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APPROXIMATE ANALYTICAL MODELING OF SILICON
INTERNAL INDUCTANCE OF VLSI INTERCONNECTS

H. Ymeri® ", B. Nauwelaers?, K. Maex®°, D. De Roest®, M. Stucchi®

®Katholieke Universiteit Leuven, Department of Electrical Engineering (ESAT),
Div. ESAT-TELEMIC, Leuven-Heverlee, Belgium
®The Interuniversity Microelectronics Center (IMEC), Leuven, Belgium

Key words: semiconductors, microelectronics, IC, Integrated Circuits, VLSI circuits, Very Large Scale of Integration circuits, interconnects, internal
inductance, lossy silicon substrates, analytical modeling, approximate modeling, GREEN'S unctions, electric current, current distribution, eddy current,
substrate resistivity

Abstract: In previous work, a closed form expressions for the series line impedance per unit length of a single and multiple coupled interconnects on
lossy silicon substrate were presented. In this paper, the induced current density distribution inside silicon substrate and quasi-static Green’s function
approach were used to derive the frequency-dependent closed-form expression for the internal inductance per unit length accociated with the silicon
substrate. With this expression, we can quantitatively determine what percentage of the total inductance per unit length is associated with the internal
silicon substrate inductance for a given frequency. The effect of the substrate resistivity on the inductance of on-chip interconnects was examined. It was
shown that depending on the frequency, large changes in the inductance can occur due to this effect.

Priblizno analiticno modeliranje notranje induktivnosti VLSI
povezav na siliciju

Kljuéne besede: polprevodniki, mikroelektronika, IC vezja integrirana, VLS| vezja integracije zelo visoke stopnje, povezave medsebojne, induktivnost
notranja, substrati silicijevi izgubni, modeliranje analiti¢no, modeliranje priblizno, GREEN funkcije, tok elektriéni, porazdelitev toka, tok vrtinéni, upornost
substrata

lzvleek: V enem od prejsnjih prispevkov smo predstavili zakljucen izraz za frekvenéno odvisno vzajemno impedanco povezav na izgubni silicijevi tabletki.
Tokrat s pomocjo porazdelitve inducirane tokovne gostote znotraj silicija in s pristopom, ki uporablja kvazi statiéne Greenove funkcije izpeljemo zakljucen
izraz za frekvencno odvisno notranjo induktivnost na enoto dolzine povezano s silicijevim substratom. S pomogjo dobljenega izraza lahko kvantitativno
dologimo, kakéen del celotne induktivnosti na enoto dolzine odpade na silicijev substrat pri dani frekvenci. Ravno tako smo preudil vpliv substratne
upornosti na induktivnost povezav na tabletki. Pokazali smo, da zaradi tega efekta lahko pride do velikih sprememb induktivnosti v odvisnosti od frekvence.

1. Introduction has not been a way of quantitatively determining how large
or small the contribution of the internal silipon inductance
As the sub-nano second transition time of a signal becomes is compared to the total inductance of IC interconnects.

comparable to its propagation delay on interconnection
lines, the transmission line effects on the IC interconnects
become extremely important. The IC interconnect trans-
mission line parameters are inherently frequency-depend-
ent because of the silicon substrate effect, the metal skin
effect and the proximity effect in the current return paths
/1/. In order to accomplish this, it is necessary to analyze
and model the broad-band characteristics /2 - 5, 8 - 10/
of the silicon IC interconnects since the signals tend to
exhibit both the short rising and falling times. Since the
conductive silicon substrate does not act as a perfect
ground plane, significant amount of return currents comes 2. New closed-form expression for the

In this paper, for the first time, we introduced a closed-
form expression for the internal inductance per unit length
of the silicon associated with VLS| interconnects. This ex-
pression can be used to determine the internal silicon sub-
strate inductance for any given frequency and substrate
resistivity. The results presented here illustrate that the re-
sistivity, geometry of the interconnect iines as well as the
frequency play a strong role in determining the relative im-
portance of the internal silicon inductance.

back through it. The internal inductance of the silicon sem- internal silicon inductance

iconducting substrate is governed by the skin effect (i.e.

the skin effect associated with the silicon substrate). As a The new modeling approach is described for a microstrip
results, it is known qualitatively that at very high frequen- line on a lossy silicon substrate with conductivity o, as il-
cies, the total inductance is dominated by the external in- lustrated in Fig. 1. The silicon substrate and silicon oxide
ductance and the internal inductance (silicon substrate) have the thickness h and d, respectively, and the the micro-
can be neglected. However, for a given frequency there strip conductor is infinitely thin with width w.
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Analytical Modeling of Silicon Internal Inductance of VLSI Interconnects
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Fig. 1. Cross section of a microstrip interconnect on
an oxide-semiconductor substrate.

The internal inductance of the silicon semiconducting sub-
strate is given by

1
Ly ="

ISl

fy B - Hav (1)

where lg is the total current flowing in the silicon substrate
and B and H are magnetic flux density and magnetic field
intensity inside the silicon substrate, respectively. For infi-
nitely long interconnect conductor, the fields are uniform
in the y direction and the problem is two-dimesional. In
general, the magnetic fields inside the lossy silicon have
both an x and z component. However, in /6/ it was shown
that inside a highly conducting region (VLSI interconnects
in CMOS technology) the tangential components of the
fields (the x component in this case) dominates the normal
component (the z component), and to zero-order, Hz = 0.
(Little generality is lost by considering this quasi-TEM case).
By utilizing this fact and assuming that the materilas are
nonmagnetic, (1) reduces to

K 2
Ly = - Ba’ liooo H | dxdz. 2)
Si

It was shown in /8/ that the fields exhibit an exponential
decay of €% (where & = V2/(wuo) is the skin depth) away
from the surface of a conducting region. Therefore, by as-
suming that the magnetic field inside silicon substrate is
governed by this same skin depth behaviour, we get

H, = HOx(x)eZ/é (3)

where Hoy is the value of the magnetic field on the surface
of the silicon substrate and is function of x. By using the
boundary condition for the tangential component of the

magnetic field, a, xH |z=0 = Jsi, the Hox can be approxi-

mated by
Hox(x) = Jg(x) (4)

where Jsi{x) is the surface current density of the silicon
substrate. Upon substituting (3) and (4) into (2), the z inte-

80

gration can be done explicitly and the expression for inter-
nal inductance become

“ o
-2d16 2
Ly = -2—<1 —e Vol () /11 dx. (8)
The surface current density on a semiconducting silicon
substrate was derived via a quasistatic Green’s function
approach /7, 9, 10/ and was shown to be

J () = (I I wr)tan w2y 20 + tan O+ 200 200
(6)

where w and h are defined in Fig. 1. Substituting the sur-
face current density (8) into (8), we get

Ly = (ﬂ05/2(wﬂ)2)(1— 2410y rtan ™!
-1 2
((w=2x)/2h) + tan  ((w+2x)/2m)]" dx. 7)

Using the concepts of complex analysis /11/(the Cauchy
Integral Theorem and proper complex contour of integra-
tion), the x integration can be evaluated in closed form (the
details we leave out) and the internal inductance per unit
length of the silicon substrate is given by

Ho0 ~2d/8
si T (d-e )
wir
2
-1l w h w
tan — | -—log| 1+ | —
2h w 2h (8)

3. Results and discussions

In this section, two sets of resistivities (low and high resis-
tivity substrate) used commonly in VLS! intergated circuits
are analyzed. Fig.2 illustrates the significance of the fre-
quency dependent internal inductance of silicon for single
interconnects on a heavily doped CMOS 300 mm sub-
strate (resistivity ps =0.01 Qcm) with a 3 um oxide layer.
The width of zero-thickness conductor is 2 um. Fig. 2a
shows the results of the total inductance (Lt = Lex+Lsi), the
external inductance Lex, and the internal silicon substrate

14 -
+ Lsi

12 = O Lex

10 ©: & Lt

Inductance [uH/m]

Frequency [GHz]

Fig. 2. (a) Total, external, and internal silicon substrate
inductance for single interconnects used in
silicon-based IC circuits,
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Fig. 2. (b) The percent of internal silicon substrate

inductance compared to total inductance for
single interconnects.

inductance L. (For computation of total and external in-
ductances of on-chip interconnects we used the proposed
methodology in /9, 10/) The external inductance is very
small compared to the internal inductance of silicon sub-
strate at low frequencies, but at very high frequencies the
differences becomes smaller. This is further illustrated in
Fig. 2b, where the percent AL of silicon substrate induct-
ance compared to the total inductance Lt is plotted as a
function of frequency. For low, medium and high frequen-
cies up to 20GHz internal inductance of silicon substrate
have a strong effect on the propagation properties of IC
interconnects.

For the case of a microstrip interconnect on a 500-um
high resistivity silicon substrate (resistivity Psi = 10 Q-cm)
with a 2-um oxide layer, the internal inductance of silicon
as a function of frequency is shown in Fig. 3. The width of
microstrip is 4um. For high resistivity silicon substrate, the
total, external and internal silicon inductances becomes
frequency-independent (see Fig. 3) and the variation of
the magnetic flux penetration into silicon substrate be-
comes frequency-independent, too. The internal induct-
ance of silicon is comparable to the external inductance,
as illustrated Fig. 3. The numerical results presented in
this chapter show that the influence of the resistivity of the
semiconducting substrate on the frequency-dependent and

15~ v
. // g .
L)
10 Lex()
e [P
—
5 N
™ Lsi(fy
. B
0 5 10 15 20

Frequency (GHz)

Fig. 3. Frequency dependence of total, external and
internal silicon inductances as a function of
frequency for high resistivity silicon substrate.

transient behaviour of on-chip interconnects is significant
and can not be neglected.

4. Conclusion

In this paper, we introduced a closed-form expression for
the frequency-dependent internal inductance of silicon of
on-chip interconnects. We have investigated the sensitivi-
ty of the frequency-dependent inductance per unit length
of microstrip interconnect to the substrate resistivity. The
results presented here illustrate that the resistivity of the
silicon as well as frequency play strong role in determining
the relative importance of the silicon substrate inductance
(substrate skin effect).
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NACRTOVANJE NOVIH SREDNJENAPETOSTNIH
INDIKATORJEV NAPETOSTI S POMOCJO IZRACUNA
ELEKTRICNEGA POLJA

|. Ticar, P. Kitak, J. Pihler
Fakulteta za elektrotehniko, racunalnistvo in informatiko, Maribor

Kljuéne besede: EES sistem elektroenergetski, napetost elektricna, napetost srednja, napetost elektriéna 125 kV, naprave stikalne, indikatorji napetosti,
enote elekironske, delilniki napetosti kapacitivni, polja elekiri¢na, izraduni, izolatorji podporni, IEC 61985 standardi, IEC 61243-5 standardi

lzvieéek: Indikatorji napetosti se uporabljajo za indikacijo prisotnosti napetosti. Sestavljajo jin obidajno trije epoksidni podporni izolator]i, v katere so
vgrajeni kapacitivni delilci visoke napetosti in indikatorska elektronska enota. Izolatorji so vgrajeni v stikalnem aparatu ali drugem dovodnem elementu na
katerem je prisotna napetost.

Novi IEC standardi so, za indikatorje napetosti, ki v popolnosti zagotavijajo breznapetostno stanje, definirali potrebno kapagitivnost delilca napetosti, ki je
nekajkrat vecja kot pri dosedanjih izvedbah. To se lahko doseze le s povedanjem povrdine elektrod kapacitivnega delilca, s tem pa modno naraste
elektridna poljska jakost znotraj in ob izolatorju. $ pomodgjo izraduna elektricnega polja so bile izbrane elektrode indikatorjev napetosti, ki zadovoljujejo
opisanim zahtevam in sodasno omogoc¢ajo najugodnejo porazdelitev elektriéne poliske jakosti.

Optimizirana je bila modificirana izvedba sedanjega indikatorja napetosti, zasnovana pa je bila tudi nova izvedba.

lzraduni elektriéne poljske jakosti so bili potrjeni na prototipih podpornih izolatorjev.

Design of New Medium Voltage Indicator by Means of
Electric Field Calculation

Key words: electrical power system, electrical voltage, medium voltage, electrical voltage 125 kV, switchgears, voltage indicators, electronic units,
capagcitive voltage dividers, electric fields, calculations, supporting insulators, IEC 61985 standards, IEC 61243-5 standards

Abstract: Voltage indicators are used in medium voltage switchgears for indication of voltage presence. They consist of three epoxy insulators with a
capacitive voltage dividers, indicator electronic unit, the input of which is connected to the dividers output, LE diode for indication of the presence of
voltage and push-button for checking the correctness of indicator’s operation,

For the voltage indicators that entirely ensure conditions without voltage (shielded invisible parts), the new IEC standards define necessary capacitance,
which is much higher than in previously made indicators. This is necessary due to the fact, that for a reliable operation of the voltage indicator to have
sufficient electric current. The terminals of voltage indicators that fulfil the above described requirements have been selected on the basis of electric field
calculations. These calculations have also been used for achieving the most suitable electric field strength distribution. The old version of voltage indicator
has been optimised and modified. The concept of a new version has also been developed.

For solving 3D electromagnetic problems using finite element method the program package Electromagnetic Field Analysis Tools (EleFAnT3D) has been
used. 3D graphical pre-processor enables inputting of 3D structures, boundary conditions, sources and data on materials used. Data input phase is
followed by running the computations and presentation of results in graphical and numerical form.

The results of electric field calculations and optimisation have shown that for the existing layout of supporting insulator's electrodes (Figure 16) the
strongest electric field is in the upper part (Figure 12) and oriented towards the outside of insulator (Figure 13). In this part there is also the connection and
in the case of voltage increase there is a possibility of a flashover.

In the newly designed concept of supporting insulator's electrodes (Figure 17) the strongest electric field is in the bottom part (Figure 14), where it almost
reaches the dielectric strength of air. Nevertheless, this distribution is more suitable since the electric field is oriented towards the inside of the insulator
(Figure 15) - dielectric strength of epoxy Is ten times higher than the dielectric strength of air.

The calculations of electric field have been verified with measurements on the prototype of the insulators.

vedno vidno informacijo o prisotni napetosti, kar nam
omogoca:

Izolatorji iz epoksidnih smol imajo zelo dobre izolacijske, -
mehanske in termiéne lastnosti, ter veliko odpornost na
razlicne kemikalije. Odlikujejo se tudi po malih dimenzijah,
zahtevnih oblikah in dolgi Zivijenjski dobi.

1. Uvod

poveéano varnost posluzevalcev,
- preprecitev napaéne manipulacije in
- povedano zanesljivost delovanja elektricnih postrojev.

V stikalnih napravah so uporabljeni kot izolacijski (elektricno Elektrode indikatorjev napetosti se za srednjenapetostne

izoliranje prevodnih delov od ozemljenih) in konstrukcijski
(mehansko pritrjevanje elementov stikalnega aparata ali vod-
nikov) elementi.

Podporne izolatorje uporabliamo tudi za indikacijo napeto-
sti v srednjenapetostnih stikalnih napravah. Pri tem imamo
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notranjemontazne naprave obi¢ajno vgradijo v podporne
izolatorje na stikalnem aparatu ali drugem dovodnem ele-
mentu ha katerem je prisotna napetost.

Dosedanji podporni izolatorji z vgrajenimi kapacitivnimi de-
liici so zgrajeni tako, da imajo majhno kapacitivnost. Do
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sedaj ni bilo nobenih omejitev. Nov standard IEC 61985 v
osnovni opredelitvi zahteva, da je stikalna naprava zago-
tovo v breznapetostnem stanju, opredeljenim z indikator-
jem napetostile, e je izdelana v skladu z IEC 61243-5, ki
podaja vrednosti zahtevane kapacitivnosti. Proizvajalec
mora to posebej navesti. Po zahtevi standarda morajo biti
doseZene kapacitivnosti med 74 in 88 pF. Zato je potreb-
no vse dosedanje deliice napetosti v podpornih izolatorjin
konstruirati tako, da so izpolnjene zahteve standarda. To
smo izvedli tako, da smo s pomoc¢jo izraduna elektricnega
polia optimizirali elekirode kapacitivnega delilca napetos-
ti, medtem ko ostane zunanjost izolatorja nespremenjena.

2. Indikatorji napetosti

Trifazni indikatorji napetosti zaslonjenih delov pod napeto-
stjo se uporabljajo v srednjenapetostnih stikalnih napravah
v katerih so elementi pod napetostjo zakriti s pregradami
tako, da jih ni mogoce videti pri normalnem delovanju. To
ie v vseh kovinsko okloplienih in kovinsko ali izolacijsko
pregrajenih stikalnih celicah in drugih elekiriénih napravah.,

V srednjenapetostnih stikalnih celicah indikator sestavljajo
trije epoksidni podporni izolatorji standardne oblike, v kat-
erih so vgrajeni kapacitivni delilci visoke napetosti in in-
dikatorska elektronska enota v ohigju (slika 1). Le-ta ima
obliko standardnega merilnega instrumenta za vgradnjo.
Na Celni ploséi enote so svetlobne diode, ki z utripanjem
kazejo prisotno napetost vsake faze posebej. Na njej je
tudi tipka za testiranje neprekinjenosti povezav indikator-
ske enote s kapacitivnimi delilci v podpornih izolatorjih in
pravilnega delovanja same enote.
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Slika 1: Shematski prikaz indikatorja napetosti

Vindikatorski elektronski enoti je vgrajen tudi pomoznirele
s preklopnim kontaktom, ki sluzi za daljinsko signalizacijo
prisotnosti visoke napetosti. Ko pride do ugasnitve oziro-
ma utripanja diod, rele s Gasovno zakasnitvijo preklopi, tudi
pri testiranju indikatorja, e le-to traja dalj ¢asa. Da se
izognemo vplivu visokofrekvendnih motenj iz pomoznega
napetostnega izvora, je izvedeno napajanje indikatorja z, v
njegovi enoti vgrajenim, DC/DC pretvornikom. Za pre-
precevanje motilnih vplivov drugih visokonapetostnih in vi-
sokofrekvenénih polj je potrebno povezati indikatorsko ele-
ktronsko enoto s podpornimi izolatorji (delilci napetosti) z

oklopljenim vodnikom. Njegova dolzina ne sme biti preve-
lika, da ne bi prislo do prevelikega slabljenja koristnega
signhala.

Druge vrste indikatorjev visoke napetosti so enofazni vtiéni
indikatorji, ki se uporabljajo v kombinaciji s kapacitivhim
delilcem napetosti v srednjenapetostnih stikalnih napravah.
Ne potrebujejo pomoznega napajanja, so enostavnejsi in
zato cenejsi. Za izvor svetlobe je uporabliena tlivka. V
stikalno celico je potrebno vgraditi le ustrezne podporne
izolatorje z vgrajenimi kapacitivnimi deliici in namestiti na
vrata nizkonapetostne krmilne omarice tri enofazne vticnice
ter jih s koaksialnim kablom medsebojno povezati. Vtiénice
so v normalnem obratovanju kratko spojene s kratkostiéni-
ki, Pri ugotavijanju prisotne napetosti je potrebno kratko-
sti¢nike izvledi iz vtiénic in na njihovo mesto vtakniti indika-
tor.

3. lzraCun elektromagnetnega polja

Elektromagnetno polie opidemo z osnovnimi Maxwellovi-
mi enacbami:
aD

VxH=J+-=
ot

OB
VXE:—E (1)

V-B=0
V-D=p

kier pomeni:

H - vektor magnetne poljske jakosti,

J - vektor gostote elektricnega toka,

D -vektor gostote elektri¢nega pretoka,
B - vektor gostote magnetega pretoka,
E - vektor elektricne poliske jakosti,

p - prostorninska gostota naboja.

V poljubnem prostorskem podrogju &, ki ga omejujerob I’
(slika 2) opisujejo stacionarno elektricno polie naslednje
enacbe:
D=¢ E
V-D=p (2)
VxE=0
Na robnih ploskvah lahko uporabimo Dirichletove (I'1), ali

Neumannove (I'z) robne pogoje, odvisno od resevalnega
primera:

- na delu roba I't, ki omejuje obmodje Q velja za tan-
gencialno komponento E:

Exn=0 (3)

- narobu I'z, obmodja Q pa velja za normalno kompo-
nento gostote elektricnega pretoka:

Dn=0 (4)

Obmodje Q predstavija podrodje elekiridnih izvorov.
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indikatorjev napetosti s pomodjo izraCuna elektricnega polja

Slika 2: Opazovano podroéje z danimi izvori in robnimi
vrednostmi

Tako postavljeni problem resujemo z metodo konénih ele-
mentov (MKE). V praksi uporabljamo za resevanje tridimen-
zionalnih problemov tetrahedralne in heksahedralne ele-
mente. V nagem primeru smo za predstavitev 3D geometr-
iile modela uporabili konéne elemente drugega reda, z dvaj-
setimi vozligéi. Ti elementi omogocajo tudi modeliranje
ukrivijenih struktur.

Slika 3 predstavija tak element z osteviléenimi vozlisci.

Slika 3: 20-vozli$éni heksaedralni elementv globalnem
koordinatnem sistemu

4. Optimiranje elektrod kapacitivhega
delilca napetosti s pomocjo
izraduna elektricnega polja

Elektrode kapacitivnega delilca, nameséene znotraj pod-
pornega izolatorja, obic¢ajno tvorijo kovinski vlozki za pri-
trievanje na obeh straneh izolatorja in cilindri¢na elektro-
da, izdelana iz kovinske mrezice ali ploc¢evine. Kovinski
vlozki lahko imajo tudi privarjene elektrode posebnih oblik.

Konkretni primer smo radunsko redevali s programskim pa-
ketom Electromagnetic Field Analysis Tools, ki so ga raz-
vili na IGTE, TU Graz (EleFANT3D). Program je namenjen
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reSevanju tridimenzionalnih problemov elektromagnetnega
polja z uporabo metode konénih elementov.

Program omogoc¢a resevanje:

- stacionarnih (elektrostati¢na, tokovna, magnetna
polja) in

- dasovno odvisnih (vrtinéni tokovi, toplotna polja) ele-
ktromagnetnih in toplotnih polj.

3D grafiéni predprocesor omogoca vnos vrste in geometri-
je problema, robnih pogojev, materialov in izvorov.

Glavni program - t.i. solver omogoca razlicne matemati¢no-
numeriéne moznosti izraduna (skalarni potencial, vektor-
ski potencial, T-Q...), odvisno od vrste in oblike problema.
Tako lahko i§6emo resitve v posameznih vozlis¢ih konénih
elementov ali pa po robovih, kjer uporabljamo robovne el-
emente, kot posebni primer Whitney-evih elementov. Zad-
nje pride posebej v postev pri redevanju problemov mag-
netnega polja.

Postprocesor omogodéa tako numeriéni kot 3D ali 2D grafic-
ni prikaz skalarnih in vektorskih veli¢in reSevanega proble-
ma v celoti ali delno. Dodatno postporocesiranje v konk-
retnem primeru omogoca izracun volumskega integrala
danega problema in s tem velikost nakopi¢ene energije v
izbranem materialu. Na osnovi le-te lahko izraGunamo ka-
pacitivnost, ki jo v naSem primeru i§éemo, s pomocjo
enach:

i)

()

)
S

O
i
%
N
S

pri Eemer pomeni:

C - kapacitivnost,

Q - el. naboj,

U - napetost,

W - elektri¢na energija.

5. Prikaz rezultatov

Vsi izraduni elektrinega polja so narejeni pri preskusni
napetosti 125 kV. Na slikah, ki prikazujejo elektri¢no polje,
je velikost tega oznadena na desni strani. Povsod Kjer je
polie vedje od te vrednosti je izolacijski material bele barve.

Zgornjameja polja, ki je Se dovoliena, da ne pride do prebo-
ja ali preskoka se imenuje prebojna ali presko¢na trdnost.
Prebojna trdnost epoksidne izolacije znasa 30 MV/m in ni
bila nikjer presezena. Najvecje vrednosti polja v epoksidni
izolaciji so se pojavljale med elektrodo povezano s kovin-
skim vioZkom in mrezico. Vzrok je relativno majhna razdal-
ja med tema dvema elementoma in velika potencialna raz-
lika. Problemi so se pojavili tudi na prehodu polja iz epok-
sidne izolacije v zrak (prebojna trdnost zraka je 3 MV/m)
zaradi velike vrednosti elektri¢ne poliske jakosti na koncu
mrezice.
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Slika 5. Struktura z mrezo
in vidnimi materiali

Slika 4: Struktura kon.
elem. podpornega
izolatorja

Na sliki 4 je prikazana struktura konénih elementov na sliki
5 pastruktura z mrezo in vidnimi materiali podpornega izola-
torja. Zaradi osne simetrije izolatorja, boljSega pregleda
rezultatov in enostavnosti izraduna, bodo v nadaljevanju vsi
izracuni elektricnega polia opravijeni za 1/4 podpornega
izolatorja.

Optimizacija z izraduni elektridnega polja bo prikazana za
dva tipa podpornih izolatorjev in sicer:
- modificirana izvedba sedanjih elektrod in

- nova izvedba elektrod.

Na sliki 6 je prikazan sedanji 24 kV podporni izolator za in-
dikacijo visoke napetosti. Zgornja elektroda (in hkrati prikljucek)
je na potencialu 125 kV, mrezica pa na potencialu O V.

