period

k]

1 u o : :
= _ﬁf{%-sm@- Us = Ui o »sm@)}-d@. ()
1]

The efficiency is defined by
PR

L)

()

and for the assumed conditions amounts to 70%. In other
words, for 60 W of the output power 25 W are dissipated
inside the linear amplifier.

An accurate calculation of the efficiency for the hybrid to-
pology is difficult to perform because power losses of the
inverter are hard to be determined exactly. Although the
conductive losses and the choke losses are known, the
calculation of the switching losses is almost impossible
because of the variable switching frequency (1) inside the
period of the output voltage. Our evaluation will therefore
be based on the assumption that the efficiency of the in-
verter hiny is 95%. This value can be obtained if we use
high-speed switching transistors with low Rps,on £ 0.18 Q
and the choke with a low loss ferrite core. Furthermore, in
this topology of the inverter only one transistor is in series
with the load at a time. This is not the case with the bridge
topology where two transistors are in series. LPA now only
filters the high frequency ripple and its output current is of
a triangular shape with the peak value of /. The shape of
the current through the transistor in the output stage of
LPA is of a triangular shape, too, but it has two slopes be-
cause of the quiescent current. Its average value Iray is
31.25 mA. In this case power losses on the upper transis-
tor are defined by

2n
l .
Pr= o !?T,av : (Us ~U 1pg o *SID @)}d@ (10)

and the overall efficiency by

Py

n_PR/ninv+2PT .

(11)
Thus the calculated dissipated power of LPA and the over-
all efficiency are 3.1 W and 90.5%, respectively.

The second working point worth the while of being con-
sidered is in the situation when the voltage at the voltage
amplifier output is the lowest possible (30 V rms). For
R =16.88 Q, HPA has to deliver 3.6 W at an 18 V peak.
The overall efficiency is more than 72% while that of LPA
alone is some 28%.

Compared to the linear amplifier, the essential advantage
of the hybrid voltage amplifier are low power losses in case
of reactive load. For the 60 VA reactive power LPA would
dissipate more than 65 W, while HPA dissipates ten times
less.

40

When the amplifier is in the idle state, the reference signal
and the output voltage are zero. The power dissipated by
LPAis 3.1 W when the inverter is enabled. With the invert-
er disabled, only 2.5 W are dissipated. When the amplifier
is unloaded, losses are the same regardless of the output
voltage. Moreover, disabling the inverter at low output cur-
rents abolishes the switching noise.

4. Experimental results

The performance of the precision hybrid voltage amplifier
was tested under various conditions. A special attention
was particularly paid to the determination of THD, voltage
error and phase error. Fig. 3 shows the voltage error and
the phase error versus frequency of the amplifier within
the 300 V range. The magnitude of the output voltage in-
side the frequency ranges was set according to the fore-
seen target values. The amplifier was loaded with a 6600 Q
resistor. Our measurements were made with a dynamic
signal analyzer (DSA) HP 35665A. The performance of the
amplifier within the ranges of 75 V and 150 Vis better than
at the 300 V range.

0.00 0.00
U=300V rms 1 .0.03

-0.02

o004 h\\‘_ﬂ_\\ 40,06
N~ -0.09

-0.06 = 012

___-0.08 ; . -0.15
S 40 50 60 70 /%3
S ¢ 0.0 =
= U/=150 V rms 8
f -o.oz-\ + -0.15
20 .0.04 0277
= N\ 1032
S -0.06 =
> o T 04

-0.08 S 3 -0.5

0.1 ; : . ; 0.6
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/ 4+ .10
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)<\\ +-15
N / 2.0
e , . 25

40 370 700 1030 1360
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Fig.3:  Voltage and phase error versus frequency

Short-term stability of the amplifier was measured after a
warm-up period using an automatic measuring system con-
sisting of PC with a LabWIEV™ software and a digital mul-
timeter (DMM) HP 34401A. Rms voltage readings were
recorded at 30 s intervals over a five-hour period. The re-
sults are presented in Fig. 4. The amplifier was loaded with-
in a particular voltage range with resistive loads as noted in
Table 1. According to the DMM specifications, the meas-



H. Lavri¢, D. Voncina, P. Zajec, F. Paviovéi¢, J. Nastran:

A Precision Hybrid Amplifier for Voltage Calibration Systems

Informacije MIDEM 34(2004)1, str. 37-42

¥

300
~
S ALy
& 1501 S70 pvIv 145 LIV .2
E WWWWMMWWWNWMW
> 75
2
g T A 250 pvrv
0' T T T i T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (h)

Fig. 4: Short-term stability

uring uncertainties for 300V, 150V and 75V were 0.09%,
0.14% and 0.07%, respectively.

THD of the amplifier was measured using a digital low
distortion sine wave generator and DSA. Values for cer-
tain set points within the different voltage ranges are
shown in Table 1. All the measurements were made at
50 Hz and a spectrum containing 30 higher harmonics
was observed.

Table 1: THD of the precision voltage amplifier

5. Conclusion

A precision hybrid voltage ampilifier is presented. By means
of a novel topology combining linear and switching tech-
niques, upgraded by a supreme feedforward-feedback
control loop, a power efficient system with low output volt-
age distortion is obtained. Owing to the use of the output
transformer, the output voltage is free of the dc compo-
nent. This is extremely advantageous when calibrating
meters, which contain input voltage transformers.

f=50 Hz 75V range 150 V range 300 V range

N =30 R, =560 Q R, =2100 Q R, = 6600 Q

U (V) 25 50 75 75 150 150 200 250 300
THD (%) | 0.05 | 0.025 | 0.015 | 0.028 | 0.023 | 0.015 | 0.025 | 0.017 | 0.015 | 0.013

In order to test the performance of the amplifier under non-
linear load conditions, an electronic energy meter was
applied to its output. THD of the voltage and current shown
in Fig. 5 is 0.11% and 16%, respectively. The current is
heavily distorted because of the rectifier and dc-dc con-
verter, which are used as a power supply for the electronic
circuits inside the energy meter. Although the load is of a
capacitive nature, the stability of the amplifier is not im-

i

Qi

u

Fig. 5: Output voltage and load current (ky = 100 V/div,
ki = 20 mA/div, ki = 2 ms/div)

As expected, the amplifier meets the amplitude inaccura-
cy and THD specifications. It is only the phase error that
slightly exceeds the limit value when approaching the fre-
quency of 70 Hz. This can be compensated by a voltage
reference generator. Since the long-term inaccuracy de-
pends only on the absolute stability of very few compo-
nents in the supreme feedback circuit, it is expected that it
will not exceed the limit value.

The proposed topology is not necessarily limited to the dis-
cussed application. It can be also exploited in applications
with even more rigorous demands. A further improvement
of the amplitude and phase accuracy within a wider fre-
quency range could be achieved by using a digital control
loop /7/.

For more powerful applications a topology survey of the
switch mode inverter is presented in /8/. However, with
only minor changes of the design parameters the output
power of the topology, presented in this paper, can be in-
creased significantly.
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Abstract: The paper presents a method of an improvement of commutation of a high-speed universal commutator motor with ceramic capacitors integrat-
ed in a commutator. A model of the motor was established to enable an analysis of an armature coil commutation. The capacitors were included in the
model as well. A prototype motor with integrated capacitors was made. The multilayer ceramic capacitors in the form of surface mounted chips were used.
Good (sparkless) commutation is essential for long operational lifetime of the commutator motor. The calculation of internal brush resistances and non-
linear coil inductances was made with the finite element method . Brush contact resistances were also calculated. All resistances and inductances were
calculated with respect to the rotor position. An actual overlap between the brush and the commutator segment was taken into consideration. A suitable
arc model was used to estimate the arc, which varies with the width of the charred layer on the brush. The calculated results are compared with the ones
measured on a special test motor. It was found out from calculation and from the measurement which closely agree, that the rightly chosen capacitors
greatly improve the commutation of the motor and therefore extend the lifetime of the motor significantly.

Komutator z integriranimi kondenzatorji

Kjuéne besede: komutacija, univerzaini motor, kondenzator, metoda konénih elementov, model obloka.

lzvieéek: V prispevku predstavijamo izbolj$avo komutacije hitroteko¢ega univerzalinega motorja z kondenzatorji, integriranimi v komutator. tzdelali smo
racunalnigki model komutacije, ki omogoca analizo komutacijskih tokov v posameznih rotorskih tuljavah. Kondenzatorji so bili prav takoe vklju¢eni v model.
Izdelali smo tudi prototipe motorjev z integriranimi kondenzatorji. Uporabljeni so bili veéplastni keramiéni kondenzatorji izdelani v SMD tehnologiji. Dobra
komutacija brez oblokov je bistvena za dolgo Zivljenjsko dobo komutatorskih motorjev. Za doloéitev porazdeljenih upornosti Cetk in induktivnosti tuljav v
ra¢unalniskem modelu smo uporabili metodo konénih elementov. Upornosti so bile odvisne od relativnega poloZaja komutator - $¢etka, prav tako tudi
induktivnosti, ki so bile odvisne $e od toka, ki je tekel skoznje. Upostevali smo realno prekrivanje $¢etka - komutatorska lamela, to je 1,8. Zaradi takega
prekrivanja smo morali upostevati, da dve tuljavi komutirata istoasno. lzradunali smo tudi kontakine upornosti. Za upostevanje nastanka obloka smo
uporabili mode! po Holmu /9/, ki dolo¢a pogoje za nastanek obloka v odvisnosti od kontaktnih materialov. Ugotovili smo, da pojav obloka pod $¢etko
povzroci spremembe na $¢etki, kjer nastane oZzgana plast, ki ima slabso prevodnost od $Cetke same. Nastanek te plasti mo¢no vpliva na potek komutac-
ijskih tokov. Izracunane komutacijske tokove smo primerjali s tokovi, izmerjenimi na prirejenem motorju, ki je imel konce dveh rotorskih tuljav izvedene na
drsne obroge. lzradunani rezultati so se dovolj dobro priblizali merjenim rezultatom. Komutacija se tako pri izracuni kot pri meritvi zelo izboljga, ¢e v
komutacijski krog vklju¢imo kondenzatorje. Podali smo kriterije za praviino izbiro kondenzatorjev, ki najbolj u¢inkovito izbolj$ajo potek komutacije. Zaradi
izboljidane komutacije s kondenzatorji se podaljsa tudi Zivijenjska doba motorja.

of improvement of commutation with capacitors integrat-
ed in the commutator of the motor. The capacitors absorb
the inductive energy which would otherwise disperse in
the arcs and therefore greatly improve the commutation.

1. Introduction

The universal motor is one of the most common motors
used in domestic appliances. It is a commutator motor that
has its field winding connected in series with the armature
winding. The revolving speed of this motor is increasing
because of the tendency to decrease both the motor size
and weight. Itis not uncommon for this motor to have 50000
rpm or more. But good commutation (current direction

Until recently, the commutation phenomena has been mainly
investigated on DC machines, preferably equipped with in-
terpole windings / 1,2/, which significantly improve the com-
mutation. The commutation in AC universal motors is much

change) is difficult to achieve at such high speeds.

The commutation in the commutating armature coil has to
be fast enough to enable minimizing the current difference
at the moment, when the commutator bar is leaving the
brush. Excessive current differences give rise to the de-
velopment of sparks and arcs, which shortens the motor
operational lifetime through an increased brush wear. More-
over, the arc may occur before the commutator bar leaves
the brush, if a voltage between the brush and the bar is
large enough. The aim of this paper is to present a method

worse compared to the one in the DC motors. One of the
causes for this state is the absence of interpoles and the
other is the presence of transformer EMF because of the

'AC line voltage. Authors in /3/ researched the universal

motor commutation, where during one commutation period
constant current is presumed. For the caiculation of the cir-
cuit parameters (inductances and flux linkages) they used
the finite element method. In /4/ the universal motor model
is improved by using the real current and by modelling brush
resistances with the finite element method, though the arc
model is somehow simpilified.
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The model of the commutator motor with the integrated
capacitors is presented, with which the commutation cur-
rent and other commutation related phenomena in small
universal motor can be analysed. The inductances, the flux
linkages and the brush resistances for the model are cal-
culated with the finite element method. The commutation
equation is solved iteratively until the calculated currents
converge. The arc model is improved by using the arc U/|
characteristics /6/. The change in the contact resistance
and the appearance of the charred layer on the brush due
to the arc under the brush are explained. With this model,
the optimal value of capacitance of integrated capacitors
was calculated to diminish the arc. These capacitors were
mounted on a special prototype motor with slip rings. The
improvement of commutation both in the computer model
and in the prototype motor was found to be satisfactory
and the lifetime of the motor was extended.

Figure 1: A universal motor rotor and brushes.

2. A universal motor circuit topology
and model equations

The circuit topology of the two-pole universal motor is
shown in Fig. 2. Because the brush-to-bar width ratio is
1.8, there are two possibilities: in the first one the brush
covers two commutator bars and in the second one the
brush covers three bars. In our model, both topologies are
used, with a proper transition from one topology to the oth-
er, depending on the brush - bar position.

The circuit in Fig. 2 is symmetrical, so it can be simplified.
Four commutating coils in Fig. 2 are considered as two
paralleled windings. The parallel rotor winding branches in
series with the field winding are replaced with one equiva-
lent winding. Consequently, when the brush covers three
commutator bars, there are three windings in the system -
two commutation windings and one main winding. But, if
the brush covers only two bars, there are two windings,
the commutation one and the main one in the system.
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Figure 2: The universal motor circuit topology - the

brush covers three bars.

The capacitors are connected parallel to the commutating
windings. In series with the capacitor there is the damping
resistance Rc. Fig. 3 shows two parallel commutating wind-
ings (Laz, R3 and Laa, Ra4), the capacitor C and the damp-
ing resistance Rc. The contact resistances Rei, Re2 and
Rs3 can also be observed.

The main Equation (1) for Fig. 2 is:

d
Tt U, U, (1),

U=(R+R,) i, + 1

where:

U is the applied voltage,

Ry is the field winding resistance,

Ro is the resistance of the non-commutating paralie!
armature winding branches,

ia is the main current,

Ya is the total flux linkage of the main winding,

Uy, Uz and Us are the commutator bar voltages.

From Fig. 3 the following voltage Eqgs. (2,3), are derived:

. dy

U -U,=R; i, -Elt_a (2),
. d

Up,-U;=R, i, ‘d\%“ (3),

where:

W3, 3 are the total flux linkage commutating windings,
Ra, R4 are the commutating winding resistances,
ic3, fca are the commutating currents.
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For the capacitor branch from Fig. 3 Egs. (4,5) can be
written:

1
Ul _UZ :Rc 'iccl +— iccldt (4),
C
. |
U2 - U3 = Rc ! lch +— lcc2dt (5)»
C
where:
C is the capacitance of the integrated capacitor,

Re is the damping resistance,

icct, loc2 are the capacitor currents.

The connection between the commutator bar voltages and
the currents is defined by Eq. (6):

U, it "2 M3 Ly
Uy |=| " Pt 7 s IR (6),
U, M3 2 Py + 7 I3

where:

are elements of the brush
resistance matrix,

are the brush contact resistances,

are commutator bar currents.

1, N2, 13, re22, re3, 133

I'e1, I'c2, 2
i, iz, i3

The value of the above resistances depends on the instan-
taneous brush position with respect to the commutator
bars. The brush resistance matrix elements are determined

by the brush dimensions and the brush material properties
(e.g. material specific resistances).

.

The brush with the parallel commutating
windings and the integrated capacitors.

Figure 3:

According to Fig. 3, the commutator bar currents are de-
fined as:

il = _ia _iCS —iccl (7)’
i2 = ic} _ic4 + Z-ccl _iccz <8)’
Ly=—i, i, +ti, (9).

Energy in the capacitors is represented by the capacitor
voltage. The capacitor voltages are defined in (10) and (11):

U, -U,=u, (10),
U,-U,=u, (11).

When the matrix (8) with the currents (7), (8), (9) is insert-
edin Egs. (10) and (11) the following two equations for the
capacitor voltage are obtained - (12) and (13):

'R21 - ic3 ’ (Rzz - Rz)—

ucl = _la (12)
log "Ry =iy (Rzz - R, )_ Iy " Ry
Uy ==l Ry =iy Ry =iy (Ras _R4) (13)
oy Ry — 1y (R33 _R4)
The resistances in the above equations are (14):
Ry =ry +ry +hy—Hy — iy
Ry =Ry +h+71, =2h, +1y +7,
Ryy = Hy —Fy~ iy =ty 7y
Ry =1y —ny+rg—rg =1y (14).

Ry =1y =Fy =ty — Ty +7y

Ry =Ry +ry +ry = 2r + 1, +7y
From the equations (12) and (13), the equations of the
capacitor currents are derived - (15) and (16):
loot = ~Uer " & Fly & iy h — i (15),
loy = Ugy " 81 ~ Uy & iy ey — 1y (16).

Where the conductances gi1...gz2 and the coefficients
ky and k» are:

g, = Ry, ~ R,
! (Rzz - R, ) (R33 - R, )_ st "Ry
g = R
(Rzz - R3 ) (R33 -R, )" R23 ’ R32
En = R
(Rzz - R3 ) (R33 - R4 )_ st ' R32
gn = stnklc
(Rzz - R, ) (R33 "R4)‘ Ry Ry (17).

— R31 "Ry “Rzl ' (R33 “R4)

] (Rzz - R, ) (R33 - R, )‘ Ry - Ry,
- Ry - Ry = Ry '(R:zz _R3)

’ (Rzz ~ R, ) (R33 R, )_ Ry - Ry

k

k
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The time derivative of the capacitor voltages are obtained
by inserting Egs. (15) and (16) into Eqgs. {(4) and (5), and
are represented by Egs. (18) and (19):

dug, du,, du,, di di,
—<l =R = ot [ 4+ k- == (4
O [ a ETTE Ty N T
1 . . (18),
+'C‘,“('"“c1'811+uc2‘g12+la'k1'1c3)
du,, du,, du,, di di,
o p [ Sa ., o o Tk Py
ar “(dt T BTy R
(19).

1 . ,
+E'(”c1 821U Enth 'kz—lczz)

The time derivative of the flux linkages is divided into the
transformer and speed EMF (10):

dlv]_ dlv]dr | dlvlde 20,
dt di dt do dt

The values of incremental inductances /5/, which are the
derivatives of flux linkages with respect to the current, and
the values of the flux linkages at different angles and cur-
rents were obtained with the commercially available finite
element method (FEM) program. Since we presume the
speed of the motor to be constant, the following equation
can be written (21):

dbv]_pppet, dbvl,

dt de  do 1)

By substituting the time derivative of the flux linkages in
(1), (2) and (3) with (21) and by adding the time derivative
of the capacitor voltages (18), (19), we get (22):

R,+R, 0 0 -1 -1 '

v 0 N 0 "

0 0 0 R, 0 —1 ] e
171 kL o - Eu 8o ||« T
0 C C c C U

0 by o L 8x  _&xn||u,

C c ¢C c |
LM a3 La4 0
a3 33 L34 0 O

+ Ly 34 L, 0 0

R,k - R, 0 ~R.-gy -1 R, gn

R, -k, 0 - R, R, gy =R, gy -1
[ di, i

dt dy ,

diy dr

d¢ dy

di4 dt

—4 1+ o

dt dy

du dt

dt 0

dch 0
L dt ] ’ (22).

Rearranging (22), we obtain the following equation:

Fdi,
ds o
di, L, L, L, 0 0
d_t L, Ly Ly, 0 0
dcll_c; = L, Ly, Ly 0 0
du,, Ro-ky —R, 0 -—-R -g, -1 R, gn
dr R, -k, 0 -R, R, gy -R, - gn-1
dch
L de |
R,+R, 0 0 -1 ~1] go .
o R 0 -1 0 ||& WX
i Vs
0 0 R, 0 -1 < w @
ﬁ — L 0 _8u S i | . dy, .
C C C C U dr
k_z 4] — ! _gll_ — & Ug 0
L C c cC o 0

Eq. (23) represents the model of the system in the stand-
ard form of the state space formulation. At each time step
the values of the inductances, the resistances and the flux
linkages derivatives with respect to the angle are updated
according to the angle (brush position) and main current
ia. Since the flux linkages, but not their derivatives, were
obtained with FEM, the table of the flux linkages deriva-
tives with respect to the angle were calculated from the
table of the flux linkages before the solution to the system
(23) was initiated. The system is solved by time stepping
numerical integration.

3. FEM computed inductances and
flux linkages and their dependence
on the commutation

A large number of the finite element magnetostatic itera-
tions had to be calculated to obtain the complete incre-
mental inductance matrix and the flux linkage vector, since
they depend on the current and the angle. They must be
calculated at each angle and current step throughout afl
the currents values involved.

The inductance computation method used by the commer-
cially available FEM program /7/ is based on Gyimesi and
Ostergaard /8/. The method uses incremental energy,
which is calculated around the working point, when the
currents are incremented.

In Eq. (23) there are three currents: main current /5, and
two commutating currents, ic3 and /4. The inductance
matrix and the flux linkage vector are dependent on all the
three currents. The FEM magnetostatic solution should be
calculated at each combination of these currents, which
leads to an unmanageable number of calculations. Jet,
since main current iy has the greatest influence on iron
saturation, it is presumed that commutation currents do
not considerably change the inductance values. A number
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of test calculations was made, using the following two com-
mutation current forms;

1. the linear commutation, using the linear commuta-
tion current from -/, to iy and the length of the com-
mutation equals to the whole brush width;

2. the 50% overcompensated linear commutation,
using also the linear commutation current from -iz to
ia but shortening the length of the commutation by
50%.

The results of these calculations with respect to the angle
and at an unchanged value of the main current can be seen
in Fig. 4. The maximum difference between the induct-
ances is 5%, which is considered acceptable for further
use. The difference is due to the slightly lower saturation
at 50% overcompensated linear commutation.
Adatabase table is created at each angle and current step.
It consists of an inductance matrix and flux linkage entries.
As the integration of Eq. (23) is progressing, the values in
the table are interpolated from the nearest values of an-
gles and currents in the table.

-= Laa 50% overcompensated
6 ] . 0,06
& linear commutation &=
£ 5 —~+ Laa linear commutation 4 0,05 E
] 3
—d -
4 - ~ 144 50% overcompensated -+ 0.04
linear commutation 0.03
31 -~ L44 linear commutation 1
2 0,02
1 0,01
0 : : : . : . T : ; Q
jw] «© ™ [o3 w0 o O w0y hng ~ <
e o K O ¥ © v U » « ©
9 o @ u - o ¥ O N 0
S - o ¥ 6 & o = ¢ ¥ @
« [deg]
Figure 4: The inductance comparison at i,=5A and

at two different commutation forms - at
50% overcompensated linear
commutation and at linear commutation.

4. The distributed brush resistance
matrix, the brush-commutator
contact resistances and the arc
model

4.1. The distributed brush resistances

The internal brush resistances were calculated by the com-
mercially available FEM package. These resistances are
dependent on the brush to the commutator position. They

were calculated according to /4/, where the cross-sec-
tion of the brush is covered with an FE mesh. The result of
the FEM computation is the voltage distribution through-
out the cross-section of the brush, and the electric current
density is calculated from this voltage distribution. On the
side of the brush, where it touches the commutator bars,
voltages are applied (Dirichlet boundary condition), de-
pending on the brush to commutator position. On the op-
posite side, the end surface voltage is defined as zero.
The brush FE mesh is shown in Fig. 5.

The brush FE model with the mesh and the
boundary conditions.

Figure 5:

The entries of the brush resistance matrix were calculated
from the system energy /4/. Results dependent on the
brush position are given in Fig. 6.

The initial commutator position is the position where the
commutator groove is at the centre of the brush (0.=0). At
that position the brush covers two commutator bars and
the brush matrix entries ras, r1z and re3 are there infinite.
The infinite values are replaced with high resistance val-
ues. From a=3.304° to 13.059° the brush covers three
bars entirely, so each matrix entry is finite. Where the an-
gle is larger than 13.059°, the brush again covers only
two bars and the infinite resistance matrix entries are again
replaced with high but finite values.
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The FEM calculated brush resistance
matrix entries

Figure 6:
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4.2. The brush-commutator contact
resistances

The full brush contact resistance Ry is calculated from
the average contact voltage drop and from the current at
which the collector film is formed. The brush contact re-
sistance due to the commutator position is calculated us-
ing the following equation:

r=Ry (A, A@)” (24).
5 »l |
45 x {l
N 1 |
| X { 4 Rel
3 A
cp \ /
) \ ;/
A \ /
- N /
1 ‘\‘\\\ - ,../’/

7
[

1,636
27
4.908
8,544
8
8.816
11,452
13.088
14,724

o

o fdeg]

The brush - commutator bars contact
resistances.

Figure 7:

Here An represents the full commutator bar-brush con-
tact area and A(o) commutator bar-brush contact area on
instantaneous commutator position. The contact resistance
equations are written for all the three commutator bars with
regard the commutator position. At the initial and final com-
mutator positions, two bars only are covered by the brush
and one contact resistance has an infinite value replaced
by a large finite value. The calculated resistances are shown
in Fig. 7.

4.3. The arc model

When the commutator bar is leaving the brush, the con-
ducting area A=A draws near to zero and the contact re-
sistance becomes infinite. The current density increases
and causes vaporization of the surface material and forma-
tion of the electric arc. The conditions for the arc forma-
tion were thoroughly examined by Holm et al/9/ who meas-
ured U-l characteristics of the arc. The voltage at which

the arc is formed (Um) depends on the cathode material of
the separating contacts, whereas the current at which the
arc extinguishes (/m) at the latest depends on the anode
material. According to /9/, different authors have meas-
ured different values of In and Um. In Table 1 these values
for carbon and copper can be seen.

In our case, the source voltage is the AC voltage. So in
one brush-commutator bar contact the cathode in one half
ofthe AC cycle is copper and in the other half is carbon. At
the other brush-commutator bar contact this is just the
opposite. Average value for Un and I, measured by Holm,
are then used. They are 16.5V and 0.22A, respectively.
These values were confirmed by our measurements on a
motor equipped with an additional brush, closely following
one of the main brushes. The voltage was measured over
both brushes.

In the system described by Eq. (23), the arc characteristic
is implemented by changing the value of Rqy, that is the
contact resistance of the first commutator bar and the
brush. When the contact voltage on the trailing edge of
the brush reaches Un, the arc is assumed to ignite and an
apparent contact resistance is calculated by maintaining
the arc voltage drop. This model is valid as long as the
commutator bar is under the brush and the distance be-
tween them is constant. This distance is the thickness of
the commutator film and other deposits. When the com-
mutator bar leaves the brush, the contact voltage is no long-
er constant. It increases with the distance from the com-
mutator bar. In this case, the arc U/| characteristic from
/9/ is applied. The arc extinguishes when the arc current
falls below a certain value derived from the U/l character-
istics of the arc and of the load. The minimal arc current is
larger than Iy In our case this is 0.22A.

Under normal operating conditions of the universal motor,
arcs underthe brush appear very often. They affect the brush
visibly; a blackened charred layer or a belt develops on the
brush. A photography of such layer is shown in Fig. 8.

The contact resistance of the charred layer is about fifty
times larger than the normal brush-bar contact resistance.
This contact resistance is of no importance if the arc has
already been ignited. It is important for the formation of the
arc. If the charred layer is already formed, the contact re-
sistance reaches the value at which, as a result of other
conditions, the arc occurs. This happens at a lower angle
compared to the clean brush. This means that the charred
layer itself grows in the direction opposite to rotation. The
growing of the charred layer stops when the system reach-
es equilibrium.

Table 1: | and Um for carbon and copper, measured by different authors

I [A] UL V]
Material Ives Fink Holn Ives Craultapp Fink Helm
C 0.02 001 133 20
Cu 1.15 0.43 12.5 8.5 13
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Photography of a brush with a charred
layer.

Figure 8:

In the model, instead of one contact resistance Rsy we
have two contact resistances, i. e. the resistance of the
clean brush and the resistance of the charred layer with a
variable width as it is depicted on Fig. 9.

rotation . rotation
I har } I bar 1 bar bar
Res Relc Relo
brush brush
{
{
Figure 9: Change in the contact resistance Rc1 due

to the charred layer on the brush.

Fig. 10 shows the contact resistance R¢1 which includes
the increased resistance of the charred layer.

Contact resistance Re1

4 — Re1 no charred layer
~=Re1 with a charred layer

Re (@]
@

3,2726 4,9089 6.5452 81815 9,178 11.4841
«fdey]

The comparison of Re1 with and without
the charred layer.

Figure 10:

5. Solving the system of equations

The Runge-Kutta method of the fourth order was used for
solving the system of equations (23). To solve the system,
we need initial values for the system variables ia, /o3, /ca,

Uct and uce. The initial values for these variables were set
to zero. The system (23) was now solved. if conditions for
the arc formation developed, the arc model is applied. The
starting position of the commutator (o = 0°) is at the posi-
fion where the commutator groove is aligned with the center
of the brush. The ending position (& = o = 360°/22 =
16.36° if there are 22 commutator bars) is defined by the
position, at which the next commutator groove is aligned
with the center of the brush. The values of the system var-
iables at the ending position of the commutator are used
for the initial conditions for the next iteration in away as itis
shown in Eq. (25):

ia,i+l QX = OO)Z ia,i (OL = O‘p)
icB,i+l QX = 00 ): ic4,i ((X = ap )
ic4,i+l (O(‘ = O° ): ia,i (0(' = O{'p)

Ueyin (O‘ = 00): Ui @ = ap) (25),

ch,iH(a = OO): R, 'ia,i(o‘ = Olp)'*'w

dt

where i is the index of the current iteration.

In the case of the DC source voltage, the system iterates
until the values of the system variables at the end of the
iteration are the same as the values of the system variables
from the previous iteration within the tolerance limits. if an
arc develops in any of the iterations, the width of the charred
layer is calculated and then used for the next iteration. The
system usually reaches the converged value in less than
100 iterations.

In the case of the AC source voltage, the solution to the
system is much more time consuming. At 30000 rpm, the
motor makes 10 revolutions in one 50Hz AC cycle. This
means 220 iterations in one AC cycle for the commutator
with 22 segments. At each commutation iteration the width
of the charred layer is remembered and at the end of one
AC cycle the average width of the charred layer is calculat-
ed and used for the next AC cycle. The iteration stops when
the RMS current and the charred layer width stop chang-
ing. This is usually after several tens of AC cycles.

6. The simulation and the verification
results using the commutator
without the integrated capacitors

At the first the simulation was done for the case without
the capacitors. Since the capacitors are already integrat-
ed in the numerical model, the capacitors are presumed
to have no effect on commutation, if a large value of resist-
ance R is chosen.

The simulated and the measured data were based on the
technical data for a vacuum cleaner motor, equipped with
22 commutator bars and 22 slots. Itis a standard two-pole
universal motor having an effective brush advance angle
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of 24.5°, The value of the main current was 3.6A and the
motor speed was 22000 rpm. This is below the nominal
working point of the motor, because our test motor did not
allow higher speed and current. The nominal voltage of
the analysed unit is 230V, but the voltage of 180V was
used in our tests.

The measurements were made on a special test motor,
which has two rotor coils connected to the slip rings through
a hollow shaft. The brushes on the slip rings are special
low resistance brushes, made of graphite with large por-
tion of copper. On these brushes it is possible to measure
the commutation current. On the Fig. 11, a photography of
the test motor with slip rings is shown.

The test motor with the slip rings.

Figure 11:

The five important positions of the commutator were de-
fined, as it is shown in Fig. 12.

h o, i i
barl ] [ harll ] barlli | bar IV | barV_ |
} 1 brush

.
N
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@

)

brush I

brush

{0

Figure 12:  The five important commutator positions.

Fig. 13 shows the simulated commutating current. The
charred layer width was calculated to be 1°. This is the
width of 0.2mm on the brush. This means there was the
arc under the brush with the constant voltage. The current
fell below I when the commutator bar left the brush, so
there was no arc in the air gap between the trailing edge of
the brush and the leaving bar. In Fig. 13, two identical se-
guential calculations are shown thus presenting one com-
plete commutation (current /).
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In some commutator positions, two sequential coils com-
mutate and affect each other. For example, when the bar
lIl enters the brush, the direction of the current /a chang-
es. It begins to decrease despite having no direct contact
with the bar lll. This happens because of the mutual in-
ductance of the coils a and b. The opposite happens when
the bar | enters the charred layer; the arc develops and
rapidly changes /. and also /p - the commutation of I is
slowed down. It is seen, that the commutation of one coil
current worsens the commutation of the other. But if the
arc develops, the other coil dissipates the energy of the
arc because of the mutual inductance between these coils.
As the arc develops in the charred layer, the arc current
decreases quickly. When it drops bellow the limit value,
the arc extinguishes. In our case this happened just be-
fore the bar Il left the brush.

1 2 3 4

charfedlayer B
T - N\

W0woor o, 13 20 \25 HCH ks
: arng b : Jorckg
S ouswler \ / undter thr

Lrueh H S / Srush
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Figure 13:  The simulated commutation currents
without the capacitors.
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The measured commutation currents
without the capacitors.

Figure 14:

Let us now examine the comparable measurements. The
measurements results are shown in Fig. 14. The meas-
ured commutating current has the same form as the calcu-
lated one. At the beginning of the commutation of the cur-
rent I, - the point 1 - the simulated current commutated
faster than the measured current. The effect of arcing of
the previous current can clearly be seen on the simulated
and on the measured current. The largest difference be-
tween these two currents happens from the points 3 and
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4, where the next current /¢ starts to commutate. The cur-
rent Iy at simulation starts to increase rapidly, at measure-
ment this increase of the current is not so steep. The cur-
rent difference, which dissipates the energy through arc-
ing is therefore larger at simulation. The length of the
charred layer is 0.8° in both cases.

It is clearly shown, that arcing under the brush did occur,
when a commutator without integrated capacitors was used.

7. The simulation and the verification
results using the commutator with
the integrated capacitors

The integration of the capacitors in the commutator is seen
in Fig. 15. The multilayer ceramic capacitors, manufactured
as surface mounted chips, were used. The dimensions of
capacitors were 2.0x1.25x1.2mm. The cross-section of
such capacitor is seen in Fig. 16. The ceramic dielectric
used was the stable 2R1. This material is made of ceramic
materials, which are ferroelectric, principally barium titan-
ate. The capacitors of the ferroelectric types have a non-
linear temperature characteristics, the capacitance and
tand are effected by temperature, voltage and frequency.
The material 2R1 was used because it has the best com-
promise between capacitance per volume unit and tem-
perature and voltage stability. There is not much space in
the commutator, so the size of the capacitor is critical. The
above mentioned dimensions are maximal, which can be
used in the given commutator. The maximal capacitance
of capacitor with dimensions 2.0x1.25x1.2mm, using the
2R1 dielectric, is 1uF and its withstand voltage is 100V.

S

commutator ceramic capacitor

The integration of the capacitors in the
commutator.

Figure 15:

Termination Ceramic- dlsisctric

Solderinglayer-tin

Ditfusionbarder~nicket

.. Baaslayer-silver or copper

HMetallaywrs

The cross-section of the used ceramic
capacitors.

Figure 16:

The capacitors were integrated into the commutator be-
cause of large centrifugal forces which are present at the
rotational speed up to 50,000 rpm. Asitis seen in Fig. 15,
the capacitors were firmly soldered into the circular groove
at the top of the commutator. The groove was then filled
with a clear plastic glue, which further fixed the capacitors
into the groove and also prevented any debris from the
brush to make any additional unwanted contacts.

The capacitors in the commutator work in a very harsh
environment. As it was stated above, it is exposed to large
centrifugal forces. The temperatures on the commutator
surface reach the values of 110°C - 120°C. On the inside
of the commutator the temperatures are lower by 10°C -
20°C. So the ceramic material must not loose its dielec-
tric capability because of temperatures around 100°C.

The voltage of the capacitor must not exceed the nominal
voltage of the capacitor, and it also must not reach too
high value to cause additional arcing. The theoretical max-
imal capacitor voltage can be estimated using the magnet-
ic and electrical energy equations. In Eq. (16) it is pre-
sumed, that all the magnetic energy, stored in the commu-
tating winding at the angle, where the commutator bar
leaves the brush, changes into the electrical energy of the
capacitor.

L33 i (Al)z _ C ((]Cmax)2
= (26),
2 2
where:
A= 1A the current difference,
Ucmax = 16,5V maximal allowed capacitor voltage to
avoid arcing,

L3z = 240 uH inductance of the commutating winding.

The value of the required capacitance can be calculated
using the Eq. (27), which is derived form (26):

2
C:Lﬁ.(ij =918 nF 7).
Cmax

With this capacitance the capacitor voltage will not exceed
the arcing limit Un=16,5V at the given working point. it must
be emphasized, that the inductance Lag is dependent both
on the main current and on the angle of rotation - this
mean the position of the rotor. The current difference A/
depends on the behavior of the whole system. So this cal-
culation is valid only for the estimation of the required ca-
pacitance for the working point.

The capacitors which were used in the simulation and in
the measurement had the capacitance C= 1uF, which
leaves us slight safety margin. The capacitors nominal voit-
age is 100V.

The simulation results are seen in Fig. 17. To avoid confu-
sion only one commutating current is shown. The current
has first oscillation at the position 2, which is the conse-
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quence of the previous commutation. From the position 3
to 4 the current starts to increase, because at the position
3 the next winding starts to commutate. The same effect
can be seen in Fig. 13, where the commutation without
capacitors is shown. When the commutator bar reaches
the end of the brush at the position 4, the current starts to
flow into the capacitor. This is the beginning of LC oscilla-
tions, which are damped because of the winding resist-
ance Rz and because of the damping resistance Rc. At the
angle 45°, the oscillations have not yet ceased.

In Fig. 18 the simulated capacitor voltage is shown. Only
the second part of the simulation is shown - the rotor po-
sitions 3, 4 and 5. At the position 4 the commutator bar is
leaving the brush and at that angle the energy starts to
flow from inductance into capacitor. Therefore the capac-
itor voltage increases. The maximal capacitor voltage reach-
es the value of 17V, which is slightly above the estimated
value. But this voltage is can cause arcs, if it is present at
position 4, where the commutator bar is still close to the
brush. When the bar - brush distance increases, the volt-
age, necessary for arcing, increases as well. At the angle
32°, where the capacitor voltage is maximal, the distance
of the brush from the baris 3°, which is 0,65mm. Accord-
ing to /10/ at that distance the required arcing voltage is
around 35V. The capacitor voltage has not reached this
value at which arcing could occur. So the rightly chosen
capacitors prevent arcing.

angle [}

Figure 17:  The simulated commutation currents with
the integrated capacitors C=1uF.
“ 3 4 5
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10 4
E Q2
2,
3 20
5 !
-10
-15
=20
angie [’}
Figure 18:  The simulated capacitor voltage.
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The measured commutation currents with
the integrated capacitors C=1uF,

Figure 19:

The measurements were made on another test motor with
the same construction as in Fig. 11, but with capacitors
integrated in the commutator. The measured results are in
Fig. 19. The current difference at the position 4, where
the commutator bar is leaving the brush, is smaller than in
the simulation, so the oscillation afterwards have smaller
amplitude. The oscillation at the position 2 are smaller as
well. This is because the commutation of the previous coil
has smaller oscillations and the effect on the observed
commutation also diminishes. Measurements show that
there is no arcing.

Quality of the commutation has direct effect on the lifetime
of the universal motor. Arcing causes migration of material
on the brush-commutator contact, specially the brush
material. The brush material losses are divided to loses
due to the mechanical causes- friction and vibration - and
to the losses due to electrical one - arcing. It was proven
in this work, that to prevent arcing the integrated capaci-
tors have to be used. Because of that, the tested actual
lifetime of the motors with integrated capacitors increases
by 25% to 30%.

5. Conclusions

The method for the analysis of the commutation current
and arcing of the high-speed universal motor with the inte-
grated capacitors built in the commutator is presented in
this paper. The analysis is done by the mathematical mod-
el. The model consists of the circuit elements obtained
with the finite element method. These elements are induct-
ances, flux linkages and internal brush resistances. The
actual brush - commutator segment overlapping of 1.8 is
used. The contact resistances are thoroughly examined
and the arc modelis implemented. The effect ofthe charred
layer on the brush is considered as the increased contact
resistance. The charred layer is caused by the arc under
the brush. As the charred layer contact resistance is very
high, -it-actually helps commutation. Because of this layer
the commutation ends before the commutator bar leaves
the brush and no arc develops in the air gap at the trailing
edge of the brush. But still, there is the arc underthe brush,
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and the brush wears down more rapidly than it would in
absence of the arc.

The method for the estimation of the required integrated
capacitance is presented too. The criterion for the capac-
itance choice was the capacitor voltage which must not
exceed the value, at which arc is formed.

The commutation currents with and without the capacitors
are compared. it is shown, that without the capacitors arc-
ing under the brush occurs. When capacitors are added
to the commutation circuit, no more arcs occur, and the
lifetime of the motor is extended by 25-30%.

The calculated commutation currents are also compared
with the measured ones. The measurements were made
on special test motors with the slip rings. The results of the
calculation are found satisfactory.

With the appropriate machinery the integration of capaci-
tors into the commutator is possible in the serial produc-
tion. The cost of such an enhanced commutator in not too
high and it is estimated that for high performance universal
motors that kind of commutator is going to be used.
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MERILNI SISTEM SPEKTRALNEGA ANALIZATORJA S FIKSNO
NAMESCENIMI FOTOPOMNOZEVALKAMI

[ztok Kramberger, Mitja Solar

Fakulteta za elektrotehniko racunalnistvo in informatiko, Univerza v Mariboru,
Maribor, Slovenija

Kjucne besede: atomska spektroskopija, monokromator, analogno-digitaini pretvornik, optiéne komunikacije, mikrokrmilnik, programirna logi¢na vezja,
USB vodilo

lzviedek: Predstavljena je sodobna zasnova merilnega sistema analizatorja ultravijoli¢nega svetlobnega spektra. Merilni sistem je predstavijen za spek-
tralni analizator z 64 fiksno namedcenimi fotopomnozevatkami. Pri tem smo: - razvili, za krmiljenje visoke napetosti na fotopomnozevalkah, vezje z
digitalnimi potenciometri in tokovno-napetostnimi pretvorniki, - uporabili smo opti¢ne vodnike med posameznimi stopnjami ter USB povezavo z osebnim
radunalnikom, - uporabili programirna logi¢na vezja in mikrokrmilnike v posameznih delih merilnega sistema. Posebno skrb smo namenili nadzoru delovan-
ja sistema in avtokalibraciji. Tako zasnovan merilni sistem je primeren za avtomatizirano meritev svetlobnega spekira z moznostjo dodatne obdelave
izmerjenih vrednosti s programskimi orodji na osebnem radunalniku. Dodana je moznost nadzora spektralnega analizatorja preko spleta.