Slika 7 prikazuje novo konstruiran podporni izolator, ki ima
elektrodo na potencialu 0 V, medtem ko je na mrezici in
zgornjem prikljucku potencial 125 kV

Wt e

T AN

G N

Slika 7: Izvedba novih
elektrod
izolatorja

Slika 6: Modificirana
strukt. sedanjega
izolatorja

Podporni izolatorji z elektrodami dosedanje izvedbe

Na sliki 8 je prikazana elektridna poljska jakost podpornih izola-
torjev z dosedanjo izvedbo elektrod. Vidimo, da v epoksidni
izolaciji ni presezena prebojna trdnost 30 MV/m, kakor tudi
ne v zraku 3 MV/m. Problem je kapacitivnost, ki znasa za to
obliko 12 pF, po IEC 61243-5 pa se zahteva od 74 do 88 pF.
Zato bo v nadalievanju sledil prvi primer optimizacije tega pod-
pornega izolatorja; mreZica se dvakrat podalj$a, zgornja ele-
ktroda pa se odebeli na dvakratno vrednost po skoraj celotni
dolzini.  Vrednost elekiricne poljske jakosti je prikazana na
sliki 9. V epoksidni izolaciji vrednosti ne presegajo 20 MV/m,
vzraku pa ni polje vedje kot 1.5 MV/m. Vrednost kapacitivnosti
e vedno ni v zahtevanih mejah,
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Slika 8: Elektri¢na poliska Slika 9: Elektricna poljska
Jjakost sedanjega jakost podporne-

podpornega ga izolatorja z
izolatorja odebeljeno
elektrodo
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E [105 ¥/m)
1800
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Slika 10:Elektricna poljska Slika 11: Prikaz elektriéne

jakost izolatorja, poljske jakosti
ki odgovarja brez kovinskih
zahtevam IEC materialov
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indikatorjev napetosti s pomocjo izraduna elektri¢nega polja

Naslednji korak optimizacije je bil skrajsanje odebeljenega
konca elektrode samo na spodnji del in 20 odstotno pove-
ganje premera, Kapacitivnost se je povecala na 83 pF, kar
je dovolj glede na zahteve IEC. Elektriéno poljsko jakost
celotnega podpornega izolatorja prikazuje slika 10, na sliki
11 pa je prikazano polje v notranjosti epoksidne izolacije
(brez kovinskih materialov). Vrednosti elekiricne poljske ja-
kosti niso nikjer presegle prebojnih trdnosti.

Tudiv 1 cm debeli plasti zraka okoli podpornega izolatorja
(slika 12) elektri¢na poliska jakost ne presega prebojnih
trdnosti. Na sliki 13 pa je vektorski prikaz elektricne poljske
jakosti

E[106 V/m]
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FETT s i o v iand 400 &

AL

{{ ! r;l

Slika 12:Elektriéna poljska Slika 13:Vektorski prikaz

0.000

elektricne poljske
jakosti

jakost v zraku
okoli zgornjega
dela izolatorja

Podporni izolatorji z novo izvedbo elektrod

|z izradunov polia v dosedanjih primerih vidimo, da je zu-
nanjost izolatorja zgoraj bolj obremenjena (vecji E). Ceprav
elektricna poljska jakost nikjer ne presega prebojne trd-
nosti, se pojavljajo najvedje vrednosti polja navrhu mrezice.
Dodatno se $e lahko pojavijo problemi s prebojno trdnost-
jo, ker je na zgornji strani tudi prikljucek in bi prislo e prej
do preboja. Zato bi bilo za obratovanje ugodneje, ¢e bi se
vedja vrednost elektricne poljske jakosti prenesla v spodn-
ji del izolatorja.

V nadaljevanju je prikazan podporni izolator z novo
razporeditvijo elektrod, ki bo imel zgornji prikljuc¢ek in
mrezico na potencialu 125 KV, posebej oblikovano elektro-
do in spodnji prikljucek pana 0 V.

Optimizacijo smo izvajali na podoben nacin kot v prvem
primeru. Spremenljivke so bile dolzina in premer mrezice
ter premer in dolzina srednje elektrode. V najugodnejsem
primeru smo dosegli kapacitivnost 82 pF, kar odgovarja
standardu IEC. Prikaz elektriéne poljske jakosti za ta opti-
malni primer prikazujeta sliki 14 in 15. Slika 14 prikazuje
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elektriéno poljsko jakost podpornega izolatorja, ko smo na
zgornjem delu dodali prikijucek (priblizek dejanskemu stan-
ju). Vidimo, da prikljusek (na potencialu 125 kV) ugodno
vpliva na razporeditev elektri¢ne poliske jakosti zunaj izola-
totja. Prebojna trdnost je na spodnjem delu mrezice na
prehodu v zrak na mejni vrednosti 3 MV/m in ni bila
presezena
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Slika 14:Elektri¢na poljska Slika 15:Vektorski prikaz
jakost v zgornjem elektricne poljske
delu podpornega jakosti izolatorja
izolatorja z novimi elektr.

Sliki 16 in 17 prikazujeta nacrt podpornega izolatorjav pre-
rezu po optimizaciji. Na sliki 16 je modificirana oblika ele-
ktrod dosedanjega indikatorja napetosti (podpornega izola-
torja), ki odgovarja zahtevam standarda IEC. Slika 17 pa
prikazuje primer razporeditve elektrod novo zasnovanega
indikatorja napetosti v skladu s standardom IEC.

——

Slika 17: Optimizirana
oblika 24 kV
izolatorja z novimi
elektrodami

Slika 16:0ptimizirana
oblika 24 kV
izolatorja z modif.
sedanjimi
elektrodami
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6. Sklep

Iz poteka optimiziranja obeh tipov podpornih izolatorjev vi-
dimo, da se je dolzina mrezice povedéala, prav tako pa se
je povecala debelina zgornje elektrode. S tem so se zman-
jsale razdalie med posameznimi elementi, povecala pa se
je vrednost elektricne poljske jakosti. Vendar so izraduni
elektricnega polja pokazali, da elektriéna poljska jakost ni
nikjer presegla prebojnih trdnosti in sicer za epoksidno izol-
acijo 30 MV/m in za zrak 3 MV/m.

Rezultati izracuna elektricnega polja in optimiranja so poka-
zali, da je pri sedanji razporeditvi elektrod podpornega izola-
torja (slika 16) polje najvedje v zgornjem delu izolatorja (na
koncu mrezice - slika 12 in je usmerjeno navzven (slika
13). Poleg tega je na tem delu tudi prikljucek in bi pri pov-
ecani napetosti lahko prislo do preboja.

Na podpornem izolatorju z novo zasnovanimi elektrodami
(slika 17) je polje najvedje v spodnjem delu izolatorja (konec
mrezice - slika 14) in je na meji prebojne trdnosti. Vendar
je ta razporeditev ugodnejda, ker je polje usmerjeno
navznoter (slika 15) - prebojna trdnost epoksida je de-
setkrat vecja od prebojne trdnosti zraka.

Po opravljenih izracunih so bili v tovarni TSN Maribor izde-
lani prototipi podpornih izolatorjev z elektrodami kapaci-
tivnih delilcev. Posamezni izolatorji so bili ze testirani,
potrebno pa je opraviti e preskuse znotraj stikalne celice.

7. Zahvala

Avtorji se zahvaljujemo TSN Tovarni stikalnih naprav Mari-
bor za sodelovanje pri nalogi in za izdelavo prototipov epok-
sidnih izolatorjev.
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TESTING OF LEAD-FREE SOLDER PASTES FOR
COMPONENT SOLDERING ON PRINTED AND HYBRID
CIRCUITS

D. Rodak', M. Zupan?, J. Fajfar-Plut®

T v Jozef Stefan” Institute, Ljubljana, Slovenia
2 |skratel Electronics, Kranj, Slovenia
SHIPOT-R&D, Sentjernej, Slovenia

Key words: electronics industry, printed circuits, hybrid circuits, electronic components, soldering, lead-free solder pastes, wettability, viscosity, solder
balls, soldering flux residues, soldering technologies, testings, functional reliability

Abstract: The basic properties of the investigated lead-free solder pastes such, as viscosity, solder ball, wetting, were tested in laboratories for printed-
circuit and hybrid-circuit technology development.The influence of flux residues on the reliable functioning of electronic circuits was tested by measuring
the ionic contents in the solder pastes and by copper corrosion tests after humidity conditioning.

On the basis of the results from incoming tests on new, lead-free solder pastes the most suitable solder paste for component soldering on printed and
hybrid circuits was selected for reliability testing in a humidity chamber.

Preizkusi pastoznih spajk brez svinca za spajkanje
elektronskih komponent na tiskana in hibridna vezja

Kljuéne besede: industrija elektronike, vezja tiskana, vezja hibridna, deli sestavni elektronski, spajkanje, spajke pastozne brez svinca, omocljivost,
viskoznost, kroglice spajk, ostanki fluksov spajkalnih, tehnologije spajkanja, preskusanja, zanesljivost delovanja

lzvledek: V laboratoriju za razvoj tiskanih in debeloplastnih hibridnih vezij smo izmerili osnovne lastnosti pastoznih spajk brez svinca. Opazovali smo pojav
kroglic po pretaljevanju, omodljivost in izmerili viskoznost pastoznih spajk. Vpliv ostankov fluksa na zanesljivost delovanja elektronskih vezij smo ugotavijali
z meritvijo vsebine ionskih ostankov v pastozni spajki in s pregledom pojave korozije na bakreni plodcici po staranju v viagi. Na temelju rezultatov preizku-
sov, smo izbrali primerne pastozne spajke brez svinca za nadaljnje meritve zanesljivosti elektronskih vezij s pritrienimi komponentami po staranju v viazni

komori.

1. Introduction

The worldwide electronics industry is faced with a ban on
the use of lead, which is planned to come into force in
January 2007. A number of lead-free alloys are currently
being offered as replacements for use in hand soldering
(solder wires), wave soldering {bars) and reflow soldering
(solder pastes). Most of these alloys are based on a high
tin content with the addition of various other elements (sil-
ver, copper, indium, bismuth antimony), which lead to high-
er melting temperatures than standard solder materials that
contain lead. /1/, /2/

Some of these alloys offer advantages over conventional
tin-lead solders, such as higher joint strengths, better fa-
tigue resistance, improved high-temperature life times and
harder solder joints. However, not all of these benefits are
found with all the various lead-free alloys. Although many
of the lead-free alloys have demonstrated more-than-ade-
quate reliability, it is still necessary to carefully evaluate
new solder pastes. /3/ In this paper we present the re-
sults of incoming tests on new, lead-free solder pastes for
soldering miniature electronic components on hybrid and
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printed circuits. The solder pastes of various producers
were compared after solder-ball, wetting, and copper cor-
rosion tests and ionic content measurements in flux resi-
dues after reflow soldering. Also, viscosity measurements
on fresh samples and on stored samples were compared
for all the solder pastes tested. On the basis of the test
results the best solder pastes were selected for a reliabili-
ty test: a surface insulation resistance (SIR) test; and a test
of the shear strength of the soldered joint between the
component and the substrate before and after tempera-
ture cycling.

2. Experimental and results

2.1 Soldering paste tested

The main characteristics of the lead-free soldering pastes
produced by Ecorel, Alpha Metals, Heraeus , Microbond,
Multicore and Interflux, are presented in Table 1.

All the tested solder pastes are prepared for fine-pitch print-
ing (small grain sizes) with no-clean fluxes.
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The viscosities of the as-received solder pastes were meas-
ured, and the test samples for the ionic content measure-
mentwere printed with a 150 um-thick stainless-steel sten-
cil. During printing the samples were handied with gloves.

Forthe solder-ball testing, the wetting test and the copper
corrosion test the samples were printed manually.

Solder E808.3 |OM 310 | F817 NCD CR39 | IF 9002
paste 8010-9 JAC
Alloy Sn%6 Sn95.5 | Sn95.5 Sn95.2 Sn96.5 | Sn95.5
Agd Ag 4 Agd Ag2.5Cu | Ag3.5 Ag3.8
Cu0.5 Cu0.5 0.85b0.5 Cu0.5 Cul.7
Metal - 89 89 - - 88
content [%]
Powder - 3 3 3 3 3
type
Powder size - 25-45 | 325/500 | 325/500 | 325/500 | 25-45
[um} mesh mesh mesh
Density - 4.4 4.7 - - 43
[g/cm’]
Melting
temp. 221 217 217-219 219 219 217
[°Cl
Peak of
reflow 240-250 | 235-240 | 232-245 | 232-240 |232-245 | 232-245
Lcmp. [°C}

Table 1: The main characteristics of lead-free soldering
pastes

2.2 Viscosity measurement

The viscosities of the pastes were determined with a cone-
and-plate Haake VT700 viscometer at the J.Stefan Insi-
tute (IUS), Ljubljiana. The foliowing parameters were deter-
mined:

-Viscosity versus shear speed (Fig.1, Fig.2, Fig.3 and
Fig.4), measured on solder pastes from various producers
on both a fresh sample and a sample that had been stored
in a refrigerator for 4 months.

Fig. 1 shows the viscosity of the F817 solder paste, Fig.2
is for CR39, Fig.3 is for NCD 8010-9 and Fig.4 is for
IFS002 JAC

Solder paste Heraeus F817
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Solder paste Multicore CR39
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Solder paste Microbond 8010-9
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Solder paste Interflux IF9002 ILJAC
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Fig. 4

2.3 lonic contamination measurement

The ionic contamination measurement of the solder paste
after soldering was made with a conductometer at Iskra-
emeco according to the MIL-P-28805A Standard.

The test samples were prepared at the 1JS on 2x2-inch
ceramic substrates using thick-film conductors soldered

89



D. Rodak, M. Zupan, J. Fajfar-Plut: Testing of Lead-free Solder Pastes

Informacije MIDEM 32(2002)2, str. 88-94

for Component Soldering on Printed and Hybrid Circuits

with following lead-free solder pastes:E 808.3, OM310,
F817, NCD 8010-9, CR39 and IF 9002 JAC. The sam-
ples were not cleaned before the measurements and dur-
ing preparation they were handled with gloves.

The results of ionic content measurements after reflow sol-
dering of the samples on a hotplate at 240°C are given in
Table 2.

Ionic
Paste name Content
(ugNaCl/em®)
Measured at
Iskraemeco
E 808.3 0.2
OM 310 01
F817 0.25
NCD 8010-9 0.1
CR39 0.2
IF9002JAC 0.1

Table 2: lonic contamination test results on a ceramic
substrate for solder pastes printed using a fine-
pitch stencil.

2.4 Solder-ball testing

The solder-ball test was used to determine the reflow prop-
erties of the soider pastes. These tests were carried out
using ceramic substrates. The paste was deposited through
a 0.2-mm-thick stainless-steel stencil with a 6-mm hole
diameter. After 1 h of conditioning in the laboratory atmos-
phere the samples were soldered with a reflow peak tem-
perature at 240 °C for 20 s. The samples were reflow sol-
dered in three different furnaces: at the IJS, at Iskratel Elec-
tronics and at HIPOT-HYB.

The degree of coalescence was determined by comparing
with the criteria given in the ANSI Standard for tin-lead sol-
der paste /4/. According to the test criteria, when a paste
forms a single sphere without small balls after soldering (cri-
teria 1) or if in addition to one big sphere up to five small
spheres are formed (criteria 2). Our test results are present-
ed in Table 3 (according to test criteria /4/) and in Fig.6.

Fig.5 shows a reflow-soldering temperature profile in the
production furnace at Iskratel Electronics.

The time-temperature reflow-soldering profile was select-
ed according to the suggestions of the different produc-
ers of the tested solder pastes. The peak temperature was
set at a minimum value of 235°C for the reflow soldering of
both solder pastes with composition SnAg and SnAgCu.
The selected profile was identical for all the tested solder
pastes, however, for some solder pastes will have to be

90

optimized later. The aim of the solder pastes testing on
solder balls and wetting, after reflow soldering in different
furnaces was, to observe the influence of the time-tem-
perature profile on the test result.

e E [mo.n WA |

e

Fig.5: Reflow-soldering profile of the furnace at
Iskratel Electronics for lead-free solder pastes
(peak temperature higher than for SnPb solder
pastes)

The similar reflow-soldering temperature profile was ob-
tained in the production furnace at HIPOT-HYB, only the
peak temperature was higher, 245°C in comparison with
235°C obtained in the furnace at Iskratel Electronics. The
temperature profile for the small reflow-soldering furnace
at the IJS is not shown, because this furnace has only a
two-zone profile, and it was not possible to have a profile
like in Fig.5, however, the peak temperature was 240°C
for 20 s.

Reflow Reflow Reflow
Solder paste | temperature | temperature | temperature
profile IJS | profile HIPOT | Profile Iskra
Criteria Criteria Criteria
E 808.3 A A A-B
OM 310 B C C
F 817 A-B A B
NCD 8010-9 A B B
CR39 A B B
1F9002 JAC B C B-C

Table 3: The results of the solder-ball testing according
to ANSI Standard (criteria A,B,C or D), tested at
the IJS, HIPOT-HYB and Iskratel Electronics
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E 808.3 (Iskra)

skra not
completely soldered

IF 9002 JAC (Iskra)

Fig.6:  The results after solder-ball testing

Fig 8 shows the resuits of the solder-bali testing after re-
flow soldering of solder pastes E 808.3, OM310, NCD
8010-9 and IF 9002JAC. Also, the results of the solder-
ball test for the solder paste K R0295, reflow soldered in
the furnace at Iskratel Electronics are presented for vari-
ous test samples,

2.5 Wetting test

The wetting properties of the solder paste were tested ac-
cording to the ANSI Standard /5/. The paste was deposit-

OM310 (IJS)

K R0295 (Iskra), not
completely soldered

1F 9002 JAC (I7S)

K R0295 (Iskra) , soldered

IF 9002 JAC (HIPOT)

ed by means of a stencil, on a cleaned, double-copper-
clad laminate FR 4, with a thickness of 1.5 mm. Immedi-
ately after printing the paste was reflowed in the produc-
tion furnace at Iskratel Electronics, in the production fur-
nace at HIPOT-HYB and in the laboratory furnace at the
IJS. The samples for the wetting test at the IS were pre-
pared on both copper-clad laminate and on the ceramic
substrate with a AgPd thick-film conductor. The results are
presented in Table 4 and in Fig.7.
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Reflow-soldering profile 1JS
Solder slozlfifx;:g S(ﬁ(‘;f::i‘;g M ZOSAgPd
paste profile Iskra | profile HIPOT Cu substrate conductor
E 808.3 A-B B-C A B
OM 310 C C B-C B
F 817 B-C C B A
NCD 8010-9 B-C B-C B A
CR 39 B-C C B A-B
1F9002 JAC C C B B

Table 4: The results of the wetting test according to ANS/

Standard (criteria A, B,C or D) for samples

prepared at Iskratel Electronics , HIPOT-HYB

and the IJS

Fig.7 shows the results of the wetting tests when the sol-
der pastes E 808.3, OM310 , NCD 8010-8 and IF 9002
JAC were reflow-soldered in the laboratory furnace at the
IJS or in the production furnaces at Iskrate! Electronics
and HIPOT-HYB.

2.6 Copper corrosion test

The samples for the copper corrosion test were prepared
on 0.05-mm-thick Cu foil according to ANSI Standard IPC-
TM-650, 2.6.15. /6/ The foil was carefully cleaned be-
fore the solder paste deposition. A circular depression was
formed in the foil, into the middle of which 1 g of solder for
test was placed. The solder paste was reflowed on the
hotplate at 240°C and placed vertically in a humidity cham-
ber at 40°C, 93%RH for 10 days. After the exposure peri-
od the samples were examined at 20X magnification with

E 808.3 (1IS)

OM310 (IIS)

%

IF 9002 JAC (IJS

g;/} S Z
NCD 8010-9( IJS)

E 808.3 (Iskra) E 808.3 (HIPOT)

R

OM310 (Iskra)

OM310 (HIPOT)

NCD 8010-9 (Iskra) NCD 8010-9 (HIPOT)

TF 9002 JAC (Iskra) IF 9002 JAC (HIPOT)

Fig.7:  The results of wetting test
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a microscope and the resuits for all the solder pastes are
given in Table 5. Fig.9 are photographs taken after testing
for the solder pastes E 808.3, IFO002 JAC, F817 and
OMS310.

E 808.3 IF9002 JAC

Fg17 OM310

Fig.9:  Results of copper corrosion test for solder

pastes
Reflow-soldering profile 1JS
Sol 240°C, 20s
older VISUAL ANALYSIS
aste _
E 808.3 No green residues
OM 310 Green residue
F 817 Olive green residue
NCD 8010-9 Olive green residue
CR 39 Olive green residue
IF9002 JAC Green residues

Table 5: The results of copper corrosion test
(10 days in humidity chamber at 40°C, 93%RH)

3. Discussion of results

The majority of the pastes measured with the Haake vis-
cometer show a stable viscosity after 4 months of storage
in the refrigerator. Only the solder pastes OMS310, F369
and F817 show a slightly higher viscosity after storage.
The solder paste IF 9002 JAC showed higher viscosity for
the fresh sample than for the sample stored for 4 months
in refrigerator for lower shear rates.

The results of the measurements of the ionic content in
the flux residues after soldering (Table 1) show a very low

ionic content from 0.1 to 0.25 ugNaCl/cm? for all the meas-
ured solder pastes, which is lower than allowed according
to Standard MIL-P-28809A (1 pgNaCl/cm?).

The results of the solder-ball testing presented in Fig.6 and
Table 3 show, that all the investigated solder pastes passed
this test-(criteria A and B) except for the solder pastes IF
9002 JAC and OM310 (criteria C). The best result was
obtained on samples with E 808.3 solder paste, with or
without a very small number of small balls around the melt-
ed ball. In the sampies with solder pastes IF 9002 JAC
and OM310 around the melted ball were a large number
of small balls, which is not acceptable.

No big influence on the test results was observed when
the samples were reflow soldered in the three furnaces
with somewhat different temperature-time profiles.

The biggest difference was obtained on samples with
OMB10 and IFS002 JAC solder pastes, when soldered in
the furnace at 1JS, the result was positive (B criteria) and
when soldered in production furnaces at Iskrate! Electron-
ics and HIPQOT-HYB, the result was negative (C criteria).

When the test samples were reflow-soldered in the pro-
duction furnace at Iskratel Electronics, on some samples
the solder paste was not completely melted, which means
that the peak temperature of 235°C is not sufficient for
soldering. In Fig.6 some examples of non-melted solder
pastes (M 8010-9 and K R2095) are presented.

When the samples were reflow soldered in the production
furnace at HIPOT-HYB, with a peak temperature 245°C,
on all the samples the solder paste was melted.

The results of the wetting test given in Fig.7 and Table 4
for all the solder pastes tested show non-wetting (criteria
B) or dewetting (criteria C), when reflow soldered on a Cu
plate. When the solder pastes were tested on AgPd thick-
film conductors, all the solder pastes showed better or sim-
lar results as tested on Cu printed circuit.

The test result of non-wetting or dewetting after reflow sol-
dering in the furnaces was obtained when the samples were
soldered in production furnaces. In some cases (solder
pastes F817, NCD 8010-9 and CR39), when the samples
were soldered in the laboratory furnace at the IJS, the sol-
der pastes printed on the thick-film conductor completely
wetted the AgPd surface.

A small difference in the test results was observed when
the solder pastes CR39 and IF9002 IJAC were soldered
in the Iskratel Electronics and the HIPOT-HYB production
furnaces, but in both case the copper surface of the print-
ed circuit substrate was not completely wetted.

The results of the copper corrosion test after conditioning
in a humid atmosphere, given in Fig.8 and Table 5, show
that the solder pastes OM310 and IF9002 IJAC have green
residues. This means the flux residue after soldering con-
tains some corrosive components.
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The best results after the corrosion test was obtained for
samples with solder paste E 808.3, which had no sign of
corrosion. All the other solder pastes, after humidity test-
ing, showed olive green residues, which is not a sign of a
corrosive process.

4. Conclusion

All of the investigated pastes, measured with the Haake
viscometer, demonstrate relatively stable viscosities after
4 months of storage in a refrigerator. This means that dur-
ing the printing of 4-month-old solder paste the difference
in the precision of dimensions of small printed pads for
component soldering cannot be noticed.

The results of ionic content in flux residues after soldering
show, for all the measured solder pastes, a very low ionic
content from 0.1 to 0.25 ugNaCl/cm?.

The results of copper corrosion test after conditioning in
humid atmosphere show that solder pastes OM310 and
IFG002 IJAC have green residues, which means the flux
residue after soldering contains some corrosive compo-
nents.

We did not observe a big difference in the results of the
solder-ball and wetting tests after the samples were sol-
dered in two production furnaces and in a laboratory fur-
nace with not exactly recommended temperature profiles,
but with recommended peak temperature from the pro-
ducers of the solder pastes.

The peak temperature of 235°C is not sufficient for reflow
soldering of solder pastes without lead.

From our results of the preliminary tests on lead-free sol-
der pastes, it is clear that solder pastes tested do not wet
the Cu-printed circuit surface well after melting. Alittle better
wetting after soldering was observed when the solder
pastes were printed on the AgPd thick-film conductor.

For the reliability testing of measurements the surface in-
sulation resistance (SIR) between the soldered lines after
humidity conditioning, will be selected the solder pastes
E808.3, F817, NCD8010-9 and CR39, where the incom-
ing test results were rather good, and also solder paste
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OM 310, because of the interest of the producer of this
solder paste.
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Abstract: This paper considers the current MnZn-ferrite development trends in high-performance soft ferrites. Today, soft MnZn ferrites play the dominant
role in magnetic materials. They are produced in large quantities and are used in a wide variety of applications. As a result, research and development in
both industry and research centres has made great efforts to develop new classes of soft-ferrite materials.

Novi trendi priprave visokokvalitetnih mehkih feritov

Kljuéne besede: elektronika, keramika magnetna, feriti mehki, trendi razvoja, zmogljivost visoka, Mn-Zn feriti, lastnosti magnetne, lastnosti elektriéne,

mikrostrukture, meje med zrni

lzvle€ek: V ¢lanku so podane razliéne razvojne smeri priprave kakovostnih MnZn-feritnih materialov. Danes predstavijiajo mehki feriti pomembne mag-
netne materiale, ki se proizvajajo v velikih kolicinah in za razliéne uporabe. Rezultat razvojnih dejavnosti v industriji in na raziskovalnih institutih so nove

kvalitete mehko magnetnih feritnih materialov.

1. Introduction

Ferromagnetic ceramic materials, which are mainly com-
posed of ferric oxide, have a lower saturation magnetisa-
tion than ferromagnetic alloys, however in spite of this, ce-
ramics have the advantage of being usable at higher fre-
quencies because of their higher electrical resistance, high-
er corrosion resistance, better heat resistance and lower
price.

Applications using ferrites began about 30 years after the
commercialisation of the ferromagnetic soft Fe-Si alloy.
The commercial ferrites did not attract much attention be-
cause their magnetic properties were considerably inferi-
or to those of ferromagnetic alloys. However, the impor-
tance of ferrites became clear during the 1950s, as a re-
sult of new applications such as radio, television, tele-
phones, computer and microwave devices which were rap-
idly expanding at that time. At the same time, physicists
and electronic engineers became very interested in the
magnetism and the expanded high-frequency applications
of ferrites. Research scientists in chemistry, ceramics and
metallurgy also started to study ferrites and become en-
gaged in the development of new ferrites and improved
ferrite-manufacturing processes. Manufacturing ferrites is
a complicated process that requires more steps than the
manufacturing of ferromagnetic alloys. Because ferrites
are frequently used as electronics parts, there are strict
requirements in terms of the accuracy of their dimensions
and the uniformity of their properties. Consequently, ex-
tremely good quality control is necessary during their man-
ufacture.