The Spectral Analyzer Measurement System with Fix Placed
Photomultiplier Tubes

Key words: spectrometer, atomic spectroscopy, monochromator, analog-to-digital converter, optical communication, microcontroller, programmable
logic devices, USB bus, plug&play

Abstract: Design and implementation of 64-channel spectral analyzer measurement system for ultraviolet spectrum of light is presented. The basic idea
was to build a versatile measurement system for spectral analyze in atomic spectroscopy employment using of up-to-date digital and communication
solutions. A basic structure and schematic drawing of an atomic spectral analyzer with 64-photomultipliers is presented in Figure 1 and 2. Figure 3 shows
a monochromator. The first step in the spectral measurement system an attenuator system with high-voltage power supply system and attenuator module
is presented. The next step is analog-to-digital measurement module with an analog-to-digital input module and system controller module. Analogue
current-to-voltage converter, voltage-to-frequency converter and frequency-to-digital converter are in the structure of input analog-to-digital module.
Figures 7, 8 and 9 present individual converters. All of 64-channels are connected to two digital measurement modules with 32-channels per module.
The digital modules are connected to the system controller. The system controller is presented with a block diagram on Figure 10 and contains a
microcontroller ATmega103. Its serial and parallel ports are used for communication with digital module, LCD bus, LCD display and USB bus for commu-
nication with a personal computer. At the same time, the ATmega103 is connected to a temperature and vacuum sensor with analogue inputs, to FLASH
memory programmer with SPI bus and with a serial bus UART to an aftenuator module. The high-voltage module and analog-to-digital module are isolated
with fibre-optic communication from system controller and attenuator module. Four fibre-optic lines are used from analog-to-digital module to digital

module.

Measurement acquisition is carried out in two steps. The first step is the initialization of all system modules. In the attenuator system, the high-voltage for
power supply of photomultiplier tubes are set to the initialization state. All digital counters in digital modules are set to the reset state. High-voltage on
photomultiplier tubes and reset of digital counter on the digital module is set. Measurement value in the second step is acquired. For increasing reliability
of measurement system an auto calibration function in both steps of measurement acquisition is used. In Figure 13, the schematic drawing of multilevel
model for communication between user and measurement system is showed. The user can use the system methods and objects. They are represented
in Tables 1 and 2. In the results, transfer function and error function of analog-to-digital module, analog-to-digital and digital module together, transfer
function of vacuum and temperature sensor and transducer, transfer function of high-voltage regulator, current limiting characteristic of high voltage
regulator and transfer function of attenuator module are presented.

Eno od podrodji spektralne analize je atomska spektroskopi-
ja, ki raziskuje zgradbo snovi. Po nacdinu delovanja lodimo at-
omsko: - emisijo, - absorbcijo in - fluorescenco. Pri atomski
emisiji analiziramo vir svetlobe (plamen). Pri atomski absorbe-

1 Uvod

Spektrometri so selektivni instrumenti grajeni za analiziranje
posameznega podrocja elektromagnetnih valov.

Spektroskopija se uporablia na primer za analize materi-
alov, ki jih ne smemo uniciti (dragocene slike), materialov,
ki niso dostopni (zdravila v zaprtih stekleni¢kah), pri analizi
preved oddaljenih objektov (raziskovanje zvezd) in podob-
no. Pritem se spektroskopija ne omeji samo na vidno svet-
lobo ampak zajame elektromagnetna valovanja 8irse, kot
so rentgenski zarki, ultravijolicna in infrardec¢a svetloba.
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iji se del svetlobe iz Sirokopasovnega vira absorbira v plamenu
in opazujemo neabsorbirane komponente svetlobe. Pri atom-
ski flucrescenci pa se pod vplivom dodatnega vira pojavijo v
plamenu posamezne stimulirane komponente svetobe.

Predstavili bomo merilni sistem spekitrometra za analizo ul-
travijolicne svetlobe, ki je uporaben za vse tri nadine
delovanja /1,2,3/.
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2 Zgradba atomskega spektrometra

Atomski spektrometer ima: vir svetlobe na vhodu, monokro-
mator z uklonsko mrezico ali prizmo /2,6/ za razdelitev
spektra na komponente, fotopomnozevalne vakuumske
elektronke in merilni sistem. Merilni sistem /1,13,16/ vse~
buje: vhodne ojacevalnike, analogno-digitalne pretvornike,
mikrokrmilnike in komunikacijska vezja za povezavo z 0s-
ebnim racunalnikom.

 Vir svetlcbe

N X
7 N Amin ~ Amax
~ ~

monokromator
N .

fotopomnoievatka

mememe Aamin .:;;I’ by C—

ajstevainik A/D pretvomik mikroksmiindk osebrt ralunatnik

Slika 1. Splosna zgradba atomskega spektralnega
analizatorja.

Figure 1. Basic structure of an atomic spectral
analyzer,
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Slika 2. Blokovna shema atomskega spekiralnega
analizatorja s 64 fotopomnozevalkami.
Figure 2. Shematic drawing of atomic spectral

analyzer with 64-photomultipliers.

2.1 Monokromator

Konkavno zrcalni monokromator proizvajalca spektrometrov
Thermo Electron Corporation (ARL model 31000 z 2160
(rezami/mm)) vsebuje: primarno rezo, konkavno uklon-
sko mreZico, po principu Rowland-ovega kroga namescene
sekundarne reze in fiksno name8céene fotodetektorje
(fotopomnozevaine cevi). Pri tem je razmestitev Paschen-
ova /3/, ki odpravi rabo gibajoéih delov. Prednost ukion-
ske mrezice pred prizmo je v njeni enakomerni porazdelitvi
svetlobe na posamezne spektralne komponente, slabost
pa prekrivanje pasov.

Monokromator lahko deluje v vakuumskem ali zraGnem
nacinu. V vakuumskem nadinu delovanja ni absorbcije svet-
lobe, zato je ta nacin primeren za ultravijoli¢no svetiobo
valovnih dolzin od 170nm do 400nm. V zradnem nadinu
pa opazujemo svetlobo iz vidnega spektra v obmodju od
250nm do 610nm. Pri spremembi nacina delovanja mora-
mo zamenjati uklonsko mrezico. Sekundarne reze so
namescene kot maske pred fotodetektorii in zagotavljajo
osvetlitev detektorjev z ozkim pasom svetiobe - spektralno
¢rto.

Normala
uklonske mretice
Foto-detektorji

RoMandnv__krog Sekundarne reze

4

Dr2alo

Ohigle =" sekundamih re2

Objektiv

Ukdonska mrezica

Slika 3.
Figure 3.

Monokromator,
Monochromator.

2.2 Fotodetektor

Za detektorje svetlobe so uporabliene fotopomnozevaine
vakuumske elektronke - P27 podjetja Hamamatsu /4/.
Fotopomnozevalka IP27 vsebuje devet dinod in pri najvisji
napajalni napetosti 1250V zagotovi tokovno ojaéenje 107.
Pri tem naj anodni tok ne preseze 100pA. Za napajanje
dinod je uporabljena veriga devetih uporov velikosti
300kQ.

2.3 Atenuatorski sistem

Atenuatorski sistem omogoca izbiranje Zelene vrednosti
napajalne napetosti lo¢eno za vsako fotopomnozevalko, s
¢imer nastavljamo ojadenje. Pri vigji napajalni napetosti je
ojacenje fotopomnoZevalke vedje in pri enaki intenzivnosti
vpadle svetlobe dobimo vedji izhodni anodni tok. Ojadenja
posameznih fotopomnozevalk je potrebno nastavljati z ozi-
rom na zahteve spektralne analize.
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Atenuatorski sistem.
The attenuator system.

Slika 4.
Figure 4.

Atenuatorski sistem napaja 64 fotopomnoZevalk in je ses-
tavljen iz: visokonapetostnega napajalnika, krmilnika aten-
uatorjev in osmih atenuatorskih modulov z osmimi izhodi.

2.3.1 Visokonapetostni napajalnik

NAPETOSTNG
REGULATOR

----i:»*oxz)---.. asy

STABILIZATOR

TRARSFORMATOR USMERNIK GLADILNI CLEN

[ N —— T
N A MOV
LIS, 1SN A P N [Reres] Bl v T}
d 1045V
éﬁ [ i

ADGVASHSz. — BREME

Lpnast

Slika 5.
Figure 5.

Napajalnik.
Power supply system.

Omrezna napetost je prikljuéena na transformator, ki ima
na sekundarni strani navitji z napetostjo 200V in 400V
/7/. 1z napetosti 200V je z napetostnim regulatorjem
HIP5600 /5/ dobljena napetost -85V za napajanje anod
fotopomnoZevalk. Posamezna anoda je vezana preko upo-
ra velikosti 10kQ na Millerjev integrator. Le-tega odlikuje
velika linearnost. 1z 400 V izmeni¢ne napetosti dobimo iz
dvovalnega mnozilnika enosmerno napetost velikosti
1074V, ki jo visokonapetostni stabilizator zmanjsa na
1015V. Stabilizirana napetost 1015 V je potrebna za napa-
janje dinod fotopomnoZevalk. Napetostni stabilizator na-
petosti s tokovno zasdito je narejen z diskretnimi elementi
in zagotovi ustrezno napetost za breme z upornostjo do
19,1kQ.

2.3.2 Atenuatorski modul

Blokovna shema atenuatorskega sistema je podana na sliki
6. Izbira velikosti napajalne napetosti je izvedena s krmiln-
ikom atenuatorjev /8/. Za vsako od 64 fotopomnozevalk
je izvedena lo¢ena krmilna stopnja z digitalno sprementjivi-
mi upori DS1267 /9/. V enem digitalno spremenljivem
uporu sta dva osem-bitna uporovna delilnika, s katerimi nas-
tavljamo referenéno napetost za napajanji dveh
fotopomnozevalk.

Za krmilnik atenuatorjev je uporabljen Atmelov RISC
mikrokrmiinik AT90S8515 v CMOS tehnologiji. V
mikrokrmilniku vgrajen asinhron zaporedni vmesnik je up-
orablien za komunikacijo s sistemskim krmilnikom. Pove-
zava s sistemskim krmilnikom je izvedena po dveh optiénih
vodnikih.
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Glavni program v mikrokrmilniku ob sprejetem pravilnem
ukazu izvede nastavitev zelenih vrednosti napajalnih nape-
tosti fotopomnozevalk. Ob sprejetju nerazumljivega ukaza
ali ob nepravilnih parametrih ukaza krmilnik atenuatorjev o
napaki obvesti sistemski krmilnik, ki glede na tip napake
ustrezno reagira.

1A% LIpes

modul

Kanal 7in
D Cin FRar ] Do
~ £ k2

3LE
Kanal 7in 2
O G THRST T Do
AR ¥
Dot Fromord H -

Clock
Fesst

Slika 6.
Figure 6.

Blokovna shema atenuatorskega modula.
Block diagram of the attenuator modul.

Iz krmilnika atenuatorjev se zeljena digitalna vrednost za-
poredno vpiSe v register digitalnega uporovnega delilnika.
Z nastavljeno upornostjo izbiramo napetost na vhodu na-
petostno-tokovnega pretvornika. Napetostno-tokovni
pretvornik je izveden z operacijskim oja¢evainikom in vi-
sokonapetostnim tranzistorjem BUX85. Na visokonapeto-
stnem uporovnem delilniku dobimo napajalne napetosti za
posamezne dinode fotopomnozevalke /1,7/.

2.4 Analogno-digitalni merilni modul
Meriini sistem spektralnega analizatorja je zgrajen iz:

a)  Stirih vhodnih modulov z: 16 analognimi vhodi, ana-
logno-digitalnimi pretvorniki izvedenimi z napetostno-
frekvencénimi pretvorniki, vezjem za zdruzevanje in iz-
biranje kanalov (multiplekser);

b) dveh digitalnih merilnih modulov z 32 kanali in
c) modula sistemskega krmilnika.

Analogni vhod vsebuje tokovno-napetostni pretvornik /23/
s prenosno funkcijo opisano z enacbo: U = - ki, - ln, kier
je kin=Rz2 +Rs =2 10% /Q/. Pricakovano obmodje
vhodnih tokov je od O do -2,5 pA, celotno vhodno ob-
mocje pretvornika pa od O do -5uA in izhodno Uin od OV
do +10V.

Izbran operacijski ojacevalnik TLO72 ima visoko vhodno
upornost (JFET tranzistorji), nizek Sum, majhna mirovna
vhodna tokova in vhodni ni¢elni tok.

Napetostno-frekvenéni pretvornik je izveden z integriranim
vezjem LM331 /20/. Prenosna funkcija napetostno-
frekvenCnega (U/f) pretvornika je podana vizrazu: f=kyu
= 20(kHz/V)Uizn. Za obmodje vhodnih napetosti od 0 do
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Slika 7. Tokovno-napetostni pretvornik.
Figure 7. The current-to-voltage converter.

10V je obmodje izhodnih frekvenec je od 0 do 200kHz. V
primeru, ko bo vhodni tok v tokovno-napetostni pretvornik
vedji od -2,5uA, bo Uiz»5V in bo izhodna frekvenca veéja
od 100 kHz.

O

NAPETOST

K FREKVENCA

14

Slika 8.
Figure 8.

Napetostno-frekvencni pretvornik.
The voltage-to-frequency converter.

Da bi zmanjsali stevilo povezav med posameznimi kanali in
sistemskim krmilnikom, je na vhodnem modulu dodano
vezje za zdruzevanje in izbiranje kanalov. To vezje zajema
hkrati vrednosti iz izhodov 16 U/f pretvornikov v taktu CLK1
vvzporedno-zaporedni register. Med dvema impulzoma za
zajem pa drugi del vezja sinhrono z uro CLOCK zaporedno
odda natrehlinijah: signal ure za sinhronizacijo CLK1, 16-
bitne podatke posameznega kanala in okno FRAME oziro-
ma ckvir, v katerem so poslani podatki posameznega kanala
(slika 9).

CLOCK l

[L L

T=312,5n8; £=3,2MHz
et G S

CLKI |—j ﬂ !

0 H : (js)
T=5us; =200k 1z ‘ :

LTI

»

(-
FRAME
0 : 5 l(ﬁs)
?: T=5ps; =200kHz >
Slika 9. Signali FRAME in CLOCK.
Figure 9. The signals FRAME and CLOCK.

Tako je za povezavo med vhodnim modulom in sistemskim
krmilnikom dovolj povezava s tremi opticnimi vodniki za
vsakih 16 kanalov. Uporabljeni so Thoshibini digitaini op-
ticni povezovalni moduli TORX173 /18/ in TOTX173 /19/.
Celotni 16-kanalni zdruzevalnik in izbiralnik je izveden v
programirtjivem logicnem vezju Lattice ipsl.S11016 /17/.

2.5 Digitalni merilni modul

Dva digitalna merilna modula, z 32 merilnimi kanali na
modul, sprejemata merilne signale iz Stirih analognih mer-
ifnih modulov. Digitalni merilni modul ima dve programirljivi
polji logi¢nih vrat AT40K20LV/21/ z 2 x 16 = 32 merilnimi
kanali. V staticni RAM vezja AT40K20LV se ob vklopu vpise
konfiguracijska nastavitev iz EEPROM pomnilnika
AT17LV512 /22/. V AT40K20LV vezjih se najprej izvrsi
razdruzevanje sprejetih signalov na posamezne kanale,
nato pa se preveri za vsak kanal prekoraditev zgornje meje
toka iz fotopomnozevalke -2,5uA. Ker se signal v analog-
no-digitalnem modulu vzorci s frekvenco 200kHz, bo ob
nastopu najvecije vrednosti vhodnega toka -2, 5pA na izhodu
prisoten impulz v vsakem drugem okviru 16-bitne besede.
V primeru vecjega toka od -2,54A se bo impulz pojavil v
vsakem podatkovnem okvirju. V tem primeru se izmerjena
vrednost izlo¢i. V naslednji meritvi se zmanj$a napajalno
napetost fotopomno-zevalke in s tem njeno tokovno ojacen-
je. Poizbranem ¢asovnem intervalu 10s predstavija vse-
bina Stevca vsoto merjenih vhodnih impulzov, ki je pre-
mosorazmerna z vhodnim tokom. Pri -2,5uA toka dobi-
mo: (1 impulz/10us)x10s = 108 impulzov. Impulze preste-
je 20-bitni Stevec (22°=1048576). Vrednost 20-bitnega
Stevca za posamezni kanal se poveca s pozitivno fronto
prenesenega impulza.

siquah prukeraiitye {OYERY &y GVER1S)

b hodina signais RESET in STARTISTOP

t vhoda 2a doloditew kanice (A7) in integtiranega vesis At at {A6)

i vhornasignsls READIN CS

Slika 10.
Figure 10.

Digitalni merilni modul.
The digital measurement modul.

Naslovne linije AO do A5 so uporabliene za dekodiranje
kanalov, AB za naslavljanje posameznega integriranega
vezja FPGA, A7 pa za naslavijanje digitalnega merilnega
modula. CS0 do CS31 so interne naslovne linije po dve na
kanal, ker je vodilo 16-bitno in sta potrebni po dve 16-bitni
besedi za 20-bitni rezultat. Z CS32 je naslovljen vektor
prekoracitve.

57




I. Kramberger, M. Solar: Merilni sistem spektralinega analizatorja s

Informacije MIDEM 34(2004)1, str. 54-61

fiksno names&cenimi fotopomnozevalkami

2.6 Sistemski krmilnik

Sistemski krmilnik s svojim programom povezuje imple-
mentirane module spektralnega analizatorja v funkcional-
no celoto.

LCD prikazovalnik
{tekstovni nadin)

o Mikeokimith
ATHeghIos

Berijsia povezavs ¢
Kernilnikons atenuatosjev
{RX. TX: optiéra vodnika)

Qaebni raunalnik
(U8B vodito)
i
Digitadoa mwsilna mochda
{podatkovnn in nadovno
vodilo ter krmitrd signall)

Temperatigni in vakuumski Programséor FLASH
sonzor {smalogis povezsva)  progrimvskega ponmiliika

Blokovna shema sistemskega krmilnika.
Block diagram of the system controller.

Slika 11.
Figure 11.

Povezave sistemskega krmilnika z drugimi moduli so iz-
vedene z opticnimi vodniki. To so:

- povezava s krmilnikom delilnikov, s katerim nastavija-
mo napajalno napetost za fotopomnozevalke,

- povezave z digitalnima merilnima moduioma, s kater-
in dobi izmerjene vrednosti tokov,

- povezava s senzorjem za merjenje temperature in vak-
uuma v monckromatorju,

- zaporedni vmesnik SPI uporabljen za programiranje
programskega FLASH pomnilnika in ze omenjena

- povezava z USB vodilom z osebnim radunalnikom.

Sistemski krmilnik je 8-bitni mikrokrmilnik ATMega103
/ 14/ z RISC arhitekturo. Vsebuje programski in podatkov-
ni pomnilnik ter ve¢ino vhodno-izhodnih vmesnikov, ki so
potrebni za izvedbo sistemskega krmilnika. Za povezavo
med sistemskim krmilnikom in USB vodilom je uporabljeno
integrirano vezje PDIUSB12 /15/. Na sistemski krmilnik je
prikljuc¢en LCD prikazovalnik s tekstovnim zapisom. Le-ta
je zelo uporaben pri razvijanju naprave, saj omogoca spro-
tno izpisovanje kontrolnih vrednosti sistemskega krmilni-
ka. Ob nastopu napak pri prenosih lahko spremljamo vred-
nosti in kontroliramo stanje povezav.

Sistemski krmilnik dostopa do Stevcev digitalnega merilnega
modula preko 16-bitnega podatkovnega vodila. Za naslav-
lianje Stevcev je uporablieno osem naslovnih linjj in krmilna
signala za izbiro integriranega vezja CS in signal za branje
oziroma vpisovanje R/W. Za krmiljenje meritev sta dodana
signala RESET in START/STOP. S signalom RESET se iz-
briejo vsebine vseh merilnih stevcev in naprava se pripravi
za novo meritev. Meritev se zacne s krmilnim signalom
START v logiénem stanju enice oziroma se po izbranem
intervalu konca s signalom STOP v stanju logi¢ne nicle.
Vsebine Stevcev se zadrzijo do nastopa RESET signala.

Za boljsi nadzor nad delovanjem merilnega sistema so
dodani indikatorji na vseh opti¢nih povezavah. Ob izpadu
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katere od opticnih povezav ugasne ustrezna svetle¢a LED
dioda.

V Casu razvoja je mozno vpisati vsebine v integrirana vezja
iz osebnega ra¢unalnika. S tem je odpravijeno zamudno
izvajanje programiranja raznih tipov ROM pomnilnikov. Ob
tem je enostavno preizkusanje logi¢nih sklopov celotnega
logi¢nega vezja na izvedenih modulih.

2.6.1 Temperaturni senzor

Temperaturni senzor je namescéen na zZelezno ohisje
monokromatorja. Specificirani podatki za mono-kromator
so podani pri temperaturi 25°C. Dovoljena je sprememba
temperature ohisja za +0,5°C. Uporabljen integriran pol-
prevodniski analogni temperaturni senzor DS699 podietja
Dallas. Pri napajaini napetosti med 2,7V in 5,5V je izhod-
na napetost senzorja U=6,25(mV/°C) T(°C) + 424mV.
Obmocje senzorja je od -40°C do +125°C in je za nade
potrebe presiroko. Prilagoditev nivojev med senzorjem in
analogno-digitalnem A/D pretvorniku vgrajenem v vezju
sistemskega krmilnika ATMega 103 /14/ je izvedeno z na-
petostnim ojacevalnikom z ojadenjem Ay=6. Na vhodu ana-
logno- digitalnega pretvornika dobimo pri T= 10°C nape-
tost 2,919V in pri T=65°C napetost 5V. Pri 10-bitnem A/D
pretvorniku z obmocjem med 0O in 5V je korak 4,89mV. S
tem izmerimo temperaturo na 0,13°C, kar je za naso napra-
vo zadostovalo.

Temperaturni senzor oziroma izhod ojacevalnika je pove-
zan na prvi analogni vhod sistemskega krmilnika.

2.6.2 Vakuumski senzor

Onpticne poti, ki so podane za predstavljen monokromator,
veljajo samo v primeru vakuuma v komori monokromator-
ja. Vakuum zagotovi vakuumska érpalka, ki neprestano ¢rpa
zrak iz komore monokromatorja. V komori monokromator-
ja je namescen vakuumski senzor, katerega izhodni signal
se ojaci in poveZe na drugi analogni vhod sistemskega krmil-
nika.

Princip delovanja vakuumskega senzorja je Piranijev /12/.
Ce postavimo v prostor s plinom elektri¢no ogrevan kos
Zice, je njegova temperatura odvisna od pritiska plina, saj
je njegova toplotna prevodnost odvisna od spremembe
pritiska plina. Temperaturo Zice meri termodlen.

Tormoal b
=15mA Simetrisda AN2
fokovni generator| - povezavi Asimetrign,
irani povezava
Eleklridni grelec Sistemski krmilnik

Vakuumski senzor

instrumentacijski ojadevalnik

Slika 12. Prikiju¢itev vakuumskega senzorja na
analogni vhod sistemskega krmilnika.
Figure 12.  Simplified connection diagram of vacuum

sensorto analog input of system controller.
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Obmodje napetosti iz senzorja je dano v mejah: za normal-
ni zracni tlak P1=101325 Pa je U1=0,599 V in za vaku-
umsko stanje P> =101,325 Pa je Ux=4,99V.

2.7 Programska oprema

Popolno avtomatizacijo merilnega postopka analize svet-
lobe omogoca programska oprema, ki je namescena na
osebnem ra¢unalniku. Osebni rac¢unalnik mora imeti vgra-
jeno USB vodilo za komunikacijo s spektralnim analizator-
jem. Programska oprema je izdelana za operacijske sis-
teme Windows 98, Windows 2000, Windows NT4 in Win-
dows XP v obliki programske komponente tipa ActiveX
/10/.

Pri razvoju aplikaciji je mozno uporabiti razlicne program-
ske jezike, kot so Visual - C**, Visula Basic, Delphi, C™
Bilder in podobni. Uporabnik lahko izvede vizualizacijo
glede na svoje potrebe, mozno pa je programsko kompo-
nento spektralnega analizatorja uporabljati v ze izvedenih
aplikacijah, kot na primer v urejevalnikih tabel Microsoft
Excel, s pomodjo njihovega skriptnega jezika. Prav tako je
mozno programsko komponento spektralnega analizator-
ja uporabiti v Internetu z vizualizacijo na poljubnem racu-
nalniku, vezanem na splet.

; medsebojna
Uporabnik povezava Meriini sistem
Programska Funkclje
kontrola Csigtama
USB sistem"' ' USE naprava |

$

Use vinesnik . [ e—-| USB ,\‘i/‘megsnik'

dfp—-  Dcjanski komunikacijski tok

Logiéni komunikacijski tok

Slika 13. Prikaz veénivojskega modela
komunikacije med uporabnikom in
merilnim sistemom.

Figure 13.  Shematic drawing of multilevel model for

communication between user and
measurement system.

Ob dinamiéni prikljucitvi spektralnega analizatorja na os-
ebni racunalnik omenjeni operacijski sistemi avtomati¢no
prepoznajo prikljuc¢eno napravo pri vkljuéitvi na vodilo (po
standardu Plug&Play /11/).

Programska komponenta spekt64.dll je tipa ActivX in
predstavija dinami¢no programsko knjiznico, v katero je
preslikana funkcionalnost spektralnega analizatorja kot

celote. Merilne metode in lastnosti izvedene programske
komponente delimo na: sistemske metode in lastnosti, ki
omogocajoo izvajanje sistemskih ukazov in z njimi pove-
zanih parametrov namenjenih konfiguraciji sistema, ter
uporabniSke metode in lastnosti, ki so vezane na merilni
postopek spektralne analize svetlobe.

Glede na enote delimo sistemske metode in lastnosti:
asinhronega zaporednega vmesnika, analogno-digitalnega
pretvornika, LCD tekstovnega prikazovalnika, casovnika in
digitalnih merilnih modulov.

Asinhroni zaporedni vmesnik
objekt. Baudrate vrednost
objekt. SeriallnterfaceOn
objekt. SeriallnterfaceOff
Analogno-digitalni pretvornik
objekt. ADCSampleFrequency objekt. ADCStartConversion
objekt. ADCOn objekt. ADCValue

objekt. ADCOSf

Tekstovni LCD prikazovalnik
objekt. LCDOn

objekt. LCDOAf

Tekstovni LCD prikazovalnik
objekt. LCDOn

objekt. LCDOff

Tekstovni LCD prikazovalnik
objekt. LCDClear vrednost
objekt. LCDLocate vrednost
asovnik

objekt. TimerOn objekt. TimerOff
objekt. TimerInterval vrednostl, vrednost2, vrednost3
objekt. TimerStart
Digitalni merilni moduli
objekt. ResetChannels
objekt. ReadChannels
objekt. ReadOver vrednost

objekt. ReadSerialData
objekt. WriteSerialData vrednost
objekt. BytesReceived

objekt. LCDShowCursor vrednost

objekt. LCDShowCursor vrednost

objekt. LCDWrite vrednost

objekt. Test
objekt. TestAttenuators vrednost

Tabela 1.
Table 1.

Sistemske metode in lastnosti.
Systermn methods and objects.

Uporabnigke metode in lastnosti, ki so podane v tabeli 2,
se nanasajo na merilni postopek spekiralne analize svet-
lobe. Pri izvajanju meritve se uporabljajo uporabniske in
sistemske metode in lastnosti , ob tem pa se preverja pravil-
nost delovanja merilnega sistema.

Uporabiake metode in lastnosti

objekt. Attenuator vrednostl, vrednost2

objekt. SaveAttenuators vrednost objekt. UpdateAttenuators
objekt. LoadAttenuators vrednost objekt. SetAttenuators
objekt. Measurelnterval objekt. ResetData

objekt. Measure objekt. GetData

objekt. GetControl objekt. GetTemperature
objekt. GetVacuum

Tabela 2. Uporabniske metode in lastnosti,
Table 2. User methods and objects.
3 Rezultati

Delovanje merilnega sistema spektralnega analizatorja smo
preizkusili po posameznih sklopih. Analogno-digitalni mer-
ilni modul vsebuje tokovno-napetostni in napetostno-
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frekvenéni pretvornik. Na vhod dobi tok iz fotopomnozevalk
in daje na izhodu impulze s frekvenco od ni¢ do 100 kHz.
Za umerjanje modula sta referendni vrednosti toka na vhodu
analogno-digitalnega merilnega modula: - ivn=0, pritejvred-
nosti vhodnega toka je frekvenca izhodnega signala pra-
vokotne oblike 4<f<BHzin - iva=-2,5A, pri tej vrednosti
toka je frekvenca izhodnega signala ;=100 kHz. Preno-
sna funkcija idealnega analogno-digitalnega modula je
podana z enacbo premice: filivh) = fi{l0) + Kisi ® vh = 40
(kHz / yA) - ivn . Na sliki 14 je podana prevajalna funkcija in
funkcija pogreska analogno-digitalnega merilnega modu-
la.

Frakvancs (kiz)

1,0609 1.0E-08 1.0€-07 1,0E-06 1.06105

Yhodni tok {A}

0,600

0.200-

1,08-09 10808 N\~ hoeor 1.0E-06 o.06h0E05
\/ !

Pogresek (%}

0.600

,\/ 1000

Vhodnl tok {A)

Slika 14. Prevajaina funkcija in refativni pogresek
analogno-digitalnega merilnega modula.
Figure 14.  Transfer function and relative error of the

analog-to-digital modul.

Najvedji pogresek je -1% pri majhnih tokovih do 50 nA ter
+0,2% med 50 nA in 2,5uA. Zaradi vedjih pogreskov za
tokove pod 50nA se z nastavitvami napajalnih napetosti
fotopomnozevalk z atenuatoriji zagotovili zadetni tok 100nA.

Prevajalna funkcija vakuumskega tipala z instrumentacijskim
ojacevalnikom je nelinearna. Za potrebe spektraine anal-
ize je pomembno, da je v monokromatorju prisoten vaku-
um, sama nelinearnost karakteristike ni bistvena.

Temperaturna karakteristika tipala in ojacevalnika je v po-
danem obmocju linearna in omogoc¢a spremljanje temper-
ature do AT = 1 0,5°C to¢no. Obmodje zanimivih temper-
atur je od +10°C do +60°C.

Visokonapetostni stabilizator napetosti za napajanje dinod
fotopomnozevalk daje Uizhodna=1015V  napetosti z obre-
menitvijo do 50mA. Pri tem potrebuje na vhodu napetost
Uvhodna V Obmodju od 1030V do 1130V. Prevajalna funkcija
visokonapetostnega stabilizatorja napetosti je bila izmerje-
nazlocilnim avto-transformatoriem, zato je obmoéje vhodne
napetosti do 1200V.

60
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Slika 15. Prevajalna funkcija vakuumskega tipala in
instrumentacijskega ojacevalnika.
Figure 15.  Transfer function of vakuum sensor and

instrumentation amplifier.
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Slika 16. Prevajalna funkcija temperaturnega tipala
in ofadevalnika.
Figure 16.  Transfer function of the temperature
sensor and amplifier.
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Slika 17. Prevajalna funkcija visokonapetostnega
Stabilizatorja napetosti.
Figure 17.  Transfer function of high voltage regulator.

Iz obremenilne karakteristike visoko-napetostnega napa-
jalnika, vidimo da je najvediji tok do 55mA.

Atenuatorski moduli nastavljajo napetosti posameznih
fotopomnozevalk. Prevajaino funkcijo smo izmerili od za-
¢etne vrednosti O do konéne vrednosti 255. V obmogiju, ki
je potrebno za nastavijanje napetosti fotopomnozevalk od
300V do 1100V je prevajalna karakteristika linearna.
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Slika 18. Obremenilna karakteristika
visokonapetostnega stabilizatorja
napetosti.

Figure 18.  Current limiting characteristic of high

voltage regulator.
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Slika 19, Prevajalna funkcija atenuatorskih modulov.
Figure 19.  Transfer function of the attenuator moduls.
4  Sklep

Vodilna podjetja, ki izdelujejo atomske spektrometre, so
Advance Research Laboratories (ARL), Perklin Eimer in
Hewlett Packard. Ker je Stevilo spektrometrov v uporabi
relativno majhno glede na druge merilne sisteme, je poso-
dabljanje merilnih sistemov poc¢asno. V prispevku smo pred-
stavili moZnosti realizacije 64-kanalnega merilnega siste-
ma namenjenega za spektralno analizo ultravijolicnega svet-
lobnega spektra. Ugotovili smo, da je z novimi reSitvami
mozno izgraditi uinkovite merilne sisteme, pri tem pa je
dodana: - komunikacija s svetlobnimi viakni med posamezn-
imi moduli merilnega sistema, ki zagotovi galvansko locitev
med stopnjami, - hitra komunikacija med merilnim siste-
mom in osebnim radunalnikom preko USB vodila, - uprav-
lianje z merilnim sistemom preko spleta.

Programska oprema v meriinem sistemu omogoca hitro
prilagajanje spektralne analize za razlicne tipe analize. Pri
tem je nastavljanje ojacenja fotopomnozevalk neposredno
z mikrokrmilnikom samo ena od prednosti predlagane
posodobitve analizatorja spektra.
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V okviru magistrske naloge je predstavijena realizacija pro-
totipa miniaturnega opti¢nega merilnika tlaka za uporabo v
biomedicini, katerega senzorski del je izveden v obliki Fab-
ry-Perot interferometra z membrano, postavijeno v notran-
jost vdolbine na koncu standardnega opti¢nega vlakna
premera 1257 um. Vdolbina na koncu optiénega viakna je
izdelana s postopkom povrsinske mikroobdelave na osnovi
jedkanja Si02+Ge02 kompozitne strukture opti¢nega viak-
na. Podani so teoretiéni opis, tehnika procesiranja opti¢nih
signalov, tehnologija izdelave ter eksperimentalni rezultati,
ki kazejo uporabnost merilnika v podrocju tlakov 0-40 kPa.

Naslov naloge: Polprevodniske strukture z resonanén-
im tuneliranjem

Avtor: Uros Merc, univ.dipl.inZ.el.
Mentor: Prof. dr. Franc Smole
Univerza v Ljubljani, Fakulteta za elektrotehniko

V tem delu predstavljamo fizikalno sliko in princip delovanja
polprevodniskih heterostruktur: dioda z resonanénim tune-
liranjem in superresetka. Medtem ko je dioda z resonand-
nim tuneliranjem zgrajena iz treh nanometrskih plasti dveh
razli¢inih polprevodnikov, se superresetka sestavijena s pe-
riodicnim nizanjem vecéjega Stevila zaporedno izmenjujoéih
se dveh razli¢nih polprevodnisSkih materialov z razlicnima
energijskima rezama. V strukturi z vecjim Stevilom period,
podobno kot v kristalni zgradbi, nastajajo energijski pasovi -
m minipasovi, ki pod vplivom zunanjega elektri¢nega polja
razpadejo v diskretna lokalizirana stanja. Razpad drasti¢no
vpliva na transport elektronov prek strukture in posiedicno
na elektricne karakteristike strukture, med katerimi je naj-
pomembnejsa negativna diferencialna upornost v tokovno
napetostni karakteristiki. Slednja je tudi najzanimivejsa znadil-
nost diod z resonanénim tuneliranjem. To omogoda izvedbo
$tevilnih novih zanimivih aplikacij, od katerih so mnoge prav
predstavniki optoelektronike.
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Ker znasajo debeline plasti v superresetkah le nekaj nan-
ometrov, se je pri njih analizi potrebno zateci h kvantnome-
hanskim fenomenom, kot je resocnanéno tuneliranje, ki ga
prvi¢ sreCamo pri strukturah z dvema barierama. V delu
izvajamo analizo z resevanjem enoelektronske 1D Schroed-
ingerjeve valovne enacbe, ki jo razvilemo v enacbo razpr-
Sevalnih matrik. Ta nam sluzi za dolo¢anje valovne funkcije
v strukturi in transmisijskega spektra strukture, ki nam na-
zorno kazeta tako formacijo energijskih minipasov kot tudi
vpliv elektricnega polja na njih. Nas namen je bil s pomod-
jo numeriéne analize, ki predpostavija konéno stevilo plas-
ti, spoznati delovanje diod z resonanénim tuneliranjem in
superresetkastih struktur ter pri tem spoznati svetlo prihod-
nost njihove uporabe, ki se nam obeta.

Vtem delu bomo za uvodom predstavili osnove kvantnome-
hanskega tuneliranja, pri ¢emer bomo z uporabo enadébe
efeklivhe mase predstavili enostavnejse enodimenzionalne
probleme, kot so potencialna stopnica, bariera in jama. S
tem bomo postavili temelje, na podlagi katerih bomo lahko
razlozili fenomen resonanénega tuneliranja. Po tem, ko
bomo spoznali diode z resonanénim tuneliranjem in nekaj
njihovi izpeljank ter posebnosti ,se bomo v &etrtem poglavju
posvetili kaskadnim RT strukturam z dvema barierama in
Se posebej superredetkam. Pri slednjih bo analiza temelji-
la na Blochovih oscilacijah in Wannier-Stark lestvenih stan-
jih. Na koncu bomo spoznali $e nekaj podrodij uporabe
superresetk z najpomembnejsimi predstavniki.

Naslov naloge: Zasnova in izvedba grafiénega proce-
sorja v FPGA tehnologiji

Avtor; Ale$ Stojan
Mentor; dr. Andrej Zemva
Univerza v Ljubljani, Fakulteta za elektrotehniko

Prikazovalniki s svetledimi diodami (LED) so se Zze modéno
razsirili. Sre¢amo jih skoraj na vsakem koraku, od najmanj-
sih in najenostavnejsih kot so digitalne ure, do velikih
barvnih LED zaslonov. Krmiljenje je zahtevna naloga in
glede na velikost LED zaslona in tip svetlobnih kartic zah-
teva bolj ali moc¢an procesor (CPU).

Za krmiljenje vecjih LED prikazovalnikov sam procesor
(CPU) ne zadostuje, uporabiti moramo $e neko dodatno
vezje, ki ga imenujemo grafiéni procesor. Ta razbremeni
procesor in hkrati zagotovi tudi stabilno osveZevanje.
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Magistrska naloga opisuje naértovanje graficnega procesorja
z uporabo FPGA programabilnih vezij. Najprej so predstav-
lieni LED prikazovalniki in programsko okolje, tako da dobi-
mo obdutek, kaksna je funkcija graficnega procesorja, nato
sledi postopek naértovanja graficnega procesorija.

V prvem poglavju so zasloni razdeljeni po skupinah za vsako
je opisano, kateri zasloni sodijo vanjo, kakéne lastnosti mora
imeti krmilnik, kje so njegove pomanijkljivosti in omejitve.
Prikazovalniki s svetle¢imi diodami so sestavljeni iz dela, ki
prikazuje informacije (LED zaslon) in iz dela, ki sprejema
informacije iz zunanjega sveta in generira signale za prikaz
zelenih podatkov na zaslonu (krmilnik). Krmilnik razdelimo
na procesorski del (CPU) in grafiéni procesor.

Princip delovanja je pokazana s pomocjo blokovnih shem,
dodani so tudi izracuni za minimalne frekvence urinih sig-
nalov, s katerimi moramo brati podatke iz pomnilnika ali
posiljati informacije na zaslon.

Celoten sistem prikazovalnikov, filozofija dela in program-
ska oprema so opisani v drugem poglaviu. [deja pri razvoju
in postavitvi sistema je bila zgraditi tako kombinacijo LED
zaslonov, osebnega radunalnika in programske opreme na
niem, da lahko zelo enostavno upravlijamo s prikazovalniki
in nam ni treba ni¢esar vedeti o njihovem delovanju. Na
PC-ju ze imamo names&ceno programsko opremo s funke-
ijami, ki komunicirajo z zasloni. Uporabnik programira svo-
jo aplikacijo na najvisjem nivoju in le klice funkcije iz
knjiznice.

Tak princip funkcioniranja sistema je mogod, ker se v krmil-
niku graficni procesor prilagaja razlicnim vrstam svetiobnih
kartic. Procesor ima ne glede na vrsto zaslona vedno isti
nacin dela.

V uvodnem delu tretjega poglavija so nastete in razlozene
lastnosti, ki jih mora imeti grafiéni procesor. V nadaljevanju
je najprej opisan princip delovanja. CPU zlaga podatke v
video pomnilnik, grafiéni profesor pa jih jemlje ven in prika-
zuje na zaslonu.

Na osnovi izradunov frekvenc za posamezne signale in zaht-
evanih Casovnih potekov je podana blokovna shema resitve.

Avtomat smo sestavili iz dveh modulov. Za oba je she-
mati¢no prikazano, iz katerih gradnikov sta zgrajena, da
dobimo na izhodi signale zelenih oblik. Opisane so tudi
funkcije posameznih gradnikov in nacin delovanja.

Navedena resitev je specificna za postavijene zahteve. V
naslednjem poglavju je predstavijeno, kako lahko avtomat
naredimo bolj univerzalen in kaksne lastnosti mu lahko $e
dodamo. Opisano je, kaksne spremembe moramo naredi-
ti za krmiljenje stati¢nih zaslonov, kako se lotimo nacrtovanja
avtomata, ki je sposoben prikazovati sliko tudi v barvnih
odtenkih in na kaksen nacin lahko v grafi¢ni procesor do-
damo avtomat za animacije oziroma razne efekte.

V zadnjem delu je predstavijen fizicni izgled krmilnika in
njegova aplikacija v prikazovalnikih razli¢nih oblik, ki so vsi

del sistema za obvescéanje potnikov. Prikazovalniki se raz-
likujejo tako po stevilu pik kot po velikosti uporabljenih svet-
lobnih kartic.

Naslov naloge: Elektronski napetostni vir z digitaino ko-
rekcijo izhodne vrednosti

Avtor: Matjaz Mavrer
Mentor: prof. dr. Janez Nastran
Univerza v Ljubljani, Fakulteta za elektrotehniko

V pricujo¢em delu je utemeljen koncept encfaznega ele-
ktronskega napetostnega vira z digitalno korekgijo izhodne
vrednosti. Namenjen je napajanju napetostnih tokokrogov
Stevcev elektricne energije v ¢asu njihovega umerjanja in
kontrole. Vir omogoca generiranje sinusne napetosti efek-
tivne vrednosti od 30V do 320V s frekvenco od 45 Hz do
65 Hz. Tej napetosti je mozno kontrolirano dodajati tudi
viSjeharmonske komponente (do 30-te). Izhodna moc vira
(60 VA) zados¢a hkratnemu napajanju do najve¢ petih
Stevcev elektri¢ne energije. Topologija vira je preprosta,
tako da omogoca serijsko proizvodnjo. Ker je vir sestav-
lien iz elementov Siroke potrosnje, katere je na trzidéu
mogoce dobiti po zmerni ceni, bo s takim izdelkom mogoce
uspesno nastopiti na trziscu.

Osrednji del vira je moc¢nostni ojadevalnik, zgrajen v obliki
polmosti¢nega razsmernika z izhodnim locilnim transfor-
matorjem. Predlagana topologija ojacevalnika onemogoca
generiranje nezazelene enosmerne komponente. ProZzenje
tranzistorjev je izvedeno na principu pulzno-Sirinske mod-
ulacije Zelene vrednosti. Poseben poudarek je na dimen-
zioniranju izhodnega filtra, &igar naloga je preprecevanje
prehajanja nezazelenih visjkeharmonskih komponent na
breme. IstoCasno pa mora imeti filter v delovnem podrodju
gim manj$o frekvencno odvisnost ojacenja in faznega kota
med Zeleno in dejansko napetostjo odprtega regulacijske-
ga kroga. Zazeleno je tudi ,da se na izhodnem filtru trosi
¢im manj energije, zaradi katere bi se znizal energijski iz-
koristek naprave. S klasi¢nim LC filtrom zastavljenih ciljev
nisem mogel dosedi. Zato sem s pomodjo simulacijskih
orodij zasnoval modificiran LC filter, katerega frekvencna
odvisnost ustreza zahtevam pri opisanem, primeru uporabe.
V delu je podana celotna regulacijska shema vira, ki je iz-
vedena v dveh nivojih. Notranja napetostna regulacijska
zanka kompenzira padec napetosti na parazitnih imped-
ancabh filtrske dusilke in izhodnega transformatorja. Istoéas-
no tudi odpravlja posledice nelinearnosti uporabljenih ele-
mentov in nihanja enosmerne napetosti na sponkah razs-
mernika. Tako uspesno znizuje pogresek izhodne napeto-
sti vira na manj kot dva procenta zelene vrednosti.