Ferrites are mistakenly believed to be fully developed in all
fields of science, technology and applications. Ferrite ma-
terials are now being recognised and crucial to the further
development of electronics and it is believed that the pro-
duction levels of ferrites will increase year by year as their
applications become more diverse. Reviewing the history
of ferrites and accurately analysing their present situation
will help with further development in the future.

The electromagnetic properties of ferrites depend on the
method of production and the resulting micro- and nano-
structures. MnZn ferrite is designed to have a high perme-
ability and to be used in power application. A high initial
permeability over 15 000 at 10 kHz was recently achieved
by using pure spray-roasted iron oxide. However, hand low
power losses are also of prime importance for power ap-
plications. Control of the grain-boundary chemistry and the
grain size by the appropriate selection of additives and fir-
ing conditions is required to achieve low power losses at
high frequencies.

The magnetic characteristics of ferrites are sensitive to
chemical composition, impurities, firing conditions, and so
on. Much effort has been devoted to investigating these
parameters in order to achieve the best properties in the
limit of a conventional process. In order to go beyond these
limits, attempts involving new processes for ferrite pow-
ders have recently been made. Hydrothermal synthesis,
which is one of these new processes, is a process under
consideration. This process may be particularly useful to
producing low-cost high-performance power ferrites for
high-frequency switching power supplies.
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Finally, the parameters that determine the magnetic loss-
es in MnZn ferrites, such as the purity of the raw materials,
the influence of the dopant and the sintering process are
considered in terms of their effect on the final magnetic
properties.

2.  MnZn FERRITES

Mn2Zn ferrites are generally classified into three groups: i)
high-permeability materials for wide-band and pulse trans-
formers, ii) low-loss materials for inductors and telecom-
munications uses and fif) high-saturation-flux-density ma-
terials for power applications.

The performance of ferrites is not determined only by the
high value of the initial permeability. The other characteris-
tics such as a low loss value, a high saturation flux density,
a 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.

2.1. High initial permeability materials

The initial permeability of high-permeability materials de-
pends to a large extent on the mobility of the Bloch' s
domain walls. To obtain high permeability it is important to
lower the anisotropy and the magnetostriction. During the
development of high-permeability MnZn ferrites in the past,
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 com-
position of MnZn ferrite must be selected from a relatively
narrow composition range 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 analyses revealed that
the grain boundaries are usually a source originating from
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Fig. 1: Effect of liquid-phase-forming additives on the

u- T characteristics of sintered MnZn ferrites; A
- doped with BizQ3s, SiO2> 200 ppm; B- doped
with Bi»03, SiO2< 200 ppm and C - doped with
Bi»03, SiO2< 500 ppm . The micron marker is
30um.
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ZnO evaporation and the presence of a glassy phase at
the grain boundary and the segregation of aliovalent jons
/2/. Firing conditions and additives are also important for
achieving good properties, Fig.2. However, the most im-
portant microstructural parameter when it comes to achiev-
ing a high magnetic permeability is large and inclusion-
free ferrite grains.
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Fig.2:

Typical firing program used for sintering of high
performance high permeability ferrites

In order to increase the average grain size in MnZn ferrites
the mobility of the grain boundaries must be promoted by
using a proper additions that form a liquid phase during
sintering such as Bi2Og or SiOz. In order to take the ad-
vantage of the presence of the liquid phase in ferrites dur-
ing sintering, solid-state diffusion must be the prime mech-
anism at a constant amount of liquid phases until the total
grain-boundary surface area decreases to such an extent
that a liquid-phase film of a critical thickness do is formed
and solution-reprecipitation starts /3/.

The coarse grains in samples C, with intragranular porosi-
ty can be easily attained by discontinuous grain growth
when the critical liquid-phase film is achieved at an early
state of sintering when the average grain size is relatively
small. Pores in large grains make no contribution to the
magnetisation and decrease the free path length of do-
main walls during magnetic polarisation thus decreasing
the magnetic pemeability.

Continous grain growth in the samples B is a key to achiev-
ing a relatively high permeability due to the intergranular
porosity and the formation of grains free of non-magnetic
inclusions. However, the average grain size obtained after
just the solid-state sintering is usually about 30 i m unless
long sintering times are used. Long sintering times in-
creases the average grain size but are detrimental to the
permeability due to the evaporation of ZnO (4). Here, sam-
ple B contains an insufficient amount of liquid-phase-form-
ing impurities or additions that would otherwise induce a
liquid-phase film to provoke the anomalous grain growth.

In sample A the formation of a critical liquid-phase film was
delayed as long as possible and the solution-reprecipita-
tion processes started at a time when the total surface grain-
boundary area decreases during solid-state sintering, ac-
companied by a grain size increase to about 30 um. Here,
during this sintering step the driving force is already “ex-
hausted” and the pore size has increased and he pores
were more resistant to being entrapped during the exag-
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gerated grain growth. This all leads to a microstructure with
larger average grain size and pore-to-pore distance and
consequently to a higher magnetic permeability.

2.2. Low-loss Power Ferrites

Power ferrites should have low-power- loss characteristics
under driving conditions. Low-power- loss MnZn ferrites
should have uniformly sized fine grains and a high fired
density. Thus far, the power-loss characteristics of ferrites
were improved mainly by additives and a suitable sintering
profile. Additives and impurities responsible for the grain-
boundary chemistry have a remarkable effect on the grain
boundaries properties, particularly on the grain-boundary
resistance /5/. in order to obtain a sintered body with uni-
formly sized fine grains, which would be suitable for achiey-
ing low power losses, grain growth should be suppressed
especially in the initial stage of sintering.

The average grain size during sintering can be decreased
when a suitable sintering profile is applied, Fig. 3. This
program is a combination of an initially high oxygen con-
centration and then, above 900°C, a low oxygen concen-
tration /6/. At an oxygen concentration of above 20 vol %
the microstructural development in MnZn ferrites is domi-
nated by exaggerated pore growth /7/, while at a lower
oxygen concentrations, below about 20 vol % the grain-
boundary mobility in MnZn ferrites during sintering is pro-
moted because of the increase in the concentration of
oxygen vacancies which are the slowest moving species
and hence promote volume diffusion. On the other hand,
grain growth in ceramics is largely determined by the at-
tachment or separation of pores from grain boundaries,
which depends on the ratio of pore size to grain /7/. Thus,
a combination of an intial high oxygen partial pressure,
which promotes exaggerated pore growth, and a subse-
guent low oxygen partial pressure, which enhances vol-
ume diffusion, can inhibit grain growth and consequently
decrease the average grain size in MnZn ferrites and in-
crease the final sintered density.

(f AR | R i

i

f{‘\/—%—/&*v‘Hﬁ—/

TIME fa

Fig. 3:  Typical firing scheme for of high-performance
power ferrite

The selection of high-grade raw materials with low level of
impurities is of special importance in the production of
MnZn ferrites with optimised microstructural properties. Ca
and Si are well known to control the microstructural prop-
erties. This means that the raw materials have to be

checked for existing levels of Ca and Si impurities. Both
ions strongly influence the microstructure of MnZn ferrites.
Furthermore, the total resistance of MnZn ferrites increas-
es due to the precipitation of silicate phases at the grain
boundaries. This has the advantage that CaO and SiOgz
are doped in a defined amount in the ferrite mixture and
their effect can be optimised without being influenced by
further impurities. In addition to the concentration of impu-
rities, the reactivity of raw materials is a fundamental pa-
rameter when optimising the production process /9/.

W25°C [360°C EI80°C DI100°C [I120°C
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Temperature dependence of the power loss of
samples prepared by hydrothermal synthesis
at various temperatures and a time of 10h
versus a conventional ceramic processing;
labeled as CPP.
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Temperature dependence of the power loss of
samples prepared by a hydrothermal synthesis
under the same temperature conditions 260°C
and different times versus a conventional
ceramic processing, labeled as CPP.

The power loss of samples prepared by the hydrothermal
processing method is shown in Fig.4 and Fig.5. Samples
synthesised at 260°C and 10 " exhibit the lowest power
losses.
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The large-scale production of MnZn-ferrite ceramic mate-
rials is based on ceramic technology involving pre-sinter-
ing of a homogenized mixture of appropriate starting ox-
ides at temperatures around 900 - 1000 %G in air. The
pre-sintered material is subsequently milled to produce the
ferrite powder. The pre-sintering step has the following ef-
fects on the ferrite powder (i) oxides are partially trans-
formed into various spinel phases, (i) the variations in re-
activity of the individual starting oxides are reduced and
(iii) the starting mixture is homogenized.

An alternative method involves the preparation of ferrite
powders by the hydrothermal treatment of starting oxides
/10,11/. During the hydrothermal treatment, chemical re-
actions between oxides occur in an autoclave at elevated
temperatures around 260 0C under a high pressure, nor-
mally at an equilibrium water pressure. As a result of the
hydrothermal treatment, a homogeneous mixture of some
residual reactants (Fe20s, MnsQO4) and ferrite spinel prod-
ucts ZniMn)Fe»04 is obtained. Hydrothermally derived
powders are much finer and more homogenous than con-
ventionally prepared powders using pre-sintering.

e e
2%, & i L

Ll

Fig. 5: Typical microstructures of samples; a) prepared
by a conventional ceramic process, andb)bya

hydrothermal process.

Raw-material quality is a very critical factor in ferrite process-
ing. Other factors to be taken into account are reactivity,
particle size distribution, chemical homogeneity, impurity
content, impurity distribution and consistency between lots.
In conventional processing the raw materials are mixed,
pelletized, calcined and then milled to break up agglomer-
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ates. The disadvantages of this form of processing are poor
homogeneity, a wide particle size distribution and the in-
troduction of impurities during milling. The hydrothermal
process eliminates the pelletizing, calcining and milling
steps of the conventional process and leads to the forma-
tion of a fine, homogeneous powder with good reactivity.

3. Future Prospects for Ferrites

As described at the beginning, no-one doubts that the
amount of ferrite produced will continue to increase each
year. If researchers and engineers who work on MnZn
ferrites take a closer look at the future prospects for MnZn
ferrites and focus on important areas, of great value, the
future for ferrites will be bright.

Most researchers who have studied the basic science of
ferrites are now woking in other areas. The reason for this
is that when we want to prepare ferrites with better proper-
ties or to find a new application, we may find that there is
insufficient knowledge available from basic research. For
example, when we want to achieve a value as close as
possible the theoretical value for the magnetic or powe-
loss characteristics of MnZn ferrites by changing the hea-
treatment conditions, we would need a more precise un-
derstanding of the equilibrium between the phase and ox-
ygen partial pressure, as well as the oxidation and the re-
duction kinetics of the ferrites.

It is not easy to develop novel, exiting new ferrite materi-
als. At present, however, some promising materials are
under investigation and their future development is antici-
pated.

The demand for soft ferrites has been growing and ferrites
will expand considerably in both guantity and extent of ap-
plication as the need for ferrites of higher quality increas-
es. Raw materials and the improvement of technology, of
which iron oxide is a major constituent, plays a decisive
role in improving the quality as well as lowering the costs
of ferrites. With a combination of improved raw materials,
compositional and processing improvements, a new class
of soft ferrite will be developed.

Furthermore, new applications of ferrites such as toners
for photocopier application, new microwave ferrite materi-
al at a frequency of several tens of GHz and biomedical
applications will be developed as a new research catego-

ry.

Research on the application of ferrites for protecting the
natural environment is being actively investigated. Appli-
cations include a washer disposal method for factory drains
and the transformation of solar energy into hydrogen ener-
gy using ferrites as catalysts. We hope that some of these
studies will become practical application in the near fu-
ture /12/.
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ENLARGEMENT OF THE ROTATIONAL FIELD HOMOGENITY
AREA IN A TWO-PHASE ROUND ROTATIONAL SINGLE SHEET
TESTER

M. Jesenik, V. Gori¢an, M. Trlep, A. Hamler, B. Stumberger

Faculty of Electrical Engineering and Computer Science, University of Maribor,
Maribor, Slovenia
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Abstract: Round rotational single sheet tester (R.R.8.S.T.) is used for the measurement of magnetic properties in rotational and alternating magnetic
fields. The influence of the shields on the field homogeneity of the magnetic field distribution in the sample in the case of rotational magnetic field is
investigated with finite element calculation. The aim of the calculation is to define optimal position of both side shields in order to expand the rotational field

homogeneity area.

Poveéanje podro¢ja homogenosti rotacijskega poljav
dvofaznem rotacijskem merilniku magnetne plocevine

Kljuéne besede: naprave magnetne, plogevina magnetna, merjenje, polia magnetna izmeniéna, R.R.8.S.T. merilniki okrogli rotacijsko lastnosti ploge-
vine magnetne enoslojne, modeliranje 3D tridimenzionalno, izraéuni, metode numeriéne, FEM metoda elementov konénih, rezultati eksperimentaini

izvlegek: Okrogli merilec lastnosti magnetne plodevine se uporablja za merjenje lastnosti magnetne plocevine v rotacijskih in alternirajocih magnetnih
poljih. Z izracuni, ki temeljijo na metodi konénih elementov, je proucevan vpliv §¢itov na obliko rotacijskega poljia v vzorcu okroglega merilca magnetne
plocevine, Cilj izradunov je definiranje optimalne pozicije obojestranskih S¢itov z namenom povedanja homogenega podrocia rotacijskega magnetnega

polja.

1. Introduction ing magnetic field. Measuring coils have to be placed in

the homogeneous field. The excitation coils are jongerthan
Two phase round rotational single sheet tester (R.R.S.8.T) the sample thickness, which causes z-component of mag-
is used for the measurement of magnetic properties in ro- netic density B at the edges of the sample. The aim of the
tational and alternating magnetic fields. Photo of the calculation is to define the optimal position of both side
R.R.S.S.T. is shown in Fig. 1. shields. The position of the shields can make the area of

the homogeneous rotational field smaller or bigger than in
the case with no shields by influencing the z-component
of B/1/.

2. Modelling and calculation

R.R.S.S.T. is modelled as a 3D problem. The calculation
is based on the use of the magnetic vector potential A and
electric scalar potential V in the conducting area and only
magnetic vector potential A in the nonconducting area (A,
V-A formulation /2/, /3/).

In the conducting area the differential Equations (1) and
(2) have to be solved.

1
Vx—VxA——VlV~A+GQé+GVV:O (1)
il il ot
Fig. 1. Photo of the R.R.S.S.T.
0A
The two phase winding is placed in the stator package of V. (—c _éz— —cVVj =0 (2)

the induction motor and it produces rotational or alternat-
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Inthe nonconducting area the Equation (3) can be written.

1
VlexA—V~——V~A=JS (3)
p 5

ois the conductivity of the material, i is the permeability
of the material and Js is the excitation current.

The calculation is made as a nonlinear transient calcula-
tion (T.C.) /4/. Magnetic material is defined with magneti-
sation curve. Anisotropy of the material is not taken into
account in the calculation.

Eulers method is used for the time integration. Potentials
at the time instant n+1 are calculated as in (4).

S+*’I; 'A(IHI) :R(n+l) +1_A(n) (4)
At At
From (4) it is noticed that the potentials AV depend on
the potentials from the previous time instant A", Eulers
integration method is the first order integration method.

Cross sections of R.R.S.S.T. in the planes z=0 (horizontal
plane) and x=0 (vertical plane) are shown in Fig. 2. and
Fig. 3. separately. The length of the package is 86 mm. In
Fig. 3. it can be seen, that d is the distance between the
sample and the shield.

Fig. 2. R.R.S.S.T. in the plane z=0 (horizontal plane)
!

S joke Wif,ﬁl windirigs

T et

|
& z
gwfw_ﬂk

0.5mm
0.5mm

Fig. 3. R.R.S.S.T. in the plane x=0 (vertical plane)

Wi g2,

| Shield

Finite elements of the first order are used, which means
that the approximation inside the element is linear. The el-
ements are prisms. The two dimensional mesh of triangles
in the horizontal plane is shown in Fig. 4. It is extracted
into the three dimensional mesh of the prisms.

Fig. 4. Quarter of the 2D mesh in the horizontal plane

The problem is symmetrical. Only a half of the problem
(from the centre z=0 to the end of the problem z=43 mm)
is modelled and appropriate boundary conditions are set.
The endings of the windings are not taken into account.

3. Results

The nonlinear characteristic of the material of the sample
causes that the area of the homogeneous field is different
for different B in the sample. If B in the centre of the sam-
ple is the same for all calculations, the nonlinearity of the
material does not influence the result. Results are shown
for magnetic density B = 1.43 T in the centre of the sam-
ple. The same can be concluded about the shields posi-
tion influence on the field homogeneity for all amplitudes
of B. To get the same B in the centre of the sample algo-
rithm from Fig. 5. is used.

START

2 FEM caleulations with excitation currents/™
and /™ to obtain B and g
I ——— . 4
Caleulation of new excitation current
[CI
Jinh o %‘_”l_“,”.(&‘ ~ g™ n)+ Jloen
B - g k

current £ to obtain "

FEM cafculation with excitation f

y
STOP

Fig. 5. Algorithm to get the same B in the center of the
sample. Bes is B which we want to get in the
center of the sample. n-1, n, n+1 are successive

iterative calculation steps.

101



Informacijle MIDEM 32(2002)2, str. 100-104

M. Jesenik, V. Goridan, M. Trlep, A. Hamler, B. Stumberger:
Enlargement of the Rotational Field Homogenity Area in a Two-phase ...

The results obtained by use of both side shields are shown
in Fig. 6. The procentual deviation of average value of | B}
(averaging is made over the area enclosed by measuring
coils) from value of |B| in the centre of the sample de-
pendant on the radius of the measuring coils is shown.

= 0 e
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—-d=Smm e d=6mm - ¢=7mm - d=8imm
- d=9mm - d=10nun -o- d=} lmm

Fig. 6. Deviation of average value of | B| fromthe value
of |B] in the centre of the sample dependant
on the radius of the measuring coils

In Fig. 7., Fig. 8. and Fig. 9. magnetic flux density in the
sample for the R.R.8.8.T. without the shields, for the
R.R.S.S.T. with the shields which are in the distance of d
= 5 mm from the sample and for the R.R.S.8.T. with the
shields which are in the distance of d = 9 mm from the
sample as in Fig. 3. is shown.

Z-component of B in the vertical plane for the R.R.S.S.T.
without the shields, for the R.R.S.8.T. with the shieids
which are in the distance of d = 5 mm from the sample as
in Fig. 3. and for the R.R.S.S.T. with the shields which are
in the distance of d = 9 mm from the sample is shown in
Fig. 10., Fig. 11., and Fig. 12. separately.
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Fig. 7. B as arrows and as shading in the sample in
the plane z = O for the rotational magnetisation
direction at 270° of 50 Hz T.C. for RR.S.S.T.

without the shields
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Fig. 8. Basarrows and as shading inthe sample (z=0)
for the rotational magnetisation direction at
270° of 50 Hz T.C. for R.R.S.S.T. with the shields
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Fig. 9. Basarrows and as shading in the sample (z=0)
for the rotational magnetisation direction at
270° of 50 Hz T.C. for R.R.S.S.T. with the shields
(d =9 mm)
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Fig. 10. B in the vertical plane for the rotational
magnetisation direction at 270° of 50 Hz T.C.
for R.R.S.S.T. without the shields
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Fig. 11. B in the vertical plane for the rotational
magnetization direction at 270° of 50 Hz T.C.
for R.R.S.S.T. with the shields (d = 5 mm)
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Fig. 12. B in the vertical plane for the rotational
magnetisation direction at 270° of 50 Hz T.C.
for R.R.S.S.T. with the shields (d = 9 mm)

In the case of T.C., the eddy currents appear at the edge
of the sample and eddy currents cause that the direction
of B in the sample does not coincide with the rotational
magnetization direction. It can be seen from Fig. 13.
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Fig. 13. Bas arrows and |J| as shading in the sample
in the plane z=0 for the rotational magnetization
direction at 270° of 500 Hz T.C.

Fig. 14. shows changing of the direction of B depending
on radius r of measuring coils for static calculation (S.C.),
50Hz transient calculation (T.C.) and 500Hz transient cal-
culation. From Fig. 14. it can be seen that eddy currents in
the case of 500Hz T.C. causes a big change of direction
of B in the sample from the rotational magnetization direc-
tion. Shields improve only the amplitude of B but they do
not influence the direction of B. This is the reason why
they are useful only for the frequencies in the rank of 50Hz.
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Fig. 14. Angle of B along vy axis for rotational
magnetization direction at 270° of S.C., 50Hz
T.C. and 500Hz T.C.

Excitation currents obtained from the measurement on the
N.O. 3% FeSi steel sample are used in the calculation,
Procentual deviation between the 50Hz T.C. and meas-
urement in the case where no shields are used for the ro-
tational magnetization direction from 180°(t = 0 s) till 360°
(t=0.01 s)is shown in Fig. 15. Deviation is less than 9%,
Deviation can be explained by the fact that anisotropy of
the material and hysteresis effects are not taken into ac-
count in the calculation. :
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Fig. 15. Deviation of average value of |B| for differentr

of measuring coils of 50Hz T.C. for R.R.S.S.T.
without the shields from measurement
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4, Conclusions

The comparison of the best result for R.R.S.S.T. with both
side shields and d = 9@ mm, the result for R.R.S.8.T. with
both side shields and d = 5 mm and result for R.R.S.S.T.
with no shields is shown in Fig. 16. From Fig. 16. itcan be
seen that incorrect position of the shields can make the
area of the homogeneous rotational filed smaller than in
the case with no shields. The best result of all cases is
obtained when both side shields are used and d = 9 mm.

Y
5
3
g
% 3 N
P2 N
st 12 \\m\
5 AN
- B\
ET N
RN

0 10 20 30 40

# (mm)

-e-no shield - d=5mm -8 d=%nm

Fig. 16. Deviation of average value of |B| from the value
of |B| in the centre of the sample dependant
on the radius of the measuring coils
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lzvie€ek: V prispevku bo opisana pretvorba enofaznega napetostnega sistema v trifazni napetostni sistem. Ta pretvorba je bila zasnovana na uporabi
Parkove transformacije. Parkova transformacija se je opravila na trifaznem transformatorju, ki je bil del pretvorniskega vezja. Pretvornigko vezje, ki napaja
navitje srednjega stebra transformatorja, mora zagotoviti za p/2 zakasnjeno napajalno napetost glede na enofazno napetost, ki jo prikljucimo na navitja
stranskih stebrov. Teoritiéne domneve so na koncu potriene z laboratorijskim eksperimentom.,

Single Phase to Three Phase System Conversion

Key words: power electronics, tension converters, AC-DC-AC single phase to three phase voltage converters, PARK transformation, electrical transform-

ers, theoretical results, experimental results, practical results

Abstract: The single-phase to three-phase converter based on using of Park transformation is developed. The transformer, which is the main part of the
whole system, has been supplied from grid and from the inverter which provides the p/2 delayed voltages, for central column of the transformer, accord-
ing to the mains. In this paper the theoretical analysis and experimental verification is presented in this paper.

1. Uvod

Trifazni sistemi in pripadajoca trifazna oprema imata neka;j
prednosti pred enofaznimi sistemi in enofazno opremo. Tri-
fazno napajanje omogod&a uporabo enostavnin zvezda-trikot
zagonov za zmanjSevanje zagonskih tokov. Trifazni motoriji
imajo vecje zagonske navore in manj$o valovitost navora,
kot jo imajo primerljivi enofazni motorii. Trifazna usmernis-
ka vezja povzroGajo manjde popaditve omreznih tokov, kot
to povzrocajo enofazni usmerniki pri pretoku iste kolicine
modci /1/. Slabost trifaznih sistemov pa je, da so pogosto
ekonomsko neizvedijivi na nekaterih krajih, kot so npr. vi-
sokogorske kmetije, planinske kode, otoki ali ved sto kil-
ometrov oddaljeni industrijski obrati. Ce zagotovimo rela-
tivno poceni pretvorbo napetosti iz enofaznega v trifazni
sistem, se le-ta kasneje obrestyje.

Zataksno pretvorbo potrebujemo pretvorniska vezja, kivse-
bujejo veliko ektronskih komponent, tako v mocnostnem
kot v krmilnem delu, in so zaradi tega zelo draga. Uporaba
Parkove transformacije pri takéni pretvorbi pa zmanjsa ste-
vilo elektronskih komponent, poenostavi regulacijo ter
zmanjSa toplotne izgube in visje harmonike v napajanju /2/,

/3/.

V tem prispevku bomo pokazali izvedbo pretvornika eno-
faznega napetostnega sistema napetosti v trifazni napetost-
ni sistem /4/. Parkova transformacija se bo opravila v jedru
transformatorja. Transformator je na primarni strani vzbujan
z dvema tokoma, ki sta med seboj fazno premaknjena za

/2. Podali bomo teoreti¢ne predpostavke in nato z ek-
sperimentom pokazali, da so teoretiéne domneve pravilne.

2. Teoretiéne osnove

Parkova transformacija je trifazno-dvofazna transformaci-
ja, ki nam preslika sistem trifaznih velidin v sistern dvofaznih
veli¢in. Zapleteno impedanéno matriko modela trifaznega
stroja, ki zaradi treh navitij in njihovih medsebojnih induk-
tivnosti vsebuje devet &lenov, pretvori v ekvivalenten dvo-
faznimodel. Impedanéna matrika modela dvofaznega stro-
ja, pri katerem zagotovimo pogoje, da ni induktivnih sklop-
ov (navitji sta prostorsko premaknjeni za 1t/2, kakor tudi
magnetilna tokova), pa vsebuje samo lastne induktivnosti
in je diagonalna. Parkova transformacija nam za lazjo in
hitrejSo matemati¢éno analizo trifaznih strojev pretvori mo-
del trifaznega stroja v ekvivalenten model dvofaznega stro-
ja. Pri pretvorbi, ki bo opisana v nadaljevanju, bodo upora-
bliena spoznanja te transformacije. Osnova pretvornika je
trifazni transformator, navit na skupnem jedru. V transform-
atorju poteka dvofazno-trifazna transformacija.