Ker se breme vira tekom delovanja ob&utno ne spreminja
in ker je notranja regulacijska zanka stabilna, je predlagan
nov koncept nadrejene regulacije. To je digitalna korekeij-
ska zanka. Ta ob diskretnih intervalih vzoréi razliko med
zeleno in dejansko napetostjo ter glede na izmerjeni pogre-
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8ek ustrezno korigira zeleno napetost. S tem se pogredek
izhodne napetosti zniza na vrednost znotraj ozkih pred-
pisanih mej.

Generiranje vrednosti Zelene napetosti je realizirano s po-
mocjo osebnega ra¢unalnika in s posebej za ta primer raz-
vitega vezja. Uporabnik na osebnem radunalniku s pomogéjo
ustrezne programske opreme generira tabelo vrednosti re-
ferenne napetosti. Ta tabela se nato prenese v generator
referencnega signala, ki se nahaja znotraj vira. Prenos po-
datkov in njihovo kasnej$e zaporedno branje krmili nad-
zorna enota, ki je narejena s pomocjo sodobnega pro-
gramirljivega vezja.

Delovanje izdelanega modela sem preveril z meritvami, ki
potrjujejo ustreznost predlagane topologije vira.

Naslov naloge; Razvojni modul za MC68HC11 z in-
tegriranim perifernim vmesnikom PSD834

Avtor: Andrej Nussdorfer univ.dipl.inZ.el.
Mentor: prof. dr. Tadej Tuma
Univerza v Ljubljani, Fakulteta za elektrotehniko

Cilj te magistrske naloge je bila izdelava mikrokrmilniskega
razvojnega sistema, osnovanega na mikrokrmilniku Motoro-
laMC68HC 11, Ta obsega tako strojno opremo {(mikrokrmil-
nisko razvojno enoto HC11PSD 1DT).

Zelo dobra stran mikrokrmilniSke razvojne enote je univer-
zalnost, zato omogoca uporabniku v kombinaciji z razvoj-
nim okoliem izdelavo raznovrstnih mikrokrmilnigkih aplikacij.
Poleg samega razvoja aplikacij ta enota nudi tudi moznost
preizkudanja programske opreme v Zivo, saj se jo lahko
brez kakrsnekoli spremembe uporabi kot prototipni sistem.

Mikrokrmilniska enota je sestavijena iz sledeéega:

- Mikrokrmilnik Motorola MC68HC11ATFN,

- Programabilna sistemska enota PSD834F2, ki vse-
buje )

- 8kBajtov BIOS programskega pomnilnika

- BkBajtov Uporabniskega programskega FLASH pom-
nilnika

- 8kBajtov Uporabniskega podatkovnega RAM pomnil-
nika

- Dva 8-bitna vhodno/izhodna vmesnika

- Prikljucek RS-232 s pretvornikom nivojev

- Napetostni regulator

- Reset vezje

- LED prikazovalnik napajaine napetosti

- RESET tipka

- MOBDE tipka

- Napajalni prikljucek

- Razsiritveni prikljucek

- Vhodno/izhodni priklju¢ek
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Razvojna enota je, kot Ze redeno, zgrajena na osnovi
mikrokrmilnika MCB88HC11A1. Prednost tega mikrokrmil-
nika je velika koli¢ina vgrajenih enot, kar poenostavi vezje
same enote. Z uporabo programabilnega sistemskega vezja
PSD834F2, pa je Ze tako enostavno vezje $e bolj
okles¢eno. Kljub vsem v mikrokrmilniku vgrajenim enotam
pa je razvojni sistem nacrtovan tudi s pogledom na odpr-
tost in razsirljivost. To seveda le $e poveda kondno upo-
rabnost tega sistema.

Se tako izpopolnjena mikrokrmilnidka enota je brez ust-
rezne programske opreme le neuporaben Kkup plastike.
Prav programska oprema enocto ozivi. Za Zivijenje same
mikrokrmilniSke enote skrbi BIOS (Basic Input Output Sys-
tem). Ta je majhen strojni program, ki omogocéa osebnemu
ragdunalniku nadzor nad mikrokrmilnisko enoto. Podajanje
podatkov poteka prek RS-232 zaporednega vmesnika in
omogoca tako nalaganje uporabniskega programa kot tudi
iskanje in odpravijanje napak v programu samem

Mikrokrmilniski sistem ima sledece znadilnosti;

- Mikrokrmilnik Motorola MC68HC11A1FN v razsirjen-
em nadinu delovanja:
- 8-bitni CPE z razsirjenim M6800/M6801
naborom ukazov
- 256 Bajtov vgrajenega RAM pomnilnika
- 512 Bajtov vgrajenega EPROM pomniinika
- 12 vhodno/izhodnih linij z dodatnimi funkcijami
- 8-kanalni 8-bitni analogno/digitalni pretvornik
- 16-bitni casovnik (Timer) s posebnimi funkcijami
- sinhroni zaporedni vmesnik (SPI)
- asinhroni zaporedni vmesnik (SCI)
- prekinitve
- Programabilna sistemska enota PSD834F2, ki vse-
buje
- 8kBajtov BIOS programskega pomnilnika
- 8kBajtov Uporabniskega programskega FLASH
pomnilnika
- 8kBajtov Uporabniskega podatkovnega RAM
pomnilnika
- Dva 8-bitna vhodno/izhodna vmesnika
- BIOS, ki omogoda:
- Nalaganje uporabniskih programov
- Poganjanje in koracno izvajanje uporabniskih pro-
gramov
- Bralno/pisalni dostop do celotnega pomniinigke-
ga prostora
- Prenos podatkov preko zaporednega RS232-
vmesnika.

Kljub vsemu, kar BIOS nudi, je le vmesnik med nadzornim
osebnim racunalnikom in mikrokrmilnisko razvojno enoto.
Za razvijanje mikrokrmilniske programske opreme je
potreben Se krmilni program na osebnem racunalniku. To
ie programski paket HC11PSD IDT (Integrated Develop-
ment Tools). Ta ima vgrajene vse funkcije za razvoj uporab-
niske programske opreme, vse to pa je zvito v uporabniku
prijazno graficno okolje in deluje v vseh Windows operac-
ijskih sistemih (95/98, Me, 2000, XP).



Informacije MIDEM 34(2004)1, Ljubljana

Razvojno okolje nudi moznost pisanja, prevajanje in nala-
ganja uporabniskih programov na mikrokrmitnisko razvo-
ino enoto. Tako naloZzen program je nato na voljo uporab-
niku za preizkuganje in iskanje napak, pri ¢emer so mu na
voljo razli¢na orodja - kora¢no izvajanje, programa, opa-
zovalnica (Watches), ustavitvene rocke (Breakpoints),
dostop do celotnega pomnilniSkega prostora mikrokrmiln-
ika in njegovih vgrajenih registrov. Vse to z namenom ¢im
bolj olajsati odpravljanje napak v uporabniski programski
opremi.

Razvojno okolje se odlikuje s sledecimi znacilnostmi:

- urejevalnik teksta

- prevajalnik (assembler)

- povratni prevajalnik (disassembler)

- nalaganje programov na razvojni mikrokrmilnisko enoto
- poganjanje programov

- korakanje skozi programe

- ustavitvene tocke (Breakpoints) opazovalnice (Watch-
es)

- zbirka simbolov

- dostop do vsebine vseh registrov

- dostop do celotnega pomnilniskega prostora

- poznavanje osnovnih Stevilskih sistemov (dvojiski, os-
miski, desetiski, Sestnajstiski)

- vgrajen zaporedni terminal

- vgrajena pomoé

Predstavijena mikrokrmilniska razvojna enota skupaj z in-
tegriranim razvojnim okoljem predstavijata zmogljivo orod-
je za razvoj mikrokrmilniskih aplikacij. Z lastnostmi, ki jih
nudi, se moéno priblizuje k profesionalnim razvojnim orod-
jem, od katerih pa ga lo&i ocena, ki je v primerjavi s profe-
sionalnimi orodiji zelo nizka.

To razvojno orodje je konéno namenjeno predvsem za ped-
agosko delo, saj je obvladanje uporabniku prijaznega
graficnega vmesnika lahka naloga Se tako neizkusenega
zacetnika, nizka cena mikrokrmilniske enote pa naredi ta
sistem dosegljiv Sirokemu krogu studentov in drugih
navdusencev.

DOKTORSKE DISERTACIJE

Naslov naloge: Problem neponovljivosti simulacij ele-
ktriénih vezij

Avtor: mag. Matej SALAMON, univ. dipl.inZ. el.
Mentor: izr. prof. dr. Tomaz DOGSA

Univerza v Mariboru, Fakulteta za elektrotehniko, racunal-
nistvo in informatiko

Simulatoriji elektriénih vezij so danes nepogresljivo orodje
pri nacrtovanju integriranih vezij ter pri razli¢nih znanstven-
oraziskovalnih dejavnostih. Kljub relativni zrelosti tovrstnih
simulatorjev se dogaja, da dajejo napacne rezuitate.

Ce simulacijo vezja ponovimo z istim simulatorjem na
drugem racunalniku, pri¢akujemo, da se rezultati ne bodo
bistveno razlikovali. To lastnost imenujemo ponovljivost.
Ponovljivost pa lahko postane v razlicnih okolisCinah prob-
lemati¢na. Ponovno simulacijo lahko namrec¢ izvedemo z
istim simulatorjem na istem radunalniku, z drugim simula-
torjem na istem ali drugem racunalniku, z istim simulator-
jem, instaliranim na drugem racunalniku. V doktorski dis-
ertaciji smo se osredotocili na testiranje ponovljivosti re-
zultatov, ki jih dajejo simulatorji, instalirani na razli¢nih plat-
formah. Omejili smo se le na simulatorje tipa SPICE in na
rezultate analize prehodnega pojava.

Kadar ponovljivost ni zagotovljena, je smiselno oceniti nep-
onovljivost rezultatov simulacij. Ker se odstopanja med ref-
erencnimi rezultati in rezultati ponovne simulacije lahko
kazejo narazlicne nacine, smo predlagali tri razlicne mere.
Mera za neponovljivost 1. stopnje je namenjena oceni
odstopanj trenutnih vrednosti primerjanih ¢asovnih potek-
ov, mera za neponovljivost ll. stopnje oceni njihove ob lik-
ovne nepodobnosti, mera za neponovljivost lil. stopnje pa
oceni odstopanja globalnega obnasanja testnega vezja.

Pri testiranju simulatorjev s pomoc¢jo vezij iz zbirke
CircuitSim90 problema neponovljivosti ni bilo mogode za-
znati. Zato smo simulatorje testirali Se s kaoticnimi veziji.
Ugotovili smo, da so kaoti¢na vezja pri odkrivanju neponov-
liivosti zaradi hiperobé&utljivosti na zacetne pogoje ucinko-
vitejSa. Zato smo za testno vezje izbrali predstavnika ka-
oti¢nih vezij - Chujev oscilator.

Ugotovili smo, da nekateri simulatorji ne zagotavljajo ponov-
ljivih rezultatov na razli¢nih platformah in da je neponov-
liivost rezultatov simulacij najpogostejsa, ¢e so simulatorii
instalirani na platformah s procesorii razliénih proizvajalcev.
Neponovljivost posledi¢no povzrodi zelo velika odstopanja
trenutnih vrednosti primerjanih ¢asovnih potekov in njihovo
oblikovno nepodobnost, medtem ko na odstopanja v glo-
balnem obnasanju testnega vezja ne vpliva bistveno.

Proucevali smo tudi vzroke za obravnavani problem nep-
onovljivosti in moznost njegove odprave. Ugotovili smo, da
gre lahko za eno ali ve¢ napak v programu simulatorja ali
prevajalniku, ki dopuscajo razli¢no interpretacijo istih proce-
sorskih ukazov na razli¢nih procesorjih.
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Naslov naloge: Dolo¢anje poloZaja koznih formacij pri
taktilni komunikaciji v navideznih vmesnikih

Avtor: mag. Iztok Kramberger, univ. dipl. inz. el.
Mentor: izr. prof. dr. Zdravko Kagdi¢

Univerza v Mariboru, Fakulteta za elektrotehniko, ra¢unal-
nistvo in informatiko

Liudje brez teZzav uporabljamo kretnje za komunikacijo z
drugimi ljudmi in tako so kretnje kot metoda interakcije up-
orabnika in stroja bolj naravne in neposredne v primerjavi z
obstojecimi napravami, kot so miska, tipkovnica in podob-
no. Metoda je tudi bolj funkcionalna, saj je uporaba kretenj
roke, ki predstavlja pomembno ¢lovesko kretnjo, kljuénega
pomena za izgradnjo prijaznih uporabniskih okolij v dome-
ni navidezne ali razsirjene resni¢nosti. Pomembno vlogo
za ¢im bolj intuitiven nacin interakcije med uporabnikom in
strojem ima procesiranje v realnem ¢asu. Gilj pri¢ujode di-
sertacije je razvoj na rac¢unalniskem vidu zasnovanega
vmesnika in uporabniskega okolja, ki omogodcata
poglobljeno interakcijo med uporabnikom in strojem znotraj
aplikacij navidezne in razsirjene resniénosti ter uporabo le-
teh v sodobnih telekomunikacijskih tehnologijah. Glavni
problem sodobnih mobilnih telekomunikacijskih tehnolo-
gij predstavlja omejena velikost prikazovalnega polja in naci-
na vnosa podatkov oziroma navigacije same naprave. Za
dosego navedenega cilia smo definirali postopke barvnega
filtriranja, analize gibanja, prepoznavanja kretenj uporabni-
ka in predlagali model uporabniskega okolja v aplikacijah
navidezne ali razsirjene resni¢nosti.

V nalogi smo uporabili metodo barvnega sledenja, kier smo
razvili nov pristop barvnega in prostorskega filtriranja za
oznacevanje koznih znaénic in tvorbe koznih formacij na
nivoju bitnih mask.

Prikazali smo novo strukturo strojnega pospesevanja v ob-
liki digitalnega nelinearnega parametri¢nega filtra, ki
omogoca iskanje kozno obarvanih regij v dvodimenzional-
nem slikovnem zaporedju v realnem ¢asu. Parametricna
zasnova predstavijenega pristopa omogoca samodejno
sprotno prilagajanje na spremembe osvetlitve v sceni, kjer
obstaja tudi moznost samodejne adaptacije na razli¢ne tipe
koze. V nadaljevanju smo definirali postopek razpoznavan-
ja dvodimenzionalnega gibanja v slikovnem zaporedju bit-
nih mask in kasnej$o klasifikacijo temu podrejenih tridimen-
zionalnih vzorcev gibanja.

Razvili smo metodo izlo¢anja in klasifikacije dvodimenzi-
onalnega gibanja v slikovnem zaporedju bitnih mask, ki up-
orablja logi¢ni operator. Podali smo oceno predlagane me-
tode z obravnavo tezav zaradi prekrivanja subjektov ali ob-
jektov kozne barve v sceni. Da bi dosegli ¢loveku &im bolj
intuitiven nadin interakcije v prediaganem uporabniskern
okolju znotraj aplikacij navidezne ali razéirjene resniénosti,
smo uporabili stereoskopski racunalniski vid, ki vmesniku
omogoca dolo¢anje polozaja v vseh treh prostorskih
razseznostih. Predstavili smo pristop klasifikacije podrejenih
tridimenzionalnih vzorcev gibanja, ki predstavijajo poten-
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cialne pare aktivnih podrocij s pripadajodimi epipolarnimi
podrodii na levi in desni dinamicni bitni maski. Klasifikacija
potencialnih parov temelji na geometrijskih lastnostih ak-
tivnih podrodij, pogojih stereoskopske neenakosti
vzporedne konfiguracije kamer in algoritmu iskanja kore-
spondence, ki uporablja kriterija korespondence za aktiv-
na in pripadajoga epipolarna podrocja. Predstavljeni so
problemi paralakse gibanja ob uporabi ¢asovno-zapored-
nega video sistema. Pristop dolo¢anja prostorskih koordi-
nat navigacijske toCke vkljucuje modeliranje prstne konice
uporabnikove roke, ki je uporabliena kot krmilni subjekt.
Obravnavali smo vpliv gibanja slikovnih senzorjev, ki vkljucu-
je novo metodo kontrole gibanja slikovnih senzorjev z upo-
rabo senzorja pospeska. Predlagali smo pristop ocenjevan-
ja pripadajocih parametrov kontrole gibanja z izradunom
zapletenosti scene. Za analizo uporabnikovih kretenj ozi-
roma dolo¢anje izraznega stanja in sledenja krmilnega sub-
jekta v domeni taktilne komunikacije smo prediagali pris-
top Casovne analize prostorskega poloZaja navigacijske
tocke. Prikazali smo pristop razpoznavanja kretenj navigac-
ije in potrievanja Zelene aktivnosti stroja, ki temelji na cas-
ovno ustaljenem gibanju in kratkotrajnih anomalijah v ¢as-
ovno odvisni prostorski funkciji gibanja.

Problem sodobnih mobilnih telekomunikacijskih tehnolog-
ij smo naslovili z novo predlaganim uporabnigkim okoljem,
ki vkljucuje stereoskopska racunalniska podatkovna oda-
la, stereoskopsko namestitev kamer in senzor pospeskov.
Znotraj uporabniskega okolja smo predlagali uporabnisko
podrogje, ki ga uporabnik vidi v danem trenutku, pri tem je
le-to prostorsko usklajeno z navigacijskim podrocjem vmes-
nika in ga je mozno premikati znotraj uporabniskega okolja
s sledenjem orientacije uporabnikove glave.

V zakljuénem poglaviu smo prediagali zasnovo potrebne
strojne opreme, ki omogoca izvajanje podanih algoritmov
v realnem ¢asu in vkljucuje nov pristop strojno pospesen-
ega barvnega filtriranja.

Naslov nalogr: Naértovanje preizkusljivih struktur
vzor¢enih analognih integriranih SC vezij

Avtor: mag. Uros§ Kaé dipl. ing. el.
Mentor: prof. dr. Franc Bratkovié
Univerza v Ljubljani, Fakulteta za elektrotehniko

V disertaciji je predstavljen posplo$en pristop k resevanju
problematike nacrtovanja struktur in postopkov za oscilac-
ijsko preizkusanje osnovnih topologij filtrov, realiziranih s
¢asovno vzorcenimi analognimi SC strukturami.

lzreden razmah elektronskih naprav $iroke potronje
Cedalje bolj dologa poglavitne smernice razvoja polprevod-
niske tehnologije. V tem kontekstu ponovno naragéa pomen
analognih oziroma mesanih analogno-digitainih integriranih
vezij in sistemov, saj so tovrstne elektronske naprave v ve-
liki meri odvisne od analognih tehnik obdelave elektriénih
signalov. Proizvajalci sledjo zahtevam trzi&a z razvoja
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Sedalje kompleksnejsih namenskih integriranih sistemov,
kar prinasa nove izzive na podro&je nacrtovanja vezij, pov-
zroda pa tudi Stevilne tezave pri zagotavljanju ustrezne ka-
kovosti proizvodov. Problem postaja vse bolj pereé, saj
uveljavijeni pristopi k nacrtovanju struktur in postopkov za
preizkusanje analognih podsklopov Ze danes predstavija-
jo eno izmed ozkih grl pri nadaljinjem razvoju integriranih
sistemov. Posledi¢no se poveduje stevilo raziskav, katerih
cilj je razvoj novih tehnik in postopkov strukturiranega nacr-
tovanja preizkusljivih analognih integriranih vezij. Zaradi
obseznosti podroéja, ki je predvsem posledica raznolikos-
ti analognih integriranih vezij, poteka razvoj v razlicnih
smereh. Predstojede delo se tako osredoto¢a na nacr-
tovanje udinkovitih postopkov preizkusanja za oZji razred
¢asovno vzoréenih analognih SC filtrskih struktur, ki pog-
osto nastopajo kot podsklopi v mesanih CMOS integriranih
vezjih.

Resevanje problema preizkusanja je tesno povezano s
postopkom nacdrtovanja vezja. Z upostevanjem pravil in
postopkov nadértovanja, ki jih skupno oznacujemo kot teh-
nike nacrtovanja preizkusliivosti, lahko bistveno olajsamo
izvedbo in povec¢amo ucinkovitost preizkusnega postop-
ka. Na podroc¢ju nacrtovanja preizkusljiivosti v mesanih
analogno.digitalnih integriranih vezjih so bile v preteklih letih
predstavijene Stevilne resitve, le redke pa so se uveljavile
tudiv praksi. Posamezne tehnike se po svoji zasnovi precej
razlikujejo, vendar jih lahko v grobem razdelimo na nacr-
tovanje struktur za izvedbo vgrajenega samodejnega preiz-
kusa vezja. Prav slednja skupina tehnik naj bi v prihodnosti
igrala zelo pomembno viogo pri zagotavijanju kakovosti
kompleksnih integriranih vezij in sistemov, saj odpravija
nekatere omejitve, ki so vezane na uporabo klasi¢nih proiz-
vodnih preizkusevainih naprav, ter povecuje zanesljivost
delovanja proizvoda skozi celotno Zivljenjsko dobo.

Postopek preizkusanja vezij z oscilacijsko metodo lahko
uvrstimo v skupino tehnik za izvedbo vgrajenega samode-
jnega preskusa. Metoda temelji na predpostavki, da je preiz-
kusano vezje mozno pretvoriti v oscilator. V tem primeru
lahko napake v vezju odkrijemo s preprostim preverjanjem
frekvence oscilacij, pri cemer pa mora biti zagotovljena us-
trezna obé&utljivost izhodnega signala na spremembe para-
metrov tistih komponent, ki sicer doloc¢ajo znacilno karak-
teristiko preizkusanega vezja. Osnovni problem oscilaci-
jskega preizkusanja vezij tako predstavlja zasnova ustreznih
preizkusnih struktur in taksnih shem rekonfiguracije, ki
omogocajo ¢im bolj ucinkovito izvedbo preizkusa. V pre-
teklih letih je bilo objavijenih ve& prispevkov, ki obravnava-
jo uporabe oscilacijske metode pri preizkusanju hibridnih
in integriranih analognih R-C filtrov in dokazujejo prakticno
uporabnost postopka v okviru proizvodnega preizkusanja
vezij.

Analogne R-C filtre v sodobnih mesanih integriranih vezjih
vse bolj izpodrivajo druge tehnologije, ki so precej bolje
zdruzljive z digitalno logiko visoke gostote. Osredniji del di-
sertacije se tako nanasa na uporabo oscilacijske metode
pri preizkusanju filtrskih struktur, izvedenih v tehnologiji ana-

lognih ¢asovnih vzoréenih SC vezij. Predlagane resitve so
namenjene nadrtovanju preizkusnih struktur za osnovne
podsklope, ki realizirajo prenosne funkcije drugega reda.
V delu je predstavljen posplosen teoreti¢en pristop, ki
temelji na analizi splosne prenosne funkcije drugega reda
v ¢asovno diskretnem prostoru. Na podlagi izpeljave ek-
saktnih relacij med parametri, ki opisujejo filtrsko vezje v
Gasovno zveznem prostoru in koeficienti casovno diskret-
ne prenosne funkcije, so deoloceni splosni pogoji za vz-
postavitev vzdrzevanih oscilacij v preizkusanem vezju. V
nadaljevanju sta obravnavana dva razli¢na pristopa k trans-
formaciji SC stopnje drugega reda v oscilatorsko strukturo.
Za preprostejso tehniko, ki temelji na notranji rekonfigu-
raciji SC stopnje s pomocjo obstojecih ali dodatno vgra-
jenih stikal je na podlagi ra¢unalnidkih simulacij na speci-
ficnem primeru in posplosene analize delovanja preizkus-
nega sistema ugotovljeno, da ni primerna za uporabo v in-
tegriranih vezjih. V nadaljevanju dela se tako osredotoca-
mo na resitev, ki temelji na uporabi zunanje nelinearne
povratne zanke in omogoca boljsi nadzor nad pogoji obra-
tovanja vezja med preizkusnim postopkom . Realizacija ne-
linearne povratne zanke v integriranih vezjih je relativno
preprosta, vendar metoda predvideva, da preizkusano vezje
med priklopnima vozliSéema realizira pasovnoprepustno
prenosno funkcijo z zadostno selektivnostjo. Ob pred-
postavki izpolnjevanja tega pogoja sta na podlagi opisne
prenosne funkcije SC stopnje drugega reda izpeljanaizraza
za frekvenco in amplitudi oscilacij transformiranega vezja.
Splosne teoretic¢ne izpeljave so prenesene na univerzalno
Fleischer-Lakerjevo SC stopnjo drugega reda (FLB), ki
predstavlja osnovo najbolj razsirjenim SC filtrskim topolog-
ijam. Za FLB konfiguracije, ki realizirajo razlicne tipe prenos-
nih funkcij, so predlagani ustrezni postopki pretvorbe, ki
omogocajo izvedbo oscilacijskega preizkusa vezja z nelin-
earno povratno zanko. Ker je frekvenca oscilacij dolo¢ena
s frekvenco pola preizkuSenega vezja, so za specificne
topologije SC filtrov, ki realizirajo kompleksne nicle v Stevcu
prenosne funkcije, predlagani dodatni postopki rekonfigu-
racije, ki ni¢le pretvorijo v pole sistema.

Izpeljave teoreticnih osnov za nacrtovanje oscilacijskega
preizkusa izhajajo iz idealnih modelov komponent vezja.
Ker v praksi karakteristike komponent niso idealne, prihaja
z vgradnjo prez6kusne infrastrukture do dodatnih odsto-
panj parametrov sistema med normalnim obratovanjem, kot
tudi do vnosa napak v rezultate preizkusa. V integriranih
vezjih obi¢ajno ni mozna naknadna kompenzacija odsto-
panj ali pa umerjanje sistema, zaradi ¢esar je potrebno
ustrezno ovrednotiti vplive razlicnih neidealnosti. Na pod-
lagi analize univerzalne SC stopnje z neidealnimi modeli
komponent lahko ugotovimo, da predstavlja poglavitno
tezavo vnos Suma preko preizkusne infrastrukture, kar pa
je mozno resevati z ustreznim naértovanjem. Drugo sla-
bost uporabe nelinearne povratne zanke predstavlja zman-
j8anje zanesljivost merilnega postopka, ki izvira iz neideal-
nosti karakteristike nelinearnega elementa. Z analizo mod-
ela te neidealnosti lahko dokaj dobro ocenimo vneseno
merilno napako ter jo ustrezno upostevamo pri vrednoten-
ju merilnih rezuitatov.
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V zadnjem delu disertacije je podana ocena ustreznosti pred-
laganih resitev oscilacijskega preizkusanja SC vezij. Na pod-
lagi racunalniskih simulacij realisticnih modelov vezja vvgra-
jenimi ckvarami sem ocenil dosezeno pokritie napak. Loc¢eno
sem ovrednotil u¢inkovitost oscilacijske preizkusne metode
pri odkrivanju katastrofalnih in parametriénih napak v os-
novnih komponentah vezja, na izbranem primeru pa sem
izvedel podrobnej$o analizo in primerjavo z nekaterimi dru-
gimi znanimi resitvami. Konéni rezultati nakazujejo, da pred-
stavlja oscilacijska metoda ucinkovito alternativo pri preizku-
Sanju mesanih analogno digitalnih integriranih vezij.

Naslov naloge: Analiza in optimizacija integriranih mag-
netnih mikrosistemov

Avtor: Albin Pevec
Mentor: prof. dr. Janez Trontelj
Univerza v Ljubljani, Fakulteta za elektrotehniko

Doktorska disertacija predstavija postopke pri analizi in op-
timizaciji integriranih magnetnih mikrosistemov. Sedanji
trend integracije ¢im vecdjega Stevila elementov nekega sis-
tema na eno silicijevo rezino je prisoten tudi pri magnetnih
mikrosistemih. Magnetni mikrosistemi so taksni sistemi, ki
zaznavajo ali velikost, smer, predznak, prostorsko porazdel-
itev ali prisotnost enosmernega ali izmeniénega magnet-
nega poljia. Vedno pogosteje se senzor in pripadajodi ele-
ktronski sklopi za obdelavo senzorskih signalov integrirajo
na eni silicijevi rezini. S tem se poenostavi in poceni izdel-
ava sistema za merjenje magnetnega polja.

Pri integraciji senzorja na rezino je potrebno ugotoviti, da
ima ta integrirani senzor ponavadi slab$e lastnosti kot dis-
kretni senzorji, ki so izdelani z namensko tehnologijo. Ker
se za integracijo senzorjev uporablja standardna mikroele-
ktronska tehnologija, se tehnologija izdelave ne prilagodi
posebnim zahtevam senzorja. Tako je potrebno lastnosti
senzorja sprejeti taksne, kakréne so, pozornost za izbolj-
Sevanje lastnosti pa preusmeriti v optimizacijo elektronske-
ga procesiranja senzorskih signalov. Hallov magnetni sen-
zor je najprimernejdi za integracijo na standardnih mikroe-
lektronskih procesih CMOS. Obravnavani senzor je Hallov
senzor, ki je posebej prilagojen uporabi v senzorskem polju.
Ima minimalne dimenzije, zato ga lahko uporabimo kot toé-
kasti senzor, ali pa ga uporabimo v ve¢jem Stevilu za iz-
bolianje razmerja signal/sum. Tradicionalni senzorji ima-
jo ponavadi vecje dimenzije, zaradi katerih pa so nekatere
lastnosti, kot npr. ni¢elna napetost, boljse.

Z analizo se ugotovijo vse lastnosti integriranega Hallove-
ga senzorja, se ovrednotijo in zberejo v modelu senzorja.
Ta model se uporabi pri elektricni simulaciji postopkov ob-
delave senzorskih signalov, ki izbolj$ajo lastnosti senzorja.
S temi postopki lahko nekatere lastnosti senzorskih ele-
mentov izbolj$amo ali odpravimo.
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Priuporabi Hallovega senzorja v magnetnih mikrosistemih,
kjer je prisotno enosmerno magnetno polje, je najbolj
nezazelena lastnost njegova nic¢elna napetost, ki nastane
zaradi nepopolnosti izdelave. Za odpravo te nezazelene
lastnosti poznamo veé nadinov, zaradi specifi¢nosti pred-
stavljenega senzorja minimalnih dimenzij pa se uporabijo
postopki posebej prilagojeni velikim nicelnim napetostim.
Predstavljena je metoda veéfaznega vrtenja prikljuckov sen-
zorja in metoda uporabe senzorskih parov. Pri vrtenju prik-
ljuckov je postopek taksen, da se vrienje toka in napetost-
nih prikljué¢kov senzorja izvaja v vse étiri smeri krakov sen-
zorja, pri Cemer se nato z ustreznim procesiranjem signalov
posameznih faz lahko izlo¢i nicelna napetost. Pri uporabi
para senzorjev se predpostavi, da sta zelo podobno izde-
lana in imata torej tudi enake nepravilnosti. Ce sedaj prik-
ljucke teh dveh senzorjev ustrezno zavrtimo za 90°, izhodne
signale obeh senzorjev pa sestejemo, lahko doseZzemo
drasticno zmanjSevanje ni¢elne napetosti. Ustrezno kom-
biniranje teh dveh metod nam omogoc¢a dosedi najboljse
rezultate.

Naslednja nezazelena lastnost magnetnega mikrosistema
je sum. Sum v magnetnih mikrosistemih je sestavljen iz kom-
binacije termi¢nega Suma in Suma 1/f. Pri uporabi mag-
netnega mikrosistema za zaznavanje enosmernega ali niz-
ko-frekvencnega magnetnega signala je najbolj nezazelena
komponenta Sum 1/f, kiima najvecjo gostoto pri nizkih frek-
vencah. Za odpravo te lastnosti se uporabi metoda vrten-
ja, ki je alternacija priklju¢kov senzorja s komutacijsko frek-
venco, po ojacitvi signalov pa se rekonstruira originalni sig-
nal. Pri vrtenju se komponenta Suma 1/f preslika na okoli-
co komutacijske frekvence, ki je mnogo visja od signal-
nega frekvencnega pasu in se zato lahko enostavno izlodi
z nizko-prepustnim filtrom.

Zaradi minimalnih dimenzij se le-ta lahko uporabi v vedjem
Stevilo na eni silicijevi rezini. S tem se odpirajo nove
moznosti uporabe integriranega Hallovega senzorja. Ust-
rezno razporejeno polje senzorjev lahko zaznava prostor-
sko porazdeliena magnetna polja in s tem lahko posredno
preko magnetnega polja zaznava poloZaj vira magnetnega
polja proti integriranemu vezju. Zaradi uporabe magnetnega
polja kot posrednika informacije se pri tem izognemo me-
hanskemu stiku med merjencem in integriranim vezjem,
kar je pomembno v aplikacijah, kjer je stik med njima nem-
ogo¢ ali pa povzro¢a obrabo (npr. potenciometer).

Naslednja nezazelena lastnost integriranega Hallovega sen-
zorja je njegova ¢asovna spremenljivost. Lastnosti senzor-
ja se lahko spremenijo pod vplivom zunanjih ali notranjih
dejavnikov, kot so temperatura, mehanske sile, procesne
spremembe itn. Za odpravo te nezazelene lastnosti se
uporabi metoda avtomatske nastavitve, ki med delovanjem
nenehno prilagaja obd&utljivost magnetnega mikrosistema
na pravilno vrednost. Ta metoda deluje z dovajanjem refer-
encnega magnetnega signala, ki ima visjo frekvenco od
koristnega frekvenénega pasu merjenega signala.. Za dova-
janje referencnega signala se uporabi integrirana tuljava in
referencni tok. Odziv na referenéni signal se izmeri in
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primerja s pricakovanim odzivom, morebitna razlika pa se
uporabi za krmiljenje nastavitvenega toka Hallovega sen-
zorja. S prilagajanjem tega toka se prilagodi obc¢utljivost na
pravilno vrednost. Ker je frekvenca referenénega signala
nad frekvenénim pasom merjenega signala se lahko enos-
tavno izloGi in tako ne moti osnovne funkcije merjenja sig-
nalov.

Predstavljeni integrirani Hallov senzor in vecina metod za
izboljSevanje lastnosti le-tega se uporablja v integriranem
vezju za merjenje gostote magnetnega polja. Na primeru
tega magnetnega mikrosistema je prikazano delovanje op-
timizacijskih metod, kot del celote, prav tako pa so raz-
vidne tezave, ki nastanejo pri integraciji senzorjev na silic-
ijevo rezino, ki jo deli z ostalimi elektronskimi sklopi. Pri
tem je potrebno zelo skrbno razporediti senzorje in
posamezne podsklope, da ne pride do medsebojnih mo-
tenj. V nasprotnem primeru lahko nezazeleni signal, ki nas-
tane zaradi medsebojnih presluhov preglasi koristni signal.

Izdelava in evaluacija vzorcev je zelo pomemben del anal-
ize integriranih senzorjev. Pri merjenju lastnosti senzorjev
je najvedjo tezavo predstavljala izdelava dovolj natancnega
magnetnega polja. Le-ta ni odvisen samo od elektri¢nih
parametrov, ampak tudi od poloZaja in oddalienosti sen-
zorja od vira magnetnega polja. Pritej karakterizaciji so nam
v veliko pomo¢ integrirane tuljave, kjer so dimenzijski par-
ametri zelo natanéni, saj so odvisni od natanc¢nosti izde-
lave integriranega vezja.

Natanc¢na evaluacija nam omogoci analizo in s tem mode-
liranje lastnosti integriranih senzorjev. S pomocjo modela
se te lastnosti lahko izbolj$ajo, kar nas privede do vedno
boljsih optimizacijskih metod, s tem pa je krog razvoja sk-
lenjen.

Naslov naloge: Raziskave integriranih bralnikov v sis-
temih za brezkontaktno identifikacijo in komunikaci-
jo

Avtor: Anton Stern
Mentor: prof. dr. Janez Trontelj
Univerza v Ljubljani, Fakulteta za elektrotehniko

V disertaciji raziskujemo moznosti za izvedbo v celoti in-
tegriranega bralnika v sistemu za brezkontaktno komunikac-
ijo in identifikacijo, izsledke raziskav pa preverimo v praksi
z zasnovo integriranega bralnika v frekvenénem obmodcju
okoli 13,56MHz.

Ob sedanjem stanju tehnike je uporaba bralnika pametnih
kartic manjSe mod&i v enem integriranem vezju obicajna v
frekvencnem obmocju okoli 125kHz. Integrirani bralnik je
majhen in cenen. S stalisa sistemskega nacrtovalca je
uporaba namenskega integriranega vezja najpreprostejsa
resitev, saj so bili problemi, ki jin opazimo pri komunikaciji
s pametno kartico, ovrednoteni in reseni ze v fazi nacr-
tovanja vezja. Naloga nacrtovalca sistema je, da uposteva

pogoje, v katerih doloeni integrirani bralnik pravilno delu-
je, in z veliko verjetnostjo lahko pricakuje, da bo dokaj hitro
in preprosto prisel do delujoCega sistema.

V frekvencnem obmodju okoli 13,56MHz se na trzis¢u po-
javljajo prvi integrirani bralniki. |zzivi, s katerimi se sre¢u-
jemo pri komunikaciji z brezkontaktno pametno kartico, so
najpomembnejsi del disertacije. V delu analiziramo raz-
mere, v katerih poteka prenos podatkov in ponujamo re-
Sitve nekaterih problemov, ki se pri tem pojavijo. Vecji del
disertacije se nanasa na komunikacijo v omenjenem
frekvenénem obmodju, izsledki pa so splosnejsi in upo-
rabnivvseh obmodjih, ki so dovoljeni za uporabo v namene
komunikacije s pametnimi karticami.

Po uvodnem poglavju najprej kratko predstavimo nacin
delovanja sistema brezkontaktne komunikacije in identi-
fikacije. Predstavimo moznost izvedb bralnika in kartice. V
nadaljevanju zberemo tiste podatke o sistemih, ki jih razli¢-
ni proizvajalci uporabljajo vtem frekvenénem obmodju. ISO
standarda, ki urejata to podrocje, predpisujeta uporabo
podnosilnega signala za prenos podatkov s pametne kar-
tice proti bralniku na frekvencah 4 24kHz za kartice z vecjim
dosegom in manjso hitrostjo prenosa podatkov ter 848kHz
za kartice z manjsim dosegom in vecjo hitrostjo prenosa
podatkov. Poleg teh nekateri proizvajalci uporabljajo tudi
frekvenco podnosilnega signala 212kHz, nekateri pa di-
rektno modulacijo brez podnosilnega signala. Za prenos
podatkov z bralnika proti pametni kartici standarda pred-
pisujeta uporabo QOK (ang. on-off keying) modulacije ali
10% ASK (ang. amplitude shift keying) modulacije. Neka-
teri proizvajalci uporabljajo ASK modulacijo z nekoliko vis-
jim indeksom modulacije - do priblizno 30%. Kodiranje je
v razli¢nih sistemih lahko zelo razlicno. Za zelo univerzalen
bralnik, ki lahko deluje v kar najveé sistemih, prepustimo
dekodiranje zunanjemu mikrokontrolniku. Zal so nekateri
postopki kodiranja, ki so sicer del ISO standardov, patent-
no zasciteni, kar je dodatna ovira za vgradnjo v vezje.

Ugotovimo, da bi splodni bralnik za frekvencno obmodje
okoli frekvence 13,56MHz potreboval sprejemnik, ki spre-
jema modulacijo na vseh treh frekvencah podnosilnega sig-
nala, po moznosti pa tudi modulacijo brez podnosilnega
signala. Imel naj bi moZnost ASK modulacije bralnikovega
polja v obmocju med 10% in 30% in tudi moznost 100%
ASK modulacije. Splodni bralnik naj bi imel dekodiranje
podatkovnih paketov prepuséeno zunanjemu mikrokontrol-
niku.

V poglavju o matematicnem modelu antenskih krogov
prikazemo odvisnost impedance pametne kartice od ele-
mentov kartice. Analizo razsirimo na preslikavo impedance
kartice na bralnikovo stran in opazujemo fazo in absolutno
vrednost spremembe impedance bralnikove antene v odvis-
nosti do sprememb lastnosti kartice. Spreminjanje teh last-
nosti uporabljamo za prenos podatkov s pametne kartice
proti bralniku. Na kartici lahko spreminjamo omski del ali
pa reaktivni del impedance. Tako dobljeno modulacijo tudi
imenujemo omska ali realna in reaktivna (kapacitivna ali in-
duktivna) ali imaginarna. Pogosto se zgodi, da kartica odd-
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aja modulacijo, ki je deloma omska in deloma reaktivna.
Omska moduiacija kartice se v primeru, ko sta bralnikova
antena in antena pametne kartice uglaseni na vzbujevalno
frekvenco, preslika v amplitudno modulacijo na sponkah
bralnikove antene. Reaktivha modulacija kartice se takrat
preslika v fazno modulacijo. V poglavju o matemati¢ne mod-
elu antenskih krogov ugotovimo, da se pri drugacéni uglasi-
tvi anten omska modulacija pametne kartice na priklju¢kih
bralnikove antene lahko pojavi kot mesana ali kot samo faz-
na modulacija. Podobno se spremeni tudi reaktivha modu-
lacija na pametni kartici. V delu prikazemo odvisnost pres-
likave modulacije v primeru drugaéne uglasitve ene ali obeh
anten in pri razlicnih oddaljenostih med njima. Opazimo,
da v splosnem lahko pri¢akujemo eno ali drugo, najpog-
osteje pa obe vrsti modulacije. V nadaljevanju je prikazan
vpliv vezij za preslikavo impedance. Opazimo, da prila-
goditveno vezje spreminja vrsto modulacije tudi, kadar je
uglaseno in vzbujevalno frekvenco.

Eno od resitev problema sprejema fazne modulacije naj-
demo v razdelku o moznosti uporabe veckratne modulac-
e polia s strani pametne kartice v razliénih fazah. Ce bi
pametna kartica oddala podatke dvakrat - enkrat kot om-
sko modulacijo, drugi¢ pa kot reaktivno modulacijo - bi se
tudi na sponkah bralnikove antene vsaj ena od oddaj pres-
likala v amplitudno modulacijo. Sistem je primeren za
prenos majhne koli¢ine podatkov.

V poglavju o napajanju pametne Kkartice si ogledamo
moznosti za napajanje kartic. Pridobivanje energije iz ele-
ktromagnetnega polja bralnikove antene si podrobneje
ogledamo. Iz hitrosti upadanja komponent polja antene
lahko ugotovimo najvedji doseg napajanja v danih pogojih.

Sledi obsezno poglavje o sprejemnikih v sistemih brezkon-
taktne komunikacije in identifikacije. Najpre] ugotovimo,
kaksne so zahteve glede vrste modulacije, ki jo sprejem-
nik sprejema, kaksno dinami¢no obmocdije pricakujemo in
kako nanj vpliva prisotnost mo¢nega nosilnega signala na
vhodu v sprejemnik. Prikazemo tudi merilno metodo,
primerno za merjenje obdutljivosti sprejemnika, ki je na-
menjen sprejemu signalov s pametne kartice.