2.1 Tokovne razmere

Prvi fazni tok /s tece neposredno iz omrezja, ta pa magneti
navitja, navita na dveh stranskih stebrih. Drugi fazni tok iy
magneti navitje srednjega stebra, generira pa ga usmerni-
$ko-razsmernisko vezje, kot je to prikazano na sliki 1. Vred-
nosti in fazne razmere teh tokov nam bo pokazala nasled-
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Slika 1: Pretvornik enofaznega napetostnega sistema
v trifazni napetostni sistem

nja analiza. Sistem primarnih faznih tokov lahko ponazori-
mo kot vektor, ki je enak vsoti posameznih vektorskih kom-
ponent tokov v smeri osi d inv smeri 0si G:

/ABc(f):er'Tq—(fs (1)

kjer za komponenti /g in ig velja:

ig(t)=fiia(t).ig(t). /(1)
()= H(0a().1g()ic(t))

oziroma:

iy(ot) = I sin(wt)
i.(0t) = I, cos(of) 3

kjer 73 predstavija amplitudo toka v d-q koordinantnem sis-

temu, o pa krozno frekvenco. Naslednji izraz opisuje Park-
ovo dvofazno trifazno transformacijo /3/:

e

i a80(t) = BiBB3iaqo(t) (4)

Kier i€ Toaatt) = [ia s ic T 1M Taqot0) =lia /g i, || - Prva matrika By
je matrika simetri¢nih komponent. Ta matrika vsebuje de-
vet &lenov zaradi treh navitij in njihovih medsebojnih pove-
zav, kot je to prikazano v (4):

1 1 1
| s
B=-—le?® e’ 1
! \/:_5_ 2n jin (5)
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Druga matrika B2 je enostavnejsa, saj opisuje ekvivalenten
dvofazni sistem, kjer ni induktivnih sklopov; navitja so pros-
torsko premaknjena za 1/ 2, kar zagotovi enako fazno pre-
maknitev magnetilnih tokov:
: 1 0
82 = —E 1 -/ 0 (6)
0 0 V2

Tretja matrika B3 pa pri transformaciji zagotovi e za kot ©
zasukan prostorski koordinatni sistem:

e® 0 0
B,=| 0 e® 0 -
0 0 1

Ob predpostavki, da je ©=0in ob vstavitvi izrazov (4)-(6) v
(3) za trifazni sistem tokov, velja nasedniji zapis:

in 20 2y
1
ig | === -1 3 2

(8)
i IR N i

Toki ia, ip in ic v bistvu ne tecejo skozi primarna navitja, saj
tega pretvornisko vezje ne omogoca (slika 1). Enacho (8)
je treba izpisati po komponentah:

1l

Iy :—ﬁ(z,d +\/’§IO)

i :%(—/d 31, ++20y)
i :—\/%(—id i, ++20)

Ker sistem nima ni¢elnega voda, velja, da je io=0. Ob
vstavitvi izraza (3) v (9) sledi:

. 1
=T
ig = 7%(~ i, sin(ot)+ 3/ cos(cot))

2l sin(wt)

{(10)
ic = :/%(— i, sin(ot )~ V3 cos(wt))
Po krajdem radunanju iz (10) in /5/ izhaja:
1 . .
i1 (0t)=—=2I; sin(wt
Alot)= 2, sin(o?)
. | 2n
ig(ot)=—=2lg sm(cot + ——j
J6 3 (1)

io(ot) = —= 21, sin[cot ; %ﬁj

(@)}
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Trifazni sistem tokov (11) se navidezno pojavi na primarju
transformatorja (v primeru Y vezave primarija transformator-
ja). Tako vzbujan transformator pa preko transformacijske-
ga razmerja generira ustrezne sekundarne toke, ki na tri-
faznem bremenu povzrodijo sistem trifaznih napetosti.
Nacin za vzbujanje primarnih navitij je razviden iz (9). Tokia
tece navidezno skozi navitje prvega stebra transformator-
ja, toka igin ic pa skozi preostali dve navitji. Zaradi predla-
gane transformatorske vezave je treba izradunati toka, ki
bosta v transformatorju generirala tako zastavljene trifazne
razmere. |z sistema enadb (9) dobimo odgovore na nasled-
nji nacin:

ig =— :/%/AS sin(wt )+ —\/% V3 cos(wt)

(12)

is ib

. I 1 ;
fo =— —6/s sm(mt)+ ﬁ \/5/8 Cos(coz‘) (13)

~is ib

iz (12) in (13) vidimo, da dobimo trifazni sistem tokov in, i
in ic, Ce vzbujamo transformator z dvema tokoma, in sicer:

iy(o) = -1, sinot)

J6
iy (ot) = Léﬁ/“s cos(ot)

i

1z (14) je razvidno razmerje med omreznim tokom is, Ki mag-
neti stranska stebra transformatorja, in tokom, ki ga mora
za magnetenje srednjega stebra zagotoviti razsmernik. Pri
tem vidimo, da mora biti tok navitja na srednjem stebru za
V3 krat vedji od toka, kitece skozi primarna stranska navit-
ja transformatorja in je fazno premaknjen za /2. Ce bo
tem pogojem zadosdeno, se na sekundarni strani trans-
formatorja pojavi trifazni sistem tokov in posledicno trifazni
sistem napetosti. Napetostne razmere pa vidimo iz kazal-
¢nega diagrama na sliki 2.

(14)

2.2 Napetostne razmere

Podobno, kot je bila uporabljena Parkova transformacija
pri analizi tokovnih razmer, se lahko ta transformacija upo-
rabi tudi pri analizi napetostnih razmer. Trifazni napetostni
sistem se lahko dobi z ustrezno transformacijo dveh dvo-
faznih napetosti, zapisanih v d-gq prostoru, in sicer:

Ug(owt) = Usin(mz‘)

Ug(ot) = Ucos(ot) (15)

kjer U predstavija amplitudo napetosti v d-g koordinant-
nem sistemu. Po uporabi enach (5)-(7) sledi:

Uac 20

| V2 [uy
Ueg |=—=(~1 V3 24, (16)
Uga J6 -1 43 V2 Uy

in nato ob predpostavkah, da je Uq=0, dobimo za napeto-
sti uac, Ucs in Uy izraze:

Uso(ot) = L62L7 sinot )

7
Ugg(wt) = %(— Usin(ot )+ /30 COS(cof))

(17)

Uga(wt) = _}6_(_ Usin(ot)-+30 oos(mt))

kar po krajéi analizi pripelje do znanega sistema trifaznih
napetosti:

Upc(ot) = \/20 sin(wt)

(18)

Ugalot) = %U sin[cot + %Ej

Vizrazih (17) so prikazane dejanske razmere, kijih je treba
zagotoviti na treh navitjih transformatorja in posledi¢no za
generiranje trifaznih napetosti na sekundarni strani:

Uge(ot) = %20 sin(wt)

(19)
e

Ugg(ot) = — —\/%U sin(wt )+ 7%\/50 cos(wt)

- 0 (20)
7
I . 1 -
Uga(ot) = —(—~—Usm(cot)+ —30 cos(a)t))
6

J6 J6 1)

_Us ub
2
Iz enacb (19)-(21) je razvidno, kako se primarna navitja
transformatorja prikljudijo na omrezno napetost; in sicer
se na navitja skrajnih stebrov transformatorja prikljugi
omrezna napetost us, na navitie srednjega stebra pa se
prikljuci napetost up, ki mora imetiza _-krat vecjo ampli-
tudo, kot je amplituda omrezne napeﬁ'.gti, in fazno zama-
knitev za /2. Te razmere so razvidne iz (22):

Uy (ot) = %20 sin(ot)= U, v2 sin(ot)

Up(wt) = 71_6—\/50 cos(ot )= Uy \/Esin(coz‘) 22
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kjer Us predstavlja efektivno vrednost napajaine napetosti
in Up predstavija efektivno vrednost izhodne napetosti
pretvornika. V primeru pretvornika na sliki 3 sta bili izbrani
vrednosti omrezne in napetost na izhodu pretvornika:

U, =220V, Uy = (Us /2 W3 =190

Na navitja stranskih stebrov je treba prikljuditi omrezni na-
petosti, ki sta fazno premaknjeni za T, kar je preprosto re-
$eno z zaporedno vezavo le-teh, kot je to razvidno s slike
3. Na sliki 2 sta prikazana kazaléna diagrama. Kazaléni
diagram na sliki 2(a) prikazuje dejanske napetostne raz-
mere na primarnih navitjin transformatorja. Napetost sred-
njega stebra prehiteva napetost C-stebra za kot /2 in za-
ostaja za napetostjo stebra A za enak iznos. Vrednost am-
plitude napetosti srednjega stebra je mogoce dobitiiz (22),
saj je za 3 ~krat vedja od napetosti, prikljucene na stran-
sko navitje. Fazne napetosti na posameznih navitjih prima-
ria transformatorja je mogoce izradunati s pomocjo ge-
ometrijskin razmer s slike 2(a). Ker imajo medfazne nape-
tosti enake amplitude, se lahko v kazalcnem diagramu pon-
azorijo z enakostranicnim trikotnikom (slika 2(a)). Navidez-
na efektivna vrednost ene fazne napetosti primarnega navit-
ja transformatorja Ur se izratuna z naslednjim izrazom:

) T
U, = —sin| = | =127V
e (J (23)

|zraz (23) omogoca izracun prestavnega razmerja trans-
formatorja. S pomogjo {23) so tako podan vsi potrebni par-
ametri, potrebni za projektiranje transformatorja.

Slika 2: KazalCni diagram

3. Praktiéna izvedba pretvornika

iz pravkar opravijene matemati¢ne analize lahko povzam-
emo naslednje zahteve za projektiranje pretvornika:

- Navitja stranskih dveh stebrov transformatorija je
potrebno vezati protifazno.

- Navitje srednjega stebra transformatorja je potrebno
magnetiti s tokom ip, ki je premaknjen za kot 1t/2, glede
na tok is, ki te¢e po navitjih na stranskih dveh stebrih.

- Zagotoviti je potrebno, da bo tok ip, ki tece po navitju
srednjega stebra, imel za 3 -krat vedjo amplitudo,
kot jo ima tok is, ki tece po navitjih na stranskih dveh
stebrih.
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Slika 3: Zasnova pretvornika
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Pretvornik, ki nam zagotavlja transformacijo iz enofaznega
sistema v trifazni sistem, je sestavijen iz diodnega usmerni-
skega vezja in mosti¢nga razsmernigkega vezja /1/. Razs-
mernik je bil zgrajen z MOS-FET-i. Krmilna elektronika za-
gotovi ustrezna tokovna in napetostna razmerja na sred-
njem transformatorskem stebru. S pomodio integratorske-
ga vezja dobimo referenéni cosinusni signal, ki ga $e ust-
rezno skaliramo, tako, da je bila amplituda osnovnega har-
monika izhodne napetosti pretvornika (pred navitiem sred-
njiega stebra transformatorja je bil vgrajen NP filter) za /3 -
krat vecija, kot je bila amplituda omrezne napetosti us. Kot
modulator je bil uporabljen standardni pulzno $irinski mod-
ulator, izveden v enem &ipu.

Natancnejsi opis krmilne elekironike je podan v /4/. Na
sliki 3 je podana blokovna shema celotnega sistema.

4. Eksprimentalni rezultati

Za zgoraj opisani pretvornik smo zgradili eksperimentaini
model, s pomodjo katerega smo verificirali prikazano teo-
rijo. Dobljeni rezultati so se zelo dobro ujemali s teoreticni-
mi predpostavkami. Na sliki 4 vidimo, da tok ib, kitece po
navitju srednjega stebra, prehiteva za kot 1t/ 2 tok is, kitece
po navitjih stranskih stebrov transformatorja. Toka se raz-
likujeta tudi po amplitudi. Tok /s je za 3 krat vediji, kot je
tok /5. Ti rezultati torej potrjujejo izraz (15), ki smo ga dobili
pri matematicni analizi procesa.

Na sliki 5 so prikazane tri sekundarne napetosti, ki so med
seboj premaknjene za 2m/3. Zaradi nizke stikalne frek-
vence in neprilagojenega izhodnega filtra vsebuje nape-
tost Up stikalni §um. Napetosti Uy in Uspa pa sta popace-
ni zaradi popacene omrezne napetosti. Izkoristek taksnega
pretvornika se je v odvisnosti od obremenitve gibal od 77%
do 86%.

Zanimiv je bil tudi eksperiment, pri katerem je bila prever-
jena ob&utljivost pretvornika na nesimetriéno obremenitev,
Pri poloviéni razbremenitvi enega sekundarnega navitja so
izhodne napetosti med seboj odstopale za najve¢ 10%. Pri
popolni razbremenitvi enega sekundarnega navitja je bilo
odstopanje vedje od 10% le v primeru razbremenitve
sekundarnega navitja srednjega stebra transformatorja. V
tabelah 1 in 2 so prikazani rezultati teh meritev. V tabel 2
S0 prikazani rezultati eksperimenta pri popolnem odklaplja-
nju bremenskih uporov.

5. Zakljuéek

Pri pretvorbi enofaznega napetostnega sistema v trifazni
napetostni sistem je bila uporabljena Parkova transforma-
cija. Pretvorba je bila izvedena v transformatorskem jedru.
Zaradi tega je bilo stevilo elektronskih komponent, tako v
energetskem, kakor tudi v krmilnem delu, zelo zZmanjsano
glede na klasi¢ni nadéin pretvorbe. Klasiéni tovrstni

pretvornik vsebuje usmernisko vezje, enosmerni povezoval-
ni krog (velik elektrolitski kondenzator) in trifazni razsmernik.

Pretvornik je pokazal tudi veliko mero neobdutljivosti na
spreminjanje obremenitve na izhodu, kakor tudi na nes-
imetricno obremenitev trifaznega izhoda.

Tabela 1: Zmanjsanje bremenske upornosti iz 500Q na
250Q

URb‘l URbZ URb3

Rg1 iz 500Q na 250Q 220 |221 }230
Ra2 iz 500Q2 na 2500 225 200 [220
Rgs iz 5000 na 2500 228 1218 219

2304

Urpi URL 2 URE3

Slika 6: Grafiéni prikaz rezultatov iz tabele 1

Tabela 2: Razbremenitev posamezne faze pri Rz = 5002

u Rb1 v Rb2 URb3

Rg1iz 500Q na co 245 1241 |218
Rg2 iz 500Q na oo 255 |>300 |242
Rgs iz 500Q na co 228 1250 |245

300, - —
2904
280
2705
2604
2504
24074
2304
2204

Urp1 YRrp2 Yrb3
Slika 7: Grafiéni prikaz rezultatov iz tabele 2

109



Informacije MIDEM 32(2002)2, str. 105-110

M. Milanovié, P. Kuzman: Enofazno trifazni napetostni pretvornik

Literatura

/1/

/2/

/3/

/4/

/8/

110

M. Milanovic, Uvod v moénostno elektroniko, Fakulteta za ele-
ktrotehniko, radunalnistvo in infor-matiko, Univerzitetni uébenik,
Maribor, 1997.

M. Malengret, G. Naldrett in J. Enslin, Applying Parks Transfor-
mation to a single to Three Phase, Proceedings |EEE Power
Elec-tronics Specialist Conference, pp. 851—857, Atlanta,
USA, 1995.

D. Dolinar in P. Jereb, Sploéna teorija elektri¢nih strojev, iz-
brana poglavja iz dinamiénega modeliranja, Fakulteta za ele-
Kkiro-tehniko radunalnidtvo in informatiko, Univerzitetni ucbenik,
Maribor, 1995.

P. Kuzman, Pretvornik enofazne napetostiv trifazno z uporabo
Parkove transformacije, Fakulteta za elektrotehniko, racunaln-
istvo in infor-matiko, Diplomska naloga, Maribor, 2001.

J.N. Bronstejnin K.A. Semendjajev, Mate-matiéni priroénik, Teh-
niska zalozba Slovenije v Ljubljani, Ljubljana, 1980.

Dr. Miro Milanovi&, univ.dipl.ing

Univerza v Mariboru

Institut za avtomatiko in robotiko
Fakulteta za elektrotehniko, racunalnistvo
in informatiko

Smetanova 17, Maribor, Slovenija

e-mail milanovic@uni-mb.si

Peter Kuzman, univ.dipl.ing.
Srednjesolski center Celje

Poklicna in tehniska elektro-kemijska Sola
Pot na lavo 22, Celje, Slovenija

Prispelo (Arrived): 18.11.2001 Sprejeto (Accepted): 25.04.2002



UDK621.3:(53+54+621+66), ISSN0352-9045 Informacije MIDEM 32(2002)2, Ljubljana

HITRA KALIBRACIJA FLIKERMETRA ZA PRAVILNO OCENO
KAKOVOSTI NAPETOSTI PO EN 50160

F. S. Balan, D. Koritnik, A. Orgulan, J. Vorsi¢

Fakulteta za elektrotehniko, racunalnistvo in informatiko, Maribor

Kljuéne besede: elektrotehnika, energija elektricna, EES sistem elekiroenergetski, kakovost napetosti elektricne, merjenje kakovosti, flikermetri, kalibri-
ranje, ocena kakovosti, IEC 60868-0 standardi ,EN 61000-4-15 standardi, EN 50160 standardi

fzvle€ek: Skladno z naso regulativo je SIQ pooblagéena organizacija za izdajanje certifikatov o ustreznosti merilne opreme. To nalogo vedinoma tudi
uspesno opravija, za nekatere redke meritve pa ji manjka zelo draga preskusna oprema. V teh primerih bi morali spremeniti nage zakone in dovoliti SIQ-u
nostrifikacijo certifikatov tujih pooblagéenih zavodov - predvsem tistih iz EU. Eden takanih preskusov je preverjanje delovanja flikermetra skladno z |EC
60868-0in EN 61000-4-15.

Ko smo v Laboratoriju za energetiko UM FERI zaznali razhajanje merilnih rezultatov paralelno priklju¢enih flikermetrov (vedina je pokazala prevelike
vrednosti), smo sestavili generator s standardom zahtevanih sprememb napetosti in kalibrirali instrument, ki ima certifikat nemskega pooblaséenega
laboratorija Forschungemeinschaft fir Hochspanungs- und Hochstromtechnik E.V. Pri nivoju Pst = 1, ni bilo razhajanja med v standardu zahtevano in
dejansko izmerjeno vrednostjo. Tako lahko sklepamo, da imamo v nagem omrezju, glede na flikerje, boligo kakovost napetosti, kot jo izmerijo instrumenti,
ki s0 na trgu v Sloveniji.

Quick Flickermeter Calibration for the Estimation of Voltage
Quality by En 50160

Key words: electrotechnics, electric energy, electrical power system, quality of electrical tension, quality measurement, flicker meters, calibration,
quality estimation, IEC 60868-0 standards, EN 61000-4-15 standards, EN 50160 standards

Abstract: SIQ s, regarding technical regulations in Slovenia, authorized organization for certification of accordance of measuring devices. This is preten-
tious task and SIQ is performing it fairly well, although there are some instances that require special equipment, which is too expensive for SIQ to afford
it. Such cases indicate that we should amend the law in question and allow SIQ to nostrificate the certificates of the foreign authorized institutions - at least
the EU ones. One of such test is proof of flickermeter functionality in accordance to IEC 60868-0 and EN 61000-4-15 standards,

In Power engineering laboratory at University of Maribor, FERI, we have made some comparative analysis of flickermeter measuring equipment and
became aware of noticeable deviation of measuring results. Tests were performed with parallel connected equipment and most of instruments indicate
somewhat too high values, therefore we generate series of voltage fluctuation as demand by standard and calibrated the instrument, which has certificate
of the German authorized laboratory “Forschungemeinschaft fiir Hochspanungs- und Hochstromtechnik E.V.” We have checked the level of flicker Pst = 1
and found that the measured values are in accordance with the ones prescribed with the standards. This leads us to conclusion that, regarding to flicker
levels in Slovenian network, we have better voltage quality than measured by instruments, attainable in Slovenia.

Razlog za primerjalni test in
njegova izvedba

1 Uvod 2

Fliker je subjektivni ob¢utek, ki ga povzroajo spremembe

svetlosti v vidnem polju opazovalca. Vedinoma povzroda
taksne spremembe kolebanje napetosti, saj so nanj zar-
nice zelo obdutljive. Meritev flikerja temelji na &loveskih
psiho-vizualnih obéutkih, ki jih je treba ovrednotiti. Osnovna
ideja za merjenje flikerjev je simulacija verige: zarnica-og&i-
mozgani (slika 1) z merilnikom (flikermetrom), katerega
vhodni signal je nihajoéa napetost sistema v prikljuéni tocki.,
Izhodni signal je veli¢ina, ki pomeni obdutek neugodja
vecine ljudi zaradi migotanja svetiobnega toka.

i

Slikai: Simulacija verige: omreZje-Zarnica-odi-
moZgani

Osnovni pogoj za kakovostno meritev je dobra meriina nap-
rava. Kvaliteto merilne naprave navede e proizvajalec,
potrdi jo pa kalibracija. Taksno pot smo poizkusili narediti
tudi z nasim flikermetrom. Razvil ga je prof. dr. Manfred
Sakulin (Institut fir elektrische Anlagen, TU Graz), ki zago-
tavlja, da je napravav skladu z DIN VDE 0846 T2, kar potrju-
je porocilo nem$kega neodvisnega akreditiranega labora-
torija Forschungemeinschaft fir Hochspanungs- und Hoch-
stromtechnik E.V./8/.

Zal taksno potrdilo pri nas ne velja, ¢eprav je slovenski
standard SIST EN 61000-3-2:1997 omenjenemu stand-
ardu DIN enak, saj oba izhajata iz IEC 1000-3-2:1995.
Zakon o meroslovju priznava le slovenske ateste. Zato smo
poizkusili dobiti atest pri Slovenskem inétitutu za kakovost.
Tam so umerjanje opravili, vendar v opombah porodcila
napisali: “Negotovost meriine metode je bila enakega ve-
likostnega razreda ali ve¢ja kot je relativni mejni pogresek
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merila. Zato je v nekaterih primerih relativni pogresek mer-
ila vedji kot je relativni mejni pogresek.”

To torej pomeni, da SIQ nima primerne opreme za kali-
bracijo flikermetrov /9/.

V zadnjih nekaj letih se je na nasem trzis¢u pojavilo kar
nekaj razlicnih flikermetrov, ki seveda nimajo slovenskega
atesta, zato smo se odlocili, da naredimo primerjainoc meri-
tev.

Od razlicnih trgovcev in proizvajalcev smo dobili e sest
med seboj razliénih flikermetov. Prikljucili smo jih na 0,4kV
zbiralke v transformatorski postaji 10/0,4 kV st. 337 Teh-
niskih fakultet v Mariboru.

Meritev smo izvedli med 19. 6. in 26. 6. 2000, Kar je sicer
&as poletnih pogitnic, vendar je bilo omrezje kljub temu
dovolj nemirno, da smo izmerili nivo kratkotrajnega flikerja
Pstos=0,6.

3 Rezultati primerjalne meritve

Ze pri zagonu instrumentov so se pojavile prve tezave. Eden
od izposojenih flikermetrov ni bil popoin. Manjkal je oseb-
ni racunalnik, kar bi se $e dalo urediti, vendar je bil brez
ustrezne programske opreme. Kljub dogovarjanju s proiz-
vajalcem, ga nismo uspeli usposobiti za celotedensko
meritev. Ostalih $est je zadelo meritev brez vecjih prob-
lemov in tudi trenutni rezultati (trenutne vrednosti Pst) so
bili v pricakovanih mejah.

Po enem tednu, kolikor takéna meritev traja po standardu
SIST EN 50160, smo morali rezuitate zaradi obdelave in
analize prenesti na osebni racunalnik. Pri tej operaciji je
izpadel $e en flikermeter, saj izmerjenih rezultatov nismo
mogli prenesti in pripraviti za obdelavo.

Tabelaricni izpis rezultatov je zahteval nove "zrtve”. En fliker-
meter je v vseh treh fazah in za celotni Cas meritve zabelezil
enake vrednosti. Drugi je v dveh fazah sicer nekaj izmeril,
vendar samo na eno decimalno mesto natanéno, v tretji
fazi pa vedno shranil enako (negativno!) vrednost. Tako so
rezultati slednjega ostali le pogojno uporabni,

Iz preostalih treh, vkljuéno z nasim, smo uspeli dobiti
smiselne rezultate. Casovni potek Pyt kaze, da so fliker-
metri zaznali kolebanje napetosti v enakih obdobjinh, le ra-
zliéno so jih ovrednotili (slika 2). Se lepse je to razvidno iz
urejenega diagrama (slika 3). Najpomembnejse so vred-
nosti v 95 in 99% Gasa, ki znasajo:
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Preglednica 1: Vrednosti Pst za 95 in 99% Casa

FM1 [FM2 |[FM3 |FM4
Pyss(fazall) | 070 | 054 | 055 |-
Pyos (fazal2) | 077 [058 |056 |03
Pyss(fazal3) | 076 | 058 |059 |02
Pygo(fazall) 091 080 [073 |-
Puso(fazal2) | 092 [072 [072 |05
Pacs(fazald) 1094 073 | 072 |41

Ugotovimo lahko, da se rezultati meritev dveh flikermetrov
lepo ujemajo, dodim rezultati meritev drugih dveh mocno
odstopajo. Zal so &tirje oz, trije rezultati premalo, da bilahko
naredili Gaussovo porazdelitev in ocenili najverjetnejso
vrednost, zato smo se odiodili, da sami preverimo delovanje
nagega flikermetra skladno s publikacijo UIE (Union Inter-
national for Electro-heat): Flicker Measurement and Evalu-
tation, ki jo je prevzel tudi IEC v svoji publikaciji IEC 868, s
hitro, poenostavljeno kontrolno meritvijo.
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A Fikormeterd fead 4  Kontrola delovanja flikermetra

Obmocje efektivnih vhodnih napetosti flikermetra je obida-
jno 40 do 480 V. Generator, sposoben generirati testni
signal amplitude, vecje od 40 V, nam ni bil dostopen. Od
proizvajalca smo izvedeli, da ima flikermeter skladno s
standardom na vhodu uporovni napetostni delilnik, ki prila-
godi vhodno napetost na nivo O do +5V. Za ta napetostni
obseg smo realizirali generator testnega signala. Izhodno
napetost generatorja smo nato prilagodili nizkonapetost-
nemu vhodu merilnika.