V poglavju o zasnovah sprejemnika si ogledamo nadin
delovanja sprejemnika z me$anjem v visoko medfrekven-
co, sprejemnika z mesanjem v zelo nizko medfrekvenco
brez in z uporabo metode za slabljenje zrcalne frekvence.
Prikazana sta tudi sprejemnika z mesanjem v medfrekven-
¢o ni¢ in sprejemnik s sledilnikom ovojnice. V nadaljevanju
ve¢ pozornosti namenimo zasnovi vhoda v sprejemnik.
.Nosilni signali v vhodu v sprejemnik je mnogo vedji, kot so
modulacijske boéne komponente. Da vhodna stopnja v
sprejemnik ni prekrmiliena {(vhodni sledilnik ali vhodni me-
$alnik), moramo celotni vhodni signal zmanjsati, s tem pa
se velikost modulacijskega signala pri veliki razdalji med
antenama priblizuje Sumnemu nivoju sistema. Posledi¢no
dobimo manjso obéutljivost sprejemnika. Da bi zmanjsali
le velik nosilni signal, modulacijskih signalov v boénih pas-
ovih pa ne, lahko uporabimo dve metodi. Prva metoda je
vezava smernega sklopnika ali smernega mosticka med
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anteno, oddajnikom in sprejemnikom. Smerni sklopnik za
velikost smernosti izbolj$a razmerje med velikostjo boc¢nih
pasov in z velikostjo nosilnega signala na vhodu v sprejem-
nik. Ob tem pa zal tudi koristni vhodni signal zmanjsa ve-
likost sklopa sklopnika. Druga moznost je uporaba za-
pornega sita za nosilni signal na vhodu v sprejemnik. Uéink-
ovito sito je le sito visoke kvalitete, kajti sredina boc¢nih pasov
je le od 1,6% do 6,3% oddaljena od nosilne frekvence.
Obe metodi sta ucinkoviti, vendar zaradi velikosti kompo-
nentin cene nista primerni za uporabo v integriranem bral-
niku.

Sistem za samodejno nastavitev ojacenja sprejemnika, ki
je prilagojen paketnemu prenosu podatkov, omogoca
delovanje sistema v podroéju mocénejsih motedih elektro-
magnetnih polj. Samodejna nastavitev ojadenja ne siabsa
razmerja med koristnim signalom in motnjo na sprejemni
poti, kot se to lahko zgodi, ¢e uporabliamo omejevalnik
signala na sprejemni poti. Za predlagani sistem je znagil-
no, da ima tri stanja: hitri napad, mirovanje in hitri razpad.
Ko navhod v sprejemni pride velik signal, sistem hitro zman-
jSa ojacenje. Dokler je signal priblizno enako visok, sistem
ohrani ojaenje nespremenjeno kljub kratkim prekinitvam
zaradi OOK kodiranja. Ko pa signal pade pod nivo ohran-
janja mirovanja za ¢as, ki je daljsi, kot je najdaljsa mozna
prekinitev v kodiranju, pa sistem privzame, da je prenosa
enega paketa konec in hitro povecéa ojadenje. V tem stanju
pri¢akuje nov paket, ki ima lahko bistveno druga&no ampli-
tudo kot prejsnji. Za ta sistem smo tudi predlagali patentno
zascéito.

V naslednjem poglavju si ogledamo preslikavo amplitudne
modulacije v fazno na prenosnem vodu med vezjem braln-
ika in njegovo anteno. Pojav lahko izkoristimo za sprejem
amplitudne in fazne modulacije. Signal opazujemo na enem
in drugem koncu prenosnega voda z dolzino ene osmine
valovne dolzine. Na tej razdalji se vrsta modulacije ravno
zamenja in vedno dobimo vsaj na enem koncu tega voda
amplitudno moduliran antenski signal. Povsem enak pojav
opazimo tudi na filtru, ki vrti fazo za 45°. Uporaba filtra je
boljsa, ker filter lahko naredi impedanéno prilagoditev in
doda del slabljenja visjih harmonskih komponent, pa tudi
manjsi je. metodo in naéin uporabe smo patentno zasgitili.

Vedino opisanih in vse predlagane resitve smo tudi prak-
ti¢no preskusili. Nacrtali smo troje integriranih vezij. Vezja
smo uspesno preskusili in v tem delu podajamo nekaj zan-
imivejsih merilnih rezultatov. Eno vezje je testno integrirano
vezje, namenjeno v raziskovaine namene, ostali dve, ki
temeljita na spoznanijih iz prvega, pa sta samostojna braln-
ika za dvoje razli¢nih podrodij uporabe.

Prvo od njiju je splosni bralnik z integriranim oddajnikom s
100% ASK modulacijo ali z nastavljivim indeksom modu-
lacije v obmocju med 7% in 30%. ima sprejemnik z dvojn-
im vhodom za uporabo v sistemu, pri katerem sprejemamo
amplitudno in fazno modulirane signale s pametne kartice
s pomocijo linije ali faznega sukalnika. Izhod iz vezja je lahko
digitalizirani podnosilni signal ali ojadeni in odiséeni ana-
logni signal. Vezje omogoca tudi BPSK dekodiranje po-
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datkovnih paketov v skladu z IS0 14443, Type B[3]. Seve-
da ima vezje vse pomozne sklope, kot so izvor referenéne
napetosti, tokovne vire, oscilator s kremencevim kristalom
in ukazni del, ki skrbi za skladno delovanje vseh sklopov.
Drugo vezje pa je namenski bralnik, namenjen delovanju z
eno vrsto pametne kartice. Kartica ima obliko valj¢cka in je
~vedno enako oddaljena od bralnika. Deluje v napetostnem
obmodju med 1,8V in 3,2V in s precej ohlapnimi toleran-
cami uglasitve antenskih krogov. Ima nizkoomsko izhodno
stopnjo oddajnika in dve vrsti sprejemnika. Za sprejem

amplitudne modulacije smo uporabili sprejemnik z zunan-
iim elementom za sledilnik ovojnice, za sprejem fazne
modulacije pa sprejemnik z mesalnikom na vhodu. Vezje
pretvori sprejeti podnosiini signal v posamezne bite po
Millerjevem postopku in doda takini signal, ki predstavija
veljavnost bitov.

Oba bralnika delujeta v skladu s pricakovaniji in dokazujeta
veljavo in uporabnost izsledkov tega dela.

71



Informacije MIDEM 34(2004)1, Ljubljana

PREDSTAVITEV PODJETJA

[ARLS

RLS merilna tehnika d.o.0. je bila ustanovljena decembra
1989 v Ljubljani. RLS pomeni “rotacijski in linearni senzor-
ji pomika in zasuka”.

Ze od vsega zadetka smo osredotodeni na zagotavljanje
resitev za Siroko podrocje merilne tehnike ter nadzora pomi-
ka in zasuka. Med nasimi izdelki so med drugim fotodiodni
moduli, izdelani v tehnologiji COB, in interpolatorska vezja
ASIC za proizvajalce dajalnikov, ter magnetni rotacijki da-
jalniki, PC vmesniki in merilni sistemi po narodilu.

Z dajalniki pomika in zasuka ter komponentami zanje oskr-
bujemo industrijske uporabnike po vsem svetu. Z zagotav-
lianjem celovitih resitev za merilne sisteme po narodilu pa
smo osredotocCeni na slovenski trg in okolico.

Zaradi prilagodljivosti in odli¢nega inzeniringa lahko proiz-
vajamo zahtevne komponenete po posebnih specifikaci-
jah strank. Na podrodju raziskav mikrosistemov zelo dobro
sodelujemo s Fakulteto za elektrotehniko Univerze v Ljublja-
ni. Ponosni smo na svetovne inovacije, kakrsen je nas mag-
netni rotacijski dajalnik na enem cipu.

PRODAJNI PROGRAM

Dajalniki pomika in zasuka
Rotacijski in Linearni
Magnetni in Optié¢ni

Komponente za dajalnike pomika in zasuka

Fotodiodni moduli, Magnetni rotacijski dajalniki, Ana-
logni interpolatoriji

Merilna tehnika in merilni sistemi po narodilu

Kazalniki pozicije, PC vmesniki, MerOpt (brezkon-
taktna dimenzijska kontrola), GausSPC (statisti¢ni
nadzor procesov), Merilni sistemi po meri

Renishaw izdelki
Smo distributerji podjetja Renishaw

GLAVNA PARTNERSTVA

Smo majhno in prilagodljivo podjetje. Dostop do kupcev in
virov §irimo s partnerstvi z drugimi uspesnimi podjetiji.

Renishaw

Smo distributerji za podjetje Renishaw, Renishaw pa
preko svoje mreze distribuira tudi nase izdelke. Od leta
2001 ima Renishaw tudi 50% lastniski dele? v RLS.
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Renishaw (Velika Britanija, globalno), TWK (Nemdija), SKB
IS (Rusija, Skupnost neodvisnih drzav), ELAP (ltalija)

To so nasi glavni distributerji za dajalnike pomika in
zasuka.

Fakulteta za elektrotehniko Univerze v Ljubljani

S Fakulteto zelo dobro sodelujemo na podrocju
raziskav mikrosistemov.

Nova druzina izdelkov slovenskega
visokotehnoloskega podjetja - plod
izvrstnega sodelovanja med podjetji in
akademskim okoljem

Nova druzina miniaturnih brezkontaktnih
dajalnikov zasuka

Inovativno podijetje RLS merilna tehnika d.o.0. iz Ljubljane,
¢lan tehnoloskega parka Ljubljana, je predstavilo novo
druzino inovativnih izdelkov z visoko dodano vrednostjo, s
katerimi bo v sodelovanju s svojimi partner]i oskrbovala in-
dustrijske uporabnike po vsem svetu.

lzdelki so plod dolgoletnega sodelovanja z Laboratorijem
za mikroelektroniko Fakultete za elektrotehniko Univerze v
Ljubljani, podjetiem IDS integrirani in diskretni sistemi d.o.o.
iz Ljubljane in britanskim podjetjem Renishaw plc, solast-
nikom podijetja RLS. Projekt je s sofinanciranjem podprlo
tudi Ministrstvo za gospodarstve Republike Slovenije v
okviru programa »Sofinanciranje predkonkurenéno razvo-
jno-raziskovalnih aktivnosti projektov tehnoloskega razvoja
v letu 2002«

Zaradi naraséajodih potreb po zanesljivem, natanénem ter
stroskovno ugodnem merjenju zasukov v zahtevnih pogo-
iih delovanja, je podjetje RLS razvilo vrsto brezkontaktnih
miniaturnih magnetnih dajalnikov zasuka z lo&ljivostjo do
4096 pozicij (12 bitov).

Pri novo razviti brezkontaktni zasnovi modelov RM, sta nosi-
lec magneta in integrirano senzorsko vezje, ki je vgrajeno v
&italni glavi, med seboj lo¢ena, kar omogoéa zanesljivo in
dolgotrajno obratovanje. Natanénost merjenja zasuka dosega
0,3 kotne stopinje v Sirokem temperaturnem obmodju, tudiv
zahtevnih okoljih (do IP68) in pri visokih vrilijajih.

Ideja za nov izdelek je nastala ze leta 1996, ko je prof. dr.
Janez Trontelj iz Fakultete za elektrotehniko Janezu No-
vaku, ustanovitelju in direktorju podjetja RLS, predstavil
osnovni princip delovanja integriranega Hall senzorja zas-
uka, ki je jedro vseh izdelkov v novi paleti. Podjetje RLS je
potem skupaj s podjetjem IDS razvilo visoko integrirano
vezje ASIC, kiv enem samem vezju zdruzuje mnozico Hall
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senzorjev in vso elektroniko za obdelavo signalov. Projekt
je sofinanciralo tudi Ministrstvo za gospodarstvo v okviru
programa sofinanciranja predkonkurencno razvojno-razisk-
ovalnih aktivnosti projektov tehnoloskega razvoja v letu
2002.

Novi magnetni dajainiki zasuka so enostavni za vgradnjo.
Na voljo so v kovinskem ohisju, v modularni izvedbi ali kot
komponenta.

Slika 1 Integrirano vezje AM512 in magnet
Visoka integracija vezja z vgrajenimi Hallovimi
senzorji omogoc¢a kompaktne resitve
merfenja zasuka diametralno polariziranega
magneta.

Slika 2 Primer modularne izvedbe
Integrirano vezje AM512 na tiskani ploscici,
primerni za vgradnjo.

Absolutni dajalniki nudijo do 12-bitno locljivost (4096 po-
zicij) s paralelnim ali serijskim podatkovnim izhodom, na
voljo pa so tudi inkrementalni (1024 pulzov na obrat), ana-
fogni, linearni napetostni ter linearni tokovni izhod. lzved-
bo z linearnim napetostnim ali tokovnim izhodom lahko up-
orabljamo pri aplikacijah, kier nadomesdéa tradicionalne up-
orovne potenciometre (npr. pri komandnih ploscah).

Zaradi tako prilagodljive zasnove so novi dajalniki uporabni
za Sirok spekter aplikacij. Uporaba vkljucuje od podrocja
avtomatizacije, na primer vgradnjo v motorje za namen po-
zicioniranja, vgradnjo v pomorske instrumente, nadzor

Slika 83 Dajalnik zasuka RM v brezkontaktni izvedbi
Brezkontaktna breztorna zasnova, ki ne
vsebuje leZajev, nudi visoko zaneslfivost. Pri
montaZzi ni potrebna sklopka med osjo
dajalnika in merjencem.

Slika 4 Dajalnik zasuka RE »klasi¢ne« zasnove
Magnetni dajalniki v primerjavi z opti¢nimi ne
vsebujejo stekla kot nosilca informacije, kar
omogoda visoko odpornost na udarce,
vibracije in umazanijo.

polozaja ventilov, &rpanje goriva, merjenje nivoja, videon-
adzorne kamere, samopostrezne avtomate, do delovnih
vozil in medicinske opreme.

Glavni distributerji nove palete izdelkov bodo poleg RLS
Se britansko podjetje Renishaw, nemsko podjetije TWK,
rusko podjetje SK BIS, italijansko podjetje ELAP, ter amer-
iSki podjetji Encoder Devices in Gurley Precision Instru-
ments. lzdelki bodo na razliénih trgih na voljo pod blagov-
nimi znamkami RLS, Renishaw ali TWK.

Nadaljnje informacije v zvezi z novimi magnetnimi dajalniki
zasuka so na voljo na spletnih straneh www.rls.si in
www.renishaw.com.

Kontaktna oseba

Saso Puksic

e-mail: saso.puksic@r/s.si

tel: 01/5272 118; fax: 01 /52 72 129
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POROCILA
REPORTS

Simpozij o pripravi elektronske
keramike Processing of
Electroceramics,

31. 8. - 3. 9. 2003, Bled, Slovenija

Od enaintridesetega avgusta do tretjega septembra 2003
je na Bledu potekal simpozij o pripravi elektronske keramike
Processing of Electroceramics pod pokroviteljstvom te-
matske mreze Evropske skupnosti POLECER - Polar Elec-
troceramics. Simpozij je organiziral Odsek za elektronsko
keramiko Instituta Jozef Stefan s predsednico organizaci-
jskega odbora Marijo Kosec ter sopredsednicami Danjelo
Kus&er Hrovatin, Barbaro Mali¢ in Wando W. Wolny (Fer-
roperm, Danska).

Na simpoziju je sodelovalo 92 udelezencev iz 26 drzav-
poleg vecine evropskih drzav tudi iz Japonske in ZDA. K
udelezbi na simpoziju smo pritegnili tudi raziskovalce in raz-
vijalce s podrocij fizike materialov, elektronike in nacrtovanja
elektronskih elementov, z namenom, da se podrobneje
seznanijo s pripravo elektronske keramike.

Simpozij se je po nagovorih predsednika Znanstvenega sve-
ta Instituta Jozef Stefan, prof. Roberta Blinca, predsed-
nice simpozija prof. Marije Kosec ter koordinatorke mreze
POLECER gospe Wande Wolny zacel s sklopom uénih pre-
davanj o merjenju velikosti delcev od nano- do milimetrske
velikosti ter o karakterizaciji kerami¢nih suspenzij (P. Bo-
wen, Svica), o oblikovanju in 2ganju elektronske keramike
(J.-M. Haussonne) ter o pripravi elekironske keramike iz
raztopin (B. Mali¢, Slovenija). Dve nadaljnji predavaniji sta
bili namenjeni pomembnima metodama karakterizacije
keramiCnih materialov - praskovni difrakciji (A. Meden, Slov-
enija) in mikrostrukturni analizi ter pregledu mikroskopskih
metod (G. Drazi¢, Slovenija).

V sklopu preglednih predavanj je osemnajst raziskovalcev
predstavilo tako stanje raziskav kot tudi svoje dosezke na
izbranih podrogjih. P. Bowen, Svica, je predaval o koloid-
nem procesiranju in problemih, povezanih z delci nan-
ometrske velikosti. V vrsti predavanj s podrodja sinteze iz
raztopin je S.-I. Hirano predstavil raziskave hibridnih nan-
odelcev oksid/polimer, J.A. Varela sintezo kerami¢nih ma-
terialov iz polimernih prekurzorjev, M. Yoshimura sintezo
keramicnih materialov iz raztopin brez dodatne toplotne ob-
delave, K. Kato in M. L. Calzada pa sta predavali o pripravi
keramicnih tankih plasti iz raztopin.

V sklopu predavanj, namenjenih klasi¢ni’ pripravi elektron-
ske keramike je J.-M. Haussonne opisal problematiko me-
Sanja in mletja keramiénih prahov, M. Senna je predstavil
mehanokemijsko sintezo elektronske keramike, C. Pithan
je predaval o konsolidaciji keramike s pomodjo pritiska, M.
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Kosec pa o problematiki priprave elektronske keramike na
osnovi svincevih spojin. Oblikovanje keramiénih materialov
so predstavili A. Safari s predavanjem o oblikovanju
keramicnih struktur z ra¢unalnisko podporo (SFF- Solid
Freeform Fabrication), T. Button je govoril o oblikovanju
piezokeramicnih elementov brez izrazitega kréenja med
toplotno obdelavo, D. Sporn je opisal pripravo piezok-
eramicnih vlaken, C. Galassi pripravo porozne keramike,
D. A. Payne pa pripravo usmerjene keramike. M. Alexe je
opisal procesiranje feroelektrikov na nanometrski ravni, L.
Golonka pa uporabo LTCC (Low Temperature Cofired Ce-
ramic) tehnologije v mikroelektroniki. Simpozij je zakljudil
P. Gonnard s predavanjem o okoljski problematiki elektron-
ske keramike. Predavanja so objavljena v zborniku Process-
ing of Electroceramics: Conference Notes.

V poster sekciji je bilo 64 prispevkov s podrodij sinteze
elektronske keramike v trdnem stanju in sinteze iz razto-
pin, mehanokemijske sinteze, tankih plasti (debelin do
nekaj 100 nm), debelih plasti {do priblizno 100 mm) in veds-
plastnih struktur, nano-tehnologij in elektronskih elemen-
fov.

Barbara Mali&, Odsek za elektronsko keramiko,
Institut Jozef Stefan

(povzeto po prispevku v internem glasiiu
Instituta JoZef Stefan 'Novice’, sept. 2003)

Semicon Europa - Monakovo, 20.-22.
april 2004

Semicon Europa je sklop veé dogodkov, ki se odvijajo v
tednu dni(19.-24. aprila) pod pokroviteljstvom SEM| (Sem-
iconductor Equipment and Materials International) organ-
izacije. Najbolj odmevna je seveda razstava, ki je bila letos
vdneh od 20.-22, aprila. Tri glavne veje mikroelektronske
industrije, ki jih SEMI spremlja Ze od leta 1970 so materi-
ali, postopki proizvodnje (wafer fabrication) in testiranje
skupaj z montazo (assembly) vezij in elementov. Ena od
najpomembnejsih viog SEMI organizacije pa je razvoj teh-
nicnih standardov za mikroelektronsko industrijo opreme.
Z rastoco ceno razvoja nove opreme in materialov za nasled-
njo generacijo polprevodniskih procesov predstavlja
postavljanje globalnih standardov kljuéno viogo pri pov-
ecevanju izkoristka proizvodnje in dviga kvalitete produk-
tov.

Vsakoletna razstava Semicon Europa je bila tudi tokrat na
sejemskem prostoru (The New Munich Trade Centre) v
Munchnu na Bavarskem. Poleg razstave Semicon West,
ki se ponavadi odvija na zahodni obali ZDA in razstave Sem-
icon East, ki pokriva azijski del in se odvija na daljnjem
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vzhodu, je Semicon Europa najvecja razstava proizvajal-
cev opreme, materialov in tehnologij, povezanih z mikroe-
lektronsko industrijo. Po obsegu je glede na kapacitete
sejemskega prostora zasedla le majhen del razstavnih
prostorov, vendar ni bila zato ni¢ manj pestra kot ostala
leta. Poleg informacij o novitetah, ki so danes dostopne na
spletnih straneh, je obisk sejma koristen iz ved zornih ko-
tov. Sejem sam po sebi ni namenjen izkljuéno prodajnim
menedzeriem in potencialnim kupcem, temved v veliki meri
razvojnim in raziskovalnim ekspertom ter procesnim
inzenirjem, ki i$¢ejo specificne resitve in zmoznosti opreme,
ki se ponuja na trgu. Nenazadnje je pomemben za
vzdrzevanje medsebojnih osebnih stikov in novih poznan-
stev, ki so pogosto odloc¢ilnega pomena, navkljub vsej in-
formacijski tehnologiji, ko pride do strateskih odlocitev o
nakupih opreme ali reSevanju povsem tehnicnih detajlov.

Manj znano je, da se ze pred, med in po razstavi Semicon
odvijajo pomembni in pestri poslovni forumi, tehnicni sim-
poziji in sestanki komisij za SEMI standarde.

Posebna srecanja in seminarji so bila letos namenjena tudi
aktualnim vprasanjem kot so npr. moznosti poslovanja s Ki-
tajsko, ki danes predstavija ogromen potencial za nova via-
ganja, avtomatizacija in logistiki proizvodnje ter vidikom in-
telektualne lastnine. Potekalo je tudi 25 sreCanj ekspertov
iz vodilnih podjetij in posameznih komisij za usklajevanje
SEMI standardov, ki dolo¢ajo prihodnje smernice razvoja.

Mednarodni MEMS forum se je letos osredotocil na proiz-
vodne tehnologije in procesno opremo, tehnologije zapiran-
jaMEMS v ohigja ter na izbolj$ane in nove materiale. MEMS
tehnologije predstavijajo danes hitro razvijajoco vejo mikroe-
lektronske industrije za potrebe avtomobilskega trga kot
tudi cedalje vedjega trga telekomunikacij in potrosne ele-
ktronike. Poudarek letos je bil predvsem na komercializac-
iji MEMS izdelkov.

SEMI tehnoloski simpozij je bil sestavijen iz niza tehni¢nih
prispevkov, ki so predstavili najpomembnejse tehnicne nov-
osti tako na strani proizvajalcev opreme kot tudi uporab-
nikov iz industrije. Po nekaj letih recesije mikroelektronske
industrije in posredno industrije opreme se je trend konéno
obrnil navzgor. Poudarek je bil na temah kot so tehnologije
3D metalnih Cu povezav in dielektrikov z nizko relativho
dielektricno konstanto (low-K) za 65 in 45 nm tehnologije
z vidika samih procesov in materialov. Realizacija novih ma-
terialov in plasti za napredne CMOS strukture kot so SiGe/
S0I/Si z raztegnjena kristalno strukturo je bil tudi eden od
segmentov omenjenega foruma, kot tudi fotopostopki, op-
tika in maske za osvetljevanje pri 193nm oziroma 65nm
valovnih dolzinah.

Standardizacija 300mm silicijevih rezin je se vedno dopol-
njujo¢ proces, kjer so bila trenutno v ospredju vprasanja
povezana z napakami na robu rezine in vpliv ter spremljan-
je defektov zadnje strani rezine, vprasanja kaj in kako s
ponovno uporabo procesiranih rezin (reclaimed wafers) in
kontaminacijo pri ponovnem procesiranju.

Del simpozija je bil namenjen prispevkom o kontroli kon-
taminacije rezin v zac¢etnih fazah procesiranja po ¢is¢enju
in oksidaciji ter vpliv na konéni izplen. Poseben forum je bil
namenjen tudi skrbi in vplivu na okolje, zdravje in varnost,
Semur morajo biti zavezani vsi proizvajalci opreme in mate-
rialov.

Poleg nastetih forumov so potekali tudi izobrazevalni tecaji
o novih SEMI in |EC standardih ter o osnovnih ULSI proces-
nih tehnologijah.

Na letodnjem sejmu je sodelovalo preko 800 razstavijal-
cev opreme, materialov, konzultantov, kot tudi vseh, kako-
rkoli posredno povezanih z industrijo mikroelektronike.
Poleg moénih podijetij se je predstavilo tudi veliko Stevilo
manjsih, zdruZenih podijetij na skupnih stojnicah ali pa so
se predstavili zastopniki, ki so predstavijali nabor ponudb
ved podijetij. Zanimiv pristop je bila tudi skupna predstavitev
celih regij s svojo industrijo mikroelektronske opreme in
tehnoloskih zmogljivosti, kot npr. Koroska, Skotska in zvez-
na drzava New York.

Spekter razstavljalcev je bil izredno Sirok, kar je razvidno iz
kataloga, zatorej omenjam le nekaj pomembnejsih. Na-
jved je bilo ponudbe avtomatiziranih modulov pri manipu-
laciji in proizvodnji 300mm silicijevih rezin od zacetnega
¢is¢enja do posameznih faz procesiranja predvsem z eno
samo rezino.

Veliko je bilo tudi ponudnikov za t.i. “background facilities”
kot na primer popolne resitve za pridobivanje DI vode s
popolno kontrolo procesa in tudi reditve glede odpadnih
voda. Podobno je bilo tudi precej proizvajalcev sistemov
za ultrafiltracijo in precizno kontrolo pretokov procesnih
plinov. Veliko nove opreme je bilo predstavljeno za montazo
in zapiranje integriranih vezij in mikrosistemov ter razne
dodatne opti¢ne analitske kontrole.

Predstavljeni so bili razliéni proizvajalci merilne in analitske
opreme za spremljanje posameznih faz procesa, kot tudi
pogojev v istih prostorih. Za kontrolo kompleksnih tehno-
logkih procesov in sledljivosti postaja tak pristop vedno bolj

nujen.

Predstavljena je bila tudi oprema za globinsko suho (DRIE)
in mokro mikroobdelavo silicija. Ponujene so bile celovite
resitve za globinsko mokro jedkanije silicijevih rezin s poseb-
nimi drzali in pretoénimi termostatiranimi jedkali ter mikro-
procesorsko kontrolo procesa.

Kot vsako leto je bilo tudi precej ponudnikov obnovljene
rabljene opreme. Medtem ko so v€asih prednjacila v ponud-
bi ameriska podjetja, je sedaj zelo veliko Ze tudi evropskih
podjetij, saj je trg rabljene opreme precej bolje zaloZen in
S0 povprasevanja po obnovljeni rabljeni opremi vecja. Tak
pristop moc¢no znizuje zacetno investicijo v doloCenih
primerih zagona novih postrojen;.

Marsikaj pove o razstavi izjava enega od udelezencev: *
Informacijski boom je sejem precej spremenil, saj so sedaj
vse informacije o produktih dostopne dan in no¢ na spletu.
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Konec koncev sejma zaradi predstavitve novosti niti ne bi
rabili, saj so stroski transporta in postavitve demo opreme
na sejmu izredno visoki. Sam imam vpeljane produkte in
prodajno mrezo ze leta in na sejmu nimam kaj novega po-
nuditi. A kljub vsemu si ne morem privo$citi, da ne bi bil
prisoten.”

Naslednje leto bo prireditev na istem mestu od 12-14 apri-
fa, opozarjam pa tudi na moznost brezplacne registracije
za obisk razstave na spletni strani www.semi.org/semi-
coneuropa (vsaj mesec dni prej).
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NOVICE
NEWS

Konec leta 2003 je Drustvo za vakuumsko tehniko Sloven-
ije izdalo knjigo Vakuumska znanost in tehnika, ki jo je
pripravijalo nekaj let. Sirokega znanja, ki ga je potrebno
imeti za obvladovanje postopkov za doseganje in meritev
nizkih tlakov ter vakuumskih tehnologij ne daje nobena
od sedanjih studijskih usmeritev v Sloveniji. To vrzel Ze vrs-
to let zapolnjuje DVTS z organiziranjem te¢ajem, katerih
dopoinilo je tudi primeren uc¢benik.

Prvi slovenski uébenik Osnove vakuumske tehnike iz leta
1981 je posel v nekaj letih, zato je bil leta 1984 izdan
delno razsirjen in dopolnjen ponatis. Od takrat se je na
podroc¢ju vakuumske znanosti in tehnike spremenilo mar-
sikaj. Vakuumska tehnika je ostala pomembna veja na
mnogih podrod&jih zivljenja, osvojila in spremenila je mno-
go tehnologij, ¢esar neposredno najbrz niti ne opazimo.
Predvsem pa je pridobila na pomenu na podrocju temeljnih
in aplikativnih raziskav, ki so bile neko¢ izklju¢no domena
fizike, danes pa se metode uporabljajo v mikroelektroniki,
biologiji, farmaciji, genetiki, metalurgiji itd. Najvecji napre-
dek v zadnjem desetletju je bil doseZzen na podrocju, kjer

preudujemo, gradimo, urejamo in opazujemo lastnosti snovi
na atomskem nivoju, kar imenujem nanotehnologija. Mno-
go spoznanj v navedenih vedah je bilo dobljenih z metoda-
mi, ki delujejo v ultravisokem vakuumu.

Z izdajo knjige na 150 straneh, tiskani na kvalitetnem pa-
pirju formata A4, s 150 slikami in 10 tabelami v dovrseni
graficni obliki, se Slovenci uvrs¢amo v skupino razvitih
drzav, ki imajo svoj uc¢benik vakuumske znanosti in teh-
nike. Knjiga je razdeljena na 14 poglavij, ki so delo 9 avtor-

jev.

Cena knjige je 6000 SIT. Knjigo lahko narodite na elektron-
ski naslov: alenka.vesel@ijs.si ali pajo kupite na Odseku
za tehnologijo povrsin in optoelektroniko - F4, Instituta
“Jozef Stefan”, pri dr. Alenki Vesel (tel. 01- 4264592), v
1. nadstropju stavbe na Teslovi 30, Ljubljana, v kateri ima
prostore tudi Tehnoloski park Ljubljana.

Urednik knjige
Dr. Vincenc Nemanié

AMD builds 300mm fab in Germany

AMD has broken ground on a 300mm manufacturing facil-
ity in Germany. AMD Fab 36 will be part of AMD Dresden
Fab 36 LLC &Co. KG and will be located in Dresden next
to AMD’s Fab 30, a 200mm production site. The 300mm
facility is expected to be in volume production in 2008,
employing 1000 people, mostly skilled engineers and tech-
nicians.

External financing is expected to include up to $700mn in
loans from a consortium of banks with an 80% residual
guarantee from the German and Saxony governments.
Grants and allowances of $500mn are expected from the
local and federal governments (pending European Com-
mission approval). Equity funding of $320mn is due from
Saxony and a group of European investors led by M + W

Zander. AMD and other potential partners will provide the
balance.

“AMD’s investment in Dresden is one of the largest in East
Germany since unification in 1990," says minister presi-
dent of the Free State of Saxony, Professor Georg Milbradt.

“By building in Dresden, we are able to leverage the out-
standing capabilities of our existing AMD Fab 30 and gain
access to the most substantial government-backed finan-
cial incentives package available to us,” comments Bob
Rivet, chief financial officer at AMD. “"We expect AMD Fab
36 will cost approximately $2.4bn over the next four years.
We have arranged external financing and government sup-
port of approximately $1.5bn during that period.”

IMEC pushes high-k/metal gate performance

IMEC says that it has successfully demonstrated the use
of high k dielectrics and metal gates to values below Inm.
The European research centre believes that this level of
electrical performance removes one of the industry’s Ved
brick walls’ to advancing semiconductor technology. The
research team used metal gates to overcome the prob-
lems imposed by the interaction between high k materials
with the commonly used polysilicon electrode.

Using TiN or Tal\l gates and Hf02 as dielectric, aggressive
scaling down to a 0.5 nm equivalent-oxide thickness (EOT)
was demonstrated in both nMOS (8.2A EQT) andpMOS
(7.5A EQOT) transistors.

The metal-gated devices outperformed their polysilicon-
based counterparts in terms of electrical performance pa-
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rameters, including high conductance, low leakage and
reduced threshold-voltage instabilities.

The Hf02 was deposited by atomic layer chemical vapour
deposition (ALCVD).

Part of this research was done in collaboration with
IMEC's high k industrial affiliation programme partners In-
ternational Sematech, Renesas, Matsushita and Samsung.

Circuits Multi-Projets
46 avenue Felix Viallet
38031 Grenoble Cedex, France

Tel.+33 476 57 4617; Fax.+33 476 47 3814
Email : cmp®@imag.fr; http://cmp.imag.fr

CMP INTRODUCING 0.35 M CMOS-OPTO PROCESS

Grenoble, December 2003 - CMP today announced the
introduction of the CMOS-Opto 0.35um process from aus-
triamicrosystems AG.

The optical process C35B401 provides enhanced opti-
cal sensitivity for embedded photodiodes. It enables the
design of high density photo sensors, APS, and CMOS
cameras.

The process is fully compatible with the already supported
0.35 um CMOS, thus enabling IP reuse with the existing
CMOS standard-cell libraries. The Peripheral cell libraries
are available for 3.3 V and 5 V with high driving capabilities
and excellent ESD performance.

Process features:

- 0.35um CMOS polycide-gate process

- 4 layers metal, 2 layers poly, and MIM

- Peripheral Cells with high driving capabilities

- High performance digital and mixed signal capabiti-
ties

- N/PMQOS saturation current: 520/240

Opto features:

Q Dark current < 45 pA/cm?®© 27° C
Cut-off frequency > 20 MHz
Responsitivity @ 550 nm: 290 mA/W
Responsitivity © 850 nm: 330 mA/W
Minimum pixel size 6 (jm x 6 pm)

OO0 0

Wyswargln e

The design kit is supported under Cadence CAD tools.

CMP offers 5 MPW runs for this process in 2004 26 Jan-
uary, 19 April, 05 July, 27 September, 06 December.

Xerox reports three-basic materials needed for printable circuits

News:R&D

Xerox says that it has developed a high-performance sem-
iconductive ink that can be used to print transistor chan-
nels at low temperatures and in open air - a requirement
for low-cost manufacturing. The company hopes that flex-
ible roll-up television screens and computer displays will
be one step closer to reality as a result. Low-cost RFIDs
are also in prospect.

Most semiconductor materials, including those that are
polymer-based, require processing at high temperatures
and under inert atmospheres. Beng Ong's team at the Xerox
Research Centre of Canada (XRCC) has also developed
materials for printing conductor and dielectric components.
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Ong discussed the research findings in a presentation at
the Materials Research Society spring conference.

Thus, all three elements necessary to make a plastic cir-
cuit - a semiconductor, a conductor and dielectric - may
now be printed using inkjet techniques. The technology
promises a low-cost alternative to silicon technology that
could print flexible plastic transistors as easily as printing a
newspaper.

“Having developed these three critical liquid-processable
materials may make it possible to create low-cost, flexible
plastic transistor circuits using common liquid-deposition
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techniques such as spin coating, screen or stencil print-
ing, offset or inkjet printing,” says Ong. He believes that
products based on these or similar materials will be availa-
ble commercially in the near future.

Xerox's advances build on the unigue polythiophene sem-
iconductor previously designed by Ong's team at XRCC,
as well as on a method developed by the Palo Alto Re-
search Center (PARC) for creating a plastic semiconduc-
tor transistor array using inkjet printing. PARC is a wholly
owned subsidiary of Xerox.

Being able to print in open air is significant because the
electrical properties of most liquid-processable organic
semiconductors degrade when exposed to atmospheric

oxygen. This makes it difficult to build functional transis-
tors in air. However, the Xerox polythiophene semiconduc-
tor not only possesses better air stability, it also exhibits
excellent self-assembly behaviour. Its unique molecular
characteristics allow it to be readily processed into struc-
turally ordered semiconductor nanoparticles. These nan-
oparticles, when dispersed in a liquid, form an environ-
mentally-stable nanoparticle ink. The ink provides consist-
ent properties and enables inkjet printing of high-perform-
ance organic transistor channel layers under ambient con-
ditions.

Xerox is working with Motorola and Dow Chemical to de-
velop plastic integrated circuits for various electronic ap-
plications under a National Institute of Standards and Tech-
nology (NIST) Advanced Technology Program grant. In
addition to XRCC'’s materials and PARC’s inkjet printing of
active-matrix addressed arrays for display backplane switch-
ing circuits, Motorola is fabricating plastic circuits for vari-
ous applications using commercial printing technologies.

Last week, US company TDA Research announced devel-
opment of a new conductive plastic - oligotron polymer
possessing a conducting polyethylenedioxythiophene (PE-
DOT) centre and two non-conducting ends (Bulletin 526,
April 14, 2004).

Caption: Beng Ong's research team at the Xerox Research
Centre of Canada.

Infineon puts audio into snowboard jacket

SPORTSWEAR producer O'Neill Europe has joined with infineon Technologies on a
joint product development project for ‘wearable electronics’. Infineon developed a chip
module suitable for integration into a snowboard jacket based on O'Neill’'s specifica-
tions. This technology enables Bluetooth mobile phone and MP3 player use. The prod-
uct, called "THE HUB”, will be part of O'Neill's 2004/05 winter collection.

Woven into THE HUB are electrically conductive fabric tracks that connect the chip

module to a fabric keyboard and built-in speakers in the helmet. If the snowboarder
wants to make a phone call, the stereo system acts as the headset. A microphone is
integrated in the collar of the jacket. Since presenting its technology, Infineon has dis-
cussed projects with more than 200 companies from the textile industry. In co-operation
with Vorwerk Teppichwerke carpet plant in Germany, Infineon is currently working on an
initial prototype for a “smart carpet”.
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NAVODILA AVTORJEM

Informacije MIDEM je znanstveno-strokovno-drustvena pub-
likacija Strokovnega drustva za mikroelektroniko, elektron-
ske sestavne dele in materiale - MIDEM. Revija objavlja pris-
pevke s podroc¢ja mikroelektronike, elektronskih sestavnih
delov in materialov. Ob oddaji ¢lankov morajo avtorji predia-
gati urednistvu razvrstitev dela v skladu s tipologijo za vode-
nje bibliografij v okviru sistema COBISS.

Znanstveni in strokovni prispevki bodo recenzirani.

Znanstveno-strokovni prispevki morajo biti pripravljeni

na nasiednji naéin:

1. Naslov dela, imena in priimki avtorjev brez titul, imena
institucij in firm

2. Kljuéne besede in povzetek (najve¢ 250 besed).

3. Naslov dela v anglescini.

4. Kiljuéne besede v angles&ini (Key words) in podaljSani
povzetek (Extended Abstract) v anglesccini, ¢e je ¢lanek
napisan v slovensdini

5.  Uvod, glavni del, zakljuc¢ek, zahvale, dodatki in literatu-
ra v skladu z IMRAD shemeo (Introduction, Methods,
Results And Discsussion).

6. Polna imena in priimki avtorjev s titulami, naslovi in-
stitucij in firm, v katerih so zaposleni ter tel./Fax/Email
podatki.

7. Prispevki naj bodo oblikovani enostransko na A4 stra-
neh v enem stolpcu z dvojnim razmikom, velikost ¢rk
namanj 12pt. Priporo¢ena dolZina ¢lanka je 12-15 stra-
ni brez slik.

Ostali prispevki, kot so poljudni célanki, aplikacijski élanki,
novice iz stroke, vesti iz delovnih organizacij, institutov in
fakultet, obvestila o akcijah drustva MIDEM in njegovih
Slanov ter drugi prispevki so dobrodosli.

Ostala splo$na navodila

1.V &lanku je potrebno uporabljati Sl sistem enot oz. v
oklepaju navesti alternativne enote.

2. Risbe je potrebno izdelati ali iztiskati na belem papirju.
Sirina risb naj bo do 7.5 0z.15 cm. Vsaka risba, tabela
ali fotografija naj ima Stevilko in podnapis, ki oznacuje
njeno vsebino. Risb, tabel in fotografij ni potrebno lepi-
ti med tekst, ampak jih je potrebno lo¢eno priloziti
¢lanku. V tekstu je treba oznaciti mesto, kjer jih je
potrebno vstaviti.

3. Delo je lahko napisano in bo objavijeno v slovenscini
ali v anglescini.

4. Uredniski odbor ne bo sprejel strokovnih prispevkov,
ki ne bodo poslani v dveh izvodih skupaj z elektronsko
verzijo prispevka na disketi ali zgosc¢enki v formatih AS-
Cll ali Word for Windows. Graficne datoteke naj bodo
prilozene lo¢eno in so lahko v formatu TIFF, EPS,
JPEG, VMF ali GIF.

5. Avtorji so v celoti odgovorni za vsebino objavljenega
sestavka,

Rokopisov ne vracamo. Rokopise poéljite na spodnji naslov.

Urednistvo Informacije MIDEM
MIDEM pri MIKROIKS

Stegne 11, 1521 Ljubljana, Slovenia
Email: l1ztok.Sorli@guest.arnes.si

tel. (01) 5133 768, fax. (01) 5133 771
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Informacije MIDEM is a scientific-professional-social publica-
tion of Professional Society for Microelectronics, Electronic
Components and Materials - MIDEM. In the Journal, scientific
and professional contributions are published covering the field
of microelectronics, electronic components and materials.
Authors should suggest to the Editorial board the classifica-
tion of their contribution such as : original scientific paper,
review scientific paper, professional paper...

Scientific and professional papers are subject to review.

Each scientific contribution should include the following:

1. Title of the paper, authors’ names, name of the institu-
tion/company.

2. Key Words (5-10 words) and Abstract (200-250
words), stating how the work advances state of the art
in the field.

3. Introduction, main text, conclusion, acknowledgements,
appendix and references following the IMRAD scheme
(Introduction, Methods, Results And Discsussion).

4. Full authors' names, titles and complete company/in-
stitution address, including Tel./Fax/Email.

5. Manuscripts should be typed double-spaced on one side
of A4 page format in font size 12pt. Recommended length
of manuscript (figures not included) is 12-15 pages

6. Slovene authors writing in English language must sub-
mit title, key words and abstract also in Slovene lan-
guage.

7. Authors writing in Slovene language must submit title,
key words and extended abstract (500-700 words)
also in English language.

Other types of contributions such as popular papers, ap-
plication papers, scientific news, news from companies,
institutes and universities, reports on actions of MIDEM
Society and its members as well as other relevant contribu-
tions, of appropriate length , are also welcome.

General informations

1. Authors should use Sl units and provide alternative units
in parentheses wherever necessary.

2. lliustrations should be in black on white paper. Their
width should be up to 7.5 or 15 cm. Each illustration,
table or photograph should be numbered and with leg-
end added. lllustrations, tables and photographs must
not be included in the text but added separately. How-
ever, their position in the text should be clearly marked.

3. Contributions may be written and will be published in
Slovene or English language.

4. Authors must send two hard copies of the complete
contributon, together with all files on diskette or CD, in
ASCII or Word for Windows format. Graphic files must
be added separately and may be in TIFF, EPS, JPEG,
VMF or GIF format.

5. Authors are fully responsible for the content of the paper.

Contributions are to be sent to the address below.
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