1,20

t (mir:)

8000

Zaradi zahtev, ki jo mora tak izvor signala izpolnjevati, smo
uporabili generator zgrajen na osnovi delovanja generator-
ja poljubnih valovnih oblik (AWG - Arbitrary Waveform Gen-
erator). Blokovni diagram merilnega sistema prikazuje sli-

Slika 2: Casovni diagrami poteka Ps za razlicne
flikermetre v fazi L3

. - flikermeter 2
0,60 w i fikermeter 3 |
i i e fikermeter 4 |
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i
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# - digtalni signal  n— analogni signal

T 1 Slika 4: Generator poljubnih valovnih oblik

0,00 — T g g U H
e 90 60 s 108 N V bistvu je AWG prefinjen sistem za ponovno generacijo
razlicnih valovnih oblik na osnovi shranjenih digitalnih po-
e o datkov oziroma vzorcev, ki opisujejo nenehno spreminjan-
(P ) FAZA L2 | je nivoja signala. Vizorce bitako lahko dobili iz osciloskopa
140 G t z digitalnim vzorenjem na katerega je priklju¢en primeren
1.20 T — : J signal ali pa s pomocjo grafiénih in matematiénih operacij
| 100 i { ‘ in tehnik. Uporabili smo slednjo metodo, ker so testni sig-
080 |- — ikemetor 1 | nali za Pst=1 po IEC 868 Ze sami po sebi matematiéno
: 060 dee izl Mkemeter2 | dolo¢eni. Izracun valovnih oblik je potekal z 32-bitno na-
e e | 2::::;‘::::3 ; tanc¢nostjo, konéni rezuitat pa zaokrozen na 16 bitov ko-
e R | likorjihima uporablien D/A pretvornik. Vertikalna loljivost
| 020 S et [ izraza napetostno negotovost vzorcev in je za 16-bitni AWG,

w 0,00 - : : : t(% ki nudi 65536 nivojev napetosti prek celega napetostnega
e “ % o podrocja, reda 0,002% (€ = 96 dB). Tako prekasa vsak
analogni izvor sinusnega signala glede harmonic¢ne

popacitve ter stabilnosti napetosti, frekvence in faze.

FAZA L3

Mnogo vija frekvenca vzoréenija (fs = 8 kHz) od testnega
signala (fsig = 50 Hz) nam omogoca vernejso rekonstruke-
ijo testnega signala Se pred nizkopasovnim filtranjem na

|
i
i
B |

 fikermetor izhodu. Vsako periodo testnega signala tako opisuje 160
L fikermeter 2 | vzorcev. Potrebna globina pomnilnika AWG je sorazmerno
fikermeter 3 | velika, saj period signala ne ponavijamo, kot je to pri AWG
H - flikermeterd |

obicajno, temved izracunamo testni signal v celotni dolZini.
Za simuliranje nizjih frekvenc kolebanja tako uporabliamo
signal dolZine 30-tih minut, kar pomeni 14,4 milijona
vzorcev. Korist, ki jo imamo od tega, je odprava mejnih
to¢k. Te bi namred privedle do neizogibnih napak, ki bi
nastale pri prehodu, te pa mocéno vplivajo na meritev. Skupni
Slika 3: Urejeni diagrami poteka Ps: za razlicne Cas vseh 45-tih testnih signalov tako znasa 13 urin 15 minut

flikermetre v vseh treh fazah (381,6 milijona vzorcev), kar je zato tudi das popolne ,hi-
tre” kalibracije flikermetra. Za v bodode bi mogode kazalo
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uporabiti e kaksen ,bolj strog” test s pomodjo namenoma
popadenega osnovnega signala, kar smo v tem primeru
izpustili iz objektivnih razlogov.

Parametre testnih signalov navaja standard IEC 60868-0.
Testni signal je sinusna napetost frekvence 50 Hz, ki je
amplitudno modulirana z napetostjo sinusne ali pravoko-
tne oblike. Standard navaja amplitude in frekvence super-
poniranih napetosti. Za vsak testni signal mora flikermeter
izmeriti vrednost Pgt = 1(x10%).

Slika 5 prikazuje, da je pogresek flikermetra fe pri zelo niz-
Kih frekvencah (do 1 spremembe na minuto) vedii od do-
pustnih 10%.

Pe (pu)
1.2 -

11+

Slika 5: Odziv nasega flikermetra na testni signal

5 Sklep

Flikermeter je merilni instrument, s katerim zelimo ovred-
notiti dve nelinearni fiziologki funkgiji; obdutljivost cloveskih
0éi in odziv mozganov na sprejeto informacijo. Merimo
spreminjanje - kolebanje napetosti, vgrajeni filtri in statisti-
ka, ki simulirajo nase psiho-fiziolodke odzive in obdutke,
pa so narejeni z racunalniskimi programi.

Kot rezultat primerjainih meritev ocenjujemo, da sovsifliker-
metri pravilno izmerili efektivno napetost, programska opre-
ma vedine instrumentov pa se je pokazala kot nezaneslji-
va.
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Kljuéne besede: okolja industrijska, okolja raziskovalna, procesi proizvodni, avtomatizacifa, signali merilni, strezniki procesni, PLC krmilniki logi¢ni pro-
gramirljivi, povezave, MATLAB oprema programska simulacijska, SCADA krmiljenje nadzorno in zajemanje podatkov, merjenie, optimiranje, komunikacije
v Casu realnem, OLE vgraditev in povezava objektov, OPC OLE krmiljenja procesov

lzvlegek: Sodobni sistemi za avtomatizacijo proizvodnih procesov uporabljajo industrijsko testirane, na trziséu dostopne ter uveljavljene proizvode kot so
senzorji, aktuatorji, krmilniki (PLC - Programmable Logic Controiler) in SCADA (Supervisory Control and Data Acquisition) sistemi. Le-ti zagotavijajo zanes-
ljivo in varno delovanje proizvodnega procesa. Taksni sistemi so zelo omejeni glede na moznosti raziskav, optimizacije, testiranja in simulacije, kar pa
omogocajo sistemi, znani iz raziskovalnega okolja. Povezava takega industrijskega okolja s proznim, a nestabilnim raziskovalnim okoliem je osnovni cilj
predstaviienega dela. Za povezavo industrijskega sistema z Matlab/Simulink programom je bila uporabliena OPC tehnologija, ki je pogosto sestavni del
sistemov industrijske avtomatizacije in je tam e dobro uveljavijena. OPC je okraj$ava za OLE for Process Control, kjer je OLE oznaka za Microsoftovo
tehnologijo Object Linking and Embedding. Uporaba Matlab simulacijskega programa in njegovih orodij omogoca veliko proznost pri raziskavah, analizah
in optimizaciji, kar v danasnjih SCADA sistemih ni zagotovijeno. V testnem sistemu je streznik zajemal podatke iz krmilnika, preveril kvaliteto in morebitno
spremembo vrednosti podatkov ter jih posredoval odjemalcu, kijih je po obdelavi postal nazaj po isti poti. Zanamene “worst case” testiranj se je uporabilo
sinhrono branje, kjer se je vsak podatek vsaki spremenil, na istem radunalniku pa so tekli en streznik, dva odjemalca, SCADA ter Matlab program.
Bistvena prednost predstavijene resitve je integracija racunskih, simulacijskih ter grafiénih zmogliivosti Matlaba z robustnostjo industrijskega sistema,
Resitev je univerzaina, omogoda sprotno obdelavo podatkov in dostop do podatkov drugim programskim orodjem, ne da bi pri tem fizicno posegali v
industrijski sistem za avtomatizacijo.

Connection Between Measurement Signals and MATLAB
Using Process Server

Key words: industrial environments, research environments, fabrication processes, automation, measurement signals, process servers, PLC, Program-
mable Logic Controllers, connections, MATLAB simulation software , MATrix LABoratory simulation software, SCADA, Supervisory Control And Data
Acquisition, measurements, optimization, real-time communications, OLE, Object Linking and Embedding, OPC, OLE for Process Control, Object Link-
ing and Embedding for Process Control

Abstract: The automation of processes has reached the point where one cannot go without applying sensors, actuators, PLC {Programmable Logic
Controllers) and SCADA (Supervisory Control and Data Acquisition) systems that enable acquisition of large quantities of data. The process automation is
particularly important in isolated rooms where physical presence of humans is undesirable, as for example in the production of electronic components or
in the pharmaceutical industry. Such manufacturing systems operate with various degrees of success and are not modified very often. Every alternation
of any industrial process is followed by extensive documenting, testing and validating of the new system. Quite often the production must be stopped
which gives a rise to substantial costs for entire operation. On the other hand there are a number of research laboratories where various approaches are
constantly a subject to change, development and testing in order to bring about improvements. The research work often implements mathematical and
simulation software such as Matlab (Matrix Laboratory) which enables solving of complex mathematical operations, simulations, optimisations, etc. How-
ever, their main disadvantage is that they are substantially limited in their connectivity to other systems and applications. Manufacturing processes include
many procedures where large amounts of data could be processed, examined and optimised: regulation loops, optimal production structuring, calcula-
tion of illumination in various points, etc. The equipment that is used in the industry, such as PLC and SCADA, is not suitable for performing such data
processing. Instead, Matlab would be much better if only it were possible to feed it with real-time data from the manufacturing process. By applying this
technology a wide spectrum of possibilities for testing and analysis emerges which can contribute to the improvement of the process. The syster can also
be upgraded to perform a real-time paraliel optimisation procedure, In this configuration the manufacturing process would be running independently
whereas Matlab would be performing in parallel alf the necessary mathematical operations, the results of which would be fed back into the process. There
are two difficulties in implementing such real-time connections: the problem of connectivity and the difficulty of presenting a universal solution enough that
would not require altering our existent manufacturing systems, especially when new research requires updating or changing our existing configurations.
One possible solution would be to use the OPC standard and the associated technology. OPC means OLE for Process Control (OLE - Object Linking and
Embedding) and represents an international industrial standard (Specifications v.1.0a) that is based on the Microsoft's OLE/COM/DCOM technology. It
provides a unified communication interface based on Plug&Play between various devices of process control. The OPC interface thus belongs to one of
the new technologies applied to connecting and interfacing systems of process control which is based on the component technology. The main proper-
ties of the component technology can be summarised by the properties of OLE automation which enable that one application can contain objects from
other applications, the linking of both applications results in data being simultaneously updated in both, and non-native objects can be executed or
changed inside the application where they are embedded. In the usual systems of process control each SCADA software has to have its own piece of
software code in order to be able to communicate with the kernel of the 1/0 driver or with any other part of the software code that is used to communicate
with the /O unit. In other words: each SCADA system needs drivers in order to be able to communicate with other devices and each device connected
to the system must have its own driver. If a system is connected to another SCADA system then this system needs its own drivers again for all the devices
that will communicate with it and that are connected to it. The number of required drivers can be calculated by multiplying the number of 1/0 units with the
number of SCADA packets. The result is a very high number and thus an inelegant solution. As a solution, the OPC creates a ‘software bus' where
applications only need to be aware on how to access data on the OPC. Testing system consisted of an OPC server which captured data from the
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controller, it checked the data’s quality, evaluated it for a change of state, and then forwarded it to the OPC client who returned it along the same route
once it was processed. For the ‘worst case’ scenario synchronous reading was used where each piece of data was changed every time and the same
computer ran a server, two clients, as well as the SCADA and Matiab software. The measurements performed show that due to the fixed dead time the
worst results are obtained when transferring a single piece of data only. The results show a rate of approximately 1000 pieces of data per second can be
expected with large quantities of data. The process data is available to Matlab virtually at the same time as to the SCADA system which makes the
application suitable for industrial environments. The proposed solution is especially suitable for manufacturing processes with slower rates of change
since here it can also be used for process control. Main advantages of proposed solution are the integration of the numerical, computational and graphical
powers of MATLAB® with the robustness of industrial system, universality, on-line data processing and accessibility to other software programs, without

any physical connection or disturbance of the manufacture automation system.

1. Uvod

Proizvodnja je dandanes avtomatizirana do te mere, da si
je ved ne znamo predstavijati brez obilice senzorjev, aktu-
atorjev, krmilnikov (PLC - Programmable Logic Controller)
ter SCADA (Supervisory Control and Data Acqusition) sis-
temov /12/, ki omogocajo veliko stevilo informacij. Prav
posebej visok nivo avtomatizacije je v procesih, ki poteka-
jo v t.i. gistih prostorih, v katerih je fizitna prisotnost ljudi
nezazeliena, kot je to primer pri proizvodnii elektronskih
komponent /21/ ali zdravil. Ti sistemi v proizvodnih
procesih bolj ali manj uspesno delujejo in se predvsem ne
spreminjajo prepogosto /19/. Vsak poseg v proizvodni
proces je namreé povezan vsaj z obsirnim dokumentiran-
jem, testiranjem ter validiranjem, tudi s strani certifikaci-
jskih organizacij, kot sta npr. 1ISO (International Standard
Organization) ter FDA (Food and Drug Administration), Ce
ne tudi z zaustavitvijo proizvodnje, kar ima za posledico
velike skupne stroske posega /20/.

Na drugi strani pa je svet raziskovalnih laboratorijev, ki je
podvrzen nenehnim spremembam, razvoju ter testiranjem
razliénih pristopov v smeri izboljSav. V raziskovalno okolje
so velikokrat vkljuéeni tudi matematicni in simulacijski pro-
grami kot je Matlab (Matrix Laboratory), ki omogoca re-
Sevanje zahtevnih matemati¢nih operacij, simulacije, opti-
mizacije itd., vendar imajo omejene moznosti povezovanja

/18/.

V proizvodnem procesu je veliko postopkov s podatki, ki
so zanimivi za obdelavo, raziskave ter morebitno optimi-
ranje: od regulacijskih zank, optimalnega razvrsCanja proiz-
vodnje pa do npr. izradunavanja osvetlitve v posameznih
tokah. Zaradi velike matematiéne zahtevnosti omenjen-
ega ze instalirana oprema (krmilniki in SCADA) za tovrstne
operacije ni primerna, primeren pa je Matlab /10/, v kat-
erega je potrebno sprotno prenasati podatke iz proizvod-
nega procesa. Z uporabo takéne resitve se kaze sirok
spekter moznosti testiran] ter analiz v smeri izboljdanja
delovanja procesa, kar se lahko nadgradi tudi s sprotnim
paralelnim optimizacijskim postopkom, kjer industrijski
proces teGe samostojno, hkrati pa se paralelno v Matlabu
izvajajo potrebne matemati¢ne operacije, katerih rezultati
se sporodajo nazaj v proces. Pri implementiranju On-line
povezave je zraven problema povezljivosti prisotna tudi
problematika univerzalnosti reitve ter predvsem nesprem-
injanja obstojecega industrijskega sistema tudi v primeru
morebitnih dopolnitev ali sprememb na raziskovalnem nivo-
ju.
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Mozna reditev je uporaba OPC standarda /22/ in tehnolog-
ije, kije s tem povezana. OPC je okrajsava za OLE for Proc-
ess Control, kjer je OLE oznaka za Microsoftovo tehnolog-
ijo Object Linking and Embedding.V &lanku je predstavlje-
na resitev, v kateri se znotraj okolja Matlab uporabi OPC
odjemalec, ki izmenjuje podatke z Ze obstoje¢im OPC
streznikom na nivoju povezave PLC-SCADA, kar je prika-
zano na sliki 1. OPC se zmeraj bolj uporablja v sistemih
industrijske avtomatizacije /12/ /14//1//3//2/, pravraz-
Sirienost uporabe pa daje resitvi potrebno univerzalnost.

Raziskovalno
okolje

Industrijsko
okolje

Slika 1: Uporaba OPC za povezavo industrijskega in
raziskovalnega okolja

V naslednjih poglaviih bo predstavlieno nekaj pogosteje
uporabljanih tehnik za On-line matematicno analizo proces-
nih podatkov, povzete glavne lastnosti OPC in predstavlje-
na zasnova in izvedba povezave Matlaba z industrijskim
krmilnikom, skupaj z rezultati eksperimenta. V zakljucku je
podana analiza z povzetkom glavnih lastnosti takega pris-
topa, podane pa so tudi smernice za nadaljevanje dela.

2. Nekaj do sedaj uporabljanih
resitev za On-line matematicno
analizo procesnih podatkov

Uporaba mozZnosti vklju¢evanja lastnih programov v enem
vigjih programskih jezikov, kar ponuja vecina SCADA pro-
gramov, je na prvi pogled enostavna resitev za dodatno
matemati¢no obdelavo. Tezave se lahko pojavijo pri pro-
gramiranju zahtevnih matematicnih cperacij.

Ena pogosteje uporabljanih resitev za zajem realnih po-
datkov v Matlab je uporaba posebnih PC 1/0 modulov /4/,
/9/, ki jih podpira Matlab (npr. Bur-Brown ali National In-
struments). Prednost takéne povezave je zraven produkine
usklajenosti predvsem hitrost operiranja z podatki, ki je
lahko manjda od 1 ms/podatek. Vendar pa gre za tipicno
laboratorijsko opremo, ki se jo v proizvodnih procesih sreca
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le redko, kar pomeni zraven nakupa strojne opreme e
tezave pri implementiranju le-te v sam proizvodni proces.
Takéno kartico je potrebno fizidno povezati na obstojeco
senzoriko in sicer vzporedno ali zaporedno s krmilnigko
opremo, kar pomeni ze omenjene tezave v povezavi s
stroski zaustavitve proizvodnje, dokumentiranjem ter valid-
iranjem. Poudariti je potrebno, da je tezav z izvedbo tak-
$nega posega ni, ko so cilji ter rezultati posodobitve na-
tan¢no definirani, do ¢esar pa je zopet tezko priti brez On-
line testiranj ter prezentiranja rezultatov na doti¢nem proce-
su. Podobna je resitev z uporabo merilnih instrumentov z
moznostjo GPIB ali VISA komunikacije, ki jo podpira tudi
Matlab.

V Matlabu je omogocen dostop do serijskega vodila, kar
ponuja moznost izdelave lastnega AP (Application Program-
ming Interface), ki »prisluskuje« prometu po mrezi krmiln-
ikov in po potrebi tudi posilia podatke. Prednost taksne
ideje je, da ne poseze direkino v proces. Pomanjkljivost je
Casovno zahtevna izdelava vmesnika za industrijsko vodilo
ter neuniverzalnost resitve /10/.

Za obravnavano problematiko so se resitve zmeraj bolj na-
gibale proti programskim resitvam, ki ponujajo bolj izmen-
javo podatkov kot pa dodatno zajemanje podatkov, saj se
meritve tako ali tako kontinuirano opravijajo za potrebe krmil-
nikov in SCADA in zato ni potrebno podvajanje. Najénos-
tavnejsa izmenjava podatkov je mogoca preko ASCIl da-
toteke, v katero vpisujeta oba, SCADA in Matlab. Resitev
je v omejenem obsegu univerzalna, vendar so potrebni
posegi v SCADA program, pa tudi prenos ni hiter.

S pomocdjo OLE (Object Linking and Embedding) je
mogoca povezava Matlaba z MS Excelom, kar omogoda
standardni Matlabov Toolbox Excel Link. Excel podpira DDE
{Dynamic Data Exchange), ki ga podpirajo tudi SCADA sis-
temi, kar ponuja moznost povezave, ki je med bolj univer-
zalnimi, vendar se DDE na podrodju procesnega vodenja
nikoli ni povsem uveljavil zaradi neudinkovitosti in nezanes-
ljivosti pri prenasanju velikih kolicin podatkov /5/. Dodatna
tezava omenjenega pristopa je potreben poseg v SCADA
sistem, iz katerega je potrebno posiliati DDE podatke (ob
predpostavki, da SCADA ne bazira na DDE). Tak poseg
pomeni spremembo funkcionalnosti in s tem potrebo po
validacijskem postopku.

Uporaba OPC (OLE for Process Control) za izmenjavo po-
datkov med Matlabom in industrijskim procesom predstavija
logi¢no nadaljevanje predstavijenih tehnik in je opisana v
nadaljevanju.

3. OPC

3.1. Uvod

Zakratico OPC se skriva ime OLE for Process Control (OLE
- Object Linking and Embedding) in predstavija mednarod-
ni industrijski standard (specifikacija v1.0a), ki temelji na
Microsoftovi OLE/COM/DCOM tehnologiji in zagotavija

skupen komunikacijski plug&play vmesnik med razliénimi
napravami na podroéju procesnega vodenja. OPC vmes-
nik je ena izmed novih tehnologij pri povezovanju in komu-
nikaciji v sistemih procesnega vodenja, ki temelji na kom-
ponentni tehnologiji. Osnovna naéela komponentne teh-
nologije se lahko opisejo s principi OLE avtomatizacije, ki
dolo¢ajo moznost, da ena aplikacija vsebuje objekt iz druge
aplikacije, da preko povezovanja prihaja do osvezevanja
podatkov med njima ter da je mozno objekte spreminjati in
poganjati znotraj aplikacije, ki jih vsebuije.

3.2. Problem povezljivosti v sistemih
procesnega vodenja

V obic¢ajnih sistemih procesnega vodenja potrebuje vsaka
SCADA programska oprema lasten kos programske kode
za komunikacijo z jedrom I/O gonilnika oz. tistim delom
programske kode, ki zna komunicirati z 1/0O enoto /14/.
Cese poenostavi: vsak SCADA sistem potrebuje za komu-
nikacijo z napravami gonilnike, ki jih ie toliko, kot je naprav
priklju¢enih na sistem. Ce se sistem povezuje z drugim
SCADA sistemom, potrebuje ta sistem zopet svoje goniln-
ike za vse naprave s katerimi bo komuniciral in ki S0 prik-
lju¢ene na ta sistem. lzracuna se lahko, koliko razliénih
gonilnikov je potrebno, tako da se pomnozi Stevilo I/0 enot
s Stevilom SCADA paketov: rezultat pa je zelo visoka stevil-
ka ter neprakticna resitev. Tovrste povezave SCADA siste-
movv celoto se zato izvedejo vedinoma le znotraj istih proiz-
vajalcev procesne in programske opreme (Siemens, GE,
Omron...).

OPC vmesnik se v kos programske kode za komunikacijo
z jedrom I/0 gonilnikov ne poglablja, saj se z njimi v vedini
primerov ukvarjajo protokoli na nizjiem nivoju kot so Field-
Bus, DeviceNet, Profibus, LonWorks /11/. Problemje, da
vsak gonilnik uporablja svoj vmesnik za komunikacijo s perif-
€rno napravo oziroma aplikacijo, kar onemogodi veé ap-
likacijam hkrati komunicirati z isto periferno napravo. OPC
pa v nasprotju z opisanim ustvari t.i. programsko vodilo
(»software bus«), kjer morajo aplikacije, oz. programerji
aplikacij, vedeti samo kako dostopati do podatkov na OPC
programskem vodilu, ki jih posredujejo periferne naprave.
Aplikacije so tako preprostejse, manjse in enostavnej$e za
uporabo. Gonilniki perifernih naprav (OPC strezniki) mora-
jo tako samo znati prenagati informacije iz perifernih naprav
na OPC vodilo v dolodenem formatu.

Vendar univerzalnost prenosa podatkov ni edina prednost,
ki jo ponuja OPC vmesnik. Prvotno namenjen resevanju
probiematike 1/0 gonilnikov, se je OPC vmesnik izkazal
dovolj fieksibilen, da se poleg povezovanja perifernih naprav
s SCADA sistemi uporablja tudi pri povezovanju z aplikaci-
jami »visje navzgor« vse do sistemov poslovnega odiogan-
ja.

3.3. Tehnologija OPC vmesnika

Povezovanje z OPC vmesnikom se wrsi s pomocdjo program-
skih vmesnikov, ki temeljijio na COM (Component Object
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Model) tehnologiji, razli¢na vodila, kot sta Fieldbus in Profi-
bus, pa se ukvarjajo s fizicnoin mrezno povezavo. COM je
Microsoftova osnova za pisanje APl-jev (Aplication Program-
ming Interface). Ob upostevanju, da je zelo Siroko upora-
bliena, omogoda tudi zelo dobro navpiéno povezovanje,
kjer je potrebno povezati OPC streznik ter OPC odjema-
lec, ki je obi¢ajno Ze integriran v samem SCADA sistemu.
To vkijucuje tudi DCOM tehnologija (Distribuirani COM), ki
omogoda ustvarjanje aplikacij, ki temeljijo na mreznem
povezovanju. Se najblizie takéni strukturi prenosa podatk-
ov se je priblizal DDE vmesnik, vendar se na podro¢ju
procesnega vodenja nikoli ni povsem uveljavil zaradi neu-
Sinkovitosti in nezanesljivosti pri prenasanju velikih kolicin
podatkov. Mnogi proizvajalci programske opreme so raje
uporabljali lastne APl-je, kot pa DDE vmesnik za prenos
procesnih podatkov iz periferne enote v programsko opre-
mo ali iz ene v drugo programsko opremo.

OPC je dovolj fleksibilen za delovanje v razlicnih plasteh
sistemov, kot tudi dovolj dober za uporabo preko mreze.
Uginkovitost OPC vmesnika je zagotovliena, saj lahko le-ta
prenada na stotine in tisoée podatkov z eno transakcijo,
kar DDE ne omogoéa. Vsaka transakcija lahko vkljucuije
$e mnogo razliénih spremenljivk. Tako je vsaka transakcija
OPC vmesnika sestavijena iz podatka, ¢asovne znamke
podatka ter informacije o kvaliteti podatka. Z DDE vmes-
nikom bi se za to potrebovale tri transakgije. QOPC strezniki
so lahko integrirani v samem procesu, lahko so lokalni (Lo-
cal) ali pa so daliinski (Remote). Glede na ucinkovitost
prenosa podatkov je zelo pomembno kje se nahaja OPC
streznik, saj omogoda v prvem primeru (v procesu) milijon
transakcij na sekundo, v drugem (Local) okoli tiso¢ in v
tretiem (Remote) okoli sto.

Ponujena je tudi moznost, da lahko proizvajalci oz. pro-
gramerji ustvarijo in/ali nadgradijo enostaven in ucinkovit
gonilnik, ki podpira delovanje s perifernimi napravami ne
glede na proizvajalca. S tem je omogodéeno, da OPC
streznik univerzalno prenasa real-time podatke procesnih
spremenljivk kot so temperatura, tlak, pretok, pozicija,
hitrost, itd. Zajem podatkov je mozno $e poenostaviti, saj
OPC aplikacija dovoljuje definiranje ene ali ved »skupine«
(Groups), v katerih se potem nadzirajo posamezne zelene
spremenljivke. OPC odjemalec, ki je odjemalec podatkov
iz OPC vodila in posrednik podatkov v SCADA sistem lahko
potem izvaja sinhrono ali asinhrono branje podatkov zelenih
spremenljivk v skupini.

Poudarjene funkcije pri povezovanju in komunikacijiz OPC
vmesnikom so zraven on-line dostopa do podatkov (On-
line Data Access) $e upravijanje z alarmi in dogodki (Alarm
and Event Handling), belezenje podatkov (Historical Data
Access), zadtita dostopa {Security) in prenos podatkov pri
garznih procesth (Batch). Zadnji dve specifikaciji sta Se v
fazi dogovorov, razvoja in standardizacije, v fazi zakljuénih
dogovorov pa so specifikacije za podro¢je OPC XML ter
nova specifikacija OPC Data Access 3.0 /23/.
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4. lzveden eksperiment

7 matematiénim orodjem Matlab smo v okolju Simulink
zgradili testno okolje za eksperiment, katerega cilj je bil
realizirati On-line prenos procesnih podatkov v Matlab iz
klasi¢nega industrijskega krmilnika (stika 2). Zajem podatk-
ovv Matlab je sicer mogo¢ s pomodjo posebnin i/O racu-
nalnigkin kartic, kar pa je reéitev, ki ve¢inoma v realnih in-
dustrijskih sistemih ni mogoc¢a. Razlogi tiCijo v ze instalira-
ni opremi, (ne)robustnosti, internih standardih, itd. V to-
varnidkem okolju je uporaba industrijskega krmilnika in
SCADA sistema najveckrat edina moznost. Po drugi strani
pa je programski paket Matlab s Simulinkom zelo mocno
matematiéno orodje, ki omogoéa boliso matemati¢no ob-
delavo podatkov kot katerikoli SCADA sistem. Zato je
smiselno, da se ga vkljudi v sisteme procesnega vodenja.

)

3§ P feesl SCADA

"1 odjemalec

i ope Matab | |
o) odjemalec i

]
et

i
|
|
i

Process KRMILNIK]

: 4’\1
i B
ces

Slika 2: Testno okolje za eksperiment

Kot tipicen predstavnik industrijskih krmilnikov je bil pora-
blien krmilnik S7-414-2DP proizvajalca Siemens. Namen
predstavljene resitve je branje in vpisovanje on-line proces-
nih podatkov iz krmilnika v Matlab. Za programiranje krmil-
nika je bil uporablien programski paket Simatic STEP7,
povezava z racunalnikom pa je potekala preko vmesnika
MPI/RS 232 (Multi Point Interface), kjer je bila hitrost ome-
jena na 19 200 bps. Se boljde rezultate pri prenosu po-
datkov bi se lahko doseglo z uporabo Profibus vodila, kjer
je hitrost prenosa bistveno vigja.

Za programsko zajemanje podatkov je bil uporabljen pro-
gram KEPServerEX OPC streznik neodvisnega proizvajal-
ca KepWare. Potrebno je bilo ustvariti kanal po katerem
poteka komunikacija, izbrati napravo s katere se zajema
podatke ter doloditi skupino spremenljivk, ki se jih naj nad-
zoruje. S programom OPC Quick Client istega proizvajal-
ca je mozno preklopiti OPC streznik v monitoring nacin in
tako vnaprej preveriti, ce OPC povezava oziroma komu-
nikacija deluje.

Za OPC odjemalec je bil uporablien OPC Client for Mat-
lab, ki omogoda komunikacijo med OPC in Matlab-om. Gre
za nekaj dodatnih ukazov, ki so na razpolago v okolju Mat-
lab in omogodajo povezavo na katerikoli OPC streznik. Za
konfiguracijo tega programa je potrebno vpisati dolocene
ukaze v komandno okno programa Matlab, kot je prika-
zano na sliki 3 za primer komunikacije z enim vhodom in
enim izhodom.
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i=0;

while (i==0);
hr:mePC('open‘,’XEPware‘KEPServerEx.V4','localhost’,lO);
mode=mxOPC (' readmode', 'cache');
hr=mePC('setdoublecache’,’Channell.Devicel.Groupl.analogvvhl',l,o);
hr:mePC('setdoublecache','Channell‘Devicel‘Groupl‘analoghizhl',1,0);
hr=mePC(‘Startdoublenotify‘,'Channell‘Devicel.Groupl.analog;vhl‘);
hr:mePC('Startdoublenotify','Channell.Devicel.Groupl‘analog‘izhl');
hr=mxOPC (’readcache'};

hr=mxOPC{'writecache');

i=i+1;

end

Slika 3: Primer programa v Matlabu za komunikacijo z
enim vhodom in enim izhodom

Matlabovo okolje je mozno sinhronizirati s procesom. S
startno notifikacijo (‘startnotification’) in éakalnimi ukazi
{‘wait) je mozno ustaviti Matlabovo okolje vse dokler po-
datek ni poslan na OPC streznik. Druga pot za sinhonizac-
ijo Matlabovega okolja je mozna z uporabo sleep ukazov,
kar je uporabljeno za testiranje hitrosti komunikacije in je
prikazano na sliki 4.

Za testiranje hitrosti prenosa podatkov iz realnega sveta v
Matlab je bif uporabljen zvezen sinusni signal, prikazan na
sliki & iz katere je razvidna diskretizacija kot posledica tipan-
ja. Testiranja oziroma meritve smo izvajali v za sistem naj-
bolj neugodnih razmerah, saj so se le tako lahko pridobili
podatki o mejnih zmogljivostih. Streznik je zajemal podatke
iz krmilnika, preveril kvaliteto in morebitno spremembo vred-
nosti podatkov ter jih posredoval odjemalcu, ki jih je po

MATLAE
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i e n

mxOPClsleep' G0) To Wiotepace

—
Display
MATLAE (]
Function Y J:l ™
Analog Input 10 hdermony A0
> C
Al10a
T
Discrete Pulse
Generator2
F
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Slika 4: Del testnega okolja v Matlabu

obdelavi poslal nazaj po isti poti. Za namene “worst case”
testiranj se je uporabilo sinhrono branje, kjer se je vsak
podatek vsaki¢ spremenil, naistem radunalniku pa so tekli
en streznik, dva odjemalca, SCADA ter Matlab program.
Na sliki 6 je prikazan detajl signalov, kjer je z a oznacen
sinusni signal, z b podatki na strezniku ter s ¢ podaki na
odjemalcu. Skupen ¢as prenosa je oznaden s t3, osnovo
oziroma fiksni del ¢asa prenosa predstavija konstanta t; =
300 ms, kar je najmanjsi das kontinuiranega osvezevanja
uporabljenega OPC streznika, razlika do izmerjenega ¢asa
pa je posledica obremenitve streznika, ki je znasala pov-
precno t2 = 11 ms za 11 signalov, torej okrog 1000 po-
datkov/s (vse na sliki 6). Omenjeni rezultati so v skladu s
specifikacijami OPC standarda ter tudi skladni z opazanji
drugih raziskovalcev /3//15//23/, ki so izvajali testiranja
na industrijskih SCADA sistemih.

Drugi del testiranja se je nanasal na zanesljivost komunikac-
ije. Opazovali smo razmerje med uspesno in neuspesno
poslanimi podatki. Testiranje smo izvajali v zaprti zanki krmil-
nik-Matlab-krmilnik, ob demer smo spreminjali tako ¢as
“sleep” v Matlabu kot tudi obremenitev racunalnika z dru-
gimi opravili. Za kot najbolj neugodno se je izkazala manip-
ulacija s slikami. V Matlabu smo v fiksnih ¢asovnih interva-
lih prozili cikle obdelave podatkov ter spremljali razmerje
izvréenih ter neizvrenih ciklov. Ce se cikel ni izvréil in je bil
posledi¢no prenos podatka neuspesen, smo sklepali na
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value (Volt)
w

time (s)

Slika 5: Signali za testiranje prenosov podatkov

4,5

3,5 1

Slika 6: Detajl signalov

zasedenost racunalnika z drugimi opravili ter s tem na pre-
obremenjenost. Ob tem naj poudarimo, da tudi klasicni
sistemi industrijske avtomatizacije nimajo 100% zanesljive
komunikacije, ampak se izpadi podatkov pojavijajo tudi med
normalnim delovanjem, kar se resuje s ponovitnijo zahteve
po prenosu izpadiega podatka (retry). o

Testiranje smo izvedli pri ¢asih prozenja Matlabovih ciklov
20 ms in 80 ms pri razli¢nih obremenitvah operacijskega
sistema (OS), ter pri obdelavi enajstih reainih podatkov iz
procesa. Rezultati so prikazani v tabeli 1, kazejo pa, da je
pri dasih izvrSevanja 60 ms in ve¢ poraste zanesljivost na
sprejemljivo vrednost tudi za industrijske razmere. Neko-
liko zmanjsana hitrost ne pr_edstavlja posebnih tezav, saj je
v industrijskih procesih vedéina prenosov podatkov do PC
radunalnika razreda sekund.

Procenje cikla v Matlabu
- 20ms 60 ms
Neobremenjen OS 0,12% 0,02 %
Obremenjen OS 1,69 % 0,61 %
Tabela 1: Rezultati testiranja izvajanja Matlab

aplikacije - procent neizvrSenih ciklov
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Tretji del testiranja smo izvedli podobno kot v drugem
primeru ob zaprti zanki krmilnik-Matiab-krmiinik, pri cemer
smo ob znani hitrosti delovanja Matlaba merili skupen ¢as
prenosa (t3 na sliki 8), ki je povpre¢no znasal 720 ms, kar
ie Se znotraj sprejemljivih mej za nadzor industrijskih proces-
ov. Omenjen &as prenosa obic¢ajno ni sprejemljiv za vodenje
procesov, Gemur pa ne SCADA, ne opisana aplikacija nis-
ta namenjena, saj za to skrbijo krmilniki.

V &etrtem delu smo poskusali poiskati alternativno pot za
prenos industrijskih podatkov v Matlab. Obstaja moznost,
da se podatki preko izbranega KEPServerEx vmesnika pre-
nagajo v Microsoft Excel, kjer se da do njih on-line dostopati
tudi iz Matlaba s pomo¢jo Excel linka, ki je podobno kot
OPC odjemalec skupek nekaj dodatnih funkcij za Matlab.
Sestavljena je bila aplikacija kot na sliki 7, izmerjene pa so
bile hitrosti oziroma &asi potrebni za prenos podatkov.

Microsoft Excel Matlab

[ Matlabovidelovniprostor
Grafik

Makre
Delovni list

Excelov. delovikprostor . l

Delovni list

Makro

slika 7@ Povezava Matlaba in Excela

Razvidno je bilo, da podatek prihaja iz krmilnika v Matlab
hitreje, kot pa se izpisuje iz Matlaba na krmilnik. Razlog je
v makru, ki vpisuje podatek na OPC streznik oziroma na
krmilnik. Opisana povezava je zelo obdutljiva na obremen-
itev radunalnika, saj so bili ¢asi prenosa podatkov od 600
do 1200 ms, pri éemer naj omenimo, da je bil od obre-
menitve bolj odvisen &as branja podatkov v Matlab, kot pa
¢as vpisovanja podatkov v PLC.

Kot zadnje smo izvedli $e test v pogoijih, ki jim je predlaga-
na resitev najbolj namenjena. To je prenos procesnih po-
datkov v Matlab za namene simulacije, optimizacije in testi-
ranj in sicer podatkov, ki jih tako ali tako ze zajema SCADA
sistem (slika 2). Uporabliena je bila torej standardna struk-
tura sistema industrijske avtomatizacije, ki smo ji dodali
povezavo do Matlaba. Pomembno je, da pri predstavljeni
reditvi ne prihaja do ¢asovnih zakasnitev med podatki v
Matlabu in tistimi v SCADA sistemu, saj sta oba prikljuena
na isti OPC streznik. Tudi morebitnih zakasnitev delovanja
celotnega sistema zaradi dodatnega OPC Clienta ni bilo
zaznati. Na procesih, ki imajo ¢asovno konstanto vecjo od
ene minute ponuja prediagana resitev tudi moznost vodenja
brez omejitev, saj je v tem primeru &as tipanja 100 krat
vedji od ¢asovne konstante in se lahko signal obravnava
kot zvezen signal. Ta moznost se lahko izkoristi v u¢ne,
eksperimentalne ali raziskovalne namene, ob Semer ohran-
ja vse prednosti uporabe zanesljivih in preverjenih industr-
ijskih resitev.
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5. Zakljucek

Namen OPC standarda je zagotoviti moznost medsebo-
inega povezovanja razli¢ne procesne opreme in program-
skih paketov razli¢nih proizvajalcev ter s tem preprediti, da
bi bila programska oprema odvisna od strojne opreme proiz-
vajalcev. Ugotovljeno je bilo, da prinasa uporaba te teh-
nologije Stevilne prednosti, ki jih lahko strnemo v boljéi
povezljivosti z razli¢nimi sistemi in procesnimi napravami
ter boljsi funkcionalnosti, ki jo OPC v povezavi s SCADA
sistemi ponuja. Dogajanja na trgu SCADA programske
opreme kazejo, da je prakticna uporaba omenjene teh-
nologije dejansko trend razvoja na tem podro&ju. SCADA
sistema, kot sta iFIX ter InTouch, ze temeljita na kompo-
nentni arhitekturi ter OPC in s tem tudi pridata, da je upo-
raba OPC realnost. Pri avtomatizaciji proizvodnje pomeni
odlocitev za OPC ne samo trenutno prednost zaradi pri-
merljivosti razliénih ponudb izvajalcev, ampak tudi ali pa
predvsem odprtost sistema za nadaljno Siritev saj so enk-
rat zajeti podatki resniéno na voljo ostalim programom brez
morebitnih posegov v SCADA sistem. Razvo] OPC tako ni
samo pripomogel k vediji izbiri proizvodov in konkurenénosti,
pac pa tudi k vedno vedji uporabnosti in funkcionalnosti
sistemov procesnega vodenja v industriji vse do sistemov
poslovnega odloganja. Tudi na podrocju OPC gre razvoj v
smeri povezovanja z Internetom, kjer so v fazi zakljuénih
dogovorov specifikacije za podrocje OPC XML ter nova
specifikacija OPC Data Access 3.0.

Prediagana je reditev, ki preko OPC uspeéno poveze 7e
obstoje¢ sistem industrijske avtomatizacije z okoljem Mat-
lab, kar lahko sluzi za on-line spremljanje procesnih po-
datkov proizvodnje z namenom analize ali optimizacije proiz-
vodnega postopka, zgodnje detekcije napak, ali pa zgolj
prenosu procesnih podatkov v Matlab za nadaljnjo obdela-
vo ali shranjevanje. Omenjena resitev pokaze svojo upo-
rabnost e posebej v pogojih, ko se proizvodnega postop-
ka ne sme spreminjati ali zaustaviti, kot je to primer v far-
macevtski industriji ali v proizvodnji mikroelektronike, ko je
tudi sama prisotnost ljudi v proizvodnji nezazelena. V test-
nem sistemu je OPC streznik zajemal podatke iz krmilnika,
preveril kvaliteto in morebitno spremembo vrednosti po-
datkov ter jih posredoval OPC odjemalcu, ki jih je po ob-
delavi poslal nazaj po isti poti. Za namene “worst case”
testiranj se je uporabilo sinhrono branje, kjer se je vsak
podatek vsaki¢ spremenil, na istem racunalniku pa so tekli
en streznik, dva odjemalca, SCADA ter Matlab program.
Opravijene meritve kaZejo, da so zaradi fiksnega mrivega
Casa zmogljivosti najslabse pri prenosu enega samega
podatka, pri velikem $tevilu podatkov pa se lahko raduna
na hitrosti okrog 1000 podatkov/s. Procesni podatki so
Matlabu na razpolago praktic¢no istoGasno kot SCADA sis-
temu, kar potrjuje uporabnost v industrijskih sistemih. Pred-
lagana resitev je e posebej primerna za podasi se sprem-
injajo¢e industrijske procese, kjer ponuja tudi moznost
vodenja.

Moznosti nadaljnjih raziskav se kaZejo v raziskavi uporabe
OPC streznikov z manjdimi ¢asi prenosov podatkov v pov-
ezavi z opcijo “prenos podatka le ob spremembi” (excep-
tion based), kar pomeni v povpredju sicer kraj§i, vendar
nederministi¢en ¢as prenosa. OPC omogod&a tudi “time
stamping”, Kjer se v hitrem krmilniku pripne podatku zraven
njegove vrednosti $e ¢asovna znamka nastanka podatka.
Ob prenosu takih podatkov v Matlab bi se le-ti lahko usk-
ladili z ostalimi on-line podatki, kar prinasa nove izzive na
podrocju vodenja procesov s spremenljivimi mrivimi &asi.
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IEEE 1149.1 STANDARD: A WIDELY SUPPORTED DESIGN
FOR TESTABILITY TECHNIQUE

U. Kac

Institut “Jozef Stefan”, Ljubljana, Slovenia

Key words: electronics, electronic circuits, PCB, Printed Circuit Boards, IC, Integrated Circuits, electronic systems, testing, debuggers, debugging,
design for testability, in-circuit test, boundary-scan test, JTAG, Joint Test Action Group, IEEE 1149.4 standards, TAP, Test Access Port, mixed-signal test
buses, EDA, Electronic Design Automation, ATPG, Automated Test Pattern Generation, IEEE 1532 standards, in-system configurations, IEEE 1500

standards, embedded core tests

Abstract: This paper is a short introduction to the implementation and application of [EEE 1149.1 boundary-scan test techniques, which are key to
efficient design test and debug in increasingly complex electronic circuits. Following a short description of [EEE 1148.1 compliant devices, the paper
focuses on the actual benefits of using boundary-scan test infrastructure on chip, board and system levels. Main features of currently available boundary-
scan test design and application tools are briefly presented. A survey on IEEE 1149 1 standard extensions and recent developments of related standards
is also included, which confirms the importance for designers to be familiar with boundary-scan techniques. The main goal of the paper is therefore to
promote the use of IEEE 1149.1 and other standardized design for testability techniques amongst developers and designers in our national electronic

industry.

IEEE 1149.1 standard: dobro podprta tehnika nacrtovanja
zmoznosti testiranja vezij

Kijuéne besede: elektronika, vezja elektronska, PCB plosce vezja tiskanega, IC vezja integrirana, sistemi elektronski, preskusanje, iskalniki in odstranje-
valniki napak, iskanje in odstranjevanje napak, snovanje za preskusliivost, preskusanje v vezju, linija preskusna robna, JTAG skupina delovna za presku-
Sanje spojev, IEEE 1149.4 standardi, TAP vrata dostopa preskusa, vodila preskusna s signali mesanimi, EDA avtomatizacija snovanja elektronike, ATPG
generiranje vzorcev preskusnih avtomatizirano, IEEE 1532 standardi, konfiguracije v sistemu, IEEE 1500 standardi, preskusanje jeder vgrajenih

Izvieéek: Clanek predstavija kratek uvod v nacrtovanje in uporabo tehnike IEEE 1149 1 robne testne linije, ki je kljuénega pomena za udinkovito testiranje
in razhrod¢evanje edalje bolj kompleksnih elektronskih vezij. Kratkemu opisu strukture IEEE 1149.1 zdruzljivih komponent sledi predstavitev dejanskin
koristi, ki sledijo iz vgradnje infrastrukture robne testne linije v integrirano ali tiskano vezje oziroma elektronski sistem. Na kratko so predstavliene poglavitne
lastnosti trenutno razpolozljivih orodij za nacrtovanje vezij in testnih postopkov z uporabo robne testne linije. Pregled razsiritev standarda |{EEE 1149.1 ter
trenutnega razvoja sorodnih standardov dodatno potrjuje potrebo nadrtovalcey vezij po poznavanju tehnik robne testne linjje. Cilj prispevka je tako pred-
vsem spodbujanje uporabe [EEE 1149.1 in drugih standardiziranih postopkov nadrtovanja zmozZnosti testiranja med razvijalci in nadrtovalci v domadi

elektronski industriji.

build. Furthermore, use of multichip modules (MCMs),
complex System-on-Chip (SoC) devices and multi-layer
boards made physical access to internal nodes virtually
impossible /2/.

1. Introduction

Miniaturization and increasing density of modern electron-
ic devices has brought to increased problems in the pro-
duction testing of loaded printed circuit boards (PCBs).
The production test is essentially an attempt to detect pos-
sible defects, such as net-to-net shorts, solder opens or
missing components in the assembly of integrated circuits
(ICs) and other components on the board. In-circuit test
(ICT) has been the industry leading technigue for board
level testing since mid-1970s due to a number of benefits
compared to various functional {(“edge connector”) testing

During the 1980s several companies tackled the problem
of limited access board testing, developing the so-called
boundary-scan principle. They built their concept on ICT
techniques, but with physical nails being substituted by an
on-chip serial shift register placed around the IC core
boundary i.e. a boundary-scan register. In 1985 represent-
atives from several European and North American compa-
nies formed the Joint Test Action Group (JTAG), which con-

methods /1/. ICT relies on physical probing of internal PCB
interconnections through a "bed-of-nails” fixture (Figure 1)
in order to improve fault detection and simplify component
level diagnosis.

As high density [Cs with smaller pin-to-pin spacing evolved,
distance between PCB interconnections has decreased
and test lands, which are laid onto copper interconnec-
tions to allow ICT probe application, have shrinked as well.
This made ICT bed-of-nails fixtures difficult and costly to

verted the boundary-scan idea into an international stand-
ard. The IEEE 1149.1 standard was first published in 1990,

During the past decade boundary-scan became a mature
Design for Testability (DfT) technique /3/, widely support-
ed by both catalog IC manufacturers and by electronic
design automation (EDA) tool vendors /4, 5, 6/. Never-
theless many electronics manufacturers stiil ignore the ben-
efits of providing their PCB designs with IEEE 11491 in-
frastructure. This paper wants to briefly illustrate these ben-
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Incircuit tester

Bedofnails fixture

Nails

Figure 1: In-circuit test technique

efits and direct the interested reader to more detailed sourc-
es of information on boundary-scan infrastructure design,
its use and the available tools.

2. The IEEE 1149.1 standard test
access port and boundary-scan
architecture

A boundary-scan device features multi-purpose memory
elements called boundary-scan cells (BSCs), which are
interposed between each primary input or output and the
appropriate core logic terminal, and a minimal Test Access
Port (TAP) interface (Figure 2). The BSCs are serially con-
catenated into a parallel-in parallel-out shift register, which
is accessed through two TAP pins, namely Test Data Input
(TDIy and Test Data Cutput (TDO). Control structures, which
are required to select between normal and test cperation
modes, comprise a finite state machine (TAP controller)
that operates synchronously to a Test Clock (TCK) and
under the control of a Test Mode Select (TMS) signal. Ad-
ditional test structures include a single instruction register
that controls the test modes and any number of test data
registers {including the boundary-scan register) that can
be selected by specific instructions. An optional Test Re-
set (TRST) pin can be also included into the TAP.

The IEEE 1149.1 standard does not prescribe actual hard-
ware implementation of the test infrastructure described
above but only defines required components (4-port TAP,
boundary, instruction and bypass registers) and their func-
tional properties, as well as the minimum test instruction
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Figure 2: Structure of a boundary-scan device

set that any compliant device must support /7/. Further-
more, the standard allows for optional and proprietary test
instructions, and for additional test data registers to be im-
plemented on-chip. A later supplement to the standard de-
fines the Boundary-Scan Description Language (BSDL)
syntax. BSDL is used for describing the boundary-scan
device pin-out and the specific implementation of its test
infrastructure (such as boundary register, optional regis-
ters, instruction set and opcodes). BSDL files are readily
available from manufacturers of IEEE 1149.1 compliant
devices.

2.1 Use of boundary-scan at chip level

The on-chip boundary-scan test infrastructure does not
contribute to the basic functionality of the device. Never-
theless it can provide substantial benefit at chip level with
its provision for a standard test access method (TAP), which
can be used to access chip-internal test facilities, such as
internal scan path, built-in self-test (BIST) or built-in emula-
tion and debug.

Internal scan paths are implemented by substituting nor-
mal storage elements (latches, flip-flops) within the core
logic with scannable ones, which can be serially intercon-
nected to form a shift register structure (Figure 3). The
primary reason to adopt this technique is the inability of
sequential automatic test pattern generation (ATPG) algo-
rithms to provide adequate fault coverage for core logic
test. By dividing core logic into smaller sequential blocks
(partial-scan), or plain combinatorial blocks (full-scan) that
are accessibte from the internal scan path, better fault cov-
erage can be achieved with existing ATPG algorithms /8/.

IEEE 1149.1 architecture allows the definition and use of
proprietary instructions therefore the internal scan path reg-
ister can be easlly integrated with other 1149.1 test data
registers. Consequently, static device test requirements
can be reduced to the TAP interface, since both boundary
and internal scan registers are accessible through TDI/
TDO. Furthermore, internal scan path can be accessed
through the same interface for chip debug and failure di-
agnosis.
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Figure 3: Device with internal scan path

The main benefit of BIST techniques is that test vectors
are generated and test responses are monitored on-chip
thus eliminating the need for external generation and ap-
plication of large sets of test vectors via the chip primary
inputs/outputs. This is usually achieved by means of pseu-
do-random pattern generators and signature analyzers im-
plemented as linear-feedback shift registers (LFSRs). IEEE
11481 provides for easy integration with on-chip BIST
through the implementation of the optional runbist test in-
struction. When implemented, RUNBIST can provide for
quick functional testing of a PCB mounted device.

2.2 Use of boundary-scan at board level

Board-level test has been the primary concern of the |EEE
1149 1 standard developers. Boundary-scan cells replace
ICT physical nails by providing electrical access to circuit-
internal nodes through device primary inputs/outputs and
are therefore often referred to as "virtual nails” or “silicon
nails”. At the board level, houndary-scan devices are usu-
ally daisy-chained (TDO to TDI, Figure 4) to form a single
boundary-scan path.

Bridging fatl

Output BS cell Input BS cell

Nonsgan:;
component

Board-level boundary-scan path
implementation

Figure 4:

For boards, which are entirely populated by IEEE 11491
compliant devices, opens/shorts tests with 100% fauit coy-

erage can be generated fully automatically by ATPG soft-
ware and inexpensive four-wire boundary-scan testers can
be used to perform the board test. Furthermore, faults can
be automatically isolated to the interconnection (for shorts)
or to the node (for opens). The task of generating board-
level fault tests is greatly simplified. Since each device in-
put pin can be sampled and each output pin can be driven
from the appropriate BSC, no knowledge of the device core
logic is required for fault testing the board. For a group of
PCB interconnections between two boundary-scan devic-
es, a single test vector is required to test all interconnec-
tions for stuck-at-one faults. To provide stimulus, an all-
zeros test vector is shifted into output BSCs via TD! to drive
the interconnections low. Interconnection values are then
sampled into input BSCs and shifted out via TDO for com-
parison with the expected value. Similarly, stuck-at-zero
faults test requires a single test vector of all-ones. Bridging
faults can be isolated using a binary search algorithm: a
group of 8 interconnections requires only 3 test vectors
for a complete bridging fault test, as shown in Table 1.

Interconnection

1 2 3 4 | S 6 7 8
Vector 1 | 0 I 0 1 0 1 [
Vector 2 0 0 o 0 0 1 1
Vector3: 0 0 0 | 0 1 | i 1

Table 1: Test vectors for 100% bridging fault coverage
(number of interconnections = 8)

Altogether, a board with N interconnections between dis-
tinct BSCs, would require a total of (log N / log 2) + 2 test
vectors for full bridging and stuck-at fault test (i.e. 5 test
vectors for 8 nets). Consider now fault testing a non-IEEE
1149.1 board with ICT prabes. In contrast with BSCs, bed-
of-nails fixtures usually provide a single access pointto any
interconnection, therefore stimulus is applied to intercon-
nections at device inputs and response is sampled on in-
terconnections at device outputs. A plain combinatorial de-
vice would require 2"N test vectors for a full test (i.e. 256
vectors for 8 interconnections). Although the number might
be significantly reduced by studying the device functional-
ity, this requires adequate functional models and test de-
velopment tools. In case of a sequential device the prob-
lem would become even more complex, since several set-
up vectors might be required to condition a device to test
an input and several vectors might be required to propa-
gate the fault to an output for observation.

On the other hand, even if the board comprises only a few
IEEE 1148.1 devices, the test development can be sub-
stantially simplified and fault coverage improved. When clus-
ters of non-scan devices and other components are sur-
rounded by boundary-scan devices, BSCs in surrounding
devices can be used to stimulate the cluster and observe
its responses. In this case a suitable test vector set target-
ing interconnection faults within the cluster must be pre-
pared. When such approach is not sufficient in terms of
fault coverage, the boundary-scan infrastructure can be
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combined with ICT physical nails to access cluster-inter-
nal interconnections.

2.3 Use of boundary-scan at system level

Chip and board-level [EEE 11491 based tests can be re-
used at system level e.g. for system BIST, field service,
remote diagnostics or hardware debug. The main benefit
is that the physical test access can be limited to the simple
TAP interface and use of complex test hardware can be
avoided. Moreover, by implementing backplane bus inter-
faces on single PCB modules and on the backplane PCB
with scannable devices, the backplane connectivity and
integrity test can be performed and the system can be par-
titioned along modules boundaries for easier diagnostics.

Boardlevel
boundaryscan chai

Backplane
interconnec

To1_BP
TDO_8P
THS_BP
TCK_BP
‘TRST_BP

{EEE 1149.1 systen
test bus

Figure 5: Muitidrop system IEEE 1149.1 architecture

While a single boundary-scan chain is usually used to con-
nect IEEE 1149 1 devices on a PCB (Figure 4), the same
approach is not adequate for integrating boards into the
backplane architecture (Figure 5). If the backplane is de-
signed such that board-level scan chains are daisy-chained
into a single system wide chain, then removing any board
from the system will break the boundary-scan chain. Fur-
thermore, boards must be located in specific slots in order
to preserve a known test infrastructure and a fault in the
chain of one board would leave the entire system untesta-
ble. To avoid such problems the standard proposes a multi-
drop star configuration in which the TDl and TDO pins are
bussed. However to prevent simultaneous scanning of
multiple boards onto the same TDI/TDO bus, multiple TMS
signals are required (one for each slot) and the number of
backplane channels increases proportionally. An alterna-
tive solution, which does not require multiple TMS lines, is
a multidrop scheme using addressable IEEE 1149.1 de-
vices.

3. Boundary-scan development tools
and testers

In order to benefit from the IEEE 1149.1 standard, the de-

signer should specify the use of boundary-scan infrastruc-

ture in custom ASICs and place scannable catalog devic-
es on board wherever possible. Nowadays a number of IC
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vendors provide a variety of IEEE 1149.1 compliant devic-
es, including standard components (bus interfaces, micro-
processors, DSPs, memory [Cs, ...), user field-program-
mable devices and ASICs (gate-arrays, standard cells, ...).
Various support devices (test bus controllers, scan path
bridges/linkers/selectors, multidrop addressabie test
ports) are readily available to facilitate the implementation
of board or system level boundary-scan infrastructure.

Another very important issue for a designer is the availabil-
ity of EDA tools supporting boundary-scan. Most major EDA
vendors offer boundary-scan insertion tools as well as tools
for boundary-scan ATPG.

Finally, some means of boundary-scan test application is
also required, which can come either in the form of large
production in-circuit or functional testers with integrated
boundary-scan capabilities or as inexpensive, PC-based
standalone boundary-scan testers.

3.1 Design of IEEE 1149.1 compliant
devices

Boundary-scan insertion tools provide for a more or less
automated design of IEEE 1149.1 compliant ASICs, which
is often combined with insertion of other on-chip test struc-
tures, such as internal scan or BIST. These tools usually
operate on RTL or gate-level descriptions of the ASIC de-
sign and on existing libraries of boundary-scan building
blocks. Better tools provide for a more flexible configura-
tion of the building blocks (e.g. implementation of proprie-
tary test instructions, integration with internal scan / BIST)
as well as for the generation of test patterns for use with
on-chip test structures. The tool output usually consists of
a device netlist and the appropriate BSDL device descrip-
tion (see Figure 6).

3.2 Boundary-scan test development

Boundary-scan ATPG tools automatically generate proto-
type or manufacturing tests to be applied to the circuit un-
dertest (CUT) using the board level TAP. ATPG tools usual-
ly consist of various software modules, which can be com-
bined to suite the chosen test strategy. Modules include
access analysis, boundary in-circuit test, virtual intercon-
nects test, virtual component/cluster test, boundary func-
tional test as well as test generators for BSDL validation
and TAP/scan-path integrity testing. Access analysis tools
are typically used before layout of mixed scan/non-scan
circuits to identify interconnections, which do not require
physical test access. Boundary in-circuit test generators
combine physical probing and boundary-scan devices 1o
reduce test complexity. Virtual interconnect test modules
generate patterns to test interconnections using only the
virtual access provided by the boundary-scan path while
virtual component/cluster test modules use boundary-scan
access to detect open and stuck-at faults on the leads of
non-scan devices/clusters, eliminating the need for phys-
ical access. Some tools also support multiple boundary-
scan paths on a single board. ATPG tools usually operate
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Figure 6: Boundary-scan development process

on given circuit netlist and BSDL description (see Figure
6), producing test patterns in standard automatic test equip-
ment formats, such as the Serial Vector Format (SVF).

3.3 Boundary-scan testers

We can roughly divide commercially available boundary-
scan testers into two groups. The first one includes large
production in-circuit and functional testers with integrated
boundary-scan support, which are designed to achieve the
highest possible fault coverage within only one production
step. This is reflected by high complexity and elevate costs
of such testers. The second group includes so-called stand-
alone boundary-scan testers. These usually consist of a
host PC and a relatively inexpensive adapter, which con-
trols the IEEE 1149.1 test bus and possibly features some
additional paralle!l I/ Os to control/observe CUT edge con-
nectors. A variety of internal and external PC adapters are
available on the market for many standard buses, such as
ISA, PCI, VX1, PXI, PC-CARD, PIO, RS-232, USB or GPIB.

The minimum requirement for any boundary-scan tester is
the ability to exercise the board-level TAPs under the con-
trol of a simple test description (e.g. a SVF file), however
an interactive boundary-scan test and debug environment
is preferred to simplify the use of the test system. Most
boundary-scan testers provide software tools that allow
interactive view and control of only those portions of the
board (pin, register, bus, user-defined signal group) that

IEEE 1149.1 test bus
controller

IEEE 1149.1
test bus

CcuT

Figure 7: Stand-alone boundary-scan tester

are of interest. The benefit of such tools is that complexity
of TAP protocol and boundary-scan chain are hidden from
the user and test stimuli/responses are presented as wave-
form and state diagram displays. The tools usually support
various test vector generation methods including interac-
tive creation and EDA or boundary-scan ATPG generated
test sets. They also allow the user to describe the bound-
ary-scan test infrastructure using standard formats such
as BSDL and EDIF (Electronic Design Interchange For-
mat).

4. IEEE 1149.1 related standards

During the existence of IEEE 1149.1 several related stand-
ards have emerged, which extended the use of the bound-
ary-scan techniques and its infrastructure to new areas
such as testing of mixed-signal circuits or in-system con-
figuration (ISC) of programmable devices, while a stand-
ard concerning testing of System-on-Chip (SoC) devices
is currently in project phase. The original standard itself
has seen two additional supplements: IEEE 1149.1a-1993
and [EEE 1149.1b-1994 (BSDL). The IEEE 1149.1-1993
supplement brought some clarifications and new optional
boundary-scan test commands to the original standard. Fur-
thermore it addressed the issue of integration of IEEE
1149.1 with other test access methods such as the Level
Sensitive Scan Design (LSSD), which is frequently used to
access internal scan paths. The supplement described a
simple mechanism for converting a component from con-
formance to IEEE 1149.1 to conformance to a different
standard. The three publications were finally merged into
the latest standard publication - IEEE 1149.1-2001.
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IEEE standard for a mixed-signal test
bus (1149.4-1999)

The |EEE 1149.4 standard extended the boundary-scan
principle into the domain of mixed analog-digital circuits
with the introduction of new elements to the existing IEEE
1149.1 test infrastructure. The standard defines analog
boundary modules (ABMs), which are interposed between
primary analog functional pins and appropriate analog core
terminals. The TAP is expanded with analog pins AT1 (An-
alog Test 1) and AT2, which are internally connected to
each ABM via the Test Bus Interface Circuit {TBIC) and a
two-wire on-chip analog bus AB1/AB2 (Figure 8). At the
board level, all IEEE 1149.4 devices are connected to a
two-wire analog bus through AT1 and AT2 pins /9/.

4.1

This additional infrastructure allows analog stimulus from
external generators to be routed from AT1 pin to an output
ABM and on to connected analog components. Analog
responses arriving at an input ABM can be routed to AT2
pin and on to an external measurement unit. In this way,
parametric measurements of on-board analog components
can be performed.

Although IEEE 1149.4 compliant catalog devices are cur-
rently unavailable, first steps are being done by IC manu-
factures towards the implementation of such devices /10/
and feasibility studies on experimental ICs have already
shown a number of possible benefits in designing mixed-
signal ICs with IEEE 1149.4 infrastructure /11, 12, 13/.

Boundary scan register

Vi

4.2 1EEE standard for in-system

configuration of programmable
devices (1532-2000)

In-system configuration of programmable devices has be-
come a major new application of the IEEE 1149.1 stand-
ard. Programmable logic imposes several problems (lack
of device models, test preparation delays) to ICT board
testing methods, therefore IEEE 1149.1 infrastructure is
included in the majority of programmable devices. The man-
ufacturers soon realized that they could also use the TAP
interface and the boundary-scan serial protocol for ISC of
the device. The result of a standardization effort between
various manufacturers is the IEEE 1532 standard, which
defines additional data registers to assist configuration pro-
gramming, along with new mandatory and optional instruc-
tions compatible with the IEEE 1149.1 physical and logical
protocols /14, 15/.

4.3 |IEEE Standard Testability Method for

Embedded Core-based Integrated
circuits (P1500)

Test development currently represents a major problem in
the design of complex SoC devices, which include em-
bedded cores originating from different core providers. The
P1500 working group was established in 1995 with the
goal to develop a standard DfT method for such devices.
The standard will define a test wrapper architecture and a
language for the description of test related information for

Analog
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control
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o v 2
[} = o
g 29 H
< £ o
E L o
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) TAP controller
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Figure 8: |EEE 1149.4 compliant mixed-signal device structure
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the cores (e.g. processor cores, memory blocks, ...) em-
bedded in the SoC /16/, /17/.

In practice, many embedded cores might already include
IEEE 1149.1 or another test access mechanism. Hence
we may expect the P1500 standard (or a related docu-
ment) to present some solution for the integration of differ-
ent test access standards with the proposed wrapper ar-
chitecture. As mentioned above, similar issues concern-
ing IEEE 1149.1 were addressed by a later supplement to
the original standard.

5. Conclusion

In the early years from its publication, the IEEE 1149.1
standard was often criticized for elevating silicon costs and
increasing design time. Many designers failed to see how
the standard can benefit them, often being confused by
the requirements for complex sequencing of the TAP sig-
nals. However the declining silicon costs, the growing list
of [EEE 1149.1 compliant catalog devices, and the increas-
ing availability of EDA tools that automate boundary-scan
test insertion, generation and application have resulted in
boundary-scan becoming a widely accepted DT tech-
nique.

Although IEEE 1149.1 is a very efficient answer to the com-
plex problem of testing boards and systems for various man-
ufacturing defects and performing other design debug
tasks, many designers still seem to lack basic knowledge
about its potentials. In this paper we briefly introduced the
reader to the standard, the main benefits of its use at chip,
board or system level, and the most important features of
available EDA tools. We presented some recent standard-
ization efforts related to the IEEE 1149.1 standard, dem-
onstrating the importance for designers to be familiar with
boundary-scan techniques, which will keep an important
role in the design of increasingly complex electronic de-
vices. Readers looking for further details on boundary-scan
are therefore encouraged to consult referenced literature.
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APPLICATION ARTICLE

CHARACTERISTICS OF POWER SEMICONDUCTORS

J. M. Peter, ST Microelectronics

ABSTRACT

This paper aims to give a brief overview of the essential
characteristics of power semiconductors, and to provide a
guide in their selection for particular applications.

It considers the characteristics of various power compo-
nents when operating like a switch - either blocking cur-
rent or voltage, or conducting with a small voltage drop.

Their behaviour is examined in terms of:

(i) Typical current and voltage ratings (switchable pow-
er) permanent current - short overcurrent;

(i)  The switching behaviour: switching speed and switch-
ing losses;

(iii) Drive requirements.

Advantages and disadvantages are summarised, and the
relative cost of each solution indicated.

Currently, the main types of power semiconductors are the
Power Diode, the power Bipolar Junction Transistor (BJT),
the Thyristor (Triacs and SCRs), the Gate Turn-off Thyristor
(GTO), the Power MOSFET, and the Insulated Gate Bipo-
lar Transistor (IGBT).

2 THE POWER DIODE see figure 1.

2.1 Current

The physical parameter which limits current is the maxi-
mum junction temperature; the temperature at which de-
struction of the device occurs. Hence the maximum cur-
rent in a diode depends essentially on the cooling; in prac-
tical terms on the thermal resistance (for DC operation),
and on the thermal impedance (for short duration surge
currents).

2.2 Voltage

The device is destroyed if the electric field across the N
region of the diode becomes strong enough to cause break-
down - hence the voltage ratings of the transistor (forward,
Vi and reverse, Vpawm) depend upon the thickness of this
region.

2.3 Switching

Power PN diodes have a “memory” effect due to the stor-
age of minority carriers. If the voltage across a diode which
has been conducting in the forward direction is suddenly

|D‘ |R
SLOPE = R,
CATHODE ! _VR
VRRM

a) F

VTO d)
A V=V +Rp. e ha

P=Vit lF(AV) +Rp . IZF(RMS)
C) i \Y}
R

C VRRM
b) e)

Power Diode: a) Simplified structure
b) Circuit symbol

¢) Current limits

Figure 1.
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reversed, the p and n regions of the diode are still full of
minority carriers, which can cause the diode to behave
like a short circuit for a short period of time until the minor-
ity carrier density falls. The reverse current due to this ef-
fect can cause problems: current spikes, noise, overvolt-
ages, and supplementary switching losses.

Figure 2 shows the tumn-off behaviour. The main parame-
teris the reverse current, Irm, and in some case the recov-
ery charge Qr. The reverse current increases with dlg/dt
(slope of decreasing current before turn-off) and with junc-
tion temperature.

A fast PN diode is a diode made with a reduced minority-
carrier lifetime, which leads to a reduction in the diffusion
length (ie the average distance travelled by a minority car-
rier before recombination).

if the diffusion length is shorter than the thickness of the
silicon N region, the diode's on-resistance increases dras-
tically. However the maximum voltages that the diode can
withstand depend upon the thickness of this region. The
design of a fast diode is therefore the result of a trade-off
between maximum voltage Vprm, forward voltage drop Ve
and speed (t«) - see figure 3.

Figure 4 shows losses introduced by a frewheel diode.
Using a faster diode reduces these losses, but it is not
always possible to have an ultra fast diode with a high volt-
age rating. Instead it could be possible to use several low
voltage ultra-fast diodes in series - see reference /3/.

When the diode switches off in series with an inductance
L, a supplementary energy L'1°qu is dissipated in the cir-
cuit. For this reason the choice of circuit configuration is
very important (figure 5).

2.4 Schottky Power Diodes

Schottky power diodes, which use only majority carriers,
have a different behaviour; they have a smaller voltage drop
and no recovery charge, and are many times faster than
PN diodes. However, they have the disadvantages of a lim-
ited voltage range (60 to 100V) and a very high internal
capacitance. The leakage current is also large, and be-
comes larger at high temperatures.

3  THE BIPOLAR TRANSISTOR

see figure 6.
3.1 Current
The current capability is defined by:
VeEsan < 1.5V@ Ifle = logsaty
If g = Ip(sat)

I lc < lcisan, the voltage drop Vee is proportional to it, and
can be very small.

IfIc > Icsan, Vor remains relatively constant with changing
le, and so the transistor can be considered as a current
source.

The bipolar transistor has no overcurrent capability (ic can-
not exceed lomax), and this maximum operating current is
defined by the gain, not by thermal considerations.

Recovery time t «

-t

IrRMm

Recovery charge Q;

Figure 2. Diode turn-off behaviour
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dl/dt=-50A/us

BYW81 BYT12-400 | BYT12-800 | BYT12-1000
Vorm 200 400 800 1000
Ve@ 12V 0.85V 1.4V 1.8V 1.8V
lpw (A) 1.8 3.7 6.0 7.8
N N NN
T,= 100°C e <7 7 \/

Figure 3. Speed versus VDRM
VAl
I
+ A
Wonrans) = 72(1 + la) (T + tiaw) - Vg
Jo v
Worriode) = Ju V- 1. dt
Figure 4. Freewheel diode losses
vy i v
dlg /dt
A4
I RM V
| - R
WOFF(diode) =J‘ v.i.dt W onirans) = Wp + %21, rum
Figure 5. Effect of circuit topology on diode behaviour
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¢) Gain characteristics

Figure 6. The Bipolar Transistor:

3.2 Voltage

Two parameters define bipolar transistor voltage capabili-
ty:
- Vcey, the maximum voltage with the base emitter junc-
tion blocked (Vcev = Vego, the maximum collector-
base voltage).

Vceo, the maximum voltage with base open.

For switching applications, voltage limits are defined by
the Safe Operating Area (SOA). (Vcew, the working voltage
at high current, is often equal to Vceo).

Maximum capabilities for the early 1990s

VCEO VCEV IC(sat)
Fasttransistors 800V 1300V 60A
Slow transistors 1000V 1400V  400A

Voltage drop: If Ic < lg(say the voltage drop (with optimised
drive) is very low.
e

Vee =

IC(sat) : VC E(sat)

d) Output characteristics
e) Forward breakdown characteristics
f)Forward-bias safe operating area (FBSOA)

3.3 Drive requirements
See figure 7.

The BJT is a current-driven device: during the conducting
phase its necessary to deliver a base current

le

B

lgy = = gain

At nominal current the gain specified for low voltage tran-
sistors (Veeo < 250V) is around 10, and for high voltage
transistors is around 5, near lgesay as defined in the data
sheets.

The following empirical relation can be used to estimate
gain at other current levels.

lg

!C(sat)

B@ Ig=[B@ lguul
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Figure 7. Driving a bipolar transistor:  a) Driving circuit
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Figure 8. Bipolar transistor switching times

3.4 Switching times

The total turn-off time toff is the sum of two components

(see figure 8):

- The storage time ts. This is a “memory” effect, due to
the storage of minority carriers in the base. (1s for
Veeo = 100V, 3s for Veeo = 400V).

- The fall time t. The majority of switching losses are
due to the fall time (but modern transistors using cel-
lular technology have very small fall times).

To ensure fast turn-off, it is necessary to force a negative
current lgo in the base to increase the rate of recombina-
tion of minority carriers.

3.5 The Darlington

This is a structure which behaves like two bipolar transis-
tors connected, as shown in figure 9: the first acting as a
driver, and the second as a power stage.

134

b) Choosing the base drive current

The Darlington offers higher gain than a conventional BJT,
and the ability to operate at higher current density (hecause
the gain of the power stage can be very high), but these
advantages are offset by a higher voltage drop:

VeEsay Darlington = 0.8V + Vcgsay BJT

and also the increased turn-off time - the power stage tran-
sistor can only begin to turn off after the driver has turned
off.

v Standard
CE BJT  Darlington
25V / //
lc
a) lGsan

Gain

c)

Figure 9. Darlington Transistor characteristics
a) Equivalent structure
b) Output characteristics

¢) Gain characteristics



Informacije MIDEM 32(2002)2, Ljubljana

4. THE THYRISTOR

»Thyristor« is a generic term for a semiconductor device
having four or more layers. The two main members of the
family are the Silicon Controlled Rectifier, or SCR (often
simply called a thyristor) and the TRIAC (derived from TRI-
ode for Alternating Current). Both share similar current and
voltage characteristics. The structure and characteristics
of the SCR are shown in figure 10.

The thyristor operates using positive feedback - once the
device is turned on or “fired” by applying the current pulse
tothe gate, it continues to conduct until the current through
it falls below a certain smali fixed value, known as the hold-
ing current. This effect occurs because, as shown in fig-
ure 10b, the SCR behaves like two bipolar transistors con-
nected back to back, which once fired effectively provide
their own base drive current.

4.1 Current

The maximum operating current is defined, like the power
diode, by the rate at which the device is cooled. The thyr-
istor can withstand very high surge currents (within the
capabilities of the cooling arrangements).

4.2 Voltage

The blocking voltage can be very high - up to 5kV. Its volt-
age drop is around 0.8V at low current, rising to 1.2V at
nominal current.

4.3 Drive requirements - see figure 11.

Because of the positive feedback, the thyristor needs only
avery low current for a short time at turn-on (firing). In prac-
tice a small “holding current” is required to maintain the
device in conduction. However it has the disadvantage that
the device cannot be turned off by controlling the gate
current -instead the anode current must be forced to zero,
by forcing the anode-cathode voltage to zero. In switching
or AC circuits this can be achieved using a resonant LC
circuit connected in series or parallel.

4.4 Switching times

When the anode current is forced to zero, the thyristor turns
off. However, it is necessary to wait for a time tq (the turn-
off time, like the fall time of a bipolar device) before the
anode voltage is reapplied - otherwise the device will con-
tinue to conduct.

4.5 The TRIAC

The TRIAC is effectively two SCRs connected in anti-par-
allel, with a single gate - see figure 12. This device can
conduct current in both directions (ie from A1 to A2 and
from A2 to A1) and so can be used to control the flow of
AC currents - the current through the device will fall below
the holding current every half cycle, and at this point the
device will turn off automatically unless it is refired. Hence
for continuous conduction the device must be refired at
twice the frequency of the current it is conducting.

A
T2
T1 G
C
a) c)
Ia
v T
" ) r VAWM
e 0 ;- t
( \% DWM
L V awm Vowm
d) e) f)
Figure 10.  The SCR:  a) Simplified structure d) Current limits

b) Equivalent circuit
c) Circuit symbol

e) Voltage limits
f) Switching Safe Operating Area
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Figure 11. Thyristor drive requirements

As shown in figure 13, the TRIAC can operate in cne of

two ways:

a) The device is fired on only for a certain proportion of
AC half waves, or

b) The firing of the device can be delayed such that only
a portion of each half wave is allowed through. This is
known as phase control.

Operating in the first way, the device can be used as a
simple on-off AG switch, while used in the second way,
the device can be used to control AC power - for example
as a speed control for an AC motor.

Gate

Gate

a)

A1

b)

A1

Gate

Gate

A2

Figure 12. The TRIAC a) Simplified structure

5 THE GTO see figure14.

The GTO is another “positive feedback” component and is
similar to the thyristor, but it has an interdigitated structure,
as shown in figure 14. Consequently it has similar charac-
teristics to the thyristor, but it can be blocked like a transis-
tor.

51 \Voltage

GTOs can support up to around 4kV with a maximum rated
current of 1kA. During turn-off the maximum voltage is
defined by the SOA. The GTO has a poor S.0.A. when
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b) Circuit symbol

c) Equivalent circuit

operating at high currents. lts voltage drop is marginally
higher than that of the thyristor.

5.2 Drive requirements see figure 15.

The GTO requires a very high negative gate current to turn-
off quickly; its has a gain of only 3 which means it requires
a sophisticated and expensive gate drive if it is to be run at
any speed. This means that it is often impractical to use a
charge extracting drive circuit, and so the device has a
“tail effect” whereby the device still conducts while the
minority carriers combine naturally.
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a) b)
Figure 13. Driving a TRIAC: a) Using as an on-off switch b) Phase control
5.3 Switching times - see figure 16 The majority carriers flow into the component due to the

influence of gate voltage; the current cannot be limited by
a “gain phenomenon”. Hence the voltage drop depends
only on the resistance of the silicon path between the drain
and source, Rpson.

Like the bipolar transistor the GTO has a storage time, and
during the fall time its tail effect considerably increases the
turn-off losses.

6 THE POWER MOSFET see figure 17. 6.1 Current

The maximum operating current is defined, as for a diode,

This component uses only majority carriers in conduction,
by the rate at which it is cooled. Its surge current capabil-

which accounts for its specific behaviour.

A
A
G
=
C C
a) b) c)
VT Fa
e, S~
V AWM
I } t
A r V DWM
d) e)

Figure 14. The Gate Turn-Off Thyristor: a) Simplified structure d) Current limits
b) Equivalent circuit e) Voltage limits
c) Circuit symbol
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ities are defined by the thermal time constant of cooling
arrangements (figure 18).

6.2 Voltage

Because the area of silicon used and hence Rpsoon) in-
crease considerably with the maximum rated voltage, this
voltage is currently limited to around 1000V.

The MOSFET has a large S.0.A, as it is able to sustain its
maximum rated voltage during turn-off.

Present technology current ratings are governed by the

Figure 15.  Driving a GTO

following Rosion (25°C) values for the relevant voltage

tail effect ——»

ranges.
Rosiony @ 25°C Max rated voltage
(mW) (V)
77 100
850 500
3500 1000

Figure 16.  GTO switching times

It is frequently said that the MOSFET has a very high volt-
age drop, but this is not correct. The MOSFET voltage drop,

DS

d)

o
wW_T F T O

g
o
AL

Figure 17. The Power MOSFET: a) Simplified structure

d) Output characteristics

b) Circuit symbol
¢c) Equivalent circuit
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e)Forward breakdown characteristics
f) Switching Safe Operating Area
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Figure 18.  Turnoff with high current

Rosony.1, can be very low at a low current density, though
that would be compensated by the need for a large silicon
surface area.

The Rbpsion is (unfortunately) specified in manufacturers
datasheets at 25°C. At a more realistic operating tempera-
ture:

Rbsion) @ 100°C = 1.7 x Rpsiony @ 25°C

6.3 Drive requirements

During conduction the gate requires only a voltage (ap-
proximately 15V) without any significant energy consump-
tion - see figure 19.

MOSFETs turn off very quickly when the gate-source volt-
age fallsto zero. However, the prescence of a capacitance
between the gate and source means that to switch the
device, charge must be supplied or removed to make the
gate voltage rise or fall.

The designer must consider losses due to the charge/ dis-
charge of this capacitance at each turn-on/oft.

6.4 Switching times

The MOSFET, a majority carrier device, has no storage
time. This is very important for many applications. Fall time
{(depending on drive) can be very small, but for a rated volt-
age higher than 300V, it is approximately the same for both
fast bipolar and MOSFET devices.

7 THE IGBT see figure 20.

The IGBT can be considered as a pseudo-Darlington with
a MOSFET as driver and a bipolar transistor as the power
stage.

7.1  Current

The maximum current is generally limited by cooling. It has
over-current capability.

7.2 Voltage

At present, the maximum rated voltage is 1.2kV. This limit
is rapidly increasing towards 1800V and a maximum rated
current of 500A. The SOA is approximately rectangular.

The voltage drop across the IGBT is relatively constant with
respect to the current. This means that at high current lev-
els, conduction losses are lower than those of a MOSFET,
but at low current levels they are considerably higher. This
causes a limit to the efficiency of IGBT circuits.

7.3 Drive requirements
Similar to the MOSFET drive (figure 21).

T [

Gate voltage +15V
(Logic level MOSFET +5V)

VGS

a)

| ’\ _ Effect of gate-source capacitance
G

o ‘/ /( \_
No storage time

b)

Figure 19:  a) Driving a Power MOSFET

b) MOSFET switching waveforms
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Figure 20. The IGBT: a) Simplified structure
b) Circuit symbol

¢) Equivalent circuit

7.4 Switching times

The MOSFET stage has practically no storage time, but
the bipolar section causes a tail current like that in the GTO,
where the device continues to conduct due to the pres-
cence of residual minority carriers in the base. As the base
section of the device cannot be accessed externally to
remove these charges, this tail current persists until the
carriers recombine naturally. This current causes switch-
ing losses, which increase with operating frequency.

15V *I

1l
o
.(}__; 7R __
o
=
~

Figure 21.  Driving an IGBT.
a) Driving circuit

b) Switching waveforms
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d) Qutput characteristics
e) Forward breakdown characteristics
f) Switching Safe Operating Area

8. LIMITS AND MAXIMUM RATINGS

The absolute maximum ratings are defined by the semi
conductor manufacturer. These ratings must not be exceed-
ed under any circumstances - to do so risks destroying the
component. Examples of maximum ratings are the maxi-
mum junction temperature Tjmax, the maximum currentand
the maximum blocking voltage.

It should be noted that the user cannot measure these
parameters, as the device will probably be destroyed in
the attempt. Characteristics which may be measured are
for example the collector-emitter saturation voltage Vegsat,
and the switching times.

The manufacturer specifies a maximum and/or minimum
value, depending on the parameter. In the design of cir-
cuits it is important to take into account the “worst case”
value of the component, and to verify that the circuit oper-
ates correctly with the spread of all parameters.

9. CHOOSING THE RIGHT
SEMICONDUCTOR

When selecting the type of semiconductor device to use
in a particular application, the designer must take into ac-
count a number of factors, such as:

i)  The cost of the device, and the cost constraints on
the application.
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Is = 2A /Div
Vps = 100V/Div
t = 200rs /Div
Io = 10A /Div
Vos = 100V /Div
t = 500ms /Div
a) b)
Figure 22.  IGBT Switch-off behaviour: a) Normal current b) Very high surge current

i) The magnitude of voltages and currents encountered.

i) The drive requirements of the device - the need for a
complex drive circuit can increase design time and
the cost of the circuit.

iv)  The frequency at which the device will switch.

9.1 Typical applications of each type

9.1.1 Bipolar transistors

In general terms bipolar transistors compete with Power
MOSFETs and IGBTs. Their main advantage over these
types is the lower cost, particularly for high voltage devic-
es, while their main disadvantages are the cost of the drive
circuit and the limit on their switching speed imposed by
the storage and falil times. The applications in which they
are used are typically characterised by low to medium op-
erating frequency and high voltage, where they result in a
cheaper solution than the equivalent MOSFET or IGBT.
Examples are in electronic lamp ballasts, automotive igni-
tion switches, and horizontal deflection circuits in TVs and
monitors.

9.1.2 Power MOSFETs

The main advantages of Power MOSFETs are their mini-
mal drive requirements and ability to operate at high fre-
quencies. In power supplies, operation at high frequen-
cies allows the size of circuit magnetics to be reduced,
decreasing the circuit cost, In compact fluorescent lamp
ballasts (such as those used in domestic environments)

operating at high frequencies leads to smaller overall di-
mensions. The low currents and relatively low voltages in
this application means that in this case the Power MOS-
FET leads to a cheaper solution than the power bipolar.

Power MOSFETSs are also frequently used as power actu-

- ators (solid-state relays) in automotive circuits, because of

the low voltages involved means that they are inexpensive,
and types are available which can be driven directly from a
microprocessor, which are increasingly being used to con-
trol automotive systems.

9.1.3 IGBTs

The main applications of IGBTs are in motor control and
automotive ignition - again these are characterised by high
voltages and relatively low operating frequencies. in these
applications they compete with bipolars. Although the ba-
sic device is more expensive than a bipolar transistor, the
minimal drive requirements can lead to a cheaper overall
solution, particularly where there is a need to interface with
a microprocessor. lts main disadvantage is the unavoida-
ble losses caused by the tail current (which become more
significant at high frequencies),

9.1.4 GTOs

GTOs are used in conditions of very high voltage and very
high current, and low switching frequencies. An example
of their use is in electric trains.
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9.1.5 Thyristors

This component is very cheap, but its use is limited by the
difficulty of turning it off. It can be used to control devices
which can be fed with half-wave rectified AC current, for
example DC motors (when it will turn off automatically eve-
ry half cycle, like the TRIAC), and also to protect other
devices, for example in power supplies.

9.1.6 TRIACs

TRIACs are unique in their ability to conduct and control
current in both directions. They are the cheapest way of
controlling AC currents, for example in AC motor speed
controls or lamp dimmers.

11. CONCLUSION

“Power MOSFET has very high voltage drop”
“Bipolar ... an old technology”

“Epitaxial is better...”
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This type of commercial jargon does not help the designer
to produce optimal circuits. At the present time the de-
signer has a choice between a lot of components. Which
is the best solution? The answer is, there is no best solu-
tion - this is the field of technical design, not scientific re-
search.

For some applications, for example 1MHz Switch Mode
Power Supplies, only one solution (MOSFET) is possible.
For most applications, there are always several solutions.
The designer's job is to optimize the “switching
function”after thorough analysis. Experience shows that
the quality of this analysis, and the work done by the de-
signer (drive, protection, etc.) play a bigger role in the total
cost than the actual price of the component.
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Posvet o senzorjih vZavodu TC SEMTO dne 15. 03. 2002
Workshop on Sensors within Zavod TC SEMTO on March 15th, 2002

lgor Pompe, Zavod TC SEMTO, Ljubljana, Slovenija

Klju€ne besede: posvet o senzorjih, sensorji, senzorski sistemi, kooperacija

Povzetek - 15. 03. 2002 je Zavod TC SEMTO v prostorih Fakultete za elektrotehniko, Univerze v Ljubljani organiziral posvet o senzorjih. Na posvet
so bili vabljeni tudi nedlani, zastopniki industrije, ki je aktivna na tem podrocju, Profesorji Fakultete za elektrotehniko so imeli uvodne referate, na
katerth so pregledno predstavili problematiko senzorjev in njihovo vgradnjo v elektronske sisteme. Zastopniki industrije so predstavili svojo aktivnost
na tem podrocju in ponudili svoje sodelovanje.

Keywords: conference on sensors, sensors, sensor system, cooperation

Abstract - On March 15th Zavod TC SEMTO has organised Conference ~ Information on Sensors in the premises of Faculty for Electrical
Engineering, University of Ljubljana. We have invited also non-members, the representatives of the industry, active in this field. The professors of the
Faculty gave the introductory lectures in which the sensors problematic and their implementation in the electronic systems has been clearly

infroduced. The representatives of the industry have presented their activity in this field and offered their cooperation.

Zavod TC SEMTO (Tehnoloski center za skiope, elemente,
materiale, tehnologije in opremo za elektrotehniko , Stegne
25, Ljubljana) ima nalogo svoje &lane seznanjati z novostmi
na njihovem podrocju delovanja ter z aktivhostmi in
razpolozljivostjc znanja pri posameznih &lanih. Tako za lane
organizira delavnice in posvete, na katerih vabljeni stroko-
vnjaki vodijo razgovore o temah, zanimivih za ved &lanov in
posamezni ¢lani postavijajo vprasanja ter seznanijo druge s
svojimi dosezki, moznostmi sodelovanja ali potrebami po
razvojnem sodelovanju na obravnavanem podrodju.

Tako je vtem letu Zavod TC SEMTO Ze organiziral delavnico
za pripravo poslovnih nacrtov in razvojnih projektov in pos-
vet o senzorjih. Povzetke prispevkov nekaterih avtorjev na
posvetu priobcamo v tej Stevilki revije Informacije Midem.
Upamo, da bo ta objava spodbudila tudi uporabnike senzor-
jev, ki se posveta niso udelezili, k navezavi stikov s proizva-
jalci senzorjev ali imetniki tehnologij, potrebnih za proizvod-
njo senzorjev. Proizvajalcem senzorjev bodo pogledi upo-
rabnikov zelo dragoceni.

V okviru tehnoloskega centra je mozno organizirati razvo-
jno-raziskovalne projekte na temah, zanimivih za veé upo-
rabnikov.

Seznam predstavljenih referatov z izvleéki ( OPOMBA : ref-
erati bodo v celoti objavljeni v eni izmed naslednjih Stevilk
revije Informacije MIDEM ) :

S.Amon, D.Vrtacnik, D.Resnik, U.Aljanéi&, M.MozZek

Laboratorij za mikrosenzorske strukture - LMS
FE UL, Ljubljana, Slovenia

Osnovne znadilnosti senzorjev

IZVLECEK: Uvodoma bodo predstavljene nekatere osnovne
definicije s podrocja senzorjev in pomembnejsi kljudi razde-
litve senzorskih druzin. Podrobneje bodo razlozene izbrane
senzorske lastnosti kot so npr. prenosna funkcija, ob&ut-

livost, tocnost, locljivost, selektivnost, §um, nelinearnost
indrugo. Shematsko bo predstavijen tudi princip zajemanja
podatkov na osebnem radunalniku. V nadaljevanju prispev-
ka bo predstavljena raziskovalno - razvojna dejavnost na
podro¢ju mikrosenzorskih struktur v LMS. Poudarek bo na
predstavitvi postopkov mikroobdelave in aplikacijah, ki so
bile v Laboratoriju zasnovane. Na koncu bomo podali pre-
gled lastnosti inteligentnih senzorjev, ki predstavijajo eno
izmed glavnih smernic razvoja modernih senzorskih struk-
tur.

Leopold Knez,
Iskra Feriti, Ljubljana, Slovenija:

Induktivni senzoriji

IZVLECEK: Induktivni senzorji so gradniki nekontaktnih
stikal. Uporabljamo jih v avtomatiki in profesionalni elektroniki
zamerjenje razdalj, razpoznavanje kovin in krmiljenje aktua-
torjev. Za zanesljivo delovanje je treba izbrati primeren ferit-

ni material, ki ima majhen izgubni faktor tan &/ 4, in Gim

manjsi temperaturni koeficient permeabilnosti . Vclanku

opisujemo princip delovanja induktivhega senzorja, induk-
tivnega stikala, pojasnjujemo nekatere parametre in skle-
nemo s prakti¢nim izraCunom senzorske tuljavice. Izradunu
dodajamo $e meritve induktivnega senzorja L14 za primer-

javo.
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Janez Holc', Marija Kosec!, Franck Levassort?, Louis Pas-
cal Tran-Huu-Hue? in Marc Lethiecq®

Tsingtitut” Jozef Stefan Institute, Ljubljana, Slovenija

2| USSI/GIP Ultrasons, EIVL, Frangois Rabelais University,
Blois cedex, Francija

Integrirani ultrazvoéni piezoelektri€ni
pretvorniki za uporabo v medicini

1ZVLECEK: Za izdelavo medicinskih visokofrekvencnih ul-
trazvocnih pretvormnikov je potrebna zelo tanka piezoelekiric-
na keramika, debeline nekaj 10 mm. Navadno se izdeluje
piezoelektriéne elemente z rezanjem in tanjsanjem kosa
keramike. Zaradi majhne debeline elementa lahko nastane
prileplienju na podporni dusilec (backing) krusenje in lom-
lienje. Problem smo resili tako, da smo na primeren nosi-
lec, ki je imel tudi viogo dusilca z debeloplastno tehnologi-
jo nanesli piezoelektri¢no plast. Pretvornik smo izdelali na
pozlaéenem poroznem nosilcu Pb(Zr, Ti)Oz (PZT). Debelina
piezoelektrine PZT-plasti je okoli 40 um. Zaradi velikega
dusenje poroznega PZT- nosilca, njegove primerljive
akustiéne impendance in plasti, ima izdelan modelni
pretvornik ustrezno frekvendéno karakteristiko. Zaradi podo-
bne kemijske sestave nosilca in plasti je minimalna tudi kemij-
ska in fizikalna interakcija med plastjo in podlago, kot sta na
primer difuzija zaradi podobne sestave in dobro ujemanje
termicnih raztezkov.

A.Pevec, J.Trontel],
Fakulteta za elektrotehniko, Ljubljana, Slovenia

Mikrosistemi z integriranimi kapacitivnimi,
magnetnimi in opti¢nimi senzorji

1ZVLECEK: Clanek obravnava mikrosisteme z integriranimi
senzorji za merjenje fizikalnih veli¢in kot so pospesek, ele-
ktricéni tok in gibanje. Za vsako veli¢ino je predstavijen in-
tegrirani mikrosistem, ki je sestavljen iz senzorjev in ob-
delovalne elektronike, ki sta integrirani na istem silicijevem
substratu. Poudarek ¢lanka je na predstavitvi integriranih
senzorjev.

J.Kré, M.Jankovec, M.Topi¢

Fakulteta za elektrotehniko, Univerza v Ljubljani,
Slovenija

Elektronika na poti od detektorja do
osrednjega dela sistema

IZVLECEK: Senzorski sistem smo razélenili na elektronska
vezja, ki jih sretamo na poti od detektorja do osrednjega
dela. Opredelili smo najpomembnej$e osnovne gradnike
in izvedbe ojadevalnikov ter opisali naéin in realizacijo odje-
ma upornosti, napetosti, toka in naboja. Podali smo zgled
delovanja optoelektronskega detektorskega polja. Pri preno-
su signalov smo se posvetili zmanj$evanju vpliva motilnih
signalov s tokovno zanko.
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F.Koplan,
Magneti Ljubljana, d.d., Ljubljana, Slovenija

ABS-senzorji na osnhovi AINiCo-magnetov

IZVLECEK: Predstavljamo fizikalne osnove in princip
delovanja ABS-sistema, zahteve za vgrajene AINiCo-mag-
nete, ki so kljuéni element senzorja. llustriramo izdelavo
samega ABS-senzorja, najpomembnejse znacilne elektro-
magnetne lastnosti senzorja kot osnovo za nadaljnji razvoj
elekironskega krmilnega modula ali alternativnih resitev ter
sprememb samega senzorja. Predstavijena je tudi moznost
podjetja, da ponudi proizvode z vedjo stopnjo integracije za
nove potrebe trga ter izsledke razvojno raziskovalnega dela
na podro&ju razvoja opreme za kontroliranje in preskusanje
magnetov za potrebe drugih podrodij raziskovalnega dela,
proizvodnje elektronskih komponent ter izdelovanja mag-
netnih sistemov.

Darko Belavi¢, Marko Hrovat*, Marko Pavlin,
Marina Santo Zarnik

HIPOT-RR, d.o.o., Sentjernej, Slovenija
*Institut “Jozef Stefan”, Ljubljana, Slovenija

Debeloplastna tehnologija za senzorske
aplikacije

IZVLECEK: Kljub pospe$enemu razvoju mikrosistemske
tehnike, ki je integracija $tevilnih podrocij, kot so: senzori-
ka, aktorika, mikroperiferika, mikromehanika, integrirana
optika itd., so prevladujoce tehnologije za izdelavo senzor-
jev in pripadajoce elekironike $e vedno monolitne pol-
prevodnigke tehnologije ter tankoplastna in debeloplastna
tehnologija. Debeloplastna tehnologija lahko pri izdelavi
senzorjev nastopa v dveh viogah. Prva je izdelava debelo-
plastnega senzorskega elementa. Druga pa je integriranje
senzorskega elementa, ki navadno ni debeloplasten, s kom-
penzacijskimi elementi in elektroniko za obdelavo ele-
ktridnega signala. V prispevku so prikazane predvsem neka-
tere aplikacije na podrocju senzorjev mehanskih velicin (sen-
zorji tlaka in sile), kjer je uporabliena debeloplastna teh-
nologija v eni ali obeh nastetih viogah.

M.Pavlin, D.Belavié¢, M.MoZek*
HIPOT-RR, d.o.0., Sentjernej, Slovenija
* Fakulteta za elektrotehniko, Ljubljana, Slovenija

Senzorji tlaka za medicinsko in industrijsko
uporabo

1ZVLECEK: Druzba HIPOT-HYB Ze vrsto let proizvaja, poleg
hibridnih debeloplastnih vezij, tudi senzorje tlaka za medicin-
sko in industrijsko uporabo. Razvoj tehnologije in zahteve
trga usmerjajo tudi razvojno dejavnost. V prispevku bo pred-
stavljena raziskovalno-razvojna dejavnost na podrocju sen-
zorjev tlaka. Njeni dosezki na tem podrogju bodo ilustrirani
z nekaterimi znacilnimi primeri, njene usmeritve pa bodo
prikazana na primeru pametnega senzorja tlaka.
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R.Karba, M.Atansijevic-Kunc, A.Beli¢, J.Kocjan*,
J.PetrovEié*

Fakulteta za elektrotehniko, Ljubljana, Slovenija
*Institut JoZef Stefan, Ljubljana, Slovenija

Vloga senzorjev v sistemih vodenja
procesov

1ZVLEGEK : Pri nadértovanju in vzdrzevaniju sistemov voden-
ja v industriji igrajo senzorji odlocilno viogo. Inzenirji av-
tomatike morajo namre¢ upostevati dejstvo, da je nemogoce
regulirati, Ce ni na razpolago ustrezno natancnih meritev.
Pri tem je pomembna tudi njihova izvedba, saj morajo biti
prilagojeni okolju, v katerem delujejo, tako po zgradbi kot
tudiv smislu dinamic¢nih lastnosti. Zato je izbira, vgradnjain
vzdrzevanje merilnih sistemov kompleksen postopek, ki je
odlocilen za uspesno delovanje obravnavanega procesa.

Korespondencni avtor:

lgor Pompe, Zavod TC SEMTQO
Stegne 25, 1000 Ljubljana, Slovenija
semto@qguest.arnes.si
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Informacije MIDEM
Strokovna revija za mikroelektroniko, elekironske sestavine
dele in materiale

Informacije MIDEM
Journal of Microelectronics, Electronic Components and Ma-
terials

NAVODILA AVTORJEM

Informacije MIDEM je znanstveno-strokovno-drustvena pub-
likacija Strokovnega drustva za mikroelektroniko, elektronske
sestavne dele in materiale - MIDEM. Revija objavija prispevke
domadcih in tujih avtorjev s podrocja mikroelekironike, elektron-
skih sestavnih delov in materialov, ki so lahko:

izvirni znanstveni ¢lanki, pregledni znanstveni élanki, pred-
hodne objave, strokovni ¢lanki ter predavanja in povzetki s
strokovnih posvetovan;.

Strokovni prispevki bodo recenzirani.

Revija objavija tudi aplikacijske ¢lanke, poljudne &lanke, novi-
ce iz stroke, vesti iz delovnih organizacij, institutov in fakultet,
obvestila o akcijah drustva MIDEM in njegovih Clanov ter druge
prispevke.

Strokovni prispevki morajo biti pripravijeni na naslednji nacin:

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

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

3. Naslov dela v anglesc&ini.

4. Klucne besede v angleéddini (key words) in podaljdani
povzetek (Extended Abstract) v anglescini.

5.  Uvod, glavni del, zakljucek, zahvale, dodatki in literatura
v skladu z IMRAD shemo (Introduction, Methods, Re-
sults and Discussion).

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

Ostala splosna navodila

1.V ¢lanku je potrebno uporabljati SI 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 oz. 15 cm. Vsaka risha, tabela ali
fotografija naj ima stevilko in podnapis, ki oznacuje njeno
vsebino. Risb, tabel in fotografij ni potrebno lepiti med tekst,
ampak jih je potrebno loceno priloziti &lanku. V tekstu je
treba oznaditi mesto, kjer jih je potrebno vstaviti.

3. Delo je lahko napisano in objavljeno v slovenscini ali v
anglesdini.

4. Urednidki odbor ne bo sprejel strokovnih prispevkov, ki
ne bodo poslani v dveh izvodih.

5. Avtorji, ki pripravijajo besedilo v urejevainikih besedil lahko
posliejo zapis datoteke na disketi (3.5"/1.44 MB/) v for-
matih ASCII ali Word for Windows 6.0, ker bo besedilo
oblikovano v programu Ventura 5.0. Graficéne datoteke
so lahko v formatu TIFF, EPS, PCX, GEM ali JPG.

Avtorii so v celoti odgovorni za vsebino objavljenega sestav-
ka. Rokopisov ne vracamo.

Rokopise posljite na naslov:

Urednistvo Informacije MIDEM
MIDEM pri MIKROIKS

Stegne 11, 1521 Ljubljana

Slovenija

Email; [ztok.Sorli@guest.arnes.si
Tel. 01 511 22 21, fax. 01 511 22 17
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INFORMATION FOR CONTRIBUTORS

Informacije MIDEM is a professional-scientific-social publica-
tion of Professional Society for Microelectronics, Electronic
Components and Materials - MIDEM. In the Journal contribu-
tions of domestic and foreign authors are published covering
the field of microelectronics, electronic components and
meterials. These contributions may be:

original scientific papers, review scientific papers, prelemi-
nary communications, professional papers, conference pa-
pers and abstracts.

All professional contributions are subject to reviews.

Applications articles, scientific news, news from the compa-
nies, institutes and universities, reports on actions of MIDEM
Society and its members as well as other relevant contribu-
tions are also welcome.

Each professional contribution should include the folowing

specific components:

1. Title of paper, authors names, name of the institution/
company.

2.  Key Words and Abstract (not more than 250 words).

3. Introduction, maintext, conclusion, acknowledgements,
appendix and references following the IMRAD scheme
{Introduction, Methods, Results and Discussion).

4. Full authors' names, titles and complete company or in-
stitution address including Tel./Fax/E-mail.

COMMENT: Slovenian authors who write in English language
must submit title, abstract and key words also in Slovene lan-
guage.

General informations

1. Authors should use Sl units and provide alternative units
in parentheses wherever necessary.

2. lllustrations 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 legend add-
ed. lllustrations tables and photographs are not to be
placed into the text but added separately. However, their
position in the text should be clearly marked.

3. Contributions may be written and will be published in Slov-
ene language.

4. Papers will not be accepted unless two copies are recived.

5. Authors may send their files on formated diskettes (3.5"/
1.44 mb/) in ASCII or Word for Windows 6.0 format as
text will be formatted in Ventura 5.0. Graphic files may
be in TIFF, EPS, PCX, GEM or JPG formats.

Authors are fully responsible for the content of the paper.
Manuscripts are not refunded.

Contributions are to be sent to the address:

Urednitvo Informacije MIDEM

MIDEM at MIKROIKS

Stegne 11, 1521 Ljubljana

Slovenia

Email: Iztok.Sorli@guest.arnes.si

Tel. +386 1 511 22 21, fax. +386 1 511 22 17



